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Exercise 7.2  Comments

These two cases are different: polar axis!
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Lecture 8 (week 8: 7-8 April 2025)

Structural phase transitions, ferroelectricity

5
Lecture 7, Crystalline materials: structures and properties – Lecture 8

2025

• Structural phase transitions: ferroelectricity

• Ginzburg Landau theory – phenomenological 
description of ferroelectricity

• Ferroelectric domains

• Reminder - written test in class: 15 April



Example of structural phase transition
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Ferroelectric phase transition
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Structural transition from
 non-polar to a polar symmetry

is called
ferroelectric phase transition 
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Test for ferroelectric transition
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Ferroelectric and paraelectric
phases
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Ferroelectrics = materials exhibiting 
ferroelectric transitions
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Key features of ferroelectrics

1. Spontaneous polarization (P0)

3. Reorientation of P0 with electric field

4. Ferroelectric hyteresis

2. Ferroelectric domains

5. Dielectric anomaly  at transition temperature

6. Anomalies  at transition temperature 
of many other parameters 
(e.g, of pyroelectric coefficient)



Spontaneous polarization
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Domain states
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Domain - area of the sample occupied by one 
domain state
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Schematic 

!"#$B&

2-domain-state domain pattern 

!!!!!!



Domain - region occupied by one polarization state
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Reorientation of spontaneous polarization 
by electric field 
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energy

By application of electric field 
ferroelectric can be brought to 
one specified domain state!

Ferroelectric will remember this state 
when the electric field is switched off!



Reorientation of spontaneous polarization 
by electric field 
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Reorientation of spontaneous polarization 
by electric field 
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Ferroelectric hysteresis
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Dielectric anomaly at ferroelectric phase 
transition 
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Dielectric anomaly at ferroelectric phase 
transition 
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- energy (free energy) as function of Ti displacement (polarization)
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Dielectric response 
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Anomaly of dielectric response 
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Ginzburg-Landau theory
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Ginzburg-Landau theory
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State of ferroelectric (no electric field )
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Dielectric response
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Dielectric response
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Usually it is the differential permittivity that is measured. 

Speaking about “differential permittivity” one usually 
omits “differential”.

Hereafter in this course “differential” will be omitted.

“permittivity”=“differential permittivity” is defined as
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Dielectric response in paraelectric phase
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Curie-Weiss law
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Dielectric response in ferroelectric phase
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Dielectric response: “2” by Ginzburg
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Anomaly of  pyroelectric response
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Checking – pyroelectric response
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Ferroelectric domains

Initial casel

180° 90°

c

c

c c

Application of electric field

E

180° 90°

application 
of mechanical pressure

180° 90°

F

The regions of the material in which dipoles have the same 
orientation and direction are called ferroelectric domains

Tetragonal structure : 
180° and 90° domains

The domains can be inverted by electric field (180° and non 180°) or 
by a mechnaical pressure (non-180°)
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Ferroelectric domains

Ps Ps

Ps

(b) compression

c- axis

c-axis a-axis

a-axis

90° domain 
wall

Ps
E

-   -   -   -   --   -   -   -   --   -   -   -   -

+  +  +  +  +
+  +  +  +  +

+  +  +  +  +
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180° domain wall
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Ferroelectric domains (cont.)
• In general, several types of domain walls (e.g., 180o et 90o) are 

present simultaneously

Micrograp (SEM) of a grain in a 
ferroelectric ceramic.

1µm



How to view/control ferroelectric domains at 
the nanometer scale
• Example of perovskite thin films (studied e.g. for information storage)
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Example 1: 
tetragonal PZT (Pb(Zrx,Ti1-x)O3

Example 2: 
rhombohedral BFO (BiFeO3)



Piezoresponse Force Microscopy:

electromechanics can be 
probed locally
Application of AC + DC bias to the tip
Vtip = Vdc+Vaccos(ωt)
d = d0+A(ω,Vdc)Vaccos(ωt+ϕ)

Probing nanoelectromechanics, mapping domains
 Piezoelectric response force microscopy (PFM)

In macroscopic systems, we measure response to the 
uniform external field (e.g. by interferometry)

Interpretation:
In general case the strain x is linked to the polarization 
P through the equation x=QP2



Modern AFM concept: deflection detected with 
laser

4-quadrant
photodiode

I II

III IV

• In modern AFM the deflection is 
monitored by laser reflected from the 
back surface of the cantilever. The 
reflected intensity is measured by 4-
quadrant photodiode

•The movement of cantilever is 
amplified by placing photodiode far (cm 
range) from the cantilever 

• Vertical (deflection) and lateral 
(torsion) movement of the cantilever can 
be measured separately (vertical and 
lateral force microscopy)

Deflection:
(I + II) - (III + IV)

Torsion:
(I + III) - (II + IV)



Piezoelectric response force microscopy (PFM)

• The most efficient way to probe local piezoelectric response is to drive the conductive tip with 
a small ac voltage Vac = V0 sin(wt)
The mechanical displacement at the same frequency (both amplitude and phase) is detected – 
lock-in

• in many materials typical piezoelectric response is of order of magnitude of d33=10 pm/V. The 
driving ac voltage for thin films and nanostructures is typically kept below 1V in order to avoid 
polarization switching, high conduction and other undesired effect. Hence the expected 
response amplitude may be below 10 pm (<0.1Å)

• lock-in technique permits filtering out such a small response even if the high-nose 
environment

• If the material consists of polarization domains (regions where the polarization points in 
different directions), which is typically observed in ferroelectrics the map of phase of local 
piezoelectric response corresponds to the map of ferroelectric domains 
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AFM probe

Ferroelectric  layer

ac
signalTop 

electrod
e

bottom electrode

Piezoelectric response mapping, 
through-electrode imaging 

Amplitude 

250 nm

Phase 

This example shows amplitude and 
phase of local piezoresponse 
measured on a thin (50 nm) film of 
ferroelectric bismuth ferrite (BiFeO3).

In the phase image the domains with 
the spontaneous polarization pointing 
up are represented by bright color 
while the domains with polarization 
pointing down are black.

In the amplitude image the 
boundaries of domains are black 
(zero amplitude)

Rectangular Au electrodes are deposited on the film 
surface for electrical measurements. 
Remarkably the domains can be sensed through the thick 
(50 nm) gold layer. Lower image shows a sketch of the 
electrical configuration used for probing piezoelectric 
response through the electrode

Another rectangular electrode have been poled and then 
mechanically removed by the probe. The area 
underneath is fully poled (big black  spot)

AFM probe

Ferroelectric  layer

ac
signal

bottom electrode



Lateral PFM

Vertical PFM

Lateral PFM

-Substrate:
DSO/SRO(5nm)

-Thickness 60 nm

-Very smooth 
BFeO3 ferroelectric 
film 
(regular monolayer 
terraces)

-Arrays of regular 
domains with 71° 
DWs
(vertical polarization 
component 
unchanged)

domain structures with unchanged vertical component of 
polarization do not show any contrast in standard (vertical) PFM 
images. However lateral PFM response shows clear amplitude and 
phase contrast

amplitude phase

amplitude phase



PFM: ultimate limit of sensitivity: fractions of pm



Is it possible to detect shear modes of 
piezoelectric response?  - yes!

44

Typical values for piezo moduli for PZT



Nature Communications 5, 4677 (2014)

Functional properties of domain walls in PZT: 
combination of PFM and Conductive AFM (c-AFM)

PZT film with 1D array of ferroelectric domains (90° domains)
Combination of  PFM and c-AFM: narrow 90° domains provide conductive channels

a) PFM amplitude, 4x4 µm scan

b)  c-AFM, constant V=4V, same 
area

c) Zoom in: 1x1 µm  c-AFM

d) Current profile, cross-section 

• Domain walls can 
be conductive!!

• Potential for use in 
domain-wall 
electronics



Conductive AFM, example: PZT with 90° ferroelastic 
domains: conductive domain boundaries 

90° domains of polarization are formed in thin (50nm) epitaxial PZT films in order to reduce the 
mechanical energy (reduce lattice mismatch). They can be seen in topography (sub-nm vertical 
resolution).
Theoretical analysis suggests that the domain boundaries can show metallic conduction (conductive 
channels in dielectric media, which can be reconfigured!)

TEM image

10 nm

Simulation



topography Conductive AFM

-7V to tip

-7V to tip

4K vs 54K:
(same probe)

Current values 
are close!

Conductive AFM, example: PZT with 90° 
domains: conductive domain boundaries 

I.	Stolichnov	et	al.,	
Nano	Letters	(2015)
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• LiNbO3 – uniaxial 
ferroelectric (trigonal) 

• Slighly inclined domain 
walls – partially charged

• Domain wall conductivity

• Memristive behavior: 
variation of conductivity by 
12 orders – control of 
multiple domains below 
the electrode

Adv. Funct. Mater. 2020, 30, 2000109



Information storage in a ferroelectric
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Ferroelectric Random Access Memory -  FeRAM



Si-doped HfO2: a new CMOS-compatible 
ferroelectric 
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• Recently ferroelectricity 
had been discovered in 
HfO2, that has been 
known and adopted by 
industry as a Si-compatible 
high-k dielectric material

• Its CMOS-compatibility, 
high remanent polarization 
of 20µC/cm^2 and 
excellent scalability make 
is a strong candidate for 
ferroelectric memories
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Essential  
1. Phase transitions  may occur between different  states of a 

solid material. These are structural phase transitions.  

2. At a ferroelectric phase transition, the material’s symmetry 
changes from non-polar to polar (usually on cooling) .

3. Ferroelectric is a material exhibiting a ferroelectric phase 
transition.

4. The ferroelectric phase of a ferroelectric is characterized 
by:

  - 2 or more domain states of the material.
  - P-E hysteresis, polarization domains
  - dielectric response anomaly near Tc
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Essential  
1. Ginzburg-Landau theory describes ferroelectric phase 

transition (only second-order phase transition was 
discussed, some ferroelectrics are first-order, but also can 
be analyzed)

32 point groups
piezoelectrics

20 groups

Polar materials: 10 groups
some of these materials 

are ferroelectrics (if a 
ferroelectric transition 

occurs)


