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Abstract Manganese ferrite nanoparticles, in the

size range 3.3–9.0 nm, are prepared by a hydro-

thermal coprecipitation process and peptized in

aqueous solution. The magnetization curves recorded

at room temperature on diluted colloidal sols allow

characterizing the distribution of magnetic moment

by using a simple Langevin formalism. Mössbauer

spectroscopy measurements performed on powder

samples at 77 K exhibit a quadrupolar doublet which

intensity grows at the expense of the hyperfine sextet

pattern as the nanoparticles mean size decreases. The

magnetic dynamics behavior is then investigated by

measurements of magnetic hysteretic properties at 5

K and temperature dependence of the zero field

cooling (ZFC) susceptibility. The values found for

the effective anisotropy constant and the dependence

of the irreversibility field, inversely proportional to

the reference size, clearly indicate that the magnetic

anisotropy of our nanoparticles finds its origin on the

disordered surface layer.

Introduction

Magnetic properties of nanosized ferrites particles are a

subject of great interest from both technological and

theoretical research [1, 2]. When dispersed in a liquid

carrier at room temperature, it leads to magnetic liquids,

which are widely used in technological devices applica-

tions such as sensors of acceleration or pressure, in

assisted shock absorbers or magneto-optical modulators

[3, 4]. Magnetic nanoparticles are also currently very

promising materials for the design of new magneto-

pharmaceuticals [5]. When dispersed in a complex

medium like a gel, a liquid crystal, or a biological cell,

they can behave as nanoscaled magnetic probes in order

to investigate the local rheological properties of the

medium carrier [6]. When dispersed in a solid matrix,

their interest essentially lies in their use in ultra-high

density magnetic information storage [1]. From a more

fundamental point of view, these applications require the

knowledge of how the properties of magnetic systems

differ from bulk ones when the size decreases to the

nanometric range [7]. Indeed, the reduction of particle

size at nanoscale leads to a complex interplay, between

finite-size and interface effects, which is responsible for

the magnetic behavior of nanoparticles and enhanced as

the particle size decreases. The reduced symmetry of

surface atoms, which have a nearest neighbor on one side

and none on the other side, does induce a large number

of broken exchange bonds and can result in surface

anisotropy, frustration and spin disorder [2].

With the reduction of the particle size at nanoscale,

the surface to volume ratio becomes very large and

enhanced surface anisotropy is expected. If several

theoretical approaches exists [2, 8, 9], nevertheless,

little work has been done with ferrite nanoparticles to
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investigate experimentally the surface contribution to

the total anisotropy. Very recently, low temperature

magnetization and AC susceptibility measurements

have shown that the anisotropy of maghemite nano-

particles systems [10] is induced by the particle surface.

Such results are in good agreement with those obtained

by ferromagnetic resonance experiments performed on

c-Fe2O3 nanoparticles of ferrofluids [11]. A systematic

experimental determination of the anisotropy energy

or field as a function of the size of the nanoparticle

would allow, by tuning the surface to volume ratio, to

establish the size scaling laws for these properties [7].

In this work, we investigate the magneto-dynamic

properties of manganese spinel ferrite nanoparticles of

Electric Double Layered Magnetic Fluids (EDL-MF).

Very recently, it has been analyzed in details the thermal

and nanoparticle size dependences of the high field

magnetization of colloidal dispersions of such nanopar-

ticles [12]. The thermal variations of magnetization are

interpreted in terms of a modified Bloch law, accounting

for finite size effect, and an extra surface contribution,

corresponding to surface spins misaligned with those of

the ordered core, which freezes in a disordered structure

at temperatures lower than 70 K. In the present paper,

before detailing our experimental results, we present a

theoretical background which seems to us essential in

order to make easier the understanding of this work.

Then we show how our measurements point the main

role played by surface spins in the thermal activated

relaxation and in high field irreversibility.

Experimental section

Particle synthesis and magnetic fluid elaboration

The EDL-MF preparation is carried out using a

hydrothermal coprecipitating aqueous solution of a

MnCl2–FeCl3 mixture in alkaline medium [13, 14].

After the coprecipitation step, the precipitate is

washed in order to reduce the high ionic strength of

the medium and the particle surface is cleaned by a

HNO3 solution (2 mol L–1). Moreover, to ensure the

thermodynamical stability of the particles an empirical

process is used: the precipitates are boiled with a

0.5 mol L–1 Fe(NO3)3 solution. Then, the particles are

conveniently peptized in an acidic medium by adjust-

ment of the ionic strength, resulting in a stable sol of

high quality. MnFe2O4 nanoparticles with different

mean sizes have been obtained by monitoring the

hydroxide concentration during the coprecipitation

step of the ferrofluid chemical synthesis [15].

Synthesis characterization

In order to determine the samples composition, suitable

chemical titrations are performed. Iron (III) titration is

performed by dichromatometry and the manganese (II)

concentration is determined using inductively coupled

plasma atomic emission spectroscopy (ICP-AES).

Table 1 lists the volume fraction / in magnetic nano-

material of all the samples investigated in this work.

X-ray diffraction (XRD) measurements

In order to determine the nanocrystal size and struc-

tures, XRD spectra are recorded from powder samples

obtained by evaporation of the liquid carrier and by

using a diffractometer installed in a conventional

Rigaku-Denki generator operating at 40 kV/20 mA

and the CuKa radiation monochromatized by a graph-

ite monochromator.

Transmission electron microscopy (TEM)

In order to obtain the size distribution of our nanopar-

ticles, electron microscopy measurements were per-

formed on a Transmission Electronic Microscope JEOL

100CX2, after evaporation of a very dilute fluid sample.

Mössbauer measurements

Mössbauer absorption spectra were performed

at 77 K using a conventional constant-acceleration

Table 1 Sample characteristics: dXR is the mean size calculated
from X ray powder diffractogram, d0 is the TEM characteristic
diameter, sd is the TEM polydispersity index, / is the volume
fraction of magnetic material, l is the mean magnetic moment of
the nanoparticles, sl is the polydispersity index, c300�K is the

parameter of dipolar interaction at 300 K, Mmax// is the
normalized magnetization of the liquid solution and ms is the
magnetization of the nanomaterial at 300 K obtained from the fit
with a Langevin formalism

Sample dXR (nm) d0 (nm) sd /eff% <l> (103lB) sl c300 K Mmax// (kA/m) ms (kA/m)

QMn2 9 8 0.25 0.45 17.2 1.2 0.32 370 375
QMn1 7.4 6.4 0.27 1.54 6.5 1.3 0.36 280 285
QMn4 4.2 3.3 0.3 0.45 3.3 1.4 0.08 242 250
QMn3 3.3 2.8 0.3 0.45 1.1 1.2 0.01 117 130
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spectrometer in transmission geometry with a source

of about 50 mCi 57Co in a Rh matrix, on powder

samples.

Magnetic measurements

The superconducting-quantum-interference-device

(SQUID) magnetometer from GPS—UPMC—France

is used to perform magnetic measurements for all MF

samples between 5 K and 300 K. The hysteresis

loops were recorded at 5 K in a magnetic field H

range—4 · 103 kA/m < H < 4 · 103 kA/m. In our

experiments, the carrier medium is aqueous so that

below 273 K it becomes solid. If the freezing process is

sufficiently rapid, the magnetic solution maintains

the same state of particle dispersion than at room

temperature. Moreover, measurements as a function of

the temperature were realized. In this case, after

the ZFC process, a field of 30 Oe is applied and

the variation of the susceptibility is measured with

increasing temperature.

Results and discussion

A typical powder diffractogram is shown in Fig. 1 and

exhibits several lines corresponding to the character-

istic interplanar spacing 220, 311, 400, 422, 511 and 440

of the spinel structure. The size of the cubic cell is

found equal to 0.840 nm to be compared with the

ASTM value equal to 0.849 nm for MnFe2O4 bulk

material. According to the Scherrer equation, the

nanoparticle size dXR is related to the broadening of

the diffracted beam and the values, calculated using

the most intense peak, are collected in Table 1. The

inset of Fig. 1 presents the TEM picture obtained for

the same sample and shows that the particles are

roughly spherical. The size histogram is obtained from

a statistic over 500 particles and well adjusted with a

log-normal distribution law, well described by an

average diameter d0 and a size dispersion index sd

(polydispersity). Table 1 presents the values of dXR, d0

and sd obtained for all samples, using the same

described procedure and both determinations well

compare using dXR ¼ d0e2:5s2
d [16].

Diluted magnetic colloidal solutions offer the possi-

bility to investigate the magnetic behavior of a single

magnetic nanoparticle since they constitute an ensem-

ble of non interacting magnetic moments [17] l = mSV,

mS being the saturation magnetization of the nanoma-

terial and V the particle volume. However, such

nanomaterials present a moment distribution that can

be well characterized by magnetization measurements

performed at room temperature. Indeed, the magnetic

fluid response to an applied field H results from the

progressive orientation in the field of the magnetic

moments of the distribution which are free to rotate in

the solvent. This superparamagnetic behavior is there-

fore well described by the Langevin formalism includ-

ing a log-normal distribution of magnetic moments [12]:

Q lð Þ ¼ 1
ffiffiffiffiffiffi

2p
p

lsl

exp �
ln2 l�

l0

� �

2s2
l

2

4

3

5; ð1Þ

where sl is the polydispersity index (by definition

sl = 3sd) of lnl and lnl0 = Ælnlæ. Then, the magnetiza-

tion of the colloidal solution is a superposition of the

contribution of each individual particle weighted by

the distribution of magnetic moments and writes:

M

mS/
¼
R

L n l; sl
� �� 	

Q lð Þdl
R

Q lð Þdl
; ð2Þ

where n = l0 lH/kBT and L(n) = cothn – 1/n are

respectively the Langevin parameter and the Langevin

function. At low field, n << 1, the initial magnetic

susceptibility can be related to the dipolar interaction

parameter c using Eq. (2):

v0 ¼
M

H
¼ mS/l0l

3kBT
¼ c

3
: ð3Þ

In the following, we will begin by analyzing such

room temperature magnetization curves in order to

show that our investigated magnetic colloids samples

Fig. 1 X-ray powder diffractogram of QMn2 sample. The
characteristic [hkl] interplanar planes of spinel structure are
labeled. The inset displays a TEM picture for the same sample
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are diluted enough to be considered as a gas of

independent particles, and to determine the parameters

of the magnetic moment distribution. Then, Mössbauer

spectroscopy and magnetic measurements at low

temperatures allow us to investigate the Néel super-

paramagnetic relaxation of our MnFe2O4 nanoparticles.

Figure 2 displays a typical experimental magnetiza-

tion curve obtained at room temperature for sample

QMn2. The magnetization is zero in the absence of an

external field, is also an increasing function of the

applied field and saturates at 4 · 103 kA/m, in good

qualitative agreement with the Langevin model. All

these observations are similar for all samples excepted

for the sample QMn3, based on smaller mean size,

which presents a magnetization not fully saturated at

large field. The inset of Fig. 2 presents for all the

samples low field measurements and the slope of the

straight line gives the initial susceptibility, thus

providing an experimental estimate of the dipolar

interaction parameter. The c values found here (see

Table 1) are always lower than 1, a result which

indicates [18] that the magnetic particle-particle inter-

actions are negligible for all the volume fractions in

magnetic nanoparticle of Table 1, justifying, for all our

samples, the use of an independent particle model. In

this context, the full line in Fig. 2 is the curve obtained

by fitting the experimental data to Eq. 2 using a

Fortran numerical routine, based on the least square

method, that allows to determine mS, l0 and sl. The

values of these parameters, of the deduced mean

magnetic moment lh i ¼ l0e�0:5s2
l and of the normal-

ized magnetization of the liquid solution Mmax//, at

T = 300 K and H = 4 · 103 kA/m, are listed, for each

sample, in Table 1. In all the cases, the robustness of

the fitted parameters values is ensured by a typical

correlation coefficient around 0.998. The values of sl

indicate a large moment distribution and show little

discrepancy with those of sd since the experimental

determination of both polydispersity indexes are

obtained by using different experimental techniques.

Table 1 also indicates that the magnetization (both mS

and Mmax//) is largely reduced as the nanoparticle size

decreases, a result which can be attributed to finite-size

effect of the magnetic core [12]. Moreover, analyzing

the difference between both values shows that, at

4 · 103 kA/m, the magnetization of samples based on

larger nanoparticles is close to saturation when com-

pared to sample QMn3, based on smallest particles,

presenting a magnetization not fully saturated.

Figure 3 shows the Mössbauer spectra of powder

samples recorded at 77 K after evaporation of the

liquid solution. As the nanoparticles mean size

Fig. 2 Normalized room temperature magnetization curve for
QMn2 sample; the full line is the best Langevin adjust. The inset
displays the initial magnetic susceptibility for all samples; the full
line is a linear fit

Fig. 3 77 K Mössbauer spectra fitted with three hyperfine
sextets and one doublet, the exception is the sample with
dXR = 3.3 nm which was fitted with one sextet and one doublet
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decreases, the presence of a doublet, which intensity

grows at the expense of the sextet, can be observed.

This behavior is typical [19] of superparamagnetic

relaxation and can be enlightened considering two

populations: one based on large particles, which

fluctuate slowly (larger anisotropy energy), giving rise

to the hyperfine sextet and one other, based on smaller

particles (smaller anisotropy energy) with shorter

relaxation time, yielding a quadrupolar doublet [20].

A simple approach to fit these spectra provides a

qualitative analysis of the magnetic behavior of our

nanoparticles. The spectra corresponding to sample

QMn3 (dXR = 3.3 nm) is well accounted by considering

a superposition of a hyperfine field distribution and a

quadrupolar doublet, due to superparamagnetic parti-

cles, as already reported for 3 nm sized cobalt ferrite

nanoparticles [20]. The intensity of the doublet is much

larger than the sextet showing that most of the

magnetic moments are not blocked a result due to

the very small size of these nanoparticles. All others

spectra can be fitted using three sextets, two associated

to the well magnetically ordered core and correspond-

ing to Fe3+ atoms at tetrahedral and octahedral site in

the spinel structure and a third sextet attributed to a

surface shell of disordered spins as a consequence of the

incomplete and distorted atomic surrounding at the

nanoparticle surface. Indeed, it has been shown, by in

field Mössbauer spectroscopy measurements per-

formed at 4.2 K with nickel [21] and copper [22] ferrite

nanoparticles of ferrofluids, that a fraction of the spins

remains canted with regard to the direction of the

applied field. This fraction of misaligned spins increases

as the nanocrystal size decreases showing that these

spins are those of the surface of the nanoparticles.

Moreover, to achieve the fit of the spectra correspond-

ing to samples QMn4 (dXR = 4.2 nm), QMn1 (dXR =

7.4 nm) and QMn2 (dXR = 9.0 nm) the doublet, char-

acteristic of superparamagnetic particles, has also to be

included. This result shows that, even for samples based

on large nanoparticles (mean size between 7.4 and

9 nm), a non zero fraction of magnetic moments,

associated with the smaller particles of the log-normal

size distribution, are already fluctuating at T = 77 K.

The Mössbauer parameters deduced from the fitting

procedure are given in Table 2. The sextet with the

largest hyperfine field value is associated to iron ions

located at octahedral sites (B sites) of the spinel-type

nanostructure and the sextet with the smallest isomer

shift value corresponds to iron ions at tetrahedral sites

(A sites) [23]. The third broad sextet S presents the

smallest hyperfine field value and is related with

disordered surface spins. Table 2 also shows that

decreasing the particle size yields a reduction of the

hyperfine field value in good accordance with the model

of collective magnetic excitations [24].

Figure 4(a, b) display the temperature dependence

of the susceptibility in the case of ferrofluid sample

QMn1 at two different volume fractions and in the case

of diluted colloidal solution based on our size-con-

trolled MnFe2O4 nanoparticles (see the volume frac-

tion of the diluted sols in Table 3). Let us, first,

qualitatively comment both Figures which clearly

illustrate the superparamagnetic behavior of the inves-

tigated nanoparticles. Indeed, when an ensemble of

individual particles is frozen without applied field, the

magnetic moments are randomly oriented and the

resulting magnetization is zero. With increasing tem-

perature, the magnetic moments can fluctuate and then

align in the direction of the very low field applied,

leading to an increase of the total magnetization.

Above the Blocking temperature, superparamagnetic

behavior sets in, leading to a decrease of the total

magnetization. The presence of a maximum in the ZFC

susceptibility curve is therefore associated to the

transition between superparamagnetic and blocked

behavior. Moreover, the transition is not sharp as a

Table 2 Mössbauer
parameters at 77 K for our
Manganese ferrite
nanoparticles, Hhyp is the
hyperfine field, IS the isomer
shift, QS the quadrupole
splitting and Gthe line width

The center shifts are
corrected to ±0.01 mm/s,
quadrupole splitting to
±0.02 mm/s, and the
hyperfine magnetic fields are
corrected to ±1 kOe

Sample Hhyp (kOe) IS (mm/s) QS (mm/s) G (mm/s)

QMn2 Doublet – 0.45 0.71 0.695
A 488 0.441 0.02 0.662
B 507 0.45 0.04 0.492
S 443 0.444 0.015 1.443

QMn1 Doublet – 0.444 0.673 0.784
A 483 0.435 0.035 0.574
B 506 0.457 0.02 0.445
S 457 0.448 0.025 1.128

QMn4 Doublet – 0.446 0.726 0.815
A 435 0.414 0.015 1.235
B 484 0.442 0.008 0.844
S 268 0.486 0.02 1.236

QMn3 Doublet – 0.44 0.744 0.714
Sextet 473 0.45 0.035 2.2
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consequence of the size distribution. Figure 4(a) indi-

cates that when the volume fraction of sample QMn1

varies about 40 times from 0.05% to 1.54% the

blocking temperature is the same showing that in this

range, the magnetic dynamics of the colloidal solution

remains governed by the dynamics of isolated magnetic

nanoparticles. Figure 4(b) evidences that as the nano-

crystal mean size increases, the Blocking temperature

is shifted towards higher temperatures, reflecting as

expected, larger anisotropy energy.

Table 3 lists the values of the measured Blocking

temperature and the deduced anisotropy energy.

Table 3 also presents the values of the effective

magnetic anisotropy constant Keff, extracted from the

total energy anisotropy, proportional to the particle

volume, by using the average particle diameter from X

ray diffraction data listed in Table 1. One can note the

large values of Keff deduced here, especially when

compared to the first-order magneto-crystalline anisot-

ropy constant of bulk MnFe2O4, equal to

4.0 · 103 J m–3 [25]. The two order of magnitude

difference between both determinations and the

increase of the effective value with decreasing size

denote the surface anisotropy domination in the

magnetic dynamics of our nanoparticles. The average

value of the resulting surface constant KS = Keffd/6, d

being the particle diameter is about 3.9 · 10–4 J m–2,

comparable with the values found for maghemite [11]

and nickel ferrite [21] nanoparticles of similar mean

sizes obtained by using the same chemical synthesis.

We propose now to analyze at 5 K the size depen-

dence of the field Hirr under which the hysteresis cycle

M · H is irreversible (loop closure). In Fig. 5, Hirr is

plotted in a double logarithmic representation as a

function of the nanocrystal size dXR. The inset displays

the typical opened hysteresis loop measured at 5 K for

sample QMn3 where the arrow indicates the irrevers-

ible field. The value of Hirr between 3 kOe and 10 kOe,

is in good agreement with high closure fields in the

hysteresis loops obtained for nickel ferrite nanoparti-

cles [26]. In double logarithmic plot, a fit performed

using a da law should give a straight line of slope a. The

full line in Fig. 5 corresponds to the best fit and leads to

a � –1, showing therefore that the irreversibility field

is inversely proportional to the reference size, a result

Table 3 Blocking temperature TB, anisotropy energy EA,
effective constant Keff, deduced from temperature dependence
of susceptibility measurements, and the value of the irreversible
field Hirr determined from the hysteresis loop

Sample / (%) TB (�K) EA (J) Keff (J/m3) Hirr (Oe)

QMn2 0.01 200 6.50E–20 1.70E+05 2.98
QMn1 0.05 130 4.23E–20 2.00E+05 5
QMn4 0.07 100 3.25E–20 8.40E+05 6.5
QMn3 0.045 50 1.63E–20 8.70E+05 9.98

Fig. 4 ZFC curves in applied field of 2.4 kA/m. (a) Obtained
curve for different values of dipolar interaction parameters
(the arrow points the blocking temperature). (b) Blocking
temperature evolution with particle size

Fig. 5 Double Logarithmic representations of the irreversible
field with the particle mean size at 5 K. The inset displays a detail
of a hysteresis loop indicating the determination of Hirr
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which indicates surface-related phenomena. Indeed,

the irreversibility field well compares with the effective

internal field or anisotropy field HA, which maintains

the magnetic moment in the easy magnetization

direction [10]. Then, if one writes the magnetic

anisotropy energy of a particle as a surface contribu-

tion, Hirr only can scale with 1/d. The dependence of

the effective internal field on the inverse reference size

is a fingerprint of the surface anisotropy domination in

the magnetic dynamics properties [7].

Summary

Using a soft chemical route, we successfully synthe-

sized manganese ferrite nanoparticles of controlled

average size ranging between 3 nm and 9 nm. Magne-

tization measurements have shown that the magnetic

properties at 300 K are well described by a single

domain configuration and a simple Langevin model

leads to the magnetic moments distribution.

Mössbauer spectroscopy measurements performed

at 77 K, as a function of the particle size, indicate typical

superparamagnetic behavior and a model of two pop-

ulations, one based on magnetic moments which fluc-

tuate slowly and one other based on magnetic moments

which relax more rapidly, allow fitting the spectra.

Our experimental determination of the single-domain

anisotropy energy and the irreversibility field of manga-

nese ferrite nanoparticles have provided direct evidence

for the importance of surface effects for the magnetic

behavior at the nanometric size scale. The effective

magnetic anisotropy constant Keff, extracted from the

total energy anisotropy, proportional to the particle

volume, is two order of magnitude larger than the bulk

value. The effective internal field which maintains the

magnetic moment blocked in the easy direction well

scale with 1/d, showing unambiguously an enhanced

surface contribution for the magnetic anisotropy.
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