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Why nanoscale/nanoparticles ?
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Why nanoscale/nanoparticles 7
Areas of interest

Basic research

stirface-to-volume ratio (STVR) increases.
3 nm — 1400 atoms: 40% atoms at the surface!
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« Surface and interface magnetism
.| +Control over magnetic anisotropy
« Stability and environmental compatibility

o
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Why nanoscale/nanoparticles 7
Areas of interest

Applications
Tayloring new functional materials/ funciionalized surfaces

Electronics
Ultra-high density media (Thit/inch), MRAM

Medicine, Bio —
Site-specific drug delivery, Hyperthermia -
treatment for malignant cells

Other...
Hard magnets (separation), nanosensors, MCE
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Magnetism - bulk vs. nano

Dimension reductionffrustration — influence on
electronic structure

Fhysical properties of the bulk material differ from
the nanoscaled one

Magnetism — consequence of spin and charge
motion |

Faolish - Czech Seminar, Wiroclaw G0 — 9 Februgry 2006



Magnetism - bulk vs. nano
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Magnetism - bulk vs. nano

Paramagnetism:

Mon-interacting moments in
tharmal equifibria

Iy

Curie law

W=7 |~

Magnetic moment

Unpalred eleclrons
{Hund's rules)
Paramagnetism |
Curie law

Magnetic field absent

In presence of magnetic field

Omitiing paired-electron case — cﬁ'amagneﬂﬂﬂﬁﬁﬁ"
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Magnetism - bulk vs. nano

Curie-Weiss law
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Magnetism - bulk vs. nano

}

Bulk ferromagnet

Nano-ferromagnet

Consequences
Bulk ferromagnet Nano-ferromagnet Consequences
Magnetocryslalline Single domain parlicle, Change of magnetic
anisotropy. giant moment, properties
magnelostalic classical behavior Superparamagnetism |
energy&domains
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Magnetism - bulk vs. nano 35—
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Magnetism - bulk vs. nano

Ferromagnetism
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Magnetism - bulk vs. nano

Fe ~ 30 nm
Co~ 70 nm
=mlo.~1500nm
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Magnetism - bulk vs. nano

E é:.:ﬁ" sin’ g — HM . cos(g - 9)

Superparamagnetism
Eimore (1938), colloidal Fe-oxide
Stoner-Wokhifarth

- no hysteresis

- no intrinsic anisotropy
paramagnet with a huge moment

| Déﬁ-r{:rﬁun - enf55ml;t'e of giant moments
without interaction and no effective
| anisotropy: Curie law, Langevin isotherm

Blocked state T < T,

He # 0, KV > KT Ho =0 K V< KT
+ rotation of M from the H L » coherent rotation
direction back to the nearest h@\‘h’ ~KgT of M, <M= =(

easy axis N

T>T, SPM state

-
“Polish - Czech Seminar, Wiroclaw S — 9 February 2006




Magnetism - bulk vs. nano

M i 6’1’:9’ sin’ g — HM . cos(g - 9)
t:'
% |E, ~ KV
N AN
E L Easy axis
a/ L= .
e N 10 years of stability:
et o - K VikgT ~ 40
mupmliz;i::-u an“g,le. G - typically ~25
Blocked state T < T, T, ToiT: SPM state
He # 0, KV > KT Ho =0 K V< KT
« rotation of M fromthe H + coherent rotation
direction back to the nearest @ ~kgT of M, <M= =10
easy axis T
'
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Magnetism - bulk vs. nano
Is there the only characteristic T 7

Depends on the volume and magnetic anisotropy (1 =72 s)
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Magnetic nanoparticles - facet of reality

Real system:

* Interactions between particles (reduction of K, change of T ...)
+ Size distribution

» Shape anisotropy
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Magnetic nanoparticles — facet of reality

How to deal with experimental resuits ?

Model system: CoFe,0,/SiO; nanocomposites
ensemble of monodisperse, noninteracting and
monoedormain particles embedded in magnetically inert
mialrix.
g >

Series of sampleﬁ S800 - S1100, ﬁarta-:le dlameter increases
with the annealing tempﬁfalﬁremm ~ Zem‘ftﬂ 8 nm
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CoFe,0,/5i0, nanocomposites

Motivation:

« Numerous studies of Fe, Nior Co nanosystems [1, 2, 3]
+ Fermrite particles — rich chemistry and physics
* Previous studies on NifZn (Cu), Mn/Zn ferrites [4]

Co/Fe — fernte!
* High values of H, and M in bulk
« Convenient fabrication technigues [5]

[ FC.Fanseca et al., PRE 66, 104406 (2002).
[2] & Fnidila et al., Jiidid 262, 363 (2003).
[3] 0. Kumar, dhivig 232, 167 (2001) \
© 4] E. G Smeling, Soft Fernfes; Propedies and Applicalions ~Buttenworths,
London, (1988)
[5]A4 . Hutlova et al, Advanced Matt 195¢5305 (2063,
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fgs CoFe.0,/Si0; hanocomposites

20 nm

Average particle size (radius):

S1100 f 7.5 nm
$1000 8.5 nhm
HR TEM: = ~ |S800 2.0.nm
Topcon: Scion Images software ) OO0 15 nm

(3
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CoFe,0,/5i0, nanocomposites

Magnetization ZFC-FC TRE Y | eI
* maximum on ZFC curve ? T
« particle size distribution, T, =T.... _EFC

Estimation of particle diameter from T

8= T o5kg = Ty
diar
=
Ty T Sre” T
S800 92 50 3.0
3900 116 60 3.3 s GAT
$1000 305 180 4.5 T
E'i"I_[IEI 350 - 5.0 s "
ZFC - zeno-fisid cooled S300
| A fistd-conled |
| mapnelization . ol ; -
| FPMS — Quaniurm Design Pl o _I":'fﬁ 100
-

(3
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CoFe,0,/5i0, nanocomposites

Magnetization below Ty 20

Coercivity, He- o S /”_#7’_'
a C

He enhancement due to:

= intrinsic anisotropy of particles
(surface effects)

2 S200
| 1 : 1._7'-’_‘.
1 a2

* inter-particle (dipolar)
interactions

Magnetizetion M (Anfkg )

* shape anisotropy field GG a4 TpRen poiildl F g

Applied magnetc freld, (LH (T)

M, (Am’kg™)  H(T)
SB00 ' 15 15
300 8 171 E
$1000 18 18 : ; e
$1100 19 - 5 M, increases with particle size
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CoFe,0,/5i0, nanocomposites

H
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CoFe,0,/5i0, nanocomposites

=it - =

A.c. susceptibility as a dynamic probe =
W o3 é
thermodynarmie relaxation - SFM E
W ¥
non-eguilibrium state — blocked state g
T3

probing field: H ~ H,.H(wt)
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Conclusions

v Manoscale opens new areas of inferest

v Magnetism is driven by sysfem dimensions

f There are relevant modeis o describe behaviorof
nanoparticle sysiems ..

¥ but real effects must be taken into account
v Observed phenomena depends on probing technigue
v Magnetic behavior of the CoFe, 0, nanocomposites can

be well described by the smgfe dr:.tmam particle theory, at
least distribution of particle sizes must be involved!
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Joint Laboratory for Magnetic Studies 4@} % J,,,,.

Experiments avallable in magnetic flelds up to 14 T:

Heat capacily (0.4 — 400 K)

Thermal conductivity (2 — 400 K)
Thermopower (2 — 400°K)

Magnetization (2 — 1000 K)

Dilatometry (capacilance ceil) (2 = 350 K)

SR L

and pressures up to 2.0 GPa..

v Magnelization (2 — 350 K)

¥ a.c. susceptibility (2-350K.1-10 kHz)
v Eleclrical and Hall resistivily (0.4 — 400K}
v Dilatometry (strain gauge) (2 — 350 K)

hﬁpif’kfas—ﬂ'ﬂ ,ﬁgﬁw mf.cuni.cziims/CZ/Defaulf_cz him*®

hittp #/kfes-80 karov.mff cuni.cz/kfesdidelana.php “ n
hitp ke s-80.Karlov.mff cuni oz/kes/index Bl
il
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Magnetization T < Tg

i 1/9 35
- N ey a0
HeolT) = Heg ’1 ( Tn) :| 2
l:.E.III
Greh 1
Tz (K) Heg(T) St |
SE00 80 19 3:
29800 105 2.0 B 2 4§ B 1D 12 4 16 1B
S1000 270 2.2 £
51100 295 2.9

Effect of patticie size distribution
close to the blocking region

DC magnetization
PPMS = Quantum Design
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Summary

Sample Tpik) Trik) TalK)l Tplk) foips) R imm) R (om) Hen
46 Tt Tiee ®ll) E 5 TEM/FWHM =g (1)
= — 02 =0 =) 1700 5 1520 1.0
2000 107 Ll il 105 5700} 3 340/3.0 1.3
S1000 200 305 1RO 975 £ 100 5.5 55/4.0 33
SL006  x 350 206 205 x 7.5 /5.0 2.9
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Why nanoscale/nanoparticles ?
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Why nanoscale/nanoparticles 7
Areas of interest

Basic research

stirface-to-volume ratio (STVR) increases.
3 nm — 1400 atoms: 40% atoms at the surface!
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« Surface and interface magnetism
.| +Control over magnetic anisotropy
« Stability and environmental compatibility
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Why nanoscale/nanoparticles 7
Areas of interest

Applications
Tayloring new functional materials/ funciionalized surfaces

Electronics
Ultra-high density media (Thit/inch), MRAM

Medicine, Bio —
Site-specific drug delivery, Hyperthermia -
treatment for malignant cells

Other...
Hard magnets (separation), nanosensors, MCE
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Magnetism - bulk vs. nano

Dimension reductionffrustration — influence on
electronic structure

Fhysical properties of the bulk material differ from
the nanoscaled one

Magnetism — consequence of spin and charge
motion |
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Magnetism - bulk vs. nano

Unpalred eleclrons
{Hund's rules)
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Magnetism - bulk vs. nano

Paramagnetism:

Mon-interacting moments in
tharmal equifibria

Iy

Curie law

W=7 |~

Magnetic moment

Unpalred eleclrons
{Hund's rules)
Paramagnetism |
Curie law

Magnetic field absent

In presence of magnetic field

Omitiing paired-electron case — cﬁ'amagneﬂﬂﬂﬁﬁﬁ"
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Magnetism - bulk vs. nano

Curie-Weiss law
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Magnetism - bulk vs. nano

}

Bulk ferromagnet

Nano-ferromagnet

Consequences
Bulk ferromagnet Nano-ferromagnet Consequences
Magnetocryslalline Single domain parlicle, Change of magnetic
anisotropy. giant moment, properties
magnelostalic classical behavior Superparamagnetism |
energy&domains
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Magnetism - bulk vs. nano 35—

3.0 ¢ ' -
S | .
Magnetocrystalline anisotropy (energy) = %7 B 2]
= "':" p— = &lfa, 2%
- spin direction with respect to crystal axes ﬁ:f' s
influence exchange energy 4 6 B 10 12 14
- easy/hard direction wH (T

—— e — e

Electron denstt:.r amsc:trn-py
(electronic structure, crystal lattice)

Bulk ferromagnet I
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Magnetism - bulk vs. nano
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Magnetism - bulk vs. nano
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Co~ 70 nm
=mlo.~1500nm
PEEEE e @9@
Pabal sl " M=
MAIYIOWS
Aot N e———— W
Nano-ferromagnet -
Single domain pariicle, "
giani moment,
= classical behavior

il
—

“Polish - Czech Seminar, Wroclaw 8 — 9 February 7006



Magnetism - bulk vs. nano

E é:.:ﬁ" sin’ g — HM . cos(g - 9)

Superparamagnetism
Eimore (1938), colloidal Fe-oxide
Stoner-Wokhifarth

- no hysteresis

- no intrinsic anisotropy
paramagnet with a huge moment

| Déﬁ-r{:rﬁun - enf55ml;t'e of giant moments
without interaction and no effective
| anisotropy: Curie law, Langevin isotherm

Blocked state T < T,

He # 0, KV > KT Ho =0 K V< KT
+ rotation of M from the H L » coherent rotation
direction back to the nearest h@\‘h’ ~KgT of M, <M= =(

easy axis N

T>T, SPM state

-
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Magnetism - bulk vs. nano

M i 6’1’:9’ sin’ g — HM . cos(g - 9)
t:'
% |E, ~ KV
N AN
E L Easy axis
a/ L= .
e N 10 years of stability:
et o - K VikgT ~ 40
mupmliz;i::-u an“g,le. G - typically ~25
Blocked state T < T, T, ToiT: SPM state
He # 0, KV > KT Ho =0 K V< KT
« rotation of M fromthe H + coherent rotation
direction back to the nearest @ ~kgT of M, <M= =10
easy axis T
'
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Magnetism - bulk vs. nano
Is there the only characteristic T 7

Depends on the volume and magnetic anisotropy (1 =72 s)

V (& nm) Ky ll'm?) Ty (K) K<V>
10 10 1520 || Fe= g
£ ||‘|E 0
4 108 g
i1 S |
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Depends on the time window t,, 100-5005|] 3" %) 101-10%s
of the measurement: : Erile %
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lr?-érmoﬁynﬂrnucrelaxﬂtmn - SFM g - f "“m.“"' |
b=, -
non-equilibrium state — Dlocked ctate
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Magnetic nanoparticles - facet of reality

Real system:

* Interactions between particles (reduction of K, change of T ...)
+ Size distribution

» Shape anisotropy

| v T ¥ T o ™
T =L

M [arb. units] =

L0} 3} ot
2 D} Erm:l:i\h\\
o5k ;..'E'. ?-L;"'-HT" . ]
Fa }! : iy T
Y ’ 1“ E ¥ 1 5 =
A 0.0k e yra— a— e T,
I (L Antoniakatal Europiiys. Let [2005) 48
5 ' o, o
! N b afle=t b S

1 ) "
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Magnetic nanoparticles — facet of reality

How to deal with experimental resuits ?

Model system: CoFe,0,/SiO; nanocomposites
ensemble of monodisperse, noninteracting and
monoedormain particles embedded in magnetically inert
mialrix.
g >

Series of sampleﬁ S800 - S1100, ﬁarta-:le dlameter increases
with the annealing tempﬁfalﬁremm ~ Zem‘ftﬂ 8 nm

ol

ot |
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CoFe,0,/5i0, nanocomposites

Motivation:

« Numerous studies of Fe, Nior Co nanosystems [1, 2, 3]
+ Fermrite particles — rich chemistry and physics
* Previous studies on NifZn (Cu), Mn/Zn ferrites [4]

Co/Fe — fernte!
* High values of H, and M in bulk
« Convenient fabrication technigues [5]

[ FC.Fanseca et al., PRE 66, 104406 (2002).
[2] & Fnidila et al., Jiidid 262, 363 (2003).
[3] 0. Kumar, dhivig 232, 167 (2001) \
© 4] E. G Smeling, Soft Fernfes; Propedies and Applicalions ~Buttenworths,
London, (1988)
[5]A4 . Hutlova et al, Advanced Matt 195¢5305 (2063,
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fgs CoFe.0,/Si0; hanocomposites

20 nm

Average particle size (radius):

S1100 f 7.5 nm
$1000 8.5 nhm
HR TEM: = ~ |S800 2.0.nm
Topcon: Scion Images software ) OO0 15 nm

(3
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CoFe,0,/5i0, nanocomposites

Magnetization ZFC-FC TRE Y | eI
* maximum on ZFC curve ? T
« particle size distribution, T, =T.... _EFC

Estimation of particle diameter from T

8= T o5kg = Ty
diar
=
Ty T Sre” T
S800 92 50 3.0
3900 116 60 3.3 s GAT
$1000 305 180 4.5 T
E'i"I_[IEI 350 - 5.0 s "
ZFC - zeno-fisid cooled S300
| A fistd-conled |
| mapnelization . ol ; -
| FPMS — Quaniurm Design Pl o _I":'fﬁ 100
-

(3
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CoFe,0,/5i0, nanocomposites

Magnetization below Ty 20

Coercivity, He- o S /”_#7’_'
a C

He enhancement due to:

= intrinsic anisotropy of particles
(surface effects)

2 S200
| 1 : 1._7'-’_‘.
1 a2

* inter-particle (dipolar)
interactions

Magnetizetion M (Anfkg )

* shape anisotropy field GG a4 TpRen poiildl F g

Applied magnetc freld, (LH (T)

M, (Am’kg™)  H(T)
SB00 ' 15 15
300 8 171 E
$1000 18 18 : ; e
$1100 19 - 5 M, increases with particle size
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CoFe,0,/5i0, nanocomposites

H

1.4

=
Magnetization above Ty = o W rﬁ
B |
Generalized Langevin scaling 5 ;.| = s
M/M, vs. HIT 2 i
T 05
= no hysteresis above T g m_ﬂj
- generalized Langevin scaling & e o4 02 ooF BNz 004 D06
« description by a single Langevin W HAT (T
function fails

» log-normal distribution of magnetic
moments or particle volumes

i ( by (b T,
._&-,l.r"‘"
Fj« aad 4700750
! So00  G700/27
3. f = 51000 8100/52
= f »  duda x -
—— zhgl:Langesin
—— log nzimal ’
Qi

HiT W
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CoFe,0,/5i0, nanocomposites

=it - =

A.c. susceptibility as a dynamic probe =
W o3 é
thermodynarmie relaxation - SFM E
W ¥
non-eguilibrium state — blocked state g
T3

probing field: H ~ H,.H(wt)

T=1; exp[E./ kgT]
%108 E,  Kx10¢®
(5) ) ~J.m)

S3900 1.8 1227 4
S800 1.3 920 3

s A | ©~009
1 '_|-_"|. |l'r-.':|_.-,l' [

"G F. Goya st Bl JAP 9498520/ (2003)

A, ¢ susceptibilEy (a.ul)

H, = 10 Qg f=10- 710# Hz
PPMS - Quantum Design

resal g |

—+— 100Hz
— |kHZ
—— 10kHz

 Imaginary "
16 12 43
HT a0 K
0 100 200 =00
Tk
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Conclusions

v Manoscale opens new areas of inferest

v Magnetism is driven by sysfem dimensions

f There are relevant modeis o describe behaviorof
nanoparticle sysiems ..

¥ but real effects must be taken into account
v Observed phenomena depends on probing technigue
v Magnetic behavior of the CoFe, 0, nanocomposites can

be well described by the smgfe dr:.tmam particle theory, at
least distribution of particle sizes must be involved!
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Joint Laboratory for Magnetic Studies 4@} % J,,,,.

Experiments avallable in magnetic flelds up to 14 T:

Heat capacily (0.4 — 400 K)

Thermal conductivity (2 — 400 K)
Thermopower (2 — 400°K)

Magnetization (2 — 1000 K)

Dilatometry (capacilance ceil) (2 = 350 K)

SR L

and pressures up to 2.0 GPa..

v Magnelization (2 — 350 K)

¥ a.c. susceptibility (2-350K.1-10 kHz)
v Eleclrical and Hall resistivily (0.4 — 400K}
v Dilatometry (strain gauge) (2 — 350 K)

hﬁpif’kfas—ﬂ'ﬂ ,ﬁgﬁw mf.cuni.cziims/CZ/Defaulf_cz him*®

hittp #/kfes-80 karov.mff cuni.cz/kfesdidelana.php “ n
hitp ke s-80.Karlov.mff cuni oz/kes/index Bl
il
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Many thanks to;

J. Plocek, D. Miznansky

Charles Univarsity in Prague, Faculty of Matural Sclences,
Begardment of Inorganic Chemistny

A. Hutlova

Czech Academy of Sciences, inshivia of inorganic Chemising
J-L. Rehspringer

B CME., Groupe des Maleralx norganiqlies

V. Eechnuuky

Charles University in Prag e, Far:;uftgr of hathematics And Bhysics,
Depaitment of Elecironic Shdiures

Thank you for your attention !

-
pat

I
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Remanence: amessure
of the remaining magnasization M a0
whian the driving fiakd is e
drepped 1o 2800,
H Earength o
L e ST S - mgﬂmﬂﬂ“
Coerciviry: a moasuse sinne)

o the reverse lleid nasded
w0 Arkve e mngnaﬁrath:rn
to zarg &l Deing salurabed.

Sahsration
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Matadial magnelized

to saturation by
Magnetization alignmanl of domains.
of matanal  pA
Whan driving magneti: fisld drops ]
to par, thi aaomagnatic matarial

it @ congideratla dagres of
magnatizalicn. This & useful a8 8

magnais memory devics,
[ ded o ferl == |

Tha matersl bows 8 on-linear
et aboh caEva whan
magnetized from a zero ek valus,

= - e Ll _ _
ﬂ'ﬂﬁ‘ﬂ Eﬂﬁ{;ﬁ'ﬂ -~ Applied magnetic
e SO =Y H field Intensity

This debvingg masgate Bekd must be
riversed and incread i o lnge
vahie b driva tha  magetizaton o

The hystarass loop shows the "histony
dependent” nature of magnetization of a
ferromagnetic material, Cnce the

- e
Py Clats material nas bean driven to saturation,
Y~ thie magnatizing {eld can than ba

Toward saluration in dropped o e and the malerial will

the cpposite direction retain roat of its magnetization (1

remembens ks histony],
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Magnatzalion

7

Fietaing & targe

fracean ol fa

sptueatian Meld | Moo |
whan deiving ?MMn :m
fig'd ramoved - M

Mesrow Hysianests Inpp Imphes
i smnd ampunt ol disgipabed
gy 0 by reaarsing
iy magnatization,

Apglied
Mapgatic
Frald

o o 0 - ---i_u"':---.--u

o
Diesiratda far pedman st The area af the
raprets mnd magnesa Pystareais loog is
ressorEng and mermary reatE 4 (e Ao
s of arangy dissipatsn
upan navarsal of 1ha
flad.
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Diesiratls far irensharmps

and mstar cared 1o minimize
thes endgy dssipalion with

ihe alberating Gelds associaled
wiih AT elecincal applicatans.
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Magnetization T < Tg

i 1/9 35
- N ey a0
HeolT) = Heg ’1 ( Tn) :| 2
l:.E.III
Greh 1
Tz (K) Heg(T) St |
SE00 80 19 3:
29800 105 2.0 B 2 4§ B 1D 12 4 16 1B
S1000 270 2.2 £
51100 295 2.9

Effect of patticie size distribution
close to the blocking region

DC magnetization
PPMS = Quantum Design
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Summary

Sample Tpik) Trik) TalK)l Tplk) foips) R imm) R (om) Hen
46 Tt Tiee ®ll) E 5 TEM/FWHM =g (1)
= — 02 =0 =) 1700 5 1520 1.0
2000 107 Ll il 105 5700} 3 340/3.0 1.3
S1000 200 305 1RO 975 £ 100 5.5 55/4.0 33
SL006  x 350 206 205 x 7.5 /5.0 2.9
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