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1. Meet Magnetic Nanoparticles 3
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What is a 
nanoparticle?

Any object with at least one 
dimension below 100 nm
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Big NP : You = You : Earth

Small NP : Cell = Cell : You
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Non-manufactured NPs

Anthropogenic 

non-manufactured NPs 

(diesel soot) 

Non-manufactured NPs

have been around for billions of 
years

are very complex (morphology, 
composition, …)

can be natural (eg, viruses)

can be anthropogenic (eg, from 
combustion)
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Natural NPs 

(2019-nCoV Coronavirus) 



Manufactured NPs are simpler…

Industry-scale manufactured 

amorphous silica NPs

(simple composition, complex

morphology) 

Laboratory-scale manufactured

manganese ferrite NPs

(simple composition and 

morphology)

50 nm
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… but recall they form populations!

Industry-scale manufactured 

amorphous silica NPs 

Penguin colony

Laboratory-scale manufactured 

MnFe2O4 NPs

Fish shoal
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NPs never are as simple as chemicals!

Chemical

One type of molecule…

…or a few types in a mixture

All molecules are identical 

A. Ponti – SCITEC – CNR / Oct 23rd, 2025AIMagn - 7th Italian School of Magnetism - Perugia

8



Magnetic NPs (Laboratory-made) 

We aim at controlling

• Composition

• Crystal structure

• Heterostructure

• Size

• Shape

• Coating

• Colloidal stability

• Embedding

• …
AIMagn - 7th Italian School of Magnetism - Perugia
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Magnetic NPs are NPs of 

magnetic materials

(FM, FiM, AFM,…)

Magnetic NPs usually are 

nanocrystals

(single- or poly-)
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What must you know 
before measuring magnetic 
properties of NPs?

• Morphology (TEM, STEM)

• Composition

• Average, macroscale (ICP-xxx)

• Local, nanoscale (EF-TEM, STEM-EDX)

• Coating (FTIR)

• Crystal structure

• Average, macroscale (XRD)

• Bonus: Rietveld analysis yields 
crystallite size and microstrain!

• Local, nanoscale (HR-TEM + GPA)

• Aggregation state (DLS)

Recall that NPs are not 

molecules, they are a 

population of maybe similar

but not identical entities.

Each physical property

should be expressed as

(mean ± std. dev.)
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Beware of the nanoparticle peddler!
They’ll sell you NPs and throw in a headache for free.

My free advice nobody asked for

From people asking you to measure magnetic 
properties of their NPs (maybe it’s you yourself) do 
require a full characterization of the NPs, 
including:

• Morphology (size, shape)

• Heterostructure

• Composition (purity, macroscale, local, 
coating, ...)

• Crystal structure (local, average, phase 
purity, crystallite size)

• Aggregation state
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Offelée fa’ el tò mestée
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My second free advice nobody asked for

Offelée fa’ el tò mestée

an old proverb from Milan meaning “stick 
to what you do best and leave the rest to 

those who do it better”.

Very many techniques are required to 
synthesize and study magnetic NPs:

 collaborate with experts in fields other 
than yours.



Why should 
we bother 

with magnetic
NPs?

13
The behavior of magnetic 

nanocrystals differs from that 

shown by the bulk material due to:

➢ size effects

➢ surface effects

➢ inter-particle interactions 

A. Ponti – SCITEC – CNR / Oct 23rd, 2025AIMagn - 7th Italian School of Magnetism - Perugia



Size effects

14

• Single domain

• Coherent rotation

• Enhanced remanence

• Enhanced coercivity

• Superparamagnetism
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Surface 
effects

15

• Surface magnetization 
different from bulk

• Emerging strong surface 
anisotropy

• Exchange coupling at 
interface

• Difficult to study both 
experimentally and 
theoretically
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Interparticle 
interactions

16 ➢ Magnetostatic 
interactions (dipole-
dipole and higher order)

• Always present

• Strongly depend on NP 
spatial configuration

➢ Exchange coupling via 
the matrix

➢ Direct exchange via 
interfacial contact

➢ Very difficult to study 
both experimentally and 
theoretically
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No 
magnetism 

without 
anisotropy!

What is 
magnetic 
anisotropy?
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2. Magnetic 
anisotropy



What is magnetic anisotropy?

F. Hellman, in Encyclopedia of Materials: Science and 
Technology, 2001, s. v. Magnetic Films: Anisotropy

• Magnetic anisotropy is the coupling of the 
magnetization to particular directions

• The magnetic properties depend on the 
direction in which the magnetic field is 
applied

• In zero applied field, the magnetization lies 
along the preferred direction(s)

Without magnetic anisotropy, 

there can be 

no coercivity and no remanence

and hence

no permanent magnets and

no magnetic recording media
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What is magnetic anisotropy?

F. Hellman, in Encyclopedia of Materials: Science and 
Technology, 2001, s. v. Magnetic Films: Anisotropy

• Magnetic anisotropy is the coupling of the 
magnetization to particular directions

• The magnetic properties depend on the 
direction in which the magnetic field is 
applied

• In zero applied field, the magnetization lies 
along the preferred direction(s).

Without magnetic anisotropy, 

there can be 

no coercivity and no remanence

and hence

no permanent magnets
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Types of 
magnetic 

anisotropy

Magnetocrystalline
direction of M w.r.t. crystal axes, 
coupling between M and the 
lattice via spin-orbit interaction

Magnetostatic (Shape)

direction of M w.r.t. shape axes
•coupling between M and the 
demagnetizing field via Zeeman int.

•energy stored in the sample-
generated external field

Magnetoelastic
direction of M w.r.t. lattice, 
coupling between M and crystal
strain via spin-orbit interaction

Surface
lower symmetry around magnetic
atoms/ions at the surface, 
important in particles with NPs 
less than ∼10 nm (Néel 1954)

Exchange
exchange anisotropy («dipolar»)

proximity effects such as
exchange bias in FM/AFM

Induced
by magnetic annealing (H+heat), 
stress annealing (stress+heat), 
plastic deformation, etc.
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Uniaxial magnetocryst. anisotropy
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Cubic magnetocryst. anisotropy

Fe (bcc): K1 > 0

Ni (fcc): K1 < 0
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How magnetocrystalline anisotropy depends
on temperature?
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The case of magnetite

Verwey

T

T

K1

K
1
, 

K
2

K1

K2
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Magnetostatic / Shape anisotropy
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Surface anisotropy
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M. Respaud et al., Phys. Rev. B 57, 2925, 1998

Co NPs

The effective 

magnetic 

anisotropies are 

found to be larger 

than that of the 

bulk.

The enhanced 

effective magnetic 

anisotropy is

associated with the 

large influence of 

the surface atoms 

and is more 

significant with 

decreasing size.
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Surface anisotropy
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F. Luis et al., Phys. Rev. B 65, 094409, 2002

• Monodisperse spherical Co NPs with 

diameter 0.8 to 5.2 nm (25–7000 

atoms).

• The particle size distribution from the 

susceptibility and magnetization data. 

• The distribution of activation energies 

from a scaling plot of the ac 

susceptibility. 

• Combining these two distributions, it 

was found that Keff is enhanced with 

respect to the bulk value and that it is 

dominated by a strong anisotropy 

induced at the surface of the clusters. 
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Below a 
critical size, 
magnetic NPs
comprise a 
single 
domain
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3. Single 
domain NPs



Energy terms
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FH = Zeeman (M • Hext)

FD = Demagnetizing (M • Hd)

FK = Magnetocrystalline anisotropy

Fσ = Magnetostriction

Fe = Exchange (Jij Si • Sj)

F0 = Non-magnetic terms



Magnetic domains

Domain walls

Free energy minimum 

usually corresponds to 

the formation of 

domains.

Decreased magnetostatic 

energy 

Increased exchange and 

magnetocrystalline
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When a NP is single-
domain?

When the Zeeman term dominates 
(strong applied field H)

  or

When the particle is small: the 
reduction of magnetostatic energy 
(Volume) does not compensate for 
the increase in exchange and 
magnetocrystalline (Surface, 
domain wall) energy
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Length scales
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Length scales 𝛾𝑊 = 2𝜋
𝐽𝑆2

𝑎
𝐾

1/2
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Within a 
single 

domain NP
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Within a 
single 

domain NP

Flower state: 24 × 26 × (25 ± 4) nm3 Fe nanocube 
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Within a 
single 

domain NP

Vortex state: 27 × 26 × (27 ± 5) nm3 Fe nanocube 
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How’s that?

Hysteresis 
with no 
domain 
wall??
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4. The Stoner-
Wohlfarth 

model



Magnetization by coherent rotation

Model assumptions:

• Single domain nanoparticle (MS)

• Fully saturated configuration

• Coherent magnetization

rotation

Uniaxial anisotropy (Ku)

Field (H) is applied to any angle α

to the easy axis

M
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Perpendicular case: Fully reversible
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Perpendicular case: Fully reversible
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Parallel case: Fully irreversible
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Parallel case: Fully irreversible

Hc = HK

Hc = -HK
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45° case: Reversible & irreversible
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45° case: Reversible & irreversible

Hc = HK/2

Hc = -HK/2
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No hysteresis 
for oblate    

S-W NPs
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The magnitude of the anisotropy field

HK = 

HK = 

HK = HK = 

Very large!
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Reversing the 

NP 

magnetization
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5. Coercivity 
and Hysteresis



Hysteresis 
loop

Hcr
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Assembly of ramdomly oriented prolate NPs
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Coercivity and remanence: SD vs. MD
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Coercivity

Remanence

SD NPs feature much

larger remanence and 

coercivty

because magnetization

inversion occurs via

magnetization rotation

and not via domain 

wall displacement
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What can we learn from hysteresis loops?
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What can we learn 
from hysteresis 

loops?

SD

PSD

MD
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Temperature

A. Ponti – SCITEC – CNR / Oct 23rd, 2025AIMagn - 7th Italian School of Magnetism - Perugia

NiFe2O4 NPs: <D> = 24 nm, std dev 4 nm

The coercivity follows a simple model of thermal activation 

of the NP moment over the anisotropy barrier in the 

temperature range 10–300 K, in accordance with Kneller’s 

law 

 HC = HC0 [1−(T/TB)
1/2]

Temperature dependence of coercivity for the NiFe2O4 NPs. 

The red line shows the fit curve according to Kneller’s law

K.Maaz et al., JMMM 322 (2010) 2199-2202
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Surface anisotropy
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γ-Fe2O3 NPs: 8.7, 4.6 and 2.7 nm

The temperature dependence of Hc is not in agreement 

with expectations.

 

The coercivity is due to surface-to-core exchange 

coupling, i.e., surface exchange anisotropy.

The uniaxial surface anisotropy KS = 1.5 · 105 J/m2

E. Tronc et al., JMMM 262 (2003) 6–14
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Magnetic viscosity and activation volume
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CoFe2O4 NPs
S. Laureti et al., Nanotechnology 21

(2010) 315701

Smax from magnetic viscosity

Ms from hysteresis loop

χirr from DCDSmax

max



IRM and DCD

provide 𝜒𝑖𝑟𝑟 
and SFD

SFD 

represents

the PDF of NP 

switching 

fields and 

provides clues

into the 

coercivity

𝑆𝐹𝐷 ≈
𝑑𝑀 𝐷𝐶𝐷

𝑑𝐻
= 𝜒𝑖𝑟𝑟

𝐷𝐶𝐷

CoFe2O4 NPs
S. Laureti et al., 

Nanotechnology

21 (2010) 315701
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𝑆𝐹𝐷 ≈
𝑑𝑀 𝐼𝑅𝑀

𝑑𝐻
= 𝜒𝑖𝑟𝑟

𝐼𝑅𝑀

Hcr

Mrs



Brown’s paradox
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If we insert the Ku and Ms values of 

hexaferrites (and even cubic ferrites) in 

this equation, we get coercive fields of 

the order of 1 tesla.

If one measures a SINGLE small single-domain NP, 

the coercivity is (sometimes) close to this value.

However, a macroscopic magnet made up of NPs

has coercivity typically 10-100 times smaller!

• Incoherent magnetization rotation

• Domain wall nucleation

• Shape imperfections

• Microstructural defects

• Easy axis misalignment

• Interparticle interactions



Beyond coherent rotation

Coherent Curling

Buckling Fanning
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The coherent critical size
𝑅𝑠𝑑

𝑅𝑐𝑜ℎ
=

18

6

𝐾𝑢

𝑀𝑆
2
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Beyond coherent rotation: size effects
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The eye of the 
beholder
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6. Thermal 
fluctuations
and super-
paramagnetism



Fluctuation and sizeFluctuation and size

D

kT

0° 90° 180° θ

Easy axis Magnetization Ea = KV     H = 0

FM NP
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Fluctuation and sizeFluctuation and size

D

kT

0° 90° 180° θ

Easy axis

0° 90° 180° θ
0.5 D

FM NP
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kT

Magnetization Ea = KV     H = 0



Fluctuation and sizeFluctuation and size

D

kT

0° 90° 180° θ

Easy axis

0° 90° 180° θ
0.5 D

FM NP

Ea = KV

kT

0° 90° 180° θ
0.25 D
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kT

Magnetization Ea = KV     H = 0



Superparamagnetism

𝜏 = 𝜏0 𝑒𝑥𝑝
∆𝐸

𝑘𝑇
= 𝜏0 𝑒𝑥𝑝

𝐾𝑉

𝑘𝑇

𝜏0 = 10−9 − 10−11 𝑠
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Magnetization relaxation time

Superparamagnetism occurs when the thermal energy is larger than the barrier to 

inversion and thus rapid magnetization fluctuation is observed, ie, when the 

magnetic relaxation time is smaller than the timescale that is important to me.

Superparamagnetism is a dynamical regime of FM/FIM NPs, 

it is not a thermodynamic phase.



SPM and anisotropy
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Key to understand how SPM affects the magnetic behavior

Fast thermal relaxation washes out all anisotropies,

i.e., superparamagnetism = no effective anisotropy

In the NP free energy, only two terms are not averaged to isotropy:

• Exchange: ferromagnetic order

• Zeeman:  magnetization responds to applied field



SPM and magnetic properties
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➢ Remanence Mr = 0
despite FM order present

➢ Coercivity Hc = 0
thermal equilibrium readily reached

(absolute minimum of free energy)



SPM in the presence of field
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➢ Saturation Ms = n μ

(Strong exchange & strong Zeeman)

➢ M(H) = Ms L(α), α = nμH / kT

(classic paramagnet)

• n is large, α is large, M can saturate in 

relatively low H

• n is large, initial susceptibility is large,

i.e., M responds very strongly to H



Superparamagnetism depends

• on the experiment timescale:

how long does it take to measure the system 

properties, eg, its magnetic moment?

or

• on the stability timescale:

how long must the magnetization stay put to 

achieve your goal

Superpara-

magnetism 

is 

in the eye 

of the 

beholder
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Timescales

𝜏𝑚 as the experiment timescale 

• DC magnetization 1-100 s, depends on detector

• AC magnetization 1/ω (10-1 to 10-5 s)

• Mössbauer spectroscopy 10-7 to 10-9 s (for 57Fe)

• Ferromagnetic resonance ≈ 10-9 s

• Neutron diffraction 10-8 to 10-12 s 

Experiment

Experiment

Experiment

𝜏𝑚 << 𝜏 

𝜏𝑚 ≈ 𝜏 

𝜏𝑚 >> 𝜏 
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Timescales

Geology

Magnetic storage

Laboratory experiment
𝜏𝑚 as the stability timescale

• Laboratory experiments ≈ 1 s Ea ≈ 25 kT

• Magnetic recording media > a few years Ea ≈ 40 kT

• Paleointensity ≈ billions years Ea ≈ 60 kT
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Blocking temperature

𝑇𝐵 such that 𝜏 𝑇𝐵 = 𝜏𝑚

For monodisperse, non-interacting

uniaxial NPs with identical volume V:

𝑇𝐵 =
𝐾 𝑉

𝑘 𝑙𝑜𝑔
𝜏𝑚
𝜏0

TB increases when

barrier increases

(anisotropy or 

volume increase)

TB decreases when

𝜏𝑚 increases
Experiment
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Blocking volume

𝑉𝐵 such that 𝜏 𝑉𝐵 = 𝜏𝑚

For monodisperse, non-interacting

uniaxial NPs at a given T:

𝑉𝐵 =
𝑘 𝑇

𝐾
𝑙𝑜𝑔

𝜏𝑚

𝜏0

VB gets larger when

T increases

VB gets larger when

K decreases

VB gets larger when

𝜏𝑚 increases
Experiment
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The blocking critical size  

300 K
Blocking diameter (nm) 16 8 34 3.4 26 10 8
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3𝑉𝐵

4𝜋

1/3
= 

6𝑘𝑇

𝐾

1/3
= Τ𝑑𝑆 2



Hysteresis and SPM

M Hanson et al., J Phys Cond Matter, 7, 9263-9268,1995
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τ ≈ τm

τ << τm

Property

Blocked 

regime

τ >> τm

Intermediate 

regime

τ ≈ τm

SPM regime

τ << τm

Magnetic moment Stable
Slowly 

fluctuating

Rapidly 

fluctuating

Coercivity (Hc) Hc > 0 Reduced Hc Hc = 0

Remanence (Mr) Mr > 0 Reduced Mr Mr = 0

Saturation (Ms) Ms = n μ Ms = n μ Ms = n μ

Hysteresis Present Reduced Absent

Initial susceptibility Moderate Moderate/High Very high



Relaxation time: 
size and temperature

Due to the activated

nature of the SPM,

τ varies

rapidly with temperature

and very rapidly with size
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𝜏 = 𝜏0 𝑒𝑥𝑝
𝐾𝑉

𝑘𝑇

= 𝜏0 𝑒𝑥𝑝
4𝜋𝐾𝑅3

3𝑘𝑇



Coercivity and size
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Variation of coercivity Hc 

with particle diameter D.



Anisotropy and temperature
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K in KV/kT does depend on temperature



τ and TB in practical cases

The relationship between τ and the 

anisotropy parameters are (very) 

complex.

It is far from easy to understand the 

relation between τ (τ0 and ΔE) and 

the NP properties (size, magnetic

parameters, etc.), even for non-

interacting NPs

NPs are populations comprising

individual NPs with different size, 

hence different TB

In ensembles of NPs, TB is the 

resultant of the TB’s of each NP. 
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Can we 
measure TB?
ZFC and FC 

experiments

A. Ponti – SCITEC – CNR / Oct 23rd, 2025AIMagn - 7th Italian School of Magnetism - Perugia

Simulated ZFC/FC curves for mono-

disperse, non-interacting uniaxial NPs

τ
≈
 τ

m τ << τmτ >> τm

Blocked 

regime



Can we 
measure TB?
ZFC and FC 

experiments

FC

ZFC

Tmax (<V>)

Tirr (largest NPs)

≈ SBD, ie, PDF of 

switching barriers

Tder (<Eb>/k)
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Magnetization 
time decay 

experiments 
provide τ

Randomly oriented NPs
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amorphous Fe1-xCx

Amorphous Fe1-xCx NPs

<D> = 3.2 nm, std dev 0.3 nm

dispersed in decalin



AC experiments provide τ
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A sample is subjected to a time-varying 
magnetic field

h(t) = h0 cos(ωt)

The resulting magnetization of the sample is

 M(t) = χac(ω, T) h(t)

where the susceptibility can be written as

χac(ω, T ) = χ’(ω, T ) + i χ’’(ω, T )

Usually, one measures the AC susceptibility 
as a function of temperature at different 
frequencies.



The neighbor’s 
spin is always 
stronger 

or 

Your friendly 
neighborhood 
antiferromagnet
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8. Exchange 
bias



Hysteresis loop of FM-AFM NPs

Oxidized Co particles

W.H. Meiklejohn, C.P. Bean, Phys. Rev. 102, 1413 (1956)

The usual (ie, zero-field cooled) 

hysteresis loop (dashed curve) is 

very different from the 

hysteresis loop (solid curve) 

recorded after cooling the 

sample in a magnetic field!

Unidirectional anisotropy!
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FM

AFM



What are the effects of field cooling before
recording hysteresis loop?

M

❑ Coercivity (Hc) increases: broader loop

❑ Mr/Ms ratio increases: more “square” loop

❑ Exchange bias (Hb): shifted loop

H

Ms

H

M

Ms

Cooling field 

direction
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ZFC hysteresis FC hysteresis



What are the effects of field cooling before
recording hysteresis loop?

M

Hc

❑ Coercivity (Hc) increases: broader loop

❑ Mr/Ms ratio increases: more “square” loop

❑ Exchange bias (Hb): shifted loop

H

Ms

H

M

Ms

Hc

Cooling field 

direction
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ZFC hysteresis FC hysteresis



What are the effects of field cooling before
recording hysteresis loop?

M

Hc

❑ Coercivity (Hc) increases: broader loop

❑ Mr/Ms ratio increases: more “square” loop

❑ Exchange bias (Hb): shifted loop

H

Ms

Mr

H

M

Ms

Mr

Hc

Cooling field 

direction
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ZFC hysteresis FC hysteresis



What are the effects of field cooling before
recording hysteresis loop?

M

Hc

❑ Coercivity (Hc) increases: broader loop

❑ Mr/Ms ratio increases: more “square” loop

❑ Exchange bias (Hb): shifted loop

H

Ms

Mr

H

M

Ms

Mr

Hc

Hb
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ZFC hysteresis FC hysteresis

Cooling field 

direction



What’s the mechanism of EB?

It has long been clear that the observed bias that locks 

the ferromagnet (FM) into a preferred direction must 

originate from the exchange coupling between 

uncompensated spins near the FM–AFM interface, which 

are frozen in by the setting field. 

The Meiklejohn and Bean model predicts HB fields about 

100x larger than observed
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Recent interpretation of EB

1. In the biased ground state the FM and AFM spins are aligned along the same axis.

2. Near the interface, there are uncompensated spins that originate from magnetic 

atoms in the AFM.

3. A fraction of the uncompensated interfacial spins are pinned. They are 

responsible for the existence of exchange bias and their number is proportional 

to the size of the bias.

4. The size of the bias decreases with the antiferromagnetic domain size.

5. The sign of the bias is determined by the sign of the exchange coupling between the 

pinned interfacial spins and the FM.

6. The interfacial pinned spins are anchored in the bulk AFM through a Bloch domain 

wall. The size of exchange bias is proportional to the exchange stiffness of this 

domain wall and the magnetocrystalline anisotropy of the bulk AFM.
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Uncompensated 
spins in the AFM
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Few uncompensated spins 
are pinned

The XMCD Mn loop displays a vertical shift:

• The number of uncompensated Mn moments 
corresponds to 0.6 monolayer at the FM–
AFM interface

• Just about 7% of them are pinned. 

• It is the pinned 0.04 monolayer Mn 
moments that are held responsible for the 
exchange bias. 

2 nm Co on 50 nm of Ir20Mn80
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H (kOe)

M
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M
M

Exchange bias in Ni @ NiO @ CoO NPs

tNiO = 0.2 nm

tCoO = 2.7 nm

Naked

Ni cores

Ni(11 nm) @ NiO @ CoO

A. Ponti et al., Phys Rev

Materials, 1, 036001 (2017)
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9. Interparticle interactions 95
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Types of interparticle interactions

• Long-range magnetostatic (dipole) interactions can have 
a strong influence on the dynamics of magnetic NPs. 

• If NPs are in very close proximity, exchange interactions 
between surface atoms can be significant. An important 
example is exchange bias.
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Magnetostatic dipole interaction

Dipole interactions have a negligible influence on the magnetic 

order in bulk materials at finite temperatures.

In magnetic NPs, dipole interactions between nanoparticles can 

have a significant influence on the magnetic properties.

In a sample of randomly distributed nanoparticles with average 

magnetic moment μ and average separation d ≈ N-1/3, the dipole 

interaction energy of a NP is of the order of
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Wohlfarth 
relation
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The δm method

Hard CoFe2O4 NPs coated with one 

or more layers of soft NiFe2O4

A. Omelyanchik at al., Chem. Mater. 2024, 36, 7976−7987
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δm = mDCD  – (2 mIRM – 1)

gives insight into the PDF 

of interparticle

interactions, which are

• demagnetizing (eg
dipolar) for δm < 0

• magnetizing (eg surface
exchange) for δm > 0



(Z)FC magnetization

Dipole interactions can result in a shift of the maximum 

of the ZFC magnetization to either lower or higher 

temperature. 

Dipole interactions can result in an almost temperature 

independent FC magnetization at low temperature.

In samples with a high NP concentration, the frustrated

inter-NP interactions can result in formation of a frozen 

collective state. 

If the NPs are randomly distributed, the frozen 

collective state can have many similarities to a spin 

glass (spin-glass-like-state)
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(Z)FC 
magnetization

Tronc, E. et al., Hyperfine Interact. 95, 129–148 (1995)

Diluted NPs

distance = 5 <DNP>

Concentrated NPs

distance = 1.4 <DNP>

Aggregated NPs

distance = <DNP>
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First-order reversal curves (FORCs)

«Interaction field» axis

«Coercivity field» axis

AP Roberts et al., Rev. Geophys., 52, 557–602 (2014)
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First-order reversal curves (FORCs)

AP Roberts et al., Rev. Geophys., 52, 557–602 (2014)

«Interaction field» axis

«Coercivity field» axis

Floppy disk with closely 

packed SD particles

Strongly interacting greigite 

Fe3S4 (left) and pyrrhotite 

Fe(1-x)S (right) NPs in samples 

from Vrica, Italy
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Non-interacting SD NPs 

CS911, Tiva Canyon, 

Tuff, Nevada



If I have created this 
presentation, it is by standing 
on the shoulders of Giants
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Encyclopedic manuscript containing allegorical and 

medical drawings, Library of Congress, Rosenwald 4, Bl. 5r
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Suppose you fell for the NP peddler, now what?

My third free advice nobody asked for

Suppose you know nothing about the NPs you intend to measure. 
What should you do?

1. Write a list of the answers to want to get and the 
experiments that will give you those answers 

2. Do a preliminary ZFC/FC: What are the critical 
temperatures? Can a reversible regime (superpara- or 
para-magnetic) be achieved? (If not, you must be very 
careful)

3. Do a preliminary hysteresis loop: Can saturation be 
achieved? (If not, you must be very careful)
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Suppose you fall for the NP peddler, now what?

My fourth free advice nobody asked for

A possible experimental plan for NPs I do not know anything about

1. ZFC/FC at 10 and 100 Oe, from min to max T

2. Saturation vs. T (max H, min to max T)

3. Remanence vs. T (“TRM”, max H then H=0, min to max T)

4. Several hysteresis loops at temperatures of interest

5. Isothermal remanence (IRM: stepwise create remanence)

6. Direct-current demagnetization (DCD: stepwise invert 
remanence)

7. Magnetic viscosity (time relaxation of magnetization, best 
around coercivity)

8. AC susceptometry (several frequencies)
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Morphology: analyzing TEM images
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PEBBLES (S. Mondini, A. M. Ferretti, A. Puglisi, A. Ponti, Nanoscale, 2012, 4, 5356-5372) is a user-friendly software which 

implements an accurate, unbiased, reproducible, and fast method to measure the morphological parameters of a population of 

nanoparticles (NPs) from TEM micrographs.

Freely available from pebbles.istm.cnr.it or pebbles.scitec.cnr.it
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NM-212: industry-made CeO2 NPs

Impurity (ppm) C H N

NM212 (JRCNM02102a) 1000 600 1200

ppm Ag Al Ba Be Bi Ca Cd Co Cr Cu Fe Ga In K Li Mg Mn Mo Na Ni Pb Sr Tl V Zn Purity (%)
NM-
212 61.2 24.8 15.7 33 168 204 23.4 1081 6.7 53.4 99.83

NM212 Element C O Si Cl Ce

Mean 1.86% 19.80% 0.13% 0.10% 78.10%

Std Dev 0.13% 0.58% 0.04% 0.01% 5.68%
EDX

CHN

ICP-OES 

O : Ce = 2.2  0.2

Organic compounds

Composition: macroscale

A. Ponti – SCITEC – CNR / Oct 23rd, 2025AIMagn - 7th Italian School of Magnetism - Perugia
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Composition: nanoscale maps

STEM-EDX  profiles of Mn (green) and Fe (red) in MnxFeyO4 NCs (Mn:Fe:OlAc = 1:2:6). 

Top: EDX raw counts for NCs grown for 15 (a) e 90 min (b)

Bottom: Fe:Mn atomic ratio of for NCs grown for 15 (c) e 90 min (d), superimposed to the corresponding

STEM images

MnxFeyO4 NCs (Mn:Fe:OlAc = 1:2:6) after 

15 min growth

STEM - EDX

Chemical 

inhomogeneity in 

MnFe2O4 NPs prepared 

by decomposition of 

Mn(Ol)2 and Fe(CO)5 in 

the presence of oleic 

acid (OlAc)

(a) (b)
Fe

Mn

EF-TEM maps
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Crystal Structure – XRD and Rietveld

A. Ponti – SCITEC – CNR / Oct 23rd, 2025AIMagn - 7th Italian School of Magnetism - Perugia

K Vezzù et al, Small. (2025), 2408319
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High-entropy 

(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 

oxide nanofibers, calcined 

under different conditions.

Rietveld analysis of powder 

XRD provides 

• phase identification

• phase quantification

• crystallite size

• crystallite microstrain



Crystal Structure – HRTEM and GPA

AIMagn - 7th Italian School of Magnetism - Perugia
A. Ponti – SCITEC – CNR / Oct 23rd, 2025
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High-entropy (Mn0.2Fe0.2Co0.2Ni0.2Zn0.2)3O4 

oxide nanofibers

(a,b) SEM micrographs,

(c) bimodal NF diameter distribution, 

(d,e) TEM micrographs, 

(f) SAED pattern for an isolated NF, 

(g) projection analysis of the EDX maps and 

(h) fitting of an oxygen projected profile 

revealing a quasi-solid NF.

C. Triolo et al, Small (2023) 2304585



Crystal Structure – HRTEM and GPA

AIMagn - 7th Italian School of Magnetism - Perugia
A. Ponti – SCITEC – CNR / Oct 23rd, 2025
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High-entropy

(Mn0.2Fe0.2Co0.2Ni0.2Zn0.2)3O4 

oxide nanofibers

(i,l) Intensity-colorized

maps, 

(j,m) lattice rotation maps (°), 

and 

(k,n) lattice strain maps (% of 

cell size).

C. Triolo et al, Small (2023) 2304585
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