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More than 60 years of relaxors
Contribution of Prof G. A. Smolensky to ferroelectricity

Ferroelectrics 78, 103 (1»988)
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Normal Ferroelectric to Relaxor Ferroelectric
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Tetragonal Cubic
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- No frequency relaxation
- Sharp narrow &’(T) peak

- Structural phase transition .
with macroscopic change at Tc
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- Strong frequency dependence
- Very broad €’(T) anomaly

- No structural phase transition across T .,



Relaxor ingredients
e Organic-like :
irradiated vinylidene fluoride-trifluoroethylene copolymers (P(VDF-TrFE))
e Inorganic-like : - Tungsten bronze structure-type :
Sr.Ba,; ,Nb,O, (SBN), ...
- Perovskite structure-type : the most studied

PbMig, sNb, /50, (PMIN), PbSc, ,Nb, ,05 (PSN), Na, ,,Bi, ,TiO; (NBT), BaZrTiO; (BZT)...
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Pb Mg, ;3Nb, 3 O, (PMN)
Na, /,Biy /) Ti O, (NBT)
Pb La Zr,. \Ti O, (PLZT)

(1- 3x/2)"x (1-y) y
Ba Zr Tiy O, (BZT)



Need of chemical disorder... and some “local” order
Case of Pb(BB’)O;

Compound B-site ordering R

PbCoy,W 104 ordered

PbMg;,W 1,05 ordered

PbYb,,Nb;,04 ordered Normal ferroelectric

Pbln;»Nb,0; ordered or disordered |

Pbln»Ta;,0; ordered or disordered

PbSc,,Nb,,0; ordered or disordered Relaxor ferroelectric 2

PbScy»Ta;,0; ordered or disordered M )
PbMg;/sNb,30; disordered B A |
PbZn,sNb,;0; disordered k/\? _________
PbMg;3Ta,,;0; disordered | ot | e

“space charge” : B=Mg?*, B’ =
& {Pb(Mg,,Nb, ,)O,} = random electric field (RF)
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Temperature effect
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Need also for some polar order/disorder
« Butterfly » Diffuse scattering & Polar NanoRegions (PNR)
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Need also for some polar order/disorder

Log Intensity (Arb. Units)
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Richness of local polar state: domain branching

First polished laver

Second polished laver
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Real Part of Permittivity

Existence of T

25000 e o
: 2.0, ST T T T T Modified Curie-Weiss law
’ 4 L —ea— ] kHz 4
20000 | 7 210 :_Png1,3Nb2/30 , STeonloMn ] ) 1 (T 7 )
: Disordered | s (PMN) _u - loookiz ] _ _ m
15000 - pisordered ] ‘2’1.5 10" [ g' S};J CC'
- (Pb-Vacancies) § [
10000 | g e
: A
5000 | ool Vogel-Fulcher law
[ y T \
0
0100 - 50. — 0 Jlll 50 IIOO Qo 10 20 2% 30 350 4w 450 f - ﬁ:' ©xp ﬁ :
i ) Temperature (K) L i/

Temperature(°C)

quadratic
Curie-Weiss law

quadratic
Curie-Weiss law

Existence of Tfreezing

Curie-Weiss law
Curie-Weiss law

PST, PSN, PMN-PT ...
PMN

15

T(‘ Tm(f) Td Tf Tm(f}



Strain 104
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From relaxor to normal ferroelectric through Morphotropic Phase Boundary (MPB)
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Application interest: Giant piezoelectricity
Morphotropic Phase Boundary
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Application interest: Giant piezoelectricity
Morphotropic Phase Boundary
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Application interest: Giant piezoelectricity
Morphotropic Phase Boundary
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Application interest: Huge electrostriction
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Induced-phase in MPB region: role of nanoscale polar clusters
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Dielectric Permittivity &'

Pnla!'ization (uC em™®)

Solid Solution

Mimicking « relaxor » bahaviour using multilayers
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Electric-field-ind

uced ferroelectric phase

Polarization and dielectric constant obtained under electric field applied along [111]
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A cooperative long-range ordered ferroelectric state is induced if the electric is
higher than a threshold value (E,~1,7 kV/cm along [111])
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E(kV/cm)

Critical end-point and super-criticality
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Summary of the needed ingredients for relaxors

Perovskite Pb-based-Relaxors (Smolenskii, 1958)
(PbMg, ;Nb, ;0;, PbZn, ;Nb,;0;, PbSc, ,Nb, /,0;, ...)

B-cations distribution
(e.g. Mg2*/Nb>*)
= Weak Random Fields (RFs)
[Kleemann, IJMP93]
1%t ingredient

Polar NanoRegions or Polar
NanoDomains or clusters or

correlations (PNRs)
[Cross, Ferroel87]
2"d ingredient

T__~260K at 1kHz
T;~220K (~T.) Ty~630K PVIN
T.~400K T;~740K PZN

“Static/Dynamic????” PNRs appear at Tg,.
[Burns et al., PRB83, Jeong et al., PRLO4] and they

freeze down (or phase transition) at T eeing (Te)
This is not a PFM image and does [Viehland et al., PRB91, Westphal et al., PRL92]

not correspond to reality!!!!



Physical models for relaxors : History and analogies with magnets

e The first one [Smolenskii, JPSCS, 70] : concept of « polar microregions » within chemical inhomogeneity theory (static model)
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e The first one [Smolenskii, JPSCS, 70] : concept of « polar microregions » within chemical inhomogeneity theory (static model)

e From superparaelectric [Cross, Ferroelectrics, 87] to dipole glass [Viehland, PRB, 91]

| Independent polar regions 4 Cluster-glassiness due to
| appearing at T,,,,,.~630K dipolar disorder and frustrated
\ | / ' (thermal fluctuations) interactions

/ 1\/ AG = volume > < Vogel-Fulcher relationship

0=0,.exp[-E /k(T__-T)]

For PMN, E_=0.0407eV
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Physical models for relaxors : History and analogies with magnets

e The first one [Smolenskii, JPSCS, 70] : concept of « polar microregions » within chemical inhomogeneity theory (static model)

e From superparaelectric [Cross, Ferroelectrics, 87] to dipole glass [Viehland, PRB, 91]
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\//
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i
A

\/ T |
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Y olume < Vogel-Fulcher relationship
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e Quenched random fields [Westphal, Kleemann et al., PRL, 92] arising from space charges associated to chemical inhomogeneities



Physical models for relaxors : History and analogies with magnets

e The first one [Smolenskii, JPSCS, 70] : concept of « polar microregions » within chemical inhomogeneity theory (static model)

e From superparaelectric [Cross, Ferroelectrics, 87] to dipole glass [Viehla

Independent polar regions
appearing at Tg,,,.~630K
(thermal fluctuations)

nd, PRB, 91]

4 Cluster-glassiness due to
dipolar disorder and frustrated
interactions

Vogel-Fllcher relationship
0=0,.exp[-E /k(T__-T)]

For PMN, E_=0.0407eV

9 T,=217.7K

e Quenched random fields [Westphal, Kleemann et al., PRL, 92] arising from space charges associated to chemical inhomogeneities

e Unifying “hybride” model [Pirc, Blinc, PRB, 99]
models

: Spherical Random

R

Random bond interact
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Physical models for relaxors : History and analogies with magnets

e The first one [Smolenskii, JPSCS, 70] : concept of « polar microregions » within chemical inhomogeneity theory (static model)

e From superparaelectric [Cross, Ferroelectrics, 87] to dipole glass [Viehland, PRB, 91]

Independent polar regions 4 Cluster-glassiness due to
| appearing at T,,,,,.~630K dipolar disorder and frustrated
\ | / ' (thermal fluctuations) interactions

/ 1\/ AG = volume > < Vogel-Fulcher relationship

0=0,.exp[-E /k(T__-T)]

For PMN, E_=0.0407eV
\_ T,=217.7K

e Quenched random fields [Westphal, Kleemann et al., PRL, 92] arising from space charges associated to chemical inhomogeneities

e Unifying “hybride” model [Pirc, Blinc, PRB, 99] : Spherical Random Bond Random Field model (SRBRF) = extension of Ising

models
Random local electric field

1 I — - - -
H:—§ZJ@jSZ'-Sj—Zhi-Si—gZE@-S@

Random bond interaction Effective local field
(length varies)

What else....



AE count rate (N, s™)

An additional “critical” temperature T*
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T* was overlooked in previous data...
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Comparison with other “super” condensed matter systems

Interestingly (in Colossal
Semiconductors)

MagnetoResistance,

High-Temperature SuperConductor,

Diluted Magnetic

[E. Dagotto, NJPO5, Science05]
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Comparison with other “super” condensed matter systems

Interestingly (in Colossal MagnetoResistance, High-Temperature SuperConductor, Diluted Magnetic
Semiconductors)

[E. Dagotto, NJPO5, Science05]
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Spontaneously breaking of continuous symmetry
Important in many branches of physics: superconductors, superfluids, ... and even Higgs boson.

Physlcists are looking for connectlons =D{ A Pekker! and C.M. Varma?
cosmic Higes boson, discovered In 2 par it e
arld |t'5 ta bletﬂp oL 'E-|rl'5 Al‘ll‘lu. R.E"\". Cl’)l‘ldﬁ'l‘l‘-} Mﬂttfr Ph}"q 20]. i . 6'2 69—9?

PARTICLE COLLIDER \ BOSE- EINSTEIN CONDENSATE

Energy scale; 1.25 »x 10" eV Energy scale: 4 » 10-3 eV
Permeates the Universe Exlsts as a Jlggling In the field
and gives rise to mass In \ describing the shared quantum
other particles. state of a cloud of atoms.

SUPERCONDUCTOR ANTIFERROMAGNET

Energy scale; 0.002 eV Energy scale: Up to 0.0012 &V
ExlIsts as a Jigeling In the field ‘ . . . Exlsts as a |lggling In the

describing how superconducting magnetic ordering of atomic
electrons palr up. spin states.

E'I,.'I aslactromeolt

E.S. Reich, Nature2013
Can relaxor be invited at this table?



Are relaxors relatives to Higgs via a spontaneous breakdown of continuous symmetry?
V() = g6 +u(¢?)

g>0

“Mexican hat”

(¢) #0

@
4

@
0
Il
o
Q

| Collective oscillations
Gazit et al., PRL2013 Goldstone and Higgs modes

Collective modes or ‘giant matter wave’ with spectacular frictionles:

Dynamic order parameter @=IPle'® flow properties appear (Bose—Einstein condensation) emerge
near a quantum phase transition between an
ordered (I®DI # 0) and a disordered phase (I®I = 0).



Are relaxors relatives to Higgs via a spontaneous breakdown of continuous symmetry?
V() = g6 +u(¢?)

g>0

“Mexican hat”

(¢) #0

| Collective oscillations
Gazit et al., PRL2013 Goldstone and Higgs modes

Collective modes or ‘giant matter wave’ with spectacular frictionles:

Dynamic order parameter @=IPle'® flow properties appear (Bose—Einstein condensation) emerge
near a quantum phase transition between an
ordered (I®DI # 0) and a disordered phase (I®I = 0).

Munoz, Rev. Mod. Phys. 90, 031001 (2018)



A spontaneous broken continuous symmetry at T;?

Gram-Charlier treatment [Kiat et al. JPCM99]
Probability Distribution Function for Pb
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Below T, ALL pb ions are displaced (Mexican hat potential)
Prosandeev, Phys. Rev. B 102, 104110 (2020)



A spontaneous broken continuous symmetry at T;?

Gram-Charlier treatment [Kiat et al. JPCM99]
Probability Distribution Function for Pb
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Help from modelling: SuperHamiltonian
600 K (a) 400K (b) 200K
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Back to Higgs and its Mexican hat...
Modeling
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Prosandeev, Phys. Rev. B 102, 104110 (2020)



We have the Mexican hat, where are the collective excitations?

Molecular Dynamics simulation 100
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Relaxor applications

Giant piezoelectric

Strong electrostrictive
Huge dielectric

Significant electrooptics
Large tunability 8 P

Big pyroelectric
High energy storage

Strong electrocaloric



Context
Von Neumann digital and sequential architecture

Automatic
Language \r..‘&.
Translation \l@a oo,,\s
o
Stock
Market
trading
Artificial BRing
Moore's law Intelligence el
Detection
Memory wall

Heat wall Virtual
Product Personal
recommend Assistant

-ations

Self
driwng
Cars

784 input 300 hidden
neurons neurons

10 output
neurons

(1) Better memory storage

(2) Bioinspired computing

pixels 4 .

: : weights
(3) In-memory computing weights 8

Neuromorphic analog and parallel architecture




Synaps
1

Bio-inspired neuromorphic computing

Inhibitive
Cc:-nne_ctinn
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_ Frem
Dendrites Previous
e ‘/l __ Neurons
Axon
VmE' m

Long Term Potentiation (strengthening = learning)

Long Term Depression (weakening = forgetting)

Bl Synapse




MemRistor, memCapacitor, meminductor to mimick synapses

RM' CM' LM

Chua, IEEE 1971

W= ]ﬂrjdr
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Ferroelectric-based Memristor/Synapse

Through Ferroelectric Tunnel Junction (FTJ) 1 B
| 10° 5 J
g 10y
o |
O |
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©
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O e 420246 %=1I;S+Ril

write voltage (V) Chanthbouala et al. Nature Mater. 11, 860 (2012)



Ferroelectric-based Memristor/Synapse
Through Ferroelectric Tunnel Junction (FTJ)
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Through Ferroelectric Field Effect Transistor (FeFET)
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Tian, et al., Nature Comm. 7, 11502(2016), Adv. Electron. Mater. 5, 1800600 (2019)



Change in EPSC amplitude (%)

Ferroelectric memristor using a FeFET

| Bio-synapse Artificial-synapse using a FeFET
o0- STDP learning M_J e
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PR R B 80
Spike timing (ms) At(ms)

Yan et al., Adv. Electron. Mater7, 2001276 (2021), Appl. Phys. Rev. 9, 021309 (2022)
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Relaxor-based Synapse: Reminder
Smolenskii&Agranovskaya, Zh. Tekh. Fiz. 28, 1491 (1958)
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Relaxor-based Synapse: Reminder
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Relaxor-based MemCAPACITOR/Synapse
Exploit the flat energy landscape of relaxor-based systems

The main element

Long Cheng et al, unpublished
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Exploit the flat energy landscape of relaxor-based systems

Instead of I ‘

The main element
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d ety

Long Cheng et al, unpublished



Relaxor-based MemCAPACITOR/Synapse
Exploit the flat energy landscape of relaxor-based systems

Instead of I Basic concept
. ‘ Phase 2

ON

Vi, Long Cheng et al, unpublished



MemRistor, memCapacitor, meminductor to mimick synapses

B I ¢
_ dV;
Memristor % l I, = Z G, V; Memcapacitor @ l I, = Z Cmd_;
!
v v

R "% % %
RIKE % % %

L;I@l@l@r TR % %

Eluss X ZViIGij Eluss: 0

Tian et al., Exploration, 20220126 (2023)



Relaxor-based MemCAPACITOR/Synapse
Exploit the flat energy landscape of relaxor-based systems

Proof of concept on a (001) PMINPT single crystal

M, (Cm) Electric field M (Pm)

Raman
shift (cm™)

o
54
I 52
-50
Normalized
intensity (a.u.)
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0 3 6 o 15 18 |
Electric field (kV/cm)  Long Cheng et al, unpublished



Relaxor-based MemCAPACITOR/Synapse
Exploit the flat energy landscape of relaxor-based systems
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Capacitance (nF)

Relaxor-based MemCAPACITOR/Synapse
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Relaxor-based MemCAPACITOR/Synapse

E (kV/cm)
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Relaxor-based MemCAPACITOR/Synapse

( Bio-synapse (STDP rule)
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Relaxor-based MemCAPACITOR/Synapse

Network for classification of MNIST hand-written digit images

784 Inputs 100 Hidden 10 OQutputs 100

28x28

~ 92 % 2" training epoch
~ 97 % after 100 epochs
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Long Cheng et al, unpublished



Conclusion
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