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Aligning the magnetic orientation is one strategy to improve the magnetic performance of magnetic 

materials. In this study, well-dispersed single-domain core-shell α″-Fe16N2/Al2O3 nanoparticles (NPs) were 

aligned by vertically applying magnetic fields with various strengths to a Si wafer substrate followed by 

fixation with resin. X-ray diffraction indicated that the alignment of the easy c-axis of the α″-Fe16N2 crystal 

and the magnetic orientation of the NPs depended upon the applied magnetic field. Magnetic analysis 

demonstrated that increasing the magnetic field strength resulted in hysteresis loops approaching a 

rectangular form, implying a higher magnetic coercivity, remanence, and maximum energy product. The 

same tendency was also observed when a horizontal magnetic field was applied. The fixation of the easy c-

axis alignment of each nanoparticle caused by Brownian rotation under the magnetic field, instead of Néel 

rotation, was the reason for the enhancement in the magnetic performance. These results on the alignment 

of the magnetic orientation of α″-Fe16N2 nanoparticles suggest the practical application of high-performance 

permanent bulk magnets from well-dispersed single-domain α″-Fe16N2/Al2O3 NPs.  

Introduction 

Ferromagnetic FePt nanoparticles (NPs) ranging in size from 

single to several tens of nanometers and SmCo, NdFeB, and 

Fe16N2 NPs have been widely studied, and much research has 

focused on the functionalization of NP assemblies.
1-4

 Such 

magnetic NP assemblies are expected to provide high-

performance magnetic materials for practical applications in 

new nanotechnologies such as ultrahigh-density recording 

media, high-performance nanocomposite bulk magnets, 

biomedical materials, spintronic devices, and environmentally 

friendly technologies.
5-12

 Different applications require NP 

assemblies with different magnetic properties. Precise control 

of the magnetic properties of NP assemblies is therefore highly 

necessary.
13

 Control of their magnetic properties enables NP 

assemblies to be used in a wider range of advanced 

applications. 

Recently, rare-earth-free high-magnetic-moment NPs, 

namely single-domain ferromagnetic spherical α″-Fe16N2 NPs 

have been successfully synthesized.
2, 14-16

 As rare-earth-free 

magnetic material, α″-Fe16N2 NPs have a theoretical BM 

product of 130 MGOe. This implies that this NPs are a 

prospective magnetic material, although the present Hc value 

is not as high as those of the rare-earth materials.  The α″-

Fe16N2 phase was formed by nitriding core–shell α-Fe NPs that 

were prepared directly using a plasma method. It was 

expected that assembled magnetic films or bulk materials with 

higher magnetizations and coercivities, in which α″-Fe16N2 NPs 

are isolated as single-domain particles covered with non-

magnetic materials such as Al2O3 or SiO2, could be obtained. 

Several methods have been widely used for the 

preparation of α″-Fe16N2 films, including sputtering, ion beam 

deposition, nitrogen-ion implantation, tempering nitride-based 

bulk martensite, and dip coating.
17, 18

 However it is difficult to 

form a pure α″-Fe16N2 phase (other Fe–N phases are present, 

affecting the magnetic properties) and to control the magnetic 

moment orientation of the film to improve the magnetic 

performance. Control of the magnetic moment orientation, 

simply called the magnetic orientation, of magnetic NP 

assemblies is therefore still a challenge and crucial for the 

development of new nanostructured magnets. 

Our group successfully prepared a ferrofluid of well-

dispersed core–shell α″-Fe16N2/Al2O3 NPs by a low-energy 

bead-mill dispersion method.
19

 A new route to form a 

ferromagnetic film from rare-earth-free well-dispersed α″-

Fe16N2 NPs with the presence and absence of an applied 

magnetic field was established.
20

 The applied magnetic field 

aligned the easy c-axis and magnetic orientation of the NPs, 

resulting in the enhancement of the magnetic performance of 

the film. The magnetic remanence ratio (Mr/Ms) and coercivity 

(Hc) increased by 55.2% and 24%, respectively upon the 

application of a 1.2 T magnetic field. However, the effects of 
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the magnetic field on the magnetic orientation of the NP films 

and their magnetic properties were not examined. As a 

continuation of our previous studies,
20

 we have focused on the 

control of the magnetic orientation during the synthesis of α″-

Fe16N2 films using well-dispersed α″-Fe16N2 NPs and analyzed 

the relationship between the aligned magnetic orientation of 

the NPs and their magnetic properties, using newly prepared 

α″-Fe16N2 NPs. 

In this study, α″-Fe16N2 NPs films were prepared by spin-

coating, using the same method as in our previous study.
20

 

Magnets with various magnetic field strengths up to 1.2 T were 

applied during the film formation to align the magnetic 

orientation of the assembled NPs in the same direction before 

fixing the NPs in the film with epoxy resin binder. The 

magnetic properties such as the magnetic coercivity (Hc), 

magnetic remanence (Mr), maximum energy product [(BH)max], 

and anisotropic magnetic field (Hk) of the prepared α″-Fe16N2 

NP films show that the control of the magnetic orientation 

improves the performance of the resulting magnetic materials. 

The magnetic properties of the α″-Fe16N2 NP films show the 

potential for the nanostructuration of bulk magnetic materials 

with controllable magnetic properties. 

Experimental 

Preparation of magnetically aligned films 

The synthesis of ferromagnetic core–shell α″-Fe16N2/Al2O3 NPs 

by the nitridation of core–shell α-Fe/Al2O3 using a plasma 

method was described in our previous report.
2, 14, 16

 A 

concentrated ferrofluid containing α″-Fe16N2/Al2O3 NPs 

dispersed in toluene (59 wt%), prepared by low-energy bead-

mill dispersion,
19

 was mixed with epoxy resin (3,4-

epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate) as 

an NP binder, in a mass ratio of 1:1. The mixed solution was 

dropped onto a silica (Si) wafer and coated using a spin-coater 

(Mikasa 1H-D7, Japan) at 300 and 1000 rpm for 30 and 10 s, 

respectively, as previously described.
20

 After the formation of 

the thin film on the Si wafer, magnetic fields of strength 0, 0.6, 

0.9, and 1.2 T were applied before removing the toluene from 

the coated film. The magnetically aligned NP film was dried 

and completely fixed with the resin, and then the magnetic 

field was removed. Details of the preparation of the 

magnetically aligned core–shell α″-Fe16N2/Al2O3 NP film are 

shown in Fig. 1, and details of the applied magnetic fields used 

in preparing the various samples are listed in Table 1. The raw 

materials such as epoxy resin were purchased from Sigma 

Aldrich (China) and toluene (99.95%) was purchased from 

Kanto Chemicals (Japan). These raw materials were used 

without further treatment or purification. 

 

Characterization 

The morphologies of the prepared α″-Fe16N2/Al2O3 NP films 

were observed using field-emission scanning electron 

microscopy (FE SEM; Hitachi S-5000, Japan) and transmission 

electron microscopy (TEM; JEM-300F, JEOL Co., Ltd., Japan). 

The crystalline structures of the films were examined using X-

ray diffraction (XRD; D2 Phaser, Bruker, Germany). The 

magnetic properties were evaluated using a superconducting 

quantum interference device (SQUID; Quantum Design, USA). 

Magnetization was measured as a function of the applied field 

from 1 to 50 kOe at 300 K.  

 

 

Fig. 1 Schematic diagram of preparation of magnetically 

aligned α″-Fe16N2/Al2O3 NPs film. 

 

Table 1. Applied Magnetic Fields Used in Preparing Various 

Samples 

 

Sample Applied magnetic field 

 Magnetic field, H (T) Direction 

V0 0 - 

V1 0.6 vertical 

V2 0.9 vertical 

V3 1.2 vertical 

H 0.6 horizontal 

R 0 (powder) - 

Results and Discussion 

Fig. 2 shows SEM (a) and TEM (b) images of core–shell α″-

Fe16N2/Al2O3 NPs. The SEM image shows the as-prepared NPs, 

and the TEM image shows the NPs after bead-mill dispersion. 

The inset figure shows the cross-sectional TEM image after 

bead-mill dispersion. The particles are single-domain NPs of an 

average size of approximately 50 nm, with a shell thickness of 

4 nm. Because the α″-Fe16N2/Al2O3 NPs were prepared by the 

gas phase method at high temperature, it is very difficult to 

obtain monodisperse NPs. The NP samples were similar to 

those described in our recent study.
20

   

Fig. 3a shows a SEM image of the surface of the spin-

coated core–shell α″-Fe16N2/Al2O3 NP film under a vertically 

applied magnetic field, viewed at a tilt angle of 40°. The film 

surface is wavy because of the thickness of the resin. The film 

surface was covered with resin to maintain the NP 

arrangement in the film, as shown in Fig. 3b, which shows a 

cross-section of a densely packed core–shell α″-Fe16N2/Al2O3 

Page 2 of 8Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx Nanoscale, 2015, 00, 1-7 | 3 

Please do not adjust margins 

Please do not adjust margins 

NP film of thickness ~1 µm. The dense packing of the α″-

Fe16N2/Al2O3 NPs in the film is clearly observed. This packing 

results from the well-dispersed state of the spherical NPs. 

 

 

Fig. 2 SEM and TEM images of α″-Fe16N2/Al2O3 NPs; inset 

shows cross-sectional TEM image. 

 

The alignment of the magnetic orientation of α″-Fe16N2 NPs 

can be carried out using two strategies, i.e., aligning the 

magnetic orientation and aligning the easy c-axis of the 

particle. Aligning the easy c-axis, simply called the c-axis, of the 

particle is preferable due to the lower energy required. 

However, this strategy is applicable for only well-dispersed 

particles, where each of the particles can move freely. In the 

case of agglomerated particles, the alignment of the magnetic 

orientation can be performed only by the first strategy. 

Consequently, alignment of the magnetic orientation in 

agglomerated particles requires high energy. 

XRD was used to determine the alignment of the easy c-

axis of the α″-Fe16N2 NP crystal inside the film. Due to the 

rotation of the particle (Brownian rotation) during the 

alignment process, the c-axis and the magnetic orientation of 

the particles were aligned in the same direction along the 

magnetic field. In other words, the alignment of the c-axis 

represents the alignment of the magnetic orientation. Fig. 4 

shows typical XRD patterns of core–shell α″-Fe16N2/Al2O3 NP 

powder and films; the vertical magnetic fields applied to the 

films varied from 0 to 1.2 T. A comparison of the XRD pattern 

of the α″-Fe16N2/Al2O3 NP film without an applied magnetic 

field (sample V0) with that of the powder (R) shows that the 

(103), (213), (004), and (224) diffraction peaks of α″-Fe16N2 

disappeared in the film. For the films with higher vertically 

applied magnetic fields (samples V1, V2, and V3), (004) and 

(224) diffraction peaks of α″-Fe16N2 appeared, and their 

intensities increased with the increasing magnetic field 

strength, whereas the (220) intensity decreased significantly, 

as shown in Fig. 4. 

 

Fig. 3 SEM images of surface and cross-section of spin-coated 

α″-Fe16N2/Al2O3 NP film under vertical magnetic field, viewed 

at a tilt angle of 40°: low (a) and high (b) magnification. 

 

The (004) peak has a vertical direction along the c-axis 

direction. If the (004) peak increased, it means that more of 
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the c-axes of the particles are aligned in the vertical direction. 

From Fig. 4, the intensity of the (004) diffraction peak of 

samples V1, V2, and V3 increased, which shows the vertical 

alignment of the NPs. However, the horizontal direction was 

shown by the (220) peak. This explains why the (220) peak 

decreased upon increasing the applied magnetic field strength, 

which means that the vertically aligned c-axis increased. 

However, the presence of (103) and (224) peaks shows that 

not all the c-axes are aligned perfectly in the vertical direction. 

The disappearance of the (400) peak in the pattern of the 

vertically aligned film suggests that no c-axes are aligned in the 

horizontal direction. 

 

Fig. 4 XRD patterns of α″-Fe16N2/Al2O3 NPs and films under 

various applied magnetic fields. 

 

The degree of alignment of the magnetic orientation or c-

axis, which is generally represented by the Lotgering factor 

(LF), can be calculated from the intensities of the XRD peaks, 

obtained in the conventional 2θ/θ scanning mode, using the 

following equation:
21

 

�� =
����

����
                                                                                                                      

(1) 

where p is the ratio of the summation of the peak intensities 

corresponding to the preferred orientation axis to the 

summation of all the diffraction peaks in particle-oriented 

materials; p0 is the p of a material with a random particle 

distribution. 

The LF values were calculated using the above equation 

from the intensities of the (004) and (224) peaks because 

those peaks have a vertical direction. Therefore, the degree of 

c-axis alignment can be evaluated from the enhancement of 

their intensity upon increasing the vertical magnetic field 

strength. 

The LF values of the vertically aligned c-axis increased to 

35% when the magnetic field was increased to 1.2 T (V3), as 

shown in Table 2. These results show that 35% of the α″-Fe16N2 

NPs in the film were vertically aligned; therefore, a stronger 

magnetic field is necessary to increase the alignment of the c-

axis of the NPs in the film. It was estimated that an 11 T 

magnetic field would be needed to perfectly align the c-axis in 

the vertical direction. Contrary to the case where a magnetic 

field was applied during the synthesis of NPs, the application 

of a magnetic field during film preparation did not affect the 

morphology, crystal structure, or magnetic domain structure 

of the α″-Fe16N2/Al2O3 NPs. 
22-26

 Instead, it only aligned the 

magnetic orientation and c-axis of the NPs along the magnetic 

field direction. 

An LF value of 28% was obtained for the film prepared 

without a magnetic field (sample V0), showing that the 

alignment of the magnetic orientation of the NPs occurred 

even when no magnetic field was applied. This alignment may 

arise from magnetic interactions between NPs, forming a chain 

with a head-to-tail arrangement of magnetic dipole 

moments.
12, 27

 This alignment was parallel to the Si wafer due 

to surface interactions between the NPs and the Si wafer. The 

SEM image in Fig. 2 confirms that the α″-Fe16N2 NPs form a 

chain as a result of the magnetic interactions between 

particles. The LF values of all the samples and their directions 

are summarized in Table 2. 

 

Table 2. Orientations of Vertically Aligned α″-Fe16N2 NP Films 

 

Sample Alignment [LF (%)] 

R 0 

V0 28 

V1 33 

V2 33 

V3 35 

 

Fig. 5 shows the magnetic hysteresis loops of the randomly 

and vertically aligned films obtained by SQUID measurements 

at 300 K; these have been corrected by the effect of 

demagnetization. For each M–H loop, the magnetization is 

normalized by the saturation magnetization (Ms) of the film. 

The shape of the hysteresis loops approaches rectangular with 

the increase in the applied magnetic field, as clearly shown in 

the figure. A complete alignment of the c-axis of the NPs 

should ideally result in a rectangular hysteresis loop with a 

magnetic remanence ratio (Mr/Ms) = 1. The saturation 

magnetization values of the films were ~409 emu/cc or 124.54 

emu/gr film, and the magnetic coercivity (Hc) and remanence 

(Mr) values of the vertically aligned film increased by 24% and 

66%, respectively, upon increasing the applied magnetic field 

to 1.2 T. This increase in Hc and Mr is strongly related to the c-

axis rotation phenomenon.  

The c-axis rotation phenomenon was different for well-

dispersed and aggregated NPs. The differences in the 

alignment phenomena of the magnetic orientation upon 

applying a magnetic field between well-dispersed and 

agglomerated NPs are illustrated in Table 3. 

In the case of well-dispersed NPs, the particles are able to 

move freely, forming magnetic dipole coupling among NPs. By 

applying a magnetic field, the c-axis of the particle will be 

easily aligned, where in the case of single domain α″-Fe16N2 
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NPs, the alignment of the c-axis means the alignment of its 

magnetic orientation. This means that the magnetic 

orientation and c-axis have the same direction. However, if the 

NPs were agglomerated, a higher energy is required to align 

the magnetic orientation of the NPs because the particle 

cannot move freely. In other words, only Néel rotation will 

occur instead of particle rotation. This means that the 

magnetic orientation and the c-axis have different directions. 

 

Fig. 5 Hysteresis loops of α″-Fe16N2/Al2O3 NPs and films under 

various applied magnetic fields; inset shows changes in 

coercivity (Hc). 

 

By aligning the magnetic orientation of the well-dispersed 

α″-Fe16N2 NPs under a magnetic field and then fixing it using 

resin, the magnetic orientation and the c-axis will be aligned in 

the same direction, along the magnetic field. This alignment of 

the magnetic orientation results in an increase in the magnetic 

remanence of the film, as shown in the illustration in Table 3. 

The alignment of the magnetic orientation of the particles 

influences the rotation of the magnetic moment during SQUID 

measurement, resulting in a different hysteresis curve. 

Applying a magnetic field results in an improvement of the 

magnetic performance of the film, i.e., magnetic remanence 

(Mr) and coercivity (Hc).  

 

Table 3. Illustration of alignment phenomena of magnetic 

orientation in the agglomerated and well-dispersed 

magnetic NPs 

 

The increase in both the Hc and Mr/Ms values with the c-

axis alignment was also observed on SmCO5 NPs, where a 

strong magnetic interaction occurred among isolated 

nanoparticles.
10

 The magnetic properties of the agglomerated 

α″-Fe16N2 films were higher than those of the well-dispersed 

film, likely due to the effects of the resin present in the film, 

which is a nonmagnetic material.
28-30

 

Significantly higher energy products [(BH)max] were also 

obtained for the α″-Fe16N2 films under a magnetic field than  

for that without a magnetic field; for example, (BH)max values 

up to 1.211 MGOe were obtained for the film prepared using a 

magnetic field of 1.2 T, compared with a (BH)max value of 0.465 

MGOe for the film prepared without a magnetic field. These 

(BH)max values are considerably lower than that of the α″-

Fe16N2 NPs, which is 2.029 MGOe. This increase in the 

maximum energy product occurs because the film consists of 

well-dispersed NPs; as we previously reported,
19

 the Hc value 

of well-dispersed α″-Fe16N2 NPs is smaller than that of 

agglomerated particles because of the strong exchange 

interactions among the particles.
31

 The (BH)max for an applied 

magnetic field of 0.9 T was slightly lower, possibly because of 

the deviation in the estimation of the film volume. Because 

(BH)max strongly depends on the magnetic coercivity, the 

application of a stronger magnetic field, which increases the 

coercivity, also increases (BH)max. 
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Fig. 6 Maximum energy product and magnetic coercivity of the 

α″-Fe16N2/Al2O3 NP film as a function of the applied magnetic 

field. 

 

The application of a 1.2 T magnetic field decreased the 

magnetic anisotropy field (Hk) of the α″-Fe16N2 oriented film by 

2.7% to 4.3 × 10
5
 A/m. This decrease in Hk corresponds to a 

magnetocrystalline anisotropy constant (Ku) of 1.11 × 10
6
 

erg/cm
3
. This value was slightly lower than that of the α″-

Fe16N2 NP powder, which is 1.14 × 10
6
 erg/cm

3
. The magnetic 

anisotropy is intimately linked to the crystal structure.
32

 The 

alignment of the easy c-axis of the NP crystal causes a 

decrease in the magnetic anisotropy. The decrease in the 

anisotropy constant upon the application of a magnetic field 

up to 1.2 T confirms that the NP alignment was along the easy 

c-axis. The effect of the magnetic field strength on these 

magnetic properties of α″-Fe16N2 films are shown in Fig. 6. 

These results confirm that the alignment of the magnetic 

moment of the particles in the film significantly enhances its 

magnetic performance. Application of a magnetic field during 

the synthesis of the magnetic NPs also enhanced the magnetic 

properties of the prepared NPs.
33

 

 

 

Fig. 7 XRD pattern (a) and magnetic hysteresis loop (b) of α″-

Fe16N2/Al2O3 NP film under a horizontally applied magnetic field. 

For comparison, we synthesized an α″-Fe16N2/Al2O3 

magnetic film under a horizontal magnetic field of 0.6 T. Fig. 7a 

and b show the XRD patterns and hysteresis loops, 

respectively, of the horizontally aligned (sample H) α″-

Fe16N2of/Al2O3 film and the film prepared without a magnetic 

field (sample V0). For the horizontally aligned film, (224) and 

(400) α″-Fe16N2 diffraction peaks were observed, and the 

intensity of the (220) peak was higher than that for randomly 

aligned and vertically aligned films, which are shown in Fig. 4. 

The appearance of a (400) peak for the horizontally aligned 

film suggests that there are c-axes of the particles aligned in 

the horizontal direction. The horizontally aligned film shows a 

higher-intensity (220) peak, indicating that many c-axes are 

aligned in the horizontal direction. 

For comparison with the vertically aligned film, the degree 

of alignment of the magnetic orientation, LF, of the 

horizontally aligned film was evaluated from the intensities of 

the (004) and (224) diffraction peaks. The LF value was 27%. 

The smaller LF value than those for the randomly and vertically 

aligned films confirms that the c-axis of the particles was 

aligned in the horizontal direction. This value of LF is in the 

vertical direction, meaning that the NPs were 73% horizontally 

aligned. The XRD pattern of sample H shows that the intensity 

ratio of the (202) and (220) α″-Fe16N2 NPs diffraction peaks 

was similar to that of sample V0 (without a magnetic field), 

which is shown in Fig. 4. This indicates that the c-axes of the 
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NPs in the film prepared without a magnetic field were aligned 

in the horizontal direction. 

 

 

Fig. 8 Relationship of magnetic NP alignment with magnetic 

properties of α″-Fe16N2 NP film. 

The magnetic properties of the horizontally aligned film 

(sample H) are shown by the demagnetization field corrected 

hysteresis loop in Fig. 7b. The application of a magnetic field of 

0.6 T in the horizontal direction impairs the magnetic 

properties [Mr/Ms, Hc, and (BH)max values of 0.32, 2.1 kOe, and 

0.42 MG Oe, respectively] compared with those of the film 

sample prepared without a magnetic field (sample V0). These 

results show that the magnetic properties of the α″-Fe16N2 

magnetic film are governed by the alignment of the magnetic 

orientation of the NPs, which can be controlled by applying an 

external magnetic field during film preparation. The 

relationship between the alignment of the magnetic 

orientation of the α″-Fe16N2 NPs and the magnetic 

performance of the film, as shown in Fig. 8, confirms that both 

Hc and (BH)max increased with increasing the alignment of the 

magnetic orientation. It was estimated that the maximum Hc 

and (BH)max values were approximately 8 kOe and 7 MGOe, 

respectively, at the perfect alignment. The low value of (BH)max 

value may arise from the presence of resin in the film. These 

results are important for the development of spintronic device 

applications and also suggest the possibility of the 

nanostructuration of bulk anisotropic magnetic materials by 

magnetic field induced compaction of single-domain α″-Fe16N2 

NPs.  

Conclusions 

The magnetic field induced single domain core–shell α″-

Fe16N2 NP films show densely packed NP assemblies. The XRD 

and SQUID analysis show increases in the alignment of the 

magnetic orientation of the NPs and the magnetic properties 

with the increase in the magnetic field applied vertically to the 

film substrate. At 1.2 T, the alignment of the magnetic 

orientation increased by 35%, whereas the Hc, Mr, and (BH)max 

increased by 24%, 66%, and 160%, respectively. The maximum 

Hc and (BH)max values can be estimated from the relationship 

between the alignment of the magnetic orientation and the 

magnetic properties to be approximately 8 kOe and 7 MGOe, 

respectively. These results imply that core – shell α″-

Fe16N2/Al2O3 NPs have the potential for the construction of 

bulk magnetic materials with controllable magnetic 

performances by applying a magnetic field. 
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