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ent strontium barium niobate crystals. Phys. Rev. B 77:214102 (2008).

Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 8Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 3



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Strontium Barium Niobate Revisited

Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

SBN – SrxBa1−xNb2O6 – Transition Temperature

0 0.2 0.4 0.6 0.8 1 1.2

290

300

310

320

330

340

350

360

T
i,up

=−35.7c
Eu

+351.2

T
i,dn

=−47.9c
Eu

+349.2

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
 T

i  [
K

]

Europium content c
Eu

 [mol % rel. to Nb]

300 320 340 360
Temperature [K]

In
te

ns
ity

 [a
.u

.]

0.3 0.4 0.5 0.6 0.7 0.8

300

350

400

450

500

Strontium fraction  x

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
  [

K
]

dT/dx = − 420 K
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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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Ä. Andresen, A.-N. Bahar, D. Conradi, I.-I. Oprea, R. Pankrath, U. Voelker, K. Betzler, M.
Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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Explanation: Second-Harmonic Generation
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Second-Harmonic Generation – d-Tensor
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Real Space – Small Domains
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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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Temperature Dependence: Unpoled Sample
Heating an unpoled SBN sample
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Ä. Andresen, A.-N. Bahar, D. Conradi, I.-I. Oprea, R. Pankrath, U. Voelker, K. Betzler, M.
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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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ent strontium barium niobate crystals. Phys. Rev. B 77:214102 (2008).

Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 8Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 23



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Conclusions

I Results depend on . . .

I . . . sample preparation

I . . . sample history

I . . . type of measurement

I . . . velocity of measurement

I . . . polarization direction

I . . . individual crystal ?

Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

SBN – SrxBa1−xNb2O6 – Transition Temperature

0 0.2 0.4 0.6 0.8 1 1.2

290

300

310

320

330

340

350

360

T
i,up

=−35.7c
Eu

+351.2

T
i,dn

=−47.9c
Eu

+349.2

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
 T

i  [
K

]

Europium content c
Eu

 [mol % rel. to Nb]

300 320 340 360
Temperature [K]

In
te

ns
ity

 [a
.u

.]

0.3 0.4 0.5 0.6 0.7 0.8

300

350

400

450

500

Strontium fraction  x

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
  [

K
]

dT/dx = − 420 K
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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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ent strontium barium niobate crystals. Phys. Rev. B 77:214102 (2008).

Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 8Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 25



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Conclusions cont’d

I No unique phase transition of poled crystals

I No thermodynamic equilibrium

I No unique polarization in unpoled or partially-poled crystals

I Any scaling attempts must fail

I Implications for critical exponents

I Polarization directions locally not equivalent

I Global polarization no suitable order parameter ?

I Free energy depending not only on unique P ?

Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

SBN – SrxBa1−xNb2O6 – Transition Temperature

0 0.2 0.4 0.6 0.8 1 1.2

290

300

310

320

330

340

350

360

T
i,up

=−35.7c
Eu

+351.2

T
i,dn

=−47.9c
Eu

+349.2

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
 T

i  [
K

]

Europium content c
Eu

 [mol % rel. to Nb]

300 320 340 360
Temperature [K]

In
te

ns
ity

 [a
.u

.]

0.3 0.4 0.5 0.6 0.7 0.8

300

350

400

450

500

Strontium fraction  x

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
  [

K
]

dT/dx = − 420 K
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Ä. Andresen, A.-N. Bahar, D. Conradi, I.-I. Oprea, R. Pankrath, U. Voelker, K. Betzler, M.
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ent strontium barium niobate crystals. Phys. Rev. B 77:214102 (2008).

Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 8Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 25



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Conclusions cont’d

I No unique phase transition of poled crystals

I No thermodynamic equilibrium

I No unique polarization in unpoled or partially-poled crystals

I Any scaling attempts must fail

I Implications for critical exponents

I Polarization directions locally not equivalent

I Global polarization no suitable order parameter ?

I Free energy depending not only on unique P ?

Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

SBN – SrxBa1−xNb2O6 – Transition Temperature

0 0.2 0.4 0.6 0.8 1 1.2

290

300

310

320

330

340

350

360

T
i,up

=−35.7c
Eu

+351.2

T
i,dn

=−47.9c
Eu

+349.2

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
 T

i  [
K

]

Europium content c
Eu

 [mol % rel. to Nb]

300 320 340 360
Temperature [K]

In
te

ns
ity

 [a
.u

.]

0.3 0.4 0.5 0.6 0.7 0.8

300

350

400

450

500

Strontium fraction  x

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
  [

K
]

dT/dx = − 420 K
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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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Loosely Coupled Regions ?
Varying composition, different structural stability
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Loosely Coupled Regions ?
Unique polarization – rather unlikely
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Loosely Coupled Regions ?
Different local polarization
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Loosely Coupled Regions ?
Near the phase transition
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Loosely Coupled Regions ?
Polarization might be even locally reversed

Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

SBN – SrxBa1−xNb2O6 – Transition Temperature

0 0.2 0.4 0.6 0.8 1 1.2

290

300

310

320

330

340

350

360

T
i,up

=−35.7c
Eu

+351.2

T
i,dn

=−47.9c
Eu

+349.2

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
 T

i  [
K

]

Europium content c
Eu

 [mol % rel. to Nb]

300 320 340 360
Temperature [K]

In
te

ns
ity

 [a
.u

.]

0.3 0.4 0.5 0.6 0.7 0.8

300

350

400

450

500

Strontium fraction  x

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
  [

K
]

dT/dx = − 420 K
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Polarization as Order Parameter ?

no unique P(T ) throughout the crystal

⇓

instead local Pn(T ) ⇒ P(T ) =
∫

Pn(T )dV

Additional terms in Hamiltonian due to

I Composition Variation

I Nonuniform Stress

I Nonequivalent Polarization Directions

I . . .
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Ä. Andresen, A.-N. Bahar, D. Conradi, I.-I. Oprea, R. Pankrath, U. Voelker, K. Betzler, M.
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Locally Different Transition Temperatures
Polarization described by a unique critical exponent β
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Locally Different Transition Temperatures
Global polarization as integral over the crystal
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Locally Different Transition Temperatures
Critical exponent β pretended by an excellent fit
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Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

Setup for k-Space Spectroscopy
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Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

Calculated k-Space Representation of Real Domains
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Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

Calculated k-Space Representation of Real Domains
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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

Domain Lengths – Model Calculations
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Domain Lengths – Model Calculations
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Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

Domain Lengths – Measurement
Poled sample – heating

(left) and cooling (right)
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Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

Domain Lengths – Measurement
Poled sample – heating (left) and cooling (right)

Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

SBN – SrxBa1−xNb2O6 – Transition Temperature

0 0.2 0.4 0.6 0.8 1 1.2

290

300

310

320

330

340

350

360

T
i,up

=−35.7c
Eu

+351.2

T
i,dn

=−47.9c
Eu

+349.2

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
 T

i  [
K

]

Europium content c
Eu

 [mol % rel. to Nb]

300 320 340 360
Temperature [K]

In
te

ns
ity

 [a
.u

.]

0.3 0.4 0.5 0.6 0.7 0.8

300

350

400

450

500

Strontium fraction  x

T
ra

ns
iti

on
 te

m
pe

ra
tu

re
  [

K
]

dT/dx = − 420 K
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ent strontium barium niobate crystals. Phys. Rev. B 77:214102 (2008).

Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 8Klaus Betzler Unraveling relaxor phase transitions by k-space spectroscopy 34



Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

k-Space Spectrum and Electric Field
Application of an electric field to previously unpoled SBN
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Setup Real World Length – Model Length – Measurement Electric Field Conical Scattering Beam

Conical Light Scattering at Higher Temperatures

K. Bastwöste, U. Sander, M. Imlau: Conical light scattering in strontium barium niobate crystals
related to an intrinsic composition inhomogeneity. J. Phys.: Condens. Matter 19:156225 (2007).
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