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ABSTRACT

High-energy mechanical action applied to solid leads to destruction and diminution to the nanosize level. But on the other

hand, it can induce structural changes at the nanoscale and at the atomic level which can result in novel materials properties. In this

contribution, case studies will be presented concerned with the tailoring of magnetic properties of mechanically treated nanomaterials.

Emphasis is placed on materials that have been synthesized by mechanochemical means and on an improved understanding of

their nanomagnetism in general. The associated local structural changes of the iron containing magnetic materials discussed in

the examples have been studied most suitably by 57Fe Mössbauer nuclear probe spectroscopy whose results are supplemented by

measurements of the magnetic properties of the mechanosynthesized nanomaterials.
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1. Introduction

echanochemistry is concerned with the chemical behavior

of solids under the action of a mechanical influence.

M. Carey Lea (1823-1897) can be considered as the founding

father of the field. About 120 years ago, he published the first

systematic studies of mechanically induced solid state reactions

involving the decomposition of copper, silver, and mercury

halides.1,2) In 1919, the term mechanochemistry was coined

by Wilhelm Ostwald when he considered systematically the

different modes by which energy can be introduced into a

system in order to induce or promote chemical changes.3) It

took, however, many more years until the presently accepted

definition of mechanochemistry was given by Heinicke in

1984 as “Mechanochemistry is that branch of chemistry

which is concerned with the chemical and physical changes

of solids which are induced by the action of mechanical

influences”.4) The recent IUPAC Compendium of Chemical

Terminology defines a mechanochemical reaction as a “chemical

reaction that is induced by the direct absorption of mechani-

cal energy”.5)

Today, mechanochemistry is well established in materials

science and solid state chemistry and has developed into a

broad field, see some recent reviews.6-9) The advantages of

mechanochemistry as a non-conventional synthesis technique

are obvious. If, for example, the formation of zinc ferrite,

ZnFe2O4, is required, it can be obtained by simply milling

stoichiometric amounts of ZnO and Fe2O3 at room temperature

for a milling time of only about two hours.10) In comparison, the

conventional thermal synthesis route would require temper-

atures of at least 800oC and several stages of sample conditioning

for obtaining this reaction product. Mechanochemistry, thus,

in many cases can provide a simple one-step, high-yield, low-

temperature, and low-cost route for obtaining complex oxide

materials with particle sizes at the nano level. As another

unusual synthetic topic, the mixing of immiscible solids shall

be mentioned, leading, e.g., to the formation of solid solutions

of iron and indium or of bismuth with copper and iron.11) But

also the doping of TiO2 with nitrogen has been successfully

accomplished by mechanochemical means.12) Even super-

hard materials, like WC can be synthesized relatively easily -

despite the fact that the product material is significantly harder

than the milling tools.13) Finally, as a novel field under

development soft mechanochemistry14) is to be mentioned as

well as the fact that the historically most important application

of mechanical activation in extractive metallurgy presently

experiences a renaissance.15)

But mechanical action is not only able to bring about the

formation of new compounds (this processing if often called

mechanosynthesis). It is also able to deliver materials (e.g.

oxides) with size reduction to the nanometer scale without

changes in chemical composition. By this so-called mechanical

activation structural changes at the atomic level can be induced

in the bulk materials by which important materials properties

can be manipulated and tailored. In general, the mechanical

treatment of materials, either in mechanosynthesis or by
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mechanical activation, provides novel opportunities for the

fabrication of nanostructured solids with unusual properties

different from those of bulk samples.

In the context of nanomaterials, nuclear probe spectroscopies

like Mössbauer spectroscopy, see below, and nuclear magnetic

resonance (NMR), see e.g. Refs. 16 and 17, play an important

role. Due to their local nature, they are especially suited for the

investigation of mechanically treated, i.e. activated or syn-

thesized, materials. This is even more so because diffraction

techniques loose most of their resolving power when applied to

nanomaterials. Therefore, these nuclear probe spectroscopies

are to be regarded as most important sources for structural

information on mechanically treated nanoscale materials.

For the important class of iron-containing magnetic materials,
57Fe Mössbauer spectroscopy is the ideally suited spectro-

scopic technique.

Usually, those responses to mechanical action are achieved

by the use of high-energy ball mills. Powder samples introduced

into the mill, for an example of a commercial laboratory mill

see Fig. 1, will be thoroughly mixed and easily comminuted

down to particle sizes of the order of 10 nm. The then enor-

mously enlarged surface area as well as the associated formation

of grain boundaries and lattice defects in conjunction with

the ball collisions with the materials is reason for internally

occurring local structural changes as well as for the increased

solid state reactivity observed in many cases which often pro-

vides the basis for unusual properties. On the other hand, the

use of ball mills causes the most important obstacle to a better

understanding of the mechanochemical process itself. Due

to their necessarily hermetically sealed nature, no direct access

is possible to the milling process at in-situ conditions. In this

sense, the ball-mill represents a black box. Notable exceptions

have been reported, however, where reaction processes, e.g.

of self-ignition, have been studied in mills with glass vessels

using high-speed photography.18,19) But also in such cases,

observations are merely of macroscopic and phenomenological

nature. Another feature only recently available in commercial

milling systems is that the pressure and (average) temperature

of reaction vessels can be monitored during the milling process

by use of a small transmitter.20)

In this contribution, case studies in mechanochemistry will

be reported where changes in materials properties have been

obtained for materials synthesized by mechanochemical means.

The examples focus on nanosized spinels and their inhomo-

geneous cation distributions and the changes brought about

for the magnetic properties of mechanically treated spinels.

Interest in such nanosized spinel ferrites has greatly increased

in the past few years due to their importance in understanding

the fundamentals of nanomagnetism21) and due to their wide

range of potential applications.22) A final example refers to the

perovskite-like BiFeO3 which is a multiferroic compound that

presently receives a lot of attention.23)

2. Case Studies in Mechanochemistry and 
Nanomagnetism

2.1. The impact of high-energy milling on materials

2.1.1. The formation of inhomogeneous nanoparticles

High energy-milling of materials comminutes bulk materials

to very small sizes and particles of the 10 nm range can easily

be produced. These mechanically treated materials, either

mechanically activated or mechanosynthesized, have one feature

in common that is not found in other synthesis routes to

nanomaterials. This unique feature is only brought out by

high-resolution TEM as shown in Fig. 2 for the case of nano-

Li0.5Al2.5O4 spinel. This and many HR-TEM micrographs of other

mechanically treated materials clearly show that nanoparticles

produced by milling procedures are inhomogeneous. As shown

Fig. 1. Planetary high-energy laboratory mill, Pulverisette 7,
Fa. Fritsch.

Fig. 2. High-resolution TEM micrograph of a milled, nanosized
Li

0.5
Al

2.5
O

4
 spinel particle showing the existence of a

core-shell structure of individual nanoparticles.
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in the figure, they exhibit a clearly defined rim region and an

as well defined core region. In the following, this inhomogeneous

structure will be termed the core-shell structure of nanoparticles.

As it can also be recognized from Fig. 2, the shell region

exhibits a disordered arrangement of atoms - in some cases

surface shells can even be amorphous - while the core exhibits

full crystallinity. It can also be recognized from the micrograph

that the thickness of the shell region amounts to about 1 nm.

This size has been found to be characteristic for surface shell

regions of mechanically treated materials, see below.

2.1.2. Changing cation distributions in spinels

The structure of 2-3 spinels of the type MeB2O4 (where 2-3

refers to the valences of Me and B cations, respectively) provides

two differently coordinated types of lattice sites for the Me2+

and B3+ cations. In the case of spinel ferrites, MeFe2O4, Me

stands for a wide variety of divalent cations like, e.g., Ni, Cu,

Mn, Zn, Mg. The ferric iron and Me cations are distributed

over sites (A) of tetrahedral and sites [B] of octahedral coor-

dination by oxygen, where the number of [B]-sites is twice as

large as that of (A)-sites. Thus, a detailed structural formula

of MeFe2O4 can be written as (Me1-λFe
λ
)[Me

λ
Fe2-λ]O4 where

round and square brackets denote cations on tetrahedrally

and octahedrally coordinated sites, respectively. The parameter

λ describing the distribution of cations on the two sublattices

of the spinel structure is the so-called degree of inversion. It

is defined as the fraction of the tetrahedrally coordinated

(A)-sites occupied by Fe3+ cations. For normal spinels λ = 0,

for inverse spinels λ = 1, and for the random cation distribution

λrd = 2/3.

As an empirical rule, it can be stated that cation distributions

of spinels tend to the random distribution upon heating to

elevated temperatures.24-27) Interestingly, also the application

of high pressures can lead to an increasing disorder of the

cation distribution.28) During the milling process, the impact

of the balls on the material to be milled leads to pressure and

temperature jumps at the points of impact. It is, thus, quite

reasonable to expect a randomizing influence of milling, with

λ→ λrd, on cation distributions in spinels due to the thermal

spikes and pressure jumps. The latter prediction is indeed

borne out by many mechanically treated MeB2O4 spinels and

our findings of such a randomizing tendency, with λ → λrd,

as a consequence of extended high-energy milling16,29,30) are,

therefore, quite reasonable as shown in Fig. 3. It should be

noted that the prediction holds for near normal spinels with

a low degree of inversion - where λ increases due to milling - as

well as for near inverse spinels with their starting bulk values

close to λ = 1− in which case λ decreases during the milling

procedure. As is also shown in the figure, similar results are

obtained for 1-3 spinels of type M0.5B2.5O4.

In view of the foregoing discussion, Section 2.1.1, about the

formation of a core-shell structure of mechanically treated

nanoparticles, the data shown in the graph for the degree of

inversion represent average values for the inhomogeneous

nanoparticles considered. In the framework of the core-shell

model, the degree of inversion may be written as follows:

λ = xcλc + xsλs  with xc + xs = 1 (1)

where xc and xs represent the volume fractions of the core

and the shell regions, respectively and λc and λs the corre-

sponding degrees of inversion.

2.2. Spinels and Nanomagnetism

2.2.1. MgFe
2
O

4

57Fe Mössbauer spectroscopy can provide information on the

local coordination, the magnetic state and the charge state of

iron ions in materials. It is, thus, a very effective technique to

characterize the microscopic state of iron-bearing bulk and

nanoscale materials. Fig. 4 shows the Mössbauer spectrum

of bulk MgFe2O4 at room temperature. The spectrum exhibits

a sextet structure indicating the action of a large local magnetic

field at the iron nuclei. The fit of the spectrum demonstrates

Fig. 3. Cation distributions of spinels and their changes upon
high-energy milling. For spinels of type MeB

2
O

4
, the

random distribution is given by λ
rd

= 2/3. For spinels
of type M

0.5
B

2.5
O

4
 λ

rd
= 5/6. Here, M, Me, and B denote

singly, doubly, and triply charged cations.

Fig. 4. Mössbauer spectrum of bulk MgFe
2
O

4
 at room temper-

ature and its deconvolution into subspectra due to ferric
ions on (A)- and [B]-sites.
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that the spectrum is composed of two sextets as is to be expected

if the iron cations are residing in sites of tetrahedral as well

as of octahedral coordination. However, the spectral resolution

is poor due to the strongly overlapping lines.

For a reliable quantitative determination of the cation distri-

bution the spectral lines need to be separated more clearly.

This can be achieved by performing the measurements at

low temperatures and by the application of a large external

magnetic field. As shown in Fig. 5(a) for bulk MgFe2O4, this

results in the full separation of lines with the Fe3+ ions on (A)-

sites giving rise to the subspectrum indicated in black and

those on [B]-sites yielding the subspectrum in gray. As can

be recognized, the cation distribution of bulk MgFe2O4 is

almost inverse with λ close to 1. Figs. 5(b) and (c) show spectra

of the same material after treating the polycrystalline mate-

rial for 15 and 30 min, respectively, in a high-energy ball mill.

As seen, there is a relative increase of the integral intensity

of the gray subspectrum by the mechanical treatment. This is

due to a higher concentration of ferric ions on [B]-sites which

now approaches almost the random distribution with λ ≈ 2/3.

Quantitatively, the degree of inversion is calculated from

the Mössbauer subspectral intensities according to I(A)/I[B] =

(f(A)/f[B])(λ/(2-λ)). The evaluation of the spectra shows that

the starting bulk material possesses a cation distribution of

(Mg0.096Fe0.904)[Mg0.904Fe1.096]O4 whereas the cation distribution

after mechanical treatment for 30 min is given by (Mg0.244Fe0.756)

[Mg0.756Fe1.244]O4. For the quantitative evaluation of the site

population it was assumed that the ratio of the recoil-free

fractions (f(A)/f[B]) at 6.4 K equals 1. However, a closer look at

the spectra also reveals a change in the shape of the individual

subspectra and that especially the lines of the [B]-subspectrum

of the nanomaterial are broadened in comparison to those of

the bulk sample. Obviously, local magnetic fields exhibit a

noticeable spread at [B]-sites, and to a lesser extend also at

(A)-sites. As will be shown below, these changes in cation

distribution and spectral lineshapes represent the spectroscopic

manifestations of significant changes in the magnetic properties

of the spinel powder, see below.

In the following, mechanosynthesized MgFe2O4 will be

considered in greater detail. Fig. 6 compares the spectra of

bulk and nanosized mechanosynthesized MgFe2O4. Here, the

low-temperature spectra taken in a large external magnetic

field clearly reveal significant differences of the two materials.

In line with Section 2.1.1, the high-quality fits of the spectra of

Fig. 5. Mössbauer spectra of (a) bulk (t
m

= 0 min) and of
mechanically activated nanocrystalline MgFe

2
O

4
 for

(b) t
m

= 15 min and (c) t
m

= 30 min. The spectra were
taken at 6.4 K in an external magnetic field of 5.5 T
applied perpendicular to the γ-ray direction.

Fig. 6. Mössbauer spectra of (a) bulk MgFe
2
O

4
 and (b) nanosized

mechanosynthesized MgFe
2
O

4
 taken at 3 K in an

external magnetic field of 5.5 T applied perpendicular to
the γ -ray direction. (A)

c
, [B]

c
 and (A)

s
, [B]

s
 denote

magnetically split subspectra due to ferric ions on
sites of tetrahedral and octahedral coordination in the
inner core and the surface shell of MgFe

2
O

4
 nanoparti-

cles, respectively.
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the nanomaterial, Fig. 6(b), have been achieved by a super-

position of four sextet subspectra. Two of the subspectra

account for Fe3+ ions accommodated on sites of tetrahedral

and of octahedral coordination in the core region of the particles,

denoted by (A)c and [B]c, respectively. The two additional

subspectra, denoted by (A)s and [B]s, are associated with the

surface shell region of the nanoparticles. In order to be able

to separate the core and shell contributions, it was assumed

that the core of the nanoparticles retains the λ-value of the

bulk material, i.e. λc = λbulk = 0.90, and that the milling effect

mostly materializes in the shell region. We consider this as kind

of mechanochemical cushioning effect where the mechanical

stress on the core is reduced due to the formation of the dis-

ordered shell region. Applying appropriate restraints in the

fits, for details see Ref. 31, a value of λs = 0.69(3) is obtained

for the shell region. The latter value is close to the degree of

inversion of the random distribution of Mg and Fe cations on the

two sublattices of the spinel structure and, thus, is compatible

with the findings derived from HR-TEM.31) In conclusion, a

MgFe2O4 nanoparticle is found to consist of two regions, both

possessing the spinel structure with, however, different cation

distributions.

Another important finding relates to the alignment of the

magnetic moments of the two sublattices in the external

magnetic field which is characterized by the so-called canting

angle denoting the angle between the external magnetic field

and the sublattice magnetization. If an external field (Bext) is

applied perpendicular to the γ -ray direction, the average cant-

ing angle Ψ can be determined from the intensity ratio I2/I1

of spectral lines 2 and 1 of magnetic sextets (counted from left

to right) according to Ψ= 90o - arcsin{[3(I2/I1)/2]/[1+3(I2/I1)/4]}1/2.32)

In the fit of the spectrum, it was assumed that the sublattice

magnetizations of the core show perfect alignment with the

external magnetic field (i.e. I(A)c2/I(A)c1 = I[B]c2/I[B]c1 = 4/3) which

is reflected by canting angles Ψ(A)c =Ψ[B]c = 0. In contrast, canting

angles of Ψ(A)s = 29.1o and Ψ[B]s = 39.4o were found from the

intensity ratios I(A)s2/I(A)s1 and I[B]s2/I[B]s1 for the surface shell

indicating that the spins on the two sublattices of this region

behave differently in the external field of 5.5 T. This is considered

as a manifestation of a high degree of spin frustration due to to

the nonequilibrium cation distribution and the deformed

polyhedra in the surface shell of the nanoparticles.

The intensies of the subspectra indicate that about 50% of

the magnetic cations are located in the shell region of the

MgFe2O4 nanoparticles. Assuming, in a simple model, spherical

shapes for the mechanosynthesized nanoparticles, the average

thickness t of the surface shell is estimated to about 0.85 nm.

In view of the lattice constant of MgFe2O4 of 0.83998 nm,33)

the shell thickness is very close to the lattice parameter and

corresponds to about 4-5 near-surface cation layers. From

comparison with several other spinels for which similar analyses

have been performed (t = 0.91 nm for MnFe2O4,
34) t = 1.0-1.6 nm

for CoFe2O4,
35) and for the case of NiFe2O4 see below), it can

be stated that 1 nm is the typical thickness of the disordered

surface layer of mechanically treated nanomaterials. Another

point of interest refers to the average local magnetic fields

experienced by the iron nuclei in the two particle regions. It

is found that the fields in the shell region (<B>(A)s = 47.71(2)

T, <B>[B]s = 50.75(3) T) are significantly reduced in compari-

son to those acting on the iron nuclei in the inner core region

(<B>(A)c = 50.99(6) T, <B>[B]c = 53.47(1) T) of the MgFe2O4

nanoparticles. This observation can be explained by frustrated

superexchange interactions due to the enhanced cation

disorder and by the spin canting in the surface region.

The most interesting and important observation in respect

to the magnetic materials properties of the nanosized mech-

anosynthesized MgFe2O4, however, is that this material

possesses an enhanced magnetization. Fig. 7 shows magne-

tization curves of bulk and of mechanosynthesized nanoscale

material. As seen, the magnetization of the nanoscale MgFe2O4

does not saturate even at the highest attainable magnetic

field of 5 T. This is in contrast with the magnetic behavior of

the bulk material whose magnetization reaches its saturation

value of M = 33.4 emu/g already at low fields. By extrapolating

the high-field region of the M(Bext) curve to infinite field, the

saturation magnetization for the nanomaterial is estimated

to about 50 emu/g, which represents an enhancement of about

50%. Another magnetic parameter of interest is the so-called

magnetic hardness. It is found that the mechanosynthesized

nanoscale MgFe2O4 exhibits an enhanced magnetic hardness

and that the coercive field of the nanomaterial (HC ≈ 0.1 T)

is about 20 times larger than that of the bulk MgFe2O4

(HC ≈ 5 mT).

The above information on the cation distribution is essential

in respect to the interpretation of the changed magnetic

properties, i.e. of the enhanced magnetization of the nanosized

mechanosynthesized MgFe2O4. In the bulk material with

λ ≈ 0.9, Mg2+ and Fe3+ ions are distributed over the two sub-

lattices as indicated above. If the antiferromagnetic nature

of the magnetic moments of the sublattices (indicated by

arrows) is accounted for, the bulk sample can be described as

(Mg0.096Fe0.904↑)[Mg0.904Fe1.096↓]O4. Because Mg2+ ions possess

Fig. 7: The magnetization hysteresis loops for a bulk and a
nanosized mechanosynthesized MgFe

2
O

4
 sample. The

loops were measured at 3 K after field-cooling with
B

ext
= 5 T.
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no magnetic moment, the total magnetic moment µ of MgFe2O4

is due to the uncompensated magnetic moments of the ferric

cations. Therefore, the magnetic moment per formula unit

can be calculated from the degree of inversion and the canting

angles Ψ according to

µ = µ[B] − µ(A) = (2-λ)·µFe·cos Ψ[B]− λ·µFe·cosΨ(A) (2)

where µFe represents the magnetic moment of the Fe3+ cations.

According to quantum mechanics, the magnetic moment of an

ion is given by µion = 2 [S(S+1)]1/2
µB where S represents the spin

of the ion and µB is the Bohr magneton (µB = 9.274 10-21 emu).

For the high-spin Fe3+ cations S = 5/2 holds and, thus, µFe =

5.92 µB. For the bulk material and for the core region, this yield

the following magnetic moment per formula unit µc = µbulk =

2(1-λ)·µFe ≈ 0.2 µFe = 1.18 µB where it has been assumed that

the sublattice magnetizations are fully aligned with the

external magnetic field. From M = NAµbulk/m, a saturation

magnetization of M = 33.0 emu/g is calculated according to

Eq. (2) on the basis on the above data derived from Mössbauer

spectroscopy. Here, NA is the Avogadro constant and m the

molar weight of MgFe2O4 (mMgFe2O4 = 199.99 g/mol). The cal-

culated value is in excellent agreement with the experimental

value of 33.4 emu/g for bulk MgFe2O4. On the other hand, the

values of λs = 0.69, Ψ(A)s = 29o, and Ψ[B]s = 39o obtained from

Mössbauer spectroscopy lead to an effective magnetic moment

of µs ≈ 0.41 µFe = 2.43 µB for the shell region, Eq. (2). Thus, with

almost equal numbers of ferric ions in the cores and shells, the

magnetization of the shell is predicted to be about two times

larger than that of the core. In general, it is the competition

between the effects of spin canting (which normally tends to

reduce the magnetic moment) and of ionic disorder (which in

the present case brings about an increase of the magnetic

moment of the shell) which is responsible for the experimental

changes in magnetization upon mechanical treatment.

If a spherical shape of the particle is assumed, the relative

enhancement of magnetization ε = (Mnano − Mbulk)/Mbulk due to

mechanical treatment can be estimated in the framework of

the core-shell model. Denoting the particle diameter by D

and the thickness of the surface shell by t, the relative

enhancement is given by

(3)

With D = 8.5 nm and t = 0.85 nm, and the above assumption

of µbulk = µc, the theoretically estimated value of 54% obtained

from Eq. (3) is in excellent agreement with the enhancement

of about 50% observed experimentally in the present case.

As seen, the most significant cause for the enhancement is

due to the different cation distributions in the core and shell

region according to which the surface shell possesses a mag-

netization two times larger than that of the core region.

At elevated temperatures, the nanosized MgFe2O4 is found

to be metastable with respect to structural changes.31) During

annealing at a given temperature, the individual nanoparticles

of the mechanosynthesized material grow in size. In parallel,

the experimental magnetization of the material changes in

dependence of D. This is shown in Fig. 8 for magnetic mea-

surements performed at 3 K. The thermally induced decrease

of the saturation magnetization suggests that the shell-to-core

volume ratio of the material decreases with increasing annealing

temperatures. Obviously, this large variation in magnetization

offers ample opportunity for manipulating and tailoring the

magnetic properties of these nanomaterials.

In the following, another estimate of the shell thickness will

be attempted that is based on this information on size-dependent

magnetic properties and on the assumptions that the nano-

particles possess a spherical shape and that the thickness t of

the surface shell is independent of their diameter D. Then, in

the framework of the core-shell model, the saturation mag-

netization of the core-shell particles is given by

(4)

or

(M
s
− M

sat
)1/3 = (M

s
− M

c
)1/3(1 − ) (5)

Here, Ms and Mc represent the saturation magnetizations in

cases where the whole particle of diameter D is either of the

core or of the shell type, respectively.

Fig. 9 shows the graph resulting under the assumption

that, as shown above, Ms = 2Mc = 2Mbulk = 66.8 emu/g. As can

ε

µc

0

D 2⁄( ) t–

∫ 4πr
2
dr µs

D 2⁄( ) t–

D 2⁄

∫ 4πr
2
dr 4

3
---π

D
2
----⎝ ⎠
⎛ ⎞

3

µbulk–+

4
3
---π

D
2
----⎝ ⎠
⎛ ⎞

3

µbulk

--------------------------------------------------------------------------------------------------------------------=

Msat

NA

m
------- µc4πr

2
rd

0

D 2⁄( ) t–

∫ µs4πr
2

rd

D 2⁄( ) t–

D 2⁄

∫+

⎝ ⎠
⎜ ⎟
⎛ ⎞

4
3
---π

D
2
----⎝ ⎠
⎛ ⎞

3
---------------------------------------------------------------------------------------------=

Mc 1
2t
D
-----–⎝ ⎠

⎛ ⎞
3

Ms 1 1
2t
D
-----–⎝ ⎠

⎛ ⎞
3

–+=

2t
D
-----

Fig. 8. Particle size-dependent magnetization loops of nanoscale
mechanosynthesized and subsequently annealed MgFe

2
O

4

samples measured at 3 K. The annealing temperatures
and corresponding particle sizes are shown in the figure.
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be seen, the present data, Fig. 8, result in a good linear rela-

tionship. From the linear fit to the data points, one obtains

the values of Ms −Mc ≈ 34 emu/g and t ≈ 0.91 nm. Both results

are close to the expected values and this agreement, thus,

provides further independent support to the core-shell model

presented in the present paper.

2.2.2. NiFe
2
O

4

Also nickel ferrite, NiFe2O4, adopts the spinel structure.36)

From high-resolution TEM, mechanosynthesized NiFe2O4

particles are found to exhibit the typical core-shell structure

with a thickness of the disordered shell of approximate 1 nm

and particle diameters ranging between 6 to 13 nm.37) Again,

as in the case of MgFe2O4, 
57Fe Mössbauer spectra of the bulk

and of the nanomaterial at room temperature show strongly

overlapping lines not suitable for quantitative determination

of site populations. As shown in Fig. 10, Mössbauer spectra

of enhanced resolution can be obtained by measurements at

low temperatures and in a high external magnetic field. In the

case of the bulk material (Fig. 10(a)), the spectrum is composed

of two clearly resolved sextets due to Fe3+ ions on (A)- and

[B]-sites. The mechanosynthesized NiFe2O4 on the other hand

shows a complex spectrum due to the contributions from core

and shell regions (Fig. 10(b)). The analysis using four sextets

reveals that, while the core of a NiFe2O4 nanoparticle exhib-

its an inverse spinel structure (λc = 1), the surface shell is

structurally disordered with a nearly random distribution of

cations (λs ≈ 0.67). The structural disorder of the shell region

is also reflected by the canted spin arrangement yielding

canting angles of Ψ(A)s ≈ 28o and Ψ[B]s ≈ 40o which contrasts

the data for the ordered core with Ψ(A)c ≈ 0o and Ψ[B]c ≈ 0o. It

is also concluded from the analysis of the Mössbauer spectra

that about 50% of iron cations are located in the shell part of

the core-shell structure of the nanosized mechanosythesized

NiFe2O4. From this observation, the thickness of the shell can

be derived as t ≈ 1 nm which is in good agreement with the

above cited results from TEM.37)

Fig. 11 shows the magnetization of the nanosized mecha-

nosynthesized (as prepared and annealed) material. Because

of the structural metastability of mechanically treated nano-

materials, particles grow during annealing at elevated tem-

peratures. As a consequence, magnetization is significantly

enhanced with rising annealing temperatures and annealing

at 1273 K yields a magnetization curve that is almost identical

to that of bulk NiFe2O4. As seen, the saturation magnetization

Fig. 9. (M
s
− M

sat
)1/3 as a function of 1/D for mechanosynthe-

sized MgFe
2
O

4
 according to Eq. (5), data from Fig. 8.

Fig. 10. Mössbauer spectrum of (a) bulk NiFe
2
O

4
 and of (b)

nanosized mechanosynthesized NiFe
2
O

4
. Spectra have

been taken at 3 K in an external magnetic field of 5.5 T
applied perpendicular to the γ -ray direction.

Fig. 11. The field-cooled magnetization hysteresis loops measured
at 3 K for mechanosynthesized and subsequently annealed
NiFe

2
O

4
 samples. The annealing temperatures and

corresponding particle sizes are shown in the figure.
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of the as prepared nanosized material (24.3 emu/g) is consider-

ably smaller than that of the 1273 K-material (53.6 emu/g).

The increase of the annealing temperatures, i.e. of particle

sizes, is also accompanied by a continuous decrease of the

coercive field from HC = 0.35 T (before annealing) to HC =

0.013 T for the sample after annealing at 1273 K indicating

a strong magnetic softening of the material. Thus, both

magnetization and magnetic hardness of nanosized mecha-

nosynthesized NiFe2O4 can be tailored in a wide range by

choosing appropriate annealing temperatures. 

As seen from Fig. 10(a), bulk NiFe2O4 is an almost inverse

spinel (λ ≈ 1) with a cation distribution close to (Fe↑)[NiFe↓]O4.

With the antiferromagnetic coupling of the Fe3+ cations on

(A)- and [B]-sublattices, their magnetic contribution vanishes

and, thus, the total magnetization of bulk NiFe2O4 is almost

exclusively due to the contribution made by the Ni2+ ions

(µ ≈ µNi ≈ 2.83 µB). This simple model yields a predicted sat-

uration magnetization of 67.4 emu/g, Eq. (2), which is in

reasonable agreement with the experimental value, see below.

In the framework of the core-shell model, the near inverse

cation distribution of bulk nickel ferrite spinel prevails also

in the core regions of the mechanosynthesized nanomaterial.

However, due to the contribution of a second type of magnetic

cations, a straight-forward interpretation of the saturation

magnetization of the nanosized mechanosynthesized NiFe2O4

is not possible. Qualitatively, the reduction of about 50% in

saturation magnetization due to the formation of a shell region

containing about 50% of iron cations suggests the conclu-

sion that the magnetization contribution of the shell must

be close to zero. Under such an assumption of a magneti-

cally “dead” shell region, Eq. (5) can be applied with Ms = 0,

yielding the plot shown in Fig. 12. As seen, a good linear

relationship is observed from which a shell thickness of

t = 1.1 nm can be derived and a saturation magnetization of the

core/bulk of Mc = 57.2 emu/g. The latter value is close to the

saturation magnetization of 54.5 emu/g measured for bulk

NiFe2O4.
36) Also, the shell thickness obtained is in reasonable

agreement with the above values estimated from TEM and from

the Mössbauer experiments. This confirms again the general

conclusion that 1 nm is the typical thickness for the shell in

the inhomogeneous core-shell structure of mechanosynthesized

materials.37) Finally we note that 1 nm is also the typical

thickness of the grain boundary region in nonmagnetic nanocrys-

talline materials prepared by mechanochemical routes.16,17)

2.3. Nanomagnetism of mechanosynthesized BiFeO
3

Also in the case of the rhombohedrally distorted perovskite

BiFeO3, the mechanochemically synthesized material possesses

magnetic properties significantly different from those of the bulk

material prepared by the conventional thermal ceramic route.

This is shown in Fig. 13, where magnetization curves of the

two materials are displayed. As seen, at the highest attainable

external field of 5 T, the magnetization of the nanoscale

mechanosynthesized material is about 2 times larger than

that of the bulk material. It is, however, also to be recognized

at this point that the absolute values of magnetization are

very small. They are about two orders of magnitude smaller

that those observed in the previously discussed cases of

MgFe2O4 and NiFe2O4 spinels. In contrast to the latter, in

BiFeO3 no indications are observed in the Mössbauer spectra

pointing to a changing distribution of cations in the distorted

perovskite structure,38) i.e., in contrast to the spinel case, no

significant exchange of Bi and Fe cations is taking place

during the mechanical synthesis.

To explain the origin of the enhanced magnetization of

mechanosynthesized BiFeO3 it should be recalled that bulk

BiFeO3 is known as an antiferromagnetic compound comprising

two spin sublattices with ferromagnetic interactions within

each sublattice and antiferromagnetic intersublattice inter-

actions.39) Such a collinear antiparallel spin arrangement

results in a zero net magnetic moment due to the complete spin

compensation between these two sublattices. However, as has

already been pointed out by Néel,40) incomplete spin com-

pensation is possible and it becomes measurable in small-sized

particle systems where the long-range antiferromagnetic order

is frequently interrupted at the particle surfaces. This results in

Fig. 12. Saturation magnetization of the nanosized mechano-
synthesized NiFe

2
O

4
 as a function of 1/D, data from

Fig. 11, see text.
Fig. 13. Magnetizations loops for bulk and nanosized mecha-

nosynthesized BiFeO
3
 measured at 5 K.
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the small magnetization of the bulk material, Fig. 13, which

is about two orders of magnitude smaller than that of the

previously discussed magnetic spinels.

In line with this, and taking into account the core-shell struc-

ture of the nanosized mechanosynthesized BiFeO3 nanoparticles

with an average size of 20 nm and with shell thicknesses of

about 1 nm,38) we attribute the enhanced magnetization of the

mechanosynthesized perovskite to the canted (noncollinear)

arrangement of spins in the near-surface regions of the

nanoferrites which contain about half of the iron cations and

which are of amorphous nature. The effect of canted spins in

the surface shell of BiFeO3 nanoparticles manifests itself by

uncompensated magnetic moments of Fe3+ ions, causing a tangi-

ble contribution to the particle’s overall magnetization. In fact,

the presence of the canted surface spins surrounding an anti-

ferromagnetically ordered core of the as-prepared BiFeO3

nanoparticles is evidenced by the shift of the field-cooled

hysteresis loop (exchange bias feature41)) in both horizontal and

vertical directions.38)

3. Conclusions

The case studies presented in this work demonstrate that

complex oxide nanomaterials can be synthesized by mecha-

nochemical means. In so far, mechanochemistry as a non-con-

ventional synthesis technique can contribute to the presently

ongoing search for novel functional materials using sustainable

synthesis routes. With the focus on magnetic properties of

mechanosynthesized materials, the examples of MgFe2O4 and

NiFe2O4 spinels and of the perowskite-type BiFeO3 clearly

demonstrate that magnetic properties of such complex nanosized

oxides can be significantly different from those of the corre-

sponding bulk materials. The case studies also show that and

how these properties of mechanosynthesized nanomaterials

can be tailored and varied in a wide range by appropriate

treatment.

Finally, focusing on the nanomagnetism of the materials

studied, it should be noted that the surface-induced magne-

tization reported for spinel ferrite nanoparticles31,42) (see also

Section 2.2.1) is consistently explained in terms of the so-called

modified core-shell model,43) in which a competition between

the effects of spin canting and site exchange of cations in the

surface shell of ferrimagnetic nanoparticles plays a decisive role.

According to this model, a magnetization enhancement is

observed only in the case when the effect of nonequilibrium

cation distribution in the shell dominates over the effect of spin

canting; otherwise the usual phenomenon of reduced magnetic

moments may be expected for spinel ferrite nanoparticles.37)

In the specific case of spinels containing only one magnetic

cation species, quite general conclusions can be drawn in the

framework of the core-shell model in respect to the variation of

their magnetism due to mechanical treatment (mechano-

synthesis or mechanical activation). Here, the magnetization of

near normal spinels is expected to decrease upon mechanical

treatment, whereas for near inverse spinels an increase of

magnetization is to be expected. This general conclusion holds

also if spin canting in the shell region is taken into account. In

contrast to this, the case of the mechanosynthesized BiFeO3

perovskite clearly demonstrates that an enhanced magneti-

zation - albeit at low levels - in a nanoferrite can also be

caused as a size effect and by spin canting.
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