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Résumé 
La thèse académique est composée de plusieurs chapitres, présente la synthèse et la 

caractérisation des matériaux pérovskites de formule générale ABO3. Les travaux réalisés 

consistent en des études physico-chimiques. Les transitions de phase structurelles induites 

par la composition ont été étudiées dans trois systèmes de pérovskites, les informations 

structurelles ont été collectées et étudiées pour déterminer les conditions de stabilité et de 

formabilité de la structure. La morphologie et la croissance des grains ont été observées 

pour tous les matériaux et l'influence de la composition est rapportée. Nous avons 

également traité la dépendance des propriétés optiques aux paramètres structuraux et leur 

effet sur les mécanismes de gapping des pérovskites, ainsi que l'effet de la composition sur 

l'expansion du domaine d'absorption lumineuse. Les propriétés diélectriques des présentes 

séries ont été étudiées en fonction de la composition, de la température et de la fréquence ; 

les études visaient principalement à observer l'évolution de la constante diélectrique et des 

pertes diélectrique. De plus, nous rapportons la conductivité électrique à haute température. 

 

Enfin, nous espérons que nos travaux et recherches fourniront des orientations utiles 

pour les futures études empiriques et théoriques.  
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 ملخص
حيث  باهتمام كبير بسبب مرونتها من 3ABO بالبيروفسكايت ذات الصيغة العامة  حظيت مواد المعروفة

تظهر الأبحاث التي  .أو إحداث خصائص محددة داخل بالمادة البنية والتركيب ، مما سمح للباحثين بضبط 
ثبت أيضًا أن الموصلية المختلطة ممكنة  أجريت على البيروفسكايت نتائج واعدة لامتصاص الضوء المرئي.

من المعروف أن  ، إلخ. 3ABO في البنية B و / أو الموقع  Aالموقع  في التركيبي عن طريق استبدال 
شتى في تماثل البنية تحت تأثير التركيب أو درجة الحرارة أو الضغط. علاوة  البيروفسكايت يخضع لتغيرات

على ذلك ، تم الإبلاغ عن أن الخصائص الفيزيائية لهذه الفئة من المواد تعتمد على الهيكل و / أو التركيب ، 
 اقة ذات فجوة الحزمة ، إلخأنشطة التحفيز الضوئي ، و الط مثل

 

تتكون الأطروحة الأكاديمية من عدة فصول ، وتقدم توليف وتوصيف مواد البيروفسكايت للصيغة العامة 

3ABO يتكون العمل المنجز من دراسات فيزيائية كيميائية. تمت دراسة انتقالات المرحلة الهيكلية الناتجة .
تم جمع المعلومات الهيكلية ودراستها لتحديد شروط الاستقرار عن التركيب في ثلاثة أنظمة بيروفسكايت ، و

والتشكيل للهيكل. لوحظ نمو ونمو الحبوب لجميع المواد وتم الإبلاغ عن تأثير التركيب. ناقشنا أيضًا اعتماد 
الخواص الضوئية على المعلمات الهيكلية وتأثيرها على آليات فجوة البيروفسكايت ، بالإضافة إلى تأثير 

ركيب على توسيع مجال امتصاص الضوء. تمت دراسة الخصائص العازلة للسلسلة الحالية كدالة للتركيب الت
ودرجة الحرارة والتردد ؛ هدفت الدراسات بشكل أساسي إلى مراقبة تطور ثابت العزل وفقد العازل. 

 نقوم بالإبلاغ عن الموصلية الكهربائية عند درجة حرارة عالية. ذلكبالإضافة إلى 
 

 أخيرًا ، نأمل أن يوفر عملنا وأبحاثنا إرشادات مفيدة للدراسات التجريبية والنظرية المستقبلية.
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Description by chapter  

 This chapter is organized in five chapters. 

 Chapter I is dedicated to gather the necessary information to understand the context of 

the research work and highlight the most important feature of the perovskite structure. 

Information concerning the condition of the formability and stability and the importance of the 

tolerance factor to determine the point of transition and or the degree of the distortion is treated. 

This chapter covers also the main properties of perovskites which will be treated in details in the 

following chapters. The reported mechanisms of gapping were reported as well as the dielectric 

properties of perovskite materials. Updates on the most treated applications of perovskites in the 

field of clean energy production are reported as well.    

 Chapter II presents the methodology used to carry the researches of this project. This 

chapter describes the synthesis method used to prepare three solid solutions ABO3 type 

perovskites namely, Ba1-xLaxTi1-xFexO3, Sr1-xLaxTi1-xFexO3; Ba1-xSrxTi1-xFexO3-δ with the substitution 

amount varies between 0 ≤ x ≤ 1. This chapter also describes the various experimental techniques 

used to investigate the structural and physical properties of the materials.  

 Chapter III discusses the effect of the composition on the structure formation, stability and 

phase transitions occurring. The structural investigations were carried out using Rietveld refinement 

technique, the visualization of the unit cell of the structure was performed using Vesta software. The 

evolution as function of the composition is treated for the unit cell parameter, and the unit cell 

volume. The tolerance factor evolution is used to investigate the stability of the structure and confirm 

the point of the phase transitions and the symmetry. Structural data were collected from the results 

obtained such as the bond angles B-O1-B and B-O2-B and the interatomic distances <B-O> and  

<A-O>.  

 Chapter IV treats the effect of the composition on the absorption of the materials under Uv-

visible light. The chapter also treats the point of view of literature on the effect of the structure 

parameters mainly the B-O-B on the opening mechanisms of the band gap and the performance of the 

materials in terms of visible light harvesting. A part of this chapter is dedicated to discover other 

structural parameters governing the opening of the band gap, also to determine the position of the 

conduction band minimum and the valence band maximum. 



Description by Chapter 
 

 Chapter V reports on the dielectric properties of the three series studied in this work. The 

effect of the composition on the electrical properties is discussed in details. The determination of the 

equivalent circuits gives insight on the conduction mechanism of the prepared materials. The 

evolution of the conduction as function of the composition is reported. 



Résumé 
 

Résumé 

 Au cours des dernières années, due à l’augmentation de la consommation d’énergie, les 

matériaux de structure perovskite se sont placées au cœur de tous les type de recherches 

scientifique dans le domaine des énergies renouvelables. Les activités de recherche se sont 

accentuées récemment autour l’utilisation des matériaux perovskite comme des cathodes pour les 

piles à combustible (SOFCs), dans le domaine de la production d’hydrogène et comme des 

photocatalyst.  La structure perovskite de type ABO3 est connue par sa grande flexibilité 

structurale qui permet au matériau d’accueillir un grand nombre des éléments du tableau 

périodique. Ces caractéristiques permettent aux chercheurs d'ajuster ou d'induire des propriétés 

spécifiques dans la structure ABO3 des pérovskites.  

 Dans ce travail, trois séries avec la formule générale 𝐴(1−𝑥)𝐴𝑥′ 𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3−𝛿  (A = Ba, 

Sr, or La) avec 0 ≤ x ≤ 1  et δ ≥ 0 ont été synthétisés par réaction à l’état solide à des températures 

élevée. L’effet de la composition sur l’évolution de la structure, la morphologie, les propriétés 

optique, diélectrique et électrique ont été évaluées.  

• BLTF, SLTF, BSTF désignent respectivement les séries 𝐵𝑎(1−𝑥)𝐿𝑎𝑥𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3,  

  𝑆𝑟(1−𝑥)𝐿𝑎𝑥𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3, et 𝐵𝑎(1−𝑥)𝑆𝑟𝑥𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3−𝛿   

 L'étude de l'effet de la composition dans les systèmes BLTF, SLTF et BSTF sur la 

structure a été réalisée par diffraction des rayons X, les diffractogrammes de la diffraction de 

rayons X ont été collectés à température ambiante et étudiés à l’aide de la méthode d’affinement 

de Rietveld. Les résultats ont montré que le system subit plusieurs transitions de phase, ceci est 

observé dans les trois system étudiés dans ce travail. Deux transitions de phase, Tétragonal → 

Cubique → Orthorhombique dans le système BLTF; une transition de la phase Cubique à 

Orthorhombique pour le système SLTF, et une transition de structure Tétragonal à Cubique dans 

le cas de BSTF. La stabilité de la structure est également été étudiée en termes de variation du 

facteur de tolérance en fonction de la composition et en fonction des distances interatomiques. 

 La morphologie des échantillons a été analysée à l'aide de la microscopie électronique à 

balayage; les résultats montrent que la variation de la composition a affecté la taille et la forme 

des particules ainsi que la porosité.  



Résumé 
 

 L’étude des propriétés optique par la spectroscopie UV-Vis montre l’effet positif sur 

l’amélioration de l’absorption de la lumière visible. L’effet de la composition ou la substitution a 

induit un décalage vers le domaine du visible du spectre, et a aussi créé de nouvelles bandes 

d’absorption. Les valeurs de la bande interdite estimées montrent une diminution avec 

l’augmentation du pourcentage de substitution dans les trois system BLTF, SLTF et BSTF. Ce 

comportement  est dû à la création de nouveaux niveaux d'énergie qui ont également induit un 

décalage des bords de la bande interdite vers des positions plus adaptées. Les observations 

montrent que l’évolution de la band interdite est liée aux distances interatomiques <A-O> et  

<B-O>. 

 Les études diélectrique et électrique des matériaux préparés BLTF, SLTF, et BSTF ont été 

réalisé par la spectroscopie complexe d’impédance. L’objective est d’illustrer l’effet de la 

composition sur l’évolution thermique de la permittivité, les résultats montrent une diminution de 

la valeur de la permittivité diélectrique pour les trois cas d’étude. Sous l’effet de la température, 

une augmentation de la conductivité a été notée, en outre, sous l’effet de la composition 

l’évolution de la conductivité totale peut être classée comme suit : SLTF (x = 0.8) > BLTF (x = 

0.6) > BSTF (x = 0.8), avec des valeurs estimées de l’ordre de 10-5 (S.m-1), 10-6 (S.m-1) and 10-7 

(S.m-1) respectivement. A température ambiante, SLTF séries présente des caractéristiques de 

conductivité prometteuses par rapport au BLTF et au BSTF séries.  

Mot clés : perovskite de type ABO3, la double substitution, absorption de la lumière UV-visible, le 
minimum de la band de conduction, le maximum de la band de valence, permittivité diélectrique, 
transition de phase, la conductivité en fonction de température.  



 ملخص

والتركيب ، مما سمح  البنيةباهتمام كبير بسبب مرونتها من حيث  ABO3 الصيغة العامة بالبيروفسكايت ذات  المعروفة حظيت مواد

تظهر الأبحاث التي أجريت على البيروفسكايت نتائج واعدة لامتصاص الضوء  .بالمادة أو إحداث خصائص محددة داخل للباحثين بضبط 

من  ، إلخ. ABO3 في البنية  Bو / أو المولع  Aالمولع  في التركيبي ثبت أيضًا أن الموصلية المختلطة ممكنة عن طريك استبدال  المرئي.

تحت تأثير التركيب أو درجة الحرارة أو الضغط. علاوة على ذلن ، تم  شتى في تماثل البنية لتغيراتالمعروف أن البيروفسكايت يخضع 

الطالة ذات  أنشطة التحفيز الضوئي ، و ئص الفيزيائية لهذه الفئة من المواد تعتمد على الهيكل و / أو التركيب ، مثلالإبلاغ عن أن الخصا

 ، إلخ.فجوة الحزمة 

        في هذا التمرير ، نظام البيروفسكايت 
                (A = Ba, Sr, La) 00 مع ≤ x ≤ 1 and δ ≥  

الحالة الصلبة عند درجة حرارة عالية. تم دراسة تأثير التركيبة على  في الكيميائي  عبر تفاعل المدروسة في هذا العملالمواد تحضير  تم

 ,                                                المعدة هي:  الموادوالخصائص الفيزيائية.  البنية التركيب و

  .BLTF ، SLTF  ،BSTFعلى التوالي بـ  الملمبة، و ,                         

الأشعة السينية في  نتائج بواسطة حيود الأشعة السينية. تم جمع BSTFو  SLTFو  BLTFعلى بنية  بتأثير التركيعلى   تم إجراء دراسة

فيما يتعلك باختلاف التركيبات وممدار الاستبدال ، لوحظت عدة   للصمل. Rietveldدرجة حرارة الغرفة وفحصها باستخدام طريمة 

 معينية مستميمة ←مكعب ← ، رباعي الزوايا من بين بنيتينانتمالات  .BSTFو  SLTFو  BLTFوهي  المواد المدروسةانتمالات طور في 

رباعي الزوايا إلى هيكل مكعب في  من وانتمال،  SLTFلنظام  معينية مستميمة؛ مرحلة واحدة من الانتمال من مكعب إلى  BLTFبالنسبة ل

تم تحليل مورفولوجيا العينات باستخدام  .البنية نتباين عامل التسامح كدالة للتكو أيضًا من حيث البنية . تتم دراسة استمرارBSTFحالة 

 المسامية.المجهر الإلكتروني الماسح. أظهرت النتائج أن التركيبة لد أثرت على حجم وشكل الجزيئات وكذلن 

أظهرت الخصائص البصرية التي تم فحصها عن طريك التحليل الطيفي للأشعة المرئية وفوق البنفسجية أن التركيبة لد أحدثت انزياحًا 

 فرلة فجوة الطالة الممدرة انكماشًا في ليمة فرلة فجوة الطالة أحمر في نطاق الامتصاص وتعزيز امتصاص الضوء المرئي. تظُهر ليم

< ؛ أدى إنشاء مستويات طالة جديدة أيضًا إلى B-O< و >A-Oبالمسافة بين الذرات > الطالة. يرتبط تطور فجوة التركيبةعن الناتجة 

   إلى أوضاع أكثر ملاءمة. الطالةفجوة حدوث تحول في حواف 

بينما تعزز موصلية المواد. يلُاحظ من سماحية العازل بشكل عام ،  تللل التركيباتأظهرت دراسات الخواص العازلة والكهربائية أن هذه 

 SLTF (x = 0.8)> BLTF (x = 0.6)> BSTFأن الموصلية تزداد مع زيادة درجة الحرارة لجميع التركيبات ويتم تمديمها بالترتيب التالي 

(x = 0.8 للميم ، )5-00 التالية بالترتيب (S.m-1)  ،10-6 (S.m-1 و )7-00 (S.m-1 على التوالي. يظُهر )SLTF  ميزات موصلية واعدة في

 .BSTFو  BLTFدرجة حرارة الغرفة ممارنةً بـ 



Abstract 
 

Abstract 

 Perovskite materials with the general formula ABO3 have received considerable attention 

due to their flexibility in terms of structure and composition, which allowed researchers to tune or 

induce specific properties within the structure. The researches on perovskites show promising 

results on the visible light absorption; also mixed conductivity is proven to be possible by 

substituting the A-site and/or the B-site of the ABO3 structure, etc. The perovskites are known to 

undergo various phase transitions under the effect of the composition, temperature or pressure. 

Moreover, it is reported that the physical properties of this class of materials depend on the 

structure and/or the composition, such as the order of transitions, the photocatalytic activities, and 

the band gap, etc.  

 In this report, the perovskite system 𝐴(1−𝑥)𝐴𝑥′ 𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3−𝛿 (A = Ba, Sr, or La) with  

0 ≤ x ≤ 1 and δ ≥ 0, was prepared via the conventional solid state reaction at high temperature. 

The effect of the composition on the structure, morphology and physical properties are 

investigated. The prepared solid solutions are: 

• 𝐵𝑎(1−𝑥)𝐿𝑎𝑥𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3,    𝑆𝑟(1−𝑥)𝐿𝑎𝑥𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3, and 𝐵𝑎(1−𝑥)𝑆𝑟𝑥𝑇𝑖(1−𝑥)𝐹𝑒𝑥𝑂3−𝛿, 

labeled respectively as BLTF, SLTF, BSTF respectively.  

 The study of the composition effect on the structure of BLTF, SLTF and BSTF was 

carried out by the X-ray diffraction.  The X-ray patterns were collected at room temperature and 

investigated by means of Rietveld refinement method. With regards to the variation of the 

compositions and the amount of the substitution several phase transitions were observed in the 

prepared solid solution namely BLTF, SLTF, and BSTF. Two phase transitions, Tetragonal → 

Cubic → orthorhombic for the BLTF systems; one phase transition from cubic to orthorhombic 

for SLTF system, and tetragonal to cubic structure transition in the case of BSTF. The stability of 

the structure is also studied in terms of the tolerance factor variation as function of the 

composition and as function of the interatomic distances.  

 The morphology of the samples was analyzed using the scanning electron microscopy; the 

results show that the composition has affected the size and the shape of the particles as well as 

the porosity. 



Abstract 
 

 The optical properties investigated by means of UV-Vis spectroscopy showed that the 

composition has induced a red shift of the absorption band and an enhancement of the visible 

light absorption. The estimated band gap values show a shrink of the band gap value induced by 

the composition. The evolution of the band gap is linked with the values of the interatomic 

distance <A-O> and <B-O>; the creation of new energy levels also induced a shift of the band 

gap edges to more suitable positions.  

 The dielectric and electric properties investigations have showed that these combinations 

reduce the dielectric permittivity in general, while enhances the conductivity of the materials. The 

conductivity is seen to increase with temperature for all the compositions and it is presented in 

the follow order SLTF (x = 0.8) > BLTF (x = 0.6) > BSTF (x = 0.8), for values in the order of  

10-5 (S.m-1), 10-6 (S.m-1) and 10-7 (S.m-1) respectively. The SLTF shows promising conductivity 

features at room temperature in comparison with BLTF and BSTF. 

Keywords: ABO3 perovskites, Co-substitution, UV-visible light absorption, Conduction band minimum, 
Valence band maximum, Band gap, Dielectric permittivity, Phase transition, Conductivity as function of 
temperature.  
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I.1. Introduction: Journey of perovskite discovery, brief narration  

 The discovery of the mineral perovskite belongs to a journey of 15000 km with the 

objective of enlarging the geological, biological and geographical knowledge of the Russian 

region. Gustav Rose, the geology and mineralogy expert has examined unknown crystals 

suspected as new minerals, which confirmed later on that the crystals belong to a new mineral 

that is composed of calcium and titanium oxides [1,2]. The mineral was reported to adopt cubic 

symmetry, and then named after the well-known aristocrat and mineral collector Count Lev 

Alekseevich Von Perovskiy [1,2]. It was until 1844 where Heinrich the brother of Gustav Rose 

has analyzed and determined the exact chemical composition CaTiO3. The journey of the 

discovery and establishment of the perovskite mineral crystal structure has lasted more than 60 

years; the mystery was resolved at the beginning of the 19
th

 century by Böggild [3]. Böggild has 

critically reviewed all the previous data with his work and reported an orthorhombic structure for 

CaTiO3 [3,4]. 

 Soon afterward, the discovery of X- ray diffraction has provided researchers with the 

necessary tool for a direct investigation of the structure of crystals. Discussions between different 

researchers have aroused again to answer the real structure of perovskite [5]. In the mid of 1940s, 

Helen Megaw being the first woman working in perovskite issues has proven that researchers 

have underestimated the perovskite structure [6,7]. Megaw‟s work has become then a reference 

and her contribution in the synthesis of CaTiO3 and its investigation using X-ray diffraction has 

led to very important funding of the exact structure of perovskites [7]. 10 years later, the 

scientific community was finally able to prove the results proposed by Megaw, and in 1957 the 

final structure model was defined. The journey of structure investigation has taken more than 100 

years after their discovery, after which, continuous attempts of preparing synthetic perovskite has 

led to find that the majority of these compound crystallize in the perovskite type structure, thus, 

the perovskite name now refers to every compound having similar structure as CaTiO3. 

 Between 1930 and 1950s, Perovskite structure diffuses to the field of materials. In this 

era, Goldschmidt and his group worked on the classifications of perovskites adopting the idea 

proposed by Gustav F. Hüttig for coordination compounds [4,8]. Goldschmidt and his group were 

able to classify the perovskite structure into different types, their funding is still nowadays used 

for ABO3 compounds and it is known as the tolerance factor, t, given in equation 1 [9]: 
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       √        ⁄                  (Eq. 1) 

 Soon after their publications, William Zachariasen under the supervision of Goldschmidt 

and the Physics Nobel Prize W.H.L. Bragg in 1915 has expanded the researches on the crystal 

structure of perovskites. William Zachariasen has classified the perovskite oxides in terms of  

B-site coordination and rB/rO and rA/rO ratios as he also reduced the tolerance factor values to 

0.9 ≤ t ≤ 1 [10]. With the continuity of researches it became known that these materials have the 

ability to accommodate any type of ion; Robert Evans [11] in his book mentioned that the 

oxidation state of ions is of secondary importance and that any pair of ions that have appropriate 

radii to the co-ordination and aggregate valence of 6 to maintain the neutrality in the structure is 

capable to adopt the perovskite structure. Moreover, in the beginning of 1970s and as a result of 

the extensive work of Megaw and her postdoc Mike Glazer [12]; another feature was discovered 

in perovskite structure referred to as system distortion. Their funding revealed that the distortion 

appearing in simple perovskites are the results of oxygen displacement of the BX6 octahedron 

which tend to adapts to the space left by the A-cations [13,14]. Later on Glazer has established a 

notation that is still used, after some adjustment, to describe the BX6 rotations [12,13,15,16]. 

 A rapid growth was seen in the number of synthesized compounds with the perovskite 

structure between 1950 and 1960s. The legacy of this era was reflected not only in the fabrication 

of other new compounds [4,7,17], but it is seen nowadays knowing that PZT materials [18–21] 

for examples are still in the trend and constitute the benchmark of ceramic capacitors, as well as 

their application in several technologies. From 1970s up to now, researches are committed and 

dedicated to the discovery and investigation of properties diversity of perovskite and related 

crystal structure such as anti-perovskites, double and triple perovskites, etc. Fig-I.1 presents the 

most active researches related perovskite and their applications in different technologies mainly 

energy production and storage.  
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Fig-I.1: Amount of literature published from 1980 to 2017 on five different perovskite-related research 

fields that are still active. Data were obtained from SCOPUS database. 

I.2. Perovskite structure 

 By the time when Megaw Helen put an end to the mystery of naming, the scientific 

community agreed on the fact that perovskites structure describes any material crystallizing in the 

form of ABX3. Common compounds with the perovskite structure are oxides (e.g. BaTiO3, 

PbTiO3) [7,22–24], furthermore some hybrids [25–27], halides [28,29], nitrides [30,31], carbides 

[32,33] also crystallize in this structure. With a number more than 20K of publications in the field 

of perovskites structure and their applications, it is demonstrated that around 90% of the periodic 

table elements, namely transition metals, rare and alkali earth elements are stable in the ABO3 

perovskite structure [34].  

 ABO3 perovskites oxides structure is commonly described by a set of corner sharing BO6 

octahedra in a 3D dimensional network. The A and B elements are cations of different size and O 

(oxygen) is the anion. The A-site elements (e.g. Ba
2+

, La
3+

, Pb
2+

, and Nd
3+

 etc.) are twelvefold-

oxygen coordination elements and are larger in size compared to the B-sites cations. The B-site 

elements are transition metals (e.g. Ti
4+

, Fe
3+

, Mn
3+

, and Sc
3+

 etc.); and reside in an octahedral 

environment of sixfold-oxygen coordination [4,34,35]. The ideal perovskite structure belongs to 
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the cubic SrTiO3 refined with Pm-3m (No. 221) space group at room temperature [36]. The 

structure of an ideal cubic perovskite presented for SrTiO3 case is shown in Fig-I.2, where the B 

cations occupy the center with oxygen ions in the face centered positions; the A cations are 

shown in the corner of the cube.  

 

Fig-I.2: The ideal model of Cubic SrTiO3 SG: Pm-3m (No. 221) at room temperature (a), the other 

different presentations show the unit cell with A cation at the center and B cations at the origin (b), and 

cuboctahedra environment of A cation.  

 The perovskite structure is no longer considered a mystery as it used to face doubt and 

conflict in assigning the exact nature of structure, however, the investigation of the variety of 

combinations that the structure may accommodate [37–39], the condition of the structure 

formability and stability [40–42], the octahedral tilt [43–45] and the variety of properties within 

the structure are still the topics of enormous researches. 
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I.3. Condition of formation and stability: Tolerance factor  

 The stability and formability of the perovskite structure depend on the ionic radii of A-site 

elements and B-site elements, as well as the electronegativity between the cations. Goldschmidt 

[9] in early 1920s has introduced a parameter known as the tolerance factor to determine the 

structure stability. The tolerance factor is expressed as function of the ionic radii of the A-site 

elements and the B-site elements. In the case of ideal perovskites, the cubic structure, the half of 

the unit cell parameter „a‟ is equal to the bond B-O, and across the diagonal of face of the unit 

cell, A-O bond is equal to  
 

√ 
       . Goldschmidt and his group developed the formula of 

the tolerance factor and established the ratio between the ionic radii of the cations A and B and 

the anion, resulting in the following expression:  

          √                         (Eq. 2) 

rA, rB and rO, represent the ionic radii of the A-site element, the B-site element and oxygen. For 

an ideal perovskite structure (Pm-3m), t=1. 

 The value of the tolerance factor varies according to the ionic radii size and/or the 

oxidation state of the cations, thus, the tolerance factor of most perovskite have values varying 

between 0.75 < t < 1.03 [46,47]. Bellow the range of structure formability of perovskites, other 

type of perovskites such as e.g. ilmenite tends to crystallize. For t < 1 and according to the 

tolerance factor formula, the term √         is higher than        , thus, sort of distortion or 

BO6 tilts appear due to the compression of the bond B-O. The structure then will be either 

rhombohedral (R-3c) [48] or orthorhombic (Pbnm) [49]. For perovskites with t > 1, and 

according to the tolerance factor formula, the term         is higher than √        , thus 

compression along the A-O bond is applied by the size mismatch of the cations, rA > rB, in this 

case there is a displacement of the B cations from the octahedra center of BO6, and then the 

structure will adopt the hexagonal symmetry. For values between 0.75 < t < 0.9, the elements 

constituting the perovskite structure within this range give enlarged orthorhombic unit cell such 

as GdFeO3 [50]. 

 Notably, the tolerance factor now is considered as a solid statement used to determine the 

structure stability [46,51]. G. Pilania et al. [52] worked in the formability of perovskite using 
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machine Learning. The group has used different sets of feature pairs namely, the tolerance factor, 

the octahedral factor, the ionic radii size of A and B cations and the bond valence distances A-O 

and B-O. Machine learning was used to create a hyper-dimensional of structure dependency to 

the structural features used in the input data. Chonghe Li et al. [53] have investigated the 

regularities governing the formability of ABO3 perovskites using the tolerance factor. 197 binary 

oxide systems were included in the study, combination of A2O–B2O5; AO–BO2 and A2O3–B2O3 

groups were adopted. Chonghe Li et al. [53] investigation results, proved that the tolerance factor 

is necessary condition but not sufficient to fully predict the formability of the structure, it is found 

that, rB/rO, octahedral factor is as important as the tolerance factor. Huan Zhang et al. [46] have 

studied the structural stability and formability of ABO3 perovskite, the likelihood of perovskite 

structure formability and non-formability was based on the tolerance factor and the bond-valence 

model (BVM). 376 ABO3-type perovskites were included in the study, where 232 were found to 

adopt the perovskite structure. Huan Zhang et al. [46] established the following order of the 

perovskite structure stability: A
+
B

5+
O3 > A

2+
B

4+
O3 > A

3+
B

3+
O3. 

 Structure prediction remains a challenge for researchers since resolving it, is time and cost 

saving as well as to discover new functional materials. Thus, additionally to the tolerance factor 

established by Goldschmidt, researcher continued the expansion of structure stability and 

formability of perovskite structure by establishing other new parameters that enable us to predict 

the formability of the structure. Christopher J. Bartel et al. [54] have developed a new tolerance 

factor to predict the stability of perovskite oxides and halides using computational selection 

„SISSO algorithm‟ based on a data set containing the traditional tolerance factor, the 

electronegativity of A and B elements, the ionic radii and the oxidation states. The new proposed 

form of the tolerance factor is as follow: 

   
  

  
       

  
  ⁄

  (
  

  ⁄ )
                  (Eq. 3) 

Where nA is the oxidation state of A, rA, rB and rX are the ionic radius of the cations, and η < 4.18 

indicates perovskite structure stability. The new tolerance factor established by Christopher J. 

Bartel et al. [54] predict of about 92% of perovskite compounds of an experimental data set of 

576 ABX3. 



Chapter I: State of the Art 

8 
 

I.4. Distortions and phase transitions of perovskites  

 Due to the rich composition that this class of materials is capable to host, varieties of 

symmetries are found in addition to the observed tilts and transitions phases occurring in the 

ABO3 perovskites. Composition, temperature or pressure phase transitions were reported in 

several works [55–58]. The effect of A-site on the structure was emphasized by Pian Pian Ma. et 

al. [59] in the solid solution La1-xMxMnO3 (M=Sr
2+

, Ca
2+

; x=0.15); the A-site substitution effect 

on LaMnO3 by Ca
2+

 and Sr
2+

 has showed that the orthorhombic structure of LaMnO3 was 

preserved when substituting La
3+

 by Ca
2+

, while in the case of La
3+

 substituted Sr
2+

, the structure 

was identified to adopt a rhombohedral R ̅c phase. Moreover, composition inducing phase 

transition was reported in Jiayao Lu et al. [60] work on the electrochemical stability of A-site 

deficient in the solid solution Li3x-yLa1-xAl1-yTiyO3 (x = 5y/12); one phase transition from cubic 

structure SG: Pm-3m to the tetragonal structure SG: P4mm as the amount of Ti increases is 

reported; Ti=0.9, and 1. La1-xSrxFeO3-δ (x = 0, 0.1, 0.5, 0.9, 1) was reported by O. Hass et al. [61]; 

the substitution of La
3+

 by Sr
2+

 induces two phase transitions from Orthorhombic (Pbnm) to 

rhombohedral (R ̅c) to cubic (Pm-3m). As the amount of Sr
2+

 increases, the symmetry of the 

crystal structure in the solid solution La1-xSrxFeO3-δ evolves to higher symmetry. Phase 

transitions induced by temperature and pressure were studied by Tetsuya K. et al [62] on CaSiO3, 

a transition from tetragonal to cubic structure was reported to occurs between 490 – 580 k and 30 

– 70 GPa.  

 One of the ways to detect the changes of the structure is to calculate the tolerance factor. 

Nevertheless, the tolerance factor remains not sufficient condition to specify and indicate the type 

of distortion within the structure. Generally the distortion in the perovskite structure occurs under 

various constraints namely the composition, pressure or temperature, these distortions is at the 

core of the appearance or not of one or several structural phase transition. The structure variations 

of perovskite materials are very subtle and it is often difficult to define the new adopted system 

because the variant may slightly differ from the original structure, which makes it a challenging 

task for researcher. With regard to the ideal cubic structure, these distortions are classified 

according to three types of mechanisms: B cations displacement with the BO6 octahedron, 

distortion of the BO6 octahedra unit, and the octahedral tilting which is considered as the 

common occurring distortion in perovskites.  
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I.4.1. Glazer classifications  

 The tilting of BO6 octahedra occurs around one or more of their axes of symmetry, the 

flexibility of perovskites is clearly observed in this case knowing that the octahedra preserves 

both the regularity of the octahedra, approximately, while the corner of connectivity are strictly 

maintained. Glazer in 1972, and 1975, has studied the octahedra tilting of perovskite and 

established simple ways of determining the perovskite structure [13]. Glazer‟s published work is 

a description of the methodology he considered to determine the different possible octahedra 

tilting around the pseudo-cubic axes. Glazer [13] has noted that the one octahedra tilt around the 

pseudo-cubic axes can determine the tilts of the octahedra in the plane perpendicular to this axis 

while along the axis the tilt can occurs either in the same of opposite direction as shown in  

Fig-I.3.  

 

Fig-I.3: Series of stereo-photographs by glazer [13] of the octahedra in each arrangement. The axes used 

are right-handed with [001] vertical and [010] to the right. The origin is taken at the center of any 

octahedron.  

 The notation a
#
b

#
c

#
 was assigned by glazer and it describes the sense of tilting in the 

perovskite system around the axes in the x, y, z directions of the Pm ̅m, (i.e. [100]p, [010]p and 

[001]p „pseudo-cubic axes‟). The superscript # is assigned as + or – and it describes the 

successive tilt of one layer of octahedra „n‟ to the next layer „n+1‟ around the relevant axis; the 
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symbol „+‟ describes an in-phase tilt while the symbol „–‟ is an out-phase tilt of when the 

octahedra of layer „n‟ rotate in the opposite directions with „n+1‟. For cases, where there is no 

octahedra tilting the superscript # is referred to as 0, moreover, the case of which the letters are 

repeated, it indicates the identical magnitude rotations of the tilts [12,63,64].  

 Glazer [13] has defined 23 possible tilts of the system in the case of ABO3 perovskites, 

and assigned to each a specific space group. Later on, considering the group theory, Howard and 

Stokes [16] have reduced the number of possible space groups to 15 as shown in Fig-I.4.  

Table-I.1 resumes the different identified space groups according the glazer notation [13] and to 

Howard and Stokes notation [16]. 

 

Fig-I.4: The possible space groups adopted by the perovskite structure due to octahedral tilts are given 

with the corresponding  symbol and tilt systems [13]. Dashed lines connect the space groups among which 

the phase transitions must be first order. Continuous lines represent the relations for which second order 

transitions are allowed [16]. 
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Table-I.1. Spatial groups for different simple perovskites with rotations of the octahedra according to 

Glazer notation (*)[13], and according to Howard and Stokes (#)[16]. 

Number  Symbol  No. order
 (*)

  No. order 
(ǂ)

 

3-tiltd system 

1 a
+
b

+
c

+
 Immm (71) Immm (71) 

2 a
+
b

+
b

+
 Immm (71)  

3 a
+
a

+
a

+
 Im ̅ (204) Im ̅ (204) 

4 a
+
b

+
c

–
 Pmmm (59)  

5 a
+
a

+
c

–
 P42/nmc (137) P42/nmc (137) 

6 a
+
b

+
b

–
 Pmmm (59)  

7 a
+
a

+
a

–
 P42/nmc (137)  

8 a
+
b

–
c

–
 P21/m (11) P21/m (11) 

9 a
+
a

–
c

–
 P21/m (11)  

10 a
+
b

–
b

–
 Pnma (62) Pnma (62) 

11 a
+
a

–
a

–
 Pnma (62)  

12 a
–
b

–
c

–
 F ̅ (2)   ̅ (2) 

13 a
–
b

–
b

–
 I2/a (15) C2/a (15) 

14 a
–-

a
–
a

–
 R ̅c (167) R ̅c (167) 

3-tiltd system 

15 a
0
b

+
c

+
 Immm (70)  

16 a
0
b

+
b

+
 I4/mmm (139) I4/mmm (139) 

17 a
0
b

+
c

–
 Cmcm (63) Cmcm (63) 

18 a
0
b

+
b

–
 Cmcm (63)  

19 a
0
b

–
c

–
 I2/m (12) C2/m (12) 

20 a
0
b

–
b

–
 Imma (74) Imma (74) 

1-tiltd system 

21 a
0
a

0
c

+
 P4/mbm (127) P4/mbm (127) 

22 a
0
a

0
c

–
 I4/mcm (140) I4/mcm (140) 

0-tiltd system 

23 a
0
a

0
a

0
 Pm ̅m (221) Pm ̅m (221) 
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I.5. Optical properties: Absorption and visible light harvesting  

 Recently, perovskite oxides are under intense research for various important applications 

such as catalytic membrane reactors, photocatalysts, solid oxide fuel cells, and optoelectronics, 

etc. The performance of these materials strongly depends on their light harvesting capabilities, 

and/or to the nature of the band gap Eg (eV) and its value. Recently, the Titanate perovskite 

family such BaTiO3 and SrTiO3 perovskite material have been attractive materials for 

photocatalysts applications owing to their stability, high and efficient photocatalytic activity [65–

67]. Perovskite based titanium, ATiO3, tends to show strong absorption in the Ultra-Violet region 

[68–71], whereas orthoferrite, AFeO3, Cobaltite ACoO3 and manganite AMnO3 perovskites show 

expanded visible light absorption [72,73]. Knowing that perovskite materials are capable of 

accommodating wide range of the periodic table elements, the design of complex perovskites 

based 3d material was the topic of several researches aiming to combine the various properties in 

one compound. 

 SrTiO3 is highly active under the UV light with no response to the visible light [65]. Co-

doping or substituting an amount of the hosting structure‟s elements was adopted as a strategy for 

light absorption enhancement. Nanocrystalline of SrTiO3 doped Fe ions was prepared via solid 

state reaction; the SrTi0.9Fe0.1O2.968 nanocrystalline with a band gap equal to 1.34 eV, showed a 

broad and intense absorption extending from 0.5 to 6 eV covering from UV-visible domain to 

near IR [74]. The observed shrink of the band gap compared to SrTiO3 was related to the 

appearance of defect centers across the gap [74]. Chao Zhan et al. [70] have reported DFT study 

of Rare earth and N co-doped SrTiO3 toward high visible photocatalytic activity. Chao Zhan et al. 

[70] results proved that SrTiO3 may serve as important candidate for water splitting application 

when doped by La-N, Ce-N, Pr-N and Nd-N due to the great absorption of visible light and the 

shrink occurred in the band gap. 

 In another study, the control of the optical absorption of La1-xSrxFeO3 perovskite films by 

both heterovalent A-substitution and oxygen vacancies was reported. It is found that  

Sr
2+

 substitution induces the formation of new states bellow the bottom of the conduction band 

which resulted in a redshift of the absorption[75]. La-Fe co-doped SrTiO3 system was studied as 

visible light photocatalysts. Different dopant concentration up to 5 wt % were prepared, the 

samples showed a reduction of the optical band gap from 3.2 to 2.72 eV as the amount of the 
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substitution increases and resulted in a red shift of the absorption. This reduction was related to 

the formation of impurity energy levels, due to the doping and to the charge transfer transitions 

[76]. Other group of researcher has reported on the band gap of LaFe1-xTixO3 system, the 

experiments show an increase from 2.05 to 2.61 eV of the band gap values as the amount of Fe
3+

 

decreases[77]. 

 BaTiO3 ferroelectric perovskite materials, has been proposed as effective photocatalysts 

candidate for wastewater treatment. Schindra et al. [78] have critically reviewed the strategies 

adopted to improve the efficiency of BaTiO3, among the methods reviewed; the group stated 

doping is a conventional method to efficiently enhance the photocatalytic activities of BaTiO3. 

Metal doped BaTiO3 including copper, iron manganese tungsten cerium and chromium 

demonstrated great ability to degrade organic pollutants. Additionally improving the hydrogen 

evolution activity of BaTiO3 has also been the topic of research done by Pengcheng Xie et al. 

[79]. The group has studied the effect of Mo doping on BaTiO3, and reported the efficiency of 

narrowing the band gap that resulted in a redshift of the absorption band confirming the 

improvement of the photocatalytic activity under visible light. Jiafeng Cao et al. [80] worked on 

nitrogen doped BaTiO3, their results showed an improved photodegradation activities to 

Rhodamine-B under visible light irradiation (420 nm <  < 780 nm) which is due to the 

enlargement of the valence band width. BaTiO3 has found its way to solar driven methanation, 

Diego Mateo et al. [81] worked on Nickel nanoparticle supported on BaTiO3 and studied the 

photothermal conversion of CO2 under visible light. Diego Mateo et al. [81] reported an 

efficiency of 100% to hydrogenate CO2 to CH4 under Ultra Violet and visible irradiation with a 

production rate of 103.7 mmol g
–1

 h
–1

 and 40.3 mmol g
−1

 h
–1

 respectively.  

 Muhammad Aamir et al. [82] have reported the good activity of Co and Fe doped LaCrO3 

perovskite under solar light. Li Zeng et al. [83] have reported the synthesis of the perovskite 

series LaNi1-xFexO3 and evaluated the photocatalytic activity under visible light. Li Zeng et al. 

[83] reported good performance of photocatalytic activities for LaNi0.95Fe0.05O3; the materials 

showed 98.89% of degradation rate of methyl orange within 120 min. Enqi Yu et al. [84] studied 

the photothermocatalytic of LaTi1-xMnxO3-δ, the introduction of Mn cations led to an increase of 

the catalytic activity under the light absorption, this was accompanied by an enhancement of light 

to heat conversion. The photocatalytic evolution of H2 under simulated solar light of LaMO3 (M: 
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Co, Mn, and Fe) was reported by Luz I et al [73]. Among the studied cases, LaMnO3 showed the 

highest activity, while the lowest was obtained by LaFeO3. In Luz I et al. [73] work the synthesis 

method was as well evaluated showing that materials prepared via sol gel showed better 

photocatalytic performances due to the large surface area. The effect of doping solves the issue of 

the fast recombination rate, WeiWei Li and al. [85] reported that Ti 3d and Fe 3d orbital 

hybridization in BiFeO3-SrTiO3 system creates trap states that suppress the fast recombination 

rate. 

I.6. Band gap in perovskite materials: formation and modification 

 Owing to the structural flexibility, stability and ability to tune the physical properties of 

perovskite materials, the extensive studies of doping with 3d transition metals are still ongoing 

and emerging to all type of elements in the periodic table [56,86–88]. The purpose of researches 

is to enhance the visible light response of perovskite for a good benefit in the field of energy 

harvesting applications and clean energy production [89–94]. The band gap is one of the most 

important features and with a direct link to the absorption performance of oxides. The band gap is 

a parameter that controls the amount of energy absorbed from the UV-visible to near infrared 

region and has a critical role for energy harvesting applications as the properties related to the 

band gap nature are, but not limited to, the conductivity, photocatalytic and photoelectric 

conversion, etc., [95–100].  

 The wide band gap of perovskites such SrTiO3, BaTiO3 and other perovskites, is due to 

the fundamental characteristic nature of A-O and B-O interatomic distances and to the large 

difference in electronegativity between the oxygen and the transition-metal cations [101]. Julien 

Varignon et al. [98] have published their investigation on the gapping mechanisms of perovskite. 

This group of researchers has defined four generic mechanisms that affect the gapping or the 

opening of the band gap, where two are related to the intrinsic behavior of transition metals: 

compounds with two electrons, and compounds with instable single local electronic occupation 

patterns. The two others mechanisms originate due to structural symmetry breaking such as 

octahedral titling and rotations [98]: compounds forming subshells by octahedral breaking of 

atomic symmetry, compounds lifting electronic degeneracies due to the octahedral rotations, and 

those which are retaining the electronic degeneracies due to small or absent octahedral rotations. 

Elsewhere, Tingting Qi et al. [102] have examined the key factors for band structure engineering 
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in tetragonal systems. The group assumes that B-site ordering and the octahedral tilts in the 

perovskite structure strongly affect the opening of the band gap. These results are proven to be 

valid in the case of tetragonal system with fully d states or empty d states cations which are 

respectively located at the valence band maximum and the conduction band minimum. These 

combinations are found to raise the energy of the valence band, while choosing B cation with 

higher electronegativity may lower the conduction band energies. Moreover, Tingting Qi et al. 

[102] shows that suppressing the octahedral tilt in the perovskite structure can increase the 

bandwidth for both the conduction and the valence band, thus decreasing the band gap Eg (eV). 

 Theoretically, it is proven that the structural parameters have an effect on the gapping 

mechanisms, however, experimentally there are only few works stating the effect of the structure 

on the values of the band gap. This case was reported by C-C Hu et al. [103] and X. Zhou et al. 

[104] for tantalite materials ATaO3. The band gap was found to decrease from 4.7, to 4.0, to 3.6 

eV as the bond angle Ta-O-Ta deviates with 37°, 17° and 0° respectively. These results show that 

the factors affecting the band gap could be of structural origin and/or chemical factor. As the 

conduction band and the valence band are constituted respectively by s or d states of the B-cation 

and the p orbitals of the anion, the choice of the B cation plays a major role in the value of the 

band gap and mainly with cations exhibiting high energy occupied s
2
 or d

10
 orbitals that can shift 

the valence band and couple with p orbitals of anions [103–105]. This fact, will results in the 

creation of new energy levels between the valence band and the conduction band resulting in a 

shrink of the band gap of the material [65,67,106]. Thus combining the two factors, namely 

structural and chemical factors, is a promising strategy to enhance the optical and electrical 

properties of perovskites.  

I.7. Dielectric properties of perovskites and its importance for energy storage  

 Perovskites are part of the electroceramics class of materials, and they are considered as 

advanced materials known by their dielectric properties and high electrical resistivity greater than 

10
8 

Ω [107]. The dielectric materials are classified by their relative permittivity εr which 

represents the ability of the material to store electrical energy via different mechanisms 

originating from the orientation of electric dipoles by an external applied electric field. When a 

dielectric materials is under the effect of the electric field, ions or atoms either locally react and 

oppose the external electric field or creates dipoles moments that oppose this later [107,108]. 
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These features make dielectric materials in general, and perovskite in particular good capacitors 

that can quickly deliver charger, and thus contribute in the search of producing efficient energy 

storage systems. Dielectric capacitors show low energy density which is the energy stored 

expressed in volume (Wh/L or J/cm
3
), despite this limitation, they show several advantages that 

encourage scientists to target this class of energy storage devices such as higher operating 

voltage, size flexibility, safety, thermal and cyclic stability [20,109–111], etc.  

 Depending on the variation of the polarization upon the external electric field, dielectric 

materials can be categorized as linear dielectric or as nonlinear dielectric. For linear dielectrics, 

the dielectric constant “ε” is independent to the electric field and the polarization strength is 

linearly related to the electric field strength and small, in comparison with nonlinear dielectrics, 

they show a maximum of polarization at Eb, the breakdown electric field, and then decreases to 

non-zero values with the suppression of the external field. For non-linear dielectrics there are two 

types of stored energy, the effective energy storage density Wrec and the loss energy density Wloss 

which is the energy that cannot be released; this fact is due to presence of Pr remanent 

polarization of ferroelectric material [108,111]. Additionally, the dielectric constant of non-linear 

dielectrics changes with the applied external field; knowing that for dielectric materials there are 

five basic type of electric polarizations that molecules can show: electronic polarization, atomic 

or ionic polarization, dipole polarization, spontaneous polarization and interface or space charge 

polarization; each type of polarization requires time to perform which make the dielectric 

constant dependent to the frequency of the alternating electric field or the rate of the change of 

time-varying field which explain the fact of studying the dielectric properties at various 

frequencies and temperature [19,109,112–116]. The aforementioned polarization can be grouped 

into two regimes. First regime is associated with the vibrations of atoms or ions, when vibrating 

at certain frequency, a resonance occurs when the frequency of the excitation is close to the 

natural frequency of the vibration or oscillation system, this regime is called the resonance 

regime. When the polarization involves the motion of charges by migration or by orientation, the 

system belongs to the relaxation regime because of time required for the charge carriers to 

overcome the inertia arising from the surrounding medium in order to proceed in their movement 

during the polarization or the depolarization processes [108]. Therefore, there are ferroelectrics 

such as BaTiO3, (Ba0.70Ca0.30)TiO3 (BCT), Ba0.4Sr0.6TiO3 (BST) and, Ba(Zr0.2Ti0.8)O3 (BZT) 

[117–121]; relaxor ferroelectrics such as BaTiO3-BiScO3, (1-x)BaTiO3-xBi(Ni0.5Sn0.5)O3  
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((1-x)BT-xBNS), BaTiO3–Bi(Mg2/3Nb1/3)O3 (BT-BMN), and (1-x)BaTiO3-xBi(Mg0.5Zr0.5)O3  

((1-x)BT-xBMZ) [122–125]; antiferroelectrics such as Mn-doped Ag0.97La0.01NbO3, and  

(1-x)NaNbO3-xCaZrO3 [126,127]; and relaxor antiferroelectrics such as Bi0.5Na0.5TiO3–SrTiO3–

(K0.5Na0.5)NbO3, and NaNbO3-Bi0.5Na0.5TiO3 [128,129]. Table-I.2 summarizes some of the 

different dielectrics cited, their type, Energy breakdown, and density storage. 

Table-I.2. Energy storage properties of dielectric ceramics classified by type: Ferroelectrics, 

Relaxor ferroelectrics and Relaxor antiferroelectrics.  

Composition Type 
Eb  

(kV cm
-1

) 

Wrec  

(J cm
-3

) 
Ref 

BaTiO3/Al2O3-SiO2-ZnO 

F
er

ro
el

ec
tr

ic
s 150 0.83 [130] 

BaTiO3/SrTiO3 47 0.198 [131] 

Ba0.7Ca0.3TiO3 150 1.41 [132] 

0.85(BaZr0.2Ti0.8)O3-0.15(Ba0.7Ca0.3)TiO3 170 0.68 [109] 

0.88BaTiO3-0.12Bi(Mg1/2Ti1/2)O3 
R

el
a
x
o
r 

fe
rr

o
el

ec
tr

ic
s 150 1.6 [133] 

0.9BaTiO3-0.1Bi(Mg2/3Nb1/3)O3+0.3wt% 

MnCO3 
210 1.7 [134] 

0.9(0.92Bi0.5Na0.5TiO3-0.08BaTiO3)-0.1NaTaO3 100 1.2 [135] 

0.85(0.93Bi0.5Na0.5TiO3-0.07BaTiO3)-

0.15Na0.73Bi0.09NbO3 
127 0.9 [136] 

0.93NaNbO3-0.07Bi(Mg1/2Zr1/2)O3 

R
el

a
x
o
r 

a
n

ti
fe

rr
o
el

ec
tr

ic
s 255 2.31 [137] 

0.9NaNbO3-0.1Bi(Mg2/3Nb1/3)O3 300 2.8 [138] 

0.86NaNbO3-0.14(Bi0.5Na0.5)HfO3 350 3.51 [139] 

Na0.7Bi0.1NbO3 250 3.44 [140] 

0.80NaNbO3-0.20SrTiO3 323 3.02 [110] 

 

I.8. Recent perovskite oxides development and trend applications 

 In the past century, and after the discovery of ferroelectricity in BaTiO3, perovskites were 

extensively studied for their physical properties such as ferroelectric, dielectric, ferromagnetic, 

piezoelectric, multiferroic and magneto-resistance. Nowadays and driven by the pressing 

concerns of clean energy production and the growing energy demands, perovskites have found 
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their way to energy production related technologies sector [89,104,141–143]. The following 

paragraphs will describe few of the most extensively tested technologies for perovskite materials. 

I.8.1. Perovskite materials in Solid Oxide Fuel Cells SOFCs 

 Among the different type of fuel cells, Solid oxide fuel cells (SOFCs) can be subdivided 

into four major cells: the anode-supported cell (ASC), electrolyte-supported cells (ECSs), the 

metal-supported cell (MSC), inert-supported cell (ISC) [144]. Among the aforementioned classes 

the ISC potentially fulfills all the requirements of low cost SOFC; it utilizes cheap porous 

materials as a support. Fabian Grimm et al. [145,146] have reported on forsterite material 

(Mg2SiO4) doped Zn and Ca as support for SOFCs. This support was chosen due to its abundant 

nature and therefore inexpensive, which will reduce the manufacturing costs of SOCF. Fabian 

Grimm et al. [145,146] have studied the reactivity of seven different cathodes based perovskites 

in order to identify the less reactive cathode with forsterite; therefore, double layered pellets, 

mixed pellets and screen printed cathodes were prepared. The seven different cathodes are LSCF 

(La0.58Sr0.4Co0.2Fe0.8O3), LSC (La0.58Sr0.4CoO3), LSF (La0.58Sr0.4FeO3), PSCF 

(Pr0.58Sr0.4Co0.2Fe0.8O3), LCCF (La0.58Ca0.4Co0.2Fe0.8O3), LSFM 95S1M3 

((La0.9Sr0.1)0.95Fe0.7Mn0.3O3), and LSFM 95S2M8 ((La0.8Sr0.2)0.95Fe0.2Mn0.8O3) [146]. The tested 

cathodes, LSC, LSF, LSCF, PSCF, and LCCF tend to react with forsterite and new phases are 

detected and form reaction layers with a thickness ranges between 1.8 μm and 30 μm. Whereas 

LSFM 95S2M8 and LSFM 95S1M3 show Fe3O4, La9.33(Si6O26) as new phases, but no reaction 

layers are formed. Si, Sr, and Zn are reported to be the cause of the formation of reaction layers, 

whereas, La and Pr are identified as non-reactive elements with forsterite. Their reactivity was as 

follows: LSFM > LSF > LSC > PSCF > LSCF > LCCF (ascending order) [146]. 

 The complex perovskite cathodes tested in the work of Fabian Grimm et al. are, but not 

limited to, the most popular cathodes applied for SOFCs. There are other combinations that form 

structurally and thermo-chemically stable materials, such La0.8Sr0.2MnO3 (LSM). LSM is a 

cathode with electronic conduction type, low over-potential and it shows an excess of oxygen at 

oxidizing atmospheres [147,148]. The researches were directed toward extending the triple phase 

boundary (TPB) of LSM and inducing or enhancing the ionic conductivity of the material. 

However, at low operating temperature, the electrochemical deteriorate because of the 

polarization losses at the cathode side and the increase of electrode-electrolyte resistivity [147–
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151]. Generally, SOFCs cathodes can be classified in term of composition, i.e. (La, Pr, Nd, Sr, 

Gd, Sm, Y, Sr, and Ca)-based materials, while in the B-sites the used elements are mainly Co, Fe 

and Mn; varying the composition gives different responses and performances for the cathodes 

and match differently with the electrolyte [152–160]. At high operating temperature, SLM is 

recommended as it fulfills almost all the requirement of good cathode. For low operating 

temperature PrBa1-xSrxCo2O5+δ [161] and NdBa0.5Sr0.5Co2-xMnxO5+δ [162] show the highest 

conductivity with value close to 3000 Scm
−1

. Cobalt based perovskite tend to show high 

conductivity like in the case of PBSC and NBSC, however their high CTE coefficient which 

causes thermal stress in the cell, make them unsuitable cathodes [152,156,161]. Much research is 

needed for Fe and Mn based cathode in term enhancing their conductivity to match the cobalt 

based materials. Table-I.3 resumes the performance of some cathodes based perovskite in term 

of conductivity, and CTE coefficient.  

Table-I.3. CTE and conductivity values of the different studied solid oxide fuel cells cathodes.  

Cathodes Conductivity (S cm
-1

) CTE (x 10
-6

) K
-1

 Ref 

YBaCo2-xFexO5+δ 16.3–18.0 - [163] 

GdBaCuCo0.5Fe0.5O5+δ 14.49 13 [164] 

NdBa0.5Sr0.5Co2-xMnxO5+δ - 3000 [162] 

SmSrCo2-xMnxO5+δ 22.6–13.7 1000 [165] 

YBa1-xSrxCo2O5+δ – 449 [166] 

GdBaCo2O5+δ 20.1 512 [157] 

SmBa1-xSrxCo2O5+δ – 400 [167] 

Gd1-xAxCo1-yMnyO3 – 250 [168] 

GdBa0.5Sr0.5Co2-xFexO5+δ 24.01 1000 [169] 

Nd1-xBaxCo2O6-δ 20.7 370 [170] 

Sm0.5Sr0.5MnxCo1-xO3-δ – 100 [171] 

  

 SOFC is a complex field because it requires searching and optimizing large number of 

parameters. For example, the ORR reaction occurs at the electrode-electrolyte interface, thus, the 

reaction pathway depends then to the structure of the catalyst surface. Moreover cathode 

performance is related to the length of the TPB and the porosity; these properties are determined 
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and controlled by the synthesis method and fabrication of the cathode. Several studies suggested 

the Nano-structuring strategy to modify the morphology and microstructure, which showed an 

increase of the TPB resulting in the enhancement of the cell performance [172–175]. 

Electrospinning is found to be suitable method to produce high catalytic and porous materials; the 

reported properties of GdBaCo2O5-δ [176], Pr0.6Sr0.4FeO3-δ-Ce0.9Pr0.1O2-δ [177], and 

La0.58Sr0.4Co0.2Fe0.8O3 [178] showed good thermal stability and electrochemical activity; the 

materials were prepared via electrospinning and presented as nanofibers, and found to be good 

for IT-SOFCs. Furthermore, perovskites are also applied as electrolyte and in the anode side of 

SOFCs. 

I.8.2. Perovskite materials in Photocatalysis 

 The past few years and among the large library of materials based perovskite structure, 

lanthanum LaBO3 (B = Fe, Mn, and Co) and titanium ATiO3 (A = Ba, Sr, Ca, etc) based 

perovskite are extensively investigated and have demonstrated good performance in different 

photocatalysts application [68–73]. La-based perovskites show narrow band gap, good 

optoelectronic and electrical properties, among these, LaFeO3 has attracted the interest of 

researchers to enhance its photocatalytic properties by altering the surface area and or by doping 

new elements in A-site and and/or the B-site, capable of expanding the visible light absorption 

[179,180]. S. Thirumalairajan et al. [181] have prepared microsphere LaFeO3 nanoparticles 

demonstrating a strong absorption at 554 nm and a good photocatalytic degradation of RhB 

within 3h. N. Yahya et al. [182] have reported the effect of the synthesis method on the 

photocatalytic performance of LaFeO3 nanoparticles; via the combustion method, two routes 

were adopted using glucose only and Citric acid addition. Different morphologies were obtained; 

the LaFeO3 prepared based on using only glucose exhibits agglomerated particles lowering the 

surface area of the sample, whereas LaFeO3 prepared adding citric acid present less agglomerated 

particles with an average particle size of 70 nm and a better absorption of RB5. Thi To Nga Phan 

et al. [183] worked on the optimization of the photocatalytic performance of LaFeO3 by tailoring 

the materials properties and the operating conditions; the group reported a dependency of the 

photocatalytic activity toward the iron precursor in the hydrothermal reaction. Thi To Nga Phan 

et al. [183] demonstrated that the morphology is a critical parameter, whereas the highest 

photocatalytic performance is shown for the material with the highest surface area equal to  
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17.63 m
2
/g. The introduction of metal ion known as substitution in the B-site and or the A-site 

counts as a strategy to create new energy levels within the bands of the band gap, which plays the 

role of a trap that prevents the fast recombination of charge carrier. Parrino et al. [184] prepared 

the solid solution LaFe1-xCuxO3-δ, where x = 0.05, 0.10, 0.20, and 0.40; they reported a good 

photocatalytic activity for a substitution amount less than 10% of Fe
3+

 by Cu
2+

. Cu
2+

 doping has 

reduced the recombination rate of electron–hole, and the high photocatalytic activity observed for 

Cu
2+

 doped LaFeO3 is reported to be due to the presence of oxygen vacancies. Based on Jauher et 

al. [185] work, Dhiman et al. [186] investigated the photocatalytic properties of the solid solution 

LaMn0.2Fe0.6M0.2O3 (M = Cr
2+

, Co
2+

, Ni
2+

, Cu
2+

, and Zn
2+

), the higher photocatalytic degradation 

rate of dye was seen for Co, Ni, Cu and Zn, which was attributed to the generated vacancies 

defects and the narrow value of the band gap. Chiang, T.H et al. [187] reported on RhCrOx/M-

LaFeO3 (M = Pr, Eu, Y, In, Ca, Tb and Mg) and the photocatalytic hydrogen production under 

the visible light. The highest H2 evolution rate of 127 µmol h
-1

 g
-1

, is obtained for the samples 

with 0.5 wt.% RhCrOx loading and 0.1 M Pr-doped LaFeO3, this performance is 34% higher than 

undoped LaFeO3 photocatalysts (94.8 µmol h
-1

 g
-1

). 

 Titanate based perovskites with the typical formula ATiO3 (A = Sr, Ba, Ca, Zn, Mn, Mg, 

etc.) are considered as potential photocatalysts for light-driven; however they exhibit wide band 

gap around 3 ⁓ 3.3 eV, with poor absorption of visible light [65–67]. SrTiO3 band gap levels are 

suitable for water splitting and its performance for H2 production was reported by Phoon et al. 

[188] and Bui et al. [189] demonstrating the good photocatalytic capability under the UV-light. 

Doping with new elements generates new donors or acceptors, creates new energy levels which 

induces a shrink of the band gap, and expands its absorption domain to the visible light.  

Rh-Ta-F: SrTiO3 three doping strategy was reported by Kang et al. [190], this method has 

significantly promoted the H2 evolution rate to attain a value close to 4123.7 µmol h
-1

 g
-1

. López-

Vàsquez et al. [191] have prepared Sr0.97Eu0.02Zr0.1Ti0.9O3 to produce H2, reporting the very high 

evolution rate (358,905.6 µmol⋅g−1⋅h−1
). The group has optimized the participation of different 

parameters in the reaction such as the pH, dose of the photocatalysts, and concentration of the 

sacrificial agent; 70 mM ethylenediaminetetra acetic acid (EDTA), 0.01 g/L photocatalyst under 

a pH = 9.0 are the optimal condition according to their studies.  



Chapter I: State of the Art 

22 
 

 The two common problems of Photocatalysis semiconductors are the fast recombination 

of photogenerated charge carrier and the low light absorption. Various researches rely on the 

structural flexibility of perovskite materials to tailor the photocatalytic properties and overcome 

these limitations of semiconductors. The research in this regard are classified in terms of methods 

of preparation [183,189], the morphology effect [188], the electronic properties and the structural 

parameters such as the crystal structure or by composition [184,185,190]. However, few work 

studied the effect of the B-O-B on the band gap and the electron-hole pair separation [104,192]. 

I.9. Conclusion   

 This chapter has been devoted to a bibliographic study of the ABO3 type perovskite and 

their history that carry with it years of discussions and focus to establish the law of structure 

formability and stability. The ABO3 perovskites structure and their flexibility and variety in term 

of composition are presented and explained. The condition of the formation and stability of the 

structure using the established conditions by goldsmiths are discussed. The advancement and the 

modifications carried on the tolerance factor and its usability in theoretical studies was 

emphasized. The structural flexibility and distortions were discussed using glazer classifications 

showing the type of distortions and transitions that the ABO3 undergoes. Reported researches and 

investigations carried out on perovskites properties namely the optical properties, the elements 

and parameters responsible for the opening mechanism of the band gap, and the dielectric 

properties. The last part concerns the last advancements and application in the field of energy 

conversion and photocatalysts and the usability of perovskite materials. 
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II.1. Introduction 

 This chapter presents the technical methodology adopted to achieve the purpose of the 

thesis project. It covers the synthesis method and the different experimental techniques used 

throughout this thesis work. The tools used to investigate and understand the effects of the 

structure and the composition on the physical properties of the based perovskite materials are 

covered in general sense. The various properties investigated in this work are: 

 The evolution of the structure in terms of symmetry and phase transitions induced by the 

substitution effect: X-ray diffraction coupled with Rietveld refinement. 

 The UV-Visible absorption of the prepared materials and experimentally estimating the band 

gap values of the samples: UV-vis spectroscopy using diffuse reflectance method. 

 The morphology of the materials and the effect of the composition on the size and shape of 

the particles: Scanning electron microscopy (SEM). 

 The dielectric properties, Nyquist plots and equivalent circuits describing the conductivity 

mechanisms present in the materials: Complex impedance spectroscopy  

II.2. Synthesis technique 

II.2.1. Solid state reactions   

 The conventional solid state reaction was used to prepare all the compositions studied in 

this work. High purity binary oxides and/or carbonates of appropriate cations were used to 

prepare the perovskite solid solutions, and are presented in Table-II.1. The starting precursors are 

mixed in the correct stoichiometric ratio with respect to the following chemical reactions:  

(1-x) BaCO3 + x/2 La2O3 + (1-x) TiO2 + x/2 Fe2O3 --- > Ba (1-x) Lax Ti (1-x) FexO3 + (1-x) CO2
↑ 

(1-x) SrCO3 + x/2 La2O2 + (1-x) TiO2 + x/2 Fe2O3 ---- > Sr (1-x) Lax Ti (1-x) FexO3 + (1-x) CO2
↑ 

(1-x) BaCO3 + x SrCO2 + (1-x) TiO2 + x/2 Fe2O3 ---- > Ba (1-x) Srx Ti (1-x) FexO3-δ + CO2
↑ 

 The mixture is ground together in an agate mortar placed into crucibles and heated in air 

at progressively higher temperatures (400°C /24h, 600°C /24h, 800°C /24h, 1200°C /24h), 

followed by an intermediate regrinding. The heat treatment program and duration of the synthesis 

depends strongly on the chosen precursors and the material being synthesized. The requirements 
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of high temperature and the long time are to provide the reagent materials with enough energy to 

break their initial structure and immigrate to form new bond according to the reaction. It is 

important to follow the reaction with an intermediate regrinding to speed up the process, ensure 

the homogeneity of the mixture and the contact between the reagents. This method of preparation 

was chosen because it produces high crystalline materials which facilitate the structural 

investigations and provide us with high responses regarding their dielectric properties. 

Table-II.1. List of the precursors with their purity grade used to synthesis the perovskites solid solutions 

studied in this work.  

Precursors Purity Grade 

SrCO3 99.995% 

BaCO3 99.995% 

La2O3 99.999% 

TiO2 99.9997% 

Fe2O3 99.97% 

 

II.3. X-Ray Powder Diffraction Technique 

 Scientifically understanding and predicting the properties of materials depends greatly on 

the knowledge of the geometrical structure at the atomic scale. Powder diffraction is a technique 

frequently used for the determination of crystal structure since it provides information on the bulk 

material. The analysis of the diffracted intensity distribution in space of the studied material 

makes it possible to characterize its structure. Bragg equation is at the core of the X-ray powder 

diffraction principle in terms of reflection of incident X-ray by sets of lattice planes described by 

miller indices (hkl) [1]. 

 X-ray characterizations were carried out on the different synthesized solid solutions based 

perovskites structure. The analyses were performed by means of: 

- D2 PHASER diffractometer in the bragg-brentano geometry (CuKα radiation, λ= 1.5406 Å) at 

30 KV and 10 mA. The patterns were scanned in 2θ-steps of 0.01, in the range 10 < 2θ < 105°. 

- D8 PHASER diffractometer in the bragg-brentano geometry (CuKα radiation, λ= 1.5406 Å) at 

40 KV and 40 mA. The patterns were scanned in 2θ-steps of 0.01, in the range 10 < 2θ < 105°. 
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 The X-ray diffraction characterization were performed in order to investigate the phase 

formation of the new perovskites materials and to later on, understand at the atomic level the 

effect of the structural parameters on the physical properties.  

II.4. Rietveld Refinement method  

 In order to benefit the most from the information collected in the X-ray powder 

diffraction patterns, it is mostly coupled with structure resolution technique. Rietveld refinement 

technique is generally used to confirm the phase formation by defining the structure adopted by 

new synthesized materials and thus, extracting the necessary structural data information to 

conduct the investigation [2–4]. 

 The powder diffraction is collected in digitized form in order to be treated by the 

software. Hence the patterns are recorded as a numerical intensity value   , at each specific 

increments or steps i. For constant wavelength data, the increments are steps in scattering angle 

2θ and ranges from 0.01° to 0.05°. H.M. Rietveld [5] realized that the appropriate way to extract 

the maximum of information from X-ray powder diffraction patterns is to write a mathematical 

expression to represent the observed intensity at every step in this pattern, equation 1: 

      ∑                   (Eq. 1) 

 This equation, has each of Bragg reflections (Yh; h= hkl) near the powder patterns step 

and the background contribution. The least squares method, which is a powerful technique for 

estimating the values of the adjustable parameters, is used to minimizing the weighted differences 

between the observed {          
 and calculated intensities {        

       
 [5,6]. The function 

minimized in the Rietveld Method is shown in equation 3:  

   ∑   {             
                    (Eq. 2) 

With    
 

  
  , the variance of the observation   . Programs such FullProf, have been developed 

for Rietveld Refinement analysis of Neutron or X-ray powder diffraction patterns collected at 

constant or variable step in scattering angle 2θ. 

 For structural investigation carried out throughout the thesis work, Rietveld Refinement 

method was adopted in order to investigate the structures of the new synthesized materials and to 
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study the effect of the substitution on the variation and or phase transitions occurred. All the 

perovskites series and samples prepared during this work were treated by WinPLOTR software 

integrated in the FullProf program. The number of refined parameters varies between 26 and 33 

depending on the structure. The refined parameters include the different structural and 

instrumental factors such as: scale factor, lattice parameters, zero shift, background coefficients, 

space group, peak profile, atomic positions, occupancy and isotropic atomic displacement 

parameters of individual atoms. The background is fitted with fifth order polynomial and the peak 

shape is fitted with a pseudo-Voigt profile function [7–9].  

II.5. UV-Visible spectroscopy  

 The optical properties investigation of the samples was performed by means of 

PerkinElmer UV/VIS/NIR spectrometer Lambda 1050 equipped with an integrating sphere. The 

diffuse reflectance spectra F(R) of all the studied compounds was collected at room temperature 

in the range of 250-1800 nm. The powders were then shaped into cylindrical pellets using 1mm 

diameter steel dies and pressed with a hydraulic press under a pressure of 6t. The pellets were 

then sintered in air at 900°C overnight.  

 The absorbance of the solid solutions was studied using the Kubelka-Munk function 

theory (F(R)) using equation 3:  

 

 
 

      

  
                       (Eq. 3) 

The parameter R represents the diffuse reflectance, which is collected from the UV-vis analysis. 

K and S are respectively the absorption coefficient and the scattering coefficient. The method 

adopted to investigate the absorption of the compounds is the most general theory developed by 

Kubelka and Munk [10,11]. According to equation 4, the kubelka-Munk function reads a plot of 

F(R∞) as a function of the extinction coefficient k.  

 McLean analysis was adopted to estimate the absorption edge and thus calculate the 

optical band gap using tauc plot. Equation 4, expresses the relation between the coefficient of 

absorption (F(R)) and the band gap energy and the type of the band gap. 

               
                     (Eq. 4) 
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Where “A” is the band tailing parameter, the “n” index is dependent to the inter-band transitions 

mechanisms; the possible values for the index n are equal to 1/2, 2, 3/2 or 3, each denotes 

respectively direct allowed, indirect allowed, direct forbidden and indirect forbidden transitions 

types. The Eg values were derived by the extrapolation of the tangential line from high photon 

energy to zero F(R)  0 [11]. 

 The Conduction band minimum and the valence band maximum were estimated using the 

following empirical equations 5 and 6 [12,13]:  

                                 (Eq. 5) 

                             (Eq. 6) 

Eg represents the band gap calculated from the experimental results. Ee is equal to 4.5 and 

represent the free electron energy, while ECB and EVB are respectively the conduction band and 

the valence band potential.   is the electronegativity of semiconductions and can be calculated 

using equation 7 [12,13]: 

                             
 

                 (Eq. 7) 

The indexes “a, b, c, d and e” are the number of atoms in each composition and      is the 

electronegativity of each elements of the compound. 

II.6. Scanning electron microscopy   

 The morphology and the microstructure of the prepared samples were observed by field 

emission scanning electron microscopy (SEM) JEOL LSM-IT500HRLA. The Images were 

captured for the samples at 5 nm and 500 nm. 

II.7. Complex impedance spectroscopy 

 Ceramic pellets were prepared and sintered at high temperature 900°C, the dielectric and 

electric properties of the prepared ceramics were analyzed using the data acquisition system 

based on Modulab XM MTS which is connected to the probostat cell support system and driven 

by a microcomputer. The ceramic pellets were painted using silver lacquer, and then placed 

between two electrodes placed in the sample’s holder stored in a programmable heating chamber. 
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The measurements were recorded in a wide range of frequency, high, medium, and low frequency  

(10 Hz – 1 MHz) at temperatures ranging from 27°C to 390°C. The results obtained consists of 

the dielectric vs. temperature and complex impedance Z’’ vs. Z’ known as Nyquist plots.  

 The complex impedance Z* is defined by its real and imaginary parts as: 

                                   

Where    and     are the real and imaginary parts of complex impedance, respectively.       

is the angular frequency Due to the different contributions existing in polycrystalline ceramics 

such as grain, grain boundary and electrode interface, the Nyquist plots (Z” vs Z’) can be 

obtained in the form of incomplete semi-circle, one depressed semicircle due to the 

inhomogeneity of polycrystalline materials, or as multiple semicircles [14]. The real (Z') and 

imaginary (Z'') parts of the complex impedance expressions are as following [15]: 
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Rg and Cg represent grain resistance and capacitance, respectively. Rgb and Qgb (CPE) are grain-

boundaries resistance and capacitance, respectively. ω is the angular frequency and α (0 < α < 1) 

is the parameter which describes the capacitive nature of CPEgb element, α = 0 for the pure ohmic 

resistor and α = 1 for the ideal capacitor. 

 The experimental data of the complex impedance were fitted using Zview software in 

order to find the equivalent circuit of each material and to separate the contribution of grain, grain 

boundary and the electrode interface. Equations (9) and (10), are used to fit the the impedance 

data (Z'' vs Z') and the parameters Rg, Rgb, Cg and Qgb (CPE) for the ceramics under study are 

extracted and presented. 
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II.8. Conclusion 

 In this chapter, we have presented the method adopted for the preparation of three solid 

solutions ABO3-type perovskites and the different characterization techniques used in this study. 

The materials were characterized using the X-ray diffraction for structure determination and 

phase transition investigations. Scanning electron microscopy is used to have insight on the 

morphology of the prepared materials. The UV-vis spectroscopy is used to investigate the light 

absorption performance and estimated experimentally the values of the band gap. The impedance 

spectroscopy is used to study the dielectric and electric properties of the materials. 

 The methodology used in this work relies on the elaboration of the samples with the 

suitable synthesis method in this case the conventional solid state. This method allows the 

materials to form high crystalline materials, which is a characteristic that helps carry in depth 

investigation of the structure of the materials. Additionally, high crystalline structures allow 

achieving the best performance of the materials when studying thier dielectric properties. The 

prepared samples are labeled as follow: 

 Ba (1-x) Lax Ti (1-x) FexO3: BLTF 

 Sr (1-x) Lax Ti (1-x) FexO3: SLTF 

 Ba (1-x) Srx Ti (1-x) FexO3-δ: BSTF  
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III.1. Introduction  

 This chapter constitutes the first part of the research project; it is dedicated to study the 

effect of the composition on the ABO3 perovskite structure as it is to our interest to map the 

system symmetry and the structural characteristic for further investigations. Systematic studies of 

the evolution of the structure as well as the various parameters as function of the composition 

will be discussed in details. The system stability within a wide range of the substitution amount 

 (0 ≤ x ≤ 1), the phase transitions, the correct symmetry adopted are investigated and reported. 

The effect of the composition on the morphology and the growth of the grains is also treated in 

this chapter for all the compositions of the three solid solutions. 

 The main objective of the structural investigations is to collect information on the various 

parameters namely: the unit cell parameters, unit cell volume, the interatomic distances, the bond 

angles etc., and prepare a dataset that will allow us to link the effect of the symmetry and/or the 

structure parameters to the physical properties of the synthesized perovskite series  

        
                (A = Ba, La, Sr) with 0 ≤ x ≤ 1. The observations concerning the 

morphology evolution as function of the compositions will serve to explain the effect of the 

morphology on the dielectric and electric properties of the treated solid solutions under the 

formula          
                 (A = Ba, La, Sr) with 0 ≤ x ≤ 1. 

  Part I - Chapter III studies the effect of the composition on the structure and 

morphology of the system          
               . In this case of study, the A-sites are 

occupied by Ba
2+

 and La
3+

 cations while the B-sites are occupied by Fe
3+

 and Ti
4+

 cations, thus, 

the chemical formula of the perovskite system is written as Ba1-xLaxTi1-xFexO3 with the 

substitution amount varies between 0 ≤ x ≤ 1. The Ba1-xLaxTi1-xFexO3 will be abbreviated as 

BLTF in the following paragraphs. 

  Part II - Chapter III studies the effect of the composition on the structure and 

morphology of the system         
               . In this case of study, the A-sites are 

occupied by Sr
2+

 and La
3+

 cations while the B-sites are occupied by Fe
3+

 and Ti
4+

 cations, thus, 

the chemical formula of the perovskite system is written as Sr1-xLaxTi1-xFexO3 with the 

substitution amount varies between 0 ≤ x ≤ 1. The Sr-xLaxTi1-xFexO3 will be abbreviated as SLTF 

in the following paragraphs. 
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 Part III - Chapter III studies the effect of the composition on the structure and 

morphology of the system         
               . In this case of study, the A-sites are 

occupied by Ba
2+

 and Sr
2+

 cations while the B-sites are occupied by Fe
3+

 and Ti
4+

 cations, thus, 

the chemical formula of the perovskite system is written as Ba1-xSrxTi1-xFexO3-δ with the 

substitution amount varies between 0 ≤ x ≤ 1. The Ba1-xSrxTi1-xFexO3-δ will be abbreviated as 

BSTF in the following paragraphs. 
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III.2. Part I: Investigation of the composition effect on the structure in Ba1-xLaxTi1-xFexO3 

perovskite system with 0 ≤ x ≤ 1 

III.2.1. Introduction  

 BaTiO3 is considered the state of the art of ABO3 perovskite materials, as it was and still 

extensively studied for its dielectric properties [1–4]. Across literature, it is agreed that BaTiO3 

crystallizes in the tetragonal structure with P4mm space group [5], and the effect of the 

composition on its structure is seen in several works. The incorporation of Fe
3+

 in the B-site of 

BaTiO3 perovskite showed the formation of hexagonal phase for BaTi1-xFexO3 ceramics for a 

substitution amount x = 7, 30 and 70% as it is reported by Fangting Lin et al [6]. The hexagonal 

structure was reported in another work of Fe doped BaTiO3 (x = 1% - 10%) by QIU Shen-yu et 

al. [7], it is reported that the hexagonal phase appears for a substitution amount above 2% of Fe
3+

 

doping. However, I.C. Amaechi et al. [8] have reported a tetragonal structure for BaTiO3 doped 

Fe
3+

 for Fe contents ranging from 2 to 8%. The electrical properties of BaTiO3 were studied by 

Finlay D. et al. [9] after doping with La
3+

 for a content bellow x = 0.20, the solid solution  

Ba1-xLaxTi1-x/4O3 was reported to adopt the tetragonal structure for composition with x < 0.04 

while above x > 0.04 the patterns were indexed for cubic structure. B. H. Devmunde et al. [10] 

reported a tetragonal phase for La
3+

 doped BaTiO3 forming the solid solution Ba1-xLaxTiO3 for a 

content ranging between x = 0 to 0.02.  

 LaFeO3 is reported to adopt the orthorhombic structure with Pbnm as space group  

[11, 12]. Co-substitution by Dy
3+

 and Ti
4+

 of LaFeO3 has been reported by A. Mitra et al. [13], 

the solid solution La1-xDyxFe1-yTiyO3 for x/y =0.02 showed orthorhombic structure with same 

space group as LaFeO3. Same structure was reported by A. Rai et al. [14] while studying the solid 

solution La1-xNaxFe1-xMnxO3 (x = 0 - 0.2), however Pnma was adopted as space group.  Ti doped 

LaFeO3 as well showed the orthorhombic structure for a substitution amount of 10 wt. % in the 

work reported by P. Garcia-Munoz et al. [15]. It is observed that small amount of the substitution 

might preserve the system unchanged; however it may induce a transition toward new space 

group within the same system.  

 On the other hand, solid solution based LaFeO3-BaTiO3 has been the topic of few works 

studying their dielectric and magnetic properties. H. Chaabane et al. [16] prepared the solid 

solution Ba1-xLaxTi1-xFexO3 (x = 0 – 0.15) by the conventional solid state reaction, where they 
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reported a tetragonal structure for compositions with x ≤ 0.05 with P4mm, above which 

indexation with cubic structure with Pm ̅m space group was assigned for the compositions with  

x ≥ 0.075. R. Rajagukguk et al. [17], as well reported on the magnetic ordering in the solid 

solution (1-x) BaTiO3 - x LaFeO3 (0.1 ≤ x ≤ 0.7) all the samples were indexed with a cubic 

structure. The reported structure by Sushrisangita S. et al [18] of the solid solution Ba1-xLaxTi1-

xFexO3 (x = 0 – 0.5) is assumed to crystallize in tetragonal structure with unit cell parameters 

varying between 3.988 and 3.977 Ǻ for the lattice parameter „a = b‟ and between 3.997 and 0.996 

Ǻ for the lattice parameter „c‟.  

 Based on all the reported studied, it is seen that the same composition is indexed with 

different space groups leading to confusions. In this part we conduct structural investigations 

using the Rietveld refinement method and we report on the stability of the structure, the phase 

transitions induced by the substitution, the symmetry and the evolution of the structural 

parameters of the solid solution Ba1-xLaxTi1-xFexO3 in wide range of substitution amount 0 ≤ x ≤1.  

III.2.2. X-Ray Diffraction patterns: results and discussion  

 The X-ray diffraction patterns of BLTF perovskite system are presented in Fig-III.P1.1a. 

The results prove that the samples are formed in the desired structure and substitution of Ba
2+

 and 

Ti
4+

 by La
3+

 and Fe
3+

 respectively at A-sites and B-sites of ABO3 structure is achieved. The 

diffraction pattern of each sample is indexed using Dicvol software [19]. Fig-III.P1.1b shows the 

main peaks at 2θ (°) in the ranges 31° ≤ 2θ ≤ 33°, 44° ≤ 2θ ≤ 47°, 55° ≤ 2θ ≤ 58° corresponding 

to the reflections (101) (110), (002) (200) and (112) (211); a gradual shift toward higher 2θ (°) is 

observed with increasing the substitution amount of Ba
2+

 and Ti
4+

 by La
3+

 and Fe
3+

 respectively. 

The shift observed is an indication of the lattice parameters contraction induced by substituting 

elements of higher ionic radius by elements with smaller ionic radius, thus the decrease of the 

unit cell volume. Respectively, the identified peaks gradationally overlap, up to x = 0.3 of Ba
2+

 

and Ti
4+ 

substitution, to form single reflections (110), (200) and (211). At x > 0.6, the samples 

adopt different crystallographic system: a split is now observed into, i.e. (200), (112), (020); 

(220), (004); and (321), (240), (123), (042) respectively as it is shown in Fig-III.P1.1b. It is thus 

postulated that the specific information obtained from these observations illustrates the 

occurrence of several phase transitions, and will be investigated in the following paragraphs.  
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Fig-III.P1.1: X-ray powder diffraction patterns of Ba1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1) presenting the peaks 

shape variation (a) and the separated main peaks (b). 

III.2.3.  Rietveld refinement study of the structure and the phase transitions 

 To understand the effect of the substitution on the perovskite structure evolution, the  

X-ray diffraction patterns, seen in Fig-III.P1.1a, were refined using FullProf coupled with 

WinPLOTR software. The symmetries and the space group chosen for each sample were adjusted 

to the calculated ones. In comparison with the reported structure in literature [20–22] the 

refinement results demonstrate the existence of 5 phase transitions as function of the 

composition, the samples between 0 ≤ x ≤ 0.25 adopt the tetragonal symmetry with two different 

space groups P4mm and P4/mmm corresponding respectively to x = 0 and x = 0.1, 0.2, 0.25. Due 

to the singlet feature of the peaks shown in the X-ray patterns of the samples within the 

composition range 0.3 ≤ x ≤ 0.6, it is deduced that the samples adopt the cubic symmetry with 

Pm-3m as space group. For the composition range 0.7 ≤ x ≤ 1, the main peaks start splitting 

showing orthorhombic X-ray pattern features. The refinement results reveal that the samples 
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within this range adopt the orthorhombic structure with two space groups Pnma and Pbnm for  

x = 0.7, 0.75 and x = 0.9, 0.8, 1 respectively. In the following sections, a detailed analysis of the 

different phase formation and transitions is given.  

III.2.3.1. Tetragonal BLTF perovskite system with 0 ≤ x ≤ 0.25 

  Fig-III.P1.2 shows the final plot of the Rietveld refinement results obtained for the 

tetragonal BLTF perovskite system with 0 ≤ x ≤ 0.25, and the unit cell visualization along [010] 

projection. BaTiO3 crystallizes in the tetragonal symmetry, with P4mm space group, at room 

temperature [23]. The X-ray pattern measured for BaTiO3 sample fits perfectly to the model used 

for the Rietveld refinement. The results show low reliability factors RF = 2.85, RB = 4.50, Rp = 

9.20, Rwp = 12.2, cRp = 13.3, cRwp = 15.6, χ = 2.83. The unit cell parameters a (Å) = b (Å) = 

3.994(8), c(Å)= 4.029(8) and γ (°) = 90, are found to be close to the reported results [23], the 

crystallographic data issued from the Rietveld refinement results are presented in Table-III.P1.1. 

The compositions of BLTF perovskite system with x = 0.1, x = 0.2 and x = 0.25 were also refined 

using BaTiO3 model as input data with the same space group P4mm. However, when studying the 

evolution of the unit cell parameters, it was observed that at x = 0.1 of Ba
2+

 and Ti
4+

 substitution, 

a relaxation along the (ab) plan has occurred. This causes lattice expansion for a (Å) = b (Å) = 

4.002(2) Å, and contraction for the lattice parameter c (Å) = 3.992(3) Å. Above x=0.2, a 

contraction of the lattice parameters was observed which is in contradiction with the previous 

observations of the X-ray diffraction peaks presented in Fig-III.P1.1b. The shift toward higher 2θ 

(°) and the overlap of the diffraction peaks were explained to be the result of system distortion, 

that gradually weakened as the amount of substitutions increased, i.e. a system that transforms into 

higher symmetry. Accordingly, we assumed that the samples still adopt the tetragonal symmetry, 

and since the BLTF system is evolving toward higher symmetry, the compositions x = 0.1, 0.2 and 

0.25 are modeled using P4/mmm as space group. The fitting to this model showed satisfactory 

results with low reliability factors and the crystallographic data are collected and presented in 

Table-III.P1.1. Selected interatomic distances <Ti/Fe-O>, <Ba/La-O> and bond angles O–Ti–O, 

O–(Ba/La)–O & Ti–O–(Ba/La)) are summarized in Table-III.P1.2; these results are collected to 

study the evolution of the system as function of the composition in the following paragraph. 
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Fig-III.P1.2: Final Rietveld Refinement plots of Tetragonal BLTF system 0 ≤ x ≤ 0.25 and [010] 

projection of the unit cell with P4mm and P4/mmm. The observed data and calculated profile are indicated 

by circles and solid trace respectively. The lowest trace shows the difference between the observed and 

calculated model. The vertical bars indicate the calculated bragg reflections positions. 
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Table-III.P1.1. Refined structural parameters for Tetragonal BLTF system 0 ≤ x ≤ 0.25 

BaTiO3 
Ba/La Ti/Fe O1 O2 

space group P4mm 

x 0 ½ ½ ½ 

y 0 ½ ½ 0 

z 0 0.509(7) -0.034(7) 0.474(8) 

B (A²) 0.32(5) 0.27(9) 0.74(2) 0.74(2) 

Occupancy 1 1 1 2 

a(Å)= 3.994(8), c(Å)= 4.029(8), α(°)= 90° 

U=0.047(4), V=-0.016(4), W= 0.008(7) 

RF=2.85, RB=4.50, Rp=9.20, Rwp=12.2, cRp=13.3, cRwp= 15.6, χ=2.83 

Ba0.9La0.1Ti0.9Fe0.1O3 
Ba/La Ti/Fe O1 O2 

space group P4/mmm 

x 0 ½ ½ ½ 

y 0 ½ ½ 0 

z 0 ½ 0 ½ 

B (A²) 0.27(4) 0.14(6) 0.91(1) 0.91(1) 

Occupancy 0.9/0.1 0.9/0.1 1 2 

a(Å)= 3.996(2), c(Å)= 4.002(5), α(°)= 90° 

U= 0. 278(2), V=0.013(1), W= 0.007(3) 

RF= 2.77, RB= 4.09, Rp= 9.67, Rwp= 12.7, cRp= 17.8, cRwp= 19.0, χ=2.08 

Ba0.8La0.2Ti0.8Fe0.2O3 
Ba/La Ti/Fe O1 O2 

space group P4/mmm 

x 0 ½ ½ ½ 

y 0 ½ ½ 0 

z 0 ½ 0 ½ 

B (A²) 0.40(4) 0.24(5) 0.95(2) 0.95(2) 

Occupancy 0.8/0.2 0.8/0.2 1 2 

a(Å)= 3.983(6), c(Å)= 3.991(1), α(°)= 90° 

U= 0.228(1), V= -0.008(2), W= 0.007(2) 

RF= 2.56, RB= 4.27, Rp= 7.14, Rwp= 8.98, cRp= 15.3, cRwp= 14.5, χ=1.59 

Ba0.75La0.25Ti0.75Fe0.25O3 
Ba/La Ti/Fe O1 O2 

space group P4/mmm 

x 0 ½ ½ ½ 

y 0 ½ ½ 0 

z 0 ½ 0 ½ 

B (A²) 0.67(1) 0.32(1) 0.9(3) 0.9(3) 

Occupancy 0.75/0.25 0.75/0.25 1 2 

a(Å)= 3.981(8), c(Å)= 3.979(2), α(°)= 90° 

U=0.050(2), V=0.013(1), W= 0.002(2) 

RF=4.87, RB=6.32, Rp=13.9, Rwp=20.1, cRp=25.2, cRwp= 29.5, χ= 1. 98 
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Table-III.P1.2. Selected interatomic distances (Å) and (O–Ti–O, O–(Ba/La)–O & Ti –O– (Ba/La)) angles 

for Tetragonal BLTF system (0 ≤ x ≤ 0.25). 

Interatomic 

distances 

x=0 Composition x=0.1 x=0.2 x=0.25 

1×Ti/Fe–O1 

1×Ti/Fe–O1 

4×Ti/Fe–O2 

<Ti/Fe–O> 

2.190(4) 

1.840(4) 

2.002(3) 

2.006 

2×Ti/Fe–O1 

4×Ti/Fe–O2 

<Ti/Fe–O> 

2.001(2) 

1.998(1) 

1.999 

1.994(4) 

1.992(20) 

1.993 

1.989(6) 

1.990(3) 

1.989 

4×Ba/La–O1 

4×Ba/La–O2 

4×Ba/La–O2 

<Ba/La–O> 

2.827(1) 

2.910(2) 

2.760(2) 

2.832 

4×Ba/La–O1 

8×Ba/La–O2 

<Ba–O> 

2.826(1) 

2.828(2) 

2.827 

2.817(1) 

2.819(3) 

2.818 

 

2.815(3) 

2.814(4) 

2.814 

1×O1–Ti/Fe–O1 

2×O2–Ti/Fe–O2 

8×O2–Ti/Fe–O2 

179.960(4) 

171.920(1) 

89.720(1) 

1×O1–Ti/Fe–O1 

2×O2–Ti/Fe–O2 

8×O2–Ti/Fe–O2 

180.000(2) 

180.000(1) 

90.000(6) 

180.000(4) 

180.000(18) 

90.000(9) 

180.000(2) 

180.000(9) 

90.000(4) 

4×O1–(Ba/La)–O1 

2×O1–(Ba/La)–O1 

4×O2–(Ba/La)–O2 

89.870(4) 

174.450(4) 

177.000(2) 

4×O1–(Ba/La)–O1 

2×O1–(Ba/La)–O1 

4×O2–(Ba/La)–O2 

90.000(5) 

180.000(9) 

180.000(1) 

90.000(2) 

180.000(1) 

180.000(2) 

90.000(3) 

180.000(3) 

180.000(4) 

1x(Ti/Fe)–O1-( Ti/Fe) 

1x(Ti/Fe)–O2-( Ti/Fe) 

179.960(4) 

171.920(1) 

1x(Ti/Fe)–O1-( Ti/Fe) 

1x(Ti/Fe)–O2-( Ti/Fe) 

180.000(2) 

180.000(2) 

180.000(4) 

180.000(4) 

180.000(9) 

180.000(9) 

 

III.2.3.2. Cubic BLTF perovskite system 0.3 ≤ x ≤ 0.6 

 The diffraction peaks were observed to be singlet for the compositions within  

0.3 ≤ x ≤ 0.6. Thus, the space group Pm-3m (N°221) is suggested as a model for the refinement 

and the Rietveld refinement demonstrates good fitting with the experimental results and low 

reliability factors, the results of the Rietveld refinement are summarized in Table-III.P1.3. The 

decrease of the lattice parameters obtained from the final refinement results is convenient with 

the substitution due to the ionic radius size difference between Ba
2+

/Ti
4+

 and La
3+

/Fe
3+

 

respectively.  Fig-III.P1.3 shows the final plot of the Rietveld refinement for the Cubic system, 

and a [010] projection visualization of the unit cell. The interatomic distances <Ti/Fe-O>, 

<Ba/La-O> and bond angles (O–Ti–O, O–(Ba/La)–O & Ti –O– (Ba/La)) for the cubic symmetry 

are summarized in Table-III.P1.4. The collected results will contribute to study the evolution of 

parameters of BLTF system as function of the composition.  
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Fig-III.P1.3: Final Rietveld Refinement plots of Cubic BLTF system 0.3 ≤ x ≤ 0.6 and [010] projection of 

the unit cell with Pm-3m. The observed data and calculated profile are indicated by circles and solid trace 

respectively. The lowest trace shows the difference between the observed and calculated model. The 

vertical bars indicate the calculated bragg reflections positions. 

20 40 60 80 100

0

4000

8000

12000

 

 

 

 
In

te
n

s
it

y
 (

a
rb

. 
u

n
it

s
.) Ba0.7La0.3Ti0.7Fe0.3O3

 Yobs

 Ycalc

 Yobs - Ycalc

 Bragg-position

2  

31.85

 

 

 

2   

20 40 60 80 100

0

3000

6000

9000

  

 

 

Ba0.6La0.4Ti0.4Fe0.6O3

 Yobs

 Ycalc

 Yobs - Ycalc

 Bragg-position

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
.)

2

31.6 32.0

 

 

 2     

20 40 60 80 100

0

3000

6000

9000

 

 

Ba0.5La0.5Ti0.5Fe0.5O3

 Yobs

 Ycalc

 Yobs - Ycalc

 Bragg-position

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
.)

2

32.0

 

 

2      

20 40 60 80 100

0

2000

4000

6000

  

 

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
.)

2

Ba0.4La0.6Ti0.4Fe0.6O3

 Yobs

 Ycalc

 Yobs - Ycalc

 Bragg-position

 
31.8 32.1

 

 2  



Chapter III: Investigation of the composition effect on the structure and morphology in the 

solid solution systems         
                for (A= Ba, La and Sr) with 0 ≤ x ≤ 1 & δ ≥ 0: 

Rietveld refinement method studies 

55 
 

 

Table-III.P1.3. Refined structural parameters for Cubic BLTF system 0.3 ≤ x ≤ 0.6 

Ba0.7La0.3Ti0.7Fe0.3O3 
Ba/La Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.28(3) 0.14(6) 0.96(2) 

Occupancy 0.7/0.3 0.7/0.3 3 

a(Å)=3.977(6), α(°)= 90° 

U= 0.015(3), V= -0.004(5), W= 0.005(4) 

RF=1.54, RB=2.21, Rp= 5.61, Rwp= 7.52, cRp= 11.5, cRwp= 11.7,  χ=  2.31 

Ba0.6La0.4Ti0.6Fe0.4O3 
Ba/La Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.37(3) 0.20(5) 1.28(2) 

Occupancy 0.6/0.4 0.6/0.4 3 

a(Å)=3.970(4), α(°)= 90° 

U=0.016(2), V= -0.002(2), W= 0.004(4) 

RF=1.72, RB=2.49, Rp=6.10, Rwp=8.17, cRp=14.2, cRwp=13.8,  χ= 2.07 

Ba0.5La0.5Ti0.5Fe0.5O3 
Ba/La Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.30(3) 0.07(3) 1.80(3) 

Occupancy 0.5/0.5 0.5/0.5 3 

a(Å)=3.964(6), α(°)= 90° 

U= 0.015(3), V= 0.011(249), W= 0.002(5) 

RF=1.83, RB=2.29, Rp= 5.66, Rwp= 7.32, cRp= 15.3, cRwp=  13.6, χ=  2.08 

Ba0.4La0.6Ti0.4Fe0.6O3 
Ba/La Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.37(3) 0.11(5) 2.00(13) 

Occupancy 0.4/0.6 0.4/0.6 3 

a(Å)=3.956(9), α(°)= 90° 

U=0.090(6), V=-0.016(5), W= 0.007(2) 

RF=2.71, RB=2.96,  Rp=6.32, Rwp=8.16, cRp=22.0, cRwp=17.6,  χ=  1.54 

 

  



Chapter III: Investigation of the composition effect on the structure and morphology in the 

solid solution systems         
                for (A= Ba, La and Sr) with 0 ≤ x ≤ 1 & δ ≥ 0: 

Rietveld refinement method studies 

56 
 

Table-III.P1.4. Selected interatomic distances (Å) and (O–Ti–O, O–(Ba/La)–O & Ti –O– (Ba/La)) angles 

for Cubic BLTF system (0.3 ≤ x ≤ 0.6). 

 

III.2.3.3. Orthorhombic BLTF perovskite system 0.7 ≤ x ≤ 1 

 The X-ray analysis demonstrates that the samples are formed in single phased ABO3-type 

structure except for the composition x = 0.8; secondary phase is detected at 30.45° corresponding 

to BaLa2Ti4O14.  At x > 0.6, the X-ray diffraction peaks split into doublet, triplet and quadruplet, 

while the indexation shows similarities to LaFeO3. For the compositions x = 0.7, x = 0.75 and  

x = 0.8, the peaks move toward higher 2θ (°), then a slight shift toward lower 2θ (°) is observed 

for the composition x = 0.9 and x = 1. Unlike the samples with the compositions x = 0.7, x = 0.75 

and x = 0.8, we noticed that the compounds x = 0.9 and x = 1 show an additional peak at around 

2θ = 24.50°. This additional peak corresponds to the crystallographic reflection (111). According 

to the mentioned observations, we assumed that the samples with the composition between  

0.7 ≤ x ≤ 1 crystalize in an orthorhombic structure with different space groups. It is known that 

LaFeO3 crystallizes in an orthorhombic structure at room temperature with a Pbnm space group 

[24]. The fitting of the compositions x = 0.9 with this model showed good results and low 

reliability factors are obtained as presented in Table-III.P1.5. The Pnma space group was then 

suggested for x = 0.7, x = 0.75 and x = 0.8. All the peaks were successfully indexed and the 

model fitted perfectly to the experimental results showing low reliability factors. The final 

Rietveld refinement plots and a visualization of the unit cell parameters along [010] axis are 

presented in Fig-III.P1.4. For structural parameters evolution study, the data issued from the 

Rietveld refinement are collected and summarized in Table-III.P1.6.  

Interatomic distances x=0.3 x=0.4 x=0.5 x=0.6 

Ti/Fe–O 1.989(2) 1.985(2) 1.982(3) 1.978(5) 

Ba/La–O 2.813(3) 2.808(2) 2.803(3) 2.797(5) 

3×O1–Ti/Fe–O1 

12×O1–Ti/Fe–O1 

180.000(3) 

90.000(1) 

180.000(2) 

90.000(1) 

180.000(4) 

90.000(2) 

180.000(6) 

90.000(3) 

6×O1–(Ba/La)–O1 

12×O1–(Ba/La)–O1 

180.000(2) 

90.000(2) 

180.000(2) 

90.000(1) 

180.000(3) 

90.000(2) 

90.000(3) 

180.000(4) 

(Ti/Fe)–O-( Ti/Fe) 180.000(3) 180.000(2) 180.000(4) 180.000(6) 

4x(Ba/La)–O-(Ba/La) 

2x(Ba/La)–O-(Ba/La) 

90.000(2) 

180.000(2) 

90.000(1) 

180.000(2) 

90.000(2) 

180.000(3) 

90.000(3) 

180.000(4) 

8x(Ti/Fe)–O-(Ba/La) 90.000(1) 90.000(1) 90.000(2) 90.000(2) 
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Fig-III.P1.4: Final Rietveld Refinement plots of Orthorhombic BLTF system 0.7 ≤ x ≤ 1 and  [010] 

projection of the unit cell with Pnma and [001] unit cell with Pbnm. The observed data and calculated 

profile are indicated by circles and solid trace respectively. The lowest trace shows the difference between 

the observed and calculated model. The vertical bars indicate the calculated bragg reflections positions. 
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Table-III.P1.5. Refined structural parameters for Orthorhombic BLTF system 0.7 ≤ x ≤ 1 

Ba0.3La0.7Ti0.3Fe0.7O3 
Ba/La Ti/Fe O1 O2 

space group Pnma 

x -0.0008(1) 0 0.452(6) 0.248(8) 

y ¼ 0 ¼ -0.023(5) 

z 0.495(7) 0 0.533(11) 0.275(6) 

B (A²) 0.420(6) 0.080(8) 0.900(4) 0.900(4) 

Occupancy 0.3/0.7 0.3/0.7 1 2 

a(Å)= 5.599(2), b(Å)= 7.886(3), c(Å)= 5.578(2), α(°)= 90° 

U=0.057(7), V=-0.001(6), W= 0.007(1) 

RF=13.8, RB=6.75,  Rp=4.93, Rwp=6.39, cRp=23.0, cRwp=16.2, χ= 1.34 

Ba0.25La0.75Ti0.25Fe0.75O3 
Ba/La Ti/Fe O1 O2 

space group Pnma 

x -0.003(9) 0 0.436(4) 0.236(9) 

y ¼ 0 ¼ -0.015 (5) 

z 0.496(8) 0 0.543( 9) 0.242(10) 

B (A²) 0.430(7) 0.130(9) 1.500(3) 1.500(3) 

Occupancy 0.75/0.25 0.75/0.25 1 2 

a(Å)= 5.599(2), b(Å)= 7.875(2), c(Å)= 5.571(2), α(°)= 90° 

U=0.015(4), V=0.003(4), W= 0.005(8) 

RF=23.3, RB=13.3, Rp=5.26, Rwp=6.78, cRp=26.2, cRwp=17.8, χ= 1.92 

Ba0.2La0.8Ti0.2Fe0.8O3 
Ba/La Ti/Fe O1 O2 

space group Pnma 

x -0.0013(7) 0 0.435(3) 0.254(6) 

y ¼ 0 ¼ -0.028(2) 

z 0.494(7) 0 0.467(14) 0.269(5) 

B (A²) 0.56(5) 0.160( 56) 1.7(3) 1.7(3) 

Occupancy 0.2/0.8 0.2/0.8 1 2 

a(Å)= 5.592(2), b(Å)= 7.867(2), c(Å)= 5.563(2), α(°)= 90° 

U= 0.027(3), V= 0.002(3), W= 0.004(6) 

RF= 18.0, RB= 9.14, Rp= 7.05, Rwp= 9.84, cRp= 32.0, cRwp= 25.9, χ= 2.42 

Ba0.1La0.9Ti0.1Fe0.9O3 
Ba/La Ti/Fe O1 O2 

space group Pbnm 

x -0.0052(12) 0 0.080(7) -0.238(7) 

y 0.022 (3) ½ 0.522(4) 0.223(6) 

z ¼ 0 ¼ 0.025(4) 

B (A²) 0.52(7) 0.22(8) 1.8(3) 1.8(3) 

Occupancy 0.9/0.1 0.9/0.1 1 2 

a(Å)= 5.567(2), b(Å)= 5.556(3), c(Å)= 7.854(3), α(°)= 90° 

U=0.087(1), V=-0.029(7), W= 0.001(1) 

RF=10.1, RB=4.20, Rp=4.28, Rwp= 5.39, cRp=25.1, cRwp=16.2, χ= 1.39 

LaFeO3 
Ba/La Ti/Fe O1 O2 

space group Pbnm 

x -0.0038(15) 0 0.087(6) -0.270(5) 

y 0.029(2) ½ 0.497(3) 0.278(3) 

z ¼ 0 ¼ 0.036(3) 

B (A²) 0.800(6) 0.440(8) 0.900(6) 0.900(6) 

Occupancy 1 1 1 2 
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Table-III.P1.6. Selected interatomic distances (Å) and (O–Ti–O, O–(Ba/La)–O & Ti –O– (Ba/La)) angles 

for Orthorhombic BLTF system (0.7 ≤ x ≤ 1). 

 

 The results summarized in Tables-III.P1.1, P1.3 and P1.5 are expressed in the  

Fig-III.P1.5 (a, b). The unit cell parameters evolution as function of the composition shows a 

decrease as demonstrated in Fig-III.P1.5a. Respectively, the substitution of higher ionic radius 

cations (Ba
2+ 

= 1.61Å) (Ti
4+ 

= 0.605Å) by smaller ionic radius cations (La
3+ 

= 1.36Å) and (Fe
3+ 

= 

0.55Å), has resulted in a compression along the c-axis leading to the increase or expansion of the 

“a” lattice parameter and decrease of “b” and “c” lattice parameters confirming the break from 

high symmetry toward low symmetry. This evolution is also reflected in Fig-III.P1.5b, as a 

continual decrease of the unit cell volume as the amount of the substitution increases. To 

illustrate the symmetry break, we calculated the experimental tolerance factor introduced by 

Goldschmidt et al. [25].   

          √                           (Eq. 1) 

Composition X=0.7 X=0.75 X=0.8 Composition X=0.9 X=1 

2×Ti/Fe–O1 

2×Ti/Fe–O2 

2×Ti/Fe–O2 

<Ti/Fe–O> 

1.998(7) 

2.080(4) 

1.900(4) 

1.992 

2.015(7) 

1.890(5) 

2.070(5) 

1.991 

2.008(8) 

2.070(3) 

1.900(3) 

1.992 

2×Ti/Fe–O1 

2×Ti/Fe–O2 

2×Ti/Fe–O2 

<Ti/Fe–O> 

2.017(9) 

2.040(4) 

1.920(4) 

1.992 

2.022(8) 

1.960(3) 

2.030(2) 

2.004 

Ba/La–O1 

Ba/La–O1 

Ba/La–O1 

Ba/La–O1 

2×Ba/La–O2 

2×Ba/La–O2 

2×Ba/La–O2 

2×Ba/La–O2 

<Ba/La–O> 

3.070(3) 

2.540(3) 

2.960(6) 

2.650(6) 

2.840(4) 

2.980(4) 

2.600(4) 

2.770(4) 

2.800 

3.150(2) 

2.470(2) 

3.020(5) 

2.590(5) 

2.850(5) 

2.870(5) 

2.690(5) 

2.750(5) 

2.795 

2.680(6) 

2.940(6) 

3.179(2) 

2.419(2) 

2.600(8) 

2.950(7) 

2.680(8) 

2.920(3) 

2.793 

Ba/La–O1 

Ba/La–O1 

Ba/La–O1 

Ba/La–O1 

2×Ba/La–O2 

2×Ba/La–O2 

2×Ba/La–O2 

2×Ba/La–O2 

<Ba/La–O> 

2.820(2) 

2.820(2) 

3.200(4) 

2.370(4) 

2.460(3) 

2.980(3) 

2.810(3) 

2.890(3) 

2.790 

3.003(2) 

2.652(2) 

3.250(3) 

2.320(3) 

2.630(3) 

2.810(2) 

2.520(2) 

3.210(3) 

2.797 

1×O1–Ti/Fe–O1 

8×O2–Ti/Fe–O2 

2×O2–Ti/Fe–O2 

180.0(7) 

90(3) 

180(3) 

180.0(6) 

90(4) 

180(5) 

180.0(5) 

91(8) 

180(9) 

1×O1–Ti/Fe–O1 

4×O2–Ti/Fe–O2 

2×O2–Ti/Fe–O2 

4×O2–Ti/Fe–O2 

180.0(8) 

91(3) 

180(3) 

89(2) 

180.000(2) 

91.300(2) 

180.000(2) 

88.700(2) 

1×O1–Ba/La–O1 

1×O1–Ba/La–O1 

4×O2–Ba/La–O2 

171(2) 

169(4) 

174(3) 

169.100(2) 

166(3) 

176(3) 

163(4) 

175(5) 

174(5) 

1×O1–Ba/La–O1 

2×O2–Ba/La–O2 

2×O2–Ba/La–O2 

160.6(14) 

176(2) 

171(2) 

159.800(7)  

173.200(5) 

167.400(2) 

(Ti/Fe)–O1-( 

Ti/Fe) 

(Ti/Fe)–O2-( 

Ti/Fe) 

161.200(3) 

167.800(2) 

155.300(3) 

173(2) 

155.600(2) 

168(4) 

(Ti/Fe)–O1-( Ti/Fe) 

(Ti/Fe)–O2-( Ti/Fe) 

153.5(3) 

165.5(2) 

153.200(3)   

159.600(9) 
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Where, rA, rB and rO represent the ionic radius of the elements in the A-sites, B-sites and the 

oxygen ion respectively. In our Case rA = (1-x)*rSr + (x)*rLa and rB = (1-x)*rTi + (x)*rFe. The 

evolution of the tolerance factor calculated from the experimental results proves that the system 

evolves toward higher symmetry as shown in Fig-III.P1.5c. The variation of the tolerance factor 

as function of substitution indicates the structure stability. It is demonstrated that specific 

percentages of La
3+

 and Fe
3+

 substitution build systems with high symmetry as for the 

compositions between (0.2 ≤ x ≤ 0.6), while at x > 0.6 the system evolves toward lower 

symmetry.  

Fig-III.P1.5: The variation as function of the composition of the Unit cell parameters (a, b, c) (a), the unit 

cell Volume (b) and the calculated experimental tolerance factor (c). 

 In Fig-III.P1.6 (a, b) the two <Ba/La-O> and <Ti/Fe-O> interatomic distances along with 

the tolerance factor were presented as function of the substitution amount. The further decrease of 

the <Ba/La-O> interatomic observed is consistent with substitution of higher ionic radius 

elements (Ba
2+ 

= 1.61Å) (Ti
4+ 

= 0.605Å) with smaller ionic radius elements (La
3+ 

= 1.36Å) and 

(Fe
3+ 

= 0.55Å). The observed Ti/Fe-O interatomic behavior is more significant to understand the 

symmetry evolution in the solid solution series. The samples with the composition between (0.2 ≤ 

x ≤ 0.6) show a decrement in <Ti/Fe-O> interatomic distance, and thus they present structures 

with higher symmetry, above x > 0.6 as shown in Fig-III.P1.6a, distorted and disordered systems 

are built as <Ti/Fe-O> interatomic distance starts to increase. With regard to the equation 1 of 

the tolerance factor, it is concluded that <Ti/Fe-O> interatomic distance affects strongly the 

stability of the structure, and smaller the value, the close the tolerance factor is close to unity and 

this is observed clearly at compositions x > 0.6.  
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Fig-III.P1.6: The interatomic distance evolution presented along with the tolerance factor as function of 

the composition. <Ti/Fe-O> (a) and <Ba/La-O> (b) interatomic distances. 

III.2.4. Morphological analysis and the effect of the compositions on the grain growth  

 The effect of the composition on the grain size, distribution and morphology is different 

from a composition to another in the BLTF solid solution. The Micrographs displayed in Fig-

III.P1.7 show the different morphologies of the samples. BaTiO3 (x = 0) the grains are in 

irregular polyhedron form and largely agglomerated with an average size of 1.86 μm. The 

substitution of Ba
2+

 by La
3+

 in BaTiO3 is reported to reduce the grain size only, while the shape 

of the grains is maintained in the form of polygonal [53, 54], similarly, the addition of Fe
3+

  

reduces the grain size but tend to form secondary hexagonal phases [55]. In the current case, the 

composition with x = 0.25 shows inhomogeneous distribution of grains with spherical shape, the 

sample show agglomerated grains coexisting with porous and distributed grains with an average 

size between 0.089 and 0.48μm. Large grains are formed for the compositions x = 0.3 and 0.5 

and constitute the majority, the grains are in irregular shape and few pores are observed. The 

grain size varies between 1.3 and 4.4 μm for x = 0.3 and between 0.68 and 2.702 μm. The 

composition x = 0.6 shows very different morphology with grain average size between 0.3 and 

1.6 μm, the compounds is forms porous structure with grains of various forms like irregular cubic 

faced, and irregular polyhedrons grains distributed homogeneously. At x = 0.8, the grains are 

curved faces and more interconnected, and barely any grain boundaries is observed; meanwhile 

the composition x = 0.9 shows very porous structure with distributed large and small grains in the 

form of irregular polyhedrons, the average size is in the range 0.92 and 2.25 μm for x = 0.8 and 

between 0.24 and 1.50 μm for x = 0.9. Smaller grains are observed for LaFeO3 with an average 

size of about 0.398 μm.   
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Fig-III.P1.7: SEM images showing the effect of the composition on the morphology of the solid solution 

BLTF for the compositions x = 0 (a), x = 0.25 (b), x = 0.3 (c), x = 0.5 (d), x = 0.6 (e), x = 0.8 (f), x = 0.9 

(g), and x = 1 (h).  

III.2.5. Conclusion  

 The structural studies of the solid solution of perovskite Ba1-xLaxTi1-xFexO3 0 ≤ x ≤ 1 

demonstrates the complete dissolution of LaFeO3 into BaTiO3 and it is proven to be possible for 

an amount of substitution ranging between 0 ≤ x ≤ 1. The substitution of high ionic radius 

elements by small ionic radius elements results in a decrements of the unit cell volume and thus 

the unit cell parameters. By means of the Rietveld refinement method, two main phase 

transitions, Tetragonal → Cubic → orthorhombic were found as the amount of the substitution 

increases. During our investigation we observed that the samples in the same symmetry adopt 

different space groups, for the compositions between 0.1 ≤ x ≤ 0.25, the samples adopt the 

tetragonal structure with P4/mmm unlike BaTiO3 that crystallize in the P4mm. As the amount of 

the substitution increases the system evolve toward structure with high symmetry adopting  
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Pm-3m space group for cubic system for the composition between 0.3 ≤ x ≤ 0.6. At x = 0.7 there 

is a break in the symmetry and the samples show an orthorhombic structure with Pnma as space 

group for the composition between 0.7 ≤ x ≤ 0.8 while Pbnm is found for the compositions x = 

0.9 and x = 1. The structure stability was verified based on the calculated tolerance factor using 

the interatomic distances issued from Rietveld refinement results. Moreover, the system evolution 

was systematically studied with regard to the interatomic distance evolution; it is observed that 

the system forms highly symmetric structure for compositions between (0.2 ≤ x ≤ 0.6), and 

evolves toward distorted systems at x > 0.6. This evolution was correlated with the interatomic 

distances evolution as function of the composition. It is concluded that the system shows 

distorted structure as the interatomic distance Ti/Fe-O increases, and since Ba/La-O interatomic 

is in a continual decrease, the symmetry formation is more affected to Ti/Fe-O.  

 Various morphologies were observed for the BLTF ceramics; the incorporation of La
3+

 

and Fe
3+

 formed structure with inhomogeneous grain size distribution, and more porous structure 

in comparison with BaTiO3. The inhomogeneity observed in all the samples is also due to the 

synthesis method used to prepare BLTF which is known to produce non homogeneous powders, 

however the different shapes observed at each composition is purely related to the composition. 

Non continual decrease is reported in this case since the size decreased for the composition x = 

0.25 and then start increasing at x ≥ 0.3.  

III.3. Part II: Investigations of the composition effect on the structure in Sr1-xLaxTi1-xFexO3 

perovskite system with 0 ≤ x ≤ 1 

III.3.1. Introduction  

 SrTiO3 is extensively investigated for photocatalytic, water splitting and other clean 

energy production applications due to its important properties [26–28]. SrTiO3 is known to adopt 

the cubic structure with space group Pm ̅m [29, 30]; the doping effect of Ba and Ag on the 

properties and structure of SrTiO3 was reported by M. Ghasemifard et al. [31]; SrTiO3 and 

Sr0.9Ba0.1TiO3 adopt the cubic structure while Sr0.9Ba0.1Ti0.9Ag0.1O3 showed tetragonal 

symmetry. La and Cr Co-doped of SrTiO3 for H2 evolution photocatalysts is reported by Yushuai 

Jia et al. [32], cubic structure was assigned to the prepared samples where the effect of the 

substitution was shown on the full width at half maximum of the (110) XRD peak of the 

prepared samples.  
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 The effect of Fe addition was reported by Luis F et al. [33]; the X-ray diffraction analysis 

showed that the network of the perovskite series SrTi1-xFexO3 shrinks as the amount of the Fe
3+

 

increases while all the prepared samples were indexed to the cubic structure. La-doped SrTiO3 

solid solution was studied as thermal conductive materials; M. T. Buscaglia et al. [34] reported 

cubic structure for an amount of La
3+

 10% of Sr substitution. La-doped SrTiO3 was as well 

studied for its colossal permittivity by M. Qin et al. [35] and for its thermoelectric properties by 

S. P. Singh et al. [36] both groups reported cubic structure. In other work M. Abdi et al. [37] 

studied the performance of La and Fe co-doped SrTiO3 with the different concentrations: 1, 2, 3, 

4 and 5 wt % and reported the cubic structure for all the prepared samples.  

 The reported results show that SrTiO3 maintains the cubic structure for low amount of 

substitution in both cases of A-site or B-site substitution; it preserve as well the cubic structure 

in the case of co-substitution of small amount. This part will discuss the substitution effect in a 

wide range between 0 ≤ x ≤ 1 of La and Fe co-doped SrTiO3; Sr1-xLaxTi1-xFexO3 solid solution. 

The stability criteria of the structure, the phase transitions induced as well as the evolution of the 

structural parameters will be evaluated and discussed.   

III.3.2. X-Ray Diffraction patterns: results and discussion  

 The X-ray diffraction patterns of the perovskite series SLTF is presented in Fig-III.P2.1a. 

SrTiO3 and LaFeO3 corresponding respectively to x=0 and x=1 show their typical perovskite 

structure pattern [38, 39]. The samples with compositions ranging between 0.2 ≤ x ≤ 0.8 show 

similar X-ray diffraction patterns to SrTiO3 and LaFeO3, indicating that all the synthesized 

samples adopt the perovskite structure. This reveals that doping SrTiO3 with La
3+

 and Fe
3+

 does 

not prevent the phase formation. Indexing of the resulted X-ray diffraction peaks was done by 

Dicvol software [19]. A gradual shift of the main peaks toward lower 2 theta is observed with the 

increase of the substitution amount as presented in Fig-III.P2.1b. This shift indicates that the 

structure evolution of samples undergoes lattice parameter relaxation and thus an increase of the 

unit volume must be observed. Fig-III.P2.1b shows the magnified main peaks at 2 theta in the 

ranges  32 ≤ 2θ ≤ 33, 46 ≤ 2θ ≤ 47, 57 ≤ 2θ ≤ 58 correspond respectively to the reflections (110), 

(200) and (211) for the samples x = 0 and x = 0.2. At a substitution amount higher than 20%, the 

reflections (110), (200), (211) split to doublets (002), (121); (202), (040) and (123), (042) and the 
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reflection (321) splits to triplet (125), (244), (163). These observations suggest the occurrence of 

phase transitions due to substitution of Sr
2+

 and Ti
4+

 elements by La
3+

 and Fe
3+

 respectively.  

Fig-III.P2.1: X-ray powder diffraction patterns of Sr1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1) presenting the peaks 

shape variation (a) and the separated main peaks (b). 

III.3.3. Rietveld refinement study of the structure and the phase transitions  

 Rietveld Refinement method was used in order to investigate the crystal structure 

formation and the effect of the substitution. Structure refinement of the X-ray diffraction patterns 

was conducted using FullProf [40] program coupled with WinPLOTR software [19]. Adjustment 

of the calculated profile to the experimental results led to satisfactory results as presented in 

Table-III.P2.(2, 3). The results confirm that the system undergoes one phase transition at x > 0.2 

from higher symmetry (SG: Pm-3m) to lower symmetry (SG: Pnma/Pbnm). The bond angles, and 

the interatomic distances issued from the Rietveld refinement are collected and summarized in 

Table-III.P2.(1, 4). 

III.3.3.1. Cubic SLTF perovskite system 0 ≤ x ≤ 0.2 

 The compound with x = 0.2 was refined to the same cubic symmetry of SrTiO3 with  

Pm-3m space group (N°221) [38]. The calculated profile fitted perfectly to the experimental 

pattern. The sample shows an increase in the unit cell parameter from 3.906 to 3.909 Å. This 

increase confirms our previous observations and the calculated tolerance factor is equal to unity, 

the final Rietveld refinement plots are presented in Fig-III.P2.2. 
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Fig-III.P2.2: Final Rietveld Refinement plots of Cubic SLTF system 0 ≤ x ≤ 0.2 and [010] projection of 

the unit cell with Pm-3m. The observed data and calculated profile are indicated by circles and solid trace 

respectively. The lowest trace shows the difference between the observed and calculated model. The 

vertical bars indicate the calculated bragg reflections positions. 

 

Table-III.P2.1. Selected interatomic distances (Å) and (O–Ti–O, O–(Sr/La)–O & Ti –O– (Sr/La)) angles 

for Cubic SLTF system (0 ≤ x ≤ 0.2). 

 

Table-III.P2.2. Refined structural parameters for Cubic SLTF system 0 ≤ x ≤ 0.2 

SrTiO3 
Ba/La Ti/Fe O1 

space group Pm-3m 

x 0 0 0 

y 0 0 0 

z 0 0 0 
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Interatomic distances x=0 x=0.2 

Ti/Fe–O 1.9529(8) 1.9544(4) 

Sr/La–O 2.7619(2) 2.7640(1) 

3×O1–Ti/Fe–O1 

12×O1–Ti/Fe–O1 

180.000(3) 

90.000(1) 

180.0 (2) 

90.0 (1) 

6×O1–(Sr/La)–O1 

12×O1–(Sr/La)–O1 

180.000(2) 

90.000(2) 

180.000(1) 

90.000(1) 

(Ti/Fe)–O-( Ti/Fe) 180.000(3) 180.000(2) 

4x(Sr/La)–O-(Sr/La) 

2x(Sr/La)–O-(Sr/La) 

90.000(2) 

180.000(2) 

90.000(1) 

180.000(2) 

8x(Ti/Fe)–O-(Sr/La) 90.000(1) 90.000(1) 



Chapter III: Investigation of the composition effect on the structure and morphology in the 

solid solution systems         
                for (A= Ba, La and Sr) with 0 ≤ x ≤ 1 & δ ≥ 0: 

Rietveld refinement method studies 

67 
 

B (A²) 0.60(2) 0.60(2) 0.60(2) 

Occupancy 1 1 1 

a(Å) = 3.90595(2), γ(°) = 90 

U = 0.00834(8), V = -0.00191(9), W = 0.00494(2) 

 RF = 1.75, RB = 2.63, Rp= 5.11, Rwp= 7.00, cRp= 7.77, cRwp= 9.10,  χ =  4.49 

Sr0.8La0.2Ti0.8Fe0.2O3 
Sr/La Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.96(5) 0.45(6) 0.73(6) 

Occupancy 0.8/0.2 0.8/0.2 3 

a(Å) = 3.90888(9), γ(°) = 90 

U = 0.01226(5), V = 0.02739(5) , W = -0.00108(1) 

RF = 4.69, RB = 6.60, Rp= 7.85, Rwp= 11.0, cRp= 20.6, cRwp= 19.8,  χ = 5.85 

 

III.3.3.2. Orthorhombic SLTF perovskite system 0.4 ≤ x ≤ 1 

 The compounds with the composition ranging between 0.4 ≤ x ≤ 0.8 present similar X-ray 

patterns to that of LaFeO3 [39]. Traces of La2O3 has been detected between 30.5° and 30.8° for 

the compositions x = 0.4, 0.6 and 0.8. The X-ray patterns show a difference in the shape of the 

main peaks as shown in Fig-III.P2.1b. Refining the structures to the orthorhombic symmetry 

with Pbnm space group led to high reliability factors and appropriate interatomic distances which 

confirm that these compositions may adopt different space group than the one given by LaFeO3 

(Fig-III.P2.3). Pnma space group was suggested as the fitting model, the Rietveld refinement led 

to satisfactory results with low reliability factors. The refinement results showed that the samples 

within 0.4 ≤ x ≤ 1 adopt the orthorhombic structure with two different space group Pnma and 

Pbnm for x = 0.4, 0.6, 0.8 and x = 1 respectively.  
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Fig-III.P2.3: Final Rietveld Refinement plots of Orthorhombic SLTF system 0.4 ≤ x ≤ 1 and  [010] 

projection of the unit cell with Pnma and [001] unit cell with Pbnm. The observed data and calculated 

profile are indicated by circles and solid trace respectively. The lowest trace shows the difference between 

the observed and calculated model. The vertical bars indicate the calculated bragg reflections positions. 
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Table-III.P1.3. Refined structural parameters for Orthorhombic SLTF system 0.4 ≤ x ≤ 1 

Sr0.6La0.4Ti0.6Fe0.4O3 
Sr/La Ti/Fe O1 O2 

space group Pnma 

x -0.0015(12) 0 0.465(6) 0.242(8) 

y ¼  0 ¼ 0.010(2) 

z 0.4971(8) 0 0.567(2) 0.239(5) 

B (A²) 0.57(6) 0.56(7) 0.74(20) 0.74(20) 

Occupancy 0.6/0.4 0.6/0.4 1 2 

a(Å) = 5.5310(2), b(Å) = 7.8134(2), c(Å) = 5.5549(2), γ(°) = 90 

U = 0.02829(6), V = 0.02321(6), W = 0.00079(12) 

RF = 11.4, RB = 6.24, Rp= 4.66, Rwp= 6.07, cRp= 20.1, cRwp= 14.6, χ = 1.71 

Sr0.4La0.6Ti0.4Fe0.6O3 
Sr/La Ti/Fe O1 O2 

space group Pnma 

x -0.0115(5) 0 0.494(4) 0.263(7) 

y ¼  0 ¼ 0.015(3) 

z 0.4976(10) 0 0.569(3) 0.234(6) 

B (A²) 0.89(7) 0.32(8) 0.82(2) 0.82(2) 

Occupancy 0.4/0/6 0.4/0.6 1 2 

a(Å) = 5.5368(2), b(Å) = 7.8236(3), c(Å) = 5.5619(2), γ(°) = 90 

U = 0.08334(10), V = -0.02372(10), W = 0.01094(2) 

RF = 14.5, RB = 8.13, Rp= 4.54, Rwp= 6.05, cRp= 23.7, cRwp= 16.5, χ = 1.91 

Sr0.2La0.8Ti0.2Fe0.8O3 
Sr/La Ti/Fe O1 O2 

space group Pnma 

x -0.0212(3) 0   0.484(3) 0.280(4) 

y ¼  0 ¼ 0.020(2) 

z 0.4995(12) 0 0.589(3) 0.248(5) 

B (A²) 0.63(6) 0.19(8) 0.428(15) 0.428(15) 

Occupancy 0.2/0.8 0.2/0.8 1 2 

a(Å) = 5.5459(2), b(Å) = 7.8412(3), c(Å) = 5.56079(19), γ(°) = 90 

U = 0.05103(6), V = -0.01839(6), W = 0.00861(1) 

RF = 16.3, RB = 9.74, Rp= 4.23, Rwp = 5.65, cRp= 25.4, cRwp= 16.8, χ = 1.75 

LaFeO3 
Sr/La Ti/Fe O1 O2 

space group Pbnm 

x -0.0027(15) 0 0.074(5) -0.287(3) 

y 0.0291(2) ½ 0.492(2) 0.273(4) 

z ¼ 0 ¼ 0.041(3) 

B (A²) 0.57(6) 0.25(7) 0.868(2) 0.868(2) 

Occupancy 1 1 1 2 

a(Å) = 5.55572(12), b(Å) = 5.56394(15), c(Å) = 7.85404(17), γ(°) = 90 

U = 0.02325(3), V = -0.00538(3), W = 0.00510(6) 

RF = 6.60, RB = 7.28, Rp = 3.86, Rwp = 4.93, cRp = 22.6, cRwp = 14.5, χ = 1.46 
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Table-III.P2.4. Selected interatomic distances (Å) and (O–Ti–O, O–(Sr/La)–O & Ti –O– (Sr/La)) angles 

for Orthorhombic SLTF system (0.4 ≤ x ≤ 1). 

 

 The refinement results of the structural and instrumental parameters are resumed in 

Table-III.P2.3 and Table-III.P2.4. The effect of the substitution led to the relaxation of the unit 

cell parameters resulting in a linear increase of the unit cell volume and thus an increase of the 

interatomic distances as illustrated in Fig-III.P2.4 (a, b) and Fig-III.P2.5 (a, b). To evaluate the 

transition occurred by doping SrTiO3 and the degree of deviation from its ideal cubic structure, 

we calculated the experimental tolerance factor introduced by Goldschmidt et al. [25].   

          √                           (Eq. 1) 

Where, rA, rB and rO represent the ionic radius of the elements in the A-sites, B-sites and the 

oxygen ion respectively. In our Case rA = (1-x)*rSr + (x)*rLa and rB = (1-x)*rTi + (x)*rFe. 

Composition X=0.7 X=0.75 X=0.8 Composition X=1 

2×Ti/Fe–O1 

2×Ti/Fe–O2 

2×Ti/Fe–O2 

<Ti/Fe–O> 

1.998(4) 

1.89(4) 

2.04(4) 

1.976 

1.993(3) 

1.96(4) 

1.98(4) 

1.977 

2.024(4)     

2.08(2)       

1.86(3)    

1.979    

2×Ti/Fe–O1 

2×Ti/Fe–O2 

2×Ti/Fe–O2 

<Ti/Fe–O> 

2.007(6)     

2.059(2) 

1.95(2)       

2.005 

Sr/La–O1 

Sr/La–O1 

Sr/La–O1 

Sr/La–O1 

2×Sr/La–O2 

2× Sr/La–O2 

2× Sr/La–O2 

2× Sr/La–O2 

< Sr/La–O> 

2.98(3) 

2.61(3) 

3.139(1) 

2.428(1) 

2.72(3) 

2.69(3) 

2.84(3) 

2.83(3) 

2.776 

2.77(2) 

2.83(2) 

3.152(2) 

2.411(2) 

2.80(3) 

2.57(3) 

2.91(3) 

2.81(3) 

2.778 

2.789(2) 

2.846(2) 

3.273(2) 

2.288(2) 

2.83(2) 

2.52(2) 

2.92(2) 

2.86(2) 

2.788  

Sr/La–O1 

Sr/La–O1 

Sr/La–O1 

Sr/La–O1 

2× Sr/La–O2 

2× Sr/La–O2 

2× Sr/La–O2 

2× Sr/La–O2 

< Sr/La –O> 

3.019(1)    

2.611(1) 

3.18(3)     

2.39(3) 

2.65(2)     

2.81(2) 

2.47(2)     

3.26(2) 

2.798 

1×O1–Ti/Fe–O1 

8×O2–Ti/Fe–O2 

2×O2–Ti/Fe–O2 

180.0(3) 

90(3) 

180(4) 

180.0(3) 

90(4) 

180(3) 

180.0(5) 

90.9(2) 

180(2) 

1×O1–Ti/Fe–O1 

4×O2–Ti/Fe–O2 

2×O2–Ti/Fe–O2 

4×O2–Ti/Fe–O2 

180.0(5) 

91.0(1) 

180.0(2) 

89.0(2) 

1×O1–Sr/La–O1 

1×O1–Sr/La–O1 

2×O2–Sr/La–O2 

2×O2–Sr/La–O2 

172.2(7) 

164(2) 

177.8(2) 

178.2(2) 

163.7(1) 

178.7(1) 

175.1(2) 

178(2) 

178.8(1) 

159.6(1)     

172.4(1)   

175.8(1)   

1×O1–Sr/La–O1 

2×O2–Sr/La–O2 

2×O2–Sr/La–O2 

162.5(7)    

172.5(1) 

166.1(1) 

(Ti/Fe)–O1-( Ti/Fe) 

(Ti/Fe)–O2-( Ti/Fe) 

161.200(3) 

167.800(2) 

155.300(3) 

173(2) 

155.600(2) 

168(4) 

(Ti/Fe)–O1-( Ti/Fe) 

(Ti/Fe)–O2-( Ti/Fe) 

156.2(2)   

157.0(8) 
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 The calculated tolerance factor of the perovskite series ranges between 1.000 and 0.987. 

Fig-III.P2.4c illustrates the evolution of this factor versus the amount of the substitution “x”. The 

evolution of the tolerance factor shows a decrease above x > 0.2 demonstrating that the samples 

adopt more distorted structure. Thus, the continual increase of the substitution apply a strain 

leading the perovskite structure to adopt more distorted systems which results in the appearance 

of the phase transition at x > 0.2. In Fig-III.P2.5 (a, b), it is observed that the as the amount of 

the substitution increases, the interatomic distances increases. Smaller interatomic distances form 

high symmetrical structures. 

 

Fig-III.P2.4: The variation as function of the composition of the Unit cell parameters (a, b, c) (a), the unit 

cell Volume (b) and the calculated experimental tolerance factor (c). 

Fig-III.P2.5: The interatomic distance evolution presented along with the tolerance factor as function of 

the composition. <Ti/Fe-O> (a) and <Sr/La-O> (b) interatomic distances. 

III.3.4. Morphological analysis and the effect of the compositions on the grain growth  

 The micrographs displayed in Fig-III.P2.6 show the effect of the compositions on the 

grain growth, the size and morphology. The SEM Image of undoped SrTiO3 (x = 0) shows porous 
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structure with non-uniform grains of an average size 0.83 μm; small grains are clustered spherical 

(0.247 μm) and co-exist with the large particles are irregular polyhedron (2.60 μm) as shown in 

Fig-III.P2.6a. With the substitution effect, the grains are in the form of flat plate like shape with 

varying size between 0.23 and 1.03 μm for x = 0.2 and 1.47 and 1.36 μm for x = 0.4. The 

compositions with x ≥ 0.6, broad range of grain size is manifested in inhomogeneous 

distributions of non-uniform and irregular shape of grains and in the form of clustered spherical 

grains for x = 0.8, this observation is valid for the substitution amount up to x = 0.8. The grain 

size varies between 0.67 and 1.12 μm for x = 0.6, and between 0.38 and 1.75 μm. LaFeO3 

micrograph displays denser and connected grains in the form of irregular small and large 

polyhedron with grain size ranging between 0.13 and 0.85 μm. Overall, the samples shows 

porous structure mainly for the compositions x = 0, 0.2 and 0.4; as the substitution amount 

increases (x ≥ 0.6), the grains become more interconnected however, they still show porous 

structure. The effect of the substitution is observed in both reducing the grain size and the 

morphology evolution from irregular shape to flat plate like grains with polygon surface.    

 

Fig-III.P2.6: SEM images showing the effect of the composition on the morphology of the solid solution 

BLTF for the compositions x = 0 (a), x = 0.2 (b), x = 0.4 (c), x = 0.6 (d), x = 0.8 (e), and x = 0.1 (f).  
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III.3.5. Conclusion  

 The ability of SrTiO3 perovskite to accommodate La
3+

 cations in the A-site and Fe
3+ 

cations in the B-site ranges between 0 ≤ x ≤ 1 is examined and the final products are expressed 

following the chemical formula Sr1-xLaxTi1-xFexO3. Typical X-ray diffraction patterns of ABO3 

perovskites were obtained with a gradual shift toward lower 2 theta. The structural investigation 

by Rietveld refinement methods shows that compositions with 0.2 ≤ x adopt high symmetry 

structure with Pm-3m space group, while the compositions with x ≥ 0.4 adopt more distorted 

structure with Pnma space group for x = 0.4, 0.6 and 0.8 and Pbnm space group for x = 1. These 

results prove that high amount of Fe
3+

 and La
3+

 tend to form more distorted structures. These 

results were confirmed by the tolerance factor calculated using the interatomic distances as input 

data. The compositions with 0.2 ≤ x showed a value close of t≈1 while the compositions with x ≥ 

0.4 showed values lower than t < 1.  

 Consistently with the shift of the main peaks of X-ray patterns observed, an increase of 

the unit cell parameters and thus the unit cell volume has been observed as the amount of the 

substitution increases. The co-substitution of Sr
2+

 and Ti
4+

 by La
3+

 and Fe
3+

  respectively induces 

relaxation along the three axis a, b and c; in this case Fe
3+

 ionic radius is larger for high spin and 

smaller in low spin compared to Ti
4+

 while La
3+

 has smaller ionic radius compared to Sr
2+

. The 

volume is expected to decrease as we substituted larger ionic radius by smaller ionic radius 

elements, however, the results showed a continual increase as the amount of the substitution 

increases. The evolution of the interatomic distances B-O and A-O demonstrates that the volume 

expansion is more likely to follow the behavior of the A-O interatomic distance as they show 

similar response to the substitution effect. The interatomic distance B-O affects more the degree 

of distortion in the system, it is observed that the tolerance factor evolves oppositely to the B-O 

interatomic and larger values tends to form low symmetry structure.  

 For the morphologic characteristics, as the amount of the substitution increases, two 

different forms of grains were observed:  Flat plat like shape for the compositions  

x ≤ 0.4, whereas at x > 0.4, the samples are non-uniform and in irregular forms. Besides, more 

porous structure is obtained with the incorporation of La
3+

 and Fe
3+

. The reduction of the grain 

size is also observed as an effect of the substitution.   
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Part III: Investigation of the composition effect on the structure in Ba1-xSrxTi1-xFexO3-δ 

perovskite system with 0 ≤ x ≤ 1 

III.3.6. Introduction   

 The strontium iron oxide material SrFeO3-δ (0.5 ≤ δ ≤ 0) is a non-stoichiometric 

perovskite. Depending on the value „δ‟ that describes the vacancy ordering of oxygen, SrFeO3-δ 

crystallizes in different forms [41–44]. The cubic structure is reported for δ = 0; in this form 

SrFeO3 is a helical antiferromagnetic insulator material and iron cations are octahedrally 

coordinated by oxygen; for δ = 0.5 the material shows semiconductor features and adopt an 

orthorhombic brownmillerite-like structure. In comparison with the perovskite structure, the 

oxygen ions aligned along a particular direction are absent for SrFeO2.5. The compositions when 

δ ⁓ 0.125 and δ ⁓ 0.25 shows respectively tetragonal phase and orthorhombic phase, as both 

composition show mixed conductivity and finite band gap [41]. Y.takeda et al. [43] reported 

different structures for four single phases in relation with the oxygen nonstoichiometry of 

SrFeO3-δ (0.5 ≤ x ≤ 0); SrFeO3 with cubic structure, SrFeO2.86, SrFeO2.73 with tetragonal and 

orthorhombic structure respectively, and SrFeO2.5 with brownmillerite-like structure. J. P. 

Hodges [42] showed that SrFeO2.75 adopt orthorhombic structure, space group Cmmm; on the 

other hand the correct crystal structure for SrFeO2.875 is tetragonal, space group I4/mmm.  

 The heat treatment in literature shows great effect on the stoichiometry of SrFeO3-δ, as it 

is as well governed by the pressure (   
). L. Fournès et al. [45] reported in their work that 

SrFeO2.68 is obtained under a slow heat treatment in air at 950°C then reground and treated again 

for two days at 1300°C. The annealing SrFeO2.68 for 24h under dynamic vacuum in quartz tube 

at 850°C led to obtain SrFeO2.5 as final product.  Moreover, SrFeO2.75 composition is reached 

after 24h annealing at 650°C and fast quenching; very slow cooling from 800°C to room 

temperature resulted in the formation of SrFeO2.83. Similarly to J.P. Hodges et al., SrFeO3-δ was 

obtained by mixing stoichiometric amounts of SrCO3 and Fe2O3, this mixture was fired at 

1250°C for 24H followed by a slow cooling to room temperature and an oxygen content equal to 

2.870 was determined, then the sample was treated under controlled environment of pure oxygen 

for 24h under 30 MPa and slowly cooled to room temperature, to find a content of oxygen equal 

to 2.998.   
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  Intense investigations were given to SrFeO3-δ as it is considered good model to study the 

effects of oxygen-vacancy ordering on the electronics and structural properties. However, co-

substituted SrFeO3-δ is now gaining interest aiming to enhancing the properties and stabilizing 

the perovskite structure of SrFeO3-δ. Hiroshi Yamamura et al. [46] reported the effect of the 

substitution on the stability of the structure in the perovskite-type solid solution Sr1-xMxFeO3-δ, 

SrFeO2.5 showed a transition from the brownmillerite structure to the cubic structure for Mn
3+

 

amount ranging between (0.30 ≤ x ≤ 0.60). Similar results were obtained when studying the solid 

solution SrFeO2.5 – LaFeO3; they reported a phase transition to cubic structure for substitution 

amounts between (0.0 ≤ x ≤ 0.20). The effect of Ti
4+

 was studied by Avner Rothschild et al. [47] 

and Nicola H. Perry et al. [48] for different purposes, however no information related to 

structure were emphasized.  

 In this part we conduct structural investigations using the Rietveld refinement method and 

we report the stability of the structure, the phase transitions induced by the substitution, the 

symmetry and the evolution of the structural parameters of the solid solution Ba1-xSrxTi1-xFexO3-δ 

in wide range of substitution amount 0 ≤ x ≤1. 

III.3.7. X-Ray diffraction patterns: results and discussion  

 The X-ray diffraction patterns were recorded at room temperature and indexed using 

Dicvol program [49] for the perovskite series Ba1-xSrxTi1-xFexO3-δ with 0 ≤ x ≤ 1. The Results 

show that the samples adopt the perovskites like structure. This indicates that all the samples 

have been successfully synthesized and adopt the desired phase. The X-ray diffraction patterns of 

the perovskite series are presented in Fig-III.P3.1a. The partial substitution of Sr
2+

 in A-sites and 

Fe
3+

 in B-sites is confirmed to be possible and do not inhibit the phase formation. Besides, the 

effect of the substitution is reflected by a change in the structure which is clearly observed in the 

X-ray patterns presented in Fig-III.P3.1b. The observed shift of the X-ray patterns toward higher 

2 theta is continual with a step of about 0.24 ± 0.01° as the amount of the substitution increases. 

The evolution of the X-ray diffraction patterns indicates that the system evolve toward higher 

symmetry. As shown in Fig-III.P3.1a, the main peaks of BaTiO3 gradually overlap to form 

singlet at x ≥ 0.6. Based on these observations, we suggest that a phase transition is taking place 

between x = 0.4 and x = 0.6, from tetragonal symmetry for the samples with x=0; 0.2; 0.4 to 

cubic symmetry for the samples x=0.6, 0.8 and 1. 
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Fig-III.P3.1: X-ray powder diffraction patterns of Ba1-xSrxTi1-xFexO3 (0 ≤ x ≤ 1) presenting the peaks 

shape variation (a) and the separated main peaks (b). 

III.3.8. Rietveld refinement study of the structure and the phase transitions 

 For further investigations, the Rietveld refinement method is used to investigate the effect 

of the substitution on the structure and to determine the phase transition occurred. It is defined in 

the literature that BaTiO3 adopts the tetragonal (SG: P4mm); and SrFeO3-δ structure is dependent 

to the value of „δ‟ [50, 51]. Traces of impurities were detected at 2θ = 27.88° of BaO for the 

composition x=0.2; BaO and BaFe2O4 at 27° < 2θ < 28° for the composition x = 0.4 and traces of 

BaFe2O4 for the composition x = 0.6. The choice of the matching profile for each of the 

synthesized samples is done based on the X-ray diffraction patterns comparison to the end 

members.  

III.4.2.1. Tetragonal BSTF perovskite system 0 ≤ x ≤ 0.4 

 Tetragonal symmetry with P4mm space group was first assigned to the samples x = 0.2; 

0.4 considering the similarities of their X-ray patterns compared to that of BaTiO3. The Rietveld 

refinement for this model showed unsatisfactory results given the negative Biso coefficient 

obtained indicating the incorrectness of the atomic positions and thus the model. Since the system 

evolves toward higher symmetry, P4/mmm space group is suggested. The final plot of the 

Rietveld refinement and the structure visualization in the [010] direction are shown in  

Fig-III.P3.2, the fitting to this model showed satisfactory results with low reliability factors as 

presented in Table-III.P3.1. The bond angles and the interatomic distances are summarized in 

Table-III.P3.2. 
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Fig-III.P3.2: Final Rietveld Refinement plots of Tetragonal BSTF system 0 ≤ x ≤ 0.4 and [010] projection 

of the unit cell with P4mm and P4/mmm. The observed data and calculated profile are indicated by 

circles and solid trace respectively. The lowest trace shows the difference between the observed and 

calculated model. The vertical bars indicate the calculated bragg reflections positions. 

Table-III.P3.1. Refined structural parameters for Tetragonal BSTF system 0 ≤ x ≤ 0.4 

BaTiO3 
Sr/Ba Ti/Fe O1 O2 

space group P4mm 

x 0 ½ ½ ½ 

y 0 ½ ½ 0 

z 0 0.491(7) 0.033(7) 0.524(9) 

B (A²) 0.30(3) 0.27(8) 0.75(17) 0.75(17) 

Occupancy 1 1 1 2 

a(Å) = 3.99383(8), c(Å) = 4.02896(8), γ(°) = 90 

U = 0.04719(3), V = -0.01654(3), W = 0.00797(7)  

RF = 2.81, RB = 4.55, Rp= 9.26, Rwp = 12.2, cRp = 13.4, cRwp = 15.6, χ = 3.44 

Sr0.8Ba0.2Ti0.8Fe0.2O2.9 Sr/Ba Ti/Fe O1 O2 
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space group P4/mmm 

x 0 ½ ½ ½ 

y 0 ½ ½ 0 

z 0 ½ 0 ½ 

B (A²) 0.49(6) 0.50(7) 0.88(13) 0.88(13) 

Occupancy 0.8/0.2 0.8/0.2 1 1.9 

a(Å) = 3.9851(3), c(Å) = 3.9894(5), γ(°) = 90 

U = 0.17256(15), V = 0.01895(11), W = 0.00241(2)   

RF = 4.71, RB = 6.33, Rp = 6.35, Rwp = 8.46, cRp = 15.1, cRwp = 14.8, χ = 2.03 

Sr0.6Ba0.4Ti0.6Fe0.4O2.8 
Sr/Ba Ti/Fe O1 O2 

space group P4/mmm 

x 0 ½ ½ ½ 

y 0 ½ ½ 0 

z 0 ½ 0 ½ 

B (A²) 0.61(7) 0.44(8) 0.82(14) 0.82(14) 

Occupancy 0.6/0.4 0.6/0.4 1 1.8 

a(Å) = 3.9603(3), c(Å) = 3.9627(6), γ(°) = 90 

U = 0.13734(13), V = 0.00154(1), W = 0.00361(2)   

RF = 7.83, RB = 7.85, Rp = 5.44, Rwp = 7.17, cRp = 19.9, cRwp = 16.0, χ = 2.09 

 

Table-III.P3.2. Selected interatomic distances (Å) and (O–Ti–O, O–(Ba/Sr)–O & Ti –O– (Ba/Sr)) angles 

for Tetragonal BSTF system (0 ≤ x ≤ 0.4). 

Interatomic distances / bond 

angles  

x=0 Interatomic distances / bond 

angles 

x=0.2 x=0.3 

1×Ti/Fe–O1 

1×Ti/Fe–O1 

4×Ti/Fe–O2 

<Ti/Fe–O> 

1.85(4) 

2.18(4) 

2.001(3) 

2.005 

2×Ti/Fe–O1 

4×Ti/Fe–O2 

<Ti/Fe–O> 

1.99(5) 

1.992(6) 

1.991 

1.990(8) 

1.991(4) 

1.990 

4×Ba/Sr–O1 

4×Ba/Sr–O2 

4×Ba/Sr–O2 

<Ba/Sr–O> 

2.8272(1) 

2.77(3) 

2.91(3) 

2.835 

4×Ba/Sr–O1 

8×Ba/Sr–O2 

<Ba/Sr–O> 

2.817(9) 

2.819(4) 

2.818 

2.815(4) 

2.815(6) 

2.814 

1×O1–Ti/Fe–O1 

2×O2–Ti/Fe–O2 

8×O2–Ti/Fe–O2 

180(3) 

172.38(1) 

89.75(1) 

1×O1–Ti/Fe–O1 

2×O2–Ti/Fe–O2 

8×O2–Ti/Fe–O2 

180.00 

180.00 

90.00 

180.00 

180.00 

90.00 

4×O1–(Ba/Sr)–O1 

2×O1–(Ba/Sr)–O1 

4×O2–(Ba/Sr)–O2 

89.87(4) 

174.61(4) 

177.2(2) 

4×O1–(Ba/Sr)–O1 

2×O1–(Ba/Sr)–O1 

4×O2–(Ba/Sr)–O2 

90.00 

180.00 

180.000 

90.00 

180.00 

180.000 

1x(Ti/Fe)–O1-( Ti/Fe) 

1x(Ti/Fe)–O2-( Ti/Fe) 

180(3) 

172.38(1) 

1x(Ti/Fe)–O1-( Ti/Fe) 

1x(Ti/Fe)–O2-( Ti/Fe) 

180.00 

180.00 

180.00(9) 

180.00(5) 

 

III.4.2.2. Cubic BSTF perovskite system 0.6 ≤ x ≤ 1 

 The attributed model for the samples with the compositions x=0.6; 0.8 consist of that of 

SrFeO3 [51]. The Rietveld refinement results show that both samples adopt the cubic structure 

showing low reliability factors, the structural information is presented in Table-III.P3.3 and  
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Table-III.P3.4. The final Rietveld refinement plots is given in Fig-III.P3.3; the visualization of 

the structure shows the unit cell in the [010] projection. The calculated tolerance factor from the 

Rietveld refinement results are shown in Fig-III.P3.4. The evolution of the tolerance factor as 

function of the composition is in good agreement with the previous observations. This evolution 

demonstrates that the system evolves toward higher symmetries when the strontium and iron 

contents become important. 

 

Fig-III.P3.3: Final Rietveld Refinement plots of Cubic BSTF system 0.6 ≤ x ≤ 1 and [010] projection of 

the unit cell with Pm-3m. The observed data and calculated profile are indicated by circles and solid trace 

respectively. The lowest trace shows the difference between the observed and calculated model. The 

vertical bars indicate the calculated bragg reflections positions. 
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Table-III.P3.3. Refined structural parameters for Cubic SLTF system 0.6 ≤ x ≤ 1 

Sr0.4Ba0.6Ti0.4Fe0.6O2.7 
Sr/Ba Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.87(5) 0.62(7) 0.85(14) 

Occupancy 0.4/0.6 0.4/0.6 2.7 

a(Å) = 3.93303(9), γ(°) = 90 

U = 0.03693(4), V = -0.00547(4), W = 0.00524(9)  

RF = 3.07, RB = 4.82, Rp = 3.79, Rwp = 5.05, cRp= 16.8, cRwp = 12.4, χ = 3.69 

Sr0.2Ba0.8Ti0.4Fe0.8O2.6 
Sr/Ba Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.43(5) 0.52(6) 0.75(13) 

Occupancy 0.2/0.8 0.2/0.8 2.6 

a(Å) = 3.90373(6), γ(°) = 90 

U = 0.01824(2), V = -0.00057(2), W = 0.00378(5)   

RF = 4.04, RB = 4.44, Rp = 3.13, Rwp = 4.02, cRp =18.6, cRwp = 11.7, χ = 2.42 

SrFeO2.5 
Sr/Ba Ti/Fe O1 

space group Pm-3m 

x 0 ½ ½ 

y 0 ½ ½ 

z 0 ½ 0 

B (A²) 0.37(5) 0.49(7) 0.39(13) 

Occupancy 1 1 2.5 

a(Å) = 3.87141(5), γ(°) = 90 

U = 0.01854(2), V = -0.00500(2), W = 0.00517(5)   

RF = 5.22, RB = 4.68, Rp = 2.52, Rwp = 3.20,  cRp = 20.9, cRwp = 11.4, χ = 2.17 

 

Table-III.P3.4. Selected interatomic distances (Å) and (O–Ti–O, O–(Ba/Sr)–O & Ti –O– (Ba/Sr)) angles 

for Cubic SLTF system (0.6 ≤ x ≤ 1). 

 

Interatomic distances / bond angles   x=0.6 x=0.8 x=1 

Ti/Fe–O 1.9665(5) 1.9519(3) 1.9357(2) 

Sr/Ba–O 2.7811(5) 2.7604(3) 2.7375(2) 

3×O1–Ti/Fe–O1 

12×O1–Ti/Fe–O1 

180.00(6) 

90.00(3) 

180.00 (4) 

90.00(2) 

180.00(3) 

90.00(2) 

6×O1–(Sr/Ba)–O1 

12×O1–(Sr/Ba)–O1 

180.00(4) 

90.00(3) 

180.00(3) 

90.00(2) 

180.00(2) 

90.00(2) 

(Ti/Fe)–O-( Ti/Fe) 180.00(6) 180.00(4) 180.00(3) 

4x(Sr/Ba)–O-(Sr/Ba) 

2x(Sr/Ba)–O-(Sr/Ba) 

90.00(3) 

180.00(4) 

90.00(2) 

180.00(3) 

90.00(2) 

180.000(2) 

8x(Ti/Ba)–O-(Sr/Ba) 90.00(2) 90.00(2) 90.00(1) 



Chapter III: Investigation of the composition effect on the structure and morphology in the 

solid solution systems         
                for (A= Ba, La and Sr) with 0 ≤ x ≤ 1 & δ ≥ 0: 

Rietveld refinement method studies 

81 
 

 The unit cell parameters are plotted and presented in Fig-III.P3.4a. A continual decrease 

is observed for the unit cell parameter “c” of about 0.03 ± 0.01 Ǻ as the amount of the 

substitution increases. This decrease can be expressed by cx-0.03 ≈ c0.2+x ± 0.01 Ǻ, meaning that 

at each new composition a decrease of about 0.03 ± 0.01 Ǻ of the unit cell “c” is expected. In this 

case, the effect of the substitution can be seen as a constant strain applied along the c-axis leading 

to a decrease of the unit cell with a constant step. The contraction along the c-axis is also 

observed in Fig-III.P3.4a confirming our observations which can be expressed by A*cx ≈ c0.2+x ± 

0.02 Ǻ, where A is approximately equal to ≈ 0.99.   

 

Fig-III.P3.4: The variation as function of the composition of the Unit cell parameters (a, b, c) (a), the unit 

cell Volume (b) and the calculated experimental tolerance factor (c). 

 The chemical strain as an effect of the substitution is mainly applied along the c-axis 

leading the structure to evolve toward system with higher symmetry and this is observed starting 

from x ≥ 0.2 above which a continual and linear decrease of the unit cell parameters is seen. As a 

consequence a linear decrease in the unit cell volume is also observed which result also in a 

decrease in the interatomic distances A-O and B-O Fig-III.P3.5 (a, b). This decrease explains the 

shift observed in the X-ray diffraction peaks toward higher 2tetha with a constant step of about 

0.24 ± 0.01°. The substitution has as well an effect on the composition, as the amount of the 

substitution increases oxygen vacancies are created to maintain charge neutrality. A linear 

evolution of the unit cell parameters, mainly the „c‟ parameter, and the unit volume is observed as 

the amount of the substitution increases. This linearity might be due to the oxygen vacancies 

created in the samples by the effect of the substitution.  
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 The tolerance factor was calculated to confirm the evolution of the system toward high 

symmetries. The experimental tolerance factor introduced by Goldschmidt et al. [25] was 

calculated using equation 1: 

           √                           (Eq. 1) 

Where, rA, rB are respectively the ionic radius of the elements in the A-sites, B-sites and rO is the 

oxygen ion respectively. In our Case rA = (1-x)*rSr + (x)*rBa and rB = (1-x)*rTi + (x)*rFe and rO = 

1.4. Fig-III.P3.5 (a, b) presents the evolution of the tolerance factor and the interatomic distances 

A-O and B-O versus the substitution showing that at x ≥ 0.2 the factor is close to unity 

confirming the results reported previously. According to the behavior of the interatomic distances 

observed in Fig-III.P3.5 (a, b), it is demonstrated that both interatomic distances contributes 

equally to the formation of either high symmetry systems or low symmetry systems.   

Fig-III.P3.5: The interatomic distance evolution presented along with the tolerance factor as function of 

the composition. <Ti/Fe-O> (a) and <Ba/Sr-O> (b) interatomic distances. 

III.4.4. Morphological analysis and the effect of the compositions on the grain growth  

 The morphology and particle sizes were determined for all compositions of BSTF solid 

solution. The evolution of the morphology as function of the composition is shown in the SEM 

micrographs displayed in Fig-III.P3.6. The composition x = 0 have irregular shape of grains and 

form large agglomerates, as we can also observe in some region the succession of layers 

uniformly distributed close remark was mentioned by M. Ganguly et al [52]. With the insertion of 

Fe
3+

 and Sr
2+

 the morphology of the samples changes, the compositions x = 0.2, 0.4, and 0.6 

show layered flat plate like grains, meanwhile, the composition x = 0.8 the powder is formed by 

polygonal shape grains and defined grain boundaries with varied sizes. The composition x = 1 
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shows very different surface morphology in comparison with the rest of the compositions; the 

SEM images shows irregular shape and large agglomerate grains, the discontinuity of the growth 

of the grain is observed in this case. Approximately the average grain size decreases from 1.86 

μm for the composition x = 0 to 0.342, then 0.537 μm, for the compositions x = 0.2, and 0.4. As 

the amount of the substitution increases, the average grain size began to increase for the 

compositions x = 0.6, 0.8, and 1 respectively from 1.217, 1.247 to 2.734 μm. These results shows 

that only a small amount of the substitution ranging between 0.2 ≤ x ≤ 0.4 can reduce the grain 

size. In the current case study, the incorporation of Sr
2+

 and Fe
3+

 form between 0.2 ≤ x ≤ 0.6 flat 

plate like grains, and the grain size is reduced only for the compositions x = 0.2, and 0.4.  

 

Fig-III.P2.6: SEM images showing the effect of the composition on the morphology of the solid solution 

BLTF for the compositions x = 0 (a), x = 0.2 (b), x = 0.4 (c), x = 0.6 (d), x = 0.8 (e), and x = 0.1 (f). 

III.4.5. Conclusion  

 The information transmitted from the X-ray diffraction patterns indicates an evolution 

toward high symmetry systems. The main peaks were observed to shift with a step of  

0.24 ± 0.01°, which later on was found to reflect the uniform decrease of the unit cell parameters. 

Consistently with the evolution of the X-ray pattern, the detailed structural investigations 

confirmed the evolution of the system toward high symmetry structure while revealing one phase 

transition from tetragonal structure to cubic structure. The calculated tolerance factor was in 
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agreements with the results found, where values close to unity were obtained as “x” increases. As 

a function of the substitution, the unit cell parameters and thus the unit cell volume parameters 

showed a linear decrease. It was observed that the substitution effect acts as a strain applied along 

the c axis and it was expressed as A*cx ≈ c0.2+x ± 0.02 Ǻ, where A is approximately equal to  

A ≈ 0.99. The decrease of the unit cell parameters “c” was found to be 0.03 ± 0.01 Ǻ at each new 

composition and it was expressed by cx-0.03 ≈ c0.2+x ± 0.01 Ǻ.  

 The evolution of the experimental tolerance factors issued from the interatomic distances 

was in agreement with the X-ray diffraction patterns results. High symmetry systems were 

observed for low interatomic distances A-O and B-O, where both distances behave similarly and 

both contributes equally to the formation of the perovskite structure with defined symmetry. 

 The SEM micrographs showed that only small amount of Sr
2+

 and Fe
3+

 will reduce the 

grain size. The grains are in different shapes, the morphology evolve from flat plate like grains (x 

= 0.2, 0.4 and 0.6) to non-uniform polygonal shape grains (x = 0.8), additionally the grain 

boundaries can be easily observed and detected in the case of x = 0.8.  
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III.5. Chapter conclusion  

 The effect of the composition on the ABO3 perovskite structure was studied in three 

different systems within a large percentage of substitution. The ability to synthesis stable 

complex perovskite structure has been proven to be possible for (1-x) BaTiO3 – x LaFeO3, (1-x) 

SrTiO3 – x LaFeO3, and (1-x) BaTiO3 – x SrFeO3-δ solid solution at a range of composition 

between 0 ≤ x ≤1 labeled as BLTF, SLTF and BSTF respectively. The prepared solid solutions 

showed good stability according to the calculated tolerance factor, the values obtained ranges 

between 1 and 0.976 which is framed within the conditions of structure formability established by 

Goldschmidt for ABO3 perovskites. Substitution of higher ionic radii elements with lower ionic 

radii tends to decrease the volume and a shift of the X-ray patterns is observed and vis-versa.  

  The systems showed phase transition as function of the substitution: for BLTF system 

undergoes two phase transitions from tetragonal, cubic to orthorhombic; SLTF system undergoes 

one phase transitions from cubic to orthorhombic, and same with BSTF system that shows a 

transition from tetragonal to cubic. In general and from the effect of composition percentages 

perspective, the structure of the prepared samples tends to take the form of either the composition 

of x = 0 for values less than 20% or 30% of the substitution amount, or the form of the 

composition with x = 1 for composition higher than 60%. However, more insights on the 

preferred structure were obtained by studying the evolution of the different structural parameters 

as the unit cell volume and the interatomic distances with comparison to the evolution of the 

tolerance factor.  

 The interatomic distances showed that the B-O governs more the symmetry, while the  

A-O affects the unit cell volume. For the three cases studied in this chapter, a decrease or an 

increase of the A-O distances is followed by a decrease or an increase of the unit cell volume 

respectively. Meanwhile the B-O distance showed more significant results when studying the 

symmetry evolution in comparison with the evolution of the tolerance factor. The cubic structure 

is formed for values ranging between 1.99 and 1.94Ǻ for Ti/Fe-O interatomic distances with 

condition that A-O ranges between 2.72 and 2.81Ǻ. The tetragonal structure is formed for Ti/Fe-

O values between 1.991 and 2.006Ǻ, and for A-O values close to 2.83Ǻ. The orthorhombic 

structure is observed for values of Ti/Fe-O between 1.978 and 2.006Ǻ and for A-O the values are 

close to 2.77 and 2.79Ǻ.   



Chapter III: Investigation of the composition effect on the structure and morphology in the 

solid solution systems         
                for (A= Ba, La and Sr) with 0 ≤ x ≤ 1 & δ ≥ 0: 

Rietveld refinement method studies 

86 
 

 The effect of the compositions on the morphology and the grains growth was studied for 

BLTF, SLTF, and BSTF. In the three cases, it is observed that specific amount of the substitution 

is capable of forming small grain size above which the grains are largely agglomerated:  

BLTF, x = 0.25; SLTF, x = 0.2 ≤ x ≤ 0.4; and BSTF, 0.2 ≤ x ≤ 0.4. In all the A1-xAxTi1-xFexO3  

(A = Ba, La, Sr) system with 0 ≤ x ≤ 1, it is observed that a combination of Sr
2+/

La
3+

 and 

Ba
2+

/Sr
2+

  in the A-site can form flat plat like grains for a substitution amount ranging between 

0.2 ≤ x ≤ 0.4 and 0.2 ≤ x ≤ 0.6 respectively. The substitution of BaTiO3 in all the cases is found 

to form porous structures in comparison with the large agglomerated grains of BaTiO3. However, 

the smaller grains size was obtained for BLTF at x = 0.25, while the larger particles were 

observed for BLTF at x = 0.8.  
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IV.1. Introduction  

 This chapter forms the second part of the research project; the capability of the UV-

Visible light absorption of BLTF, SLTF, and BSTF was tested between 250 – 800 nm. Due to the 

sensitivity of the physical properties to the structural variation, the objective of this chapter is to 

investigate the effect of the composition and the structure on the absorption performance in the 

UV-Visible domain, as well as the various factors governing the opening of the band gap. The 

correlation between the composition, structure and the optical properties will be established. The 

strategy adopted to carry this research relies mainly on the observation of the evolution of the 

optical band gap as function of the composition, the volume, the symmetry, the bond angles, and 

the interatomic distances. The different cases of chapter III are studied in order to hold into an 

ensemble of information enough to confirm the reported theories about the opening of the band 

gap in perovskites; and to conduct in-depth studies oriented toward understanding the influence 

of the different parameters on the optical properties of perovskites.  

 Part I - chapter IV will treat the effect of the composition and the structural parameters 

on the opening of the band gap. The case study of this part is the solid solution of Ba1-xLaxTi1-

xFexO3 perovskite system with the substitution amount varies between 0 ≤ x ≤ 1. The elements of 

the A-sites consist of La
3+

 and Ba
2+

 while the B-sites consist of Fe
3+

 and Ti
4+

. In this study the 

variation of the band gap as function of the composition is emphasized, additionally its evolution 

is systematically studied with regards to the structural parameters variation, naming: the volume, 

the distortion degree, the interatomic distances between the B-sites and oxygen <Ti/Fe-O> as 

well as the A-sites elements and oxygen <Ba/La-O>, and the bond angles Ti/Fe-O1-Ti/Fe and 

Ti/Fe-O2-Ti/Fe. To explain the new values of the band gap, a visualization of the variation the 

band gap edges positions are estimated and linked to the results issued from the UV-visible 

results.  

 The objective of this study is to first confirm the results obtained from the literature and to 

establish a good understanding on the governing factors of the band gap opening and build a 

vision on the specific combination of structure composition that will estimate the nature of the 

band gap. 

 Part II - Chapter IV is the continuity of the study objective, which consists of using 

similar strategy to understand the effect of the composition and the structural parameters on the 
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opening of the band gap. The solid solution of the case study consist of the perovskite structure  

Sr1-xLaxTi1-xFexO3 where the Ba
2+

 are replaced by Sr
2+

 which is an element that belong to the 

same group as the Barium, the substitution amount in this case varies between 0 ≤ x ≤ 1. The 

elements of the A-sites consist of La
3+

 and Sr
2+

 while the B-sites consist of Fe
3+

 and Ti
4+

. The 

variation of the band gap as function of the composition is emphasized, additionally, its evolution 

is systematically studied with regards to the structural parameters variation, naming: the volume, 

the distortion degree, the interatomic distances between the B-sites and oxygen <Ti/Fe-O> as 

well as the A-sites elements and oxygen <Sr/La-O>, and the bond angles Ti/Fe-O1-Ti/Fe and 

Ti/Fe-O2-Ti/Fe. The objective of this part is to confirm the previous observation obtained from 

Part I - chapter IV.  

 Following the same objective of understanding the governing factors of the band gap 

opening, the information obtained in this part will add to the aim of the study the necessary 

results to define the specific combination of structure-composition that will give a small band 

gap. To explain the new values of the band gap, a visualization of the variation the band gap 

edges positions are estimated and linked to the results issued from the UV-visible results.  

 Part III - Chapter IV is used as a confirmation case of the previous results of  

Part (I) (II) - chapter IV. The case study of this part is the solid solution of Ba1-xSrxTi1-xFexO3-δ 

perovskite system with the substitution amount varies between 0 ≤ x ≤ 1. The A-site in this case 

is shared between Ba
2+

 and Sr
2+

, while the B-sites consist of the elements Fe
3+

 and Ti
4+

. In this 

study the variation of the band gap as function of the composition is emphasized, additionally the 

evolution of the band gap is systematically studied with regards to the structural parameters 

variation, naming: the volume, the distortion degree, the interatomic distances between the B-

sites and oxygen <Ti/Fe-O> as well as the A-sites elements and oxygen <Ba/Sr-O>, and the bond 

angles Ti/Fe-O1-Ti/Fe and Ti/Fe-O2-Ti/Fe. A visualization of the band gap edges namely the 

conduction band minimum and the valence band maximum are estimated and linked to the results 

issued from the UV-visible results.  

 The objective of this part is to confirm the previous results and collect the necessary 

information that will facilitate the understanding of the governing factors of the band gap opening 

and conclude the band gap dependency to the composition and structural parameters.  
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IV.2. Part I: Investigation of the composition and structure effects on the optical properties 

of Ba1-xLaxTi1-xFexO3 perovskite system with (0 ≤ x ≤ 1)    

IV.2.1. Introduction  

 The band gap is one of the important characteristics of oxide materials as it consists one 

of the best way to get access to solar energy. Numerous applications rely now on the efficient use 

of solar light such as photocatalytic, photovoltaic and water splitting [1–3]. Substantial efforts 

have been made to design materials capable of absorbing large amount of visible light which 

constitutes 40% of solar spectrum [4]. Perovskite oxides materials with the general formula 

(ABO3) are a class of oxides emerging to technological field due to their interesting structural and 

physical properties [5]. The perovskite structure is able of hosting a wide range of rare and 

alkaline earth element and transition metal cation. Thus, there is high possibility of tuning their 

physical properties, among which the optical band gap was the topic of several studies [6–8]. 

Researchers have tried to understand the link between the composition, the structure and the 

optical band gap. It is stated that the titling of BO6 octahedral strongly influence the bang gap of 

perovskites. Moreover, a group of researcher studied the origin of the band gap opening where 

they succeeded to identify structural generic mechanisms in 3d perovskite such as the symmetry, 

the octahedral tilting and rotations [9]. It is found that a small difference in B-O-B bond angles 

led to obvious change of the physical properties, the samples with bond angles close to 180°  

showed high photocatalytic activity [10].  

 In order to investigate the structural and optical properties correlation in perovskites, 

different compositions of the perovskite solid solution Ba1-xLaxTi1-xFexO3 are prepared via solid 

state reaction. The change of their macroscopic properties caused by the change of the elemental 

composition and/or the structural parameters is investigated. Detailed study of the structural 

variation and phase transition occurred in the system are emphasized. Enhancement of the optical 

responses of the perovskites series Ba1-xLaxTi1-xFexO3 and its dependency to structural and 

composition variation is reported.  
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IV.2.2. The UV-visible absorption performance  

            The optical absorption is analyzed employing the UV/Vis absorption spectroscopy. The 

absorbance results were approximately expressed by the Kubelka-Munk [11] function using the 

following equation:  

 

 
 

      

  
                                              

K, S and R parameters are described respectively as the absorption coefficient, the scattering 

coefficient and the diffuse reflectance. F(R) is the Kubelka-Munk function proposed by P. 

Kubelka  and F. Munk [11], which is proportional to the absorbance coefficient.  

 Fig-IV.P1.1a shows the absorption coefficient F(R) calculated using the Kubelka-Munk 

function; at x ≥ 0.1, the samples present strong absorption in the UV-Vis regions ranging from 

276.34 nm to 592.11 nm, the absorption regions of each sample are listed in Table-IV.P1.1. The 

peaks observed especially in the visible range indicate that the samples exhibit high absorption of 

the visible light, which makes these samples promising photocatalysts materials. For further 

investigations, the compositions are classified by symmetry, the absorption peak of BaTiO3 with 

P4mm is expanding to the visible region and new absorptions appear between 492 nm and 500 

nm as shown in Fig-IV.P1.1b for the samples with P4/mmm space group, x =  0.1, 0.2 and 0.25. 

As the amount of the substitution increases, the absorptions of the compositions (0.3 ≤ x ≤ 0.6) 

with cubic Pm-3m space group shift toward the visible range between 376 nm and 550 nm, as 

presented in Fig-IV.P1.1c. Above x=0.6, the transition of the absorption toward the visible range 

is still observed for the samples adopting the orthorhombic structure with Pnma and Pbnm space 

groups, hence additional absorption peaks are detected between 455 nm and 540 nm as observed 

in the absorption spectra at Fig-IV.P1.1d. The absorption intensities decrement for the 

compositions between 0.1 ≤ x ≤ 0.9 could be related to the enhanced conductivity due to the 

substitution [12]. The absorption peaks of LaFeO3 observed in the UV and the visible light 

regions at around 230 nm, 390 nm, 530 nm and 700 nm [12] attract great attention of researchers 

to enhance the optical absorption and develop LaFeO3 a promising catalyst material [13, 14]. 

Based on several studies, the absorption spectrum was systematically compared to that of α-

Fe2O3 and found to be similar [15]. It is thus suggested that the absorption regions of LaFeO3 are 

associated to the modes:  charge transfer, at around 298.01 nm from the O2p non-bonding level 
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to the 3deg orbital; the absorptions at 365.37 nm and 456.68 nm are related to the charge transfer 

mechanisms between the O2p non-bonding orbital and the lowest unoccupied orbital 3dt2g; and 

spin forbidden ligand field transitions for the absorptions appearing between 500 nm and 800 nm. 

According to our results and referring to the absorption spectra observed, the co-existence of Ti
4+

 

along with Fe
3+

 led to the disappearance of the charge transfer mechanisms between the O2p non-

bonding level and the 3deg orbital. As a result, an enhancement of the charge transfer mechanism 

(O
2+

-Fe
3+

) and of spin forbidden ligand field transitions is induced in the samples. 

 

Fig-IV.P1.1: UV-vis Spectra of the series Ba1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1), showing the evolution 

of the absorption coefficient (K-M function) in the range of wavelength between 250 and 800 nm 

(a), the evolution of the absorption coefficient for the tetragonal samples with (0 ≤ x ≤ 0.25) (b), 

the cubic samples with (0.3 ≤ x ≤ 0.6) (c) and for the orthorhombic samples with (0.7 ≤ x ≤ 1)(d).  
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IV.2.3. Band Gap values determination  

 The F(R) function is used to examine the inter-band transitions type by applying the 

McLean [11] analysis; the optical band gap (Eg) can be calculated using the Tauc plot relation, as 

demonstrated in Fig-IV.P1.2:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig-IV.P1.2: The kubelka-Munk function (F(R)hν)½ variation of the series Ba1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1). 
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Where             
 

 
   is the absorption coefficient, A is a constant dependent to the 

transmittance, called the band tailing parameter. The coefficient υ= C/λ is the light frequency and 

h is Planks constant (h = 6.626×10
-34

 Joules sec). The possible values for the index n are equal to 

1/2, 2, 3/2 or 3 and each describes respectively direct allowed, indirect allowed, direct forbidden 

and indirect forbidden transitions type. From equation 2, the extrapolation of the tangential line 

from high photon energy gives the optical band gap value. 

 The reported band gaps of BaTiO3 and LaFeO3 correspond respectively to ~3.23 eV and 

~2.1 eV [16–18].  Table-IV.P1.1 

regroups all the calculated band gaps 

estimated using Tauc plot method. 

The wide band gap was observed 

mainly for BaTiO3 and it is found to 

be equal to ~ 3.29 eV which is close 

to the reported band gap value [17]. 

Fig-IV.P1.3 shows the evolution of 

the band gap as function of the 

composition. For the samples 0 ≤ x 

≤ 0.3, a decrease of the band gap 

values is observed as function of the substitution. For the samples with 0.3 ≤ x ≤ 0.9, the decrease 

is continual and the band gap values are within 2.01 eV ≤ Eg ≤ 2.15 eV. Aiming to link the 

structural variation to the opening of the band gap, a study as function of several crystallographic 

parameters are emphasized as shown in Fig-IV.P1.4. The variation of the unit cell volume 

indicates that a decrease of the unit cell volume is followed by a shrink in the band gap as shown 

in Fig-IV.P1.4a. Moreover the evolution of the band gap as function of the distortion degree was 

as well studied; the results are presented in Fig-IV.P1.4a, and shows that as the amount of the 

substitution increases, an increase of the distortion degree is observed mainly for the high 

symmetry compositions between 0.1 ≤ x ≤ 0.6, and it is accompanied by a decrease of the band 

gap values. The point of transition from the high symmetry system to the orthorhombic system 

show a decrease of the distortion degree, where the evolution of the band gap values remains 
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Fig-IV.P1.3: The evolution of the optical band gap as function of 

the composition of the series Ba1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1). 
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steady, but to be more precise a slide increase that might be neglected is observed as shown in 

Fig-IV.P1.4b. These results demonstrate that the distortion degree in this case do not affect the 

opening of the band gap. Additionally, the observation of the dependency of the optical band gap 

to the crystallographic parameters was treated in terms of the bond angles and the interatomic 

distances. It is stated that at high symmetry the Ti/Fe-O-Ti/Fe bond angle is equal to 180° 

resulting in a complete overlap of the O(2p) and the 3d levels [19]. In this case, it is found that as 

the amount of La
3+

/Fe
3+

 increases, the system evolves toward lower symmetry resulting in a 

deviation of the B-O-B bond angles from the ideal value “180°” into values lower than “165°”. 

We suggest that the decrease of the band gap values observed for the compositions with high 

symmetry is mainly due to the ideal B-O-B bond angle despite the low amount of La
3+

/Fe
3+

 

introduced in the system. As for the compositions 0.7 ≤ x ≤ 0.9 adopting systems with low 

symmetry, the high amount of substitution contributed to reduce the electronegativity between A-

site/B-site elements and the oxygen. Fig-IV.P1.4 (a, b) show the evolution of the Ti/Fe-O1-Ti/Fe 

and Ti/Fe-O2-Ti/Fe bond angles as a function of “x”. It is shown that in the range 0.7 ≤ x ≤ 1, as 

the substitution increases the bond angle deviate to lower values and an increase in the band gap 

is observed. This indicates that the band gap is still affected by the bond angles that influences 

the overlap between the O(2p) and the 3d levels. These observations indicate that the 

crystallographic parameters B-O-B and mainly Ti/Fe-O2-Ti/Fe is as important as the substitution 

in the mechanisms of band gap opening, and thus the improvement of the absorption in the 

visible region. Knowing that the band gap opening is governed mainly by O2p non-bonding level 

and the 3deg orbital of transition metals in the B site, the interatomic distances are important 

parameters that can also affect the opening mechanism of the band gap. The evolution of the 

Ba/La-O and Ti/Fe-O are shown respectively in Fig-IV.P1.4 (e, f) the evolution of the Ba/La-O 

interatomic distance follows a similar behavior as the volume, while the Ti/Fe-O variation shows 

two different behaviors depending on the symmetry. For the compositions with high symmetry a 

continual decrease of the Ti/Fe-O is observed followed by a decrease in the band gap value; the 

compositions 0.7 ≤ x ≤ 0.9 present an increase of the interatomic distance while a slight increase 

of the band gap values in this interval is observed as shown in Fig-IV.P1.4f.  
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Fig-IV.P1.4: The optical band gap dependence to the crystallographic parameters. The evolution of Eg vs 

the volume (a), the evolution of Eg vs the distortion degree (b), the evolution of Eg vs the bond angles 

Fe/Ti-O1-Fe/Ti (c) and Fe/Ti-O2-Fe/Ti (d), the evolution of Eg vs the interatomic distance <Ba/La-O>(e) 

and <Ti/Fe-O>(f).  
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Table-IV.P1.1. The main absorptions peak in the UV-visible light (250 nm ≤ λ ≤ 800 nm), and the 

calculated optical indirect allowed energy gap using Tauc's relationship of the series Ba(1-x)LaxTi(1-x)FexO3 

(0 ≤ x ≤ 1). 

 

IV.2.4. Band gap edges estimation  

 As discussed previously, the band gap estimated from the reflectance results is affected by 

both the structure parameters and the composition. The new optical band gaps obtained are the 

result of the valence and conduction band edges displacement. In order to visualize this shift, the 

conduction band minimum (CBM) and the valence band maximum (VBM) were calculated using 

the following equation:  

                          (Eq. 3) 

                                (Eq. 4) 

Where, ECB and EVB are respectively the conduction band and the valence band potentials. Eg is 

the band gap estimated from the UV-vis collected results. Ee is equal to 4.5 and represents the 

Composition UV light absorption (nm) 
visible light absorption 

(nm) 

Eg (Tauc plot) 

(eV) 

0 321.58 --- 3.29 

0.1 390.20 493.07 2.2 

0.2 359.14 499.86 2.69 

0.25 362.19 496.85 2.58 

0.3 392.44 494.33 2.25 

0.4 315.35 403.08 2.15 

0.5 299.26 414.19 2.01 

0.6 304.54 425.54 2.11 

0.7 --- 
434.68 

2.07 
521.27 

0.75 --- 
436.32 

2.06 
525.75 

0.8 --- 
431.54 

2.11 
523.24 

0.9 379.95 
455.37 

2.15 
503.63 

1 
298.01 454.61 

2.16 
364.37 524.74 
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energy of the free electrons vs hydrogen.   is the electronegativity of semi-conduction and can be 

calculated as following: 

                             
 

                  (Eq. 5) 

The parameters a, b, c, d and e are the number of atoms in each composition and      is the 

electronegativity of each elements of the compound. Fig-IV.P1.5, presents the shift of the CBM 

and VBM which is in accordance with the shrink of the band gap. Both bands were affected as 

the amount of the substitution increases, downward shift is observed for the conduction band 

minimum while the valence band maximum shifts upwards. Table-IV.P1.2 summarizes the 

calculated electronegativity, the conduction band edge and the valence band edge potentials.  

 

Fig-IV.P1.5: Schematic representations of the calculated conduction band minimum and the valence band 

maximum for the perovskite series Ba1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1). 
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Table-IV.P1.2. The calculated values of the absolute electronegativity, the band gap Eg, and the CB and 

VB potentials for the perovskites series Ba(1-x)LaxTi(1-x)FexO3 (0 ≤ x ≤ 1). 

Composition   Eg ECB EVB 

0 5.244607848 3.29 -0.90039 2.389608 

0.1 5.27343803 2.2 -0.32656 1.873438 

0.2 5.302426695 2.69 -0.54257 2.147427 

0.25 5.31698073 2.58 -0.47302 2.106981 

0.3 5.331574713 2.25 -0.29343 1.956575 

0.4 5.360882961 2.15 -0.21412 1.935883 

0.5 5.39035232 2.01 -0.11465 1.895352 

0.6 5.419983675 2.11 -0.13502 1.974984 

0.7 5.449777917 2.07 -0.08522 1.984778 

0.75 5.4647364 2.06 -0.06526 1.994736 

0.8 5.479735941 2.11 -0.07526 2.034736 

0.9 5.509858647 2.15 -0.06514 2.084859 

1 5.540146942 2.16 -0.03985 2.120147 

 

IV.2.5. Conclusion  

 The UV-vis measurements revealed that starting from the composition x = 1, all the 

samples showed very large and board absorption in the UV-Vis regions which show their ability 

of absorbing notable amount of light in the visible region, which make these samples promising 

materials for photocatalysis. As the amount of La
3+

 and Fe
3+

 content increases, a continual shift 

and expansion of the absorption toward the visible range is observed: for the tetragonal symmetry 

between 492 – 500nm, for the cubic symmetry between 376 – 550nm, while new absorption 

bands appeared between 455 – 540nm. 

 The dependency of optical properties to the structural parameters is established. The 

evolution of the volume is close from the evolution of the band gap as both parameters shows a 

decrease as function of the composition. Additionally, the correlation between the optical band 

gap and the structural parameters was observed more to be dependent to Ti/Fe-O2-Ti/Fe. It is 

assumed that the low optical band gap values observed in high symmetry structures is due to the 
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ideal angle 180° presents in this symmetry, which ensures the complete overlap between 2p (O2) 

and 3d (Ti/Fe) energy levels. Meanwhile, for the composition with orthorhombic structure, the 

deviation of this bond angles is followed by a slight increase of the band gap. Similar 

observations in the case of the interatomic distances Ti/Fe-O, it is observed that the band gap 

decreases when Ti/Fe-O decreases, and slightly increases with the increase of this distance.   

 Both the CBM and VBM were affected by the substitution, an upward shift was observed 

for the Valence band maximum while the conduction band minimum shifts downward and this 

was observed for all the compositions studied in this work. 

IV.3. Part II: Investigation of the composition and structure effects on the optical properties 

of Sr1-xLaxTi1-xFexO3 perovskite system with (0 ≤ x ≤ 1)   

IV.3.1. Introduction  

 Researches toward visible light active materials dedicated for solar harvesting 

applications have received enormous interest [20–23]. The ABO3 structure is generally composed 

of rare earth and alkali metal occupying the A site with 12-fold coordination (A= Ba
2+

, La
3+

, Sr
2+

, 

Pb
2+

, etc.), while transition metals are positioned at the B-site of 6-fold coordination (B= Fe
3+

, 

Ti
4+

, etc.). Recently, the Titanate perovskite family and mainly SrTiO3 perovskite material has 

been an attractive material for photocatalysts applications owing to its stability, high and efficient 

photocatalysts activity [4, 24, 25]. However, due to the wide band gap value (3.2 eV) it is found 

that SrTiO3 is highly active under the UV light with no response to the visible light [4]. The wide 

band gap of perovskites such as SrTiO3 is due to the fundamental characteristic nature of A-O 

and B-O interatomic distances and to the large difference in electronegativity between the oxygen 

and the transition-metal cations [26]. Co-doping or substituting an amount of the hosting 

structure‟s elements will enable us to create and generate new energy level between the valence 

band and the conduction band resulting in a shrink of the band gap of the material [4, 25, 27]. 

WeiWei Li and al. reported that Ti 3d and Fe 3d orbital hybridization in BiFeO3-SrTiO3 system 

creates trap states that suppress the fast recombination rate [28].  Nanocrystalline of SrTiO3 

doped Fe ions was prepared via solid state reaction; the SrTi0.9Fe0.1O2.968 nanocrystalline with a 

band gap equal to 1.34 eV, showed a broad and intense absorption extending from 0.5 eV to 6 eV 

covering the UV-visible region to near IR. The observed shrink of the band gap compared to 

SrTiO3 was related to the appearance of defect centers across the gap [29]. Other group of 
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researcher has reported on the band gap of LaFe1-xTixO3 system, the experiments show an 

increase from 2.05 eV of 2.61 eV of the band gap values as the amount of Fe
3+

 decreases [30]. In 

another study, the control of the optical absorption of La1-xSrxFeO3 perovskite films by both 

heterovalent A-substitution and oxygen vacancies was reported. It is found that Sr substitution 

induces the formation of new states bellow the bottom of the conduction band which resulted in a 

redshift of the absorption [31]. Recently, La-Fe co-doped SrTiO3 system was studied as visible 

light photocatalysts. Different dopant concentration up to 5 wt %, were prepared, the samples 

showed a reduction of the optical band gap as the amount of the substitution increases from  

3.2 eV to 2.72 eV and a red shift of the absorption. This reduction was related to the formation of 

impurity energy levels, due to the doping and to the charge transfer transitions [32]. The intrinsic 

behavior and effect of the doping elements is not the only factor responsible for the shrink of the 

band gap, as it is stated by a group of researcher, the gapping in perovskite materials is also 

related to structural symmetry breaking such as octahedral titling and rotation [9].  

 The aim of this work is to study the effect of the structure and the composition on the 

optical band gap, as well as estimate the change occurred in both the conduction band minimum 

and the valence band maximum of their alignment with the redox potential. The co-substitution 

of SrTiO3 by rare earth and transition metals is carried out using the solid state reaction. La
3+

 and 

Fe
3+

 elements were the chosen candidates to synthesis the perovskites series Sr1-xLaxTi1-xFexO3, 

the doping elements amount ranges between 0≤x≤1. The choice of La
3+ 

lies behind the capability 

of increasing the surface area and the prevention of electron-hole recombination [33–37] while 

Fe
3+

 ions will create new energy levels and enhances the absorption in the visible light domain  

[37–39] which are desired characteristics for photocatalysts applications. The effect of the 

substitution on the structural formation, optical properties, the band gap and the 

conduction/valence bands edges was studied. 

IV.3.2. The UV-visible absorption performance 

 The Uv-vis diffuse reflectance (R%) spectra were collected between 200 nm and 800 nm 

at room temperature. The absorbance of the ceramics was expressed with the Kubelka-Munk 

function approximation F(R) using the following equation [40]:  

 

 
 

      

  
                                     . 
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The parameters K, S and R, are respectively the absorption coefficients, the scattering coefficient 

and the diffuse reflectance. Fig-IV.P2.1 shows the absorption bands of the synthesized samples. 

SrTiO3 sample presents two UV absorptions at 280 nm and 345 nm, these absorptions correspond 

to the inter-band transition between Ti(3d-teg) and O(2p) levels [41]. The effect of La, Fe-SrTiO3 

substitution is observed in the continual shift of the absorptions of about 23 nm from 280 nm to 

303 nm and of about 33 nm from 345 nm to 378. Moreover, a high intense broad visible light 

absorption bands appear at around 455 nm and 527 nm indicating the strong response to the 

visible light. The red-shift of the absorption bands as well as the appearance of new intense broad 

absorptions is related to several factor among which we site, the interaction of Ti(3d) orbitals and 

Fe(3d) orbitals and/or to the charge transfer transition between La
3+

 / Fe
3+

 [39]. The significant 

contribution of the substituting elements La
3+

 / Fe
3+ 

to create new energy levels is also possible, 

which results in new absorption bands [42]. Table-IV.P2.1 summarizes the main absorption 

peaks in the UV-visible light (250 nm ≤ λ ≤ 800).  

   

Fig-IV.P2.1: UV-vis Spectra of the series Sr1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1), showing the evolution of 

absorption coefficient (K-M function) in the range of wavelength between 250 and 800 nm.  
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Table-IV.P2.1. The main absorptions peak in the UV-visible light (250 nm ≤ λ ≤ 800 nm), and the 

calculated optical indirect allowed energy gap using Tauc's relationship of the series Sr(1-x)LaxTi(1-x)FexO3 

(0 ≤ x ≤ 1). 

 

IV.3.3. Band Gap values determination   

The optical band gap values Eg is estimated by McLean analysis of the absorption edge using the 

equation (2) [40]:   

               
                                 

Where             
 

 
   is the absorption coefficient, the constant “A” is the band tailing 

parameter. The “n” index depend to the inter-band transitions mechanisms; the possible values 

for the index n are equal to 1/2, 2, 3/2 or 3 and each denotes respectively direct allowed, indirect 

allowed, direct forbidden and indirect forbidden transitions types. The Eg values were derived by 

the extrapolation of the tangential line from high photon energy to zero F(R)  0. The type of 

inter-band transitions present in the samples corresponds to direct allowed transitions,  

Fig-IV.P2.2 shows the calculated optical band gap using tauc plot method at F(R)  0. The 

optical band gap of SrTiO3 and LaFeO3 were found to respectively be ~3.34 eV and ~2.19 eV, 

these results were close to the reported band gap in the literature [43]. The lowest optical band 

gap values obtained is equal to Eg= 2 eV. This value corresponds to the composition x = 0.8 and 

reflect the positive effect of the substitution on the optical property of perovskite materials.  

Composition UV light absorption (nm) 
visible light absorption 

(nm) 

Eg (Tauc plot) 

(eV) 

0 
280 ---- 

3.34 
345 ---- 

0.2 
303 428 

2.53 
355 ---- 

0.4 
303 431 

2.39 
366 518 

0.6 
303 429 

2.18 
378 523 

0.8 
309 455 

2.00 
372 526 

1 
372 455 

2.19 
---- 518 
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Fig-IV.P2.2: The kubelka-Munk function (F(R)hν)½ variation of the series Sr1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1). 
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 The evolution of the 

band gap as function of the 

composition “x” is shown in  

Fig-IV.P2.3. A continual 

decrease of the optical band 

gaps is observed for the new 

compositions in comparison the 

end members x=0 and x=1. The 

conduction band and the valence 

band consist of Ti(3d), Fe(3d) 

and O(2p) state respectively and 

under the effect of the distortion 

or the phase transitions, both states can overlap and mix [44]. The Figure Fig-IV.P2.4a presents 

the evolution of the volume and the band gap as function of the composition, the plot shows that 

the increase of the volume is followed by a decrease of the band gap, while the distortion 

variation shows no link to the band gap evolution as function of the composition as presented in 

Fig-IV.P2.4b. One other factor with a direct link to the energy level overlapping is shown in Fig-

IV.P2.4 (c, d). The two bond angles (Fe/Ti)-O1-(Fe/Ti) and (Fe/Ti)-O2-(Fe/Ti) continually 

deviate from their ideal value 180°, which is consistent with the transition from high symmetry to 

low symmetry systems. The continual deviation from 180° for (Fe/Ti)-O1-(Fe/Ti) is followed by 

a continual decrease in the band gap energy. Nevertheless, the evolution of the bond angle 

(Fe/Ti)-O2-(Fe/Ti) gives more insight on the effect of the structural parameters of the band gap 

evolution. It is demonstrated that as the amount the composition increases, the evolution of the 

bond angle and the band gap are in opposition. As shown in Fig-IV.P2.4d the further the bond 

angle deviates from 180°, the lower the band gap, which is in contradiction with the previously 

discussed results of Part I and literature [45]. Our investigations show that in this case of study 

and for the compositions 0.2 ≤ x ≤ 0.8, the interatomic distances <Fe/Ti-O> and <Sr/La-O> show 

similar behavior of their evolution as function of the composition. It is demonstrated that the 

band gap values decreases as the interatomic distances increases as presented in  

Fig-IV.P2.4 (e, f). These results open door for additional questions since they show no 

similarities to the previous results of part I. The shrink observed in the doped samples is also due 
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  Fig-IV.P2.3: The evolution of the optical band gap as function 

of the composition of the series Sr1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1). 
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to the new energy levels created in the middle of the conduction and valence band by La
3+

 and by 

Fe
3+

 above the valence band [42, 46]. We observe in this case that the composition effect is more 

presents that the structural effect in tuning the band gap values. Table-IV.P2.1 summarizes the 

type of transitions present in the samples, the optical band gaps and the absorption regions.  

 

Fig-IV.P2.4: The optical band gap dependence to the crystallographic parameters. The evolution of Eg vs 

the volume (a), the evolution of Eg vs the distortion degree (b), the evolution of Eg vs the bond angles 

Fe/Ti-O1-Fe/Ti (c) and Fe/Ti-O2-Fe/Ti (d), the evolution of Eg vs the interatomic distance <Sr/La-O>(e) 

and <Ti/Fe-O>(f). 

IV.3.4. Band gap edges estimation  

 The following empirical equation is used to estimate the edge of the conduction (CB) and 

the valence (VB) bands [32, 47].  
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                          (Eq. 3) 

                                (Eq. 4) 

The parameters ECB and EVB are respectively the conduction band and the valence band 

potentials. Eg represents the band gap of each composition which is calculated previously. Ee is 

equal to 4.5 and represents the energy of the free electrons vs hydrogen [32, 47].   is the 

electronegativity of semiconductions and can be calculated as following [32, 47]: 

                             
 

               (Eq. 5) 

Where a, b, c, d and e are the number of atoms in each composition and      is the 

electronegativity of each elements of the compound. Table-IV.P2.2. summarizes the calculated 

electronegativity, the conduction band edge and the valence band edge potentials. Fig-IV.P1.5 

shows a descriptive schema of the calculated CB and VB edge potentials. The results obtained 

are in good agreements with the previous discussion. The substitutions with La
3+

/Fe
3+

 has created 

new energy levels above the valence band and bellow the conduction band resulting in a shrink of 

the band gap.  

 Following the same interest of improving the photocatalytic characteristics of SrTiO3 for 

water splitting and the degradation of organic molecules, the following paragraph is a synthetic 

study of the co-substitution effect on the light absorption, the valence (VB) and the conduction 

(CB) bands shift. As shown in Fig-IV.P1.5, SrTiO3 conduction band edge is -0.84V lower than 

H
+
/H2 potential and thus SrTiO3 presents a strong reducing ability. The calculated CBM and 

VBM are close to the values reported in literature [47]. The Valence band edge is more positive 

compared to O2/H2O. These results prove that SrTiO3 satisfies the requirements of direct water 

splitting, but the fact that SrTiO3 is only active under the UV-light drove us to enhance the visible 

light activity of this material and investigate the influence of co-substitution. For the 

compositions x=0.2, x=0.4 and x=0.8 the CB maximum shifts downward by 0.52V, 0.57V and 

0.75V respectively. The VB maximum of x=0.2, x=0.4 and x=0.8 shifts upward by 0.43V and 

0.38V and 0.48V respectively. Both the photo-reduction and the photo-oxidation capacities are 

greatly improved. Additionally to their optical band gap ranging within efficient utilization of 

visible light, both compositions have satisfied the characteristics required. For the composition 

x=0.8, the VB maximum move upward up to 0.94V proving the great enhancement of the photo-
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oxidation, while the CB maximum shifts downward by 0.846V and lies at the oxidation level of 

water. The composition x=0.8 is to be expected as a photo-oxidation active material. Our results 

demonstrated that the co-substitution of SrTiO3 by La
3+

 / Fe
3+

 extend the absorption edge to the 

visible light and are expected to improve the photocatalytic activity of SrTiO3.  Fig-IV.P1.5 

shows a schematic representation of the valence band and conduction band maximum of pure and 

doped compositions and Table-IV.P2.2 summarizes the calculated values.   

 

Fig-IV.P1.5: Schematic representations of the calculated conduction band minimum and the valence band 

maximum for the perovskite series Sr1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1). 

Table-IV.P2.2. The calculated values of the absolute electronegativity, the band gap Eg, and the CB and 

VB potentials for the perovskites series Sr1-xLaxTi1-xFexO3 (0 ≤ x ≤ 1). 

Composition χ Eg ECB EVB 

0 5.318779965 3.34 -0.85122 2.48878 

0.2 5.362334185 2.39 -0.33267 2.057334 

0.4 5.40624506 2.39 -0.28875 2.101245 

0.6 5.450515511 2.11 -0.10448 2.005516 

0.8 5.495148482 2 -0.00485 1.995148 

1 5.540146942 2.19 -0.05485 2.135147 

 

IV.3.5. Conclusion  

 Red-shift of the absorption band was observed for the new compositions. The UV-vis 

results demonstrate that the co-substitution of SrTiO3 enhances their visible light absorption. As 
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the amount of the substitution increases, the absorption band of SrTiO3 expand to the visible light 

and new absorption band appear around 455 – 527nm.  

 The calculated band gaps are between 2.39 eV and 2eV and are within the range of 

efficient utilization of the visible light. In comparison with the results of part I, the band gap of 

this case study decreases with the increase of the volume. Additionally, the further the Ti/Fe-O1-

Ti/Fe and Ti/Fe-O2-Ti/Fe deviate from the ideal bond angle values 180° smaller band gap values 

are observed which is in contradiction with the results obtained in part I.  

 The composition had an impact on the position of the maximum of the valence band and 

the minimum of the conduction band. The upward shift of the valence band maximum VBM and 

the downward conduction band minimum CBM affect the performance of the materials. The 

photo-reduction and photo-oxidation ability of SrTiO3 has been greatly improved for the 

compositions 0.2 ≤ x ≤ 0.6, while we assume that the composition x=0.8 can only be photo-

oxidation active since the CBM lies at the oxidation level of water. These improvements of the 

optical properties are mainly due to the creation of new energy level leading to a shift of the 

conduction band and valence band edges. 

IV.4. Part III: Investigation of the composition and the structure effects on the optical 

properties of Ba1-xSrxTi1-xFexO3-δ perovskite system with 0 ≤ x ≤ 1   

IV.4.1. Introduction  

 The development of highly active photocatalyst semiconductors with broad light 

absorption of the visible light have been the topic of numerous studies. The wide band gaps of 

oxides photocatalysts prevent them from being active under the visible light. This limitation 

prevent their application under the sun light since the UV light constitute only 4% of the solar 

spectrum, additionally the use of artificial UV sources are costly and toxic. The wide band gap of 

oxides has a direct link to the bonding nature between the transition metals and oxygen. The 

works done to design semiconductors with narrow band gap consist mainly of doping the hosting 

structure with transition metals [48, 49]. Among the known semiconductors, perovskites oxides 

have proved their capability to be developed to meet the requirement of photocatalyst materials. 

Their structural flexibility gives rise to their hosting ability to different compositions and 

constituent, which provides the opportunity for tuning their physical properties. In the previous 
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parts, the band gap is seen to be dependent either to B-O interatomic distances between the B site 

elements and oxygen and/or to the bond angle B-O-B. The contribution to the shift of the 

conduction band and the valence band is mainly done by the B-site element orbitals and the 

O(2p) of oxygen. Moreover, we have demonstrated that the co-doping strongly influences the 

visible light response. The co-substitution of BaTiO3 by La
3+

 in A-sites and Fe
3+

 in B-sites has 

induced a red shift of the UV light absorption while new absorptions peaks appeared in the 

visible domain. A shrink in the optical band gap was observed.  

 In this part we report the effect of the substitution of BaTiO3 by Sr
2+

 in the A-site and Fe
3+

 

in the B-sites on the structural and physical properties. The effect of the substitution on the 

optical response, the band gap and the conduction band and valence band edges are 

systematically studied. 

IV.4.2. The UV-visible absorption performance  

 Reported experimental optical band gap of BaTiO3 and SrFeO2.5 are, respectively,  ~3.17 

eV and ~1.66 eV [17, 37]. It is known that the UV-Vis absorption bands of transition metals 

correspond mainly of charge transfer and/or electronic d-d transitions [50]. To study the effect of 

the substitution on the optical properties and the transition mechanisms, diffuse reflectance 

spectra were recorded at room temperature as shown in Fig-IV.P3.1. The spectra were recorded 

in the range of 250-800 nm. For the spectra analysis, the kubelka munk function theory was used 

as an approximate method to plot the UV-Vis absorption of the ceramics as follow:  

 

 
 

      

  
                                     . 

Where, K, S and R, represent respectively the absorption coefficients, the scattering coefficient 

and the diffuse reflectance.           , is the kubelka munk function representing the 

absorption coefficient in Fig-IV.P3.1. BaTiO3 shows one absorption at around 352 nm 

corresponding to transitions between Ti(3d-teg) and O(2p) energy levels as seen in Fig-IV.P3.1a. 

SrFeO2.5 in Fig-IV.P3.1c shows intense and broad absorption at 367 nm due to charge transfer 

between O2p non-bonding orbitals and the lowest empty orbital (2t2g) and 731 nm corresponding 

to the spin forbidden ligand field transitions [37, 41, 51].  
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Fig-IV.P3.1: UV-vis Spectra of the series Ba1-xSrxTi1-xFexO3-δ (0 ≤ x ≤ 1), showing the evolution of 

absorption coefficient (K-M function) in the range of wavelength between 250 and 800 nm. The evolution 

of the absorption coefficient for the sample with x=0 (a), the samples with (0.2 ≤ x ≤ 0.8) (b) and for the 

samples with x = 1 (c). 

 As the amount of the substitution increases, the UV absorption peak observed for BaTiO3 

shifts toward the visible light. Both composition x=0.2 and x=0.4 adopt the tetragonal structure 

and show very broad and intense absorption band as shown in Fig-IV.P3.1b. The width of this 

band is estimated to be higher than 314 nm as presented in Fig-IV.P3.1b. Above 40% of the 

substitution amount, the system undergoes a phase transition to cubic structure. We observed that 

the samples with composition x=0.6 and x=0.8 show similar absorption peaks for SrFeO3-δ  

(Fig-IV.P3.1c). The obtained UV-vis results show the effect of the substitution on the 

enhancement of the visible light absorption, while the structure variation gives an insight about 

the effect of symmetry on the behavior of the materials under UV-Vis excitation.  

IV.4.3. Band Gap values determination 

The optical band gap and the type of transition are determined according to the analysis method 

of McLean of the absorption edge using the equation (2):   

                
                  

Where, the coefficient “A” is the band tailing parameter, an energy independent parameter. The 

“n” index depends on the inter-band transitions mechanisms type; the possible values are equal to 

1/2, 3/2, 2, or 3 each corresponds respectively to direct allowed, direct forbidden, indirect 

allowed and indirect forbidden transitions types. The final plots of           versus    are 
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presented in Fig-IV.P3.2; the range of the absorption edge gives a straight line. The optical band 

gaps is estimated using tauc plot method by extrapolating the slope from high photon energy to 

zero F(R)  0 as presented in Fig-IV.P3.2. The samples show direct band gap transition type. 

The extrapolated band gaps are presented in Table-IV.P3.1.  
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Fig-IV.P3.2: The kubelka-Munk function (F(R)hν)½ variation of the series Ba1-xSrxTi1-xFexO3-δ (0 ≤ x ≤ 1). 
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Table-IV.P3.1. The main absorptions peak in the UV-visible light (250 nm ≤ λ ≤ 800 nm), and the 

calculated optical indirect allowed energy gap using Tauc's relationship of the series Ba1-xSrxTi1-xFexO3-δ 

(0 ≤ x ≤ 1). 

 

 Fig-IV.P3.3 shows the variation of Eg versus the substitution amount „x‟; a decrease in 

the optical band gap values is observed varying between 1.90 eV and 0.95 eV. In this case of 

study, a continual decrease is observed for the compositions between 0 ≤ x ≤ 0.4 with P4/mmm; 

at the transition point from the tetragonal to cubic system, the band gap showed an increasing 

behavior as function of the composition between 0.6 ≤ x ≤ 0.8. The observed variation of the 

band gap was systematically linked 

to the variation of the structural 

parameters. Fig-IV.P3.4a shows a 

close to linear behavior of the unit 

cell volume evolution, in this case, 

it is seen that the band gap is 

independently evolving with regards 

to the unit cell volume.  The 

increase of the distortion degree is 

followed by an increase of the band 

gap value as shown in Fig-

IV.P3.4b. The parameter of the bond angle is shown in Fig-IV.P3.4 (c, d) Both Ti/Fe-O1-Ti/Fe 

and Ti/Fe-O2-Ti/Fe are equal to 180°, nevertheless the band gap evolution shows no dependency 

or link to the mentioned parameter. On the other hand, the evolution of the interatomic distances 
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Fig-IV.P3.3: The evolution of the optical band gap as 

function of the composition of the series Ba1-xSrxTi1-xFexO3-δ 

(0 ≤ x ≤ 1). 
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gives insight on the evolution dependency of the band gap values. The Fig-IV.P3.4 (e, f) 

demonstrate that both interatomic distances behave similarly as function of the composition; 

besides it is observed that for high <Ba/Sr-O> and <Ti/Fe-O> distances, lower band gap values 

are obtained. Above the transition point, a continual decrease of the two distances <Ba/Sr-O> and 

<Ti/Fe-O> is observed, which is followed by an increase of the optical band gap. These results 

demonstrate that the band gap is sensitive to the amount of the substitution and the interatomic 

distances.  

 

Fig-IV.P3.4: The optical band gap dependence to the crystallographic parameters. The evolution of Eg vs 

the volume (a), the evolution of Eg vs the distortion degree (b), the evolution of Eg vs the bond angles 

Fe/Ti-O1-Fe/Ti (c) and Fe/Ti-O2-Fe/Ti (d), the evolution of Eg vs the interatomic distance <Ba/Sr-O> (e) 

and <Ti/Fe-O> (f). 
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IV.4.4. Band Gap edges estimation  

 The conduction band and the valence band edges were calculated using the empirical 

equation: 

                          (Eq. 3) 

                                (Eq. 4) 

Where ECB, EVB and Eg are the conduction band potential, the valence band potential and the 

calculated band gap, respectively. Ee is equal to 4.5 and represents the energy of the free 

electrons vs hydrogen.   is the absolute electronegativity of semiconductors and can be 

calculated by: 

                             
 

              (Eq. 5) 

The parameters a, b, c, d and e are the number of atoms in each composition and   is the absolute 

electronegativity of each element of the compound. Table-IV.P3.2 summarizes the calculated 

electronegativity, the conduction band edge and the valence band edge potentials. Fig-IV.P3.5 

shows a descriptive scheme 

of the calculated CB and 

VB edge potentials. A shift 

of the CBM and VBM is 

observed for all the new 

prepared compositions. The 

substitution Sr
2+

 and Fe
3+ 

by 

Sr
2+

 and Fe
3+

 as well as the 

oxygen vacancies have 

contributed to the creation 

of new energy levels above 

the valence band and the 

bellow the conduction band 

which explains the small band gap reported earlier. Additionally to the new energy level created 

by the substitution with new elements in the A-site and the B-site, the oxygen vacancies create in-
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Fig-IV.P3.5: Schematic representations of the calculated conduction 

band minimum and the valence band maximum for the perovskite series 

Ba1-xSrxTi1-xFexO3-δ (0 ≤ x ≤ 1). 
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gap donor states that reduce the gap and induce a shift of the conduction band minimum and the 

valence band maximum [52]. The Prepared samples were successfully designed to be visible light 

absorber materials with low band gap. Yet, it was stated that the overall water splitting reaction 

and the photocatalytic activities are strongly dependent to the position of the CBM and the VBM. 

Fig-IV.P3.5 describes the estimated CB and VB edges. For the composition x=0.2, the CBM 

shifts downward by 0.68 V, while the VBM shift upward by 0.6 V. These results indicate that 

both the photo-reduction and photo-oxidation capacities have greatly been improved and the 

material is expected to be active with a strong visible light absorption. It is noticed that the 

position of the VBM and CBM have an ideal level for the overall water splitting reaction. The 

compositions between 0.4 ≤ x ≤ 0.6, present deep conduction band and are located at potential 

under the reduction potential of H
+
 to H

2
. The VB maximums are at suitable positions and are 

located at potential more positive than the oxidation potential of H2O to O2. For the composition 

x=0.8, the CBM shift downward and lies at the reduction potential position, while upward shift of 

the VBM is observed of about 0.44V. Among the presented materials of the solid solution Ba1-

xSrxTi1-xFexO3-δ (0 ≤ x ≤ 1), the most affected materials are the compositions between 0.4 ≤ x ≤ 

0.6. While the composition x=0.8 and x=0.2 show promising characteristic for water splitting and 

photocatalysts.  

Table-IV.P3.2. The calculated values of the absolute electronegativity, the band gap Eg, and the CB and 

VB potentials for the perovskites series Ba1-xSrxTi1-xFexO3-δ (0 ≤ x ≤ 1). 

Composition   Eg ECB EVB 

0 5.244607848 3.18 -0.84539 2.334608 

0.2 5.291770654 --- --- --- 

0.4 5.339357577 1.38 0.149358 1.529358 

0.6 5.387372431 1.61 0.082372 1.692372 

0.8 5.435819065 2.33 -0.22918 2.100819 

1 5.484701362 2.46 -0.2453 2.214701 

 

IV.4.5. Conclusion  

 The UV-vis results revealed the enhancement of the visible light absorption of the 

designed composition. The compositions with tetragonal structure showed a shift of the BaTiO3 
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absorption band and an expansion equal to ⁓ 314 nm, where the compositions with cubic 

structure showed similarities to the absorption spectra of SrFeO2.5.  

 A shrink of the optical band gap up to 0.95 eV was induced. Independency of the band 

gap evolution with regards to the variation of the volume and the bond angles is observed in this 

case of study. The variation of the band gap showed two different behaviors depending on the 

symmetry, a decrease of the band gap is observed for the tetragonal structure, and at the transition 

point an increasing behavior of the band gap is noticed. However, the evolution of the band gap 

was linked to the variation of the interatomic distances <Ba/Sr-O> and <Ti/Fe-O>. A decrease of 

the band gap values is observed for larger interatomic distances, above the transition point a 

continual decrease of this distances is followed by the increasing of the band gap.    

 The CBM and VBM were calculated and the shift of both bands was observed. These 

results were related to the creation of new energy levels by the substation at A-site and B-site, to 

count as well the contribution of the oxygen vacancies. For the tetragonal compositions, the 

results indicate that both the photo-reduction and photo-oxidation capacities have greatly been 

improved since the position of the VBM and CBM have an ideal level for the overall water 

splitting reaction and the material is expected to be active with a strong visible light absorption. 

Moreover, the compositions between 0.4 ≤ x ≤ 0.6, present deep conduction band and are located 

at potential under the reduction potential of H
+
 to H

2
. The VB maximums are at suitable positions 

and are located at potential more positive than the oxidation potential of H2O to O2. For the 

composition x=0.8, the CBM shift downward and lies at the reduction potential position, while 

upward shift of the VBM is observed of about 0.44V. 
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IV.5. Chapter conclusion   

 The optical absorption in the UV-visible light of the three solid solutions labeled as 

BLTF, SLTF and BSTF was tested. The effect of the composition on the absorption and the 

evolution of the optical band gap are investigated. The results show that all the prepared samples 

show a red shift of the absorption band with good absorption performances under the UV and the 

visible light. This enhancement of the absorption is due to the shrink observed of the band gap as 

function of the composition.  

 The dependency of optical properties to the structural parameters is established. The 

different structural parameters used to understand the dependency of the opening of the band gap 

are the volume, the bond angles Ti/Fe-O1-Ti/Fe and Ti/Fe-O2-Ti/Fe, and the interatomic distances 

B-O and A-O. From the three cases, the band gap behavior in regards with the volume changed 

from a case to another, meaning that the volume does not constitute a critical parameter for the 

opening mechanism of the band gap. Knowing that the band gap in perovskites is mainly formed 

by the 2p (O2) and 3d level of transition metals at the B-site, we studied the dependency of the 

band gap variation to the bond angles Ti/Fe-O1-Ti/Fe and Ti/Fe-O2-Ti/Fe. The behavior of the 

band gap took different trends depending on the case, and no specific behavior was observed. 

However, the band gap evolution showed that the interatomic distance affect more the values of 

the band gap, larger values of <Ba/Sr-O> and <Ti/Fe-O> reflects lower values of the band gap. 

This was observed for the case of BSTF and SLTF solid solutions, for the solid solution BLTF, 

lower values of the optical band gap were only observed for large <Ti/Fe-O> distances.  

 The effect of the composition on the band gap is reflected by an upward shift of the 

valence band maximum VBM and the downward conduction band minimum CBM affecting the 

performance of the materials. These improvements of the optical properties are mainly due to the 

new energy level created by the substituting elements.  
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V.1. Introduction 

 The majority of perovskite oxide materials are known as dielectric materials, this chapter 

shows to which extent the composition enhances or suppress this property. We study in this 

chapter the dielectric and electric properties of the three solid solutions BLTF, SLTF, and BSTF. 

The study is conducted under room and high temperature (290 – 390°C) at high, medium and low 

frequency (10Hz – 1MHz).    

 The dielectric properties in general depend strongly on the morphology of the material 

and on the composition. However, in this work, the objective is to study the effect of the 

composition, frequency, symmetry and temperature on the active region of the materials that 

participate in the transport mechanisms of charge carrier.  

 Part I – Chapter V presents the Impedance spectroscopy results: the dielectric and 

electrical properties of Ba1-xLaxTi1-xFexO3 perovskite system with the substitution amount varies 

between 0 ≤ x ≤ 1. The dielectric properties namely, the relative dielectric constant and the 

tangent loss are presented at various frequencies under the effect of temperature  

(    /        vs T (°C)). The Nyquist plots known as Cole-Cole plots are systematically studied 

as function of the composition and temperature; the results reveals the active region such as the 

grain and the grain boundaries that participates in the conductivity as it also defines most 

resistive part of the material. The Nyquist plots are fitted to equivalent circuits combined of a 

resistance and impedance (RC or two RC connected in series), the shape of the plots gives insight 

on the homogeneity of the materials.  

 Part II – Chapter V presents the Impedance spectroscopy results: the dielectric and 

electrical properties of Sr1-xLaxTi1-xFexO3 perovskite system with the substitution amount varies 

between 0 ≤ x ≤ 1. The dielectric properties namely, the relative dielectric constant and the 

tangent loss are presented at various frequencies under the effect of temperature  

(    /        vs T (°C)). The Nyquist plots known as Cole-Cole plots are systematically studied 

as function of the composition and temperature, the results reveals the active region as the grain 

and the grain boundaries that participates in the conductivity as it also defines most resistive part 

of the material. The Nyquist plots are fitted to equivalent circuits combined of a resistance and 
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impedance (RC or two RC connected in series), the shape the plots gives insight on the 

homogeneity of the materials. 

 Part III – Chapter V presents the Impedance spectroscopy results: the dielectric and 

electrical properties of Ba1-xSrxTi1-xFexO3-δ perovskite system with the substitution amount varies 

between 0 ≤ x ≤ 1. The dielectric properties namely, the relative dielectric constant and the 

tangent loss are presented at various frequencies under the effect of temperature  

(    /        vs T (°C)). Additionally, the effect of the oxygen vacancies on the various studied 

parameters is emphasized. The Nyquist plots known as Cole-Cole plots are systematically studied 

as function of the composition and temperature, the results reveals the active region as the grain 

and the grain boundaries that participates in the conductivity as it also defines most resistive part 

of the material. The Nyquist plots are fitted to equivalent circuits combined of a resistance and 

impedance (RC or two RC connected in series), the shape the plots gives insight on the 

homogeneity of the materials.  
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V.2. Part I: The study of the dielectric and electric properties of the perovskite series  

Ba1-xLaxTi1-xFexO3 with 0 ≤ x ≤ 1 at room and high temperature in a wide range of 

frequency 

V.2.1. Introduction  

 The dielectric features of perovskites are due to the electric force originated from the 

attraction and the repulsion of electric charges [1].  Barium Titanate is a ferroelectric material 

bellow curie temperature (120 – 130 °C), and electric insulator at room temperature [2]. The 

dielectric and ferroelectric properties are related to the crystalline structure i.e. the size of 

particles. Z. Zhao et al. [2], studied the variation of the dielectric constant as function of the grain 

size, the group reported a shift of the temperature of transition from 120°C to around 100° as the 

particle size decreases from 1200 nm to 300 nm, they also observed that the peak of transition 

broaden with the decrease of the particle size. Additionally, a decrease of the εmax is observed 

from 5000 at 1200 nm to 1000 for 50 nm where no phase transition was reported [2]. Another 

factor that influences the dielectric permittivity of BaTiO3, and it is the insertion of foreign 

element that can reduces the resistivity of the material and lead to semiconducting features.  

Masum B. et al. [3] reported the effect of the composition on the electrical properties of Barium 

Titanate doped Lanthanum. The effect of the composition results in a shift of the transition 

temperature Tc to lower temperatures and a broadening of the transition peak as La
3+

 content 

increases. Similar behavior is reported by Z. Zhao et al. [2], a value as high as 12700 of the 

dielectric constant is obtained for grain size range between 0.85 – 1.3 μm unlike the samples with 

0.3 and 0.6 mole % which show lower dielectric constant with grain size ranging between 0.75 

and 1.2 μm [3].  M.M Vijatovic Petrovic et al. [4] studied the same series of lanthanum doped 

Barium Titanate with the same doping content of 0.3 and 0.5 mole%, the series however, was 

prepared using the modified Pechini process. The results confirm that lanthanum reduces the 

grain size from 2.5 μm for BT to 0.8 and 0.3 μm; the origin of the transition temperature found in 

various studies is reported to be due to the effect of lanthanum on the grain size, since Tc is 

connected with the grain size [4].  Co-doping of BaTiO3 by La
3+

 and Ti
4+

 was reported by 

H.chaabane et al. [5] and Sushrisangita et al. [6], for different concentrations. H.chaabane et al. 

[5] results shows that all the samples with the substitution amount ranging from 0 to 0.15, show 

high dielectric constant of 7000 at 1kHz and a shift to lower temperature of the transition 
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temperature Tc is observed; moreover, the material’s ferroelectricity was observed of classical 

type and at 0.1 of the substitution amount Relaxor ferroelectric features start to appear [5]. For 

larger amount of substitution 0 ≤ x ≤ 0.5, Sushrisangita et al. [6] reported lower dielectric values 

in comparison with H.chaabane et al.; the highest dielectric constant was obtained for 0.3 at 1kKz 

equal to 6000, and the lowest dielectric values  was shown for x=0.2 with 600 at 1 kHz. 

Additionally a shift to lower temperatures for the transitions related with BaTiO3 is observed; 

Sushrisangita et al. [6] also reported the multiple phase transitions associated with the magnetic 

transitions of LaFeO3 at 190°C, 270°C and 350°C. The transition related to Maxwell-wagner at 

the grain boundary is also reported by Y. Qiu et al. [7]; the highest dielectric constant of about  

6 x 10
6
 is observed for particles size of 150 nm and a decrease with the decrease of the particles 

size and as function of frequency. It is found that the resistance of the grain boundaries is much 

larger than that of the grains which makes LaFeO3 a boundary-layer capacitor with conducting 

grains and resistive grain boundaries.  

 In this part, the BLTF solid solution was prepared by solid state reaction in wider amount 

of substitution between 0 ≤ x ≤ 1. The aim is to complete the reported studies of BLTF 

perovskites series, and give in-depth studies on the effect of the substitution on the morphology 

which affect strongly the dielectric and electric properties of the materials. Additionally we aim 

to understand the effect of the composition on the activation of the grain and grain boundaries 

and their contribution to the conductivity, as we aim to confirm the observed transition of LaFeO3 

in the solid solution.  

V.2.2. Frequency and temperature dependent of the relative permittivity & tangent loss 

 The solid solution labeled as BLTF is prepared to meet the requirement of 

semiconductors, thus investigating the persistence of dielectric feature is conducted. The 

dielectric measurements were conducted for the compositions x = 0.25, 0.3, 0.5, 0.6, 0.8 and 0.9. 

To illustrate the effect of the composition and the structure on the dielectric properties, the choice 

of the compositions was based on the symmetry.  

 BaTiO3 is known to show high dielectric constant, The anomalies observed in general in 

the temperature dependent of the dielectric permittivity of BaTiO3 have been reported at 20°C 

and 120°C corresponding respectively to the structural phase transitions: orthorhombic to 
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tetragonal and tetragonal to cubic symmetry [6]. Besides and according to literature, in the 

orthoferrite AFeO3 (A = La, Sm, Gd, etc.), the exchange interaction between Fe
3+

  Fe
3+

 is 

dominant in the temperature range between 150 – 250°C, thus Gaussian peak appears [6–10]. 

LaFeO3 is reported as multiferroic materials with a curie temperature detected at around 200°C 

[11].   

 Fig-V.P1. (1, 2, and 3) display the relative dielectric constant εr and the dielectric loss 

tan(δ) as function of the temperature at various frequencies for the compositions x = 0.25, 0.3, 

0.5, 0.6, 0.8 and 0.9. A decrease of the dielectric constant with increasing the frequency is 

observed for all the compositions, this behavior is common for dielectric materials due to the 

various polarization mechanisms. Different responses of the relative dielectric constant as 

function of the composition and temperature are observed. The composition x = 0.25 shows a 

peak at around 250°C then an increase of the relative dielectric constant as function of 

temperature is observed above 350°C (Fig-V.P1.1a). The composition x = 0.3 shows a peak at 

110°C after which an increase of the relative dielectric constant increases with temperature 

starting 250°C (Fig-V.P1.2a). The compositions x = 0.25 and x = 0.3 adopt the tetragonal 

structure with P4/mmm and Cubic with Pm-3m respectively, thus, the peaks observed at 110°C 

for x = 0.3 is not related to the transition tetragonal ferroelectric phase to cubic paraelectric. The 

compositions with Fe
3+

 exceeding the quantity of Ti
4+

 in the B-sites, (i.e., x = 0.5, 0.6, 0.8 and 

0.9) tend to show large anomalies at around 160°C, 190°C, 189°C and 150°C.  The increasing 

behavior of the dielectric constant at high temperature is also observed. The compositions 

crystallizes under the cubic and orthorhombic system for x = 0.5, 0.6 and x = 0.8, 09 respectively. 

Due the increased amount of Fe
3+

 in the B-sites, the peaks observed are assigned to the exchange 

interaction between Fe
3+

  Fe
3+

 as reported by Sushrisangita et al. [6].  Sushrisangita et al. [6] 

have reported that the polarization mechanism for the compositions x=0.0 to 0.3 is due to only 

bulk/grain.  However, for the compositions x=0.4 and 0.5, the associated mechanism for the 

observed peak at around 190°C is that of Mawxell-Wagner. Similar results were found for 

GdFeO3 and SmFeO3 at 145 and 180°C. Fig-V.P1.2 shows the dielectric constant at high 

frequencies for the compositions x=0.3, 0.5 and 0.6. The peak observed at around 150-190°C at 

low frequencies tend to fade with increasing the frequency, thus as in the reported case, the 

mechanism responsible is Maxwell-Wagner since it is only effective at low frequencies <10 kHz. 
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The mechanisms of polarization within the material under the effect of the applied field involve 

some dielectric loss tan(δ) as shown in Fig-V.P1. (1, 2, and 3). The dielectric loss accompanies 

the time varying field and the variation of the relative dielectric loss, thus at higher frequencies 

the materials tend to show low dielectric loss due to some inactive polarization mechanisms. The 

dielectric loss and the dielectric constant show an increase at high temperature. In term of 

composition we can observe that the highest dielectric value was observed for the composition  

x = 0.6 equal to 8000 at (10 Hz; 200°C) and it decreases with frequency; on the other hand the 

dielectric loss increases as function of the composition to reach values between 60 and 100 for 

the compositions x = 0.8 and 0.9.  
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Fig-V.P1.1: Thermal variation of dielectric permittivity (a), and dielectric losses (b) for  

Ba1-xLaxTi1-xFexO3 (x = 0.2; Tetragonal SG P4/mmm) at high, medium and low frequency (1Hz – 1MHz).  
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Fig-V.P1.2: Thermal variation of dielectric permittivity and dielectric losses for Ba1-xLaxTi1-xFexO3 

(x = 0.3, 0.5 and 0.6; Cubic SG Pm-3m) at high, medium and low frequency (1Hz – 1MHz).  
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(b) x = 0.8

 

0 50 100 150 200 250 300 350 400

0

9

18

27

36

45

 10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZ


' r

T (°C)

(c) x = 0.9

0 50 100 150 200 250 300 350 400

0

10

20

30

40

50

60
 10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZta
n

 

T (°C)

x = 0.9(d)

 

Fig-V.P1.3: Thermal variation of dielectric permittivity and dielectric losses for Ba1-xLaxTi1-xFexO3  

(x = 0.8 and 0.9; Orthorhombic SG Pnma/Pbnm) at high, medium and low frequency (1Hz – 1MHz).  

V.2.3. Analysis of Nyquist plots: Conductivity at room and high temperature  

V.2.3.1. Fitting of Nyquist plots and determination of equivalent circuit  

 The impedance spectroscopy provides information about the electrical properties of the 

materials, and gives handful insights on the dependency of the transport properties of the charge 

carriers on the microstructural properties. Fig-V.P1.4 shows the Cole-Cole or the Nyquist plots 

of the compositions x = 0.25, 0.3, 0.5, 0.6, 0.8, and 0.9 at room temperature. The effect of the 
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composition on the electrical properties 

is clear as the material’s resistance 

decreases; however, in low, medium, 

and high frequency and according to the 

incomplete semi-circles observed, the 

region active is that of the grains. The 

equivalent circuit found using Zview 

consists of a parallel RC circuit and 

which describes the bulk active region at 

room temperature. The compositions 

x=0.25, 0.3, and 0.6 shows a grain 

resistance in the order of 2.620 10
11

, 

2.180*10
11

, and 1.258 10
11

 Ω, whereas 

the compositions x= 0.5, 0.8, 0.9 show 

lower resistance in the order of 6.732 

10
8
, 5.900 10

9
, 8.310 10

10
 Ω. The single 

incomplete semicircle shows that the conductivity of these materials is very low at room 

temperature, and the contribution of the grains is low whereas the grain boundary does not 

participate in the transport mechanisms of charge carrier.  

 The Fig-V.P1.5 presents the Nyquist plots of the compositions x = 0.25 and x = 0.3 at 

high temperatures, the experimental data shows an incomplete semicircles up to 350°C indicating 

the sole contribution of the grain, however a decrease in the resistance of the material is observed 

and presented in Table-V.P1.1; under the effect of the temperature the resistance of the grain 

region decreases from 3.980 x 10
9
 at 290°C up to 9.009 x 10

6
 Ω for the composition x=0.25, the 

same observation for the composition x=0.3, there is a decrease of the resistance under the effect 

of the temperature from 1.128 x 10
9
 to 9.932 x 10

6
 Ω. The single semicircle shows that the 

contribution of the grains is low whereas the grain boundary the grain boundaries are short 

circuited and thus the second semicircle doesn’t appear due to the blocked ions in the grains 

which shows in the complex impedance the contribution of the grains only. However, above 

370°C the samples under the effect of temperature are active in two regions, the grain and the 

grain boundaries and the grain boundaries resistance. The experimental results were fitted using 
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Fig-V.P1.4: Nyquist/Cole-Cole plots recorded at Room 

Temperature for Ba1-xLaxTi1-xFexO3 (x = 0.25, 0.3, 0.5, 

0.6, 0.8, and 0.9) and the suitable equivalent circuit 

model. 
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the circuit RC-RQC connected in series representing the active region of the grain corresponding 

to RC and the grain boundaries with RQC. The experimental results and the fitting model are 

presented in inset of Fig-V.P1.5, the results shows the resistance of the grain boundaries is in the 

order of 10
7
 Ω which is higher than that of the grain as deduced from the higher radius of the 

semicircles presenting the grain boundaries.  
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Fig-V.P1.5: Nyquist/Cole-Cole plots recorded at High Temperature for Ba1-xLaxTi1-xFexO3 (x = 0.25, and 

0.3) and the suitable equivalent circuit model. 
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 The Nyquist plots are shown in high temperatures from 290°C to 390°C in a wide range 

of frequency. For the compositions x = 0.5, 0.6, 0.8, and 0.9, the complex impedance fitting 

models matched two semicircles representing the contribution of grains and grain boundaries. 

The values of the grain and grain boundaries resistance in these samples are of the same 

amplitude however different behaviors are seen from the fitting results. For example the 

composition x = 0.5 the resistance of the two region increases from the order of 10
6
 to 10

7
 Ω for 

temperature between 310 and 350°C and then decreases, additionally the grain resistance seem to 

be slightly higher than the grain boundaries resistance. For the composition x = 0.6 the 

resistances of the two regions are of the same magnitude and decreases with temperature up to 

4.7 x 10
5 

Ω. The complex impedance results of composition x = 0.8 shows that the grain 

boundaries resistance becomes higher; however Rg and Rgb are of same magnitude giving one 

semicircle arc. At the composition x = 0.9 we observe an increase of the resistance up to 4.8 x 10
8 

Ω at 290°C and decreases with temperature, the results are summarized in Table-V.P1.1. The 

varieties of behaviors are related to the morphology of the samples. The depressed semicircles 

obtained demonstrate the inhomogeneity of the samples, the same magnitude of resistances 

obtained shows that the grain and the grain boundary equally contribute to the transport 

mechanism of charge carrier in the samples.   
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Fig-V.P1.6: Nyquist/Cole-Cole plots recorded at High Temperature for Ba1-xLaxTi1-xFexO3 (x = 0.5, 0.6, 

0.8 and 0.9) and the suitable equivalent circuit model. 

Table-V.P1.1. Different impedance circuits fitted parameters for BLTF compositions at different high 

temperatures. 

 x=0.25 x=0.3 x=0.5 x=0.6 x=0.8 x=0.9 

290 

Rg (Ω) 3.980E+9 1.128E+9 7.958E6 9.488E6 3.402E6 4.899E+8 

CPEg 

(Ω) 

9.965E-12 9.165E-12 9.900E-11 9.900E-11 9.990E-12   9.980E-

12 

Rgb (Ω)   4.18E6 9.428E6 4.2899E6 4.270E+8 

CPEgb 

(Ω) 

  9.900E-11 9.300E-11 9.190E-11 4.280E-

11 

310 

Rg (Ω) 2.700E+9 4.680E+8 7.88E7 5.288E6 2.802E6 2.690E+8 

CPEg 

(Ω) 

9.965E-12 9.165E-11 9.900E-12 9.900E-11 9.990E-12 9.980E-

12 

Rgb (Ω)   2.5E7 5.428E6 3.2899E6 2.770E+8 

CPEgb 

(Ω) 

  9.900E-11 9.500E-11 9.190E-11 3.980E-

11 

330 

Rg (Ω) 2.300E+9 1.980E+8 4.58E7 2.58E6 1.902E6 1.790E+8 

CPEg 

(Ω) 

9.965E-12 9.965E-12 9.900E-11 9.900E-11 9.190E-11 9.980E-

12 

Rgb (Ω)   1.8E7 3.128E6 2.9599E6 9.97E7 

CPEgb 

(Ω) 

  9.900E-11 9.500E-11 6.890E-11 9.980E-

11 

350 / 

370 

Rg (Ω) 1.7009E6 9.98E7 2.58E7 1.81E6 1.502E6 6.199E7 

CPEg 

(Ω) 

7.688E-9 9.965E-12 9.900E-11 9.900E-11 6.090E-11 9.980E-

12 

Rgb (Ω) 2.7219E7  1.18E7 1.27E6 2.086E6 7.187E7 
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CPEgb 

(Ω) 

6.179E-8  9.900E-11 9.500E-11 2.690E-11 7.187E7 

390 

Rg (Ω) 9.0092E6 9.932E6 7.958E6 471000 530200 1.4349E7 

CPEg 

(Ω) 

9.998E-10 9.998E-11 9.900E-11 9.600E-11 9.190E-11 9.990E-

12 

Rgb (Ω) 1.091E7 1.89E7 4.18E6 497000 1.086E6 2.0187E7 

CPEgb 

(Ω) 

8.199E-9 9.990E-11 9.900E-11 9.800E-11 5.190E-11 8.180E-

11 

V.2.3.2. Conductivity evolution as function of temperature and composition  

 Fig-V.P1.7 shows the evolution of the total conductivity (ζDC) BLTF ceramics with  

x= 0.25, 0.3, 0.5, 0.6, 0.8, and 0.9 calculated using the following equation:  

      
 

(      )  
     (Eq. 1) 

Where S is the area of the sintered pellets, e is the thickness, Rg and Rgb are the grain and grain 

boundaries resistances respectively; Rg and Rgb value are obtained from the fit the Nyquist plots 

experimental data to the equivalent circuits.  
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Fig-V.P1.7: Thermal variation of DC electrical conductivity of Ba1-xLaxTi1-xFexO3 (x = 0.25, 0.3, 0.5, 0.6, 

0.8 and 0.9) compounds. 

 As function of temperature, the conductivity increases, and this is observed for all the 

samples; and exception for the composition with x = 0.5 is observed, the conductivity shows a 
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drop at temperatures between 300 and 310 °C, above which is shows close to linear increase. The 

effect of increasing temperature reduces the encountered barriers for the transport of the charge 

carriers by the thermal activation. As function of the compositions, we can observe that the 

insertion of La
3+

 and Fe
3+

 in BaTiO3 enhances the conductivity.  

V.2.4. Conclusion  

  The effect of the composition on the dielectric and electric properties in the BLTF system 

for the compositions x = 0.25, 0.3, 0.5, 0.6, 0.8 and 0.9, was investigated and reported. The 

dielectric and electric properties were studied in a wide range of temperature at various 

frequencies ranging from high, medium to low.  

 The results of the thermal variation of the dielectric constant illustrate the effect of the 

composition and temperature on the variation of the dielectric constant and dielectric loss. The 

incorporation of La
3+

 and Fe
3+

 in BaTiO3 has induced a reduction of the dielectric constant and 

low dielectric loss for the compositions lower than x ≤ 0.3; however an increase of the mentioned 

characteristics is observed at temperatures higher than 350°C. Additionally, two peaks were 

observed for x = 0.25 at 250°C related to the and at 110°C for x = 0.3. As the amount of the 

substitution increases, the thermal variation of the dielectric constant increases and shows broad 

peaks for the compositions (x = 0.5, 0.6, 0.8 and 0.9) at around 160°C, 190°C, 189°C and 150°C 

respectively. It is deduced that as the amount of Fe
3+

 exceeding that of Ti
4+

 in the B-sites, the 

exchange interaction between Fe
3+

  Fe
3+

 becomes stronger and contributes to the increase of 

the dielectric constant value, the highest value reached is equal to 8000 for the composition  

x = 0.9 at 10 Hz. The samples show low dielectric loss which increases at high temperature  

T > 200°C. The reported peaks decreases with the frequency which a feature related to the 

mechanism responsible is Maxwell-Wagner since it is only effective at low frequencies <10 kHz. 

 The resistivity of the grains and the grain boundaries is investigated by the Nyquist plots 

for the compositions (x = 0.5, 0.6, 0.8 and 0.9). At room temperature the materials have very 

resistive grains, however as the amount of the substitution the resistivity decreases from 10
11

 to 

10
10

; the lowest grain resistance is obtained for x = 0.5 and Rg = 5.9 x 10
8
. At high temperature, 

the materials are less resistive and an increase of the conductivity is observed. The results of x = 

0.25 and 0.3 show that at high temperature (T ≥ 370°C), the grains and the grain boundaries 
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contribute to the conductivity mechanisms. On the other hand, as the amount of the substitution 

increases, the Nyquist plots shows that complete semicircle appear and the equivalent circuits 

consists of RC-RQC connected in series representing the active region of the grain corresponding 

to RC and the grain boundaries with RQC. 

 The calculated total conductivity of the materials shows an increase as function of 

temperature and composition. These results prove that the incorporation of La
3+

 and Fe
3+

 in 

BaTiO3 has induced an increase in the conductivity. The results show that as function of the 

composition, the conductivity decreased from the order of 10
-10

 to 10
-7

 (S.m
-1

) at 290°C; while as 

function of temperature, the highest value was recorded for x = 0.6 at 390 for a value in the order 

of 10
-6

 (S.m
-1

) 

V.3. Part II: The study of the dielectric and electric properties of the perovskite series  

Sr1-xLaxTi1-xFexO3 with 0 ≤ x ≤ 1 at room and high temperature in a wide range of 

frequency 

V.3.1. Introduction  

 SrTiO3 is a cubic perovskite structure with high dielectric constant and low dielectric loss; 

it is consequently an important ceramic to be used in sensors, microwave applications, and 

energy storage, etc [12]. SrTiO3 also works as an ideal thin film growth substrate for high 

superconducting films, as integral component for oxide interfaces or as conducting interface 

between two insulators [13]. SrTiO3 dielectric and optical properties were recently tested by 

Siliang Chen et al. [14]; a modification by doping La
3+

 into Sr1-xLa2x/3TiO3 (0 ≤ x ≤ 1) led to 

satisfactory results that meet the application requirement as a microwave device. The results of 

the doping proved that La
3+

 promote grain growth as growth striations are observed on the grain, 

which induced a decrease of the dielectric constant from 296 to 89.3 [14,15]. Colossal dielectric 

permittivity was induced by the effect of co doping Nb and Mg as reported by Bingjie Zhong et 

al. [15]; the dielectric ceramics Sr(Mg1/3Nb2/3)xTi1-xO3 showed good frequency stability, 

significant dielectric relaxation between -155 °C – 500 °C. Additionally, for the composition  

x = 5%, very low dielectric loss (0.0354, at 1 kHz) is observed and colossal permittivity of about 

21026, at 1 kHz [15]. In comparison with other reported studies, colossal permittivity around 

9100 with low dielectric loss was obtained by Mg and Nb co-doping of SrTiO3, Bingjie Zhong 
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explained in their work the origin of this values is related to defect polarization and electron 

localization by defect dipoles [15]. J. Liu et al. [16] have attributed the colossal permittivity to the 

contribution of the grain boundary in the case of Cu and Nb co-doped SrTiO3.  However, Al and 

Nb co-doping was found to be unsuitable to enhance the dielectric permittivity of SrTiO3 [17]. In 

the Case of BaTiO3, doping has improved the dielectric properties, however the colossal 

permittivity was observed in a narrow temperature range [15]. This results reflect that Sr
2+

 play 

an important role on the dielectric properties of materials and mainly when it is doped with 

suitable elements like in the case of SrNbxTi1-xO3, the group has reported high CP equal 59191 

and low dielectric loss of 0.023.    

 The effect of Sr
2+

 substitution on the dielectric properties of LaFeO3 was reported by D. 

Triyono [18]; the solid solution La1-xSrxFeO3 (x = 0.1, 0.2, 0.3, and 0.4) was prepared via sol gel 

methods and produced homogeneous nanoparticles in the order of 200 nm, meaning that the 

addition of Sr
2+

 does not contribute in the growth of the particles as La
3+

. However, the 

incorporation of Sr
2+

 caused an increase of the dielectric and conductivity where the highest 

values were obtained for La1-xSrxFeO3 x=0.4 [18]. M. A. Gabal [19] studied the same solid 

solution for wider range of substitution La1-xSrxFeO3 (x = 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, and 1.0), 

synthesized via sucrose auto-combustion route; the sample’s size decrease with the content of 

Sr
2+

 (22 – 12 nm). However, The dielectric constant evolution as function of the composition at 

various temperature shows different results in comparison with D. Triyono et al.; in the work 

presented by M. A. Gabal et al. [19], the dielectric constant shows a broad peak as the 

temperature increases, however as function of temperature the dielectric constant decreases. The 

values of the dielectric constant are lower that the reported values of Triyono et al. [18]. 

However, the substitution of La
3+

 by Sr
2+

 enhanced the conductivity as results of increasing the 

electronic compensation, and or the ionic compensation [18–20].  

 This part presents the results of the dielectric and electric properties of the solid solution 

SLTF in a wide range of substitution. The effect of Ti
4+ 

and Sr
2+ 

on the particles growth process, 

the dielectric constant, and the conductivity properties will be systematically studied. 

Additionally, understanding the effect of the composition and structure on the activation regions 

and the mechanisms participating in the conductivity will be highlighted.  
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V.3.2. Frequency and temperature dependent of the relative permittivity and tangent loss 

 The dielectric measurement were carried it out for the composition of the perovskite 

series SLTF for x=0.2, 0.4, 0.6 and 0.8. Fig-V.P2.1 and Fig-V.P2.2 show the variation of the 

dielectric permittivity   
  and the dielectric loss tan            as function of the temperature at 

different frequencies ranging from low to high frequency: 10 Hz to 1MHz. The decrease of the 

dielectric constant at high frequencies is observed for all the composition, as it is a common 

behavior for other studied perovskites compounds [9,21,22]. The results of Rietveld refinement 

demonstrated that the sample with x = 0.2 adopt the cubic structure while the compositions  

0.4 ≤ x ≤ 0.8, adopt the orthorhombic structure, SG: Pnma.  

 At low frequencies and for the composition x = 0.2, the dielectric constant variation as 

function of temperature does not show features of system transition, which is in accordance with 

the Rietveld refinement results. At low frequencies, from 27 °C to 280 °C, the dielectric 

permittivity remains steady and a sudden increase is observed above 280 °C, similar behavior is 

observed for the dielectric loss. At high frequencies a shoulder at around 100 °C is observed and 

shift toward 130 °C with frequency. The composition x = 0.4, shows that the sample might adopt 

more Centro-symmetric system since no anomaly is observed. Very low dielectric constant 

values are obtained for the composition x = 0.4, and the dielectric constant varies between 8 and 

11 at high medium and low frequency. As function of temperature, the permittivity remains 

steady within the range 27 °C – 390 °C, and very low dielectric loss are observed.  

 For the compositions x = 0.6 and x = 0.8, broad anomalies appear respectively at around 

(111 and 248 °C), and at 145 °C. The peaks observed for x = 0.6 are more likely to be frequency 

dependent as they tend to shift and broaden as the frequency increases from 10 Hz to 100 KHz. 

The peak observed at around 111 °C is suspected to be a ferroelectric – paraelectric transition, 

however, the peak at around 248 °C is inactive at frequencies higher than 10 KHz which is a 

feature related with the mechanism of Mawxell-Wagner [6]. The dielectric anomalies observed 

are followed by an intense dielectric loss peak. The order of the dielectric loss is around 300 at 

low frequencies and decreases up to 8 at high frequencies. Similarly for the compositions x = 0.8 

and due to the increased amount of Fe
3+

 in the B-sites, the peaks observed are assigned to the 

exchange interaction between Fe
3+

  Fe
3+

 as previously reported. The dielectric loss 

accompanies the behavior of the dielectric constant and it increases in the region of the anomalies 
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and at high temperature, while it decreases at high frequencies. This behavior describes the 

dielectric properties of materials and reflects the activation of the polarization mechanisms within 

the material.  

0 50 100 150 200 250 300 350 400

0

1000

2000

3000

4000

5000  10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZ


' r

T (°C)

(a) x = 0.2

 
0 50 100 150 200 250 300 350 400

0

1

2

3

4

5

6

7

8

 10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZta
n

 

T (°C)

x = 0.2(b)

 

Fig-V.P2.1: Thermal variation of dielectric permittivity (a), and dielectric losses (b) for  

Sr1-xLaxTi1-xFexO3 (x = 0.2; Cubic SG Pm-3m) at high, medium and low frequency (1Hz – 1MHz).  
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Fig-V.P2.2: Thermal variation of dielectric permittivity, and dielectric losses for  

Sr1-xLaxTi1-xFexO3 (x = 0.6 and 0.8; Orthorhombic SG Pm-3m) at high, medium and low frequency (1Hz – 

1MHz).  

V.3.3. Analysis of Nyquist plots: Conductivity at room and high temperature  

V.3.3.1. Fitting of Nyquist plots and determination of equivalent circuit  

 Fig-V.P2.3 represents the impedance plots known as Nyquist plots for the compositions  

x = 0.2, 0.4, 0.6, and 0.8 at room temperature. The samples at room temperature show features of 

good conducting materials as they have close to complete or two semi circles as presented in  

Fig-V.P2.3. 
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Fig-V.P2.3: Nyquist/Cole-Cole plots recorded at Room Temperature for Sr1-xLaxTi1-xFexO3 (x = 0.2, 0.4, 

0.6, and 0.8) and the suitable equivalent circuit model. 
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  The experimental results show that with the incorporation of La
3+

 and Fe
3+

 there is an 

enhancement in the electrical properties. As the amount of the substitution increases in SLTF, the 

semi circles are complete at concentrations: x ≥ 0.6 (Fig-V.P2.3b). The experimental results were 

fitted using the circuit RC-RQC connected in series representing the active region of the grain 

corresponding to RC and the grain boundaries with RQC. Due to the inhomogeneity of the 

samples, the two semicircles representing the grain and grain boundaries are overlapping 

representing one large depressed semicircle.  

 The Fig-V.P2.4(a, b) presents the Nyquist plots of the compositions x = 0.2, and 0.4 at 

high temperatures, the experimental data shows an incomplete semicircles up to 350 °C, while at  

390 °C the samples show complete semicircles. The experimental results were fitted using the 

circuit RC-RQC connected in series representing the active region of the grain corresponding to 

RC and the grain boundaries with RQC; the fitting results are summarized in Table-V.P2.1. It is 

observed that the radius of the semi-circle decreases as function of temperature and compositions. 

For the composition x = 0.2, and under the effect of the temperature the resistance of the grain 

decreases from 4.092 x 10
9
 at 290°C up to 9.4194 x 10

6
 Ω at 390 °C, and for the grain boundaries 

the resistance decreases from 9.930 x 10
8 

at 310 to 5.039 x 10
7
 Ω at 390°C. The same is observed 

for the composition x = 0.4, there is a decrease of the grain resistance under the effect of the 

temperature from 3.537 x 10
9
 at 290 °C to 1.233 x 10

8
 Ω at 390 °C, whereas, the grain boundaries 

resistance decreases from 2.940 x 10
8
 at 330°C to 3.058 x 10

8
 Ω at 390 °C. These results show 

that the two compositions present structures with grains and grain boundaries resistances of same 

order, expect at 350 and 390°C the grains are more resistive than the grain boundaries in the case 

of the sample with x = 0.4.  

 Fig-V.P2.4(c, d) displays the Nyquist plots of the compositions x = 0.6, and 0.8 and they 

show complete semicircles at high temperatures. The samples under the effect of temperature are 

active in two regions: the grain and the grain boundaries. The experimental results were fitted 

using the circuit RC-RQC connected in series representing the active region of the grain 

corresponding to RC and the grain boundaries with RQC. The fitting models are presented in 

inset of Fig-V.P2.4(c, d) and the results are summarized in Table-V.P2.1.  For the composition  

x = 0.6, the results show that the resistance of the grain boundaries, in the order of 10
6
, is higher 

than the grain. The value of the grain resistance decreases from 2.386 10
5
 at 290°C to 9.487 10

4
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Ω; on the other hand the resistance value of the grain boundaries is reducing from 3.7601 10
6
 at 

290°C to 9.401 10
5
 Ω at 390 °C. The same observations for the sample with x = 0.8, the grain 

boundaries are more resistant in comparison with the grain, and decreases with temperatures, e.g., 

the grain resistance decreases from 1.005 x 10
5
 at 290 °C to 35430 x 10

4
 Ω, and the grain 

boundaries resistance decreases from 3.760 x 10
6
 at 290 °C to 4.51 x 10

4
 Ω at 390°C.  
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Fig-V.P2.4: Nyquist/Cole-Cole plots recorded at High Temperature for Sr1-xLaxTi1-xFexO3 (x = 0.2, 0.4, 

0.6 and 0.8) and the suitable equivalent circuit model. 
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Table-V.P2.1. Different impedance circuits fitted parameters for SLTF compositions at different high 

temperatures.  

 x=0.2 x=0.4 x=0.6 x=0.8 

290 

Rg (Ω) 4.092E+9 3.537E+9 238690 100530 

CPEg (Ω) 9.937E-12 9.919E-12 8.590E-11 9.198E-12 

Rgb (Ω)   3.7601E6 376090 

CPEgb (Ω)   9.970E-10 5.698E-10 

310 

Rg (Ω) 9.757E+8 1.980E+9 1.5982E6 97530 

CPEg (Ω) 9.979E-12 9.919E-12 9.990E-12 9.998E-12 

Rgb (Ω) 9.930E+8  3.6401E6 292090 

CPEgb (Ω) 3.900E-11  1.500E-10 5.998E-10 

330 

Rg (Ω) 5.158E+8 7.760E+8 9780 98530 

CPEg (Ω) 8.959E-12 8.640E-12 9.990E-12 8.998E-12 

Rgb (Ω) 4.511E+8 2.940E+8 4.0401E6 178090 

CPEgb (Ω) 3.987E-11 9.180E-11 3.470E-10 9.998E-10 

350  

Rg (Ω) 9.9899E7 5.330E+8 619870 50130 

CPEg (Ω) 6.980E-12 9.940E-12 9.990E-12 6.798E-12 

Rgb (Ω) 3.978E+8 5.15E7 2.1401E6 137100 

CPEgb (Ω) 2.793E-11 9.180E-10 1.970E-10 5.020E-10 

390 

Rg (Ω) 9.4194E7 1.233E+8 94870 35430 

CPEg (Ω) 2.098E-12 9.870E-12 3.990E-11 9.998E-12 

Rgb (Ω) 5.039E7 3.058E7 940110 45100 

CPEgb (Ω) 1.865E-11 9.760E-11 1.370E-10 9.990E-10 

 

V.3.3.2. Conductivity evolution as function of temperature and composition  

 Fig-V.P2.5 shows the evolution of the total conductivity (ζDC) BLTF ceramics with  

x= 0.2, 0.4, 0.6, and 0.8calculated using the following equation:  

      
 

(      )  
     (Eq. 1) 

Where S is the area of the sintered pellets, e is the thickness, Rg and Rgb are the grain and grain 

boundaries resistances respectively; Rg and Rgb value are obtained from the fit the Nyquist plots 

experimental data to the equivalent circuits.  

 The results of the thermal evolution of the conductivity show that there is and 

enhancement of as function of the composition. The conductivity increases from the order of  

10
-10 

to 10
-5

 (S.cm
-1

) as the amount of the substitution increases; the conductivity values are 

reported at 290°C. Moreover, as function of temperature, the conductivity increases, and this is 
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observed for all the samples. The effect of increasing temperature reduces the encountered 

barriers for the transport of the charge carriers by the thermal activation, thus an increase from 

the order of 10
-10

 to 10
-8

 (S.cm
-1

) of the conductivity is observed from the compositions x = 0.2, 

and 0.4. Same observation for the compositions x = 0.6 and 0.8, the conductivity increases from 

10
-8 

to 10
-6

 and 10
-5 

(S.cm
-1

).  
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Fig-V.P2.5: Thermal variation of DC electrical conductivity of Sr1-xLaxTi1-xFexO3 (x = 0.25, 0.4, 0.6, and 

0.8) compounds. 

V.3.4. Conclusion  

 The effect of the composition on the dielectric and electric properties in the BLTF system 

for the compositions x = 0.2, 0.4, 0.6, and 0.8, was investigated and reported. The dielectric and 

electric properties were studied in a wide range of temperature at various frequencies ranging 

from high, medium to low.  

 The dielectric constant measurements show the effect of the composition and temperature 

on the thermal variation of the dielectric permittivity   
  and the dielectric loss tan           . 

The studies showed two type of results for x = 0.2 and 0.3 and for x = 0.6 and 0.8. Low values of 

the dielectric permittivity and dielectric loss were observed for x = 0.2 and 0.3, and no anomaly is 

reported as function of temperature which confirms that no ferroelectric – paraelectric transition 

has occurred. However different behavior if observed for compositions at x ≥ 0.6; the high 

content of Fe
3+

 in SrTiO3 resulted in the appearance of the mechanism related to Mawxell-
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Wagner resulting from the string exchange interaction between Fe
3+

  Fe
3+

. It is observed that 

the contribution of the Fe
3+

  Fe
3+

 exchange interaction enhances the dielectric constant and 

mainly at low frequencies, the highest value reached belongs to the compositions x = 0.8 which is 

in the range between 2000 at high frequency and 9000 at low frequency.  

 The Nyquist plots for the compositions x = 0.2, 0.4, 0.6, and 0.8 shows promising 

conductive properties of the materials at room temperature. The contribution of the grains and the 

grain boundaries appear in the Nyquist plots, moreover, the resistivity of the material decreases 

as function of the composition to reach values in the order of 10
6
 Ω. At high temperature, the 

radius of the semi-circles decreases with temperatures for all the compositions. The Nyquist plots 

were fitted to the equivalent circuit consisting of RC-RQC connected in series representing the 

active region of the grain corresponding to RC and the grain boundaries with RQC. The 

compositions x = 0.2 and x = 0.4 fitting results show the two compositions present structures with 

grains and grain boundaries resistances of same order, expect at 350 and 390°C the grains are 

more resistive than the grain boundaries in the case of the sample with x = 0.4. The compositions 

x = 0.6, and 0.8 show complete semicircles at high temperatures the results show that the 

resistance of the grain boundaries, in the order of 10
6
, is higher than the grain.  

 The calculated total conductivity of the materials shows an increase as function of 

temperature and composition. These results prove that the incorporation of La
3+

 and Fe
3+

 in 

SrTiO3 has induced an increase in the conductivity from the order of 10
-10

 to 10
-7

 (S.m
-1

). The 

highest value is observed for x = 0.8 at 390 with a conductivity in the order of 10
-5

 (S.m
-1

). 

V.4. Part III: The study of the dielectric and electric properties of the perovskite series  

Ba1-xSrxTi1-xFexO3-δ with 0 ≤ x ≤ 1 at room and high temperature in a wide range of 

frequency 

V.4.1. Introduction  

 In the perovskite structure, the effect of the substitution in A-site induces different change 

in the properties of the material in comparison with the B-site substitution and this difference is 

illustrated in several researches. When Ba
2+

 is substituted by Sr
2+

 the transition temperature from 

ferroelectric state to paraelectric state shifts to lower temperature [21,23,24]. D. R. Patil et al. 

[21] prepared Ba1−xSrxTiO3 ceramics (x = 0.1, 0.2 and 0.3) and reported on the evolution of the 
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dielectric properties with temperature at various frequencies. It is observed that the transition 

temperature shift to lower temperature from 333 °C to 308 °C, and an increase of the dielectric 

constant from 918 to 1195 as the content of Sr
2+

 increases. Broad peaks were observed indicating 

diffuse type behavior, which is attributed to the disorder in the arrangement of cations at the A-

sites and the B-sites [21]. H. Abdelkefi et al. [23] have studied the same solid solution 

Ba1−xSrxTiO3 for x = 0.6 and 0.8; a difference in peak is observed where sharp peaks are obtained 

for the two compositions and no shift was reported. Additionally, Lower values of the dielectric 

constant in comparison with BaTiO3 were obtained and lowered from around 14000 for BaTiO3 

to 9000 for the composition x = 0.8  [23]. Moreover, different results were presented by M. 

Arshad et al. [24]  for the solid solution Ba1−xSrxTiO3 for x = 0, 0.25, 0.3 and 0.35. The anomaly 

or the peak characteristic of transition disappears as Ba
2+

 is substituted by Sr
2+

,
 
associating the 

fact that Tc temperature shifts to temperature lower than room temperature [24]. The substitution 

of Ba
2+

 by Sr
2+

 had induced a shrink in the volume due to the reduced average ionic radius; 

therefore the paraelectric phase with cubic structure is established leading to the disappearance of 

the transition peak. The dielectric loss decreased in all the reported work, and an increase in the 

conductivity with the content of Sr
2+

 is observed in all the reported samples [21,23,24]. The 

impedance spectroscopy revealed that the grain boundaries are more resistant than the grain, and 

the relaxation behavior are responsible for the conduction in Ba1−xSrxTiO3 ceramics [24]. On the 

other hand, the effect of Fe doped BaTiO3 is presented by F.D. Cortès-Veg et al. [22]; the Fe 

doped BaTiO3 with x = 0, 0.01, 0.02, 0.04 was prepared via ball milling and solid state reaction. 

As consequence of substituting Ti
4+

 by Fe
3+

, fine grains were formed and a decrease in the size is 

observed, indicating that Fe
3+

 addition promotes a significant reduction of the crystal size, 

additionally, above x = 0.02 the samples show grains with hexagonal flake architectures [22]. 

The addition of Fe
3+

 had induced a decrease of the transition temperature up to 70°C which is due 

to the perturbation of the octahedral layers in the perovskite structure originating from the 

incorporation of Fe
3+

 into Ti
4+

 sites. In comparison with the effect of Sr
2+

 on BaTiO3 dielectric 

properties, Fe
3+

 incorporation led to drastic shift of the transition temperature Tc, as it also 

lowered the values of the dielectric constant to 600 at Tc temperature. The aforementioned results 

show the effect of both elements on enhancing the electric properties of BaTiO3 more than the 

dielectric properties, however above x = 0.04 is an interesting region to study the multiferroic 

properties as reported by [22]. Another parameter that can increases the transport properties of 
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perovskite material and it consists of creating oxygen deficient in the perovskite structure. V.V. 

Kharton et al. [25] report the effect of A-site deficiency in the solid solution Sr1–yFe0.8Ti0.2O3–d 

(y=0–0.06). Doping SrTiO3 by Ti
4+

 creates A-site deficiency which leads to an increase of the 

unit cell volume, and the creation of oxygen vacancies. The total electrical conductivity was 

observed to be dominated by p-type electronic, however, the ionic conductivity seemed to 

increase with the increase of cation vacancy up to y = 0.03. The incorporation of moderate 

amount of Ti
4+

 of around ⁓ 20% results in high ionic conductivity and lower activation energy; 

above this value the samples tend to shows a decrease in the ionic type conductivity with Ti 

incorporation. A. Rothschild [26] reported similar results for SrTi1-xFexO3–d (x=0.01, 0.35, and 

0.50). The samples showed mixed ionic and electronic conductivity; at low temperature the 

electronic carriers are localized and trapped by the local minima in the potential field, thus, the 

mechanism of transport is that of hopping mechanism; however at high temperature they become 

delocalized and a band-like mechanism of conduction occurs.  

 The present work consists of studying the effect of the oxygen vacancies on the dielectric 

and electric properties of the solid solution BSTF in a wide range of substitution. The effect of 

Fe
3+ 

and Sr
2+ 

on the dielectric constant and the conductivity properties will be systematically 

studied. Additionally, understanding the effect of the composition and structure on the 

mechanisms participating in the conductivity will be highlighted.  

V.4.2. Frequency and temperature dependent of the relative permittivity & tangent loss 

 Fig-V.P3.1 displays the variation of the dielectric constant as function of temperature at 

various frequencies for the compositions 0.2 and 0.4. The thermal variation of the dielectric 

constant shows that no phase transition occurred in the system, thus the BSTF system does not 

exhibit the ferroelectric – paraelectric transitions. Moreover, the peaks associated to interaction 

between Fe
3+

  Fe
3+ or Mawxell-Wagner effect are not observed [6]. The dielectric constant is 

observed to keep low values at all tested frequencies; however it shows an increase at around 200 

°C and mainly at low frequencies. In the BSTF x = 0.2 and 0.4 compositions, the dielectric loss 

increases as functions of temperatures and compositions.  

 Similar behavior is observed for the cubic compositions x = 0.6 and 0.8, the dielectric 

constant seems to increase at high temperature mainly at low frequencies. The absence of 
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anomalies in the samples x = 0.6 and 0.8, demonstrate that no ferroelectric to paraelectric 

transition occurs in this samples within this range of temperature. The expected peaks around 

260-300°C associated with the spin reorientation do not appear even at high content of Fe
3+

. High 

dielectric loss is observed for the composition x = 0.6 in a wide range of temperature starting 

from 100°C and mainly at low frequency. Moreover, low dielectric loss is observed for the 

composition x = 0.8 and start increasing from 200°C at 10 Hz. 
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Fig-V.P3.1: Thermal variation of dielectric permittivity (a), and dielectric losses (b) for  

Ba1-xSrxTi1-xFexO3-δ (x = 0.2 and 0.4; Tetragonal SG P4/mmm) at high, medium and low frequency (1Hz – 

1MHz).  

0 50 100 150 200 250 300 350 400

0

500

1000

1500

2000

2500

3000

3500

4000

 10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZ
' r

T (°C)

Ba
0.4

Sr
0.6

Ti
0.4

Fe
0.6

O
2.8

 
0 50 100 150 200 250 300 350 400

0

10

20

30

40

50
Ba

0.4
Sr

0.6
Ti

0.4
Fe

0.6
O

2.8 10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZ

ta
n

 

T (°C)
 



Chapter V: Dielectric and electric studies at room and high temperature as function of the 

frequency of the solid solution system         
                for (A= Ba, La and Sr) with  

0 ≤ x ≤ 1 & δ ≥ 0 

152 
 

0 50 100 150 200 250 300 350 400

0

100

200

300

400

500

 

 

'
r

T (°C)

 10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZ

Ba
0.2

Sr
0.8

Ti
0.2

Fe
0.8

O
2.6

  
0 50 100 150 200 250 300 350 400

0

5

10

15

20

25

T (°C)

 

 

ta
n

 

 10 HZ

 100HZ

 1KHZ

 10KHZ

 100KHZ

 1MHZ

 

Fig-V.P3.2: Thermal variation of dielectric permittivity (a), and dielectric losses (b) for  

Ba1-xSrxTi1-xFexO3-δ (x = 0.6, and 0.8; Cubic SG Pm-3m) at high, medium and low frequency (1Hz – 

1MHz).  

V.4.3. Analysis of Nyquist plots: Conductivity at room and high temperature 

V.4.3.1. Fitting of Nyquist plots and determination of equivalent circuit  

 Fig-V.P3.3 presents the Nyquist plots of the compositions x = 0.2, 0.4, 0.6, and 0.8 at 

room temperature. The effect of the composition on the electrical properties is observed on the 

decrease of the semicircle radius and thus the material’s resistance decreases; however, at low, 

medium, and high frequency and according to the incomplete semi-circles observed, the region 

active is that of the grains, and this is valid only for the compositions x = 0.2, 0.4, and 0.8. 
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Fig-V.P3.3: Nyquist/Cole-Cole plots recorded at Room Temperature for Ba1-xSrxTi1-xFexO3-δ (x = 0.2, 0.4, 

0.6, and 0.8) and the suitable equivalent circuit model. 
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 The equivalent circuit found using Zview consists of a parallel RC circuit and which 

describes the bulk active region at room temperature. The Nyquist plot of the composition x = 0.6 

shows two semicircles, one is of grain and the second consist of grain boundaries. The 

composition x = 0.6 in comparison with the rest of the samples shows good conducting properties 

at room temperature.  

 The Nyquist plots are presented in Fig-V.P3.4 and Fig-V.P3.4 for x = 0.2, 0.4, 0.6 and 

0.8 at high temperatures. The Nyquist plots show two semi-circles for the compositions x = 0.2 

and 0.4, while as function of temperatures there is an overlap of these semicircles, and only one 

depressed semicircles is observed. The radius of the semicircles reduces as function of 

temperatures, thus the resistance of the samples decreases, which is due to the easy mobility of 

the space charges. The Fitting of the Nyquist plots is compatible to the circuit RC-RQC 

connected in series representing the active region of the grain corresponding to RC and the grain 

boundaries with RQC. Table-V.P1.1 resumes the obtained results; the grain and grain boundaries 

resistances are of the order 10
6
 Ω, both regions show high resistance which decreases as function 

of temperature, this is valid for x = 0.2, 0.4, and 0.8. At x = 0.2, the resistance Rg decreases from 

7.2757 x 10
6
 at 290 °C to 4.35710

6
 Ω at 390°C; the resistance Rgb decreases from 2.6593 x 10

7
 at 

290°C to 1.03 x 10
6
 at 390 °C. On the other hand, the resistance Rg decreases from 2.2918 x 10

6
 

at 290 °C to 9.277 x 10
5
 Ω at 390°C; the resistance Rgb decreases from 2.6593 x 10

7
 at 290°C to 

1.03 x 10
6
 at 390 °C. 

Fig-V.P3.4 displays the experimental of the impedance for x = 0.6 and 0.8. The Nyquist 

plots show one semicircle with a radius that decreases with temperature, thus the resistance. The 

plots reflect the inhomogeneity of the samples since the contribution of the grain and the grain 

boundaries overlap. The experimental results were fitted using the circuit RC-RQC connected in 

series representing the active region of the grain corresponding to RC and the grain boundaries 

with RQC, and the results are presented in Table-V.P1.1.The composition x = 0.6 shows a 

resistance in the order of 10
7 

Ω which is higher in comparison with the resistance of the other 

compounds. The Rg decreases from 7.4709 x 10
7 

to 1.099 x 10
7
 Ω with the increase of 

temperature from 290 to 390 °C; also the Rgb decrease from 4.623 x 10
7
 Ω to reach 9.529 x 10

5
 Ω 

at 390°C. The results for x = 0.8 shows the resistance of the grain boundaries is in the order of 



Chapter V: Dielectric and electric studies at room and high temperature as function of the 

frequency of the solid solution system         
                for (A= Ba, La and Sr) with  

0 ≤ x ≤ 1 & δ ≥ 0 

154 
 

10
5
 Ω which is lower than that of the grain; however, the Rg and Rgb decreases as function of 

temperature. 
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Fig-V.P3.4: Nyquist/Cole-Cole plots recorded at High Temperature for Ba1-xSrxTi1-xFexO3-δ (x = 0.2, 0.4, 

0.6 and 0.8) and the suitable equivalent circuit model. 
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Table-V.P2.1. Different impedance circuits fitted parameters for BSTF compositions at different high 

temperatures.  

 x=0.2 x=0.4 x=0.6 x=0.8 

290 

Rg (Ω) 7.2757E6 2.2918E6 7.4709E7 1.799E6 

CPEg (Ω) 7.702E-10 5.590E-10 9.199E-11 2.190E-10 

Rgb (Ω) 2.6593E7 5.5739E6 4.6239E7 929840 

CPEgb (Ω) 9.990E-9 9.999E-9 6.279E-11 9.999E-9 

310 

Rg (Ω) 4.357E6 1.5178E6 6.4709E7 1.329E6 

CPEg (Ω) 7.702E-10 4.490E-10 9.199E-11 3.190E-10 

Rgb (Ω) 1.7993E7 4.139E6 1.8239E7 747390 

CPEgb (Ω) 9.990E-9 9.299E-9 7.299E-11 9.999E-9 

330 

Rg (Ω) 3.257E6 1.0178E6 4.4709E7 1.129E6 

CPEg (Ω) 7.702E-10 4.190E-10 9.199E-11 2.190E-10 

Rgb (Ω) 1.1993E7 3.239E6 1.2239E7 697390 

CPEgb (Ω) 9.990E-9 9.999E-9 8.299E-11 9.999E-9 

350  

Rg (Ω) 2.157E6 857760 3.099E7 952920 

CPEg (Ω) 7.702E-10 4.690E-10 9.999E-11 2.190E-10 

Rgb (Ω) 8.293E6 2.6659E6 9.2393E6 537390 

CPEgb (Ω) 9.990E-9 9.999E-9 9.999E-11 9.999E-9 

390 

Rg (Ω) 4.357E6 927760 1.099E7 1.1919E6 

CPEg (Ω) 5.319E-10 5.190E-10 9.999E-11 3.190E-10 

Rgb (Ω) 1.03E6 2.2159E6 8.2393E6 647390 

CPEgb (Ω) 6.900E-9 9.999E-9 9.999E-11 9.999E-9 

 

V.4.3.2. Conductivity evolution as function of temperature and composition  

 The conductivity as function of temperature is presented in Fig-V.P2.5. The conductivity 

is presented for all the compositions of BSTF ceramics with x = 0.2, 0.4, 0.6, and 0.8 calculated 

using the following equation:  

      
 

(      )  
      (Eq. 1) 

Where S is the area of the sintered pellets, e is the thickness, Rg and Rgb are the grain and grain 

boundaries resistances respectively; Rg and Rgb value are obtained from the fit the Nyquist plots 

experimental data to the equivalent circuits. The effect of the substitution on the  

conductivity properties of the BSTF system shows positive enhancement. An increase of the 

conductivity is detected from the order of 10
-9

 to 10
-7

 (S.cm
-1

) as the amount of the substitution 

increases. The total conductivity also increases with temperature from 10
-9

 to 10
-8

 (S.cm
-1

); 10
-8
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to 10
-7

 (S.cm
-1

) for the compositions x = 0.2 and x = 0.4 respectively. And it increases from the 

order of 10
-7

 to ⁓ 10
-8

 (S.cm
-1

) at compositions x ≥ 0.6. 

 

 

 

 

 

 

 

 

 

 

 

Fig-V.P3.5: Thermal variation of DC electrical conductivity of Sr1-xLaxTi1-xFexO3 (x = 0.25, 0.4, 0.6, and 

0.8) compounds. 

V.4.4. Conclusion  

 The effect of the composition on the dielectric and electric properties in the BSTF system 

for the compositions x = 0.2, 0.4, 0.6, and 0.8, was investigated and reported. The dielectric and 

electric properties were studied in a wide range of temperature (27 – 390°C) at various 

frequencies ranging from high, medium to low (1 Hz – 1 MHz).  

 The results obtained for the thermal variation of the dielectric constant and the effect of 

the composition show that the materials x = 0.2, 0.4, 0.6, and 0.8 show no anomalies and thus no 

ferroelectric – paraelectric transitions are present in the materials; additionally, at high content of 

Fe
3+

, the  interaction between Fe
3+

  Fe
3+

 are inactive at all frequencies. The thermal variation 

of the dielectric permittivity   
  is shown to be very low for x = 0.2, 0.4, 0.6, and 0.8, however it 
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increases at temperatures above 200°C. The dielectric loss is observed to be low for x = 0.2, 0.4, 

and 0.8, and it increases in the temperature range (100 – 390°C) mainly at low frequencies. The 

highest dielectric loss ranging between 3 and 15 is observed for the composition x = 0.6, and it 

decreases with frequency.  

 At room temperature, the materials show low conductivity due incomplete semicircle, 

which is a sign of high resistant grain of the materials. However, the composition x = 0.6, shows 

good conductivity features at room temperature two semicircles of grain and grain boundaries. At 

high temperature, the compositions x = 0.2 and 0.4 shows two separate semicircles corresponding 

of the grain and the grain boundaries, the fitting of the Cole-Cole plots to RC-RQC connected in 

series represent the active region of the grain corresponding to RC and the grain boundaries with 

RQC. The fitting results show that the grain and grain boundaries resistances are of the order 10
6
 

Ω, both regions show high resistance which decreases as function of temperature, this is valid for 

x = 0.2, 0.4, and 0.8. The composition x = 0.6 shows a resistance in the order of 10
7 

Ω which is 

higher in comparison with the resistance of the other compounds. 

 The calculated total conductivity of the materials shows an increase as function of 

temperature and composition. These results prove that the incorporation of Sr
2+

 and Fe
3+

 in 

BaTiO3 has induced an increase in the conductivity from the order of 10
-10

 to 10
-7

 (S.m
-1

) at 

290°C. The highest value is observed for x = 0.8 at 370 with a conductivity in the order of 10
-7

 

(S.m
-1

). The  
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V.5. Chapter conclusion  

 The effect of the composition on the dielectric and electric properties was studied for the 

solid solution system A1-xAxTi1-xFexO3 for (A = Ba, La, and Sr) with the substitution amount 

varies between 0 ≤ x ≤ 1. The study was carried out in a wide range of temperature (27 – 390°C) 

and frequency (1 Hz – 1 MHz). The variable parameters in this study were mainly the 

composition at the A-site of the ABO3 structure, and the content of the substituting elements.   

 In general the compositions of the three solid solutions BLTF, SLTF and BSTF showed 

low dielectric loss that decreases with frequency and increases at high temperatures (T > 200°C). 

It is observed that the substitution of the BaTiO3 by either La
3+

/Fe
3+

 or by Sr
3+

/Fe
3+ 

has 

suppressed the ferroelectric – paraelectric transitions known to appear at around 100 – 120°C in 

BaTiO3. However, the incorporation of Fe
3+

 resulted in an enhancement of the dielectric constant 

and mainly at high content of Fe
3+

 at low frequencies.  The solid solutions BLTF and SLTF have 

showed large peaks at content of Fe
3+

 exceeding x ≥ 0.3 and x ≥ 0.4 respectively. The peaks 

observed at high substitution amount of Fe
3+

 have greatly contributed to the dielectric 

permittivity values, the peaks were the result of the exchange interaction between Fe
3+

  Fe
3+

 

assigned to the mechanism of Maxwell-Wagner. The peaks are only effective at low frequencies 

<10 kHz. The highest value of the dielectric value was observed for the solid solution SLTF and 

is around for the composition x = 0.8 in the order of 9000 at 10 Hz, which decreases at higher 

frequencies. The BLTF solid solution shows dielectric constant around 8000 at 10 Hz which also 

decreases at higher frequencies. It is seen that the combination of Sr
2+

/La
3+

 with high content of 

Fe
3+

 shows higher dielectric permittivity than Ba
2+

/La
3+

 combination of element in the A site of 

ABO3 structure. Moreover, BLTF in comparison with SLTF solid solution shows the lowest 

dielectric loss for all the compositions at all frequencies, while the SLTF shows a dielectric loss 

in the order of 100 at low frequencies for compositions x ≥ 0.6. On the other hand the BSTF solid 

solution shows different results in comparison with BSTF and SLTF. BSTF solid solution 

thermal evolution of the dielectric constant shows no anomalies, which prove that no phase 

transition is occurring, and no spin orientation or the exchange interaction contribute are 

contributing to the dielectric constant Fe
3+

  Fe
3+

. BSTF shows the lowest dielectric 

permittivity values in the order of 100 at low temperature and increases to reach a value between 

400 and 500; the lowest dielectric loss is also observed in comparison with BLTF and SLTF 
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systems, the highest dielectric loss ranging between 3 and 15 is observed for the composition x = 

0.6, and it decreases with frequency.  

 The Nyquist plots results at room temperatures and as function of the compositions shows 

that the SLTF shows promising conductive properties for all the studied compositions (x = 0.2, 

0.4, 0.6, and 0.8), whereas the BSTF and BLTF samples show high resistive grains at room 

temperature, however, an exception for the composition = 0.6 is observed and shows good 

conductivity features. At high temperature the resistivity of the materials in general decreases, 

BSTF and SLTF solid solutions shows a resistance of the grain and the grain boundaries of the 

same order, however, the BLTF system shows higher resistive grain at compositions x ≤ 0.6, 

above which the grain and the grain boundaries are of the same order.  

 The comparison of the calculated conductivities shows that at high temperatures, the total 

conductivity can be presented in the follow order SLTF (x = 0.8) > BLTF (x = 0.6) > BSTF (x = 

0.8), for values in the order of 10
-5

 (S.m
-1

), 10
-6

 (S.m
-1

) and 10
-7

 (S.m
-1

) respectively.  
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General conclusion  

 This work reports on the composition effect on the morphology, structural phase 

transitions and the physical properties of the ABO3 perovskite type materials. The different 

properties studied in this work are optical, dielectric and electric properties. The chosen systems 

of the ABO3 simple perovskite are in the general formulas:         
                (A = Ba, 

Sr, or La) in a wide range of substitution with 0 ≤ x ≤ 1 and δ ≥ 0.  

 The three solid solutions were synthesized by the conventional solid state reaction, with 

high temperature treatment to ensure the quality of the powder. High purity precursors were 

mixed in the appropriate amount to produce the final products studied in this work.   

 The structural and morphological investigations were carried out for BLTF, SLTF, and 

BSTF by means of the X-ray diffraction and scanning electron microscopy. The X-ray patterns 

were collected at room temperature and all the samples are confirmed to adopt the perovskite 

structure. As function of the composition, it is reported that the composition effect has induced 

several phase transitions in the BLTF, SLTF, and BSTF systems. The Rietveld refinement results 

showed two main phase transitions, Tetragonal → Cubic → orthorhombic for the BLTF systems; 

one phase transition from cubic to orthorhombic, and same with BSTF system that shows a 

transition from tetragonal to cubic. The conducted studies allowed understanding the preferred 

structure in terms of structural parameters, it is concluded that the structure volume is more 

affected by the A-O interatomic distance, thus the size of the A-site element; on the other hand 

the symmetry is more related to the B-O interatomic distance, this the size of the B-site element.  

 The particles size is seen to decrease in some compositions BLTF, x = 0.25; SLTF, x = 

0.2 ≤ x ≤ 0.4; and BSTF, 0.2 ≤ x ≤ 0.4. The morphology is observed to be dependent to the 

composition in the A site as Sr
2+/

La
3+

 and Ba
2+

/Sr
2+

  in the A-site can form flat plat like grains for 

a substitution amount ranging between 0.2 ≤ x ≤ 0.4 and 0.2 ≤ x ≤ 0.6 respectively. The 

substitution of BaTiO3 in all the cases is found to form porous structures in comparison with the 

large agglomerated grains of BaTiO3. However, the smaller grains size was obtained for BLTF at 

x = 0.25, while the larger particles were observed for BLTF at x = 0.8 

 The composition effect on the optical properties has showed good enhancement of light 

absorption in the three systems BLTF, SLTF and BSTF. The enhancement of the red shift 
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observed in the UV-Visible light absorption is associated with a shrink of the optical band gap as 

an effect of the composition. The study of dependency of optical properties to the structural 

parameters show that the band gap evolution is more related to the interatomic distances, larger 

values of <Ba/Sr-O> and <Ti/Fe-O> reflects lower values of the band gap. This was observed for 

the case of BSTF and SLTF solid solutions, for the solid solution BLTF, lower values of the 

optical band gap were observed for large <Ti/Fe-O> distances. Moreover, the insertion of new 

element in the ABO3 creates new energy level and reduces which induce an upward and 

downward shift of the valence band and conduction band edges respectively.  

 The dielectric studied carried out by the complex impedance spectroscopy has shown that 

the composition affected the dielectric properties of the materials. The composition has induced a 

reduction of the dielectric permittivity and low dielectric losses were observed. Moreover, the 

incorporation of Sr, Ba, and La suppresses the ferroelectric-paraelectric transitions. The 

incorporation of Fe
3+

 is proven to enhance the dielectric constant at high content and the peaks 

are assigned to the mechanism of Maxwell-Wagner. The conductivity is seen to increase with 

temperature for all the compositions can be presented in the follow order SLTF (x = 0.8) > BLTF 

(x = 0.6) > BSTF (x = 0.8), for values in the order of 10
-5

 (S.m
-1

), 10
-6

 (S.m
-1

) and 10
-7

 (S.m
-1

) 

respectively. The SLTF shows promising conductivity features at room temperature in 

comparison with BLTF and BSTF.  
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