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Dilute magnetic semiconductor (DMS) materials have been
attracting intense interest for their potential applications in
the field of spintronic devices because they combine charges
and spins into a single-semiconductor medium.? DMS is
usually produced by doping semiconductors with magnetic
transition metals (TMs), such as Cr, Mn, Fe, Co, and Ni.
Ferromagnetism in transition-metal-doped DMSs at or above
room temperature has been observed.**! However, the real
origin of ferromagnetism is still not clear because magnetic
transition metals are intrinsically magnetic and their precip-
itates or secondary magnetic phases in the host semiconduc-
tor may also contribute to the observed ferromagnetism. To
avoid the problem of magnetic precipitates, fabricating new
classes of DMS is highly desired. One approach is to dope
semiconductors with intrinsically nonmagnetic elements. For
example, copper, as a nonmagnetic element, has attracted
theoretical and experimental attentions to produce ZnO- and
GaN-based DMSs.! And it has been reported that carbon-
doped ZnO materials are ferromagnetic above room temper-
ature.'” Another possible approach is to create intrinsic point
defects in semiconductors, such as cation vacancies. Elfimov
et al." predicted by ab initio calculation that Ca vacancies in
CaO prefer a ferromagnetic ground state. Recently, Pemmar-
aju and Sanvito!'? further predicted ferromagnetism for Hf
vacancies in HfO, using the same method. However, the
formation energy of such cation vacancies is so high that it is
extremely difficult to obtain them in sufficiently high
concentration under thermal equilibrium for utility.'* Thus,
viable and simple methods are highly desired for the synthesis
of ferromagnetic semiconductors by reducing the formation
energy of cation vacancies.

Recently, many efforts have been devoted to fabricating
AlIN-based DMS materials by making use of its wide bandgap
(6.2 eV). Though magnetic transition metals, such as Mn, Cr,
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Co, and Fe, have been used to fabricate AIN-based DMS
materials,"*'7 the question of the underlying ferromagnetism
mechanism remains again largely unsolved. Earlier theoret-
ical predictions suggested that Al vacancies could result in a
ferromagnetic ground state with a magnetic moment of
3.0 uz"¥ However, they also predicted that it is hard to
achieve a sufficiently high Al vacancy concentration in
thermal equilibrium owing to the high formation energy of
the vacancies. Herein, we report the first experimental
fabrication of a DMS in AIN doped with a nonmagnetic
rare-earth-element, scandium. Our first-principles calcula-
tions further demonstrated that the introduction of Sc into
AIN significantly reduces the formation energy of Al
vacancies and that the formation of this vacancy results in
the ferromagnetic states. Such understandings are of great use
in further exploring other DMS materials.

Figure 1a shows a scanning electron microscopy (SEM)
image of typical AIN:Sc hexagonal nanoprisms. The AIN:Sc
hexagonal nanoprisms scatter evenly and form a mesh.
Interestingly, the AIN:Sc hexagonal nanoprisms from adja-
cent clusters try to approach each other, forming chains by
self assembly (Figure 1b). These hexagonal nanoprisms have
diameters around 80-100 nm and lengths around 150-180 nm.
A typical chain-like structure is shown in Figure 1c. More
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Figure 1. a) A low-magnification SEM image of the as-synthesized
AIN:Sc hexagonal nanoprisms (scale bar: 5 um). b) A medium-mag-
nification SEM of the AIN:Sc hexagonal nanoprisms (scale bar: 1 pm).
c) A high-magnification SEM image of typical AIN:Sc hexagonal nano-
prisms with chainlike structure (scale bar: 500 nm). d) EDS spectrum
of the as-synthesized AIN:Sc hexagonal nanoprisms.
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than 20 hexagonal nanoprisms can be assembled and form a
micrometer-scale chain. Energy-dispersive X-ray spectrosco-
py (EDS) analysis (Figure 1d) reveals that the doping of Sc
ions in AIN corresponds to a concentration close to 2.1%.
Other impurity phases have not been detected.

Detailed structural characterization of the AIN:Sc hex-
agonal nanoprisms was performed by transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM). Figure 2a shows that the AIN:Sc

o [0001].

Figure 2. a) TEM image of the AIN:Sc hexagonal nanoprisms.

b) HRTEM image of the area of the AIN:Sc hexagonal nanoprism
highlighted in the square in (a). Inset: corresponding electron diffrac-
tion pattern.

nanoprisms exhibit predominantly hexagonal prism-like
structure and stick together to form a chain. The hexagonal
nanoprisms seem to have quite uniform shapes and sizes, free
of impurity inclusions. A representative HRTEM image of a
hexagonal nanoprism (Figure 2b) reveals that the hexagonal
nanoprism has a single crystalline AIN:Sc wurtzite structure
without any second phases, as corroborated by the corre-
sponding selected area electron diffraction (SAED) pattern
(inset in Figure 2b). The spacing of 0.521 nm measured from
the lattice fringe corresponds to the d-spacing of the (0001)
plane, suggesting a growth direction along the [0001] of the
hexagonal nanoprism.

A typical X-ray diffraction (XRD) pattern of the AIN:Sc
hexagonal nanoprisms is shown in Figure 3. The diffraction
peaks can be indexed to those of the wurtzite structure (space
group: P6ymc, No. 186) AIN (JCPDS file No. 08-0262). No
diffraction peaks arising form ScN or Sc were observed in the
XRD data. All peak positions of the AIN:Sc hexagonal

AIN:Sc

(101)

(100)
(110)

30 40 50 60 70
26 | degree ——

Figure 3. XRD pattern of AIN:Sc hexagonal nanoprisms (top) and
undoped AIN nanoparticles (bottom).
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nanoprisms are slightly shifted to lower angles relative to
undoped AIN nanoparticles, suggesting an increase of lattice
constants as a result of the substitution of larger radius Sc*"
ions (rs.=0.73 A) for the A’ ions (r,,=0.51 A). A number
of calculations show a clear increase in the lattice constants of
the AIN after doping, resulting from dopant incorpora-
tion. %20

The Raman spectra of the AIN:Sc hexagonal nanoprisms
were obtained at room temperature. Hexagonal wurtzite AIN
belongs to the P6;mc space group, with all the atoms
occupying the C;, sites. Six Raman-active modes are pre-
dicted by group theory: 1A,(TO)+1A,(LO)+1E(TO)+
1E,(LO) +2E,. Two distinct peaks centered at 608.6 cm™
and 648.6 cm ™! correlate to the first-order vibrational modes
of A,(TO) and E,(high), respectively, for AIN:Sc hexagonal
nanoprisms (see Figure S1 in the Supporting Information).
The slight red shift of E,(high) and A;(TO) of the AIN:Sc
hexagonal nanoprisms relative to those of the undoped AIN
nanoparticles, may be attributed to the disorder of the crystals
resulting from the incorporation of Sc. Similar phenomena
were observed in AIN:Cu nanorods.” This result further
indicates that the Al cations (AI’") have been successfully
substituted with Sc cations (Sc*"), consistent with the XRD
results. In addition, compared with undoped AIN nano-
particles, the vibrational mode E,(TO) of AIN:Sc hexagonal
nanoprisms is more pronounced. The high intensity of the
E,(TO) band of the AIN:Sc hexagonal nanoprisms probably
resulted from the probing Raman bands of optical phonons in
the ab-plane {1010} facets,”*?! because all of hexagonal
nanoprisms have six prismatic ab-plane {1010} facets and
some of which lie on the substrate.

The plot of the magnetization (M) versus magnetic field
strength (H), measured by a vibrating sample magnetometer
(VSM) at 300 K (Figure 4), clearly indicates ferromagnetism
at room temperature. The saturation magnetization and the
coercive field of the AIN:Sc hexagonal nanoprisms are
0.049 emug ™' and 299 Oe, respectively. Based on our XRD
and HRTEM results, the formation of pure Sc metal and
secondary phases, such as ScN and ScAl, has been safely ruled
out. Since neither AI*" nor Sc** ions are magnetic ions, the
observed ferromagnetism is an intrinsic property of AIN:Sc.
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Figure 4. Magnetization hysteresis loop of the AIN:Sc hexagonal nano-
prisms measured at room temperature.
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We have performed first-principles calculations to under-
stand the mechanism of the ferromagnetism in AIN:Sc
hexagonal nanoprisms. Three 3 x 3 x 2 supercell lattices each
containing 72 atoms and large enough to study ferromagnet-
ism® were constructed with: 1) one Al atom replaced by a Sc
atom (Al;5ScNy), 2) an Al vacancy created by removing one
Al atom (Al;sN56), and 3) one Al vacancy plus one substitut-
ing Sc atom (Als,ScNs,). For the first system, the optimized
lattice parameters slightly increase (e.g., an increase of
0.012 A for a and 0.008 A for ¢) relative to the undoped
system, a change which can be attributed to the larger ionic
radius of Sc than ALP**! Our spin-polarized calculations did
not reveal any magnetic behavior resulting from this intro-
duction, as shown in the spin-resolved density of states in
Figure 5a and the calculated total magnetic moment equals to
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Figure 5. Spin-resolved density of states of a) the 72-atom AIN super-
cell with one Al atom substituted by a Sc atom; b) the 72-atom AIN
supercell containing an Al vacancy; and c) the 72-atom AIN supercell
containing an Al vacancy plus one substituting Sc atom. Fermi level is
set to zero. Positive values correspond to the majority spin, negative
values to the minority spin.

zero as expected. For the second case (2), the majority spins
and the minority spins are changed markedly around the
Fermi level with the appearance of localized unoccupied
bands (Figure 5b). It indicates that the Al vacancy induces a
high spin polarization, which mainly arises from the unpaired
2p electrons of the nitrogen atoms around the vacancy site.
The resulting total magnetic moment reaches 3.0 up, in good
agreement with the results by Wu et al.'®! A similar mecha-
nism, that an cation vacancy introduces magnetization to its
neighboring anions, was reported also for the cases of CaOl!!l
and HfO,." For the third system (3), a nearly identical
magnetic behavior to that in system (2) was identified
(Figure 5c). Hence, the observed ferromagnetism in AIN:Sc
hexagonal nanoprisms arises not from the Sc atom, but from
the Al vacancies. However, it is worth noting that earlier
theoretical predictions suggest a very high formation energy
of Al vacancy and concluded the sufficient Al vacancy
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concentration would be hard to create under thermal
equilibrium.['® Therefore, it seems surprising that our experi-
ments result in the formation of Al vacancies. As we will show
below, the introduction of Sc into AIN is of great importance
to effectively reduce the formation energy of the Al vacancy
and makes it possible to fabricate a DMS in AIN.

We have calculated the formation energies of systems (2)
and (3). The defect formation energy in neutral state is
defined as Equation (1)!®

E' = Egea — Eq' 11t — 11, 1
where E- . is the total energy of the supercell containing the
defect, Eyis the total energy of the host supercell, n_ and n,
are the number of Al atoms substituted by the defect and the
number of defect atoms introduced into the supercell,
respectively, and u_and u, are the corresponding chemical
potentials. For the system of one Al vacancy, n_=n,,=1 and
n, =0, we calculated the formation energy of an Al vacancy
(under nitrogen-rich conditions) to be 6.405¢V, in good
agreement with that calculated by Wu et al."® This formation
energy is so high that the formation of sufficient Al vacancies
is hardly achieved at thermal equilibrium."® However, for the
system of one Al vacancy plus one doped Sc atom, n_=n, =
2 and n, = ng. =1, the calculated formation energy is 3.556 eV,
much (ca. 2.849 eV) smaller than the system in the absence of
Sc. These results suggest that the introduction of the Sc atom
into AIN significantly reduces the formation energy of the Al
vacancy.

The magnetic coupling between Al vacancies in the Sc-
doped AIN supercell was also studied using the same
approach as that used in the study of GaN.?! We created
two Al vacancies with a separation of 4.978 A in the 3x 3 x2
supercell by removing two Al atoms along the ¢ direction.
Total energy calculations are thus performed in ferromagnetic
and antiferromagnetic states. The energy difference of the
two systems is 181 meV, with the ferromagnetic state being
the ground state. This result further confirms the ferromag-
netic nature of Sc-doped AIN.

The remarkable experimental discovery of point defects
in the ferromagnetism in pure HfO, film®” has caused great
interest in exploring new classes of DMSs. Since then, further
experimental evidence on the observed ferromagnetism
induced by point defects was found for ZnO, GaN, CdS,
In,0;, and SnO, nanoparticles.’*>") However, the observed
magnetic moments are typically very small (107°-
10~* emug "), which may be explained by the small quantity
of cation or oxygen vacancies on the surface or subsurface of
the DMSs. In addition, the theoretical studies on defect-
induced magnetism in CaO and HfO, have predicted that the
high cation-vacancy concentration on oxides is very unstable
because of the high formation energy of the cation vacan-
cies."*! Our experimental results provided a viable method
to obtain high defect concentration by doping nonmagnetic
elements (e.g., Sc). The resulting magnetic moment
(0.049 emug™') is about one or two orders of magnitude
larger than those in the above nanoparticles. The doping
nonmagnetic element can significantly reduce the formation
energy of cation vacancy and thereby induce the ferromag-
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netic state. Exploring the new method to reduce the
formation energy of cation vacancies would contribute to
developing a new class of DMSs and bring a great opportunity
to the field of spintronics.

In summary, we have demonstrated both experimentally
and theoretically, that Sc-doped AIN hexagonal nanoprisms
are ferromagnetic materials at room temperature with the
typical diameter and length of 80-100 nm and 150-180 nm,
respectively. Our first-principles calculations have established
that the magnetism is caused by the formation of Al vacancies
but not from the Sc dopant. Moreover, the calculated
formation energy of an Al vacancy in AIN:Sc (3.556 eV) is
much smaller than that in pure AIN (6.405 eV), implying that
doping Sc has significantly reduced the formation energy of
Al vacancies. These findings suggest a new approach in
developing DMS.

Experimental Section

Single-crystalline AIN:Sc 1D hexagonal nanoprisms were synthesized
in an improved arc discharge plasma setup.®? Al (purity 99.99% ), Sc
(purity 99.99%), and N, gas (purity 99.99 %) were used as sources.
The N, pressure was 40 kPa. The input current was maintained at
100 A and the voltage was a little higher than 25 V. After reaction for
5 min, large numbers of white cotton-like solids deposited on the
substrate. The morphology of the AIN:Sc hexagonal nanoprisms was
characterized by field-emission scanning electron microscopy (SEM,
XL 30 ESEM FEG) and high-resolution transmission electron
microscopy (HRTEM, JEM-2100f). The chemical composition of
these nanoprisms was determined by energy-dispersive X-ray spec-
troscopy (EDS). Micro-Raman spectroscopy was measured by
Renishaw inVia (excited with an Ar* line at 514 nm). The crystal
structures of AIN:Sc hexagonal nanoprisms were characterized by X-
ray diffractometry (XRD, Rigaku D/Max-A, Cuy,). The magnetic
properties were measured using a vibrating sample magnetometer
(VSM) at room temperature.

We employed the all-electron projector augmented wave
approach®™®l within the Perdew-Burke-Ernzerhof parametrization of
a generalized gradient approximation, as implemented in the Vienna
ab initio simulation package code.™ The plane-wave kinetic energy
cutoff was set at 520 eV. The 4 x 4 x 3 k-point meshes for the Brillouin
zone sampling were constructed using the Monkhorst-Pack
scheme.™ The geometries of the supercells for various Sc dopings
were fully optimized without using any symmetry constraints. For the
relaxed structures, the atomic forces converged to be less than
0.02eVA™
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