5. Investigation of atomic order-disorder in the LaZr;0;
pyrochlore under low energy (500 keV, Kr**) ion irradiation

5.1 Introduction

Creating and designing innovative materials for a wide range of engineering
applications is of utmost importance [2]. The capability of developed materials for applications
in diverse field depends on the response of materials to severe environments [2]. The
engineering of disordering/ordering in cation and anion sub-lattices is particularly important in
developing high-performance materials for advanced nuclear energy and high-temperature
electrolytes system [2,3].

Pyrochlore matrices, A2B>0O7, with more than 500 synthetic compositions have a wide range of
chemistry [4]. Unique physical and chemical properties of isometric A;B>O7 pyrochlore
materials make them an interesting candidate for the potential applications in various
technological fields such as immobilization of radioactive nuclear waste, high-temperature
solid electrolytes, superconductors, photoluminescence, piezoelectricity, catalysis, spin
liquids, and so on [4]. Especially, the unique structural characteristic of A2B>0O7 compounds is
the occurrence of disordering in cation and anion sub-lattices together [5].

Several previous studies found that the ionic and electronic conductivity depends on the degree
of induced disordering in cation and anion sub-lattices [2,3,6]. Ou et al. stated that the oxygen
ion conductivity of mixed-phase La>Zr 07 (LZO) is significantly enriched (400 times higher)
than the conventional system [7]. Moreover, Saitzek et al. reported that the structural disorder-
induced ferroelectricity in the LaxZr,O7 [8].

Hence, inspired by the literature, an effort has been attempted to evaluate the structural
alteration, i.e., the cation-anion disordering of LZO upon irradiation of 500 keV Kr?* ions at

300 K and 88 K.

5.2 Results and Discussion

5.2.1 FE-SEM analysis

The surface texturing and grain size of the pristine (un-irradiated) La,Zr.O (LZO)
sample were examined from the FE-SEM. Fig. 5. 1 (a) shows the FE-SEM micrographs of the
un-irradiated LZO sample. The grain sizes of the sample were determined using the rectangular

intercept technique which has been explained in chapter 3 in the section of FE-SEM analysis.
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Figure 5.1 FE-SEM micrograph (a) and (b) size distribution histogram of un-irradiated LZO

sample.

Fig. 5. 1 (a) exhibits that both the grain sizes and grain boundaries are well perceptible.
The grain sizes over the range of 75-275 nm were deduced. The Gaussian fitting size histogram
of the LZO sample is presented in Fig. 5. 1 (b) and the average grain size was found to be 178

nm.

5.2.2 GIXRD analysis

To evaluate the ordering/disordering of LZO samples upon irradiation of low-energy
ions, the GIXRD technique has been employed. The GIXRD patterns of un-irradiated and
irradiated LZO samples with the intensification of ion fluence are illustrated in Fig. 5.2 (a, b).
Fig. 5.2 (a, b) exhibits the two different types series of reflections namely: (a) the reflections
{(222), (400), (440)} with the intense and sharp intensity and (b) the reflections {(111), (331),
and (511)} with the deficient intensity. The even miller indices reveal the fluorite structure,
whereas the presence of odd miller indices specifies the cubic pyrochlore structure of A>;B>0O7
compounds. The detection of superstructure reflections is arduous due to the deficient
intensities of these reflections.

To compute the superstructure reflections, the magnified view of superstructure
reflections of before and after irradiated LZO samples are illustrated in Fig. 5. 2 (c, d). Fig. 5.
2 (c, d) reveals the presence of superstructure reflections. The presence of superstructure
reflections in all samples at both the temperatures specifies the formation of the pyrochlore
phase and was found to be corroborated with the earlier studies of the LZO [9,10]. Further,
Fig. 5. 2 (¢, d) apparently suggests that the intensity of superstructure reflections decreases with

the augmentation of fluence.
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Figure 5.2 GIXRD patterns of LZO (a, b); enlarged view of (331), and (511) reflections and
(c-d) magnified of (222) reflection.

The prudent evaluation of superstructure reflections of LZO samples shows that the
reduction in the intensity of superstructure reflections is relatively pronounced at ~88 K than
300 K [Fig. 5. 2 (c, d)], which indicates that at a lower temperature (~88 K), the deterioration
of the periodic ordering of crystal structure is comparatively prominent. The relatively
prominent deterioration of periodic ordering of LZO samples irradiated at ~ 88 K may be
correlated with the immovable nature of defects at low temperature [1,11]. Meanwhile,
evaluating the intensity of superstructure reflections of LZO samples [Fig. 5. 2 (¢, d)], it is
noticed that at both the temperature, the reflections shift to lower 26 with the enhancement of
fluence.

To unearth the peak shifting, we plotted the enlarged view of high intense (222)
reflection, which is shown in Fig. 5. 2 (e, f). Fig. 5. 2 (e, f) evidently shows the shifting of
reflections towards lower 26 with the enrichment of ion fluence. Here, it should be pointed out

that the shifting of reflections towards lower 26 specifies the engineering of lattice swelling;
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namely the lattice constant of irradiated LZO samples at both the temperatures increases with
augmentation of fluence. These results are corroborated with the earlier studies [12,13].

Moreover, to compute the impact of low energy ion irradiation (500 keV, Kr**) on the
crystallinity of LZO samples, we quantified the full width at high maximum (FWHM) and
intensity of most intense (222) reflection and presented in Fig. 5.3 (a-b). Fig. 5.3 (a-b) shows
the variation of FWHM and intensity of (222) reflection. It is found that the FWHM increases

and intensity declines with the function of fluence.
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Figure 5.3 Representation of (a) intensity, (b) FWHM, (c) lattice swelling, and (d) strain of

LZO samples in respect of ion fluence.

Here, we would like to stress that the concurrent enhancement in FWHM and decrement
in the intensity of LZO reflections specify that the disordering of cations sub-lattice or/and
deterioration of crystal structure enhanced with ion fluence. However, the concurrent
enhancement in FWHM and decrement in the intensity of (222) reflection is found to be
relatively more pronounced at ~88 K in respect of 300 K, i.e., the disordering of cations sub-
lattice or/and deterioration of crystal structure is relatively higher at ~88 K than 300 K [11,14].

Here, it is worth mentioning that at low temperature the defects are immovable whereas
defects become mobile at room temperature as per previous studies [15]. The relative higher
deterioration of crystal structure may be correlated with the immobility of defects at ~ 88 K.

Several earlier studies [6,13,16—19] have reported the broadening and weakening of reflection
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due to applied pressure and ion irradiation, i.e., external parameters induced the disordering in
the materials.

As we discussed above, the peaks shift towards to lower 20 with the augmentation of fluence,
which leads to lattice swelling [Fig. 5.2 (e-f)]; the enhancement in the lattice constants. Fig.
5.3 (¢) shows the variation of lattice swelling in respect of fluence. The relatively higher lattice

swelling is observed at ~88 K than 300 K.
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Figure 5.4 Rietveld refinement of pristine LZO (a) and representation of crystal structure of
LZO, produced from the CIF file.

Moreover, we calculated the lattice strain employing the W-H method (described in the
experiment section of chapter 2), and deduced lattice strain is presented in Fig. 5.3 (d). It is
well recognized that strain engineering is an interesting feature to alter the properties of
compounds. The lattice strain appears due to the presence/emergence of defects and
dislocations in the materials by several methods: chemical substitution, applied pressure, ion
irradiation, and so on [20,21]. Here, we wish to express that the variation of lattice strain is
relatively higher with the function of fluence at ~88 K, which suggests that the distortion of
lattice/crystallinity (induced defects) is substantially sublime at ~88 K than that of 300 K.

Chaudhary et al. reported that the induced disordering/defects generate the short-range
stress field and result in, development of the stain in the lattice [22]. Qin et al. reported that the

defects induced stress field not only originates the lattice strain; albeit also engenders lattice
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expansion. Further, Qin et al. stated that the lattice strain and lattice constants have an inherent

correlation with each other [23].

5.2.3 Rietveld refinement analysis

Using the FullProf program, the Rietveld refinement of the pre and post irradiated LZO
samples was performed [24,25]. Fig. 5.4 (a) illustrates the refined XRD patterns of pristine
LZO samples. The crystal structure of LZO was extracted from the CIF file and presented in
Fig. 5.4 (b). The refined lattice constant of pristine LZO samples is found to be 10.786 A.
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Figure 5.5 Refined GIXRD patterns of LZO (a-c) low temperature (88 K) and (d-f) 300 K.

Rietveld refinement of irradiated LZO samples at low temperature (88 K) and 300 K
are shown in Figure 5.5. The Pseudo-Voigt function was employed for refining all LZO
samples. The structural parameters deduced from the Rietveld refinement of GIXRD patterns
of LZO samples are tabulated in Table 5.1. As we have mentioned above, the lattice strain and
lattice constants have an inherent correlation in polycrystalline materials. It should be pointed
out that the lattice strain shows the monotonic enhancement with fluence at low temperature
(88 K) and room temperature (300 K) [Fig. 5.3 (d)] and assume the similar dependence of
lattice constants on fluence at both temperatures. Table 5.1 signifies that the lattice constant
enhances at both temperatures with the augmentation of fluence. It is observed that the
enhancement in lattice constant at low temperature (88 K) is relatively higher than 300 K.

Here, we wish to stress that the GIXRD analysis of post irradiated LZO samples
demonstrated that the lattice swelling is significantly higher for low temperature (88 K). The

enhancement of the lattice constants of irradiated LZO samples, quantified from the Rietveld

80|Page



refinement strengthens the GIXRD results. Yang et al. stated that the lattice swelling
phenomenon is induced upon ion irradiation of light energy ions (400 keV, Ne?"), i.e., the
lattice constant increased upon ion irradiation due to induced lattice swelling phenomenon with
the augmentation of ion fluence [13]. Similarly, Li et al. reported the augmentation in lattice
constant of Gd>Ti207 with the enhancement of fluence [12].

Table 5.1 Structural parameters of pre and post-irradiated LZO samples.

88 K 300 K
Pristine 1x10!3 5x1013 1x10M Pristine  1x1013 5x1013 1x10H
ag 10.786 10.803 10.806 10.808 10.786 10.796 10.801 10.803
Ry 7.87 8.76 9.25 8.46 8.57 9.19 10.49 11.23
pr 12.01 11.09 11.23 12.29 11.32 13.42 11.32 12.20
Rexp 8.48 8.83 9.17 9.91 9.18 8.97 8.98 10.34
x 1.41 1.25 1.22 1.24 1.23 1.49 1.26 1.18

Fig. 5.6 (a) shows the lattice expansion, i.e., cell volume expansion dependence on
fluence at 88 K and 300 K. A monotonous dependence of cell volume on the fluence is observed
and cell volume enhances with augmentation of fluence. It is noteworthy that the weakened
reflections and lattice swelling/expansion indicate an order-disorder phenomenon upon ion
irradiation [12,13]. Previous studies reported that there is a large difference in the X-ray
scattering factors between both the cations (La*" and Zr*"). Therefore, the cationic disorder of

LZO samples can be quantified from the Rietveld refinement of the recorded GIXRD patterns
[5,6].
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Figure 5.6 (a-c) Dependence of cell volume expansion, cation disordering, and (c) Xssr on

fluence at 88 K and 300 K.

The cation order/disorder can be deduced from the cationic order/disorder parameter
(®) and it can be represented as ®=2p-1 [5,6]. If ® is equal to unity, the pyrochlore structure
is referred to as an ordered pyrochlore structure. When f is equal to 0.5 (®=0) a disordered

fluorite structure is formed. We quantified the cation disorder at low temperature (88 K) and
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room temperature with the function of fluence. A monotonous dependence of cation disorder
on the fluence is observed, It is worth mentioning that pyrochlore structures possess intrinsic
disorder [5,26—28]. It is reported that the LZO possesses lower than ~ 20 % cationic disorder
and with the enhancement of applied field, disordering increased up to 55 % [6]. Fig. 5.6 (b)
displays the variation of cation disorder with the function fluence and it reveals that the
disordering of cation in pristine LZO sample is ~16 % which corroborated with the earlier
studies [5,6].

Further, Fig. 5.6 (b) reveals that the cation disordering depends on irradiation
temperature and fluence. As expected, cation disordering at low temperature (88 K) is relatively
higher with the augmentation of fluence. The cation disordering is found to be 0.42 and 0.51
at 300 K and 88 K for the highest fluence (1.0 x10'* ions/cm?). In addition, the disordering of
anionic sub-lattice and vacancies also derived an important role in altering the structural
characteristics and as well as electronic conductivity [2,7,29]. The 48f oxygen positional
parameter, x4sr, specifies the crystal structure of pyrochlore compounds [3]. For example, when
x=0.375, in this case, pyrochlore compounds have an ideal fluorite structure. If x=0.3125, the
pyrochlore compounds possess an ordered pyrochlore structure [30-33].

As we know, the oxygen positional parameter, x4sf, determines the deviation of crystal
structure. We quantified the xsgr parameter and plotted it with the function of fluence as
illustrated in Fig. 5.6 (c). Fig. 5.6 (c¢) shows that the deduced value of the x4sr parameter for the
pristine LZO sample is ~0.331 and corroborated with previously reported values of the xssf
parameter for LZO [34]. Moreover, the xssr parameter enhances monotonically with the
function of ion fluence [Fig. 5.6 (c)]. The value of the xssr parameter at 88 K is found to be
higher for similar fluence than at 300 K. The relatively higher value of the x4sr parameter at 88
K may be associated with the relatively more pronounced disordering/defects at 88 K [11].
Previous studies reported that the enhancement in the x4sf parameter signifies the enhancement
of disorder in the system [33—35]. In addition, it should be noted that the augmentation in the
x4gf parameter is significantly higher for initial fluence in comparison of successive higher
fluence [Fig. 5.6 (¢)].

The concurrent enhancement in cation disorder and x4gr parameter seems associated
with augmentation of fluence. Here, we wish to stress that both cation disorder and xagf
parameter are relatively higher at 88 K than 300 K. The relative higher value of cation disorder
and the x4sf parameter at 88 K signifies more pronounced disordering in cation and anion sub-
lattices. These results suggest that the irradiation temperature plays a vital role in the variation

of both parameters, i.e., cation disordering and x4gf parameter [1,11].
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Zhang et al. stated that the dynamic recovery process (defect migration and clustering)
becomes more active when irradiation is executed at a relatively higher temperature [36]. The
small variation in the irradiation temperature significantly influences the
recombination/recovery rates, i.e., ordering/disordering alter accordingly. Schrempel et al.
found that the critical amorphization dose is significantly lower at 15 K than 300 K [1] due to
the immovable nature of irradiation-induced defects at low temperature [1]. Velisa et al. found
that the irradiation executed at 300 K induced the defects in the materials, while irradiation
performed at 16 K produced the defects and fraction of amorphization due to suppression of
defects recovery rates [11].

Based on the above discussion, we conclude that the fluence and irradiation temperature
alter the degree of disordering in LZO samples, ie., the ion irradiation-induced structural
modifications exhibit dependence on the fluence and irradiation temperature. The relatively
more pronounced broadened and weakened reflections of LZO at 88 K than 300 K seem

associated with the immobile nature of defects.

5.2.4 Raman analysis

To obtain the extant information about the distortion in crystal structure or/and
disordering in the LZO, the room temperature Raman spectroscopy was performed. Raman
spectroscopy is a non-destructive technique for the characterization of materials. More detail
about the Raman spectroscopy is explained in the characterization section of chapter 2. As per
the group theory predictions and several experimental studies, the pyrochlore structure displays
six Raman active vibrational modes [20,37—40]. Fig. 5.7 displays the Raman spectra of LZO
before and after irradiation in the range of 100-700 cm™'. Here, we wish to stress that the post-
irradiation Raman spectra do not exhibit anomalous variation except relative reduction in the
intensity and augmentation in the FWHM. The Raman modes significantly became broadened
and weakened with the augmentation of fluence from 1.0x10" to 1.0x10'* ions/cm?.

Upon higher irradiation fluence, the higher frequencies vibrational mode reduced significantly
[Fig. 5.7 (a-b)]. It is observed that the reduction of the vibrational modes is relatively higher at
88 K than 300 K. The concurrent decrement in the intensities and broadening in the FWHM of
Raman active vibrational modes are in accordance with the previous studies [26,41—43].
Moreover, we deconvoluted Raman spectra of the LZO sample for the irradiation fluence of

1.0x10" ions/cm? [Fig. 5.7 (c-d)].
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Figure 5.7 Raman spectra of LZO (a) 300 K, (b) 88 K, and (c-d) deconvoluted Raman spectra
of LZO.

The deconvoluted Raman spectra show the presence of five Raman active vibrational
modes situated at ~298.69 (Fag(1)), 323.84 (Eg), 394.65 (F2¢(2)), 491.39 (F2¢(3)), and 515.00
(Ag). The Raman modes, F2¢(1) and E; are associated with B-O stretching and O-B-O bending
vibrations. The two Faoz modes (F2g(2) and F2,(3)) are related to A-O and B-O stretching and
bending modes vibrations. The A1z mode is associated with A-O stretching vibration [43—46].
Fig. 5.8 displays the schematic diagram representation of La-O and Zr-O modes with bending
and stretching vibrations. The corresponding vibrational mode frequencies and assigned modes
are displayed in Table 5.2. It is observed that there is a slight variation in the frequencies of
vibration modes of before and after irradiated LZO samples. Here, it is worth mentioning that
the slight variation in the frequencies of vibration modes may be associated with stressed lattice

crystal upon ion irradiation [40,47].
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Table 5.2 Raman frequencies and assigned modes of LZO samples before and after irradiation.

Pristine Room temperature Low temperature Assigned
1.0xI10% | 5.0x107 | 1.0xI10™ | 1.0x10% | 5.0x107 | 1.0xI10" mode
298.69 298.75 298.46 298.71 298.58 298.28 299.05 Fou(1)
323.84 322.07 324.48 321.47 323.49 321.41 326.58 E,
394.65 397.82 396.19 395.31 394.31 396.46 394.74 Fp(2)
491.39 494.54 492.75 491.86 | 491.144 492.7 492.1 F.(3)
515.00 518.2 516.84 515.02 514.58 517.46 516.85 A,

In order to get further details about the lattice distortions/weakening and broadening of
vibrational modes of LZO samples upon ion irradiation, we quantified the FWHM and intensity
of vibrational modes. The quantified intensity and FWHM of vibrational modes at 88 K and
300 K is presented in Fig. 5.9 (a-b). Fig. 5.9 (a-b) evidently exhibits the intensity of the
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vibrational modes at both the temperature decreases with the function of fluence. At the same
time, the FWHM enhances with further enhancement of fluence. The weakening and

broadening of vibration modes specify the distortion in the lattice, i.e., crystal lattice became

stressed upon ion irradiation [45,47].
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Figure 5.9 (a-d) Dependence of intensity and FWHM on fluence at 300 K and 88 K.

Previous studies reported the weakening and broadening in the vibrational modes due
to distortion of chemical bonding upon ion irradiation [26,47]. In addition, the weakening and
broadening of vibration modes, i.e., distortion of bonds (distortion in the crystal lattice) are
found to be significantly higher for 88 K than 300 K [48]. These results signify that the
deterioration of crystal lattice is more pronounced at 88 K than 300 K. In a similar way, Mandal
et al. observed the weakening of vibrational modes due to induced distortion in the bonds [45].

It should be noted that the substitution of cations in pyrochlore oxides triggered the
cation sub-lattice disorder and redistribution of anions among the O(1) and O(2), and 85 vacant
position [37]. Moreover, the broadening and weakening of vibrational modes in pyrochlore
oxides originated due to induced structural disorder upon substitution [35,37]. Zhang et al.
stated that ion irradiation induces structural distortion in La»Zr,O7 and results in, the vibrational

modes become weakened and broadened [43].
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As per the above discussion, in the present study, we conclude that the weakening and
broadening of vibrational modes with augmentation of fluence are related to induced disorder
in the LZO samples upon irradiation. The relatively much weaker and broaden vibrational
modes at 88 K than 300 K may be related to the immobile nature of induced disorder/defects.

The qualitative Raman spectroscopy results are corroborated with the GIXRD analysis.

5.3 Conclusion

To investigate the influence of light ion irradiation on structural modifications of LZO,
the prepared LZO samples were irradiated at 88 K and 300 K using 500 keV Kr?" ions with
three different fluences. The before and after irradiation of LZO samples were studied using
GIXRD and Raman spectroscopy techniques. The continuous weakening and broadening of
LZO reflections with the enhancement of fluence shows the induced structural disordering at
88 K and 300 K upon irradiation and are relatively higher at a lower temperature (88 K). The
lattice strain and cell volume expansion depend on the irradiation temperature and fluence; are
significantly more pronounced at 88 K than 300 K. Disordering of cation and anion enhanced
as a function of fluence and it is relatively higher at 88 K. Raman spectroscopy revealed the
augmentation of disorder in LZO samples with the enrichment of fluence. Further, Raman
spectroscopy analysis confirmed the higher disorder/distortion in the system at 88 K. Both, the
XRD and Raman spectroscopy confirmed more pronounced structural modification
(defects/disordering) in LZO samples at 88 K in comparison of 300 K due to the immobile
nature of ion irradiation-induced disorder/defects. The structural transformations achieved here
may be constructive for possible use in emerging applications such as thermal barrier coatings,

catalysts, solid electrolytes, etc.
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