
Hyperfine Interact  (2016) 237:105 
DOI 10.1007/s10751-016-1313-6
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Abstract Iron films were deposited on porous alumina substrates using an arc plasma gun.
The pore sizes (120 – 250 nm) of the substrates were controlled by changing the tempera-
ture during the anodic oxidation of aluminum plates. Iron atoms penetrated into pores with
diameters of less than 160 nm, and were stabilized by forming γ -Fe, whereas α-Fe was
produced as a flat plane covering the pores. For porous alumina substrates with pore sizes
larger than 200 nm, the deposited iron films contained many defects and the resulting α-
Fe had smaller hyperfine magnetic fields. In addition, only a very small amount of γ -Fe
was obtained. It was demonstrated that the composition and structure of an iron film can
be affected by the surface morphology of the porous alumina substrate on which the film is
grown.

Keywords Iron film · Porous alumina · Gamma-iron · Alpha-iron

1 Introduction

The properties of thin iron films are affected by the surface morphology of the films and
their substrates. We previously demonstrated that when an aluminum foil with 100-nm
grooves was employed as a substrate, the surface of the iron film also contained grooves.
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Furthermore, the nuclear spin orientation of the iron tended to be linear along the grooves
[1]. The energy of the evaporated iron atoms is also important to control the orientation
of the iron lattice structure [2]. An arc plasma gun is an adequate tool for depositing iron
films that reflect the morphology of the substrate. In this study, iron films were prepared on
porous alumina substrates, and the effects of pore size were investigated using Mössbauer
spectroscopy.

Porous anodic alumina films have attracted considerable attention in the field of nano-
technology, because they have a nanoscale porous structure. The pores are produced over
a wide area of the aluminum surface, and the surface structure contains a huge number of
nanoscale holes. The formation mechanism of porous alumina has been studied extensively
[3]. The morphology of porous alumina on an aluminum film can be controlled by an appro-
priate selection of the electrolyte and film-forming conditions. Furthermore, porous alumina
has been used as a template for producing nanomaterials. The preparation of Ni, Co, and Fe
nanowires using an electrochemical method has been reported [4]. Lepidocrocite γ -FeOOH
nanowire arrays in alumina pores were produced by electrodeposition [5]. Iron particles
dispersed in a porous alumina host have been prepared by wet impregnation of Fe(NO3)3
and subsequent heat treatment in hydrogen [6]. The products were Fe/Al2O3 composites
containing iron particles.

The direct deposition of Fe atoms on porous alumina has not yet been reported. We
previously attempted to produce iron films on porous alumina using pulsed laser deposition
(PLD), but smooth α-Fe films were formed on the substrate regardless of the pore size.
As PLD produces high density Fe vapor, the Fe atoms did not penetrate into the pores but
instead formed an α-Fe film covering the pores.

2 Experimental

Porous alumina was produced by anodic oxidation. An aluminum sheet (40 μm thick) and
a carbon rod were employed as electrodes. The anodization was conducted at 60 V for 60
min in a phosphoric acid solution (0.3 M) at various temperatures between 15 and 30 ◦C,
and the average resulting pore diameters were 160 to 250 nm. Arc deposition of iron was
performed using an arc plasma gun (APG, ULVAC ARL-300) in vacuum. The thickness of
the iron films was controlled by changing the number of pulses and the distance between
the substrate and the APG. The amount of iron in the sample was estimated by weighing
the sample before and after deposition, and the typical deposition rate of iron atoms using
the APG was 0.01 to 0.16 nm/pulse. The deposition was performed for between 1000 and
18000 pulses. The surface morphology and pore size were observed by scanning electron
microscopy (SEM, JEOL JSM-7001FSHL). X-ray diffraction (XRD, Rigaku RINT2500)
patterns were measured to confirm the assignments, and Mössbauer spectra were measured
in a transmission geometry using a 57Co/Rh source.

3 Results and discussion

3.1 Thickness of the substrate

First, we examined the effects of the thickness of the iron film deposited on porous alu-
mina. The surface morphology might have stronger effects when the thickness is small, but
too little iron would hinder the spectroscopic measurements. Therefore, we attempted to
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Fig. 1 SEM images of the surface of (O) the porous alumina substrates and iron films. Before deposition,
the pores in the porous alumina substrate were 120 nm in diameter. The equivalent thicknesses of the films
to those of α-Fe were (a) 360 nm, (b) 490 nm, and (c) 2080 nm

determine the adequate thickness at which to observe the effects of the substrate surface
morphology.

SEM images Porous alumina produced at 15 ◦C had 120-nm-diameter pores; an SEM
image of this porous alumina is shown in Fig. 1. Before the anodic oxidation, the aluminum
plate contained nanosized grooves produced by rolling, and the pores tended to align along
the grooves. The pores were not connected to each other, and the flat surface could be
observed between the pores. We deposited iron atoms using APG, varying the thickness of
the resulting iron films. When the equivalent thickness of deposited Fe to those of α-Fe
was 360 nm, the pores were covered with iron but the surface morphology still reflected the
pores in the substrate. When more iron was deposited and thicker films were produced (490
nm; Fig. 1b and 2080 nm; Fig. 1c), the surfaces of the iron films became smoother without
reflecting the pores on the substrate surface.

Mössbauer spectra Mössbauer spectra of iron films deposited on porous alumina were
measured at room temperature (Fig. 2). The Mössbauer spectrum of an iron film with 360
nm equivalent thickness was fitted into a combination of a singlet and a sextet (Fig. 2a).
The sextet was clearly assigned to α-Fe from the Mössbauer parameters (δ = 0.0 mm/s,
�EQ = 0.0 mm/s, H = 33.0 T, Area intensity 83 %). The intensity ratio of the sextet
was 3:3.4:1:1:3.4:3, indicating that the magnetic orientation was almost parallel to the sub-
strate surface. Magnetic anisotropy caused by the shape anisotropy of the bcc-Fe lattice was
observed in the thin film.

The singlet absorption observed in Fig. 2a was assigned to γ -Fe (δ = 0.0 mm/s, Area
intensity 17 %). Generally, γ -Fe is stable only at high temperatures and is unstable at room
temperature. However, γ -Fe is reportedly stabilized in nanosized particles [7] and thin films
[8, 9] at low temperatures. In this study, it is speculated that iron atoms penetrated into the
nanosized pores, and the lattice formation within a tiny volume enhanced the production of
γ -Fe. The singlet absorption may also appear when an Fe atom is isolated in an Al substrate,
but the isomer shift of such an atom was reported to be δ = 0.4 mm/s [10], too large for
the singlet observed in the present experiments. It was reported that Fe atoms produced by
PLD have a high energy (several hundred eV), and will migrate into an Al substrate [11].
In our previous studies on the deposition of Fe atoms on Al substrates using APG [1], we
reported that α-Fe was the only product because the Fe atoms did not have sufficient energy
to implant into the Al substrate. Therefore, the singlet was assigned to γ -Fe.

When the thickness was increased to 490 nm (Fig. 2b), the Mössbauer spectrum still con-
sisted of α-Fe and γ -Fe, and the relative intensity of α-Fe increased to 95 %. The Mössbauer
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Fig. 2 Mössbauer spectra of iron films deposited on porous alumina substrates with 120-nm-diameter pores.
The equivalent thicknesses of the iron films were (a) 360 nm, (b) 490 nm, and (c) 2080 nm

spectrum of the thickest sample (2080 nm thick) had only the absorption of α-Fe. This indi-
cates that γ -Fe was produced only in the pores, and α-Fe formed over the pore openings to
form a smooth surface.

XRD pattern The XRD pattern of a 360-nm-thick sample was measured (Fig. 3). The
peaks were assigned using the AtomWorks database [12]. The intense peaks at 44.67◦,
65.02◦, and 82.34◦ corresponded to α-Fe, which overlapped with the Al peaks. The peak at
50.46◦ corresponded to γ -Fe. γ -Fe also has a peak at 43.33◦, but this peak overlapped with
the intense peak of α-Fe at 44.67◦. In addition to these peaks, the sharp peak at 78.22◦ cor-
responded to Al, and no patterns corresponding to Al2O3 were observed. The production of
γ -Fe was confirmed by the XRD pattern.

3.2 Pore size of the porous alumina substrate

It was shown that the α-Fe film became dominant when the thickness of the films became
sufficiently large, and the resulting film did not reflect the surface morphology of the porous
alumina substrate. In order to investigate the properties of the iron reflecting the surface
morphology, we had to study thinner iron films. We produced 150-nm-thick iron films on
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Fig. 3 XRD pattern of an iron film (360 nm thick) deposited on porous alumina with 120-nm-diameter pores

porous alumina substrates with different pore diameters (d = 160, 200, and 250 nm), in
order to examine the effects of substrate pore size on the composition of the iron films.

SEM images SEM images of three porous alumina substrates with different pore diam-
eters are shown in Fig. 4a1, b1, and c1. The films with smaller pore diameters had flat
surfaces, as the distance between the pores was larger than the pore diameter (Fig. 4a1). On
the other hand, films with larger pore diameters had almost no flat surface, as the distance
between the pores and their diameters were almost the same, and the pores were con-
nected to each other (Fig. 4b1 and c1). Iron films having 150 nm equivalent thickness were
deposited using APG onto the porous alumina substrates. SEM images of the surfaces of the
iron films were observed (Fig. 4a2, b2, and c2), and the surface of the iron films reflected
the surface morphology of the porous alumina substrates. In order to observe the cross-
sections of the pores, a crack was made in the sample shown in Fig. 4a2 and an SEM image
of the resulting cross section of the iron film deposited on porous alumina is shown in Fig.
5. It can be seen that the Fe atoms penetrated ∼100 nm into the pores from the openings.

Mössbauer spectra Room-temperature Mössbauer spectra of iron films deposited on
porous alumina substrates are shown in Fig. 6, and the Mössbauer parameters are summa-
rized in Table 1. The Mössbauer spectrum of the iron film deposited on porous alumina
with 160-nm-diameter pores (Fig. 6a) was fitted as a combination of a sextet and a singlet,
which were respectively assigned to α-Fe and γ -Fe. The γ -Fe yield of this sample (28 %)
was higher than that of the iron film shown in Fig. 2a (17 %), mainly because the iron film
was thinner and less α-Fe covered the pores or the planar regions of the substrate surface.
The iron film stacked on the flat surface of the substrate formed the α-Fe lattice, whereas
the iron atoms penetrating into the nanosized pores became γ -Fe. A Mössbauer spectrum of
the same sample was measured at low temperature (6 K), and the spectrum shape remained
unchanged, showing the same singlet.

When the substrate had larger pores (200 nm; Fig. 6b), the Mössbauer spectrum had
a doublet and distributed hyperfine magnetic fields (DHMF) and contained α-Fe and γ -
Fe. The intensity of the γ -Fe singlet became very low. The Mössbauer spectrum of a film
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Fig. 4 SEM images of porous alumina substrates (a1, b1, and c1) and iron films deposited on them (a2, b2,
and c2)

Fig. 5 SEM image of a cross
section of an iron film deposited
on porous alumina (pores with a
diameter of 160 nm)

produced on porous alumina with the largest pore size (250 nm; Fig. 6c) was fitted to a
combination of a doublet, a sextet, and a component of distributed hyperfine magnetic fields,
as well as a very small amount of γ -Fe.

The distributed hyperfine magnetic fields (the mode at H = 24 T) can be attributed to
large defects or a rough α-Fe lattice surface. The surface of the porous alumina does not
have any planar regions, so iron atoms deposited on the rough surface could not form a
long-range α-Fe lattice, resulting in distributed small hyperfine magnetic fields. It has been
reported that the Mössbauer spectra of sonochemically prepared amorphous iron exhibited
a broad sextet with an average magnetic hyperfine field of 25.9 T at 295 K [13]. The DHMF
components in our Mössbauer spectra were assigned to iron containing large defects or
amorphous iron.
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Fig. 6 Mössbauer spectra of iron films deposited on porous alumina substrates with different pore sizes.
The diameters of the pores were (a) 160 nm, (b) 200 nm, and (c) 250 nm. The distributions of the hyperfine
magnetic fields of the broad absorptions are indicated on the right side

The doublet (δ = 0.31 mm/s, �Eq = 1.24 mm/s) component was assigned to Fe3+
because of the isomer shift. The iron films with a rough morphology had large surface
areas and contained many defects that reacted with oxygen relatively easily during handling
in ambient atmosphere. The doublet component could be superparamagnetic iron oxide.
The magnetic properties of hematite α-Fe2O3 nanoparticles have been studied [14], and
the Mössbauer spectrum of a 16 nm particle showed a superparamagnetic doublet at room
temperature. However, the �Eq value in our experiment was too large to assign it to α-
Fe2O3 nanoparticles. The doublet had a relatively large �Eq value, which was assigned to
paramagnetic high-spin Fe3+ in FexAl2−xO3 reported in literature [15, 16]. The Al2O3 with
large defects incorporated with Fe atoms to form FexAl2−xO3.

Bulk γ -Fe is normally unstable at room temperature, but it is stabilized in nanometer-
scale systems. In the present experiments, Fe atoms penetrated into small pores (less than
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Table 1 Mössbauer parameters of the spectra shown in Fig. 6

Sample δmm/s �EQmm/s HT �mm/s Area int. %

a α−Fe 0.00(2) 0.00(4) 33.2(4) 0.50(2) 72

γ−Fe 0.01(2) 0.36(3) 28

b α−Fe 0.00 0.00 33.0 0.42(2) 57

γ−Fe 0.08(5) 0.58(7) 4

Fe3+ 0.31(3) 1.24(5) 0.58(7) 11

DHMF 0.00 0.00 24.0∗ 28

c α−Fe 0.00 0.00 33.0 0.55(7) 30

γ−Fe 0.09(20) 0.78(12) 5

Fe3+ 0.38(3) 1.05(9) 0.78(12) 31

DHMF 0.00 0.00 24.0∗ 34

*Hyperfine magnetic field at the mode of the distribution

160 nm in diameter) to form a γ -Fe lattice and Fe atoms migrated over a long range to form
α-Fe on the flat surface regions. When the pore diameter exceeded 200 nm, there was no flat
surface region to produce a long-range ordered α-Fe lattice, nor were there small pores to
stabilize the γ -Fe. These films had a rough surface, and α-Fe produced on a rough surface
contained large defects. The defects or low crystallinity resulted in a distributed hyperfine
magnetic field with a lower H value than that of bulk α-Fe (33T). When α-Fe with a rough
surface is handled in atmosphere, α-Fe easily oxidizes to form iron oxides. Iron oxides
supported in a nanoscale mixture with alumina (Al2O3) might be produced, as the porous
alumina with larger pores were ready to incorporate Fe atoms in defects.

4 Conclusions

It was demonstrated that the surface morphology, especially the pore size, changed the com-
position of deposited iron films. γ -Fe was stabilized in small pores (less than 160 nm in
diameter). γ -Fe was produced only inside the pores, and α-Fe covered the pores or the
planar regions of the substrate surface to form a smooth surface when increasing the iron
film thickness. When the pore diameter became larger than 200 nm, γ -Fe yield became
very small instead, α-Fe was obtained, but it contained a large number of defects. The α-Fe
showed smaller hyperfine magnetic fields. The Fe3+ component attributed to FexAl2−xO3
was observed in iron films deposited on porous alumina with larger pores.
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