aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Magnetization and susceptibility of ion-irradiated granular
magnetite films
W. Jiang, J. S. McCloy, A. S. Lea, J. A. Sundararajan, Q. Yao, and Y. Qiang
Phys. Rev. B 83, 134435 — Published 26 April 2011
DOI: 10.1103/PhysRevB.83.134435


http://dx.doi.org/10.1103/PhysRevB.83.134435

Magnetization and susceptibility of ion irradiated granular magnetite films

W. Jiang,* J. S. McCloy, and A. S. Lea
Pacific Northwest National Laboratory, Richland, WA 99352

J. A. Sundararajan, Q. Yao, and Y. Qiang
Physics Department, University of Idaho, Moscow, ID 83844

Porous granular films of magnetite (Fe;O4) with grains of ~3 nm in size were prepared using
a state-of-the-art nanocluster deposition system. The films are initially superparamagnetic but
become magnetized following Si** ion irradiation. A significant increase in the grain size and a
dramatic change in the microstructure are observed. There are dipolar interactions between the
nanoparticles in both the unirradiated and irradiated films. The in-phase alternating current
magnetic susceptibility of the unirradiated film shows a blocking temperature of ~150 K,
depending on frequency. A broadened Verwey transition for the irradiated film occurs at ~75 K,
above which the susceptibility exhibits unusual behavior: a nearly linear decrease with
decreasing temperature. There are irreversible domain rotations in the irradiated film during
zero-field cooling and warming cycles between 10 and 300 K. The observed behavior of the
irradiated granular films is quite distinct from that of metallic nanostructures after irradiation and

is due to the dramatic change in microstructures.
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I. INTRODUCTION

Magnetic nanostructured materials, including thin films and multilayer structures, have
attracted considerable attention in recent years because of new science' and interesting
properties.” The studies are driven primarily by advances in the synthesis of complex structures
and motivated by the demands for higher-density information recording media. Magnetic
ordering induced by 2.25 MeV proton irradiation in graphite was observed and attributed to
spontaneous magnetization from hydrogenated carbon atoms.” Extensive irradiation studies have
been performed on metallic structures, including Co/Pt multilayers®’ and thin films of Co/Fe
(Ref. 8), Co/Cu (Ref. 9), FePt (Ref. 10) and NiFe (Ref. 11). The modified magnetic properties
due to ion irradiation include a reduction in coercivity and remanent magnetization, a loss of
magnetic anisotropy, and a transition of the easy axis. Various mechanisms responsible for the
changes have been proposed, such as defect production, lattice strain release, interface
roughening, and atomic mixing at the interfaces. Those studies have contributed to the
understanding of the property changes induced by microstructural modifications.

In contrast, very few irradiation studies have been conducted to date on porous granular
films, in part because of the limited availability of the films. Recently, we have found that the
magnetic properties of FeO+Fe;N granular films, including remanence, saturation magnetization
and coercivity, are very resistant to room-temperature He ™ ion irradiation up to a fluence of 3 x
10" ions/cm®.'> While this robustness is attractive for a variety of applications, including high-
density recording media, more research is still needed to develop a fundamental understanding of
the irradiation hardness and its dependence on dose, temperature, etc. Generally, magnetic
properties of porous granular films are expected to be susceptible to ionizing radiation because of

their large surface area. A slight change in bond distances and angles or the atomic coordination
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number at surfaces and interfaces of nanostructures can dramatically affect the magnetic
behavior.”” Understanding irradiation-induced modification of the magnetic properties of
granular films is critical for controlling the properties and designing advanced devices with
irradiation resistant or sensitive materials. This study reports on the response of granular
magnetite (Fe;O4) films to ion irradiation near room temperature. Magnetite is selected as a
model composition in this study. The results from this study show that the granular magnetite
films are susceptible to ion irradiation, but their irradiation response is quite different from
metallic nanostructures. The films represent a new class of semi-disordered magnetite materials
for study, which could lead to important applications of this type of materials in various areas,

including radiation detection and monitoring.

II. EXPERIMENTAL PROCEDURES
Granular films of cubic phase Fe;O4 nanoparticles used in this study were prepared using a

state-of-the-art nanocluster deposition system."

The nanoparticles were formed in the
aggregation chamber, where sputtered Fe atoms were fully oxidized and aggregated through low-
temperature condensation. A high-transmission mass selector integral to the system was used to
achieve a narrow particle size distribution (~5%). The selected nanoparticles landed softly onto a
Si (100) substrate at room temperature in the deposition chamber. For the film used in this study,

a total of 0.344 mg Fe;0,4 nanoparticles was uniformly deposited over an area of 4 x 8 mm?,

corresponding to an areal density of 1.075 x 10™ g/cm’ or film thickness of ~2.07 pm based on
the theoretical specific gravity of 5.197 g/cm’ for Fe;O,. The actual linear thickness is larger
because of the film porosity. The magnetic properties of the film (for Figs. 1 and 2) after
irradiation are compared to those of the same film before irradiation or a film (0.184 mg Fe;0.)

prepared under the same conditions (for Figs. 3 — 5).
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Ion irradiation was performed using a 3.0 MV electrostatic tandem accelerator (NEC 9SDH-
2 pelletron, Middleton, WI). The granular film was irradiated at normal incidence with 5.5 MeV
Si*" ions to a fluence of 10'® jons/cm® near room temperature. A beam rastering system was used
to ensure uniform irradiation over an area of 12.5 x 12.5 mm?® covering the entire sample surface.
Typical ion flux was on the order of 0.01 (Si*’/nm?)/sec and the increase of the sample
temperature was less than 50 K during the irradiation. Computer simulations with the Stopping
and Range of Tons in Matter (SRIM) code'® were carried out to estimate the ion projected range
in the film. Based on the theoretical specific gravity of Fe;O,, the ion projected range under the
irradiation condition is ~2.1 pum with a full width at half maximum (FWHM) of ~0.3 um. Thus,
the implanted Si is peaked near the film/substrate interface in this study.

The magnetic properties were measured for the as-deposited and post-irradiated films using a
Physical Property Measurement System (PPMS, Quantum Design, San Diego, CA). After
irradiation, the sample was placed in zero fields for remanence measurement at room
temperature. Subsequent hysteresis measurement with the external field applied parallel to the
sample surface was performed starting from 10 kOe. In-phase and out-of-phase alternating
current (ac) magnetic susceptibilities (y’and ), respectively) were also measured at frequencies
0f 0.03, 0.1, 1, and 10 kHz with an applied ac field of 5 Oe during zero-field cooling from 300 to
10 K at 10 K intervals, after waiting for 1 min at each temperature for stabilization. Saturated
isothermal remanent magnetization (SIRM) for the irradiated sample was obtained by setting a
direct current (dc) field of 2.5 T for 1 min at 300 K. After removing the field, the magnetization
of the film was measured during cooling to 10 K and re-warming to 300 K. The crystal structure
of the film was analyzed using the Philips X’pert Multi-Purpose Diffractometer (MPD,

PANalytical, Almelo, The Netherlands) based on fixed Cu K, radiation (A = 0.154187 nm).
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Grazing-angle incidence x-ray diffraction (GIXRD) was employed to study the crystallographic
phase and average size of the crystalline grains at room temperature. This technique eliminates
the strong diffraction peaks from the single-crystal substrate. The film microstructures were
examined using a recently developed Helium Ion Microscope (HIM, Orion Plus, Carl Zeiss
SMT, Peabody, MA) before and after irradiation. In addition, Magnetic Force Microscopy
(MFM) was used to study the magnetic domains in the unirradiated and irradiated samples.
MFM images were obtained using a Multimode Atomic Force Microscopy (AFM, Digital
Instruments, Nanoscope IIIA, Veeco Metrology, Santa Barbara, CA), a cobalt-coated probe tip

(MESP, 70 kHz) and a lift height of ~20 nm.
II1. RESULTS AND DISCUSSION

A. Change in magnetic behavior

Figure 1 shows the hysteresis loops, taken at 300 K, for a granular Fe;O4 film before and
after Si*" ion irradiation, where the small diamagnetic and ferromagnetic signals from the Si
substrate and sample holder have been subtracted. Before irradiation, the film does not possess
any detectable magnetic remanence or coercivity at room temperature. The magnetization of the
unirradiated film is not saturated at the maximum applied field of 10 kOe, where the
corresponding value is ~8.2 emu/g. After irradiation, the film becomes magnetized with a
remanence of 9.4 emu/g at room temperature. This change of magnetic property is solely a result
of the irradiation. By applying a magnetic field parallel to the sample surface, a hysteresis
measurement was subsequently performed and the data is shown in Fig. 1, where a completely
different magnetization behavior is observed. The irradiated film shows a coercivity of 250 Oe
and an unsaturated magnetization of 56 emu/g at 10 kOe. The remanent magnetization remained

nearly unchanged before and after the hysteresis measurement.
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B. Grain growth and particle aggregation
In order to understand the change in the magnetic properties of the irradiated granular Fe;O4
film, a number of characterizations have been performed to study the microstructures and
magnetic domains. Figure 2 shows GIXRD patterns for the unirradiated and irradiated films,
where the pattern intensity for the unirradiated sample was multiplied by a factor of 4 for a better
comparison. The data indicate that the film is a single-phase cubic magnetite (Fe;Oy4) prior to
irradiation. Neglecting small lattice strain, the average grain size, s, is estimated using the

Scherrer equation:'®
s = KxA/[FW(S)xcosb], (1)

where FW(S) is the specimen broadening (peak FWHM after subtraction of the instrument
broadening), @ is the peak position, and K is the shape factor of the average crystallite, which is
taken as 0.9 in the estimation. Using Eq. (1), the average grain size for the unirradiated film was
determined to be 3 = 1 nm based on the well-resolved (400) peak. Following irradiation, the
diffraction peaks from all the observable planes become much stronger and sharper, but the
crystalline phase (cubic Fe;O4) remains unchanged, as shown in Fig. 2. The average grain size
for the irradiated film is estimated to be 23 £ 1 nm based on the (400) peak.

Depending on material composition, irradiation temperature and dose rate, ion irradiation can
induce amorphization or crystallization at the surface/interface of crystalline particles, resulting
in grain shrinkage or growth. Previous studies have observed grain boundary amorphization'”'®
and crystallization'*?° for different ceramic materials under ion irradiation. The observed

significant increase in the Fe;O4 grain size in this study could be attributed to radiation-enhanced

epitaxial growth and possibly coalescence of smaller crystalline grains.
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High-resolution HIM for the films before and after irradiation was also performed to study
the microstructural changes. This new technique shows advantages over the conventional
scanning electron microscopy (SEM) in that it has a larger depth of field, a higher image
contrast, a better spatial resolution, and a smaller electronic energy deposition density at the
surface. Since the granular film in this study is sensitive to electronic energy absorption, it is
required that only a small amount of electronic energy is deposited near the surface during the
structural examination. The high-resolution HIM micrographs for the film before and after
irradiation are shown in Fig. 3. From Fig. 3(a), the unirradiated film exhibits nanoparticles
loosely interconnected with each other in the film. The nanoparticles have a typical size of ~10
nm and each may contain several crystalline grains (~3 nm in size) with different orientations.
The film is highly porous with large surface and interface areas. After irradiation, the film
becomes much denser, as shown in Fig. 3(b), as a result of grain growth and particle aggregation.
The resulting structure is complex with varied particle sizes. Clearly, the surface roughness is
reduced significantly and the constituent nanoparticles are networked more tightly. Adhesion of
the Fe;O4 film to the Si substrate is also found to be much stronger. As will be discussed below,
the structural modification is mainly a result of electronic energy deposition of the 5.5 MeV Si*"
ions during irradiation. Nuclear energy deposition that generates atomic displacements becomes
important only near the film/substrate interface just before the implanted Si ions reach their
projected range.

A change in the grain/particle size and an alteration in the interatomic and electronic
configurations at the grain/particle surfaces and interfaces can change magnetic properties.
Before ion irradiation, crystalline grains in the film are small (~3 nm) and one particle (~10 nm

in size) may contain several grains. Each grain has a single magnetic domain that is relatively
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free to rotate. Random orientation of the grain magnetic moments driven by thermal agitation at
room temperature leads to a complete cancellation of magnetization or zero remanent
magnetization. When an external field is applied, the magnetic moments of the individual grains
and aggregated particles tend to align with the field by rotation to minimize the system energy.
This leads to magnetic anisotropy and magnetization of the film. Once the external field is
removed, thermal randomization of the moment orientation occurs, resulting in vanishing
magnetization. The process is reversible and the unirradiated film does not show coercivity. This
behavior is similar to that of paramagnetic materials, such as metals, that contain unpaired
electrons. The unirradiated Fe;O4 film consisting of small domains with a larger moment is
identified to be superparamagnetic. Since the nanoparticles are only loosely interconnected, the
easy axes of magnetization for the unirradiated sample are expected to be randomly distributed.

Ion irradiation is a process of energy deposition into a material through both elastic and
inelastic interactions between the energetic ions and electrons/nuclei in the material. As
predicted by SRIM simulations,"” elastic collisions that produce atomic displacements are
important only near the film/substrate interface in this study. Inelastic interactions lead to
electron excitation and ionization of the target atoms throughout the entire film thickness. A
large amount of the primary ion energy is eventually coupled to phonons in the inelastic collision
processes, which induce an increase in local temperature along the ion track. The inelastic
process can enhance epitaxial crystallization at the amorphous-crystalline interface and promote
coalescence of small crystalline grains, as observed from Fig. 3(b).

As grains grow and nanoparticles aggregate during ion irradiation, magnetic domains expand
through ion-beam enhanced nucleation and growth, domain wall motion, and domain rotation.

Nucleation and growth of magnetic domains could take place at defects, such as grain
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boundaries. Domain rotation could be associated with the radiation-induced modification of the
interatomic and electronic structures at the grain/particle surfaces, leading to a change in the
bond distance/angles and the coordination number. The resulting larger grain (~23 nm in size) is
expected to still have a single magnetic domain because formation of a flux-closure
configuration is energetically unfavorable at this small size of magnetite. The critical size for
superparamagnetism in magnetite at room temperature is known to be 17 — 30 nm for low-
frequency susceptibility measurements>' > but is smaller for shorter measurement times (9 nm
for Mossbauer measurements).”* Domain wall motion proceeds as grains grow and neighboring
particles interact, leading to a much larger domain size than the particle dimension (see MFM
data below). However, the distribution of the moment orientation is largely random at room
temperature. A majority of the magnetic moments cancel themselves in the film, but a complete
cancellation does not occur because of the structural inhomogeneity and imperfection with
complex grain boundaries and different grain sizes that may create some high-energy barriers.
These energy barriers must be overcome in order to rotate the local moment. At room
temperature, thermal energy is not high enough to activate the rotation process. Thus, a small
remanence in the film emerges. When an external field is applied, domains tend to align with the
external field. In the magnetization process, domain wall pinning is evident since the loop (Fig.
1) is not a perfect square. Domain rotation and possible nucleation and growth at structural
defects are expected to be the primary mechanisms although wall propagation cannot be
completely ruled out. A nearly identical remanent magnetization remains once the external field
is removed because the atomic structure of the film is largely not affected during the

magnetization and demagnetization processes. An opposite field must be applied (H. = 250 Oe)
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to completely cancel the magnetization in the film. The observed behavior of the irradiated film
is characteristic of ferromagnetism.

From the discussion above, it is apparent that the granular Fe;O4 film underwent a change
from superparamagnetic to ferromagnetic behavior during the ion irradiation. It should be
pointed out that there may be also a superparamagnetic component in the irradiated film due to
existence of smaller particles in the film. For multilayer structures, changes in magnetic
properties due to ion irradiation are quite different. A previous study on thin Pt/Co/Pt/Al,Os3
films® reported a reduction in the magnetocrystalline anisotropy, spin orientation transition from
easy axis out-of-plane to easy axis in-plane, and a change from ferromagnetic to paramagnetic
behavior at progressively higher doses of He" ion irradiation. The physical interpretations were
based on lattice relaxation, ion-beam induced atomic mixing, and interface roughening. Similar

effects of Ga” ion irradiation on a Co/Pt multilayer was also repor‘[ed.25

C. Magnetic domains

In order to study the magnetic domains, examinations of the unirradiated and irradiated films
were carried out using MFM. The AFM surface topography for the unirradiated and irradiated
films is shown in Figs. 4(a) and 4(c), respectively. The magnetic force gradient was measured by
monitoring the shift in resonant frequency of the oscillating tip due to the influence of the
magnetic field. In this mode, the topography of the surface is initially obtained on a line-by-line
basis using intermittent contact. After the topography of each line is obtained, the tip retraces the
same topography in an interleaved fashion, but at a predefined distance (lift height) above the
surface. At this height, the long-range magnetic force dominates any interaction between the tip
and sample. For this particular study, the resonant vibration frequency of the cantilever was 61.7

kHz, the respective lift heights for the unirradiated and irradiated samples were 20.5 and 20.3
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nm, and the detection limit for the frequency shift was ~0.1 Hz. The spatial resolution for the
magnetic field imaging was on the order of 50 nm due to the 1/#* dependence of the magnetic
force. The MFM images shown in Figs. 4(b) and 4(d) for the unirradiated and irradiated films,
respectively, are the result of the measured frequency shift in the tip resonant frequency due to
magnetic fields emanating from the sample. Due to the lift and track process, topographic effects
are removed. Except for a few tracking artifacts (dots and strips) in Fig. 4(b), the area shows a
uniform contrast for the unirradiated sample, suggesting that the magnetic domains in the
unirradiated film are too small to be resolved (i.e., < 50 nm). This is expected because the
average size of the single-domain grains is only ~3 nm and domains large than the detection limit
(50 nm) are less probable to be present. After irradiation, the MFM image of the film is shown in
Fig. 4(d). Note that the field of view for the MFM image (5 pm) is 10 times larger than that for
the corresponding HIM image [Fig. 3(b)]. A clear contrast is observed in Fig. 4(d), where the
brighter area represents a larger frequency shift, thus a larger magnetic gradient. From Fig. 4(d),
the magnetic domain size is on the order of tens to hundreds of nanometers. Possible existence of
smaller domains below the MFM spatial resolution cannot be excluded. Since the average size of
the crystalline grains with single magnetic domains in the irradiated film is only 23 nm,
formation of some larger domains consisting of multiple grains occurred during the ion

irradiation.

D. AC magnetic susceptibility and SIRM
The response of the magnetic properties of the unirradiated and irradiated Fe;O4 films to ac
frequency and temperature in the zero dc field cooling process also has been investigated in this

study. The frequency dependence of the }’ data for both the unirradiated and irradiated films are

shown in Fig. 5 as a function of temperature. In general, the ’ value for the unirradiated sample
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increases with decreasing temperature from 300 to 150 K and decreases at lower temperatures.
Above ~150 K, the p° value closely follows the Curie-Weiss law, demonstrating
superparamagnetic behavior in the measurement time scale. Below 150 K, the 3’ value decreases
as the sample is further cooled, exhibiting a blocking effect. From Fig. 5, there is a shift in the
blocking temperature to a higher value as frequency increases because particles of a given size
show higher blocking temperatures with decreased measurement time.”* The x value for the
unirradiated film was fitted with peak functions. The blocking temperatures have been estimated
based on the peak maxima®® to be 147, 150, 156 and 164 K for frequencies of 0.03, 0.1, 1 and 10
kHz, respectively, as given in Table I. These values are significantly higher compared to those
(~15 K) for non-interacting, horse-spleen ferritin®® and are lower than the dc susceptibility
blocking temperatures (~203 K) for undiluted, interacting oleate-capped magnetite nanocrystals

(6.6 nm in size).”’ It has been shown®’**

that the blocking temperature for both dc and ac
measurements is much lower for non-interacting particles than for interacting particles in the
same system. Thus, our system is expected to be interacting because of the higher blocking
temperature than that for a non-interacting system like ferritin,?® but the interaction is relatively

weak compared to the interacting oleate-capped magnetite particles.”” Data fitting above the

respective blocking temperatures was performed using the Curie-Weiss law:>

¥ =C/(T-T,), )

where C and T, are fitting parameters. The fitting results are given in Table I. The data fit at 10
kHz failed because of the high measurement noise as observed by others in a separate study.*

From Table I, the C value is nearly the same (0.37 — 0.38 K-emu/g/Oe) for frequencies of 0.03,
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0.1 and 1 kHz, and parameter 7, has comparable values (23 to 25 K). Further data fitting was

also carried out using the Vogel-Fulcher law:*°

v = fyexpl- KV [ky (T, - T, )], (3)

where 7is the relaxation time, f; is the applied ac frequency, K is the anisotropy constant, V' is the
particle volume, kg is the Boltzmann constant, and 7 is the characteristic ordering temperature.
The quantity KV represents the energy barrier of the magnetic two-level system. Excellent data
fits were obtained with the results given in Table I. Compared to the ferritin study,”® the attempt
frequency T of 1.9 x 10'* Hz determined from this study agrees very well with the reported
data. However, the KV/kg value is significantly higher for the unirradiated Fe;O4 film [1330 K
vs. ~400 K in (Ref. 26)], indicating a higher energy barrier for activating domain reorientation.
The higher energy barrier is correlated to the dipolar magnetic interactions between the
nanoparticles in the film, as indicated by the non-vanishing 7y (94 K). Since 7j is much smaller
than T (= KV/kg), the coupling interaction is still considered to be weak,’’ which is consistent
with the assessment from the blocking temperature. Note that the attempt frequency (inverse of
the relaxation time) for the unirradiated film is similar to that of canonical spin glasses,’ but the
Ty and Ti are more similar to cluster glasses that normally have a much slower relaxation times.*>
Therefore, the granular magnetite film represents a new class of semi-disordered magnetite
materials. It should also be noted that the attempt frequency is ~8 orders of magnitude larger
than the highest ac frequency (10* Hz) applied in this study. Thus, the equilibrium magnetization
can be attained nearly instantly and lagging response is insignificant. This is confirmed by the
small values [10” (emu/g)/Oe] of out-of-phase susceptibility % (data not shown) obtained from

this study for the unirradiated film.
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After irradiation, a significant increase in the }’ value is observed at the applied
temperatures, from ~107 to 1.8 x 107 (emu/g)/Oe at 300 K and from ~10* to 8 x 107
(emu/g)/Oe at 10 K. For the irradiated sample, there is an observable frequency dependence in
the temperature range, with a systematically lower }’ value at higher frequencies. The result can
be understood because ferromagnetic materials (large Fe;O4 grains in this study) have strong
domain interactions that can give rise to the frequency dependence. In addition, there may still
remain some interacting superparamagnetic particles that have not grown to sufficient size to
exhibit ferromagnetism. From Fig. 5, there are two stages in the cooling process: a nearly linear
decrease in the y’ value as temperature decreases from 300 to 75 K, followed by a more rapid
decrease below 75 K.

The magnetization behavior of Fe;O4 at low temperatures is complex and has been studied
for nearly a century. Verwey>* proposed a theory based on electron hopping between adjacent
Fe’" and Fe’" ions at B sites of the spinel structure in a thermally activated process. At Verwey
transition temperature 7, [~125 K (Ref. 35) for bulk magnetite], thermal fluctuation cannot
overcome the hopping barrier, resulting in a discontinuity in electrical conductivity and magnetic
properties. However, the theory has been found to be inadequate because a later discovery®
indicates that there is a structural transformation from cubic to triclinic phase at the low
temperature. Calculations®’ show that a slight structural distortion of FesO4 can significantly
affect the exchange process, which is not taken into account in the Verwey theory. Although the
transition is still not completely understood, considerable progress has been achieved over the
last two decades.™

It is known that as stoichiometric Fe;O4 becomes progressively oxidized, the magnetic

signature of Verwey transition becomes blurred and eventually disappears as the magnetite is
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converted completely to maghemite (y-Fe,03).”® However, there is no evidence from this study
that indicates the formation of maghemite during ion irradiation. Maghemite has a smaller lattice
constant (a = 0.83515 nm) compared to magnetite (a = 0.8396 nm) and its diffraction pattern
should appear at a larger angle, which does not match with the diffraction pattern for the
irradiated film shown in Fig. 2. Since the irradiation was performed in vacuum and thermal
annealing above room temperature was not conducted, substantial oxidation of the granular film
is not expected. Therefore, we cannot ascribe the decrease in }’ entirely, if not at all, to non-
stoichiometry of the Fe;O4 particles after irradiation.

Previous experimental studies® of multi-domain and pseudo-single domain magnetite
samples have shown that magnetite particles with different sizes, stoichiometry and
thermomagnetic treatments have different temperature dependence of in-phase susceptibility.
The results shown in Fig. 5 are different from the reported data® in that (1) the 4 value in this
study decreases with decreasing temperature, starting from 300 K, (2) 7 is smaller (~75 K), and
(3) transition is more gradual. In that study,* the mean particle size in the four used samples was
in the range from 100 nm to 100 um, and the Verwey transition temperature and the sharpness of
the transition were observed to decrease monotonically with decreasing particle size. Both the
smaller 7, value and the more broadened transition at 7\, observed from this study generally
follow the trend for the smaller grain size. The complex structure, broad distribution of the grain
size and the week interactions between particles’® may be responsible for suppressing the
Verwey transition in this study.

The nearly linear decrease in the }’ value with decreasing temperature from 300 to 75 K has
not been reported in the literature for pure magnetite particles, although similar behavior of

intracellular magnetite’* and metal-deficient magnetite*® was observed. From Fig. 5, the blocking
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effects already exist at room temperature and the blocking temperature is apparently above 300
K. From the discussion above, in addition to the large ferromagnetic particles (size > 30 nm) in
the irradiated film, there may remain a fraction of smaller superparamagnetic interacting
particles whose blocking temperature increases with increasing particle size. It has been
reported”’ that to achieve a blocking temperature greater than 300 K, the size of interacting
Fe;04 particles must reach a value between 11.6 and 17.8 nm. The size distribution of the
particles in the irradiated film traverses the boundaries of single stable domains and
superparamagnetic regimes. This regime has been rarely reported in the literature except for
some studies of geologic samples that may contain mixed assemblages of magnetic components.
Since ferromagnetic materials above 7, follow the Curie-Weiss law, i.e., magnetization increases
with decreasing temperature, the data in Fig. 5 suggests that the superparamagnetic component in
the irradiated film dominates the magnetic behavior even at room temperature.

Figure 6 shows the behavior of the normalized SIRM (produced at 300 K) for the irradiated
film during consecutive processes of cooling from 300 to 10 K and warming from 10 to 300 K.
The general behavior is similar to that observed for some intracellular magnetite particles.?
From Fig. 6, the blocking temperature for the magnetization is ~150 K. Unlike adjacent unpaired
electrons that tend to line up the magnetic moments parallel to each other because of the
exchange energy of spin-spin coupling, small single domains in the irradiated granular film could
reduce system energy by rotating moments to an antiparallel arrangement when cooled down
with no external fields. In a single-domain particle system, it is not possible to reverse
magnetization through boundary displacement; instead, the magnetization of the particle must
rotate as a whole (i.e., Néel relaxation).”*! Again from Fig. 6, an apparent Verwey transition is

not observed during either cooling or warming cycle in this study. A recent report* shows a
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sharp Verwey transition for stoichiometric magnetite particles during zero-field warming of
SIRM produced at 10 K; for the particles oxidized partially or at surface, the transition becomes
more complex and broadened, and the remanence changes across the transition are much smaller
for smaller (37 nm), oxidized magnetite than for their larger (220 nm) counterparts. In the
granular films of this study, the unobservable Verwey transition is likely due to the complex
structure and relatively small grain size in the irradiated film. Compared to cooling and warming
curves, the temperature dependence of magnetization is essentially the same below 80 K. At
higher temperatures, the magnetization behavior is similar, but the absolute value of
magnetization during warming up is smaller, indicating that some domain reorientations are
irreversible by thermal activation. However, the difference in the values over the temperature
range is less than 6%, suggesting that most of the reorientation processes are thermally
reversible. Future studies with techniques such as first-order reversal curves (FORC) are
planned, which could further elucidate the relative importance of the reversible and irreversible

components of magnetization.

IV. CONCLUSIONS

It has been found that the porous granular Fe;O4 film with an average grain size of ~3 nm
undergoes a change from superparamagnetic to ferromagnetic behavior after 5.5 MeV Si*" ion
irradiation to a fluence of 10'® ion/cm? near room temperature. The remnant magnetization of the
film at room temperature changes from 0 to 9.4 emu/g. The magnetization at 10 kOe and
coercivity for the irradiated sample increased to 56 emu/g and 250 Oe, respectively. The Fe;O4
average grain size is increased from ~3 to ~23 nm as a result of the irradiation. A dramatic
change in the microstructures of the irradiated film occurs, featuring particle aggregation and

material condensation. Irradiated films consist of some stable domains with a fraction of
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superparamagnetic particles remaining. The observed magnetic domains in the irradiated film
have a size of tens to hundreds of nanometers, while domains smaller than the MFM spatial
resolution (50 nm) cannot be excluded. The change in the magnetic property of the granular
Fe;O4 film is attributed to the irradiation-induced grain growth and an alteration of the
interatomic and electronic configurations at the grain/particle surface and interface, which lead to
magnetic domain growth, reorientation and occurrence of magnetic anisotropy.

There are dipolar interactions between the particles in both the unirradiated and irradiated
films. The blocking temperatures for the unirradiated sample are determined to be from 147 at 30
Hz to 164 K at 10 kHz. Above ~150 K, in-phase ac magnetic susceptibility closely follows the
Curie-Weiss law. Data fit using the Vogel-Fulcher law suggests that the attempt frequency for
the unirradiated film is on the order of 10'* Hz. The Verwey transition for the irradiated film is
broad and occurs at ~75 K, as determined from the change in slope of the ac susceptibility. The
observed unusual behavior of decreasing y’ from 300 to 75 K has been attributed to the existence
of superparamagnetic particles in the irradiated film with blocking temperatures above room
temperature. Although most of the reorientation processes for SIRM produced at room
temperature are reversible during zero-field cooling and warming cycles between 10 and 300 K,
some of them are thermally irreversible, leading to a difference of less than 6% in the

magnetization value.
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TABLE 1. Parameters fitted to the data in Fig. 5
for the unirradiated film.

Frequency Bl Temp. Curie-Weiss Law
wkHz) T (K) Tc(K) C(K-emu/g/Oe)

0.03 147 25 0.37
0.1 150 23 0.38
1 156 25 0.38
10 164 -

Vogel-Fulcher Law
KVikg (K) 7'(Hz) To(K)

1330 1.9x10" 94
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FIGURE CAPTIONS

FIG. 1.

FIG. 2.

FIG. 3.

FIG. 4.

FIG. 5.

FIG. 6.

Hysteresis loops of a granular Fe;O4 film on Si before and after irradiation to a fluence
of 10'® Si**/cm”® near room temperature. The inset shows a magnified view near zero

fields.

Background subtracted GIXRD patterns for a granular Fe;O4 film on Si before and after

irradiation. The pattern intensity for the unirradiated film is multiplied by a factor of 4.

High-resolution HIM micrographs of granular Fe;O4 films on Si before and after

irradiation.
AFM and MFM images for granular Fe;O,4 films on Si before and after irradiation.

Frequency dependence of the in-phase ac magnetic susceptibility of granular Fe;O4

films on Si before and after irradiation.

Behavior of normalized room-temperature SIRM of the irradiated film during zero-field

cooling and warming cycles between 10 and 300 K.
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