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Abstract 

We refine the crystal structures of a systematic series of compounds with the 

general composition Ho(x)Yb(2-x)TiO5 (x = 2, 1.6, 1.2, 1, 0.8, 0.4, 0) and Er2TiO5 

and find a transition from defect-pyrochlore to defect-fluorite structure with 

increasing ytterbium content, decreasing lanthanide radius. Short-range 

structure modulations consisting of pyrochlore-like nano-domains are 

systematically characterised using transmission electron microscopy. We test 

the Kr2+ 1 MeV ion-irradiation response of Ho2TiO5, HoYbTiO5, Yb2TiO5, and 

Er2TiO5, via the crystalline to amorphous transition observed by using the in-

situ TEM approach. The critical dose of amorphisation, Dc, was measured at 

various temperatures and used to calculate the critical temperature for 

maintaining crystallinity, Tc. A trend of lower Tc values with decreasing 

lanthanide radius is found. We describe a new approach for determining Tc 

values using cross-sectional TEM analysis of ex-situ bulk irradiated, 1 MeV 

Se+, samples; Ho2TiO5, HoYbTiO5 and Yb2TiO5. The results of Dc and Tc 

values using the two approaches vary; however the trends across the sample 

system remain the same.  

 

Keywords: In-situ transmission electron microscopy; Ion irradiation; Ceramics; 

Crystallography; Ln2TiO5  
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1. Introduction 

 

For designer ceramic materials the inherent property of resistance to 

amorphisation upon exposure to high energy particles is desirable in materials 

used within nuclear applications. These applications include damage resistant 

cladding and coatings, inert matrix fuels, waste-forms or structural materials. 

The Ln2TiO5 (Ln = lanthanides and yttrium) compounds are technologically 

interesting because they are found as burnable poisons within some nuclear 

fuels 1,2, and occur in prototype nuclear waste forms 3-6,7.  

For candidate nuclear waste-form materials to be successful they should be 

capable of incorporating a large range of radio-isotopes, chemically durable, 

and radiation tolerant. In this study we focus on the ion-irradiation response of 

a system of ceramic oxides with the Ln2TiO5 stoichiometry. Previously, 

fundamental ion-irradiation studies, using in-situ ion-irradiation with TEM 

characterisation, have looked at the radiation response of several compounds 

within the Ln2TiO5 series5,6,7,8. These studies showed a trend toward improved 

radiation response, i.e. a lowering of the critical temperature above which the 

specimen remains crystalline, for those lanthanide titanates that had either 

cubic symmetry or were more energetically likely to transition to cubic 

symmetry.  

Some isotopes of dysprosium and gadolinium have relatively large thermal 

neutron cross-sections and so have been considered for use as burnable 

poisons. Gd2TiO5 has been studied as a potential phase within the nuclear 

fuel matrix 2. The thermo-physical properties of both Gd2TiO5 and Dy2TiO5 

have been studied to test their suitability for use as burnable poisons within 
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the nuclear reactor environment 9. The compound Dy2TiO5 has been used as 

part of the control rod material within Russian Water-Water Energetic Reactor 

(WWER) type reactors 10. Of the three polymorphs of Dy2TiO5 discussed the 

defect-fluorite structure was found to have the least amount of swelling upon 

exposure to irradiation.  

According to the temperature stability diagram proposed by Shepelev and 

Petrova 11, lanthanide titanates of nominal stoichiometry Ln2TiO5 can take on 

cubic symmetry, if heated to high enough sintering temperature, when the 

lanthanide is of terbium ionic radius size or smaller (i.e. Ln = Tb, Dy, Ho, Er, 

Tm, Yb and Lu). The cubic series of Ln2TiO5 compounds have also been 

studied as part of a broader study of the Ln2(Ti2-xLnx)O7-x/2 solid solutions 12. 

These solid solutions spanned between end members Ln2Ti2O7, an ideal 

pyrochlore, to Ln2TiO5, characterised as a defect-pyrochlore. The solid 

solution study showed compounds with Ln2TiO5 stoichiometry and defect-

pyrochlore structure had a sequentially-decreasing cell length for compounds 

from Tb2TiO5 to Lu2TiO5. 

In a neutron diffraction study by Lau et al. Ho2TiO5 and Yb2TiO5 compounds 

were investigated 13. The structures were refined using the pyrochlore 

symmetry, Fd3�m, which gave cell parameters of 10.3027 (2) and 10.1857 (1) 

Å for Ho2TiO5 and Yb2TiO5 respectively. The pyrochlore structure can be 

considered a 2 x 2 x 2 super-cell of the fluorite structure with ordering of the A 

and B cation sites in pyrochlore whilst the cation site occupancies are 

randomised in fluorite. Whilst the structures were refined using the pyrochlore 

symmetry it was noted that these materials actually consisted of long-range 

defect-fluorite and short-range defect-pyrochlore structures. It has also been 
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shown that Ho2TiO5 will form different sized domains of pyrochlore symmetry 

depending on the heating and cooling regime used during sintering14. This 

same effect, using either rapid or slow cooling, has been observed for the 

Yb2TiO5, Tm2TiO5 and Er2TiO5 compounds15. 

Aughterson and co-workers have previously published crystal structure data 

for the Yb2TiO5 compound with the symmetry being described as long range 

defect-fluorite (Fm3�m) a = 5.09418 (9) Å, with short range, nano-domain, 

defect-pyrochlore (Fd3�m) symmetry. This was based on neutron diffraction 

data and transmission electron microscope (TEM) selected area diffraction 

patterns and bright field images 16. This is in agreement with the findings by 

Lau et al. for the Yb2TiO5 compound 13. The refined cell parameters for 

Yb2TiO5 from the two studies match well, allowing for the difference in space 

group used in the refinements.  

In a separate study it was also shown that by using different ratios of 

lanthanides samarium and ytterbium (Sm(x)Yb(2-x)TiO5, where x = 2, 1.4, 1, 0.6 

and 0) it is possible to fabricate samples with the four main crystal structures 

of the Ln2TiO5 series. Both Sm0.6Yb1.4TiO5 and Yb2TiO5 were found to have 

long range defect-fluorite and short range defect-pyrochlore structures but the 

former compound had the larger pyrochlore domains of these two 16. 

There has been considerable work, both experimental and modelling, on the 

radiation response of the Ln2Ti2O7 pyrochlore series 17,18,19. The observed 

trend of improvement in radiation tolerance with decreasing lanthanide size, 

from gadolinium to lutetium, is attributed to the more energetically favourable 

transition to defect-fluorite structure upon exposure to ion-irradiation for the 

smaller lanthanide compounds17. The smaller lanthanides, due to their size 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 
 

tending toward that of titanium will have greater thermodynamic stability 

toward Ln-Ti anti-site disordering, leading to formation of the defect-fluorite 

structure. 

In a study by Whittle et al., x-ray diffraction data revealed that the structure of 

the Y2TiO5, YYbTiO5 and Yb2TiO5 series tended from defect-pyrochlore to 

defect-fluorite with the introduction of ytterbium 7. There was a corresponding 

improvement in radiation response, i.e. a lowering of critical temperature of 

crystallinity (Tc), with increasing ytterbium content, which was related to the 

greater disordering associated with the increasing presence of defect-fluorite 

structure. This correlation between defect-fluorite and improved radiation 

response was further confirmed by comparing irradiation results with the 

pyrochlores Y2Ti2O7 and Yb2Ti2O7, which showed that the Y2TiO5 and Yb2TiO5 

compounds perform better. 

A previous, broader study looked at the four major Ln2TiO5 crystal structures 

and their radiation response8. The Sm2TiO5 (orthorhombic symmetry) and 

SmYbTiO5 (hexagonal symmetry) compounds had relatively poor radiation 

tolerance, low critical dose of amorphisation and high critical temperature to 

maintain crystallinity. However, the Sm0.6Yb1.4TiO5 and Yb2TiO5, both with 

cubic symmetry, showed a remarkable improvement in radiation tolerance. 

All of the radiation response studies discussed here have utilised the TEM 

coupled with in-situ ion-irradiation approach. A review of this experimental 

approach and the facilities that support it is given by Hinks 20. With TEM 

characterisation, there is a requirement that the specimen fragments used for 

analysis are thin enough to be electron transparent (~ 200 nm or less).  This 

requirement has an effect of influencing radiation damage of the sample due 
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to the large surface area to volume ratio resulting in defects rapidly migrating 

to the surface21. If the critical dose of amorphisation is influenced by the 

thickness of the specimen the question then arises: do the in-situ 

experimentally determined critical temperature of crystallinity trends match 

those found for the bulk sample? There have been some studies comparing 

the TEM based in-situ results with bulk irradiation but none to date on the 

critical temperature trends 19,22,23. Studies on bulk materials and their radiation 

response, relative to the thin wafers, will be more representative of the 

materials used for nuclear applications.  

In this study we look at the in-situ ion-irradiation results of previously untested 

compounds Ho2TiO5, HoYbTiO5, Er2TiO5, and previously tested Yb2TiO5, and 

compare these with other Ln2TiO5 systems of compounds and the related 

pyrochlore A2B2O7 families of compounds.  Previous studies have indicated a 

trend of sequential improvement in radiation response of cubic Ln2TiO5 

compounds containing sequentially smaller lanthanides. This trend is tested in 

this study using both the systematic Ho(x)Yb(2-x)TiO5 series and Er2TiO5, with 

the Er radius being close to that of the HoYb mixed lanthanide size. After 

establishing trends in radiation response, critical temperature of crystallinity, 

we seek to compare the results of our in-situ irradiation experiments with 

those found with ex-situ irradiated bulk samples characterised by using cross-

sectional TEM. This is the first time in-situ and ex-situ TEM techniques for 

establishing the critical temperature of crystallinity have been directly 

compared.  
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2  Methods 

2.1 Sample Preparation 

Bulk, polycrystalline single phase materials were prepared by ball-milling 

stoichiometric amounts of Ho2O3, Yb2O3 and TiO2 or Er2O3 (Ln2O3 sourced 

from Sky Spring Nanomaterials Inc., 99.9% purity) and TiO2 (Aldrich, 99.9% 

purity). The mixed oxide powders were consolidated using a cold isostatic 

press operated at 400 MPa. The consolidated pellets were sintered to 1600 

°C for 24 hours in air with a heating and cooling rate of 5 °C per minute. 

2.2 SEM (EDX) 

Scanning electron microscopy (SEM) was performed on a Zeiss Ultra Plus 

Gemini operated at 15 kV, which was equipped with an Oxford X-Max Silicon 

Drift Detector for energy dispersive x-ray analysis (EDX). The EDX data were 

collected and analysed using the Oxford INCA microanalysis software system. 

2.3 Laboratory XRD 

Powdered samples were analysed using x-ray diffraction carried out on a 

Panalytical X’pert Pro laboratory x-ray diffractometer with a weighted Cu Kα 

source, Kα1 λ = 1.5405980 Å and Kα2  λ = 1.5444260 Å. The diffractometer 

was operated in the Bragg reflection geometry with sample spinner on and 

diffraction data collected between 5 and 90 ° 2θ with a step size of 0.03 °. 

Rietveld structure analysis was carried out using the software Rietica 24. 

2.4 Neutron Powder Diffraction 

A powdered Ho2TiO5 sample loaded into a cylindrical vanadium container was 

analysed using neutron powder diffraction carried out on the Echidna powder 

diffraction beamline, Australian Nuclear Science and Technology Organisation 
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(ANSTO). Data was collected at ambient temperature using neutrons of 

wavelength 1.6215 Å. 

2.5 Transmission Electron Microscopy (TEM) 

TEM specimens for in-situ ion-irradiation were prepared by mortar and pestle 

of bulk samples into fine fragments (powder) and dispersed in ethanol. The 

ethanol powder mix was dispensed onto holey carbon film, supported by a 

copper grid, via pipette. 

TEM specimen preparation of bulk irradiated samples was performed by first 

coating the sample surface with 3 nm of platinum in a Microvac MH7 Duo ion 

sputter coater. The TEM specimen preparation was carried out using a Zeiss 

Auriga 60 focused ion beam system using Kleindiek micromanipulator via a 

standard lift-out approach, with final milling conducted at progressively lower 

voltages (30, 15, 5 and 2kV) to minimise Ga damage.  

TEM was carried out using a JEOL 2200FS operated at 200 kV and fitted with 

an Oxford X-Max 80 mm2 energy dispersive x-ray spectroscopy (EDX) 

system. The EDX data was analysed using Oxford INCA, version 4.15, 

microanalysis software. Bright field images, selected area electron diffraction 

(SAED) and nano-beam electron diffraction (NBED) patterns were collected 

by using Gatan Orius and Ultrascan cameras. 

2.6 In-situ ion-irradiation with TEM characterisati on 

TEM specimens, which took the form of finely ground crystal fragments on 

holey carbon film, were prepared as described in methods section 2.5. 

The in-situ ion-irradiation coupled with TEM characterisation was carried out 

at the Argonne National Laboratory on a Hitachi H-9000-NAR TEM operated 
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at 300 kV, interfaced with an NEC ion accelerator. For a more detailed 

description of the facility the reader is referred to Kirk et al. 25. 

Specimens were exposed to accelerated, 1 MeV Kr2+ ions, and monitored, in-

situ using the TEM, for damage accumulation via collection of selected area 

diffraction patterns (SAED). Ion-irradiation and observation of the grains via 

the electron beam were carried out separately to prevent the dual beam 

synergistic effects on defect mobility.  All specimens were subjected to a 

sufficient fluence to facilitate a crystalline to amorphous transition, with the 

final fluence termed critical dose of amorphisation and denoted Dc. The 

complete amorphisation was determined to be the point where no more 

crystalline reflections were observable within the SAED. Multiple 

measurements of Dc were carried out at temperatures between 50 and 700 K. 

The Dc versus temperature data was fit to the equation; 

�� =	��
1 − exp	������ �

�
�� −	 ����

�   (1) 

D0 is the critical dose of amorphisation at 0 K, kB is the Boltzmann constant 

and Ea is the activation energy for mobilisation of defects (equation taken from 

Weber 26). The asymptote of this fit was used to calculate the critical 

temperature of crystallinity, Tc, the temperature above which the material 

maintains crystallinity regardless of the final fluence. 

2.7 Heavy ion implantation 

Previous to bulk sample ion-irradiation, samples of Ho2TiO5, HoYbTiO5 and 

Yb2TiO5 had a surface polish to a 1 µm diamond suspension finish. Ion-

irradiation was carried out using the tandem accelerator from the Department 

of Electronic Materials Engineering, Australian National University.  The 
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specimens were exposed to 1 MeV Se+ ions at a flux of 1.32 x 1012 ions / cm2 

/ second to a fluence of 1.5 x 1015 ions / cm2. During exposure to ion-

irradiation the specimens were held at a range of temperatures between 300 

and 600 K. 

2.8 Stopping and Range of Ions in Matter (SRIM) 

For the calculation of ion-irradiation-induced damage depth profiles and to 

convert critical dose of amorphisation results from ions / cm2 to displacements 

per atom (dpa) the simulation software package SRIM (Stopping and Range 

of Ions in Matter) was utilised 27. The SRIM simulations were carried out using 

the “Ion distribution and quick calculation of damage” mode (based on Kinchin 

Pease model 28) with the ion and energy set to Kr or Se 1 MeV for in-situ and 

ex-situ calculations respectively. The density input was based on calculations 

from structural refinements, displacement threshold energies set to 50 eV 29, 

and lattice binding energy to 0 eV 30. 

The Norgett, Robinson and Torrens model (NRT) is broadly accepted as the 

international standard for calculating dpa 31 and is used for damage-vacancy 

calculations in this study. The NRT model calculation of stable Frenkel pairs 

produced by primary knock on atoms is given by the formula: 

�(���) = 0.8	 !"#$ 2&"'  (2) 

!"#$ is the damage energy produced from primary knock on atoms (PKA) 

with kinetic energy EPKA, and &" is the displacement threshold energy (the 

minimum energy required in a collision to displace an atom and create a 

stable Frenkel pair). The damage energy can be calculated from SRIM 

outputs whilst displacement threshold energy was estimated from published 

data. 
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Issues have been identified with overestimating damage by using the NRT 

model with the SRIM approach and this is thoroughly covered in a previous 

study by Stoller et al. 30. However, provided the approach for calculating dpa 

is kept consistent, it will be sufficient for the purpose of comparing Dc values 

between the range of compounds, the in-situ and ex-situ approaches and 

different ions used. Once the vacancies have been calculated from the SRIM 

output using the NRT model, the dpa can be calculated based on the number 

density of the target material. 
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3 Results 

3.1 Crystallography 

The single phase nature for the series of materials studied was initially 

confirmed using backscattered images collected via SEM, which showed no 

variations in grey-scale except where pores were present. The material 

homogeneity was further confirmed within the SEM via energy dispersive x-

ray (EDX) spot analysis. The elemental stoichiometry of lanthanides to 

titanium was measured and its consistency tested by multiple measurements 

from various grains. In all cases, the matrix phase was found to be 

homogeneous and to consist of the desired stoichiometry. The cation ratios 

were calculated in Inca using the Cliff-Lorimer method. The elemental 

stoichiometry was calculated again using the same approach within the TEM 

with results attained via the SEM and TEM being comparable. 

An example of one of the backscattered electron images for the Ho2TiO5 

specimen is shown in Figure 1 to highlight the homogeneity, evident as a 

constant grey level across the observed area. Any darker areas in this image 

are pores, where this was confirmed via collection of secondary electron 

images showing topography. 

The powder neutron diffraction data of Ho2TiO5 was refined using the 

pyrochlore structure, space group Fd3�m. For laboratory based powder-XRD 

of the Ho(x)Yb(2-x)TiO5 (x = 1.6, 1.2, 1, 0.8. 0.4, 0) series and Er2TiO5, 

structural refinement was carried out using the fluorite structure, space group 

Fm3�m. The neutron diffraction data are overlaid with the refined calculated fit 

(Figure 2) with the goodness of fit displayed below the diffraction pattern as 

the residual plot (the difference between observed and calculated values). 
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The neutron powder diffraction data (Figure 2) shows broad peaks and some 

broad humps in the background signal. Whilst Ho2TiO5 has been refined using 

the pyrochlore structure in this study the structure of this compound has in-

fact been shown to consist of long-range defect-fluorite and short-range 

defect-pyrochlore in previous studies13,14. It is the size of these pyrochlore-like 

domains, of the order of nanometres, that gives rise to the broad peaks and 

background observed here. 

The refined atomic co-ordinates, isotropic thermal parameters, and lattice 

parameter for the Ho2TiO5 specimen are shown in Table 1. The details of the 

structural refinement in this study is in agreement with that found by Lau et al. 

where Ho2TiO5 was fabricated in two ways; via the floating zone furnace 

approach and by heating to 1700 °C followed by rapid quenching 14. Both 

fabrication approaches resulted in the formation of Ho2TiO5 with pyrochlore 

structure, however there was variation in the cell parameter and oxygen x(48f) 

position. Some of this variation can be attributed to the pyrochlore-like domain 

size, which is dependent on the sintering conditions applied. 

The unit cell parameters for each of the compounds were analysed via 

Rietveld refinement (see Table 2). A linear fit to the refined unit cell 

parameters versus the average lanthanide radius showed a general linear 

trend. To include the cell parameter of Ho2TiO5 in this fit, the cell parameter 

value was halved. This is based on the pyrochlore structure being a 2 x 2 x 2 

superstructure of fluorite. Based on this fit, the unit cell parameter may be 

estimated via the following formula: 

( = 1.80318	 × (*+,) + 3.31784 
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where *+, is the average lanthanide radius (ionic radii sizes were based on 

lanthanide being in a 3+ oxidation state and eight co-ordinated with values 

taken from Shannon’s table of ionic radii 32). The goodness of linear fit gave a 

Pearson’s r value of 0.9899 indicating a good general linear trend. 

Plots of the XRD data (as shown in Figure 3) show the presence of reflections 

related to the pyrochlore structure only for the Ho2TiO5 specimen. This is 

highlighted within the Figure 3 inset where the pyrochlore (1 1 1) reflection 

only appears in the lowest diffraction pattern (diffraction data for the Ho2TiO5 

specimen). 

The general trend of decreasing cell parameter value with decreasing 

lanthanide radius size is shown via the trend of shifting reflections to higher 

angles with greater ytterbium content (the ytterbium ionic radius is smaller 

when compared with holmium). The Er2TiO5 powder diffraction pattern has 

reflections that align well with those of Ho1.2Yb0.8TiO5. The averaged 

lanthanide radius for the Ho1.2Yb0.8TiO5, rLn = 1.003, matches well with that of 

Er2TiO5, rLn = 1.004.  

Whilst the x-ray diffraction patterns indicate fluorite-type symmetry for all 

compounds studied except Ho2TiO5, further investigation via TEM selected 

area electron diffraction reveals reflections related to pyrochlore for the entire 

series (Figure 4). All the patterns contain the long-range fluorite structure 

indicated by the brightest reflections, however less intense additional 

reflections indicate the presence of a slightly modulated short-range 

pyrochlore structure. 

Figure 4 (i) is a simulated diffraction pattern for a pyrochlore-structured 

crystal, space group Fd3�m, viewed down zone axis [1 1 0]. The SAEDs for the 
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Ho(x)Yb(2-x)TiO5 series and Er2TiO5 (Figures 4 (a to h)) all show the 

characteristic pyrochlore (1 1 1) reflection as viewed down zone axis [1 1 0]. 

The (1 1 1) reflection for this series becomes more diffuse and elongated with 

greater ytterbium concentration. This change in the reflections’ intensity 

distribution may be attributed to a decreasing pyrochlore domain size from 

Ho2TiO5 to Yb2TiO5. This domain size difference has been noted before in a 

neutron diffraction study by Lau et al. 13 where larger ordered pyrochlore 

domains were determined for Ho2TiO5 (3 nm) when compared with Yb2TiO5 (2 

nm). 

In a previous study, nano-domains of pyrochlore structure in long-range 

fluorite structure for Yb2TiO5 were found using high resolution electron 

microscopy images combined with inverse fast Fourier transforms 16. 

There is also a higher level of structural complexity evident in the SAED’s in 

Figures 4 (a) and (b) for the Ho2TiO5 and Ho1.6Yb0.4TiO5 compounds 

respectively. There appears to be structural modulation from the ideal 

pyrochlore structure, evident by the presence of 2 extra reflections in the (1 1 

1) directions, and 6 extra reflections in the (6 6 2) directions, indicating 3-fold 

and 7-fold increases in the unit cell in the (1 1 1) and (6 6 2) directions 

respectively. 

The combined x-ray diffraction and TEM results show the presence of long-

range fluorite structure combined with short-range pyrochlore domains in all of 

the phases tested. There appears to be a trend of decreasing pyrochlore 

ordering with increasing ytterbium concentration and decreasing lanthanide 

radius, as evidenced with the Er2TiO5 compound. Greater disordering of the 

pyrochlore towards the fluorite structure has previously been associated with 
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greater resistance to ion-irradiation induced amorphisation. The ion-irradiation 

response is analysed in the following section. 

 

3.2 Critical temperature of crystallinity, Tc, based on the in-situ TEM 

approach  

 

For this study Ho2TiO5, HoYbTiO5, Yb2TiO5 and Er2TiO5 specimens were 

irradiated in-situ within the TEM using 1 MeV Kr2+ ions to a fluence sufficient 

to facilitate the phase transition from crystalline to amorphous. The evolution 

of ion-induced damage was monitored, using the TEM, via collection of 

SAEDs. The loss of Bragg diffraction maxima within the SAEDs and 

subsequent replacement with diffuse rings was indicative of the crystalline to 

amorphous transition. Ion-irradiation was repeated at various temperatures 

ranging from 50 to 700 K. The plot of the measured critical dose of 

amorphisation, Dc, versus temperature is displayed in Figure 5. For each of 

the four compounds tested there is a critical temperature above which the Dc 

significantly increases, i.e., the ion-irradiation-induced damage is annealed at 

a sufficient rate to maintain at least some crystallinity within the tested grains. 

This critical temperature, Tc, represents a point where the desired crystal 

structure and its associated properties can be maintained regardless of the 

irradiating ion fluence. A lower Tc is therefore a desirable characteristic for 

ceramics in nuclear applications. 

The calculated values Dc0, critical dose of amorphisation at 0 K, and Tc from 

the data plotted in Figure 5 are displayed in Table 3. There is an improvement 

in radiation response, Tc, across the Ho2TiO5, HoYbTiO5 and Yb2TiO5 series. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 
 

This trend of decreasing Tc is correlated with a decrease in average 

lanthanide radius. 

The Tc values decrease from Ho2TiO5 to Er2TiO5 to HoYbTiO5 to Yb2TiO5. Er 

has a very similar cation ionic radius to HoYb in the Ln2TiO5 compounds 

(radius of Er3+(VIII) = 1.004 Å, (HoYb)3+ (VIII) = 1.00 Å) based on ionic radii 

table values from Shannon 32. According to the values shown in Table 3, Er 

has a slightly greater ionic radius than the average radius of HoYb and Er also 

has a greater Tc value. This supports the general trend of decreasing Tc with 

decreasing lanthanide ionic radii size. This matches the radiation tolerance 

trend previously found for Y2TiO5, YYbTiO5 and Yb2TiO5 where it was also 

shown that the Ln2TiO5 compounds had greater Dc and lower Tc values 

relative to their corresponding Ln2Ti2O7 pyrochlores 7.  

However, the general trend of decreasing Tc with decreasing lanthanide 

radius is not fully consistent across the entire series of Ln2TiO5 compounds 

(Figure 6). The data displayed in Figure 6 is compiled from various studies, 

including exclusively Ln2TiO5 compounds with orthorhombic symmetry 5. 

When a material is exposed to high energy particles the particle - lattice atom 

interactions can lead to phase transitions, including amorphisation. Liu et al. 33 

used density functional theory first principles calculations to determine the 

point defect formation energies for a series of Ln2TiO5 compounds with 

orthorhombic symmetry. They found that the Ln2-Ti anti-site, followed by the 

Ln1-Ti anti-site defects, were the most energetically favourable defect types 

formed. The formation energies for the Ln2-Ti anti-site defects decreased with 

increasing lanthanide cation radius from yttrium and holmium to neodymium, 

and then increased from neodymium to lanthanum. This defect formation 
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energy trend matched the experimentally-determined ion-irradiation tolerance 

trend, as defined by Tc, found by Aughterson et al. 5, where Tc increased from 

dysprosium to neodymium and fell slightly from neodymium to lanthanum (as 

shown in Figure 6). 

 

Tracy et al. 4 showed that a decrease in the lanthanide radius size occupying 

the Ln2TiO5 orthorhombic symmetry A-site resulted in decreasing damage 

track widths when exposed to 1.47 GeV Xe ions. In this series, Ln2TiO5 (Ln = 

La, Nd, Sm, Gd), the decrease in damage area with smaller lanthanides was 

attributed to an increase in epitaxial recrystallisation from the outer edges of 

the damage zone toward the amorphous centre. High resolution TEM showed 

the presence of defect-fluorite structure in the outer recrystallisation zone of 

Sm2TiO5, whilst La2TiO5 was found to be completely amorphous across its 

damage zone. A similar study by Zhang et al. 34 where swift heavy ions, 2.2 

GeV Au ions, were used to irradiate a specimen of Gd2TiO5 showed the same 

epitaxial recrystallisation from the outer edge of the damage zone, however in 

this case a transition from the orthorhombic to hexagonal symmetry was 

observed in the recrystallisation zone. 

The experimental observation that Ln2TiO5 compounds with orthorhombic 

symmetry are capable of transitioning to other symmetries shows that the 

defect formation energies and subsequent defect accumulation are not the 

only things that need to be considered. When analysing ion-irradiation 

response, it is also necessary to consider the ability to form other structure 

types. The temperature stability diagram proposed by Shepelev and Petrova 

11 may give some indication of potential phase transitions available to Ln2TiO5 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 
 

compounds exposed to ion-irradiation. In the case of Gd2TiO5 there is a low 

temperature orthorhombic and higher temperature hexagonal phase and this 

fits well with the ion-irradiation induced phase transition observed by Zhang et 

al. 34. However the orthorhombic to defect-fluorite symmetry transition of 

Sm2TiO5  observed by Tracy et al. 4 does not fit with the proposed 

temperature stability diagram. It should be noted that symmetries others than 

those shown in the Shepelev and Petrova temperature stability diagram have 

been shown to form at higher pressure sintering. In a study by Zhang et al. 35 

using high pressure, La2TiO5 transitioned from orthorhombic to hexagonal 

symmetry at 10 GPa, and Nd2TiO5 underwent the same transition at 12.9 

GPa.  

The swift heavy ion irradiation that induced phase transitions were dominated 

by inelastic, electronic scattering. This is different from the ion – lattice atom 

interactions that occurred within this study. The use of 1 MeV Kr ions has 

resulted in scattering dominated by elastic interactions, as highlighted by the 

electronic to nuclear stopping ratios (Table 3) with values less than 1.  

In our previous work 5 bulk Dy2TiO5 with orthorhombic symmetry was 

irradiated with 12 MeV Au ions and the structure analysed using grazing 

incidence x-ray diffraction. No intermediate phase transition was detected 

between the crystalline, orthorhombic symmetry, to an amorphous phase. It is 

therefore proposed that, for heavy ion irradiation around the low MeV energy 

range, which is dominated by elastic scattering, it may be sufficient to use the 

defect formation energy calculations to predict trends within the Ln2TiO5 

series. 
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As the lanthanide radius becomes smaller, beyond Dy, the ion-irradiation 

response, Tc, improves, i.e. lowers in value (Figure 6). This region coincides 

with Ln2TiO5 compounds with cubic symmetry. It has been noted in previous 

studies that Ln2TiO5 compounds with cubic symmetry tend to display 

improved ion-irradiation tolerance 7,8. For this series, it appears that the ability 

to tolerate disorder within the structure is the driver of ion-irradiation tolerance. 

In particular, the trend from the more ordered pyrochlore structure of Ho2TiO5 

to the disordered, no preferred cation site and anion disorder, of the fluorite 

structured Yb2TiO5 coincides with an improvement in radiation response. 

Whilst there have been no defect formation energy studies of the cubic 

Ln2TiO5 series, there have been many studies on the related pyrochlore 

Ln2Ti2O7 series. 

As covered in the introduction, smaller lanthanides, due to their size being 

closer to that of titanium, can accommodate Ln-Ti anti-site disordering, and so 

the defect-fluorite structure will be more thermodynamically stable. It is this 

stability of the fluorite structure that has been linked with improved radiation 

tolerance. In a comprehensive review of Tc values for pyrochlore and fluorite 

structured materials with Ln2M2O7 (M = Ti, Mo, Sn, Hf, and Zr) by Lumpkin et 

al. 17, a general, although not linear, trend was found between radiation 

tolerance and the tendency toward the fluorite structure. It should be noted 

that other characteristics such as local bonding and disordering energies were 

also shown to contribute to the correlations found between Tc values and 

characteristics. 

In a similar study to this one, Whittle et al. 7 showed that the sequential 

improvement in Tc from Y2TiO5 to YYbTiO5 to Yb2TiO5 could be related to the 
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increase in disordering on the cation site toward Yb2TiO5. This trend is also 

observed here (Figure 6). The Ho(x)Yb(2-x)TiO5 series of diffraction patterns 

shown in Figure 4 lend extra evidence to the order (presence of distinct 

ordered pyrochlore phase in Ho2TiO5) to disorder (very diffuse scattering from 

the modulated pyrochlore phase in Yb2TiO5) phase trend as extra ytterbium is 

added to the stoichiometry. This suggests that the ability to incorporate 

greater cation and anion disorder into the structure significantly improves the 

radiation response. 

Sickafus et al. 36 showed a correlation between the order–disorder defect 

reaction pair (cation anti-site plus anion Frenkel defect) energy in the 

Ln2Zr2O7 pyrochlore and Ln4Zr3O12 δ-phase series, and the pyrochlore or δ-

phase-to-fluorite phase transition temperature. They therefore suggested that 

temperature–composition phase diagrams can be used to predict the ion-

irradiation induced phase transitions from ordered to disordered (defect-

fluorite) structures. Another study by Jiang et al. 37 also showed a strong 

correlation between the calculated energetics for the ordered-pyrochlore-to-

disordered-fluorite transition and the corresponding phase transition 

temperatures obtained from phase diagrams. Of greatest relevance to this 

study, the related Ln2Ti2O7 pyrochlore series was shown to have non-

monotonic behaviour for the caclulated disorder energies. The trend of 

increasing and then decreasing disorder energy with increasing lanthanide 

size correlated well with their experimentally determined radiation response Tc 

values 38. 

The opposite trends are found for the Ln2TiO5 orthorhombic and cubic 

systems. That is, a lower defect formation energy resulted in greater 
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susceptibility to amorphisation in the orthorhombic system, whilst the cubic 

system has a correspondingly greater resistance to amorphisation. This is 

attributed to the lattice energy created by incorporation of defects versus the 

amorphous system energy. For those systems where it is energetically 

favourable to accommodate defects such as cation anti-sites and anion 

Frenkel disorder (which is the case for the fluorite structure) a stable 

crystalline system can be maintained. In contrast, accumulation of defects in 

the orthorhombic system creates energetic instabilities leading to eventual 

amorphisation. 

 

3.3 Amorphisation versus temperature trends for bul k irradiated 
samples. 

Cross-sectional TEM is a useful tool for assessing damage depth profiles 

and/or amorphous volumes in bulk irradiated materials. By using either micro-

diffraction or SAED to analyse the ion-irradiation damage induced layers, 

crystalline phase changes can be detected23,39, including the crystalline to 

amorphous phase transition. Here we undertake a systematic temperature 

study of ion-irradiation response by using cross-section.  Figure 7 is a series 

of cross-sectional TEM bright field images that show the damage depth 

profiles for the Yb2TiO5 specimen held at 300, 400 and 450 K whilst being 

irradiated with 1 MeV selenium ions to a fluence of 1.5 x 1015 ions / cm2. For 

the irradiation carried out at ambient temperature (figure 7 (a)) this fluence 

was sufficient to create a completely amorphous layer from the surface down 

to just over 400 nm depth. The crystallinity of all cross-sectional specimens 

was analysed using nano-diffraction (beam of ~ 25 nm width) at multiple 
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points across the entire damage depth. The use of diffraction allowed the 

amorphous depth to be determined. 

In order to ensure that the in-situ experiments, conducted using Kr ions, give 

displacements comparable to the ex-situ experiments, conducted using Se 

ions, SRIM was used to calculate damage depth profiles and the results are 

shown in figure 8. For best comparison between the two approaches very 

similar damage depth profiles should be used and this has been achieved. It 

should be noted here that the SRIM calculated lattice atom displacements are 

based purely on elastic, nuclear scattering whilst electronic scattering only 

contributes to ion-energy loss in the SRIM simulation approach. 

To compare the in-situ and ex-situ ion-irradiation results, ideally the Dc would 

be determined from the top 200 nm of the bulk irradiated sample (the 

approximate maximum thickness for in-situ specimens). However, for the ex-

situ ion-irradiation, the fluence was set to a value (1 MeV Se+, 1.5 x 1015 ions / 

cm2) sufficient to facilitate the crystalline to amorphous transition based on 

where the in-situ Dc values had previously been observed to significantly 

increase (Figure 5). This results in data that will show whether the 1.5 x 1015 

ions / cm2 has rendered the top 200 nm amorphous, but does not allow the Dc 

from the top 200 nm to be determined. An incremental increase in dose 

followed by intermittent cross-sectional analysis would theoretically allow the 

Dc value to be determined. This would be an extremely time-consuming 

experiment, and undertaking a systematic series of such experiments is 

almost unfeasible. 

The amorphous region of the bulk specimen is large (~ 400 nm) for 

irradiations carried out at 300 K (Figure 7) and the Dc is determined from the 
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final depth of the amorphous volume. The experimentally-determined 

amorphous depth was compared with the SRIM based calculations for the 

damage depth profiles (Figure 8) and from this a Dc value was determined 

(Table 4). 

Figure 8 reveals that the damage depth profile has an increasing gradient 

from the surface to 200 nm depth. To determine the in-situ Dc300K, the lowest 

dpa value across the 200 nm damage depth is used, as this is the minimum 

damage required to render the entire grain amorphous (Table 4). 

As the temperature of the bulk specimens became closer to the in-situ Tc 

value, domains of crystallinity begin to appear in the vicinity of the top 200 nm 

volume (Figure 7). The specimens were classified as having reached their 

critical temperature if there was a general trend of crystallinity detected within 

the various sampled top 200 nm regions, i.e. at least 2 out of 5 regions tested 

showed some crystallinity (Tc values shown in Table 4).  

The determination of dpa using the two experimental approaches differs in 

several aspects. With the TEM ex-situ cross-sectional approach, the 

amorphous depth is measured and a dpa value can be selected directly from 

the damage depth profile generated by SRIM. At a depth of approximately 

500 nm, the irradiating ion will have reached close to its complete trajectory 

and during the process will have lost significant kinetic energy. This lower 

energy ion will have ion – lattice atom interactions strongly dominated by 

elastic scattering, much more than within the top 200 nm from the surface. 

This results in fundamentally different ion – lattice atom scattering creating the 

damage in the observed specimens between the in-situ and ex-situ 

experimental approaches. The greater elastic scattering, which tends to give 
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greater displacement density, near the 500 nm depth should result in a lower 

Dc value for the ex-situ, when compared with the < 200 nm thick specimen in-

situ approach, where there is greater inelastic scattering. 

For bulk-irradiated materials there is added complexity from the ballistic 

mixing of the irradiating ions, resulting in accumulation within the lattice. This 

ballistic mixing is not an issue for the in-situ TEM specimens as the 

specimens are thin enough so that the trajectory of the irradiating ions 

normally results in complete transmission. This ballistic mixing within the bulk 

material, which introduces a new element into the matrix either via interstitials 

or lattice atom replacement, will likely destabilise the local structure and 

should result in a lowering of the Dc value for the ex-situ approach. 

There are significant differences in the Dc(300K) values attained using the two 

different approaches (Table 4). These differences in values may be due to the 

differences in experimental set-up described above but may also be due to 

the energetic differences in the systems between the large surface area to 

volume ratio found for the thin in-situ specimens when compared to the bulk 

material. These thin in-situ specimens allow defects to more easily migrate to 

the surface, especially at elevated temperatures where defects have greater 

mobility. It may be expected that the Dc(300K)  values attained using the ex-situ 

approach would differ when compared with the in-situ due to factors already 

discussed, higher elastic scattering, ballistic mixing and lower surface area to 

volume ratio. The Yb2TiO5 specimen has a significantly higher ex-situ Dc(300K)  

value compared with the in-situ and this may be explained by the ambient 

temperature being close to the Tc and for bulk specimens epitaxial 

recrystallisation is enhanced. Overall, the same trend of increasing Dc(300K) 
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value with increasing ytterbium content is found by both experimental 

approaches. 

Previous studies of Ln2TiO5 specimens exposed to high energy, GeV, ions 

have shown that epitaxial recrystallisation occurs within the damage zone for 

some of the smaller ionic radii lanthanides4,34. The lower Tc values determined 

for the bulk samples in our study are proposed to be due to enhanced 

epitaxial recrystallisation. In the bulk material, the lattice beyond the damage 

zone can act as a nucleation point for recrystallisation at the ion-irradiated 

damage zone / crystalline interface. In each TEM cross-sectional temperature 

versus damage depth profile series (e.g. Figure 7), crystalline domains are 

observed within the damage zone with increasing temperature, beginning 

from the damage zone / crystalline interface upwards toward the surface. This 

crystallinity from the bottom up is despite the fact that the greatest 

concentration of ion-irradiation induced defects occurs at around the 200 ± 

100 nm depth (Figure 8). If epitaxial recrystallisation was not a factor in 

crystallinity recovery, recrystallisation would be expected to occur initially at 

the deepest point amorphisation had occurred, followed by the surface, and 

finally at around the 200 nm depth where the greatest concentration of defects 

should be found. 

As with the Dc values found using the two different approaches, the Tc values 

are significantly different, with lower values observed when using the bulk 

irradiation approach (Table 4). However, the trend of a lower Tc value with 

greater ytterbium content is consistent across the two approaches used. 

The proposed mechanism for improved radiation tolerance for the Ln2TiO5 

cubic compounds with smaller lanthanides is the ability to accommodate 
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cation anti-site disordering into the crystalline structure. Investigation of the 

cross-sectional damage zone using nano-beam diffraction (NBD) has shown 

the presence of defect-fluorite and defect-pyrochlore regions (Figure 7 b) 

within the recrystallisation zone of Yb2TiO5 held at 400 K during irradiation. 

The lack of diffuse rings found in these NBD patterns indicates a high degree 

of crystallinity and gives confidence that the observed phase change from 

defect-pyrochlore to defect-fluorite is real. The ability of Yb2TiO5 to transition 

from a long-range defect-fluorite, short-range defect-pyrochlore to defect-

fluorite upon irradiation gives validation to this mechanism for improved ion-

irradiation response. 

 

Concluding remarks 

An investigation of the ion-irradiation response for the Ho2TiO5, HoYbTiO5, 

Er2TiO5, and Yb2TiO5 cubic symmetry series of compounds revealed a trend 

by which compounds containing the smaller lanthanides are more radiation 

tolerant. This trend is consistent with previous studies of the related 

pyrochlore structured Ln2Ti2O7 series of compounds. 

The improved radiation resistance is related to lower disordering energies 

(cation anti-site energy) and greater defect mobility for Ln2TiO5 compounds 

containing lanthanides with a smaller radius. The greater defect mobility 

allows epitaxial recrystallization of the damage zone to occur. 

In-situ TEM irradiation was compared to results from ex-situ ion irradiation 

followed by TEM cross-sections. The Tc values attained using the in-situ 

approach tended to be higher relative to the ex-situ values. There were 

several possible mechanisms described for this variation in values between 
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characterisation techniques with epitaxial recrystallisation for irradiated bulk 

specimens being proposed as the source of lower Tc values found using the 

ex-situ approach. Whilst values were different the trends in both the Dc and Tc 

values match between the in-situ and ex-situ experimental approaches. 
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Figure 1. SEM back-scattered image of the Ho2TiO5 design phase. Dark spots 
indicate the locations of pores, whilst the constant grey-scale indicates 
homogeneous distribution of elements. 
 
 
 
 
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

35 
 

 
Figure 2. The observed, calculated (Rietica) and residual plot for the Ho2TiO5 
neutron powder diffraction data. The powder diffraction data is shown as black 
crosses, refined calculated fit as the red trace, the difference between 
observed and calculated (residual plot) shown as the green trace and the 
reflection markers as blue vertical lines. 
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Figure 3. Laboratory powder x-ray diffraction patterns of the Ho(x)Yb(2-x)TiO5 
series and Er2TiO5 with Fm3�m symmetry. The inset highlights the (1 1 1) 
pyrochlore reflection, which is only visible for the Ho2TiO5 sample. 
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Figure 4. Selected area electron diffraction patterns for the Ho(x)Yb(2-x)TiO5 
series of compounds [(a) x = 2, (b) x = 1.6, (c) x = 1.2, (e) x = 1, (f) x = 0.8, (g) 
x = 0.4, (h) x = 0], (d) Er2TiO5, and (i) simulated (SingleCrystal software) 
pyrochlore (Fd3�m symmetry) diffraction pattern  all viewed down zone axis [1 
1 0]. 
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Table 1.The Rietveld refined cell parameter, atomic positions, isothermal 
temperature factors (Uiso), and the statistics for goodness of fit between 
neutron powder diffraction data and calculated values. 
Ho2TiO5, space group Fd3�m, a = 10.303(2) 
Rp = 2.92 %, Rwp = 3.19 %, X2 = 5.98 
Element x y z Uiso*100 Occupancy 
Ho (1) 0.5 0.5 0.5 2.1 (4) 0.813 
Ti (1) 0.5 0.5 0.5 2.1 (4) 0.187 
Ho (2) 0 0 0 10 (1) 0.524 
Ti (2) 0 0 0 10 (1) 0.476 
O (1) 0.375 0.375 0.375 2.8 (8) 1.00 
O (2) 0.125 0.125 0.125  0 
O (3) 0.3534(6) 0.125 0.125 10.5 (4) 0.946 
 
 
 
 
 
 
 
 
Table 2. The cell parameters and statistics for goodness of fit for the Ho(x)Yb(2-

x)TiO5 series and Er2TiO5 compounds. *Yb2TiO5 data is from 16. Ho2TiO5 and 
Yb2TiO5 are refinements from neutron powder diffraction data. All other data is 
from powder laboratory XRD (weighted Cu K-alpha). 

 Ho2TiO5 Ho1.6Yb0.4TiO5 Ho1.2Yb0.8TiO5 HoYbTiO 5 Ho0.8Yb1.2TiO5 Ho0.4Yb1.6TiO5 *Yb2TiO5 
16 Er2TiO5 

a 10.303(2) 5.13818(5) 5.12729(5) 5.12155(5) 5.11617(5) 5.10476(5) 5.09418(9) 5.1281(1) 

Rwp 3.20% 5.48% 5.86% 4.71% 5.77% 5.81% 4.07% 6.66%, 

X2 6.03 4.69 5.13 3.21 5.01 5.61 2.21 5.18 

 
 
 
 
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

39 
 

 
Figure 5. The critical dose of amorphisation (Kr2+ 1 MeV) versus temperature 
(Kelvin) plot of the Ho(x)Yb(2-x)TiO5 series plus Er2TiO5. The lines of best fit, 
based on equation (1), were calculated and are fit to the data points. 
 
 
 
Table 3. The calculated characteristics, from crystallographic data, plus ionic 
radius values compared with the calculated values from ion-irradiation 
response data for the Ho(x)Yb(2-x)TiO5 series and Er2TiO5. 
*Yb2TiO5 ion-irradiation data from previous study 40. 
Compound  Ln3+ (VIII) ionic 

radius (Å) 32 
Density 
(g / cm 3) 

ENSP Dc0  
(x1014) 
Ions / cm 2 

Tc (K) 

Ho2TiO5 1.015 7.46 0.602 2.32 (28) 738 (15) 
HoYbTiO5 1.00 7.65 0.627 3.73 (6) 628 (6) 
*Yb2TiO5 0.985 7.93 0.653 3.52 479 (44) 
Er2TiO5 1.004 7.61 0.645 3.27 (34) 689 (6) 
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Figure 6. The ion-irradiation response, Tc, versus lanthanide radius for 
Ln2TiO5 compounds. Results are shown from this study (Ho(x)Yb(2-x)TiO5) and 
are compared with results from previous studies; Ln2TiO5 with orthorhombic 
symmetry 5, Sm(x)Yb(2-x)TiO5 with the four major symmetries 40, and Tb(x)Yb(2-

x)TiO5 with four major symmetries plus two polymorphs for Tb2TiO5 
41. 

 
 
 

 
Figure 7. Cross-sectional bright field images of the Se+ 1 MeV ion-irradiated 
Yb2TiO5 samples held at (a) room temperature (nano-diffraction showing 
various amounts of crystallinity with depth), (b) 400 K {nano-diffraction down 
zone axis [1 1 0] showing absence of pyrochlore reflection (1 1 1) in top NBD 
but presence in the below NBD}, and (c) 450 K. The images show a 
completely amorphous 400 nm deep section, indicated via homogeneous 
contrast, for the room temperature irradiation whilst samples held at higher 
temperatures tended to form domains of crystallinity throughout the irradiated 
depth. 
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Table 4. The calculated dpa for in-situ values are the average from the 
surface to 70 nm depth. The calculated dpa for ex-situ are based on the 
amorphous depth with the average taken from plus and minus 25 nm either 
side. The Tc value for in-situ is based on the calculation described in the 
methods section and for ex-situ is based on the temperature where 
crystallinity is detected within the surface to 200 nm volume. 
Compound Dc(300 K) ex-situ 

dpa 

Dc(300 K) in-situ 

dpa 

Tc (K)  

ex-situ 

Tc (K) 

in-situ 

Ho2TiO5 0.11 0.32 575 (25) 738 (15) 

HoYbTiO5 0.35 0.40 525 (25) 628 (6) 

Yb2TiO5 0.79 0.55 425 (25) 479 (44) 

 
 
 
 
 
 

 
Figure 8. SRIM calculation based on NRT model, of the damage depth 
profiles comparing the response of Yb2TiO5 to ion-irradiation using 1 MeV Kr 
and 1 MeV Se. 
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The ion-irradiation tolerance of the pyrochlore to fluorite Ho(x)Yb(2-x)TiO5 
and Er2TiO5 compounds: a TEM comparative study using both in-situ 
and bulk ex-situ irradiation approaches. 
 

• A systematic crystal structure refinement for the defect-pyrochlore to 
defect-fluorite Ho(x)Yb(2-x)TiO5 and Er2TiO5 series of compounds is 
carried out. 

• The in-situ (transmission electron microscopy) ion-irradiation tolerance 
for this cubic system is determined and trends discussed. 

• A new ex-situ approach is used for quantifying ion-irradiation response 
and the results are compared with those of the in-situ. 


