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% Outline

> Ferroelectrics (FE) and related materials

* basic terms
* perovskite-type (ABO,) solid solutions with morphotropic phase boundary (MPB)

 seeking for “green” ferroelectrics

» What can we learn from high-pressure (HP) studies about FE structure at RT&AP?

» showcase: Pb-based relaxors

* how to do HP experiments

> (1-x)Na, sBi, s TiO;-xBaTiO, (NBT-xBT) single crystals across MPB

« structural peculiarities at ambient pressure (AP)

* previous HP XRD studies of pure NBT

* in situ HP Raman spectroscopy for x = 0, 0.013, 0.048, 0.074
* in situ HP XRD for x = 0.013, 0.048, 0.074

» conclusions



Ferroelectrics : multifunctional materials!
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Ferroelectricity (switchable Pgq I+) and ergodicity (flipping polar clusters)
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Relaxors: ferro, anti-ferro-, ferri, or ....?
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v Systems with FE-active cations at two different sites
v Chemically complex systems

» How to achieve coexisting orders?



Perovskite-type FEs with morphotropic phase boundary (MPB)
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off-centred B-site and/or A-site cations anti-ferrodistortive (AFD) chemical / antipolar order
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Datta et al, PRL, 119, 207604 (2017) Takenaka et al, JJAP, 30, 2236 (1991)



Seeking for “green” FEs as good as the golden PbZr,_ Ti, O, (PZT)
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PZT = (1-x)PbZrO; - xPbTiO,,
in fact, AFE-FE sold solution

Radial coupling coel. k)

relaxor-based solids solutions with giant dy,, e.g.

Jaffe et al. JAP, 25, 809, (1954)

> Pb-reduced: (1-x)PbTiO, - xBiMeO, (PT-BMe) > Pb-free: e.g. (1-x)Nay sBi, s TiO5 - xBaTiO, (NBT-BT)
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Shujun Zhang and Fapeng Yu, JACS, 94, 3153, (2011) Rodel et al , JECS, 35, 1659, (2015)



Why high pressure?
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10864 -2 0 2 Mihailova et al, PRB 77, 174106 (2008) Maier et al, PRB, 84, 174104 (2011)
. : 53 Maier et al, ACB, 66, 280 (2010),
(GTA: no Raman peaks in Pm3m ) Mihailova et al, PRL 101, 017602 (2008)

Pb-based : v LT: “cubic” »> FE LRO v HP: “cubic” —» aaa LRO — a*bb & Tl Pb along [uvO0],pic

NBT-xBT single crystals across MPB: complementary HP Raman scattering and XRD

» Mesoscopic-scale structure at RT&AP via revealing the LRO under external HP
> Internal “chemical pressure” (A-site Ba?* ) on the NBT matrix, depending on x
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Boehler-Almax DAC

High-pressure experiments: the diamond-anvil-cell (DAC) technique

Trivial behaviour under HP
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» p-transmitting media: He (up to ~ 30 GPa)
Me:Et:H,O0=16:3:1 (up to 10.5 GPa)

> Optical pressure marker: ruby

5.6 GPa
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an NBT-xBT across the MPB at AP, x\,pg ~ 0.05 : BOj tilts

x=0 > ~0.03-0.04 > ~0.05-0.06 > ~0.10-0.11
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Groszewicz et al, Sci. Rep. 6, 31739 (2016, :
P (2016) from 22Na NMR, reflects the NBT BaTiO; [mol%]

local disorder in the BOg tilts Ge et al. J. Am. Ceram. Soc. 94, 3084 (2011)



NBT-xBT across the MPB at AP, x,,pg ~ 0.05: cation off-centring

(1

Pb-based relaxors versus NBT-xBT T

NBT-0%BT NET-4%BT NBT-9% BT

4321012
Fm3m
Mihailova et al, PRB 77, 174106 (2008) Tung et al, Mat. Res. Bull. 106, 301 (2018)

(111), cationic shifts correlated within {110}, (001). A-site cationic shifts, deviating

from the cationic shifts in the matrix

1 RN =
tfl-)o T ﬂ/

FE AFE @/ @

frustrated ferrielectric! FE or relaxor FE / AFE / ferri or ...?

Review papers: Mihailova et al, HPR 33, 595 (2013),
Mihailova et al., IEEE TUFFC 62, 7 (2015)




NBT-xBT across the MPB at AP: effect of T or electric field E
G

no Raman-active modes in Pm3m ! Total Raman intensity < fraction & magnitude of ferroic distortions
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‘hidden’ antipolar order?

de la Flor et al. PRB 96, 214102 (2017), APL 114 042901(2019), JAP 127, 194103 (2020); Datta et al, PRB, 90 064112 (2015, PRB )




HP XRD study of pure NBT
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Monte Carlo modelling of L-shape XDS:

> A-site local dipoles departing from the matrix

» asymmetry due to different charge environment of Bi3*
and Na* & “atomic-size” effect in disordered alloys

NBT at 0.6 GPa

» direction of A-site dipoles in PNRs synchronized with the matrix

» phase transition to monoclinic or orthorhombic structure

Kreisel et al., PRB 68, 14113 (2003) Thomas et al., Z. Kristall. 220, 717 (2005): HP phase is Pnma
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HP Raman spectroscopy of NBT-xBT single crystals

A-cations Z(XX)Z

Intensity (arb. units)

= =

polar shifts of
B-cations are reduced

BOq tilts are enhanced

ambient p
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Rosche et al, PRB 108, 094110 (2023), Rosche et al, PRB 112, 184102 (2025)
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HP Raman spectroscopy of NBT-xBT single crystals
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B-cation off-centering
~ 240-325 cm

higher B-dipole disorder
corroborates to the Ba2*-
enhanced relaxor behaviour
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HP Raman spectroscopy of NBT-xBT single crystals
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» suppression of B-cation polar shifts, but they still exist in the HP phase
» for x < MPB: rearrangement of the B-site subsystem, no further suppression
» for x ~ MPB : reduced dispersion in local BO4 anisotropy; same for x = 0.074
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Fm3m

x=0.074

~ .ambient
pressure

x=0.013

Xypg = 0.048

ambient
“ b
pressure

0 2 4 o6

> XDS || (110),,

> XDS || (100),
hk1

k(r.lu.)

ambient pressure

- . ambient pressurc B
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4

h(r.lu.)
» dominant a%a°ct
remnant aaa

i h(r.l.u.)—
» dominant aaa
subordinate a%a°c*

h (r.l.u.)—
» only aaa

Synchrotron XRD of NBT-xBT single crystals, DESY/Petra lll, P24

XRD data ambient pressure,
indices in a doubled cubic perovskite cell

Ba-related internal local stresses:

v change how the A-site cationic shifts
correlated on nanoscale deviate
from the A-cation shifts of the matrix

v" change the BOg tilt pattern

Intensity (arb. units)

Résche et al, Sci. Rep. 14, 18799 (2024); PRB, 112, 184102 (2025) ; ¢
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HP synchrotron XRD of NBT-xBT single crystals, DESY/Petra lll, P24

x=0.013 . Fm3m
o external hydrostatic pressure:
> suppresses Ba-induced XDS || (110),,
and enhances XDS || (100)pC =
v’ pressure reverses the structural
NN z state to that of pure NBT at AP
-10-8-6-4-2 0 2

(pseudo)cubic matrix with
rhombohedral nanoregions

ambient pressure

Pure NBT at ambient c_onditions:

(pseudo)rhombohedral
Tung et al., Mater. Res. Bull. matrix with diSpersed
106, 301-306 (2018 tetragonal nanoregions

Résche et al, Sci. Rep. 14, 18799 (2024), Résche et al, PRB 112, 184102 (2025)
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HP synchrotron XRD of NBT-xBT single crystals, DESY/Petra lll, P24

External hydrostatic pressure:
> alters XDS from || (110}, to || {(100),,

» alters the tilt correlation lengths

02GPa  0.6GPa 12GPa  18GPa 25GPa

ambient pressure

» induces ooe + oee precursors at
p*~1.8/2.813.3 GPa

(p* correlates with p,,., derived from

w(p) of the A-cation phonon mode)

» Phase Transition

(structure refinements: Pnma for all x)

p. € (2.5,3.9)/ (4.4,5.0) /] (4.5,6.3) GPa

(p. correlates with p;,.., derived from

w(p) of the A-cation phonon mode)

- ] i | i - = A-cation driven phase transition
ambient pressure 0.5 GPa 1.7 GPa 2.3 GPa 3.3GPa 4.5 GPa 6.3 GPa

Résche et al, Sci. Rep. 14, 18799 (2024), Résche et al, PRB 112, 184102 (2025)

Phase Transition : reversible, but with a time hysteresis on the length-scale sensitivity of XRD and XDS,
immediately, on the length-scale sensitivity of Raman scattering = of order-disorder type
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Take home message 1: Pressure-induced phase transition
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HP structure: orthorhombic Pnma b
» mixed octahedral tilt pattern: ab*a BN
» antipolar A-cation shifts mainly along [110].pic a,c ~ b2
» uncorrelated B-cation shifts of reduced magnitude
9 R L
St
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2 4 @ - = = :
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1k aac aaa ad’ct ]
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showcase: NBT-0.048BT at 7.9 GPa

Rosche et al, Sci. Rep. 14, 18799 (2024), Rosche et al, PRB 112, 184102 (2025) 21



Take home message 2.1: NBT-xBT at ambient pressure and RT
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e
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=

Ba?* is incorporated in the NBT matrix in a different way:
» x=0.013 : only the tetragonal regions, causing stress on the rhombohedral matrix
> Xypg = 0.048 : in both the rhombohedral (aaa’) and tetragonal (aac*) fraction

0.00 AP RT *i-fé

<|90°—angle|> (deg)
(=]
=

> x=0.074: same as for XMPB, but the tetragonal fraction dominates

3+ O O O L*) {4) O O O 0 O O O O O
O Bi b : :
:

O Na

© Ba ¢

00

D '\ Q@ A - W :I.
ooo, 00‘ooo’ ’* QOOOOQOOD’
BaZ* incorporation near MPB at AP and RT:

v' the (pseudo)rhombohedral matrix is fractioned to rhombohedral PNR and
tetragonal nanoregions are altered to polarizable (pseudo)cubic areas
v' B-site local dipoles: easily switchable upon low mechanical compressions

Rosche et al, PRB 112, 184102 (2025)

000 002 004 006 008
composition x
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Incommensurate modulated structures
lattice period and modulation period are incompatible
Bragg peak: H=ha" + kb* + Ilc* + miqq + ms,(Q» +...

Rosche et al, Sci. Rep. 14, 18799 (2024), PRB 112, 184102 (2025)

Take home message 2.2: NBT-xBT at ambient pressure and RT

Satellite Bragg peaks for xypg = 0.048 and 0.074

» p < p,:no change with p

»> p > p,:no such in the Pnma phase

(Pnma: mixed aba tilts + T4 order of A-cation shifts || @)

Pure NBT at HT (near T, of Cc <> PAbm phase transition):

» 1D modulation due to Pnma-like layers to relax the strain
between adjacent domains with opposite aa-a- BOq tilts.
(Cc: antiphase BOj tilts, P4bm: 1T A-site polar shifts)

v" Pnma-like layers relax intrinsic strains between
adjacent domains with
- opposite antiphase BO tilts as well as with
- opposite polar shifts of A-site cations

of the 1D incommensurate modulated structure

v' Ba content varies the temperature range of stability

— — — —
-— - — -

8888

S
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HP synchrotron XRD of NBT-xBT single crystals, DESY/Petra lll, P24
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HP synchrotron XRD of NBT-xBT single crystals, DESY/Petra lll, P24
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Pnma A-cation off-centre displacements  squared octahedral tilt angle
b
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Résche et al, Sci. Rep. 14, 18799 (2024), Résche et al, PRB 112, 184102 (2025)
data on pure NBT: after Thomas et al., Z. Kristall. 220, 717 (2005)
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HP Raman spectroscopy of NBT-xBT single crystals
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Ba?*: favours A-cation off-centering & hinders p-ind. reduction of B-cation off-centering
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NBT-BT: atomic dynamics vs atomic statics

e
Griineisen parameter: Phonon compressibility: Volume compressibility:
_bw _ ldw 1av
YR STLT ST
xz=10 x = 0.013 x = 0.048 xz = 0.074
wo YT wo T wo T wo T mode assignment
47.6(4) 8.1(8) 52.1(1 6.0(1.0) | 46.001 10.9(7) | 46.4(2) 8.2(5)

A-cation localized mode

) )
286.1(1)  -2.5(5) 283.5(1)  -2.4(3) | 310.5(5)  -6.1(2) | 324.3(:

1 3(3)
788.1(1.3) 0.2(1) 763.9(2.2) 0.3(1) 777.3(1.3) 0.5(1) 781.7(2.2) 0.4(1) internal BOg stretching mode
861.7(7)  0.2(1) 855.1(1.0) 0.4(1)  859.9(7) 0.2(1) 861.7(1.0

-3.2(1) B-cation localized mode

)  0.3(1) internal BOg stretching mode

» atomic dynamics of off-centred A-cations are atomistic driving force for the phase transition

> elastic response (particularly for B-cations) is highest at MPB
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T,,in Fm3m

-cation-localized
~ 240-290 cm’™

T,, in Fm3m

A-cation localized
~ 30-60 cm™

Coexistence of FE (B-site) and AFE(A-site) order on the mesoscopic scale
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Coexisting competing order parameters

En

AFE system under E %,03’{\0(\6 _from Raman
Siolm Alcoulstic .Emi.SSiO.n_ E=0 T ‘ 1 J' T l' Nore =1, Mpp =0 : : : E%é 550 | <'> {}‘1’8} 1
d * ] = con | ol
%ig’)%’ £ #0 T l 1 T T i 1>M 4 >N >0 : T T : E;SOO %
! r | Eea bttt e 211 e
=on0f ./././,/‘ 1 S
. : ; . . . E3 > E2 ‘ _ 0, ~1 ) a\'\O(\_ -
e I ezt vt TEIETE o 2 e
. FE & AFE subsystems under E 220 8l 2N o
-‘E‘moo, a) T 1 l ¢ T T Nrr ‘a —T]ub) 2 :: :: :: p£300 ’ o H?g} 5.-
e et T
??:;3000— g T i T ¢ T ¢ upe _nAFEb) T l T l T J “ ' matrix (T-al?sh
E 2000 - ? E A E . l ] ’k ) Eﬁg 300 - i‘}§ E%
5 150 '2(.1(11 250 t3tlJoS:§):)a i}u F#0 f T T T T T Nre ) “Nr Eb) - T T S iﬁ 200 % ;H?g% §
emperature a L
TRIR T RN LRy R,
(anisotropy in E,) local dipoles couple

in different directions
Steilmann et al. et al, J. Phys. Cond. Matter 26, 175401 (2014), Mihailova et al., IEEE TUFF 62, 7 (2015) 30



r p-T diagram of Pb-based relaxors with ABO,, structure
F@ - >

Based on complementary single-crystal XRD and Raman scattering:

, AN
Pl 2N 0., AN Vs
S
o
2 |p
;) e
o =52 D% é é\§\
. fﬂ_hi\ ¥ p
=7 SR b §\§
OENINY) |2 * 'rff\\& od
— P = \ Pe1 n Pec1 T
4 () f_“\} N [
\\ / s @
g\/ \\4 ) ® o (‘\ ¥
] ] T >
i T T, Temperature
Relaxors: frustrated ferrielectrics! Prevailing FE or AFE/AFD N
A-site dipoles: AFE order

— depending on p, T, x

Waeselmann et al. JPCM 26, 175401 (2014), review papers: Mihailova et al. HPR 33, 596 (2013), Mihailova et al. IEEE TUFF 62, 7 (2015),
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ex

Elasticity

Sl.. B B B

compressibility: ~ §, =——> B Br S
(27 order matter tensor) dp

1813 1823 ﬂ33

(elastic compliances under hydrostatic pressure: S; = —s,,,0,dp )

1dV
y

volume compressibility: S =—5—— Bulk modulus: K =

Vdp dV

Equation of state (EoS): V' =f(p,T) e.g. 1deal gas: pV =nRT

Isothermal EoS: V' = f(p)

solids: many approximations

Birch-Murnaghan, via the Eulerian strain 1= [(V/V)*3-1]/2 Ll RS
Birch-Murnaghan fit
3rd_grder: (with respect to the strained state)
5/3 2/3
3K V 3(., V.
Vy="2{1 | -2 1+ \K, —4]| > | -1
p) 2[( V] H 4(0 {(V
o 2 4 6 8 10
oK pressure (GPa)
Ky=-V i Welsh et al, PRB 80, 104118 (2009)
p=0 p=0
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I, (arb. units)

FWHMT (cm') wavenumber ® (cm™)

What can we learn from high-pressure Raman spectroscopy?

|||||||||||

|||||||||||

012345678910
pressure (GPa)

1 Wavenumber w
1 » energy level of phonon

1 Full width at half maximum I'

1 » local structural disorder

| Fractional intensity /
> LM =

i » number of structural species

Diamond

Pressure / V\/ \

mdlcator * ’
-,
g

mode Sample

Gasket , = ® -

2 Pressure
medium

Culet & )

N 2

> lifetime of harmonic oscillation

Deviation from trivial w(p)/T (p)/l,(p) trends

=)

Structural transformation

(i)
X 1(D)

» probability of the event
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(1

HP experiments with a Diamond Anvil Cell (DAC)

Diamond

Pressure I/I / \/\/\1\|

indicator

Sample

Gasket ,=>

Pressure

Culef | medium
Waeselmann, PhD thesis 2012
I 0 0) p-transmitting medium | B
000 | 0 =T 0
0 0 0 fluid, no shear strain 0O 0 -—T

* small culet size (~ 500 um) ensures pressures ~ 50 GPa;

the exact correlation depends also on the DAC design

p.. (GPa)~12.5/d>  (mm®)

culet

sure (GPa)

Pres:

160 —

140 —
120 7
100 -
80 7
60 _
40 7

20 L

1 I L L L 1 I |
0 100 200 300 400 500 600 700 800
Culet size (um)

Weslch, PhD thesis 2009
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(1

DAC: “pressure-meters”

(o3}
]

UEET A EEEE. I""Iﬁ"_f

* Optical markers: Ap 0.05-0.1GPa "

ruby (Al,O.:Cr3*) calibration

e p=d Z)es 2 i

5000 5050 5100 5150 5200 5250 5300
R1 shift (ecm™, A= 514.5 nm)

DN
=Y
T
u

] ]

%

pressure (GPa)
T
]
|

th
T

]
|

Calibration methods:

» absolute p measurement via the free-piston gauge _F (< ~3 GPa)
(also against critical pressures determined like that) A

» thermodynamic relations between physical properties

K, = _V(a_l’j —K, /(1+a2VKST /Cp) Zha et al., PNAS, 97, 13494 (2000):
ov ), XRD and Brill. Sp. of MgO: R1(p) up to 55 GPa

» EoSs from shock-wave-reduced i1sotherms (conditions close to those in DAC)

» extrapolation of EoSs
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(1

DAC: “pressure-meters”

The currently recommended p(R1) calibration: by Shen et al, High pressure Research, 2020, 40, 299-314

up to 150 GPa at RT, using representative EoS data for ionic, covalent, and metallic materials,
(EoS: VIV, is measured, then theoretical model for p vs V/V, is applied

160 Y T Y T v T ' T T T
140 - 0o MgO .
y ¢ Diamond
= 120 ] _
x ] o Mo
U]
‘-GE 100 - ,A,\, CU =1
2 804 — Fit Ak
o ] -
“ 604 y
] Y e | MY
40—- - e 1.
20 - A =1870 GPa (fixed), B=5.63(3) -
0 i T T T T = |  T— ]
T 1 AT l
5 ~ 2 VLDV N
o ot 0 (F IR
o L -
ﬂ 1

I
0.05
Relative ruby fluerescence shift (AL/A)

Cuom | wes cunce

The error in pressure depends on:

Errors in the coefficients of the p(R1) relations
Experimental accuracy in R1 position
Quiality of the ruby crystals used

Recommended:

a level of 0.3%-Cr doping;
annealed spheres to release internal strain
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DAC: “pressure-meters”

(1

» Optical markers at HT and HP:
ruby calibration, disadvantages: strong T dependence

SrB,0,:Sm?* calibration, advantage: negligible T dependence

. - : : ; : Datchi et al. J. Appl. Phys. 81, 333 (1997)
| —7.0GPa ]
[~ 3.7GPa
— 0.8 GPa
] 2 T T 1 I TR
' ' ' - L, e : , 30 F ®  method 1 ®
5000 5050 5100 5150 c .
N 4750 4800 4850 4900 - -
R1, R2 ruby (cm™, A= 5145 2 ~BF o2 n E
sy (e L il 0-0 Sm™ (em™, A= 514.5 nm) E 20 E method 3 3
/c? 30 E I | | 1 | I I.’/E ‘Qv; 15 :_ . ™ _:
gy A E S 2 - .
G 25 :_ /// = 3)3 10 - "f'-, -
; E /9/" 8 Sk ~ - E
g 20F gt 3 = 2 F : E
wn E @ = L‘ ]
2 IS J‘/’/. - O & I R SR
=] >
s 10F ..." 3 684 686 688 690 692 694
> c P ] .
g SF e 3 0-0 Sm”" line (nm)
%) . ]
§ OE® .. 1 Losaaly I L
=¥ 0 5 10 15 20 25 30

pressure via R1 (GPa)



DAC: “pressure-meters”

(1

* EoS via XRD of quartz (slow but more precise Ap ~ 0.01 GPa)

.....

calibration via
V(p) of CaF,

Unitcell volume

Angel et al,
J. Appl. Cryst. 30, 461 (1997)

‘‘‘‘‘‘

« Raman pressure sensor: quartz (SiO,), berlinite (AIPO,), zircon (ZrSiO,)

Alignment of the spectrometer is not so critical if @,-®, is considered

- S . L . L T Fr ]!
= = 4 L . 520
berlinite § e2f :
5 B =
2 459 2
T T T T § L 8
o k 8 ° i 2
_2 § 456 [ s
5 € 111l ‘ (b)
= E o 1 E 1110
‘A 0 L L ) e < =
e S €
H 440 450 480 1100 1120 3000 4000 = £
& 1
= Iyl g 1112 2.1
— ° =
@ 1f1 e z
g ok g1 P P "' T o =
i1 E
]! =
|1 = &
! L g S
ju : i
1 | ] 1 1 | 1 1 1 ] 3 E J s
500 1000 1500 ob% 1 . 1 . 1 . 1 . H
" 0 100 200 300 400 S00
wavenumber / cm temperature / °C pressure / GPa

Watenphul & Schmidt, J. Raman Spectr. 43, 564 (2012) 38



DAC: pressure-transmitting medium

En

Standard deviation G (GPa)

* alcohol mixtures:

Methanol : Ethanol =4 : 1 (p,.« = 9.8 GPa)

Me:Et:H,0=16:3:1 (p.x = 10.5 GPa)

- gases: Ar, N,, Ne, He, H, (best for VHP but can damage the anvils)

1.2

1.0+

0.8 +

0.6+

0.4

0.2

®
® /
Freezing pressures /
at 300 K: N, .
/
Ar: 1.4 GPa / Ar
N,: 2.4 GPa " i
Ne: 4.8 GPa /
He: 12.1 GPa /
o/‘
& / N
e
../
@
/ £
a /
T
/S o
o " ' He
o 08-9 C P *>—+4
et / * re s *
e
1 T T T T T 1
10 20 30 40

Average pressure (GPa)

Klotz et al., J. Phys. D: Appl. Phys.42, 075413 (2009)

Hydrostatic limit

Medium (GPa)
4:1 Methanol-ethanol 9.8
Anhydrous 2-propanol 4.2
Argon 1.9
Nitrogen 3.0
Glycerol 1.4
Silicone oil, viscosity 0.65 ¢St 0.9
Silicone oil, viscosity 37 ¢St 0.9

Angel et al., J. Appl. Cryst. 40, 26 (2007)

- alkali halides (pseudo-hydrostatic): NaCl, KCI, KBr, Csl
(appropriate for HT-HP experiments with external heater)
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