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Experimental evidence of Ga-vacancy induced room temperature
ferromagnetic behavior in GaN films
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We have grown Ga deficient GaN epitaxial films on (0001) sapphire substrate by plasma-assisted
molecular beam epitaxy and report the experimental evidence of room temperature ferromagnetic
behavior. The observed yellow emission peak in room temperature photoluminescence spectra and
the peak positioning at 300 cm1 in Raman spectra confirms the existence of Ga vacancies. The
x-ray photoelectron spectroscopic measurements further confirmed the formation of Ga vacancies;
since the N/Ga is found to be >1. The ferromagnetism is believed to originate from the polarization
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of the unpaired 2p electrons of N surrounding the Ga vacancy. V
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Diluted magnetic semiconductors (DMSs) have been an
intense area of research in recent years due to their potential
applications in spintronics devices,1 which exploits both the
spin and charge degree of freedom of carriers (electron/
holes). A major drawback of making DMSs materials is the
low solubility of magnetic elements in the semiconductor
compounds.2 However, if one can find the ferromagnetism in
the semiconductor materials without any transition metal
doping, this may bring new opportunity to the field of spintronics. For there will be no issues due to clustering of magnetic dopants. The study of (Ga,Mn)N system has provided
impetus to the subject of DMS (Refs. 3–7) and it is reported
that such system can exhibit ferromagnetism with curie temperature (Tc) varying from liquid helium temperature6 to
940 K.7 In the present days, many materials have also been
found to exhibit even the ferromagnetic behavior without
any magnetic element doping. The observation of room temperature ferromagnetism in various thin films of nonmagnetic oxides (d0 systems) viz. HfO2, TiO2, ZnO, and MgO is
interesting.8–11 The origin of ferromagnetism in such material is attributed to the oxygen vacancies. Recently, room
temperature ferromagnetism has been observed by Madhu
et al.12 in GaN nanoparticles with different sizes, where the
origin of ferromagnetism has been proposed due to the
defects confined to the surface of the nanoparticles. Albeit,
there is incessant investigation in this direction, the complete
knowledge about the origin of ferromagnetism in nonmagnetic semiconductor is still under debate. The theoretical
investigation as to GaN predicts the occurrence of induced
ferromagnetism in GaN films due to Ga vacancy.13–16 In
spite of that, there is lack of experimental evidence to confirm the theoretical prediction about the origin of ferromagnetism in GaN thin films. In the present work, we have
attempted on this issue to understand the manifestation of Ga
vacancy induced ferromagnetism in GaN thin films.
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The GaN films were grown on c-sapphire substrate by
plasma-assisted molecular beam epitaxy (PAMBE) system.
The substrates were thermally cleaned at 750  C for 30 min
followed by nitridation treatment for 30 min at 700  C. After
substrate nitridation, the films were grown by using two step
processes: growth of low temperature GaN buffer layer of
thickness 20 nm at 500  C followed by high temperature
(780  C) epilayer. The thickness of the GaN samples investigated in this study was 150 nm. During the growth, the RF
power of nitrogen plasma and the Gallium beam equivalent
pressure was fixed at 350 W and 5.6  107 mbar, respectively, while the nitrogen flow rate was varied. The nitrogen
flow rate for the samples were 0.5 (sample-A) and 0.3 (sample-B) sccm. The structural characterization of the as-grown
samples was carried out by high-resolution x-ray diffraction
(HRXRD). The x-ray photoelectron spectroscopy (XPS)
analysis was carried out with a Thermo Scientific Multilab2000 spectrometer using a monochromatic Al Ka
(ht ¼ 1486.6 eV) source. The stoichiometry of the GaN films
was determined by comparing the integrated area of the Ga
2p3/2 and N 1s photoelectron lines using the appropriate
atomic sensitive factors. The room temperature photoluminescence (PL) was carried out on GaN films by using He-Cd
laser with 325 nm wavelength. Raman spectroscopy measurements were carried out by using Arþ laser with 514 nm
wavelength. The magnetization measurements, as a function
of magnetic field, at different temperatures, were carried out
by using a superconducting quantum interference device
(SQUID) magnetometer.
Figure 1(a) shows a typical 2hx HRXRD scan of GaN
film (sample-B) grown on c-plane sapphire substrate. The
peaks at 2h ¼ 34.56 and 72.81 are assigned to the (0002)
and (0004) planes of the GaN films, respectively. The strong
peak at 2h ¼ 41.69 is assigned to the Al2O3 (0006) reflection. The HRXRD pattern confirms the c-direction growth of
GaN film with hexagonal structure. In order to get information on the presence of Ga vacancies in the GaN films, we
have studied the room temperature PL and Raman
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FIG. 1. (Color online) (a) 2hx HRXRD scanning curve of GaN film (sample-B) grown on c-sapphire. (b) Room temperature PL spectra of Ga deficient GaN film (sample-B). (c) PL spectra of typical stoichiometric GaN
film and (d) Raman spectrum of GaN films.

spectroscopy. Figure 1(b) shows the room temperature PL
spectra of the GaN film (sample-B). The spectra exhibit two
distinct features namely ultra-violet emission at 3.4 eV and
the yellow broad band emission centered around 2.2 eV.17
The peak at around 3.4 eV is usually attributed to the free
excitonic transition with radiative emission between valence
and conduction bands of GaN. The broad yellow luminescence (YL) peak arises because of the Ga vacancy which
forms at high growth temperature with low nitrogen flow
rate.18 At the high temperature, the Ga desorption rate is
higher in the presence of lesser nitrogen pressure, which will
lead to formation of Ga vacancy. The PL spectrum of a typical stoichiometric GaN sample is shown in the Fig. 1(c),
which shows emission only at 3.4 eV. Figure 1(d) shows
Raman spectra of sample-B and a stoichiometric GaN sample. Raman spectra displays E2(high) phonon peaks of the
GaN films along with substrate peaks assigned by asterisk
(*). Raman spectrum of sample-B exhibited a peak positioning at 300 cm1, which is attributed to Ga vacancies.19,20 In
essence, the PL and Raman spectroscopy confirms the existence of Ga vacancies in the GaN films.
In order to quantify the percentage of elements present
on the surface of the films, we have carried out XPS studies.
Figure 2 represent the XPS spectra of core level electrons
associated with different elements in GaN. Shifting of the
electron binding energies due to charging of the sample was
corrected by assuming the C 1s peak at 285 eV for the determination of binding energy of different elements. Figures
2(a) and 2(b) show the XPS spectra of Ga 2p3/2 and N 1s
core level in sample-A, while Figs. 2(c) and 2(d) represent
for sample-B. The areas of the Ga 2p3/2 and N 1s peaks are
determined and then normalized using atomic sensitivity factors (3.341 for Ga and 0.477 for N). The elemental ratio
(N:Ga) in the samples can be determined by the relation,
N:Ga ¼ ANFGa/AGaFN, where A and F are the area of the elemental peak and atomic sensitivity factor, respectively.
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FIG. 2. (Color online) (a)-(b) XPS spectra of Ga 2p3/2 and N 1s core level
of sample-A and (c)-(d) XPS spectra of Ga 2p3/2 and N 1s core level of
sample-B.

Using the above mentioned relation, the elemental ratio
(N/Ga) in the sample-A and sample-B was found to be 2.1
and 4.3, respectively. Hence, the XPS study evidently demonstrates the presence of Ga deficiency in both the GaN
films. The induced room temperature ferromagnetic behavior
of GaN films because of Ga vacancy will be discussed in the
following paragraph.
Figure 3 shows the magnetization versus applied magnetic field (M-H) plots for the GaN films recorded at room
temperature for both sets of samples. The magnetization
measurement was carried out with field applied parallel to
the plane of the sample. The diamagnetic contribution of the
sapphire substrate has been subtracted from the measured
magnetization and then the magnetization is normalized by
the area of the sample. It is distinct from Fig. 3 that both sets
of samples exhibit well defined hysteresis loop signifying the

FIG. 3. (Color online) Magnetization versus magnetic field (M-H) at RT for
GaN films with N:Ga  2.1:1 (sample-A) and 4.3:1 (sample-B). The inset
presents the zoomed view of the M-H plot.
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FIG. 4. (Color online) Magnetization versus magnetic field (M-H) for GaN
film with N:Ga  4.3:1 (sample-B) at RT and 5 K. The inset shows the close
up view of the M-H plot.
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It is clear from the inset that the MR and coercive field (HC)
at 5 K show an enhanced value (MR  1.18  104 emu/cm2
and HC  390 Oe) compared to the value at 300 K
(MR  0.45  104 emu/cm2 and HC  136 Oe), as expected
for ferromagnetic materials.
In summary, we have grown Ga deficient GaN epitaxial
films on (0001) sapphire substrate by PAMBE and report the
experimental evidence of room temperature ferromagnetism,
induced by Ga vacancies. The observation of broad yellow
emission peak at 2.2 eV in PL spectra and a peak positioning
at 300 cm1 in Raman spectra confirm the existence of Ga
vacancies in the films. The x-ray photoelectron spectroscopic
measurements further confirmed the formation of Ga vacancies. The magnetization as a function of magnetic field measured on Ga deficient GaN films exhibited room temperature
ferromagnetism and the saturation magnetization is found to
increase with increasing Ga vacancy. Such manifestation is
strongly believed to originate from the polarization of
unpaired 2 p electrons of N surrounding the Ga vacancy.
1

characteristic of ferromagnetic behavior. The value of saturation magnetization (Ms) was found to be 0.44  104 and
4.31  104 emu/cm2 for sample-A and sample-B, respectively. The observed higher value of saturation magnetization in sample-B strongly suggests that the Ga vacancies are
the source of ferromagnetism in the GaN films. Such intrinsic ferromagnetism is naively believed to have a genesis
associated with Ga vacancies that releases holes into the system. It has to be noted here that the spin polarized band
structure calculation by Larson and Satpathy15 predicts the
formation of three distinct spin polarized states above the
Fermi level (EF) where three holes associated with each Ga
vacancy are shared by four neighboring N atoms of GaN.
The asymmetry of density of states at the Fermi level
[D(EF)] results a finite spin polarization (P) and characterize
the system to be ferromagnetic in nature since for convenD ðE Þ  D ðE Þ
tional ferromagnets, P ¼ D"" ðEFF Þ þ D## ðEFF Þ = 0. In a nutshell, the
polarization of unpaired electrons associated with Nitrogen
(N ¼ 1s22s22px12py12pz1) around the Ga vacancy gives rise
to induced local magnetic moment and these induced magnetic moment interact cooperatively to exhibit the ferromagnetism.13 The zoomed view of the room temperature M-H
plot for the Ga deficient GaN films is shown in inset of
Fig. 3. The remanent magnetization (MR) obtained for the
sample-A and sample-B was found to be 0.06  104 and
0.45  104 emu/cm2, respectively.
Figure 4 shows the M-H curves for sample-B
(N:Ga  4.3:1) at two different temperatures (5 and 300 K).
The inset in Fig. 4 shows the close up view of the M-H plot.
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