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We report an ion-irradiation study of a compositionally complex (high-entropy) pyrochlore oxide. The damage
produced from 4 MeV Au2+ ion irradiation on single crystal (Yh,,T'm,,J,u,,.Ho,,,Fr,,jT1,07 aligned along the
[100] direction is investigated at room temperature by Rutherford hackscattering spectrometry in channeling
mode (RBS/C). Damage profiles based on RBS/C are presented and compared to single-component pyrochlore ti-

tanate oxides to evaluate the relative resistance to irradiation-induced amorphization. The results show that this
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high-entropy pyrochlore goes amorphous at a dose 0f0.13 dpa, which is comparable to that of single-component
pyrochlores previously studied. Transmission electron microscopy images unveil the damaged surface layer,

which is consistent with the RBS/C results.

Single crystal
Rutherford backscattering spectrometry
Transmission electron microscopy

Rare-earth (RE) pyrochlore oxides (RE2B207) possess a multitude of
unique properties, including exotic magnetism [1-2], low thermal con-
ductivity [3”71], resistance against radiation amorphization [5-6], and
enhanced ionic conductivity [7]. The flexibility and phase stability of
the cubic pyrochlore structure allows for a multitude of compositions
that can be tuned to express desired properties or new functionalities,
such as increased electrical or ionic conductivity and structure/phase
transformations that enhance mechanical and chemical durability
[8-9]. When considering materials for nuclear waste management, the
RE23+Ti24+Oy pyrochlore materials have been studied extensively by
the incorporation of actinides [5-12]. Rare-earth titanate pyrochlores
respond to ion irradiation by transforming to an amorphous state once a
specific local damage dose is reached under given irradiation condi-
tions [5], The specific dose for the amorphous transition is highly de-
pendent upon the incident ion mass and energy, as well as the size of
the rare-earth cation. Until now, no studies have been reported on the
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effects of irradiation-induced damage on a high-entropy titanate py-
rochlore single-crystal to understand its amorphization behavior.
High-entropy oxides (HEOs), also referred to as configurationally
complex oxides (CCOs), refer to oxides with multiple ions (five or more)
on a single site [13-14]. Extending the study of ternary rare-earth py-
rochlore oxides and their radiation response to the area of HEOs and
multicomponent materials is necessary to improve or expand our op-
tions for storing nuclear waste and radioactive materials. At the same
time, controlled response to ion irradiation offers potential for tuning
properties and creating new functionalities in these compounds. Be-
cause multicomponent materials typically possess heavily distorted lat-
tices and improved chemical durability, these materials can be highly
attractive for radiation applications [15]. Within the past few years, ra-
diation damage related research has gained momentum for configura-
tionally complex materials, such as high-entropy alloys (HEAs)
[15-18], high-entropy carbides [19-20], and even more recently high-
entropy oxides that have been proposed as nuclear waste forms
[21-23]. Some novel findings from these recent reports include im-
proved radiation resistance for alloys and carbides, enhanced mechani-
cal properties at elevated temperatures, excellent structural stabilities,
and high corrosion resistance. However, the radiation response of HEOs
is not yet known. The tunability of the chemical and mechanical prop-

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.
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Fig. 1. The depth profiles of local damage dose (dpa), represented by solid
black squares, and implanted Au concentration (appm), represented by solid
red circles predicted by SRIM simulations for an ion fluence of 6 x 1013 cm 3.
Solid lines are fits to the data (color online).

erties by manipulating the number of cations, the entropy site disorder,
and mixing possibilities can enhance the properties and lead to a wider
range of possible applications.

Because irradiation damage in single-component pyrochlore oxides
has been studied in detail [24-27], an examination of irradiation effects
in a high-entropy pyrochlore oxide is a logical extension. Large, high-
quality single crystals of (Yb0 2Tm0 2Lu0 2Ho0 2Er0 2)2Ti207 have been
grown via the floating zone technique, making it an ideal candidate for
quantitative analysis of radiation damage accumulation profiles by
Rutherford backscattering spectrometry in channeling mode (RBS/C).
The unique availability of a high-entropy single crystal pyrochlore al-
lows direct comparison of RBS/C damage accumulation profiles to
those for single-component RE pyrochlores.

The single crystal (Yb0 2Tm0 2Lu0 2Ho0 2Er0 2)2Ti207 was grown us-
ing the floating-zone growth technique and a two-mirror optical float-
ing-zone furnace (Canon Machinery model SC1-MDH) with 1500-W
halogen lamps. This crystal growth procedure is similar to that describ-
ing the growth of another high-entropy titanate pyrochlore [28], using
oxygen atmosphere at a pressure of 0.2 MPa and a growth rate of
5-6 mm per hour. Laue diffraction, using a Huber X-ray diffractometer
and HD-CR 35 NOT, was employed to determine crystal quality and
align the crystal along the [100] direction for ion beam bombardment,
as illustrated in Fig. S2. An oval-shaped piece, roughly 9 mm in length
and | mm in thickness, was cut from the oriented rod and polished to a
mirror finish.

Room temperature Au-ion irradiations and ion beam analysis via
RBS/C were performed using the 3 MeV tandem accelerator and associ-
ated facilities at the Ion Beam Materials Laboratory at the University of
Tennessee, Knoxville [29]. 4 MeV Au2+ ions were employed to ensure
damage is shallow enough to be measured using RBS/C analysis. It also
allows for direct comparison of the disordering behavior to single-
component RE pyrochlores [27-31]. Irradiations were performed 4° off
the normal surface to limit channeling effects in the single crystal. Ion
fluences ranged from 5 x 1012 to 6 x 1013 cm-2 to induce a range of
damage states in the target material. A flux of4.2 x 101l cm_2s | was
constant for all the irradiations. The irradiating beam was slightly wob-
bled and defocused so that the resulting damage was uniform. Two ar-
eas of the sample surface were each irradiated to 3 different fluences (6
total), with RBS/C measurements conducted after each fluence. After
this irradiation sequence, the sample was repolished, and two areas
were again irradiated to 3 different fluences (6 total), with RBS/C spec-
tra collected after each fluence.

Fluence (ions/crrf)
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Fig. 2. HEO (Ybo"Tmo"Luo"Hoo"Ero™T"Oy rare-earth sublattice disorder
curves following 4 MeV Au2+ irradiation with ion fluences ranging from (a) |
to 3 (x 1013 cm-2) and (b) 0.5 to 3.6 (x 1013 cm-2). The solid lines represent
fits to the data, (c) Relative rare-earth disorder at the damage peak as a func-
tion of Au fluence and dose. The solid red line is the fit of the damage accumu-
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M lation along with the amorphous region fa (dashed line) and the residual crys-

talline region Sd (dashed/dotted line) (color online).

In-situ damage accumulation along the [100] direction was deter-
mined using RBS/C under high (< 2.0 x 10“7 ton) vacuum using a 3.5
MeV He+ ion beam to obtain quantitative RBS/C spectra to a depth of
~850 nm. Disorder profiles were determined from the RBS/C spectra
using the iterative procedure described elsewhere [32]. The Stopping
and Range in Matter code (SRIM code) [33], in full-cascade mode [34],
was used to determine the depth profiles of atomic displacements for
the 4 MeV Au ions. The threshold displacement energies for all the ions
in the target material were set to 50 eV [35] and an experimentally de-
rived density of 7 g/cm3 was used in the SRIM simulations.

TEM was performed using a FBI Titan at 300 kV on specimens pre-
pared from the two final irradiated areas corresponding to fluences of
3.33 x 1013 and 3.66 x 1013 cm-2. Diffraction contrast images were
captured using the two-beam condition with the sample tilted slightly
offthe zone axis to isolate diffraction from the (001) normal planes. The
specifications for TEM preparation of the crystal sample are described
in the Supplemental Material.

Based on the SRIM simulations, the depth profiles of local damage
dose (displacements per atom or dpa) and implanted Au concentration
at the highest ion fluence in this study (6 x 1013 cm-2) are shown in
Fig. 1. The predicted damage profiles for all ion fluences employed in
this irradiation experiment are provided in Fig. S6 in the supplemental
material. Under these irradiation conditions, the damage peak is at a
depth of ~ 400 nm, and the peak concentration of implanted Au is pre-
dicted to be at ~ 520 nm.

Two separate irradiation experiments under identical conditions
were performed on the same single crystal sample, which was repol-
ished to remove damage from the first irradiation experiment prior to
the second irradiation. The disorder accumulation curves shown in
Figs. 2a and 2b represent the two separate experiments and show the
depth profiles of damage accumulation at various ion fluences, from 0.5
to 3.6 x 1013 cm"2, on the RE sublattice. To obtain these damage pro-
files, an iterative process [32] using the raw RBS spectra (Fig. S5 in sup-
plemental material) has been performed to generate the disorder in the
material versus depth. This process allows for the removal of dechan-
neling effects and is commonly employed for this purpose [30-32].

Using the experimentally derived density of 7 g/cm3 for the SRIM
simulations, the He ion stopping power as a function of energy was de-
termined for the HEO pyrochlore, and the energy difference per chan-
nel was used to determine the depth. Ultimately, these depth profiles
show that the disorder increases with increasing ion fluence and a slight
shift of the damage peak toward the surface, resulting in a fully amor-
phous material at the damage peak for a fluence of about 3.66 x 1013
cm"2.

The accumulation ofrelative rare-earth disorder at the damage peak
as a function ofion fluence and local damage dose is shown in Fig. 2(c).
In order to describe this damage accumulation behavior, a disorder ac-
cumulation model is employed [27-31]. Eq. (1) represents this model,
with S being the total irradiation-induced disorder, fa is the amorphous
fraction, and Sd is the defect-induced disorder in the remaining dam-
aged crystalline regions.

Table. 1

S=fa—+Sd €8]

This model is also referred to as the DI/DS model (direct-impact, de-
fect-stimulated) [36]. For the amorphous fraction, Eq. (2) describes the
relationship between aa (direct amorphous cross section), as (defect-
stimulated amorphous cross section), and D is either the local dose (in
dpa) or ion fluence.

[« =1-(*<.+ %)/ K + °aexp (<1, +aa) D) 2)

To account for the damage caused by defects in the crystalline struc-
ture, Eq. (3) quantitatively represents this damage given the saturation
value Sd* and a constant B that corresponds to the cross section relating
to the probability of defect recombination processes [27].

Sif = S*[1—exp(—1?Z»](1-/a) 3)
Fig. 2(c) summarizes the collective results from this damage accu-
mulation model, showing the contributions from fa and Sd and a fit to
the mixed RE disorder at the damage peak at ambient temperature.
The relative RE disorder as a function of Au fluence (ions/nm2) and
dose (dpa) reveals a nonlinear behavior with complete amorphization
shown at ~ 0.13 dpa and 4 MeV Au fluences of ~ 0.37 (ions/nm?2).
These results are comparable to similar studies on other rare-earth ti-
tanate pyrochlores [27-31], and Table | summarizes the ion fluence
and dose experimentally found for attaining complete amorphization
at the damage peak in each composition. The HEO pyrochlore's dose
for amorphization appears to be slightly higher than HolTi207, indicat-
ing more radiation resistance, but lower than that for Sm2Ti207, sug-
gesting less radiation resistance. Likewise, when compared to
Gd2Ti20y, which was irradiated under similar conditions (4 MeV Au
ions), the HEO pyrochlore appears to be less radiation resistant.

It must also be noted that the Au ion energies are lower for Sm2Ti207
and Ho2Ti207 (1 MeV), which may affect a direct comparison with the
HEO pyrochlore (4 MeV). Under | MeV Kr ion irradiation, the critical
dose for amorphization of simple rare-earth titanate pyrochlores at
room temperature varies by up to a factor of three depending on the
specific rare-earth element on the A-site [6]; however, the critical dose
under 0.6 MeV Bi ion irradiation is 0.18 + 0.01 dpa for A2Ti2Oy
(A =Y, Sm, Gd, Lu) pyrochlores [35], which is comparable to the re-
sults in Table 1. The HEO pyrochlore in this study may represent the be-
havior of a mixture of pyrochlores with a range of critical doses (amor-
phization resistance), but additional studies on relevant rare-earth py-
rochlores under identical heavy-ion irradiation conditions are needed
to better understand this behavior.

The amorphization parameters derived from the model fit discussed
above are listed in Table 2, along with those experimentally found for
Gd2Ti20y from a previous study [27]. Because as is significantly larger
than Oj, defect-stimulated amorphization is the primary mechanism for
overall amorphization in this HEO. At low doses up to ~0.065 dpa, the
disorder caused by defects, Sd, has a greater influence on the HEO. At
doses greater than ~0.07 dpa, the defect-stimulated increase of the
amorphous fraction, 4, becomes dominant. These phenomena are simi-
lar to previous reports for the typical, single-component titanate py-
rochlores; however, this effect occurs at a higher dose in the HEO com-

Comparison of the HEO pyrochlore irradiation conditions and fluence/dose for achieving amorphous state at damage peak with those of single-component rare-

earth titanate pyrochlores.

Rare-Earth Titanate Pyrochlore Composition Irradiation Species Ion
Gd2Ti207 4.0 MeV Au 4.5
Sm2Ti207 1.0 MeV Au 4.0
Ho2Ti20y 1.0 MeV Au 2.7
(~0.2Tma2Lua2Hoa2Era2)2Ti207 4.0 MeV Au 3.6

Fluence for Amorphization Amorphization Dose (dpa) Reference
x 1013 cm-2 0.15 [271

x 1013 cm-2 0.14 [30]

X 1013 cm"2 0.12 [31]

x 1013 cm-2 0.13
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Table. 2
Comparison of the HEO's amorphization model parameters to Gd2Ti207 [27].
These parameters were determined from data fits shown in Figs. 2(e) and 3.

HEO RE sublattice

Amorphization Parameters Gd sublattice

0.022 nm2 0.50 £ 0.25 nm2
31.65 nm2 13 = 2 nm2
s, % 0.3 nm2 0.15 = 0.4 nm2
B 5 nm2 2.8 £ 4 nm?

4 MeV Au ions
> 04

Dose (dpa)

Fig. 3. Comparison of rare-carth disorder at the damage peak as a function of
dose between reported Gd2Ti207 [27] and HEO
(Yb0i2Tm0i2Luli2Ho0i2Er02)2Ti207 single crystals with 4.0 MeV Au ions at
300 K. The solid lines are fits to the damage data points (color online).

pared to the Ho and Sm pyrochlores (~0.03 dpa) [30-31]. The accumu-
lation of disorder at the damage peak for the HEO titanate pyrochlore
and Gd2Ti20y are compared in Fig. 3 for similar 4 MeV Au ion irradia-
tions at room temperature. There are notable differences in disordering
behavior between the two pyrochlores, as illustrated in Table 2 and Fig.
3. Atlower doses, the behavior ofthe two pyrochlores is relatively simi-
lar, but at a dose of ~0.09 dpa, a clear divergence in the total irradia-
tion-induced disorder is shown. This divergence indicates that
Gd2Ti207 has a slower rate of defect-stimulated amorphization com-
pared to that of the HEO pyrochlore, which is also reflected by the

200 nm

higher defect-stimulated cross section as for the HEO found in Table 2.
The HEO pyrochlore does have a smaller direct amorphization cross
section aa meaning that it is slightly less susceptible to direct amor-
phous behavior upon impact of heavy ions. From these results, it can be
concluded that Gd2Ti20y has slightly higher radiation resistance than
the HEO at room temperature.

Cross-sectional TEM was conducted to characterize the resulting ra-
diation damage ofthe HEO pyrochlore single crystal. Figs. 4(a) and 4(b)
are dark field micrographs showing the surface layer of damage at ion
fluences of 3.33 and 3.66 (x 1013 cm-2), respectively. The highly-
strained damaged region, clearly extends from the surface to ~ 800 nm
in depth, with a peak in damage at a depth of450 to 550 nm, which is
consistent with the RBS/C results and SRIM predictions. Beyond this
depth, a virgin region of crystal exists that is unaffected by the ion
beam. High resolution images (Figs. S7(b) and 57(c)) reveal that the
highly damaged regions consist of a mixture of amorphous and residual
crystalline material. There are no discernable extended defects. This is
consistent with cation interstitial defects and a disorder-stimulated
amorphous transition as the primary factors leading to amorphization
in this HEO crystal composition when exposed to 4 MeV Au irradiation,
as predicted by the DI/DS model previously discussed.

The local atomic displacements on the A lattice sites due to the ran-
dom distribution of rare-earth cations may contribute to an increased
instability and susceptibility to amorphization. The dark-light mottled
contrast in the damaged layer is evidence of damage appearing as
strained residual crystalline regions (light contrast) and unstrained
amorphous regions (dark contrast) in Figs. 4(a) and 4(b). An amor-
phous surface layer, roughly 20 nm thick, is observed (Fig. 57(b)) that
transitions into a mixture of residual crystalline and amorphous mater-
ial beyond 20 nm from the surface. While the SAED patterns indicate
the presence of amorphous material, this may be due to amorphous ma-
terial in the damaged layer and/or the amorphous graphite capping ma-
terial. The TEM results are consistent with the RBS/C data fits in Fig. 2
(c) and in Table 2 that predict defect-stimulated amorphization is the
primary cause of the observed crystalline to amorphous transition.
While details of defect and structural evolution during amorphization
are not fully known, they are the subject of an ongoing investigation.

In summary, a single crystal of the novel HEO pyrochlore
(Yb0.2Tm0.2Lu0.2H00.2Er0 2)2Ti207 was successfully synthesized, and its
response to ion irradiation was quantified using RBS/C. 4 MeV Au2+ir-
radiation was employed with ion fluences from 0.5 to 6 x 1013 cm-2 at
ambient temperature. Under these conditions, a local amorphous state
in the HEO occurs at an ion fluence of 3.66 x 1013 cm-2 and a damage

Fig. 4. Cross-sectional TEM dark-field micrographs unveiling the damaged regions near the surface of the irradiated HEO pyrochlore crystal with 4 MeV Au2+
ions corresponding to the regions irradiated to ion fluences of (a) 3.33 x 1013 cm-2 and (b) 3.66 x 1013 cm-2. Insets are SAED patterns taken on-axis, with the

arrows highlighting the image forming g-vector (color online).
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dose of ~0.13 dpa. From these results, it appears that the HEO may be
slightly more resistant to amorphization than the single component Ho
pyrochlore but less radiation resistant than the Sm and Gd pyrochlores.
More studies are being conducted to gain a complete understanding of
this HEO's amorphization resistance at various temperatures. Given the
promise of advanced properties in multicomponent oxides, expanding
the study to include a variety of compositions and different structures
with various levels of ion complexity will contribute to a better under-
standing of their response to irradiation damage. In addition, it is possi-
ble that irradiation of configurationally complex pyrochlore oxides can
increase ionic conductivity or enhance magnetic properties, as ob-
served in other amorphous pyrochlores [11-38]. As the properties or
functionalities of irradiation damaged HEOs are largely unknown, fur-
ther studies are warranted.
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