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Thin films ANd NANOSTRUCTURES
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From Macroscopic down
T0 NANOSCOpIC SIZES

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

I
10 pm 1 pm 100 nm 10 nm 1 nm 0.1 nm

= XPEEML TEME e ST STM

0D impurities
Magnetlc domains in 2D films 1D chains & 3D-2D nanoparticles single molecules

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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Driven forces at the nanoscale

Tailoring Magnetic Properties
Critical Temperatures
Magnetic anisotropy

Interfacial Phenomena
Induced Moments
Exchange

Reversal processes
Size and time scales
Magnetic Symmetry

Future Trends

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



A

Inter-atomic exchange:

unbalance of the electronic states
with spin up and down
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P N Magnetism And driving forces in THe Mavoworld

Inter-atomic exchange:
Atom Matter

b | NETIC ORDER
[ isotropic "

B spindown 0.1 eV/atom (Febulk)
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unbalance of the electronic states — —

with spin up and down

Spin-Orbit Coupling: Dipolar Interaction:

MAGNETOCRYSTALLINE ANISOTROPY: SHAPE ANISOTROPY
K _

2.4 neV/atom (Fe, )
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Magnetic Domains And Domain Walls

MAGNETOSTATIC ENERGY
MAGNETIC domAIN formATION

Large amounct of Lower magnetostatic Lower magnetostatic
magnetostatic energy energy than in (a) energy than in (b)

Domain wa._ll
Four E — _-I_ (AK)I_

domains

8 =m (A/K)"
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MA(]NETOSTATIC ENERGY MAQNETiC ANiSOTROP)’
MAGNETIC domain formarion Prelerential direcrion of the magierization
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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.

FM ultrathin film with uniaxial anisotropy,

easy-axis

30 15 0 15 30
MOH (mT) New Journal of Physics 12, 103033 (2010)
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MAGNETIC ANISOTROpPY

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.

FM ultrathin film with uniaxial anisotropy,

| | ) | lj -1.0

30 -15 0I5 30
MOH (mT) New Journal of Physics 12, 103033 (2010)
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Disentangling MAGNETiZATION REVERSAl pROCESSES

by vecrorial magneromerry

FM ultrathin film with uniaxial anisotropy, Appl. Phys. Lett. 90 032505 (2007)

easy-axis hard-axis

30 -1 0 15 30 30 -15 0 15 30

o (mT)
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Sources of MAGNETIC ANiSOTROpY
(broken symmerry)

*Magnetocrystalline anisotropy (crystal & surface lattice symmetry)

[0001]

___1I(HH

[1000] Hard Axes

8 x 1072

B (tesla)

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



| dea

Sources of MAGNETIC ANiSOTROpY
(broken symmerry)

*Magnetocrystalline anisotropy (crystal & surface lattice symmetry)
*Magnetoelastic anisotropy (strain)

*Shape anisotropy (demagnetizing fields)

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

Spin-orbit coupling Dipolar interaction Exchange coupling
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Iailoring Magnetic Properties € Interfacial Phenomena
Critical Temperature
Induced Moments
Magnetic anisotropy

Exchange
3D -> 0D

X
t:i
1"',#
159
'y

superlattice

&
23
#'I
)
=
50
L

e r'_'-"':u':.

-I-E:III:#
)

)
|

-
L

i
ol

'iu-l""':"_;. &
AR AN

A,

l%ﬂ- ﬂq-

- : -l""'q-
b? _3
*

e

St

a5

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



Thermal evaporarion

» Sputtering » Chemical vapor deposition (CVD)
» Pulsed laser deposition (PLD) » Molecular beam epitaxy (MBE)

11111
I s d
y“%
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Exchange-biased spin-valve
MTJ

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



[@ sU A

et

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

E.g., for bulk bcc Fe, 7 =8,
T=1040K,S=2,J=0.02 eV

interface: z.

bulk-like: z, [:;;:; A

Interface: z,
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q Critical Temperature in Magnetic Marterials
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FIG. 12. Temperature and thickness dependence of the ratio of
the two peaks in the Ni L,-XAS of N10O(100) thin films, taken at
normal incidence. Neel temperatures of T'yy=295, 430, and 470 K

can be found for the 2, 10, and 20 menolaver films, respectively.

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

Critical temperature decreases when thickness decreases
& dimensionality effect
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The ordering temperature of the AFM layers (FM nanoparticles) layers is enhanced above
the bulk 7 (7-) due to the proximity of magnetic FM (AFM) layers.

Exchange-coupling increases of 7, Exchange-coupling increases of 7
& 28ML Co
2.8ML Cu
~ Ty bulk FrT
¥ W ------ P S e — — Cu (007}
E P
i o
M/
-
/i &6 0 = [100] ZBML CL O\O |
1 _ O 4.8ML Ni Ni AT I
mn—qf;g o =[111] Or\c”,*EO\J/ PTI | ‘q___m;
! 150 200 250 300 350
0 * | | | T (K)
0 50 100 150

A. Ney et al, PRB59, R3938 (1999)

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

et

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 1in Co/Cu multilayers by Samant et al, Phys. Rev. Lett 72, 1112 (1994)

FEurophys. Lett., 66 (5), pp. 743-748 (2004)

DOI: 10.1209/ep1/12003-10253-5

Direct observation of local ferromagnetism
on carbon in C/Fe multilayers

H.-CH. MerTINS(*), S. VALENCIAZ, W, GuUuDpaT?, P. M. OPPENEER?,
O. Zanarko? and H. GRIMMER?
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Proximity effects : Induced Moments

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 1in Co/Cu multilayers by Samant et al, Phys. Rev. Lett 72, 1112 (1994)

XAS - existence of interface states, originating from partial
charge transfer from Ni to C atoms (strong hybridization)

- induced magnetic moment in the graphene layer

XAS intensity (arb. units)

I

4 m=1.8%0.6x1072pu,

A X8

| |
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L2 SU Mertastable Fe, Cu,  random alloys grown by surfactants | dea

element-selective magnetic properties of 37 ML Fes5Cuys
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Parallel alignment between Fe and Cu (induced) magnetic moments
Nifo et al (2014), in preparation
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FANISY Tailoring MagNeTocrystalline ANisoTROpY | dea

Surface-Interface effecrs
INTERFACE ENGINEERING

o o W 111
(@) Co/Cu(LLD) ) (b) Cu/Co/Cu(l1D) Perpendicular Magneric Anvisorropy (PMA)

i et two FM/NM interfaces
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Camarero et al Phys. Rev. Lett. 76, 4428 (1996)
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Magnetoelasrtic effecrs

Surface + ME 2Ks ‘—Kt versus t plot
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Camarero ef al Phys. Rev. B 64 125406 (2001) R. Jungblut et al., JAP7S, 6424 (1394)
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AR Dimension-depeNdENT MAGNETIC ANISOTROPY |

et

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 L;-XMCD signal

770780 790 800 810
Photon Energy (eV)

’/ZL 0.31
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DimensioN-depeENdENT MAGNETIC ANISOTROPY

enhanced orbital magnetic moment in 1D wires

Nature 416, 301 (2002); Phys. Rev. Lett. 93, 077203 (2004). .
1ch 2 chains 4 ¢hains

A
&
<

N’
>
e

o —
]
e
Q
s’
c

o —

AI'\

2

T'=10K ’
B=T7T

R-L Intensity (a.u.)

770 780 790 800 810770 780 790 800 810770 780 790 800 810 770 780 790 800 810
Photon Energy (eV) Photon Energy (eV) 0 PhotonEnergy (eV)

mp 0.68 Ly

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



DimensionN-depeENdENT MAGNETIC ANISOTROpY
finite-sized particles: the rise and fall of the magnetic anisotropy

coordinarion effecr
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P. Gambardella ef al., Science 300, 1130 (2003)
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Origin of Perpendicular maGNETiC ANiSOTROpY:
ORrbital moment in metal films: interface effecr

VOLUME 75, NUMBER 20 PHYSICAL REVIEW LETTERS 13 NOVEMBER 1995

Microscopic Origin of Magnetic Anisotropy in Au/Co/Au Probed with
X-Ray Magnetic Circular Dichroism

. Weller,” J, Suihr,” K. Nakajima,” A. Carl," LG, Samant,” C. Cha Ert,3 . ,3
D. Weller,! J. Stihr,! R Vakaji 2 A, Carl,'* M.G. S L C. Cl PP R. Mégy
P. Beauvillain,® P. Veiller,® and G. A. Held®
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Size effects : Domains ANd Reversal

balance of the exchange, anisotropy, and magnetostatic energies

Multi-domain l

reducing demagnetizing field,
but energy cost of domain wall formation

Closure-domain l

M . : : .
size at which the presence of a domain wall in
.. the material is not energetically favorable
L

for spherical single crystal nanoparticles > @

Single-domain

~ 6 nm (Fe); 30 nm (Co); 760 nm (SmCos)

critical

Domain wall |

TTT Exchange: A(d6/dz)? ]§ =4 (AK) By Anisotropy: K sin?e 11
short range 0 =T (A/K) ~ il I
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Multi-domain

Si7e effecrs : Domains ANd Reversal |
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Superparamagnetism for T>Tg=
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Thermal effecrs

Anisotropy barrier AE~KV

. up DOWN y

L. Né¢el, Ann. Geophys. 5,99 (1949)
Brown , PRB 130,1677 (1963)
Phenomenological thermal activation

Arrhenius law

AE
!'fET Precession

= AE=kgTIn(t /1)~ 25kgT

T =Tgexp

Experiments



Size and Shape eltecrs

J.I. Martin et al., J. Magn. Magn. Mater. 256, 449 (2003)
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ASPECT RATIO EFFECTS

D
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0

Closure-domain Vortex
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Timescales in magnetic maTerials

H- (0.1 MT/ >>  H0.1KT/
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La SUIA MAGNETiZATION REVERSAl: dynamics vs Quasi-sTATiC

Camarero et al, Phys. Rev. B Rapid Comm. 69, 180402 (2004); ibid 71, 100402 (2005)
[Pt 2 nm /Co 0.4],/Pt 2 —0— 9310' Oess
SRR E —0— 4310°Oefs
2.010° Oefs
—v— 9210’ Ocls
—=— 4310 Ocks
—e— 2010° Ocks

9.3 10° Oe/s
—v— 4510°Ocfs

600 450 -300 -150 O 150 300 450 600 24107 Oe's
H(Ce)

The evolution of both (i) shape and (ii) coercivity H. with dH/dr stresses a
transition between propagation to nucleation regime increasing dH/dt
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(i) square (lower dH/dt) < governed by DW propagation process;
smooth (higher dH/df) < domain nucleation process dominates.

(11) H increases as dH/d¢ increases
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P N MagneTization Reversal: dynamics vs Quasi-sTaTic

Camarero et al, Phys. Rev. B Brief Report 64, 172402 (2004); J. Appl. Phys. 89, 6585 (2001)
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Size +Thermal ettects: superparamagneric limir

Quasy-statici\ Superparamagnetic

H

Particle size

Ferromagpetic

non-hysteretic

hysteretic

Increasing dH/dt
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Multidomain
He<<Hy

Monodomain
H.=H,

Superparamagnetic

No-hysteresis
0.1 Hz

Hysteresis;
0.1 MHz
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Interlayer maGNETiC coupling THROUGH A NON MAGNETIC SPACER

Merallic Spacer pinholes oN Merallic Spacer
Ferromagnetic direct coupling A —— omagnetic direct coupling.
—
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Interlayer maGNETiC coupling THROUGH A NON MAGNETIC SPACER

Metallic Spacer
*Ferromagnetic direct coupling

*Oscillatory exchange coupling

spacer thickness. (~ several nm)
Fe/Cr/Fe: Grunberg et al, PRL 57,2442

Co/Cu/Co: Cebollada et al, PRB 39,9726
Parkin et al, PRL 66, 2152 (9

Interactions propagated by s-p e
*Topology of the spacer metal

surface (RKKY-type coupling).
Bruno and Chappert, PRL 67, 1602 (91)

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

pinholes oN Merallic Spacer
? omagnetic direct coupling.
—

notonic nonoscillatory variation
spiN polarized CURRENT spacer thickness.

Si/F'e:Toscano et al IMMM 114, L6 (92)

- - Fullerton et a/ IMMM 117, L301 (92)
—) —) 20/Fe/Co, AF coupling bellow 1nm

aure-Vincent ef al, PRL 89 107206 (02)

asymmetry of the reflections at
nterfaces. Bruno, PRB 49, 13 231 (94).
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L.“ ﬁﬁIEA' InTerlayer magNEeTic coupling THrRoughH A NON MAGNETIC SPACER
Merallic Spacer pinHoles Merallic Spacer

*Ferromagnetic direct coupling nagnetic direct coupling.

onic nonoscillatory variation

acer thickness.

ski, PRB 39, 6995 (1989);

e. Toscano et al IMMM 114, L6 (92)
llerton et al IMMM 117, L301 (92)
)/Fe/Co, AF coupling bellow 1nm
e-Vincent et al, PRL 89 107206 (02)

symmetry of the reflections at
rfaces. Bruno, PRB 49, 13 231 (94).

*Oscillatory exchange couph

spacer thickness. (~ several nm)
Fe/Cr/Fe: Grunberg et al, PRL 57,2

Co/Cu/Co: Cebollada et al/, PRB 39,9
Parkin et al, PRL 66, 2152

Interactions propagated by s-p
*Topology of the spacer meta

surface (RKKY-type coupling).
Bruno and Chappert, PRL 67, 1602 (¢

spiN polarized CURRENT

— —
I
—  —

“stray-field” coupling MAGNETOSTATIC Néel Orange-peel coupling
Moon et al, APL 64, 3690 (99) > — L. Neel, Comptes Rendus 255, 1676 (62)

<1 = PR

correlated topologlcal roughness at F/NM interfaces

Naogativa 1 a
1N \/sall Ve 111l

charges created by the reduce
plane dimensions of the structure.

soft

O
E.
1

= uncompensated magnetic poles at the edges — magnetic charges on topological bumps.

— antiferromagnetic coupling : = ferromagnetic coupling
Julio Camarero, Novel Frontiers in Magnetism, Benasque 12t February 2014




Exchange-coupled antiferromagNEeTic-ferrROMAGNETIC bilayers

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

antiferromagnetic material and a ferromagnetic material ™
W.H. Meiklejohn and C.P. Bean, Phys Rev B 102 (1956), 413.

1

AR | RRL TR RN RN

% Unidirectional anisotropy,
(1.e. shift in the hysteresis loop)

Ao

RS | AR

HE

i MR

TP (Y | EAY|

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



[@ sU A

1956 “A new type of magnetic anisotropy has been discovered
which is best described as an exchange anisotropy. This
anisotropy is the vresult 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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InTerFAcial spin fRusTRATION EffECTS La svlA
iNn FM/AFM systems

Jimenez et al. Phys. Rev. B 80, 014415 (2009), J. Appl. Phys. 109, 07D730 (2011)
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Inevitable atomically rough FM/AFM interfaces induces interfacial spin frustration
> magnetic reorientation in soft FM systems
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ENGINEERING MAGNETIC ANISOTROPY | dea

ElecTRONIC INTERACTIONS
perpendicular (hybridisation) unidirectional (direct exchange)

MAGNETOSTATIC INTERACTIONS
uniaxial
angle of deposition anisotropic stress, diffussion

R
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ENGINEERING MAGNETIC ANISOTROPY | dea

perpendicular (hyt ct exchange)

new (additional) magnetic anisotropy not

only alters the anisotropy axes ! -
= 1=

New magnetic behavior
coercivity,
remanence,

magnetic stability, N

magnetization reversal processes | ;
L

angle of depositio shape,...

htp Zhwanw.myoops.org!

by £ AN FEE Y
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Influence of ANisOTROpPY iN MAGNETIZATION REVERSAL

The (simultaneous) acquisition of the two in-plane magnetization components
M, and M, provide direct information about the magnetization reversal processes

Uniaxial Uniaxial+ Unidirecrional

— 18 nm Co/Ta/Si(111) Snm IrMn/18 nm Co/7a/Si(111)
1.0
My M,
3 5
.05 . 0.5
= ‘M, £ ~ i
= )
g E
= . ] =
% 0.0 il |10 % W
0.5 14 o0 2 | 2os
> 3 |=
- s 1-05 =
1.0 | R R v R e X S J-1.0
15 -10 -5 0 5 10 15-1.0 -0.5 0.0 05 1.0 -20 -10 0 10 20 -1.0 -05 00 05_1.0
M H (mT) M” (norm .u.) HoH (mT) M” (norm .u.)

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

The 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+ Unidirecrional

o . . — 18 nm Co/Tu/Si(111) Snm IrMn/18 nm Co/7a/Si(111)
1.0+ FM ,.L_r-——-:_-J M M
o 1
E 5
.05 1 . . 0.5 1
g ¢ g I
g =
3 e i NN | SRS = 1.0 % A [ e T - 71.0
5 = 10.5 ,_E = 105 ,_E
£h0.5 ; = | Bos § =
g e ——ejo0 2 ¢ e 400
1 . 105 & 1 F 105 &
-1.0 r‘——'—g@“@ N~ 140 | -10 F—-_—-Lm? | S P
-15  -10 -5 0 5 10 15-1.0 -0.5 0.0 05_1.0 -20 -10 0 10 20 -10 -05 0.0 05_1.0
HH (mT) M” (norm .u.) HoH (mT) M” (norm .u.)

Close to the e.a.: Sharp irreversible transition dominated > magnetization reversal is
governed 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

| ALY |
oo

Uniaxial anisotropy Biaxial anisotropy Uniaxial+Unidirectional
collinear configuration
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Jimenez et al., to be published Phys. Rev. B 80, 014415 (2009)

Appl. Phys. Lett. 95, 122508 (2009)
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Magnetization reversal of model systems II:

| ALY |
puion

Uniaxial anisotropy Biaxial anisotropy Uniaxial+Unidirectional
collinear configuration
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Jimenez et al., to be Bublished Phys. Rev. B 80, 014415 (2009)

Appl. Phys. Lett. 95, 122508 (2009)
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Magnetization reversal of model systems: angular dependence

FM(001) Ny

Uniaxial anisotropy Biaxial anisotropy Uniaxial+Unidirectional

SDO

poly-FM

UNIVERSIDAD AUTONOMA DE MADRID

FACULTAD DE

Jimenez et al., to be published
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Magnetization reversal of model systems: angular dependence

poly-FM

Uniaxial anisotropy

FM

Biaxial anisotropy Uniaxial+Unidirectional

Angular-dependent magnetic studies are required in order

to understand the properties of magnetic nanostructures.
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Jimenez et al., to be published
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The symmetry is found in the magnetic behavior, ]W”,R VS. HH

Uniaxial anisotropy
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Jimenez et al., to be published
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SpinTRONIC

Up to now, >20000 experimental works dealt with GMR phenomena of complex
multilayered magnetic nanostrucures with potential spintronic applications...

_ Magneric Tunnel Exchange-coupled
Spin Valve Juncrion SV and MT1J

FM2 FM?2

AFM

Magnheric NaNoSTRUCTURES
for Spintronic Applicarions

But, reported experiments rely on:
- magnetization or MR hysteresis curves acquired independently,
- measurements performed at a fixed angle of the applied field (~e.a.),

- ~nlv vho vallol FAmM ont Af +tho m
Uit L ici L i L

na nAanm 0 aonMmo 1C V'Df‘f\v'f‘lDf‘l
i [} l.lal al UIIII.IUI IVIiIL U [ § 3 Illaél 1o 1o 1 CLUILI UL L.

In addition, widely different hysteretic magnetoresistance behaviors, including
maximum MR values and curve shapes, are unexpectedly found for multilayers
with similar structures.
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ORiGin of MAGNETORESISTANCE i

Up to now, >20000 experimental works dealt with GM™. phenomena of complex
multilayered magnetic nanostrucures with potent’  sintronic applications...

| dea

?

magnetization reversal processes

A0 Phys. Rev. B 86, 024421 (2012)
- mp Ye- pendently,
i~ .e of the appiied field (~e.a.),
- only the pa qnpon. of the magnetization curve is recorded.

In addition, wi.ely different hysteretic magnetoresistance behaviors, including
maximum 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-valve

Sample fabrication: M. Mufioz, J. L. Prieto, M. Romera, J. Akermann @ W

15 nm IrMn ? 0.5

9 nm FeNi =
2 nm Cu 0.0
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Spin TRANSfER TORQUE STT effect ARG

Spin polarized current induces
- irreversible switching
- steady precession
- domain wall displacement

J. Mater. Chem. Highlight 19, 1678 (2009)

damainé wall
(———=
domain wall displacement

Magnetic switching and microwave generation by spin transfer
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dea ARrrificial MAGNETIC NANOSTRUCTURES

SPINTRONIC SYSTEMS
AT A spin-valves
HR j% B'-l-*-‘R e AFM/FM,/NM/FM,
JIIID

NM - metallic spacer

P g N —

Low dimensionality
Recording head

1995 Multilayered systems

{ L

GMR 1988 N/ e
Nobel prize 2007 _— Artificial interfaces

Shapes

Stimuli:
Magnetic fields (Oersted)

Electric Currents (STT)

Spin-Tran "

F power generators S -
RF power generators adapted from Stuart Parkin
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dea Towards multifuncrional materials. La sUA

Spintronics is the link between the magnetization orientation of a material and its
electrical resistance. In conventional spintronics these two properties are controlled by
applying either a magnetic field or an electrical current and measuring the resistance

Phisical Stimuli Materials multifuncionallity
Magnetic
Metals

Electric
field

Magnetic

Semiconductors

J. Mater. Chem. Highlight 19, 1678 (2009)
Magnetization state
1UB14NJ [e21103|3

The coexistence of different functionalities allows the realization of devices
with more than two-state logic, as used in conventional spintronics.
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Mulrifuncrional systems PN

Diluted Magnertic Semiconductors Mulrifferroics: magneroelecric memory

Electron

Semiconductor
Spintronics

Photon
Polarisation

1998 2008
GaAs with 5% Mn, but max. 7.=172K
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Diluted magneric semiconductors DMS

(Ga,Mn)As

H. Ohno et al. (1996): ferromagnetism
in GaAs thin films doped ~5% with Mn

Semiconductor
Spintronics

Photon
Polarisation

Magnetic Polarisation

Magnetic Field Strength

Benefits: Fast, small, low dissipation

devices Growth by low temperature MBE to beat

Quantum computation? equilibrium solubility limit

New physics
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How make Dilute Magnetic Semiconductor

Injection of Spin-polarized Magnetic - Realization of
electrons into semiconductor semiconductor Spintronics devices

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

0o o
® 060 o
® 6 0 +
®© 0 O o
o0 o

Semiconductor Magnetic elements




,(’a, swU A

Tuning of magNetic ordering by electric field PSS
(ferro-FET) (IN,MN)As

Insukator

T >0 ] ' is0 . J !
Metal gate 7772 77272 _ f B e Sample B 22.5K
L3 -. ® i y "" d ¥ o § i

(Al GalSh
AlSh
ahs substrate

L

Ohno et al. (Tohoku, Warsaw) Nature ‘00
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p-d Zener model prediction of T
5% Mn d°, p= 3.5x10?%cm™>

SI

Ge 3

GaP : :
GaAsH Light elements:

* strong p-d hybridisation

« weak spin-orbit interaction
|

|
100
'

I

Curie temperature (K)

T. D. et al. (Warsaw, Tohoku, Grenoble) Science’00, PRB'01
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Marterials showing Hysteresis ANd spoNTANEOUS
MAGNETiZATION ATZ200 K

(Zn,Mn)0O, (Zn,Ni)O, (Zn,C0)0, (£Zn,V)0, (Zn,Fe,Cu)O
(Zn,Cr)Te

(Ti,Co)O,, (Sn,C0)0, (Sn,Fe)0,, (Hf,Co)O,
(Cd,Ge,Mn)P,, (Zn,Ge,Mn)P,, (Zn,Sn,Mn)As,

(Ge,Mn)

(La,Ca)B,,C, Cg,, HfO...

=None proven to be 300 K ferromagnetic semiconductor

=Each brings new challenges
Moving beyond (Ga,Mn)As, Nature Materials 84, 195 (2005)
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i dea Origin of ferromagnetism in RT dilured magneric semiconducToRrs

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

Znﬂ.EECOU.UED

21, ;0 .0

Co metal

XAS (a.u.)

multiplets XAS - Co in an ionic state (diluted)

multiplets XMCD - the magnetic component
at high magnetic field can be mainly attributed
to Co in an ionic state

XMCD (a.u.)

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

Photon energy (eV)
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Origin of ferromagnetism in RT dilured magneric semiconducToRrs

,(’a, swU A

e

A meticulous XAS and XMCD investigation can reveal unequivocally the
electronic and magnetic properties of diluted magnetic semiconductors.
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Rode et al., Appl. Phys. Lett. 92, 012509 (2008)
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! dea Origin of ferromagnetism in RT dilured magneric semiconducToRrs

,(’a, swU A

‘h 2 Ila

A meticulous XAS and XMCD investigation can reveal unequivocally the
electronic and magnetic properties of diluted magnetic semiconductors.
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Rode et al., Appl. Phys. Lett. 92, 012509 (2008)

Evidence that in Co-doped ZnO thin films two magnetic phases coexist, a
paramagnetic phase associated to cobalt in ionic state and an extrinsic FM phase

associated to metallic cobalt clusters.
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namre REVIEW ARTICLE

A ten-year perspective on dilute magnetic
semiconductors and oxides

Tomasz Dietl?*

pp96s - 974
- 1]

editorial

Nature December 2010,
Volume 9 No 12 pp951-957 LLS L perature

Diluted magnetic semiconductors and oxides are interesting for fundamental science and applications
even without room-temperature ferromagnetism.

A window on the future
of spintronics

Hideo Ohno

Despite low transition temperatures, ferromagnetism in diluted magnetic semiconductors has been
essential in exploring new ideas and concepts in spintronics, some of which have been successfully
transferred to metallic ferromagnets.

Is it really intrinsic ferromagnetism?

Scott Chambers has worked on epitaxial oxide films for the past eighteen years. Nature Materials asked
him about his view on high-temperature ferromagnetism in diluted magnetic oxides.

L

Nitin Samarth has extensive experience in studying the properties of (Ga,Mn)As. He told Nature Materials
about the role that this compound has had in exploring the magnetic properties of semicondu

more generally, of spin-related phenomena.
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Electric-field control of local ferromagnETism  PEEEERG
using mulriferroics

Ferroelectric&AFM / FM
BiFeO, | CogoFeg;

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

Resistance

Electric-field comtrol of
ferromagnetism

Violtage

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



Electric-field control of local ferromagnETism  PEEEERG
using mulriferroics

Ferroelectric&AFM / FM

BiFeO, / CoggFeg XPEEM @ Co-edge
as grown after 'Epulse after +Enulse
My b AT AT F cll
1 :: S e\
: 3 X +1 e ™. ‘.
! J'.; _‘ . ';': | .
| g2 / | :
y A Lol Sl . % L -
i AT P 2.um
. { = R | —

Applied field Incoming X-ray A
during growth direction

Ramesh group & SLS, Nature Materials 7, 478 (2008): NanoLetters 8, 2050 (2009)
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PRL 102, 187201 (2009)

Volrage-driven meral-based spintronic devices

Electric Field-Induced Modification of Maanetism |n Thin- Fllm

Ferromagnets
Martin Weisheit, et al.
Science 315, 349 (2007);

DOI: 10.1126/science. 11366,

anisotropy

changes in the band structure introduced

by the electric field

nagmre .
materials

Fig. 2. Magnetization switching of
the 2-nm-thick FePt film for differ- 0.18+ g
ent U values between the film and 500 :v
the Pt counter electrode. g, the 061 | moomv
permeability of vacuum. g » -1000 mv
= 0.
2
3 0424
E 0.104
0.08
0.06 +

Electrical control of the ferromagnetic phase
transition in cobalt at room temperature

D. Chiba'?*, S. Fukami3, K. Shimamura', N. Ishiwata3, K. Kobayashi' and T. Ono'

LETTERS f #
PUBLISHED ONLINE: 2 OCTOBER 2011 | DOI: 10.1038/NMAT3130 1: .;,"
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PINTRONICS

Electric toggling of magnets

Electric-tield-induced toggle switching of nanoscale thin-film magnets signifies an important step towards
energy-efficient magnetic data storage.

E'hl'genyl Ikr'll_ Tgymbal quru“t M-ﬂlrEltll".LEl I l:_-‘lL 1 I .I"l I_I-"-H {Iull I ..... .:-II_ = '::-"|'|_""_E|I__'|_' T2l=fias

Induction of coherent magnetization switching in
a few atomic layers of FeCo using voltage pulses

, b |
nawre LETTERS
materlals PUBLISHED ONLINE: 13 NOVEMBER 2011 | DOI: 10.1038/NMAT3172

Yoichi Shiota', Takayuki Nozaki"?", Frédéric Bonell', Shinichi Murakami®?, Teruya Shinjo’
and Yoshishige Suzuki"?*

ARTICLES nature
PUBLISHED ONLINE: 13 NOVEMBER 2011 | DOI: 10.1038/NMAT3171 materlals

S A R S AR sy speye S
Iy

Electric-field-assisted switching in magnetic t
tunnel junctions -+

Wei-Gang Wang*, Mingen Li, Stephen Hageman and C. L. Chien*

Figure 1| Electric field effect on magnetization




commentary

MATURE MATERIALS | WOL 11| MAY 2012

Nanoferronics is a winning
combination

Manuel Bibes

Progress in controlling different ferroic orders such as ferromagnetism and ferroelectricity on the
nanoscale could offer unprecedented possibilities for electronic applications.

IPErSIan S¥mMme

Ifversian symimetsy: gra

g L

Figure 1| Schematic representation and hysteresis oycles of the four primary ferroic orders. Figure adapted
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TowARrds orGANiC NANOMAGNETISM

Our challenge is to start from molecules, existing as such in powders,
suitably designed to build magnetic solid thin films and multilayer

structures where:

= intermolecular interactions are strong enough
= large (magnetic anisotropy times magnetization) values

for the magnetic ordering to survive at room temperature.

Long spin diffusion length,

Multifunctionality,

Plastic technology,
Low cost,

Julio Camarero, Novel Frontiers in Magnetism, Benasque 12% February 2014
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Why Study Molecule-Based Magners ?

» New phenomena observed,
not in conventional magnets BULLETIN . seee

Publication of the Matarials Research Soclety

Novamber 2000, Volume 25, No. 11

» Tunable properties

(‘magnets by design’) Molecule-Based Magnets
» Light-weight, bio-compatible oleren e
alternative to conventional =
magnets
» Low-cost, low-temperature,
flexible syntheses
’,h\; « ®
G v S al®
adapted from A. J. Epstein, Ohio State University, USA % ~"November 2000
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Non-interacting molecules: Interacting molecules:
Single Molecular Magnets (SMM) RT organic magnetic systems

“m
=
-
=,
|_
<
s
-
W
- A
o
<L
=

MAGNETIC FIELD (T) Prussian Blue ?nolecular
structure
Long magnetic order
+ new functionalities

Large relaxation times (large K)
Very low T
Quantum phenomena
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Vol 445|18 January 2007 |doi:10.1038 /nature05439

1. CH5Cl,
+ 2 Ni{cod);

2. Hg':' .lr'Dg
tetracyanoethylene

MNC z CM NC
C CN -

2 A=TCNQ 3 A=TCNE

N

200 300 400 500
T (K}

Figure 1| Temperature dependence of field-cooled (25 Oe) magnetization . l .
for 1-3. Solid lines are extrapolations. ~350 mg Of the N12TCNE'based materlal

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




Vol 445|18 January 2007 |doi:10.1038 /nature05439

High-temperature metal-organic magnets

1. CH4Clo
+ 2 Ni(cod), [NizA:(O), (Hz0), (OH). ]

2. Hg':' / 'Dg
tetracyanoethylene

MNC

([

3 A=TCNE

M (e.m.u. Oe g)
-y
... .8

|
iy
=]

80
-50,000 —-25,000 25,000 50,000

200 0o
T(K)
Figure 2 | Magnetic hysteresis loops for 1 (black line), 2 (blueline), and 3
Figure 1| Temperature dependence of field-cooled (25 Oe) magnetization (red line) at 300K. a, =400 Oe. Inset shows expansion of the loop for

for 1-3. Solid lines are extrapolations. 1. b, 50,000 O,

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



Vol 445|18 January 2007 |doi:10.1038 /nature05439

High-temperature metal-organic magnets

Rajsapan Jain', Khayrul Kabir', Joe B. Gilroy', Keith A. R. Mitchell”?, Kin-chung Wong~ & Robin G. Hicks'

Qolortod motal_~vanido -hacod Aavoanamotallic mvmaonotc avdov noavr nv ahnavo RT

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

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

Conclusion

Presumably the magnetic material made upon dissolution of
Ni(COD); in CH»Cl5 consists of *nano’- or greater-sized particles
of nickel metal. This black powder magnetic material may also
have chlorine, carbon, and/or hydrogen present, but it certainly
acks the organic species used in the aforementioned paper. The

1
: I
B\

-50,000 —-25,000 25,000 50,000
0o

200
T(K)
Figure 2 | Magnetic hysteresis loops for 1 (black line), 2 (blueline), and 3
Figure 1| Temperature dependence of field-cooled (25 Oe) magnetization (red line) at 300K. a, =400 Oe¢. Inset shows expansion of the loop for
for 1-3. Solid lines are extrapolations. 1. b, =50,000 Oe.
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nawee 130/ 3d metals on supramolecular
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Figure 1| Planar supramolecular layers of Fe- TPA complexes
self-assembled on Cu(100). a, Fe(TPA) 4 array; blue dots indicate the B (T)
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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

*Polarization dependent element-resolved x-ray spectroscopy and microscopy studies.

*Biomedical aplications
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*Advanced planetary milling Lab.
*Chemical synthesis magnetic nanoparticles Lab.

eIncubation room lab for biomedical studies / Cell Culture
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