Topological excitations in nano-scale ferroelectrics

Domains, vortices, skyrmions...
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What Is Ferroelectric ?
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Nano-scale ?

Solid State Communications,Vol. 11, pp. 291-294, 1972. Pergamon Press.

THERMODYNAMIC STABILITY OF THIN FERROELECTRIC FILMS

[.P. Batra and B.D. Silverman
IBM Research Laboratory, San Jose, California

(Received 15 March 1972 by H. Suhl)

It is shown that the residual depolarization field in a ferroelectric
thin film which arises from the incomplete cancellation of polarization
and compensation charge in a semiconducting electrode, introduces
modifications in the spontaneous polarization and transition tempera-
ture. It is also found that below a certain critical thickness the
ferroelectric polar state is thermodynamically unstable. For triglycine
sulphate the critical thickness is calculated to be 0.4 um.



Periodic 180° Kittel domains

- were proposed by Landau & Lifshitz for ferromagnets in 1935

and ...

were forgotten for ferroelectrics till 2000’s



180° Ferroelectric domains

In theory...to minimize the energy of depolarization field E=-4 2P
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Kittel domains are formed in c-oriented
ferroelectric films and superlattices...
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... to minimize the depolarization field
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week ending

PRL 104, 187601 (2010) PHYSICAL REVIEW LETTERS 7 MAY 2010

X-Ray Diffraction Studies of 180° Ferroelectric Domains in|PbTiQ3/SrTiO3; Superlattices
under an Applied Electric Field

P. Zubko,” N. Stucki, C. Lichtensteiger, and J.-M. Triscone
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271312014 Imaging Ferroelectric Domains | Advanced Photon Source
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Imaging Ferroelectric Domains
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When thin films of ferroelectric materials are grown on
single-crystal substrates, they can develop regions of
aligned polarization — called "domains® — that often adopt
complex pattems. Manipulation of ferrcelectric domains can
lead to advances in a number of technologies. However, in 8§} iif=s===8===s " =% ~ooso-ssssssss
order to manipulate the domains, it is important to study

their natural development. Previous studies have shown

-

that interfacial strain and electrical boundary conditions

play a large role. Accurate measurements of the local

polarization can help science leam more. By changing the B WW\/\WJﬂ
properties of the substrate and the interfaces of the EL 5 imiane distance (m)

terroelectric materials, one can control the size and shape o : : :

of the domains and thus influence the behavior of the The striped domains of thin film lead titanate (PbTiO.)

Sea: 5.0 Hruszl-cawycz"", M.J. Highland', M.V. Holt!, Dongjin Kim'-2, C.M. Folkman', Carol Thampsnna, A Tripathi“, G.B. Stephensnn1, Seungbum
Hong':2, and P.H. Fuoss!, "Imaging Local Polarization in Ferroelectric Thin Films by Coherent X-Ray Bragg Projection Ptychography,” Phys Rev.
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IA Luk’'yanchuk, L Lahoche, A Sené, PRL 102, 147601 (2009)
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Soft domains

Gradual profile of spontaneous polarization
Is described by ...

P(x,z) = A sn (k,x, m;) sn (k,z,m,)

(Lukyanchuk et al. 2009)

thick domain wall

Polarization vanishes
at the sample boundary




Hard (Kittel) domains, P=const

AN

Soft domains, P=cos(kz)cos(gx)
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Landau Lifshitz paradox
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“soft” spontaneous polarization, P, (z-component)

Soft domain

.“ Very thin films

+ Induced depolarization field, E (smaller)
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“soft” spontaneous polarization, P, (z-component)
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+ Induced depolarization field, E
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Negative capacitance



Can capacitance be negative ??7?

\_ Crot >0

/
C
E = =2 impossible? |
2C
\_
put... (oL L
Ctot Cl Cz
€;<0 C,>0
c = C1C7
For two in-series ot Cl + CZ |
capacitances
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Useful application

for ultra-low-power nanoelectronics

Vv
I Voltage enhancement, if C;<0
C, ., | .
- oV ETr gt Y
T gate

Device implementation:

n-region semiconductor n-region
p-region

body L

C: A. Cano and D. Jimenez, Appl. Phys. Lett. 97, 133509 (2010).
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IN FERROELECTRICS:

0°F

opz < ¢

E X

monodomain

> P
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Temperature dependence g(T) <0 *

P. Zubko, J.C. Wojdet, M. Hadjimichael, S. Fernandez-Pena,
A. Sené, I. Luk’yanchuk, J.-M. Triscone, J. ifiiguez,
Nature, 534, 524 (2016)

A. Sené, MSc Thesis (2007),
PhD Thesis (2010)
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g(T)<0, direct experimental observation, 2016

Negative Capacitance in Multidomain Ferroelectric Superlattices,

P. Zubko, J.C. Wojdet, M. Hadjimichael, S. Fernandez-Pena, A. Sené, I. Luk’yanchuk, J.-M. Triscone, J. I'ﬁiguez,

Nature, 534, 524 (2016)

(5.4)
— (586 .

&% | Satellite
(5.8)

Q (A"

Domains are

d Pbg 5Sr, sTi0,
0.005 400 SrTiO,
300
0.004 &
200
0.003t 100

< 0.002}

0.001 }

300 400 500 600

T(K)

re

-0.001
0

0.002

0.001 ¢}

0.000

1/€;

-0.001

-0.002

PbTIO,

300 400 500 600 700
T(K)

Figure 2 | Temperature dependence of the dielectric permittivities of
Pbg 581r) s TiO;-SrTiO; and PbTiO;-SrTiO; superlattices.



g(T)<0, ab-initio monte-carlo simulations, 2016
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Why € Is negative?



In external field, D=¢E

ep -
|
1 === [*+] === T+ l -
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3 + 44 +++ [ = | | to Pand D !
v

T (&, 12 2ay
Ef = & ) —E'" < O
T b” d

Intrinsic DW motion, Negative !!

A.M. Bratkovsky and A.P. Levanyuk, 2001
A. Kopal, P. Mokry, J. Fousek T. Bahnik 1999



THz dynamics of domain walls



Domain dynamics
In applied
E(t) = Eo cos (wt)

What is the dynamical
dielectric response
e(w) 77?



Principal result

Dispersion g(w) for PTO layer

200

Plasma
resonance
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Different from g(w) In FIR
of polar molecules, soft mode ...

PbTiO3 1300

S ainl inleduletutal 1200

e(w)<0 at
finite ®

\ |

4100

L]
1
1l

[ K * ,_L-r ” \\ ~ L 0
0 200 400 600 800
Wavenumber (cm™)

Hlinka, J., Simon, E., Bogicevic, C., Karolak, F.
& Janolin, P. E. Phys. Rev. B 84, 092104 (2011)
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plasma oscillations in metal
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Plasma resonance

In metal
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Electrodynamics

( plasmonics )



DW plasma resonance

PTO
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Supplementary Information

Model: harmonic oscillator

(1) + palD) + ka(t) = 2P.E(D

Soft

Mode 7 ~ 0.27 ps
damping

l

n~29-10"Y kgg;;/in2 Kittel model + ab-initio

|

4P2 Deploarization

k — S q(z restoring
dgoe” () force




Supplementary Information

Dynamic response

Pdww — ﬁ/(w) ﬁw
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Dispersion g(®) for PTO monolayer

€
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“By design”

Dynamic permittivity of para/ferro superlattice:

- By oy
gmlt(cu) = qpe, + arg; (w)
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PTO-STO superlattice: THz (NEZ) Metamaterial
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THz Optics, How to detect ??7?

with

Incident ray
(unpolarised) Reflacted ray

(w) = £ . w%—wj—frw E (polarised)
erlw) = 1‘7"{“”_S'{l—g-'}mﬁ—mz—il"m H}E
Refractive index: X&S(

Reflracted ray
(shghty polarised)

p-Reflectivity:

£(w)cosf — \/E(u;) — sin” ¢

R(p)(w) _
e(w)cosf + \/E(w) — sin” ¢




Sub- and low THz Reflection-Absorbtion
Spectroscopy (RAS)

Reflectance, p-polarization:
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Observation of Giant Sub THz rezonance at Brewster angle
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Switching of Topological
Structures Iin Ferroelectric nano-dots:

Domains, Vortices and Skyrmions

Electrostatics is important ...



Multibit Logic

Ferroelectric symmetry-protected
multibit memory cell

Laurent Baudry?!, Igor Lukyanchuk? & Valerii M. Vinokur®

SCIENTIFIC REPg}RTS
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TOPLOGICAL ACCESS MEMORY (TAM)

Topology is strain- and temperature - tuneable

-3 Level: ‘“yes”, “may be” “no”

yes”, “either yes orno”
“neither yes nor no”, no”

-4 Level:

Ty -0 EEa R
ool ollo oMo . o

Towards non-deterministic
and neuromorphic computing



Switching of Topological
Structures in Ferroelectric nano-dots:

Domains, Vortices and Skyrmions

Electrostatics is important : Q=divP=0

Switchable nanodot

Confinement geometry



Finite size samples with:

1D - easy axis polarization
=> domains

2D - easy-plane polarization
=> vortices

3D - sphere homotopy group S2
=> skyrmions



On the quantitative level:

Anatomy of GL functional

Absolute value

. Interaction with E
of Pis involved

Strain-induced anisoropy
(uniaxial, easy axis...)

/ :
Gradient of P induces the
depolarization charge p=divP

Crystalline anisoropy
(assumed to be weak...)



NaNO2, 16x3nm

Multidomain switching in the ferroelectric
nanodots

PIERRE-WILLIAM MARTELLI. SERAPHIN M. MEFIRE and
[cor A. LUK YANCHUK

EPL, 111 (2015) 50001

Electric field




Mathematics...phase field method

P? 5
( P2 — £0.04 + fny foua ) = 3%
(Emﬁi + Eyag + Ei”@g) p = 470.P

Boundary conditions at Sy,
at the upper/lower surfaces:

10z +4mP = cp0.0p. pp =
o.P = 0

at the lateral surface, n = (n,,n,,0)

eLV1ip=6Vigp, @p=¢

(nV)P =



Phase diagram, ... different metastable states

Polarization, P/P,

OGD@

(b) (c)

0.2 0.4 0.6 0.8
Temperature, T/T,




4-bit switching ....

Electric field

: i !MDs: TBS CCS
(a) (b) (c)

Polarization, P




Polarization, P/P,

More detalls...

Electric field, E ,/E,



dx.doi.org/10.1021/n1503070f| Naro Lett. 2014, 14, 69316935
N Z s N Letter
E T T E R S pubs.acs.org/Nanolett

High-Symmetry Polarization Domains in Low-Symmetry
Ferroelectrics

I. Lukyanchuk,*’-i-’:? P. Sharrna,§ T. Nakajima,” S. Okamura,” J. E. Scott, ™ and A. Gruverman®>

200 n

200 nm 200 nm

200 nm 200 nm

PFM immage in PVDF-TrFE 50nm films



Study of the real capacitor

Gustav Robert Kirchhoff
(1824-1887)

Kirchhoff 1877 (Monatsb. Deutch. Acad.)
Lorentz 1879 (Wied. Ann.)



Energy of the real capacitor

Bulk contribution Fringing field
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10P PUBLISHING NANOTECHNOLOGY

Nanotechnology 24 (2013) 015706 (6pp) doi:10.1088/0957-4484/24/1/015706

Effect of disorder potential on domain
switching behavior in polymer
ferroelectric films
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STABILITY OF VORTEX PHASES IN FERROELECTRIC EASY-PLANE

NANO-CYLINDERS
L. LAHOCHE ®; I. LUK'YANCHUK ®; G. PASCOLI
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Mathematics...
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Field-induce n weakly anisotropic ferroelectrics

A.Sené®* L. BAudry®, I. Luk'yanchuk?, L. Lahoche®, Y. El Amraoui?

PHYSICAL REVIEW B 90, 024102 (2014)

Polarization dﬂmains induced by switching electric field in ferroelectric
films with circular electrodes

Laurent Baudry,'-" Anais Sené.? Igor A. Luk’yanchuk.® Laurent Lahoche.? and James F. Scott*



Polarization Switching
In Ferrelectric Nanodot

Uniform Domain Polarization
switching nucleation rotation
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Very high coercive field (Landauer Paradox),
because of the depolarization field




Torsion instability

No depolarization charge,
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Further evolution: " l' '. o
Skyrmion formation TR
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Nonlinear equations with P-8 coupling

P
o O
S
|

@+ - sin 260 + eP sin 6,
2r

EVIP = [t+L(6,6,r)]P+DbP —e

r, nm 2

L£(0.6,r) =asin” 0 + &6 + f—g sin” 6
r



CONCLUSION ...

Nanopillars 1D, easy axis polarization 2D, easy plane polarization 3D, quasi-isotropic
Domain Walls in-plane Vortices Skyrmions
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