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KLAUS BETZLER, CHRISTOPH GÖDEKER, URS HEINE, UWE VOELKER

2009 WILLIAMSBURG WORKSHOP ON

FUNDAMENTAL PHYSICS OF FERROELECTRICS



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Relaxor Ferroelectrics

G. A. Smolenskii 1954: Segnetoelektricheskie svoistva tverdykh
rastvorov stannata bariya v titanate bariya

G. A. Smolenskii 1958: Dielectric polarization and losses of some
complex compounds

Many Others: . . .

. . .

L. Eric Cross 1987: Relaxor ferroelectrics

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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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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and Klaus Betzler: Crystal structure of strontium barium niobate Srx Ba1−x Nb2O6 (SBN) in the
composition range 0.32 < x < 0.82 . Acta Cryst. B 62:960–965 (2006).

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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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 10



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Second-Harmonic Generation – d-Tensor

 E2ω
1

E2ω
2

E2ω
3

 ∝

 0 0 0 0 d15 0
0 0 0 d24 0 0

d31 d32 d33 0 0 0




Eω
1 Eω

1
Eω

2 Eω
2

Eω
3 Eω

3
2Eω

2 Eω
3

2Eω
3 Eω

1
2Eω

1 Eω
2


dik = f (P)

try
= a0 +a1P +a2P2 +a3P3 + . . . , a0,a2, . . . = 0

E2ω(T ) =⇒ P(T )

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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Real Space – Small Domains

Crystal position  x  [µm]

C
ry

st
al

 p
os

iti
on

  y
  [

µm
]

0 5 10
0

2

4

6

8

10

k−vector component  k
x
  [µm−1]

k−
ve

ct
or

 c
om

po
ne

nt
  k

 y
  [

µm
−

1 ]

−50 0 50
−50

0

50

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 14



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Accessible k-Spectrum

k
1

k
1

k
2

k
g

⊗
c

ϕ

|kg|=
(
4|k1|2 + |k2|2−4|k1||k2|cosϕ

) 1
2

k−vector component  k
x
  [µm−1]

k−
ve

ct
or

 c
om

po
ne

nt
  k

 y
  [

µm
−

1 ]

−50 0 50
−50

0

50

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.
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T. Granzow, Th.Woike, M.Wöhlecke, M. Imlau, W. Kleemann: Change from 3D-Ising to Random
Field-Ising-Model Criticality in a Uniaxial Relaxor Ferroelectric. Phys. Rev. Letters 92:065701 (2004).

0 5 10 15 20
0

0.05

0.1

0.15

0.2

0.25

0.3

Polarization  [µC/cm2]

C
rit

ic
al

 e
xp

on
en

t  
β
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Uwe Voelker, Urs Heine, Christoph Gödecker, Klaus Betzler: Domain size effects in a uniaxial ferro-
electric relaxor system: The case of Srx Ba1−x Nb2O6 . J. Appl. Phys. 102:114112 (2007).

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.
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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 ?
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Loosely Coupled Regions ?
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Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Loosely Coupled Regions ?
Varying composition, different structural stability
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Loosely Coupled Regions ?
Unique polarization – rather unlikely
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Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Loosely Coupled Regions ?
Different local polarization
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Loosely Coupled Regions ?
Near the phase transition
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Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

Loosely Coupled Regions ?
Polarization might be even locally reversed
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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 . . .

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 27



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

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 . . .

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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Locally Different Transition Temperatures
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Locally Different Transition Temperatures
Polarization described by a unique critical exponent β

280 300 320 340 360 380 400

β = 0.2

Temperature [K]

P
ol

ar
iz

at
io

n 
[a

rb
. u

ni
ts

]

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 28



Introduction Strontium Barium Niobate k-Space Spectroscopy Results Conclusions

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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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

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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Wöhlecke, U. Caldiño, E. Martı́n, D. Jaque, J. Garcı́a Solé: Spectroscopy of Eu3+ ions in congru-
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Calculated k-Space Representation of Real Domains
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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)

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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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

k-Space Spectrum and Electric Field
Application of an electric field to previously unpoled SBN
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