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Abstract
We report a facile one-pot chemical synthesis of colloidal FePt@Fe3O4 core–shell nanoparticles (NPs)
with an average diameter of 8.7±0.4 nmand determine their compositionalmorphology,
microstructure, two-dimensional strain, andmagnetic hysteresis. Using various state-of-the-art
analytical transmission electronmicroscopy (TEM) characterization techniques—including high
resolution TEM imaging, TEM tomography, scanning TEM-high angle annular darkfield imaging,
and scanning TEM-energy dispersive x-ray spectroscopy elementalmapping—we gain a comprehen-
sive understanding of the chemical and physical properties of FePt@Fe3O4NPs. Additional analysis
using x-ray photoelectron spectroscopy, x-ray diffraction, and superconducting quantum inter-
ference devicemagnetometry distinguishes the oxide phase and determines themagnetic properties.
The geometric phase analysismethod is effective in revealing interfacial strain at the core–shell
interface. This is of fundamental interest for strain engineering of nanoparticles for desirable
applications.

Abbreviations

NPs Nanoparticles

fcc Face-centred cubic

XRD X-ray diffraction

XPS X-ray photoelectron
spectroscopy

ICP-OES Inductively coupled
plasma optical emission
spectroscopy

TEM Transmission electron
microscopy

STEM Scanning TEM

OPEN ACCESS

RECEIVED

31October 2015

REVISED

9 February 2016

ACCEPTED FOR PUBLICATION

22 February 2016

PUBLISHED

7March 2016

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2016 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft

http://dx.doi.org/10.1088/1367-2630/18/3/033016
mailto:i.robinson@ucl.ac.uk
http://dx.doi.org/10.1088/1367-2630/18/3/033016
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/18/3/033016&domain=pdf&date_stamp=2016-03-07
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/18/3/033016&domain=pdf&date_stamp=2016-03-07
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


HRTEM High resolutionTEM

GPA Geometric phase analysis

FC Field cooled

ZFC Zero field cooled

1. Introduction

FePt nanoparticles (NPs) represent a diverse class of alloywith a specific attraction over puremetal counterparts
due to their highmagneto-crystalline anisotropy and chemical stability. Coating FePtNPswith a biocompatible
layer such as iron oxide is of practical interest because it can lower the cytotoxicity, and allows for direct bio-
functionalization of the nanoparticle surface (Kalambur et al 2005, Lai et al 2008, Krishnan 2010, Thanh and
Green 2010). Thus FePt@Fe3O4NPs are of specific interest for biomedical applications such as hyperthermia
and targeted drug delivery (Sahu et al 2015). Additionally, FePt@Fe3O4NPs are of interest for potential
applications in electromagnetic devices (Carpenter et al 2003), nano-catalytic devices (Wu et al 2012,Wang
et al 2015) and permanentmagnetic data storagemedia (Saita andMaenosono 2005). Previousmagnetic studies
of spherical FePt@Fe3O4NPs identified exchange coupling effects between themagnetically ‘hard’ FePt core and
themagnetically ‘soft’ Fe3O4 shell (Zeng et al 2004) causing a smooth co-operativemagnetic switching transition
at the core–shell interface. The chemical synthetic procedures andmagnetic properties of these FePt@Fe3O4NPs
have been a primary source of scientific interest (Yang et al 2015) and yet there have been very few investigations
into the exchange–coupling interface, which can be directly impacted by the compositional 3Dmorphology,
elemental distribution, and interfacial strain. Understanding the strain present in core–shell NPs is beneficial in
applications tomass transport devices (Pratt et al 2014) and catalytic reduction reactions (Gan et al 2012).
Therefore, developing an effectivemethod to quantitativelymap the strain gradients in these FePt@Fe3O4NPs is
of fundamental importance.

Electron tomography has beenwell developed for determining the 3Dmorphology ofmacroscopic systems,
such as biological specimens, but is still a considerably new technique in its application to nanomaterials and, in
particular, NPs. Scott et al (2012)have already demonstrated the extent of the data attainable using 3D electron
tomography to analyse a 10 nmAuNP, identifying individual dislocations at a resolution of 2.4 Å. Also, Florea
et al (2012)made a complete structural analysis of 5 nmdiameter PtNPs, confirming the usefulness of the
tomography approach. In the study reported here, a 3D reconstruction of a FePt@Fe3O4NP is built from a series
of 61 electronmicrographs, collected over a tilt series of±60° (in 2° increments) from transmission electron
microscopy (TEM) images. The ‘missing-wedge’ of information, due to restrictions in the tilt range of the
specimen goniometer, is overcome by applying a relatively new topography based reconstruction (TBR)
algorithm. TBRuses a density constraint within a defined volume, leading to a cleaner reconstruction in
comparisonwith the conventional weighted Fourier back projection reconstructionmethods ofWeyland
et al (2001).

Strain analysis using coherent x-ray diffraction (XRD) is a well-developed technique for the quantitative
analysis of the 3D structure and strain fields present inNPs (Newton et al 2010). It is however limited to a current
spatial resolution limit of∼20 nm.Alternative synchrotron-based strain analysismethods have been adopted for
analysis ofNPs below this size limit. Extended x-ray absorption fine structure reveals the atomic bond distances
of the surface atoms (Strasser et al 2010). High energy powder XRDprovides an insight into high resolution
lattice informationmanifested in the diffraction pattern ofNPs (Kuo et al 2013).More conventional strain
analysismethods have been applied to nanostructuredmaterials, such as scanning electronmicroscopy (SEM)
cross sectioning (Usuda et al 2005)which is intrusive for nanoparticles as the lamellar cross sectioning in SEM
can induce/remove any internal strain. Less-intrusivemethods, such as aberration corrected scanning TEM
(STEM), have been adopted to quantify lattice deviations associatedwith the strain releasemechanisms in core–
shell NPs by Bhattarai et al (2013). This gives an indication of the extent of the strain but has not yet provided a
clear picture of strain gradients throughout the nanoparticle structure. A powerful extension to this direct STEM
method is the geometric phase analysis (GPA) technique, developed byHytch et al (1989, 2003), which enables
the quantitativemapping of 2D strainfields from a crystal system. A recent study by Pratt et al (2014)
investigated the strain fields within the shell of Fe@Fe3O4NPs usingGPA analysis. These authors found that
strain gradients arose from confined oxide domain formationwithin the shell, which enhanced ionic
movement. TheGPA approach opens an opportunity to investigate the strain fields within awhole nanoparticle
and correlate themwith their compositionalmorphology andmagnetic properties.

In thework presented here, spherical 8.71±0.44 nmFePt@Fe3O4NPswere synthesised using a facile
chemical thermal decompositionmethod by the chemical reduction of Pt(acac)2 (5×10−4 mmol) and thermal
decomposition of Fe(CO)5 (4×10−3 mmol) in the presence of stabilising surfactants oleylamine
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(4×10−3 mmol) and oleic acid (4×10−3 mmol). In our synthesis, adapted from the procedure ofNandwana
et al (2007), Pt(acac)2 was added into the reaction flask—using an inertmoisture-free reflux environment—
containing 20 ml of degassed solvent octa-1-decene. The reaction vessel was purged (at room temperature)
under a blanket of nitrogen for 30 minwhilstmagnetic stirring at 500 rpm. Subsequently the temperature of the
reaction vessel was raised to 107 °C at a rate of 4 °Cpermin. The reaction vessel temperaturewasmaintained at
107 °C for twomin during the addition of 1.88 ml olelyamine and 1.28 ml oleic acid followed by the injection of
100 μl of pure Fe(CO)5 precursor (resulting in the reaction solution changing hue from yellow to black
suggesting the formation ofNPs in the solution). The temperature of the reaction vessel was then raised to
120 °Cand an additional 100 μl of Fe(CO)5 was injected into the reactionmixture. This controlled addition of
excess Fe(CO)5 precursor is intended to grow the shell after all the Pt(acac)2 has been consumed. The reaction
vessel temperature was then raised at rate of 8 °Cpermin to 250 °C andmaintained at this temperature to reflux
for 30 min. The heat sourcewas then removed and the reaction vessel cooled to room temperature. The reaction
mixturewas collected and dispersed in ethanol (with a 1:1 ratio) and cleaned by centrifugation. TheNPproduct
was then dispersed in 5 ml hexane, and precipitated out by adding 10 ml of ethanol followed by centrifugation
(repeated twice). Thefinal cleanNPproduct was re-dispersed in hexane for storage and analysis.

The FePt@Fe3O4NPswere quantified by the followingmethods: (i) conventional TEM for size distribution
analysis, (ii) inductively coupled plasma optical emission spectroscopy (ICP-OES) for chemical composition
determination, (iii) conventional powder XRD for phase determination and (iv) x-ray photoelectron
spectroscopy (XPS) for chemical surface compositional analysis to distinguish the complex composition of the
Fe oxide shell. TheXPS datameasurements were acquired using a ShimadzuKratos AXIS-ULTRAdelay-line
detector high-performance XPS system, operating at a vacuum level of 10−7 Torr. Photoelectrons were excited
bymonochromatic aluminiumKα radiation (emitted from an x-ray tube operating at 150W) and focused on
the centre of the specimen surface irradiating an area of 300×700 μm2. State-of-the-art TEM techniqueswere
then applied to probe the atomic scale properties of the FePt@Fe3O4NPs. These included (i) STEM-high angle
annular darkfield (STEM-HAADF) for high contrast lattice imaging, (ii) STEM-energy dispersive x-ray
spectroscopy (STEM-EDS) for elementalmapping and (iii) electron tomography for visualisation of the 3D
morphology and segmentation of the core and shell, that cannot be obtained from2DTEM imagingmethods
alone.

2. Sample quantification

2.1. Crystallographic study
From the TEMobservations, the FePt@Fe3O4NPs formed 2D self-assembled hexagonal arrays on the substrate,
as seen infigures 1(a) and (b). It can be seen that there is a homogenous coating of Fe oxide and a clearminimum
particle separation distance of 1.7 nm,which corresponds to a compacted surfactant layer with the surfactant
tails interpenetrating. The fully-extended lengths of the oleic acid and oleylamine surfactants are 2.08 nmand
2.06 nm, respectively.

The average size of the FePt@Fe3O4NPs is 8.7±0.4 nm (calculated from309 particles), and the average
sizes of the FePt core and the Fe3O4 shell are 7.0±0.5 nm and 1.5±0.2 nm, respectively. High resolutionTEM
(HRTEM) imaging of single FePt@Fe3O4NPs, as shown infigure 1(c), enabled the contrast between the core and
shell to be identified, due to the different electron penetration efficiencies. The single crystal core has an
interplanar spacing of 1.94 Å (yellow infigure 1(c))which is characteristic of the (100) lattice planes in the
chemically disordered face-centred cubic (fcc) FePt phase.

XRD analysis of the FePt@Fe3O4 core–shell NPs infigure 2 revealed the characteristic peaks of chemically-
disordered fcc FePtmaterial. The observedXRD linesmatch closely to the reference pattern platinum ferroan,
Fe0.8Pt3.2 (JPCDS. 029-0717). Additional XRDpeaks are ascribed to the contribution from the Fe3O4 shell, as
indicated by the reference patternmagnetite, (JCPDS-075-1372). The lack of prominent peaks from the Fe oxide
is expected to be due to the lower volume fraction of Fe oxide in comparison to FePt as also observed by Sahu
et al (2015). The lattice parameters of Fe0.8Pt3.2 and Fe3O4were identified as 3.887 Å and 8.396 Å, respectively.
The composition of the Fe0.8Pt3.2 referencematch corresponds reasonably to the ICP-OES results; where atomic
percent of Fe is 31%and atomic percent of Pt is 69%.

2.2. Surface composition study
The deconvolvedXPS spectra of Fe 2p, Pt 4f, andO1s core level spectra are shown infigures 3(a), (b) and (c)
respectively. The Fe 2p spectrum infigure 3(a) is composed of two peaks at Fe 2p3/2 and Fe 2p1/2 at a binding
energy (BE) of 713.5 eV and 731.6 eV, respectively.

The Fe 2p spectrum infigure 3(a)was deconvolved into five different Fe species, including Fe0, Fe2+, Fe3+

high-binding energy surface structures (Grosvenor 2004, Aronniemi et al 2005) and satellite peaks using a
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Figure 1. FePt@Fe3O4NPsTEManalysis (a) lowmagnification and (b) highmagnificationTEM image of FePt@Fe3O4NPs showing a
2Dhexagonal array with a size distribution histogram inset (average diameter 8.7±0.4 nm) (c)HRTEM image of an individual
FePt@Fe3O4 nanoparticle with the inter-planar lattice spacing of the FePt core denoted in yellow (d) STEM-HAADF image
(corresponding STEM-EDS infigures 6 (a)–(d)).

Figure 2.Powder XRDof FePt@Fe3O4 core–shell NPswith corresponding reference pattern of the prominent Fe0.8Pt3.2 fcc phase
(JCPDS-029-0717) and the Fe3O4 phase indicated by its reference pattern (JCPDS-075-1372).
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Gaussian−Lorentzianmixed function byXPSPEAK41 software. The 2p3/2 peakwas deconvolved into three
peaks; Fe0 at a BE of 708.0 eV, Fe2+ at a BE of 709.6 eV, and Fe3+ at a BE of 711.3 eVwith a satellite peak at
718.0 eV. The 2p1/2 peak is deconvolved into Fe

0 at a BE of 721.6 eV, Fe2+ at BE 723.2 eV, and Fe3+ at a BE of
725.2 eVwith a satellite peak at 731.6 eV. The stoichiometric proportion values of Fe0, Fe2+, Fe3+were
calculated, based on theXPS analysis, as Fe0=7%, Fe2+=52%, and Fe3+=41%. Theoretically, the
stoichiometric bulk proportion of Fe2+ in Fe2O3 is 0%, Fe3O4 is 33%and FeO is 100%,while the proportion of
Fe3+ in Fe2O3 is 100%, Fe3O4 is 67% and FeO is 0%.While we have insufficient information to assign the oxide
fractions categorically, the simultaneous presence of both extremes is considered less likely than themixed oxide
because theywould interconvert. If all the Fe3+were in Fe3O4 this would account for 41%of Fe3+ and 20.5%of
Fe2+ leaving a balance of 31.5%of the Fe in the formof FeO (wustite).

The Pt 4f spectrum infigure 3(b) is composed of two peaks indicating spin–orbit split doublet of Pt into 4f5/2
and 4f7/2 at a BE of 70.72 eV and 74.08 eV respectively, with a separation in energy of 3.5 eV, which is typical for
metallic FePt. TheO1s signal infigure 3(c) is composed of two peaks at lower and intermediate BE’s at 529.5 eV
and 531.7 eV, as a result of the iron oxide shell. TheXPS results substantiate the TEMandXRDdata, and
confirm the formation of the Fe oxide phase as Fe3O4.

2.3.Morphological study
The distribution andmorphology of a cluster of nine FePt@Fe3O4NPswas analysed by TEM tomography. The
resulting 3DHitachi reconstructions are shown in figures 4(a)–(c) at different ortho-slice positions, slicing

Figure 3.Deconvolved x-ray photoelectron spectroscopy spectra (a) Fe 2p spectrum, (b)Pt 4f spectrum, with spin–orbit splitting into
4f7/2 and 4f5/2, (c)O1s spectrum. Light and dark blue curves are the individual peaks, whose sumgives the red curvefitting the data
(black).
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through the y-axis of the reconstruction. The lower threeNPs (indicated by the box infigure 4(c)were examined
more closely infigures 4(d)–(f), demonstrating the core–shellmorphology; where the Fe3O4 shell is
distinguished from the FePt core by its lower contrast due to the shell being less electron-dense. AnAvizo
reconstruction (and supplementarymovie)was built in order to visualise and segment the cluster into the nine
NPs from the rawTEMreconstructed data. The core can be differentially segmented from the shell as illustrated
infigure 5(a), where the FePt core is shown in yellow and the Fe3O4 shell in grey. An ortho-slice through the
centre of the cluster is shown infigure 5(b)where the FePt core is represented in light blue and the Fe3O4 shell in
dark blue for clarity. The core can be differentially segmented from the shell as illustrated in figure 5(a), where
the external FePt core is represented in yellow and the external Fe3O4 shell in grey.

2.4. Compositional study
Elemental distributionmapswere acquired for the FePt@Fe3O4NPs using STEM-EDS elementalmapping. The
corresponding STEM-HAADF image is shown infigure 1(d). TheOK-edge elemental contribution
(represented in green) infigure 6(a) is homogenously distributed throughout both the core and the shell of the
nanoparticle and is clearly higher than the typical background due to contamination. The FeK-edge elemental
contribution (represented in red) infigure 6(b) is also homogeneously distributed throughout the core and shell,

Figure 4. 3DHitachi reconstruction of a cluster of nine FePt@Fe3O4NPs at y ortho-slice positions: (a) y=5, (b) y=+10, (c)
y=+20, and corresponding zoomof three particles from the region indicated by the dashed box at (d) y=−10, (e) y=−5, and (f)
y=0.
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with amore prominent contribution from the shell. The PtM-edge elemental contribution (represented in blue)
infigure 6(c) is distributed only in the core. An overlay of the three elementalmaps is shown infigure 6(d) and
confirms the presence of the Fe oxide shell. The line profiles across of theOK-edge, FeK-edge and, PtM-edge
are shown infigure 6(e). The rectangular integration regions are shown infigures 6(a)–(c). The intensity profiles
quantitatively demonstrate that the higher Pt signal is localised in the corewhile the Fe andO contributions
extend beyond the core into the shell.

3. Strain analysis

3.1. Geometric phase analysis
Strain can, in principle, be seen in lattice images ofmaterials, such as those offigure 1.However, the Fourier
dark-fieldfiltering capability of theGPAmethod allows the slow-varying distortions of the lattice to be extracted
for quantitative evaluation. TheGPAmethod used herewas implementedwith aMatLab script used to evaluate
theHRTEM images in three steps: (i) the nanoparticle image is isolated bymanualmasking from its neighbours
(ii) themasked image density is Fourier transformedwith an FFT (iii) a Bragg peak from the crystal lattice is
isolated and cut out from the bright field diffraction pattern (iv) this local region of the diffraction pattern is
recentred and inverse Fourier transformed back to a real space complex image (v) the amplitude of the real space
complex image closely resembles the original crystal and (vi) the phase of the real space complex image is a
projection of the lattice distortions in the direction of the selected Bragg peak. Thismethod has a close similarity
to the Bragg coherent diffraction imagingmethod of imaging strains with x-rays (Robinson andHarder 2009).

In the case of a core–shell structuremade of two dissimilarmaterials, an important question is whether the
core–shell interface is strained or relaxed. Aranda et al (2010) showed that a crystal of amaterial with one lattice
constant appears as a linear phase ramp in the phase image calculated in the coordinate systemof the other
crystal. The direction of the phase ramp is given by the direction of the Bragg peak used for imaging. The same
result is expected for GPAof a FePt@Fe3O4 nanoparticle: in the coordinate systemof the FePt, the Fe3O4will be
expected to show a linear variation of phase in the direction of the Bragg peak selected for the dark-field imaging.
Any deviation from this behaviour can be interpreted as strain relaxation. Conversely, any dislocations thatmay
form at the interface will showup as localised phase structures, so long as their Burgers vector is not the same as
the imaging Bragg peak.

Strain analysis byGPA, was applied to themasked STEM-HAADF image of the isolated FePt@Fe3O4

nanoparticle (infigure 7(c)), resulting reciprocal space diffraction pattern offigure 7(a).
A single Bragg spot was selected, as circled infigure 7(a) (with a radius cut off of 35 pixels), and re-centred in
figure 7(b). The selected peak is a (200) peak of the FePt lattice, so it is the distortions from the {100} planes that

Figure 5.Avizo reconstruction of a cluster of nine FePt@Fe3O4NPs enclosed in a bounding box (a) ortho-slice through the centre of
the cluster that distinguishes the internal FePt core (light blue) and the internal Fe3O4 shell (dark blue) (b) corresponding snap shot of
the external 3D reconstruction showing the external FePt core (yellow) and external Fe3O4 shell (grey). For amovie sweeping through
the cross sections, see the supplementarymovie.
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are imaged byGPA. The region of reciprocal space surrounding this selected Bragg spot, sufficiently large to
include the interference from the overlapping Bragg peaks of the Fe oxide shell, was Fourier transformed into a
real space complex image; the geometric phase is shown in figure 7(e) and the image amplitude infigure 7(f). The
STEM-EDS elementalmap of the same crystal is reproduced infigure 7(d) showing the approximate location of
the core–shell interface. The geometric phase image infigure 7(e), amap of the 2D strain projection, represents
the displacement of atoms from the perfect crystal lattice, ranging from−π (black) to+π (white), shows the
strain along the (200) direction. The full phase range of 2π corresponds to a displacement of a single lattice
spacing. Note that the phase becomesmeaningless in the regions outside the nanoparticle, where the amplitude
of the complex density drops to zero.

The core and shell can be clearly distinguished infigure 7(e) by the phase shift enclosing the shell (dark
region). There are slight deviations from themedian valuewithin the corewhichmight be due to defects,

Figure 6. STEM-EDS elementalmapping images of FePt@Fe3O4NPs (a)OK-edge (b) FeK-edge (c)PtM-edge (d) elemental overlay
and, (e) corresponding intensity profiles of rectangular ROI’s through the centre of an individual FePt@Fe3O4 nanoparticle
(corresponding to the STEM-HAADF image infigure 1(d).
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Figure 7. 2D strain analysis of an isolated FePt@Fe3O4 nanoparticle (a) calculated reciprocal space pattern of themasked STEM-
HAADF image (b) re-centred Fourier filtered Bragg spot (c)masked STEM-HAADF imagewith a high threshold (blue) to distinguish
shell (d) STEM-EDSmap of an overlay of the FeK-edge (red), OK-edge (green) and Pt K-edge (blue) elemental distributions (e) real
space geometric phasemap of the local displacement of the lattice fringes with a cross section line indicating the core (blue) and the
shell (red). Phase values run from−π (black) toπ (white). (f)Real space local amplitude image (with intensity scale inset) (g) cross
section plot of the phase variationwith phase slope change at the core indicated by the dashed lines.
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possibly dislocations, in the FePt crystal structure. Regions of high strain gradients and phasewraps surrounding
the core of the nanoparticle are due to the strains present in the Fe3O4 shell, which is seen to be less
homogeneous than the core. Some of these apparent strain inhomogeneities could also be due to local
compositional variations of the oxide. The local amplitude image infigure 7(f) shows this intensity variation in
the selected (200) plane direction, with an intensity scale ranging frompink (high intensity) to green (low
intensity).

In order to examine the strain decay behaviour at the core–shell interface the cross section line infigure 7(e),
covering the core (blue) and the shell (red) regions, is plotted infigure 7(g). The linear phase ramps seen on the
two sides offigure 7(g) represent the difference in lattice constant between the FePt, and the Fe3O4. The location
of the core–shell interface is indicated by the dashed lineswith the shell thickness being 1.39 nmon the left and
1.54 nmon the right, corresponding to an average shell thickness of 1.5 nm. A clear phase ramp can be seen on
both sides of the particle, whose direction across the scan fromnegative to positive indicates an inward
compressive strain (Aranda et al 2010). Strains (displacement gradients) of 27% and 19% (±4%)were extracted
from the least squares regression fits of the positive and negative phase ramps, indicated infigure 7(e). Based on
the known 1.94 Å lattice spacing of the FePt core, this gives spacings for the Fe3O4 shell of 2.46 Å and 2.31 Å.

3.2.Magnetic properties
Figure 8(a) shows a plot of the zero-field-cooled (ZFC) andfield-cooled (FC)magnetisation versus temperature
curvesmeasured in afield of 100 Oe. In the ZFC curve, we observed a peak at a blocking temperatureTB of about
35 K associatedwith the transition from the superparamagnetic state to blocked state of themagneticNPswith
decreasing temperature. Below the blocking temperature,TB=35 K, the ZFC and FC curves significantly
diverge and theNPs are in the ferromagnetic blocked state.

Well aboveTB, the ZFC and FC curves coincide due to the fact that all NPs are at the same
superparamagnetic state. The sharp peak in the ZFC curve atTB is an evidence of a narrow energy barrier
distribution, or equivalently, a narrowTB distribution, which is in accordance with the narrowmonodispersity
of the size distribution of our synthesisedNPs. The isothermal hysteresis loops of the as-prepared FePt@Fe3O4

NPs carried out at temperature of 300 K and 5 K are presented infigure 8(b). At low temperature, well belowTB,
the loop is openwith the coercivityHc of about 2.7 kOe. There are no steps seen in the hysteresis loop at 5 K
whichwould have been an indication of two uncoupled separatemagnetic phases with different remanent
magnetisations and coercivities. Similar towhat has been reported byZheng et al (2004), the observed smooth
change of themagnetisationwithmagnetic field in the hysteresis loopmeasured at 5 K suggests that the FePt core
and Fe3O4 shell in our sample are in intimate contact and fully exchange–coupled.

Figure 8. (a)Zero-field-cooled (ZFC) andfield-cooled (FC)magnetisation curves in ameasuring field of 100 Oe; (b) hysteresis loops
measured at 300 K and 5 K.
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4. Conclusion

In conclusion, an adapted syntheticmethodwas used to fabricate core–shell FePt@Fe3O4NPs by thermal
decomposition creating the shell by controlled addition of excess Fe(CO)5 precursor. The resultantmagnetic
nanoparticle suspensionwas of narrow size distribution and highlymonodisperse forming 2D self-assembled
hexagonal arrays on the substrate, which is desirable formagnetic data storage applications. The high-resolution
lattice spacing information acquired fromHRTEM images of theNPs enabled phase identification of both the
core (chemically disordered fcc FePt phase) and the shell (Fe3O4 phase) and theXRD showed a corresponding
mixed phase pattern. Additionally, XPS surface analysis of theNPs distinguished the phase of the oxide as Fe3O4

(magnetite) rather than Fe2O3 (maghaemite). The STEMelemental distributionmaps showed the localised
distribution of Ptwithin the core region only and amore homogenous distribution of Fe, with a slightly higher
contribution in the shell. The 3D reconstructions and visualisations from the TEM tomography data show a
distinct segmentation of the FePt core from the Fe3O4 shell.

Strainmaps of the strain displacement fields in individual FePt@Fe3O4NPswere acquired usingGPA
mapping of the STEM lattice images. This showed a clear interface between the core and the shell, with a highly
strained shell. The strain seen in the oxide shell appeared to be the result of the interfacial latticemismatchwhich
was quantified to be 23%. The lattice strain induced in the shell by the core is attractive formany potential
applications for example in,mass transport devices in catalytic and nanoscalemultiferroic applications.
Mapping the presence/absence of this strain is therefore useful in the development of these functionalNP
materials. Themagnetic data, showing a smooth change of themagnetisationwith appliedmagnetic field,
correlates with the 2D strainmapping observations and suggests that the FePt core and Fe3O4 shell are in
intimate contact and thus exchange–coupled. The complementary characterisationmethods usedwithin this
study enabled a comprehensive analysis of the elemental,morphological, magnetic and, strain effects of core–
shell NPs, which is of fundamental interest in thefine-tuning of theseNPmaterials for applications.
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