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Effect of annealing time on structural and magnetic properties of laser
ablated oriented Fe3O4 thin films deposited on Si(100)
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Abstract. We have fabricated ∼143 nm Fe3O4 thin films on Si(100) substrates at 450◦C and then annealed them at
the same temperature for 30, 60 and 90 min under a vacuum of 10−6 torr with pulsed laser deposition. We studied
the effects on the structural and magnetic properties of Fe3O4 thin films. The films have been characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM) and vibrating sample magnetometry (VSM). XRD
studies showed pure single phase spinel cubic structure of Fe3O4 with a preferential [111] orientation, independent
of substrate orientation at 90 min annealing. Higher magnetization was obtained up to 60 min annealing due to
Fe phase but at 90 min, we obtained reduced magnetization of 335 emu/cc. This is attributed to the formation of
antiphase boundaries between substrate and film.
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1. Introduction

Fe3O4 is a promising half metallic ferrimagnetic material
and has the ability to inject 100% spin polarized electrons
(Versluijs et al 2001; Wolf et al 2001). As compared
to other half metallic materials such as NiMnSb, CrO2,
La0·7Sr0·3MnO3 (Sensor et al 1999; Coey and Venkatesan
2002), Fe3O4 has a higher Curie temperature of 850 K
(Brabers 1995) which makes it a strong candidate for spin-
tronic devices (Fabian and Das Sarma 2004).

Due to their technological importance, numerous studies
are reported of depositing highly oriented epitaxial or poly-
crystalline Fe3O4 films techniques such as molecular beam
epitaxy (MBE) (Voogt et al 1998; Ferhat and Yoh 2007),
electron beam ablation (Dediu et al 2007), reactive sput-
tering (Magulies et al 1996; Liu et al 2003; Park et al
2003) and pulsed laser deposition (PLD) (Gong et al 1997;
Parames et al 2006). It is well known that in addition to
the desired Fe3O4 phase, several other phases can co-exist
such as Fe3O4, FeO and Fe according to specific depo-
sition conditions (Lochner et al 1994; Voogt et al 1999;
Park et al 2003). However, it is still difficult to grow them
with well defined compositions with PLD from different
targets.

A few reports about the effects of temperature on the
structural and magnetic properties of Fe3O4 thin films also

∗Author for correspondence (sabieh@lums.edu.pk)

exist. In the present work, we study the effect of annealing
time on the structural and magnetic properties of Fe3O4 thin
films on Si(100) substrates deposited from PLD. Phase ana-
lysis of the films was carried out by X-ray diffraction with
CuKα radiation. Grain size, lattice strain and lattice constants
were measured by the Williamson–Hall plot (Voogt et al
1999), assuming that the peak shapes are Lorentzian. Crystal
structure determination was performed using the PowderX
software (Williamson and Hall 1953). Film thickness and
magnetic properties were determined from scanning electron
microscopy (SEM) and vibrating sample magnetometery
(VSM), respectively.

2. Experimental

Fe3O4 thin films were grown on Si(100) substrates by pulsed
laser deposition (PLD) from Fe3O4 target. Before deposi-
tion the substrates were cleaned with isopropanol in an ultra-
sonic bath for 20 min and then annealed at 500◦C for 30 min
under a vacuum of 10−7 torr. A Nd:YAG laser (EKSPLA)
of wavelength, 248 nm and pulse duration, 3–6 nm, was
used to ablate the target. The target was rotated at the rate
of 10 rpm to avoid any crack formation on the target. The
pulse repetition rate was adjusted at 10 Hz and the energy
density of the laser beam at the target was 1·3 J/cm2. Depo-
sition was carried out at a substrate temperature of 450◦C
for 20 min under a working pressure of 10−6 torr after
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adjusting the flow rate of oxygen to 0·3 sccm while the target
to substrate distance was held fixed at 36 mm. We annealed
the films for 30, 60 and 90 min at the same temperature under
a vacuum of 10−7 torr and after stopping the flow of oxygen.
After deposition and annealing were complete, the substrates
were cooled at 5◦C/min. The film thickness, crystal structure
and magnetic properties were determined by cross-sectional
scanning electron microscopy (SEM), X-ray diffractom-
etry (XRD) and vibrating sample magnetometry (VSM),
respectively.

3. Results and discussion

Figure 1 shows X-ray diffraction patterns of Fe3O4 thin films
on Si(100) substrates suggesting that all the films are grown
with preferred orientation in the [111] direction except the
cubic structure. An additional iron phase appears at ≈45◦
up to 60 min annealing, but at 90 min annealing, pure sin-
gle phase Fe3O4 is obtained. We have calculated the lat-
tice parameters using PowderX (Dong 1999). These are
slightly less than the bulk material and are presented in
table 1. This is due to substrate induced strain in the film.
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Figure 1. XRD pattens of films annealed for 0, 30, 60 and 90 min.

Table 1. XRD and VSM analyses of annealed Fe3O4 thin films
on Si(100) substrates.

Annealing Lattice Saturation Coercivity,
time constants Grain size Lattice magnetization Hc

(min) (Å) (nm) strain (emu/cc) (Oe)

0·0 8·378 157 0·0084 402·85 303
0·30 8·377 127 0·0075 420·00 306
0·60 8·367 120 0·0068 640·00 272
0·90 8·366 18 0·0010 335·00 315
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Figure 2. Room temperature M–H loops of film annealed for 0,
30 and 60 min.
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Figure 3. Room temperature M–H loop of film annealed for
90 min.

The most interesting point is that at 90 min annealing, we
got pure preferential growth of the film in [111] direction.
As reported by Tiwari et al (2007a), this may be due to
the large lattice mismatch between the films and substrates.
As the substrate control over the film growth is weak, the
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preferred orientation is determined by the thermodynami-
cally stable state having a minimum internal energy (Tiwari
et al 2007b).

Figures 2 and 3 show room temperature magnetization
hysteresis behaviour for all the films. We obtained a low satu-
ration magnetization in all the films as compared to bulk
material, except the film that is annealed at 60 min. This low-
ering of saturation magnetization may be due to the presence
of antiphase boundaries between the films and substrates
(Magulies et al 1996). Similar results have also been reported
earlier by Tiwari et al (2007a).

4. Conclusions

In conclusion, Fe3O4 thin films were deposited with pulsed
laser deposition technique on Si(100) substrates at 450◦C for
30, 60 and 90 min annealing times. XRD patterns of the films
imply the single phase spinel cubic structure with [111] ori-
entation at 90 min annealing. It was found that the grain size
and lattice strain decreased with increase in annealing time.
Magnetization results showed ferromagnetic behaviour for
all the films, with saturation magnetization lower than the
bulk material which may due to the presence of antiphase
boundaries between films and substrates.
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