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ABSTRACT

Polymeric nanocomposites containing Fe3O4 nanoparticles were prepared

through a chemical route under different precursor-to-solvent ratios and were

submitted to structural and morphologic characterization. The embedded

nanoparticles, containing pure magnetite and characterized by considerable

polydispersity, are rather homogeneously dispersed in the matrix. The magnetic

properties of two representative samples were analyzed in detail between

T = 5 K and room temperature. Magnetic effects clearly associated with the

Verwey monoclinic to cubic transition with transition temperatures distributed

in the interval 95–120 K were put in evidence. On heating through this region,

the coercive field and the maximum susceptibility of hysteresis loops display

marked downward/upward steps, respectively, while the high-field magneti-

zation is not affected at all; a comparable upward step is measured in the FC/

ZFC curves. Reporting the maximum susceptibility as a function of the recip-

rocal of the coercive field in the interval from T = 95 to T = 120 K, and using the

predictions for single-domain nanoparticles with randomly distributed axes of

uniaxial and cubic anisotropy (the former/latter case being applicable below/

above the Verwey transition, respectively), the evolution of the transformed

cubic-anisotropy fraction upon heating has been studied, and the distribution of

Verwey transition temperatures related to the sample polydispersity has been

accurately determined. The low-temperature value of the uniaxial anisotropy

constant is obtained from coercive field measurements and found to be com-

parable to, albeit slightly higher than the corresponding quantity measured in

bulk crystalline magnetite.
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Introduction

The Verwey transition, a well-known [1], still debated

[1, 2] effect occurring in bulk magnetite near 125 K is

revealed by a dramatic change in the electronic

transport properties and by a corresponding change

in magnetic properties such as magnetic anisotropy

[1] and magnetostriction [3].

The recent years have witnessed a remarkable

surge of research on sub-micrometric magnetite; in

particular, Fe3O4 nanoparticles and related

nanocomposites/nanocomplexes have attracted con-

siderable attention owing to the combination of effi-

cient preparation techniques [4–8], low toxicity [9]

and ever-increasing potential of applications in

strategic fields such as sensors, Information and

Communication Technologies (ICTs), environment

and biomedicine [8, 10–16].

As for all magnetic nanosystems, the magnetic

properties of Fe3O4 nanoparticles are strongly affec-

ted by size effects; the measured differences from the

bulk material are often ascribed to surface effects: for

instance, increasing the surface-to-volume ratio typ-

ically results in a reduction in the room-temperature

saturation magnetization [17, 18] and an enhance-

ment of magnetic anisotropy [19, 20] with respect to

their bulk values.

In sharp contrast, the Verwey transition in mag-

netite particles appears as being rather elusive an

effect. In fact, a number of sometimes contradictory

results have been reported in the recent literature,

including strong reduction [21–24] or even complete

disappearance [25, 26] of the Verwey transition tem-

perature TV in small particles. A comprehensive

study of the effect of nanoparticle size on TV has been

performed on nanocrystals grown around 5-nm seeds

through seed-mediated nanocrystal growth [27]. In

that case, the Verwey transition was found to be size-

independent down to 20 nm with a progressive

reduction in the transition temperature from 20 to

8 nm before suddenly disappearing below 6 nm.

However, size is not the only parameter influenc-

ing the value of TV. The observation of the Verwey

transition is related also to details of the nanoparticle

preparation process, such as the presence of a mag-

netic field [26]. The particle shape plays an important

role on the Verwey transition in ultrasmall nanopar-

ticles [28]. As recently pointed out [29], the quality of

magnetite (both structural and chemical) plays a most

important role in determining the existence of the

Verwey transition. In fact, a significant reduction in

TV has been measured in macroscopic magnetite

single crystals as a function of increasing off-stoi-

chiometry status [29]. The observation of TV in

nanometer-sized magnetite has been recently proven

to be connected to the high quality of the sample

[27, 30].

In this paper, a study based on structural, mor-

phologic and magnetic data is conducted on a set of

nanocomposites containing different amounts of

polydisperse magnetite nanoparticles with sizes in

the 5–70 nm range. The magnetic behavior of repre-

sentative nanocomposite samples above and below

the Verwey transition is explained making use of

morphologic data; the changes in magnetic properties

occurring at the Verwey transition are described in

some detail. The ensuing analysis indicates that in

this class of composites, a continuous distribution of

TV values exists, suggesting that the embedded

nanoparticles undergo the Verwey transition at dif-

ferent temperatures.

Experimental

Materials and methods

All chemicals were high-purity grade and were used

as received without any further purification. Bisphe-

nol A diglycidyl ether (DGEBA, Dow D.E.R.TM 332

with an epoxide equivalent weight of 172–176),

diethylenetriamine (DETA) and acetone (AcO) were

purchased from Sigma-Aldrich (Milan, Italy). Acety-

lacetone (AcAcH), iron(III)-chloride hexahydrate

(FeCl3�6H2O) and sodium acetate (NaOAc) were

purchased from Carlo Erba (Milan, Italy).

Magnetite synthesis

The magnetite precursor, iron(III)-acetylacetonate

(Fe(AcAc)3), was synthetized starting from FeCl3-

6H2O and NaOAc, as described in Messori et al. [31].

According to non-hydrolytic sol–gel (NHSG) route,

designed by Niederberger and Pinna [32] and already

successfully used in the magnetic nanoparticles syn-

thesis with alcohol solvents [18, 33, 34], in a 100 mL

Schlenk tube 1.00 g (2.83 mmol) (Fe(AcAc)3) was

dissolved in different amounts of DETA, in order to

evaluate the effect of the precursor-to-solvent ratio on

the powder properties. The precursor-to-solvent ratio
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was varied in the molar range 0.1–0.9. Composition

details are reported in Table 1.

The reaction was left stirring at room temperature

for 15 min and then heated to 200 �C in an oil bath for

48 h.

After reaction, a stable suspension was obtained.

To better characterize the inorganic phase, the

obtained powders were re-dispersed in AcO with an

ultrasonic bath and centrifuged at 4000 rpm for

60 min; the powders were washed, centrifuged until

the obtainment of a colorless liquid phase and finally

dried under reduced pressure.

Powder characterization

X-ray powder diffraction (XRPD) data for qualitative

and quantitative phase analysis were collected using

a Bragg–Brentano h–2h diffractometer (X’Pert PRO

PANalytical, Netherlands) equipped with a gas pro-

portional detector.

Nanoparticle size and morphology were examined

by transmission electron microscopy (TEM) investi-

gation, performed on a Tecnai 12 Gspirit electron

microscope (FEI Company, USA), using an acceler-

ating voltage of 120 kV and LaB6 as electron source.

Experimental histograms of nanoparticle size dis-

tribution were obtained by TEM image analysis. The

grain size was approximated by the equivalent cir-

cular diameter (or Heywood diameter, E.C.D), rep-

resenting the diameter of the circle having the area

equivalent to the nanoparticle area [35]. The resulted

histograms were fitted by the log-normal distribution

function, using a nonlinear curve-fitting software tool

(OriginLab Microcal Northampton, USA).

Nanocomposite preparation

Nanocomposites, based on epoxy matrix, were pre-

pared by in situ polymerization employing the reac-

tive suspension method [20, 36, 37].

Epoxy resins containing Fe3O4 nanoparticles were

prepared by the step polymerization of the bisphenol

A diglycidyl ether (DGEBA) epoxy monomer with

DETA in the presence of Fe3O4 synthesized via

NHSG process. The formulations were prepared by

adding the amine suspension of magnetite nanopar-

ticles (prepared as previously described) in the range

between 1 and 8 phr (parts of Fe3O4 per hundred

parts of resins) of actual Fe3O4 content with respect to

the epoxy resin.

Composition details and sample codes of the

obtained nanocomposites are summarized in Table 2.

A typical formulation was prepared by mixing

magnetite suspension and epoxy monomer by using

a magnetic stirrer (15 min mixing time) and an

ultrasonic bath (15 min mixing time).

The formulations were casted into silicone molds

having cavities with dimension 8 9 1 9 0.3 cm3. All

the formulations were cured at 100–120 �C for 3 h

and post-cured at 130–150 �C for 30 min.

Nanocomposite characterization

TEM analysis was performed on nanocomposite

samples in order to evaluate the distribution and

dispersion of magnetic nanoparticles into the poly-

mer matrix and correlate the microstructural features

with the magnetic functional properties of the

nanocomposite. Nanocomposite samples for micro-

scopic analysis were sectioned into ultrathin slices

(100–150 nm) at - 30 �C using a cryoultramicrotome

Table 1 Composition of the NHSG reaction batches

Powder

code

Fe(AcAc)3
(g)

DETA

(g)

Fe(AcAc)3
(mol)

DETA

(mol)

Ratio Fe(AcAc)3/DETA

(mol/mol)

Ratio Fe(AcAc)3/–(N)H

(mol/mol)

Mag-

DETA_1

1 2.6 0.0028 0.025 0.11 0.02

Mag-

DETA_2

1 1.3 0.0028 0.013 0.22 0.04

Mag-

DETA_4

1 0.7 0.0028 0.006 0.44 0.09

Mag-

DETA_8

1 0.3 0.0028 0.0032 0.88 0.18
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Leica UC6 (Leica Microsystems, Austria). Sample

sections were collected on dimethylsulfoxide–water

solution and then deposited on 200 mesh copper

grids.

Infra-red spectroscopy (IR) characterization was

performed to evaluate the epoxy groups conversion;

an Avatar 330 FT-IR Thermo Nicolet spectrometer

was used, equipped with a diamond crystal and

operating in the ATR mode from 4000 to 500 cm-1 (64

scans and resolution of 1 cm-1).

Magnetic measurements

Magnetic hysteresis loops and FC/ZFC curves were

measured on two nanocomposite samples using a

LOT-Quantum Design SQUID magnetometer oper-

ating in the temperature range 2–300 K and in the

field range 0–7 9 104 Oe. FC/ZFC curves were taken

using an applied field Happ = 30 Oe and an average

heating rate of 6 K/min. The behavior of hysteresis

loops in the temperature region around TV was

studied using a narrow temperature step. Samples

were positioned on a quartz sample holder whose

diamagnetic signal was orders of magnitude lower

than the magnetic signal from the nanomaterials.

Results

Structure and morphology
of nanoparticles/nanocomposites

XRD patterns of Mag-DETA_x powders are reported

in Fig. 1. Independent of the precursor-to-solvent

ratio, all synthesized powders are composed by

magnetite (JCPDS file 01-075-0449) as crystalline

phase. No significant contribution from other iron

oxide phases was detected by Raman spectroscopy

[36]. In particular, the Raman spectrum of nanopar-

ticles, already shown in Ref. [36], exhibits the char-

acteristic bands of magnetite at 668 cm-1 assigned to

the A1g vibrational mode. The absence of iron oxides

different from magnetite is also supported by the

high saturation magnetization values (see Table 3).

TEM images reveal that magnetite particles are

nanometer-sized crystals with irregular and aniso-

tropic shapes, such as tetragonal and hexagonal

structures (Fig. 2). It can be noted that in addition to

nanoparticles with sizes in the 10 nm range, larger

nanostructures, between 35 and 70 nm in size, are

also present. These larger particles seem to decrease

in number and size as the precursor–solvent ratio

increases.

DGEBA monomers can polymerize to form a cross-

linked structure via step-growth polymerization by

reacting with amines, phenols, mercaptans, iso-

cyanates or acids. Amines are the most commonly

used curing agents/hardeners for epoxides, and the

case of step-growth polymerizations is mainly rep-

resented by epoxy–amine reactions, that can be con-

sidered the key-reaction in the ‘‘reactive suspension

method’’ for the system Fe3O4–DETA–DGEBA.

In particular, DETA has five reactive sites and the

polymerization reaction between DETA and DGEBA

can lead to a highly cross-linked 3D network as

shown in Scheme 1.

The development of the three-dimensional net-

work resulting from polymerization reaction during

the nanocomposite preparation was followed by IR

spectroscopy. The degree of epoxy groups conversion

(determined by FT-IR analysis, according to the

decrement of the peak centered at 914 cm-1 corre-

sponding to the asymmetric stretching of oxirane

ring) is relatively high and almost equal (more than

90%) for all the composite materials, as shown by IR

spectra (Fig. 3). This suggests that the ring-opening

reaction was not affected by the presence of both the

nanoparticles and by-products of the reaction

between Fe(AcAc)3 and DETA.

TEM micrographs of epoxy–magnetite nanocom-

posites show the presence of a dispersed phase

attributable to the magnetite nanoparticles (Fig. 4).

Even if some particle agglomeration phenomenon is

Table 2 Composition of the

thermally curable

nanocomposite formulations

[34]

Nanocomposite code DGEBA (g) DETA (g) Fe(AcAc)3 (g) Nominal Fe3O4 (phr)

Comp-DETA_0 7 0.85 0.00 0

Comp-DETA_1 7 0.85 0.32 1

Comp-DETA_2 7 0.85 0.65 2

Comp-DETA_4 7 0.85 1.29 4

Comp-DETA_8 7 0.85 2.58 8
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apparent, a sufficiently homogeneous distribution

and dispersion of the filler was reached for the

majority of the samples, avoiding the use of any

coupling agent and/or time-consuming, complex

dispersion treatments for samples preparation.

TEM image analysis has been performed to get

information about the size distribution of nanoparti-

cles embedded in the polymeric matrix. Experimental

histograms and fitting curves are shown in Fig. 5. The

mean E.C.D. for all samples is reported in Table 3.

Histograms for Mag-DETA_1 and Mag-DETA_2

samples are compatible with a bimodal distribution,

while samples Mag-DETA_4 and Mag-DETA_8 are

characterized by a substantially monomodal distri-

bution with an asymmetry toward larger sizes.

Magnetic properties

The room-temperature saturation magnetization of

all nanopowders (obtained by fitting the high-field

region of the M(H) curves to the standard approach

to saturation curve for a ferri/ferromagnetic material

[38]) are given in Table 3. The measured values are in

the range 55–61 emu/g, in good agreement with

typical results for magnetite nanoparticles of similar

size [20, 39]. The reduction with respect to the bulk

value has been related to the presence of a magneti-

cally ‘‘dead’’ layer at the nanoparticle surface [17, 18].

The magnetic properties of two representative

nanocomposite samples (Mag-DETA_2, Mag-

DETA_8) have been investigated. The choice of

samples was suggested by the nanoparticle distribu-

tions as reported in Fig. 5 and Table 3: sample Mag-

DETA_2 displays a bimodal size distribution and a

greater mean size of the small particles, whereas

Figure 1 XRD patterns of

nanoparticle powders,

respectively, Mag-DETA_1

(a), Mag-DETA_2 (b), Mag-

DETA_4 (c) and Mag-

DETA_8 (d) (magnetite

reference pattern is the JCPDS

file # 01-075-0449).

Table 3 Saturation magnetization of nanopowders and mean nanoparticle sizes corresponding to the first and the second peak (if

applicable) of the equivalent circular diameter distribution of all nanocomposites

Sample (powder) Mag-

DETA_x

Powders Ms (emu/

g)

Nanocomposite Comp-

DETA_n

Mean E.C.D peak 1

(nm)

Mean E.C.D. peak 2

(nm)

x = 1 58.1 n = 1 14 ± 4 50 ± 9

x = 2 60.9 n = 2 17 ± 6 51 ± 8

x = 4 55.3 n = 4 13 ± 4 –

x = 8 58.1 n = 8 13 ± 4 –
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nanoparticles embedded in sample Mag-DETA_8

have a basically monomodal distribution and a lower

mean size. The room-temperature saturation mag-

netization of these nanocomposites is given in

Table 4.

The FC/ZFC curves of nanocomposites Comp-

DETA_n (n = 2.8), normalized to the room-tempera-

ture value, are shown in Fig. 6.

The absence of a definite peak in the ZFC curve, the

occurrence of a rather flat FC curve and a merging

temperature coincident with room temperature are

typical hallmarks of nanoparticles blocked over the

whole measured temperature range, either because of

their size [40] or because of interactions

[17, 37, 41, 42]; however, both FC and ZFC curves

exhibit a marked upward step on heating just below

T = 120 K, clearly related to the Verwey transition.

TV can be estimated from the inflexion point of the

ZFC curves; the resulting values are reported in

Figure 2 TEM images of Fe3O4 nanoparticles, obtained at

different precursor-to-solvent ratios, respectively, Mag-DETA_1

(a), Mag-DETA_2 (b), Mag-DETA_4 (c) and Mag-DETA_8 (d).

Figure 3 FT-IR spectra of the not cured nanocomposite (a) and

cured sample, respectively, Comp-DETA_1 (b), Comp-DETA_2

(c), Comp-DETA_4 (d) and Comp-DETA_8 (e).

Scheme 1 Reaction

mechanism between DETA

and DGEBA.
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Table 3. (The same results are obtained from the FC

curves.) It should be noted that TV = 123 K in high-

quality, bulk magnetite crystals [30, 43]. Considering

the experimental relationship between the observa-

tion of TV in nanometer-sized magnetite and the high

quality of the sample [30], it can be concluded that a

Figure 4 TEM images of Mag-DETA_1 (a–c), Mag-DETA_2 (d–f), Mag-DETA_4 (g–i) and Mag-DETA_8 (l–n) nanocomposites, at

increasing magnifications from left to right.

8352 J Mater Sci (2019) 54:8346–8360



fraction of rather high-quality magnetite crystals is

present in our systems, in agreement with TEM

images (Fig. 4).

Magnetic hysteresis loops of the two samples,

measured above and below TV (at T = 75 K and

150 K, respectively), are reported in Fig. 7 (top pan-

els). The most distinctive features observed on heat-

ing from below to above TV are a strong reduction in

the coercive field Hc associated with a corresponding

increase in the slope of loops (dM/dH). Full hys-

teresis loops (from Hmin = -70 kOe to Hmax-

= ?70 kOe) at room temperature are shown in Fig. 7

(bottom panel). When the reduced magnetization M/

Ms is plotted, the loops are almost superimposed. In

both samples, a clearly non-saturating behavior of the

Table 4 Magnetic and structural data of two nanocomposite samples: saturation magnetization; magnetic volume fraction; mean Verwey

transition temperature estimated from the inflection point of the ZFC curve; mode and mean value of the Verwey-temperature distribution

Nanocomposite Comp-

DETA_n

Nanocomposites Ms

(emu/g)

x TV (K) from ZFC

curve

Tm from p (TV)

curve

TVh i (K) from p (TV)

curve

n = 2 0.86 0.0141 113.0 113.2 110.5

n = 8 8.77 0.1509 111.0 110.2 109.4

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Comp_DETA_2
 FC  ZFC

Comp_DETA_8
 FC  ZFC

Happ = 30 Oe

M
 (T

) /
 M

 (T
=3

00
 K

)

T (K)

Figure 6 FC/ZFC curves (normalized to the room-temperature

values) of the studied magnetite nanocomposites.

Figure 5 Nanoparticle size

distributions obtained by TEM

image analysis: a Mag-

DETA_1, b Mag-DETA_2,

c Mag-DETA_4 and d Mag-

DETA_8.
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magnetization is observed up to field values as large

as 70 kOe. This behavior indicates that a fraction of

particles is in the superparamagnetic state at room

temperature. In fact, using the typical value of the

cubic anisotropy of magnetite around room temper-

ature (K1 % 1–3 9 105 erg/cm3 [44]) and taking into

account the particle size distributions of Fig. 5, the

blocking temperature of the smaller particles in the

distribution is estimated to be well below room

temperature.

The hysteresis loop parameters have been investi-

gated with special attention to the critical region

around TVh i, and are summarized in Fig. 8. The high-

field magnetization MHF (Happ = 70 kOe) is shown in

panel (a): No particular change in MHF is observed

around TVh i. The different magnetic signals from the

two samples are related to the different contents of

magnetite in the polymeric matrix. (The magnetic

volume fraction 9 in these samples is estimated from

the data of Table 2 and is reported in Table 4.)

On the contrary, the coercive field Hc exhibits a

sharp decrease on heating from 95 K to about 120 K

(see Fig. 8b). Such a behavior is clearly related to the

Verwey transition, although it is definitely less sharp

and less strong than in bulk magnetite single crystals

[45]; the effect we measure around TVh i is more

apparent in sample Comp-DETA_2 than in sample

Comp-DETA_8. Outside this region, the measured

Hc(T) curve exhibits features typical of the coercive

field of an assembly of polydisperse magnetic

nanoparticles which undergo blocking over an

extended range of temperatures, typically resulting in

smooth, continuous decrease in Hc with increasing

measurement temperature [46]. It should be noted

that a nonzero coercive field is measured even at

room temperature in both samples, in agreement

with the presence of large particles which are still

blocked there; however, Hc is definitely lower in

sample Comp-DETA_8, which contains a higher

fraction of smaller particles which are in the super-

paramagnetic state at 300 K (see Fig. 7).

A quite complementary behavior is observed on

the maximum magnetic susceptibility of the loop

vMax = (dM/dH)Max (Fig. 8c). In sample Comp-

DETA_2, this quantity is almost constant both above

and below the Verwey-temperature region, while it

Figure 7 Top panels:

hysteresis loops in the low-

field region above and below

the Verwey transition in the

studied nanocomposites.

Bottom panel: hysteresis loops

in the interval - 70

kOe B H B 70 kOe at

T = 300 K.
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almost doubles on heating from 95 to 120 K. A sim-

ilar, though slightly less sharp effect is observed in

sample Comp-DETA_8, where vMax exhibits some

change even outside this region.

Valuable information about the distribution of

Verwey temperatures in our samples can be obtained

by plotting vMax as a function of the reciprocal of the

coercive field Hc in a temperature region around TV,

as shown in Fig. 9. The limits of the investigated

temperature interval were taken at T = 95 K and

T = 120 K, i.e., just before and after the jumps of Hc

and vMax (Fig. 8b, c).

In fact, a functional relationship between maxi-

mum susceptibility and coercive field of the type:

vMax ¼ a
Ms

Hc

ð1Þ

is expected in systems where the magnetization

process occurs by coherent rotation of the magneti-

zation vector away from the easy axis by effect of an

applied field [38]. The same condition applies to

single-domain, blocked nanoparticles also (Stoner–

Wohlfarth model). In Eq. (1), Ms is the intrinsic

magnetization of nanoparticles (see Table 2) and a is

a numeric proportionality constant which depends

on the value and symmetry of the crystal anisotropy

[38].

The magnetite nanoparticles embedded in these

nanocomposites can be considered as being pre-

dominantly in the single-domain state, the crossover

between single and multiple-domain configurations

being estimated by different theoretical calculations

to occur around 60–80 nm in magnetite particles

[47–49]. Comparison with the histograms reported in

Fig. 5 reveals that basically all particles are single

domain in sample Comp-DETA_8, whereas a very

small fraction of multiple-domain nanoparticles

could be present in sample Comp-DETA_2. In the

following, the contribution from multiple-domain

particles, if any, will be neglected.

In the region of interest, the single-domain

nanoparticles contained in the two samples can be

Figure 8 Temperature

behavior of high-field

magnetization MHF (a);

coercive field Hc (b);

maximum magnetic

susceptibility vMax (c) in

samples Comp-DETA_2 (full

symbols) and Comp-DETA_8

(open symbols). Vertical

dotted lines indicate T = 95 K

and T = 120 K.

Figure 9 Maximum magnetic susceptibility plotted as a function

of Hc
-1 around TVh i (see text for details).
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either in the magnetically blocked or in the super-

paramagnetic state. The shape of the FC/ZFC curves

(Fig. 6) clearly indicates that in both samples, the

average blocking temperature is above room tem-

perature; however, a fraction of superparamagnetic

particles exists at room temperature, as indicated by

the non-saturating behavior of the high-field mag-

netization (Fig. 7); in addition, the presence of a

superparamagnetic fraction at even lower tempera-

tures, and specifically around TV, cannot be excluded

because of the considerable polydispersity of these

systems. In principle, therefore, one should sepa-

rately consider both types of nanoparticles (i.e.,

blocked and superparamagnetic) when the region

around TV is studied.

As known, above the Verwey transition the mag-

netic anisotropy has cubic symmetry, with easy axes

corresponding to the 111h i directions of the cubic cell

(the anisotropy constant K1 being negative at high

temperature), while below TV the magnetic aniso-

tropy becomes uniaxial with easy axis corresponding

to the c-axis of the monoclinic cell [50, 51]. These

changes in symmetry have basically no influence on

the small fraction of particles which possibly are in

the superparamagnetic state around TV: The tem-

perature behavior of the magnetic anisotropy con-

stants below and above TV [44, 51] clearly indicates

that a particle already in the superparamagnetic state

below TV remains in this state above TV.

As a consequence, we assume that the contribution

of superparamagnetic particles to the measured

magnetic properties remains basically the same over

the narrow interval under consideration (T = 95 K to

T = 120 K), playing no substantial role in the

observed jumps of both vMax and Hc, which must be

entirely ascribed to effects taking place in the mag-

netically blocked particles only.

In a system of blocked, single-domain nanoparti-

cles with uniaxial anisotropy Ku and randomly dis-

tributed easy directions, the predictions of the

Stoner–Wohlfarth model [38] apply:

Hc ffi 0:96
Ku

Ms

vMax ffi 0:56
M2

s

Ku

ð2Þ

Therefore, in the uniaxial case the a coefficient of

Eq. (1) is easily calculated to be au ¼ 0:55. On the

contrary, in a system of blocked single-domain

nanoparticles with negative cubic anisotropy (K1\ 0)

and randomly distributed easy directions, the fol-

lowing predictions [52] apply:

Hc ffi 0:37
jK1j
Ms

vMax ffi 8:00
M2

s

jK1j
;

ð3Þ

resulting in a much higher a coefficient (ac ¼ 2:96).

The difference between au and ac is deemed respon-

sible for the difference observed in both samples

between the values taken at T = 95 K and the ones

taken at T = 120 K (Fig. 9). In fact, in this narrow

temperature interval, the saturation magnetization

can be considered as a constant (see Fig. 8a).

In the interval 95–120 K, the value of vMax steadily

increases with increasing Hc
-1, following an almost

linear law, as clearly observed in Fig. 9. Such an effect

can be explained by supposing that the Verwey

transition does not occur at the same temperature in

all magnetite particles of the studied nanocomposites.

If one considers that the fraction of nanoparticles

exhibiting cubic anisotropy (fc) is equal to zero at

T = 95 K and equal to one at T = 120 K, the mono-

tonic increase in vMax with Hc
-1 is easily associated

with the growth of the transformed cubic-anisotropy

fraction fc from 0 to 1. The growth curve fc(T) is

obtained assuming a linear relationship between the

values of vMax at each temperature in the interval 95–

120 K and the value of fc at the same temperature,

leading to the expression:

fc Tð Þ ¼ vMax Tð Þ � vMax 95 Kð Þ
vMax 120 Kð Þ � vMax 95 Kð Þ ð4Þ

This growth curve turns out to be S-shaped and is

shown in Fig. 10 (top panel) for both samples. The

full lines are Richards curves (generalized logistic

curves) which appear to accurately fit the experi-

mental data.

In sample Comp-DETA_8, characterized by a

monomodal particle distribution and a lower mean

particle size, a larger transformed fraction is observed

at all temperatures below 115 K.

The derivative with respect to temperature of each

fitting curve of Fig. 10 (top panel) gives the elemen-

tary transformed fraction in the temperature interval

between T and T ? dT; this corresponds to the frac-

tion of particles which undergo the Verwey transition

in the same temperature interval, i.e., whose Verwey

transition temperature is between T and T ? dT. As a

8356 J Mater Sci (2019) 54:8346–8360



consequence, the derivative of each fitting curve with

respect to temperature is proportional to the actual

distribution of the Verwey transition temperatures

p(TV) present in either sample p TVð Þ / dfc

dT

�
�
�
T¼TV

� �

.

The resulting normalized p(TV) curves are shown in

Fig. 10 (bottom panel). It should be noted that the

fitting function proposed to represent fc(T) is not fully

accurate in Comp-DETA_8, resulting in a rather

unphysical tail of the p(TV) curve above T = 120 K

(dashed line) which should therefore be discarded.

The mode of the distribution is at Tm = 113.2 K and

Tm = 112.2 K, and the mean value is TVh i = 110.5 K

and TVh i = 109.4 K in samples Comp-DETA_2 and

Comp-DETA_8, respectively. The agreement between

the values estimated from the inflection points of ZFC

curves and the ones obtained by the present analysis

(particularly with the modal temperatures Tm) is

striking. It should be explicitly reminded that ZFC

curves represent the magnetic response of a

demagnetized sample submitted to a very small field,

whereas vMax and Hc are quantities measured on a

major hysteresis loop. The agreement between the TV

values estimated analyzing very different magnetic

states of a sample strengthens the proposed proce-

dure of analysis.

Finally, an estimate of the uniaxial anisotropy

constant Ku of the studied nanoparticles at low tem-

perature (T = 5 K) is obtained from the value of the

coercive field (Fig. 8b). Inserting in Eq. (2) Hc

(T = 5 K) % 878/862 Oe, Ms % 321/392 emu/cm3

(taken from the values measured on nanopowders

(Table 2) extrapolated to T = 5 K), one gets Ku-

% 2.94 9 105/3.51 9 105 erg/cm3 in samples

Comp-DETA_2/8, respectively. Both values are

slightly higher than the low-temperature Ku of bulk

monoclinic magnetite (Ku = 2.1 9 105 emu/cm3) [44];

this is a general behavior, usually related to surface

effects [20]; in the present case, the difference

between the two estimates is compatible with the

lower mean nanoparticle size in sample Comp-

DETA_8 with respect to sample Comp-DETA_2.

Conclusion

Significant changes in magnetic properties connected

to the Verwey transition have been observed in two

nanocomposite polymeric materials containing poly-

disperse magnetite particles. Such particles were

synthesized starting from the same precursors

through the same chemical route, but are character-

ized by different size distributions and mean sizes. In

both investigated materials, the transition takes place

over a temperature interval of about 15 K and the

average Verwey transition temperature is slightly

below the value attributed to high-quality, bulk

magnetite. A detailed study of the region around TVh i
indicates that the changes in the maximum magnetic

susceptibility and of the coercive field are ascribed to

blocked nanoparticles only, whereas small particles

which are expected to be in the superparamagnetic

state do not play any important role. In blocked

particles, the transition from uniaxial to cubic mag-

netic anisotropy takes place gradually over the tem-

perature interval from T = 95 to T = 120 K. This

behavior indicates a continuous distribution of Ver-

wey temperatures described by the function p(TV)

which has been directly obtained from the magnetic

analysis. The existence of a distribution of Verwey

Figure 10 Top panel: transformed cubic-anisotropy fraction fc as

a function of measurement temperature for both nanocomposite

samples (symbols: data obtained from Eq. (4); lines: fitting

Richards growth curves). Bottom panel: normalized Verwey-

temperature distribution function p(TV) for both samples.
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transition temperatures is almost certainly related to

the polydispersity of the investigated nanoparticle

systems; however, it is not possible to directly link

the p(TV) function to the actual distribution of

nanoparticle sizes in the absence of more precise

information about the role of particle size on the

value of the Verwey transition temperature and of the

physical mechanisms (related to, e.g., stoichiometry,

particle shape, surface, defectiveness) which influ-

ence the transition in nanometer-sized magnetite.
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