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We studied the optical and magnetic properties in epitaxial AIN/GdN/AIN double heterostructures grown using
reactive sputtering under ultrapure conditions. The indirect and direct optical transitions in a 95-nm-thick GAN
film were found to be 0.95 and 1.18 eV, respectively. The considerable size effects of the optical band gap were
observed with a decrease in the GdN thickness. The AIN/GdAN/AIN double heterostructures clearly exhibited
ferromagnetic states at low temperature. The short-range correlation of spins began to develop below ~60 K,
and long-range ordering that obeyed the Arrott relation was confirmed below ~30 K. Because of the film-size
independence for the ferromagnetic ordering, the cooperative correlation length in GAN was considered to be
shorter than 30 nm. Furthermore, we found that the band gap is dramatically reduced with the ferromagnetic spin

ordering.

DOI: 10.1103/PhysRevB.83.155202

Spintronics, which is based on current semiconductor
technologies, originated from the physics involved in magnetic
semiconductors. Compounds and alloys of rare-earth (RE)
semiconductors are intrinsically magnetic semiconductors;
RE elements with open 4f shells create enormously en-
hanced magnetic moments.'! GdN is known to have a
moment of 7up/Gd and is ferromagnetic. Although the
strong ferromagnetism in GdN affects its performance as a
magnetic semiconductor, the electronic structure influencing
the ferromagnetism is still being investigated.~'* Clearly, it is
important to understand the credible band structure of high-
quality GdN crystals. On the other hand, nitride-based semi-
conductors have recently been widely used in novel devices
such as light-emitting diodes, laser diodes, and high electron
mobility transistors for realizing high-power operation.'?~'4
The combination of current nitride semiconductor systems
with nitride-based magnetic semiconductors will open a new
field of novel spintronic devices.

GdN is known to exhibit ferromagnetism because of its
fully occupied 4f-electronic states.>”'” The Curie temperature
(T;) of unstrained bulk GdN has been reported to be around
70 K.>7 The lattice extension reduces the magnetization and
decreases T, to 20 K.3 On the other hand, in the presence of
partially filled Gd-4f states, the exchange interaction shifts the
spin-split conduction and valence-band edges in the opposite
direction: the majority-spin gap is reduced while the minority-
spin gap becomes wide.® The band structure of GdN has
been widely studied theoretically®® and experimentally.*>°-1!
Lambrecht predicted that the GAN was an indirect band-gap
semiconductor with a gap of 0.7-0.85 eV and 1.1-1.2 eV for
the indirect and direct gaps, respectively.® In order to explain
published legacy experimental data,'' they updated the results
tuned by using the same calculation method as performed
in Ref. 6, which results in the indirect and direct gaps of
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0.69 and 0.98 eV, respectively.” Recently, a ferromagnetic
redshift of the optical band gap has been reported for a
high-quality GdN thin film with 200 nm thickness,” where
an unambiguous signature of the direct gap at the X point
was observed at 1.3 eV in the paramagnetic phase at 300 K.
They also performed theoretical calculations by reconsidering
computational treatment of the Gd 4f level. The updated
results for the indirect and direct gaps are 0.98 and 1.30 eV,
respectively. Thus, the direct gap is in exact agreement with
the included experimental results, though the indirect band
gap is still unclear. Thus, precise experimental demonstration
of the band-edge structure is indispensable. Furthermore, size
effects caused by the thin-film structures on the optical and
magnetic properties should be understood in order to apply
GdN to nitride-based spintronic applications.

In this work, we studied the band-edge structure of
AIN/GdN/AIN double heterostructures with GdN thicknesses
of less than 95 nm. Indirect and direct optical transitions were
clearly confirmed. The AIN/GdN/AIN double heterostructures
exhibited ferromagnetic ordering below ~30 K. We discuss the
size effects on the optical and magnetic properties in detail in
this paper.

Double heterostructures of AIN/GAN/AIN were used in
this study to avoid oxidation.'> All samples used were grown
on sapphire (0001) substrates at 500 °C by reactive radio-
frequency (RF) magnetron sputtering'® in an ultrahigh vacuum
chamber with a base pressure of approximately 6 x 107 Pa.
The growth chamber equipped with multitargets for AIN and
GdN was separated from the substrate introduction chamber to
avoid oxidation of the target when introducing the substrate. Al
(99.99%) and Gd (99.9%) were used as metal targets. We used
an ultrapure (99.9999%) gas mixture of argon and nitrogen for
reactive growth, and the partial pressure ratio was even. The
total sputtering pressure was 5 Pa. The input RF power was
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FIG. 1. (Color online) (a) SEM cross-sectional image of an
AIN/GdN (30 nm)/AIN double heterostructure. (b) AFM image in
5 x 5 um? of the film.

250 W. First, a 100-nm-thick AIN-buffer layer was deposited
on the substrate. The GdN layer was grown on the buffer
layer. Finally, the surface was capped by a 100-nm-thick layer
of AIN. The thickness of the GdN thin layer was changed from
30 to 95 nm.

The crystallographic structure was characterized by x-ray
diffraction (XRD), extended x-ray absorption fine structure
(EXAFS) analysis, and transmission-electron microscopy
(TEM). Oxygen content in the film was studied by secondary-
ion mass spectrometry (SIMS). A scanning electron micro-
scope (SEM) was employed to study the morphology of the
heterointerfaces of the double heterostructures. Furthermore,
atomic force microscopy (AFM) was applied to investigate
the wide range flatness of the film. The band-edge structures
were investigated by optical absorption spectra. The absorption
spectra were obtained in the range of 200-2500 nm using
a spectrophotometer (Hitachi High-Tech U-4100). In order
to investigate the fundamental magnetic properties of GdN,
magnetization measurements were carried out down to T =
2 K in magnetic fields up to B = 5 T using a superconducting
quantum interference device magnetometer (Quantum Design
MPMS XL). The magnetic field was applied along the in-plane
orientation.

The interfaces of the double heterostructures were investi-
gated by the cross-section SEM. The observed SEM image is
shown in Fig. 1(a). Clear and flat interfaces were confirmed
even for the double heterostructure with the thinnest GAN
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FIG. 2. (Color online) (a) X-ray diffraction spectra for
AIN/GdAN/AIN double heterostructures with 30- and 95-nm-thick
GdN. (b) X-ray pole figures of in and out planes of AIN and GdN.

layer of 30 nm. A slight fluctuation of less than ~4.0 nm at
the heteroboundary was due to the surface morphology of the
AIN-buffer layer. The surface morphology in the wide range of
the film was investigated by AFM observations. A typical AFM
image in 5 x 5 um? is shown in Fig. 1(b). The roughness in the
height was less than 4.40 nm, which was almost the same as the
fluctuation of the heterointerface observed by the cross-section
SEM in Fig. 1(a), and the root-mean-square roughness was
approximately 0.62 nm at this area. We carried out x-ray
diffraction measurements. Figure 2(a) shows x-ray diffraction
spectra of the AIN/GAN/AIN double heterostructures with
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30- and 95-nm-thick GdN. The diffraction signals from the
GdN layer indicate the (111) preferential orientation of the
rocksalt structure on the c-axis-oriented AIN with the wurtzite
structure. X-ray pole figures of the in and out planes of AIN
and GdN are shown in Fig. 2(b). The pole figure of AIN
exhibits a strong c-axis orientation and the sixfold symmetry
consisting with the symmetry of the wurtzite crystal structure.
On the other hand, the signal of planes of GdN also shows
the sixfold symmetry, whereas the rocksalt structure should
have the threefold symmetry if the film is a single crystal. This
result indicates the formation of antiphases of GdN in the (111)
plane.5 Thus, it is concluded that our double heterostructures
of AIN/GAN/AIN were expitaxially grown on the sapphire
(0001) substrate. From analyzing the diffraction spectra, the
lattice space in the growth direction for 30- and 95-nm-thick
GdN were 0.291 and 0.292 nm, respectively. These values are
slightly larger than the 0.289 nm recorded for bulk GdN.!’
A similar phenomenon was confirmed for the AIN layer. The
lattice expansion along the growth direction may have been
due to the thermal expansion mismatch between the grown
film and sapphire substrate. The thermal-expansion coefficient
4.4 x 107 K~! for AIN was slightly smaller than that for
sapphire (7.0 x 10~ K~1). This caused a biaxial compressive
strain in the AIN/GdN/AIN double heterostructure, and thus
the lattice space in the growth direction is expanded. In this
study, we neglected the influence of the thin GdN layer
on the thermal expansion mismatch. Actually, the in-plane
x-ray diffraction spectrum indicated that the lattice space was
reduced; the value of the (200) direction for 95-nm-thick GAN
was 0.249 nm while that for the bulk GAN was 0.250 nm.!”
These results are different from a recent report'® where the
in-plane lattice constant was enlarged for thin films and
decreased with the increase in the film thickness due to an
oxygen contamination. According to the relations observed for
the lattice spaces of both the growth and in-plane directions,
we consider that there is no effect of oxygen contamination.
Our samples grown under ultrapure conditions do not show any
signs of oxygen contamination. The radial structure functions
around Gd ions in the AIN/GdN/AIN double heterostructures
were studied by analyzing EXAFS signals (Fig. 3). The
structure function for GdN clearly exhibited the nearest-
neighbor sites of nitrogen, the second-nearest sites of the next
Gd, and the third-nearest sites of the next nitrogen. We found
no signals related to Gd, O3 and metal Gd. We also performed
SIMS measurements to clarify how much oxygen is contained
in our films. Figure 4 shows a typical depth profile of the
secondary-ion intensity obtained for an AIN/GdN multilayered
structure. The dashed line indicates a level of 1.0 x 10%° cm™3
of oxygen content in the AIN region. Oxygen is a well-known
impurity in AIN crystals. The oxygen content of bulk AIN was
reported to be approximately 1 x 10'° cm™ even in the lowest
impurity level.'>?° The SIMS analysis also showed evidence
of oxygen in GdN. The secondary-ion intensity in GAN was
confirmed to be one order larger than that in AIN. This result
gives us an impression that the oxygen content in GAN seems
to be higher than that in AIN. However, the oxygen content is
impossible to estimate from the secondary-ion intensity profile
without using the ionization efficiency in AIN and GdN. We
have data of the ionization efficiency in AIN, but there is
no information about that of impurities in GdN. Therefore,
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FIG. 3. Radial structure functions around Gd ions in 95-nm-thick
GdN.

the exact value of the oxygen concentration in GdN was,
unfortunately, unable to be estimated.”! At this moment, it
is unclear whether the strong secondary-ion intensity in GAN
indicates a high oxygen concentration or not.

Figure 5(a) shows optical absorption spectra of the samples
with 30-, 59-, and 95-nm-thick GdN. In our measurements,
an inhomogeneous background can be negligible because the
background was canceled by subtracting a transmitted signal
passing through a reference sapphire substrate. Here, wemust
note an interference effect superimposed on the absorption
spectrum. Figure 5(b) shows a typical comparison between
the absorption spectrum of 30-nm-thick GdN and a calculated
multiple interference spectrum of the double heterostructure
formed on the sapphire substrate. In this calculation, we do
not include an absorption profile around the fundamental band
edge in order to make clear the contribution of the interference
effect on the spectrum. The interference signal was observed
clearly in the visible region less than 500 nm. The calculated
interference structure moderately reproduces the complicated
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FIG. 4. A typical depth profile of the secondary-ion intensity
obtained for an AIN/GAN multilayered structure. The dashed line
indicates a level of 1.0 x 10?° cm™ of the oxygen content in AIN.
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FIG. 5. (Color online) (a) Absorption spectra of double het-
erostructures with 95-, 59-, and 30-nm-thick GdN. The inset is a
transmitted optical photomicrograph of the AIN/GdN (95 nm)/AIN
heterostructure. (b) Comparison of an absorption spectrum of 30-nm-
thick GdN and a calculated spectrum.

structure observed in the absorption spectrum. According to
these results, it is found that the interference signal gently
changes around the band edge and the influence to the
absorption profile is negligible below the band edge. Thus, we
analyzed the band edges using the observed absorption spectra
shown in Fig. 5(a). All of the absorption spectra exhibited
clear absorption edges around 1000 nm. These results support
the argument that GdN thin films are semiconductors.®!!
The inset shows a transparent optical microscope image
of the sample with 95-nm-thick GdN. The transparent color
is red-brown. A significant broad absorption signal related
to free carriers that may have been supplied by nitrogen
vacancies®!” appears at the longer wavelength side below
the band gap. With a decrease in the GdN thickness, the
peak position of the free-carrier absorption shifted toward
the shorter wavelength side while the intensity decreased.
According to the Drude model,”* the plasma frequency is
proportional to the carrier density. Therefore, the observed
results indicate that the free-carrier density in the double
heterostructure with thinner GdN layer was high and that the
total number of carriers became large in the thicker film.

The fundamental absorption edge was found to clearly
depend on the GdN-layer thickness. When the thickness was
decreased, the band gap widened. The direct band-gap energy
at the X point was estimated by the Tauc plot,”> as shown
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FIG. 6. (Color online) (a) Tauc plots (aE)'/? for heterostructures
with 95- and 30-nm-thick GdN. Dashed lines indicate linear de-
pendences for (aE)'/2. The inset is an analysis of the indirect band
edge for 95-nm-thick GdN, and the dashed line indicates a linear
dependence of «'/?. (b) Direct transition energies estimated by the
Tauc plot as a function of the GdN thickness. The dashed line indicates
a fitting curve representing a d > dependence.

in Fig. 6(a) for samples with 30- and 95-nm-thick GdN.
The Tauc plot is an analysis method that estimates the direct
band gap of semiconductors with fluctuating potentials. The
plot of the absorption signal indicates a linear dependence.
Dashed lines guide the linear dependence, and the zero-cross
energy corresponds to the direct band edge. The estimated
direct band gaps of 30- and 95-nm-thick GAN were approx-
imately 1.29 and 1.18 eV, respectively. Figure 6(b) shows
the GdN-thickness (d) dependence of the estimated direct
transition energy. The direct transition energy demonstrated
considerable blue shifts as d decreased; this may be due to
the quantum size effect on the band gap. The dashed line
represents a d 2 dependence. If we assume an infinite barrier
for the GAN quantum well—which is a reasonable assump-
tion because of the large band-gap difference between AIN
(6.2 eV) (Ref. 24) and GdN (1.2 eV)—the reduced effective
mass can be estimated to be less than 0.01m,. The reason for
such small effective mass when compared with well-known
nitride semiconductors is under investigation. We may have
to note the Burstein-Moss shift caused by excess carriers
provided by nitrogen vacancies to interpret the band-gap
change.?

On the other hand, the fundamental absorption edge of
GdN was predicted to be indirect.%’ The Tauc plot of the
95-nm-thick sample deviated from the linear dependence
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FIG. 7. (Color online) Magnetization of 95-nm-thick GdN at B =
2.0 mT is shown as a function of temperature. Magnetic field was
applied in the plane. A broken line represents a fitting curve. The
inset shows the magnetization of 95-nm-thick GdN at 4.2 K.

below ~1.5 eV. This may have been due to indirect absorption.
The indirect band-gap energy can be estimated by analyzing
a!/?. The inset in Fig. 6(a) shows the result. The o!/? plot
agrees well with a linear dependence in this region, which
demonstrates that the transition is indirect. The estimated
indirect band gap was 0.95 eV, which is close to the
theoretically calculated value.®’ The indirect absorption of
95-nm-thick GdN was clearly observed. However, the indirect
edge of the thinner GdN film could not be clearly resolved
because of the strong free-carrier absorption caused by the
relatively high carrier density.

Figure 7 shows the magnetization of the AIN/GdN/AIN
double heterostructure with 95-nm-thick GdN at B = 2.0 mT
as a function of temperature. When the temperature decreased
to below 60 K, the magnetization began to gradually increase.
This behavior, which is often observed in ferromagnets,
indicates that the short-range correlation of spins, and not
the long-range ferromagnetic ordering, begins to develop
around 60 K. With further decreases in the temperature, the
magnetization increased drastically below 30 K and reached
saturation near 5 K. This rapid increase in magnetization was
caused by the phase transition from the paramagnetic state
to ferromagnetic. With the temperature approaching zero, the
magnetization was saturated ~6u5/Gd** at B = 2.0 mT. This
value is slightly smaller than the theoretically expected value
of 7143 /Gd**. This can be interpreted by a magnetic anisotropy
induced by the crystal symmetry and/or macroscopic shape,
and/or influences caused by the external magnetic field. An
hysteresis loop of magnetization of 95-nm-thick GdN at T
= 4.2 K is shown in the inset of Fig. 7. The magnetization
saturates around 0.5 T. The coercive field was less than
0.01 T as shown in the inset of Fig. 7. Thus, 95-nm-thick
GdN is considered to be behaving as a soft ferromagnetic
material. The sample with 30-nm-thick GdN also exhibited
similar behavior. According to the simple mean-field theory,
the magnetization of ferromagnets vanishes according to the
relationship (T.-T)!/?, where temperature T approaches T,
from T < T.. By using this formula and the data points for
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FIG. 8. (Color online) Arrott plot of M? versus B/M for 95-nm-
thick GdN at various temperatures. Magnetic field was applied in the
plane. Broken lines indicate extrapolations of experimental data.

95- and 30-nm-thick GdN between T = 20 and 28 K, the best
fits were obtained when 7. = 29.54+1.0 and 32.5+£1.0 K,
respectively. However, these fittings also had some ambiguities
when determining 7. In the ferromagnetism field, the best
way to determine T is to employ the Arrott plot, which plots
M? against B/M.*® According to the mean-field theory of
ferromagnets, M? vs B/M at various temperatures should show
a series of parallel lines near 7. Since the line at T = T, should
cross the origin, we can determine 7, without ambiguity.
Figure 8 shows an Arrott plot of 95-nm-thick GdN at
various temperatures. The broken lines indicate extrapolation
lines of experimental data. From these extrapolation lines, we
estimated T for both 95- and 30-nm-thick GAN tobe 37 £ 1 K.
It is noted that this value is close to a theoretical calculation
obtained by using the Monte Carlo simulation,?’ although
the result is considerably smaller than those of previous
experimental studies, e.g., 7. = 68, 69, or 58 K as estimated
by Granville et al .,* Khanzen et al.,? and Leuenberger et al o
respectively. The differences of these experimental results
may be attributed to differences in the stoichiometry, film
thickness, and grain size. In addition, when a gradual (not
rapid) increase of magnetization is caused by the development
of a short-range correlation between spins, the temperature
may be regarded as T, in previous studies. Furthermore, the
uniaxial expansion in the growth direction, which is caused
by the biaxial compressive strain in the GdN thin layer, is
considered to lead a change in 7,.>?® We emphasize that the
Arrott plot is required for accurately determining 7. We note
that the estimated 7, was almost independent of the GdN-layer
thickness in the range of 30-95 nm, while the optical band gap
exhibited considerable size dependence. This result indicates
that the correlation length between spins was shorter than
30 nm. Furthermore, the magnetization curve as shown in
Fig. 7 was also independent of the GdN-layer thickness in
the range of 30-95 nm, while the carrier density was found to
increase with the decrease in the GdN thickness. This indicates
that the origin of the ferromagnetism in the GdN film is
insensitive to the carrier density. Thus it is considered that
the mechanism of the ferromagnetism can be attributed not to
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FIG. 9. Temperature dependence of the direct band-gap energy
of 95-nm-thick GdN. A E, corresponds to the change in the band-gap
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the RKKY interaction depending on carrier density, but to the
superexchange interaction.?’

Finally, we focus on magneto-optical effects observed in
the AIN/GAN/AIN double heterostructure. Figure 9 shows
the temperature dependence of the direct band-gap energy
of 95-nm-thick GdN. With the decrease in the temperature,
a slight blue shift against the room-temperature band gap
was observed in the high-temperature region. This is a
well-known semiconducting nature.?’ With the temperature
approaching the T, the band gap starts to reduce gradually,
which corresponds to the development of the short-range
correlation of spins. Finally, below the T, the band gap
has been found to show a dramatic reduction due to the
long-range ferromagnetic ordering of spins. The band gap
reduces approximately 300 meV below the 7¢.. These features
appeared in the band gap and agree well with the change in the
magnetization as shown in Fig. 7. Therefore, this remarkable

PHYSICAL REVIEW B 83, 155202 (2011)

redshift is considered to be due to the ferromagnetic ordering
of spins in the lower energy state, which is the majority spin
band®® according to the Hund’s rule. This is an important
feature of the intrinsic magnetic semiconductor, and such
a phenomenon cannot be observed in the diluted magnetic
semiconductors.

In summary, optical band-edge structures of epitaxial
AIN/GdN/AIN double heterostructures grown on sapphire
(0001) plane were studied. We observed a clear absorp-
tion edge in the near infrared region with significant free-
carrier absorption below the band gap. The indirect transi-
tion (0.95 eV) between the valence-band maximum at the
I' point and the conduction-band minimum at the X point was
confirmed together with the strong direct optical transition
of 1.18 eV at the X point for a relatively thick GdN layer
of 95 nm. The optical band gap was found to widen with a
decrease in the GdN thickness. The short-range correlation
between spins in the AIN/GAN/AIN double heterostructures
was observed to start developing below ~60 K, and a clear
cooperative ferromagnetic ordering obeying the Arrott relation
was confirmed below ~30 K. Such ferromagnetic ordering is
almost independent of the film thickness in the range from 30
to 95 nm. Because of this, the cooperative correlation length
in GdN is considered to be shorter than 30 nm. Furthermore,
we found that the band gap is dramatically reduced with
the ferromagnetic spin ordering, which agreed well with the
variation of the magnetization.
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