quantum beam

7
science ﬂVI\D\Py

Article

Analysis of Ion-Irradiation Induced Lattice Expansion
and Ferromagnetic State in CeO, by Using Poisson
Distribution Function

Yuki Yamamoto 1, Norito Ishikawa 2, Fuminobu Hori ! and Akihiro Iwase 1-3/*

1 Department of Quantum and Radiation Engineering, Osaka Prefecture University, Sakai, Osaka 599-8531,

Japan; yuuki.yamamoto4220@gmail.com (Y.Y.); horif@mtr.osakafu-u.ac.jp (FH.)

Japan Atomic Energy Agency (JAEA), Tokai, Ibaraki 319-1195, Japan; ishikawa.norito@jaea.go.jp

3 The Wakasa Wan Energy Research Center (WERC), 64-52-1 Nagatani, Tsuruga, Fukui 914-0192, Japan
Correspondence: aiwase@werc.or.jp or iwase@mtr.osakafu-u.ac.jp

check for

Received: 18 June 2020; Accepted: 23 July 2020; Published: 24 July 2020 updates

Abstract: The lattice constant and the magnetic state of CeO, are modified by the irradiation
with 200 MeV Xe ions. Under the assumption that these modifications are induced in the narrow
one-dimensional region (the ion track) along the ion beam path, the dependence of the lattice constant
and the saturation magnetization of CeO, on the Xe ion fluence was analyzed by using the Poisson
distribution function. The analysis reveals that the lattice constant inside the ion track, which is larger
than that outside the ion track, is not affected by the overlapping of the ion track. On the other hand,
the ferromagnetic state is induced inside the ion track, but the analysis shows that this ferromagnetic
state is gradually destroyed due to the overlapping of the ion track. The present result implies that
the Poisson distribution function is useful for describing the effect of the ion track overlapping on the
ion irradiation-induced ferromagnetic state in CeO,.

Keywords: high energy ion irradiation; CeO5; lattice constant; magnetic state; ion track overlapping;
Poisson distribution function

1. Introduction

In our previous paper [1], we have reported that the ferromagnetic state is induced in CeO,
sintered pellets by the irradiation with 200 MeV Xe ions. Moreover, we have shown that the ion-induced
magnetization increases with increasing the Xe ion fluence, reaches the maximum value, and then
decreases for higher fluences. The lattice constant of CeO,, however, increases monotonically with
increasing Xe ion fluence, and tends to be saturated for higher fluences. As several previous studies
have already shown, the lattice defects and/or disordering contribute to the appearance of the
ferromagnetism in non-magnetic oxides such as TiO; [2], HfO; [3], and CeO, [4-7]. It is well-known
that the high-density electronic excitation by swift heavy ions produces defective one-dimensional
structures (ion-tracks) in many oxides. Through the high-resolution TEM (transmission electron
microscope) observation, Takaki and Yasuda have shown that, in CeO, specimens irradiated with 200
MeV Xe ions, one-dimensional defective regions (ion-tracks) are produced along the ion beam paths.
Inside the ion-tracks, the arrangement of oxygen atoms is mainly disordered [8,9]. Outside the ion
tracks, the atomic arrangement remains unchanged even by the irradiation. The result of the TEM
observation suggests that the ferromagnetism of the irradiated CeO, appears inside the ion-tracks in
which the lattice structure becomes defective.

In the present study, we have measured the XRD (X-ray diffraction) spectra and the magnetization
and magnetic field (M-H) curves for the 200 MeV Xe ion irradiated CeO; specimens in the wider
range of ion-fluences (5 x 10''-7 x 10'%/cm?) than that of the previous experiment (5 x 10124 x
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10'3/cm?) [1]. Then, under the assumption that the ferromagnetic state and the accompanying lattice
expansion are induced inside the defective one-dimensional region (ion-track), the effect of ion-track
overlapping was examined by using the Poisson distribution function. We will show in this report that
the dependence of the magnetization and the lattice constant of CeO, specimens on the Xe ion fluence
can be semi-quantitatively described by the Poisson distribution function.

2. Experimental Procedure

In the present study, CeO, powders of 99.99% purity were pressed and sintered at 1873 K for 12 h
in air. The size of the obtained CeO, bulk pellets were about 15 mm in diameter and 0.7-mm thick.
The mean grain size of the pellets was about 5 um in diameter. They were polished and cut to an
appropriate size for the irradiation experiment, and the measurements for the lattice structure and the
magnetic properties. These specimens were irradiated with 200 MeV Xe!** ions at room temperature
by using a high energy ion accelerator at Nuclear Science Research Center, Japan Atomic Energy
Agency (JAEA-Tokai). The ion-fluences were from 5 x 10'!/cm? to 7 x 10'3/cm?. The lattice structure
of the specimens was characterized by using a conventional Cu K XRD. The magnetic properties
were measured at 300 K with a magnetic field from —10,000 to +10,000 Oe by using a superconducting
quantum interference device (SQUID) magnetometer.

3. Experimental Results

Figure 1 shows the XRD spectra of CeO, specimens before and after the ion irradiation. In the
spectra for the irradiated specimens, an appearance of new peaks or the disappearance of the intrinsic
peaks cannot be found and all the diffraction peaks correspond to the fluorite structure, which is
the intrinsic crystal structure of CeO;. This result means that the crystal structure of CeO, remains
unchanged even after the ion irradiation. However, when the (331) peaks are carefully observed (see
Figure 2), we can clearly find the irradiation effects on XRD spectra. The peaks for the irradiated
specimens shift to lower angles and become broadened when increasing the ion-fluence. This result
means that the expansion and the disordering of the lattice are induced by the ion irradiation. From
the position of XRD peaks for each ion-fluence, we have determined the lattice constant for each
ion-fluence by using the Bragg’s law.

Figure 3 shows the lattice constant of CeO, specimens as a function of Xe ion-fluence. The lattice
constant of irradiated specimens monotonically increases with increasing ion-fluence and is saturated
for higher ion-fluences.

Since the calculation using the SRIM code [10] shows that the range of 200 MeV Xe ion in CeO; is
about 12 um, the effects of the irradiation appear only near the surface of the specimens. Since the
penetration depth of Cu Ka X-ray in CeO; (about 4 pm) is much smaller than the ion range, the XRD
spectra reflect the lattice structure only for the irradiated surface region. A SQUID magnetometer,
however, measures the total magnetic moment not only from the irradiated surface region but also
from the unirradiated region. To obtain the magnetization (emu/g) induced by the irradiation, we
removed the magnetic moment for the unirradiated region from the measured magnetic moment, and
divided the magnetic moment for the irradiated region by its mass. The magnetic moment from the
unirradiated part of the specimens can be estimated from the SQUID result for the specimen before the
irradiation. The values of the irradiation-induced magnetization (emu/g) obtained through the process
described above are plotted as a function of an external magnetic field in Figure 4a (for lower fluences)
and Figure 4b (for higher fluences).
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Figure 1. Widely scanned XRD spectra for unirradiated and irradiated CeO, specimens. Xe ion fluences
are shown at the right side of the figure.
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Figure 2. (331) XRD peaks for unirradiated and irradiated CeO, specimens. Xe ion fluences are shown
at the right side of the figure.
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Figure 3. Lattice constant of CeO, as a function of Xe ion fluence.
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Figure 4. Magnetization-magnetic field (M-H) curves of CeO; for various Xe ion fluences, (a) for lower
fluences, the magnetization increases with increasing ion fluence, and, (b) for higher fluences, the

magnetization decreases with increasing ion fluence.

Figure 5 shows the saturated magnetization of CeO; as a function of Xe ion-fluence. As can be
seen in Figures 4 and 5, after the irradiation, the ferromagnetic state clearly appears and the saturation
magnetization value increases with increasing ion-fluences. The value of magnetization reaches the
maximum value, and then decreases with increasing ion-fluences. The Xe ion fluence dependence of
the lattice constant (Figure 3) and that of the saturation magnetization (Figure 5) are very similar to
the previous result [1]. We can surely confirm the effect of Xe ion irradiation on CeO; by the present
experiment for a wider range of ion fluences and more data points than for the previous experiment.
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Figure 5. Saturation magnetization of CeO; as a function of Xe ion fluence.

4. Data Analysis

4.1. Binomial Distribution Function and Poisson Distribution Function for the Expression of
Track-Overlapping

Our experimental results show that the Xe ion fluence dependence of the lattice constant of CeO,
is very different from that of the saturation magnetization. The difference appears for higher ion
fluences. The lattice expansion is saturated and the magnetization decreases. Since we have mentioned
that the effects of 200 MeV Xe ion irradiation appear in ion-track regions, the difference must be
attributed to overlapping ion-tracks, which occurs at higher fluences. Benyagoub et al. have used
the Poisson distribution function in order to explain the effect of the ion-track overlapping on the
phase transformation in ZrO, irradiated with swift heavy ions [11]. They have shown that the phase
transformation from the monoclinic to tetragonal structure needs the overlapping of the ion-tracks (at
least two ion impact). The Poisson distribution function is the approximate expression of the binomial
distribution function for a large number of trials and a small probability for each trial. Ishikawa et al.
have explained the change in XRD spectra for CeO, irradiated with 200 MeV Xe ions directly by using
the binomial distribution function [12].

To explain the relationship between the probability of the ion-track overlapping and the probability
distribution function, we will first use the binomial distribution function. The schematic drawing of
the ion-track overlapping is shown in Figure 6. This drawing is similar to the figure in Reference [12].
The area of each rectangle is assumed to be 1 cm?. In the figure, the value of 1 is the number of
ion-tracks/cm?, and r means the number of the impact by the ion-tracks. Figure 6a shows the production
of a single ion track with the cross section of S (the number of ion-tracks is n = 1/cm?2, and the number
of the impact is r = 1). For the present case, only inside the area of S, the changes in lattice constant
and a magnetic state are induced. Figure 6b shows the overlapping of ion-tracks by the production
of a second ion-track (the total number of ion-tracks is 7 = 2/cm?). The area for the double impact
(r = 2), which corresponds to the probability of the track overlapping, is S?, and the total area of
non-overlapped ion-tracks (r = 1) is 25 (1-5). When a third ion-track is produced (1 = 3), as is shown
in Figure 6c, the areas of triple impact (r = 3), double impact (v = 2), and single impact (r = 1) are S3,
352 (1-S), and 35 (1-5)?, respectively. For a given number of ion-tracks, #, the total area for the r-times
impact (r <=n), A(n,r), is described by the following binomial distribution function.

A(n,r) = 4GS (1=8)"" forr = 0,1,2,3,n (1)
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Figure 6. Schematic drawing of ion-track overlapping. Number of ion tracks is #, and the number of
ion-track impacts is r. (a) production of single ion-track, (b) overlapping of ion-tracks by the production
of second ion-track, and (c) overlapping of ion-tracks by the production of third ion-track.

Since the original meaning of Equation (1) is the discrete probability for the number of successes,
r, in a sequence of n independent trials, we can easily understand that A(#,r) can be described by the
binominal distribution function in Equation (1). When a value of n is very large and a value of S is very
small, the binomial distribution function can be approximated by the Poisson distribution function.
The present case surely fulfills this condition. The value of n, which corresponds to the ion fluence per
cm?, is 1011-10'4, while the value of S is expected to be the order of 10713, Therefore, A(n,r) can be
described by using the Poisson distribution function as:

(nS)" exp(—nS)

r!

A(n, 1) = @

The sum of the non-impact (r = 0) and impact areas (r = 1,2,3 ... n) must be unity.

n

iA(n,r) = A(n,O)—I—i A(n,r) = exp(—nS)—l—Z A(n,r)=1 3)
r=0

r=1 r=1

The total area which is affected by the ion track impacts is given by:

Y A(n,r) =1-exp(-nS) )

r=1

If the change in properties of a target material does not depend on the number of the track
impact, the macroscopic change in the property should be simply proportional to Equation (4). Many
papers have reported that, when a target material is amorphized inside the ion-track, the macroscopic
change in target material properties is expressed by Equation (4), which is the Poisson law, because
the amorphous state remains unchanged even by the following ion impacts [13-15]. In such cases,
by fitting the experimental results using the Poisson law, the area of each ion-track, S, and the track
diameter can be determined.

4.2. Analysis of Ion Fluence Dependence of a Lattice Constant for CeO, by using the Poisson Law

Figure 7 shows that the experimental result on the ion fluence dependence of lattice constant, L(¢),
can be fitted well by using the following function.

L(¢) = (L1 —Lo) x (1 —exp(=5¢)) + Lo (5)



Quantum Beam Sci. 2020, 4, 26 7 of 13

where L is the lattice constant outside the ion-tracks, L is the lattice constant inside the ion-track,
S is the cross section of each ion track, and ¢ is the ion fluence. The value of L is the same as the
lattice constant for the un-irradiated specimen (5.407 A). As best fitting parameters, the values of L,
= 5429 A and S = 1.7 x 1073/cm? have been used. The good fitting of the experimental result by
using the Poisson law means that the lattice constant inside the ion-track is not affected by overlapping
ion-tracks. Figure 8 explains this situation. The lattice constant for the double impact region, triple
impact region, and more is the same as that for the single impact region. This is similar to the case of
the amorphous tracks. From the following equation,

D = \4S/n (6)

5.430
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5.420

5.415

Lattice constant (A)

5.410 ff _

5.405 I I I I ! I I
0 2 4 6 8

Xe ion fluence (1013 /cmz)

Figure 7. Curve fitting of the Xe ion fluence dependence of lattice constant of CeO, by using the
Poisson law. Solid circles are experimental results and the solid line is the fitting curve.
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/
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region)
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Figure 8. Schematic drawing of the effect of ion-track overlapping on the lattice constant.

The diameter, D, of the ion-track in which the lattice constant increases is estimated to be 4.7 nm.
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4.3. Analysis of Ion Fluence Dependence of Saturation Magnetization for CeO; by Using the Poisson
Distribution Function

For low Xe ion fluences, the saturation magnetization increases with increasing the ion fluence,
which is similar to the case of a lattice constant change. This result means that the finite magnetization
appears inside the ion-track, and the increase in the number of ion tracks causes the increase in the
observed magnetization. For higher ion fluences, however, unlike in the case of a lattice constant, the
saturation magnetization decreases with increasing the ion fluence. With increasing the ion fluence (or
the number of ion tracks), the probability of ion-track overlapping increases. Therefore, this ion fluence
dependence implies that the ion-track overlapping decreases the magnetization inside the ion-tracks.
For the analysis of the experimental result (Figure 5), we assume the following overlapping effect on
the magnetization inside the ion-track. The value of the saturation magnetization is M; in the region of
a single impact (non-overlapped region, » = 1), M, for the double impact region (v = 2), M3 for the
triple impact region (r = 3), and My for more than three times the impact regions (r >= 4). Outside the
ion-tracks (v = 0), the value of the irradiation-induced magnetization, M), is zero. According to the
Poisson distribution function (Equation (2)), each area, A(¢,r), is given by the following equations.

A(¢,0) = exp(—So) for outside of ion — tracks (7a)
A(¢p,1) = (S¢) exp(—S¢) for sin gle impact (7b)

Ap,2) = 5O .
$,2) = — exp(—S¢) for double impact (7¢)

3
A(9,3) = (Sf) exp(—So) for triple impact (7d)
3
Alp,r>=4)=1- Z A(¢,r) for more than three times impact (7e)
r=0

In this case, the symbol, n, is replaced with ¢, which is a common symbol for the ion
fluence. Equation (7€) can be deduced by using Equation (3). The value, which is measured as
the irradiation-induced saturation magnetization, M(¢), is, therefore, given as:

M(¢p) =My -A($,1) + M- A(p,2) + M3z -A(P,3) + My - A(p,r >=4) (8)

To compare the experimental result (Figure 5) with Equation (8), four parameters of My, My, M3,
and My have to be determined. Up to the present, the best parameters for the curve fitting with the
experimental result are M; = 0.1, M, = 0.05, M3 = 0.025, and M4 = 0.005. From the lattice constant
measurement, the value of S has already been determined as 1.7 X 10_13/cm2. By using such parameters
and Equation (8), the values of M(¢) were calculated and are compared with the experimental result in
Figure 9. In the figure, the contribution to the total magnetization from each area (r = 1, 2, 3, and >=4)
is also plotted.

Figure 10 shows the schematic drawing of the effect of ion-track overlapping on the
irradiation-induced magnetization.
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Figure 9. Saturation magnetization of CeO, as a function of Xe ion fluence. Solid circles represent the
experimental data, and the red curve is the result of calculation using Equation (8). Contribution to the
magnetization from each area is also shown.
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Figure 10. Schematic drawing of the effect of ion-track overlapping on the irradiation-induced

saturation magnetization.

5. Discussion

In Section 4, we have shown that the Xe fluence dependence of the irradiation-induced lattice
expansion and the magnetization can be reproduced by using the Poisson distribution function. For
the lattice expansion, the fitting parameters (S and L;) can be easily decided and the penetration
depth of Cu Ka X-ray is much smaller than the range of 200 MeV Xe ion in CeO;. Therefore, the
result of the XRD can provide the exact information about ion track structures, and, as can be seen in
Figure 7, the calculated curve is well-fitted with the experimental result. On the other hand, the SQUID
magnetometer measures the whole magnetic moment of the specimen, and the experimental result for
the irradiation-induced magnetization shows the average value from the surface to the range of the
200 MeV Xe ion. The electronic stopping power of the Xe ion, and then the ion-track diameter largely
varies until the ion stops near the ion range. Although the present analysis for the irradiation-induced
magnetization can explain the trend of the ion fluence dependence, the parameters of M; (i = 1-4)
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remain as roughly estimated values. In order to obtain more exactly the data for the one-dimensional
magnetic track structures and their overlapping effect in swift heavy ion-irradiated specimens, we have
to use thin specimens in which the thickness is much smaller than the ion range, or perform the XMCD
(X-ray magnetic circular dichroism) measurements at synchrotron radiation facilities. The XMCD
measurement detects the magnetic states near a specimen surface. We will perform such experiments
in the near future.

Lastly, we will discuss the relationship between the lattice structure and the magnetic state inside
the ion-tracks. Figure 11 shows the correlation of the lattice constant with the FWHM (full width half
maximum) of the (331) XRD peaks. The upper axis of the figure represents the ion fluence. The value
of FWHM corresponds to the degree of lattice disordering. Below the ion fluence of 5 X 10'?/cm?, the
lattice constant increases with increasing the ion fluence. However, the value of FWHM rarely changes.
Above the ion fluence of 5 X 1012/cm?, the lattice constant still increases and tends to be saturated
(see also Figure 3), and the value of FWHM rapidly increases with increasing the ion fluence (and
also the lattice constant). Figure 12 shows that, below the ion fluence of 5 x 10'2/cm?, the saturation
magnetization rises when increasing the lattice constant and ion fluence. However, above the ion
fluence of 5 x 10'2/cm?, the saturation magnetization decreases with increasing the lattice constant and
the ion fluence (see Figure 5). Figures 11 and 12 clearly show that the increase in irradiation-induced
magnetization for lower ion fluences is correlated with the increase in the lattice constant. The decrease
in irradiation-induced magnetization for higher ion fluences is attributed to the lattice disordering.

Xe ion fluence (/cm?)
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S o o o
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T T T T
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Figure 11. Correlation of lattice constant with FWHM (full width half maximum) of (331) XRD peaks.
Xe ion fluence is also shown at the upper x-axis.
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Schwab et al. have shown that oxygen vacancies in CeO, contribute to the increase in the
lattice constant because of the mutual repulsion of Ce cations around oxygen vacancies [16]. Takaki
and Yasuda have revealed by HAADF (High-Angle Annular Dark-Field) and ABF(Annular Bright
Field)-STEM (Scanning Transmission Electron Microscopy) observations that the crystal structure is
retained, but oxygen sublattice disordering and the formation of oxygen vacancies occur inside the
non-overlapped ion tracks in CeO, irradiated with 200 MeV Xe ions [8,9]. The disordering of oxygen
sublattice inside the ion-track of CeO; has also been confirmed by the MD (molecular dynamics)
calculation [17]. Through the EXAFS (extended X-ray absorption fine structure) measurement near the
Ce-K absorption edge, Ohno et al. have shown that the atomic arrangement of oxygen atoms around
Ce atoms is disordered by 200 MeV Xe ion irradiation [18]. When oxygen vacancies are produced
in CeO,, lattice, the valence state of Ce atoms near the oxygen vacancies changes from +4 to +3 as a
result of the charge balance. The appearance of Ce>* charge state in CeOj irradiated with 200 MeV Xe
ions has been observed by the XPS (X-ray photoelectron spectroscopy) measurement [19]. Iwasawa et
al. have shown, by the first principles calculation for the CeO, supercell including oxygen vacancies
and interstitials, that electrons are localized at Ce atoms near the oxygen vacancies, which causes
the appearance of Ce3* valence state [20]. The change in valence state from Ce** to Ce3* induces
an unpaired 4f electron at each Ce>* atom. From the present experimental result and the previous
results mentioned above, we can arrive at a conclusion that unpaired electrons localized near Ce®*
atoms likely contribute to the irradiation-induced ferromagnetic state, and such a ferromagnetic state
is gradually destroyed by the lattice disordering, which is caused by the overlapping of ion-tracks.

6. Summary

The lattice expansion and the ferromagnetic state of CeO, were induced by 200 MeV Xe ion
irradiation. The experimental results were analyzed by using the Poisson distribution function. The
analysis has shown that the irradiation-induced lattice expansion inside the ion-tracks is not affected
by the overlapping of ion-tracks. The irradiation-induced ferromagnetic state inside the ion-tracks is
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gradually destroyed by the lattice disordering due to the accumulation of the ion-track overlapping.
The present result shows that the Poisson distribution function is useful for the analysis of ion-track
overlapping effects in materials irradiated with swift heavy ions.
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