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Abstract In order to clarify the intrinsic reason for

the smaller remanence (Mr)-to-saturation (Ms) mag-

netization ratio Mr/Ms than that expected by the

Stoner–Wohlfarth model in CoFe2O4/CoFe2 nanopar-

ticles in the previous report, we first prepared well-

dispersed CoFe2O4 nanoparticles, and then they were

diluted in the SiO2 matrix followed by reduction in H2

as far as possible to exclude or reduce disadvantageous

variables (such as the growth and aggregation of

particles and the exchange coupling between soft

magnetic particles in the process of reducing) affect-

ing magnetic properties. Such an idea has not been

taken into account before to our knowledge. The

analyses on the magnetic results indicate that the

CoFe2O4/CoFe2 nanoparticles herein reported are a

pure dipolar system, in which the coercivity (Hc) and

Mr/Ms ratio are very sensitive to the anisotropy and the

strength of dipolar interaction. These results signify

that it is important to maintain the CoFe2O4/CoFe2

nanoparticles with higher anisotropy and weaker

dipolar interaction for improving Mr/Ms and Hc. This

suggestion was further confirmed by our another result

wherein an Mr/Ms value of 0.64 was obtained even

though no exchange coupling was observed in the

CoFe2O4/CoFe2 nanoparticles, and further work is in

process.
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interaction � Anisotropy � Magnetism

Introduction

Well-dispersed magnetic nanoparticles (NPs) have

been widely investigated, because they not only

possess unique properties differing from their bulk

polycrystalline counterparts but also have potential

applications in data storage and biotechnology. Fur-

thermore, they provide a highly controlled experi-

mental system for studying fundamental phenomena

in physics (Coşkun et al. 2012; Topkaya et al. 2013;

Xu et al. 2014a, b). Specially, nano-scaled CoFe2O4

(CFO) NPs are very attractive because of their

potentials in high-density information storage, elec-

tromagnetic wave absorption, ferrofluids, catalysts,

drug targeting, magnetic separation, magnetic reso-

nance imaging and gas sensor (Whitney et al. 1993;

Carlà et al. 2013; Leite et al. 2012; Wu et al. 2011;

Topkaya et al. 2013; Song and Zhang 2004). CFO is a

cubic anisotropy crystal with the first crystalline

anisotropy constant K1[ 0, and therefore its theoret-

ical remanence (Mr)-to-saturation (Ms) ratio Mr/Ms is

0.832 in the case of noninteracting single domain

particles with the randomly oriented easy axis
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according to the Stoner–Wohlfarth model (Stoner and

Wohlfarth 1948; Vargas et al. 2005). However, CFO

has low Ms value because of its ferrimagnetism.

Recently, numerous efforts have devoted to improve

the values of Ms and Mr/Ms by compositing CFO with

CoFe (CF) alloy.

Previously, the preparation of CFO/CF includes the

synthesis of CFO and the subsequent reduction in the

H2 ambience, aiming to achieve higher Ms, Mr, and

coercivity Hc values through exchange coupling

between the hard and soft magnets. But almost all of

the results give the following conclusions: (1) When

the content of CF increases, the Ms value increases

rapidly but is accompanied with a large loss of Hc. (2)

In some previous reports, the exchange coupling

between the hard and soft magnets was detected, but

unfortunately the Mr/Ms ratio was not improved and

even many reported Mr/Ms values were less than 0.5

(Quesada et al. 2014; Zan et al. 2013a, b, c; Li et al.

2015), the expected value theoretically for the uniaxial

anisotropy crystal (Vargas et al. 2005). By carefully

checking the results of the morphology characteriza-

tions in the previous reports, the following can be

observed: (1) First of all, the prepared CFO particles

aggregated seriously, and then they exhibited more

severe conglomeration after they were reduced in the

high-temperature condition. In such an undiluted or

concentrated CFO/CF NP system, the exchange cou-

pling effect may occur between hard/hard, hard/soft,

and soft/soft grains, as shown in the schematic plot in

Fig. 1a. It is possible that the detected exchange

coupling in the previous reports occurs between the

soft/soft CF grains because they remain in close

contact after reduction, and such exchange coupling

will be ineffective in improving Mr/Ms. (2) Besides the

exchange coupling effect, the anisotropy also changes,

because, on one hand, the relative content of hard and

soft magnets varies with the reducing reaction, and on

the other hand, reduction at high temperature gives

rise to a change in the degree of aggregation and

configuration which can be well understood with the

results shown in Figs. 7, 9, 10 and 11 in our previous

reports (Zan et al. 2013a, b, c). (3) In the concentrated

or undiluted CFO/CF composite, the interparticle

dipolar interaction cannot be neglected especially in

the case of high content of soft CF with large Ms value

because the dipolar field Hdip can be expressed as

Hdip = 2 l/d3, where l (l = Ms 9 V, V is the particle

volume) is the average magnetic moment of magnetic

particle and d is the distance between particles (center

to center). Hence one can see that in the case of

concentrated CFO/CF system the exchange coupling,

anisotropy and dipolar interaction synergistically

affect the magnetic properties, and such the system

is unfit for revealing the intrinsic origin of the

magnetic properties.

In this work, we first prepared well-dispersed CFO

NPs, and then they were diluted in the SiO2 matrix,

followed by reduction in H2 ambience in order to

prevent magnetic NPs from aggregating during the

process. This strategy has not been reported before as

far as we know. The purposes of this strategy are as

follows: (1) It can prohibit not only the agglomeration

and growth of magnetic NPs but also the exchange

coupling effect between soft CF particles as shown in

Fig. 1b. (2) By changing the mass ratio of CFO/SiO2,

we can obtain magnetic NPs with different strengths of

dipolar interactions. (3) By changing the reduction

temperature, the relative content of CFO/CF can be

altered, which consequently leads to the variation in

anisotropy and dipolar interaction. Therefore such a

system is a good model for studying the effect of

dipolar interaction and anisotropy on magnetic prop-

erties. The results show that Hc and Mr are very

sensitive to the dipolar interaction and anisotropy,

making us understand that magnetic particles must be

endowed with high anisotropy and weak dipolar

interaction in order to improve the magnetic

performance.

Fig. 1 Schematic plots for the preparation of CFO/CF com-

posites before and after reduction of CoFe2O4 in the previous

literature (a) and in this work (b)
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Experimental procedures

The synthesis and characterization of CFO/SiO2 were

described elsewhere (Xu et al. 2015). The samples

with the CFO/SiO2 mass ratio of 50:50 and 5:95 are

hereafter referred to as CFO50 and CFO5. The CFO50

and CFO5 samples were, respectively, reduced in the

H2 ambience (500 sccm, 96 % N2 ? 4 % H2) for 4 h

at temperatures TA = 300, 400, 500, 600, 700 and

800 �C to obtain two groups of samples.

Results and discussion

Crystal structures and morphology analysis of all

samples

The crystal structures of all samples were character-

ized by the X-ray diffraction (XRD) method. Fig-

ures 2c–h, representatively, show the XRD patterns of

samples CFO5 and CFO50 reduced at TA = 300, 500

and 700 �C. In the case of the CFO50 sample, it

exhibits the pure cubic spinel CFO phase after

reduction at 300 �C (Fig. 2c) according to the standard

PDF card (Fig. 2a) of CoFe2O4 (No. 22-1086).

Subsequently, reduction at 500 �C distinctly weakens

the diffraction intensity from CFO (Fig. 2d), and two

additional clear diffraction peaks can be indexed to the

diffraction from CF phase as compared with the PDF

card of CoFe2 (No. 65-4131) in Fig. 2b (Xiang et al.

2013). After reduction at 700 �C, the diffraction from

CFO cannot be detected and the sample exhibits the

pure CF phase (Fig. 2e) due to the reduction reaction:

CoFe2O4 ? 14H2 ? CoFe2 ? 4H2O. In the case of

the sample CFO5, as shown in Figs. 2f–h, the phase

evolves in the same trend as in the sample CFO50

except that the broad peak below 2h = 30� results

from the amorphous SiO2 (Nadeem et al. 2014).

Figure 3 shows the normalized diffraction intensities

from CFO (311) and CF (110) for the samples CFO50

(a) and CFO5 (b), more distinctly illustrating the phase

evolution with the reducing temperature TA.

The cell lattice parameter a of CFO and CF can be

obtained from sin2h = k2(H2 ? K2 ? L2)/4a2, where

h is the diffraction angle, k the wavelength of the Cu

Ka irradiation, and (HKL) the crystal plane index. The

obtained lattice parameter a is equal to 0.838 and

0.287 nm, so the X-ray density is calculated to be 5.43

and 8.03 g/cm3 for CFO and CF, respectively.

Figure 4a shows the low-magnification TEM image

of the as-prepared CoFe2O4 with the inset being the

TEM image for the sample CFO5. The as-prepared

CoFe2O4 is composed of well-dispersed NPs. For the

CFO5 sample, the TEM image is not so clear as that

for the as-prepared CoFe2O4 sample because CoFe2O4

NPs in the CFO5 sample were highly diluted by the

amorphous SiO2 matrix. The particle size histogram

and the Gaussian-fitting curve (solid line) are shown in

Fig. 4b, giving the particle size of 16.3 ± 4 nm. In the

case of the sample CFO50 after reduction at 500 �C,

the high-resolution transmission electron microscopy

Fig. 2 Standard PDF cards of CoFe2O4 (No. 22-1086) (a) and

CoFe2 (No. 65-4131) (b); XRD patterns of samples CFO50 and

CFO5 reduced at 300, 500 and 700 �C (c–h)

Fig. 3 The normalized diffraction intensities from CFO (311)

and CF (110) for the samples CFO50 (a) and CFO5 (b)
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(HRTEM) (Fig. 4c) shows that CFO/CF NPs are

separated from each other even though they are treated

at 500 �C due to the isolation of SiO2 matrix, which is

different from the previous results in literature; the

upper-left and lower-right insets show the magnified

details of fringes of the CFO (111) and CF (110)

crystalline planes, respectively, indicating the forma-

tion of CFO/CF composite; in these isolated NPs, at

least the exchange interaction between CF grains,

which is a short-range one in nature, can be excluded.

Figure 4d shows the selected area electron diffraction

(SAED) pattern of CFO50 reduced at 500 �C, also

illustrating the formation of the composite.

The magnetic properties

Figure 5 shows the magnetization (M) dependence on

the applied magnetic field

(H) (-40 kOe\H\?40 kOe) measured at room

temperature, i.e. M(H) loops of the CFO5 samples

reduced at different temperatures from 300 to 800 �C.

The magnetic parameters, including Hc, Ms as well as

Mr/Ms drawn from loops, are listed in Table 1. The

sample reduced at 300 �C, almost the pure CFO as

shown in Fig. 2, has the largest Hc (2321 Oe) and Mr/

Ms (0.46) values but the smallest Ms (18.04 emu/g)

value. Upon increasing TA to 800 �C, both Hc and Mr/

Ms decrease monotonously to 169 Oe and 0.05, which

vary in the same trend as reported before (Soares et al.

2011), while Ms increases to 43.44 emu/g. These

behaviors phenomenally can be assigned to the

increase of CF phase and the intrinsic origin will be

further discussed below.

Figure 6 shows the room temperature M(H) loops

of the CFO50 samples reduced at different tempera-

tures from 300 to 800 �C. The loops exhibit similar

characteristics as shown in Fig. 5. The values of Hc,

Ms, and Mr/Ms are listed in Table 2. These parameters

change with TA in the same trend as occured in the

sample CFO5. The Ms value is obviously greater than

that for the sample CFO5 because of the higher

concentration of magnetic NPs, and the highest Ms

value of 183.80 emu/g is attained after reduction at

700 �C.

Fig. 4 The low-magnification TEM image of the as-prepared

CFO (a) with the inset being the TEM image of the CFO5

sample; the particle size histogram and the Gaussian-fitting

curve (solid line) (b); the HRTEM image (c) with the magnified

details of fringes corresponding to the CFO (111) (upper-left

inset) and CF (110) (lower-right inset) crystalline planes, and

the SAED image (d) for the CFO50 reduced at 500 �C

Fig. 5 The magnetization (M) dependence on the applied

magnetic field (H) (-4 T\H\?4 T) measured at room

temperature, viz M(H) loops of the CFO5 samples reduced at

different temperatures from 300 to 800 �C

Table 1 Magnetic parameters of the CF5 samples reduced at

different temperatures

TA (�C) Hc (Oe) Ms (emu/g) Mr/Ms

300 2321 18.04 0.46

400 923 18.37 0.37

500 761 27.99 0.32

600 763 31.75 0.26

700 456 34.22 0.17

800 169 43.44 0.05
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Analysis on the magnetic properties

The anisotropy field HK

As reported before (Laureti et al. 2010), the splitting

point, where the magnetizing and demagnetizing

branches separate (DM), corresponds to the irre-

versibility field which can be regarded as an estimate

of anisotropy field HK. Herein HK is artificially

regulated to be the magnetic field corresponding to

the splitting point, where DM/Ms is equal to 5 %. The

obtained HK values for the CFO50 (solid circles) and

CFO5 (empty circles) are shown in Fig. 7. With the

increasing TA, they both decrease monotonously, and

the reasons are as follows: (1) The increase of CoFe2

phase enhances the Ms value, because CoFe2 is a

typical soft ferromagnetic material with a high Ms

value of about 230 emu/g (Mohan et al. 2008),

consequently diminishing the HK value due to

HK = 2 K/Ms, where K is the effective anisotropy

constant. (2) For the soft and hard composite system,

the effective anisotropy constant K is expressed by

K = fsKs ? fhKh, where fs and fh are the volume

fraction, and Ks and Kh are anisotropy constant of soft

and hard phases with Ks\\Kh, respectively (Skom-

ski and Coey 1993). The increase of TA raises the

volume fraction fs of the soft magnetic CoFe2 phase,

diminishing the K value and consequently resulting in

the decrease of HK. Additionally the HK of CFO50 is

smaller than that of CFO5, partially because CFO50

has a higher Ms value.

The dipolar field Hdip

To test the interactions between the grains, the dm
curves were measured. The dm curves were built using

the magnetizing Mr(H) and demagnetizing Md(H) re-

manent magnetizations. The measuring methods of

Mr(H) and Md(H) are identical with those reported in

reference (Soares et al. 2011). Mr(H) and Md(H) are

normalized by the saturation remanence Mr(Hsat):

mr(H) = Mr(H)/Mr(Hsat) and md(H) = Md(H)/Md

(Hsat), where Hsat is an applied field to saturate the

magnetization, and the dm is expressed as

dm(H) = md(H) - [1 - 2mr(H)]. Figure 8 represen-

tatively shows the dm curves of the samples CFO50

and CFO5 reduced at 300, 500, and 800 �C. Several

main points are summarized as follows: (1) All dm
curves exhibit the negative peak. The negative peak is

an evidence of the predominance of dipole-dipole

interactions, while the positive peak can be attributed

to the predominance of exchange interactions. The dm
plots indicate that the thermal treatments up to 800 �C
do not induce exchange coupling between particle

surfaces due to the isolation of SiO2, or in other words

Fig. 6 M(H) loops of the CFO50 samples reduced at different

temperatures from 300 to 800 �C

Table 2 Magnetic parameters of the CF50 samples reduced at

different temperatures

TA (�C) Hc (Oe) Ms (emu/g) Mr/Ms

300 1368 73.33 0.43

400 791 61.64 0.38

500 556 93.52 0.23

600 331 159.40 0.13

700 146 183.80 0.04

800 136 168.58 0.04

Fig. 7 The anisotropy field HK of the CFO50 and CFO5

samples reduced at different temperatures
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all samples are pure dipolar systems. (2) The dm
amplitudes (i.e. strength of interparticle interactions)

are 0.23, 0.33, and 0.49 for the CFO5 samples, and

0.33, 0.34, and 0.73 for the CFO50 samples reduced at

300, 500, and 800 �C, respectively. These data suggest

that reduction at higher temperature enhances the

strength of interparticle dipolar interactions. (3) The

dm amplitudes of the CFO5 samples are smaller than

those of the corresponding CFO50 samples, because

the concentration (average distance) of CoFe2O4 NPs

is smaller (longer) in the CFO5 samples. These

conclusions can be better understood by analyzing

the dipolar field, as discussed below.

In a sample of randomly distributed NPs with

average magnetic moment l (l = Ms 9 V, V is the

particle volume), the maximum dipolar field Hdip

between nearest-neighboring particles is Hdip = 2 l/

d3, where d is the distance between particles (center to

center). The Hdip curves are shown in Fig. 9. It can be

noticed that (1) after reduction above 500 �C, Hdip

increases rapidly resulting from the increase of l due

to the appearance of CoFe2 phase, and (2) the Hdip

values of CFO50 samples are higher than those of the

CFO5 samples because of the smaller d and larger Ms

in CFO50 samples.

Figure 10 shows the HK and Hdip for the samples

CFO5 (a) and CFO50 (b). In the case of CFO5

samples, HK is larger than Hdip at all reducing

temperatures, suggesting that anisotropy dominates

the magnetic properties because the CoFe2O4 NPs are

highly diluted in the SiOx matrix, leading to the weak

dipolar interaction. In the case of CFO50 samples, HK

is larger than Hdip as TA B 600 �C but HK\Hdip as

TA[ 600 �C, suggesting that the dipolar interaction

becomes the non-negligible energy to affect magnetic

properties in samples reduced at TA[ 600 �C.

Effects of dipolar interaction and anisotropy

on the magnetic properties

As shown in Fig. 11a, for both the CFO5 and CFO50

samples, Hc monotonously decreases with the increas-

ing TA, but the underlying mechanism is somewhat

different in both the samples. In the CFO5 samples

with HK[[Hdip at all TA values, the decrease in Hc

Fig. 8 The dm curves of CFO5 (a) and CFO50 (b) samples

reduced at temperatures of 300, 500 and 800 �C

Fig. 9 The maximum dipolar field Hdip of the CFO50 (solid

circles) and CFO5 (empty circles) samples reduced at different

temperatures

Fig. 10 Comparison of HK with Hdip in the samples CFO5

(a) and CFO50 (b)
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can be assigned to the decrease of HK with TA due to

the appearance of soft magnetic CoFe2 alloys, as

discussed in Fig. 10a. In the sample CFO50, the Hc is

determined by anisotropy at TA B 600 �C and the

synergistic effect between the anisotropy and the

dipolar interaction at TA[ 600 �C based on the

discussion for Fig. 10b. Additionally, the Hc value of

the CFO50 sample is less than that of the CFO5

sample, mainly because CFO50 has the smaller HK

value (Fig. 7) than CFO5.

The Mr/Ms ratios of the samples CFO5 (empty

circles) and CFO50 (solid circles) are shown in

Fig. 11b. They both monotonously decrease with the

increasing TA, which can be assigned to the synergistic

effect of dipolar interaction and the anisotropy

because the Mr/Ms ratio will be suppressed by

increasing Hdip (Zan et al. 2013a, b, c; Xu et al.

2015; Zan et al. 2013a, b, c) or decreasing HK (Xu et al.

2014a, b; Kurtan et al. 2013). Therefore, it is important

to control the anisotropy and dipolar interaction for

improving the Mr/Ms ratio. In order to support this

viewpoint, the CoFe2O4 NPs with the size of about

30 nm were prepared, as shown in the TEM image in

Fig. 12a. After reduction at 300 �C for 1.5 h, the

M(H) loop of the sample was measured, as shown in

Fig. 12b. A high Mr/Ms ratio (0.64) above 0.5 and a

high Hc value of 1660 Oe were obtained in the sample,

even though exchange coupling was not observed in

the dm curve (not shown here), which can be assigned

to the high HK (3615 Oe) and weak Hdip (*230 Oe)

values, and further work is in process.

Conclusions

The CoFe2O4 NPs were synthesized by thermal

decomposition of Fe(acac)3 and Co(acac)2. The as-

prepared CoFe2O4 NPs exhibit good dispersity and

uniform size of 16.3 ±4 nm. Then the CoFe2O4 NPs

were dispersed in the SiO2 matrix with different

concentrations of 5 % (CFO5) and 50 % (CFO50),

followed by subsequently reducing in the 4 %

H2 ? 96 % N2 ambience at different reducing tem-

peratures, TA, of 300, 400, 500, 600, 700 and 800 �C to

obtain the composite of hard CoFe2O4 and soft CoFe2

alloys, in order to change the anisotropy and the

interparticle dipolar interaction. The anisotropy and

the dipolar interaction in the CFO5 and CFO50

samples were compared in detail, and their effects

on the magnetic properties of CoFe2O4/CoFe2 com-

posite were discussed on which much attention has not

been paid before. Several suggestions are as follows:

(1) The reasons for the smaller Mr/Ms ratio in the

CoFe2O4/CoFe2 composite than 0.5 in the previous

reports can be assigned to the weak anisotropy and/or

Fig. 11 TheHc (a) and theMr/Ms ratio (b) of the samples CFO5

(empty circles) and CFO50 (solid circles) samples

Fig. 12 The TEM image of the undiluted CoFe2O4 NPs (a) and

the M(H) loop (b) of the sample after CoFe2O4 was reduced at

300 �C for 1.5 h
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strong dipolar interaction in the concentrated magnetic

NPs.

(2) The Mr/Ms ratio was not improved even if the

exchange coupling was observed in undiluted CoFe2-

O4/CoFe2 composite, in which the exchange coupling

maybe occurs between CoFe2 particles instead of

between hard CoFe2O4 and soft CoFe2 phases.

(3) In order to improve the Hc and Mr/Ms values,

several important factors were suggested as follows:

preparing the CoFe2O4 particles with a suitable size

for controlling the anisotropy; keeping the CoFe2O4

particles separated from each other for controlling the

strength of the dipolar interaction; preventing mag-

netic particles from conglomerating in the process of

reducing to prepare CoFe2O4/CoFe2 composite.

We also suggest that the Mr/Ms ratio can be further

increased if the exchange coupling between hard and

soft magnets can be successfully accomplished. Fur-

ther related work is in process.
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