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Ferromagnetic Sc-doped AIN sixfold-symmetrical hierarchical

nanostructures

W. W. Lei, D. Liu, P. W. Zhu, X. H. Chen, Q. Zhao, G. H. Wen, Q. L. Cui,’ and G. T. Zou
State Key Laboratory of Superhard Materials, Jilin University, Changchun 130012,
People’s Republic of China

(Received 7 July 2009; accepted 16 August 2009; published online 19 October 2009)

Sc-doped AIN (AIN:Sc) sixfold-symmetrical hierarchical nanostructures were grown by direct
current (dc) arc discharge plasma method using the direct reaction of Al and Sc metals with N, gas.
Energy-dispersive x-ray spectroscopy, x-ray diffractometry, and Raman spectra analysis clearly
showed that Sc was doped in the AIN hierarchical nanostructures. The magnetization curves indicate
the existence of room-temperature ferromagnetic behavior. The saturation magnetization and the
coercive fields (H,) of the AIN:Sc nanostructures are about 0.04 emu g~! and 200 Oe, respectively.
The results reveal that Sc is a potential nonmagnetic dopant for preparing diluted magnetic

semiconductor nanomaterials. © 2009 American Institute of Physics. [doi:10.1063/1.3248257]

Recently, diluted magnetic semiconductors (DMSs) have
attracted a great deal of attention because of their potential
applications in the field of spin-dependent semiconductor
electronics.' It is well known that the most primary method
is the introducing appropriate rare-earth dopants or transition
metals (TMs) into a semiconductor to produce a DMS, as
they can often induce dramatic changes in the optical, elec-
trical, and magnetic properties.‘?’4 Besides the well studied
II-VI and III-V DMS, doping of III nitrides with different
rare-earth elements or TMs has gained a lot of attention not
only because of its importance in optoelectronics but also
due to its potential as a promising material for spintronics.s’6
Although many efforts have been made to explore the
synthesis and magnetic properties of AIN-based DMS bulk
materials and films,”'° there are very few research groups
reported the synthesis of nanostructures.'"'? Especially hier-
archical structured nanomaterials, which have dual or mul-
tiple morphologies and structures, have attracted increasing
interest because of their structural complexity and greater
functionality.]‘%’14 Recently, Bai'® indicated that cubic ScN is
a good lattice match for zinc blende III-A nitrides. Therefore
combining the two binary semiconductors to form Sc, Al;_,N
alloys could be useful in technological applications. ® How-
ever, the magnetism of the nitride alloys has not yet been
reported. Until now, no work on synthesis of Sc-doped AIN
sixfold-symmetrical hierarchical nanostructures was pre-
sented. Here we investigated the synthesis of Sc-doped AIN
sixfold-symmetrical hierarchical nanostructures without in-
troducing any catalysts and templates. Their structural and
magnetic properties are characterized.

The AIN:Sc sixfold-symmetrical hierarchical nanostruc-
tures were synthesized in an improved dc arc discharge
plasma setup.'” In a typical run, aluminum (purity 99.99%)
powders, scandium (purity 99.99%) powders and N, gas (pu-
rity 99.99%) were used as sources. The chamber pressure
was evacuated to less than 1 Pa, and then working gas was
introduced into the chamber. The N, pressure is at 30 kPa.
The input current was maintained at 120 A and the voltage
was a little higher than 20 V. After growth for 20 min, a layer
of gray-colored flocky product was deposited on the W cath-
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ode. The crystal structures of the product were characterized
by x-ray diffractometry (XRD) (Rigaku D/Max-A, Cu Ka).
The chemical composition of the product was determined by
energy-dispersive x-ray spectroscopy (EDS). The morphol-
ogy and structure were characterized by field-emission scan-
ning electron microscopy (SEM) XL 30 ESEM FEG) and
high-resolution transmission electron microscopy (HRTEM)
JEM-2100F). Micro-Raman spectroscopy was measured by
Renishaw inVia (excited with an Ar* line at 514 nm). The
magnetic properties were measured using a vibrating sample
magnetometer at room temperature.

Figure 1 displays the powder XRD patterns of the un-
doped AIN and Sc-doped AIN sixfold-symmetrical hierarchi-
cal nanostructures. All observed peaks can be readily in-
dexed to pure hexagonal phase [space group: P6ymc (186)]
of AIN."® No peaks of any other phases or impurities were
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FIG. 1. (Color online) (a) XRD patterns of AIN and AIN:Sc hierarchical
nanostructures. (b) The enlarged (100), (002), and (101) peaks.
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FIG. 2. (a) A low magnification SEM image of the as-synthesized AIN:Sc
sixfold-symmetrical hierarchical nanostructures. (b) A typical front view of
the sixfold-symmetrical hierarchical nanostructure. (c) A side view of a
single sixfold-symmetrical hierarchical nanostructure. (d) EDS spectrum of
the as-synthesized AIN:Sc sixfold-symmetrical hierarchical nanostructures.

detected. The (100), (002), and (101) peaks positions of the
AIN:Sc are slightly shifted to lower angles compared with
AIN hierarchical nanostructures [see the Fig. 1(b)], suggest-
ing the increase of the lattice constants due to the effective
substitution of larger radius Sc* ions (rg;=0.73 A) for the
AP* ions (ry=0.51 A), as reported in Mn-doped ZnO
nanowires.

Typical SEM images of the as-synthesized product are
shown in Fig. 2. Figure 2(a) shows a low-magnification im-
age of the as-synthesized product. They reveal a clear and
well-defined sixfold-symmetrical structure with a “back-
bone” surrounded by radial oriented ‘“nanowires.” Typical
backbone has a length range of several tens of microns and a
width of about 1.5 um. The nanowires are typically about
10 wm in length and 200-500 nm in diameter. A typical
front view of the nanostructure indicates a sixfold-
symmetrical ordered assembly [Fig. 2(b)]. The distribution
of the nanowires around the backbone has an angle interval
of 60°. Figure 2(c) is a side view of a single sixfold-
symmetrical nanostructure at higher magnification. The
nanowires grow in a single row. The chemical composition
of AIN:Sc sixfold-symmetrical hierarchical nanostructures
was determined from EDS spectrum [Fig. 2(d)]. Quantitative
analysis reveals that the atomic ratio of Al:N:Sc is about
52.36:46.25:1.39.

The crystalline structure of AIN sixfold-symmetrical
nanostructure was also studied by TEM. Figure 3(a) is a

FIG. 3. (a) TEM image of the AIN:Sc sixfold-symmetrical hierarchical
nanostructure. Inset presents its corresponding electron diffraction pattern.
(b) and (c) are HRTEM images taken from the tip of the nanowire and the
backbone of the AIN:Sc sixfold-symmetrical hierarchical nanostructure.
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FIG. 4. (Color online) Typical Raman spectra of AIN and AIN:Sc sixfold-
symmetrical hierarchical nanostructures.

typical TEM image of the nanowires-backbone junction
structures. The nanowires vertically grow out from the back-
bone. The SAED pattern [inserted Fig. 3(a)] is consistent
with the hexagonal wurtzite structure of AIN with no second
phase detected. Figures 3(b) and 3(c) are HRTEM images
taken from the tip of the nanowire and the backbone [from
the square boxes in Fig. 3(a)], respectively. The backbone
axis is along the [0001] direction, whereas the nanowires

axis is along the [0110] direction, with lattice spacings de-
termined to be 0.492 and 0.271 nm, respectively. They cor-

respond to (0001) and (0110) crystal planes, respectively.
Both HRTEM and selected area electron diffraction (SAED)
images indicate that the growth direction of the backbone is

[0001], and the nanowires are [0110] (and equivalent direc-
tions).

The Raman spectra of the undoped AIN and Sc doped
AIN sixfold-symmetrical hierarchical nanostructures were
obtained at room temperature. As shown in Fig. 4, three dis-
tinct peaks centered at 611.4, 654.3, and 665.9 cm~! are cor-
related with the first-order vibrational modes of A,(TO),
E,(high), and E;(TO) for undoped AIN hierarchical nano-
structures, respectively. The low-intensity broad peak around
903.8 cm™! is assigned to the overlap of the modes A,(LO)
and E|(LO). It is worth noting the slight redshift of E,(high),
A((TO), and E[(TO) of the AIN:Sc sixfold-symmetrical hi-
erarchical nanostructures relative to those of the undoped
AIN hierarchical nanostructures, which may be attributed to
the disorder of the crystals due to the incorporation of Sc.
This further indicates that the Al cation (AI’*) have been
substituted with Sc cation (Sc**), which is consistent with
the results of XRD. These results are in good agreement with
the results for AIN:Cu nanorods.'”

We suggest that the vapor-solid (VS) mechanism might
dominate the growth of the present unusual structures be-
cause no metal nanoparticles were found on the tips of the
nanowires. The growth of the structure presented in the
present study can be separated into two stages. The first stage
is a fast growth of AIN:Sc backbone along the [0001] growth
direction because there are enough Al, Sc and N during ini-
tial stages in the high N, pressure. The one-dimensional
AIN:Sc crystals grow along the [0001] direction is attributed
to the intrinsic properties of AIN.* The second stage is the
nucleation and epitaxial growth of the AIN:Sc branches on
the backbone. This stage is slower than the first stage be-
cause the branches are uniform and much shorter in length.
In this stage, the growth of AIN:Sc branches along the six

growth directions: =[1010], =[0110], and =[1100] and the
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FIG. 5. Magnetization hysteresis loop of the AIN:Sc sixfold-symmetrical
hierarchical nanostructures measured at room temperature.

angles between the growth directions of the two adjacent
branches is 60°. Finally, the AIN:Sc sixfold-symmetrical hi-
erarchical nanostructures were obtained on the W cathode.
Similar growth mechanisms are reported in the literature for
Zn0O nanowire-nanoribbon junction arrays.13

Magnetic properties of the AIN:Sc sixfold-symmetrical
hierarchical nanostructures were measured at 300 K, and the
results are presented in Fig. 5. Hysteresis loop can be ob-
served, showing obvious ferromagnetic characteristics at
room temperature. The saturation magnetization and the co-
ercive fields (H,) of the AIN:Sc are about 0.04 emu g~ and
200 Oe, respectively. According to our results of XRD, HR-
TEM, and Raman spectra, the possibility of Sc metal and
secondary phases such as ScN and ScAl can be ruled out.
Since neither AI** nor Sc** are magnetic ions, so the obser-
vation of ferromagnetism is intrinsic properties in AIN:Sc.
Recently, Venkatesan et al*' have reported the room-
temperature ferromagnetism is observed in Sc-doped ZnO
films. They suggested a source of magnetism, namely, triplet
states associated with two-electron defects. On this basis, it
can be concluded that in our AIN:Sc nanostructures, the
likely origin of the triplet states is Sc*? introduced Al vacan-
cies which is similar to that of the Sc*3 introduced Zn vacan-
cies in Sc-doped ZnO films. It has been reported that the Al
vacancies have a triplet ground state.”> A recent calculation
by Wu et al.  for AIN indicates that the Al vacancies in AIN
favors a spin-polarized state with total magnetic moment
3.0up. Similar ferromagnetism due to create cation vacancies
was also predicted for Hf vacancies in HfO; and Ca vacan-
cies in CaO using ab initio calculation.”** Therefore, the
observation of ferromagnetism in the AIN:Sc nanostructures
may be due to the Sc* introduced Al vacancies. Further
investigations on the origin of the observed magnetic behav-
ior of AIN:Sc nanostructures is currently in progress.

In summary, we reported on the fabrication of Sc-doped
AIN sixfold-symmetrical hierarchical nanostructures show-
ing ferromagnetic behavior a room temperature using dc arc

Appl. Phys. Lett. 95, 162501 (2009)

discharge plasma method. This synthetic success indicates
that Sc is a potential nonmagnetic dopant. The synthesis ap-
proach provides an opportunity for preparing nanostructures
of DMS.
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