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 ABSTRACT 

Well-dispersed, uniform cobalt ferrite (CoFe2O4) nanoparticles (NPs) with 

diameters of 9, 11, 14, and 30 nm were synthesized by thermal decomposition 

of a metal–organic salt. Multiple variables, including the interparticle distance, 

moment, and anisotropy, were altered by dilution in a silica matrix and reduction

in hydrogen to reveal the intrinsic correlation between the ratio of remanence to

saturation magnetization (Mr/Ms) and interparticle dipolar interactions, the 

strength of which was estimated by the maximum dipolar field Hdip. To date, 

this correlation has not been systematically investigated experimentally. To

prevent the particles from agglomerating, the reduction was performed after 

dilution. The results revealed that the correlation between Mr/Ms and Hdip

roughly followed Mr/Ms ∝ 1/lgHdip independent of the size, distance, moment, 

and anisotropy of the magnetic nanoparticles. In particular, the correlation was

closer for the nanoparticle systems that had higher concentrations or moments,

that is, stronger dipolar interactions. For the single-phase CoFe2O4 nanoparticles,

deviation from Mr/Ms ∝ 1/lgHdip can be attributed to the effects of surface spin, 

and for the slightly reduced nanoparticles, this deviation can be attributed to

the pinning effect of CoFe2O4 on CoFe2. 

 
 

1 Introduction 

Nanoparticles (NPs) composed of ferro- or ferrimagnetic 

materials, such as metals, alloys, and spinel ferrites, 

have been extensively investigated because of their 

unique magnetic properties [1–3], which can vary 

from those of their bulk counterparts, and because of 

their broad range of applications [4, 5].  

The practical application of NPs requires suitable 

particle size and concentration. NPs with 5–100 nm 

diameters have sizes comparable to those of biological 

components such as proteins (5–50 nm) and viruses 

(20–200 nm) [6]. Surface modification or func-

tionalization of NPs with non-magnetic materials,  
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such as upconversion luminescent materials [7], SiO2 

[8], quantum dots [9], or a solvent layer [10], has 

greatly expanded their applications in the fields of cell 

therapy research, cancer diagnosis and monitoring, 

and ferrofluids [10]. Inevitably, modification or 

functionalization (i.e., dilution in the non-magnetic 

matrix) changes the concentration of NPs, which plays 

a crucial role in their practical application. Simply 

exemplified by magnetic fluids (ferrofluids, ferrocolloids) 

with a particle size of approximately 10 nm (single 

domain), magnetic NPs participate in Brownian 

motion at low concentrations. In contrast, at high 

concentrations, NPs interact with each other to form 

aggregates, greatly influencing the diffusional and 

hydrodynamic properties of ferrofluids [10].  

Fundamentally, the effects of particle size and 

concentration on the magnetic properties of NPs can 

be attributed to two types of energies: anisotropy and 

interparticle dipolar interaction (IPDI). Below a certain 

size (generally, 10–20 nm), NPs can exhibit a unique 

form of magnetism called superparamagnetism [11] 

with zero theoretical coercivity (Hc) and remanence 

(Mr); In addition, in the case of small particles, the 

interactions between the surface spins of different 

particles affect the surface anisotropy, increasing the 

effective anisotropy [12]. It has been reported that the 

surface anisotropy constants of thin films and NPs 

are many orders of magnitude higher than that of the 

bulk material [13]. The concentration of NPs directly 

reflects the strength of the IPDI, which can be expressed 

by the maximum dipolar field Hdip, defined as 

Hdip = 2μ/d 3                (1) 

where μ is the particle moment (μ = Ms × Vm; Ms is the 

saturation magnetization, and Vm is the magnetic 

grain volume), and d is the distance between particles 

(center to center), which is inversely proportional to 

the NP concentration. Based on the strength of the IPDI, 

the NPs spontaneously form various architectures of 

one-dimensional chains, hexagonal-close-packed two- 

dimensional arrays, and three-dimensional clustered 

aggregates, as shown in a transmission electron 

microscopy (TEM) analysis [11], which consequentially 

affect the magnetic properties of the NPs. Indeed,  

the effects of the IPDI are quite complex, and some 

inconsistent results have been reported [14, 15].  

To date, the effects of the IPDI on the magnetic 

properties of NPs have not been investigated 

experimentally, and the key issue lies in the design 

and preparation of the NP system. For example,   

the Stoner–Wohlfarth model [16] indicated that the 

remanence (Mr) to saturation magnetization (Ms) 

ratio Mr/Ms is 0.5 for uniaxial anisotropy, and this value 

is 0.832 (K1 > 0) or 0.87 (K1 < 0) for cubic anisotropy in 

the case of non-interacting single-domain particles 

with a randomly oriented easy axis [17]. However, 

many authors have reported values of Mr/Ms smaller 

than the theoretical value for cubic cobalt ferrites 

(CoFe2O4) [18–22] and for composites of hard CoFe2O4 

and soft Co–Fe alloy [23–25]; this discrepancy has 

recently been attributed to the effects of particle size 

and crystallinity. Examination of the scanning electron 

microscopy (SEM) and TEM results for these materials 

revealed that the NPs were heavily agglomerated. In 

such agglomerated systems, at least the IPDI should 

be considered; in addition, the broad size distribution, 

effective anisotropy, and exchange–coupling interactions 

synergistically affect the magnetic properties of the 

NPs. Clearly, to thoroughly investigate the effects of 

the IPDI on the magnetic properties of NPs, it is 

important to first synthesize high-quality magnetic 

NPs with uniform size and high dispersity to exclude 

the size distribution effects and the exchange– 

coupling interaction, that is, to obtain pure dipolar 

interactions.  

Recently, using a DC magnetron sputtering method 

combined with a high-resolution electron beam 

lithography technique, perpendicular three-island 

Co/Pd magnetic clusters were deposited on a Si 

substrate. The effects of dipole–dipole interactions 

among magnetic clusters on their switching field were 

investigated. By optimizing island size, thickness, gap, 

anisotropy, and saturation magnetization, a three- 

island cluster with six stable flux states was realized, 

which has potential applications in flexi-programmable 

logic devices [26]. In the present work, we used the 

thermal decomposition of a metal–organic salt to 

prepare well-dispersed, uniform CoFe2O4 NPs in four 

sizes (9, 11, 14, and 30 nm). The concentration, moment, 

and anisotropy of the CoFe2O4 NPs were altered by 

dilution in a SiO2 matrix and/or by reduction in H2 
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atmosphere to systematically reveal the intrinsic 

correlation between Hdip and Mr/Ms. 

2 Experimental 

2.1 Preparation of CoFe2O4 NPs 

In a 1,000-mL three-necked round-bottom flask, iron 

acetylacetonate (9.586 g), cobalt acetylacetonate (3.526 g), 

oleic acid (80 mL), oleylamine (80 mL), and benzyl ether 

(400 mL) were mixed by magnetic stirring under a 

flow of nitrogen (99.999%). The mixture was heated 

at 120 °C for 0.5 h to remove air and moisture, at 

200 °C under reflux for 2 h, and then at 290 °C for 1 h. 

After the mixture was cooled naturally to room tem-

perature, absolute ethanol (approximately 500 mL) 

was added to produce a precipitate. The precipitate 

was separated via centrifugation and then washed 

with absolute ethanol several times to obtain CoFe2O4 

NPs. The particle size was varied by altering the 

intermediate treatment temperature. 

2.2 Dilution of CoFe2O4 NPs in a SiO2 matrix 

CoFe2O4 NPs were added to a solution of cyclohexane 

(400 mL), polyethylene glycol (25 mL), tetraethyl 

orthosilicate, and ammonia, and then stirred 

mechanically for 24 h. Ethanol was added to form a 

precipitate. The precipitate was isolated by centri-

fugation and then washed with ethanol and water  

to remove unreacted molecules. The precipitate was 

dried at 80 °C for 6 h to obtain diluted CoFe2O4 NPs.  

2.3 Reduction of CoFe2O4 NPs 

The reduction reactions were performed in a H2- 

containing atmosphere (500 sccm, 96% N2 + 4% H2)  

to yield a composite of CoFe2O4 and CoFe2 alloy. The 

diluted 14-nm CoFe2O4 NPs were reduced at 300 and 

400 °C for 4 h. The undiluted 30-nm CoFe2O4 NPs were 

reduced at 300 °C for 4 and 8 h.  

2.4 Characterization 

Crystal structures were determined by X-ray diffraction 

(XRD) with an X-ray diffractometer (DX-2000 SSC, 

Dandong Fangyuan Instrument Company, Dandong, 

Liaoning, China) with Cu Kα irradiation (λ = 1.5406 Å)  

in the scanning range of 20°–80° and with a step size of 

0.02°. High-resolution transmission electron microscopy 

(HRTEM; JEOL JEM-2100, Tokyo, Japan) was used to 

observe the particle size and morphology. The magnetic 

properties of the NPs were investigated using a 

superconducting quantum interference device physical 

property measurement system (PPMS) system (SQUID, 

PPMS EC-II, Quantum Design Inc., San Diego, CA, 

USA). 

3 Results and discussion 

Some of the 9-, 11-, and 14-nm CoFe2O4 NPs were 

diluted in a SiO2 matrix to change the interparticle 

distance; diluted and undiluted NPs are hereafter 

referred to as D(9) and UD(9) (9-nm NPs), D(11) and 

UD(11) (11-nm NPs), and D(14) and UD(14) (14-nm 

NPs), respectively. To vary the moment and the 

anisotropy of the NPs, the D(14) NPs were reduced in 

H2 at 300 and 400 °C to yield composites of CoFe2O4 

and CoFe2 alloy through the following reduction 

reaction: CoFe2O4 + 4H2 → CoFe2 + 4H2O [25]. The 

obtained samples were denoted DR300(14) and 

DR400(14). As a reference, the undiluted 30-nm CoFe2O4 

NPs were also reduced at 300 °C for 4 and 8 h; these are 

hereafter referred to as UDR4h(30) and UDR8h(30).  

CoFe alloy is a typical soft ferromagnet with a 

maximum Ms of 230 emu·g−1 [27] and low anisotropy 

compared with that of CoFe2O4; therefore, reduction 

of the NPs under different conditions changes their 

moment and their anisotropy. In the composites of 

soft CoFe2 and hard CoFe2O4, the effective anisotropy 

constant Keff was expressed as 

Keff = fsKs + fhKh            (2) 

where fs and fh are the volume fractions, and Ks and 

Kh (Kh > Ks) are the anisotropy constants of soft and 

hard phases, respectively [28]. The Keff value of a sample 

decreases when CoFe2O4 is reduced to CoFe2. 

In previous studies, the reduction was directly per-

formed on undiluted CoFe2O4 NPs, resulting in severe 

agglomeration, as shown in Scheme 1(a), because 

the magnetic NPs were in close contact. The NPs 

consequently formed aggregates with different sizes 

and shapes, which affected the magnetic properties.  
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Scheme 1 Schematic plots for the preparation of CoFe2O4/CoFe2 
composites before (left) and after (right) reduction of CoFe2O4 for 
the undiluted (a) and diluted NPs in the SiO2 matrix (b). 

Conversely, in the case of the diluted CoFe2O4 NPs, 

the SiO2 matrix prevented the magnetic NPs from 

aggregating during reduction, as shown in Scheme 1(b). 

The TEM images and size histograms in Fig. 1 show 

that the NPs were approximately 9, 11, 14, and 30 nm; 

most of the 9-, 11-, and 14-nm particles exhibited a 

spherical-like morphology, whereas the 30-nm particles 

presented hexagonal and cubic morphologies. The 

size distribution range was approximately 2 nm for 

the 9-nm NPs, 4 nm for the 11-nm NPs, and 8 nm for 

both the 14- and 30-nm NPs, similar to the value of  

26 ± 4 nm for the CoFe2O4 NPs synthesized by Mazz 

et al. [29]. In addition, the NPs showed better dispersion 

and a narrower size distribution than those synthesized 

by a sol–gel autocombustion method (particle size,  

20 ± 7 nm) [19] and a co-precipitation route (particle 

size, 15–48 nm) [20]. Most of the 9- and 11-nm NPs 

aligned hexagonally to form two-dimensional arrays 

as a result of their weak IPDI. However, the 14- and 

30-nm NPs formed cluster-like aggregates except for 

some hexagonal-close-packed arrays, implying that 

they possessed stronger IPDI than the 9- and 11-nm 

NPs. This finding is logical because the larger the 

particle size, the larger the particle moment, which 

leads to stronger IPDI. 

XRD measurements were performed on all samples, 

and some representative measurements are shown in 

Fig. 2. Compared with the standard powder diffraction 

file (PDF) (No. 22-1086) of CoFe2O4 in Fig. 2(a), the 9-, 

11-, 14-, and 30-nm NPs were single phase and 

crystallized with spinel-type structure, as shown in 

Figs. 2(b)–2(e). For the reduced samples DR400(14)  
 

 

 

Figure 1 TEM images and size distribution histograms with 
Gaussian-fitting curve (solid line) for 9-nm ((a) and (b)), 11-nm ((c) 
and (d)), 14-nm ((e) and (f)), and 30-nm ((g) and (h)) as-prepared 
CoFe2O4 nanoparticles. 

 

Figure 2 PDF card of CoFe2O4 (No. 22-1086) (a) and XRD 
patterns of samples UD(9) (b), UD(11) (c), UD(14) (d), UD(30) 
(e), DR400(14) (f), and UDR8h(30) (g). 
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and UDR8h(30), in addition to the diffraction peaks 

from CoFe2O4, two extra peaks at 2θ = 44.76○ and 

65.16° belong to the reflection of (110) and (200) planes 

from the CoFe2 phase. To observe the microstructural 

features of the magnetic NPs with and without 

reduction, HRTEM was performed on undiluted 14-nm 

particles because the lattice fringes of diluted NPs  

are difficult to observe owing to the existence of SiO2 

surrounding the magnetic NPs. Figure 3 shows the 

HRTEM images of undiluted 14-nm NPs that had 

not been reduced (a) and of UDR4h(30) (b). The 

fringes with distances of 0.25 nm in Fig. 3(a) and 

0.48 nm in Fig. 3(b) correspond to the (311) and (111)  

crystallographic planes in CoFe2O4. For UDR4h(30), 

the fringes with a short distance of 0.28 nm can be 

observed at the surface of the CoFe2O4 particles and 

are attributable to the (100) crystallographic planes in 

CoFe2. 

The dependence of the magnetization (M) of the 

samples on the applied magnetic field (H), that is, M(H) 

loops (−7 T < H < 7 T), was measured at temperatures 

 

Figure 3 HRTEM images of unreduced 14-nm NPs (a) and of 
UDR4h(30) (b). 

of 10, 50, 100, 150, 200, 250, 300, and 390 K to obtain 

the coercivity (Hc), Ms, and Mr/Ms values at each tem-

perature. Figures 4 and 5 show representative M(H) 

loops recorded at 10 and 390 K for the unreduced, 

diluted and undiluted 9-, 11-, and 14-nm NPs and for 

the reduced 14- and 30-nm NPs.  

The square-root temperature dependence of Hc can 

be fitted to Kneller’s law in the temperature range of 

10–390 K [30]; that is 

Hc = Hc0[1 − (T/TB)1/2]           (3) 

 

Figure 4 M(H) loops (−7 T < H < 7 T) of the unreduced, diluted 
and undiluted 9-, 11-, and 14-nm NPs measured at 10 K (dashed) 
and 390 K (solid). 

 

Figure 5 M(H) loops (−7 T < H < 7 T) of DR300(14) (a), 
DR400(14) (b), UDR4h(30) (c), and UDR8h(30) (d) measured at 
10 K (dashed) and 390 K (solid). 
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where Hc0 is the value of Hc at 0 K, and TB denotes the  

blocking temperature. The UD(11) sample possessed 

the largest Hc0 (29.6 kOe) because its particle size was 

close to the critical size of a single domain [10]. 

For non-interacting and randomly oriented spherical 

particles with cubic anisotropy, Hc is given by 

Hc = 0.64K/Ms               (4) 

where K is the anisotropy constant [12]. The highest 

value of K at 10 K approaches ~107 erg·cm−3 for all 

NPs, which is greater than the value of 1.8 × 106–3.0 × 

106 erg·cm−3 reported for bulk CoFe2O4 because of 

the interactions between the surface spins of different 

particles [12]. 

Based on the given TB and K, the volume of magnetic 

grain, Vm, can be calculated according to 

25kBTB = KVm                (5) 

where kB is the Boltzmann constant [31]. Therefore, 

the diameter (Dm) of a magnetic grain for all samples 

can be obtained, as shown in Figs. 6 and 7. In the case 

of the 9-, 11-, and 14-nm particles, as shown in Fig. 6 

and Fig. 7(a), Dm is smaller than DTEM below a certain 

temperature, indicating the existence of a canted 

surface spin layer surrounding the magnetic particles 

[32]; thus, the moment of a nanoparticle is composed 

of disordered spins at the particle surface and ordered 

spins from the particle core with the diameter of Dm, 

which is known as the core–shell magnetization model. 

Above this temperature, Dm becomes larger than DTEM, 

the reasons for which are as follows: First, the surface 

spins become able to thermally fluctuate, so they can 

be polarized by the core moments; that is, the surface 

spins align in parallel with the core spins [33]. Then, 

several particle moments align in parallel with each 

other, promoted by the IPDI, leading to Dm > DTEM 

[34]. However, for the 30-nm particles, Dm is smaller 

than DTEM over the whole temperature range because 

of its multi-domain structure, which arises from its 

particle size being far larger than the critical size of a 

single domain. 

Figures 4 and 5 reveal that the loops recorded at 

10 K for CoFe2O4 NPs and for the composites of 

CoFe2O4 and CoFe2 contain jumps around H = 0. For 

the CoFe2O4 NPs, this phenomenon originates from  

 

Figure 6 Magnetic grain size Dm at different temperatures of the 
unreduced, diluted and undiluted 9-nm (a), 11-nm (b), and 14-nm 
(c) NPs. 

 

the reorientation of surface spins around particles [35]. 

However, in the case of the CoFe2O4/CoFe2 composites, 

apart from the reorientation of surface spins, such 

jumps can also be attributed to the broad distribution 

of reversal fields of hard and soft species. Furthermore, 

these jumps also signify that no exchange coupling 

occurred between soft and hard species because in an 

exchange–coupled system, the magnetization could 

show an equivalent reversal behavior over the whole 

temperature region. With increasing temperature,   

the anisotropy field of all of the samples decreased  
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Figure 7 Magnetic grain size Dm of the reduced 14-nm (a) and 
30-nm (b) NPs at different temperatures. 

markedly, so the average reversal fields of the hard 

and soft phases may have been similar, resulting in 

the single-phase behavior of the loops. 

Based on the obtained Vm values, the strength of 

the IPDI of all of the samples can be estimated by 

calculating Hdip according to Eq. (1), the 1/lgHdip values 

and the Mr/Ms ratios with added error bars (5%) are 

plotted against temperature (T) in Fig. 8 for the 

unreduced, diluted, and undiluted 9-, 11-, and 14-nm 

NPs and in Fig. 9 for the reduced 14- and 30-nm NPs.  

As shown in Fig. 8, the Mr/Ms curves nearly 

overlap with the 1/lgHdip curves within a reasonable 

error range, even though the NPs were of different 

sizes and concentrations. However, as shown in 

Figs. 8(a), 8(d), 8(e), and 8(f), at low temperatures, the 

deviation between Mr/Ms and 1/lgHdip can be observed, 

and the slope of the Mr/Ms curve is smaller than that 

of the 1/lgHdip curve. This difference may have resulted 

from several competing effects, including surface 

effects, finite size effects, and interparticle interactions, 

as suggested by K. Maaz [29]. As shown in Fig. 6, the 

fact that Dm < DTEM confirms the existence of canted 

surface spins, and therefore, in the case of NPs with 

fixed size, it is reasonable to suggest that the deviation 

 
Figure 8 Plots of 1/lgHdip values and Mr/Ms ratios against 
temperature (T) for unreduced, diluted and undiluted 9-, 11- and 
14-nm NPs, with error bars (5%) added. 

 
Figure 9 Plots of 1/lgHdip values and Mr/Ms ratios against 
temperature (T) for reduced 14- and 30-nm NPs, with error bars 
(5%) added. 

between Mr/Ms and 1/lgHdip originated from the 

interactions between spins of the surface and the 

core and between surface spins of the neighboring 

particles.  

In the case of the reduced 14- and 30-nm NPs 

containing CoFe2O4 and CoFe2, as shown in Fig. 9, 

Mr/Ms deviated from 1/lgHdip for the slightly reduced 

DR300(14) and UDR4h(30), which can be attributed  

to several competing effects, as discussed below, 

whereas Mr/Ms matches well with 1/lgHdip for the 

heavily reduced DR400(14) and UDR8h(30). The 

interactions in CoFe2O4/CoFe2 NPs occur at the 

interface (intraparticle) of CoFe2O4 and CoFe2 and at 

the contacts between the NPs (interparticle). CoFe2O4 

has a large magnetic anisotropy and can exert a 
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pinning action on the CoFe2 phase, similar to the 

pinning effect of Fe oxide on Fe in Fe/Fe oxide NPs 

[33], which may be the reason for the deviation between 

Mr/Ms and 1/lgHdip. This hypothesis is supported by 

the presence of an irreversible magnetization reversal 

field (Hirr) [25], which is defined as a magnetic field 

where the derivative (dM/dH) of the virgin curve has 

a peak. Figure 10 shows the field derivative dM/dH 

of the virgin curves for UDR4h(30) (a) and UDR8h(30) 

(b) samples at 10 K. Two peaks are located at Hirr = 3.4 

and 20 kOe for UDR4h(30), and two are located at  

Hirr = 2.4 and 16 kOe for UDR8h(30). The lower field 

corresponds to the Hirr of CoFe2 because pure CoFe2 

is a typical soft magnet, and its Hirr is approximately 

0.9 kOe at 10 K, as shown in the inset of Fig. 10(a), 

whereas the higher field corresponds to the Hirr of 

hard CoFe2O4. UDR4h(30) contained more CoFe2O4 

and less CoFe2 than UDR8h(30), and CoFe2O4 exerted 

the pinning effect on the moment of CoFe2, leading to 

the increased Hirr of CoFe2. The UDR8h(30) sample 

contained more CoFe2; therefore, the moment of CoFe2 

could not be fully pinned by CoFe2O4, leading to  

the lower Hirr of CoFe2 in the UDR8h(30) sample. It is 

possible that the greater amount of CoFe2 in UDR8h(30) 

polarized the moments of CoFe2O4, resulting in the 

smaller Hirr of CoFe2O4 than that of UDR4h(30) [33]. 

 
Figure 10 Field derivative (dM/dH) of the virgin curves for 
UDR4h(30) (a) and UDR8h(30) (b) at 10 K. The inset in (a) shows 
the dM/dH curve for pure CoFe2. The inset in (b) shows the local 
dM/dH data (empty circles) around 16 kOe of the UDR8h(30) 
sample with the curve of Lorentz fit (solid line) in order to find 
the peak position. 

These interactions in the CoFe2O4/CoFe2 NPs affected 

the moment reversal and consequently affected the 

Mr/Ms ratio. 

However, compared with DR300(14) and UDR4h(30), 

the heavily reduced DR400(14) and UDR8h(30) samples 

had greater CoFe2 contents because they were reduced 

in H2 at a higher temperature or for a longer time. 

Therefore, DR400(14) and UDR8h(30) had larger 

particle moments and hence stronger interparticle 

dipolar interactions, which overcame other effects 

such as surface spin and interactions between CoFe2O4 

and CoFe2, consequently making the correlation 

between Mr/Ms and 1/lgHdip obey Mr/Ms ∝ 1/lgHdip. 

4 Conclusions 

Well-dispersed, uniform CoFe2O4 NPs with sizes of 9, 

11, 14, and 30 nm were synthesized. Some of the 9-, 11-, 

and 14-nm NPs were diluted in a SiO2 matrix to 

change their interparticle distance, and some diluted 

14-nm and undiluted 30-nm NPs were reduced by H2 

under different conditions to change the moment and 

the anisotropy of the NPs. These samples were used 

as model systems to reveal the intrinsic correlation 

between Mr/Ms and IPDI, the strength of which was 

estimated by Hdip.  

For the diluted and undiluted 9-, 11-, and 14-nm NPs 

that were not reduced, the correlation between Mr/Ms 

and Hdip followed Mr/Ms ∝ 1/lgHdip regardless of the 

particle size and interparticle distance. Slight deviation 

from Mr/Ms ∝ 1/lgHdip, occurring at low temperatures, 

can be attributed to the effects of surface spin. In the 

case of the reduced, diluted 14-nm and undiluted 

30-nm NPs, the relationship between Mr/Ms and Hdip 

deviated from Mr/Ms ∝ 1/lgHdip for the slightly reduced 

NPs because of the pinning effect of CoFe2O4 on 

CoFe2. However, the heavily reduced NPs followed 

Mr/Ms ∝  1/lgHdip because the strong interparticle 

dipolar interaction is a dominant factor affecting 

Mr/Ms. 
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