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In dilute magnetic semiconductors studies, sapphire was usually used as non-magnetic substrate for
films. We observed weak ferromagnetic component in Al,Oj3 single crystal substrate, and excluded
the possibility of ferromagnetic contaminations carefully by inductively coupled plasma mass
spectrometry and X-ray photoelectron spectroscopy. The ferromagnetism rise and fall during the
process of annealing-oxygen irradiation-annealing of the sapphire. The ferromagnetic changes are
consistent with Al-vacancy related defects detected by positron annihilation spectroscopy. With
first-principle calculations, we confirm that Al-vacancy can introduce magnetic moment for 3 uB in
Al,O3 crystal and form stable V,-V,, ferromagnetic coupling at room temperature. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922788]

I. INTRODUCTION

In recent years, much interest has been raised in the
dilute magnetic semiconductors oxides (DMSO) due to
their potential applications as spintronic materials.'™
Understanding the origin of ferromagnetism in the DMSs is
a crucial issue in this field.* Recently, room temperature
ferromagnetism (RTFM) has been observed in series of
metal oxide films such as ZnO, MgO, TiO,, etc., while the
ferromagnetism was always rather weak and the origin of
RTEM was also under debate.”® Sapphire is usually used as
non-magnetic substrate for dilute magnetic films in experi-
mental studies, while a research on Co-doped ZnO films
observed unexpected ferromagnetic signal from Al,O5 crys-
tal wafers.'” Meanwhile, RTFM has been also reported in
some of the nanopowders such as Al,O;, MgO, and ZnO,
and the ferromagnetism was attributed to universal oxygen
vacancies.'' For instance, Xue ef al. synthesized Al,O; crys-
talline particles by sol-gel method, and considered that the
ferromagnetism attributed to charged oxygen-vacancies from
grain surface.'> However, another study on series of mag-
netic substrates observed small amount of y-Fe,O5 impurities
on the surface of ferromagnetic sapphire, and the sided
polished sample contained a lot of O-vacancies that still
show absolute diamagnetism.13 Also, we noticed a weak
ferromagnetic signal on some of the Al,O5 crystal wafers
when we used them as film substrates, and the ferromagnet-
ism cannot be eliminated by surface cleaning. Thus, detailed
research is required to determine the origin of ferromagnet-
ism in this system. On the one hand, substrate influence on
magnetic properties should be considered in the further
experimental studies of dilute magnetic films. On the other
hand, Al,O; substrate is highly resistive. The intrinsic
ferromagnetism in Al,O3 should be reliable experimental
evidence for magnetic mechanism of bound magnetic
polaron model.'*
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Il. EXPERIMENTATION

In this topic, the Al,O5 substrate with weak ferromag-
netic signal was exactly examined by inductively coupled
plasma mass spectrometry (ICP-MS) and X-ray photoelec-
tron spectroscopy (XPS) for detecting the unexpected
magnetic impurities. On the other hand, we treated the raw
wafer at high temperature up to 1200 °C for 20 min and then
oxygen-irradiated for the introduced amount of lattice
defects. After that, the wafer was re-annealed for 20 min at
1200 °C to eliminate the inject-induced defects. The oxygen-
irradiation was completed using a 100 keV Electro-magnetic
Isotope Separator at Shanghai Institute of Applied Physics
(SIAP). O-ions at 70keV were implanted into the polished
surface of Al,Oj3 crystals at room temperature to a dose of
1 x 10"7/cm?. Before and after each treating step, the mag-
netic behavior and defective condition in the wafer were
determined by vibrating sample magnetometer (VSM) and
positron annihilation spectroscopy, respectively. Besides, the
first-principles calculations based on density functional
theory (DFT) were also employed to verify the experimental
results and provide further insight in the origin of ferromag-
netism in Al,Os5 crystals.

lll. RESULTS AND DISCUSSION

Figure 1 displays the weak ferromagnetic signal in raw
Al,O;5 substrate. The M-H curve was treated to reduce the
influence of diamagnetic background. It can be seen that the
coercive field was clearly detected in the M-H curve, and
the saturation magnetization (Mg) with mass normalization
is only about 6 x 10 emu/g, which is relatively much
smaller than that of diluted magnetic films deposited on
them. However, this signal cannot be removed by any sur-
face cleaning. To make clear whether it is originated from
unexpected magnetic impurities, we employed XPS and
ICP-MS to detect the trace of some impurities on the surface
and on the body of the wafer, and the results are shown in
Figures 2(a) and 2(b), respectively.

© 2015 AIP Publishing LLC
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FIG. 1. The room temperature ferromagnetism observed in raw Al,Oj3 crys-
tal substrate. The inset shows virgin measurement results without back-
ground subtraction.

As shown in Figure 2(a), the binding energies of Al 2p
are located at 74.5eV, which corresponds to those reported
for the core-level XPS spectrum of A" jons in Al,O3. The
O 1s XPS spectra show an asymmetric peak, which can be
fitted by two Gaussian curves. The low binding energy peak
(red dashes) is located at 531.2eV for intrinsic binding
energy of 0" in Al,Os crystals, and the high binding energy
peak (blue dashes) is located at 532.6eV for probably V-
related defects or O,, H,O, etc., adsorbed on the surface.”
We have not detected any magnetic impurities on the wafer
surface such as Fe, Co, Ni, etc. The XPS spectra measured
for Cr element display a broad convex protrusion. The center
of protrusion is located at 583 eV, which is close to the bind-
ing energy peak of Cr 2p1/2. However, there is no evidence
of corresponding Cr 2p3/2 peak observed at 574.3eV. The
2p peak of Cr’ ™ ions is located at about 580V and the bind-
ing energy of magnetic Cr-oxides is usually lower than
579.5eV. This means that we did not observe evidence for
magnetic Cr-oxides. Moreover, the spectra spanned over
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24eV are hardly owned to the existence of Cr impurities.
The ICP-MS experiment uses Ar ions to bombard internal
sample and record the mass spectrum of sample elements,
which can detect the trace impurities with an accuracy of
10 ppm. As shown in Figure 2(b), the black lines represent
background blank noise, and the red lines are the impurity
signals in the wafer. The signal intensity of Al element is 10
times larger than that of others (except oxygen), indicating
that the impurities are very few. No other magnetic impur-
ities (such as Fe, Co, Ni, Mn, etc.) were detected by ICP-MS
experiments, and the results are consistent with the XPS
spectra. Meanwhile, we did not observe any signal of Cr
element at many of the detected points, indicating no Cr ions
exist in the Al,O3 wafer. The protrusion in XPS results prob-
ably origins from other unexpected factors, or the Cr only
exists at a point of surface which is exactly detected by XPS.
Actually, the probability of later reason is very little. ICP-
MS measurement only showed Pb impurity peak at sample
surface with the content of about 20 ppm. Pb is presumably
paramagnetic and does not contribute to the ferromagnetic
response.

In order to check the ferromagnetism, whether relevant
to intrinsic defects in Al,O3;, we treated this wafer during
process of annealing-oxygen irradiation, and then annealing
after irradiation. After each treating step, the VSM and slow
positron spectroscopy were used to characterize the magne-
tism and defect structure of sample, and results are shown
in Figure 3. Average O-implanted profile simulated by
Stopping and Ranges of Ions in Matter (SRIM) program was
shown in the inset of Figure 3(a). The irradiated layer was
approximately 160nm in the range of 20-180nm and the
implanted peak of atomic concentrations is about 10 at. % at
106 nm. The red regions represent the content of vacancy
type defect caused by irradiation. The vacancies distribute
from surface into implanted region, and the profile is differ-
ent from that of O-ions.

Positron annihilation spectroscopy was proved to be an
effective tool for study of vacancy-type defects in materi-
als.'® Positrons are easily trapped by vacancy defects and
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FIG. 2. (a) XPS analysis of the possible impurities on surface of Al,O5 substrate; (b) the results of ICP-MS analysis of possible impurities in the wafer.
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FIG. 3. (a) The S-parameter as a function of positron implantation energy for Al,O3 after each treating step. (b) The corresponding changes of M-H curves

measured by VSM.

result in a narrowing of 511 keV annihilation peak compared
to bulk annihilation. S-parameter was defined as a fraction of
counts in the central region of this 511keV peak.'”
Therefore, positrons annihilated in vacancies will result in an
increase in S-parameters. Our experiments were carried out
using mono-energetic positron beam with energies ranging
from 0.5 to 20keV. S-parameter as a function of positron im-
plantation energy was used to analyze the V5 -related defects
in wafer, and the results are shown in Figure 3(a). Largest
S-parameters at the wafer surface are normally due to the
formation and annihilation of positronium atoms.'®

The relatively larger S-parameter in raw wafer when
compared with that of after annealing definitely indicates
that the raw Al,O5 substrate contains amount of positron-
trapping potential, which are typically due to Al-vacancies
or V-related defects. The defects were greatly eliminated
after sample annealing at high temperature, since the S-curve
significantly decreased. Meanwhile, the ferromagnetism sig-
nal almost disappeared, as the M-H curves shown in Figure
3(b). After O-ions irradiation, the significant increase of
S-parameters is suitably attributed to formation of
Varelated defects in the sample, and the M-H curves
indicate that the sample contains both ferromagnetic and
paramagnetic behaviors after irradiation. Furthermore, the
implanted sample was retreated at 1200°C for removing
irradiation-induced defects. The value of S-parameters obvi-
ously dropped to near the level of initial annealing, and cor-
respondingly the magnetic signal almost disappeared again.
Our experimental results definitely indicate that the magnetic
performance is consistently following the behavior of
Varelated defects in the sample. At the same time, we
excluded the influence of magnetic impurities on observed
RTFM by ICP-MS and XPS experiments. Although we did
not discuss the action of O-vacancies, the experiments tend
to demonstrate that Al-vacancies probably introduce mag-
netic moment and form ferromagnetic coupling at room
temperature in Al,O5 substrate as well.

In order to give further insight in Al-vacancy induced
RTFM in Al,O5; material, a series of first-principle calcula-
tions based on DFT were performed using the Vienna
Ab-initio Simulation Package (VASP).">?° The generalized
gradient approximation (GGA) method with Perdew-Burke-
Ernzerh of (PBE) was employed to describe the exchange
correlation energy functional.?! We built 2 x 2 x 1 Al,O4
super-cell with hexagonal structure, which contains 72
O-atoms and 48 Al-atoms for the calculation. The cases of
one or two O/Mg vacancies at the center of super-cell were
taken into account for discussing magnetic property of
vacancy-defects in Al,O5 supercell. For the Brillouin-zone
sampling, 4 x 4 x 4 Monkhorst-Pack k-mesh was used for
the structural optimization and static computation process.*
The plane wave cut off energy was set to 400eV, and the
relaxed Hellman-Feynman force on each ion was less than
0.01eV/A during the optimization. Figure 4 displays the
results of total density of electronic states (DOS) for pure
and vacancy-defected Al,O5 supercell systems. The mag-
netic moment and polarization energy of the different
defected supercell systems are shown in Table I.

DOS patterns of pure Al,O; crystal display no spin
polarization emerged around the Fermi energy level which is
near the top of the valence band, thus the material shows
nonmagnetic property. The band gap between valence band
and conduction band is about 6.2 eV, indicating the Al,O; is
highly resistive. For the system to contain a neutral O va-
cancy, it is clear that the Vo does not introduce magnetism
in the system, although a negligible impurity band emerges
from the bottom of conduction band. We calculated the
supercell with a neutral Al vacancy, and found that the top of
the valence band shows obvious spin-split, which is crossed
by Fermi level. The total magnetic moment value within the
Wigner-Seitz radius is about 0.81 uB, as listed in the table.
Both the Vg and V,; are not deep level defects in the wide
band gap of Al,O3 material. The cation vacancies can intro-
duce holes in the oxide system, and electronic compensation
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FIG. 4. Total DOS of pure Al,O3 and with O/Al vacancies produced by
GGA calculation. Inset displays partial DOS of O 2p around Al vacancies in
07,Aly7 supercell.

of 2p electrons from nearby O atoms probably result in redis-
tribution of the energy bands.”> The inset of Figure 4 dis-
plays that splitting impurity bands at Fermi level are mainly
caused by the spin-polarization of O2p electrons around Al
vacancy, which are the origin of localized moments in the
system. Calculated results indicate that the magnetic
moments of Al vacancy mostly come from the spin-
polarization of O2p electrons. We calculated the total
moment of an Al vacancy in static process, and the values
are always about 0.81 uB with polarization energy of
—281.7meV, which is defined as the difference of total
ground energy between electronic polarized state and non-
polarized state. The O2p electrons around Al vacancy show
opponent polarized direction with a different polarization
degree. We adjusted the polarized direction of O2p electrons
and obtained total localized spin of 3 uB with polarization
energy about —391.5 meV. This state is more stable than that
of initial static process. We consider that the V 4| system may
have a metastable polarized structure with asymmetric spin
direction of O2p electrons. We calculated the magnetic cou-
pling of two Al vacancies in AlysO7, supercell with the dis-
tance of 0.385 nm, and obtained stable polarization with total

TABLE I. Magnetic moments (within the Wigner-Seitz radius) introduced
by either O or Al vacancies in Al,O3 supercell for different defected
systems.

Vai Vai
System Pure Vo (metastable) (stable) Var-Vai
Polarization energy 0 —281.7 —391.5 46.9
(meV) (Eapm-Epm)
Magnetic moment (ug) 0 0.002 0.81 3.0 6.0

J. Appl. Phys. 117, 233904 (2015)

moment of 6 uB, as shown in Table I. The energy difference
between FM and AFM phases is defined as AE=Epy
— Epm = 43052, according to Heisenberg model.>* The J, is
the nearest-neighbor exchange parameter and S is 3/2. The
calculated AE is about 46.9 meV, indicating that V 4; system
has a stable ferromagnetic coupling between the two Al
vacancies. Our calculated results are in good agreement with
the expectation of experiments.

IV. CONCLUSION

In conclusion, we carefully investigated the origin of
weak ferromagnetism in Al,O3 wafer by using experimental
analysis and theoretical calculations. The experimental results
indicate that the observed ferromagnetism in experimental
Al,O3 sample arises from ferromagnetic coupling of Al vacan-
cies instead of magnetic impurities or Vo-related defects.
Based on the calculations, the neutral O vacancies are non-
magnetic in the Al,O5 crystal, while their localized moment is
not exactly zero. We have not discussed the possibility of sin-
gly charged oxygen vacancies (F'centers) effect on magnetic
performance in our experiments and calculations.
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