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Abstract
Thiswork reports the pore-filling of porous silicon (PSi) and the loading of silicon
nanotubes (SiNTs) with Pt-Fe nanoparticles (NPs) and the corresponding differ-
entmagnetic behavior of the two composite systems. The fabrication ofmagnetic
hard/soft nanostructures is in demand for the purpose of achieving both a high
energy product as well as the replacement of rare earth permanent magnets. Pt-
Fe templated by PSi shows a higher coercivity and remanence than SiNTs/Pt-Fe
and thus a higher hard magnetic performance, the difference between coercivi-
ties being about 57%. Considering that the Pt-Fe deposits employ different molar
ratios of Pt to Fe the coercivities vary in a range of 5% in the case of both template
types. Comparing Pt-Fe loaded samples with Co-loaded samples in all cases, an
increase of the coercivity and the remanence is observed for Pt-Fe, whereas in
the case of PSi as template material the increase is significantly stronger (about
twice as much) than in the case of SiNTs samples. Furthermore, the samples are
investigated at high temperatures up to 950K to determine theCurie temperature
of the systems.

KEYWORDS
magnetic characterization, magnetic nanoparticles, porous silicon, PtFe, silicon nanotubes

1 INTRODUCTION

The fabrication of self-organized semiconducting/
ferromagnetic composite systems is of interest due to the
silicon substrate material which renders it a promising
candidate for magnetic on-chip applications. A further
interesting applicability of such nanostructured materi-
als could be the formation of permanent nanomagnets
within quasi-regular pore- or tube arrangements. The
self-organized formation of the nanostructured materi-
als is of low cost as well as time-savings compared to
lithographic methods. Different semiconductor templated

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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morphologies are available, including porous silicon
(PSi) as well as silicon nanotubes (SiNTs), each tunable
in their inner diameter and also the distance between
individual pores/tubes.[1,2] The tailorable morphology
of the nanostructured silicon templates and the filling
of these structures with magnetic materials of different
geometry and size leads to tunable magnetic interac-
tions between them as well. A decrease of the magnetic
coupling between magnetic structures of adjacent pores
with increasing interpore distance results in an increase
of the magnetic anisotropy between easy and hard axis
magnetization.[3] On the one handmagnetostatic coupling
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between magnetic particles within the pores and between
adjacent pores plays a crucial role[3]; on the other hand
exchange coupling between, for example, bi-metal nanos-
tructures is of importance and influences the performance
of magnetic hard/soft nanostructures.[4] The combination
of hard and soft magnetic materials resulting in hard/soft
magnetic nanostructures are suitable to achieve a high
energy product (BHmax)[5] which increases with coercivity
and remanence.[5] Soft magnetic materials offer a high
saturation magnetization, a low anisotropy, and a small
coercivity. Hard magnetic materials offer a moderate
saturation magnetization and a high anisotropy.[6] The
magnetic characteristics of the system strongly depend on
the dimensions of the soft and the hard magnetic phase,
whereas the soft magnetic should not exceed a critical size
to ensure efficient exchange coupling showing a nearly
rectangular hysteresis loop.[6] If the hard and the soft
phase do not switch cooperatively a two-phase magnetic
behavior is observed.[7] Combining hard/soft magnetic
materials (Pt-Fe, Fe) can result in exchange coupling
between the two phases and thus leading to high coerciv-
ities as well as high magnetic moments.[8] To achieve an
energy product (BHmax) of the system as high as possible,
the volume ratio of the two materials has to be optimized.
Favorable are single domain particles which are thermally
and magnetically stable which can be achieved by big
enough particle sizes or exchange coupling between fer-
romagnetic/antiferromagnetic core-shell particles.[9] The
magnetic properties are strongly dependent on the particle
size and show below a certain size a superparamagnetic
behavior when the thermal energy overcomes the energy
barrier.[8]
In particular, face-centered cubic (fcc) Pt-Fe particles

show a superparamagnetic or soft magnetic behavior
depending on the size. In contrast, face-centered tetrago-
nal (fct) Pt-Fe particles offer high uniaxial magnetocrys-
talline anisotropy with hard magnetic behavior.[4] Also
exchange coupling of hard and soft magnetic particles
can be exploited to enhance the coercivity and remanent
magnetization.[10] The fabrication of Pt-Fe nanodot and
antidot arrays by using anodic aluminum oxide (AAO)
templates as a dry etching mask can serve as pinning
sites and prevent domain wall motions thus leading to an
enhancement of the coercivity.[11] Dipolar coupled hard
and soft nanomagnets within mesoporous silica are used
to produce structures with a magnetic behavior compara-
ble to exchange coupled spring magnets although dipolar
interactions are much weaker.[10] The fabrication of Pt-Fe
particles is often performed by vacuum deposition tech-
niques leading to a chemically disordered face-centered
cubic structure with soft magnetic behavior.[12] To achieve
the chemically ordered face-centered tetragonal structure

thermally annealing is neededwhich can result in agglom-
eration of the particles.[8] A further approach to produce
monodisperse particles is solution-phase synthesis[13] such
as thermal decomposition of Fe(CO)5 and reduction of
Pt(acac)2 in the presence of 1,2-alkanediol.[14]
Permanent magnets are mainly based on rare earth ele-

ments such as Fe14Nd2B or SmCo5. Rare earth elements
are limited and expensive and thus there is an increased
demand for alternatives.[15] Another approach is to use
exchange coupled hard/soft magnetic materials with prop-
erties possibly overcoming the limitations of conventional
permanent magnets.[6]
There are few reports on the investigation of Curie tem-

perature (TC) of nanocomposite systems as a function of
grain structure, for example, it has been shown that TC of
a duplex phase alloy decreases with shorter intergranular
space and with increasing grain size.[16] Also the depen-
dence of TC on the composition of nanocrystalline alloys
has been investigated.[17]
This manuscript explores the magnetic properties of

Pt-Fe-loaded composite materials formed within two dif-
ferent templates, PSi and SiNTs, which have potential
in high-performance magnets and as rare earth magnet
alternatives. While both Si nanoscale templates contain
mesopores, theirmorphologies are quite different. PSi con-
tains a dendritic morphology, with branching of the main
vertical pore that offers different opportunities for metal
nanoparticle templating than for the relatively vertical
spaces offered by the Si nanotubes (Figure 1A,B). The
sketch in Figure 1C demonstrates the loading of the two
template materials with nanoparticles.
The aim here is explore differences between these

two types of nanostructured Si in the subsequent cre-
ation of Pt-Fe phases which ideally offer hard magnetic
behavior and thus a high coercivity. Exchange coupled
hard/soft magnets are interesting for permanent magnet
which were initially been proposed in the early 1990s.[18]
One drawback is the necessary control of the size of
the hard and the soft magnetic phase, with the domi-
nant morphology being investigated thus far being thin
films.[19]
It is found that PSi/Pt-Fe demonstrates superior hard

magnetic behavior with a higher coercivity and remanence
compared to SiNTs/Pt-Fe. Varying the Fe molar ratio in
deposits results in a small coercivity range. Pt-Fe-loaded
samples consistently show increased coercivity and rema-
nence compared to Co-loaded samples, with PSi exhibiting
a stronger effect compared to SiNTs. We also investigate
here the TC (i.e., the temperature above which a given
material loses its ferromagnetic properties) of these sys-
tems up to 950 K, providing practical insights into their
magnetic properties and potential applications.
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F IGURE 1 A, SEM image of anodized PSi and (B) TEM image of a SiNT array, illustrating the differences in morphology between the
two types of Si templates. Scale bars are 200 nm. C, Sketch of Pt-Fe NPs loaded PSi and SiNTs.

2 RESULTS AND DISCUSSION

The formation of Pt-Fe nanoparticles within nanostruc-
tured silicon is a multi-step process. The initial pro-
cess consists of the SiNTs fabrication by using ZnO as
a template, as described in the Experimental section.
Once SiNTs were fabricated, surface functionalization was
achieved using (3-aminopropyl)triethoxysilane (APTES)
for the purpose of enhancingmetal nanoparticle formation
at the outer nanoparticle surface. In the case of porous sili-
con, the APTES functionalization was not necessary. Next,
the growth of the Pt-Fe nanostructures was performed in
a solution containing 0.1 mM citric acid, 0.5 mM H2PtCl6,
and Fe(NO3)3. To determine the dependence of the mag-
netic properties on the precursor solution composition, the
content of Pt precursor (chloroplatinic acid) was held con-
stant while Fe(NO3)3 was varied between 0.5 and 3.0 mM.
After an overnight soaking in the mixed metal ion solu-
tion, the samples were vacuum dried, followed by a 1-hour
heat treatment in Ar atmosphere at 500◦C, and finally
washed with water and ethanol to remove any remaining
physisorbed impurities.

In general, themagnetic properties of bi-metal nanopar-
ticles are composition dependent. In the case of Pt-Fe
growth the molar ratio of Pt:Fe was varied according to
the ratios of 1:1, 1:3, and 1:6. In all three cases the average
particle size is 5 nm, which can be seen in Figure 2D–F.
Using PSi as template material the growth of Pt-Fe results
in particles with an average size of 10 nm (Figure 2A–C).
It is desirable to achieve the L10 Pt-Fe phase, which

is the hard magnetic one offering a high coercivity.[4]
To determine magnetic characteristics, field dependent
magnetization measurements have been performed for all
samples, those templated by PSi as well as SiNTs with the
three different molar ratios. Table 1 shows the coercivities
that are dependent on the molar ratios.
The experimental molar ratios used to incorporate the

Pt-Fe NPs into the SiNTs and PSi were 1:1, 1:3, and 1:6 for
Pt:Fe, respectively. TEM energy dispersive x-ray analysis
(EDX) for a given sample was used to probe metal con-
tent. The ratios of at% Pt to at% Fe for Pt:Fe in SiNTs were
found to be 10.5, 2.0, and 0.5 for 1:1, 1:3, and 1:6, Pt:Fe
respectively. For the case of at% Pt to at% Fe in Psi, the
values are 29.0, 23.0, and 9.0, for 1:1, 1:3, and 1:6 of Pt:Fe,

 26884011, 2024, 7-8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nano.202300166 by T

exas C
hristian U

niversity, W
iley O

nline L
ibrary on [19/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 8 GRANITZER et al.

F IGURE 2 A–C, TEM image of Pt-Fe NPs grown within PSi offering an average particle size of 10 nm (A) molar ratio Pt:Fe 1:1, (B) molar
ratio Pt:Fe 1:3, (C) molar ratio Pt:Fe 1:6, (D–F) TEM images of Pt-Fe particles grown within SiNTs offering an average size of 5 nm (D) molar
ratio Pt:Fe 1:1; (E) molar ratio Pt:Fe 1:3; (F) molar ratio Pt:Fe (1:6).

TABLE 1 Coercivities (HC) of PSi and SiNTs with embedded
Pt-Fe NPs in dependence on the molar ratio of Pt:Fe measured at
room temperature.

Magnetic material PSi,HC (Oe) SiNTs,HC (Oe)
Pt-Fe molar ratio Pt:Fe 1:1 530 228
Pt-Fe molar ratio Pt:Fe 1:3 545 232
Pt-Fe molar ratio Pt:Fe 1:6 560 240
Co particles 250 100

Note: For comparison the coercivities of Co-NPs loaded PSi and SiNTs are
listed.

respectively. Two points are abundantly clear from these
measurements. First, given the large excess of Pt in many
of these structures, Pt precipitates relatively fast in each
type of nanostructured Si template. Second, the relative Pt
content is higher in PSi templated samples than in SiNTs.
Magnetization measurements show that the coercivities

of Pt-Fe NPs within PSi and SiNTs do not vary in a broad
range (∼5%) by varying the molar ratios. Furthermore the
measurements show that the coercivities are about twice as
high in using porous silicon as templatematerial compared

F IGURE 3 Field dependent magnetization curves of PSi
(dotted line) and SiNTs (full line) loaded with Pt-Fe NPs.

to SiNTs. Figure 3 shows the comparison of hysteresis
curves between Pt-Fe grown within PSi and SiNTs. The
variation of coercivities between the two sample-types is
57% at a Pt:Fe molar ratio of 1:6. The higher coercivities
in using PSi as template can be explained by the bigger
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F IGURE 4 Cross-sectional SEM image (A) showing individual Pt-Fe NPs (encircled in red) within PSi and EDX mapping of a PSi-PtFe
sample prepared from a Pt:Fe 1:6 ratio including the TEM image (B) of the sample as well as the oxygen (red) (C), platinum (blue) (D), silicon
(green) (E), and iron (yellow) (F) distribution.

metal particle size, alongwith the likelymetal nanoparticle
separation brought about by the dendritic pore structure of
PSi. The SEM image in Figure 4 exhibits individual PtFe
particles within the pores with average size of 10 nm. Fur-
thermore EDX maps show the oxygen, silicon, platinum,
and iron distributions.
As mentioned before the aim of the work is to produce

hard magnetic Pt-Fe NPs and so for comparison the mag-
netic behavior of Pt-Fe modified PSi and SiNTs with PSi
and SiNTs samples loaded with cobalt (Co) particles (a
known soft magnetic material) has been investigated. The
magnetization measurements were performed at room
temperature and show that the coercivities of Pt-Fe modi-
fied samples are always higher due to the harder magnetic
behavior of Pt-Fe compared to the Co loaded samples. The
last line in Table 1 shows the coercivity values of Co NPs
loaded into PSi and SiNTs.
These results demonstrate that PSi used as template

material offers in both cases, Pt-Fe and Co loading, a
higher coercivity compared to the use of SiNTs. This rein-
forces the point made earlier regarding origins for this
effect, namely bigger particle size of the metal deposits

(Figure 1) as well as increased metal nanoparticle sepa-
ration brought about by the dendritic pore structure of
PSi. The particles do not strongly magnetically interact
which can be seen from FORC (first order reversal curve)
diagrams[20] (Figure 5). Detailed performance and inter-
pretation of FORC measurements are reported in Vega
et al. and Robert et al.[20,21] In the case of Pt-Fe deposited
within SiNTs the particle size of 5 nm is in the superpara-
magnetic range and the low coercivities indicate the onset
of superparamagnetism.[21,22]
Temperature dependent magnetization measurements

have been performed in the range between 4.2 and 300
K showing the decrease of the coercivity which is a typi-
cal ferromagnetic property.[23] As example in Figure 6, the
temperature dependency of the coercivity of Pt-Fe loaded
SiNTs is depicted.
To determine the TC of the two composite systems (Pt-

Fe/SiNTs and Pt-Fe/PSi) magnetization measurements up
to 950 K have been carried out. In both sample types the
ratio Pt:Fe is 1:6. The temperature dependent magnetiza-
tion of PSi with embedded Pt-FeNPs is depicted in Figure 7
giving a TC of 790 K. Figure 8A shows hysteresis curves
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F IGURE 5 FORC measurements and corresponding diagrams of (A) Pt-Fe NPs within PSi and (B) Pt-Fe NPs within SiNTs showing that
in both cases only very weak magnetic interaction is present.

F IGURE 6 Temperature-dependent coercivity HC of Pt-Fe
loaded into SiNTs with a ratio Pt:Fe 1:6.

measured of Pt-Fe within SiNTs in a temperature range
between 300 and 950 K. The curves indicate that the TC
is above 800 K and below 900 K. The temperature depen-
dent measurements M(T) (Figure 8B) shows a TC at 900
K. To determine TC more precisely the inverse magnetic
moment versus temperature has been depicted which also
shows a TC at 900 K. The different TC of the two composite
systems point out that TC increases with decreasing parti-
cle size, since the Pt-Fe NPs grown within SiNTs offer an
average size of 5 nm, whereas within PSi the average size
is 10 nm.

3 CONCLUSIONS

The varying magnetic response of the different compos-
ite systems templated by both porous silicon and silicon
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F IGURE 7 A, Temperature dependent magnetization measurement of PSi/Pt-Fe performed at H = 20,000 Oe. B, Inverse magnetic
moment versus temperature to determine TC, which is at 790 K.

F IGURE 8 A, Field dependent magnetic measurements of Pt-Fe/SiNTs performed in a temperature range between 300 and 900 K show
that TC is between 800 and 900 K. B, Magnetization versus temperature between 300 and 950 K. The diamagnetic contribution has been
considered. At 900 K the magnetization is vanished. The measurements have been performed at H = 20000 Oe. Inset: Inverse magnetic
moment versus temperature to determine TC, which is at 900 K.

nanotubes has been investigated as a function of Pt:Fe
precursor composition. Overall PSi/Pt-Fe shows a higher
coercivity and remanence than SiNTs/Pt-Fe and thus a
higher hard magnetic performance. For a given Pt:Fe
precursor ratio, the variation of the coercivities between
SiNTs/Pt-Fe and PSi/Pt-Fe is about 57%.
Considering the Pt-Fe deposits prepared with different

molar ratios of Pt to Fe, the coercivities vary in a range of
5% in the case of each template type. The magnitude of
coercivity and of the remanence is always greater for Pt-
Fe relative to Co for a given Si template, and in the case
of PSi as template material the increase is stronger than in
the case of SiNTs samples.
In addition to low temperature and room tempera-

ture magnetic measurements, the magnetic behavior of
the samples has been investigated at high temperatures

up to 950 K to determine TC of the composite systems.
TC is lower for PSi loaded with Pt-Fe NPs which indi-
cates that TC increases with decreasing Pt-Fe particle
size.

4 EXPERIMENTAL SECTION

The porous silicon is produced by anodization of a highly
doped n-type silicon wafer (0.01–0.013 Ω cm), with (1 0 0)
orientation, polished on both sides in a 10 wt% HF solu-
tion, consisting of distilled water, 80% ethanol, and 48%
HF. In using a current density of 75 mA cm−2 and an
etching time of 8 min, the resulting morphology offers
oriented, separated pores of about 50 nm in diameter,
and a mean distance between the pores of 50 nm. The
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thickness of the porous layer is about 40 µm. The mor-
phological characteristics as pore diameter and inter-pore
distance are determined by SEM in combination with
image processing (samples in top view) and the thickness
of the porous layer is determined by SEM of a cross-section
of the sample. The SiNTs are fabricated using a packed
array of ∼1 µm long ZnO nanowires approximately 50 nm
wide as a template with subsequent silicon deposition by
CVD by using 0.5% SiH4 99.5% UHP He as silicon precur-
sor at a flow of 300 sccm, further diluted in a Helium (He)
atmosphere at 510◦C for 5 minutes, and finally, etching
off the ZnO nanowires by using NH4Cl in He at 500◦C.
The inner diameter of the tubes and the wall thickness
can be tuned by the fabrication process, where the SiNTs
inner diameter and length are given by the ZnO nanowires
dimensions, and the shell thickness is tuned with the CVD
conditions. For this study, we used Si NTs with inner
diameter ∼50 nm and ∼10 nm in shell thickness. Pt-Fe
nanoparticles (NPs) are deposited electroless using citric
acid as a reducing agent inside the pores and the tubes,
respectively, as the molar ratio of Pt to Fe is varied. For this
purpose a three component solution consisting of 0.5 mM
H2PtCl6, Fe(NO3)3, and 0.1mM citric acid is used, whereas
the concentration of Fe(NO3)3 is modified between 0.5 and
3.0 mM.
Growth of Co NPs within PSi and SiNTs is performed

by a solution method. The PSi and Si NTs were immersed
in a 10 mL methanol solution containing 0.2 g of CoCl2
6H2O followed by a vacuumdrying process overnight; then
the samples were immersed in 10 mL of DI water and
quickly added 0.1 gNaBH4 under constant stirring. Finally,
the samples are washed in DI and ethanol. Structural
characterization was performed by using the transmission
electron microscopy (TEM) JEOL JEM-2100.
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