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a b s t r a c t

We studied the change in crystal structure of 200 MeV Xe and 10 MeV I ion irradiated CeO2 thin films by
means of X-ray diffraction (XRD). The experimental result showed that the average lattice parameter of
CeO2 decreased and the full width at half maximum increased by the ion irradiation. Their changes are
well correlated with the electronic stopping powers for I and Xe ions. The dependence of lattice param-
eter on the electronic energy loss was analyzed by using the Poisson’s law, and the radii of the regions
affected by the irradiation were determined.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

In our previous study [1], pure CeO2 pellets were irradiated with
200-MeV Xe14+ ions and the effects of the irradiation on magnetic
properties and the lattice structure were measured. And we have
reported that the specimens show the ferromagnetic behavior by
the ion irradiation. We have explained this phenomenon as fol-
lows; the observed ferromagnetic behavior in CeO2 pellets is
attributed to some magnetic interaction of 4f electrons at Ce3+

atoms which exist near irradiation-produced oxygen vacancies. It
is quite interesting if the high density electronic excitation contrib-
utes to the production of oxygen vacancies. However, as the range
for the incident ions (about 12 lm) is much smaller than the thick-
ness of CeO2 bulk (about 0.5 mm), effects of ion irradiation are not
uniform in specimens, and it is very difficult to discuss the irradi-
ation effects quantitatively. In this study, we prepared CeO2 thin
films by the RF magnetron sputtering method. They are much thin-
ner than the range of incident ions, and we can obtain uniform irra-
diation effects in the specimens. The effect of 200 MeV Xe
irradiation and 10 MeV I irradiation on the crystal structure is dis-
cussed in terms of the energies deposited through the electronic
excitation and the elastic collisions.

2. Experimental procedure

Specimens used in this study were CeO2 thin films. They were
deposited on r-Al2O3 substrates by the RF magnetron sputtering
method. The sputtering conditions was as follows; the substrate
temperature was 650 �C, the sputtering time was 1.5 h, the sput-
tering gas was Ar + 7%O2, the sputtering pressure was 7 Pa, and
the RF power was 100 W. The thickness of the film was 23 nm.
The lattice structure of the as-deposited CeO2 thin films specimens
was estimated by means of X-ray diffraction (XRD).

Then the CeO2 thin films were irradiated at room temperature
with 10-MeV I ions using a tandem accelerator at Takasaki Ad-
vanced Radiation Research Institute, Japan Atomic Energy Agency
and with 200-MeV Xe ions at Tokai Research and Development
Center, Japan Atomic Energy Agency. The ion fluences were
3.5 � 1012, 7.0 � 1012, and 2.0 � 1013 /cm2, for both of the ions.

In order to investigate the change in the lattice structure of
CeO2 thin film by the irradiations, we used a conventional Cu-Ka
X-ray diffractometer.

The electronic stopping power, Se, the nuclear stopping power,
Sn, and the projected range, R, were estimated using SRIM-2003.
The values of Se, Sn and R for 10 MeV I ion and 200 MeV Xe ion
are listed in Table 1. The values of R are much larger than the film
thickness (23 nm). Therefore, defects are uniformly introduced
along the specimen thickness and the possibility of ion implanta-
tion effects can be excluded.
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3. Results and discussion

First, the lattice structure of CeO2 thin films deposited on r-
Al2O3 substrates by the RF magnetron sputtering method is dis-
cussed. Fig. 1 shows the widely-scanned X-ray diffraction (XRD)
spectra for Al2O3 substrate and for CeO2 thin film on it. After the
sputtering, (0 0 2) and (0 0 4) diffraction peaks newly appear in
addition to Al2O3 peaks. These peaks correspond to the fluorite
structure. Other diffraction peaks for the fluorite structure are
hardly observed, indicating that the CeO2 thin films are highly c-
axis oriented on the Al2O3 substrate.

Next, in order to investigate the irradiation-induced modifica-
tion of crystal structure, the (0 0 4) peaks before and after the irra-
diation were analyzed in detail. Fig. 2 shows the (0 0 4) diffraction
peaks for CeO2 thin films irradiated with 10-MeV I (Fig. 2a) and for
those with 200-MeV Xe (Fig. 2b) for various ion fluences. With
increasing the ion fluence, the peaks shift to higher angles, and a
monotonic decrease in peak intensity and a peak broadening are
also observed for both irradiations. These phenomena indicate that
the average lattice parameter of CeO2 films decreases and the crys-
tal structure is disordered by the irradiation. But the peaks for the
Al2O3 substrate scarcely change their position by the irradiation.
This result implies that the structure of the substrates is not influ-
enced by the irradiation, and that the CeO2 peak shift surely shows
the lattice shrinkage of CeO2 films by the irradiation. Fig. 3(a)
shows the ion fluence dependence of the lattice parameter of the
CeO2 films for 10-MeV I and 200-MeV Xe irradiations, which has
been derived from the shift of the XRD peaks by the irradiations.
The lattice parameter was calculated by using the Bragg’s equation.
With increasing the ion fluence, a monotonic decrease in lattice
parameter is observed, and the effect of 200 MeV Xe ions is larger
than that of 10 MeV I ions when compared at the same ion fluence.
In our previous study, however, the average lattice parameter of
CeO2 bulk specimens was increased by 200 MeV Xe irradiation
[1,2]. In CeO2 bulk specimen, the lattice expansion has been
explained as originating from the irradiation-induced oxygen defi-
ciencies. When oxygen vacancies were introduced by the irradia-
tion, Ce atoms would be repulsed each other, leading to the
lattice expansion. Here, we discuss the difference in the irradiation

Table 1
Electronic stopping power, Se, nuclear stopping power, Sn, and projected range for
10 MeV I and 200 MeV Xe ion. Target is CeO2.

Se(keV/nm) Sn(keV/nm) R(lm)

10 MeVI 4.35 0.992 2.23
200 MeV Xe 27.7 0.114 12.7
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Fig. 1. XRD spectra for (a) Al2O3 substrate and (b) CeO2 deposited on Al2O3

substrate.
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Fig. 2. (0 0 4) diffraction peaks for (a) 10-MeV I3+ irradiation and (b) for 200-MeV
Xe14+ irradiation. The ion fluences are 3.5 � 1012, 7.0 � 1012 and 2.0 � 1013/cm2.
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Fig. 3. (a) Change in lattice parameter of CeO2 thin films and (b) change in full
width at half maximum of (0 0 4) peaks by the irradiation with 10-MeV I3+ and 200-
MeV Xe14+.
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