Modelo de Stoner para o Ferromagnetismo metalico
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The condition for ferromagnetism to occur at all is then simply

ID(Eg) > 1. (8.45)
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Fig. 8.5. (a) Integral of the exchange
correlation (Stoner parameter) / as a
function of the atomic number (after
[8.2]). (b) Density of states per atom
D(Ep): (¢) the product of the density
of states D(FEr) and the Stoner para-
meter /. The elements Fe, Co and Ni
with values of ID(Ef) > 1 display fer-
romagnetism. The elements Ca, Sc and
Pd come very close to achieving ferro-
magnetic coupling



For the clements of the 4d series, the density of states and the Stoner
parameter are too small to achieve the ferromagnetic state. Nevertheless,
there 1s a considerable enhancement of the magnetic susceptibility due to
the positive exchange interaction of the band electrons. For an external
magnetic field By, (8.39) contains, in addition to the exchange splitting of
[R/2, a splitting of ugBy. In a first approximation for R at 7= 0, (8.41)
then becomes

R = D(Eg)(IR+ 2ugBy) . (8.46)
For the magnetization M one thus obtains
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Modelo de Stoner: Dependéncia com a Temperatura
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Fig. 8.6. (a) Calculated density of states of nickel (after [8.3]). The exchange splitting is cal-
culated to be 0.6 ¢V. From photoelectron spectroscopy a value of about 0.3 ¢V is obtained.
However the values cannot be directly compared, because a photoemitted electron leaves a
hole behind, so that the solid remains in an excited state. The distance A between the upper
edge of the d-band of majority spin electrons and the Fermi energy is known as the Stoner
gap. In the bandstructure picture, this is the minimum energy for a spin flip process (the s-
electrons are not considered in this treatment). (b) A model density of states to describe the
thermal behavior of a ferromagnet
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We now look for ferromagnetic solutions to this equation, 1.e., solutions
with R=0 at By =0. With the abbreviations 7. = lug_|ug4# and R= uy/
ug R, equation (8.50) becomes
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R = (8.51)
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Fig. 8.7. Magnetization of a
ferromagnet below the Curie
temperature T.. Experimental
values for nickel from [8.4, 8.5]



Above the Curie temperature, (8.30) yields a magnetization only when
the field B 1s non-zero. We can expand the Fermi function for small R and

By to give
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As T approaches T. from above the paramagnetic susceptibility should thus
diverge according to the law
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Lei de Curie-Weiss



Magnetismo Localizado (Modelo de Heisenberg)
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Para um material ferromagnético, todos os spins tém valores médios idénticos:

(Sis) = (S)

Além disso:
N
M = guy % (S)
[,f
By =——vJM



where the exchange interaction 1s restricted to the v nearest neighbors. The
Hamiltonian in the mean field approximation (8.58) 1s now mathematically

identical to the Hamiltoman of N independent spins in an effective magnetic
field By = By + By ts eigenvalues are

E=13gugBy (8.62)

for each electron spin. We denote the number of electrons in states with spin
parallel and antiparallel to the B-field by Ny and N|.
In thermal equilibrium one has

N_J, . gugBex /AT

Vi (8.63)

and the magnetization 1s thus
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and the magnetization 1s thus

|l N =Nl 1| N l
=58l zgﬂE—tanh(z ;IEBEI'{'/A{T).

This equation together with (8.61) has non-zero solutions for the magnetiza-
tion (even without an external magnetic field) provided J > 0, 1.e., whenever
there 1s ferromagnetic coupling of the spins. With the abbreviations

N 1
M, =7 58Ms and (8.65)
Te=gvJ/4 (8.66)

we obtain from (8.61, 8.64), and with no external magnetic field B,

M(T)/Mg = tanh(%%) . (8.67)

5

Solucao é equivalente ao caso de magnetismo metalico !!



For temperatures above T, we can once again derive the Curie-Weiss
law for the susceptibility. With an external field By, and using the series
expansion (8.68), we obtain from (8.64)

gizN 1
M(T) ===

1, T-T By . (8.70)

Lei de Curie-Weiss (de novo !)



Antiferromagnetismo
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Fig. 8.9. (a) A model crystal with antiferromagnetic orientation of the nearest neighbor
spins. (b) An equally simple spin structure, but with a tetragonal lattice, 1s observed for
the compounds MnF,, FeF,; and CoF.. In this case the atoms along the ¢ axis are the
nearest neighbors. If the transition metal ions form a face-centered cubic lattice, it 1s topo-
logically impossible to have only antiferromagnetic orientation between nearest neighbors.
The magnetic superstructures become correspondingly more complex

a




Através de um tratamento similar ao caso ferromagnético:

|
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N " = N is the number of metal ions in each of the sub-lattices. In the anti-
ferromagnetic state M~ =—M and we obtain, in analogy with (8.67),
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ParaT>TN:

Lei de Curie-Weiss (de novo !)

Neel temperature itself, the susceptibility remains finite. For temperatures
far enough below the Neel temperature M (T)= M. and we obtain

gz,u%N l
] Rl - , 8.81
AT~ k7 Tcosh?(Tx/T) + Tx (851)
which for low temperatures can further be approximated by
2 EN I
71(1) ~ gty SEBZe T T Ty (8.82)
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This expression for the susceptibility and the equations (8.75, 8.76) are valid
only for an external field oriented parallel to the polarization of the spin
sub-lattice. For the direction perpendicular to the spin orientation, the Ha-
miltonian (8.58) should be interpreted as a classical energy equation. In an
external field, each spin sub-lattice rotates 1ts magnetic moment by an angle
« 1n the direction of the field B,. The energy of an elementary magnet in
the field By 1s then

E, = —3gugBysina +31vJcosa . (8.83)

The magnitude of the second term can be derived by considering that the
energy needed to reverse an elementary magnet 1s vJ (8.27). The equilibrium
condition

OE,/do = 0 (8.84)

leads, for small angles o, to

gJ”EBD
- . 8.85
7 (8.85)

With the magnetization
M=M"+M =3gugaN/V (8.86)
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one obtains for the susceptibility below Ty the (approximately) tempera-

ture-independent value
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Fig. 8.10. Schematic representa-
tion of the magnetic susceptibil-
ity of an antiferromagnet. Be-
low the Neel temperature Ty
(l.e., in the antiferromagneti-
cally ordered state) the suscept-
ibility differs for parallel and
perpendicular orientation of the
magnetic field relative to the
spin axis
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Fig. 8.11. Schematic representation of a spin wave




Magnetizacao de uma amostra ferromagnética

(average) Magnetization M

Magnetic field H

Fig. 8.14. Schematic plot of the magnetization M of a ferromagnet with a single easy axis
versus the magnetic field H. Dashed line: initial magnetization starting from zero, H par-
allel to easy axis. Solid lines: magnetization hysteresis, H parallel to easy axis. Dash-dotted
line: H perpendicular to easy axis
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