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A  sequential  Chemical  Vapor  Deposition  (CVD)  –  Radio  Frequency  (RF)-sputtering  approach  was  adopted
to fabricate  supported  nanocomposites  based  on the  scarcely  investigated  �-iron(III)  oxide  polymorph.  In
particular,  �-Fe2O3 nanorod  arrays  were  obtained  by  CVD,  and  their  subsequent  functionalization  with  Au
and  CuO  nanoparticles  (NPs)  was  carried  out  by RF-sputtering  under  mild  operational  conditions.  Beside  a
multi-technique  characterization  of  material  structure,  morphology  and  chemical  composition,  particular
efforts were  dedicated  to the  investigation  of  their  magnetic  properties.  The  pertaining  experimental
psilon iron oxide
old
opper
agnetic properties

data,  discussed  in relation  to the  system  chemico-physical  characteristics,  are  directly  dependent  on  the
actual chemical  composition,  as  well  as  on the  spatial  distribution  of Au  and  CuO  nanoparticles.  The
approach  adopted  herein  can be  further  implemented  to control  and  tailor  different  morphologies  and
phase  compositions  of iron  oxide-based  nanomaterials,  meeting  thus  the  open  requests  of  a variety  of

.
technological  utilizations

. Introduction

Nanomaterials based on iron(III) oxides, eventually functional-
zed with metal or metal oxide nanoparticles (NPs), are attractive
latforms for various technological applications, encompassing
iomedicine, (photo)catalysis, solar assisted H2 generation, gas
ensing/batteries, and magnetic devices [1–7]. To this regard, due
o the search for iron oxide-based nanomaterials endowed with
pecific features, the scarcely investigated �-Fe2O3 polymorph
as emerged for its peculiar properties with respect to the most
table and widely studied �-Fe2O3 and �-Fe2O3 [8–12]. Indeed, �-
e2O3 nanomaterials display a superior activity in solar-assisted
hotocatalytic processes [2,3,13,14] and intriguing magnetic prop-
rties, such as giant room-temperature coercive field, that can be
xploited for the fabrication of electric/magnetic field or multiple-
tate memory devices [1,15–18]. In this context, a considerable
ttention has been devoted to the possibility of boosting material

erformances by suitable surface functionalization, that represents

 strategic option for the development of multi-functional systems
o be exploited in various technological applications [4]. In particu-
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lar, various routes have been developed, such as grafting or coating
with organic molecules, polymers, and biomolecules, or function-
alization with inorganic species [1,3,4,9,16,17]. Indeed, a precise
engineering of the resulting interfaces can not only exert a protec-
tive action over the underlying Fe2O3, but also result in the birth of
improved and/or unprecedented chemical, physical and functional
characteristics [3,13,14,16,19].

In this framework, the functionalization of magnetic iron oxide
systems with Au NPs yields various advantages, including the
stabilization of magnetic Fe2O3 under corrosive biological condi-
tions. In addition, the controlled introduction of well dispersed
Au nanoparticles affords magnetic systems endowed with plas-
monic properties, rendering �-Fe2O3-Au composites important
candidates for various end uses, such as magnetic, photocatalytic,
optical and biomedical applications [14,20–24]. Equally and oth-
erwise interesting is the functionalization of magnetic iron oxide
nanosystems with CuO NPs. CuO, an antiferromagnetic p-type
semiconductor (EG ≈ 1.2 eV) with a Néel temperature of 230 K
[25,26], has a broad perspective of applications as active compo-
nent in superconductors and electrode materials, as well as in field
emitters, solar cells, and photocatalysts [27–30]. As a matter of

fact, �-Fe2O3-CuO composites represent attractive multifunctional
materials with tuneable magnetic properties [25,31,32].

In order to meet the open scientific and technological demands,
the availability of versatile fabrication and processing techniques,

dx.doi.org/10.1016/j.apsusc.2017.09.015
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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nabling material preparation under controlled conditions onto
uitable substrates, is highly demanded [1,8,10,16,23,33–35], espe-
ially for �-Fe2O3-Au and �-Fe2O3-CuO materials. In fact, the
ysthesis of supported single phase �-Fe2O3 nanosystems is still a
hallenging issue. Recently, our group has developed a CVD pro-
ess for the selective preparation of �-Fe2O3 nanosystems with
ailored nano-organization [15,36]. In the present study, we report
n the preparation of �-Fe2O3-Au and �-Fe2O3-CuO nanocompos-
tes through a two-step preparative approach. The proposed route
onsists in the initial CVD of supported �-Fe2O3 nanorod arrays,
ollowed by the subsequent deposition of Au or CuO NPs by radio
requency (RF)-sputtering at low temperatures and applied pow-
rs, to avoid detrimental alterations of the pristine iron oxide
atrix [14,32,37]. After a multi-technique characterization aimed

t assessing structural, morphological, and compositional prop-
rties, the magnetic behavior of the obtained composites was
nvestigated and discussed, with particular focus on the role of Au
nd CuO nanoparticles. To the best of our knowledge, no previ-
us reports on the magnetic properties of the target materials are
vailable in the literature up to date.

. Experimental

.1. Synthesis

A cold-wall CVD horizontal equipment was  adopted for
he preparation of iron(III) oxide nanorod arrays, using
e(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate;
MEDA = N,N,N’,N’–tetramethylethylenediamine) as a molecular
ource (vaporization temperature = 60 ◦C) [38]. Precursor vapors
ere delivered by an O2 flow (purity = 6.0; rate = 100 sccm) into

he reaction chamber through connection gas lines maintained at
20 ◦C in order to prevent detrimental condensation processes.
n additional oxygen flow (100 sccm), passing through a water
eservoir heated at 50 ◦C, was independently introduced into the
VD reactor. Depositions were performed on pre-cleaned 1×1 cm2

i(100) substrates (MEMC
®

, Merano, Italy), using the following
xperimental settings: substrate temperature = 400 ◦C; total pres-
ure = 10.0 mbar; deposition time = 60 min. The CVD conditions
ave been selected basing on our previous studies [36], in order to
btain single phase �-Fe2O3 nanosystems.

Subsequently, as-prepared iron oxide samples were mounted
nto a two-electrode reaction system [39] for RF-sputtering
� = 13.56 MHz), that was conducted using pure Ar as plasma
ource. In particular, RF-sputter deposition of gold was performed
sing an Au metal target (BAL-TEC AG, 99.99%) under the fol-

owing conditions: substrate temperature = 60 ◦C; RF-power = 5 W;
otal operating pressure = 0.3 mbar; Ar flow rate = 10 sccm; dura-
ion = 40 min. RF-sputter deposition of copper(II) oxide was carried
ut using a copper target (Alfa Aesar

®
; purity = 99.95%) under the

ame conditions adopted for gold, apart from the process duration
90 min). The adopted parameters were optimized in a series of
reliminary experiments in order to control the overall Au (CuO)
ontent and prevent a complete coverage of the underlying iron
xide matrices, as well as the occurrence of undesired alterations.

.2. Characterization

X-ray Diffraction (XRD) measurements were carried out on a
ymax-RAPID X-ray microdiffractometer using Cu K� radiation.
Field Emission-Scanning Electron Microscopy (FE-SEM)
esurements were carried out at primary beam acceleration

oltages comprised between 10 and 20 kV by means of a Zeiss
UPRA 40VP instrument.
Fig. 1. XRD patterns for specimens deposited on Si(100) substrates. The pattern
related to bare �-Fe2O3 is also displayed for comparison.

X-ray Photoelectron Spectroscopy (XPS) analyses were per-
formed by a Perkin Elmer � 5600ci spectrometer with a standard Al
K� source (1486.6 eV), at a working pressure lower than 10−8 mbar.
The reported Binding Energy (BE) values were corrected for charg-
ing effects by assigning a BE of 284.8 eV to the adventitious C1 s
peak, as previously reported [40,41]. After a Shirley-type back-
ground subtraction [42], atomic percentages (at.%) were evaluated
using sensitivity factor values provided by � V5.4 A software. The
Cu Auger (�) parameter was calculated by using the following equa-
tion:

�Cu = BE(Cu2p3/2) + KE(CuLMM) (1)

with KE = kinetic energy [40,41]. The Auger parameter was used
as a finger-print to unambiguously identify copper oxidation state,
since it is indipendent on any static charging and can be measured
with a higher accuracy than the core level BE or Auger peaks. In fact,
since the chemical shifts of photoelectrons and Auger electrons are
different, the difference between their energies constitutes a spe-
cial spectral property, and its numerical value is unique for each
chemical state [43,44]. The comparison of Auger parameter val-
ues with the reference ones tabulated in specialized handbooks
or databases enables thus to identify the element oxidation states
with high accuracy [40,41,45].

Au/Cu molar fractions were defined as [32]:

XM = (Mat.%)/[(Mat.%) + (Feat.%)] (2)

Room temperature magnetic properties were carefully inves-
tigated by combining quasi-static field- and angle-dependent
magnetization and remanent measurements performed using a
vibrating sample magnetometer (model 10-MicroSense, Hmax = 20
kOe). In particular, besides field-dependent magnetization loops
measured along the direction parallel and perpendicular to the rod
axis, advanced measurement protocols were used to investigate the
magnetic interaction and the reversal mechanism.

3. Results and discussion

In the present work, the main attention was initially devoted
to investigating the structure, mophology and composition of �-
Fe2O3-Au and �-Fe2O3-CuO nanosystems, with particular regard to
the system composition and distribution of Cu- and Au-containing

NPs.

Fig. 1 shows the XRD patterns of the target systems, revealing
the formation of �-Fe2O3 as the only iron(III) oxide polymorph.
In particular, the peaks located at 2� = 18.7◦, 30.1◦, 33.1◦, 34.8◦,
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ig. 2. Schematic view of �-Fe2O3 crystallographic structure oriented along the [01
 axis) lies in the substrate plane (i.e., along the normal to the rod axis). Atom color

nd 37.8◦ could be assigned respectively to the (002), (013), (122),
113) and (211) reflections of orthorhombic �-Fe2O3 [46] as the
ole iron(III) oxide polymorph. As already discussed in our pre-
ious works [2,36], a key role for the selective obtainment of
-Fe2O3 nanomaterials is the introduction of water vapor into the
eaction atmosphere, significantly affecting the overall process. In
act, water introduction results in a diffusion-controlled process,
romoting the formation of �-Fe2O3 deposits [36] endowed with
xygen defects, that play a key role in the growth and stabiliza-
ion of the metastable �-Fe2O3 phase [2]. In a different way, in the
resence of dry O2, a surface-reaction-limited CVD regime occurs,

eading to the formation of �-Fe2O3 systems.
A comparison of the relative peak intensities with the refer-

nce powder spectrum suggested the occurrence of a preferential
013] orientation (see also below and Fig. 2) [36]. No significant

icrostructural variations occurred upon functionalization with Au
r CuO NPs, due to the high dispersion and low amount of the latter
pecies. This observation, in line with previous reports [14,32], was
lso confirmed by the data obtained through other characterization

echniques (see below).

The morphological organization was investigated by FE-SEM
nalyses, highlighting the presence of porous nanorod arrays,
ligned perpendicularly with respect to the Si(100) substrate
ection with respect to the substrate surface. The magneto-crystalline easy-axis (
: Fe = blue; O = white.

surface, with mean lateral size and length of (60 ± 10) nm and
(520 ± 20) nm,  respectively (Fig. 3). Both the pseudo-conic tips and
the spiral-like rod shape suggested the occurrence of a spiral dis-
location growth mechanism, promoted by the system tendency to
decrease the total free energy [32,36,47]. The anisotropic growth
responsible for the formation of these pillar-like structures was
in agreement with the preferential [013] orientation evidenced by
XRD analyses.

Upon functionalization with Au (or CuO) NPs, the iron oxide
morphology was  almost preserved thanks to the use of mild sputter
deposition conditions. In Fe2O3-Au composites, Au nanoparticles
with an average size of (15 ± 3) nm could be clearly detected on the
iron oxide tips, suggesting a three-dimensional (Volmer−Weber)
growth mode, as already reported for Au deposition on oxide sup-
ports [37,48]. Upon CuO sputter deposition, a careful inspection of
higher magnification images in Fig. 3 showed that nanometer-sized
CuO NPs were deposited both on the tips of �-Fe2O3 nanorods and
along the entire wire walls, thanks to the porosity of the obtained
arrays. This different distribution could be traced back to a higher

chemical affinity of CuO NPs and �-Fe2O3 with respect to the case
of metallic gold NPs. Indeed, this difference was considered as
the main responsible for the higher in-depth penetration of CuO
nanoparticles [14,32].
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Fig. 3. Representative plane-view and cross-sectional FE-SEM images for �-Fe2O3-
based nanocomposites.

Fig. 4. Surface wide-scan XP spectra for �-Fe2O3 composite specimens. The cor-
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single-phase behavior, whereas �-Fe2O3-CuO showed a constricted
esponding (a) Fe2p, (b) Au4f and (c) Cu2p photoelectron signals are displayed as
nsets.

The system chemical composition was investigated by XPS anal-
ses. Fig. 4 compares XPS wide-scan spectra for �-Fe2O3-CuO and
-Fe2O3-Au nanosystems, that were dominated by iron and oxy-
en peaks, along with a minor carbon signal (<10 at.%) due to
dventitious contamination [41]. The presence of iron(III) oxide
ree from other Fe oxidation states was confirmed by the Fe2p
ignal [BE(Fe2p3/2) = 711.1 eV; spin–orbit splitting = 13.7 eV, Fig. 4
. The O1 s signal (not shown) resulted from the contribution of
attice oxygen in Fe2O3 (and also in CuO for the �-Fe2O3-CuO
ample; BE = 530.0 eV) and surface OH species (BE = 531.8 eV)
15,36,41,45]. Accordingly, the O/Fe atomic ratio was  slightly
igher than the expected stoichiometric value. For the �-Fe2O3-
u sample, Au photoelectron peaks were well evident, and the
u4f7/2 BE (84.5 eV) confirmed the presence of metallic gold NPs

Fig. 4 b) [28,41,45]. As a matter of fact, this BE value resulted
o be ≈0.4 eV higher than the typical ones reported for metallic
old, a phenomenon related to both charge exchange and relax-
tion/screening phenomena [14,48]. Regarding the �-Fe2O3-CuO
pecimens, the formation of Cu(II) oxide was evidenced by: i)

he Cu2p peak position [Fig. 4c; BE(Cu2p3/2) = 934.1 eV]; ii) the
resence of shake-up satellites at BE ≈9.0 eV higher than the
rincipal spin-orbit components; iii) the value of the Auger param-
Fig. 5. Room temperature field-dependent magnetization loops for samples: (a) �-
Fe2O3-Au, and (b) �-Fe2O3-CuO, recorded with the external magnetic field applied
either parallel (open circles) or perpendicular (closed circles) to the rod axis.

eter (�Cu = 1851.5 eV) [30,32,41,45]. Calculations of molar fractions
yielded similar values for Au and Cu (XAu = 0.5; XCu = 0.6).

A preliminary invesigation of NP effects on the magnetic behav-
ior of �-Fe2O3 rods was performed by recording at 300 K the
field-dependent magnetization loops along the directions parallel
and perpendicular to the rod axis (Fig. 5). The larger hystere-
sis observed along the perpendicular direction indicated that the
magnetization preferentially aligns along the normal to the rod
axis, which represents the direction of minimum energy, i.e. the
magnetic easy-axis. To explain the observed magnetic anisotropy
symmetry, the two main contributions to the effective anisotropy
were taken into account: the magneto-crystalline anisotropy (Kmc),
closely related to the material structure and symmetry, and the
shape anisotropy (Ksh), that would favour the magnetization align-
ment along the rod axis. The large magneto-crystalline anisotropy
of the �-Fe2O3 phase (Kmc ≈ 0.2 − 0.5 MJ×m−3) [18] significantly
overcomes the shape anisotropy arising from the elongated rod
shape, being the upper limit for an uniformly magnetized and
infinite wire equal to Ksh = 1/2�0M2

s ≈ 3.5 − 10 kJ×m−3 (where
Ms ≈ 75 − 125 kA/m is the saturation magnetization [18]). On this
basis, it can be suggested that the magneto-crystalline anisotropy
represents the main contribution for the presently investigated
systems. The preferential [013] rod orientation, as detected by
XRD analysis, indicates that the a-axis of the �-Fe2O3 orthorhom-
bic cell corresponding to the magnetic easy-axis associated to the
magnetocrystalline anisotropy [16,49], is mainly directed along
the normal to the rod axis (Fig. 2), explaining thus the observed
anisotropy simmetry. In addition, also the dipolar interaction
among the rods could contribute to the development of a magnetic
easy-axis perpendicular to the rod axis itself [50]. It is worthwhile
noticing that, along the easy-axis direction, both the samples do
not reach a saturation state even under an external applied field of
≈ 2 T. This phenomenon was  related to the lack of ferrimagnetic
order and/or to the relative low value of the maximum avail-
able field, insufficient to reach saturation due to the high �-Fe2O3
magneto-crystalline anisotropy [15]. Although the magnetic phase
was the same in both the samples, �-Fe2O3-Au exhibited a nearly
hysteresis loop along the normal to the rod axis, which indicated
the co-existence of two magnetic phases with different anisotropy.
Since bare �-Fe2O3 rods showed a single-phase behavior [15], such
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F manence curves for the �-Fe2O3-Au sample; the curves are normalized to the remanent
m ived from the remanence curves.
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ig. 6. (a) Comparison between the IRM (closed circles) and DCD (open circles) re
oment  measured after applying an external field of 2 T (mr /m2T

r ). (b) �M plots der

 result suggested that the nanoparticle decoration played a key
ole in determining the final system properties. The addition of
Ps could degrade the magnetic propeties of the rod surface, which
ecame magnetically softer, the strenght of this effect depending
n the coverage degree. In the case of �-Fe2O3-Au, metal parti-
les were mostly confined on the top of the rods, thus leading to

 small effect, whereas lower sized CuO particles were distributed
long the whole rod axes, increasing the amount of the softer phase
nd explaining thus the constricted hysteresis loop observed in this
ase.

To further disclose the effects of nanoparticle introduction,
n-plane remanence magnetization studies were performed to
nvestigate the magnetic interactions between the rods. Both
sothermal Remanent Magnetization (IRM) and Direct Current
emagnetization (DCD) remanent magnetization curves were
easured (Fig. 6a). The initial state for an IRM measurement is a

otally demagnetized sample cooled in zero magnetic field. In the
resent case, an external field was applied for 10 s; subsequently,

t was switched off and the remanence was measured (MIRM). The
rocess was repeated, increasing the field up to 2 T. In a DCD mea-
urement, the initial state is the magnetically saturated one. An
xternal field of −2 T was applied for 10 s; then, a small external
eld in the direction opposite to magnetization was  applied and,
fter 10 s, it was switched off and the remanent magnetization
MDCD) was measured. By differentiating the two remanence curves
ith respect to the field, it is possible to obtain the irreversible sus-

eptibility �irr. The latter represents a map  of the switching field
istribution in both IRM and DCD modes where the switching field

s the magnetic field needed to irreversibly revert the magnetiza-
ion. For an ideal, non-interacting system with uniaxial anisotropy
he two differentiated curves should overlap, with a factor of 2
n the height of the dMr,IRM/dH relative to the dMr,DCD/dH curve
erived from the Wohlfarth relation [51]:

r,DCD = 1 − 2 Mr,IRM (3)

In a real system, any deviation from this relationship can be
ttributed to the effect of magnetic interactions as proposed by
elly [52], who expressed the parameter �M as:

M = Mr,DCD − (1 − 2 Mr,IRM) (4)

Positive �M values can be attributed to interactions promoting
he magnetized state (exchange interactions), whereas negative �M
alues are due to demagnetizing interactions (e.g., dipole–dipole
nteractions) [53]. It is worth recalling that exchange interac-

ions imply a direct contact between magnetic elements, whereas
he dipolar interactions are long-range ones and are directly
inversely) proportional to the moment (distance). The remanence

easurements (Fig. 6b) indicated that dipolar interactions were
Fig. 7. (a) Set of DCD curves of sample �-Fe2O3-Au measured with the external
field applied at different 	 angles with respect to the substrate surface. (b) Angular
dependence of the experimental normalized remanence coercivity Hcr (	)/Hcr (0◦).

predominant in all the samples (negative �M),  the absolute value
of �M (i.e., the interaction strength) being larger for �-Fe2O3-Au
(�M ≈ 0.31) and lower for �-Fe2O3-CuO (�M ≈ 0.24). The lower
dipolar interaction strength in the �-Fe2O3-CuO sample could be a
consequence of a magnetization decrease due to a variation of mag-
netic properties at the rod surface. In order to attain a deeper insight
into the sample magnetic behavior, the magnetization reversal
(or switching) mechanism of sample Fe2O3-Au, which presents a
nearly single-phase behavior, was  investigated by measuring a set
of DCD curves at different 	 angles (ranging between 0◦ and 90◦,
Fig. 7a), 	 being the angle between H and the magnetic easy-axis, i.e.
the normal to the rod axis in the target case. The remanent curves

allow purely irreversible magnetization changes to be investigated
and are more appropriate to describe the switching process with
respect to the hysteresis loops, that encompass both reversible and
irreversible processes [54]. From each DCD curve, the remanent
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oercivity Hcr , defined as the field at which the remanence is zero,
as determined and its dependence on the angle 	 (i.e.,  Hcr vs. 	) is

eported in Fig. 7b. The observed trend suggested a highly incoher-
nt magnetization reversal process, which can explain the lower
alues of coercivity (≈ 0.35 T) and remanence coercivity (≈ 0.75 T)
ith respect to the typical ones reported for randomly oriented

ingle-domain �-Fe2O3 nanoparticles reversing coherently [55].

. Conclusions

The present contribution reported on the vapor phase prepara-
ion of �-Fe2O3 nanorod arrays functionalized with Au (or CuO)
anoparticles. In particular, Si(100)-supported �-Fe2O3 deposits
ere obtained by a CVD route, and functionalization with gold

or copper(II) oxide] NPs was subsequently performed by RF-
puttering under mild conditions. The obtained materials were
haracterized by the formation of oriented �-Fe2O3 nanorod
rrays, with Au NPs mainly concentrated in the outermost sys-
em region, whereas CuO nanoaggregates were distributed even
n the inner ones. For the first time, the magnetic properties of
upported �-Fe2O3-Au and �-Fe2O3-CuO composites were inves-
igated, revealing the occurrence of various effects that could be
ttributed to the performed NPs functionalization. In particular,
hen the rods were decorated with Au nanoparticles, their mag-
etic properties remained almost unchanged, being the particles
ainly confined on the top of the rods. In a different way, CuO
Ps decorated the whole rod walls, leading to an appreciable vari-
tion of magnetic properties. The obtained results open attractive
erspectives for further advancements of the present research
ctivities, concerning a deeper insight into the relations between
he NP nature/nano-organization and the resulting magnetic prop-
rties. Such studies can promote both fundamental and applied
evelopments towards the exploitation of �-Fe2O3, eventually
unctionalized by metallic of metal oxide NPs, in various tecno-
ogical applications, such as information storage devices, energy,
elecommunications, and biomedicine.
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