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4.  Structural response of La2Zr2O7 pyrochlore upon 
irradiation with 1.0 MeV Xe4+ ions  

4.1 Introduction 

The material characteristics and their response to the adverse environment are of utmost 

interest in several fields for diverse applications such as high-temperature SOFCs, 

immobilization of nuclear wastes, buffer layer coating on superconductors, etc. [1 3]. As per 

the earlier studies, material characteristics can be driven by engineering the composition, 

annealing time duration and temperature, pressure, and so on [4,5].   

Pyrochlore compounds, A2B2O7, feature an extensive diversity of compositions 

because of their feasible and flexible structure. The capability of structural feasibility and 

flexibility of A2B2O7 compounds has been established it, a promising candidate for astonishing 

applications in diverse technological fields such as immobilization of radioactive nuclides, 

electrocatalysis, magnetic, optical, solid oxide fuel cell, thermal barrier coatings, etc. [3,6 8]. 

Here, it is imperative to mention that the engineering of the B-site rare earth element altered 

the ferroelectricity, ionic conductivity, luminescence, and radiation tolerance of pyrochlore 

compounds [9]. The alteration of these properties in pyrochlore compounds is associated with 

the emergence of disordering due to engineering the A- and B-sites cations [9].  

Moreover, the order-disorder transformation and crystalline to amorphous phase can 

achieve easily through pressure and energetic ion beam irradiation [1,9]. In pyrochlore 

compounds, the La2Zr2O7 (LZO) is a standout material because of its stability and suitability 

in diverse kinds of technologically important fields [8,10]. The structural defects in the LZO 

system can be induced by composition, pressure, and ion beam irradiation [11]. The induced 

structural disordering of LZO pyrochlore is beneficial for several emerging applications in 

different areas such as scintillator, photocatalysis, buffer coating on superconductors, high-

temperature SOFCs, ferroelectricity, and so on [2,3,7,8,12]. Previous studies have evaluated 

the solubility and stability of the actinides in the LZO system and reported that the embodiment 

of Pu enhanced the radiation stability of LZO [13]. Mustafa et al. reported that the LZO is a 

crucial material for capacitive applications due to its structure scalability and feasibility [10]. 

Recently, Ou et al. observed the two-order higher conductivity for mixed-phase LZO system 

[8]. 

Therefore, form inspiring the properties of LZO and feasible use for societal 

development and advancement; here, we have investigated the response of structural behaviour 
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of LZO at two different temperatures, i.e. 300 K and ~ 88 K upon irradiation of 1.00 MeV Xe4+ 

ions. Accordingly, the present chapter deals with the structural assessment of LZO samples 

upon irradiation 1.0 MeV Xe4+ at room temp. (300 K) and low temp. (~ 88 K) as a function of 

ion fluence (1.0E13, 5.0E13, and 1.0E14 ion.cm-2). The synthesis method, ion irradiation 

process and characterizations techniques employed here have been explained in detail in 

chapter 2.

4.2 Results and Discussion

4.2.1 FE-SEM study

FE-SEM has been employed to examine the microstructure of the virgin La2Zr2O7

(LZO) sample. Fig. 4.1 (a) shows the FE-SEM micrograph of the virgin LZO sample. A broad 

range (80-250) of grain sizes is observed employing the rectangular intercept technique and 

Image J software [14]. The rectangular intercept technique has been explained in chapter 3 in 

the section of FE-SEM analysis.

Figure 4.1 FE-SEM micrograph of virgin LZO sample (a) and (b) size histogram.

The grains and grain boundaries are clearly visible which seem associated with the 

higher grain size and disappearance of porosity in the LZO sample. Employing the Gaussian 

fitting, the size distribution of the virgin LZO sample was quantified which is presented in Fig. 

4.1 (b). The average grain size of the virgin LZO sample is found to be 180 nm.
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Figure 4.2 Illustration of Se and Sn plot (a) and Sn/Se ratio plot in respect of depth of ion 

irradiated LZO.

4.2.2 SRIM simulation

The nuclear energy loss (Sn) and electronic energy loss (Se) of LZO samples upon 

irradiation of 1.0 MeV Xe4+ ions at different fluences have been quantified employing the 

SRIM 2003 [15]. Fig. 4.2 (a) exhibits that the Sn and Se are 2.9 keV/nm and 1.12 keV/nm for 

the LZO sample. The Sn/Se ratio plot specifies that the Sn is ~2.5 times greater as compared to 

the Se [Fig. 4.2 (b)]. The ion fluence, dose, and irradiation parameters have been portrayed in 

the section of irradiation experiments of chapter 2.

4.2.3 GIXRD analysis

To investigate the impact of 1.0 MeV Xe4+ ions irradiation at room temperature, RT 

(300 K), and low temperature (~88 K) as a function of ion fluences, i.e., 1.0E13, 5.0E13, and 

1.0E14 ion/cm2, the GIXRD technique has been performed. Fig. 4.3 (a, d) exhibits the GI-XRD 

patterns of before and after ion irradiated LZO samples in respect of three different fluences. 

The response of GIXRD reflections of LZO samples is found to be corroborated with the earlier 

studies [16,17]. The reduction in the intensity of reflections is observed at both temperatures 

as a function of ion fluence. The diminution of reflections intensity specifies the degradation 

of the crystallinity of LZO samples [16]. The broadening and weakening of the GIXRD 

reflections of LZO samples are found to be relatively higher for ~88 K [Fig. 4.3 (b, e)]. The 

relatively widened and weakened reflections of LZO samples at ~88 K indicate that the 

degradation of crystallinity is quite higher at ~88 K than 300K. Here, it should be addressed 

that the defects are mobile at RT while defeats are immobile at low temperature [18]. Therefore, 

the relatively lower damage/degradation in the crystallinity of LZO samples with the 

augmentation of ion fluence upon irradiation at 300 K may be associated with the mobility of 
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defects, i.e., recovery of defects at 300 K. Fig. 4.3 (c, f) exhibits the enlarged view of 

superstructure reflections, i.e., (331) and (511) of pyrochlore phase. The presence of 

superstructure reflections in LZO samples suggests that upon irradiation of 1.0 MeV Xe4+ ions 

all samples possess the pyrochlore phase structure at both the temperature. 

Previous studies stated that LZO favored the cation disorder and it should be radiation 

resist upon ion irradiation with the formation of order-disorder (pyrochlore to defect fluorite 

transition) phenomenon [4,19]. The critical dose of amorphization enhances with the 

enhancement of the irradiation temperature, and above the critical temperature, the absolute 

amorphization cannot be obtained in the materials [20]. In situ TEM measurements of LZO 

samples, upon ion irradiation of 1.5 MeV Xe+ ion suggests that the LZO become amorphized 

at the dose of 5.5 dpa at RT instead of formation of defect fluorite structure [20]. Here, we wish 

to stress that the irradiation dose of LZO samples is two order lesser than the critical 

amorphization dose (5.5 dpa). Therefore, the GIXRD reflections specify the pyrochlore phase 

upon irradiation of 1.0 MeV Xe4+ ions. 

Figure 4.3 GI-XRD patterns of before and after irradiated LZO samples (a, d); enlarged view 

of (222) reflection (b, e) and (c, f) superstructure reflections, i.e., (331) and (511).

Further, employing the expression, , we evaluate the intensities and 

widths (FWHM) of the LZO samples at both temperatures. Both, the intensity and width of 

(222) reflections appear irradiation temperature and ion fluence dependent as shown in Fig. 4.4 

(a-b). It is found that the intensity of (222) reflection decreases at both the temperatures with 

the enhancement of the fluence [Fig. 4.4 (a)] and diminution in the intensity of (222) reflection 
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is found to be less at 300 K than ~88 K. In addition, the peak broadening of the (222) reflection 

increases in respect of ion fluence at 300 K and ~88 K. Moreover, augmentation in peak 

broadening of the (222) reflection is relatively lower at 300 K which suggest that the 

degradation of the crystallinity is relatively lower at 300 K in comparison of ~88 K, i.e., LZO 

samples irradiated at 300 K possess low damage than the LZO samples irradiated at ~88 K 

[Fig. 4.4 (a-b)].  The lesser damage in the LZO samples upon irradiation at 300 K appears may 

be associated with recombination, migration, and diffusion of defects [18]. 

Previous studies reported that the degradation of crystallinity, emergence of defects, and 

dislocations are major factors in the materials for the broadening of reflections [15,21]. Debelle 

et al. found that the lattice stain emanates from the deterioration of crystallinity and emergence 

of defects in the compounds due to pressure, temperature, and irradiation [15].  Therefore, we 

would like to emphasize that the ion irradiation-induced defects and lattice strain essentially 

originate the peak broadening in the LZO samples. Employing the Stokes and Wilson 

expression, = / , the ion irradiation-induced lattice strain in the samples was determined 

[21]. Fig. 4.4 (c) exhibits the lattice strain of pre and post irradiated LZO samples. It is found 

that the lattice strain of the samples enhances monotonically with the enhancement of ion 

fluence at both the temperatures. The quantified lattice strain is found to be relatively higher at 

~88 K as compared to 300 K. These results suggest that the peak broadening in the LZO 

samples is associated with the emergence of lattice strain due to the ion irradiation 

phenomenon. It is generally accepted that the widening of the XRD peaks is the measure of 

deterioration of the crystallinity. The irradiation-induced damage/amorphization in the 

compounds can be determined by the relative variation in the full-width half maxima (FWHM) 

[22]. The ion irradiation-induced damage/ amorphization was quantified employing the 

following equation. 

 

Where, FWHM (222) irradiated is the FWHM of (222) reflection post-irradiation and FWHM (222) 

pristine is the FWHM of (222) reflection before irradiation.  

The damage quantified employing the equation 4.1, is found to be more pronounced at 

~88 K than 300 K, i.e., the impact of ion irradiation is more prominent at low temperature. 

Table 4.1 summarized the ion irradiation-induced damage of LZO samples at both the 

temperatures. Qing et al. obtained the monotonically decrement in the intensity and progressive 

increment in FWHM of the XRD peaks of Nd2Zr2O7  samples with the enhancement of ion 

fluence (4.08 × 1013 to 5.28 × 1016 ions/cm2) upon irradiation of Xe20+ ions (2.0 MeV) [16]. 
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The ion irradiation-induced damage/amorphization of Nd2Zr2O7 samples enhanced with the 

augmentation of ion fluence. Li et al. irradiated the polycrystalline Er2Ti2O7 samples with 400 

keV Ne2+ ions.

Figure 4.4 Illustration of intensity (a), FWHM (b), and (c) strain with the enhancement of ion 

fluence.

It has been reported that the deterioration of crystallinity or/and amorphization 

phenomenon is enhanced with the augmentation of the ion fluence (1.0E18 to 2.0E19 ions/cm2) 

[23]. The polycrystalline Ti2AlC and Te3SiC2 samples has been irradiated at three different 

temperatures (300 K, 630 K, and 973 K) and found that the damage/amorphization 

monotonically decreases with the increase of irradiation temperature [24]. Moreover, the 

SrTiO3 single crystals over the temperatures range from 150 K to 400 K were irradiated with 

1.0 MeV Au ions by Zhang e al. [25]. As expected, the ion irradiation disorder/amorphization 

decreased with the enhancement of the irradiation temperature from 140 K to 400 K. Zhang et 

al. stated that with the enhancement of irradiation temperature, the recombination, migration, 

and diffusion of defects are movable. Therefore, the occurrence of disordering/amorphization 

is significantly higher at lower temperature [25].

Table 4.1  Summarized the damage quantified from the GIXRD and Raman spectroscopy of 

LZO samples.

Schrempel et al. stated that the critical damage/amorphization dose for irradiated 

LiNbO3 single crystals is much lower upon irradiation at 15 K due to the immobility of induced 
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defects [26]. In contrast, the critical damage/amorphization dose is found to be higher at RT as 

compared to lower temperature (15 K) due to mobilization of defects, i.e., 

damage/amorphization depends on the irradiation temperature [26].

Figure 4.5 Represents the GIXRD pattern of virgin LZO (a), (b) calculated pattern, and (c) 

disparity of observed and calculated pattern; (d) crystal structure of LZO.

The disordering/amorphization altered with the function of irradiation temperature and 

ion fluence. The irradiation temperature plays a crucial role in the recovery of defects. It is well 

accepted that with the enhancement of the irradiation temperature the defects become 

immensely movable, i.e., the defects mobility rates enhanced with the augmentation of 

irradiation temperature and results in, materials exhibiting relatively less 

damage/amorphization at higher temperature compared to lower temperature [22,24,25].

Figure 4.6 Rietveld refinement of the post irradiated LZO samples at ~88 K (a-c) and (d-f) 300 

K with the fluence of 1.0 x1013, 5.0 x1013, and 1.0 x1014 ions/cm2.
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Earlier studies confirmed that the ion irradiation-induced disorder, defects/dislocations, 

and damage/amorphization (deterioration of crystallinity) is significantly influenced by the ion 

fluence and irradiation temperature. The concurrently weakening and broadening in the XRD 

peaks are associated with the irradiation temperature and ion fluence, i.e., both the parameters 

make a significant contribution in the emergence of degradation of crystallinity or/and 

amorphization of compounds [18,25,26]. 

Table 4.2 Structural parameters of the pre and post-irradiated LZO samples.

In the present study, we found the concurrently broadening and weakening in the XRD 

peaks of LZO samples with the augmentation of fluence at both the temperatures, which 

suggests the emanates of damage/amorphization (degradation of crystallinity). The 

concurrently broadening and weakening in the XRD peaks may be associated with the 

increased irradiation dose/fluence. Further, we wish to emphasize that the damage is found to 

be relatively more pronounced at ~88 K in comparison of 300 K, i.e., deterioration of 

crystallinity is significantly more pronounced at ~ 88 K. The more prominent deterioration of 

crystallinity in LZO samples irradiated at ~ 88 K may be related with the immovable nature of 

defects at low temperature. Therefore, we conclude that the damage is more noticeable at low 

temperature (~88 K) than RT due to the subjugation of defects recovery phenomenon.

4.2.4 Rietveld analysis

To get more detailed information about the phase and crystal structure, the Rietveld 

refinement of pre and post irradiated LZO samples was performed employing the Fullprof 

program [27 29]. Fig. 4.5 (a-c) exhibits the Rietveld refinement of the un-irradiated LZO 

sample. The presence of superstructure reflections [Fig. 4.5 (a-b)] certainly specifies the 

formation of the pyrochlore phase of the LZO sample. Figure. 4.5 (d) demonstrates the 

schematic representation of the crystal structure of the pyrochlore phase LZO sample, which 
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suggests that the LZO sample has a pyrochlore phase with the space group of . Moreover, 

we refined the XRD patterns of post irradiated LZO samples to quantified the phase and lattice 

parameters. Fig. 4.6 illustrates the Rietveld refinement of the post irradiated LZO samples at 

~88 K and 300 K with the enhancement of ion fluence (e.g., 1.0E13, 5.0E13, and 1.0E14). The 

Rietveld analysis of all samples suggests that all samples possess the pyrochlore phase with a 

cubic crystal structure. Table 4.2 presented the Rietveld refined parameters (e.g., RB, Rexp, Rwp, 

and 2) and lattice constants for all samples. Table 4.2 shows that the lattice parameters of LZO 

samples increase monotonically with the enhanced fluence at ~88 K and 300 K. Here, we would 

like to mention that the direct proportional relation in the lattice parameter and strain is reported 

by the Qin et al. [30]. As we mentioned above, the lattice strain of LZO samples enhanced 

monotonically with the augmentation of the fluence at both the temperatures. Therefore, we 

assume that the enhancement in the lattice parameter of all samples upon irradiation may be 

related to the ion irradiation-induced lattice strain. 

4.2.5 Analysis of vibrational mode: Raman spectroscopy 

As we have discussed in the section of analytical/experimental techniques of chapter 2, 

Raman spectroscopy is a non-destructive and prominent tool to examine the vibrations modes 

of compounds [31]. The Raman spectroscopy measurements have been performed to 

investigate the impact of ion irradiation on the vibrational modes of LZO samples. Fig. 4.7 (a-

b) associates the Raman spectra of pre and post irradiated LZO samples at two different 

temperatures. It is noteworthy that the pyrochlore, A2B2O7, compounds have six Raman active 

modes. These six Raman active vibrational modes can be depicted as [32]. 

                                                        (4.2) 

However, the fluorite structure ( ) has only a single Raman active vibrational mode. The 

presence of four Raman active modes in the range of 150 to 700 cm-1 suggests the constitution 

of the pyrochlore phase in all LZO samples [Fig. 4.7 (a-b)]. We deconvoluted the Raman 

spectra of the LZO sample (irradiated with the fluence of 1.0E13 ions/cm2) for both the 

temperatures [Fig. 4.7 (c-d)]. Deconvolution of Raman spectra suggests that the Raman active 

vibrational modes, i.e., F2g (1), F2g (2), F2g (3), and A1g mode are positioned at ~298, ~ 396, 

~496, and ~ 518 cm-1, respectively. Further, the deconvolution of Raman spectra indicates that 

the vibrational mode positioned at ~298 cm-1 is the combination of two modes, i.e., F2g (1) and 

Eg modes [Fig. 4.7 (c-d)]. These two modes appeared from the vibration of oxygen in the ZrO6

octahedron. The Raman modes, F2g (2) and F2g (3) are associated with O-Zr-O bending and Zr-

O stretching vibrations. The Raman mode, A1g, arises due to La-O stretching [32,33].  
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Figure 4.7 Raman spectra of irradiated LZO sample (a) ~88 K and (b) 300 K; (c-d) illustrates 

the deconvoluted Raman spectra of the LZO sample (1.0E13 ions/cm2).

Fig. 4.7 (a-b) shows that the vibrational modes of post irradiated LZO samples are 

weakened and broaden with the increment of fluence at ~88 K and 300 K. The weakened and 

broadened vibrational modes of LZO samples indicates that the vibrational modes deteriorated 

with the function of ion fluence. Upon irradiation of higher fluence, the vibrational modes 

situated at higher frequencies side (496 and 518 cm-1) present the broad nature with some extent 

of discernible. 

Therefore, we calculated the intensity and FWHM of the vibrational modes of pre and post 

irradiated LZO samples as displayed in Fig. 4.8 (a-b). Fig. 4.8 (a) exhibits that the FWHM of 

the vibrational modes at both the temperatures enhances with the function of ion fluence, 

whereas the intensity of vibrational modes decreases monotonically. The concurrently 

broadening and weakening of the vibrational modes evidently indicates the deterioration of 

vibrational modes, i.e., vibrational modes being distorted upon irradiation. In the pyrochlore 

compounds, the disorder is an intrinsic phenomenon that is related to the existence of defects 

and vacancies in the pyrochlore compounds [34]. 
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Figure 4.8 Represents the FWHM (a) and (b) intensity of vibrational modes with the function 

of fluence at two different temperatures.

However, the significantly pronounced broadening and weakening in the vibrational 

modes in the irradiated LZO samples compared to the un-irradiated LZO sample specifies the 

ion irradiation-induced deterioration of vibrational modes, which is well corroborated with 

earlier results [16,33]. Recently, Shu et al. found that the vibrational modes become weakened 

and broadened upon ion irradiation and stated that the weakened and broadened vibrational 

modes designate significant distortions and deterioration of associated chemical bonds [35]. 

Zhang et al. reported the broadening and weakening of the vibrational modes of LZO samples 

upon irradiation of Kr ions due to the formation of ion irradiation-induced disorders [33]. 

Therefore, in the present study, we assume that the weakening and broadening of vibrational 

modes with the function of fluence at ~88 K and RT are associated with ion irradiation-induced 

deterioration of vibrational modes. The relatively broadened and weakened vibrational modes 

at ~ 88 K in comparison of RT suggest the more pronounced deterioration and disordering in 

the corresponding vibrational modes.

Table 4.3 Depicts the vibrational mode frequencies and assigned vibrational mode of pre and 

post irradiated LZO samples.
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Table 4.3 shows the variation in the vibrational mode frequencies of un-irradiated and 

irradiated LZO samples. Table 4.3 exhibits the red-shift of vibrational modes for all LZO 

samples. The shifting of vibrational modes is attributed to the deformation of phonon potential 

and accordingly, change in the frequency of vibrational modes. The shifting of vibrational 

mode towards lower frequencies sides may be related to the ion irradiation-induced distortion 

in the chemical bonds [36].

Figure 4.9 HR-TEM image of (a) un-irradiated, (b) irradiated@300K, and (c) 

irradiated@~88K LZO sample

Moreover, evaluating the relative change in the FWHM of the vibrational modes, we 

quantified the damage/amorphization in the LZO samples at ~88 K and as well as RT with the 

augmentation of ion fluence. The damage evaluated from the Raman spectra of LZO samples 

employing the equation 4.1 is presented in Table 4.1. Table 4.1 exhibits that the damage is 

more pronounced at ~88 K than RT, which strengthens the GIXRD results.

4.2.6 HR-TEM analysis

Fig. 4.9 (a-c) exhibits the HR-TEM photographs of pre and post-irradiated LZO 

samples. Fig. 4.9 (a) evidently confirmed the well-arranged atomic ordering of un-irradiated 

LZO samples which indicates the long-range crystallinity of samples. However, the LZO 

sample irradiated at RT reveals the signature of deterioration of atomic ordering [Fig. 4.9 (b)].

Further, the LZO sample irradiated at low temperature apparently affirmed the dilapidation of 

atomic ordering [Fig. 4.9 (c)]. Here, we would like to emphasize that the deterioration of atomic 

ordering of LZO samples is more significantly at low temperature than RT due to the immobile 

nature of defects. The HR-TEM results endorsed the GIXRD and Raman spectroscopy results.
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4.3 Conclusion 

The series of LZO samples was successfully prepared and irradiated (~88 K and 300 

K) in a well-controlled environment with 1.0 MeV Xe4+ ions at various fluences. The 

microstructural study of un-irradiated LZO samples suggests that the average grain size of the 

LZO sample is 180 nm range. The GIXRD exhibits the deterioration of the crystallinity of LZO 

samples. The deterioration of the crystallinity enhanced monotonically with augmentation of 

fluence at both the temperatures. Rietveld refinement indicates that the lattice parameters of 

LZO samples enhanced with the augmentation of ion fluence. Raman spectroscopy analysis 

suggests the concurrently weakening and broadening of the vibrational modes of LZO samples 

upon irradiation and are relatively higher at ~88 K. Both, GIXRD and Raman spectroscopy 

indicated that the damage is more pronounced at ~ 88 K with the increment of ion fluence. The 

HR-TEM micrographs of LZO samples confirmed that the deterioration of atomic ordering is 

more pronounced at ~88 K than RT. 
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