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Abstract 

Cubic Mn-doped InN magnetic nanocrystals are prepared by nitriding In2O3:Mn 

nanocrystals. Structural and elemental analyses indicate that Mn is successfully 

incorporated into InN nanocrystals with no secondary phase or clusters. 

Ferromagnetism (FM) is observed in the InN:Mn nanocrystals at Tc = 50 K. Results 

reveal that FM in the nanocrystals originates from surface Mn atoms instead of core 

counterparts that substitute In atoms. The experimental observations are consistent 

with theoretical calculations. 
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1. Introduction  

Diluted magnetic semiconductors have elicited great interest since the first 

theoretical prediction of room-temperature ferromagnetism (FM) in magnetically 

doped III–V nitrides.1 Several groups have reported FM above room temperature in 

GaN films doped with various magnetic ions from transition metals prepared using 

metal-organic vapor-phase epitaxy and plasma-assisted molecular beam epitaxy.2–4 

InN possesses a high Hall mobility5 and high carrier drift velocity6 in contrast to other 

III-V compounds besides the smallest effective mass and the least temperature 

dependent band gap energy.7 The low spin-orbit coupling strength of InN (0.003 eV 

compared with 0.34 eV for GaAs) indicates its long duration and electron spin 

diffusion length, which can be potentially applied in spintronics.8 Room temperature 

ferromagnetism InN can theoretically be obtained by techniques such as doping.9 

Several studies have used Cr doping to yield FM in InN,10–12 however Mn-doped InN 

only exhibits magnetic ordering.12 To the best of our knowledge, FM in Mn-doped 

InN has not been observed. In this report, we produced cubic Mn-doped InN 

nanocrystals by nitriding In2O3:Mn and gained FM properties up to 50 K. The results 

revealed that FM is induced by holes in surface Mn atoms in cubic InN:Mn. 

2. Experimental details 

Mn-doped InN was synthesized by nitridizing In2O3: Mn (Mn molar ratio, 8%) 

nanocrystals obtained with a sol-gel method similar to that reported by Chen et al..13 

During the preparation of In2O3:Mn nanocrystals, 0.01 mol In3+–Mn2+ was dissolved 

in 30 ml sodium oleate under vigorous stirring at 70°C for 4 h to form In–Mn–oleate 
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complex; then 0.5 mmol above gained In–Mn–oleate complex was taken out and 

added to a mixture of myristic acid (1.5 mmol) and 1-octadecene (3ml). The resultant 

solution was kept at 290 °C for 30 min after injecting addition of decyl alcohol 

solution upon reaching the reaction temperature. The as-synthesized In2O3:Mn 

nanocrystals were subsequently nitrided under NH3 flow at 600 °C for 5 h to form 

InN:Mn.  

Structural and morphological analyses were performed by X-ray diffractometry 

(XRD) using Cu Kα irradiation on an 800 W Philips 1830 powder diffractometer. 

High-resolution transmission electron microscopy (HRTEM) measurements were 

performed on a Hitachi S-4800 microscope at an accelerating voltage of 15 kV. To 

verify the Mn elements in the products, X-ray photoelectron spectroscopy (XPS) was 

carried out on a VGESCALAB MK II instrument, in which Mg KR X-ray (hν = 

1253.6 eV) was used as the emission source. The energy scale of the spectrometer 

was calibrated with pure C (Eb = 284.6 eV) samples; the pressure in the XPS analysis 

chamber was 6.2×10-7 Pa. Magnetization measurements were performed using a 

superconducting quantum interference device (SQUID) system (Quantum Design).  

3. Results and discussions 

Figure 1 shows the XRD patterns of the Mn-doped samples before and after 

nitridation. The observed diffraction peaks of the sample prior to nitridation can be 

indexed based on the XRD patterns of unit cell of a cubic In2O3 (JCPDS No. 71-2195) 

14, 15 with no secondary phases obtained [Figure 1(a)], the lattice parameter a = 10.2 Å 

is nearly similar to that for In2O3 (a = 10.118 Å).16 No obvious change in the peak 
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position is observed when In3+ is replaced by Mn2+ because the ionic radius of Mn2+ 

(0.80 Å) is similar to that of In3+ (0.80 or 0.81 Å).17, 18 After nitridation, Mn-doped 

samples can be indexed as cubic InN:Mn [JCPDS No. 88-2365; Figure 1(b)], we still 

do not observe secondary phases related to In or In2O3 in the InN:Mn patterns, we 

speculate that all the In2O3:Mn nanocrystals are converted into InN:Mn. To further 

confirm this point, HRTEM technique is used to analyze the morphological and 

structural of the samples. TEM images reveal that In2O3: Mn comprises nanocrystals 

with size ranging from 10 nm to 20 nm. After nitridation, the samples retained their 

size throughout the conversion and changed into InN:Mn crystals. The inter-plane 

distance of 2.5 and 3.5 Å for In2O3:Mn and InN:Mn, respectively, is consistent with 

the cubic ZB structure of In2O3:Mn and InN:Mn, respectively, corresponding to the 

(200) (JCPDS No. 71-2195) and (220) (JCPDS No. 88-2365) plane of ZB structured 

In2O3 and InN. The clear inter-plane distance is indicative of high-quality 

nanocrystals, as shown in figure 2 (a) and (b) and their corresponding inserts, 

respectively.  

As substitution could not be resolved by XRD measurements, incorporation of 

Mn was further verified by XPS analysis. Figure 3 reveals that the XPS peaks of the 

In2O3:Mn, from the figure we can find the spectra of In 3d5/2, O 1s, and Mn 2p3/2 are 

located at 444.8, 530.5, and 641.9 eV, respectively. The binding energy of In 3d5/2 is 

nearly identical to that of bulk In2O3 (444.5, 444.6, and 444.7 eV),19–21 which suggests 

that substitution of Mn for In in In2O3 retains the valence change of In in In2O3. Our 

analysis suggests that the atomic concentration of Mn is about 5% and remains 
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unchanged after nitridation. 

Figure 4 shows the magnetization results of the nanocrystals. The typical 

magnetization versus temperature (M–T) curve of InN:Mn is presented in Figure 4a. 

Field-cooled (FC) and zero-field-cooled (ZFC) magnetization measurements were 

performed from 5 K to 100 K. FC results were obtained by measuring the magnetic 

moment of the samples in a magnetic field of 1000 Oe during cooling, while ZFC 

results were obtained by cooling the sample to 5 K in the zero field and warming it in 

the same field as that used for FC measurements. The results reveal that FC 

magnetization exhibits stronger temperature dependence than ZFC magnetization 

below 40 K. The divergence between the FC and ZFC curves indicates that Mn-doped 

InN nanocrystals are ferromagnetic in the whole temperature range studied and 

exhibit a Curie temperature (TC) of about 50 K, which demonstrates the presence of 

ferromagnetic ordering. For comparison, we also measure the magnetic properties of 

In2O3:Mn, the FC and ZFC curves show almost no divergence, indicating no magnetic 

properties appear in In2O3:Mn, as shown in figure 4(b). In the following, we make 

further examination with the magnetic properties of InN:Mn nanocrystals. Figure 4c 

shows the magnetization versus applied magnetic field (M–H) curve of InN:Mn 

obtained at 30 K after subtracting the diamagnetic background. The well-defined 

hysteresis loops suggest that the nanocrystals are ferromagnetic at room temperature. 

The saturation magnetization (Ms), coercive field (Hc), and remanent magnetization 

of the nanocrystals are 0.00116 emu, 1360 Oe, and 4.49 × 10-4 emu, respectively. The 

absence of secondary phases or clusters in the XRD and HRTEM results confirm that 
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the ferromagnetic signals in the sample are not produced by these phases. 

Contamination during sample preparation or annealing can also be ruled out because 

the experimental conditions were precisely controlled. Ohno et al.22 reported that local 

FM in Mn-doped InAs and GaAs samples originates from holes; that is, holes couple 

with 3d-state Mn. We used spin-polarized density functional theory (DFT) to 

investigate the origin of magnetism and small Mn-doped InN QDs. Calculations of 

the total energy and electronic structure were performed using projector augmented 

wave formalism and a plane wave basis set of DFT via the Vienna ab initio simulation 

package. Our calculations are based on the supercells containing 31 In atoms, 32 N 

atoms and one Mn atoms. It is a 2*2*2 supercell of 8-atoms InN cube, placed on the 

center of vacuum. The thickness of surrounded vacuum layers is 15 Ang. Exchange 

and correlation potentials were treated in the framework of generalized 

Perdew–Burke–Ernzerbof gradient approximation. The wave functions were 

expanded in plane waves up to a cutoff of 400 eV, and the convergence precision of 

the total energy was set to < 1 meV. A Gamma point mesh was adopted to calculate 

the total energy and density of states as well as the sum of charge densities over a 

Brillouin zone.  

We consider two types of doping configurations: (a) a Mn atom substitutes an In 

atom at the core of QD and (b) a Mn atom substitutes an In atom at the surface of QD. 

Figure 5 shows the total density of states (DOS) and local DOS of Mn 3d electrons. 

No spin is polarized near the Fermi level, and a minor splitting exists at about –3.5 eV, 

which is lower than the Fermi level; hence, an additional magnetic moment of 0.08 u 
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is obtained [Figure 5(a)]. By contrast, Mn 3d exhibits strong splitting [Figure 5(b)] 

with an additional magnetic moment of 2.56 u. This result indicates that the 

magnetism observed originates from surface Mn atoms rather than core counterparts.  

4. Conclusions 

In conclusion, marked FM behavior was observed in cubic InN:Mn nanocrystals; 

this FM originates from surface Mn atoms doped in the InN nanocrystals. 

Contributions from other impurity-related phases may be excluded because no 

secondary phases or clusters were detected during structural examination. The results 

obtained in the present work present potential applications for InN-based 

spin-electronic devices and help determine new mechanisms for elucidating the 

origins of FM in InN nanostructures. 
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Figure captions 

Figure 1. XRD patterns of (a) as-synthesized In2O3 :Mn and (b) InN:Mn after nitridation. 

Figure 2. TEM image of (a) In2O3:Mn and (b) InN:Mn, respectively, the inserts are their respect 

HRTEM images, which indicate a nanocrystal is single crystal. 

Figure 3. XPS spectra of Mn doped In2O3 nanocrystals. Panels (a)-(c) are the XPS spectra of In, O 

and Mn, respectively. 

Figure 4. Typical magnetization versus temperature (M-T) curve of (a) InN:Mn and (b) In2O3:Mn , 

and (c) the magnetization versus applied magnetic field (M-H) curve of InN:Mn measured at 30 K 

after subtracting the diamagnetic background. 

Figure 5. Total density of states (DOS) and local DOS of Mn 3d electrons for Mn doping in the 

InN QD. (a) A Mn atom substitutes an In atom at the core of QD and (b) a Mn atom substitutes an 

In atom at the surface of QD. The Fermi level is set to zero. 
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Figure 1 Xiuqing Meng, et al 
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Figure 2 Xiuqing Meng, et al 
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Figure 3 Xiuqing Meng, et al 
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Figure 4 Xiuqing Meng, et al 
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Figure 5 Xiuqing Meng, et al 
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