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Single-phase GaGdN and GaGdN:Si films were grown on sapphire substrates
by gas source molecular beam epitaxy using solid Gd, Ga, and Si sources and
active nitrogen derived from a RF nitrogen plasma source. The undoped films
were highly resistive films but became conductive with the addition of Si.
Superconducting quantum interference device magnetometry indicated room-
temperature ferromagnetism in both types of materials. Structural defects
had a strong influence on the magnetic ordering of the material, as seen in a
drastic reduction of magnetic moment with degrading crystalline quality.
Magnetization of the codoped film increased with Si content, reaching levels
higher than that of the undoped material. The Gd-doped AlN films grown in a
similar fashion also displayed Curie temperatures above room temperature.
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INTRODUCTION

The field of spin-based electronics, or spintronics,
has emerged as a candidate in the search for the
next technological breakthrough in both electronics
and photonics. By controlling the quantum spin
state of electrons, this field has potential for
increased speed, power efficiency, and storage den-
sity in devices.1–4 One approach in which to achieve
this is with dilute magnetic semiconductors (DMSs).
Recent interest has focused on GaN as a base for
DMSs due to its wide band gap, robust nature, and
well-established manufacturing base for light-
emitting diodes and laser diodes. Transition metal
dopants in GaN have been extensively studied,5–20

but the rare earth elements have lately gained
momentum as a dopant for dilute magnetic semi-
conductor applications.21–23 There is potential for
incorporating this type of material into applications
such as spin valves, magnetic tunnel junctions, and
spin LEDs. The ability to manipulate the Fermi le-
vel of the material would make it an even better

candidate for device integration than the transition
metal doped GaN, where typically 3–10 at.% of the
element must be incorporated, disrupting the nor-
mal electrical and photonic properties. By sharp
contrast, concentrations of Gd in the 1015–1018 cm)3

range have proven effective in producing room-
temperature ferromagnetism in GaN.21–23 These
reports of colossal magnetic moments with Curie
temperatures above 400 K in Gd-doped GaN
(GaN:Gd) thin films have sparked interest in
exploring other rare earth–nitride systems as can-
didate materials for spintronic devices. The doping
of nitrides with rare earth ions may serve as an
alternative to transition metal doping with the
possibility of room-temperature ferromagnetism
mediated either by carriers or by conduction
through bands induced by the rare earth ions.
In addition, because the rare earth dopants may
be optically active in these materials, magnetic
and optical functionality on a single chip may be
possible.

This paper reports on the magnetic properties of
GaGdN grown by rf plasma-assisted molecular
beam epitaxy, including the effects of incorporation
of extra shallow donors by codoping GaN with both
Gd and Si.
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EXPERIMENTAL

GaGdN and GaGdN:Si were grown by gas source
molecular beam epitaxy (MBE) using solid Gd, Ga,
and Si sources heated in effusion cells and nitrogen
from an Oxford rf plasma head. A Veeco P75 metal
organic chemical vapor deposition chamber pro-
duced the 2-lm GaN on c-plane sapphire buffer
layers used as substrates for the MBE films. Using
this starting material eliminates the need for steps
such as nitridation and nucleation needed to bridge
the lattice gap when starting on sapphire. It also
improves the quality of the epitaxial film as com-
pared to those grown on low-temperature MBE
buffers.7,24 The native oxide was removed prior to
MBE growth using an etch progressing through
HCl, UV ozone exposure, buffered oxide etch, and a
DI water rinse. The epitaxial films were grown
using a thermocouple measured substrate temper-
ature of 700�C with a nitrogen flow rate of 1.6 sccm.
The Ga cell was held constant throughout the
growth runs at 785�C, while the Gd cell was varied
from 900�C to 1,125�C. Reflection high energy elec-
tron diffraction (RHEED) was used to monitor films
during growth. When codoping, the Si cell temper-
ature ranged from 1,000 �C to 1,200�C. The codoped
material was grown to a film thickness of 0.15 lm,
while the GaGdN was grown to varying thicknesses.
A few runs were also made of Gd-doped AlN, with
the Gd cell temperature varied from 1,000�C to
1,150�C. In some cases, Gd was implanted into p-
type GaN films on sapphire, both as a calibration for
secondary ion mass spectrometry (SIMS) measure-
ments and for measuring the magnetic properties.22

These films were annealed at 700–1,000�C prior to
the magnetic measurements.

RESULTS AND DISCUSSION

The singly doped films showed an optimal
RHEED pattern with 1 · 3 reconstruction at 0.1 lm,
which is shown in Fig. 1. After about 0.12 lm, this
two-dimensional (2-D) growth pattern degenerated
into one indicative of 2-D/three-dimensional (3-D)
growth and continued to degrade to a 3-D growth
pattern with increasing thickness. After becoming
2-D/3-D, the reconstruction pattern disappeared.
The codoped material exhibited 2-D growth and 1 ·
3 reconstruction through a thickness of 0.15 lm.
The growth rate for all the films was ~0.1 lm/h. The
addition of Si doping helped smooth out the surface,
as the codoped material grew in the 2-D mode for
thicker films. Comparisons between the two mate-
rials were restricted to those with similar crystal-
line structure as determined by RHEED and x-ray
diffraction. The Gd flux did not change the RHEED
pattern and there was no evidence of Gd acting as a
surfactant. Atomic force microscopy (AFM) scans
shown at the bottom of Fig. 1 determined the root
mean surface roughness of both films to be approx-
imately 1.8 nm.

Compositional analysis of the films was carried
out using both x-ray diffraction (XRD) in a Philips
powder diffractometer and SIMS using Cs+ and O2

+

ions performed by Evans Analytical Group. No sec-
ond phases were observed via XRD, with the only
peaks originating from GaN and sapphire. With the
extremely low Gd flux used during growth, this is
not unexpected. Additional examination via trans-
mission electron microscopy (TEM) showed orderly
lattice matching between the buffer and films
(Fig. 2) without any evidence of clustering. In fur-
ther investigation by SIMS, the concentration of Gd
was under the detection level of ~2 · 1017 atoms/
cm3. The films of Dhar et al.17,21 were grown with
higher Gd concentrations, up to 2 · 1019 cm)3, and
they were also able to grow films up to 700-nm thick
without loss of crystal quality. This suggests that
use of NH3 rather than rf-plasma activated N2

Fig. 1. RHEED pattern of 2-D growth for GaGdN:Si (top) and AFM
scan of 0.15-lm-thick GaGdN (bottom).
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provides a higher surface mobility of the ad-atoms.
The Gd is a large atom (atomic radius ~2.5 Å) rel-
ative to both Ga (~1.8 Å) and N(~0.75 Å), and it
might be expected that it is difficult to incorporate
on substitutional sites if the growth temperature or
Ga flux is too high. The use of NH3 as the nitrogen
precursor appears to expand the range of growth
conditions that allow higher concentrations of Gd to
be incorporated. Photoluminescence of the films
with a Nd:YAG excitation source showed weak band
edge peaks from the GaN at 364 nm, which were
stronger than the comparable Gd-implanted films,
as shown in Fig. 3. This suggests that the incorpo-

ration of Gd during growth is preferable for main-
taining the optical properties of the GaN.

Magnetic characterization of the films was carried
out in a quantum design superconducting quantum
interference device magnetometer. All measure-
ments were taken with the applied field parallel to
the sample surface. The diamagnetic contribution
from the substrate and sample holder was subtracted
out, and the results were normalized to volume.
Measurements of magnetization versus temperature
were done in an applied field of 200 Oe, and magne-
tization versus applied field measurements were
taken at 10 K and 300 K. Both Si codoped and Gd only-
doped samples showed ferromagnetism up to room
temperature. Examples for the Gd-only samples are
shown in Fig. 4 as a function of Gd cell temperature.
No magnetization was observed for the lowest
(900�C) or highest (1,125�C) Gd cell temperatures.
We emphasize that only the Gd cell temperature was
varied in these experiments. This may be a result of
insufficient Gd concentration at the lowest tempera-
tures and nonsubstitutional incorporation at the
highest temperature, but we have no direct evidence
of this speculation. The saturation magnetization
was highest at an intermediate cell temperature of
1,050�C in the case of these singly doped samples. We
have seen similarly sharply peaked curves for the
optimal magnetization with other magnetic dopants
in GaN, indicating the sensitivity of magnetization to
magnetic ion concentration and solubility. Figure 5
shows hysteresis plots at different temperatures
from GaGdN grown with a Gd cell temperature of
1,050�C. There was little decrease in saturation
magnetization, suggesting a Curie temperature
above 350 K, a fact confirmed by field-cooled/zero
field–cooled magnetization measurements.

Similar basic trends were seen with the Si-cod-
oped samples. A representative hysteresis curve for
the Si codoped samples is shown in Fig. 6 along with
the zero field–cooled/field-cooled traces. The satu-
ration magnetization increased linearly with Si cell
temperature, as shown in Fig. 7. The GaGdN film
exhibited the highest saturation magnetization
when grown with a 2-D RHEED pattern. This
dependence of magnetization on crystalline quality
has been seen in other materials.7,24 At the highest
end of TSi, the GaGdN:Si showed higher magneti-
zation than the GaGdN.

Hall measurements performed at room tempera-
ture provided electrical data on the material.
As-grown GaGdN films were highly resistive, but
became increasingly conductive with Si incorpora-
tion. This is illustrated in Fig. 8. In coordination
with the conductivity, carrier concentration and
mobility also increased with Si doping. There is also
a need to establish the effect of the Si doping on the
thermal stability of the GaGdN, because this is
important for device applications. Somewhat sur-
prisingly, Dhar et al.25 also found that Gd-focused
ion beam implanted GaN showed room-temperature
ferromagnetism and colossal magnetic moment

Fig. 2. TEM images of GaGdN:Si showing lattice structure (top) and
diffraction pattern (bottom).
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without any annealing, suggesting that defects
play an important role. No thermal stability was
reported in that work.

The AlGdN samples also showed room-tempera-
ture hysteresis when doped with Gd at a high en-
ough Gd cell temperature. Figure 9 shows
hysteresis loops at room temperature from AlGdN
doped with Gd at different Gd cell temperatures
(top) and field-cooled/zero field–cooled magnetiza-
tion (bottom). The optimum cell temperature was
1,075�C and the magnetization is larger in these
samples than in AlMnN and AlCrN reported previ-
ously and grown under similar conditions.26–29

CONCLUSIONS

In conclusion, evidence is found that the RT
ferromagnetism of GaGdN has been retained
and may be improved by the addition of Si. The
magnetic behavior is influenced by the degree of Si
incorporation. In addition, the insulating GaGdN is
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transformed into conductive n-type material with
the addition of Si. The ability to control the con-
ductivity while retaining room-temperature ferro-
magnetism makes GaGdN:Si a promising candidate
for developing devices out of dilute magnetic semi-
conductors.
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