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Two-dimensional growth of Fe thin films with perpendicular magnetic
anisotropy on GaN„0001…
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The growth and magnetism of Fe thin films on the GaN�0001� surface are studied by scanning
tunneling microscopy and surface magneto-optic Kerr effect. It is found that Fe grows in a
layer-by-layer mode on the pseudo-1�1 surface at room temperature, and the film develops
magnetism at 1.2 ML and shows perpendicular magnetic anisotropy below 6 ML. On the
bulk-terminated 1�1 surface, Fe grows in a three-dimensional mode, and ferromagnetization with
in-plane anisotropy is observed only above 4.3 ML. Fe-induced �7� �7 reconstruction on the
pseudo-1�1 surface plays the key role in reducing the interface reaction and promoting the
two-dimensional growth. © 2006 American Institute of Physics. �DOI: 10.1063/1.2210792�
Injection of spin polarized electrons into semiconductors
�SCs� is the first step towards the realization of SC-based
spintronics devices, which utilize the spin degree of freedom
of electrons.1 Ferromagnetic metals �FMs� are a good candi-
date for spin source because of their high Curie temperatures
and well-known magnetic properties. Although the injection
efficiency through a FM/SC interface is rather low in a dif-
fusive transport regime due to the large resistance
mismatch,2 the situation can be dramatically improved in the
case of Schottky contact by tunneling or hot electron emis-
sion through the interface barrier.3,4 Previous studies on
FM/SC were focused on the Fe films on the surfaces of con-
ventional III-V semiconductors with zinc blende structure
such as GaAs,5–12 InAs,13 and InP14 for they have relatively
small lattice mismatches with bcc Fe. Few works were de-
voted to the FM films, especially in the ultrathin regime, on
the surfaces of other semiconductors. With the rapid devel-
opment of GaN-based single crystalline materials, atomically
flat GaN surfaces with well-defined orientations and recon-
structions could be routinely obtained.15,16 By delicate con-
trol of the growth kinetics, the layer-by-layer growth of Ag
on GaN�0001� has recently been reported.17 In this study, we
investigate the growth and magnetism of Fe films on both the
GaN�0001� pseudo-1�1 and bulk-terminated 1�1 surfaces,
and find that atomically flat films could be achieved on the
pseudo-1�1 surface, which show a perpendicular magnetic
anisotropy �PMA�.

Our experiments were carried out in an OMICRON mo-
lecular beam epitaxy scanning tunneling microscopy �MBE-
STM� ultrahigh vacuum system equipped with an Oxford
radio frequency plasma source and a homemade surface
magneto-optic Kerr effect �SMOKE� setup. The base pres-
sure of the system is lower than 1.0�10−10 mbar. A He–Ne
laser with a wavelength of 632.8 nm and a silicon photode-
tector are used to excite and collect the SMOKE signals,
while a lock-in amplifier with a precise photoelastic modu-
lator of 50 kHz is used to increase the signal/noise ratio.
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The substrates used in this experiment are commercial
GaN�0001� grown by metal organic chemical vapor deposi-
tion on sapphire. After degassing at 300 °C for 2 h, the sub-
strate was exposed to nitrogen plasma at a substrate tempera-
ture of about 700 °C for 15 min, followed by Ga deposition
of �3 ML. After removing Ga droplets on the substrate by
annealing at �700 °C for several minutes, we obtained the
pseudo-1�1 surface. Bulk-terminated 1�1 surface was pre-
pared by further annealing the pseudo-1�1 surface to re-
move the top Ga bilayer.17 Fe was evaporated from Fe slugs
resistively heated by a Ta boat. The flux of Fe was calibrated
by the STM images of Fe films on Cu�100�, approximately
0.08 ML/min in this experiment. The pressure was around
4�10−10 mbar during Fe deposition. Wedge-shaped samples
were used in SMOKE measurements to avoid signal fluctua-
tions in different experiments and obtain reliable thickness
dependence of the magnetic properties.

Pseudo-1�1 is the most stable structure on the Ga-polar
GaN�0001� surface, which contains a Ga bilayer above the
truncated bulk surface. It is characterized by strong 1�1
spots with satellite peaks in electron diffraction patterns,18,19

and appears atomically flat but featureless in STM images.
Figure 1�a� shows a typical STM image of this surface pre-
pared by our method. The surface is basically atomically flat
except for small amounts of depressions. After deposition of
0.16 ML Fe on the surface at room temperature, ordered
regions appear, as shown in Fig. 1�b�. High resolution STM
images of a reconstructed area at different bias voltages are
shown in Fig. 2. Its unit cell size is about 7.6�7.6 Å2,
nearly �7 times �about 10% smaller� of the GaN�0001� base
vector, thus the surface is �7� �7 reconstructed. The con-
traction was also observed in the Mn induced �3� �3 recon-
struction on GaN�0001� pseudo-1�1.20 The possible reason
is that the top Ga layer of GaN�0001� pseudo-1�1 is later-
ally contracted according to Smith et al.18 More importantly,
as shown in Figs. 2�a�–2�d�, the STM images exhibit a very
strong bias-dependent behavior, suggesting that the surface
has semiconductorlike electronic states.

At 0.48 ML �Fig. 1�c��, islands form on the �7� �7

surface. All islands have a height of about 2 Å, i.e., one
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atomic layer high. With increasing coverage, Fe grows nearly
in a layer-by-layer mode. Figures 1�d� and 1�e� show the
STM images of the surfaces after 2 and 5.5 ML depositions,
respectively. The surfaces are essentially atomically flat and
the height fluctuation does not exceed 1 ML �see Fig. 1�f��.

FIG. 1. �Color online� STM images of �a� clean surface of the GaN�0001�
pseudo-1�1 �1000�1000 nm2� and after deposition of �b� 0.16 ML �100
�100 nm2�, �c� 0.48 ML �200�200 nm2�, �d� 2.0 ML �200�200 nm2�,
and �e� 5.5 ML �200�200 nm2� of Fe on the GaN�0001� pseudo-1�1
surface at room temperature. �f� Line profile taken from the STM image
in �e�.

FIG. 2. �Color online� Bias-dependent STM images of the Fe-induced �7
� �7 reconstruction on GaN �0001� pseudo-1�1 surface: �a� +2 V, �b�
−3 V, �d� +1 V, and �d� −1 V. The black rhombus indicates a unit cell of the

reconstruction.
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This kind of morphology holds for all coverages �up to 7
ML� studied.

The above results are different from those of the Fe films
grown on Ga-rich GaAs surfaces in which Fe favors three-
dimensional �3D� growth.6–9 The difference may come from
the Fe-induced �7� �7 reconstruction. In terms of the semi-
conducting electronic structure, the formation of this recon-
struction not only wets the GaN surface but also provides a
stable template to promote the two-dimensional �2D� growth.
The decrease in interface roughness can significantly
increase the spin injection efficiency.21 Thus, a high effi-
ciency spin injection can be expected in Fe/GaN�0001�
pseudo-1�1.

The magnetism of the Fe films was measured with
SMOKE at both room temperature and 100 K. The represen-
tative hysteresis loops measured at 100 K were shown in
Fig. 3. At 100 K, the polar signal appears as early as 1.2 ML,
while the longitudinal signal is absent, suggesting that the
magnetic anisotropy is perpendicular to the surface. The co-
ercivity increases dramatically with increasing Fe thickness.
Above 2 ML, the films cannot be saturated by the maximum
magnetic field �600 Oe� of our system, leading to a decrease
in the magnetic signal until 3.8 ML. Above 5 ML, the polar
loops become slanted, and both the coercivity and the rema-
nence of the polar loops decrease, while the longitudinal sig-
nal appears gradually. Above 6 ML, the remanence of the
polar loops decreases to zero and the easy axis rotates to in
plane. It suggests that a spin reorientation transition takes
place at �6 ML.

PMA is generally observed in ultrathin Fe films grown
on various metal surfaces.22 However, on the conventional
III-V semiconductor surfaces, such as GaAs�001�, the Fe
films usually show an in-plane uniaxial magnetic anisotropy,
and it is commonly believed that the interface plays an im-
portant role in the magnetic properties.21 The Fe/GaAs inter-
face is dominated by Fe–As bonding. In the case of
Fe/GaN�0001� pseudo-1�1, the Ga bilayer separates Fe
from N, reducing their bonding significantly. Therefore it is
possibly a weaker interface interaction that mainly leads to
the appearance of PMA.

In a surface emitting spin LED, polarized light can only
be obtained with perpendicular magnetized FM layer. So
Fe/GaAs based spin LED, which always shows in-plane
magnetic anisotropy, can only work in an external perpen-

1

FIG. 3. �Color online� Representative hysteresis loops measured by
SMOKE at 100 K. The polar loops are plotted in solid lines and the longi-
tudinal loops in dotted lines. All polar loops have the same scale, which,
however, is different from that of the longitudinal ones.
dicular magnetic field. The PMA of Fe/GaN�0001� pseudo-
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1�1 makes it prospectively useful in the fabrication of spin
LED free of external field.

On the bulk-terminated 1�1 surface, Fe grows in a to-
tally different way. Fe forms 3D clusters immediately under
various growth conditions. Figures 4�a� and 4�b� show STM
images of the surface after 3 and 7.6 ML Fe depositions. The
lateral size of the clusters is about 5 nm and the surface
roughness is about 1 nm �see the line profile in Fig. 4�b��.
The morphology does not change much at different thick-
nesses and is basically similar to those of the Fe films grown
on surfaces of GaAs, InP, and InAs.12–14

SMOKE measurements of the Fe films on the bulk-
terminated 1�1 surface show that only longitudinal signals
can be detected for all thicknesses studied, which indicate
that the easy axis is always in plane. The thickness-
dependent saturation magnetization of the longitudinal loops
�see Fig. 4�c�� demonstrates that the magnetic signal can
only be observed above 4.3 ML even at 100 K. Figure 4�c�
also indicates that the extrapolation line for the
magnetization-thickness curve at large thickness does not
cross the origin, instead, shows an intercept at about 4 ML.
Moreover, the intercept does not change much when mea-

FIG. 4. �Color online� STM images of �a� 3 ML and �b� 7.6 ML Fe grown
on the GaN�0001� bulk-terminated 1�1 surface �200�200 nm2�. The inset
of �b� shows the line profile. �c� Thickness dependence of the saturation
magnetization of the longitudinal hysteresis loops of the Fe films on the
bulk-terminated 1�1 surface measured at 100 K and room temperature.
The inset shows the hysteresis loop of 7.6 ML film measured at 100 K.
sured at room temperature, which means that the amount of
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nonmagnetic Fe is influenced little by temperature. So we
can conclude that the superparamagnetism of Fe clusters is
not the main cause for the nonmagnetic layer, and nonmag-
netic compounds must form.

In summary, we found that Fe can grow in a 2D mode on
the pseudo-1�1 surface, and the film has PMA below 6 ML.
The properties make the Fe/GaN system promising to yield
a high efficiency spin injection in spintronics devices.
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