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Mn-doped AlN nanowires were synthesized by in situ doping of Mn using a chemical vapor
deposition method. Analyses of microstructure and chemical compositions indicate that the
as-prepared samples were homogenously Mn-doped AlN nanowires. The low temperature
photoluminescence, and magnetization as a function applied magnetic field of the Mn-doped AlN
nanowires were investigated. A Curie temperature higher than 300 K was observed from the
as-doped nanowires. The room temperature ferromagnetic properties of the synthesized Mn-doped
AlN nanowires make it an excellent candidate for applications in future spintronic nanodevices.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2475276�

In the past two decades, much attention has been paid to
spintronics because of the possibility of using both the free-
doms of spin as well as charge of carriers for next generation
devices. Diluted magnetic semiconductors �DMSs� are be-
lieved to be the most promising candidate for spintronics.1–4

Nowadays, much research work has mainly focused on syn-
theses and magnetic property of transition metal doped III-V
and II-VI semiconductors since theoretical work predicted
that these materials can exhibit high Curie temperature �TC�
above room temperature,5–7 which is of great importance in
point of view of application. As one of the important III-V
semiconductors, AlN has a very wide direct band gap of
�6.2 eV and plays an important role in many solid-state
devices.8 AlN may also be a good candidate for spintronics
due to its predicted room temperature ferromagnetism when
doped with transition metals.9,10 Moreover, near or above
room temperature ferromagnetism of transition metal �Mn,
Co, Cr�-doped AlN thin films was observed by several
groups recently,10–14 and the resistivity reduced
significantly.14 One-dimensional DMS nanostructures are of
great importance, since they are not only well-defined build-
ing blocks to fabricate nanoscale electronic and optoelec-
tronic devices but also could potentially achieve high carrier
concentrations and efficient injection of spin-polarized
carrier.15 Recently, Mn-doped GaN nanowires with a Curie
temperature higher than 300 K through chemical vapor
deposition �CVD� method have been reported.15–17 However,
though AlN is also an important III-V semiconductor, room
temperature ferromagnetism of transition metals doped AlN
one-dimensional nanostructures has not been reported. In
this work, Mn-doped AlN nanowires were synthesized via a
simple vapor phase deposition method, and room tempera-
ture ferromagnetism of the as-synthesized sample was ob-
served.

Mn-doped AlN nanowires were synthesized in a typical
horizontal furnace CVD system. An alumina boat with Al
powder �99.9%� was placed in the center of a quartz tube. A
clean silicon �100� substrate of about 1 cm2 coated with
10 nm Al firstly and then 5 nm Au by E-beam evaporation is
covered on the alumina boat at a distance of 1 cm from the

surface of the source material in the boat. Another alumina
boat with 3 g MnCl2 was placed at one end of the furnace
near the gas input. The quartz tube was transferred into a
horizontal tube furnace and evacuated to vacuum to move
out oxygen. During growth, the pressure inside the tube was
kept at 100 Torr. The furnace was heated at a rate of
20 °C/min to 890 °C and kept at this temperature for
30 min under a mixed gas flow of argon and ammonia with
flow rates of 100 and 5 SCCM �cubic centimeter per
minute�, respectively. The temperature was then increased to
960 °C quickly and kept for another 15 min. After the fur-
nace was cooled down to room temperature, the substrate
was found covered with a gray layer. X-ray diffraction
�XRD� technique was carried out to investigate the phase
structure of the products. A field emission Strata DB235 fo-
cus ion beam system working at scanning microscope �SEM�
mode was employed to investigate the morphology of the
as-grown sample. A Tecnai F30 transmission electron micro-
scope �TEM� operating at 300 kV with a field emission gun
was used together with a Gatan imaging filter to analyze the
microstructure and the chemical composition of the sample.
Inductively coupled plasma �ICP� spectroscopy �Leeman
Labs. Inc.� was used to further investigate the content of
manganese. Low temperature photoluminescence was ex-
cited by a 325 nm wavelength laser. Magnetic properties of
the nanowires were studied using a superconducting quan-
tum interference device �SQUID� magnetometer.

A typical SEM image of the Mn-doped AlN nanowires
was shown in Fig. 1�a�. It can be seen that the as-grown
nanowires cover surface of the substrate in high density. The
average length of the nanowires was about several to ten
micrometers and diameters vary between 100 and 200 nm.
X-ray diffraction was first used to characterize the structure
of the product. All peaks in the corresponding x-ray diffrac-
tion analysis can be assigned to the wurtzite structure of pure
AlN. No other phases were found. The microstructure of the
Mn-doped AlN nanowires was further investigated with
TEM. Figure 1�b� shows a TEM image of the nanowires, and
shows that the nanowires have average diameter between
100 and 200 nm. The corresponding electron diffraction pat-
tern shown in inset revealed that the as-grown Mn-doped
AlN nanowires are polycrystalline, and the diffraction ring
pattern is consistent with the structure of the wurtzite alumi-
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num nitride. Energy dispersive spectroscopy �EDS� of the
nanowires shows distinct peaks corresponding to nitrogen
�N-K�, Al �Al-K�, and Mn �Mn-L� edges. The Mn/ �Mn
+Al� atomic percent was determined to be about 3. Analysis
of ICP spectroscopy showed that the exact ratio was 2.6%,
which is consistent with EDS results. Figure. 1�c� displays
the EDS line-scan profiles of Al, N, Mn, and O for a crossing
of a typical nanowire. To present the relative proportion of
different elements, the counts ratio is calculated as follows.
At every point, the value of a certain element is the count of
this element divided by the sum of counts of all four ele-
ments at that point. The result indicates that the Mn distrib-
utes uniformly over the cross section of the nanowire. The
composition of the nanowires is also homogenous along the
nanowire axis and the variation of manganese content from
different nanowires is very small ��0.5% �, indicating a uni-
form doping of manganese in the products. From the profile,
oxygen impurity was also observed with an atomic concen-
tration below 5%, and is mainly distributed in the outer layer
of the nanowire to form an amorphous sheathing layer, most
probably caused by surface oxidation. In the inner layer, oxy-
gen distributes homogenously, suggesting that it was doped
into the crystal lattice, but not form secondary phases. No
peaks corresponding to Au were observed in the nanowires,
indicating that the growth is not vapor-liquid-solid mecha-
nism, but possibly via vapor-solid. The role of Al/Au thin
film can change the reaction conditions, such as the rough-
ness of substrates, which was reported to influence the mor-
phology of GaN nanowires.18 These results are further con-
firmed by electron energy-loss spectroscopy �EELS�, as
shown in Fig 1�c�. It shows distinct peaks corresponding to
nitrogen �N-K�. The L2,3 ionization edge of Mn appears at
640 eV. O impurity �O-K� is also detected at 532 eV.

Photoluminescence measurements were also performed
at both 10 and 300 K. The as-grown sample exhibited a red
luminescence as exemplified by the solid lines in Fig. 2.

They consist of two intensive emission peaks around 600 and
695 nm. A small band with the peak at about 670 nm was
also observed. The red-orange band at 600 nm is a charac-
teristic of the luminescence from the Mn center in AlN.19

The other two peaks were also reported in previous work of
Mn-doped AlN films with O impurity.20 The emission could
be observed with naked eyes even at room temperature. In
contrast, the PL spectra of undoped AlN nanowires were also
measured, exhibiting very weak broad bands located be-
tween 550 and 600 nm, as shown by dashed lines in Fig. 2
with a magnification of 10.

The magnetic properties of the as-grown Mn-doped AlN
semiconductor nanowires were investigated at different tem-
peratures using a SQUID magnetometer. Figures 3�a� and
3�b� show the magnetization �M� versus magnetic field �H�
measured at 5 and 390 K respectively, which is the limit of
the SQUID. The signals of the substrate are already sub-
tracted and clear hysteresis loops can be observed. The
whole M-H loops at different temperatures are shown in the
insets. The coercive fields �HC� are 53 Oe at 5 K, 44 Oe at
300 K, and 30 Oe at 390 K, showing that the TC of the as-
grown nanowires is higher than the limit of the SQUID. The
spontaneous magnetizations �Ms� are 0.55, 0.073, and
0.030 emu/g at 5, 300, and 390 K respectively. The magne-
tization at different temperatures is the same or smaller than
those in previous reports of Mn-doped AlN thin films, indi-
cating further improvement is possible.14,21

Possible secondary phases accounting for ferromag-
netism at room temperature is Mn4N. MnO and Mn3O4
nanocrystals were reported to have TC=40–50 K,22,23 which
could probably contribute to the ferromagnetism at low tem-
perature. They were not observed in the XRD data. It is
noted that though no Mn clusters or other secondary ferro-
magnetic phases that may account for the observed room
temperature ferromagnetism were observed under the resolu-
tion limit of XRD, their existence cannot be completely ex-
cluded. Nevertheless, high-resolution TEM is powerful
enough to distinguish different phases. Statistical high-
resolution TEM shows no evidence of nanoclusters of sec-
ondary phases in a dozen of nanowires examined. Selected
area electron diffraction was also performed along many
nanowires and all diffraction patterns could be assigned to
AlN. Above results prove that room temperature ferromag-
netic ordering exists in the as-grown samples and the ferro-

FIG. 1. �a� Low magnification SEM image of high-density as-grown nano-
wires. �b� TEM image of a single Mn-doped AlN nanowire. Inset: corre-
sponding electron diffraction revealing that the nanowires are polycrystal-
line. �c� EDS line-scan profile from a representative Mn-doped AlN
nanowire, which reveals the radial Al, Mn, N, and O element distributions in
a single Mn-doped AlN nanowire. �d� EELS spectrum showing K edges of
nitrogen and oxygen. The inset shows the Mn-L peaks.

FIG. 2. Photoluminescence measured at 10 and 300 K for the Mn-doped
AlN nanowires �solid line� and the undoped AlN layer �dashed lines�.
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magnetism is likely to be a result of substitution of Al.
Currently, there is no ideal theoretical model which

could explain the ferromagnetism in all DMS materials. The
Zener model of hole-mediated ferromagnetism has been used
to explain the magnetic properties of Mn-doped III-V
semiconductors.5,15 However, it seems not to be an appropri-
ate model for Mn-doped AlN since the defects form near
midgap deep levels24 and AlN is highly resistive at room
temperature.11 The Mn d states split into a triply degenerated
t2 and a doubly degenerated e level for each spin.24 The
majority t2 would be expected to be 2/3 filled for Mn. This
partial filling of the majority t2 level indicates that the origin
of ferromagnetism is likely to be double exchange mecha-
nism.

In summary, Mn-doped AlN nanowires were synthesized
by CVD using the reaction of Al/MnCl2 source materials
under NH3 ambient. The length of nanowires is about several
to ten micrometers and the diameter of around 150 nm. EDS
and line-scan element profiles reveal that Mn distributes uni-

formly over nanowires with 2.6 at %. PL spectra showed in-
tensive red-band emissions. Hysteresis loops were measured
at both 5, 300, and 390 K. TC of the as-grown nanowires is
higher than 390 K, which is the limit of the SQUID. We
conclude that the as-synthesized Mn-doped AlN nanowires
have room temperature ferromagnetism.

This project is financially supported by the National
Natural Science Foundation of China �NSFC: 50472024 and
90606023� and the national 973 projects �No.
2002CB613505, MOST� of P. R. China. One of the authors
�Y.Y.� is grateful for support from the Tsung-zheng Founda-
tion, Peking University.

1H. Ohno, Science 281, 951 �1998�.
2R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag,
and L. W. Molenkamp, Nature �London� 402, 787 �1999�.

3Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and D. D.
Awschalom, Nature �London� 402, 790 �1999�.

4H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, and Y.
Ohno, Nature �London� 408, 944 �2000�.

5T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science 287,
1019 �2000�.

6K. Sato and H. Katayama-Yoshida, Physica E �Amsterdam� 10, 251
�2001�.

7Q. Wang, Q. Sun, and P. Jena, Phys. Rev. B 70, 052408 �2004�.
8R. Frazier, G. Thaler, J. Stapleton, C. R. Abernathy, S. J. Pearton, R.
Rairigh, J. Kelly, A. Hebard, M. Nakaugi, K. Nam, J. Y. Lin, H. X. Jiang,
J. M. Zavada, and R. G. Wilson, J. Appl. Phys. 94, 1592 �2003�.

9V. I. Litvinow and V. K. Dugaev, Phys. Rev. Lett. 86, 5593 �2001�.
10A. Y. Polyakov, N. B. Smirnov, A. V. Govorkov, R. M. Frazier, J. Y.

Liefer, G. T. Thaler, C. R. Abernathy, S. J. Pearton, and J. M. Zavada,
Appl. Phys. Lett. 85, 4067 �2004�.

11H. X. Liu, Stephen Y. Wu, R. K. Singh, Lin Gu, N. R. Dilley, L. Montes,
and M. B. Simmonds, Appl. Phys. Lett. 85, 4076 �2004�.

12D. Kumar, J. Antifakos, M. G. Blamire, and Z. H. Barber, Appl. Phys.
Lett. 84, 5004 �2004�.

13S. G. Yang, A. B. Pakhomov, S. T. Hung, and C. Y. Wong, Appl. Phys.
Lett. 81, 2418 �2002�.

14R. M. Frazier, G. T. Thaler, C. R. Abernathy, and S. J. Pearton, Appl.
Phys. Lett. 83, 1758 �2003�.

15Heon-Jin Choi, Han-kyu Seong, Joonyeon Chang, Kyeong-Il Lee,
Young-Ju Park, Ju-Jin Kim, Sang-Kwon Lee, Rongrui He, Tevye Kuyk-
endall, and Peidong Yang, Adv. Mater. �Weinheim, Ger.� 17, 1351 �2005�.

16F. L. Deepak, P. V. Vanitha, A. Govindaraj, and C. N. R. Rao, Chem. Phys.
Lett. 82, 4564 �2003�.

17Doo Suk Han, Jeughee Park, Kung Won Rhie, Soonkyu Kim, and
Joonyeon Chang, Appl. Phys. Lett. 86, 032506 �2005�.

18J. Y. Li, Z. Y. Qiao, X. L. Chen, Y. G. Cao, Y. C. Lan, and C. Y. Wang,
Appl. Phys. A: Mater. Sci. Process. 71, 587 �2000�.

19A. Sato, K. Azumada, T. Atsumori, and K. Hara, Appl. Phys. Lett. 87,
021907 �2005�.

20A. L. Martin, C. M. Spalding, V. I. Dimitrova, P. G. Van Patten, M. L.
Caldwell, M. E. Kordesch, and H. H. Richardson, J. Vac. Sci. Technol. A
19, 1894 �2001�.

21Moon-Ho Ham, Sukho Yoon, Yongjo Park, and Jae-Min Myoung, J. Cryst.
Growth 271, 420 �2004�.

22G. H. Lee, S. H. Huh, J. W. Jeong, B. J. Choi, S. H. Kim, and H.-C. Ri, J.
Am. Chem. Soc. 124, 12094 �2002�.

23W. S. Seo, H. H. Jo, K. Lee, B. Kim, S. J. Oh, and J. T. Park, Angew.
Chem. 43, 1115 �2004�.

24Van. Schilfgaarde and O. N. Mryasov, Phys. Rev. B 63, 233205 �2001�.

FIG. 3. Magnetic properties of the Mn-doped AlN nanowires. Magnified
part in the low-field region of magnetization loop of nanowires measured at
�a� 5 K and �b� 390 K. The inset in each figure is the corresponding whole
loop of M vs H.
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