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A B S T R A C T   

Oxygen-defective gallium oxide (Ga2O3-x with 0.4 < x < 0.7) thin films with cubic spinel structure were 
deposited on c-cut epi-polished sapphire wafers using thermal evaporation technique by keeping specific values 
of oxygen partial pressure in the evaporation chamber. The preparation method and post-treatment conditions 
induced distinct oxygen stoichiometries in the films which exhibit a ferromagnetic-like behavior at room tem-
perature. Despite the measured saturation magnetization values do not exhibit a straightforward correlation to 
the oxygen stoichiometry of the films, the presence of oxygen vacancies and defects is presumably the origin of 
the unconventional magnetic behavior. Strong magnetic irreversibility exhibit by the magnetization measure-
ments performed using field-cooling and zero-field-cooling protocols indicate the presence of disordered mag-
netic moment distributions which are likely non-collinear. Theoretical and experimental results available in the 
literature corroborate with the assumptions that oxygen vacancies and defects appear as the main reason for 
room-temperature ferromagnetism. All films exhibit soft magnetic behavior at room temperature, exhibiting 
remanent magnetizations between 7% and 20% of the saturation magnetization which saturated magnetic 
moments is estimated as 0.43 and 1.24 Bohr magneton per oxygen vacancy. The present results extend the 
functionalities of this interesting material, which is already investigated for applications in several technological 
areas, for possible uses in the areas of spintronics and emerging areas of the optospintronics.   

1. Introduction 

Gallium oxide (Ga2O3) is a material that exhibits six polymorphs [1]. 
Among them, β-phase is the thermally stable phase since other poly-
morphs commonly have their average domain size gradually reduced 
and turning into monoclinic β-Ga2O3 with an increase in annealing 
temperature [2,3]. A special focus is given on potential applications of 
stable polymorph β-Ga2O3 exhibiting wide-bandgap with a direct energy 
band 4.3–5.3 eV suitable for high-power and high-voltage electronic 
devices and ultraviolet light emitters [1,4]. However, the 
phase-dependent photocatalytic activity of Ga2O3 varieties in which 
intrinsic or native defects are found is also intensively studied and dis-
cussed because they offer several application opportunities in gas 
sensing and photocatalytic industrial processes. Particularly, γ-Ga2O3 
polymorphism with the lowest formation energy [5] when prepared as 

layered structures with a high concentration of the oxygen vacancies 
confined in the ultrathin nanosheets exhibit a significant enhancement 
in the photocatalytic performance, enabling application in several in-
dustrial processes and environmental chemistry [6–8]. It is also worth 
noting that γ-Ga2O3 show size-tunable photoluminescence in the visible 
blue-green regions in quantum dots [6,9,10] and nanorods [11]. 
Remarkable changes in photoluminescence intensity of γ-Ga2O3 nano-
crystals, which are synthesized for the same amounts at different times 
in pure argon, indicate the key role of the concentration of oxygen va-
cancies [12]. Time-resolved photoluminescence measurements have 
been shown that photocatalytic activity upon annealing is directly 
correlated with the native defects (i.e., oxygen vacancy) concentration 
[13]. These studies also indicate that trapped charge carriers in 
defect-induced states in γ-Ga2O3 nanocrystals unambiguously exhibit a 
much longer lifetime than those found in surface states, making the 
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charge transfer the main responsible for photocatalytic activity more 
efficient. 

Metastable γ-Ga2O3 has a defective spinel-type structure (Space 
Group number 227) which is like γ-phase Al2O3, with Ga3+ ions occu-
pying the octahedral (O) and tetrahedral (T) sites which ratio O/T is 
approximately 0.6 [14–17]. Similarities between crystal structures favor 
epitaxial growth of the γ-Ga2O3 thin films on sapphire substrates 
[18–20]. In the metastable γ-varieties of gallium oxide with defective 
spinel-type structure Ga3+ ions occupy the available cation sites per unit 
cell, but a small fraction of these sites remains vacant. The exact fraction 
of sites and whether these vacant sites are in the tetrahedral or in the 
octahedral sublattices depends upon the sample preparation methods 
and conditions. 

The stoichiometric γ-Ga2O3 is a diamagnetic material but doping by 
different metals has been used to extend its functionalities for applica-
tions. Particularly, theoretical calculations and experimental data [21] 
reveal that strong ferromagnetic (FM) coupling between Fe ions by p – 
d orbital overlap of the Fe–O bond and defects, demonstrating the 
high-performance of γ-Ga2O3 as a diluted magnetic semiconductor with 
a Curie temperature higher than room temperature (RT). Also, Cu [18], 
Zn [22], Mn [19,20,23,24], and Si [25] dopants have been investigated, 
but room-temperature ferromagnetism (RTFM) is reported only for 
γ-Ga2O3 thin films doped with Mn and Fe. The saturation magnetic 
moments given in Bohr magneton unit per dopant metal in these doped 
γ-Ga2O3 thin films are ms = 0.42 μB/Mn [19] and ms = 5.73 μB/Fe [21], 
respectively. 

Recently we reported the preparation of γ-Ga2O3-x (0.4 < x < 0.6) 
thin films on c-cut sapphire wafers using thermal evaporation and sub-
sequent post-deposition thermal treatment at 600 ◦C under different 
oxygen partial pressures [26]. According to X-ray powder diffraction 
measurements, these Ga2O3-x thin films have cubic spinel-type structure 
defective but oriented with (001) crystallographic planes almost parallel 
with the c-cut surface of epi-polished sapphire substrates. In the present 
study, we report the magnetic characterization of these undoped 
γ-Ga2O3 films which ferromagnetism above RT has never been reported 
in the literature to our knowledge. The presence of oxygen vacancies and 
their interactions are directly correlated with the formation of magnetic 
moment and the long-range magnetic order, but these points are still not 
completely clear. 

Otherwise, point defects are unavoidable, and they can be intro-
duced to the material either during the fabrication or post-preparation in 
many ways including doping and radiation damage. Generally, the ox-
ygen vacancies are of considerable interest because they can be closely 
correlated with electronic and magnetic properties in several wide- 
band-gap oxide nanostructures [27] and films [28], but how spin po-
larization caused by the presence of oxygen vacancies gives rise to 
long-range magnetic ordering remains a controversial research topic 
[29–34]. 

2. Experimental 

A series of Ga2O3 thin film studied in this work were prepared using 
thermal evaporation on epi-polished commercial c-plane (0001)-ori-
ented sapphire wafers (MTI Corp) using a commercial electron-beam 
evaporator system (Ångström engineering, evovac 046) equipped with 
a high precision quartz microbalance, previously calibrated by profil-
ometry (Dektak-150). All deposition procedures were performed using a 
high purity gallium source (>99.9999%) with sapphire substrates 
maintained at room temperature by keeping specific values of oxygen 
partial pressure in the evaporation chamber. The oxygen partial pressure 
of 1 mPa was used to obtain the samples labeled as GA1 and GA2, but 
sample GA2 was subsequently thermal treated at 600 ◦C for 30 min using 
a dedicate high vacuum chamber with a base pressure of 10− 5 Pa. The 
samples labeled as GA3 and GA4 were deposited at room temperature by 
keeping oxygen partial pressure values of 4 and 8 mPa, respectively. 
Subsequently, both samples were thermal treated at 600 ◦C for 30 min 

using the same dedicate high vacuum chamber with a base pressure of 
10− 5 Pa. All films were deposited at a fixed deposition rate of 0.14 nm/s 
for about 2 min resulting in 28 nm-thick oxide thin films. Details of 
morphology, chemical analyses, and crystal structure characterizations 
were published elsewhere [26]. 

Magnetic measurements were performed using the Magnetic Prop-
erty Measurement System (MPMS®3) which combine SQUID (Quantum 
Design) technology with vibrating sample magnetometer using the field 
cooling (FC) and zero-field cooling (ZFC) protocols. The substrates are 
epi-polished sapphire square plates with an area of 25 mm2 and thick-
ness of 0.5 mm. The magnetic fields were applied parallel to the thin film 
plane. 

3. Results and discussion 

The magnetic hysteresis loops measured at RT of all studied samples 
are shown in Fig. 1. All the hysteresis loops measured at different tem-
peratures are plotted after procedures for extracting diamagnetic signals 
of about - (15,84 ± 0,66) nemu/Oe originated from the sapphire sub-
strates and sample holder. Clearly, all samples show soft magnetic 
behavior with low remanence and moderate coercivity values. The 
saturation magnetic fields are found close to 25 kOe at 300 K but for 
decreasing temperatures the saturation magnetization is attained at 
much higher magnetic fields. Only the sample GA1 exhibits saturation 
fields of about 25 kOe at all measured temperatures. The remanence 
ratio which is defined as saturation remanent magnetization (MR) to 
saturation magnetization (MS) is higher for samples GA1 and GA2 
comparatively to the samples GA3 and GA4 across the entire range of 
measured temperatures. 

The main magnetic details of the hysteresis loops measured for the 
samples are summarized in Table 1. Estimated values of the saturation 
magnetic moments are also given in units of Bohr magnetons per oxygen 
vacancy. Clearly, the introduction of oxygen vacancies would induce 
ferromagnetism in Ga2O3x but the magnetization is not proportional to 
the oxygen vacancy concentration. The two samples GA1 and GA2 with 
highest oxygen deficiency (x = 0.60 and 0.53, respectively) show lowest μsat 
values and larger areas of hysteresis loops comparatively with the two samples GA3 
and GA4 with x = 0.46 and 0.42, respectively. 

To better understand the magnetic behavior of the samples, 
magnetization measurements using field cooling (FC) and zero-field 
cooling (ZFC) protocols were performed using different cooling field 
(HFC) values. The FC and ZFC magnetization curves for HFC values 
smaller than saturation fields are shown in Fig. 2. 

For HFC = 1 kOe, the FC and ZFC curves for all samples exhibit bi-
furcations below 300 K. This behavior indicates the presence of mag-
netic irreversibility’s the samples. Particularly, sample GA1 exhibit an 
anomalous behavior in the ZFC magnetization curve in which a broad 
maximum of magnetization is observed around 75 K. For HFC = 5 kOe, 
ZFC and FC magnetization curves of sample GA1 also exhibit a bizarre 
behavior comparatively to other three samples, which only below 100 K 
exhibit significant bifurcations between ZFC and FC curves. Therefore, 
the ZFC and FC magnetization results indicate the presence of magnetic 
irreversibility’s in the magnetization curves in all samples, but mainly in 
the GA1 sample, which presents a greater stoichiometric deviation and a 
higher concentration of defects. The presence of magnetic in-
homogeneities is convincing evidence of the presence of sample regions 
in the form of clusters with magnetic moment arrangements along di-
rections preferentially different from the applied magnetic field 
direction. 

The temperature dependence of magnetization was measured for all 
samples using a magnetic field of 50 kOe, which is high enough to 
effectively saturate the magnetization of all samples. The magnetic re-
sults are shown in Fig. 3. For all samples, the saturation magnetization 
decreases almost linearly with increasing temperature in the tempera-
ture range between 100 K and 350 K. This result indicates an uncon-
ventional ferromagnetic-like behavior with Curie temperatures well 
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above the room temperature. The GA4 and GA3 samples, which have 
smaller stoichiometric deviations than the GA1 and GA2 samples, 
exhibit greater saturation magnetizations in the studied temperature 
range. 

In the saturation magnetization curves of all samples, it is possible to 
observe an increase in magnetization for temperatures below 25 K. This 
behavior suggests the presence of a fraction of isolated or approximately 
uncoupled magnetic moments in all samples that adopt the orientation 
of the cooling field only when thermal fluctuations are reduced at low 
temperatures. According to this assumption, the fraction of isolated 
magnetic moments in relation to the total magnetic moment would be 
higher in the GA3 sample. Another important result that can be 
extracted from the experimental data shown in Fig. 3 is that the satu-
ration magnetizations of samples GA4 and GA3, which have smaller 
stoichiometric deviations, are greater than those presented by samples 
GA1 and GA2 with larger stoichiometric deviations. Therefore, the 

saturation magnetization is not directly proportional to the oxygen 
stoichiometry deviations of the films. In fact, the larger the stoichio-
metric deviation is, the smaller the saturation magnetization observed at 
low temperature. 

Without evidence of any contaminants in the samples, then the 
ferromagnetic-like behavior in the γ-Ga2O3 thin films presumably comes 
from the oxygen vacancies and defects, which quantities must be enough 
to create an interconnected network to settle down a long-range mag-
netic ordering. 

An estimate of the number of oxygen atoms in the samples can be 
obtained using the crystal cell parameters for γ-Ga2O3 with cubic spinel 
structure and the calculated density of 5.94 g/cm3, which is commonly 
higher than the measured density values [16]. To maintain the overall 
measured stoichiometric deviations given in Table 1, it is necessary that 
all four Ga sites are fully occupied, and the oxygen sites are partially 
occupied in the ideal cubic spinel structure. Taking the sample volume 
corresponding to the area multiplied by the thickness of the thin films 
and the volume of a unit cell occupied by a γ-Ga2O3 formula unit (f.u.) 
we can estimate the number of oxygen vacancies and the mean values of 
magnetic moment per vacancy. The μsat values found for samples GA4 
and GA3 are more than twice the values for samples GA1 and GA2 
whether at 5 K or RT. It should be emphasized that the procedure used to 
estimate the saturated magnetic moments per oxygen vacancies (given 
in Table 1) only leads to net values of total magnetic moment that do not 
consider eventual non-collinear or antiparallel arrangements of mag-
netic moments in the oxygen vacancy network. 

To activate the magnetism potential in various otherwise diamag-
netic oxides, the most common strategy is to incorporate the dopants 

Fig. 1. Magnetic hysteresis loops measured in five different temperatures for samples GA1, GA2, GA3, and GA4. Insets show the inner part of the hysteresis loops.  

Table 1 
Sample identification (ID) with measured stoichiometry and their saturation 
magnetic moment (μsat) given in Bohr magneton (μB) per oxygen vacancy (VO), 
remanent to saturation magnetization ratio (R = MR/MS), and coercive field (Hc) 
values are given at 5 K and 300 K.  

Sample ID-Ga
2
O
3-x μsat (μB/VO) R ratio (%) HC (Oe) 
GA1-Ga
2
O
2.40 0.65/0.58 32/12 550/120 
GA2-Ga
2
O
2.47 0.74/0.43 18/20 480/220 
GA3-Ga
2
O
2.54 1.61/0.98 9/7 114/50 
GA4-Ga
2
O
2.58 1.77/1.24 8/7 110/50  
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that lead to so-called dilute magnetic oxides [35]. To the best of our 
knowledge, however, there are only two experimental works reporting 
RTFM in doped γ-Ga2O3. RTFM was observed in Mn-doped γ-Ga2O3 
grown on c-cut sapphire substrate using pulsed-laser deposition tech-
nique [19] and Fe-doped γ-Ga2O3 grown on (0001) sapphire substrates 
by the laser molecular beam epitaxy technique [21]. 

RTFM behavior reported in Mn-doped γ-Ga2O3 thin films reveal RT 
saturation magnetic moments of 0.42 μB/Mn [19] and first-principles 
calculations reveal that the Mn atoms are preferably located at tetra-
hedrally coordinated Ga sites with the valence of +2, whereas the cation 
vacancies were energetically favorable at the octahedral sites [36]. 

For Fe-doped γ-Ga2O3 thin films deposited on sapphire substrates 
show saturation magnetic moment at room temperature as high as 5.73 
μB/Fe [21]. The first principles calculations performed reveal that the 
main source of RTFM can be ascribed to the strong ferromagnetic 
coupling between Fe ions, p–d orbital overlap of the Fe–O bond and 
defects. Among defects, there are cation (gallium) vacancies and mainly 
oxygen vacancies. Therefore, the dislocation of the Fe3+ and Fe2+ ions as 
well as oxygen vacancies can also induce interactions between the 
magnetic dopants leading to the local electric charge distributions with a 
certain spin polarization. 

Comparatively, non-doped γ-Ga2O3 thin films rich in oxygen va-
cancies like the samples studied in the present work exhibit moderately 
high magnetic moments per oxygen vacancy and strong magnetic irre-
versibility’s, as indicated by the magnetic measurements using FC/ZFC 
protocols. It is worth to remember, however, that measured saturation 
magnetic moments per formula unit can be higher than the net esti-
mated values, since partially compensated arrangements of magnetic 
moments could remain misoriented relatively to the applied magnetic 
field orientation even at the available maximum fields of 60 kOe. 

The origin of the observed magnetism it is still not completely un-
derstood. First-principal theoretical calculations were performed for an 
ideal cubic γ-phase of Ga24O32 supercell [21]. In this case, the crystal-
lographic unit cell contains 32 cubic-close-packed oxygen ions (eight 
chemical formula units), giving rise to hypothetical and fully occupied 
crystal structure with 16 octahedrons (O) and 8 tetrahedrons (T) in the 
supercell with two nonequivalent Ga sites, GaO and GaT, which are 
octahedrally and tetrahedrally coordinated, respectively. The calculated 
total and local density of states of γ-Ga24O32 supercell show that the 
spin-up and spin-down orbitals are symmetrical. Either the GaO, GaT and 

Fig. 2. Measurements of the magnetizations using ZFC (black squares) and FC (red dots) protocols using field cooling (HFC) values of 1 kOe and 5 kOe from samples 
GA1, GA2, GA3 and GA4. Diamagnetic contributions were extracted from the magnetization curves. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. Temperature dependence of the saturation magnetization of the thin 
films for a saturation magnetic field of 50 kOe. 
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O sites all have a spin magnetic moment of zero, indicating that the fully 
occupied γ-Ga24O32 structure has a non-magnetic structure, i.e., it is 
diamagnetic material. 

To explain the origin of the robust ferromagnetic-like behavior 
observed in oxygen-deficient γ-Ga2O3 films, we propose an explanation 
made on the basis of limited evidence as a starting point for further 
investigation the following mechanism. Nonmagnetic investigations of 
the oxygen vacancies have undoubtedly demonstrated that the charge 
state of the vacancy has pronounced effects on its electronic and struc-
tural properties of γ-Ga2O3 [12,13]. Clustering of oxygen vacancies is 
very likely, and it would result localized moment around vacant sites in 
the same context of dilute magnetic oxides. Therefore, defect-induced 
localized magnetic moments can form bound magnetic polarons [37] 
with appreciable magnetic moments and thermal stability as robust as 
the electronic structure [38] as long as the oxygen vacancy migration 
mechanisms are not activated [39]. Furthermore, both the presence of 
two non-equivalent Ga sites with octahedral and tetrahedral coordina-
tion, as well as the local stress created in γ-Ga2O3 accommodating ox-
ygen stoichiometry changes, allows us to predict the possibility of 
forming arrangements of magnetic moments that are not necessarily 
collinear with each other. In fact, if oxygen vacancies and defects are 
responsible for the formation of magnetic moments with unusual mag-
netic coupling, even a small disorder in the magnetic moment lattice can 
possibly induce a non-uniform distribution of magnetic moments with 
different magnitudes and orientations. This assumption may explain 
why saturation magnetization is not directly proportional to the oxygen 
deficiency of each sample, as shown in Table 1. 

In fact, defect-induced magnetism in transition metal oxides is pre-
dicted by a number of models [40]. Beyond the type of the magnetic 
interactions and the establishment of the long-range magnetic coupling 
between two magnetic centers, the approaches consider the rehybrid-
ization of the atomic orbitals associated with the defects themselves 
(such as vacancies) and those of the surrounding the defect ligands 
which have local character depending on inter- and intra-atomic charge 
redistributions. These features are used to explain defect-induced 
ferromagnetic and antiferromagnetic coupling in co-doped transition 
metal oxides because it facilitates the development of delocalized 
spin-polarized molecular orbitals over a more extended range [41]. The 
presence of octahedrally and tetrahedrally coordinated defective sites in 
γ-phase of Ga2O3-x films with cubic spinel structure is often assigned to 
mixtures of more than one type of both octahedral and tetrahedral Ga 
sites of nonideal local symmetry [15]. It is not surprising, therefore, that 
the reduction in saturation magnetization with increasing sample oxy-
gen deficiency occurs as a consequence of the conflicting superposition 
of extended magnetic couplings. 

The present experimental study on the undoped γ-Ga2O3 samples 
rich in oxygen vacancies clearly demonstrate the possibility to induce 
ferromagnetic-like behavior at room temperature with formation of 
moderately high saturation magnetic moments values. Despite RTFM 
has been observed in several undoped semiconducting and insulating 
oxides, the present observation in γ- Ga2O3 extends the functionalities of 
this interesting material to the magnetism area. 

4. Final remarks 

Despite recent advances in the growth of gallium oxide thin films, 
which are rapidly emerging as a material of choice for many applica-
tions, current Ga2O3 technology is not yet mature for commercial use. 
This work highlights the role of polymorphism and optimization of 
Ga2O3 performance in the γ phase by controlling the defect structure. 
The present results indicate that the exploration of the conditions of 
synthesis and composition is a rich field for future research. Specifically, 
the demonstration of an ease way to induce ferromagnetism at room 
temperature in γ-Ga2O3 films adds an important multifunctionality 
which opens possibilities to explore spintronics and optospintonics 
applications. 
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