Magnetic Nanocrystals

Colloidal Chemical Synthesis of Magnetic Nanoparticles

Synthesis of Monodisperse cobalt nanocrystals

and their assembly Into magnetic superlattices

Sun (now at Brown U.) and Murray (now at U. Penn) (IBM),
J. Appl. Phys1999 85, 4325.

1) Injection of dioctylether superhydride (LIBH) into
CoCl, dioctylether solution in the presence of oleic acid
(CH4(CH,),CH=CH(CH,),COOH)

2) Size fractionation to get monodisperse particles
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(a) nanoparticle (NP) synthesis by
high-temperature solution-phase
routes;

(b) size-selective precipitation, used
to narrow nanoparticle size
distributions;

C. B. Murray, S. Sun, H. Doyle, T. A. Betley, MRS Bull. 2001, 26, 985.
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Colloidal Chemical Synthesis of Cobalt Nanoparticles

High temp. reduction of cobalt chloride to yield eCo nanoparticles.
Injection of superhydride (LIBEt;H) solution in dioctyl ether

Into a hot cobalt chloride solution in dioctyl ether (200 °C)

In the presence of oleic acid and trialkylphosphine.

Addition of LIBEt;H (superhydride) into solution containing CoCl,,

oleic acid, diotylether, P(Bu);A aging at 200 C



Colloidal Chemical Synthesis of Cobalt Nanoparticles

Particle size was controlled by the steric bulkiness of surfactants.

Shortchain alkylphosphines allowed faster growth, and resulted in the|
bigger particles, while bulkier surfactants reduced particle growth and
favored production of smaller NPs.

1) P(GH7)3: 2T 6 nm. limited growth, 2) P(By)larger 7- 11 nm
particles. (Steric effect)

A further narrowing of particle size distribution was proceeded

using a size selective precipitation by the gradual addition of alcohol.
ASelective precipitation to get monodisperse nanoparticles

ABurst of nucleation followed by steady growth of those nuclei
ANovele-Co, annealing at 30 changed to hcp

ASmall enough to be superparamagnetic




Colloidal Chemical Synthesis of Cobalt Nanoparticles

XRD pattern of 11 nm sized e-Co nanocrystals
and (Inset) size-dependent XRD patterns
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Sun and Murray (IBM), J. Appl. Phys. 1999, 85, 4325.



Colloidal Chemical Synthesis of Cobalt Nanoparticles

9 nm sized Co nanocrystals form 2-dimensional hexagonal colosed
Packing demonstrates the uniformity of the nanocrystals
Inset HRTEM image demonstrates the high crystallinity

2-D hexagonal clospacking

Sun and Murray (IBM), J. Appl. Phys. 1999, 85, 4325.
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Colloidal Chemical Synthesis of Cobalt Nanoparticles
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3-D Hexagonal close packing

Dimensional hexagonal closed packing
of 9 nm sized Co nanocrystals
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Sun and Murray (IBM), J. Appl. Phys. 1999, 85, 4325.



Cobalt nanocrystals are superparamagnetic and room temp
and become ferromagnetic below blocking temperature.

1.0} 1.0
038 108
= 06} 106 T
N 04} o4 X
g 0.2} 10.2 E
E 0.0} 10.0
2 —0.2} 1-02 2
= —0.4} —04 =
= —0.6} —0.6 =
—0.8} —0.8
—1.0 —1.0
(l}g [ 6 nm 0 nm 1 60)
S ogfH, =2910e g H=00 "1 z
g o4}sk 1 200 K f |, 3
_g' 0.2F | ! - B
E 0.0} | ’ 0 5
g _0.2 [ 'y I _20 .-E
= —0.4} It by 8
= —0.6".”“‘..;-’ r“".-" —40 <
—0.8F (c) d | _ .
) et L . 160
-8 -4 0 4 8 —15 —-05 05 15
-6 -2 2 6 -1.0 00 1.0
H (kOe) H (kOe)



Synthesis of Fe-Pt alloy Magnetic Nanoparticles

Thermal decomposition of Fe(CO). followed by reduction of
Pt(acetylacetonate), by diol in the presence of oleic acid &Oleic amine

- Thermal annealing converts
Fcc to face-center tetragonal
Structure

-High-density magnetization
reversal transition
demonstrated

Sun and Murray, Science 2000, 287, 1989.



To prepare FePt nanoparticles

ACombination of oleic acid and oleyl amine to stabilize the
monodisperse FePt nanoparticles
AReduction of Pt(acac), by 1,2-hexadecanediol (polyol process)

ADecomposition of Fe(CO); in high-temperature solutions.
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S. Sun, Adv. Mater. 2006, 18, 393.



AComposition is adjusted by controlling the molar ratio of

iron carbonyl to the platinum salt.

Using dioctylether as solvent

A3:2 molar ratio of Fe(CO); to Pt(acac), gave Fe,,Pt:, particles,

Aa 2:1 molar ratio yielded Fe.,Pt,q,

A4:1 molar ratio produced Fe,,Pt,,
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Sun and Murray, Science 2000, 287, 1989.
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Synthesis of Fe-Pt alloys Magnetic Nanoparticles

Controlled Synthesis of Monodisperse Nanoparticles
Via Seed-mediated Growth process (Heterogeneous Nucleation)

AThe FePt particle size can be tuned from 3 to 10 nm by first growing
3-nm monodisperse seed particles in situ and then adding more
reagents to enlarge the existing seeds to the desired size.

Controlled Growth

Onto As-synthesized
_ ~ Nanoparticle Seed Surface
As-synthesized Uniform
Nanoparticles as Seeds

Sun and Murray, Science 2000, 287, 1989.
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Synthesis of Fe-Pt alloys Magnetic Nanoparticles

ARoom temperature ligand exchange of these long-chain
capping groups for shorter RCOOH/RNH,, (R = dodecyl
down to hexyl chains) allows the interparticle distance to be
adjusted.

AWith oleic group stabilization: hexagonal closed packing
and Spacing between nanoparticles of ~ 4 nm

A With hexyl groupsA 1 nm spacing

Sun and Murray, Science 2000, 287, 1989.
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Synthesis of Fe-Pt alloys Magnetic Nanoparticles

(A) TEM micrograph of a 3D assembly of 6-nm as-synthesized
Fe50Pt50 particles.

(B) TEM of a 3D assembly of 6-nm Fe50Pt50 sample after replacing
oleic acid/oleyl amine with hexanoic acid/hexylamine.




Synthesis of Fe-Pt alloys Magnetic Nanoparticles

XRD patterns (A) of as-synthesized 4-nm Fe;,Pt,4 particle assemblies and samples
annealed under atmospheric N, gas for 30 min at temperatures of (B) 450°C, (C)

Intensity (normalized)

500°C, (D) 550°C and (E) 600°C The indexing for fct FePt reflections

1) As synthesized particles have fcc
Structure (weakly magnetic),
2) After annealing at 560 °C,
fct phase (highly magnetic) was

generated, important for high areal

density magnetic storage media.
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SQUID results of Fe-Pt Nanocrystals

Curve A shows the in-plane coercivity of a series of ;140-nm-thick, 4-
nm Fe.,Pt,gs assemblies as a function of annealing temperature. Each
sample is annealed for 30 min under 1 atm of N,, gas.

Curve B indicates the composition-dependent coercivity of ;140-nm-
thick FePt assemblies annealed at 560°C for 30 min.
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Sun and Murray, Science 2000, 287, 1989.
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Demonstration of > terabit/in? magnetic storage media

Magneto-resistive (MR) read-back signals from written bit transitions

In a 120-nm-thick assembly of 4-nm-diameter Fe 4Pt., nanocrystals.

The individual line scans reveal magnetization reversal transitions at
linear densities of (a) 500, (b) 1040, (c) 2140, and (d) 5000 fc/mm.

(A) S ead e et RECOrding densities about 10 times

larger than the CoCr-based alloy media
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Direct Synthesis of Monodisperse Magnetite Nanocrystals
from Controlled Thermolysis of Fe-Oleate Complex
Without Size Sorting Process
(HEAT-UP PROCESS)

The monodisperse iron ferrite nanocrystals were produced
from the thermal decomposition of an iron-oleate complex,
which was synthesized from a reaction between Fe(CO).
and oleic acid at ~ 100 °C, followed by the controlled
chemical oxidation using trimethylamine N-oxide as a mild
oxidant.

T. Hyeon et al. J. Am. Chem. Soc. 2001, 123, 12798



