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Hors d‘oeuvre

Synthesis and magnetism

Main course

Fe Pt,  nanoparticles (3-6 nm)

induced magnetic moment in Pt and interaction with Fe

CoO/Co nanoparticles (8- 12 nm)

»glant* magnetic moments at interior interfaces

Dessert

functionalisation and hybrid magnetic nanocomposites

,,Juminescent magnetism*
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Magnetic Orbital Moment

Magnetic Moment

Atom
Hiot = 9y Mg [J(J+1)]-

I

Solid state

_____ Uiot = 2 <SZ> + <LZ>

“HS” + ““L
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,Nanoparticle”: sizes

1 nm = 10 atoms

DNA = about 2.5 nm. Co auf (111)Au

s\
S |\
aae:

pm : Biological cells,
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Nanoparticle in solution = colloid
(greek: Kolla = glue , “Leim™)

Particle

diameters 5 —-1000 nm
(10°— 1072 Molmass)

« surfacel/interface IMPORTANT !
z.B. particle @ =52 nm, 1.3¢10"° /ml

=> 11 m?2/ml

54 atoms total 54 atoms total
24 reactive surface atoms 36 reactive surface atoms
30 non-reactive internal atoms 18 non-reactive internal atoms

UNIVERSITAT

DEUS I SSEBNU R G

Berkeley 041105 , 5 Experimentalphysik, Fachbereich Physik



Synthesis

» Organometallic Chemistry
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Synthesis (S. Sun et al., SCIENCE 287 (2000) 1989

\\I/ e.g. Fe and Pt
> FePt
// n\\ Types of surfactant used

CH3(CHz2)7CH=CH(CH2):C(=0)OH

* ® Oleic acid

Non-polar tail ﬁ Polar head

HR-TEM | | composition CH3(CHz);CH=CH(CH:)/NH>
and size Oleylamine

S. Stappert (DuisburgN y
43 + 3 % Fe 3.6 + 0.1 nm
48 + 2 % Fe 3.6 £ 0.1 nm
58 £ 3 % Fe 3.6 + 0.1 nm
70 £ 3 % Fe 2.6 £ 0.1 nm
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Two-dimensional Layers
by spin-coating on Si wafer
or “Self- Assembly”

magnetic colloid Fe,Pt,,

Spin-coating

UNIVERSITAT
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Self-assembly (10 Tb/inch?)

one monolayer of 3.6 nm FePt particles
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Magnetism

* Superparamagnetism
« Magnetic Anisotropy
* Magnetic Orbitalmoment

FePt

UNIVERSITAT
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Magnetic Nanoparticle

,,olocked* ,,superparamagnetic*
e.g. 300 K, Fe > ca. 16 nm

Depends on magnetic anisotropy, particle volume and temperature !

UUUUUU SITAT
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Superparamagnetism
Instability of the Magnetisation for small Volumina!

Energy

K anisotropy energy density
Ep=KYV | “«""
B u V' particle volume

magnetization angle, 0

Volume — ( (small)
stability Eg — 0
unstable !

BIG PROBLEM !

Berkeley 041105 , 12
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Zero-field-cooled / field-cooled magnetization
11.4 nm Co assembly

,.fime window*: minutes

2.0x10° - CT} o = FC (B, =5T, B,_=20G})
0ol W s ZFC (5 zoe) i
"0 50 100 150 200 250 300 350 400

T(K)

Blocking temperature Ty
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Shape anisotropy

(dipole-dipole interaction)

Magnetocrystalline anisotropy
(spin-orbit interaction)

Surface = Volume = Interface = Step
Anisotropy

Exchange anisotropy
(exchange interaction at FM/AFM interface)

Effective magnetic
Anisotropy K

Nanoparticle
magnetism
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Complex, non-collinear spinstructure
Exchange energy < magn. Anisotropy
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Magnetic Moment Orbital Magnetism

Bulk: py,,= 2 <S,> + <L,>

Hiot=gyMp[J(J+1)]-
“IJS” + 11 b}

ML

Temperature independent !

& . g-factor

Magnetic Anisotropy Energy :

A
MAE =—a-——Au;  Auy =y —

“p
MAE = E[om] -E [110]
=-K,-05K, +025K,,
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u u Figure courtesy of D. Weller, IBM,
H a rd M ag n etl C M ate rl a IS baied on data tyaken from B. D.
Cullity, Introduction to Magnetic
Materials, Addison-Westley,
10° 10 10° 10° 10" 10° 10°  Reading, MA, 1972, pg. 381, and
T. Klemmer et al., Scripta

Absolute Value of the Anisotropy constant K (ergs/em’)

NiD.FEEJ‘-‘I.. Cubic Metallurgica et Materialia 33
Ee (1995) 1793.]
CoOFe. O,

Ba0.6Fe O ———————

Hexagonal
—) Co T ————— Co0, 2.7x108

Fe,Nd.B
YCo, Oth
SmCo,|
smFe,, Til

Lid=1.1
P —————— =T )

<a

1 Ao .
L/d=10.0 Exp.: 1.76 meV per FePt pair

10,000 Ib/in”| 4-10 107 erg/cm3 , T.=750 K
100,000 Ibfin’ Stress Theory:1.2-3.9 meV/cell
500,000 Ibfin” |
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Nanoparticle Fe,Pt,

e Anti- or Ferromagnetic ?
* Induced magnetic moment at Platinum ?
» Magnitude of magnetic moment (u,uq) Fe, Pt ?

 Relative Orientation of magnetic moments ?

Fe ﬂ 0
Pt

Berkeley 041105 , 17 Experimentalphysik, Fachbereich Physik DEUS I SSEBNU RG




effective y, /pgin Fe Pt, 7

coupling scheme ? 4Jj coupling
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Magnetic Resonance 3 nm Fe-,Pt,,

//

9.829 GHz

/77

24.121 GHz

300 K

gluBBreS =h'U

&"/dB (a.u)

-10E_

Al

[

79.344 GHz

l /Y 1 4 1 5 1 1 3 1 4 1 4

0.0 0.2 04 0.6 0.8 1.0

26 28 3.0
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“LS” type coupling scheme
Induced orbital Pt moment couples to Fe orbital moment
In disordered Fe Pt,_,

Phys. Rev. B 69, 054417 (2004)
Europhysics Letters 70 (2005) 250

UNIVERSITAT
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FePt : Influence
of ligands and crystalstructure
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X-ray magnetic circular dichroism, L, ,-edges

®
10 — —_——
_ Fe48PT52-$chichT_ -3 A2 +2 (A;-A,)
- T=15K =
.o8L . Aiso
e
QL
|
§6 L al -A+ A,
<(4-_ _ Aiso
2t 7] 2 Aq - A9
i — = = 3 A3 + 2 AZ
69 070 071.072 0.73 074 0.75 0.76
§ Energie EkeV]
B A Difference M>0, M<O:
sY — XMCD"
v A
Rt 2
< |
-4 A, = >elementspezific M(H)

Berkeley 041105 ,

Energie

69 0.70 0.71 072 ,0171(‘ 74075 0.76
[keV]
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Sample morphology, FePt (6.3 nm)

As prepared particle

Fe-contents: (50 + 3) at%

Ligands: oleic acid, oleylamin
structure: fcc, chem. disordered
average diameter: 6.3 nm, _ = 0.9nm |
Average distance: 9 nm bt A

(in .islands" center-to-center)

UNIVERSITAT
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Chemical state FePt (6.3 nm)

=

w

@L

':;;'_

3l

+ |

&

2|

<|

-

_2-_ XMCD
0.68 070 072 074 0.

Energie (keV)

76

As prepared particle

XAS => doublepeak-structure at
L;- and L,-edge of Fe

-> particles (surface) oxidized

XMCD like metallic Fe

-> Fe-oxide antiferromagnetic
(a-Fe,05)

Berkeley 041105 , 24
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Iflasma cleaning FePt

Particle after H-Plasma (b Pa, 15 min at 300 K)

Oxidefree . Ligand free
(D | w
EL | Fel;, 1 é
_s T=15K | _g
g’ Q XAS ]
2| 9.
< <
= H.
2 0.0~
0. 28029 030 031 0.

Energie (keV)
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Structure and
magnetic properties
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Annealling FePt-Nanoparticles on Si-waver

Parameter: 30min at 600°C
in H-Plasma at 6Pa

goal: Transformation into chemically
ordered L1,-phase

-> ca. 20% of particles
are agglomerates
of 2-4 nanoparticles

B e ks, r el
| ‘ | QU R \\ s
Scanning Electron Microscopy \‘ \\1\3 T>800 K\\\ -

UNIVERSITAT
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Elementspecific M(H)-loops

®
fcc, chem. disordered annealed
—
8 H. = (36 £+ 2) mT A H. = (292 £ 5) mT
(O
S°6L|:<a L, — .4 Fel,
X "T=15K X | T=15K
0.4 0.4
Q | Q)
154 +
9.4 0.2
89 / ®
4 o L
0.2 . .2 /
i \\‘:»"‘}\ i O,
-0.4 KSR 0. & D
IR N
-0 ?f \\t§$§§\ -0. \ St
10 -05 00 05 10 3 >0 1 5 3
Magnetfeld (T) Magnetfeld (T)
Berkeley 041105 , 28 Experimentalphysik, Fachbereich Physik — EyRURE: NN A

ESSEN



l\/lagnetic Moments in FePt-Nanoparticles
Fe L; ,-edges

Befghe annealing Afier annealing (30min at 600°C)
=/ LS é T=15K
2 S S
—4 DAMTINAINS, A
i ENES +
+— et \;\\ o
:c - \\\\\E“\\ R
& ws i §
E :
S XMCD —
_2 -2
0 6 068070072 07F 0 Z 074 0.

Energie [keV]
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Magnetic Moments in FePt-Nanoparticles

Pt L; ,-edges

(D on
~ =
— T=8K —
(; XAS

+ , 'S
= S8S +=
(3:1 \\\\\f\\\\\ %
S e )
E - XMCDx4 4+
cF . &

O
|
O

60 7137281332 . 60 13.2813.32
Energie [keV] Energie [keV]
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Effect on magnetic moments

®
in 6.3 nm nanoparticle FePt
Fe Pt
slsl _[s] _slsl _Lsl
Before annealing 248(7) 0.056(10) 0.41(1) 0.054(2)
After annealing 2.59(8) 0.240(18) 0.41(1) 0.042(2)
theoret. L1, 2.50 0.064 0.41 0.020

After annealing: y, of Fe enhanced by 330%

u,_lus':e increases by factor 4 (2% - 9.3 %)

p, /Pt changes from 13% >10%
* Theory: I. Galanakis, M. Alouani, and H. Dreyssé, TMMM 242, 27 (2002)
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evidence for structural transformation
@

EXAFS (extended x-ray absorption fine structure)

//

XX
= 7/ Frequency of
T=8K . .
._'g EXAFS-Oszillations
L XAS
¢ 4l
[ ] . o
= Nearest neighbor
$is - distance
Q
c /
—
0.2 After annealing:
0.d decrease by factor
) 60 ) 30
. 0.97 £ 2
Energie [keV]
SERN theoret. value: 0.98
\{\\\:\‘A .;‘:\ N
\}\\;g: Q& tempern oS
- \‘\‘\‘\‘ _— SITAT
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Layer resolved structural relaxation!

Layer resolved magnetic structure ?

0.25
Fe.,Pt,s-Nanopartikel
024 ¢ 1. measurement
+6% fcc
3. measurement
T 0234 .
S N Pt
o I
0224 _ _____ i ~ = = = = === Fes,Pt,
b b i I
' _ o S N Feg,Pt
——————————————————— == F€g 1y
0.21- -3%, / - N |

Sub-Angstrgm-resolution of icosaeder FePt- soutside®— ,,in “
nittpenrichment at-surface
(Wang et al. submitted, NCEM, Berkeley)
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Summary FePt

 Experiments on oxide/ligand free particles from colloidal suspensions

« No influence of organ. Liganden on surface oxidized measurable
magnet. moments

« Struktural transformation in 6 nm FePt-Nanoparticles T > 800 K
evidence by Pt - EXAFS-Oscillations

» Transformation associated with
— Large enhancement of Fe-orbital moment (+330%)
— Increase of coercive field by factor 8
— Reductuin of induced Pt — orbital moment (-20%)

UUUUUU SITAT
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Core Shell Particles

,Co" = CoO@Co

Synthesis
Structural Properties
Chemical mapping

Some measurements with T. Radetic at (NCEM, Berkeley)

Experimentalphysik, Fachbereich Physik  EEUREN:RINEH
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Chemical composition
of Co particles in a ligand shell

TEM Co mapping Oxygen mapping

(a) TEM image of Co nanoparticles.
(b) Energy filtered images at the Co L;-edge (~ 778 eV)
(c) Energy filtered images at the oxygen K-edge ( ~ 543 eV loss)

spatial resolution 0.28 nm

U. Wiedwald et al., J. Vac. Sci. Technol. A 19 (2001) 1773 energy resolution 2.0 eV

M. Spasova et al., J. Magn. Magn. Mat. 240 (2002) 40

UNIVERSITAT
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Distribution of Cobalt and Oxygen

Cobalt L edge

Core/shell particle

CoO

- -
5 3
s 8
2,01
> >
h 212
(8) o'
S 15 c
£ g
= £
100 1.0

> 1015 20 25 5 10 15 20 25
position along the particle (n n ]
position along the particle (nm

spherical with a Co core (& 7-8 nm) and a CoO shell (2 - 2.5 nm)

M. Spasova, et al., Mat. Res. Soc. Symp. Proc. 721 (2002) 195.

UNIVERSITAT
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Moment

tal Magnetism p

ic resonance (FMR)

X-ray magnetic circular dichroism (XMCD)

IC

e ?
. waucmm

CoO@Co

-
%
0
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=

Magnet

Orb

Para/ferromagnet
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11.4 nm Co XMCD and EPR/FMR

U. Wiedwald et al. , Phys. Rev. B 68, 064424 (2003
hv XMCD y )

c XMCD:
e
AFM CoO M/ Hg =0.24 £0.06
Y => 300 % enhanced!

fcc volume: p, /ug = 0.08

' \" sampling depth:
XMCD : (app. 2 nm)
FMR (100 nm)
H: FMR:

B » hv g=2.15+0.005

M,/ ug = 0.075 = volume !
EPR/FMR
See also M. Spasova et al, NATO Science Serie |l.
Mathematics, Physics and Chemistry, vol. 91 (2003) 173.
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RESULT
1-2 nm CoO @ 7- 9 nm Co core

Phys. Rev. B 68 (2003) 064424, Phase Transitions 78 (2005) 85—-104

a) bulk like Co core

FM

FM CoO small p, /pus=0.08

b) large orbital magnetism (Co?*)
at afm/fm interface

=> uncompensated moments*

r=4nm

Co core

c) Model with app. 1 layer

of interface moments atr=4 nm
M, /us=0.5 — 0.7, explains XMCD ratio

Atom bulk
#e (uB) |ue () ni(ug) | Mi/Ms
Co [3d"4s*> 6.62 | 1.72 0.13 | 0.08
co®*| 3d7 6.62 | 662 3 | 06-1

Berkeley 041105 , 40
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Surface Functionalization
some possibilities

* Plasma cleaning

IIIIIIIIIII
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Plasma etching of CoO@Co

X-ray Absorption FineStructure

| after plasma treatment (Metallic)

780 790 800 810
Photon Energy (eV)

After plasma treatment

no movement or agregation by plasma treatment

UNIVERSITAT
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Magnetism after removal of oxygen

with H.-G. Boyen (Ulm) and K. Fauth (Wiirzburg, BESSY?2)

\\\\\\\\
\\\\\

XMED Differencg,(a. u.l

&
|

o 5 <
J((TtaFM CoO
Pl 1 T,
P . o
it et
2) |7
B K
— “L/“s = (0.08 fcc Co bulk
=g /ug = 0.24 CoO@Co
] ] ] ] I: ] I IIIIIIIII I IIIIIIIII I IIIIIIII

ChemPhysChem (2005) in press

Berkeley 041105 , 43
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Surface Functionalization
some possibilities

* Silica coating

IIIIIIIIIII
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Silica coated Co Nanoparticles !

: : g
Control of shell material and thlcknq%s_g,

&
NH,R Si(OH)s TES

NH,RSi(OH)

Tunable
Shell !
Yes !
UNIVERSITAT
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Surface Functionalization
some possibilities

* Plasma cleaning
 Silica coating

» Exchange of ligands
__ water based Fe Pt,

 Luminescent Magnetic Particles
 Magnetic capsules

IIIIIIIIIII
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Luminescent Magnetic Particles

Magnetic core
Fe oxide particles in silica

CdTe particles Shell of Silica
Adv. Funct, Mater. 15 (2005) 1036,
and Adv. Funct. Materials in press
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Luminescent Magnetic Particles

—.—before & A
——after

(=)
]

o
1 "

»

Normalizgd Luminescence (A.
G b L

550 600 650 700
A (nm)

Magnetic Luminescent Spheres before and after deposition of an outer shell of SiO,

UNIVERSITAT
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Luminescent Magnetic Particles

V. Salguerino-Maceira et al., Adv. Funct. Materials in press

UNIVERSITAT
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Surface Functionalization
some possibilities

 Exchange of ligands
__ water based Fe Pt,

IIIIIIIIIII
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Transfer of Fe,Pt,, Nanoparticles
from hexane into water

TMAOH -

(a) Fe Pt,_ (Hexane) (b) Fe Pt,__ (Water)

V. Salgueirifio-Maceira, L. M. Liz-Marzan, M.F. , LANGMUIR 20 (2004) 6946

UNIVERSITAT
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Surface Functionalization
some possibilities

 Magnetic capsules

UNIVERSITAT

DUISBURG

Berkeley 041105 , 52 Experimentalphysik, Fachbereich Physik LU IS8,



Multilayer-Composite Core-Shell Colloids

nanoparticles around a Latex core

two Fe,O, particle layers 2 Fe;0, layers

+ 3 Au layers

b)

0750 nm 0—870 1

J. Vac. Sci. Technol. A21 (2003) 1515
Au nanoparticles are encapsulated in a thin layer of silica. J. Mater. Chem. 15 (2005) 2095

UNIVERSITAT
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Magnetic Capsules (app. 900 nm)

Latex sphere coated by Magnetite nanoparticles

Removal of core
>

Phase Trans.(2005) in press

intensity / grb. units

0 = T - T ; ; - 0.0 — T : T T T y T
0.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 1.25
position fim position Am
UNIVERSITAT
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Dynamics
of nanostructured magnetic hollow microspheres

Simulation by M. E. Gruner and P.Entel

Fachbereich Physik, Universitat Duisburg-Essen, Campus Duisburg

Rotating magnetic field B

e=0.125 eV
Simulation: Experiment:
M. E. Gruner and P. Entel A. Schlacher, M. Spasova and M. Farle
UNIVERSITAT
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Summary:
Magnetsim of Colloidal particles

 control removal of organic ligands and oxides

* structure dependent enhancement p, / pg in FePt (L1,)
e orbital magnetic moment at the interface Co/CoO
< uncompensated magnetic moments

= No unusual, large magnetic effects
> 3 nm (= 1400 atoms)

Hybrid, luminescent
Nanoparticles

http:/l agfarle.uni-duisburg.de

UNIVERSITAT
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All Nanoparticles are magnetic !

Nijmegen High Field Magnet Laboratory

s B
-
;.r
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