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Multi-functional oxides

Stress o — Strain €

Mechanical
G, &

Elastocaloric

Magneto-electric

Ic field E — Polarisat field H — Magnetis

Sketch from Vopson, J. Phys. D: Appl. Phys. 46 345304 (2013)



~ entre de Recherche Public -
Lo' éabr'ijelnLihpp?ﬁ'l;ﬂn I n t 'o d u Ct 10N

)

The perovskite structure

A-site: Bi, Pb, rare earth, ...

B-site: (transition) metal, ...

>—— O%, F, ...

‘ Ferroelectricity, magnetism, giant magnetoresistance,
superconductivity, ionic conductors, photovoltaic...
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Distortions of the perovskite structure

Distortions of octaedra Tilts of octaedra

(Jahn-Teller)

rroelectric

Elasticity

(Anti)polar displacements

Structural distortions and phase transitions pilot the physics!
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Uses of Raman spectroscopy

Structural phase transitions Temperature
|dentification of structural distortions High-pressure
Metal-insulator transitions Electric field
Domain structures and domain walls Epitaxial strain
Strain states
Order-disorder phenomena
Magnetism

etc.

At the CRP Gabriel Lippmann:

* Micro-Raman

» 5 excitation wavelengths:
325, 442,532, 633, 785 nm

e Coupled to the AFM
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O el Raman on ferroic perovskites

The cubic phase Pm-3m

Phonon modes = 3T, + T,,
l.e. no Raman spectrum in the cubic phase

Order-disorder transition Soft-mode driven transition
Central peak Soft phonon mode

Symmetry lowering
Lift of the mode degeneracy
Emergence of Raman-active modes




Soft-mode driven transition

Following polar
displacements é* ? éé

(= ferroelectricity) _%Fltﬁ 9
paraelectric ferroelectric ‘ ? _é

cubic non-cubic

Following
rotation angle
of octahedra

cubic ferroelastic

non-cubic



O fheeill Soft mode in Raman spectroscopy

Phase transition in LaAlO4 at high temperatures
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P. A. Fleury et al., Phys. Rev. Lett. 21, 16 (1968).
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Phase transition in LaAlO, at high pressure
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P. Bouvier & J. Kreisel J. Phys.: Condens. Matter 14, 3981 (2002)
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Phase transition in SrTiO4 at high pressure

Intensity (arb. units)
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Guennou et al., Phys. Rev. B 81, 054115 (2010)



The orthorhombic Pnma structure

Most common structure of perovskites
Can be described by two octahedra rotations
Two associated « quasi-soft » modes

b Raman mode A,(3) Raman mode A(5)
[010] rotation ‘ . [101] rotation
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Raman-active modes of the Pnma structure
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Raman phonons and tilt angles

Mode assignment?
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Need for calculations:
e DFT
 Shell models
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Tilt modes in rare-earth scandates AScO,
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Chaix-Pluchery et al., Phase Transitions (2011)
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Tilt modes in rare-earth scandates AScO,
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O sl Ferroic domains and domain walls

Archetypical ferroelectric BaTiO,

' Coexistence of several polarisation directions
BaTliO,

Cubic « Domain »
Paraelectric P=0

« Domain wall »
T.=120°C

Tetragonal
Ferroelectric P#0
6 equivalent directions

A




O faresmsscell Domain structures and domain walls

Mapping of ferroic domains in Pb(Zr,Ti)O, single crystal

ptical microscope
Bright domains
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i,o:l kil Domaln structures and domain walls

Mapping of ferroic domains in Pb(Zr,Ti)O, single crystal

_ Piezoresponse force microscopy:
Optical

Phase image 40 x 40 um?2 Phase image 10 x 10 pm?2

Raman

‘ Raman (in-plane orientation) and PFM (out of

plane polarization) needed for a full picture
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Mapping of domain walls in LINbO4 by principal component analysis
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Raman scattering by polar modes

Exclusion rule:
In centrosymmetric crystals, Raman-active modes are not IR-active and vice versa.

By definition:
Ferroelectric crystals are non-centrosymmetric.

Scattering by polar modes has to be considered.
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L

O

-TO splitting in a cubic crystal

Transverse TO modes:
No associated macroscopic electric field LO

Longitudinal LO mode:
TO Associated electric field coupling to the polarization
Shift of the vibration frequency

TO TO
LO LO-TO splitting

TO
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Obligue modes: scattering by polar modes in uniaxial crystals

K
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‘ 4 frequencies to be determined: A(TO), A(LO), E(TO), E(LO)
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Polar and oblique modes

Oblique modes in PbTiO, in a platelet geometry

Tetragonal P4mm structure, 4 atoms per unit cell

(=3(A,+E)+ (B, +E)

All modes are IR and Raman active
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Foster et al., Phys. Rev. B 48, 10160 (1993)



O fosstipmeanll Polar and oblique modes

Oblique modes in BiFeO,

e Rhombohedral R3c structure
o 10 atoms per unit cell,
e [ = 4(A1g + Eg) + 5(A2g + Eg)

« All Raman active vibrations are polar.

Approach:
Multiple spectra on a coarse
grain ceramic

Py
Z
m £(TO) 9
o E(LO) ¢
A A(TO)
A A4(LO) «
)
< | y
P |
g A X
Z - |
e m L™ - A " A
g U A BSN
€ ¢~0deg —\
G ,' ,‘_,/\/k_//\
]
: |
|
w
*
| _|m| A
#-%0deg)| = o, .'. LU
0 100 200 300 400 500 600

Raman Shift (cm™')

Hlinka et al., Phys. Rev. B 83, 020101 (2011)
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Polar and obligue modes

Oblique modes in BiFeO,
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Hlinka et al., Phys. Rev. B 83, 020101 (2011)



O oot Raman spectrum of BiFeO,

Comparison with theoretical frequencies
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Hlinka et al., Phys. Rev. B 83, 020101 (2011)
Hermet et al., Phys. Rev. B 75, 220102 (2007)
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Spin-phonon coupling

Phonon frequencies are affected * v Mo, 300,
by the correlation of spins '
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Raman scattering by magnons in BiFeO,

Measures the exchange constant !
of the Heisenberg model

(LO)

E=-) JS;-§ - - :
1.9 :

VT

In BiFeOg:
Antiferromagnetic with Ty, = 640 K

200 300 400 500 600
Nombre d'onde (cm™)

Magnons

P. Rovillain, PhD Thesis.



L
O

Centre de Recherche Public

Gabriel Lippmann

Magnetism

E-field control of spin waves in BiFeO,
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Heterostructures

Single Phase Heterostructures/
Superlattices

Vertical
heterostructures




O footiisscelll Thin films & their substrates

)

« Thin » film
0.4 nm <t< 100 nm and more

35000

—— LAO substrat
' 365,4 ——— STO substrat

30000 : 248,7
Substrate: 0.5 mm [

25000

20000

Intensity a.u.

15000 F

Very small scattering volume
Signal hidden by the substrate

10000

5000 927,2 1031,4

100 200 300 400 500 600 700 800 900 1000 1100

T . Wavenumber cm-1
Is there a limiting thickness?... Depends...

=>» Excitation wavelength
=» Sample absorption
=» Local enhancement
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Phase transition induced by epitaxial strain: LaNiO,

Phase transition

 Symmetry of the film / substrate

ceripsssll THin films & thelr substrates

. Lattice parameters of the film / substrate Substrate
e Film thickness
o S b
F:_)m EN ?ﬁ Dm c:? i'jq u-'
> % ES =S 5
a 7 Mo O o o
8 = :

Film lattice (A) < —(Ba sNT -_,.‘

3.70 3.80 3.90 l l 4.(;0 4.10 4.20
L | UL, | y | |
g | N ] | |

| ‘ LaGaO, GdSCOIa NdScO, Substrate lattice (A)
LaSrAIO, LaSrGaO, |LSAT DyScO, SmScO,
I
YAIO, LaAlO, NdGaO, SrTiO, KTaO,




O fetesewlll Thin films & their substrates

Phase transition in LaNiO; by epitaxial strain

T 7 rrryrvyvvrjrrrorroeys rvvyrrjrvoery
: t On cubic LSAT
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1 S
w
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g i
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= _ _
2 o MO ireses  Bulk LaNiO,: rhombohedral R-3c
= 11
= ] ¢
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w
g
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Thin films & their substrates
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Strain in LaNiO; by a piezoelectric substrate

LaNiO4

Piezoelectric substrate

Bottom electrode

Raman phonon frequency Resistivity
as a fct. of E as afct. of E
Strain as a fct. of E (LaNiOj, thin film) (LaNiO; thin film)

(piezo substrate)
E 1,57 T ¥ T b ! 1!19
~ 0 PMN-PT .
e 5 P ¢
N 5 £ 4 ¢ Substrate o 1,18
~ £ L] L
5 2 '
£ = | 11,17
5 21,551 ;
; e % e 1,16
z @ 1,54 MgO
i J : —395 - - o — Su.bStrate. —1,15
-15.0 5.0 5.0 15.0 A0 5 0 5 10
V (kV/cm) V (kVicm)

Chaban et al., Appl. Phys. Lett. 97, 031915 (2010)
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Multiferroic nanocomposites

CoFe,O, — BiFeO; nanocomposite

o)

« Extrinsic » magnetoelectric coupling

erroelectric

Ferromagnetic
iIFeO, pilars

CoFe, 0, matrix

.
fiie
.

.
e

.

-
T

.
-

o
.
o
i

oy
.

-
e
e
e

SrTiO; substrate

Strain-state and strain-coupling in multiferroic perovskite/spinel nano-composite ?

H. Zheng et al., Appl. Phys. Lett. 90, 113113 (2007)
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Multiferroic nanocomposites

CoFe,O, — BiFeO; nanocomposite

Ferroelectric
BiFeO; pilars

Ferromagnetic
CoFe,O, matrix

Intensity (arb. units)

SrTiO; substrate -
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; .
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Chaix-Pluchery et al., Appl. Phys. Lett.. 99, 072901 (2011)
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CoFe,O, — BiFeO; nanocomposite

I | 1 ' I

(c)

i\ nanostr.

693.5

Ferromagnetic Ferroelectric
CoFe,O, matrix BiFeO; pilars
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: CFO film
SrTiO; substrate B CFO film —A
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CoFe,0, — BiIFeO; nanocomposite

Comparisons of two nanostructures with different pillar/matrix ratios & sizes
=» Do they have the same strain state?

.B.F%,...,...,...(;).
CoFe,O, (CFO)

T) 65BFO-35CFO

B CFO

v

=> equally strained

BiFeO, (BFO)

=>» Different strain state
=>» Thinner pillars more strained

Intensity (arb. units)

reference
CFO film

reference
B 35BFO-65CFO BFO crystal

0 200 400 600 800 150 175 200 225 250650 700 750
Wavenumber (cm™)
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Investigation of multilayer with multiple wavelengths

Importance of the wavelength comes from: S
. . . i | el
« different absorption at different wavelength I vy Y %
* interaction with other excitations (electronic...) AN
: i% Multilayer |
Such interactions can be _ | e
* desirable: signal enhancement by resonant Raman —_ . ip\"v'}‘\«\ié@@mﬂm i
scattering £ | R '
5 aer ! 7 ]
» a plague: unwanted fluorescence etc. g : ;g.Ef_ L e @ 6330m |
o )P : o2 I:_I
ST G C 5 R
3 r TN A
L | i ¥ LaNio, -
L ) (film on Si),
J— CEOZ :
0 200 400 600 800 1000 1200 1400
Thicknesses: . Wavenumber (cm™)
55 nm H
gg nm ___ anio; U Raman spectra of the
20 —— Ce0; e different layers revealed at
mm’ different wavelengths.

J. Kreisel et al., Adv. Funct. Mater. 22, 5044 (2012)
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Investigation of multilayer with multiple wavelengths

Analysis of strain/stress states of individual layers or components.

(a) ,__. TS B AT B '— (C) : PR (R AR T R RIS | '-' L2 ': b __ T T T T T T T T ¥ T > 1 ' T 5 . L 3 ’ __
CeO, - BaTio, | ()} LaNiO_
& | [ - : 5 ] w 3 222 3 E
= [ 467.2 - £ | | 2 ;
= F : i ] 3 ]
2 | £ | 1 8 v :
o Multilayer. L. Multilayer | c [ ; . B
> @ 442 nm =T @ 325 nm - >t Multilayer
£ CeO, - £ BaTio, | = LaNiO, ]
4655 (powder) | [ 710 (powder) ]  YE, A, E (film on Si) ]
440 480 520 600 800 1000 100 200 300 400 500 600
Wavenumber [ cm™ Wavenumber | cm™ Wavenumber / cm™

» CeO,: compressive strain state ~ 0.5 GPa
« BaTiO;: compressive strain state ~ 2.5 GPa
» LaNiO;: mode degeneracy lifted due to in plane stress.

J. Kreisel et al., Adv. Funct. Mater. 22, 5044 (2012)



