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• Basics of magnetism

Magnetic materials, from bulk to the nanoscale

• Specific behaviour of nano-magnets = macrospins

How can we experimentally determine their properties, 
using simple models?

• The particular case of nanoalloys

Examples from our research and the literature 
(size effects and additional complexity!)

Outline

• Introduction: nanoalloys and magnetism, why do we care?



Preliminary warning

I am not a theoretician

Magnetism is still “mysterious” in many ways! 

Only a limited (and personal) view of the problem

Open questions, motivating

Nanoalloys are complex systems!
(not the simplest systems to deeply understand magnetism…)

One can study magnetic nanoparticles, without investigating 
their magnetic properties…  



Nanoalloys and magnetism, why do we care?

Potential applications  Biology / health

• Target drug delivery
• Hyperthermia (cancer treatment)
• Contrast agent for MRI

 Improved permanent magnets 
with nanocomposites

• Energy efficiency (motor/generator)
• Innovative structures…



 Spintronics & Information technologies
(memories, transistors, oscillators, sensors…)

electronics using the spin of electrons

Hard drive

 Catalysis Catalytic activity of transition metals (and alloys)

Co-Pt particles on carbon, 
for fuel-cell applications

In-situ carbon nanotube growth, du to the metal 
particle. Fe, Co and FeCo are used as catalyst.



Bimetallic 
particles, 
alloys

Fundamental questions

Understand magnetism at the nanoscale, link with the structure

Nanoparticle = intermediate between molecule and bulk material

Nanoalloys = additional degree of freedom

Exotic structures, specific properties, 
intimately linked to the atomic structure

OK, but why investigating the magnetic properties?

New information

 Can be useful for the determination of the particle size 
distribution in an assembly

 Indirect information on the particle structure 
(interface, shape, chemical arrangement…)

Monitor changes in the nanoparticle structure (with annealing, reaction…)

Magnetism is sensitive to the electronic structure: fine probe of atomic changes
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MAGNETISM



Magnet North and south pole

Stray field map of a 
magnet

Magnetic dipole

Energy (Zeeman) of a magnetic moment m in an 
external magnetic field B :

Magnetic moment : m = IS

Magnetism: basics

E = - m.B

The moment “wants” to be aligned along the 
field direction (like a compass!)

Produces a magnetic field Field lines (stray field)

Magnetic moment = elemental “piece” of a magnet

Magnet = ensemble of 
magnetic dipoles

A current loop creates a magnetic field

Represented with an arrow



Electromagnetism 

Maxwell equations: currents create magnetic fields

Note that this is not a causal relation…

Jefimenko’s equations express the field, created by sources

From retarded potentials to electromagnetic fields

Currents are the source of magnetic field

Structural relation between 

E, B and the sources 

(charges + currents)

B created by a current loop

But what about matter?
“bound” current density

Magnetization



Maxwell equations for magnetism (statics)

div B = 0

rot H = j

B = µ0 (H+M)

Vector fields H, B, M
Magnetization

(magnetic moment 

per volume unit = 0 

outside a magnet)

Magnetic 

field Magnetic 

induction

“free” charge currents

At rest (no current), we have:

rot H = 0 and    div H = –div M

For a magnetic piece of matter, the magnetization M creates 

a magnetic field H, outside and inside the material

with the definition:

Different approaches to calculate H at a 

certain point, created by a given M field.

Magnetic matter, M and H

Same expression as the electric field 

created by a charge distribution

• Volume density of “charge”: rm= –div M

• Surface density of “charge”: sm= M.en

(Magnetic “potential” solution of a Poisson equation)



Magnetic field and magnetization

B = µ0 (H+M) Rk: B is expressed in Tesla, while H and M are in A/m.

The value of H inside a material 

can be fixed experimentally (with 

particular geometries)

H = H0 + Hd(M)

Externally fixed by 

the experimenter

“Demagnetizing” or “dipolar” field, 

created by the magnetization

Difficulty: the magnetization M of a material depends on the total field H

…and H depends on the magnetization

Self-consistent problem, difficult to solve! 

Exact calculations can only be performed for a few specific cases 
[and it is necessary to know the relation M(H) between M and H]

M(H)



Particular case of a sphere 

with a uniform M

Hd = - 1/3 M

Demagnetizing field

inside the sphere

For a uniformly magnetized ellipsoid Hd = –N M

Tensor (demagnetizing factor)

H and B are also uniform in the sphere

 There exist geometries 

of particular interest, 

where Hd  0

The true H inside the material 

is the one imposed



(particular case: linear response)Note: the susceptibility c is defined by M = cH

M(H) characterizes the magnetic response of a sample

Ferromagnet = permanent magnet (like iron)

Hysteresis loop: “memory” effect

Remanent magnetization (MR), without any external applied field

Different behaviors for M(H)

Coercive field HC to suppress 

the magnetization

Remark: for a given H field, there 

are many possible states…

Magnetic response

But beware! The parameters are not “intrinsic” to the material



Ferromagnetism

only a few solid compounds are ferromagnetic

Transition metals 

(3d electrons)

Rare earth elements 

(4f electrons)

While most isolated atoms have a magnetic moment, 

What is the origin of magnetism in matter? Currents?



Origin of the magnetic moment

Electron motion Orbital moment (like a current loop)

Intrinsic magnetic moment Spin moment: 

𝝁𝐿. 𝒆𝑧 = 𝑔𝐿
𝑞

2𝑚
𝑳. 𝒆𝒛

𝝁𝑆 . 𝒆𝑧 = 𝑔𝑆
𝑞

2𝑚
𝑺. 𝒆𝒛

𝑔𝐿 = −1

𝑔𝑆 = −2
(from Dirac equation)

𝜇𝐵 =
𝑒ℏ

2𝑚

For a single electron

𝝁𝑆 = 1 Bohr magneton

Rq. Spin (introduced by Pauli) was needed to explain Stern-Gerlach experiments. Spin appears “naturally” 
in the Dirac equation (extension of the Schrödinger equation to be compatible with relativity)… 

• Spin is an intrinsic angular momentum, difficult to apprehend… 

• Additional energy term (Zeeman) when 
an external magnetic field is applied

With J = L+S total 
angular momentum, 
and

Spin is not related to spatial dimensions: wavefunction =  | ۧ𝜓 = | ൿ𝜑𝑠𝑝𝑎𝑐𝑒 | ൿ𝜒𝑠𝑝𝑖𝑛

For the electron, spin = 1/2 Two possibilities for the projection: 𝑆𝑧 = ±
ℏ

2

Observable manifestation of the spin!

But, even without any magnetic field, spin plays a major role
for systems of many electrons



Linked to the orbital momentum and spin momentum of 
electrons (negligible contribution of the nucleus)

Short range exchange interaction:

An electron has a spin equal to 1/2

2 possibilities
mS = -1/2 : spin “down”

mS = +1/2 : spin “up”

Origin of exchange: Coulomb interaction + anti-symmetry Pauli principle

Origin of the magnetic moment

With many electrons

For isolated atoms, it depends on the 
quantum numbers L and S

The mz projection is quantized

Rk: in a solid, the orbital (and spin) 

momentum is often quenched

Eexchange = Rk: Same effect as an effective spin-spin interaction



Magnetism is difficult
to understand!



The case of transition metals (Fe, Co, Ni)

Band structure, with a different density of states 
(DOS) for spin up and spin down electrons.
The shift is due to the exchange energy.

Itinerant (delocalized) magnetism, as opposed to the 
highly localized 4f orbitals of rare earth elements.

Ferromagnetism in metals

bulk Co
Resulting spin polarization (magnetic moment)

Rk: Delocalized spin density, but a schematic view with localized “arrows” 
is still convenient…

Keep in mind: magnetism has a quantum origin, 
it is sensitive to the electronic configuration

Theoretical description with different models (Hubbard, Stoner, DFT…), 
but “Till today, an exact theory for atoms with Z >1 electrons has not 
been possible”!



Different magnetic orders: ferro, para, antiferro…

 Ferromagnetism:

Exchange favors

 Paramagnetism:

No exchange (or negligible)

 Antiferromagnetism:

Exchange favors

Magnetic order

Orientation of the magnetic moments, only 

with the application of an external field

Spontaneous orientation of 

the moments, up to Curie 

temperature TC

Compensation No net magnetization

Rk.: a ferromagnet becomes a paramagnet 

above TC

Heisenberg model + statistical physics provides a good (classical) description



Important parameters 
for a material

Magnetization (moment per atom)

Exchange coupling (magnetic order)

Anisotropy (magneto-crystalline)

Preferential directions (easy axis) for the magnetization, tilting 
away from these directions has an energetic cost…

≠

The two orientations are not equivalent 

Small energy difference 
(related to spin-orbit coupling), 
which reflects the lattice 
symmetry

the magnetic behaviour depends on the direction of the applied field

Example: uniaxial anisotropy Eani/V = Ku sin2q

q

Easy axis

Another parameter: the magnetic anisotropy

(minimum for q=0 and q=p)

the energy depends on the magnetization orientation
Anisotropy:  

L.S term (relativistic) 
in the Hamiltonian



Magnetic domains

Domain walls

Demagnetizing field (“dipolar” field) Hd

Energetic compromise:

A uniform magnetization (large Hd) 
has an energetic cost

Dipolar field + exchange + anisotropy + Zeeman

Domain walls width:
anisotropy

exchange

Near a dipole, the 

created field is in 

opposite direction

Magnetic state of a bulk sample: a compromise

A configuration with domains in different 

directions can be more favorable (depends 

on the material, the shape, the applied field)

Large anisotropy cost
Large exchange cost



The situation gets simpler with the size reduction!

Coherent reversal (the atomic 
moments are always parallel)

Macrospin

Going to nano-size

Exchange versus 
demagnetizing field:

Exchange versus anisotropy:

Existence of critical sizes

Single domain (monodomain), 
no domain wall

Length scales

Small ferromagnetic particle (R < Rmono and Rcoh) 

= a single vector! 

“Giant” magnetic moment (macrospin) with a 

classical behavior: µ = MSV

(typically, tens of nm)

(a few nm)Lexch = 

Rmono = 36 Lexch
2 /d0 Rcoh = 5 Lexch

Comparison of the 

different energies



 Modification of the atomic magnetic moments due to surface 
lower coordination Increase of the moment

Experimental measurements 
on free clusters

Specific effects at nano-sizes

Things are not so simple…

 Modification of the magnetic anisotropy (surface/interface)

Co atoms on a Pt(111) surface

 Effects linked to structural modifications 
(distortions, geometries specific to small particles…)

+ other subtle effects (modification of the 
magnetic coupling/order, dynamical behavior…)
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Macrospin

Parameters characterizing a monodomain nanomagnet

Volume V

Magnetic moment µ = MS V

Magnetic anisotropy energy K = Keff V

Type of anisotropy : simplest case = uniaxial

K

Magnetic anisotropy energy (MAE) = energy barrier to 

switch the magnetization direction, along the easy axis

Key parameters for a nanomagnet

Rk.: Because of the size reduction, MS and Keff

may be different from the bulk value

q

easy axis

(Vector µ = µ m)



Magnetic anisotropy of a particle

Several sources of anisotropy

Shape anisotropy: The dipolar (demagnetizing) field depends on the 

magnetization orientation

More favorable than

≠

Magneto-crystalline anisotropy: Linked to the underlying crystal lattice (as for the bulk)

+ Surface contribution 

(broken bonds)

In any case, the magnetic anisotropy 

reflects the symmetry of the particle

Easy axis along the 

longest dimension:

Rk.: For an ellipsoid, with one long axis (c/a ratio > 1), uniaxial anisotropy

Additional facets make different 

orientations non-equivalent



A uniaxial anisotropy is a good approximation (but we may go beyond…)

Bi-axial anisotropy:

Expression of the anisotropy energy:

With K1 < 0 < K2

Keff effective anisotropy “constant”, anisotropy energy per volume unit 

Magnetic anisotropy of a particle

Eani = K sin2q

Unit vector m = µ/µ of coordinate (mx, my, mz)

Angle q between the easy axis (z direction) and the magnetic moment

In the hard plane (x,y), the direction x is more favorable

Eani/V= K1 mz
2 + K2 my

2

Eani/V = – Keff mz
2Equivalent to (minimum for mz = ±1)

The smallest energy barrier to switch the magnetization (from +z to –z) 

is simply K1V, and corresponds to keeping my=0



Stoner Wohlfarth model

Uniaxial macrospin, under 

an applied field H

Total energy:

Function of several variables E(h,q,j)

E = KeffV sin2q – µ0H MSV cos(q–j)

Anisotropy Zeeman

Expression with reduced units:  E/K = sin2q – 2h cos(q–j)

With an applied field, there is one stable minimum 

and a metastable one, as long as H < Hsw

With     h = H/HA and    HA = 2Keff/(µ0MS)

Only one stable orientation

For H=Hsw the metastable minimum disappears

In this example (j=45°), this happens for H=HA/2

The magnetization can stay in the metastable 

minimum, until it switches (at Hsw)

“Anisotropy field”



Stoner Wohlfarth model

Other example, with j=0°

• The field is applied in the +z direction

With no applied field, the switching 

energy barrier is DE = KeffV

DE decreases when H increases, and vanishes for H=Hsw

• The macrospin is initially pointing 

in the –z direction

• Nothing happens, until H=HA

where it switches along the +z 

direction

The model supposes that T=0

 Only the minima are populated 
(no statistical occupation)

 Switching only if DE=0
(no thermal activation, static theory)



The minima satisfy

For a given field, we can find the values of q minimizing E

Stoner Wohlfarth model

(and        > 0)

The switching field corresponds to having simultaneously  

From the expression of the energy, this allows us to derive the analytical expression

It may be plotted as an astroid (polar plot)

Easy axis

No size dependence

The switching field depends on the 

angle j, and is controlled by the 

anisotropy field HA = 2 Keff/ µ0MS

Rk.: the easiest switching is for a 45° angle between 

the applied field and the easy magnetization axis 



Experimental measurements of astroids

for an individual nanoparticle

Jamet et al. Phys. Rev. Lett. 86, 4676 (2001)

Experimental

Simulated

(µ-SQUID technique, with a 3 nm diameter 

fcc Co nanoparticle)

Main contribution = uniaxial anisotropy

Relevance of the Stoner-Wohlfarth

macrospin model for small nanomagnets!

Stoner Wohlfarth model: it works!

Due to the surface (additional facets)



Stoner Wohlfarth model: hysteresis

One can also compute hysteresis loops

 For each orientation of the field with 

respect to the easy axis

Coercive field between 0 and HA

Remanence between 0 and MS

 For the case of an assembly with 

randomly oriented easy axes

No size dependence (model at T=0)

Coercivity: HC/HA ~ 0.48

Rk.: HC scales linearly with the anisotropy 

constant Keff

Remanence: MR/MS = 0.5



If the measurement time tm is smaller than the switching time

“blocked” regime: the macrospin keeps its orientation and can be detected

Non-zero temperature: relaxation

K

Macrospin

Switching frequency (Néel relaxation):

n = n0 exp (–DE / kBT)

Stability time of a given orientation: t = 1/n

Probability to overcome the energy barrier, 

due to thermal energy

Spontaneous macrospin switching

t = t0 exp (K / kBT) with a typical t0 ~ 10-9 s

Without external field, the barrier is DE = K

If the measurement time tm is larger than the switching time

“superparamagnetic” regime: occupation of the two minima, 

the average magnetic moment is zero (like a paramagnet)



Superparamagnetism

For a quasi-static 

characterization, 

typically tm ~100 s

The frontier between the blocked and superparamagnetic 

regime is a question of measurement time

Blocked regime for K > 25 kBT

Concept of blocking temperature

TB such that t = tm

Under TB = blocked regime

Over TB = superparamagnetic regime

(equilibrium)

 Blocking at low temperature



Small particles becomes superparamagnetic, 

except at low enough temperature

This can be a problem (or not), depending 

on the targeted applications

Ex.: for a 3 nm diameter Co particle, magnetization 

switching on the ns scale (at room temperature).

Superparamagnetic limit

The blocking temperature is proportional to the magnetic anisotropy energy

t = t0 exp (K / kBT)

with t = tm

TB = K / [kB ln(tm/t0)]

Since K = Keff V, it means that TB scales with the particle volume

• Magnetic data storage: needs stability

• Hyperthermia therapy: needs dissipation

• MRI contrast agent: needs fluctuation
Avoid the super-

paramagnetic regime!

Strong dependence 

on the particle size!



Langevin

function

Equilibrium regime = superparamagnetic regime

Statistical population of the energy landscape

Properties governed by the partition function

(thermodynamics, Boltzmann distribution)

 When T much larger than TB, no more influence of the anisotropy (K << kBT)

Exactly the same situation as a paramagnet: E = -µ0 H.µ

Analytical solution for meq(H)

 When T is close to TB: no remanence but 

influence of the size and anisotropy

No analytic expression for intermediate cases (also in the blocked regime with T≠0)

But numerical simulations and fits possible (sometimes)…

Rk: scaling with H/T and size dependence

No hysteresis

Difficult to quantitatively analyze m(H,T)



= 0

Signature of the magnetic anisotropy

Blocked susceptibility and transition

Starting from low T, abrupt change of the 
susceptibility, when reaching the blocking 
temperature

 In the blocked regime (extreme case: T=0)

• If H parallel to the easy axis: nothing changes (H << Hsw) 

• If H perpendicular to the easy axis: tilt of the macrospin (no switching)

=

For a randomly oriented assembly:

“Blocked” susceptibility:
and

M = c H
Small perturbation (H0) 
linear response

 In the equilibrium regime (superparamagnetic)

For a randomly oriented assembly, 
the Curie law is still valid

and

Rk. Upon Field Cooling, the system gets “frozen” at its TB value



ZFC

FC ZFC peak at Tmax

ZFC/FC merging

 Quantitative analysis of experimental curves

Thanks to semi-analytic models (realistic & reliable), 
a best fit procedure is possible !

ZFC/FC measurements

 Curves often only qualitatively analyzed

The magnetic anisotropy energy 
distribution controls the entire curve.

When T increases, it becomes possible to 
overcome the anisotropy energy barrier

Superparamagnetic 
regime

Low field susceptibility curves, as a function of temperature

blocked → superparamagnetic crossover

= Standard magnetic 
characterization of 
nanoparticles!

Irreversibility: 

K = Keff V

Magnetic volume 
distribution

Anisotropy constant 
dispersion?

The ZFC peak is not the “blocking temperature”
(nor the average one or that of the mean size…)

Zero Field Cooled / Field Cooled 



Comparison with experiments?

Magnetic curves measured with different protocols can be simulated
and quantitatively analyzed with simple/approximate models 

• m(H) in the superparamagnetic regime  Magnetic volume 
distribution

• m(H) at low temperature (blocked regime)

• ZFC/FC low field susceptibility curves

Magnetic 
anisotropy

(Our) usual theoretical framework

Non-interacting macrospins, with a randomly oriented 
uniaxial (or bi-axial) anisotropy, Néel relaxation

• Moment: µ = MSV

• Anisotropy: K = KeffV
For each particle

Realistic conditions: temperature≠0, size distribution, 
magnetic anisotropy dispersion…

+ other specific measurements depending on the problematic
m(T), remanence curves, mR(T), minor loops, memory effects, m(t), AC susceptibility…

Well-controlled sample of 
nanomagnets diluted in a matrix

Beyond a simple descriptive analysis (susceptibility peak, coercive field…)



IRM/DCD = Isothermal Remanence Magnetization / 
Direct Current Demagnetization

Interparticle interactions?

All the previous models are without interactions between particles

This should be verified!

Intrinsic properties of magnetic nanoparticles, only if interactions are negligible

 Dipolar interactions (long range)

 Other interactions (short range exchange, possibly mediated by the matrix)

Sample shape anisotropy + local correlations…

No simple way to analyze the magnetic behaviour with interactions
Rk: Some quantities (like saturation magnetization) may still be determined…

Simple ways to see if interactions are detected
CoPt NPs 

diluted in C
Remanence curves, starting from two different 
configurations = probes only the irreversible switching

+ quantitative fit possible (sensitive to switching field)

Dm parameter = 0 if no interaction



Co NPs diluted in Cu

 0.2%

• 3%

▲ 5%

Concentration:

 Dm is very sensitive to interactions!

Negligible interparticle interactions?

Verification of the H/T scaling in 
the superparamagnetic regime 1/T evolution of the 

susceptibility (m at low field)

CoPt particles @ C

F. Tournus et al., J. Magn. 
Magn. Mater. 323, 1868 
(2011)

No “sample 
shape” effect 

CoPt nanoparticles @ C

 Other verifications (invariance 
and scaling properties)
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Our goal: determination of the intrinsic properties of magnetic nanoparticles

Keep in mind that they can differ from the bulk ones (size and interface effects)

Link between the magnetic properties and the structure, chemistry etc.

A realistic description requires a cautious modeling

From model to real samples

Our experimental  approach:
preformed particles deposited under vacuum, 
diluted in a non-magnetic matrix 

 Combined fit, to infer the particle size 
and magnetic anisotropy distribution

K2 = 0

Fit of Isothermal Remanence Magnetization curve for 
pure Co nanoparticles, including a biaxial anistropy term

 Qualitative signature of different 
effects (phase transition, interface, 
interactions…)



Co particles
(in amorphous 
carbon)

CoPt particles
(in amorphous 
carbon)

Nanoalloys = nanomagnets

Nothing special… Macrospins, as for pure elements = same kind of magnetic behaviour

Specific questions, about the structure, chemical arrangement etc., but…

Same experimental and modelling approach!



 <Keff> ~ 200 kJ/m3

Gaussian distribution:

 Relative 
dispersion  ~ 40%

The usual model Eani = KeffV with a single 
anisotropy constant is no more valid

Anisotropy constant dispersion

F. Tournus et al., Phys. Rev. B 81, 220405(R) (2010)

Nanoalloy
effect

 Composition

 Chemical order (local)

 Atomic configuration

Physical origin?

F. Tournus et al., IEEE Trans. Magn. 44, 3201 (2008)

CoPt particles (~3 nm diameter), diluted in C (as-prepared)

Example of CoPt nanoparticles

ZFC/FC

Particle size 
distribution

Unselected

Size-
selected

The anisotropy constant varies 
among nanoparticles

ZFC peak broader than expected with size-selected particles 



Chemical ordering of CoPt and FePt nanoparticles

• Chemically ordered
• tetragonal cell (c/a < 1)

L10 phase The L10 phase has a huge magnetic anisotropy 
constant (Keff~ 5 MJ/m3 for bulk CoPt)

The L10 phase is stable at room temperature, but 
A1 (chemically disordered) is metastable

Interesting for magnetic 
storage applications

Open questions about the structure and magnetic properties of small nanoparticles:

Chemical order vs. size, finite size effects on the structure (defects, relaxation…), 
nanoalloy effects…

Bulk

S

Co/Fe

Pt

A1

Nanoparticle

Icosahedron Decahedron Truncated-
octahedron

 L10 contrast ([001] peak) after annealing, even for the smallest particles

 No chemical order before annealing

TEM observations



 Coexistence of fcc and multiply-twinned particles

FePt

Decahedral particles with a chemical order

Five L10 domains with c axes in different 
directions 

Theoretically predicted 
structure!

 Single L10 domain or several domains (twins, variants)

Coexistence of structures

Large anisotropy? At least for some particles?



CoPt vs FePt nanoparticles L10 phase

Chemical ordering upon annealing

 Magnetic anisotropy can be 
deduced from the fits

Magnetization curve at T=300 K Magnetization curve at T=2 KIRM, DCD and Dm curves (T=2 K)

— as prepared
— annealed

FePt nanoparticles

CoPt nanoparticles

As-prepared

Annealed

 Strong enhancement and 
dispersion for FePt

 Despite L10 order for CoPt, 
anisotropy remains low

Attributed to relaxation…

FePt particles with 
a single L10 domain

Anisotropy 
distribution

Same 
magnetic 
size!



But, with stronger relaxation and larger 
dispersion of the Co-Co distances

Similar finite size effect: relaxation

DFT calculations for a cluster of 586 atoms

Apparent c/a deduced from DFT calculations, 
as a function of particle size

Is this responsible for the “low” 
anisotropy of CoPt particles? 

Further investigations needed…

CoPt vs FePt: importance of relaxation

No more a 
perfect crystal!



Large dispersion 
in the calculated 
values

Comparison with the theory is not an easy task!
Precise calculations needed and many effects

Chemical disorder, tetragonalization, defects…

Here, calculations 
for the bulk



Calculations limited 
to small sizes and 
model geometries…



Exemple of a nice 
recent (2014) study

Link between 
structure and 
magnetism (but 
no magnetic 
measurements!)



Not observed for small 
particles (~3 nm), which 
remain ferromagnetic

Another example: FeRh nanoparticles

Transition from FM to AFM order around room temperature

B2 phase 
(like CsCl)

Strong interplay between structure 
and magnetism in this system

Magnetic moment on Rh, 
ferromagnetic coupling with Fe

Size, environment, faceting, 
surface termination…



Can we observe small
AFM FeRh particles?



• Magnetism is complicated!

SQUID magnetometry, but also XMCD, EMCD, STM, MOKE…

Rk beware of strange magnetic units… use SI units!

Conclusion

Quantum origin, relativistic effects, interplay between different energies

• A nano-magnet is far more simple than bulk samples 

• Modelling is possible and magnetic measurements can give 
access to intrinsic properties 

Single-domain macrospin

• Magnetic properties derive from the electronic structure

Impact of environment, structure, finite size and chemical arrangement…

Careful analysis (quantitative vs qualitative)

• Theoretical studies limited to small sizes and model systems

• Superparamagnetism (related to the magnetic anisotropy) 
is the most striking nanoscale effect

• Experimental investigations with many techniques (not described!)


