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Abstract  

Ferroelectric materials have the ability to undergo reversible orientation shifts of their spontaneous 

polarisation (Ps) when subjected to an electric field. Many people have been interested in ferroelectric 

materials ever since Bush and Scherrer made the first crystals in 1935. This is because ferroelectric 

materials have many different properties, such as being dielectric, piezoelectric, pyroelectric, 

electrocaloric, and so on. Resonators, transducers, sensors, actuators, capacitors, energy storage, memory, 

and optical devices are just a few of the many applications for ferroelectric materials. This is because 

ferroelectric materials are very good at conducting electricity. Barium titanate (BaTiO3), "lead lanthanum 

zirconate titanate (Pb1-3yLa2yZr1-xTixO3 or Pb1-yLay(Zr1-xTix)1-0.25yO3)" and lead zirconate titanate 

(PbZr1-xTixO3) are some of the novel ferroelectric materials that have been found and synthesised to 

satisfy the demands of various applications. The dielectric, ferroelectric, and piezoelectric properties of 

BaTiO3 ceramics are the subject of our discussion as we delve into the effects of doping on these materials. 

In addition, a variety of ferroelectric characteristics characteristic of acceptor-doped BaTiO3 will be 

shown in detail using copper-doped BaTiO3. 
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Introduction  

Ceramics made of barium titanate (BaTiO3) have been the subject of much research in the last several 

decades in an effort to deduce its dielectric and ferroelectric characteristics [1-7]. Grain size and other 

microstructure parameters of the BaTiO3 ceramic have a significant impact on the dielectric values given 

in [8–13]. The relative permittivity of the BaTiO3 ceramic increases as the grain size decreases to 0.8 mm. 

A significant maximum of er 5000 was observed for grain sizes ranging from 0.8 to 1 mm, and this value 

diminishes with each successive reduction in grain size. This is due to the fact that a 908 domain wall 

cannot exist at grain sizes below 0.8 mm [14]. Zhang et al. [15] states that relative permittivity and 

transition temperature (TC) both drop as grain size decreases, and that the transition becomes diffuse. 

Reducing the size also reduces the loss tangent, which is an interesting property. It is well-known that 

dielectric losses can be caused, among other things, by the motion of 908 domain walls. In small-grained 

ceramics, grain boundaries pin wall motion [16], which can cause the loss tangent to shrink. A common 

method for making BaTiO3 ceramics involves solid-state interactions between oxides and carbonates at 

high temperatures. The majority of people now consider this to be the gold standard. The BaTiO3 ceramics 

made by the solid-state reaction preparation method are affected by the raw material characteristics. Of 

these characteristics, particle size is the most important, followed by purity and particle size distribution, 

among others. According to Carter's [17] study, the reaction rate of the particle is related to 1/r 2 (where r 
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is the particle's radius). Consequently, the sintering temperature of solid-state processes may decrease in 

tandem with the reaction's particle size. Ultrafine BaTiO3 powders with high purity and nanoscale size 

have been synthesised utilising various sol-gel and other low-temperature wet chemical methods in recent 

years [18–24]. While the Sol-gel process has several benefits, such as a quick fabrication cycle, cheap cost, 

tiny grain size, and great purity, it also has a limited throughput.25–30] Tables [25–30]  

The unique optical, electrical, magnetic, and nuclear characteristics of rare-earth (RE) elements are defined 

by their abundance of structures and energy levels. These properties have been utilised by functional 

materials to improve their properties and increase their utility.  

Electronics, manufacturing, acoustics, and medicine all rely on piezoelectric materials for their remarkable 

capacity to convert mechanical energy into electric energy. This quality makes piezoelectric materials very 

important in many practical applications.sections (31-36).Many factors, such as the electric performances 

of piezoelectric materials, can be controlled. These factors include the materials' compositions, 

microstructures, and any lattice defects, such as oxygen vacancies, that may be present. Improving the 

properties of piezoelectric materials has been the focus of a lot of study. This has been accomplished by 

incorporating new solid solutions or by doping with oxides. Doping with rare-earth ions instead of the 

original ions might cause vacancies to form. The material's electrical properties might be compromised if 

the crystal lattices undergo distortion. Reason being, vacancies are not the same as original ions in chemical 

valence and ionic radius Thirteen elements make up the rare-earth element family:  

 

Sc and Y round up the group. Figure 1 displays the piezoelectric materials doped with rare earth elements 

and their corresponding characteristics according to the aforementioned literature. Tsonev (2008), Sun et 

al. (2011), Pieter (2013), and Pieter (2017) all note that rare-earth ions can exhibit visible 

photoluminescence in piezoelectric materials due to their comparatively prolonged metastable state and 

ladder-shaped 4f energy level. Because of these properties, the materials can emit light when exposed to 

light. The primary pathways for energy transfer during lanthanide (Ln) luminescence sensitisation are 

shown in Figure 2A. the energy levels of these ions are also schematically shown in Figure 2B. After 

absorbing energy, electrons in the ground state of a singlet (S0) transition to the excited state of a singlet 

(S1) thereafter. Moreover, the S1 state's excitation energy is transmitted to the triplet state (T) according to 

intersystem crossover, and then to the 4f states once those states are reached. At last, it is possible to achieve 

the same quantity of lanthanide ion emission (Sun et al., 2006; Dang et al., 2008). 

 

 

This illustrates the connection between rare earth elements, piezoelectric materials, and their 

characteristics. 
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Figure 2(A)  illustrates graphically the primary pathways for energy transfer that occur during the process 

of ligand-mediated sensitisation of lanthanide luminescence.  In Figure B, we can see the ion energy levels 

graphically.  

Despite the significant interest in rare-earth ion doped piezoelectric materials due to their exceptional 

electric and luminous performance, there is a dearth of published assessments in this area of study. A 

particular piezoelectric material or manufacturing method has been the primary emphasis of most studies. 

Concerning lead-free perovskite piezoelectric bulk materials, Zheng et al. (2018) discussed the matter. We 

spoke about the connections between lead-free materials' electrical properties, domain topologies, and 

phase boundaries. According to Liu (2015), the topic was the recent advancements in lead-free textured 

piezoelectric ceramics that have improved their piezoelectric activity. The development of additively 

manufactured piezoelectric materials was the primary emphasis of Chen et al. (2020a).  

Rare Earth Elements Doped Piezoelectric Ceramics 

Lead-Based Piezoelectric Ceramics Composited with Rare Earth Elements 

Piezoelectric ceramics are a form of piezoelectric material that has a wide range of uses. This is due to the 

fact that they possess great optical characteristics, cheap manufacturing costs, easy preparation, and 

superior electric properties. Over the course of the last several decades, piezoelectric ceramics based on 

lead have been the dominant force in the market due to the favourable features that they possess. In the 

next part (37–39), an overview of the lead-based ceramics that have been doped with rare earth elements 

was presented. 

Ceramics Using PZT Materials Doped with Rare Earth Elements 

Piezoelectric ceramics that are based on Lead Zirconate Titanate (PZT) are well recognised for their 

extraordinary electrical and mechanical qualities. These properties include high piezoelectric coefficients, 

ferroelectricity, and dielectric permittivity. As a result of these features, PZT ceramics are indispensable in 

a wide variety of applications, including energy harvesting devices, actuators, ultrasonic transducers, and 

sensors. The performance of PZT materials can be restricted by a number of issues, including temperature 

stability, the effects of ageing, and the difficulties associated with material production, despite the fact that 
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these materials possess beneficial features. In recent years, the inclusion of rare earth elements (REEs) into 

PZT has emerged as a potential technique to enhance and tune the material characteristics for specific 

applications. This innovation has been brought about by the introduction of REEs into PZT. The 

incorporation of rare earth elements into PZT ceramics has been demonstrated to alter the structural, 

electrical, and thermal characteristics of these materials. This has resulted in enhancements in piezoelectric 

response, curie temperature, and mechanical strength. The impact of elements including lanthanum (La), 

yttrium (Y), and cerium (Ce) on the crystallographic structure, phase transition behaviour, and charge 

transport processes in polymeric zinc tetrafluoride (PZT) have been explored.  

During the sintering process, the incorporation of rare earth elements (REEs) can have an effect on the 

lattice parameters, which can result in enhanced densification. This, in turn, can change the ferroelectric 

characteristics of the material. In addition, it is well-known that rare earth elements have the ability to 

influence the domain structure and polarisation dynamics, both of which are essential elements in 

influencing the piezoelectric behaviour. The optimisation of these qualities can lead to the creation of 

materials that have improved stability at high temperatures, higher efficiency, and longer lives within their 

operational applications. In order to build sophisticated piezoelectric devices that are capable of meeting 

the requirements of next-generation technologies, it is essential to have a solid understanding of the 

mechanisms that are responsible for the effects that rare earth doping has on PZT.  

In this work, the impacts of doping PZT ceramics with a variety of rare earth elements are investigated. 

The influence of these elements on the microstructure, dielectric behaviour, and piezoelectric performance 

of the material is specifically investigated. Through an examination of the structural alterations and 

electrical characteristics that are brought about by various rare earth elements (REEs), the purpose of this 

research is to give a more in-depth understanding of the potential of rare earth-doped PZT ceramics for 

enhanced device applications. 

Modifications to the dielectric characteristics 

The result of the permittivity 

Two of the most important factors that govern the dielectric characteristics of ferroelectrics are the mobility 

of the domain walls and the domain walls' mobility. A notable improvement in the dielectric response is 

observed in tetragonal BaTiO3 when the mobility of the 180◦ domain wall (as depicted in Figure.2(B)) is 

increased. "For the purpose of achieving this improvement, it is necessary to prevent large dielectric losses, 

which are mostly generated by the motion of the 90◦ domain wall (Figure.2(b))[40] and electronic 

conduction[10]". 
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Figure 2 (B). A diagram demonstrating the formation of 180° (a) and 90° (b) domain walls in BaTiO3. 

Because surface charges are formed by BaTiO3's spontaneous polarisation, a depolarising field is 

generated when the material is cooled below the temperature at which the phase transition occurs. In 

order to decrease the electrostatic energy linked to the phase shift, 180◦-domains with contrasting 

polarisation forms. At the same time, regions with an angle of 90 degrees are created in order to limit the 

mechanical forces caused by the phase shift. 

"A-site vacancies [9, 41], B-site vacancies [42, 43], and/or electrons [43] are induced" in BaTiO3 material 

by the process of doping with donors in order to achieve effective charge balancing. The rise in 

permittivity can be attributed to the softening mechanism known as donor doping, which is accountable 

for the phenomenon.three, forty-five, and forty-four For instance, the relative permittivity of A-site 

Nd3+-doped BaTiO3 is 11800 [41], but the relative permittivity of Asite La3+-Zr4+ co-doped BaTiO3 

is 36000 [46]. This is in contrast to the range of 4500-10000 that is seen in pure BaTiO3.[The pages 48 

and 47] Furthermore, a rise in dielectric losses is caused by an increase in conduction, which produces 

an increase in the number of induced electrons that are formed as a result of donor doping [10, 11]. 

Doping BaTiO3 with an acceptor induces the creation of positively charged oxygen vacancies for the 

purpose of charge compensation [36, 39, 49, 50]. in BaTi1–xNixO3,[16] 

and inBa1–xLi2xTiO3. UsingThat's [51] that is. The mobility of domain walls is 

reduced, which in turn causes a drop in permittivity, when oxygen vacancies are present.For example, 

when the concentration of iron reaches 1at% and manganese reaches 1at%, the permittivity of BaTiO3 

doped at the B site drops to 1800 and 1000, respectively. Similarly, the permittivity of Ce3+-Gd3+ co-

doped BaTiO3 at the B site also drops as the doping concentration increases.in the 53rd in the 53rd This 

happens as well when BaTiO3 is doped with Zn2+, which results in a permittivity value decrease of 

around 1,000. Something occurs, but the B-site remains unchanged.[54] [54] Figure 4(a) shows that the 

permittivity drops with increasing Cu concentration up to 1.6at%, despite the fact that BaTiO3 doped 

with 0.4at%Cu does not undergo this drop. Conductivity may also be affected by the presence of oxygen 

vacancies, which have the potential to increase dielectric losses.As an illustration, the oxygen-poor 

BaTiO3−δ material continues to exhibit ferroelectric properties even when δ surpasses 0.25, as it 

transforms from an insulator to a metal.Figure 4(b) displays the results of our research showing that the 

dielectric loss of the BaTiO3 sample doped with 1.6at%Cu(acceptor) is greater than that of the undoped 

sample. 

Differential phase transitions that change 

Not only may doping affect the permittivity of BaTiO3, but it also has the ability to change the transition 

temperatures of the material. The centrosymmetric cubic symmetry (Pm¯3m) that BaTiO3 displays as the 

temperature increases beyond the Curie temperature (TC) is what differentiates it from other paraelectric 

materials. Formation of ferroelectric phases is the end outcome of a cascade of phase changes in this 

material. The orthorhombic phase (Amm) occurs at 280K after the tetragonal phase (P4mm) at 395K. We 

can see the tetragonal phase in the initial stage. The last stage, indicated by the sign R3m, occurs at a 

temperature of 185 °K [1, 3]. 
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Figure 3. "displays a portion of the relative permittivity of BaTiO3 with respect to temperature. Within the 

insets, one may see images depicting the polarisation direction with unit cell, space group, and crystalline 

structure photographs". 

It has been known that the majority of the phase transitions in BaTiO3 are displacive, and that these changes 

indicate the displacement of the Ti cation relative to the O6 cage. To be more specific, the conflict between 

long-range interactions (e.g., Coulomb attraction and dipole-dipole interactions) and short-range contacts 

(e.g., Pauli repulsion) determines the direction of this displacement.The quantities In references [22, 57],  

The oxygen octahedron around dopants is distorted because their ionic radius is different from the host 

ions'. It is anticipated that phase transition temperatures would vary due to this phenomena. Because the 

smaller ions are substituting Ba2+ at the A site (rBa2+ = 149pm), the oxygen ions in the vicinity move 

towards the dopant. since of this, titanium may be pushed farther since there is more space. The h111i axes 

are better for this kind of displacement than the h100i axes.[58] [58] Because of this, the tetragonal phase 

becomes unstable and the temperature drops. As an example, the temperature of Ce-doped BaTiO3 (rCe3+ 

= 115pm) drops to 313K for a 3at% Ce concentration on the material.[59] [59] Also, it could affect the 

temperatures at which different phases change. [27]  

 

 

Effect On The A-Site, The Replacement Of Titanium Ions 

In addition, oxygen octahedra are distorted (rTi4+ = 74.5pm) because dopants with varying radii are present 

at the B site. Upon substitution of bigger ions for Ti, the tetragonal phase becomes unstable. This is because 

a new one was installed. "When these bigger ions push the neighbouring oxygen anions towards the 

surrounding octahedra, the available area for the displacement of titanium ions along the h100i axis is 

decreased. The cubic-tetragonal transition (at TC) is moving to lower temperatures because of this change. 

Alterations can also be made to the tetragonal-orthogonal phase transition that occurs at the transition point 

(TO→T).[58] [58] As an illustration, the temperature (TC) and temperature differential (TO−T) of (1-

x)BaTiO3-xLiF ceramics (rLi+ = 90pm) drop to 334K and 298K, respectively, as the percentage of x 

increases (between 2-5%at%).[60] [60] An addition of 1 weight percent zinc (rZn2+ = 88pm) can reduce 

the Curie temperature of BaTiO3 by 7K.In BaTi1-xMnxO3 with 1.3at% Mn, the Curie temperature drops 

to 383K. The reason behind this is that rMn2+ = 97(81)pm and rMn3+ = 78.5(72)pm, respectively, for high 

(low) spin.Figure 4 shows that for Cu2+ (rCu2+ = 87pm) doping on the B site, we saw a drop in thermal 

conductivity (TC) and thermal conductivity (TO−T) at doping levels ranging from 0.4 to 1.6at%. The 
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smaller grain size of the pure BaTiO3 sample (less than 1µm, as measured by SEM) compared to the 

0.4at%Cu-doped sample (tens of µm) is the reason for its lower permittivity, as mentioned in references 

[62, 63]. Doping can cause a drop in permittivity, but the larger grains in the doped sample can make up 

for it".  

Another factor that causes the tetragonal phase to become unstable is the substitution of smaller ions on 

the B-site. When smaller ions, such Al3+ (rAl3+ = 67.5pm), are doped into the B site, the octahedra around 

the dopant contract. The h100i axis are thus not able to carry as many Ti ions as before. To illustrate, as 

comparison to pure BaTiO3, BaTi0.9992Al0.0008O3 exhibits a little higher temperature (TO−T) of 324K 

and a slightly lower temperature (TC) of 390K.[64]   

The dielectric characteristics of BaTiO3 ceramics are heavily affected by the movement of the domain 

walls, as previously stated. Donor doping increases the mobility of the domain walls, which in turn 

increases the permittivity. Domain rotation becomes more difficult due to acceptor doping's hardening 

process, which in turn reduces permittivity. Acceptor doping creates oxygen vacancies, while donor doping 

adds electrons, both of which facilitate conduction. Because of this, the amount of dielectric losses 

increases. Decay of the lattice oxygen octahedra is caused by the dissimilar ionic radii of the host ions and 

the dopants. Additionally, titanium ion displacements along the h100i axis occurred as a result of this.  

 

Figure 4: "Changing the doping concentration of Cu-doped BaTiO3 at 10 kHz as a function of temperature 

has a reduced influence on the real component of the relative permittivity (a) and dielectric losses (b) 

compared to un-doped BaTiO3. This causes doped BaTiO3 to have lower Curie temperatures and makes 

the tetragonal phase unstable". 

Modifying ferroelectric characteristics 

ceramics' softening or hardening 

One of the characteristics that distinguishes ferroelectric materials is the hysteresis loop, which is also referred to 

as the P-E loop. This demonstrates how polarisation transforms in response to an external electric field. Figure 5 

illustrates the hysteresis loop and the domain architecture schematics that correlate to it for pure BaTiO3 ceramics.  

The sintering process results in BaTiO3 ceramics exhibiting zero net polarisation. This is because the ferroelectric 

zones are orientated in an unanticipated direction. Domain barriers change in order to gradually align domains as 
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a reaction to an increasing electric field from the outside. When subjected to high fields, the polarisation reaches 

its maximum (up to Ps) following a slow ascent. Remainder polarisation (Pr) is a phenomenon that occurs in pottery 

when a subset of its domains does not recover to its initial orientation after the applied field has been removed. 

Within the boundaries of the diagonal stripes in Figure 5, the region that represents the recovered energy (Wreco) 

is shown. The proportion of this is related to the entire amount of electric energy that is supplied to the system, 

less the amount that is needed to polarise the ceramic. This is illustrated by the solid blue region that is contained 

within the hysteresis loop.  

Ferroelectrics are preferred to other bulk dielectric ceramics due to their greater saturation polarisations and 

breakdown strengths [7, 65]. This is because ferroelectrics are suitable for the whole stored energy, which is 

represented by the solid blue zone in Figure 5. Their Wreco, on the other hand, is lower than average owing of the 

high remanent polarisation value. It is possible for doping to increase Wtotal while simultaneously reducing 

hysteresis losses (also known as Wreco) by reducing the remanent polarisation while maintaining a high saturation 

polarisation.[66]  

 

Figure 5 demonstrates the hysteresis loop of room-temperature running pure BaTiO3 with matching 

dipole orientation (inserts). From a state of disarray, the dipoles gradually straighten themselves out in 

response to an increasing external electric field. Following this transition, BaTiO3 goes through a phase 

shift from its initial, unpolarized state (often called the "virgin" state). In condition 3, with remanent 

polarisation P+r, dipoles undergo a partial reversal of their polarisation upon field removal. At the 

coercive field (Ec), the orientations of the dipoles cancel each other out. Within this picture, the solid 

blue zone signifies Wtotal, which is the sum of all stored energy. The area with diagonal stripes represents 

the recoverable energy, which is denoted as Wreco. 

Through the use of donor doping, the benefits that are associated with "soft" materials can be realised. 

For example, increased may be gained from this. All of these elements work together to decrease energy 

losses, which raises Wreco.[67–69] [67–69] The process of acceptor doping not only "hardens" 

ferroelectrics but also increases the likelihood of more compact hysteresis loops. This is accomplished 

by reducing the mobility of the domain wall. It is because of the loudness impact that this occurred. In 

contrast to the open loop of pure BaTiO3, the double loops of Cu-doped BaTiO3 exhibit lower saturation 

polarisation, greater coercive field, and lower remanent polarisation. Other characteristics include 

stronger coercive field [70, 71]. In Figure 6, the characteristics of BaTiO3 that has been doped with 

copper are displayed. As an additional point of interest, the significantly decreased remanent polarisation 

leads to an increase in Wreco, despite the fact that the saturation polarisation decreases slightly. 

Undoubtedly, this is a significant finding.[66, 72] are the numbers that are The defect dipoles that are 
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aligned with the crystal symmetry are characterised by the symmetry-conforming principle. This 

principle is characterised by the fact that the defect dipoles are aligned with the crystal symmetry (see 

state 1 in Figure.6). The moment when the thermodynamic equilibrium is attained, a certain event takes 

place.[33] [33] Because of this, the introduction of the electric field does not have any effect on the 

orientation of the defect dipoles [30, 45].  

 

Figure 6 Displayed below is a side-by-side comparison of two room-temperature pinching processes: one 

for pure BaTiO3 (dotted black line) and another for 0.4at%Cudoped BaTiO3 (solid blue line). The 

positive electric field from state 1 to state 2 and, as seen in the diagram, the intrinsic dipoles are gradually 

aligned. Upon elimination of the external field, the intrinsic dipoles revert to their initial random 

orientations due to the restoring force provided by the defect dipoles. Almost no polarisation occurs in 

ceramics. The presence of a negative electric field (between stages 1 and 5) triggers a comparable 

mechanism. 

It is thus desired to maximise the energy recovery from doped-ferroelectric ceramics by combining the 

effects of acceptor doping, which produces narrow hysteresis loops, with donor doping, which produces 

wider hysteresis loops. The amount of energy that may be recovered would increase as a result.The sets of 

integers that are 

Anti-aging as well as anti-aging 

Degradation is not the same thing as the ageing process, which is also sometimes called the hysteresis loop 

pinching process. The deterioration phase, which is an exhaustion-type transition that cannot be reversed, 

is characterised by a decrease in the levels of both the spontaneous and saturation polarisations.[73] Some 

individuals, on the other hand, have the ability to turn back the clock on the ageing process.  

In the opposite direction of the process that is known as de-aging, reopening a constricted hysteresis loop 

brings about the opposite effect. An example of a classical ferroelectric P-E loop may be observed in a 

sample that has been de-aged. When referring to the process of deaging, which is also known as the 

transition from a pinched state to an open loop, it is frequently described as the process of going from a 

"clamped" state to a "free" or "unclamped" one. It is possible for defect dipoles to vanish for a brief period 

of time due to oxygen vacancy migration and disorder phenomena. The numbers [78–80]. The release of 

the domains, which is the first step in the de-aging process, is the result of this. Quenching and fatigue 

treatment are two techniques that may be utilised in order to de-age an older sample. This technique is also 

known as opening restricted loops to the sample.  
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The process of quenching involves heating the sample while it is in its paraelectric phase (above the Curie 

temperature). This phase is characterised by the disordering of oxygen vacancies and the absence of 

intrinsic dipoles (that is, they are not always the nearest neighbours to dopants). Following that, the sample 

is brought down to room temperature as rapidly as possible. It takes some time for the oxygen vacancies 

to permeate to the regions that are nearest to and surrounding the dopants, which is the reason why the 

production of defect dipoles requires some amounts of time. As a consequence of this, the hysteresis loop 

is identical to the one that is discovered in an undoped sample, and the defect dipoles do not pin the 

ferroelectric domains. In Figure 7(a), we can observe this phenomenon for Cu-doped [3]:  

 

Figure 7: A BaTiO3 ceramic with 0.4at% copper doped and its de-aging procedures: following 105 

cycles, the pinched hysteresis loop stabilises at an open form, following which it opens steadily (green 

curve). (a) Beginning in a "virgin" condition with zero net polarisation, quenching eliminates all external 

dipoles and opens the hysteresis loop. (b) Dipoles are distributed randomly in the direction of external 

fields. 

The application of fatigue treatment, which involves subjecting the sample to an oscillating electric field 

on a consistent basis, is an additional method that may be utilised to release a pinched loop. In order to 

achieve this goal, a series of repetitions is utilised. Consequently, this led to the creation of oxygen 

vacancies disorder as well as the removal of defect dipoles. The information that is shown in Figure.7(b) 

demonstrates that the hysteresis loop is completely open after 105 cycles (the red curve), and that the 

remanent polarisation of 0.4at%Cu-doped BaTiO3 rises from the first to the 103 cycles (from the black 

curve to the green curve). There are a number of elements that influence fatigue characteristics, including 

the temperature, the field profile, the type of dopants, and the concentration of what they are. 

Additionally, the fatigue characteristics are additionally influenced by the type of ferroelectric material 

that is being used. This time frame [81–85] 

In the same way that it is possible to open a pinched loop, it is also possible to do the reverse, which is 

referred to as inverting the ageing process. A pinched hysteresis loop is observed in a BaTiO3 sample 

that has been doped with 0.4at% Cu, as demonstrated in Figure.8. This occurs when the thermodynamic 

equilibrium is attained. The formation of defect dipoles takes place when oxygen vacancies have been 

able to migrate to the regions that are closest to dopants for an adequate amount of time. [75] [86, 87] 
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Figure 8: BaTiO3 hysteresis loops doped with 0.4at%Cu are re-pinched. When the sample is quenched 

from above TC, the open loop, which is also called the "quenching" or dotted black curve, is immediately 

visible due to the disordering of the oxygen vacancies. Two weeks after being stored at ambient 

temperature, the quenched sample's disordered oxygen vacancies moved towards the dopants, creating 

defect dipoles and compressing the violet curve, also known as the hysteresis loop. After removing the 

sample from air at 500°C (above TC), the hysteresis loop (blue curve) is compressed. This process also 

allows oxygen vacancies to diffuse and defect dipoles to form.  

Hysteresis loop shift 

As can be seen in Figure 9.a, the hysteresis loops of doped ferroelectrics can occasionally be pushed along 

the field axis. This occurs in situations when the positive coercive field is less than the negative one (). The 

phenomenon in question is caused by the defect dipoles' tendency to point in a certain direction, which in 

turn pins the intrinsic dipoles that are located in close proximity to them. Additionally, the favoured 

orientation of defect dipoles functions as a helpful internal bias field.The numbers [31, 88] The reason for 

this is that in order to alter the polarisation, it is necessary to have a more powerful opposing external field. 

This, in turn, causes the associated coercive field to increase, which in turn causes the entire hysteresis loop 

to shift horizontally (Figure.9(a)).[3, 88]... Creating such a shift may be accomplished by the use of a field-

cooling technique that polarises in Figure 9.  

Indicative of the field cooling effect is the presence of a nonzero initial polarisation, which is approximately 

comparable to the remanent polarisation. The moment that the defect dipoles, ultimately  

 

mailto:editor@ijermt.org
http://www.ijermt.org/


International Journal of Engineering Research & Management Technology                                ISSN: 2348-4039 

Email:editor@ijermt.org            Volume 11, Issue-6 November-December- 2024            www.ijermt.org 
 

Copyright@ijermt.org                                                                                                                                Page 112 

Figure 9 The hysteresis loops of field-cooled BaTiO3 doped with 0.4at% Cu are displayed in Figure 9. 

These loops were measured in two directions: (a) perpendicular to the poling field's (Epol) direction, and 

(b) parallel to it. Conversely. 

A consequence of this is that the polarisation loop that was captured along that path does not exhibit any 

signs of distortion. On the other hand, the initial polarisation is essentially nonexistent in the direction that 

is perpendicular to the direction in which the poling field is moving (Figure.9(b)). As a consequence of 

this, the number of intrinsic dipoles that point in a direction that is perpendicular to the direction in which 

the poling field is moving is relatively low. The orientation of individuals who do so is also random within 

that vertical plane, which is another point of interest. In addition to this, the symmetry conforming principle 

allows the few defect dipoles that are present in that plane to take on an orientation that is completely 

random. The hysteresis loop that is recorded in that plane undergoes a slight compression as a consequence 

of this. Due to the fact that the majority of the intrinsic domains that surround these defect dipoles continue 

to point in the direction of the poling, it is difficult for them to spin in the direction of the applied field. A 

reduction in saturation polarisation is another effect that we observe as a consequence of this.  

In the shifted hysteresis loop, more distortion may be observed after the field-cooling technique has been 

carried out for a matter of days. The formation of a loop in the shape of a hummingbird will finally take 

place, as seen in Figure 10. It is possible that this phenomenon is brought about by the rising number of 

polarised defect dipoles, which finally reach a configuration of equilibrium. This is because these dipoles 

exert a larger pinning force on the domains that are in the surrounding area. This type of loop is 

characterised by an asymmetry, and the "beak" of the loop reflects the direction of the defect dipoles that 

make up the majority of the loop. In the presence of a positive electric field, domain rotation accelerates 

(that is, following the majority orientation of defect dipoles). This occurs because the domain rotation is 

amplified. The consequence of this is that there are less hysteresis losses and a lower value for the coercive 

field. Because of the presence of the reverse electric field, the domain reversal process is sluggish and 

requires a greater value of the coercive field. On top of that, significant hysteresis losses take place.  

Controlling dipoles that are not operating properly allows one to make adjustments to the shape of the 

hysteresis loop, as seen above. When oxygen vacancies are located in close proximity to aliovalent dopants, 

the induction of a pinched loop occurs, which results in the formation of a pinched loop at that location. 

 

Figure 10 displays the hysteresis loop resembling a hummingbird in BaTiO3 doped with 0.4at%Cu, which 

results from the defect dipoles' favoured orientation. A positive electric field induces simple (small Ec) 

domain rotation free of hysteresis loss when defect dipoles are orientated in the majority. In the presence 
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of an opposing electric field, domain reversal is more gradual, resulting in higher hysteresis losses and a 

more robust coercive force—both of which contribute to the formation of defect dipoles. This pinching or 

even creation of a double hysteresis loop is caused by these defect dipoles, which provide a restoring force 

similar to those seen in antiferroelectric structures. However, the sample maintains its ferroelectric 

properties due to the fact that the low field state is analogous to the "virgin state" of undoped samples 

following production. The capacity to retain energy is one reason why this type of pinched hysteresis is 

advantageous. [66, 72]  

In spite of this, it is possible to generate an open, classical ferroelectric hysteresis loop by disordering the 

oxygen vacancies that are present in such samples. After the sample has been quenched from its paraelectric 

phase to room temperature, this can be done immediately after the process has been completed. Moreover, 

this may be accomplished by the use of weariness measurements. However, despite the fact that the induced 

states are only metastable, they are similar to classical ferroelectrics. When the oxygen vacancies have had 

sufficient time to produce defect dipoles and reach locations that are closest to the dopants, they will induce 

a pinched loop at the point when thermodynamic equilibrium is reached.  

CHANGES MADE TO THE ELECTROMECHANICAL ASPECTS 

There is also the possibility that doping will have an effect on the piezoelectric characteristics of BaTiO3. 

This is an extremely difficult process to do because of the contributions that are made to the connection 

between strain and electric field. In addition to the strain that is inherent in the lattice, the movement of the 

domain walls can be responsible for up to fifty percent of the electromechanical action that is applied to 

ferroelectric materials.[No. 89 and 90] Furthermore, it is worth mentioning that the presence of non-180◦ 

domain barriers is the primary reason for the presence of substantial nonlinear and recoverable 

electrostrains in experimental data.[1, 22, 91, and 92] Consequently, the elements that have an effect on the 

movements of the domain wall have a significant impact on the electromechanical response of BaTiO3. 

[93, 94] 

Because the domain walls of "soft" ferroelectrics are more malleable than those of "hard" ferroelectrics, 

which are pinned from the outside, "soft" ferroelectrics display a greater amount of strain under the 

influence of an electric field.Table I shows this concept by demonstrating that the "hard" PZT (unaged) 

ceramics have lower piezoelectric coefficients than the "soft" lead zirconate titanate (PZT-5A, PZT-5H) 

ceramics. [23, 25 and 23; 93, 95] Showing that the "hard" PZT ceramics have lower piezoelectric 

coefficients.[96] [96] The piezoelectric coefficient of unaged "hard" Ce-doped BaTiO3 is considered to be 

lower than that of pure BaTiO3, with a value of d33 equal to 190pm V−1. This is supported by references 

17 and 28. 
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Figure 11 displays the strain vs electric field curve and the polarisation hysteresis loop of BaTiO3 doped 

with 0.4at% Cu. The strain curve is nearly flat in the lower field range, which is either 0-5kV cm1 or -5-

0kV cm1, assuming a piezoelectric coefficient of 22pm V1. The strain drops in a linear and sudden 

fashion when the electric field drops from 8(-8) to 5(-5) kV cm1. Roughly speaking, the piezoelectric 

coefficient is 1561 pm V∣1. 

As a result of the fact that the defect dipoles in the aged state perform the function of a restoring force, 

which makes it easier for the domain to rotate back to the zero net polarisation (virgin) state, the hysteresis 

loop is compressed. In a prior presentation, this was demonstrated to be true. An rise of a considerable 

magnitude is brought about in the apparent piezoelectric coefficient (d33) as a result of this procedure.13 

as well as 17 and 88 There is a significant correlation between the slope of the strain response of 

0.4at%Cudoped BaTiO3 and an extremely high piezoelectric coefficient (d33) of 1561pm V−1, as seen 

in Figure.11. When the electric fields are between 5 and 8 kV cm−1, this is the situation that presents 

itself. Furthermore, it has been observed that aged BaTiO3 that has been doped with 0.3at%Mn displays 

a d33 value of 2100pm V−1 when that material is exposed to electric fields that range from 2.5 to 3.5kV 

cm−1. When exposed to a modest electric field of 2 kV cm1, single crystals of aged BaTiO3 that has 

been doped with 0.02at% Fe display a significant amount of strain, which is measured at 7.5 103. This 

strain is equivalent to a d33 value of 3750pm V−1[88], which happens to be nearly 10 times more than 

the strain that is associated with the single crystals. 

The table 1. Below, we provide a comparison of the values of the piezoelectric coefficient (d33) for hard 

ferroelectrics (BT: barium titanate) and soft ferroelectrics (PZT: lead zirconate titanate). At room temperature, the 

two are compared. 

Compo- 

sition 

Soft PZT Hard PZT (unaged)  Hard BT 

(unaged) 

Hard BT (aged) 

PZT-5A PZT-

5H 

PZT-2    PZT-4

  

PZT-

8 

2 at%Ce 0.3at%Mn 0.02at%Fe 

d33 (pm 

V−1) 

375 590 152 290 225 116 2100  3750 

Reference [96] [96] [93] [96] [96] [28] [14]  [88] 

  

Pb(Zn1/3,Nb2/3)O3-8%PbTiO3 (PZN-PT) ceramics [97] and ceramics larger than standard piezoelectric 

PZT (see Table I). 

To summarise, "soft" ferroelectrics have higher piezoelectric capabilities when compared to their non-

doped counterparts. This is because the domain walls of "soft" ferroelectrics are more mobile than those 

of their non-doped counterparts. Aged hard ferroelectrics experience a domain rotation that accelerates 

back towards their initial orientation as a result of the restoring force that is created by the defect dipoles. 

Because of this, aged BaTiO3 displays much larger piezoelectric coefficients, with values that are greater 

than 1500pm V−1 (this work and others [14, 88] validate this notion). It is possible to generate this 

interaction between defect dipoles and domains by the use of acceptor doping, which opens up a 

potentially fruitful route for the realisation of applications that are based on the increased 

electromechanical capabilities of BaTiO3. 
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CONCLUSION 

In conclusion, the incorporation of rare earth elements (REEs) into barium titanate (BaTiO2) has a major impact on 

the ferroelectric and dielectric characteristics of the material. This results in considerable enhancements in both 

the material's performance and its stability. Additionally, it was discovered that the inclusion of rare earth elements 

(REEs) including lanthanum (La), yttrium (Y), and cerium (Ce) into BaTiO2 ceramics led to an increase in the dielectric 

permittivity, an improvement in the polarisation response, and the stabilisation of the ferroelectric phase. To be 

more specific, the addition of rare earth elements (REE) resulted in a decrease in the coercive field and a rise in the 

remanent polarisation. This resulted in an electrical behaviour that was more efficient and stable, particularly at 

higher temperatures and frequencies. In addition, the doping procedure led to improved densification and grain 

development, which resulted in an overall improvement in the material's microstructure as well as its mechanical 

characteristics.  

Rare earth elements appear to play a significant part in the modification of phase transition properties and the 

enhancement of the high-temperature stability of BaTiO2 ceramics, as indicated by the findings. These discoveries 

open up new avenues for the development of sophisticated BaTiO2-based materials that have dielectric and 

ferroelectric characteristics that have been optimised for use in a broad variety of electronic applications. These 

applications include high-performance capacitors, actuators, and sensors. In the future, attention should be focused 

on further optimising doping concentrations and researching new rare earth elements in order to fine-tune the 

characteristics of the material for specific applications. In general, the use of rare earth doping is a promising 

method that has the potential to improve the functionality and efficiency of BaTiO2 ceramics in contemporary 

electronic devices.   

Dielectric Batio3 From A Future Perspective  

Because we still don't know the answers to these problems, one practical option would be to utilise less 

rare earth raw materials. By far, this is the most straightforward approach. Composites of two or more 

different types of materials, chosen for their complementary molecular size and nanoparameter profiles, 

are known as hybrid materials. The two materials, polymers and ceramics, come together in this unique 

hybrid. The presence of both inorganic and organic substances is common. It's quite [14] To be more 

precise, the BaTiO3 filler dissolves into the polymer chain. This process culminates in a core-shell 

structure, where the initial ceramic acts as the core and alternating polymer doping forms the shell around 

it. [15] [15] This leads to a stronger bond between the two materials and a more uniform distribution of the 

ceramic filler inside the molecular structure of the polymer matrix.[16] [16] As a result of the hybrid 

material plate, the cross-linked polymer structure in MLCC provides more mechanical strength than the 

material plate alone. Polymers are simple, cheap, and very useful despite having a lower dielectric constant 

than inorganic materials like BaTiO3. From 100 to 300 kV/cm, polymers' breakdown strength (K) is lower 

than that of other materials. By incorporating fine grains into the material, the breakdown strength and 

relative permittivity are both improved.[18] Consequently, a practical method for enhancing the breakdown 

electric field strength of the MLCC is the hybridisation of polymer and BsTiO3 ceramic. In general, non-

polar polymers with a symmetrical structure and fully covalent bonds are linked to strong dielectric 

properties. Many people believe these polymers to be the best.([19]] [19]] Therefore, it is critical to choose 

the possible polymer species that would meet the application requirements the best. A semi-crystalline 

polymer with an impressive dielectric constant and energy density (T) (min:6, max:9) value, polyvinylidene 

fluoride (PVDF) stands out among the many common polymers and plastics [20]. This is because of the 
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highly polarised carbon-fluorine bond. These traits have been uncovered in recent studies. A bonding 

energy of 485 kilojoules per mole and a bond length of 135 pm characterise this substance. (19, 21). It has 

a high level of heat resistance and can endure temperatures up to 150 degrees, while being thermoplastic. 

It also has great mechanical strength, which protects it against cripes and fatigue, and it's easy to produce. 

The entries are [20] [20]. Several tools have been employed in an effort to combine the advantageous 

dielectric characteristics of two separate materials to the fullest extent feasible. To compost nano or micro 

BaTiO3 and polymer, do not utilise the traditional method of surface coating and solid dissolving. A limited 

improvement in dielectric characteristics is achieved when there is an unhomogenized and fault interface 

between two phases. This is because energy capacitance is lost and the attrition rate increases. Nevertheless, 

PVDF was used as the polymer. One novel approach to this issue is the use of polymer grafting, which 

allows for very precise control of the shell costing thickness [22] [23] [24]. By implementing all of these 

steps, the sample's general dielectric characteristics should be enhanced. 
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