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T =17, exX( ﬁ) Neel-Brown model : Non-interacting nanoparticles
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E
T =T ew( T _T )) Vogel- Fulcher model: Interacting nanoparticles

-9 -13

r,~10 " -10 s Attempt frequency
8
Anisotropy energy g ~ k V ~ kT
Magnetic anisotropy constant
64 4 3
3% ku = 225 x 10 erglcm
GOE -
= 3 3
= 225 x10 Jm
4 - for LSMO single crystal
4 3
1.8x10 erg/cm

! I ! ! ! ! I
0.0300 0.0312 0.0324 0.0336 0.0348
1”T'T,u] Y. Suzuki, et al , J. Appl Phys. 83 (1998) 7064

A Rostamnejadi et al., J Magn. Magn. Mater. 321, 3126 (2009)
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Critical slowing down model
nteracting nanoparticles: superspin glass

s
Coherence length

TOC§Z

v =7, (T —Tg)/Tg]_ZV

zv =4 -13

cl and c2 parameters

AT, T, - T,

C, =
T;A(log ,, T)

AT Is the difference between
Ty measured at the A (log ,, )

¢c,~01 |[c,~1 non-interacting
Superparamagnetic

¢,~0.001 | c,~0.01 | strongly interacting
superspin glass

2.4

log(f)

1.6

I
-0.98 -0.96 -0.94 -0.92
log[(T-T )T, ]

To =178 x 100225 and zv = 20.4.

Inour case  Interacting
c,=0.0112 superparamagneti
c,=0.107 ¢ behavior

J L Dormann, et al., J. Magn. Magn. Mater. 203 (1999) 23
4/25/2013 C Jaeger, et al., PRB,74 (2006) 045330
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Experimental techniques for study of magnetic nanoparticles: ac magnetic susceptibility
Phenomenological models?!

T =1, exp( —a) Neel-Brown model : Non-interacting superparamagnetic nanoparticles
B
E a
T =71, exp( ) Vogel Fulcher: Interacting superparamagnetic nanoparticles
k(T -T,)
T, = 10 9 10 13 S Attempt frequency of relaxation of nanoparticles
; 6.00x10° 8
Anisotropy energy )
E ~kV =~ k_T I
a u B 450x10°4
4 5
ky =225 x10 erglem 2 . oo 6-
«E 3.00x10™ 1 .
Magnetic anisotropy constant 3 R =1
o f=111.1
. 2 1.50x10° - + =3333
for single crystal %f LSMO im0 LSMO: 16 nm
Is 1.8x10 erg/cm * 44
0.00
100 150 200 250 300 . : . : . : . : . :
T(K) 0.0300 0.0312 0.0324 0.0336 0.0348

U(T-Ty)
1_Adv. Chem. Phys. 98,(1997) 283.

2-J. Appl. Phys. 83 (1998) 7064
J Magn. Magn. Mater. 2009 (in press)
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Critical slowing down model Interacting
nanoparticles: super spin glass

s
Coherence length
z
T oc &

T =7, [(T —Tg)/Tg]_ZV

zv =4 -13

parameters c1 and c2

c

L=
T;A(log ,, )

AT

AT . 1S the difference between

T.measured at the A (log ,, f)

c~01 |¢c,~1 non-interacting
Superparamagnetic

¢,~0.001 | c,~0.01 | strongly interacting
superspin glass

J. Magn. Magn. Mater. 203 (1999) 23
PRB,74 (2006) 045330

Cole —Cole analysis

for a monodisperse SPM ensemble in zero-field with

arandom distribution of anisotropy axis directions

()= poe| 1+ 2L (7
X @)=t L T 2 (0 |
o = LT ®8)
m =
X S T 1+ (1)
where M, 1s the saturation value of the magnetization. De-

fining o= #@’l»ff 3K and o= KT/ kT and eliminating . one

gets

X'=4/1

III' / E .'|| 7 j I
AN

4

_allta)

2

r
X I (9)
FIG. 1. Cole-Cole plots, ¥"vs x', (a) analytically obtained for a
noninteracting monodisperse ensemble of SPM particles with
2, -
oM, /3K=1 and KV/kpT=1 (see text): (b) numerical result for a

| polydisperse ensemble with a log-normal distribution (circles) and a

Maxwell distribution (diamonds) of particle volumes with
,LLDMSJ /3K=1, K/kzT=1, 7p=1. AV=09, and (I)=1; and (c) shows
experimentally  obtained curves on the SSG  system
[CoFe(0.9 nm)/AlO3(3 nm)];, at three different temperatures, T
=50, 55, and 60 K (Ref 57). The particle sizes follow a Gaussian
distribution with ()=11.5 nm® and A¥=0.95 nm*. The frequency

1 range is indicated in the figure.
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FIG. 7. (Color online) Model magnetic structures for AFM nanoparticles. a)
AFM core, FM shell. b) FM core, canted shell. ¢) FM clusters embedded in
a canted structure.

A. Rostamnejadi, et al., J. Appl. Phys. 110, 043905 (2011)
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Exchange bias(EB) effect

EB is an interface effect in magnetic nanostructure.

FM/AFM, FM/SG, FI/AFM, AFM/SG, core-shell nanoparticles, phase separated manganites
and ...

When a sample with a FM-AFM interface is cooled in a static magnetic field from above the
ordering temperature of the AFM (7TN), the FM magnetization (M-H) loop shifts away from
H=0. The magnitude ofthis shift is known as the exchange bias (HE).

An unidirectional anisotropy is caused by the magnetic interface interaction.
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