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Over 30 million products using FRAM 
have already been shipped, including 
metering, RFID and smart-card devices 
(source: Ramtron, 2007).

FeRAM - a dream semiconductor memory: 

• High-density (as DRAM)

• High-speed (as SRAM)

• Nonvolatile (as Flash)

Why nanoscale ferroelectrics?Why Why nanoscalenanoscaleferroelectrics?ferroelectrics?



Ferroelectric non-volatile memoriesFerroelectric nonFerroelectric non--volatile memoriesvolatile memories

4 Mb FRAM cell, Samsung Electronics

Writing and erasing ferroelectric domains

Paruch et al., APL (2001)

Minimum domain size ~5-10 nm           6-50 Gb/cm 2

bit
erasing



PiezoMEMS: cantilevers, nanoshells, nanotubesPiezoMEMSPiezoMEMS: cantilevers, : cantilevers, nanoshellsnanoshells, , nanotubesnanotubes

BIONIC EAR Cantilevers for mass detectionTube injector

Nanogenerator



Questions to be answeredQuestions to be answeredQuestions to be answered

• Domain structure at the nm scale?
• Is material switchable at the nm dimension?
• What is the minimum domain or domain wall 

size?
• Ferroelectricity in ceramics: grain and grain 

boundary effects?
• Local polarization in systems with broken 

symmetry?
• Piezoelectricity and ferroelectricity in 

nanostructures?



We need Scanning Probe Microscopy to image 
ELECTROMECHANICAL properties of ferroelectrics  

Unit cell
Quartz Crystal

1 Å1 nm10 nm0.1 µm1 µm10 µm0.1 mm1 mm10 mm0.1 m1 m

300 nm

Grains and 
Domains

( ) [ ] 2222 2)( indsosinds QPEPQQPEPPQEQPS ++=+== εε

)sin(21 tEPQS oso ωεεω =Piezoresponse
at 1ωωωω (1st harmonic)

1.5µm

Nanodomains

Electromechanics: from mm to nm ElectromechanicsElectromechanics: from mm to nm : from mm to nm 



Dimension 3000

Function generator

Lock-in amplifier

AFM Controller

Laser Detector

Vtip =Vdc+Vaccos(ωt)

Phase: domain orientation
Magnitude: local piezoelectric properties
Constant bias: hysteresis loop

polarization switching

Application of AC bias to the tip 

Vtip = Vdc+Vaccos(ωt)

d = d0+A(ω,Vdc,...)Vaccos(ωt+ϕ)

results in cantilever deflection

Piezoresponse Force Microscopy PiezoresponsePiezoresponseForce Microscopy Force Microscopy 



∆Z = ±d33V cos(wt +ϕ )

Vertical PFMVertical PFM

Vertical PFM
Z

Photodetector

PFM allows complete 3D reconstruction of polarization vector at the nanoscale level:
Vertical + Lateral PFM ( x) + Lateral PFM (y) = 3D PFM

∆L = ±d15V cos(wt +ϕ )

Lateral PFM

Photodetector

L

Lateral PFMLateral PFM

Bias
Displacement

x
y

z

Piezoresponse in 3 dimensionsPiezoresponsePiezoresponsein 3 dimensionsin 3 dimensions





Local Detection: The bias is applied between tip and bottom electrode

Pro: 1. Resolution is higher 

2. Writing is possible

Con: 1. Very sensitive to tip-surface contact

2. Difficult to interpret

In piezoelectric materials, electrical and 

mechanical phenomena are coupled

Load

Strain

Bias

Potential

1. Tip-surface contact mechanics

- origins of PFM signal

2. Cantilever dynamics

- Detection mechanism

3. Field structure in material

- Resolution

- Hysteresis measurements

- Switching phenomena

Components of PFM contrast

In a local detection case, exact solution is available only for transversally isotropic materials.

For general case, we conjecture that vPFM = d33, x-LPFM = d34 and y-LPFM = d35.

How PFM is related to materials 
properties: tip-electrode interaction
How PFM is related to materials How PFM is related to materials 

properties: tipproperties: tip --electrode interactionelectrode interaction
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Piezoelectricity under dc fieldPiezoelectricity under dc fieldPiezoelectricity under dc field
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Electrostatic term

■ Electrostatic term distorts the shape of the hysteresis in
step mode and adds artificial offset  (if V k≠≠≠≠0)

V(t)

Voltage sweep in PFM

d33 measurement

Step mode

V(t)

Pulse mode PZT film, 1 µm, courtesy INOSTEK

Nanohysteresis by PFMNanohysteresisNanohysteresisby PFMby PFM



time

Vdc

1τ 2τ
High Low

3τδτVVacac

tVVV acdctip ωsin+=

A. Wu, P. Vilarinho, V. Shvartsman, A. L. Kholkin, “Domain populations in 
lead zirconate titanate films of different compositions via PFM”, 
Nanotechnology 16, 2587 (2005).

S. Jesse, H.N. Lee, S. V. Kalinin, Quantitative Mapping of Switching 
Behavior in Piezoresponse Force Microscopy, Rev. Sci. Instr. 77, 073702 
(2006).

Hysteresis via PFMHysteresis via PFMHysteresis via PFM
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I. K. Bdikin et al., Appl. Phys. Lett. 92, 182909 (2008).

- r<<l leads to unphysically large tip size

- Prolate domains due to effective screening
of depolarization filed

- Shift of domain center due to drift

Deconvolutionof hysteresis by PFMDeconvolutionDeconvolutionof hysteresis by PFMof hysteresis by PFM



Bdikin et al, Appl. Phys. Lett. 92 (2008)

Using d 33(V) mapping notable kinks are observed
that correspond to the jumps of domain walls

nanoscale Barkhausen effect

“Barkhausen” jumps in hysteresis““ BarkhausenBarkhausen”” jumps in hysteresisjumps in hysteresis



Formation and growth of a 180° domain

fast growth along the polar axis

nucleation of a semi-ellipsoidal domain

in-plane expansion of a cylindrical 

domain crossing the whole film

1.2µm1.2µm

Topography Piezoresponse Udc = +23 V

1 s
10 s

50 s

100 s

500 s

1000 s

-30 -20 -10 0 10 20 30

-120

-80

-40

0

40

80

120

Voltage (Volts)

E
ffe

ct
iv

e 
pi

ez
oe

le
ct

ric
 c

oe
ffi

ci
en

t (
a.

u.
)

 

 

 10 V
 20 V
 30 V
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Topography and PFM images of the 60-nm-thick epitaxial BaTiO3 film

Pertsev et al, Nanotechnology 19 (2008)

Domain dynamics via PFM: BaTiO3
Domain dynamics via PFM: BaTiODomain dynamics via PFM: BaTiO33
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Fitting of experimental data by the formula 
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Fitting of experimental data by the formula 
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Proposed equation for the writing time and voltage of domain diameter D

Pertsev et al, Nanotechnology 19 (2008)

Domain size vs. voltage and pulse durationDomain size vs. voltage and pulse durationDomain size vs. voltage and pulse duration
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Fitting of the domain wall velocity gives:
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caexp

Thus:

where Ua – activation energy,
Ec – critical electric field,
µ=0.5for 2D wall for random bond disorder

■ Random bond disorder slow down the domain wall growth, no 
depolarization energy evident (full screening of polarization charges)

Pertsev et al, Nanotechnology 19 (2008)

Proof of the creep model for BaTiO3
(propagation of domain wall through random potential)

Proof of the creep model for BaTiOProof of the creep model for BaTiO33

(propagation of domain wall through random potential)(propagation of domain wall through random potential)
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Pertsev et al, J. Appl. Phys. (2011)

Domain wall motion and roughness in PLZT ceramicsDomain wall motion and roughness in PLZT ceramicsDomain wall motion and roughness in PLZT ceramics



Polishing of ceramics
(D. Kiselev, PhD thesis, 2011) Encrease of creep exponent

with decreasing La content

Pertsev et al, J. Appl. Phys. (2011)

1-D walls and change of creep mechanism with La11--D walls and change of creep mechanism with LaD walls and change of creep mechanism with La



Mesoscopic disorder in relaxor ferroelectrics MesoscopicMesoscopicdisorder in disorder in relaxorrelaxor ferroelectrics ferroelectrics 

Polar clusters
(nanodomains)

d=5-50 nm

AFM tip
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600nm
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800nm
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Solid solutions Pb(Mg1/3Nb2/3)O3-10%PbTiO3
Solid solutions Pb(MgSolid solutions Pb(Mg1/31/3NbNb2/32/3)O)O33--10%PbTiO10%PbTiO33

Nanodomains (PNRs?)
ferroelectric domans

Concentration of
“ferroelectric” islands

is 15-20% of total
area

Properties intermediate

between ferroelectrics and

relaxors
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■ Extracted correlation length gives a MEASURE OF DISORDER
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PMN-10%PT: autocorrelation analysisPMNPMN--10%PT: autocorrelation analysis10%PT: autocorrelation analysis
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PMN-PT 80/20PMNPMN--PT 80/20PT 80/20

Autocorrelation, C(x,y)

Piezoresponse, D

• Micron sized domains forming a quasi-regular 
structure and embedded nanodomains.

• Correlation along (110) direction is essentially 
stronger than in 0.9PMN-0.1PT

Cross-section of auocorrelation images along
[110] direction

Shvartsman & Kholkin PRB 69, 014102 (2004)

[001]

[110]
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PMN-20%PT: temperature dependencePMNPMN--20%PT: temperature dependence20%PT: temperature dependence
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Domain histograms

•••• Size of smallest domain is limited by the physical size of the tip (~8 nm)
•••• Nanodomains survive macroscopic phase transition but their 

number drops at Tc.
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Contrast vs. temperature

Rhombohedral ⇒⇒⇒⇒cubic
phase transition

Shvartsman & Kholkin PRB 69, 014102 (2004)
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Polar 
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piezoresponse
1.5µm

Typical piezoresponse image 
at the room temperature

Piezoresponse histogram

Room-temperature domains (T<Tc)RoomRoom--temperature domains (T<temperature domains (T<TTcc))

Polar 
“positive”Non-polar 

•••• Piezoelectric histograms can be 
deconvoluted into simple Gaussian 
peaks corresponding to polar and non-
polar phases

grain boundaries

Shvartsman & Kholkin, J. Appl. Phys. (2010)
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360K 315K 295 K

1.5µm 1.5µm 1.5µm

√ Sample was annealed to 410 K in situ

√ Small domains of size of several hundred nm above Tc and Tmax

√ On cooling nanoscale domains grow and new domains nucleate

√ Preferential nucleation on a grain boundary

As-grown domains vs. cooling (ZFC)AsAs--grown domains vs. cooling (ZFC)grown domains vs. cooling (ZFC)

Tmax,Tc

Shvartsman & Kholkin, J. Appl. Phys. (2010)
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230nm 230nm 230nm

Autocorrelation function

230nm230nm 230nm

2D image of C(r) represents areas with 
correlated (parallel) polarization (bright

contrast) and areas with antiparallel
polarization (dark contrast)
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Kiselev et al, J. Phys. D 40 (2007)

Mesoscale variations of correlation lengthMesoscaleMesoscalevariations of correlation lengthvariations of correlation length
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Screenshot 1 – no ring Screenshot 2 - ring

Total Image 

FFT of a selected 
small square

Fit of FFT

Fit of cross-
sections (vertical 
and lateral)

Total Image 

FFT of a selected 
small square

Fit of FFT

Fit of cross-
sections (vertical 
and lateral)

Local FFT analysis: principleLocal FFT analysis: principle

Kholkin et al, Materials (2010)
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4.0µm

correlation length

4.0µm

rotation

4.0µm

width

Local Fourier analysis in PLZTLocal Fourier analysis in PLZT

Kholkin et al, Materials (2010)
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Kholkin et al, Adv. Func. Mat. (2011)



Surface phase transition and mesoscopic
domains in relaxor ferroelectrics

Surface phase transition and mesoscopic
domains in relaxor ferroelectrics



SrTiO 3

Oh cubic symmetry at room temperature, 
no macroscopic piezoelectricity and pyroelectricity

highly non-linear dielectric material used in tunable microwave
filters, varactors, cell phones, antennas, etc

PFM in macroscopically nonpolar materialsPFM in macroscopically PFM in macroscopically nonpolarnonpolar materialsmaterials
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These are considerably 
smaller than measured 
for ferroelectric 
ceramics (~µµµµC/m)

PRL (2007)

Flexoelectricity is single crystalsFlexoelectricityFlexoelectricity is single crystalsis single crystals



� Mismatch strain relaxes with thickness: is relaxation homogeneous or 
inhomogeneous?

inhomogeneous strain around misfit dislocation

homogeneous inhomogeneous
ε(t)

z
t1 t2
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ra
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ε(z,t)

z
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ε(t1)
ε(t2)

ε(z,t1)

ε(z,t2)

Nagarajan et al. APL (2005)
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SRO

PZT

Strain gradients in thin filmsStrain gradients in thin filmsStrain gradients in thin films

Courtesy Gustau Catalan (University of Barcelona)



300nm

300nm

Topography

Lateral
PFM

Pure SrTiO3 ceramics Sol-gel PZT film

Collaboration with S.-H. Kim (Inostek, Korea)Collaboration with J. Petzelt
(Institute of Physics, Prague)



Ps
Ps

• Observed in both annealed and as-polished sample

• No effect of bleaching after chemical etching

• d33 values of the order of quartz ( 1-3 pm/V)

Original lateral PFM After rotation at 180º

Kholkin et al, Appl. Phys. Lett. (2008)

Proof of the piezoelectric nature Proof of the piezoelectric nature Proof of the piezoelectric nature 
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Kholkin et al, Appl. Phys. Lett. (2008)

Enhancement of the lateral response across grain boundaryEnhancement of the lateral response across grain boundaryEnhancement of the lateral response across grain boundary



Petzelt, Waser et al.  PRB 2001
Petzelt et al. JPhysCM 2007

Disordered 
grain boundary

1 nm thick

150 nm
Non-polar bulk

Polar interface
6 nm thick

Polar grain boundaries in SrTiO3 ceramicsPolar grain boundaries in SrTiOPolar grain boundaries in SrTiO33 ceramicsceramics
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Kogan, Soviet Phys. Solid State (1964)

Tagantsev, Phys. Rev. B (1986)

Tagantsev, Phase Transitions (1991)
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Topography

CaCu3Ti4O12: material with giant dielectric constantCaCuCaCu33TiTi 44OO1212: material with giant dielectric constant: material with giant dielectric constant

■ Cubic structure Im3 space group

■ Giant K up to 100,000 even in single
crystals

■ Ferroelectric displacements suppressed
by Cu2+ ions and associated tilt of oxygen
octahedra

■ Important material for capacitor and energy
storage applications



Topography VPFM

X-LPFM y-LPFM

Combined VPFM-LPFM on CCTO ceramicsCombined VPFMCombined VPFM--LPFM on CCTO ceramicsLPFM on CCTO ceramics

Tararam et al, J. Appl. Phys. (2011)



180º rotation of LPFM (no electrostatic contribution)

Proof of piezoelectric nature of the signalProof of piezoelectric nature of the signalProof of piezoelectric nature of the signal

Tararam et al, J. Appl. Phys. (2011)

Topography LPFM LPFM after rotation
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Local piezoresponse hysteresis loops

Local poling and signal relaxationLocal poling and signal relaxationLocal poling and signal relaxation

Local poling and relaxation

Tararam et al, J. Appl. Phys. (2011)



Nano Today (2008)



Bio-inspired crystalline peptide nanotubes (PNTs)

The core recognition motif of A β peptide (Alzheimer’s disease), the diphenylalanine . 
dipeptide NH2-Phe-Phe-COOH (FF) is self assembled in to ordered peptide nanotubes

E. Gazit, et al, Science, 
2003

Aqueous solution

Fast evaporation from aqueous  solution

Multiple nucleation due to 
supersaturated solution

M. Reches, E. Gazit, Nature Nanotechnology, 2006 Unidirectional growth

Fast evaporation from organic solution 

Short aromatic dipeptides from solutionShort aromatic Short aromatic dipeptidesdipeptides from solutionfrom solution



2 µµµµm

Self-assembled bio nanostructures

FF- Solution Growth – CICECO - UA

A. Heredia et al, J. Phys. D (2010)

Inset: Lateral PFM Inset: Vertical PFM

Vertical and  horizontal tubes prepared from the solutionVertical and  horizontal tubes prepared from the solutionVertical and  horizontal tubes prepared from the solution
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Peptide Nanotubes :
d15 ~ 70 pm/V d 33 ~ 15 pm/V

Piezoelectric coefficients:

Lithium Niobate :
d15 ~ 74 pm/V     d 33 ~ 16 pm/V

Kholkin et al, ACS Nano (2010)

LPFM

VPFM

Driving field dependence

Testing nanoscale piezoelectricity in peptidesTesting Testing nanoscalenanoscalepiezoelectricity in peptidespiezoelectricity in peptides



PFM angle dependenceThick vs. Thin walls

Testing nanoscale piezoelectricity in peptidesTesting Testing nanoscalenanoscalepiezoelectricity in peptidespiezoelectricity in peptides

Kholkin et al, ACS Nano (2010)
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Second Harmonic Generation Piezoresponse Force Microscopy

Heredia et al, J. Phys. D: Fast Track (2010)

P61   ⇒⇒⇒⇒ Pmmm

Irreversible phase transition into centrosymmetric phase Irreversible phase transition into Irreversible phase transition into centrosymmetriccentrosymmetricphase phase 



Isakov et al., J. Appl. Phys. 108, 042011 (2010)

PFM characterization of TGS/PEO fibersPFM characterization of TGS/PEO fibersPFM characterization of TGS/PEO fibers

Courtesy Dmitry Isakov (Uni Minho)



• h represents the effective thickness of TGS 
volume fraction that contributes to piezoresponse

• Volume fraction of the piezoelectric phase can 
be thus calculated

The cross-sectional distribution of the piezoresponse across 
and along the TGS fibers representing the TGS/PEO 
distribution.

Isakov et al., J. Appl. Phys. 108, 042011 (2010)

TGS microcrystal distribution by PFM TGS microcrystal distribution by PFM TGS microcrystal distribution by PFM 

Courtesy Dmitry Isakov (Uni Minho)



PZT single crystals via flux growthPZT single crystals via flux growthPZT single crystals via flux growth



PZT (40/60) crystals at the nanoscalePZT (40/60) crystals at the PZT (40/60) crystals at the nanoscalenanoscale

Bdikin et al, J. Appl. Phys.  (2011)



Apparent 90º domain wall broadening in PZTApparent 90Apparent 90ºº domain wall broadening in PZTdomain wall broadening in PZT

Bdikin et al, J. Appl. Phys.  (2011)
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FP7 Initial Training Network
“ Nanomotion” (budget 3.3 M €, 1.08.2011-1.08.2015)

Principal Partners:

• University of Aveiro (Portugal) - coordinator

• University of Duisburg-Essen (Germany) – multiferroics, simulations

• Bosch (Germany) – battery materials, ionic conductors 

• Tyndall Institute (Ireland) – lead-free, high-T piezoelectrics

• University College Dublin (Ireland) - biomaterials
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• National Physical Laboratory (UK) – instrumentation, multiferroics
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Associate Partners:
NT-MDT (Russia) , Nanoforce (UK), Ecole Centrale Paris (France), Materials Institute

of Madrid (Spain)



•••• Lead-free piezoelectrics (2 positions)

•••• Nanostructured ferroelectrics (1 position)

•••• Calculations and modelling (2 positions)

•••• Magnetoelectric and multiferroic materials (3 positions)

•••• Piezoelectric biomaterials and nanostructures (3 positions)

•••• Li-ion battery materials for energy storage (2 positions)
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