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Crystalline-to-crystalline phase transformation of cubic Gd2O3 induced by swift Au ions with a kinetic
energy of 2.25 GeV, has been characterized by synchrotron X-ray diffraction experiments (XRD) as a func-
tion of increasing fluence, up to 5 � 1013 ions/cm2. The diffraction maxima of the initial cubic structure
gradually decrease in intensity as function of ion fluence, concurrent with the in-growth of several new dif-
fraction peaks, which, based on Rietveld refinement, correspond to the monoclinic high-temperature phase.
The same cubic-to-monoclinic phase transformation induced by swift heavy ions has been observed in
Y2O3. The transformation pathway under irradiation is consistent with the high-temperature behavior
of Gd2O3, and is probably associated with a multiple ion-impact mechanism. There was no evidence of
amorphous material in the diffraction patterns, even after irradiation to the maximum fluence, at which
the initial cubic phase has been completely transformed to the monoclinic structure.

� 2014 Elsevier B.V. All rights reserved.
�
1. Introduction

The radiation response of simple and complex oxides has been
extensively studied due to their application as nuclear materials
[1–3]. The large energy deposition of swift heavy ions with GeV
energies triggers, through intense excitation and ionization pro-
cesses, complex material modifications that lead most commonly
to amorphization (e.g., Y3Fe3O12 [4]), disordering (e.g., Gd2Zr2�xTixO7

[5]), and formation of simple defects and/or defect clusters (e.g.
ThO2 [6]). In a limited number of materials, high-energy ions
induce crystalline-to-crystalline structural transformations to
high-temperature or high-pressure phases [7–17]. The most prom-
inent examples are probably the monoclinic-to-tetragonal phase
transformation in zirconia, ZrO2, and hafnia, HfO2 [7–14].

Rare earth sesquioxides (Ln2O3 with Ln = La through Lu) have a
rich variety of phases as illustrated by their phase diagram (Fig. 1)
with a number of crystalline polymorphs that form as a function of
chemical composition, temperature, and pressure [18,19]. At ambi-
ent conditions, the hexagonal A-form ðP�3m1Þ is the stable structure
for rare earth cations with a large ionic radius (La M Nd), while the
cubic C-form ðIa3Þ exists for smaller rare earth cations (Tb M Lu).
The intermediate compositions (Sm M Gd) can be found either in
the cubic C-form or in the monoclinic B-form (C2/m). At high
temperature (2300–2500 K), all three polymorphs (A, B, and C)
transform to the hexagonal H-form (P63/mmc). A second phase
transition to the cubic X-form ðIm�3mÞ can be induced at slightly
higher temperatures of 2400–2700 K for compositions with cations
larger than Dy (Fig. 1). Finally, all rare earth sesquioxides melt at
even higher temperatures, with a melting temperature that
increases slightly with decreasing cation ionic radius. Rare earth
sesquioxides find applications in a wide range of technologies.
For example, Gd2O3 has an enormous thermal-neutron absorption
cross section and is an excellent ‘‘burnable poison’’ which is added
to UO2 nuclear fuel in order to improve reactor performance
[20,21]. Due to the combination of magnetic and optical properties,
doped and undoped gadolinium oxide is used in biomedical appli-
cations, for optical and magneto-resonance imaging [22–24].

Irradiation experiments with low-energy ions (keV), mostly at
cryogenic temperatures, induce phase transformations in Dy2O3

and Er2O3 [25–27]. Tang and coworkers have shown by means of
grazing incidence XRD and transmission electron microscopy that
both sesquioxides undergo a C-to-B transformation with increasing
fluence of 300 keV Kr ions [25]. At extremely high fluences in
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Fig. 1. Phase diagram for rare earth sesquioxides (Ln2O3) after Foex and Traverse
[18] with respect to the atomic number of the cation. The different phases are A
(hexagonal, P�3m1), B (monoclinic, C2/m), C (cubic, Ia�3), H (hexagonal, P63/mmc), X
(cubic, Im�3m), and L denoting liquid (melt phase).
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Fig. 2. Schematic of ion-irradiation experiment and synchrotron-XRD analysis. (a) Swift
pressed into a thin steel foil (diameter: 200 lm, thickness: 50 lm) inducing an almost co
significantly larger than the sample-pellet size. (b) Powder X-ray diffraction experiment
used to study ion-induced structural modifications throughout the sample thickness. The
are recorded in transmission mode by a CCD detector. The photograph displays a steel
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excess of 5 � 1016 Kr/cm2, a partial B-to-H transformation was
reported for Dy2O3 [26]. The radiation response of rare earth sesqui-
oxides is not well studied with respect to swift heavy ions [16,17].
The polymorphism of Ln2O3 materials makes them ideal candi-
dates for the investigation of ion-induced crystalline-to-crystalline
transformations. In this paper we present a synchrotron XRD study
of swift heavy ion irradiation damage in Gd2O3.

2. Experimental procedure

The ion irradiation of microgram Gd2O3 powder with a typical
grain size on the order of a few lm and subsequent characteriza-
tion by means of synchrotron XRD experiments required a new
holder system. Microscopic sample chambers were prepared in a
50-lm thin stainless steel foil (Alfa Aesar, dimensions 2 � 20
mm2) by drilling several holes with a diameter of 200 lm. A table-
top electric discharge machining device from Hylozoic Micro EDM
System equipped with a 200 lm copper wire was used to drill
‘‘through holes’’ in the steel foils by localized melting. After clean-
ing the sample chamber in an ultrasonic bath with acetone, Gd2O3

powder (MTI corporation, purity > 99.99 %) was placed over the
holes and pressed between two steel die-pieces in a hydraulic lab-
oratory press (MTI corporation) using a pressure of 20 MPa. Excess
sample material was removed under the microscope to ensure
well-defined sample-pellet dimensions of 200 lm in diameter
and 50 lm in thickness (Fig. 2). Typically, seven small sample
pellets (filled holes) were prepared in one steel holder for a given
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Fig. 3. Synchrotron X-ray diffraction patterns of Gd2O3 before and after irradiation
with 2.25 GeV Au ions (fluence values are given in ions/cm2). As function of
increasing ion fluence (bottom to top), the initial cubic structure (C-type) gradually
transforms to the monoclinic phase (B-type) as indicated by the appearance and
growth of new diffraction maxima. At the maximum fluence of 5 � 1013 ions/cm2,
the transformation is complete and the XRD pattern agrees well with a simulated
pattern of the monoclinic phase (B-type)sim.
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fluence, and ten sets of steel holders were irradiated at room
temperature to fluences between 1 � 1010 and 5 � 1013 ions/cm2.
After the irradiation experiment and the transportation of samples
between ion-accelerator and synchrotron facility, each steel holder
was inspected under an optical microscope. Some sample pellets
were partly or completely lost after irradiation and shipping. In
cases where some of the sample was retained, Gd2O3 residue was
present along the edges of the drilled holes. Apparently, the num-
ber of missing samples per steel holder increased with the ion flu-
ence, and might thus be related mainly to irradiation-induced
dimensional changes of the pellets, such as reduced volume due
to densification. However, since seven pellets were prepared for
each fluence, almost the entire fluence series could be analyzed
by XRD measurements; only the holder exposed to the second
highest fluence (2.5 � 1013 ions/cm2) did not contain any sample.
The irradiation experiment was completed with 2246 MeV Au ions
at the M2 beamline of the UNILAC accelerator at the GSI Helmholtz
Center for Heavy Ion Research in Darmstadt, Germany. The beam-
spot size was about 1 cm2, which covered all sample pellets in a
given holder. The beam pulse had a length of 3 ms at 40 Hz and
the flux did not exceed 5 � 109 ions/cm2�s to avoid noticeable
macroscopic sample heating.

With a theoretical density of 7.41 g/cm3 for Gd2O3 oxide, the ion
range was calculated to 64.4 lm using the SRIM-2013 code [28].
However, the actual density of the powder samples was signifi-
cantly lower as compared with the theoretical value, since the pel-
lets were prepared with a mechanical press operating at low
pressure. In addition, the samples were not sintered after pressing.
In a previous study on powdered actinide oxides cold pressing at
20 MPa resulted in an actual sample density that did not exceed
60% of the theoretical value [29]. To account for the reduced den-
sity of Gd2O3, the ion-range data from SRIM calculations, using the
theoretical density, were multiplied by a factor of 1.66. The esti-
mated penetration depth of the 2.25 GeV Au ions in powder pellets
of about 60% density is at least 106 lm (Fig. 2a). The expected ion
range is therefore more than 55 lm greater than the actual sample
thickness. This approach was used instead of performing the SRIM
calculations with reduced density because the loose packing of the
sample pellets (‘‘empty space’’) only increases the ion range, but
did not decrease the dE/dx within the micrometer sized polycrys-
talline sample grains of theoretical density. The ions deposited an
almost constant electronic energy loss of 40.8 keV/nm with a var-
iation of ±1 keV/nm throughout the entire sample thickness [28]
(Fig. 2a). The ion energy after the 50-lm thick pellets was reduced
from 2246 MeV to about 1250 MeV based on the corrected range
data. The nuclear energy loss is neglected because it is at least
three orders of magnitude lower than the electronic energy loss.

Angle-dispersive synchrotron powder XRD measurements were
performed as function of increasing fluence at the beam line X17C
of the National Synchrotron Light Source, Brookhaven National
Laboratory (monochromatic beam of about 30.5 keV and spot size
�25 lm). X-rays with a wavelength of 0.4082 Å were used in
transmission mode to analyze ion-induced structural modifica-
tions throughout the entire sample (Fig. 2b). The measuring times
were typically 5 min, but were optimized to gain maximum inten-
sity and, thus, varied from sample to sample. The small sample pel-
lets were initially aligned with respect to the X-ray beam with an
optical microscope mounted at the beamline. Fine adjustment with
accuracy at the lm-level was obtained by scanning the beam hor-
izontally and vertically over the sample and monitoring its inten-
sity with a photodiode. The center position of the sample pellet
was located by the differences of X-ray absorption of sample and
steel holder. Finally, horizontal scans at different angles were used
to determine the position of the sample with respect to the rota-
tion axis within 10 lm. Thus, the sample-detector distance was
established with a very high accuracy (338.01 ± 0.01 mm). Debye
diffraction rings were recorded with a Mar CCD detector, and the
integrated two-dimensional patterns were produced with the soft-
ware FIT2D [30]. The sample structure, including unit cell param-
eters, was derived from the refinement of the patterns using the
Rietveld method with the program FullProf [31].

3. Results and discussion

Selected XRD patterns of Gd2O3 before and after irradiation
with increasing fluence are shown in Fig. 3. Rietveld refinement
of the pattern of the unirradiated sample confirmed the cubic
(C-type) starting structure with a unit cell volume of
V = 1256.5(1) Å3 and a unit cell parameter a = 10.7907(7) Å in
agreement with literature data [32]. No additional peaks from
impurity phases or from the stainless steel holder were apparent
in the pattern. Thus, the spot size of the focused X-ray beam
(�25 lm) probed only the sample pellet (diameter: 200 lm). At
a fluence of �2 � 1012 ions/cm2, a new sharp peak was detected
in the pattern at a two theta position (�7.8�) slightly larger than
the most intense (222) diffraction maximum of the cubic structure
(�7.5�). With increasing fluence, several additional diffraction
maxima appeared in the patterns that grew in intensity. The peaks
of the cubic phase are all absent at the maximum fluence, indicat-
ing the complete transformation of the sample after irradiation
with 5 � 1013 ions/cm2. No evidence of amorphization was appar-
ent in the diffraction patterns based on the absence of diffuse scat-
tering bands at low two theta angles [5]. The complete phase
transformation throughout the sample thickness confirms that
the ions penetrated the entire 50-lm thick pellets. Previous irradi-
ation experiments with swift heavy ions reported a transformation
of cubic structured Y2O3 to the monoclinic B-type phase [16,17]. A
simulated XRD pattern of monoclinic Gd2O3 using the software
FullProf [31] is displayed in Fig. 3 (top pattern). This pattern is in
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good agreement with the experimental results for the maximum
fluence (second pattern from the top), confirming the same
cubic-to-monoclinic phase transformation in gadolinium oxide
induced by the 2.25 GeV Au ions. Despite the qualitatively good
agreement of simulated and measured pattern, Rietveld refine-
ment using a monoclinic Gd2O3 structural model (C2/m) [33] did
not entirely reproduce the measured XRD patterns (not shown
here). Minor deviations in peak intensity and position were evi-
dent. Relative changes in peak intensity can be explained by orien-
tation effects, i.e., preferred alignment of certain lattice planes with
respect to the X-ray beam. However, the detector images from all
of the samples consisted of continuous diffraction rings of constant
intensity that is typical of synchrotron XRD data of powder sam-
ples with randomly oriented grains of size on the order of a few
lm. The presence of an additional phase could also account for
deviations in the XRD data from the pattern of a pure monoclinic
phase. The H-type hexagonal high-temperature phase was previ-
ously reported to exist for Dy2O3 beyond the monoclinic structure
after irradiation with 300 keV Kr ions to very high fluences of up to
5 � 1016 ions/cm2 [26]. The present data for 2.25 GeV Au ions do
not provide any evidence of the formation of a H-type phase. Thus,
the origin of minor deviations of the experimentally obtained XRD
patterns and the Rietveld refinement based on the ideal monoclinic
structure are at present not resolved. They may be correlated to
radiation effects in the monoclinic B-type structure, such as defects
and associated microstrain [34], which are induced during (i) the
formation process or (ii) the subsequent irradiation. This is sup-
ported by the increased peak width of the B-type phase.

Rietveld refinement was used in order to estimate the cubic and
monoclinic sample fractions of the C-to-B transformation as func-
tion of fluence (Fig. 4). The ion-induced monoclinic structure forms
at a relatively low fluence (�2 � 1012 ions/cm2) and increases ini-
tially only at a small rate, followed by a more pronounced increase
above 6 � 1012 ions/cm2 with a complete transformation at
5 � 1013 ions/cm2. Despite the absence of data between 1 � 1013

and 5 � 1013 ions/cm2, the initial behavior of the C-to-B transfor-
mation vs. fluence (Fig. 4) is not consistent with a single-ion impact
mechanism, which is characterized by an initial linear increase fol-
lowed by a sublinear reduction in the rate of phase transformation
as a function of fluence, finally approaching saturation [35]. A
single-impact mechanism was, however, found for the same
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Fig. 4. Rietveld refinement results of synchrotron XRD patterns displaying the
fraction of cubic (C-type, circles) and monoclinic (B-type, squares) structures as
function of increasing ions fluence.
cubic-to-monoclinic transformation in Y2O3 irradiated with swift
heavy ions [17]. The present results for Gd2O3 suggest instead a
multi-impact mechanism for the formation of the monoclinic
phase, which is in good agreement with previous data on crystal-
line-to-crystalline phase transformations in other simple oxides
[8,12–14,36]. For example, the swift heavy ion-induced phase
transformation from monoclinic-to-tetragonal ZrO2 was described
with a double [8,12,13] and triple [14] ion-impact mechanism. The
role of the first impact is associated with the creation of radiation
defects, such as oxygen vacancies and related microstrain [12].
This has been confirmed by the behavior of ZrO2 irradiated at var-
ious pressures up to 70 GPa with swift heavy ions [14,37]. The
transformation efficiency to the tetragonal phase increased signif-
icantly if the simple oxide was under pressure during irradiation.
The structural transition at high pressure may no longer require
a double or triple impact process, because pressure induces an
equivalent strain field within the sample. Since tetragonal zirconia
and hafnia are high-temperature phases (formation temperature
�1400 and �2000 K for ZrO2 and HfO2, respectively), it was also
proposed that the phase transformation may be related to ion-
induced thermal processes as described by the thermal-spike mod-
el [12,13]. This is consistent with the interpretation of the swift
heavy ion-induced C-to-B transformation in Y2O3 [17]. Thermally
induced processes may also play a role for Gd2O3 which has a com-
parable transition temperature. The C-to-B transformation starts
above 1500 K (Fig. 1) and is completed at about 1670 K [21]. Once
formed, the Gd2O3 monoclinic phase can be recovered to ambient
conditions, while doping (e.g., with Y) is required for the stabiliza-
tion of zirconia high-temperature phases.

Under high pressure, the C-type Gd2O3 structure transforms
irreversibly to an A-type hexagonal high-pressure phase between
7 and 15 GPa, which transforms to the B-type monoclinic structure
after pressure release [38]. Thus, the final structural response under
irradiation (C ? B) and high pressure (C ? A ? B) are identical. It is
interesting to note that a very similar behavior has been previously
reported for pyrochlore, which was attributed to the intrinsic ener-
getics of defect formation under both irradiation and high pressure
[39]. The formation of defects may also be crucial for ion-induced
crystalline-to-crystalline transformations as indicated by Tang and
co-workers [25]. They identified two possible coupled transforma-
tion mechanisms for the C ? B transformation in Dy2O3 and Er2O3

after irradiation with low-energy ions [25]. The monoclinic phase
forms (i) directly within a cascade by recrystallization from a
thermal spike within some regions of the damage cascade, and
(ii) indirectly through cascade overlap and accumulation of defects
and defect cluster with an increase of the free energy. Irradiation-
induced stress [25] and disordering to an anion-deficient fluorite
structure [40] may be additional contributing factors. The distinct
peak broadening in the XRD patterns of the initial cubic phase dur-
ing the onset of the C ? B transformation in Gd2O3 (Fig. 3) shows
that defect accumulation and microstrain are similarly important
for swift heavy ions. But in the case of swift heavy ions (electronic
dE/dx), the transformation occurs at two orders of magnitude lower
fluences as compared with low-energy ions (nuclear dE/dx) [25].
The increase of peak width can also originate from radiation-in-
duced sample fragmentation. If a critical size is reached at the
nanoscale, the C ? B transformation may spontaneously occur
since nanomaterials may exist in different phases as compared
with their bulk counterparts due to the effect of surface energy
and modified kinetics [41]. However, Gd2O3 exists as nanomaterial
[23] and thin film [42] down to at least 10 nm in the cubic phase.
The oxygen content has an important effect on the structure that
forms, with the monoclinic phase being more preferred at lower
oxygen concentrations [42,43]. Thus, a loss of oxygen during ion
irradiation in a reducing environment (vacuum) may be another
contributing factor for the C ? B transformation. This may also
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account for the deviations from the ideal monoclinic structure as
observed by the refinement. Finally, it is interesting to note that
the C ? B transformation involves an increase in atomic density
by 9–10%, which is in contrast to the ion-induced swelling (i.e.,
reduction in density) observed in most materials.

4. Conclusions

Polycrystalline samples of Gd2O3 sesquioxide were irradiated
with 2.25 GeV Au ions in a newly developed sample holder system
for microgram powdered samples. Characterization by means of
synchrotron-based X-ray diffraction experiments, using the same
holder systems, revealed an ion-induced crystalline-to-crystalline
transformation. No amorphization was evident in the samples up
to 5 � 1013 ions/cm2. Rietveld refinement showed that the initial
cubic structure transforms gradually to a monoclinic phase, which
follows the behavior found in other cubic sesquioxides after ion
irradiation. The phase transformation proceeds with swift heavy
ions (electronic dE/dx = 40.8 keV/nm) at ambient temperature
and can be induced at significantly lower fluences as compared
with low-energy ion irradiations (nuclear dE/dx). The refinement
results of the fraction of the phases as a function of fluence indicate
that multiple swift heavy ions are required to trigger the structural
transformation. Thermal effects, defects, strain, and changes in the
oxygen content may all contribute to the transformation. The pres-
ent results show that Gd2O3 within a nuclear environment, such as
a burnable poison in UO2-fuel, may undergo structural modifica-
tions due to exposure to fission fragments, which can result in sig-
nificant changes in density.
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