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lon irradiation of Fe-Fe oxide core-shell nanocluster films: Effect of interface

on stability of magnetic properties

John S. McCloy,"® Weilin Jiang," Timothy C. Droubay," Tamas Varga,’ Libor Kovarik,
Jennifer A. Sundararajan,? Maninder Kaur,? You Qiang,? Edward C. Burks,® and Kai Liu®
1Paciﬁc Northwest National Laboratory, 902 Battelle Blvd., PO Box 999, Richland, Washington 99352, USA
2Department of Physics, University of Idaho, Moscow, Idaho 83844, USA

3Department of Physics, University of California, Davis, California 95616, USA

(Received 22 May 2013; accepted 24 July 2013; published online 23 August 2013)

A cluster deposition method was used to produce films of loosely aggregated nanoclusters (NCs) of
Fe core-Fe;0, shell or fully oxidized Fe;O4. Films of these NC on Si(100) or MgO(100)/Fe;04(100)
were irradiated to 10'® Si**/cm? near room temperature using an ion accelerator. Ion irradiation
creates structural change in the NC film with corresponding chemical and magnetic changes
which depend on the initial oxidation state of the cluster. Films were characterized using
magnetometry (hysteresis, first order reversal curves), microscopy (transmission electron, helium
ion), and x-ray diffraction. In all cases, the particle sizes increased due to ion irradiation, and
when a core of Fe is present, irradiation reduces the oxide shells to lower valent Fe species.
These results show that ion irradiated behavior of the NC films depends strongly on the initial
nanostructure and chemistry, but in general saturation magnetization decreases slightly. © 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818309]

. INTRODUCTION

Magnetic nanomaterials and nanostructures have gained
popularity in recent years because of their interesting proper-
ties and promising applications in various fields.'™®
Commercial bulk synthesis and control of properties of such
nanomaterials has been a great challenge for nanotechnology
industries for more than two decades. Core-shell magnetic
structures have been particularly interesting for researchers
searching for a wide range of applications ranging from mag-
netic recording’ to microwave absorption® to cancer treat-
ments’ and medical imaging.'®'?

Particle-irradiation of nanomaterials has been suggested as
a method to bring controlled property changes.'*'> The promi-
nent behaviors observed in nanomaterials due to irradiation
effects are the change in structural and magnetic properties.
Numerous investigations in the past have exposed the extrin-
sic impacts of ion-irradiation in nanomaterials such as thin
ﬁlms,16'17 nanoparticles,lg’19 nanoparticle embedded matri-
ces,?%*! nanotubes,?* nanowires,” and nanoparticle-granular
films, where the irradiation either enhances or degrades the
structural and magnetic properties. The possible role for irra-
diation in fabrication of next-generation devices calls for the
understanding of irradiation impacts in nanomaterials.
Researchers in this field have studied the property changes,
including the variation in structural and magnetic properties
by varying the ion-irradiation dose,** incident energies of
jons,”” and duration of exposure.® Most of the literature on
ion irradiation effects on magnetic nanoparticle systems has
focused on solely metal systems. In previous work, we have
discussed the effects of ion irradiation on FeO-FesN,?’
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Fe3O4,28 and Fe/Fe3O429 nanocluster films. In this work, we
extend the investigation of ion irradiated core-shell nano-
cluster films and consider the phase evolution, the oxidation
state of the iron as a function of position in the structure, and
the resulting magnetic properties.

Il. EXPERIMENTAL
A. Nanocluster synthesis

The iron-iron oxide nanoclusters themselves were
synthesized using magnetron sputtering combined with a
gas aggregation method as described in detail previ-
ously.>* The cluster size formed in the aggregation
chamber was controlled by adjusting the aggregation dis-
tance, sputter power, He to Ar gas flow rate, and tem-
perature inside the aggregation chamber. The Fe atoms
were sputtered from a Fe target placed on the magnetron
gun in the aggregation chamber by supplying 350 stand-
ard cubic centimeters per minute (sccm) of Ar gas and
50 sccm of He gas. These Fe atoms were allowed to
react with 3 sccm oxygen by supplying the gases into
the reaction chamber, or inside the aggregation chamber,
to form the desired nanoparticle. These particles were
subsequently deposited onto a substrate, Si(100) or Fe;O4
(100) film on MgO(100), in the nanoclusters (NCs) depo-
sition chamber to form the granular films. The majority
of the characterization of the samples deposited on Si
has been reported previously, but some data are included
here for comparison; the samples deposited on MgO
have not been reported previously. A schematic of the
cluster deposition system is shown in Figure 1, and a
summary of the deposition parameters for the NC films
is shown in Table I. For comparison, two sizes of core-
shell samples previously studied’' are also listed.

© 2013 AIP Publishing LLC
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B. Characterization

Grazing-angle incidence x-ray diffraction (GIXRD), a tech-
nique which eliminates the strong diffraction peaks from the
single-crystal substrate and underlying Fe;O, film, in the case of
MgO substrates, was employed to study the crystallographic
phase and average size of the NC crystalline grains at room tem-
perature, both before and after ion irradiation. A Philips X pert
Multi-Purpose Diffractometer (MPD, PANalytical, Almelo, The
Netherlands) with Cu Ku radiation (4 =0.154 187 nm) at a 5°
incident angle was used for performing GIXRD. Phase quantifi-
cation was performed using the collected GIXRD spectra and
Topas (Bruker AXS Topas® 4.2) whole pattern fitting.

NC film microstructures and thicknesses were examined
using a helium ion microscope (HIM, Orion Plus, Carl Zeiss
SMT, Peabody, MA), at 30keV and 0.1-0.4 pA, before and
after Si*" ion irradiation. Transmission electron microscopy
(TEM) was performed with an FEI Titan 80-300 equipped
with a CEOS Cs—image aberration corrector and operated at
300kV. The bright-field imaging (TEM-BF) was utilized to
study the morphology of the particles. In addition, high reso-
lution TEM was employed to study crystallographic nature
of individual particles at the atomic scale. All images were
recorded with Gatan US 1000 CCD camera and analyzed
with Digital Micrograph 1.95. Sample preparation for TEM
involved detaching of the sputtered Fe/Fe,O, particles from
the substrate with a razor blade and then subsequent dry
transfer on lacey carbon-coated Cu grids. The Cu Grids were

J. Appl. Phys. 114, 083903 (2013)
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then directly loaded to a conventional double tilt TEM
holder and transferred to the TEM.

Room temperature magnetic properties of the samples
were studied with a vibrating sample magnetometer (VSM,
Lakeshore Cryotronics, Westerville, OH). Hysteresis curves
were collected up to 10 kOe in 250 Oe steps. A subset of
films were also studied using first-order reversal curves
(FORCs)*™7* using a MicroMag 2900 vibrating sample
magnetometer (Princeton Measurements Corp., Princeton,
NJ). FORC measurement conditions for the various sam-
ples were as follows: (S1) 286 FORCs, 400e steps up
to 8.5 kOe with averaging time of 100ms; (S2) 286
FORCs, 180e steps up to 3 kOe with averaging time of
100 ms; (#2, #4) 120 FORCs, 69 Oe steps up to 6.5 kOe
with averaging time of 1s. These settings were chosen
to accommodate reasonable measurement time with suffi-
cient resolution based on the hysteresis loop for each
sample. To investigate magnetic characteristics in the
samples, measured magnetization as a function of applied
field (H) and reversal field (H,) was used to compute
the FORC distribution*?

_ O*M(H,H,)

p(H7HI) - 8H8H]

ey

The FORC diagrams were then plotted following the standard
coordinate transformation to bias field, H,= (H+ H,)/2, and
coercive field, H.=(H — H,)/2. Since measurements were

TABLE I. Synthesis conditions for granular nanocluster films (aggregation distance was constant at 310 mm).

Oxygen Power  Duration P, input Aggr P, output Aggr P, Dep Arflow  Heflow O, flow
Sample name introduction point (W) (min) Chamb (Torr) Chamb (Torr) Chamb (Torr) (sccm) (sccm) (sccm)
Magnetite (S1)*® Aggregation chamber 200 30 1.1 8.8x107° 1074 350 50 5
Core/shell (52)*° Reaction chamber 200 30 1.1 2x107* 10~ 350 50 3
Core/shell (M1-D) Reaction chamber 200 60 1.3 107 1074 350 50 3
Core/shell (M1-R) Reaction chamber 200 60 1.3 1074 1074 350 50 3
Core/shell (M2) Reaction chamber 200 60 1.3 107 1074 350 50 3
Core/shell (#4)*° Reaction chamber 200 45 25 104 1074 600 50 2
Core/shell (#2)%¢ Reaction chamber 200 45 15 1074 107 400 50 2
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taken at room temperature, the bias axes represent interpar-
ticle dipolar interactions.>®’

C. Nanoclusters on magnetite films

To test the effects of pre-existing Fe;O, (magnetite)
films on NC deposition, additional samples were prepared.
MgO (100) (9.35mm diameter circular or 10 mm square)
substrates were used to deposit epitaxial films of Fe;O4 by
pulsed laser deposition (PLD).*® To minimize the deposition
of molten droplets and particles during the laser ablation pro-
cess, an off-axis growth configuration was utilized. All
growths were performed in 10 mTorr of N,. Pressure was
controlled using a combination of a mass flow controller and
an automatically throttled gate valve between the chamber
and the primary system turbopump. A KrF laser (248 nm,
243 cm* and 1-20 Hz) was rastered across a rotating tar-
get. The substrate holder was also rotating which, along with
laser rastering and target rotation, provided uniform deposi-
tion across the substrate. Both thick and thin films of PLD
Fe;04 were grown on MgO at 350°C to assess effects on
subsequent NC growth. PLD films were measured by
GIXRD, regular 6-26 scan, and x-ray reflectivity (XRR) and
determined to be epitaxial single crystals, (100) Fe;O4 on
(100) periclase MgO, with thickness of 4.4-4.5nm (XRR,
thin films) or 120 nm (Helium ion microscopy, thick film).

Prior to sending samples for NC deposition, major hystere-
sis loops were obtained by VSM for one MgO/Fe;O,(thin) and
one MgO/Fe;04(thick), and films were left in remnant state after
saturation when NC were subsequently deposited. An additional
sample of MgO/Fe;0,(thin) was supplied for NC deposition

J. Appl. Phys. 114, 083903 (2013)

without magnetization. Thus, the three samples are denoted
MI1-D (thin PLD, demagnetized state upon NC deposition),
MI1-R (thin PLD, remnant state upon NC deposition), and M2
(thick PLD, remnant state upon NC deposition). It was hypothe-
sized that the deposition of NC on the remnant versus demagne-
tized PLD films might influence their aggregation or alignment.

D. lon irradiation

Ion irradiation of the NC samples was performed using a 3.0
MV electrostatic tandem accelerator (NEC 9SDH-2 pelletron,
Middleton, WI). Each granular film was irradiated at normal inci-
dence with 5.5MeV Si*" ions to a fluence of 10'® jons/cm? near
room temperature. A beam rastering ensured uniform irradiation
over an area covering the entire sample surface. Typical ion
flux was on the order of 0.01 (Si*"/nm?)/s, and resulting
increase of sample temperature was less than 50K during irra-
diation. Computer simulations with the Stopping and Range of
Tons in Matter (SRIM) code™ indicates that the Si>" ions were
implanted near the film-substrate interface, within the substrate
and not within the NC films (see Figure 3(b)).

Ill. RESULTS AND DISCUSSION
A. Structural characterization

All nanocluster films were analyzed using GIXRD.
Sizes are estimated using the line-broadening and the
Scherrer equation, as previously described for these sys-
tems.”® A summary of the constituent phases, their weight ra-
tio, and the average crystallite sizes of previously studied
films and those in this study is shown in Table II. The single

TABLE II. Crystalline phases and average crystallite sizes for granular films before and after irradiation. Parentheses indicate standard deviation in the last
digit. Note that the irradiated values marked with asterisk (*) are the crystallite sizes, and given the TEM results should be understood to represent “matrix”

crystallite size and not necessarily shell thickness, which they do for the unirradiated case (N/A is not applicable;

«w

indicates quantity was not measured).

NC areal NC film
density (mg/cm?®)  thickness (um)  NC phase  Size (nm) Wt. % NCphase Size (nm) Wt %
Oxygen introduction
Sample name point Before irradiation Before irradiation After irradiation
Magnetite (SH*® Aggregation chamber 1.075 - Fe;0,4 3(1) 100 Fe;0y4 23(1) 100
Core/shell (S2)*° Reaction chamber - - Fe 7.8(3) 80.9 Fe 6.8(3) 36.2
FeO 12.5(9)* 63.8
Fe;0,4 1.9(1) 19.1
Core/ shell (M1-D) Reaction chamber 1.314 4.6 (HIM) Fe 9.0(5) 2.6 Fe 29(1) 7.8
FeO 26(2)* 8.5
Fe;0,4 1.9(1) 73.9 Fe;0,4 17.9(8)* 83.7
Fe,03 5(1) 23.5
Core/ shell (M1-R) Reaction chamber 1.436 6.3 (HIM) Fe 9.0(5) 2.6 Fe 33(1) 8.5
FeO 24(2)* 4.1
Fe;0,4 1.9(1) 76.7 Fe;04 15.2(4)* 87.4
Fe,05 9(3) 19.7
Core/ shell (M2) Reaction chamber 3.222 5.3 (HIM) Fe 8.8(5) 2.1 Fe 31(1) 54
FeO 24(1)* 5.0
Fe;0,4 1.8(1) 78.4 Fe;0,4 16.8(4)* 89.5
Fe,05 6(1) 19.5
Core/shell (#4)31 Reaction chamber - - Fe 10(1) - N/A N/A N/A
Fe;0,4 2(1)
Core/shell (#2)*! Reaction chamber - - Fe 7(1) - N/A N/A N/A

Fe;0, 2(1)




083903-4 McCloy et al.
3500 T T T T T T T T
3000 | © Fe-FﬁssOAZ(Fez(za) onSi A
: - 10'° Si*'fem®, ~RT
. 2500 b Unirrdiated 1
%) [ s Unirradiated:
'E r @ Fe304:211;Fe:915nm
> 2000 _ 3 Irradiated: ]
8 [ = & Fe,0, 18+ 8; Fe: 29+ 1nm
g [ = g
:‘%‘ 1500:_ Irrdiated % s ]
S L &l s s
2 1000 F = N 8 - g% ]
=t g g g8 ;9%
[ a s Y o 8&g
500 b K = % E e ]
ok
20 30 40 50 60 70

20 (degree)

FIG. 2. XRD spectrum of nanocluster film on MgO (M1-D) before and after
irradiation. Both datasets are subtracted from their backgrounds. Inset text
shows the crystallite sizes obtained from XRD line broadening.

phase Fe;O04 NC film on Si, described previously, consists of
3nm primary particles before irradiation (S1-u) and 23 nm
particles after irradiation (Sl-i).28 Before irradiation, the
two-phase core-shell NC on Si has 8§nm Fe cores (S2-u)
based on the well-resolved Fe(110) peak, and 2nm Fe;Oy4
shells, based on the Fe304(311).29 These values are typical
and have been confirmed on similar samples by TEM.?® In
this sample after irradiation (S2-i), the Fe core shrinks
slightly to 7nm but the shell transformed to FeO with crys-
tallite size 13 nm, as determined by whole pattern fitting. As
seen by TEM (Figure 4, discussed below), this crystallite
size is no longer just the shell thickness but represents the
FeO matrix between two Fe cores. Overall, this represents a
film content of ~81 wt. % Fe and 19 wt. % Fe;O, before
irradiation and ~36wt. % Fe and ~64wt. % FeO after
irradiation.

For the iron-iron oxide NC films grown on MgO(100)/
Fe;0,4(100), there was little difference among the three sam-
ples in this study: (1) NC deposited onto a thin Fe;O, in a
demagnetized state: M1-D; (2) NC deposited onto a thin
Fe;0, in a remnant state: M1-R; and (3) NC deposited onto a
thick Fe;O, in a remnant state: M2. Before irradiation, films
(M1-D-u, M1-R-u, M2-u) were largely 2 nm crystallite Fe;04
(~77 wt. %), a small amount of ~9nm Fe cores (~2 wt. %),
and a substantial amount of ~8nm crystallite orthorhombic
(Cmcm) Fe O3 (~21wt. %) (see Figure 2). There was no
structure file available for fitting the orthorhombic Fe,O;
phase, so a similar orthorhombic GeMgO5 phase was used for
fitting the diffraction pattern. Recently, Machala®® has
reviewed the forms of Fe,0s, including o-Fe,O5 (hematite),
p-Fe,03, y-Fe,05 (maghemite), §-Fe,O3, and the various high

J. Appl. Phys. 114, 083903 (2013)

pressure forms of Fe,O3. One high pressure form of Fe,O;
was first identified by Ono er al.*' at pressures >50GPa at
room temperature and described as “post-perovskite.” This
phase was later refined to be the CalrO;-type structure with
orthorhombic space group Cmcm and found to be stable from
68 GPa at 1200 K up to 96 GPa at 2300 K, the highest pres-
sures and temperatures tested.** It is possible that this phase is
formed metastably as a surface phase in the nanocluster sys-
tem. It has been shown that defect phases of iron oxide as
well as thermodynamically unexpected FeO can form as
“buffer layers” in the nucleation of reduction of hematite or
oxidation of magnetite.*’

After irradiation, the NC/Fe;04/MgO films showed
again similar phases to each other but drastically different
from the unirradiated films (see Figure 2). First, the irradi-
ated NC samples (M1-D-i, M1-R-i, M2-i) still consisted of
mostly Fe;O4 (84-90 wt. %) but with 15-18 nm crystallite
size, which is an increase in overall NC fraction and crystal-
lite size from the unirradiated (77 wt. %, 2nm Fe;O,).
Second, the irradiated samples also contain zero valent Fe
(5-8 wt. %) with crystallite sizes 29-31 nm. This represents
both an increase in fraction and increase in size of the Fe
portion from the unirradiated (2 wt. %, 9 nm Fe). Third, the
samples contain a fraction of wustite FeO (4-9 wt. %) with
crystallites 24-26nm in size, a phase not present in the
unirradiated samples. All the observed crystalline phases
before and after ion irradiation of the films are summarized
in Table III. Note that there exists a crystalline phase of
(MgO)g 503(FeO)g 407 (PDF#: 01-077-2367) that is indistin-
guishable from FeO (PDF#: 04-006-5424). It is possible that
the Si*" ion irradiation at the iron-oxide/MgO interface indu-
ces atomic intermixing and promotes formation of the new
phase. However, since FeO was observed also in the irradi-
ated sample grown on Si (S2-i), it is likely that the FeO
phase in the samples with MgO is due at least in part to the
NC film and not merely changes in the interface between the
PLD film and the MgO substrate. The increase in crystallite
size of both the Fe;O, and Fe components of the NC sug-
gests radiation-induced grain growth, similar to the process
observed in ion-irradiated Zr02,44416 Sl102,47 and SiC.*¥® Tt
was also observed?® under TEM that electron-irradiation
could also induce thickening of the oxide layers on the sur-
face of Fe nanoparticles. A decrease in oxidation state of the
iron in the NC after irradiation is suggested for both the NC/
Fe;04/MgO samples, where Fe;O4 content decreases and Fe
and FeO content increases, and the NC/Si sample, where
Fe;0,4 content is eliminated in favor of FeO (see Table II).

Figure 3 shows a typical HIM cross-section images of the
films before irradiation. The unirradiated film exhibits loosely
interconnected nanoparticles similar to those observed for

TABLE III. Details of the identified phases in the films before and after ion irradiation (-u = unirradiated; -i = irradiated).

Phase Samples PDF# Symmetry Space group References
Fe S1-u, S1-i, S2-u, M1-D-i, M1-R-i, M2-i 006-0696 Cubic Im3m 63
FeO S2-i, M1-D-i, M1-R-i, M2-i 04-006-5424 Cubic Fm3m 64
Fe304 All 019-0629 Cubic Fm3m 65
Fe, 03 M1-D-u, M1-R-u, M2-u 056-1302 Orthorhombic Cmcm 42
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other Fe/Fe;0, core-shell®® and Fe;04%® clusters. Particles
are agglomerated at various scales before irradiation, and
films are highly porous with large surface and interface
areas. From Fig. 3, the apparent thickness of the granular
film for sample M1-D is ~4.6 um. Rutherford backscattering
spectrometry (RBS) and accompanying simulation shown in
Fig. 3(b) indicates that the film thickness is ~1.3 um based
on the theoretical density of Fe30,4 (5.2 g/cm3), confirming
that the granular film is highly porous. Irradiation leads to
grain growth and particle aggregation as described previ-
ously for Fe;04 nanoclusters,”® resulting in a densified con-
tinuous film with an enhanced adhesion to the substrate.
Figure 4 shows TEM images of unirradiated (a,c) and
irradiated (b,d) core-shell particles, which confirm the con-
clusions obtained from GIXRD pattern fitting and from
HIM. Particle sizes have some distribution, as has been
observed in previous studies,36 but the increase in particle
size with ion irradiation is apparent. Again in confirmation
with previous studies®*”® on cluster-deposited core-shell
iron/iron oxides, the larger cores in the irradiated samples
are faceted along particular crystallographic planes, while
the smaller cores in unirradiated samples are more spherical.
For particles larger than 10nm, both core and shell appear
polycrystalline and contain zones which are highly disor-
dered or amorphous. Due to the inhomogeneity of the

Field Of View

10.00 um

Working Dist Dwell Time Blanker Current
100.0 us 32pA

Date: 7/25/2011

|Acceleration V'
0.0 kV/ Time: 9:26 PM

Fe-Fe203-Fe304 on

T T T T T

T
8001 3.0 MeV He" RBS at 150 degrees i
Fe-Fe 0, (Fe,O,) core-shell
on 4.4 nm thick Fe O, (100) on MgO (100)
ko) L oo . i
3 600 0o %
> F T
(@)
£ 400} £ :
9 ﬂﬁ‘" O Experiment
=] i Simulation ()
O 4{%@ —— Simulation (Mg)
o 200 8 Simulation (Fe) E
ﬂ‘& — Simulation (total)
o
0

0 100 200 300 400 500 600
Channel Number
FIG. 3. (a) Helium ion micrograph of sample M1-D cross-section prior to
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FIG. 4. TEM micrographs of unirradiated (a,c) and ion irradiated (b,d) core-
shell nanoparticles from sample M1-D. Fe core in (c) is ~12nm, and in
(d) is ~27 nm.

samples, it is not possible to quantitatively assess the level of
disorder and amorphous fraction change between unirradi-
ated and irradiated samples by TEM.

Electron beam-induced thickening of the oxide shell in
similar core-shell particles has been observed previously by
TEM and attributed to beam-enhanced mass transport by ox-
ygen vacancy creation,”® but that work did not observe a
simultaneous reduction of the iron species as we observe
here with ion irradiation. Rather, in our study, the ion irradia-
tion appears to increase the Fe core size, increase the Fe;04
shell thickness, and result in a small fraction (<10 wt. % by
x-ray diffraction (XRD) for the M1 and M2 samples) of FeO
which may be present as disordered phase in the oxide shell.
For these samples (deposited on MgO/Fe;0,), the substantial
amount of Fe,03+ Fe;04 (~97 wt. %) prior to irradiation
resulted in irradiated samples with <10 wt. % FeO, while the
sample with only 20wt. % Fe304 (and no Fe,Os5, sample
S2-u) prior to irradiation resulted in a much more substantial
fraction of FeO, namely ~64 wt. %, after irradiation (S2-i).
Given that the Fe cores (zero-valent Fe, Feo) remain about
the same (S2-1) or grow (M1-D-i, M1-R-i M2-i), it seems
reasonable to suspect that the region near the core would
preferentially be Fe>™ (i.e., FeO or (Fe’")[Fe*",Fe’"10.,),
while the outer regions furthest from the core would be pref-
erentially Fe®" (i.e., (Fe* ")[Fe® " Fe*"10y, y-Fe,0s, or ortho-
rhombic Fe,O3). Such a gradient in oxide stoichiometry has
been observed in other sputtered core-shell iron oxides®' and
thin films,>® and could be described as a partially oxidized
magnetite. Using x-ray magnetic circular dichroism
(XMCD), these authors showed that the outer surfaces of the
iron oxide shells (with higher oxidation state than near the
core interface) were preferentially spin-canted.>

It has been argued that a FeO (Fe;_,O or Fejo470)
phase should not be stable at all in 10 nm nanoparticles due
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to thermodynamic considerations of high surface energy.>*
Nonetheless, FeO domains can be shown to form kinetically
as interim phases at interfaces from oxidation to hematite
or reduction to magnetite.*> It has been found that FeO
can exist in three crystal structures, namely B1 (NaCl struc-
ture, Fm3m), B2 (CsCl structure, Pm3m), and B8 (NiAs,
P65mc),”” the stable phase being B1 which is what is observed
here. Similarly, an intermediate interface phase of maghemite
y-Fe,O5 can occur from oxidation of magnetite Fe;0,4 to hem-
atite Fe,03.* Cation-deficient magnetite (i.e., partially oxi-
dized or maghematized) is known to exist from geologic
sediments as surface phases.”® All these suggest that in fact
gradations of oxygen stoichiometry are expected for iron ox-
ide core-shell particles. Further detailed investigation of these
irradiated particles with XMCD, Mossbauer spectroscopy,
and electron energy loss spectroscopy (EELS) are needed to
confirm the iron valence gradients suspected from GIXRD.
The precise mechanisms for reduction of the iron in the
ion irradiated materials are still under investigation, but hy-
pothetical mechanisms can be described. First, it is possible
that oxygen interstitials could be introduced by primary
knock-on displacement of atoms due to ion irradiation, and
threshold displacement energies for Fe and O in iron oxide
have been shown to be on the order of tens of eV,57 suffi-
ciently small for excitation by the 5.5 MeV Si" ions.
Subsequently, these oxygen atoms could thermally diffuse to
the surface where they combine to form O, and release to
vacuum during the ion irradiation. Alternatively, a process
similar to photocatalysis could be taking place, where
absorbed energy causes electron/hole pair creation which
enable reduction processes.”

J. Appl. Phys. 114, 083903 (2013)

B. Change in magnetic behavior with irradiation

Figure 5 shows the hysteresis loops, taken at 300 K,
for all the films listed in Table I except for M1-R that was
broken and unavailable for the measurement. Saturation
magnetization, coercivity, and remanence values are listed
in Table IV. For the core-shell NC/Si sample (S2), the
irradiation-induced reduction in saturation might be
expected since the shell changes from a ferrimagnetic mate-
rial (Fe;04)°° to an antiferromagnetic material (FeO). Note
that for bulk FeO, the Néel temperature (Ty) is 198 K, but it
has been shown that thin FeO layers with Fe on either side
show Ty well above room temperature due to exchange
interactions with FM spins.°” Given the large fractional
decrease in ferromagnetic components, it is unexpected that
the saturation magnetization did not decrease more, since
FeO fraction is 64 wt. %. It may be that Fe/FeO interfaces
are ferrimagnetic, resulting in more saturation than would
be expected given a mixture of the pure phases. It is also
unclear the role played by the seemingly disordered or
amorphous phases as seen in TEM. Further investigation is
required to fully understand this behavior.

NC films were deposited onto the PLD-grown Fe;Oy4
single-crystal films on MgO substrates, but they did not fully
adhere to the Fe;0, films in all places. Magnetic measure-
ments of unirradiated samples were therefore normalized to
the fractional coverage of the NC film. This fractional area
was used in order to calculate the normalized magnetization
(emu/cm?) using the density of Fe;O4 (5.2 g/cm3) and the
known mass of the NC deposited. Of these samples, half of
each was used for ion irradiation, and the pieces chosen
had full NC coverage. For irradiated samples, which had
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TABLE IV. Magnetic parameters at 300 K (#Saturation is defined as the 10 kOe data point. The sample still appears to have a small paramagnetic component,
which was not removed. The diamagnetic component of the MgO was not removed either, but it is a very small effect. Note that the saturation and the rema-
nence are normalized to the mass of the NC film only, and the Fe;0, underlying film is not treated here. It should be noted that the total moment of the PLD
Fe;0, underlying film was <10% of the total moment (emu) of the combined system with NC for the thick PLD film and <1% of the total moment for the NC

with thin PLD Fe;0, film.).

Core Coercivity Saturation Remanence
Sample Sample # Irradiation Substrate diam (nm) (Oe) (emu/g) (emu/g) Reference
Magnetite Sl-u No Si N/A 0 4 0 28
Magnetite S1-i Yes Si N/A 250 44 9.4 28
Core-shell #4 No Si 10 354 108 49 31
Core-shell #2 No Si 7 102 90 16 31
Core-shell S2-u No Si 8 45 89 14.5 29
Core-shell S2-i Yes Si 7 56 77 16.5 29
Core-shell on thin Fe;04 PLD MI1-R-u No MgO 500 63# 18.8# This work
Core-shell on thin Fe;0, PLD MI-R-i Yes MgO 33 400 40# 14.9# This work
Core-shell on thick Fe;0, PLD M2-u No MgO 9 395 45# 13.1# This work
Core-shell on thick Fe;0, PLD M2-i Yes MgO 31 410 39# 13.1# This work

non-negligible fractions of iron species other than Fe;O,,
the volume was taken from the unirradiated case with the
appropriate area fraction (which had again changed from the
unirradiated measurement), the volume magnetization calcu-
lated (emu/cm?), and then the effective density of the NC
was estimated from mass densities of the individual phases
weighted per the mass fractions determined by XRD. The
resulting theoretical densities are 5.45 and 5.36 g/cm® for
M1-D-i and M2-i, respectively. Note that these estimates do
not take into account any porosity but are merely used to
normalize the magnetization so as to compare all on emu/g
basis. In all cases (except the Fe;0, single phase NC which
were superparamagnetic before irradiation®®), ion irradiation
produced a decrease in saturation magnetization. This is
because there is creation of a substantial component of FeO
(5-9wt. %) in the case of the NC on PLD films. However,
with the other core-shell sample where there was a very large
FeO component (64 wt. %), the saturation magnetization
decreased only slightly. There was no clear trend in coerciv-
ity change with irradiation, with some of the samples show-
ing slightly increased coercivity (S2, M2) while others
slightly decreased (M1-R).

There were no observed differences, magnetic or struc-
tural, between the samples where NCs were deposited with
the underlying PLD Fe;O, film in the demagnetized versus
the remnant state, neither in the unirradiated nor in the irradi-
ated conditions. Additionally, there were no clear differences
in the irradiated or unirradiated behaviors of the NC on the
thin PLD Fe;O, layer versus the thick one. Neither was there
evidence of biased alignment of the particles or preferential
remnant magnetization as was previously observed in irradi-
ated pure Fe;0, NC.?® The crystalline phase distributions
were similar in all the MgO substrate samples within the
groups of irradiated versus unirradiated samples.

C. First order reversal curves

Fig. 6 shows the FORC diagrams of four NC films on
Si, two unirradiated core/shell films with different core sizes
(#2 and #4) and two irradiated films: the pure magnetite film
(S1) and the core/shell film (S2). The irradiated core/shell

film (Fig. 6(c)) consists of a very low coercivity component
(~500e) with a small spread in H,, indicating little bias
field or dipole interaction.®’ This demonstrates that the Fe
cores are behaving nearly independently of one another, with
the FeO shell (produced by irradiation) preventing interac-
tion between them. The low coercivity is a size effect of the
small Fe cores (~7nm by XRD). In similar samples,”®® a
distribution of particle sizes is seen, with some below the
superparamagnetic (SPM) threshold. Only those particles
above this size threshold will contribute to the coercivity,
and the small distribution of H. seen in FORC is a
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FIG. 6. First order reversal curve diagrams (300K). (a) unirradiated 7 nm
core with 2nm Fe3zO,4 shell (#2); (b) unirradiated 10nm core with 2nm
Fe; 0y shell (#4); (c) irradiated 7 nm core with 12 nm FeO “shell” (S2-i); and
(d) irradiated single phase 23 nm Fe;0, (S1-1).
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consequence of size distribution. Though anisotropy sug-
gests that the maximum threshold size for room tempera-
ture SPM in Fe should be 13 nm, these particles are much
smaller, yet show coercivity at room temperature. This can
be explained as being due to the influence of the oxide
shell stabilizing the core moments, as seen also in Co-CoO
particles.®® Additionally, the oxide shell is likely ferri-
magnetic, which makes the effective core larger. A compar-
ison of similar core/shell samples with similar size (Fig.
6(a)) and larger cores (Fig. 6(b)) (~7 nm and 10 nm cores,
respectively) show that with increasing core size the inter-
actions increase (maximum on bias axis H, increases) as
previously described for cluster glass systems.>® This sug-
gests that FeO produces a shielding or diluting effect on the
Fe cores (Fig 6(c)) which are otherwise similar in size to
those shown in Fig. 6(a).

On the other hand, the irradiated magnetite films
show a broad coercivity distribution centered at ~400 Oe
with a significant spread in H, due to particle interac-
tions (Fig. 6(d)). Core-shell films before irradiation show
similar centroids for the coercivity (400-5000e), but
considerably smaller interactions. This could be due in
part to the substantial increase in effective density in the
irradiated films,”®?* resulting in more dipolar interactions
in the magnetite films. Recall however that the irradiated
core/shell film of S2-i showed very small interactions
due to the thick AFM shell.

IV. CONCLUSIONS

One, two, or three-phase iron/iron-oxide nanocluster
films have been grown on Si(100) or MgO(100)/Fe;04(100).
Films exhibit an agglomerated structure at various size
ranges according to transmission electron microscopy and
helium ion microscopy. When irradiated to 10'® Si**/cm?,
all samples which contained a Fe core showed progressive
reduction in Fe valence, with Fe,03/Fe;0, shells converting
to FeO/Fe;0, shells. Irradiated films also showed an overall
increase in particle size and a reduction in saturation magnet-
ization. The irradiation-induced oxide phase change and
magnetic behavior due to the antiferromagnetic shell is dis-
tinct from previously reported nanocluster systems of this
type and is likely due to oxygen evolution through defect
sites created by the energetic ion beam.
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