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Questions to kick-off the lecture

 What are examples of anisotropy in physics?

* How does anisotropy show up in magnetism?

* Is anisotropy an important property of magnets?
* Where does magnetic anisotropy come from?

* How to control magnetic anisotropy?
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Magnetic anisotropy

How to describe it?
Where does it come from?
How to measure it?

How to control it?

change perspective

Radboud University %



INSTITUTE FOR THEORETr s,
UKRAINIAN ACADES%‘

V. Baryakhtar B.lvanov

MODERN
MAGNETISM

change perspective Radboud University




Magnetism —
quantum mechanical phenomenon
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Magnetism —
the strongest quantum mechanical phenomenon
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Magnetism —
the strongest quantum mechanical phenomenon
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Theory

 Exchange interaction does not depend on direction of spins.
* There is no preferred direction for spins in magnets.

The simplest theoretical models describe isotropic magnets.

Experiment

Hye

Op 3 2 12 16 Taken from J. D. M. Coey, Magnetism and magnetic Materials,
H (MA ') (Cambridge University Press 2009).

* Magnetic properties depend on the direction of external magnetic field (or stimulus of other kind).
e Spins in a magnet do have a preferred direction.

Strong magnetic anisotropy is often the main requirement
for application of magnets.

4
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Magnets in today’s technology
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Magnetic anisotropy

e How to describe it?
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Description of magnetic anisotropy
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Easy magnetization axis or just “easy axis”
Fe - [001] direction (as well as [010] and [100])
Co —[001] direction

Taken from J. D. M. Coey, Magnetism and magnetic Materials, (Cambridge University Press 2009).
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“ Physicist seeks to make complicated things simple,
while a poet seeks to make simple things complicated.”

L. D. Landau
(1908-1968)

Thermodynamics “is the only physical theory
of universal content, which | am convinced,
that within the framework of applicability of
its basic concepts will never be overthrown.”

A. Einstein
(1879-1955)
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Macrospin approximation: intuitive (classical) view
of guantum (counter-intuitive) phenomenon

U - internal energy
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Thermodynamic approach to magnetism

dUu =dW +d
+dd dU < uoHdM + TdS
dQ <TdS

Two variables in our experiments are T and H.

We need to design a function &, which is being a function of T and H is also at minimum,
if the magnet is at thermodynamic equilibrium.

d=U—-TS — uyHM
d® =dU — TdS — SdT — uoHdM — uyMdH < SdT — uoMdH
For fixed T and H one finds d® <O0.

If a system is on its own at fixed H and T, function ® can only decrease or stay constant.
Hence, at thermodynamic equilibrium & is at minimum.

o = Py(M,0) — uoHM
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How to introduce magnetic anisotropy?
D = Py(M,0) — poHM + Uy,
m=— mz +m; +m; =1

Taylor series

Uani = Z Kimi + Kl]mlm] + Kijkmimjmk + -+ Kijk___lmimj mg ...Mmy
ijk...l

3
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How to introduce magnetic anisotropy?
D = Py(M,0) — poHM + Uy,

m=— mz +m; +m; =1

Taylor series
Uani = %‘F Kl]mlm] + Kl]%ljmk + -+ Kijk___lmimj mg ...Mmy
ijk..l

All odd terns have no physical sense, as the energy of magnetic anisotropy must be
invariant with respect to time reversal.

Radboud University %5t
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How to introduce magnetic anisotropy?
D = Py(M,0) — poHM + Uy,
m=— mz +m; +m; =1
Uani = z Kimi + Kumlmj + Kijkmimjmk + e+ Kijk___lmimj mg ...my
ijk..l
Uniaxial magnetic anisotropy, where the z-axis is a special one

K > 0 anisotropy of “easy-axis” type
Ugni = K(m§ + mj) K < 0 anisotropy of “easy-plane” type

“““““““““““““““ I " Energy

of magnetic anisotropy
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Magnetic anisotropy and field hysteresis

Coexistence of different phases results in a hysteresis
with the width defined by the barrier.
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How to introduce magnetic anisotropy?

P = Dy(M,0) — poHM + Ugyy;
mi +ms +m; =1

Uniaxial magnetic anisotropy, where the z-axis is a special one

K > 0 anisotropy of “easy-axis” type
U..=K 2 2
ant (mx +my) K < 0 anisotropy of “easy-plane” type

If the second order terms are not sufficient to describe the magnetic
anisotropy, one should take terms of the next i.e. fourth order. All the included
terms must be invariant under all symmetry operation allowed by the crystal.

Cubic magnetic anisotropy

Ugni = —K(m3 + mj + m3)

Radboud University %5t
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Magnetic anisotropy

e Where does it come from?
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Magnetic anisotropy

e Where does it come from?

“the symmetry elements of any physical
property of a crystal must include the
symmetry elements of the point group of
the crystal'.”

F. Neumann
(1798-1895)
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Magnetic anisotropy and crystal structure

change perspective
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Anisotropy of dipole-dipole interaction

Consider dipole-dipole interaction of two magnetic dipoles (classical spins).

‘ p’ What is the energy of their interaction?
m, m,
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Intermezzo:

Interaction of electric dipoles
Dipole moment

P=qa

Electric field created by the dipole at r

1 r r_
B +1a . r—la E = [ q +3 _ q
ro=r+ s =T =7 Atey (ry)3 ()

]

Since |r| > |a|
2
2 _ 1 ~ 2 2 ra
r_—(r+2a) ~r‘+ra=r (1+r2)
Since(1+x)"=1+nxforx <1

7= () =t -2

Similarly

_ —3/2 - 3
() = (i) (1 4 208
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Intermezzo:

Interaction of electric dipoles
Dipole moment

P=qa

Electric field created by the dipole at r

E— 1 | qry qr- |
Ameg | () ()]
1 ¢ 1 1_|_3ra +1 " 3ra\| 1 g¢q +3r(ra) B
 4meyr3 r—324 212 rrae 212 )| 4meyr3 a rz |
1 1 N 3r(rp)]
1 =——=|-p
r_=r+1a r,=r--a dmeg 3 r?
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Intermezzo:
Interaction of electric dipoles

Dipole moment

P2
P =qa
Electric field created by the dipole at r
1 . r
P, E= g, 3 G- DE=p) Ty

See also Chapter 3 and Problem 3.36 in D. J. Griffiths, Introduction to electrodynamics (Cambridge University Press, 2017).

Energy of interaction of dipoles p; and p,

Ui, = E(p1)P2
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Anisotropy of dipole-dipole interaction

Use the analogy between m and p, H and E.
Consider dipole-dipole interaction of two magnetic dipoles (classical spins)

Magnetic field created by dipole m; atr

Ri> 1 1 .
‘ m, H =ET—3(3(m1-r)r—m1)

Energy of interaction of dipoles m; and m,

Uiz = —uom;H
1 we (m1R12)(m2R12)
U->,=——(m —3
12 47_[ sz ( 1 2 R%z )

Dipole-dipole interaction is anisotropic!
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Anisotropy of dipole-dipole interaction

Consider a 1D-chain of magnetic dipoles (classical spins)

mn4 Total energy of dipole-dipole interactions
: U= 11T o 3 (m;R;; ) (myRy)
m, aeyry. R_ig,.(mimk - RZ,
. L,k
mzf e If the spins are ordered ferromagnetically,
m1¢ : dipole-dipole interaction results in “easy-axis”
o along the chain.
" ‘._ If the spins are ordered antiferromagnetically,
i dipole-dipole interaction results in “easy-plane”
m; &= perpendicular to the chain.
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Anisotropy of dipole-dipole interaction in real materials

PHYSICAL REVIEW B 68, 144418 (2003)

Dipole interaction and magnetic anisotropy in gadolinium compounds

M. Rotter™
Institut fur Physikalische Chemie, Universitat Wien, A—1090 Wien, Austria
and Institut fiir Festkorperphysik, Technische Universitat Dresden, D—01062 Dresden, Germany

M. Loewenhaupt and M. Doerr
Institut fiir Festkorperphvsik, Technische Universitat Dresden, D—01062 Dresden, Germany

A. Lindbaum and H. Sassik
Institut fiir Festkorperpinsik, Technische Universitat Wien, Wiedner Hauptstrafie §—10, A—1040 Wien, Austria

K. Ziebeck
Deparment of Physics, Loughborough University, Loughborough, LE 11 3TK, United Kingdom

B. Beuneu
Laboratoire Leon Brillouin, CEA-CNRS, Saclay, 91191 Gif sur Yveite Cedex, France
(Received 2 June 2003: published 15 October 2003)

The influence of the dipole interaction on the magnetic anisotropy of Gd compounds is investigated. Avail-
able data on ferromagnets and anfiferromagnets with different crystal structures are discussed and comple-
mented by new neutron scattering experiments on GdCu,In, GdAu,Si,. GdAu,. and GdAg,. If the propaga-
tion vector of the magnetic structure is known. the orientation of the magnetic moments as caused by the dipole
interaction can be predicted by a straightforward numerical method for compounds with a single Gd atom in
the primitive unit cell. The moment directions found by magnetic diffraction on GdAu,Si,, GdAu,, GdAg,.
GdCu,Si, ., GdNi,B,C. GdNi,Si,. GdBa,Cu;0,. GdNis, GdCuSn. GdCu,In. GdCuyIn, and GdY (Y=Ag.
Cu, S, Se, Sb. As. Bi, P) are compared to the predicted directions resulting in an almost complete accordance.
Therefore. the dipole interaction is identified as the dominating source of anisotropy for most Gd compounds.
The numerical method can be applied to a large number of other compounds with zero angular momentum.

What about other materials?
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Spin-orbit interaction
as a mechanisms of magnetic anisotropy

28 T TAL o vy
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(b)

Fig. 38..0wing to spin-orbit interaction the electron cloud is no longer spherically
Symmetrical. In states (a) and (b) the electrostatic and exchange energies of the system are
different, thus producing the magnetic anisotropy.

Hi == ) UuSiSe + HptoH(L; + 25 + £L;S)
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Exchange Magnetic Spin-orbit
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Magnetic anisotropy

e How to measure it?
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Measurements of magnetic anisotropy

Energy
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Seemingly paradoxical temperature dependence

of magnetic anisotropy

PHYSICAL REVIEW

VOLUME

96,

NUMBER 5

DECEMBER

1, 1954

Classical Theory of the Temperature Dependence of Magnetic Anisotropy Energy*

C. ZENER
Westinghouse Research Laboratories, Eost Pittsburgh, Pennsylvania

(Received May 7, 1954; revised manuscript received August 26, 1934)

The consequencez are analyzed of the following two assumptions: (1) the effect of temperature upon
magnetic anisotropy arises solely from the introduction of local deviations in the direction of magnetization;
and (2) the local deviation in an elementary region is the resultant of a very large number of independent
deviations, The influence of these local deviations upon the magnetic anisotropy is most conveniently
expressed by representing the magnetic energy as a series of surface harmonics. The coefficient of the sth
harmonic is found to vary with temperature as {J,(T}/7.(0)} raised to the power n{n-41)/2. The first
two exponents for cubie crystals have values of 10 and 21, respectively. The exponent 10 expresses almost
precisely the observed temperature dependence of Ky in iron. In nickel the anisotropy decreases much
more rapidly than predicted, It is deduced that the above two assumptions ate applicable to iron but not

to nickel.
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Seemingly paradoxical temperature dependence of
magnetocrystalline anisotropy

1.0
PHYSICAL REVIEW VOLUME %6, NUMBER 5 DECEMBER 1, 1954 0.8l a
gl
. . . * |
Classical Theory of the Temperature Dependence of Magnetic Anisotropy Energy 2 os
C. ZENER £ 0.4} N
Westinghouse Research Laboratorics, Fost Pittshurgh, Pennsylvania E \ N\--K, for Ni
(Received May 7, 1954; revised manuscript received August 26, 1934) s 02k . \\
ﬁ K, for Co——""a‘, ~o
The consequencez are analyzed of the following two assumptions: (1) the effect of temperature upon 5 o A
magnetic anisotropy arises solely from the introduction of local deviations in the direction of magnetization; -t *
and (2) the local deviation in an elementary region is the resultant of a very large number of independent -0z} ., A
deviations. The influence of these local deviations upon the magnetic anisotropy is most conveniently ’ 1 ! | TR 1 [ Il
expressed by representing the magnetic energy as a series of surface harmonics. The coefficient of the sth 0 o o2 03 04 Q5 08 07 08 0% 10
harmonic is found to vary with temperature as {J,(T}/7.(0)} raised to the power n{n-41)/2. The first /T~ e
two exponents for cubie crystals have values of 10 and 21, respectively. The exponent 10 expresses almost , n
precisely the observed temperature dependence of Ky in iron. In nickel the anisotropy decreases much Fic. 1. Temperature dependence of anlsotrapy energy t
more rapidly than predicted. Tt is deduced that the above two assumptions are applicable to iron but not in Fe, Co, and Ni. b=
to nickel.
o mese atures after Potter (see reference 4).
Thus, Ki, K., ---, are the first, . . . .
second, - - -, coefficients which symmetry requirements The result of this analysis is
do not require to be precisely zero. As an example, that Emag(o,an,a;) averaged over the random walk
function satisfies an equation identical to Eq. (3) except
Emag=‘ED+K1((112022+1122&32+a320£12) u q i N . q. . ( ) p
+Kuafodad+- - (1) that now ay, az, ay refer to the direction cosines of the
macroscopic J, and the coefficients E,(T") are related
for a crystal with cubic symmetry, and to the original coefficients E,(0) by the relation
Eoug=Eo+ K, sin?0+ Ko sind+-- - - 2 .
e B I s K0 @ EA(D)/En©) = {T D)/ T, @}, (4)

for a crystal with hexagonal symmetry. Here o, o, a3
are the cosines of the magnetization vector with respect

to the cubic axes, and @ is the angle which the magnet- \ — 10
ization vector makes with the hexagonal axis. Ey(T)/E4(0)={J(T)/T(0)}". ()

where J, is the magnetic saturation. In particular,
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Magnetic anisotropy

* How to control different types of magnetic anisotropy?
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ingle-ion anisotropy and the periodic table
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St | [ V| o@n | mom | (;35881 238 '92891 (2,37) N (14(:) X (24;) ) (2 (24;) N @ @2) @ @) @9 (262)
Ind-sta [Rojga7s” | (Rnpa’7s’ | Relsfears’ | (Rnjstsars” | [Rust'ars’ | [Rupr7s’ | Reisf7s® | Rojsfecrs” | Rnjsrs’ | [Rapr®7s’ | [Rost'T Rn]51"7: Rnjst'*7 Rajst'*7s” |[Rjsi7s7p7)
Configuration  Energy (eV) | sar 6.3067 589 61941 6.2657 5.0262 58738 5.9915 T S B e vl I vl B vl P
'Based upon e () indicates the mass number of the most stable isotope. For a description and the most accurate values and uncertainties, see J. Phys. Chem. Ref. Data, 26 (5), 1239 (1997). March 1999
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Intermezzo:
Magnetic anisotropy in magnetic data storage

Data is stable >10 years, if% > 60

HHEe s8de

Upon decreasing the size of magnetic bits, one needs magnetic materials
with ever stronger magnetic anisotropy

Fe FePt
Y. Cao er al, JIMMM 395, 361 (2015). J. Becker et al, APL 104, 15 (2014).
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Spin-reorientation phase transitions in TmFeO,

Spin reorientation due to thermal
activation of Tm3* crystal field levels

5 Fe3*
iron spins Bk 4 "/:‘/q
- e v
- ,§
@
thulium ¢ % me3+
orbital | L
:;:"_* | =
| 4 M, 1
E; — 90!
Tm3+ % Io | T2a i T4
ground c }3 @60
state 2 % 730
= =
0
L 70 80 90 100

Temperature (K)
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Model for spin reorientation phase transition

m, = sin @ m, = sin 6

Uy = Kim2 + K,mi = K sin?0 + K,sin*0

O = do(M,0) m}t@ Usni

® = K;sin?0 + K,sin*0 + const

Assume that K, does not depend on temperature

The case of K, > 0
a)K120,9=0,7T
b)K1+2K2SO,9=

T
2’2 «
c) K; + 2K, > 0and K; < 0, sin%4 = —
2

w

T

change perspective

(a) s, z z
IH M ‘ESI L}
fk r24 S: I-4
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-150 0 150 -150 O 150 -150 O 150
Magnetic field (G)

FIG. 1 (color online). (a) Magnetic structure of RE orthofer-
rites in the low-temperature (1), intermediate (I'5,;), and high-
temperature (I'y) phases. (b) Hysteresis of the z component of
the weak magnetization in (SmPr)FeO;, probed by means of the
Faraday rotation. The measurements show the presence of a
phase transition region in which the net magnetic moment
gradually rotates by 90° from the x axis to the z axis.
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Model for spin reorientation phase transition

m, = sin @ m, = sin 6

Uani = Kymi + Kymx = K;sin®60 + K,sin*6 (a)

O = do(M,0) m}t@ Usni

® = K;sin?0 + K,sin*0 + const

Y
M,
The case of K, < 0 Z J/ )
. M
a)K,=0,0=07 ’/ M, Zp

b)K; + 2K, < 0,0 = 5,37” FIG. 1. (a) Magnetooptical images of the two types of anti-
ferromagnetic domains in the low-temperature I} phase of the
z-DyFeO; sample. The bias temperature of the sample is 20 K.
(b) Magnetooptical image of the magnetic domain pattern in the

high-temperature I’y phase. The bias temperature of the sample 1s
50 K.
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Surface anisotropy

J. Phys.: Condens. Mza4ter 3 (1991) 4497-4522, Printed in the UK

Appl. Phys. A 49, 499-506 (1989)

T
o v oty REVIEW ARTICLE
Magnetic Surface Anisotropy Surface magnetism; magnetization and anisotropy at a
of Transition Metal Ultrathin Films surface

P. Bruno and J.-P. Renard

Institut d’Electronique Fondamentale, CNRS URA.D.0022, Bat, 220, Université Paris-Sud, T Kaneyoshi
F-91405 Orsay Cedex, France Department of Physics, Nagoya University, 464-01 Nagoya, Japan
Received 24 March 1989/Accepted 16 June 1989

Received 20 February 1991

PHYSICAL REVIEW B 98, 054427 (2018)

Effective anisotropy due to the surface of magnetic nanoparticles

D. A. Garanin
Physics Department, Lehman College and Graduate School, The City University of New York, 250 Bedford Park Boulevard West,
Bronx, New York 10468-1589, USA

“') (Received 24 March 2018; published 27 August 2018)
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Shape anisotropy

The demagnetizing field, also called the stray field (outside the magnet), is the magnetic
field (H-field) generated by the magnetization M in a magnet.

The effective magnetic field in the magnet itself is thus not equal to the applied magnetic
field, but corrected

H=H-NM

VOLUME 89, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AUGUST 2002

New Possibilities for Tuning Ultrathin Cobalt Film Magnetic Properties
by a Noble Metal Overlayer

M. Kisielewski, A. Maziewski,” and M. Tekielak
Institute of Experimental Physics, University of Bialystok, Lipowa 41, 15-424 Bialvstok, Poland

Ag thickness

A. Wawro and L. T. Baczewski

Institute of Physics, Polish Academy of Sciences, Aleja Lotnikow 32/46, 02-668 Warsaw, Poland
(Received 19 April 2002: published 6 August 2002)

Complementary multiscale magneto-optical studies based on the polar Kerr effect are carried out on an
2.0 ultrathin cobalt wedge covered with a silver wedge and subsequently with the Au thick layer. A few
monolayers of Ag are found to have a substantial effect on magnetic anisotropy, the coercivity field, and
Kerr rotation. The silver overlayer thickness-driven magnetic reorientation from easy axis to easy plane
Figure 2.1: Preferred magnetization state, as a function of both Co and Ag thicknesses. generates a new type of 90° magnetic wall for cobalt thicknesses between 1.3 and 1.8 nm. The tuning of

Three regions: (i) Au/Co/Au: (i) Au/Co/Ag/Au and (iii) Au/Co/Ag can be distin- the wall width in a wide range is possible. Tailoring of the overlayer structure can be used for ultrathin film
g.uished‘A The white color corresponds to the out-of-plane component of the magnetiza- magnetic patterning.
tion. Figure was adapted from Ref. [14].
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Photo-induced anisotropy

=

<« EIll[1-10]

laser CW:

Y,CaFe; Co,,Ge0O,, / GGG (001)

A.Chizhik et al. PRB, 57 (1998).
A.Stupakiewicz et al. PRB, 64 (2001).

laser spot
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Exchange bias

PHYSICAL REVIEW VOLUME 105, NIUMBER 3 FEEBERUARY 1, 1957

New Magnetic Anisotropy

W. H. MuxkLejoay anp C. P, Bean
General Electric Research Laboratory, Scheneclady, New Vork

(Received October 15, 1956)

A new type of magnetic anisotropy has been discovered which is best described as an exchange anisotropy.
This anizotropy is the result of an interaction between an antiferromagnetic material and a ferromagnetic
material. The material that exhibits this exchange anisotropy is a compact of fine particles of cobalt with a
cobaltous oxide shell. The effect occurs only below the Néel temperature of the antiferromagnetic material,
which is essentially room temperature for the cobaltous oxide. An exchange torque is inferred to exist
hetween the metal and oxide which has a maximum value at 77°K of ~2 dyne-cm/em? of interface,

3s

El

CoO

L
L]
/' WIMULTIPLY BY 103)

Co

35

Fra. 1. Hysteresis loops at 77°K of oxide-coated cobalt particles.
Solid line curve results from cooling the material in a 10000
oersted field. The dashed line curve shows the loop when cooled in

zero field.
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Take-home message

* Magnetic anisotropy is an intrinsic property of magnets.

 Magneto-crystalline anisotropy as well as other types of magnetic anisotropy is
convenient to model using the thermodynamic approach.

* There are many ways to control the strength and the type of magnetic anisotropy.
The depends on chemical composition, shape, temperature of magnets. Magnetic
anisotropy can also be controlled by light.
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Gordon Research Conference
“Spin Dynamics in Low Dimension and Low Symmetry Environment”

June 29-July 4, 2025
Les Diablerets, Switzerland
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Macrospin approximation: intuitive (classical) view
of guantum (counter-intuitive) phenomenon

U - internal energy
dU = dW +dQ H (au) W - work
HoHlerr = — oM Q - heat
dW = ugHdM o o - entropy

P. Curie (1894):

"the symmetries of the causes are to be found in the effects".

F dx Fdx
E dP EdP
H dM HdM

Radboud University %
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Macrospin approximation: intuitive (classical) view
of guantum (counter-intuitive) phenomenon

U - internal energy

dU = dW + dQ H oU g/_-hvgc;:k
dW = u,HdM HoBlerr = \om o - entropy
d T - torque
ds . dM o H Landau-Lifshitz
= —— = —YM X Hgr  equation
dt dt (1935)
_ XS XS _ ., 2(52i-1-S3)
M= —y - # 0 M= - #* 0 L 14 >
Ferromagnet Ferrimagnet Antiferromagnet
(920) (3<0) (9<0)
Sl SZ Sn-lS Sl 82 Sn_lsn Sl 82

$6488% &by %M
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Macrospin approximation: intuitive (classical) view
of guantum (counter-intuitive) phenomenon

- o= %ex/y0 ~1-1000T
Nonequilibrium ? Macrospin .
. y
state — = —yMxH,;; -—=28GHz/T
a (classical) = eff == 28GHz/
7o=30 fs -30 ps
t“‘Tex t>>TeX ex P

. Syi1~Syi
M= yzslio M=—yZVS‘¢O L= — Z(Zvl 2.
Ferromagnet Ferrimagnet Antiferromagnet
(3>0) (3<0) (3<0)
S, S, Sn1S, S;S, Sn.1Sy S, S,

§Eaede v dnde W

%
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The case of antiferromagnet

® = AL? + BL* — ugHM + Ugy;

K > 0 anisotropy of “easy-axis” type

Uani = K l% + l2 “« ”
G o 0 anisotropy of “easy-plane” type
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Physics Reports 852 (2020) 1-46

Contents lists available at ScienceDirect

Physics Reports
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journal homepage: www.elsevier.com/locate/physrep

Fundamentals and perspectives of ultrafast photoferroic
recording

AV.Kimel **, AM. Kalashnikova >, A. Pogrebna®', A.K. Zvezdin %*
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Intermezzo. Elegant derivation of M(T)

b = CDo(M, O) - ﬂoHM

If H=0, ® = ®&,(M, 0). From our experience we know that states with magnetization “up”
and “down” are absolutely equivalent. It means that ®,(M,0) = ®,(—M, 0)i.e. &, must be even
functions of m.

Lets express ®,(M,0) in a Taylor series

®,(M,0) = ®,(0,0) + AM? + BM* + -

Again, experimentally we observe that below the Curie temperature the stable state
of a ferromagnet corresponds to a state with | M |>0. At the Curie temperature and above it
| M |=0.

Since ®,(M, 0) must be at minimum in thermal equilibrium, it is clear that A<O below
the Curie temperature and A>0 above the Curie temperature.

The simplest possible function A(T) that satisfies this requirement is A(T)=a(T-T.), where
T. is the Curie temperature, a is a coefficient (a>0).
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Intermezzo. Elegant derivation of M(T)

F(m,0)=a(T-T.)m?+Bm*
F(m,0) is minimum, when dF(m,0)/dm=0

dF(m,0)/dm=2a(T-T.)m+4Bm3 2a(T-To)m+4Bm3=0

_ |8 I
m—\/ﬁ(Tc—T)—jZBa o

Experiment

= = )
o a1 o
o o o
1 1 1

Magnetization, a.u.
a
o

o
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Temperature (K)
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