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Phase transitions in fluids
- Phase diagram, order parameter and symmetry breaking
- Microscopic van-der-Waals theory = universality

Magnetic phase transitions in condensed matter
- Ferromagnetic phase transition

- Interacting magnetic dipole moments “spins”

- Weiss model for ferromagnetism, phase diagram

- Landau theory

Consequences of symmetry breaking
- Critical phenomena and universality
- Excitations, Nambu-Goldstone-, Higgs-modes

More complex ordering phenomena
- Multiferroics, competing order
- [Quantum phase transitions]

Outline




What is a thermodynamic phase?

- Equilibrium state of matter
of a many body system

- Well defined symmetry

- Thermodynamic potential changes
analytically for small parameter changes
(temperature, pressure, magnetic field)

What is a phase transition?

- Point in parameter space
where the equilibrium properties
of a system change qualitatively.

- The system is unstable w.r.t.
small changes of
external parameters
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Introduction

« Whatis a thermodynamic phase?

- Equilibrium state of matter _
(many body system) Phase diagram of water

- Well defined symmetry

- Thermodynamic potentials change
analytically for small parameter changes
(temperature, pressure, magnetic field)

~ critical point
« What is a phase transition?

- Point in parameter space
where the equilibrium properties
of a system change qualitatively.

- The system is unstable w.r.t. N —
small changes of
external parameters




Introduction

Many, many phase diagrams in nature....
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Introduction

« What is an order parameter?

- observable ¢ which distiguishes between phases
<¢> =0 inthe disordered phase (high temperature phase)

# 0 in the ordered phase liqud -  solid
System Phase transition Order parameter P e x o
H,0, “He, Fe liquid—sohid fourier component of charge density pg :.s- .
Xe, Ne, Nz, H,O liquid-gas density difference el
Fe, Ni ferromagnet—paramagnet magnetization . i I CERRRRLREY
RbMnF;, La;CuQy antiferromagnet—paramagnet  staggered magnetization
“He, *He superfluid-normal liquid superfluid density
Al, Pb, YBa;Cu30g o7 superconductor-metal superfluid density P °
Li,Rb, H Bose—Einstein condensation condensate ’ " 3.:. T .. @

o:f..‘i.‘.;:: ’ . . .
Bose-Einstein condensation HREIL N
) — paramagnet -- ferromagnet :
liquid -- gas

7
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Phase Transitions in Fluids

« What is an order parameter?

- observable ¢ which distiguishes between phases
<¢> =0 inthe disordered phase
# 0 in the ordered phase

System Phase transition Order parameter
H,0, *He, Fe liquid-solid ‘ fourier component of charge density p¢
Xe, Ne, N, H,0 liquid—gas density difference
Fe, Ni ferromagnet—paramagnet magnetization
RbMnF,, La;CuQOy antiferromagnet—paramagnet  staggered magnetization
“He, *He superfluid-normal liquid superfluid density
Al, Pb, YBa;Cu30g o7 superconductor-metal superfluid density
Li, Rb,H Bose—Einstein condensation condensate
water e 0| S
. 1000 _\ = - - - —
liquid gas e
& ann } - - s
x °
] .@ 40 MP
:. ) “.-.' . . a g 60
. % e, . . c
o i. L] . :. . . 400
LA - MP
° ;. o® . . \
? 0.1 MPa 4 “,4.1“..1‘ 20 MPa_ T :_-i MPa
0

0 100 200 300 400 a00
8 Temperature, °C



« First order transition
order parameter changes discontinuously

(Ehrenfest definition: first derivative
of Gibbs free enthalpy G is discontinuous)

« Continuous transition
order parameter varies continuously

» Critical point
transition point of a continuous transition

for water @ 647 K and 22.064 MPa

- liquid to gas phase transition
can be of first order or continuous!

water
liquid -- gas
‘s..:‘.'l . .’
S an ott o
"..i.‘.:' ® 9 -
° ; ..l . .

Density, kg m’

Phase Transitions in Fluids

Phase diagram of water

. ]
107 F i 3
8 3 {q-tuﬁ ------ LB N | -> :
ol 1 - critical point 3
107 - A e -!
= 10° | B ,
& lid
o 10°f SO 7 >
i ) ) as :
100 F triple point & 1
10°F 1
10° | 1
10" i i N ]
273 647
T (K)
1200 1
— - | 1000 MPa [ ]
1000 P ——— —
1) .6-7."_7“7 —
300 . \.,:\;» —_ Te—
“\ " 0nr
| | Ny 40 MF
B0 N
‘\
400 1 :
‘ ‘ MPa
200 - D& 2 BADe 4 .\ - 1D 5
0.1 MPa 4 MPa OMPE._ Y ihig-:
0 200 300 A0 ) [goog I e]

Temp ététu re, °C



Van- der-Waals-model:

Attractive particle — particle interaction
fully rotational invariant V = V(r)
+

Finite particle volume

- van-der-Waals equation

10

(V—=bn)| P+a ({—i) =nRT

Maxwell construction = isotherms and
phase coexistence

Pressure p

mixed liquid vapor .
region el T<T,

Volume V

(e) C. Rose-Patruck, Brown Universiy,

N

Microscopic Model

\ ennlsic
uery P
1
I \ r
|
r ' attractive tail
0 (dipole-dipole interaction)

Universal mixed liquid vapor region
in p-V diagram for many materials

via normalization p/p. and V/V_!

T,

1.00 |

0.95 -

0.65

0.60

0.55

0 02 04 06 08 1.0 12 1.4 16 18 20 22 24 26 [2]
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Spontaneous Symmetry Breaking and Phase Transitions

« Spontaneous symmetry breaking always leads to a phase transition

—>no critical end point since symmetry cannot change continuously!
Example: solid — liquid phase transition (path A)

* Phase transitions can occur without spontaneous symmetry breaking

Example liquid — gas phase transition (path B) N SUpercr'&tlical fluid

« Continuous crossover
from liquid to gas
without phase transition critical point
via supercritical fluid (path C) ’ -

11 T (K) [1]
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Phase transitions in fluids
- Phase diagram, order parameter and symmetry breaking
- Microscopic van-der-Waals theory = universality

Magnetic phase transitions in condensed matter
- Paramagnet

- Interacting magnetic dipole moments, “spins”

- Weiss model for ferromagnetism = universality

- Landau theory

Consequences of symmetry breaking
- Critical phenomena and universality
- Excitations, Nambu-Goldstone-, Higgs-modes

More complex ordering phenomena
- Multiferroics, competing order
- [Quantum phase transitions]

Outline

T (K)



Paramagnet

Periodic lattice of localized non-interacting magnetic moments

—

H=9,Hs]
in external field H=g,Mg X;BJ; Brillouin function i ! >T Nl >(:,\
E M/M, \"‘ T \\ \
........................................................... NTF LT NN
l \\\? 4 T ' \
%4 hw <4< T/
T 5 2 T35 4\ BT /<\V,.<._7/._
TR A
............ A N "’\L\\ S
NNV N
B
Magnetic susceptibility : (a) ®) . ©

Curie-law for small B (9sksJB/ksT << 1)

M _ pwoM _"u»w%ff A
X:_ﬁN B B 3kgT

T T T
Wetf = g7 uBY J(J + 1)

1/x
xT

[1]
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Ferromagnet

Interacting magnetic moments:

H = —ZJUSI' -S; 4+ gus )_—:S_; - B,
' ij J

Origin of exchange: spin-dependent Coulomb interaction

e.g. superexchange

[1]
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H= —ZJUSI' -S; + gus ZSj - B,
. J

i

Weiss (1907):

Weiss-Model

Define an effective magnetic field at site i caused by neighbors |

—> single particle problem

H =gus ) _Si-(B+Bn)

.molecular field"
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Weiss-Model

Ansatz: B, . ~ Magnetization M

2
Bmf =M with A= ZJ 5
"821113

- Two linear independent equations

@— B@ B, = Brillouin function

gsupd (B + @ Magnetization of a paramagnet
in total magnetic field B +\AM




Weiss-Model

Graphical Solution

M=0 always possible

M#0 onlyif T< T,

220J(J + 1)
- 3kp

Te

T ~ exchange energy J,

number of neighbors
Continuous phase transition size of moments

erversrrnranadisaneriiniiiisaidianens s —-1-‘

J=1/2

Typical:
J:%anch~103K

[1] Huge!

M/M,

17
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Graphical Solution

Continuous phase transition

J=1/2

[1]

Weiss-Model

M=0 always possible

M#0 onlyif T< T,

2J(J + 1)

T
¢ 3kg

T ~ exchange energy J,
number of neighbors
size of moments

* Universal T dependence
of order parameter

« depends only on
total angular momentum
multiplicity J
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Spontaneous Symmetry Breaking

Hamiltonian has full rotational symmetry in space
(scalar product is invariant)

H=- ZJUSI' - S;j

Ferromagnetic state has a reduced symmetry
(invariant only under rotation around M)

AP
AR
AR A
AR A
AAA A

M =

2K,
V



Landau Theory of Ferromagnetism

M) rop 1ot
g inie F(M) = Fo + a(T)M? + bM*

a(T) = ao(T — T¢)

T<Te

\ / AF/AM = 0

M

_ 2
M=0 or M.—.i[a"(TC )]

2b

crf Weiss theory:

M/ M,

Te 1
20




Weiss and Landau Theory of Ferromagnetism

In magnetic field: Magnetization parallel to field is always >0
- No phase transition !

.......... Pl 2T =T T<Te

M/ M

.................................. /1/ [1] ' /T, ) [1]

?‘?:—ZJ;jS;-Sj+gp,BZ:Sj.B’ o2l
S J Pl

' F 08
F(M) = Fy+a(T)M*+bM* MB i

1 1 1 1
-1 05 0 05 | 1.5 2

B [WeDb]

2 -1.5

M < 0 metastable solution exists for small B only
—> First order transition below T as a function of external field
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Weiss and Landau Theory of Ferromagnetism

Solution in magnetic field: Magnetization parallel to field always > 0
- No phase transition !

.......... Pl 2T =T T<Te

M/ M

/T, | [1]

Explicit symmetry breaking due to Zeeman term

H=-) JijSi-Sj Heus ) _S;B,
" ij J

v
’/
g ,.‘.'“‘/ ChtAuG S
e 2
F(M) = Fy +a(T)M* +bM* MB L Y/

M < 0 metastable solution exists for small B only
- First order transition below T as a function of external field B [Web]
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Comparison of fluid and magnet phase diagrams

pressure-temperature

magnetic field-temperature plane

r Liquid
Fusion ___ .
R | curve i \, -
Solid « B EEEE
—Ei‘;‘;::vl; cupve =0 T4 T
Sublimation Gas ‘ I ‘ P
curve
Triple point
T
(a) Fluid (b) Magunet
pressure-density plane  magnetic field-magnetisation plane
(a) Fluid (b) Magnet
P T>1 i
/ H T=0
T>7,
//'/_j P=1,
T>?;[ /: < /] Liquid // Tt
" /“‘ {/ M
T‘(TP{ . 1 - Coexistence ‘ //
! Two-phase \curve
Gas ," region !
% P T=0
density-temperature magnetisation-temperature plane
{a) Fluid {b) Magnet
4 M
Liguid Coexistence
/ curve
mmen f _______ -
PLTP“ Na stable (1T
‘T'wo-phase | _ states in _ {
£ region rr this region T
| Te
/ b /\
Gas [3’ 5]

m

a7 =()is + 3" Fdg,
=1
for fluid {F. ¢} —

Sometimes density p =N m/V used

Gibbs free energy

G=U-TS+pV

for magnet{F, ¢} — @@

Gibbs free energy

G=U-TS-MB
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Phase transitions in fluids
- Phase diagram, order parameter and symmetry breaking
- Microscopic van-der-Waals theory = universality

Magnetic phase transitions in condensed matter
- Paramagnet

- Interacting magnetic dipole moments, “spins”

- Weiss model for ferromagnetism - universality

- Landau theory

Consequences of symmetry breaking
- Critical phenomena and universality
- Excitations, Nambu-Goldstone-, Higgs-modes

More complex ordering phenomena
- Multiferroics, competing order
- [Quantum phase transitions]

Outline

M/ M




Critical phenomena and universality

Result of renormalisation group theory (Wilson) and of numerical calculations:

For continuous phase transitions the behavior close to

the critical point (T, ) (i.e. the critical exponents a.,f3,7,6)
depends only on a few parameters:

« Dimensionality of the order parameter Ordnungsparameters d

« Dimensionality of the interaction D

* Is the interaction long-range (power law decay r",i.e. no length scale)
or short range (exponential decay exp (-r/ry) , i.e. length scale ry) ?

Response functions
heat capacity Cy ~ |T — T.|7° magnetic susceptibility

isothermal compressibility wp ~ (1"—1.)7" X 0.4 (T = TC)—V

Order parameter Ap~ (T —=T.)° M (TC — T)ﬁ
% ~ const. + const.(p — p.)° M X Iil/(S |



Critical phenomena and universality

Widom scaling relation 0 =1+ 9/

exponent value vdW (mean field) experimental value  'si¢  Ising  Heisenberg

Q 0 0.1
: ‘ 1
3 0.5 0.33 - 0.326 0.367
v 1 1.35 I 123786)  1.388(3)
4 3 4.2 15 4.78 4.78
dimensionality of the interaction D 1 1 3
dimensionality of the order parameter 4 ) 3 !
M « (Ic-T)P Co= B+ Alt| ™/ 170~ (T/Tc — 1)’
0.6_ T i rrrrr T 1 1 T 1 lil1_‘ 120_a: _0.0127_ }'~1.63~1.15
0.5 ﬁ — 0-3581 7] cu. NMn
c 0.4F - 60 | 1x 3+x
2 0.1kOe
g 03y 1 % 100 3
: : £ .
g 0.2t 1 3 E
E & 2
KO
SR B A A ] 1 Loto1 oyt 80 :x 20
0.1 0.005 0.01 0.02 0.05 0.1
reduced temperature 02 J 0 ' 5.2
— L T= T, (1K) 0 ho
Magnetization vs. reduced temperature in nickel

Specific heat at constant pressure near the superfluid transition
in “He.

[2] [2]
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Excitations in the symmetry broken state of a continuous symmetry

Excitations = time dependent fluctuations of the order parameter

m massive excitation massless Nambu-Goldstone-Bosons

Vig) Vig)

Variation of the absolute Continuous rotation of the order parameter
value of the order parameter connecting different equivalent
,2amplitude mode” ground states with the same absolute value

,Higgs mode” ,phase mode”
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Nambu-Goldstone excitation: k=0 magnon in the Heisenberg model

Short range interactions: H=— Z-’éi .§;
y )

1-Dchain  H=-21)"§ -§i1.

FIPPPPLPPPPTTIT
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Magnons 1n the Heisenberg Model

EuS: Ferromagnet (T = 16,5 K) with localized magnetic moments

face centered cubic
| ¢ Eu?* (4f7): J=S=7/2 ions

R,f L Isotropic Heisenberg interaction
%/R;_ = of nearest neighbor spins:

hik = 0.20K s 135
L J2ix =-0.000K tu
Jyik = 0.006K 430 —
| Julk =-000TK H e JnmSnSm
Jslk =-000LK
l 25 =
- o % n.m
<100 oy {20 %
&
- | s @
o &

Q| TS
0

0 7 & 5 8 10 12 W % B8
q(nm“}
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Magnons and spin correlations

Magnons are H=-Y J§; - §j
low temperature excitations {5
excitations in the critical region
are spin-spin correlations
divergent in space and time,
1 - with correlation length and
B correlation time
spin-wave region ‘s (T.H = 0) « |1‘|_"1
Te o< &7 o [t[777
E@
E. 0.5
(T - 7@
critical
region
0 i -

T/T



Magnons and spin correlations

Magnons are H=-Y J§; - §j
low temperature excitations {5
excitations in the critical region
are spin-spin correlations
divergent in space and time,
1 - with correlation length and
B correlation time
spin-wave region ‘s (T.H = 0) « |1‘|_”=
Te ox & o [t|777
E@
E. 0.5
0




Ginzburg—Landau

Energy increase through spatial fluctuations of the order parameter

For a Ferromagnet one direction of M is spontaneously choosen
- Spatial fluctuations are e.g. rotations of the local order parameter

> Energy increase |A E ~ (VM)Z

This holds in general for order parameters and is described by the
Ginzburg-Landau-Theory (crf. Superconductivity, Brout-Engert-Higgs):
For charged particles (here Cooper pairs with charge 2e)

this leads to the canonical momentum term (principle of minimal coupling)

1

f=awz+§wr

1 [ Y
H—I|(=ihV + 2eA4 )zpl +
2m

(B-Bg )2

9)
21,
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Overview spontaneous symmetry breaking

Phenomenon High T Low T Order Excitations Rigidity Defects
Phase Phase parameter phenomenon
crystal liquid solid G phonons rigidity dislocations,
grain
boundaries
~
ferromagnet paramagnet ferromagnet M magnons permanent domain walls
magnetism
antiferromagnet  paramagnet  antiferromagnet M (on magnons (rather subtle) domain walls
sublattice)
nematic liquid oriented S = (%(3 cos? 6 — 1)) director various disclinations,
(liquid crystal) liquid fluctuations point defects
ferroelectric non-polar polar g 3 soft ferroelectric domain walls
crystal crystal modes hysteresis
superconductor  normal metal  superconductor |yr[ef® - superconductivity flux lines
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Phase transitions in fluids
- Phase diagram, order parameter and symmetry breaking
- Microscopic van-der-Waals theory = universality

Magnetic phase transitions in condensed matter
- Paramagnet

- Interacting magnetic dipole moments, “spins”

- Weiss model for ferromagnetism - universality

- Landau theory

120

Outline

Consequences of symmetry breaking
- Critical phenomena and universality
- Excitations, Nambu-Goldstone-, Higgs-modes

=3
S
T

C, (Jimole K)

More complex ordering phenomena
- Multiferroics, competing order
- [Quantum phase transitions]
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Multiferroics

Ferromagnet: spontaneous M: magnetization  time reversal

Ferroelastic: spontaneous ¢ : strain displacements

Ferro-electric: spontaneous P: polarization inversion symmetry

Design of Materials with Strong
Magneto-Electric Coupling

Ferroelectrics d%ness: BaTiO,

P A
+ =+ -
Spaldin, Fiebig

Science 2005 + =) (4 =

E
P
€ M
- \ 4

Ferroelastics Ferromagnets finite # d-electrons: LaMnO,:
Colossal MagnetoResistance

Exceptions:magnetoelectrics: Cr,0,
multiferroics: BiMnO,
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Multiferroics

Magnetically induced ferroelectricity
(a) P=0

Sinusoidal magnetic order fﬂih, -
P=0 e

(b) P

Helical magnetic order LUZL«?V%,—\SQL Q

P=vxeM M, [e; x Q]

3
exchange striction Figure 1: The_: su.lusmdal spin density wave mfghl.gwc rise
. . to local polarizations but the average polarization is always
magnetlc frustration zero (a). For the helical spin density wave the average

secondary order parameter polarization is nonzero and perpendicular to the spin
) rotation axis and the wave vector (b) .

. M Mostovoy, PRL 96. 067601 (2006), Nagaosa PRL 2006



electrical resistance (1911)

»

resistivity

>
temperature

H. Kamerling-Onnes

37

Conventional Superconductivity

field expulsion (1933)
Meissner-Ochsenfeld effect

Gl

AL AL

W. Meissner
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Type | superconductor

» Superconductivity is a thermodynamic phase

B =0 inside for B <B_, (Meillner phase)

H
normal metal

H, (T=0){—

superconductor 2nd order

—

T

Sk S
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Thermodynamics: specific heat

Electronic specific heat around superconducting transition

Vanadium
30
¢ C/T I
-‘.l'i
areas . . o 'E‘uDer‘w:l:wr'u:lt.u:zT_g.l
match T‘\\ jump at T : - .

/

. f Marrma]

10
exponential in simple ?

superconductors s o -
Te=54K—
TR

OO

C/T (mJs mole K1
I

T ] iyl

] S 10 1

T (k%)

e exponential low T behavior in conventional sc (BCS)
power law low T behavior in unconventional sc

* matching areas - entropy conserved at T
consistent with second order phase transition



Thermodynamics: entropy

Entropy S versus temperature

S a

superconducting
state

normal state

—> T

e Superconducting state is the more ordered state
« Description using the concept of an order parameter useful
-> Ginzburg-Landau theory

40



Superconducting Transition Temperatures

1986 Cuprate high-T;

g I I L L L
o 1 A HgBa,Ca,Cus0; @ 1 2007 Fe-based
o T,Ba,Ca,Cu010.; o . auperconfulctors
-c:—u- I Bi,Sr,Ca,Cuz044.5 @ P 2 osono et al.
o 00 YBa,Cu;04., @ 71 Liquid ni

i U304, :
8 [aNdFeaso,f, o oD L] Hlquidnirogen
= S Ba. KF 1 boiling temp
) I a KFeAs; )
]
—~ 50F 1LaFePO La, . BaCuO, MgB, ¥ 3 T
o [ . e_ O -
= NbTi  VaSi NbsGe pf .
& olom.. ... .. .. . . %fBDe ¢ -
+ 1900 1925 1950 1975 2000 2025

year of discovery



Coexistence of Superconductivity and Magnetic Order

Temperature
A Structural
Paramagnetic order parameter
(b) 3500 F 0
Ba(Fec,,,Com,,_J_.As_.ﬁ o §
Coexistence g [ A
] \ Coexistence g 2°°°" J \ ax ] Nandi et al_.,
conzzi‘:ing Antiferro- g g — 'M — PRL 2010
magnetic E 1000 A sk ]
5001- j' "v* «l
Hole Doping Electron 0998 (i:"?gg - 102
fraction
Ba, K,Fe,As, BaFe, ,Co,As, T M agn etic
Critical evidence for coexistence: el order parameter
« Bulk magnetic order g
* Bulk superconductivity § o
* Coupling of order parameters g aming
E = Cooling T
— Extrapolation aly N
ot ., | b »

E. Wiesenmayer et al., Phys. Rev. Lett. 107, 237001 (2011) 010 20 10 40 5t° 60K70 =0 0
T. Goltz et al, Phys. Rev. B 89, 144511 (2014) empenature ()
Ph. Materne et al., Phys. Rev. B 92, 134511 (2015)

D.K. Pratt et al., PRL "09
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Electronic Instabilities

Competition for free electrons on the Fermi surface

SDW magnetism

Resonant single electron scattering Resonant electron pair scattering
on the Fermi surface on the Fermi surface
with nesting vector Q with nesting vector Q

Susceptibilites depend differently
on details of the Fermi surfaces (size, shape,...)
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Landau-Theory for coupled order parameters

~ : 5 B
Fl, M) = /cl37*{%|t"(17')|2 + I|L(f’)|4 + |V1. (7)|?

+ S| + |u I+ VAT ")|2

Magnetism and superconductivity compete for the same electrons _J
at the Fermi surface - d positive

Conditions for non-zero order parameters

19 ab — ad
a =(10[T — T_\'[]] . ap >0 [U]" = — b3 — 2 , ab < ad
a=ag[T —To] , >0 - 3 —ad
ot T P
3 —d

—>Linear suppression of the magnetic order parameter
as a function of the ratio of the critical temperatures T /Ty

M? 1 agb — agd T,
Mg = —=—(I'=0)=1— £ 207 dof
M2 ag b3 —d? Ty
w

Amid)

Ph. Materne et al., Phys. Rev. B (2015)




Universal suppression of magnetic order parameter

d Clnb — (l()(l :T:
oy b.'g — (12 T_\'

W

Am(d)

1.0 S l ' ' l ' lstructu'ral orde'r parar'neter:-
fﬂ & Ba, KFeAs,
= o & Ba(Fe,_Rh)As,
_.|.'_l’ 0.8 - O Ba(Fe, ,Co)As,
(20 |
"-.o *
‘?/)0 2 ?nagnetic order parameter:
— - B Ca,_NaFeAs,
Ii 04 ™ Ba NaFeAs,
o u Ba, KFeAs,
é_o [ %« Ba(Fe,_Rh)As,
‘EO 0.2 - % Ba(Fe, Ru)As, =
|« Ba(Fe, Ni)As, Om
50 * B.a(Fe1_ ‘Cox)2A§2 i ) i . i @ .
0.0 0.2 0.8 1.0

45

0.4 TcITN 0.6

Ph. Materne et al., Phys. Rev. B (2015)
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Quantum Phase transitions

What happens, when for a continuous phase transition T is suppressed to zero temperature
via some external parameter p ?

Critical temperature becomes quantum critical point (QCP)

What destroys the ordered state at T->0 as a function of p?

Enhanced quantum critical fluctuations, e.g. antiferromagnetic spin fluctuations

Often new order emerges driven by these quantum fluctuations, e.g. superconductivity

classical
critical
ordered
state

quantum
critical

disordered
state

QCP p

10

CePd,Si,

1 1 1 1 I 1 1 1 1

0 1 2
P (GPa)
Mathur et al., Nature 1998




Summary

Phase transitions in fluids
- Phase diagram, order parameter and symmetry breaking
- Microscopic van-der-Waals theory = universality

Magnetic phase transitions in condensed matter
- Paramagnet

- Interacting magnetic dipole moments, “spins”

- Weiss model for ferromagnetism - universality

- Landau theory

120

Consequences of symmetry breaking
- Critical phenomena and universality
- Excitations, Nambu-Goldstone-, Higgs-modes
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More complex ordering phenomena
- Multiferroics, competing order
- [Quantum phase transitions]
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Ginzburg—Landau

Energy increase through spatial fluctuations of the order parameter

For a Ferromagnet one direction of M is spontaneously choosen
- Spatial fluctuations are e.g. rotations of the local order parameter

> Energy increase |A E ~ (VM)Z

This holds in general for order parameters and is described by the
Ginzburg-Landau-Theory (crf. Superconductivity, Brout-Engert-Higgs):
For charged particles (here Cooper pairs with charge 2e)

this leads to the canonical momentum term (principle of minimal coupling)
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