
�����������	������������	������������	������������	� 
 � 	� �����
 � 	� �����
 � 	� �����
 � 	� ����� �������� ���	�� � ����	�� � ����	�� � ����	�� � �
Magnetic properties of clusters

magnetic moment
magnetic order
magnetocrystalline anisotropy
finite temperature properties

Magnetization processes in exchange-coupled nanosystems 
coercivity
ultra-soft and remanence enhancement
exchange-spring
nanocomposites
magnetostrictive nanocomposites
exchange-bias

Dipolar interactions in heterogeneous magnetic systems

Finite-size effects in fine particles: magnetic and transport properties
X. Battle and A.Labarta, J. Phys. D: Appl. Phys. 35 (2002) R15





0.1 nm 1 nm 100 nm10 nm

moment formation (104-105 K/atom)

Exchange (102-103 K/atom)

Anisotropy (0.01-10 K/atom)

dipolar interactions (1 K/atom)
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γ (0.1 – 10 K/atom)

Specific properties may be predicted at the nanomater scale
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Experiment



2 opposite effects :
- band narrowing for surface atoms
- contraction of the whole cluster
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Measured on free clusters Band structure calculations
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Non-saturation cannot be attributed to anisotropy
would be unrealistically large

NiFe2O4 γ-Fe2O3



� 	�� 	�� 	�� 	������ 	  ������ 	  ������ 	  ������ 	  ����� ��� � � �� � ����� � � �� � ����� � � �� � ����� � � �� � ��
� � �� �	�� � �� �	�� � �� �	�� � �� �	� � ������� ������� ������� ������ � 	�� �� ��� �� � � �� �� 	�� �� ��� �� � � �� �� 	�� �� ��� �� � � �� �� 	�� �� ��� �� � � �� �



� �� � 	� ��������� �� � 	� ��������� �� � 	� ��������� �� � 	� �������� 	� �	� �	� �	� � � �� �� �� �� �� �� �� � �� � �� � �� � �� �  � ��� ��� ��� �� ���	
 �� ���  �����	
 �� ���  �����	
 �� ���  �����	
 �� ���  ��

experiment calculation



High non-collinearity due to missing bonds
+ exchange striction
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x = 

kT

µB
Bobs = B0L(x) – B

µ = cluster moment
Thus cluster volume deduced



α-Fe K = 0.5 105 J/m3
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Symmetry breaking at a surface
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fcc clusters

55

683

55 - disordered 55 - holes

Discrete energy levels
Broadening in q

E(k) = 

≈ 2zJa2k2

)
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1
1(2 )(
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kazJ −
bulk

cluster
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Tc reduced due to reduction in mean exchange interactions
At low T, Ms does not decrease due to the existence the energy gap
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soft hardRecording media,

Bapp Bapp
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z K
At the origin of coercivity :

anisotropy c-axis

c-axis



E = K1 sin 2θ + µ0 Ms H cosθ

E /  θ = K1 sin 2θ - µ0 Ms H sinθ
= sinθ ( 2 K1 cosθ − µ0 Ms H)

Emin   : sinθ = 0, θ = 0 or π
Emax :   cosθ = µ0MsH / 2K1

Coercive field : 
Emin and Emax join together :

µ0Hc = 2K1 / µ0Ms = HA
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Dipolar interactions not equivalent to magnetocrystalline anisotropy

Global phenomenon Local phenomenon

Non uniform configuration allows dipolar energy gain 
at the expense of exchange

#���������#���������#���������#��������� 	 � � 
 ��
	 � � 
 ��
	 � � 
 ��
	 � � 
 ��
 	 ���� � �	 ���� � �	 ���� � �	 ���� � � ���� �� � ��������� �� � ��������� �� � ��������� �� � �����
� � �� ���� � �� ���� � �� ���� � �� ���



Reversal by curling :

H. Frei et al.
Phys. Rev. 106 (1957) 446

Coherent rotation : Hc(θ) = HA / (sin2/3θ + cos2/3θ)3/2
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)(θH c θcos
1≈ Classical and quantum magnetization reversal studied

in nanometer-sized particles and clusters, W. Wernsdorfer
Adv. Chem. Phys., 118, 99 (2001)
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Emin : θ = 0, dθ/dz = 0

Emax :  Cosθ = 1 – (  2θ/ z2 )φsin
1

As

exch

HMµ
A

0

2 ∂∂

Reversal should occur by coherent rotation with Hc = HA

θ θ θ



Hc = HA

Magnetisation reversal processes
Perfect materials : 
Coherent rotation

µ0Hc ≈ 1/10µ0HA

Defects :
Nucleation + propagation

Hc(θ)

H

H

θ

Hc(θ)

activation 
volume

K K
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Fe   : δ ~ 30 nm
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Aπδ =

what happens for
D<δ ?



vg

V

vgvg

Correlation length in
Exchange-coupled nanograins

Anisotropy lost : volume term Exchange lost : surface term

correlation length ξ
correlation volume V = ξ3

ξ = π
K
A

V
vgwith =K Kg

vg

gδξ
4

=
N

1



vg

V

Correlation length and anisotropy

vg = 10 nm
soft δg ≈ 100 nm ξ ≈ 100 µm
hard δg ≈ 5 nm ξ ≈ 1 nm

V
v

KK g
g=

in soft materials

α6
1K g=

ultra-soft magnetic properties expected

δαδξ g
g

g

v
3

4

== with D
gδα=

Herzer IEEE Trans. Mag. (1989)

)(
12

D
gN

δ=

Nanoscale materials development 
for future magnetic applications
M.E. McHenry and D.D. Laughlin
Acta; Mater. 48 (2000) 223
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Exchange-coupled soft nanograins
Anisotropy and Coercivity

Ultra-soft magnetic properties

Anisotropy averaged over
many particles : extremely small

α 6
1KK g=

Kg = 104 J/m3

D =10nm, δg = 100nm
α = 10 10-2 J/m3=K



Ultra-soft
Nanomaterials

Problem :
How to combine large Ms,
large χ and high resistivity ?



A ~ 10-11 J/m  K ~ 107 J/m3

δg ~ 5 10-9 m
α = 0.5

Anisotropy remains large

Exchange-coupled hard nanograins

Hard nanomaterials

no anisotropy averaging



Grain boundaries
<1nm

Isotropic NdFeB with enhanced
remanence

d ~ 20 nm
Homogeneous size

Nd2Fe14B

Exchange-coupled
crystallites

Remanence
enhancement

Mr > 0.5Ms
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(McCallum et al. (1987) )



= 0.5 +β (1- )

fit gives β = 0.85

3)
2
11( α−

Remanence enhancement in NdFeB ribbons

~δ/2

α = D/δ
3)

2
11( α−

M
M

s

r

D/δ



Remanence enhancement and coercivity

K’  ~ K

Hc ~ (HA)’

3)
2
11( α−

3)
2
11( α−



NdFeB nanocomposites
(R. Coehoorn et al. J. de Phys. (Paris) (1988))



Hard

Origin of specific behaviour :

Soft

Nucleation : Soft

Propagation: Hard

Complete reversal

IRREVERSIBLE

REVERSIBLE

M

H

❶

❷

Magnetization processes in 
nanocomposites

d~20nm

dsoft < δsoft

(Kneller and Hawig IEEE Trans. Mag. [1991] )

The exchange-spring magnet : a new material principle 
for permanent magnets,
E. Kneller and R. Hawig
IEEE Trans Mag. 27 (1991) 3588



Soft phase hardening in nanocomposites
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dsoft = 20 nm Soft phase 
nucleation

Giant energy product in nanostructured two-phase magnets
R. Skomski and J.M.D. Coey
Phys. Rev. B48 (1993) 15812



Nucleation field 
in various RM/Fe multilayer nanocomposites
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µ0Hn = 1T Sm2Fe17N3-δ /Fe: ds = 10  nm
SmCo5/Fe : ds = 10  nm

Nd2Fe14B/Fe : ds = 7.5 nm

Skomski and Coey, Phys. Rev. B48 15812 (1993)



Propagation field

θmax

H

Hard

Hard

Soft
d

K∞

K=0

K

d

Aharoni :
Hp < 0.25 HA

Kronmüller :

Toussaint :

)1(
2

λ
λ

+
=H p H A with

A
A

M
M

s

h

s

h=λ

Hp ≈ 0.15 HA for perfect interface
and infinite thicknesses

Hp < 0.3 HA

Hp ≈ 0.1 HA for d ≈ 2δ
Nd2Fe14B

Hp < 0.8 T at 300 K



Propagation field in RFeB spring magnets
(S. David et al. 1999)

µ0Hp = 2.4 T 
µ0HA = 32 T

µ0Hp/µ0HA ≈ 0.075

µ0Hp = 0.5 T
µ0HA = 8 T

µ0Hp/µ0HA ≈ 0.055

Conclusion : large Hc requires nanoparticle size around 10 nm
+very large anisotropy



-

Magnetostrictive TbFeCo

Soft YFeCo layer

Substrate

Giant magnetostriction in multilayers

{

{

≈ 50nm

≈ 50nm
-

Magnetostriction : 
anisotropy induced by deformation

Exploit the concept of coupled nanograins
to get low anisotropy field (large magnetization of Fe)

+

+

+

+

Bapp



40 nm

TbFeCo

YFeCo

Nanocrystalline
YFeCo

Amorphous
TbFeCo

{TbFeCo/YFeCo}n multilayers
(Duc, Giang et al., JMMM, to be published)
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n
Magnetostrictive TbFeCo

Substrate

Giant magnetostrictive susceptibility

χ// = 13×10-2 T-1  at  µoH = 1.8 mT

Magnetostriction in 
{TbFeCo/YFeCo}n multilayers

(J. Betz et al. JAP (1998), N.H. Duc et al. JMMM (2001))

Soft YFeCo layer



Bapp

Torque due to the field is largely enhanced,
due to large magnetization of the Fe layer



Bexcit = 0.03 TeslaElliptic motion of the
teeth is source of motion

Magnetostrictive micromotors
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Meiklejohn and Bean, Phys. Rev. 102 (1956) 1413,
Phys. Rev. 105 (1957) 904  

Oxidised Co nanoparticles

FC hysteresis loop :
-shifted with respect to M axis
- increased coercivity

FC
ZFC

µ0HE ≈ 0.2 T
tFM

AFM

FM

Exchange bias
J. Nogués and Ivan K. Schuller
J. Mag. Magn. Mater. 192 (1999) 203

Exchange anisotropy—a review
A E Berkowitz and K Takano 

J. Magn. Magn. Mater. 200 (1999)



Spin valve systems

NiFe 6 nm
Cu      2.2 nm
NiFe 6 nm
FeMn 7  nm

NiFe
Cu

NiFe
FeMn

NiFe
Cu

NiFe
FeMn

(1)

(2)

(3)

B. Dieny et al. Phys. Rev. B (1991) 43 (1297)

(1)

(2)

(3)

0      25      50
B (mT)

µ0HE ≈ 50 mT



JexSFMSAFM ≈ 150 K

µ0 HE(calc) = 2.3 T

µ0MFM = 1.8 T 
tFM = 10 nm

HE(exp) ≈ 0.1 HE(calc)
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tFM FM

AFM
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with χ �� � = 1/WMechanisms for exchange bias
R.L. Stamps
J. Phys. D. : Appl. Phys., 33 (2000) R247
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Limit reached for E ≈ 25 kT

Co : V ≈ 100 nm3
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10 repetitions

10 repeats

Co nanoparticles

Matrix
(C, Al2O3, CoO )

Φ ≈ 4 nm

“cluster gun” + conventional sputtering

Average particle size
3-4 nm
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AFM matrix
TB ≈ TN CoO
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T = 4.2 K

µ0Hc = 0.76 T
µ0HE = 0.74 T

AFM matrix

Non-magnetic matrix

Shifted cycle + hysteresis
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FM Co

AFM CoO

Ecoupling ≈ - 10-22 J Ecoupling ≈ - 10-21 J

HµµE exchAFM0100
4=

%4750/27/ ==NN

Uncompensated case Compensated case

HE exchAFM
2

02
1 µχ−=

TH exch 840 =µ
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CoO [111] easy AFM plane

hard AFM plane

CoO AFM easy axis
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Co FM moment aligns along the dominant AFM sublattice
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FM rotation within the AFM easy plane
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Moment configuration after reversal
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CoO [111] easy AFM plane

hard AFM axis

CoO AFM easy axis
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FM moments align perpendicularly to the AFM moments 
and induce canting of the AFM moments



� �� ��������� �� ��������� �� ��������� �� �������� # � $ � ������ ���# � $ � ������ ���# � $ � ������ ���# � $ � ������ ���

Magnetisation reversal under field

µ0Happ
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FM moment rotation occurs 
in the plane perpendicular to the AFM easy axis

µ0Happ

AFM hard axis
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To this approximation, the final state is identical to the initial one 

µ0Happ
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E = -1/2 ∆χ⊥ µ0H exch
2

)1(
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α+wwith χ⊥ = 

Mµw
K

AFM
2

0

1

2
=α

K1 = 2.7 107 J/m3

Calculated µ0Hc = 1.3 T
Experimental µ0Hc = 0.76 T



Initial state

Final state

Identical to 

� �� �� �� �    � �!� �!� �!� �! 
 ���
 ���
 ���
 ���				� ����� ����� ����� ����

Other mechanism required to explain exchange-bias

Origin of µ0HE = 0.74 T ?
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Pre-existing canting at the CoO interface
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Average canting angle to account for µ0HE = 0.74 T
≈ 20°

usual value for oxide nanoparticles
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- 49 at% Fe 
- stack dimensions: 1.8×4.5×15 mm3

≈ 100 passes per cycle ;    tinit/tfinal ≈10
No stress-relieving heat treatment

1 2

4 3

4 rolling cycles

Hard FePt prepared  by sheath rolling
Hard-Magnetic FePt alloys prepared by cold-deformation
N.H. Haï, N.M. Dempsey, D. GivordJ. Magn. Magn. Mater. 262 (2003) 353
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Demagnetising field corrections
in a coercive system

HD = 0 HD ≠ 0

Implicit assumption : Magnetisation is homogeneous
Internal field is constant

In particular : M = 0       HD =O

M HD



=

HD =    (NM – Nb)<M>   + NbM

<M> = 0; => HD = NbM ≠ 0 => difference in Hc for OP and IP

(NM – Nb)⊥ ≠ (NM – Nb)// => difference in slope of OP and IP

Heterogeneous nanostructure

Reversal by blocks

Identical expressions as for reversal by blocks

Nb

Nb

NM

Demagnetising field 
in a heterogeneous system

+
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Ng Nb

Hard

Soft

µ0Happ

Dipolar interactions in a heterogeneous system

Hard grains Soft grains

= +



Dipolar interactions in nanocomposites

E = -
dip
soft −MN softg

2
02

1 µ MN softg αµ 2
02

1 MMN hardsoftg )1(0 αµ −+

Hd HcDipolar field= +

Created by hard and 
soft grains
in the environment

= +

Etot
soft Edip

soft HM appsoftµ0= -
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FePt/Fe3Pt
calculated versus experimental M(H)
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