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It is extremely desirable but challenging to develop exchange-coupled magnets with well 

dispersed hard/soft phase and confined size to meet the high energy requirements of advanced 

magnets in modern industry and information technology. Here, we report a novel bottom up 

strategy with two-step thermal decomposition and reductive annealing process to synthesize 

Nd2Fe14B/α-Fe nanocomposites, in which effective control of the hard/soft magnetic phase 

size and proportion were achieved. It is worth noting that the composition as well as phase 

distribution can be readily tuned by changing the ratio between Nd-Fe-B-oxide and α-Fe. This 

work provides an effective approach to adjusting phase size and distribution for exchange-

coupled rare earth nanomagnets, which can be fundamental for high energy magnets.  

 

1. Introduction 

 

Rare earth (RE)–transition metal intermetallics with highly ferromagnetic performance 

have attracted intensive interests because they have been widely used in aerospace, motors, 

electronics and automotive industries. However, because of the scare resources and large cost 
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of RE elements, there is strong demand to develop permanent magnets containing smaller 

amounts of RE elements to achieve superior maximum energy products. Interestingly, 

exchange-coupling phonemenon provides a new access to the objective magnets.
[1a, 1b]

 In the 

exchange-coupled magnets, a large maximum energy product, (BH)max, is expected when the 

two phases are fully exchange-coupled by refining the grain sizes of the soft magnetic phase 

to about twice the domain wall width of the hard phase (≈10 nm).
[2]

  

Nd2Fe14B-based nanocomposites containing exchange-coupled magnetic hard and soft 

phases are considered to be desirable permanent magnets for their large coercivity, high 

magnetization, and enhanced maximum energy product.
[3a, 3b]

 Very recently, Hono et al. 

obtained  a (BH)max of 486 kJ m
-3 

in Nd2Fe14B/FeCo nanocomposite films by carefully tuning 

the ratio of hard and soft phases via physical sputtering method.
[4]

 Although the interphase 

between hard and soft magnetic phases, which is the core for the effective exchange-coupling, 

can be easily manipulated in preparation of thin film magnets
[4, 5]

, this is tough to be realized 

in preparation of high performance bulk magnetic nanocompsites
[6a, 6b]

, which are deadly 

required in various industry applications. 

In past decade, there is significant progress in synthesis of magnetic nanoparticles (NPs) 

with controlled size and morphology by using high temperature wet chemical approach.
[7a, 7b, 

7c]
 And this provides scientists a promising approach to manage the exchange-coupling effect 

through a precisely established bottom-up strategy. Zeng et al. have demonstrated self-

assembly of hard magnetic FePt and soft magnetic Fe3O4 NPs with strong exchange-coupling 

effect to enhance (BH)max.
[2]

 Hong et al. prepared a core/shell type structure of effective 

exchange-coupled Sm(Co1-xFex)5/Fe3O4 (x=0.1).
[8]

  By combining wet chemical synthesis and 

Ca-assisted high temperature reduction processes, we obtained SmCo5/Fex (x=0-2.9) 

nanocomposites with tuned magnetic properties by controlling the composition and grain size 

of Fe3O4 nanoparticles.
[9a, 9b]

 Deheri and co-workers synthesized Nd2Fe14B NPs of ∼65 nm by 

sol-gel based method,
[10]

 but, the particle is beyond the critical radium for exchange-coupling 
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effect. In fact, many efforts have been tried to obtain nano-sized Nd2Fe14B via wet chemical 

method. However, due to the high negative reduction potential of Nd
3+

/Nd (-2.323 eV vs 

SHE) and easily oxidation of Nd2Fe14B powder, the synthesis of Nd2Fe14B NPs and 

nanocomposite powder is extremely challenging. 

Here, we report a facile chemical approach to fabricate well exchange-coupled 

Nd2Fe14B/α-Fe nanocomposites by effective control of the hard/soft magnetic phase size and 

proportio, which might provide an effective route to manipulate exchange-coupling 

interactions in the nanocomposites. Scheme 1 shows a schematic illustration of synthetic 

process of NdFeB/α-Fe nanocomposites. In our strategy, monodisperse α-Fe NPs were firstly 

synthesized by thermal decomposition of Fe(CO)5.
[11]

 Afterwards, the obtained Fe NPs were 

added into oleylamine(OAm)-contained organic precursors of Nd, Fe, B. The mixture was 

subsequently heated to 300 ℃ to generate Nd-Fe-B-oxide/α-Fe composite. Finally, with a 

subsequent Ca-assisted high temperature reductive annealing process, the as-synthesized Nd-

Fe-B-oxide/α-Fe composites were further converted into Nd2Fe14B/α-Fe exchange-coupled 

magnets in which the composition as well as magnetic properties are able to be tuned by 

changing the ratio between Nd-Fe-B-oxide and α-Fe.  

 

2. Results and Discussion 

Monodisperse α-Fe NPs were prepared by thermal decomposition of Fe(CO)5,
[12]

 a type of 

transmission electron microscopy (TEM) image of  samples is shown in Figure 1a, the 

average size of sample is 5 nm (Figure S1), and XRD pattern (Figure 1b) confirmed the 

chemical structure of sample as α-Fe. The Nd-Fe-B-oxide/α-Fe nanocomposites were 

synthesized by the co-decomposition of Nd(acac)3, Fe(acac)3 and (C2H5)3NBH3 with the 

existence of α-Fe NPs. TEM was also applied to investigate structures of the Nd-Fe-B-

oxide/α-Fe nanocomposites. As shown in Figure 1c and d, it can be seen that α-Fe NPs are 

well-dispersed and uniformly embedded in net-like Nd-Fe-B-oxide matrix. To prepare the 
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exchange-coupled magnets, the Nd-Fe-B-oxide/α-Fe composites were subsequently annealed 

under 850℃ for 1.5 h under Ar/H2 atmosphere with Ca as reducing agent. X-ray diffraction 

(XRD) patterns of the resulted product were shown in Figure 2. The product can be indexed 

as tetragonal structural Nd2Fe14B phase (JCPDS No.36-1296) and α-Fe phase (JCPDS No. 06-

0696), suggesting that the Nd2Fe14B/α-Fe magnets were generated after reductive annealing 

process. The correlated crystalline size of Nd2Fe14B and α-Fe was estimated to be 25 nm and 

10nm from the (410) and (110) diffraction peak using Scherrer’s formula, respectively. To 

identify the composition of the nanocomposite magnets, inductively coupled plasma 

spectroscopy (ICP) and energy dispersive X-ray spectroscopy (EDS) were utilized. The ICP 

test showed that the average Fe/Nd ratio of the nanocomposite is 1.38: 10, while the EDS 

study of a random portion of the product exhibited a homologous result of 1.42: 10 (Figure 

S2), which is in agreement with ICP data. High resolution transmission electron microscopy 

(HRTEM) images also manifested the formation of Nd2Fe14B/α-Fe nanocomposite. A typical 

HRTEM image of Nd2Fe14B/α-Fe composites was shown in Figure 3. It can be seen that the 

nanoscale domains have various structural orientations. The lattice spacing value of 0.203nm 

can be indexed to the (110) planes of α-Fe (interplane distance at 0.2027nm, JCPDS No. 06-

0696), and the lattice spacing values of 0.219nm, 0.245nm and 0.256nm can be assigned to 

the (410), (214) and (204) planes of Nd2Fe14B (interplane distance at 0.213nm, 0.241nm and 

0.252nm, respectively, JCPDS No. 36-1296). Moreover, the HRTEM image also implies the 

α-Fe nanocrystals are well-distributed in Nd2Fe14B matrix even after high temperature 

reductive annealing process, which could be attributed to the fact that the Nd-Fe-B-oxide 

matrix could inhibit the crystal growth as well as α-Fe NPs aggregation. Thus, in the 

nanocomposite powder, there strained size of well dispersed α-Fe (~8 nm) ensured the 

effective exchange-coupling between α-Fe and hard magnetic phase.
[13a, 13b, 13c, 13d]

 As 

increased the α-Fe NPs size to 10nm prepared by Fe(CO)5, the final size of soft phase α-Fe of 

the nanocomposite enhanced to ~15 nm (Figure S3). Moreover, the composition of as-
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synthesized nanocomposite magnets can be further tuned by changing the amount of 

incorporated Nd(acac)3 and annealing conditions. As less Nd source was incorporated (with 

ratio of Nd/Fe at 1.3/10, Figure S4), the products can be indexed to Nd2Fe14B and α-Fe phase, 

but the peak at 44.6
0
 indicated that the α-Fe had higher proportion in the nanocomposites 

(Figure S5). While the segregation of α-Fe could easily happen as reduction & diffusion 

process at higher temperature or longer time, which led to even much stronger peak of α-Fe 

(Figure S6) and thus, more diffusion or large grain of α-Fe deteriorated exchange-coupling 

effect. 

The magnetic properties of Nd2Fe14B/α-Fe magnets were characterized by hysteresis loop, 

as shown in Figure 4. The product (Figure 4a, square curve) showed ferromagnetic feature 

with a single-phase behavior, indicating the effective exchange-coupling in the 

nanocomposite powder. In addition, the nanocomposite exhibited a large coercivity Hc of 

12000Gs, an enhanced remanence Mr of 45 emu/g with Mr/M3T=0.63. However, when less 

Nd(acac)3 source was incorporated in the composite precursor, the powder cannot couple 

effectively, which may ascribe to the aggregation of α-Fe nanocrystals led by the deficiency 

of Nd2Fe14B matrix. As a result, the hysteresis loop shows a two-phase separated behavior 

(Figure 4a, circle curve). The magnetic properties of NdxFe10B1 composite with tuned other 

Nd/Fe ratio were shown in Figure 5. An addition of Nd increases the coercivity to the 

maximum value of 12000Gs at x=2.6.  This may be caused by the fact that Fe nanoparticles 

are well isolated by net-like Nd-Fe-B-oxide matrix, and thus leading to strong exchange-

coupling. While the monotonous decrease remanence can be attributed to the proportional 

decrease of ferromagnetic element. 

The δM-H measurements are commonly used to verify the exchange-coupling effect.
[14]

 

δM is defined as Md(1–2Mi), where Md is the reduced dc demagnetization remanence curve 

and Mi is the reduced isothermal remanence curve. For single-phase nanomagnets, δM always 

possesses high positive values, suggesting an exchange-coupling interactions, which will 
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suddenly decrease to zero or negative value during the reverse of magnetic field as a result of 

the cooperative switching of the exchange-coupled grains.
[15a, 15b]

 Figure 4c was a plot of δM 

versus magnetic field of the as-synthesized Nd2Fe14B/α-Fe nanocomposite magnet. As shown 

in Figure 4, initially δM was positive due to the existence of exchange-coupling effect, and 

then it became negative after the reversal, implying magnetostatic interactions caused by the 

presence of soft magnetic α-Fe phase. This result further justified the presence of effective 

exchange-coupling interaction in the nanocomposite magnet, similar to what had been 

reported in melt-spun ribbons of nanocomposite where α-Fe phase caused negative δM.
[16]

 

 

3. Conclusions 

In summary, we have reported a bottom-up strategy to synthesize exchange-coupled 

nanocomposite powder of Nd2Fe14B/α-Fe by wet chemical method. The as-synthesized 

Nd2Fe14B/α-Fe exhibits strong exchange-coupled effect as well as enhanced magnetic 

properties, showing a large coercivity Hc of 12000Gs, remanence Mr of 45 emu/g and an 

enhanced remanence with Mr/M3T=0.63. We expected that this work not only provides a new 

route to the synthesis of nanostructured rare-earth magnet, but also able to tune the exchange-

coupling effect between the soft and hard magnetic phase. 

 

4. Experimental Section  

Neodymium(III) 2,4-pentanedionate Nd(acac)3 (99.9+%), Triethylamineborane 

(C2H5)3NBH3(95%), 1-Octadecene (ODE, 90%), were purchased from Alfa Aesar. 

Oleylamine (OAm, > 70%) was purchased from Aldrich. Iron (III) acetylacetonate (Fe(acac)3) 

was from Beijing Yili Fine Chemical. Iron pentacarbonyl (Fe(CO)5, 98%) was from Xin Ding 

Peng Fei Chemical Co. in China Anhydrous ethyl alcohol (99.9%), and hexane (99.0%) were 

purchased from Beijing Chemicals. All syntheses were carried out under air-free conditions, 

using a standard Schlenk-line setup. 
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Synthesis of α-Fe NPs: 20 mL ODE and 0.3 ml OAm were degassed at 120 °C for 2 h to 

remove moisture and impurity. 0.9 ml (6.75 mmol) Fe(CO)5 was quickly injected into the 

solution and kept for 2 min, then increased to 180 °C at a heating rate of 12 °Cmin
–1 

and kept 

for 15 min. The α-Fe NPs were precipitated by adding 20 ml ethanol and washed three times 

with ethanol, then dispersed in hexane. 

Synthesis of Nd-Fe-B-oxide/α-Fe precursor: 0.091 g (0.207 mmol) Nd(acac)3 and 0.2g 

(0.56mmol) Fe(acac)3 was dissolved in 20 ml oleylamine. The solution was degassed at 

120 °C for 1 h. α-Fe NPs (13 mg) dispersed in 10 ml hexane were then added into the solution. 

The solution was kept at 120 °C for 1 h to remove hexane. Then, 13.3 µl (0.08 mmol) 

(C2H5)3NBH3 was quickly injected. Subsequently, the mixture was heated to 300 °C at a 

heating rate of 10 °Cmin
–1

 and kept for 1 h before cooling to room temperature. The Nd-Fe-

B-oxide/α-Fe precursor with total Nd/Fe ratio tuned by addition of different amount of Nd, Fe 

precursors and α-Fe as-synthesized was precipitated by ethanol and separated by centrifuging 

at 10000 rpm for 6 min. The as-prepared composite were dispersed in hexane for further 

characterization. 

Synthesis of Nd2Fe14B/α-Fenanocomposites: A typical procedure for the synthesis of 

Nd2Fe14B nanocomposites is as follows: the as-prepared composite were first reduced with 

stainless steel crucible under Ar + 5% H2 at 800 °C for 1 h at a heating rate of 20 °Cmin
–1

. 

Then, 500 mg of Ca powder was ground together with 170 mg of above powder and Nd2O3 

nano-powder for compensation of neodymium evaporation in glove box. The mixture was 

wrapped and quickly transferred to a quartz tube that had been flushed with Ar. After that, a 

reduction & diffusion reaction was carried out at 850 °C for 1.5 h in argon atmosphere and the 

powder was furnace cooled to room temperature. To remove the CaO and unreacted Ca, the 

sample was washed twice with 5% acetic acid solution, and then with cold distilled water to 

remove any traces of acetic acid. Finally, the sample was rinsed with ethanol and dried in 

vacuum.  
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Nanocomposites Characterization: The samples were studied by transmission electron 

microscopy (TEM, TECNAI T20, 300 kV), high-resolution transmission electron microscope 

(HRTEM, FEI TECNAI F30, 300 kV), field-emission scanning electronic microscopy (SEM, 

JEOL JSM-7600F, 10 kV), X-ray powder diffraction (XRD, Rigaku D/MAX-2000, Cu Kα) 

and X-ray Photoelectron Spectroscopy (XPS, Kratos Axis Ultra). Magnetic studies were 

performed using a Quantum Design SQUID instrument with a field upto 30 kGs. The 

compositions of the samples were characterized by inductively coupled plasma spectroscopy 

(ICP) and energy-dispersive X-ray spectroscopy (EDS). 

 

Supporting Information 

 

The size distribution histograms of α-Fe NPs, TEM image for the decomposed products with 

lower Nd/Fe ratio, and SEM images and XRD patterns for nanocomposites. 
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a)                                          b)                                       c) 

 

Scheme 1. Schematic illustration of Nd2Fe14B/α-Fe nanocomposites synthesized by wet 

chemical method. (a) monodispersed α-Fe NPs; (b) composites of α-Fe evenly embedded in 

net-like Nd-Fe-B-oxide matrix; (c) Nd2Fe14B/α-Fe nanocomposites obtained by thermal 

reductive diffusion process. 
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Figure 1. (a) TEM image, (b) XRD pattern of 5 nm monodisperse α-Fe NPs, (c, d) TEM 

images of Nd-Fe-B-oxide/α-Fe precursor with total Nd/Fe ratio of 2.6/10.  

 

 

 

 

 

 
 

Figure 2. XRD patterns of the precursor after reduction and diffusion process at 850 °C for 

1.5 h. (JCPDS 36-1296) and α-Fe phase (JCPDS 06-0696).  
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Figure 3. (a) HRTEM image of Nd2Fe14B/α-Fe nanocomposite prepared by reductive 

annealing of Nd-Fe-B-oxide/α-Fe precursor. The lattice spacing of 0.203 nm corresponds to 

the (110) planes of α-Fe, and the lattice spacing of 0.219nm, 0.245nm and 0.256 nm assigns 

to the (410), (214) and (204) planes of Nd2Fe14B, respectively. (b) The corresponding fast 

Fourier-transform (FFT) pattern of Nd2Fe14B/α-Fe nanocomposite (inset). 
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Figure 4. (a) Hysteresis loops at room temperature for Nd2Fe14B/α-Fe nanocomposite 

prepared from Nd-Fe-B-oxide/α-Fe precursor with total Nd/Fe ratio of (square) 2.6/10 and 

(circle) 1.3/10. The blue square loop shows single–phase-like behavior, indicting effective 

exchange-coupled behavior while the red circle hysteresis showed two-phase behavior. The 

kink at low field is related to the soft phase α-Fe magnetic reversal; (b) δM-H plot of 

nanocomposites at Nd/Fe ratio of 2.6/10. 
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Figure 5. Change of coercivity, remanence and Mr/M3T in the Nd2Fe14B/α-Fe nanocomposites 

prepared from Nd-Fe-B-oxide/α-Fe precursor with total Nd/Fe ratio of NdxFe10B1. The error 

bar represents the standard deviation obtained from 3 samples. 
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TOC 

 

Exchange-coupled nanocomposites of Nd2Fe14B/α-Fe are successfully synthesized by 

thermal decomposition and reductive annealing process. An Nd-Fe-B-oxide/α-Fe 

precursor of α-Fe NPs embedded in net-like Nd-Fe-B-oxide matrix is formed. The phase size, 

composition as well as magnetic properties can be readily tuned by changing the ratio 

between Nd-Fe-B-oxide and α-Fe. The optimum properties shows coercivity of 12000Gs and 

an enhanced remanence of Mr/M3T=0.63.  
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