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This report investigates the phase evolution pathway of magnetite nanocrystal synthesis on oxide-

supported substrates. A template-free phase separation approach, which exploits the thermodynamic

instability of ternary perovskite BiFeO3 and inherent volatility of bismuth oxide in low oxygen

pressure and high temperature is presented. The formation of an intermediate hematite nanocrystal

phase is found as a key step that controls the eventual size and morphology of the magnetite

nanocrystals. X-ray absorption spectra measurements and X-ray magnetic circular dichroism

confirm that the spectral fingerprints of the magnetite nanocrystals match with that of bulk crystals.

Magnetic measurements show that magnetic anisotropy is directly attributed to the nanocrystal

morphology. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766748]

I. INTRODUCTION

As a part of the spinel oxide family, magnetite (Fe3O4)

possesses many functional properties of technological inter-

est,1–8 from biomedical functions such as contrast agent in

medical imaging to magnetoresistance,9–11 half metallic-

ity,12,13 and a compatibility with other oxides to form the ba-

sis of modular structured ferrite materials.14 Recent focus

has now shifted towards nanocrystals, where demonstration

of shape and size dependence of functional properties has

attracted a large interest.15 Fe3O4 nanocrystal synthesis has

been dominated by wet chemistry methods, which yield

interspersed nanocrystals.8,16–19 On the other hand, epitaxy

has been primarily used to grow Fe3O4 thin films.10,20–23

Conversely, oxide epitaxy methods that potentially exploit

an underlying substrate to manipulate the shape and mor-

phology of nanoscale Fe3O4 remain largely unexplored. The

ability to create monodispersed nanocrystals provides an

avenue to explore the physical properties as a function of

individual nanocrystal morphology.

Recently, we reported a universal method based on the

decomposition of bismuth perovskite (BiBO3) precursors to

fabricate a variety of free-standing magnetic oxide nanocrys-

tals.24 Briefly, pulsed laser deposition (PLD) of the bismuth

perovskite precursor is carried out under specific conditions,

which induce complete breakdown of the deposited perov-

skite (ternary) oxide. A bismuth oxide matrix is found to

separate into individual islands of the constituent B-site mag-

netic metal oxide. Subsequent cooling in vacuum volatizes

the bismuth oxide completely, thus, leaving behind an array

of freestanding nanocrystals. Here, we detail a systematic

study of the key physical pathway that governs this

template-free approach in the synthesis of monodisperse

epitaxial Fe3O4 nanocrystals from a bismuth ferrite (BiFeO3)

precursor. The complex interplay between the morphological

features of the nanocrystals in terms of their size, spacing

and phase, and processing parameters such as chamber oxy-

gen pressure during deposition, temperature, and laser pulse

rate is investigated. Ex situ phase analysis measurements and

in situ electron diffraction patterns acquired during deposi-

tion reveal that the bismuth ferrite breaks down into bismuth

oxide and an intermediate hematite phase. It is this hematite

phase that converts to magnetite on post-annealing and cool-

ing in vacuum. The role of temperature and pressure on the

degree of crystallographic orientations along with distinct

facet creation is also discussed. Finally, magnetic character-

isation reveals that these nanocrystals show significant mag-

netic anisotropy, which can be exploited for spintronics and

sensor applications.

II. EXPERIMENTAL SECTION

The synthesis technique employed is based on our previ-

ous approach for manganese oxide nanocrystals.25 Perov-

skite BiFeO3 is used as a precursor and deposited on (001)

SrTiO3 substrates using PLD. A KrF laser (Lambda Physik)

was used to ablate a BiFeO3 target (Praxair, USA) at a

substrate-target distance of 15 cm with a fluence of 2 J cm�2

at 5 Hz. Growth rate of the structures was at 2 nm/min and

chamber oxygen partial pressures were varied from 10�5

Torr to 100 mTorr and temperatures from 800 �C to 900 �C.

All samples investigated were immediately annealed in high

vacuum (ranging from 10�6 to 10�7 Torr) at 900 �C to allow

for phase development of discrete Fe3O4 nanocrystals.

X-ray diffraction (XRD) characterisation was performed

on a Philips X’pert MRD. X-ray photoelectron spectroscopy

(XPS) was conducted in UNSW surface analysis laboratory.

A C1s standard of 284.2 eV was used for determining

the peaks. Scanning electron microscopy (SEM) and x-ray

a)Author to whom correspondence should be addressed. Electronic mail:

nagarajan@unsw.edu.au.
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energy dispersion spectroscopy (EDX) were performed on

FEI Nova NanoSEM 230 FESEM. Surface morphology char-

acterisation was performed using atomic force microscopy

(AFM) on Veeco Digital Instruments Dimension 3000 SPM

and JEOL JSPM 5400. Transmission electron microscopy

(TEM and TEM-EDX) was performed on the Phillips

CM200 and JEOL 3000F. Magnetisation hysteresis behav-

iour and temperature dependent magnetism were measured

on MPMS’XL (Quantum Design). In situ reflection high-

energy electron diffraction (RHEED) patterns were obtained

with a STAIB Instruments system using an electron beam of

20 kV and an incidence angle of 2�-5� with respect to the

substrate surface.

X-ray absorption spectra (XAS) measurements and

X-ray magnetic circular dichroism (XMCD) were carried out

at the BL11A of the National Synchrotron Radiation

Research Center (NSRRC) in Taiwan. XMCD investigation

in nanocrystals magnetism was recorded using the total elec-

tron yield method and a Fe2O3 single crystal was measured

simultaneously in a separate chamber to calibrate the photon

energy with accuracy better than 0.01 eV. The surface nor-

mal of sample was tilted with respect to the incoming beam,

so that the pointing vector of the x-ray forms an angle of 30�

with respect to the surface normal.

III. RESULTS AND DISCUSSION

Process gas pressure and temperature are crucial param-

eters in the synthesis of metal oxides, as they govern the

chemical and kinetic behaviours of the material during

synthesis.

Based on the phase diagram computed by Ketteler

et al.,26 Fe3O4 is most stable at high temperature regimes

around 900 �C and in partial oxygen pressures from

1.3� 10�5 Torr or lower. It is also observed in other studies

that films of Fe3O4 can be produced slightly outside this pres-

sure and temperature range.27 On the other hand, systematic

analysis of Bea et al.28 on the phase stability of BiFeO3 thin

films revealed that for oxygen partial pressures in the 0.1 to

100 mTorr range, the deposited layer breaks down into pock-

ets of Bi2O3 and Fe2O3. Similarly, Murakami et al. showed

that the high vapour pressure of Bi2O3 at elevated tempera-

tures and low partial pressures can be effectively utilised to

form Fe2O3-BiFeO3 mixed phase (or nanocomposite) films.29

Therefore, we devised a two-step process. By careful

manipulation of oxygen partial pressure and temperature

during synthesis, a two-phase mixture of bismuth oxide

(Bi2O3) and iron oxide is obtained. Subsequent cooling in

vacuum results in vaporisation of Bi2O3, leaving interspersed

iron oxide islands. A final annealing step under conditions

described by Ketteler et al.26 ensures full volatization of any

remnant Bi2O3 and a well-dispersed discrete array of epitax-

ial Fe3O4 nanocrystals.

We first present an understanding of the role of chemi-

cal process parameters that govern phase evolution and

nanocrystal morphology. We then present magnetic meas-

urements and link the observed magnetic behaviour to mor-

phological features of the nanocrystal array. We conclude

with discussion of XAS and XMCD data, which confirm

that magnetic origins in our nanostructures have the same

underlying electronic structure as bulk Fe3O4.

A. Analysis of magnetite nanocrystal phase evolution
and morphology

Figure 1(a) shows the systematic variations in pressure

and temperature space explored and the resultant nature of

the nanostructures formed. The most optimum conditions for

the production of monodisperse nanocrystals were a deposi-

tion temperature of 850 �C, 15 mTorr oxygen partial pres-

sure, 10 000 laser pulses, and a fluence of �2 J cm�2

followed by high temperature annealing in vacuum greater

than 1� 10�5 Torr. Such conditions yielded structures as

seen in the coloured SEM in Figure 1(b). These nanocrystals

show distinct perpendicular orientations due to the oxide het-

eroepitaxial nature of this method. AFM data (Figure 1(c))

show that the general morphology of the nanocrystals is that

of a truncated pyramid. All the nanocrystals are orientated in

the same direction with clear facets and flat tops. In some

cases, individual structures link together to form larger nano-

crystals. As will be discussed later, this is attributed to the

narrow temperature and pressure conditions available. We

also note that depositions carried out directly in 1� 10�5

Torr with no post-deposition processing lead to a nanotex-

tured film of Fe3O4 (Figure S1(a)).43

Figure 1(d) is a h–2h XRD pattern of the nanostructures

in Figures 1(b) and 1(c) from 20� to 60�. We find only a

peak at 2h¼ 43.103� in addition to that of the substrate

(wider angle scans shown in Fig. S2). This peak correlates

closely to (004) position of bulk Fe3O4 (JCPDS 19–0629). It

suggests that the structures present are phase-pure (as no

other reflections are present) and show a high degree of crys-

tallographic orientation with the substrate as expected from

the heteroepitaxial motifs. Nevertheless, we note that both

maghemite (c-Fe2O3) and magnetite have very close lattice

parameters. Therefore, XPS was employed to ascertain the

presence of Fe3O4 (as opposed to maghemite). The inset of

Figure 1(e) shows the Fe 2p core level measures at 710.8 and

723.6 eV for the Fe 2p3/2 and 2p1/2, respectively, correspond-

ing with the established literature.30–33 Furthermore, the lack

of a satellite peak at 719 eV,17,34 signature of both alpha and

gamma Fe2O3 phases, confirms the absence of maghemite.

Additionally, we estimate through fitting with CasaXPS and

XPSPEAK, shown in Figure 1(e), the presence of Fe2þ

cations.

Figure 1(f) shows the distribution of the nanocrystals’

dimensions. The average length to breadth aspect ratio is

approximately 1.2:1 with the longer and shorter lengths aver-

aging 165 nm and 140 nm, respectively. Such conditions also

provided us sufficient leeway to adjust the structural size by

increasing the deposition time. For example, one can double

the volume of deposited material producing nanocrystals

with lateral sizes up to 180 nm and heights of up to 60 nm (as

shown in Figure S1(b)). These nanocrystals also consist of

largely rectangular-based mesas and clear oriented ordering

in perpendicular directions.

Cross-sectional TEM (Figure 2(a)) reveals that the indi-

vidual nanocrystals have clear faceted edges with rounded

104321-2 Cheung et al. J. Appl. Phys. 112, 104321 (2012)
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tops. In Figure 2(a) inset, the selected area electron diffrac-

tion (SAED) shows individual spots, which confirm the

single crystal nature of the nanostructures. The directions for

the facets that bind the nanocrystals are obtained by match-

ing the acquired SAED to a standard Fe3O4 pattern generated

using Web-Maps.35 The SAED reflections also show that

growth direction of these structures is along the h001i direc-

tion with no in-plane rotation to the substrate, consistent

with the epitaxial motifs expected for these two materials.

Spinels such as Fe3O4 are known for their extremely high

surface energies along the {001}and {110} planes,36 hence,

the rounded tops may contribute to the reduction of surface

energy and the stepped faceted structure for strain relief.

The interface between the nanocrystals and the substrate is

noticeably rough, as seen in Figure 2(b), which we also asso-

ciate with the high mismatch strain of 7%. TEM-EDX analy-

sis (in Figures S1(c)-S1(g)) performed on these structures

shows that there is no interdiffusion between nanocrystal and

substrate displaying sharp chemical interface as well as the

absence of bismuth in the sample.

B. Understanding the phase field of Fe3O4

It was found that the oxidation state of the iron in the

resulting structures can be easily controlled through forma-

tion of a-Fe2O3 and Fe3O4 phases by simply changing the

annealing conditions. Annealing time of 1 h in vacuum of just

greater than 1� 10�6 Torr and temperatures of 900 �C results

in distinct triangular platelets of a-Fe2O3. These a-Fe2O3 pla-

telets, shown in Figure 3(a), display the vital intermediary

step for the formation of the nanostructures. The triangular

shape is due to the structural lattice mismatch imposed by the

FIG. 1. (a) shows the pressure-temperature diagram of morphologies achieved through this method of synthesis. (b) A coloured SEM image showing the

square based mesa nanocrystals of Fe3O4 (red) with a degree of conjoining between structures. (c) A 3D AFM image showing the distinct flat tops and facets

of the truncated pyramid nanocrystals. X-ray diffraction pattern in (d) of the synthesized nanocrystals shows clear crystallographic orientation from oxide het-

eroepitaxy method. The triangle denotes SrTiO3 Kb reflection. (e) An XPS acquired data. The inset shows no satellite peak, confirming Fe3O4 phase purity. Fit-

ting of the Fe 2p3/2 peak utilised to determine the presence of Fe2þ. Red line indicates the fitted curve and black line indicates the acquired curve.

FIG. 2. (a) shows a TEM image of a cross section of individual nanocrystal

showing distinct facets and mesa-like structures. Inset shows the correspond-

ing SAED pattern suggesting a crystallographic step nanocrystal form of

facets. The zone axis of this image is [100]. A high resolution image in (b)

showing the features of the roughness of the interface between nanocrystal

and interface. The zone axis of this image is also [100].

104321-3 Cheung et al. J. Appl. Phys. 112, 104321 (2012)
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corundum-cubic interaction of a-Fe2O3 and SrTiO3, where

the (012) planes of a-Fe2O3 are of lowest mismatch strain to

the (001) plane of the SrTiO3 substrate. X-ray diffraction in

Figure 3(b) shows the presence of epitaxial (012) and (024)

reflection peaks and these are consistent with phase separa-

tion results reported for BiFeO3 films.28,29 The period of 1 h,

whilst sufficient for phase separating BiFeO3 and producing

a-Fe2O3, does not provide enough time for the reduction of

iron oxide from its alpha phase. This is because the immedi-

ate post-deposition vacuum condition of around 3� 10�6

Torr is at the a-Fe2O3 /Fe3O4 phase stability boundary26. A

greater annealing time, therefore, assists in producing a

higher vacuum environment of greater than 10�6 Torr to

facilitate the phase transformation post-deposition. Annealing

time of 3 h has provided us the most optimum processing of

the rectangular-based Fe3O4 structures. Annealing time of

greater than 4 h results in substantial shifts in the (004) reflec-

tion of Fe3O4 producing a higher out-of-plane lattice parame-

ter as well as a Fe-Ti-O ternary compound37 due to a reaction

at the interface with the substrate (Figure S1(h)).

C. In situ investigation of phase evolution through
RHEED pattern analysis

To further support our observations in the phase devel-

opment of the nanocrystals, we observed the growth process

in situ through transmission mode RHEED (Figure 4(a)).

This unique method allows us to obtain the crystallographic

data, and hence study in situ phase evolution during synthe-

sis. Figure 4(a) shows a clear Laue arc, representative of a

clean [001] orientated SrTiO3 surface before the deposition

of the BiFeO3 precursor. As we deposit the BiFeO3 precur-

sor, this Laue arc fades and post-deposition re-alignment

of RHEED parameters produces an electron diffraction pat-

tern (Figure 4(b)). This pattern correlates closely to known

a-Fe2O3 electron diffraction patterns35 (Figure 4(c)). Such

observations correspond well with the data of shorter anneal-

ing times in Figure 4 and confirm the phase separation of

a-Fe2O3 from the precursor. When completely annealed, the

structures produce an electron diffraction pattern in Figure

4(d). This pattern corresponds well with known Fe3O4 elec-

tron diffraction patterns (Figure 4(e)).35 It also confirms that

the development of the Fe3O4 phase is necessitated by the

annealing procedure. By the end of the post-deposition

anneal, we only observe spots representative of Fe3O4.

D. Chemistry of phase evolution of magnetite with
deposition temperature and chamber partial pressure

The deposition temperature affects the phase formation

and phase stability of the deposited material, whilst the

chamber partial pressure controls the oxidation environment

through its impact on the laser plume characteristics. This in

turn alters the chemistry of the deposited material, crucial in

determining of the resultant phase.

At high substrate temperatures of 900 �C (Figure 5(a)),

nanocrystals formed have higher aspect length to breadth

ratios of 2.2:1 compared to the ratios of 1.2:1 for structures

deposited at 850 �C. It is known that in the synthesis of

BiFeO3, bismuth oxide formation and loss during growth are

exacerbated with higher substrate temperatures due to the

volatility and evolution of the phase.28 Hence, through such

effects, the voided space from the bismuth loss would provide

more proximate locations for iron oxide nucleations to occur.

As such, the higher aspect ratios observed in Figure 5(a) are a

by-product of the closer nucleation sites and growth of more

conjoining structures during deposition. The converse of this

is also seen in lower temperatures as greater uniformity is

achieved, confirmed in Figures 5(b) and 5(c). As the bismuth

oxide removal during synthesis would be lower at lower sub-

strate temperatures, the retention of the bismuth would

provide greater segregation between structures before its

FIG. 3. (a) A SEM image of rounded triangular nanoplatelets of Fe2O3

formed through shortened annealing temperatures. The XRD in (b) shows

clear crystallographic orientation of platelets, characteristic Fe2O3 reflec-

tions in BiFeO3 phase separation.

FIG. 4. In situ RHEED pattern of a clean SrTiO3 surface prior to deposition

represented by the distinct Laue arc in (a). The post-deposition transmission

mode RHEED pattern showing diffraction spots matching with reference

pattern in (c), a-Fe2O3 confirming the initial formation of Fe2O3. Post-

annealing transmission mode RHEED pattern showing diffraction spots that

match with reference pattern in (f), Fe3O4 and the final evolution of the

structures.
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complete evolution in the annealing step. The increased

presence of Bi2O3 flux would limit the ability of structures to

adopt the rectangular-based shape during synthesis resulting

in the gradual rounding of the shape integrity as deposition

temperature decreases. Indeed, as seen in Figure 5(c), as the

substrate temperature is reduced, nanostructures lose shape

definition and show greater rounding at the edges. X-ray data

in Figure 5(d) reveal samples grown at 900 �C and 850 �C
also show much stronger (004) reflections, whilst depositions

of 800 �C and below show very low intensity in the (004)

reflections. We also attribute the broadening of the peak as a

result of 900 �C of the reflections contributed by the regions

of Fe3O4 with no morphological structure interspersed

amongst nanostructures as they have relaxed upon the sub-

strate surface.

The plume characteristics through the control of oxygen

pressure during deposition were shown to have significant

effects upon the synthesis of Mn3O4 structures25 and it applies

similarly here. When deposition oxygen partial pressure was

increased between 1 and 40 mTorr, we observe significant

changes in the separation between nanostructures. The lower

deposition pressure of 1 mTorr (Figure 6(a)) favours a struc-

tured lattice of Fe3O4 with the average interstructure spacing

at 45 nm. As deposition oxygen pressure was increased, we

observe incremental spacing between the nanostructures to

produce greater segregation. This change from lattice to inter-

spersed structures is a gradual shift evident from 10 mTorr

(Figure 6(b)) to 30 mTorr (Figure 6(c)) and 40 mTorr (Figure

6(d)). As a function of deposition oxygen partial pressure, the

average interstructure distance at each pressure (Figure 6(e))

increases to 70 nm at 10 mTorr, 110 nm at 30 mTorr, and

140 nm at 40 mTorr. In conjunction to this, there is wider vari-

ation of the interstructure distance at higher oxygen partial

pressures. Once again, through prior work on BiFeO3 films,

we infer that oxygen pressure determines morphology through

the evolution of bismuth oxide from the films. In higher oxy-

gen deposition pressures, the production of bismuth oxide is

more apparent. However, its removal rate is reduced due to

the lower volatility in higher ambient pressure and hence its

retention creates greater interstructure distances. This reten-

tion of bismuth oxide, however, may not be even throughout

the substrate and thus produces the wider variation of inter-

structure distances at the higher pressures.

In lower partial pressure, the bismuth oxide has a greater

propensity to evaporate due to its volatility and hence a

closer lattice network is observed due to the loss of bismuth

FIG. 5. The effects of deposition substrate temperature upon the nanocrys-

tals in (a) 900 �C, (b) 850 �C, (c) 800 �C under 15 mTorr oxygen partial pres-

sure deposition conditions. (d) An XRD spectra of the (004) Fe3O4

reflections intensity decreases as a function of deposition substrate tempera-

ture, consistent with the reduction of shape coherence. The triangle denotes

the SrTiO3 Kb reflection. (e) shows the distribution nanocrystals dimension

as a function of temperature as a greater consistency is obtained through the

bismuth oxide retention.

FIG. 6. The effects of deposition O2 partial pressure in (a) 1 mTorr, (b)

10 mTorr, (c) 30 mTorr, and (d) 40 mTorr. This shows the gradual increase

of interstructure distance as a function of temperature due to bismuth reten-

tion at greater pressures. (e) Interstructure distance as a function of pressure

showing the effect on BiO3 evolution’s effect upon spacing. (f) shows the

decreasing crystallinity of structures decrease as a function of deposition

partial pressure. The triangle denotes the SrTiO3 Kb reflection.
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during deposition. Such observations are consistent similar

to the x-ray diffraction data in Figure 6(f) as the intensity of

the (004) Fe3O4 reflection systematically diminishes with

increasing deposition pressure suggesting a much stronger

structural coherence in the structures formed at lower

pressures.

It is also noted that at an increased laser frequency

of 10 Hz, the time is insufficient for nucleation of individ-

ual structures and segregation of Bi2O3 from the film. This

results in a failure to produce nanostructures altogether

(Figure S1(i)). Therefore, we find that the role of ambient

oxygen pressure component can control the promotion of

Bi2O3 during deposition affecting the separation of

structures.

E. Physico-chemical model for magnetite nanocrystal
synthesis

Control in overall nanostructure morphology and distri-

bution is thus found to be a compromise between deposition

oxygen pressure, which determines level of segregation and

temperature, which allows for sufficient structural coherence.

Figure 7 summarizes how both temperature and oxygen

partial pressure act on the ways Bi2O3 is evolved during the

process. High temperature and low partial pressure both en-

courage removal of Bi2O3 from the BiFeO3 precursor during

deposition. The initial layers of the precursor (Figure 7(a))

are followed by incremental losses of Bi2O3 (Figure 7(b))

due to its instability in high temperature and low pressure.

This becomes a template for the subsequent layers deposited

(Figure 7(c)) as the incremental loss produces regions where

iron oxide can conjoin (Figure 7(d)). After the complete re-

moval of Bi2O3 through annealing, the conjoined islands

leave behind the nanocrystals of either high aspect ratio for

high temperatures (Figure 7(e)) or a latticed network for low

oxygen partial pressures. Conversely, the low temperature

and high oxygen partial pressure encourage the retention of

the Bi2O3 during deposition. Figure 7(f) shows that the initial

layers of the BiFeO3 precursor are already phase separated

during deposition. However, the Bi2O3 is retained (Figure

7(g)) thereby creating a spacer between individual iron oxide

islands. Subsequent layers (Figure 7(h)), when phase sepa-

rated, follow the previous layer’s template. Only during the

final annealing process, the Bi2O3 is completely evolved

(Figure 7(i)). Under low temperatures, uniform rounded

structures are observed whilst in higher partial pressures, we

observed that the Bi2O3 has a stronger spacer effect, segre-

gating individual structures.

FIG. 7. A schematic of the overall effect due to substrate temperature and chamber partial pressure. For the case of high substrate temperature or low partial

pressures, (a) shows the deposition of the BiFeO3 precursor under high temperature or low pressure. (b) Bi2O3 loss during deposition occurs in both scenarios

exposing sections. (c) As more layers are deposited, phase separation continues producing bismuth oxide and iron oxide islands. (d) Exposed regions where

iron oxide islands can nucleate can bridge individual islands. (e) Complete evolution of Bi2O3 and phase transformation through annealing produces nanocrys-

tals. In high temperature, nanocrystals feature high aspect ratios, whereas a low partial pressure features a lattice network, both due to the loss of bismuth dur-

ing deposition. For the case of low substrate temperature, (f) shows the deposition of the BiFeO3 precursor in low temperature or high pressure also

encourages phase separation. However, due to the low thermal energy or high ambient pressure, (g) shows Bi2O3 is retained as subsequent layers are deposited.

This process continues for subsequent layers in (h) in which the bismuth oxide acts as a spacer segregating individual iron oxide islands. As subsequent layers

are deposited, the Bi2O3 remains intact. Annealing in vacuum in (i) removes remaining Bi2O3 and leaves behind nanocrystals. Under low temperature, crystals

are more uniform but lack optimal shape. Under high pressure, the spacing effect of Bi2O3 is more prevalent creating greater distances between nanocrystals.
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As such, the optimised set was produced by the con-

trolled level of Bi2O3 production, sufficiently high substrate

temperature for nucleation and phase separation as well as an

appropriate annealing time for phase transformation kinetics

to occur.

F. Magnetic characteristics of nanocrystals

The magnetisation behaviour of the nanocrystals was

measured in zero field cooling and field cooling environ-

ments of 50 Oe. In Figure 8(a), we observe the nanoscrystals’

transitions through its blocking temperature, at approxi-

mately 108 K. This transition temperature is comparatively

lower than nanocrystals of similar volumes. The nanocrystals

studied here have a blocking temperature comparable to

nanoparticles of 10 nm diameter.38,39 This property is attrib-

uted to the increased surface and shape anisotropy associated

with facets of the nanocrystals as well as the chemical inter-

face between nanocrystal and substrate. It has been observed

that the morphology of Fe3O4 nanoparticles can cause appre-

ciable shifts in blocking temperature due to surface and

shape anisotropy alone.17

Similarly, surface effects in nanocrystals may present as

an exchange bias in the magnetisation behavior due to order/

disorder interphases.40 To address the possibility of the

nanocrystal-substrate interface or the faceted surfaces con-

tributing to such disorder, we compared the magnetisation

behavior of field cooled nanocrystals compared to zero field

cooled as shown in Figure 8(b). Whilst there was a small

increase in coercivity of the hysteresis behavior, there was

no shift in the centre axis of the hysteresis thus precluding

any signs of an exchange bias present. The effect of such

behavior may be due to the larger volume to surface ratios of

the nanocrystals, reducing the effects of any locked spins

from disordered phases within the material, despite the

strong chemically bonded interface with the substrate.

VSM was further performed to obtain in-plane and out-

of-plane magnetisation. Figure 8(c) shows magnetic hystere-

sis loops with different coercivities (Hc), measuring 300 Oe

for in-plane and 100 Oe for out-of-plane. In comparison with

bulk Fe3O4 (Hc � 115-150 Oe),41 the enhanced coercivity of

the in plane direction in Fe3O4 is attributed to the strong

shape anisotropy observed, which dominates the magnetic

anisotropy in the nanocrystals. In addition, by comparing the

two loops, one finds that the magnetic easy axis lies in the

in-plane direction. This is rationalized as an effect of the

rectangular aspect ratio of the nanocrystals with the longer

dimensions along the in-plane direction. It is also confirmed

through angular dependence magnetisation that the magnet-

isation in-plane is equivalent in all directions parallel to

substrate surface (Figure 8(c) inset). XAS and XMCD meas-

urements were performed to investigate the magnetism of

the nanocrystals. Figure 8(d) shows the x-ray absorption

spectra, in which two opposite directions of 1 T magnetic

field are applied along the surface normal (parallel to surface

normal (Hþ) and anti-parallel to normal surface (H�)) and

the corresponding XMCD (H-�Hþ). The Fe ions with dif-

ferent coordinates are labeled in the absorption spectra. The

observed fingerprints of the electronic structure of cations

with varying valence state are identified and labeled in the

spectra, and correlate closely with that of bulk Fe3O4.42

Based on our results, we have found that the nanocrys-

tals demonstrate elements of magnetic behaviour affected by

various anisotropies. These include surface anisotropies,

which lower the blocking temperature transition as well as

shape anisotropies such as its in-plane easy direction. The

XMCD electronic profile and the lack of any exchange bias

suggest that these nanocrystals have an electronic and

FIG. 8. (a) shows the temperature de-

pendent magnetisation of nanocrystals

showing transition through its blocking

temperature at 108 K. Comparison of

ZFC and FC magnetisation in (b) show-

ing no exchange bias phenomenon is

present in nanocrystals in low field

region. Inset shows the full magnetisa-

tion curve. (c) The in-plane and out-of-

plane hysteresis loops measured at

room temperature. Inset shows in-plane

angular dependent magnetisation, show-

ing all in-plane directions having equal

magnetisation behaviour. (d) The Fe-

L2,3 XAS and SXMCD of nanostruc-

ture-Fe3O4. The red line stands for the

XAS spectra with the magnetic field

parallel to surface normal (Hþ) and

black line anti-parallel to normal sur-

face (H�). The XMCD spectra (blue

line) recorded as H�-Hþ.
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chemical structure akin to the bulk unperturbed by the syn-

thesis technique.

IV. CONCLUSION

We have explored a template-free physical method for

the synthesis of nanostructured iron oxide. This method

allows us to synthesize phase pure Fe3O4 nanocrystals with

distinct facets ranging from 120 nm to 180 nm in length and

up to 50 nm high. In developing the synthesis process, we

have shown the importance of the post deposition annealing

with the ability to tune the resulting phase from a-Fe2O3 to

Fe3O4. We also found that morphology and distribution of

the nanocrystals were also greatly sensitive to the deposition

parameters of substrate temperature and oxygen pressure.

Substrate temperature provides control over the length-

breadth aspect ratios of the nanocrystals with higher aspect

ratios in temperatures of 900 �C and near spherical structures

at 800 �C. Deposition oxygen determines interstructure spac-

ing with higher interstructure spacing at higher deposition

pressures and vice versa. Such trends of these parameters are

explained through the evolution of bismuth oxide during var-

ious steps of synthesis process. In comparison to our previ-

ous work on Mn3O4, the material system showed that the

method required additional processes and an increased strin-

gency towards synthesis parameters. The magnetic behav-

iour of these nanocrystals shows effects of both shape and

surface anisotropies in the temperature and angular depend-

ent magnetisation measurements with no presence of an

exchange bias typically present in nanoparticles. The x-ray

absorption spectrum is a fingerprint reminiscent of a bulk-

like Fe3O4, reflective of the accurate phase control possible

by this synthesis technique.
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