
Lecture 7-2 (weeks 7-8, 1-6 April 2025)

Thermo-Electro-mechanics
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• Pyroelectricity and thermal expansion 

• General description of electro-thermo-mechanical 
response 

Lecture 7-2, Crystalline materials: structures and properties – part II pyroelectricity
2025 



Pyroelectricity  
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Pyroelectric measurements  



Pyroelectricity  

4

!"# $$ δ=

Where is it possible?

One needs an invariant vector

One needs a polar group since in polar groups
there exists a direction that cannot be changed

by the symmetry operations of the material
(this is a direction for the invariant vector)

or at !=!"!"# $$ δ=
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Pyroelectric: only blue and !∞∞!
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Symmetry of pyroelectric response 
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Examples of pyroelectric materials
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Tourmaline
(Musée cantonal de géologie,

Lausanne)

!!

Complex aluminium-borosilicate

How strong is the effect?
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Example- perovskites

Temperature sensor for 
dT < 10-3-10-4 K
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Anisotropy of pyroelectric effect
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Applications: pyroelectric sensors
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• Sensors for motion, gas, food, or flame

• mK –sensitivity (in principle even µK-range), human 
presence up to 20-30 m

• gas sensors: IR-emitters, IR pass through the gas 
sample, then detecting if a certain IR wavelength is
received on the other side. 
If it is not received, the gas that absorbs that wavelength
must be present in the sample – e.g. CO and CO2

• flame sensors, food sensors, IR imaging
(Different food materials absorb and reflect infrared light in unique 
ways, depending on their composition (e.g., moisture, fat, proteins, 
and carbohydrates)
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!"# εδ ⇒ Strain

!

!""! ## =Symmetric second 
rank tensor like

!"#"# δαε =

!"α Tensor of coefficients 
of thermal expansion

Thermal expansion  



12

Effect of Neumann in conventional axes
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Symmetry of thermal expansion 
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Thermal expansion: examples
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Cu Zn
!!! !!!!"
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Constitutive equations of 
linear electro-thermo-mechanical response

!"#$%& DEDE)D)D δσε ++= !

!"#$ %&%&''%% δασε ++=

!"#ABC ''EE δσδ ++=
Heat per

unit volume   

Heat 
capacity 
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Constitutive equations of 
linear electro-thermo-mechanical response

!"#$%& DEDE)D)D δσε ++= !

!"#$ %&%&''%% δασε ++=

Piezocaloric
effect

!"#ABC ''EE δσδ ++=

Electrocaloric
effect

1st rank 2nd rank
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Constitutive equations of 
linear electro-thermo-mechanical response

!"#$%& DEDE)D)D δσε ++= !

!"#$ %&%&''%% δασε ++=

!"#ABC ''EE δσδ ++=

!! "# α=!! "#A =
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Constitutive equations of 
linear electro-thermo-mechanical response

!"#$%& DEDE)D)D δσε ++= !

!"#$ %&%&''%% δασε ++=

!
!
"#$

!
%C ''EE δσαδδ ++==

Entropy per unit volume    
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Remarkable symmetry of 
the constitutive equations 

!"#$%& DEDE)D)D δσε ++= !

!"#$ %&%&''%% δασε ++=

!
!
"#$% CC'' δσαδ ++=

The reason?



All these remarkable experimental findings
can be explained 

taking into account 
the energy aspect of the problem
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Thermodynamics
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!"# +=∆ !"#
Work

Internal energy Heat 
1st law of thermodynamics

!" =∆
Work

Energy 

Energy conservation law



Thermodynamics
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2nd law of thermodynamics 
(at the equilibrium)

!"# ∆⋅=
Entropy 

!"#$ ∆⋅⋅= Entropy density  !



Thermodynamics
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( ) !"#$$%&#D EE)) ∆⋅⋅++=∆ ∫ εσ!"#

!"#""$%"& DDEE ++= εσ!"#

!"# !"#$"#$ = Internal energy density  

Work Heat 



Legendre transformation
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Pyroelectric vs. elecrocaloric effects
pyroelectric

effect
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Electrocaloric effect

!
!
"# δδ ++= !! !! "# !!σα

Under adiabatic conditions (thermal insulation)
 dS = 0 

and mechanically free 
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Anisotropy of electrocaloric effect
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Electrocaloric effect. Example

!!!

















!
!
!

!"#$%&

!!"#$
%% −=δ

!"#−≅=
!
"#

$
$

!"#$%C'% C=!

!"#$%&!"'#$ (==!

!"#$%&'() )*×≈!

For long time was considered as a weak effect…
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Giant electrocaloric effect
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Adiabatic ßà Isothermal

Clamped  ß à Mechanically free

Short-circuit   ßà Open-circuit

Linear electro-thermo-mechanical response
under different conditions
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Dielectric constant

!"#$%& DEDE)D)D δσε ++= !

dielectric constant  measured
 in mechanically free

crystal 
at isothermal conditions

1. Non-piezoelectric – permittivity is independent of measurements 
conditions.

2.Piezoelectric/non-polar - permittivity is dependent on 
mechanical measurement conditions.

3.Polar - permittivity is dependent on both mechanical and
thermal measurement conditions.
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Adiabatic dielectric constant in 
a mechanically free sample 
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Elastic compliance 

1. Non-piezoelectrics - compliance is independent of the electrical 
conditions but sensitive to thermal conditions

2. Piezoelectrics - compliance is sensitive to 
both electrical and  thermal conditions

!"#$ %&%&''%% δασε ++=

Elastic compliance measured
 in a short-circuited 

crystal 
at isothermal conditions
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Other effects sensitive to conditions
of measurements

!"#$%& DEDE)D)D δσε ++= !

!"#$ %&%&''%% δασε ++=

!
!
"# δδ ++= !! !! "# !!σα

1.”Clamped” and “free” pyroelectricity

2. Short- and open-circuit thermal expansion

3. Heat capacity (short- /open-circuit and clamped/free mechanically)
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Adiabatic ßà Isothermal

Clamped  ß à Mechanically free

Short-circuit   ßà Open-circuit

Linear electro-thermo-mechanical response
under different conditions

These cases may not discuss the dynamic situation
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Short-circuit   ß mixed à Open-circuit

Linear electro-thermo-mechanical response
under different conditions
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Essential   
1. Electrical, mechanical, and thermal effects in solids are 
linked. The question if any two effects are linked can be solved 
using the symmetry and thermodynamic arguments.

 2.The response of a solid to electrical, mechanical, and 
thermal perturbations can be sensitive to the conditions of the 
experiment.

    3. Electrical conditions range between “open-circuit”  and 
“short-circuit”.

 4. Mechanical conditions range between “free” and “clamped”.

 5. Thermal conditions range between  “isothermal” and 
“adiabatic”.


