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From Macroscopic down 
to Nanoscopic sizesto Nanoscopic sizes

Nowadays we can design `complex magnetic systems’ by controlling materials at y g p g y y g
the atomic scale, that is layer by layer, row by row, and ultimately atom by atom

1 m 100 nm 10 nm 1 nm 0.1 nm10 m

Magnetic domains in 2D films
0D impurities 

single molecules

Kerr XPEEM TEM STMSTM STM

1D chains & 3D-2D nanoparticles

Magnetic thin films & nanostructures exhibit a wide range of fascinating phenomena:
• Low dimensional effects: (tailoring) anisotropies, critical temperatures, magnetic moments...
• Proximity effects: induced magnetization in non-magnetic systems (noble metals)…
• Interfaces: exchange coupling (FM/AFM), oscillatory coupling (FM/NM/FM),…
• Magnetoresistance: Giant Magneto-Resistance GMR, Tunneling Magneto Resistance TMR,…
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OutlineOutline

Driven forces at the nanoscaleDriven forces at the nanoscale

Tailoring Magnetic Properties
C i i l TCritical Temperatures
Magnetic anisotropy

Interfacial Phenomena
Induced Moments
Exchange Exchange 

Reversal processes
Si  d i  lSize and time scales
Magnetic Symmetry

F  T dFuture Trends
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Magnetism and driving forces in the Nanoworld

Atom Matter

b l f th  l t i  t t  unbalance of the electronic states 
with spin up and down

J = 0 J > 0 J < 0
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Magnetism and driving forces in the Nanoworld

i t i

Atom Matter

0.1 eV/atom (Febulk)isotropic

b l f th  l t i  t t  unbalance of the electronic states 
with spin up and down

2.4 eV/atom (Febulk)
< meV/atom

anisotropic
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Magnetic Domains and Domain Walls

Magnetostatic energy
magnetic domain formationmagnetic domain formation

nm

The magnetization direction of thin magnetic films is 
typically within the surface plane  (in-plane anisotropy)
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Magnetic Domains and Domain Walls

Magnetostatic energy
magnetic domain formation

Magnetic Anisotropy 
Preferential direction of the magnetizationmagnetic domain formation Preferential direction of the magnetization

twofold fourfold twofold
in-plane out-of-plane

uniaxial biaxial uniaxial
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Magnetic anisotropy
Magnetic anisotropy is the direction dependence of a material's magnetic
properties.

A magnetically isotropic material has no preferential direction for its magnetic
moment in zero field, while a magnetically anisotropic material will align its
moment to an easy axis

1 0 1 0

moment to an easy axis.

easy-axis hard-axis
FM ultrathin film with uniaxial anisotropy, 
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Magnetic anisotropy
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moment to an easy axis

1 0 1 0
easy-axis hard-axis

m
T

m
T

T m
T

m
T

moment to an easy axis.
FM ultrathin film with uniaxial anisotropy, 

0.5

1.0

0.5

1.0= 0º = 90ºM||
M

-2
.5

 m

-0
.6

 m

0 
m

+ 
0.

6 

+ 
3.

6 

0.0 0.0 M

M||

-0.5 -0.5
M

-30 -15 0 15 30
-1.0

-30 -15 0 15 30
-1.0

H ( T)0H (mT) New Journal of Physics 12, 103033 (2010)

Julio Camarero, Novel Frontiers in Magnetism, Benasque 12th February 2014



Disentangling Magnetization reversal processes 

by vectorial magnetometry

FM lt thi fil ith i i l i t A l Ph L tt 90 032505 (2007)

10 10

FM ultrathin film with uniaxial anisotropy, Appl. Phys. Lett.  90 032505 (2007)
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Sources of magnetic anisotropy 
(broken symmetry)

•Magnetocrystalline anisotropy (crystal & surface lattice symmetry)

•Magnetoelastic anisotropy (strain)

•Shape anisotropy (demagnetizing fields)

•Exchange anisotropy (e g FM/AFM)•Exchange anisotropy (e.g., FM/AFM)

F Ni CFe Ni Co

Julio Camarero, Novel Frontiers in Magnetism, Benasque 12th February 2014



Sources of magnetic anisotropy 
(broken symmetry)

•Magnetocrystalline anisotropy (crystal & surface lattice symmetry)

•Magnetoelastic anisotropy (strain)

•Shape anisotropy (demagnetizing fields)

•Exchange anisotropy (e g FM/AFM)•Exchange anisotropy (e.g., FM/AFM)

Julio Camarero, Novel Frontiers in Magnetism, Benasque 12th February 2014



Tailoring Magnetic Properties Interfacial PhenomenaTailoring Magnetic Properties  Interfacial Phenomena 
Critical Temperature

d dInduced Moments

Magnetic anisotropy

Exchange
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Thermal evaporation
• Sputtering • Chemical vapor deposition (CVD)

• Pulsed laser deposition (PLD) • Molecular beam epitaxy (MBE)p ( ) p y ( )
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Ultrathin film Magnetic SuperlatticesUltrathin film Magnetic Superlattices

Exchange-biased spin-valveg p
MTJ
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Critical Temperature in Magnetic Materials

The Curie temperature depends on the p p
number of nearest neighbors z. 

E.g., for bulk bcc Fe, z = 8, 
TC= 1040 K, S ≈ 2, J ≈ 0.02 eV

Thi fil  d d b f ti i hbThin films  reduced  number of magnetic neighbors

1/t dependence1/t FM dependence
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Critical Temperature in Magnetic Materials

b.
 u

.)

b lk
3 ML Co/Cu(100)

450 K

XMCD  TC(tFM) XMLD TN(tAFM)

NiO20 ML

in
te

ns
ity

 (a
rb

T C
 (K

) TC
bulk

200 K
300 K

400 K
450 K NiO

10 ML

20 ML

K
er

r i

ra
tu

re
 T 200 K

5 ML
Magnetic field (Oe)

e 
te

m
pe

r
C

ur
ie

Co coverage (ML)
Schneider et al, Phys. Rev. Lett 64, 1059  (1990)

Co coverage (ML)

Critical temperature decreases when thickness decreases

Alders et al, Phys. Rev. B 57, 11623 (1998)

Critical temperature decreases when thickness decreases
 dimensionality effect
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Proximity effects : interfacial exchange induced order

The ordering temperature of the AFM  layers (FM nanoparticles)  layers is enhanced above 
the bulk TN (TC)  due to the proximity of magnetic FM  (AFM) layers.

Exchange-coupling increases of TCExchange-coupling increases of TN

TN

TB

Van der Zaag et al, Phys. Rev. Lett. 84, 6102 (2000)
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Proximity effects : Induced Moments

M ti  d l t l ti  t l XMCD

Induced magnetic moments have been found in non magnetic materials such 
as Pt, Pd, Cu, W, Ir, C, N  in contact with ferromagnetic ones

Magnetic and element selective tool  XMCD
First evidence in Co/Cu multilayers by Samant et al, Phys. Rev. Lett 72, 1112 (1994)
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Proximity effects : Induced Moments

M ti  d l t l ti  t l XMCD

Induced magnetic moments have been found in non magnetic materials such 
as Pt, Pd, Cu, W, Ir, C, N  in contact with ferromagnetic ones

Magnetic and element selective tool  XMCD
First evidence in Co/Cu multilayers by Samant et al, Phys. Rev. Lett 72, 1112 (1994)

W(110) Ni(111)/(110)
XAS  existence of interface states, originating from partial
charge transfer from Ni to C atoms (strong hybridization)

 induced magnetic moment in the graphene layer induced magnetic moment in the graphene layer

graphene/ Ni(111)/W(110)
mS= 0.69 µB
mL= 0.07 

1 8 ± 0 6 × 10−3
µB

mL= 1.8 ± 0.6 × 10−3 µB
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element selective magnetic properties of 37 ML Fe Cu

Metastable FexCu1-x random alloys grown by surfactants

4
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Fe Cu
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element selective magnetic properties of 37 ML Fe Cu

Metastable FexCu1-x random alloys grown by surfactants
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Tailoring Magnetocrystalline anisotropy

Surface-Interface effects
Interface engineering 

Perpendicular Magnetic Anisotropy (PMA)

two FM/NM interfaces

Perpendicular  Magnetic Anisotropy  (PMA)

two FM/NM interfaces

4 ML Cu

Cu(111)Cu(111) Cu(111)Cu(111)

3 ML Co
4 ML Cu

Cu(111)Cu(111)

with PbPb
as surfactant

Cu(111)Cu(111)

as surfactant 

roughness vanishes interfacial effectsroughness vanishes interfacial effects

Camarero et al Phys. Rev. Lett. 76, 4428 (1996)
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Tailoring Magnetocrystalline anisotropy

Surface-Interface effects Magnetoelastic effects

Camarero et al Phys. Rev. B 64 125406 (2001)
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Dimension-dependent magnetic anisotropy

P. Gambardella et al., Nature 416, 301 (2002); Phys. Rev. Lett. 93, 077203 (2004).

enhanced orbital magnetic moment in  1 ML thick Co film
Signature: rising of L3-XMCD signal 

mL 0 31
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Dimension-dependent magnetic anisotropy
enhanced orbital magnetic moment in 1D wires

Nature 416, 301 (2002); Phys. Rev. Lett. 93, 077203 (2004).

0 68mL 0 37 0 33 0 310.68 B
mL 0.37 B 0.33 B 0.31 B
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Dimension-dependent magnetic anisotropy
finite-sized particles: the rise and fall of the magnetic anisotropy

n = 3
Tdep = 10 K

n = 1
Tdep = 10 K

n = 8
Tdep = 83 K

g y

coordination effect

40 Å40 Å20 Å

P. Gambardella et al., Science 300, 1130 (2003)
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Origin of Perpendicular magnetic anisotropy:  
Orbital moment in metal films: interface effect
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Size effects : Domains and Reversal

balance of the exchange, anisotropy, and magnetostatic energies

reducing demagnetizing field, 
but energy cost  of domain wall formation

size at which the presence of a domain wall insize at which the presence of a domain wall in
the material is not energetically favorable

for spherical single crystal nanoparticles  critical  6 nm (Fe); 30 nm (Co);  760 nm (SmCo5)

Exchange: A(d/dz)2 Anisotropy: K sin2Exchange: A(d/dz)2

short range
Anisotropy: K sin2
local
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Size effects : Domains and Reversal

Th l ff

balance of the exchange and

Thermal effects

g
magnetostatic energies

reducing demagnetizing field, 
but energy cost  of domain wall formation

size at which the presence of a domain wall in
the material is not energetically favorable

L. Néel, Ann. Geophys. 5, 99 (1949) 
Brown , PRB 130,1677 (1963) 

b l bl ki T

i f / k

below blocking temperature TB

Superparamagnetism for T>TB= KV/25kB
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Size and Shape effects

J.I. Martín et al., J. Magn. Magn. Mater. 256, 449 (2003) 

ASPECT RATIO EFFECTSASPECT RATIO EFFECTS

SHAPE EFFECTS

Vortex
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Timescales in magnetic materialsTimescales in magnetic materials

HC(0.1 kT/s) HC (0.1 MT/s)       >>

Kerr images
[2 nm Pt/0.6 Co]5

Spin orbit Domain nucleation/Spin-orbit 
interaction Thermally activated processes

Domain nucleation/
propagation

Spin 
precession

10 15

Time (s)

10 12 10 9 10 6 10 3 1 10910 -15

Read/Write Storage

10 -12 10 -9 10 -6 10 -3 1 109

Ph t l t i

Magnetic media technology
Photoelectric
interactions

photon-based techniques
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Magnetization reversal: dynamics Magnetization reversal: dynamics vs vs quasiquasi--staticstatic

C l h id C 69 180402 (2004) b d 1 100402 (200 )

  9.3 101 Oe/su.
) [Pt 2 nm /Co 0.4]4/Pt 2

Camarero et al, Phys. Rev. B Rapid Comm. 69, 180402 (2004); ibid 71, 100402 (2005)
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The evolution of both (i) shape and (ii) coercivity HC with dH/dt stresses a 
transition between propagation to nucleation regime increasing dH/dttransition between propagation to nucleation regime increasing dH/dt

(i) square (lower dH/dt)    governed by DW propagation process;      
smooth (higher dH/dt)   domain nucleation process dominates.

(ii) HC increases as dH/dt increases
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Magnetization reversal: dynamics Magnetization reversal: dynamics vs vs quasiquasi--staticstatic
C t l Ph R B B i f R t 64 172402 (2004) J A l Ph 89 6585 (2001)
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Camarero et al, Phys. Rev. B Brief Report 64, 172402 (2004); J. Appl. Phys. 89, 6585 (2001)
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Size +Thermal effects: superparamagnetic limit

SuperparamagneticM MultidomainQuasy-static
H <<HHC<<HK

HK
H Monodomain

K

HC=HK

Ferromagnetic Superparamagnetic
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N h t i
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Interlayer magnetic coupling through a non magnetic spacer 

Metallic Spacer  
•Ferromagnetic direct coupling

Non Metallic Spacer
•Ferromagnetic direct coupling.

pinholes

•Oscillatory exchange coupling with
spacer thickness ( several nm)

•Monotonic nonoscillatory variation
with spacer thicknessspin polarized currentspacer thickness. ( several nm)

Fe/Cr/Fe: Grunberg et al, PRL 57,2442 (86)
Co/Cu/Co: Cebollada et al, PRB 39,9726 (89)

Parkin et al, PRL 66, 2152 (91)

with spacer thickness.
Slonczewski, PRB 39, 6995 (1989);
•Fe/Si/Fe:Toscano et al JMMM 114, L6 (92)

Fullerton et al JMMM 117, L301 (92)

spin polarized current

, , ( )
•Interactions propagated by s-p e-.
•Topology of the spacer metal Fermi
surface (RKKY–type coupling).

, ( )
•Fe/MgO/Fe/Co, AF coupling bellow 1nm 

Faure-Vincent et al, PRL 89 107206 (02)
•Spin asymmetry of the reflections at( yp p g)

Bruno and Chappert, PRL 67, 1602 (91). the interfaces. Bruno, PRB 49, 13 231 (94).

magnetostatic Néel Orange-peel coupling“stray-field” coupling g p p g

+ +– + ––

softsoft
N tM

JH 

y f p g

N ti i t ti b t ti

L. Néel, Comptes Rendus 255, 1676 (62)Moon et al, APL 64, 3690 (99)
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Negative interaction between magnetic
charges created by the reduced in-
plane dimensions of the structure.

correlated topological roughness at F/NM interfaces 
 magnetic charges on topological bumps.
 ferromagnetic coupling

 uncompensated magnetic poles at the edges
 antiferromagnetic couplingJulio Camarero, Novel Frontiers in Magnetism, Benasque 12th February 2014
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ExchangeExchange--coupled coupled antiferromagneticantiferromagnetic--ferromagnetic ferromagnetic bilayersbilayers

1956 “A new type of magnetic anisotropy has been discovered
which is best described as an exchange anisotropy. This

TTNN < T < T< T < TCC

Hg py
anisotropy is the result of an interaction between an
antiferromagnetic material and a ferromagnetic material ”
W.H. Meiklejohn and C.P. Bean, Phys Rev B 102 (1956), 413.
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AFj y ( ) AF

T < TT < TNNF

 Unidirectional anisotropy,
(i hif i h h i l )

T < TT < TNN

M

FM/AFM

F

AF

(i.e. shift in the hysteresis loop)FM/AFMF

AF

FFtM
HE




HF

AF FM

FFtM

HEHC

AF

F

AFAF

Julio Camarero, Novel Frontiers in Magnetism, Benasque 12th February 2014



ExchangeExchange--coupled coupled antiferromagneticantiferromagnetic--ferromagnetic ferromagnetic bilayersbilayers

1956 “A new type of magnetic anisotropy has been discovered
which is best described as an exchange anisotropy. This

TTNN < T < T< T < TCC

Hg py
anisotropy is the result of an interaction between an
antiferromagnetic material and a ferromagnetic material ”
W.H. Meiklejohn and C.P. Bean, Phys Rev B 102 (1956), 413.

H

F

AFj y ( ) AF

T < TT < TNNF
Main experimental evidences
 Unidirectional anisotropy,

T < TT < TNN

M

F

AF

FM/AFM

Enhanced coercivity:

F

AF FF
E tM

H


 01.0
FM/AFM

Enhanced coercivity:
HC (FM/AFM) > HC (FM)

Magnetization reversal

HF

AF FM Magnetization reversal
asymmetry

AF

F

AF
 also in perpendicular 

i t  t

HEHC

AF anisotropy systems
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Interfacial spin frustration effects 
in FM/AFM systemsy

Jimenez et al. Phys. Rev. B 80, 014415 (2009), J. Appl. Phys. 109, 07D730 (2011)

Inevitable atomically rough FM/AFM interfaces induces interfacial spin frustration Inevitable atomically rough FM/AFM interfaces induces interfacial spin frustration 
 magnetic reorientation in soft FM systems
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Engineering magnetic anisotropy

Electronic interactionsElectronic interactions 
perpendicular (hybridisation)  unidirectional (direct exchange)

FM

Co Pt

FM

AFM
Pt

Magnetostatic interactions
uniaxial

angle of deposition         anisotropic stress, diffussion           shape,…

Julio Camarero, Novel Frontiers in Magnetism, Benasque 12th February 2014



Engineering magnetic anisotropy

Electronic interactionsElectronic interactions 
perpendicular (hybridisation)  unidirectional (direct exchange)

FM
new (additional) magnetic anisotropy not 

only alters the anisotropy axes

Co Pt

FM

AFM

only alters the anisotropy axes

Pt

N i b h i
Magnetostatic interactions

uniaxial

New magnetic behavior
coercivity,
remanence,

angle of deposition         anisotropic stress, diffussion           shape,…
remanence, 

magnetic stability,
magnetization reversal processes
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Influence of anisotropy in magnetization reversal
The (simultaneous) acquisition of the two in plane magnetization components The (simultaneous) acquisition of the two in-plane magnetization components 

M|| and M provide direct information about the magnetization reversal processes

Uniaxial Uniaxial+Unidirectional
18 nm Co/Ta/Si(111)

AFM
FMFM 5nm IrMn/18 nm Co/Ta/Si(111)

Uniaxial Uniaxial+Unidirectional

Sharp irreversible & smooth reversible transitions can be observed in both M|| and M

The  vectorial plot  M vs. M  reflects the direction of magnetizationThe  vectorial plot, M vs. M , reflects the direction of magnetization
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Influence of anisotropy on Magnetization Reversal

The magnetization reversal is determined by the anisotropy of the system

Uniaxial Uniaxial+Unidirectional
18 nm Co/Ta/Si(111)

AFM
FMFM 5nm IrMn/18 nm Co/Ta/Si(111)

Uniaxial Uniaxial+Unidirectional

Close to the e.a.: Sharp irreversible transition dominated  magnetization reversal is 
d b  l ti  f ti  d i  d f th  d i  ll tigoverned by nucleation of magnetic domains and further domain wall propagation

Close to the h.a.: Smooth reversible transitions dominated  magnetization reversal is 
governed by in-plane magnetization rotation processes

The asymmetric reversal phenomena is intrinsic to exchange-biased FM/AFM systems
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Magnetization reversal  of model systems I: easy axis θH=0º
S poly-FM FM(001) FM

AFM
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Appl. Phys. Lett. 95, 122508 (2009)
J. Appl. Phys. 109, 07D730 (2011)

Jimenez et al., to be published
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Magnetization reversal  of model systems II: θH=-18º
S poly-FM FM(001) FM

AFM
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Appl. Phys. Lett. 95, 122508 (2009)
J. Appl. Phys. 109, 07D730 (2011)

Jimenez et al., to be published
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Magnetization reversal  of model systems: angular dependence
S poly-FM FM(001) FM

AFM
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Jimenez et al., to be published
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Magnetization reversal  of model systems: angular dependence
S poly-FM FM(001) FM

AFM
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Angular-dependent magnetic studies are required in order 
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Jimenez et al., to be published
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The symmetry is found in the magnetic behavior, MM||,R  ||,R  vs.vs. θθHH

Uniaxial anisotropy Biaxial anisotropy Uniaxial+Unidirectional
S poly-FM
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Spintronic
Up to now, >20000 experimental works dealt with GMR phenomena of complex 
multilayered magnetic nanostrucures with potential spintronic applications…

M

H

Spin Valve
Exchange-coupled

SV and MTJ 
M

H

Magnetic Tunnel
Junction

FM2 FM2

R/R

metal

R/R

HEinsulator
FM1 FM1

AFM

H H
Magnetic Nanostructures 

for Spintronic Applicationsp pp

But, reported experiments rely on: 
ti ti MR h t i i d i d d tl- magnetization or MR hysteresis curves acquired independently,

- measurements performed at a fixed angle of the applied field (~e.a.),
- only the parallel component of the magnetization curve is recorded- only the parallel component of the magnetization curve is recorded.

In addition, widely different hysteretic magnetoresistance behaviors, including
maximum MR values and curve shapes are unexpectedly found for multilayersmaximum MR values and curve shapes, are unexpectedly found for multilayers
with similar structures.
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Origin of magnetoresistance
Up to now, >20000 experimental works dealt with GMR phenomena of complex 
multilayered magnetic nanostrucures with potential spintronic applications…

M

H

Spin Valve
Exchange-coupled

SV and MTJ 
M

H

Magnetic Tunnel
Junction

FM2 FM2

R/R

metal

R/R

HEinsulator
FM1 FM1

AFM
magnetoresistive behavior 

H H
Magnetic Nanostructures 

for Spintronic Applications
ti ti  l 

?
p pp

But, reported experiments rely on: 
ti ti MR h t i i d i d d tl

magnetization reversal processes

Phys. Rev. B 86, 024421 (2012)
- magnetization or MR hysteresis curves acquired independently,
- measurements performed at a fixed angle of the applied field (~e.a.),
- only the parallel component of the magnetization curve is recorded- only the parallel component of the magnetization curve is recorded.

In addition, widely different hysteretic magnetoresistance behaviors, including
maximum MR values and curve shapes are unexpectedly found for multilayersmaximum MR values and curve shapes, are unexpectedly found for multilayers
with similar structures.
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EASY-AXIS behavior
Simultaneous v-Kerr + MR: spin-valveSimultaneous v-Kerr + MR: spin-valve

Perna et al., Phys. Rev. B 86, 024421 (2012)
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Complete angular study

i ║ e a 
MFM1e a

Mfree

M

i ║ e.a.
H


MFM2

e.a.
Mpinned
MM||||

M||

M 2  M //
2  M

2 cos
0H cos22

||
2  MMM

MM||||||

Perna et al Phys Rev B 86 024421 (2012)Perna et al., Phys. Rev. B 86, 024421 (2012)
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Complete angular study

i ║ e a 
MFM1e a

Mfree
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i ║ e.a.
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MM||||||

http://link.aps.org/supplemental/10.1103/PhysRevB.86.024421
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Spin transfer torque STT effect
Spin polarized current induces Spin polarized current induces 

- irreversible switching
- steady precession y p
- domain wall displacement
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Magnetic switching and microwave generation by spin transfer
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Artificial magnetic nanostructures
Spintronic systemsp y

Low dimensionality

M ltil d tMultilayered systems

Artificial interfaces

Shapes

Stimuli:

Magnetic fields (Oersted)

El t i  C t  (STT)Electric Currents (STT)
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Towards multifunctional materials.
Spintronics is the link between the magnetization orientation of a material and its

Phi i l Sti li M t i l  ltif i llitPhi i l Sti li M t i l  ltif i llit

p g
electrical resistance. In conventional spintronics these two properties are controlled by
applying either a magnetic field or an electrical current and measuring the resistance

ferromagmetal
MagneticMagnetic 

fi ld

Phisical Stimuli Materials multifuncionallity
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The coexistence of different functionalities allows the realization of devices

piezoelectricpiezoelectric

e coe ste ce o d e e t u ct o a t es a ows t e ea zat o o dev ces
with more than two-state logic, as used in conventional spintronics.
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Multifunctional systems

El tEl t

Diluted Magnetic Semiconductors Multifferroics: magnetoelectric memory

Electron
Charge

Electron
Spin

Semiconductor 
Spintronics

Photon 
Polarisation

p

Polarisation
1998
GaAs with 5% Mn, but max. TC=172K

2008

Magnetic molecules: new funcionalitiesM gn c mo cu : n w unc on

20082008
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Diluted magnetic semiconductors DMS

(Ga,Mn)As
H. Ohno et al. (1996): ferromagnetism 

h f l d d hElectron
Charge

Electron
Spin

in GaAs thin films doped ~5% with Mn

Semiconductor 
Spintronics

at
io

n

 c 
Po

la
ris

a

Photon 
Polarisation M

ag
ne

ti
Benefits:  Fast, small, low dissipation 

Magnetic Field Strength
Benefits:  Fast, small, low dissipation 
devices

Quantum computation?
Growth by low temperature MBE to beat 
equilibrium solubility limitp

New physics
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How make Dilute Magnetic Semiconductor

Injection of Spin-polarized 
electrons into semiconductor

Magnetic 
semiconductor

Realization of  
Spintronics devices

* magnetic semiconductor: An alloys of non-magnetic 
semiconductor and magnetic elements

+ =+

Semiconductor Magnetic elements DMS



Tuning of magnetic ordering by electric field 
f(ferro-FET) (In,Mn)As
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p-d Zener model prediction of TC
5% Mn d5 p= 3 5×1020cm-35% Mn d5, p= 3.5×1020cm 3
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Materials showing hysteresis and spontaneous 
i i 300 Kmagnetization at300 K 

None proven to be 300 K ferromagnetic semiconductorp g
Each brings new challenges

Moving beyond (Ga,Mn)As, Nature Materials 84, 195 (2005) g y ( , ) , , ( )
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A ti l  XAS d XMCD i ti ti   l i ll  th  

Origin of ferromagnetism in RT diluted magnetic semiconductors

A meticulous XAS and XMCD investigation can reveal unequivocally the 
electronic and magnetic properties of diluted magnetic semiconductors. 

3T
10

multiplets XAS  Co in an ionic state (diluted)

10 K 

p ( )

multiplets XMCD  the magnetic component
at high magnetic field can be mainly attributedg g y
to Co in an ionic state

Rode et al., Appl. Phys. Lett. 92, 012509 (2008)
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A ti l  XAS d XMCD i ti ti   l i ll  th  

Origin of ferromagnetism in RT diluted magnetic semiconductors

A meticulous XAS and XMCD investigation can reveal unequivocally the 
electronic and magnetic properties of diluted magnetic semiconductors. 

10 K
3T

10

multiplets XAS  Co in an ionic state (diluted)

10 K 10 K 

p ( )

multiplets XMCD  the magnetic component
at high magnetic field can be mainly attributedg g y
to Co in an ionic state

Rode et al., Appl. Phys. Lett. 92, 012509 (2008)
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A ti l  XAS d XMCD i ti ti   l i ll  th  

Origin of ferromagnetism in RT diluted magnetic semiconductors

A meticulous XAS and XMCD investigation can reveal unequivocally the 
electronic and magnetic properties of diluted magnetic semiconductors. 

10 K
3T

10

multiplets XAS  Co in an ionic state (diluted)

10 K 10 K 

0 Tp ( )

multiplets XMCD  the magnetic component
at high magnetic field can be mainly attributed

0 T
10 K 

g g y
to Co in an ionic state

Evidence that in Co-doped ZnO thin films two magnetic phases coexist, a
h d b l d h

Rode et al., Appl. Phys. Lett. 92, 012509 (2008)

paramagnetic phase associated to cobalt in ionic state and an extrinsic FM phase
associated to metallic cobalt clusters.
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pp965 974

Nature December 2010,

pp965 - 974

Nature December 2010, 
Volume 9 No 12 pp951-957
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Electric-field control of local ferromagnetism
using multiferroicsusing multiferroics

Ferroelectric&AFM /      FM
BiFeO3 / Co0 9Fe0 1BiFeO3 / Co0.9Fe0.1

M. Bibes & A. Barthélémy, Nature Materials 7, 425 (2008)
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Electric-field control of local ferromagnetism
using multiferroicsusing multiferroics

Ferroelectric&AFM /      FM
BiFeO3 / Co0 9Fe0 1 XPEEM @ Co-edgeBiFeO3 / Co0.9Fe0.1

M. Bibes & A. Barthélémy, Nature Materials 7, 425 
(2008)

as grown after -Epulse after +Epulse

XPEEM @ Co-edge

(2008)

Ramesh group & SLS, Nature Materials 7, 478 (2008); NanoLetters 8, 2050 (2009)
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Voltage-driven metal-based spintronic devices

anisotropy 
H

PRL 102, 187201 (2009)
changes in the band structure introduced HC

TC

changes in the band structure introduced
by the electric field

310 K 321 K
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T d i N iTowards organic Nanomagnetism

Our challenge is to start from molecules, existing as such in powders,
suitably designed to build magnetic solid thin films and multilayerg g
structures where:

 intermolecular interactions are strong enoughg g
 large (magnetic anisotropy times magnetization) values

f th ti d i t i t t tfor the magnetic ordering to survive at room temperature.

Long spin diffusion length,
Multifunctionality, Multifunctionality, 
Plastic technology,

Low cost,,
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Why Study Molecule-Based Magnets ?

h b d• New phenomena observed, 
not in conventional magnets

• Tunable properties 
(‘magnets by design’)     ( g y g )

• Light-weight, bio-compatible 
alternative to conventional alternative to conventional 
magnets

• Low-cost, low-temperature, 
flexible syntheses

November 2000adapted from A. J. Epstein, Ohio State University, USAp p , y,
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Intermolecular interactions are important ¡

Non-interacting molecules: Interacting molecules:Non-interacting molecules:
Single Molecular Magnets (SMM)

Interacting molecules:
RT organic magnetic systems

Prussian Blue molecular 
structureLarge relaxation times (large K)

Very low TC
Quantum phenomena

Long magnetic order
+ new functionalities

structure

Quantum phenomena
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Selected metal–cyanide-based organometallic magnets order near or above RT

tetracyanoethylene

~350 mg of the Ni2TCNE-based material
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Selected metal–cyanide-based organometallic magnets order near or above RT

tetracyanoethylene
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Selected metal–cyanide-based organometallic magnets order near or above RT

Chemistry World (June 2007): Magnetic dreams disputed¡¡
The holy grail is still to make a stable  well-characterised  RT molecular 

tetracyanoethylene
J. Miller & K. I. Pokhodnya, J. Mater. Chem. 17, 3585 (2007)

The holy grail is still to make a stable, well-characterised, RT molecular 
magnet.
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3d metals on supramolecular 
self-assembled structures

terephthalic acid (TPA)

T = 8 K
B = 6 T

p ( )

B = 6 T

T= 8 KFe on TPA/Cu(100) T= 8 K



Antiferromagnetic coupling between paramagnetic Fe-porphyrin molecules and
ultrathin Co and Ni magnetic films on Cu(100) substrates can be established by an 
intermediate layer of atomic oxygen.y yg

the responsible coupling mechanism
i tif ti his antiferromagnetic superexchange
mediated by the oxygen pz orbitals.



Program 3. Nanomagnetism
http://www nanoscience imdea org/research/research‐lines/nanomagnetism

•Development of new hybrid (inorganic-organic) magnetic nanostructures
•Magnetization reversal and magnetoresistive studies

http://www.nanoscience.imdea.org/research/research lines/nanomagnetism 

Magnetization reversal and magnetoresistive studies
•Polarization dependent element-resolved x-ray spectroscopy and microscopy studies.
•Biomedical aplications

•Multi porpuse UHV growth/spectroscopy Lab •Advanced Magneto Optics Lab•Multi-porpuse UHV growth/spectroscopy Lab.

•Advanced planetary milling Lab.

•Chemical synthesis magnetic nanoparticles Lab

•Advanced Magneto-Optics Lab.

•Magnetic microsocopy Lab.

•Magnetometry LabChemical synthesis magnetic nanoparticles Lab. 

•Incubation room lab for biomedical studies / Cell Culture

Magnetometry Lab.

•Magnetic Hiperthermia Lab. 
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NanomagnetismNanomagnetism group group ResearchResearchgg g pg p
Program 3. Nanomagnetism

Artificial magnetic nanomaterials 
thin films patterned nanoparticles multifuntionalmultilayers

FM2

g

FM1
AFM

Magnetic & transport properties 
magnetization reversal magnetoresistive response

[Pt/Co]5

static vs dynamics

Magnetic & transport properties 

FOV 1.5 m

Biomedical Applications
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Nanomagnetism group Nanomagnetism group ResearchResearch
Program 3. Nanomagnetism

Artificial magnetic nanomaterials 
thin films patterned nanoparticles multifuntionalmultilayers

FM2

g
Study of Low Dimensional Artificial Magnetic Systems

 Growth Modes
C t lli  St t FM1

AFM

Magnetic & transport properties 

 Crystalline Structure
 Electronic Structure

Magnetic Properties: static vs dynamic
magnetization reversal magnetoresistive response

[Pt/Co]5

static vs dynamics

Magnetic & transport properties  Magnetic Properties: static vs dynamic

 Transport Properties

l i i

FOV 1.5 m

 Magneto-caloric Properties

Development of new experimental tools

Biomedical Applications
Basic understanding of the growth processes and physical g g p p y

properties of new materials as a first step towards the 
development of devices with custom-chosen propertiesp p p
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