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Il. WHAT IS EXCHANGE BIAS » Exchange Bias Basics

FM film on top of AFM
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Displacement of loop Hep= (H* + H?)/2
after FC due to coupling _ N )
of the FM to the AFM Hc= (H*, — H)/2
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I. INTRODUCTION » Modeling Exchange Bias

Microscopic Origin |
of Exchange Bias?

Close contact
between
FM and AFM phases

-« Local magnetic moments, y;

* Proximity effects

* Exchange constants, J;
> > ~ Atomic details <Z
- Phenomena 2t ‘- e i * Anisotropy constants, K;

~interface (and bulk?)

7

- * Lattice structure, r;
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Il. WHAT IS EXCHANGE BIAS > EB Key Ingredients and models

KEY INGREDIENTS OPEN QUESTIONS

* Pinned Antiferromagnet =
High anisotropy Kugy

* Nature of interface interaction.

: : * Quantifying the loop shifts.
* Exchange coupling at the interface =

FMor AFM * Reversal mechanisms.
* Uncompensated moment of the AFM =

: * Hysteresis loop asymmetry.
Loop displacements

MODELS

* Schulthess, Butler (1998) =
Magnetostatic interations

* Meiklejohn, Bean (1956) =
Uncomp. Interface
Too large shift

* Malozemoff (1987) = .
Random field * Kiwi (1999) =

Interf. roughness Frozen interface model

* Stiles, McMichael (1999) =
Polycrystalline interface
AFM grains

* Mauri (1987) =
Interface AF Domain Wall

* Nowak, Usadel (2000) =
Domain state model
Diluted AFM

* Koon (1997) =
Spin-flop coupling

. U) 2
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lll. EB PHENOMENOLOGY » Experimental systems showing EB

W. H. Meiklejohn and C. P. Bean
Phys. Rev. 102, 1413 (1956); 105, 904 (1957)

(
AF on top of a FM material:
FeF,/Fe, MnF,/Fe, CoO/Py,...

Bilayered thin films >

(

NiO, CoO, CuO, FeOOH...
NiFe,O,, y-Fe,O3, LaCaMnO;,...

Ferrimagnetic and
AF oxide NPs

p
FM particles embedded Co in CoO, Fe in FeCl,,
in AFM matrix Fe in FeF,,...

Usually FM core + AF shell:
CoO/Co, Fe/FeO,..

or'e 7F\”
NPs

Review Article:
Exchange Bias phenomenology and models of core/shell nanoparticles
0. Iglesias, A. Labarta and X. Batlle
J. Nanoscience and Nanotechnology 8, 2761-2780 (2008)
Preprint: Cond-Mat/0607716
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lll. EB PHENOMENOLOGY

» Phenomenology in Core/Shell NPs
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lll. EB PHENOMENOLOGY » Phenomenology in Core/Shell NPs
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lll. EB PHENOMENOLOGY » Key Questions in EB Phenomenology

* Interplay with Surface Effects and
Interparticle Dipolar Interactions =

e Magnitude of the EB and coercive fields =

* Distributed properties and role of T, =

Shifted Loops after FC in H= 20. Vaids in all O sublattice and Surface voids in O and
0.166, Dsv=40, T= 0.5, Nmcs= 200, Nterma= 100, dH=2, dT=5

* EB vs. Minor loop Effects =

EB in core/shell NP’s Oscar Iglesias NE— — | ﬂ 9 TNTO9, Barcelona, September 8t 2009



IV. MICROSCOPIC MODEL

» Model for a Core/Shell NP

o o o e =~ B ] B =]
e =

B o e o o B [ <

Shell: antiferromagnetic (oxide)
Interface: spins at C/Sh with

nearest neighbors at the Sh/C

Core: ferromagnetic (Co)

Q
= e P e P B e P e P =
£ e R B e P P - T
= J

Nyora = 5575Ncy,e = 3071, Ngp o = 2504

Skumryev et al. Nature 2003

In a core/shell particle, the
interface is not well-defined as in
bilayers.

Interface spins are not
compensated nor
uncompensated.

O. Iglesias et al., PRB 72, 21240 (2005)

Exchange (n.n.) interaction:

Anisotropy energy

Jc > 0 (FM) at the Core

— —_ —_ ~ 2 — —
H/k, :‘ZJuSi .3, 'ZK(Si -ni) kY5, Js < 0 (AF) at the Shell
(i.j) i i

n,= z axis, uniaxial

Metropolis algorithm for continuous spins
S, = Heisenberg Spins in simple cubic lattice

EB in core/shell NP’s

Monte Carlo simulation,

anisotropy
J,e Z 0 (AF or FM) at the K at the Core
Interface K > K. at the Shell
J¢ Variable
Magnetic field is in
Zeeman energy h along z axis temperature units:
h=p H/kg

Oscar Iglesias

TNTO9, Barcelona, September 8t 2009




IV. MICROSCOPIC MODEL > Results: ZFC-FC Loops

AF Interface Coupling FM Interface Coupling
I =-057J_ J =+05],
i
=
n n
= S o
- 1 +
"..- 1
-0.4 _= £
- -
2 )
M S
Ilm 1
- )
~

Int
MSh

— mRTiioraliniufiiy
des e
\
02 \
- "
.. \ m [
8 LG )
- v

» Loop after FC is displaced towards negative » Shell behavior is dictated by coupling with the
field direction with respect to ZFC loop. core through J, . .

» Notice also the vertical shift of the shell » Changing the sign of the interface coupling
magnetization. influences the net magnetization at the interface.

O. Iglesias, X. Batlle and A. Labarta, Phys. Rev. B 72, 212401 (2005)
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IV. MICROSCOPIC MODEL > Results: Field Cooling

COLOR CODE: dark blue = core, green = shell

(cyan) = (core) interfacial spins
HFC A
Temperature dependence of Vi '% 74 K‘ v
magnetization under cooling field h,. = 4 AjHHAﬂAXAHl
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0.0 i Ve S | \ N . ‘
0 \ 4 ST(K)H \@ 20 O. Iglesias and A. Labarta, Physica B 372, 247 (2006)
A N ~ — After FC from high temperature T > T :
~
—>
N ~ » Core with FM order.
~N
P » Shell with AF order.
\\

———> » Interface spins have net magnetization along
z-axis.
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IV. MICROSCOPIC MODEL » Results: Increasing anisotropy

Increasing the anisotropy of the AF shell

2.0-_(3) |h-c|
s 1.6_
N i
. 1.2F
0.8
0’4_.|.|.|.|.|
0.0
> _ -02F
204l
% -
= -0.6F
-0.8F (b)
_1.0 I 1 | 1 | 1 | 1 | 1 |

» There is a minimum value of K

For low K, shell spins are dragged _
for observing EB.

by core spins during reversal.

» h. does not change appreciably.

0. Iglesias, X. Batlle and A. Labarta, J. Phys.: Condens. Matter 19, 406232 (2007)

N (U ®
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IV. MICROSCOPIC MODEL > Results: h; and H,

R = 12a, R, = 3a,

Role of the increasing Interface AF Coupling J, . Ko =10 K
Sh= c

>

4 N

H.decreases

Coupling of the core to
the shell helps the
reversal

\_ /

- A—aH, ~ \/
-3 o & & H,, increases )
!

¥
_4 ] ] ] ] ] ] ] ] ] ]
0.1 0.2 0.3 0.4 0.5 0.6 Linear variation with J,,,
|J /J due to the higher local
Int C exchange field acting on
the core spins.
O. Iglesias, X. Batlle and A. Labarta, Phys. Rev. B 72, 212401 (2005) \ /
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IV. MICROSCOPIC MODEL » Microscopic Origin of EB

Spins at the interface, two contributions:

Irreversible spins: pinned through the
hysteresis loop. Small fraction!

Reversible spins: reverse with the core due
to J,., do not cause EB.

Int?

@— from hyst. loops
(3—=E€) from formula, .]Sz 0.5

-1 [~ 0—© from formula, J =-1
| ] ] ] ] |

.
01 02 03 04 05 0.6
IJInthC|

» EB field is associated to the net
uncompensated magnetization of the pinned
interface spins at the shell.

» It can be quantified from the model !!

ie{Sh, Int
' / O. Iglesias, X. Batlle and A. Labarta, Phys. Rev. B 72, 212401 (2005)

N (U &
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IV. MICROSCOPIC MODEL > Results: Loop assymetries

Increasing interface exchange coupling

>
‘TInT = -0.2 JInT = -0.5 JInT = -1

M, = Magnetization projection LO(?p asymme.try is induced l_jy the
along easy-axis increasing interface coupling

EB in core/shell NP’s Oscar Iglesias et . TNTO09, Barcelona, September 8t 2009




ISms

Reversal Mechan

> Results

—
L
(]
o
=
—
o
o
O
72
@)
2
—
=

IV

COHERENT ROTATION

Descending branch

=
e LR TN
= A A g <o e <
N S S SV Y
—_egEaAAARAAEED T
N e e B o B B B B B B B B A
[ o e g N N L
N et U g e A T
<A B e e B B e e B B e A B B B
o N W .=
B e S T S )
PIa=L  C e LaL LCW  =
N A e L S W
B B e e e B B B B B B B B B B BB )
<A AR b A by
A AR A e e A A A <))
L e L N A ST
I e B e B - B B B B g N
B ]~ S W ST |
<= A AR A~ n
—e<r = S <
=<
-

=
== N 20
B A S T N e
LA AAAAAAQ A< a
oA AnAANAAMA A v
PETSSTAN W N W R W W W = NS
oA A A A A A ALAAA AL <>
<A AARALEAALAAAMMLAANQ <
<A AAaaadAdnnAannndQ=a
asanAaassAnanaannnd ==
<A aaaAsAnanang\\A =
e SN N NN NN
A AbhnnAARAAAAAR_QA\Q o
O A e kA A AR AN =
asaAAAARsl A AA\NAAAA\A =2
B oA AAAAAAAAAAAAA AL Q =,
VhVVV/!III)I’/V’VAV.ﬂ
=amal AA\A\\ A\ A==
<= AV A\ (A< )
=== 0244 A w=
S S ]
aSA < <e A £
~

-
A g S

A et So-asSAh<

p==

)
4914
247\
saeeseaws<LtP L |
Yy
- L
=)
AA
i1l
Vi

N>
>
b

y

N
b
2

R > A S SN Y 4

Tira
%
AR
NN
TAT
174

AP L~

1ild

Y
i B S

y
1y
V4
4

e S
A S RS D O L O
AR A L e e
AR AN D D A D e A
AR AR AR D D S e e g
AR RS A AN A N R e il
AR RARARAL A RS St
AR AN NS AN D S
AANS A AN A D AN N St o
AR M AL A AR A A A At
b b b 2 b A A A A s
ﬁA~~~w~\\\\‘

4
g
4

"4\&&\\\¥§\A'\
e T "
< c-<A g <
-
~
=<t <
At g A <A~y

ANV P LLAL PP A=<

AP PP PP IS ALY )<=~
===V PP PII P LAY Y PN
=AWV P WP P L LS ALLS )N

<\ PPV PP ISP ISP ras) S
<SP ALP P PSS AP asbsbaas=0n

=L p P PLPLALALSY s ssads<
S BPPPLAS ALY S assssL
EESYYYYYY DYDYy e
A ppApLLLLYAYPSSSALS
S LPPLPALpAPIYppasS )<
NS PP PP AP AP s AL A A
CDPPPPIISSAspansp) )<
P PPLALYP LSS assp e (V)
BN PPAapbpapsp P <o .
<P pasapapespe~ N
B 2D S Y L] |
< <LbE—a n
e L e
- =

-
b alh g A
—eat <G <=
_a P LA Sy
<) P AL AsASS LA <
< pPLrAsanssda)~>a
) PP aBSsassss L~
AP PPPPAP PSS s Aas bppn
A LS AL AL S Al Ad dadap
P V2 Yy Wy O P B iy 3 U o B
O SfpssS asaaqaddds)bor =
QAL ALY P AL S Ld PP £ ad b
A NS A APPP S adbAS adD o
e ALY s sdqaaddsad s
Y.V Y BRSPSy S Y Pt S
bdadlllddaddds s oo
'Aﬁ\‘\\“\\‘\‘\l&ﬂ"z
B, s SSasdqaalas<
SE VY Lawgbsbaban g N
LA AAAD A |

B L S I S N [ T )
b A <A~ "

- £

(%))
=
2
C
©
i
O
Q
S
“©
(%)
-
()
>
Q
| -
i)
C
Q
| -
e
=
O
@)
o+
Q
>
O
52
>
S
i)
(D)
=
=
>
(Vp)
©
o
@)
@)
-

increases with J,

and

NUCLEATION + PROPAGATION

Increasing branch

-
g L = S IS o
Aot S <I<ew
—_m s aaaaassaans—
< A BB d S DS AAMS >~ <
TG AAS S ALS AL LaL
AL ASASAADDLDLapaP <o
e R Y B W S L B Y e
NV LA AL ALLDdDY bad b
B ASL DS AL ALY AL A DLa b
O AMdaddSALS DAY A DLLA g
G AdbbdaedplalpLLbass,as—~
Ao b adAppAbpLrbabbada~s
e S O B e ek L
S 4wadaphrirpasbaaanc o
AT Addda bbb iAASALAALAAA &<
LA AL ADDDDS AL DS S L 7
Ao G pAadafacdAlp o
o fAhsasdedasae 0
N a<aaaadssdsbap<
=< =<2 u
i < <
-

-
=k gt an A

e A A<
<< POPPPLS )=
<44t P8
—=e==A 44444444
BN
A

14
=<AAAAAN P4 <
=<A4444Araa4 Al PP Ppop
A=A PAAAAAARNQA A W Vb=
L0 dAaAAAAANAALA ALY Y bar
A ¢ AAsARMARAAAALAAY Pa
S pAAAAARAARBAANAY pac<
S-S QAAAALAAAALARAAA ¢ ) b=
=4 CAAAAAAALEAAN & ¢ Qo
A4 anAanaanAand b m=
o4 QAAAAA AAAAANANY ¢t A
T AAAQAAAAALAANAAAY VA<=
L N R R W X R RN IR IR e o)
Ao ANAAN VPP PA g O

=<4 424 $pbLLLALE
AP <& < "
> <te<o < <7 P -
P
-

<A —gr—alb g
—_ s P e g

<SP LIL PP S po

<< P PIP I PP IS P)<a
i ddiddidddd sl
44430 AR NEddd i
e AAd AR AR B REN SN Y Y
S AP PEN P AN S P PP paxa
A A B R e Bl A d
S A4 PQAANANAAN VP S b b
S A AP AAAARARAAN P P pac=g
< s AP CAANAAANAAN P pp e
o A A4 QAAAAANNAN N ppramn
A4 AP P AAANAAANN S S p L=
A A LAAAARALNL NP
B¢ 4444 00480404294 5
Bl I O A R e
<A 4 S ab PSP Lo 0

< p L LLLP PP
== A SIS "
- - A i -
-

-
L e e S
g D<o A<
A AR N AR A NA RS
2eoAAAA AW\ Y s
e oAAAAAAAW\MA A AT
ol AAsAAAALLA ANA A
== A A QAarAAANAAANA ¢ P =
AA AAAAAAAARAAAAA ¢ I
< AAAAsAARAALA QA bbb
S AAAA A AR ALAAAALAALY b=
A4 A smannnAnbAnnld § ) L
A Q AARAAAAALARARAA Y dtg
= ALAAARAALAREAAAAAA 4 A S
<A AAAAAARARRAAAAAL 2o
oA AAAAALAARAAAA] b B
s AAaasdd A A\ \A g
AR AAAAAA A\ Yy 4
A Oe-ad A tAA A A s
—m—onaa b ssaQA<g (o)
B L e s [ T S A ]
< e~ "
= -
-
S <drwEe<1p
E<CANSr A <Je<d
<o AdAAAQAR QA <=
<a-LAAA AAAAAA YO
WA AARAALAARA AN <sg
BAAAAAARALRAAAAAA =
oA A AAAAASEEEAMAAA LA <>
<A A A A nEEEAALRAA LA o
A A AAALLL A LB hALALA b g
A AAAAARABRLRPESEAA Yo
SCAAAAAA LR REAREERLESBEANAA d<
<A A AAAA A ARRDRALSAA A<
A A A A A e b A A A o
SAAEAAEAA AR ALAA O
FAARAASEARREALRAALS A
BB A AARELERRAAASA <
S A AAAA A ANADL Oaog ™
A <A A AAAAAAMA A A g .
~=—=AdAdAAradAmsr Ao o
~p <o <Ur-ES g <<
et g < ]]

- £

Oscar Iglesias

o)
o
S
Y
£
o)
o
[}
o
=
[}
@
=%
o}
n
<
c
o
[}
(8]
<
It
m
o)
o
T
Z
T




IV. MICROSCOPIC MODEL > Results: Vertical Shifts

0.0
0.0

I
0.4 0.6 0.8 1.0
Wl e

0.2

Vertical loop displacements as a function of
interface exchange coupling

Configurations at remanence
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Particle Size dependence

IV. MICROSCOPIC MODEL » Results: Particle Size Dependence

From core/shell to AFM NPs

Particle with fixed diameter D, = 12 a

» Oscillatory dependence on particle

» hg shows a trend to decrease as size
increases as in experiments:

O. Iglesias et al., J. Phys. D 41, 134010 (2008)

EB in core/shell NP’s

Oscar Iglesias

O. Iglesias et al., J. Nanosci. Nanotechnol. 8, 2761 (2008)

TNTO9, Barcelona, September 8" 2009



IV. MICROSCOPIC MODEL > Results: Temperature and h;. dependence

Temperature dependence Cooling field dependence

2.6
24|
22 |
20 |
1.8 |
1.6 |
14 |

h (K)
N T N
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V. CONCLUSIONS

1.

Monte Carlo simulations at the atomistic level are useful to understand
microscopic origin of magnetic phenomenology of nanomagnets.

. The microscopic origin of EB has been unveiled and quantified. We have shown

that hg is due to the exchange field acting on the particle core, generated by the
net magnetization of uncompensated of shell spins at the interface.

Asymmetry between the descending and ascending branches of the loops has

been observed which increases with the strength of the interface coupling J, ..

Different reversal mechanisms: (uniform rotation, nucleation-propagation) are
responsible for it.

Vertical shifts, particle size, cooling field and temperature dependence can be
understood from the simulation results.

. Surface and interaction effects compete with EB and complicate interpretations.

Further simulation studies of interacting core/shell particles with internal
structure and particles embedded in a matrix are under progress.

More up to date information at the web page: http://www.ffn.ub.es/oscar
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