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Abstract: The effect of swift heavy ion irradiation on sol–gel-prepared maghemite nanoparticles
was studied by 57Fe transmission Mössbauer spectroscopy and X-ray diffractometry (XRD). The
room temperature Mössbauer spectra of the non-irradiated nano-maghemite showed poorly resolved
magnetically split, typical relaxation spectra due to the superparamagnetic state of the nanoparticles.
Significant changes in the line shape, indicating changes in the superparamagnetic state, were found
in the Mössbauer spectra upon irradiation by 160 MeV and 155 MeV 132Xe26+ ions with fluences of
5 × 1013 ion cm−2 and 1 × 1014 ion cm−2. XRD of the irradiated maghemite nanoparticles showed
a significant broadening of the corresponding lines, indicating a decrease in the crystallite size,
compared to those of the non-irradiated ones. The results are discussed in terms of the defects
induced by irradiation and the corresponding changes related to the change in particle size and
consequently in the superparamagnetic state caused by irradiation.

Keywords: nano-maghemite; Mössbauer spectroscopy; swift heavy ions; superparamagnetism;
radiation effects

1. Introduction

Metal and metal oxide nanoparticles can be widely used in magnetic fluids, data stor-
age, catalysis and biomedical applications such as magnetic bio-separation, hyperthermia,
biological detection, detoxification, medical diagnosis, immunoassays, tissue repair, tumor
therapy, targeted drug delivery, etc. [1–7]. Superparamagnetic iron oxide nanoparticles
(SPIONs), thanks to their superparamagnetic properties, have found applications, among
others, in environmental remediation and in cancer nanotheranostics, and they are very
promising in oncological therapy (especially in the brain, breast, prostate and pancreatic
tumors) [8–16].

Production and handling parameters can greatly influence properties that are impor-
tant for use of nanomaterials. One treatment option for modifying nanomaterials is by
irradiation with high-energy heavy ions. In doing so, a large amount of crystal defects can
be introduced into these nano-systems upon irradiation.

In the case of metal-nanoparticles, a number of works [17–35] revealed that swift heavy
ion irradiation induced shape deformations. A spherical to rod-like shape transformation
occurs with the direction of nanoparticle elongation aligned to that of the incident ion,
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while small nanoparticles below a critical diameter do not elongate, but dissolve in the
matrix. The three-dimensional computation of the thermal spike model was applied for
the explanation of the effect of swift heavy ion irradiation. A rational description of the
ion-beam-shaping process for all nanoparticle dimensions as a function of the irradiation
parameters was presented. The existence of both threshold and saturation fluences for the
elongation effects and their dependence on ion energy and initial nanoparticle size was
also established. Modification and controlled shaping of nanostructures by different energy
ion beam irradiations were investigated and suggested.

Swift heavy ion irradiation-induced modifications in structural, magnetic and elec-
trical transport properties of metal oxides were also experienced [36–45]. In the case of
nano-iron oxides, phase transformation (e.g., magnetite to maghemite) and changes in
transition temperatures (Verwey-temperature), as well as changes in magnetic anisotropy
were observed. The overlap of swift heavy ion tracks, dislocation loop formation, oxygen
diffusion and oxide phase formation by swift heavy ion irradiation were considered for the
explanation of the findings.

Mössbauer spectroscopy is a unique method to study iron-oxide nanoparticles [46–48],
especially to monitor their superparamagnetic states. Recently, we successfully applied
Mössbauer spectroscopy to observe the formation of swift heavy ion irradiation-induced
amorphous iron and superparamagnetic Fe–Si oxide phases [49], as well as change in
magnetic anisotropy of nanostructured FINEMET alloys [50].

The main goal of our study was to investigate the effect of swift heavy ion irradiation
on the iron microenvironments of nano-maghemites. For the characterization of non-
irradiated and irradiated samples 57Fe Mössbauer spectroscopy and XRD measurements
were used.

2. Materials and Methods

The initial nano-Fe3O4 sample was prepared according to work [51]. Mohr’s salt
(2.627 g) was added to (NH4)3Fe(C2O4)3 · 3H2O (5.693 g) and dissolved in 250 mL of
deionized water. After maintaining the reaction temperature at 30 ◦C, an additional 1.5 g
of NaNO3 and 50 mL of 25% aqueous NH3 were poured into the aqueous solution and
stirred for 15 min. Finally, the precipitate was washed with distilled water and ethanol
and dried for half a day. From a portion of the resulting nano-magnetite product, nano-
maghemite (nano-γ-Fe2O3) was prepared by heat treatment at 250 ◦C for 30 min in an air
atmosphere [51].

Swift heavy ion irradiation of nano-maghemite was carried out with 132Xe26+ ions of
160 MeV energy with a fluence of 5 × 1013 ion cm−2 and of 155 MeV energy with a fluence
of 1 × 1014 ion cm−2 at room temperature, at a current density of 0.01 µA cm−2 and at
a pressure of about 10−3 Pa, at the IC-100 cyclotron of the Flerov Laboratory of Nuclear
Reactions, JINR, Dubna, Russian Federation between 2020 and 2021. The irradiation
energies and fluences were chosen according to the values at which radiation effects have
already been observed in related systems [49,50] and which were actually available at the
facility. The plane of the samples was oriented perpendicular to the ion beam direction.
Uniform ion distribution (to within 10%) over the irradiated sample surface was achieved
by scanning in the horizontal and vertical directions. The temperature of target backing
was controlled during the irradiation.

The irradiations were performed on powdered samples. Samples were prepared by
evenly distributing powders on 5 µm thick Al foils. Samples were also prepared on a 2 mm
thick 15 mm diameter Al foil by a suitably weighed amount of material (4 mg), in which
case the original powders were fixed on the Al foils with different gluing. The maghemite
powder was fixed to the Al foil using either Ag conducting paint or mixed solution (titrated
to pH = 7) of polyethyleneimine (PEI) and NaCl adhesive.

57Fe Mössbauer spectroscopy measurements of non-irradiated and irradiated samples
were performed at room temperature (295 K) and at 80 K in transmission geometry. Con-
ventional Mössbauer spectrometers (WISSEL type) were applied in constant acceleration
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mode with integrated multichannel analyzers, collecting counts in 512 channels. At 80 K,
the Mössbauer spectra were recorded by means of a JANIS liquid helium cryostat using a
separate WISSEL spectrometer. The Mössbauer spectra were measured by a scintillation
detector using a 57Co(Rh) source with an activity of 1.8 GBq. The direction of the γ-rays
was perpendicular to the plane of samples in all cases of Mössbauer measurements. Isomer
shifts were given relative to α-iron. The evaluation of Mössbauer spectra was performed
by least-square fitting of the lines using the MOSSWINN code [52].

Powder X-ray diffractograms of the samples were recorded by a computer-controlled
DRON-2 X-ray diffractometer. The diffractograms were measured using FeKα radiation
(λ = 0.179026 nm) and β filter, at tube generation of 45 kV and 35 mA, at room temperature
in Bragg–Brentano geometry in the range of 2Θ = 20–90◦ with a goniometer speed of
0.25◦ min−1. The computer evaluation of the XRD patterns was made by the EXRAY code.
For phase identification the PCPDF Diffraction Data were used.

3. Results and Discussion

The room temperature (RT) Mössbauer spectra of the nano-maghemite samples, non-
irradiated and irradiated with 160 MeV and 155 MeV energy Xe ions with fluences of
5 × 1013 ion cm−2 and 1 × 1014 ion cm−2, respectively, are shown in Figure 1.
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Figure 1. Room temperature Mössbauer spectra of nano-maghemite samples before irradiation (a),
irradiated with 160 MeV Xe ions with a fluence of 5 × 1013 ion cm−2 (b) and irradiated with 155 MeV
Xe ions with a fluence of 1 × 1014 ion cm−2 (c).

The RT Mössbauer spectrum of the non-irradiated sample (Figure 1a) shows a poorly
resolved magnetic splitting. The spectrum fully corresponds to the nano-maghemite sample
in the previous work [51]. This spectrum is characteristic to the RT spectrum of a nano-iron
oxide in a superparamagnetic state [53]. This is because nano-iron oxides, depending on
their particle size (generally, roughly below 15 nm), at RT show a spectrum with paramag-
netic or poorly resolved magnetic splitting well below their magnetic ordering temperature
(Neel or Curie temperature), while the Mössbauer spectrum of the bulk particle size oxide
is the given magnetically split spectrum [54] with parameters diagnostically characteristic
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of the oxide. This can be well explained by the superparamagnetic property related to
the grain size, which is well reflected in the Mössbauer spectra. Superparamagnetic phe-
nomenon can be observed with small ferromagnetic and antiferromagnetic grains behaving
like huge paramagnetic particles. The grain size (or particle size) influences the relaxation
time, τ, of the paramagnetic spin fluctuation as follows [55,56]:

τ = τ0e
KV
kT (1)

where K is the anisotropy constant, V is the particle (grain) volume, k is Boltzmann constant
and T is the absolute temperature.

The hyperfine splitting can appear in the Mössbauer spectrum if the paramagnetic spin
relaxation is relatively slow, the relaxation time, τ, is much higher compared to the time
of the Larmour precession (2π/ωL), where ωL is the Larmour frequency (ωL = gI

h mIµN B,
where gI is the gyromagnetic factor, mI is the magnetic quantum number, µN is the nuclear
magneton and B is the effective magnetic induction).

Since the relaxation time, τ, is the function of the temperature T, at a given temperature
the relaxation time can be equal to the time of Larmour precession at the superparamagnetic
transition characterized by τsup when the magnetic splitting collapses in the spectrum:

τsup =
2π

ωL
(2)

Consequently, on the basis of the temperature dependence of the Mössbauer spectra,
it can be well determined when the nanostructured material is in the superparamagnetic
state and when it is not. Furthermore, estimates can be made for the particle size and its
distribution [57–59].

In accordance with the above, the non-irradiated nano-maghemite room temperature
spectrum shown in Figure 1a could also be interpreted as a spectrum reflecting superpara-
magnetic relaxation. Since the Mössbauer spectra of nano-maghemite can be interpreted
as a superposition of spectra reflecting three different Fe microenvironments [51,60], the
RT spectrum of the non-irradiated sample was also decomposed into three subspectra.
In the process, the magnetically poorly resolved subspectra were evaluated by fitting the
Blume–Tjon relaxation model [52,56], from which we also obtained information on the
relaxation frequencies. The model implemented in the Mosswinn code provided the jump
rate, n, between two states of the fluctuating paramagnetic hyperfine field as a fitted pa-
rameter, which was related to the relaxation frequency, f, in the form of n = lg2πf. Then the
relaxation time, τ, could be obtained as the reciprocal of the relaxation frequency. The fitting
of the spectra was based on an arbitrarily chosen mathematical model, aiming to provide
a guideline reflecting the changes induced by the irradiation in the superparamagnetic
transition. The obtained Mössbauer parameters are shown in Table 1, which were the same
as the values obtained in the previous work [51,60], where the relaxation related hyperfine
parameters were restricted for the maghemite states studied in this work.

A large change could be observed in the RT Mössbauer spectra of the irradiated
sample (Figure 1b) as a result of irradiation with 5 × 1013 ions cm−2 Xe ions compared
to the spectrum of the non-irradiated sample (Figure 1a). The shape of the envelope of
the Mössbauer spectrum of the irradiated nano-maghemite changed to a definite extent
compared to the non-irradiated one, which could be clearly observed by the visual aspect,
too. The Mössbauer spectrum of the irradiated sample was analyzed by the model taking
into account the superparamagnetic relaxation, similarly to the non-irradiated one, and it
was found that the spectrum of the irradiated sample could also be characterized by the
relaxation frequencies. The parameters shown in Table 1 indicate that the corresponding
relaxation frequencies increased in the irradiated sample, which could reflect that the
irradiated sample was in a superparamagnetic state presented to a greater extent at RT than
in the non-irradiated one.
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Table 1. Room temperature Mössbauer parameters of nano-maghemite samples before and after
irradiation with Xe ions with fluences of 5 × 1013 ions cm−2 and 1 × 1014 ions cm−2.

Spectrum T (K) Component Species A (%) δ (mm s−1) ∆ (mm s−1) Bint (T) f = 10n−lgπ

n

Non-
irradiated

maghemite
295

Sextet (1) Fe3+ 26.1 (±1.1) 0.38
(±0.03)

−0.04
(±0.03)

44.1
(±0.4) -

Relaxation (1) Fe3+ 49.8 (±1.8) 0.37
(±0.02)

0.25
(±0.03)

44.2
(±0.4) 7.11

Relaxation (2) Fe3+ 24.1 (±1.4) 0.32
(±0.03) - 30.0

(±0.3) 7.58

Irradiated
with Xe

with
5 × 1013

ions cm−2

295

Sextet (1) Fe3+ 24.2 (±0.9) 0.37
(±0.03)

−0.2
(±0.03)

47.2
(±0.4) -

Relaxation (1) Fe3+ 28.8 (±1.9) 0.35
(±0.03)

0.23
(±0.03)

45.0
(±0.4) 9.02

Relaxation (2) Fe3+ 46.5 (±1.7) 0.31
(±0.03) - 23.0

(±0.3) 8.19

Irradiated
with Xe

with
1 × 1014

ions cm−2

295

Sextet (1) Fe3+ 15.9 (±1.3) 0.38
(±0.03)

−0.21
(±0.03)

38.5
(±0.4) -

Relaxation (1) Fe3+ 48.2 (±1.9) 0.35
(±0.02)

0.26
(±0.03)

50.0
(±0.4) 9.12

Relaxation (2) Fe3+ 35.9 (±1.8) 0.32
(±0.03) - 45.1

(±0.3) 8.42

A: relative spectral area, δ: isomer shift, ∆: quadrupole splitting, B: mean hyperfine magnetic field, f is the
frequency of superparamagnetic relaxation.

In the case of the RT spectrum (Figure 1c) of the sample irradiated with Xe ions
with the higher fluence (1 × 1014 ions cm−2), the spectral envelope reflected even more
paramagnetic contribution than observed with that of the sample irradiated with the lower
fluence (Figure 1b). The increase in relaxation frequencies (Table 1) obtained with spectral
evaluation supports that the irradiation with the higher fluence induced a more developed
superparamagnetic state at room temperature in this sample.

Figure 2 shows the 80 K Mössbauer spectra of nano-maghemite samples, non-irradiated
and irradiated with Xe ions with energies of 160 MeV and 155 MeV with fluences of
5 × 1013 ion cm−2 and 1 × 1014 ion cm−2, respectively.

The Mössbauer spectrum of non-irradiated nano-maghemite measured at 80 K (Figure 2a)
showed an envelope with a well-resolved magnetic splitting, in which no paramagnetic
spectral contribution occurred. The spectrum could be decomposed into three sextets,
which corresponded to the Fe3+ microenvironments found in nano-maghemite. The Möss-
bauer parameters obtained during the evaluation (Table 2) were the same as those reported
in the previous work [51]. (We note here that the spectra shown in Figure 2 had a slight
base line slope and curvature due to the cosine-effect related to the short distance between
the source and detector. This could be completely eliminated during the evaluation, which
was also indicated by the fact that the Mössbauer parameters were the same as the pre-
viously measured values.) The typical parameters of the well-resolved sextets (Table 2)
and the absence of the paramagnetic component also indicated that the non-irradiated
nano-maghemite sample at 80 K was no longer in a superparamagnetic state, but showed
magnetic ordering.
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Table 2. 80 K Mössbauer parameters of nano-maghemite samples before and after irradiation with Xe
ions with fluences of 5 × 1013 ions cm−2 and 1 × 1014 ions cm−2.

Spectrum T (K) Component Species A (%) δ (mm s−1) ∆ (mm s−1) Bint (T) f = 10n−lgπ

n

Non-
irradiated

maghemite
80

Sextet (1) Fe3+ 48.2 (±1.3) 0.46
(±0.02)

−0.02
(±0.03)

51.5
(±0.3) -

Sextet (2) Fe3+ 35.8 (±1.1) 0.43
(±0.02)

0.01
(±0.03)

48.7
(±0.3) -

Sextet (3) Fe3+ 16.0 (±0.8) 0.47
(±0.02)

0.04
(±0.04)

44.8
(±0.3) -

Irradiated
with Xe

with
5 × 1013

ions cm−2

80

Sextet (1) Fe3+ 43.5 (±1.3) 0.46
(±0.02)

0.00
(±0.03)

51.6
(±0.3) -

Sextet (2) Fe3+ 36.6 (±1.0) 0.44
(±0.02)

−0.02
(±0.03)

48.9
(±0.3) -

Sextet (3) Fe3+ 19.9 (±1.0) 0.43
(±0.02)

−0.02
(±0.03)

45.3
(±0.3) -

Irradiated
with Xe

with
1 × 1014

ions cm−2

80

Sextet (1) Fe3+ 41.1 (±1.5) 0.39
(±0.02)

−0.08
(±0.03)

48.5
(±0.3) -

Sextett (2) Fe3+ 33.2 (±1.3) 0.46
(±0.02)

−0.07
(±0.03)

44.8
(±0.4) -

Sextett (3) Fe3+ 6.4 (±1.6) 0.52
(±0.04)

0.20
(±0.05)

39.8
(±0.5) -

Relaxation * Fe3+ 19.3
(±1.9)

0.52
(±0.04)

0.1
(±0.03)

55.0
(±0.4) 9.56

A: relative spectral area, δ: isomer shift, ∆: quadrupole splitting, B: mean hyperfine magnetic field, f is the
frequency of superparamagnetic relaxation. * This paramagnetic component was evaluated as the result of the
superparamagnetic relaxation by the help of the Blume–Tjon magnetic relaxation model.
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Figure 2. 80 K temperature Mössbauer spectra of nano-maghemite samples before irradiation (a) and
irradiated with 160 MeV Xe ions with a fluence of 5 × 1013 ion cm−2 (b); irradiated with 155 MeV Xe
ions with a fluence of 1 × 1014 ion cm−2 (c).
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The 80 K Mössbauer spectrum of the nano-maghemite irradiated with a fluence of
5 × 1013 ions cm−2 (Figure 2b) was very similar to that of the non-irradiated sample
(Figure 2a); the paramagnetic spectrum contribution did not appear here either. The param-
eters obtained by resolution into three sextets (Table 2) did not reflect a significant difference
compared to the non-irradiated ones, despite the fact that the RT spectra were significantly
different (Figure 1, Table 1). The result showed that at 80 K, the nano-maghemite sample
irradiated with the lower fluence was in a magnetically ordered state.

In contrast to this, the 80 K Mössbauer spectrum of the nano-maghemite sample
irradiated with a higher fluence of 1 × 1014 ions cm−2 (Figure 2c) revealed the appearance
of a significant paramagnetic component in addition to the magnetically split spectrum
contribution. This was evaluated for three sextets and one Blume–Tjon relaxation com-
ponent, the results of which are shown in Table 2. The Mössbauer parameters obtained
using such a model corresponded well to the fact that the higher fluence of irradiation
induced the appearance of a superparamagnetic phase in the sample to an extent that a
part of it (around 15%) was present in the superparamagnetic state even at 80 K. We note,
however, that it could not be entirely ruled out that the paramagnetic component appear-
ing in the higher fluence spectrum may have been related to a new paramagnetic phase
created by the irradiation, different from maghemite. However, this was not supported
by our measurements and the XRD did not indicate the formation of a new iron-bearing
phase either.

Consequently, we assigned the observed Mössbauer results to changes in the super-
paramagnetic state induced by swift heavy ion irradiation in the nano-maghemite. The
RT Mössbauer spectrum of the non-irradiated nano-maghemite showed poorly resolved
magnetically split, typical relaxation spectra due to their superparamagnetic state of the
nanoparticles. The significant changes in the line shape, found in the Mössbauer spectra of
maghemite nanoparticles upon the irradiation by 160 MeV and 155 MeV 132Xe26+ ions with
fluences of 5 × 1013 ion cm−2 and 1 × 1014 ion cm−2, respectively, reflected changes in the
superparamagnetic relaxation state.

The XRD patterns of nano-maghemite samples, non-irradiated and irradiated with
155 MeV energy Xe ions with a fluence of 1 × 1014 ion cm−2 are shown in Figure 3.
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Figure 3. XRD patterns of nano-maghemite samples before irradiation (a) and irradiated with
155 MeV Xe ions with a fluence of 1 × 1014 ion cm−2 (b).

The XRD pattern of the non-irradiated sample (Figure 3a) showed an X-ray diffrac-
togram with broad lines typical of nano-maghemite. The diffractogram fully corresponded
to what was reported for the nano-maghemite sample in the previous work [51]. All the
lines in the diffractogram of the non-irradiated sample matched well with those of the
standard pattern of maghemite, PCPDFWIN card 39-1346 [61]. The lattice parameter was
determined to be a = 0.83515 nm in agreement with the literature data.

The XRD diffractogram of the sample irradiated with 155 MeV Xe ions with a fluence
of 1 × 1014 ion cm−2 (Figure 3b) was well evaluated to the broad line pattern of maghemite
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and the sharp line pattern of Al. The presence of Al in the sample was attributed to the
Al foil to which the powder was fixed with PEI glue. The relatively low occurrence of
nano-maghemite could be explained by the very small amount of nano-maghemite used
for the preparation of the irradiated sample satisfying the precondition that less than 8 µm
thin layer of maghemite should be present on the Al surface to not exceed the penetration
depth of the 155 MeV Xe ions. No new phase formation could be found in the irradiated
samples by XRD analysis.

The crystallite sizes of the non-irradiated and irradiated nano-maghemites were deter-
mined from the corresponding X-ray diffractograms. The determination of crystallite size
based on the Scherrer equation [62], D = Kλ/βcosθ, was used to calculate the crystallite size
of the nanoparticles, where D is the nanoparticle crystallite size, K represents the Scherrer
constant (0.94), λ denotes the wavelength (0.179026 nm) and β denotes the full width at half
maximum. After an optimized background subtraction, least-square fitting of the selected
reflections of the diffractograms (Figure 4) was used for the more accurate determination
of θ and β. The standard deviations of θ and β were determined by Monte Carlo error
calculation, while the errors of D were derived based on the error propagation and taking
into account three confidence intervals. The derived crystallite sizes D (together with their
minimum and maximum values) are shown in Table 3.
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Figure 4. Fits of (311) reflections of XRD patterns of nano-maghemite samples irradiated with
155 MeV Xe ions with a fluence of 1 × 1014 ion cm−2 (a) and before irradiation (b).

Table 3. Crystallite size derived from the XRD of nano-maghemite samples, non-irradiated and
irradiated with 155 MeV Xe ions with a fluence of 1 × 1014 ion cm−2.

Sample Linewidth (Degree)
β

Crystallite Size (nm)

Dmin D Dmax

non-irradiated 1.26 ± 0.03 8.76 8.97 9.19
irradiated with a fluence of 1 × 1014 ion cm−2 1.75 ± 0.18 5.85 6.46 7.20

An increased linewidth β, due to irradiation, could even be well seen by visual
inspection in Figure 4.

Considering the results of the average crystallite size depicted in Table 3, we found
that the non-irradiated and irradiated samples had different crystallite sizes. The average
crystallite size of the non-irradiated sample was obtained to be around 9 ± 0.4 nm, while
that of the irradiated sample resulted in an average crystallite size around 6.5 ± 0.7 nm.
There was a significant decrease in the crystallite size upon the irradiation. The average
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difference between the crystallite sizes of non-irradiated and irradiated samples was about
2.5 nm. Thus, we could distinguish the non-irradiated samples from the irradiated ones
according to their crystallite size.

The results obtained with XRD also confirmed that both the non-irradiated and the
irradiated samples contained nanosized maghemites. The obtained crystallite sizes were
in the range where nano-maghemite showed superparamagnetic behavior at RT. This
supported the results of the Mössbauer-spectroscopy characterization, which reflected the
presence of superparamagnetism at RT. The decrease in crystallite size in the irradiated
sample would require a higher extent of superparamagnetism at RT compared to the
non-irradiated case, which was consistent with the Mössbauer results, thus confirming
our interpretation. We can conclude that the change observed in the average crystallite
size between the non-irradiated and swift heavy ion irradiated samples could support the
Mössbauer results, and was consistent with the change in the RT superparamagnetism, due
to an irradiation-induced decrease in the particle size. The Mössbauer and XRD results
mutually supported and complemented each other.

Our results can be understood in terms of the interaction between the nano-maghemite
and the swift heavy ions. In the interaction between matter and heavy ions, electron
excitation and nuclear collision processes play the most significant role [63], in which, in
our case, electron excitation processes dominated. These processes lead to the creation of
a large number of crystal defects (primarily vacancies) in the irradiated sample [64]. The
observed structural changes in the nano-maghemite could be mainly associated with the
thermal spike mechanism [65–67]. The observed changes due to irradiation could be related
to the accelerated diffusion of defects and ions via the molten tracks and ion beam mixing,
similarly as reported in other works [43,68,69]. This theory also satisfactorily explained the
results [49,50] obtained on other systems irradiated under the same irradiation conditions
as the current one.

Defects created by irradiation are also capable of forming dislocations, as was already
experienced in the case of high-energy heavy ion irradiations [39,50,70]. These dislocations
can form grain boundaries under certain conditions. The formation of new grain bound-
aries, especially in the case of a nano-structured material with a small grain size, can lead
to the fragmentation of the grains and the reduction of the effective grain size [71]. The
more defects we created by irradiation, the more we reduced the grain size. The decrease
in grain size resulted in a change in the superparamagnetic state, as a result of which the
proportion of the superparamagnetic phase in the nano-structured material increased at a
given temperature. This is what we observed with the help of Mössbauer spectroscopy and
XRD in nano-maghemite as a result of swift Xe ion irradiation.

In our present case, the stopping power values, calculated using the SRIM-2013
code [72], for γ-Fe2O3 irradiated with 160 MeV and 155 MeV Xe ions were
(dE/dx)e = 25.36 keV nm−1 and (dE/dx)e = 25.16 keV nm−1 for electron stopping and
(dE/dx)n = 11.81 × 10−2 keV nm−1 and (dE/dx)n = 11.81 × 10−2 keV nm−1 for nuclear
stopping, respectively. The penetration depths of these Xe ions in γ-Fe2O3 were 10.89 µm
for 160 MeV energy and 10.70 µm for 155 MeV energy. In the case of the irradiation with
160 MeV energy with the lower fluence of 5 × 1013 ion cm−2 28,464.9 vacancies per ion
were created according to the SRIM code. The calculated (dE/dx)e = 25.36 keV nm−1 value
of electronic stopping power could be found to be sufficient to produce enough thermal
spikes for the observed transformation in the case of a fluence of 5 × 1013 ion cm−2, when
1.42 × 1018 vacancies were generated in the nano-maghemite. In the case of 155 MeV
Xe ion irradiation with the higher fluence of 1 × 1014 ion cm−2, an even larger amount,
31 × 1018 vacancies, were created in the nano-maghemite, which could induce an even
stronger effect, creating a much larger amount of irradiation-induced superparamagnetic re-
gion than in the case of the lower fluence irradiation. The results we obtained for the fluence
threshold were consistent with those reported for different oxides [36,43,49,50,68,69,73,74]
taking into account the difference in the irradiation parameters. The electron stopping
power in our case far exceeded the 6 keV nm−1 threshold for dislocation formation estab-
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lished by Khara et al. [39], who developed a computer model to estimate dislocation forma-
tions created by swift heavy ion irradiation, which strongly confirmed that we had a suitable
amount of dislocations forming new grain boundaries resulting in increased amounts of
superparamagnetic regions with fluence in nano-maghemite upon the irradiation.

4. Conclusions

Irradiation-induced changes upon swift heavy ion irradiation applying 160 MeV
132Xe26+ ions with a fluence of 5 × 1013 ion cm−2 and 155 MeV 132Xe26+ ions with a fluence
of 1 × 1014 ion cm−2 were found in the superparamagnetic state of the nano-maghemite
powder by the help of 57Fe Mössbauer spectroscopy and XRD.

The Mössbauer spectra of the non-irradiated nano-maghemite samples showed typical
relaxation spectra at room temperature according to their superparamagnetic state resulting
from the particle size in the nano-range, which was found to be around 9 nm by XRD.

The room temperature Mössbauer spectra of irradiated nano-maghemites showed
a fluence-dependent collapse of the relaxation spectrum reflecting an acceleration of the
superparamagnetic relaxation process, which corresponded well to the significant decrease
in the average particle size (to about 6.5 nm in the case of higher fluence) determined
by XRD. In the case of irradiation with the fluence of 1 × 1014 ion cm−2, the Mössbauer
measurement indicated the appearance of the superparamagnetic phase even at 80 K, too.

The swift heavy ion irradiation-induced changes in the superparamagnetic state of
maghemite could be interpreted in terms of the thermal spike model of the energy deposi-
tion of heavy ions involving irradiation-induced defect creation. The defects could be devel-
oped in the form of dislocations resulting in the formation of new grain boundaries, leading
to the fragmentation of the grains and the reduction of the grain size of nano-maghemite.
The decrease in grain size was manifested as change in the superparamagnetic state.
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