Chapter 7 Nanostructured
Ferromagnetism

strength of the magnetism that is present. Atoms in the various transition series of
the periodic table have unfilled inner energy levels in which the spins of the electrons -
are unpaired, giving the atom a net magnetic moment. The iron atom has 26 Vol b\ l /
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The Interaction between atomic magnetic
moments Is of two types:
e 1. EXxchange interaction

L
E= j[-‘;ﬂ:]mum(z} — ¥, (¥p()I'dV; dv, (7.1)

which involves carrying out a mathematical operation from the calculus called
integration. Expanding the square of the wavefunctions gives two terms:
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(7.2)

The first term is the normal Coulomb interaction between the two charged particles.
The second term, called the exchange interaction, represents the difference in the

Heisenberg model of magnetism E=J
S..S,

J>0 is antiferromagnetism

J <0 is ferromagnetism

By -

2. Dipolar interaction  =5—2=30 -0

i

(7.3)



1. Exchange interaction

In the case of a small particle such as an electron that has a magnetic moment, the
application of a DC magnetic field forces its spin vector to align such that it can have
only two projections in the direction of the DC magnetic field, which are :i:% Un,

where pp 1s the unit magnetic moment called the Bohr magneton. The wavefunction
representing the state +%_u3 is designated «, and for _%”B it is . The numbers :I:%
are called the spin quantum numbers m,. For a two-electron system it is not possible

to specify which electron is in which state. The Pauli exclusion principle does not

allow two electrons in the same energy level to have the same spin quantum numbers

m,. Quantum mechanics deals with this situation by requiring that the wavetunc-
tion of the electrons be antisymmetric, that is, change sign if the two electrons
are interchanged. The form of the wavefunction that meets this condition is
i -2 [Wa(1)Wg(2) — ¥a(2)Wg(1)]. The electrostatic energy for this case is given




Magnetization M of a bulk

Is the total magnetic moment per unit volume

M(T) = M(0)(1 — cT*?) (7.4)

For T<< Tc Tcis Curie temperature

¥ = M/H.
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7.3. Plot of the magnetization M versus an applied magnetic field H for a hard
ignetic malerial, showing the hysteresis loop with the coercive field H., the remnant
lization M, and the saturation magnetization M,, as indicated.




7.2 Effect of bulk nanostructuring
on magnetic properties

The amount of energy loss meaning the amount of
heat generated is proportional to the area of loop

-
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tion curve. Amorphous alloy ribbons having the composition Fe,; sCu,Nb;Si;; sBg
prepared by a roller method, and subjected to annealing at 673 to 923 K for one hour
in inert-gas atmospheres, were composed of 10-nm iron grains in solid solutions.
Such alloys had a saturation magnetization M, of 1.24 T, a remnant magnetization M,
of | alloy powders of FegNigCO, having grain sizes of 10—15 nm prepared by decom- Uus
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REMANENT MAGNETIZATION (Tesla)
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7.7. Dependence of the saturation magnetization M, of zinc ferrite on the granulal
size dnormalized to the value M, (90} for a 80-nm grain. [Adapted from C. N. Chinnasamy,
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7/.4. nanopore containment of
magnetic nanowires



Fabrication of Fe Nanowire Arrays
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Size dependence of magnetization in Fe nanowires
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M agnetic texture of nanowirearrays  Fenanowire array ~60nm

'-_‘,_‘

-10000 -5000 4] S000 10000

1.0F

051 J30am

0.0

0.5

-1.0

1.0

0.5

. Bk Vg ®GBe @ “500F

!

4

I | —

05F S0nm /

0.0 //

1.0} | —

16 nm //dj/fr

0.5t

0.0 '//

=10000 -5000 0 5000 10000




7.5 Nanocarbon ferromagnets
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Quantum size effects

Phonon quanum size effect :

Electronic quantum size effect :
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FIG. 3. The specific heat of bulk palladium and B4-A Pd

nanocrvstals. The small dots represent bulk Pd and the solid
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Electronic quantum size effect :
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Bulk Pd 8 ~10e3%K
E~10°K |80 A Pd & ~0.5K
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FIG, 2. Electron-level structure diagrams for the two cases of
particlss with an even number of electrons, and for particles
with il s dddriber of Sectiong. Cmly the lowesl-gnefgy ooi-
figurations are shown with the ground state at the left and pro-
gressively higher excited states to the right for each of the even
and ndd onzes
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/.6 Glant and colossal
magnetoresistan

Metal:

1. The conduction electrons being forced
to move In helical trajectories about an
applied magnetic field.

2. Fleld curves the electron trajectory
within a length of its mean free path

Cuat4 Kwith H=10 T , resistance R
Increases 10 times



Glant magnetoresistance (GMR)
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Glant magnetoresistance (GMR)
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Glant magnetoresistance (GMR)
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Colossal magnetoresistance (CMR)

Materials have been discovered having larger magnetoresistive effects than the
layered materials, and this phenomenon in them is called colossal magnetoresistance

LaMnO,

magnetic recording heads, or as sensing elements in magnetometers. The perovskite-
like material LaMnO; has manganese in the Mn®* valence state. If the La®** is
partially replaced with ions having a valence of 2+, such as Ca, Ba, Sr, Pb, or Cd,
some Mn** ions transform to Mn** to preserve the electrical neutrality. The result is
a mixed valence system of Mn**/Mn**, with the presence of many mobile charge
carriers. This mixed valence system has been shown to exhibit very large magneto-



Colosal magnetoresistance
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Magnetic storage

e 1. Induction colls to iInduce and read the
magnetization

e 2. The magnetoresistive reading Is more
sensitive than Induction colils



Magnetic storage

e 1. Induction colls to iInduce and read the
magnetization

e 2. The magnetoresistive reading Is more
sensitive than Induction colils
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7.7 Ferrofluids

e 1. Nanoparticles are single domain ~ 10
nm

o 2. Coated with a surfacetant to prevent
aggregation

e 3. Suspended in a liquid of transformer ol
or Kersene




Magnetic-field-dependent
anisotropic optical properties

7.7. FERROFLUIDS 187
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WIDTH {MICRONS)

8

[
tn

8

—
4]

-
=1

o

L=

4.5

3.5

2.5

1.5

Ll T ¥ |

¥ | T T L] | T T T I L) L] ¥ | T L) T

MAGNETIC FIELD (Oe)
(b)

F . E

; : ';
- - J

- . .

s * .

- S TR T S TN T N (TN TN T OO O T N O T I T N | :

1] 20 40 &0 80 100 120

MAGNETIC FIELD (Oa)
(a)

F LI R I N B B B S B - E BB e AN N R S B B -

- @ =

= o 3
L o .

L a .

3 : :
3 o 3

- I T T N TN TR T N TN T N T A T T O T N ]
0 20 40 60 a0 100 120

H // Surface



H Is perpendicula to the surface

F.f. FERFLA




190 NANOSTRUCTURED FERROMAGNETISM
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Figure 7.26. Experimental arrangement for measuring optical polarization effects in a ferrofluid
film that has a DC magnetic field H applied parallel to its surface. [With permission from
H. E. Hornig et al., J. Phys. Chem. Solids 62, 1749 (2001).]



