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HemMHOro nctopmm
1920 — 1930 — 3pa CerHeToBOM CONU

3 CeHber (E. Seignette) 1655, Banawek - 1920

1930 — 1940 — nepunoa KDP
1940 — 1950 — Tutanat bapwua, PZT
1950 — 1960 — 6bypHOe pa3BUTUE, OTKPbITUE PENAKCOPOB

1960 — 1970 — pa3BuTana HayKa (nmpedcmasnneHue o mazkux modax,
Kpumu4ecKue A6/eHuS)

1970 — 1980 — insepcndukauma (gpeppouku, snekmpoonmuka

)

1980 — 1990 — UHTerpanbHble CEerHeToO3NEeKTPUKN
1990 — 2000 — muHMaTIOPU3aLUA (M1eHKU, HOHOKOMIo3Umbl)

2000 — 2010 — BHYTpeHHe HeoAHOPOAHbIE CErHETO3NEKTPUKMU
(OomeHHaa uHIeHepusa, O0OMeHHble CMeHKU)

2010 - ... MynbTUdeppomnkKu...
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CuMmmeTprAa MaKpPOCKOMUYECKUX
CBOMUCTB (HEMArHUTHbIX)

* [1pn pacCMOTPEHUN MAKPOCKOMMNYECKUX
dU3NYECKNX CBOUCTB MaTepmnasia Mbl A0KHbI
VUUTbLIBATb TOJ/IbKO €ro Toye4yHytro rpynny — 32
TOYeYHbIX rpynnobi

* B cnyyae nonnKpuUCTananvyeckmx, amopePHbobix,
CTEKN1006Pa3HbIX MAaTEPMANOB, HKUAKNX
KPUCTaNN0B 1, B pAAE CAyYaeB, KUAKOCTEN
Heobxo4Mmo BKOYaTb B PACCMOTPEHMUE
rpynnbl Kiopu
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[MpnHunnbl HemmaHa mn Kiopu

[pynna CUMMETPUMU
nwboro  duU3MYecKoro
CBOMCTBA KpuUcTanna
NONMKHA  BK/AOYATb B
cebs 3/1EMEHTbI
CUMMETPUM  TOYEYHOU

rpynnbl KPUCTANNA

Ecan He MOHOKpUCTann,
TO + NnpeaenbHaA rpynna

* Kpucrtann nop BHeEWHUM

BO34EeNCTBUEM
N3MeHAeT CBOIO
TOYEYHYID CUMMETPUIO
TaK, YTO COXPAHAET /IULLb
3N1EMEHTbl  CUMMETPUMN,
obwme c 3snemeHTamu
CUMMETPUM
BO31EeNCTBUSA
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CETHETOS/IEKTPUKU - Kpuctannumdeckue oOuazaeKmpuku (nonynpoBOAHUKM),
obnapgarowme B oOnpeaenéHHOM Auana3oHe Temnepatyp CNOHTaHHOWM
noNspusaumnen, Kotopas CYLWECTBEHHO W3MeHseTcs noa BAUAHMEM BHELLUHMUX
BO34eMNCTBUN. CTPYKTYPY CErHETO3/IEKTPUKOB MOKHO NPeACcTaBUTb Kak pe3y/ibTaT

(I)aBOBOI'O nepexoaa KPUCTANNA C UCKAXKEHMEM CTPYKTYPbl (MOHUXKEHMEM
CUMMETPUU) U3 HEMONAPHOM CTPYKTYpPbI (NapasnekTpuyeckon gasbl) B NONAPHYHO
(cerHeToanekTpuyeckyto ¢a3sy). B OOAbLWIKMHCTBE CAYYaEB 3TO MWCKaXKEHue
CTPYKTYPbl TaKOE e, Kak 1 Npu BO3A4ENCTBUN INEKTPUYECKOTO NONA HA KPUCTANN
B HENoNSAPHOWN (mapasnekTpuyecKkomn) dasze.

dusuyeckas 3HL{UKﬂOI’I€aUﬂ.
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OpUEeHTaLMOHHbIN

NaNO, at 250 °C
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MOHHbIN BKNaA

Produced polarization

eZ OR
V

P =

cell




Tunnbl cCerHeTosNeKTpuKoB

* CerHeToaIeKTPpMKKM TMNa NOPAAO0K —
becnopapok: CerHetosa conb, KH,PO,, NaNO2

* CerHeToaNEeKTPUKM TUNA CMeLLeHNA

— [lepoBCKUTHI

— CoeAMHEHNA CO CTPYKTYPOU BOIbPPaAMOBOU
6pPOH3bI



[1haH OCHOBHOMW YacTwu

* [lopagoKk-becnopAagok
— KDP
— NaNO, B ycnoBuAx orpaHU4eHHON reomeTpun

* Tuna cmeweHusa (MepoBCKNTbI)
— BaTiO;; KNbO,; — anHamunyeckasa kpuctannorpadus

— PbTiO3 — TMnbl KPpUTUYECKNX KONebaHUM

— PbZrO; (aHTUCerHeToaneKkTpuk)



[ThaH ocHOBHOW YyacTtu |l

* PZT — mopdoTponHaa pa3oBasd rpaHMLa

* Penakcopbl
— CTpyKTYypa napadasbl, PYyHKLMA NNOTHOCTU BEPOATHOCTU
— NapHaAa KoppenaunoHHaa ¢-a (¢-a NaTrepcoHa)
— CTtaTn4yecKkaa n AuHamMmnyeckasn CTpYKTypa

— MNonAapHble HaHoobNaCTU???



CtpyKTypa KDP




KDP TeTtparoHanbHaa ¢a3sa




KDP KapTbl 4epHOU MNAOTHOCTM -
napadasa
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(i) Synthesis of F, (i)  Synthesis of F,~Fpo
(Structure at 20°C, tetragonal)




KDP KapTbl 4epHOU MNAOTHOCTM -
cerHeTodasa

B 0SS L
[Iii] Synthesis of .F (iv)  Synthesis of F;.F’;_-pg
Structure ot-180°C {ﬂrthnrhnmbic, Furraalar:trir:)




KDP — «cerHeTOMOaa»

o MEKMOA0BOM B3aUMO4ENCTBUMU




Hutput HaTpua NaNO, — ycnhoBuH
OrpaHNYEeHHON reoMeTPUn

NaNO, at 250 °C
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Structure factors
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NaNO, Temperature dependence of the
order parameter

L o e A * Bulk: 1-st order
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Temperature dependence of the unit cell

05.07.2004 NNN 2004 St.Petersburg



Temperature dependence of the RMS

280 320 360 400 440 480

05.07.2004 NNN 2004 st.Petersburg



460 K glass

NNN 2004 St.Petersburg

458 K bulk
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CerHeTosaneKTpmuKu TMna cmeLleHuma

0.24 ' —




Domain states

6 possible orientations of
spontaneous polarization

6 domain states




Phase transitions in BaTiO
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HeoaHO3HaYHOCTb YTOYHEHUA CTPYKTYPbI

-0.024

Bzp, =0 Zm; £ =0

FIG. 13. Static crystal structure of tetragonal PbTiO; determined
by Shirane, Pepinsky, and Frazer (1956) shown with two different
origins. The numbers given are in units of ¢.




KonebatenbHble Moabl B NEPOBCKUTAX

(c)

(a) Slater mode (b) Last mode (c) AXe mode
Ferroelectric soft mode  Ferroelectric soft mode Highest frequency
In non-Pb perovskites In Pb-containing perovskites




Nndpdy3Hoe (Kpnutnyeckoe) paccesiHue
BaTiO, KNbO,

A |

"::/

= \\%

Fig. 1A-10-215. BaTils. Intensity distribotion of the
quagi-glastic scattering in g-space around (2200 [69%am].
r=157"C

Ortho. Rhomb.



Kputnyeckoe paccesaHue
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RKputnyeckoe pacceaHue
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CmeLwieHmne nnm nopanok-becnopanok

dynamical
disorder




CmewieHmne nnm nopaaok-6ecnopanok

tetrahedral —» orthorhombic — rhombohedral

A -
q - .I-J,’-J_‘.:{_'zé q}l
b, _ﬁ-l' - I.I |

Fig.3 a Structural transitions in BaTiOs; according to the displacive scenario involving
the freezing of the soft TO lattice mode (Cochran 1960) [3]. b Structural transitions in
BaTiQs according to the order—disorder scenario. Different Ti ion colors denote different
occupancies (Chaves et al. 1976) [18]




TA phonons dispersion surfaces




JNMHaMHNYECKNN CTPYKTYPHbIN aHANN3
KTaO

F,(@Q)=> e e (Qu/ (@) [

mk 14— ]
12— —
(133)
10— { —
Bl (400) —
(311} (033)

[Foel® ARBITRARY UNIT

FIG. 12. Mode determination of ferroelectric TO phonon in KTaQs,
after Harada, Axe, and Shirane(1970). The solid line represents cal-
culated values for the Slater mode as shown in the insert.




CmewmnsaHne moa, KNbO,

0 By w10k (Rri/m
F;(0Q) = > e ™" (Qu/ (d)) Q=0.13, TO
MM Wy = 0-007 W, = 0-136
Wy = 0080 wy. = 0:070

O Oz

From R. Currat et al. J.Phys.C7, 2521
(1974)

At g=0 we expect TO to be
Slater mode, i.e. 6K~ 0




CmewwnsaHue moga, PbTiO,
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FIG. 3. Soft-mode energy fw, as a function of temper-
ature. Vertical lines represent extrapolation from finite
g values as described in the text, Open circles are

‘direct measurements of partially damped mode at g=0.

TABLE I. Atomic shifts in tetragonal PbTiO; in units
of ¢. Model (I} assumes that the center of mass is not
displaced. The notations, §, and S, are used here in a
somewhat different way from those in Ref, 11,

Pb 0 —-0.024 0 -0.024
Ti 0.040 0.016 - 0.036 0.052
O 0.112 0.083 0.036 0.052

In PbTiO3 eigenvectors —




Diffuse scattering in perovskite




KNN (hkO) crossection




Diffuse scattering in perovskite Piezoelectrics
Li,(Ko.sNag s);.,NbO;

Room temperature:

orthorombic ihase one famili




Schematic picture of DS in tetragonal




Schematic picture of DS in orthorhombic
phase




KNN uncoupled modes




KNN coupled modes




1-d along (110) (transverse modes
only)




AHTUCerHeToaneKkTpuk PbZrO,

For the first time reported by S. Roberts (J. Am. Cer. Soc.
33, 63 (1950) ) as an analog of BaTiO3

First recognized as not being ferroelectric by G.Shirane (G.
Shirane, E. Sawaguchi, A Takeda Phys. Rev. 80, 485 (1950))

PZ first interpreted as ANTIFERROELECTRIC by G.Shirane
(G. Shirane, E. Sawaguchi, Y. Takagi, Phys. Rev. 84, 476
(1954))

First X-ray diffraction demonstration of the
antiferroelectric order (E. Sawaguchi, H. Maniwa and S.
Hoshino, Phy.s Rev. 83, 1078 (1951))

First theory of antiferroelectricity (C.Kittel, Phys. Rev. 82,
729 (1952)) based on private communications about WO,



Dielectric studies

15001~ - A o
2000 ~ .
€ 1
1600 Tc
1000 ] - °
J
0 LI R LA S T
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210 215 220 225 230 235 240 245 250

- T(C)

500
Figure 1. Temperature dependence of the real part £’ of the dielectric permittivity (10> Hz) in
the vicinity of the phase transition from the paraelectric (P) to the antiferroelectric (A) phase
0 1 ] — m a PbZrOj single crystal. In the paraelectric phase the dielectric permittivity was fitted to
00 150 200 250 300 equation (2) with C = 1.54 x 10° £200 and T§ = 199.1 £ 0.05 (solid curve).

T°C
F1G. 2. Dielectric constant of lead zirconate at varying
temperatures.

G, Shirane at al., 1951



Room temperature structure of PZ

From H.Liu and B.Dkhil Z. Krist., 226, 163 (2011)



Bragg and diffuse scattering (hkO)




Phonon resonances g along (110),
in-plane polarized PbZrO,
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Phonon dispersion in PZ

W T=780K
[ T=550K
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[Toyemy MHTepecHa npomeXKyTovHas ¢asa




CTpyKTypa PZT48

TABLE I. Structure refinement results for tetragonal PbZr, 5,Tip 405 at 325 K. space group P4mm.
lattice parameters a,=4.0460(1) A. ¢,=4.1394(1) A. Fractional occupancies N for all atoms taken as unity

except for Pb in model II. where N=0.25. Agreement factors. R,,,. Rp2. and y? are defined in Ref. 33.

wp

Model T Model 11
anisotropic lead temperature factors local (110} lead shifts

x oy z UA?) x v z U (A7)

Pb 0 0 0 U;;=0.0319(4) 0.0328(5) 0.0328(5) 0 0.0127(4)
Usz3=0.0127(4)

Zr/'Ti 05 0.5 0.4517(7) U;,,=0.0052(6) 0.5 0.5 0.4509(7) 0.0041(6)
O(l1) 05 05 -—0.1027(28) U,,=0.0061(34) 0.5 0.5 —0.1027(28) 0.0072(35)
o2) 05 0 0.3785(24) U,,=0.0198(30) 0.5 0 0.3786(24) 0.0197(30)
R, 4.00% 3.99%
Rp2 6.11% 6.04%

X2 11.4 11.3




Room temperature High temperatures
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Inelastic scattering in PZT
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Huang scattering in PZT

Temporatire () 3.

volume-conserving tetragonal
defects
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HeoaHopoaHoctb PZT B6AM3N MPB

_ Pwem 1. Morphotropic PZT single crystals have strong anisotropic

Oufteotal | diffuse scattering below MPB.

® Noheda ef al.

2. DS evidences for essential structural heterogeneity in PZT
single crystals.

3. Structural heterogeneity is realized by particles of
tetragonal phase remaining in the host, probably
monoclinic, phase below morphotropic phase boundary.

''''''''''''''

40 42 44 48 48 50 52 54
Ti content (%)




PEJTAKCOPBI




PE/IAKCOPbI
(B 2012 ro4y ~ 1700 NYB/AUKALNIA)

Cubic:
1. PbB’,/3B",/50;
B’=Mg, Zn; B”=Nb, Ta PbMg, ;Nb, 0, (PMN)
2. PbB’,/,B",,,0;
B’=In, Sc; B”’=Nb, Ta
3. A’y ,A”1/,BO;
Na’y,Bi”",,TiO;




nanekTpruyeckaa NPOHMULLAEMOCTb

aucnepcma ao mHZ

* [Tpn HN3KNX
TemnepaTypax OTCyTCTBUE
NCKAXKEHUN PeLLUEeTKN

Tampearature, K

Fig. 1. Temperature dependences of dielectric permittivity £ and loss &% of
PMM single crystal at vanous frequencies. The numbers near curves denote the
frequency in Hz.
V. Bovtun et al., “Broad-band dielectric response of PbMg1/3Nb2/303 relaxor ferroelectrics: Single crystals, ceramics and
thin films” J. Eur. Cer. Soc. v.26, p.2867, (2006)
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Temperature evolution of PMN structure

NO PARAELECTRIC MATRIX
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Pb polarization
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Diffuse scattering in relaxors
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Table II. Summary of atomic displacements from refs. 129 and 82,
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Fig. 13 Atomic displacementz in PMN (see ref. 82).
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TeopeTuyeckoe mogenmpoBaHume
pacnpeaeneHna noaapusaLmnm

following B.Burton et al., Phase Transitions 79,91 (2006)
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Coherent X-ray scattering
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NnodPy3Hoe paccesHue.
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BpemeHHaAa sasoaounAa.

PMNPT10 T =230 K gnddysHoe paccesiHue.
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XPCS

Speckle
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XPCS Temperature evolution
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What is probably going on

* T>T, Phonons (Soft mode (25SM)) + local excitations
Pb%* in the oxygen case. No relaxation.

* T*<T<T, Coupling of SM with local degree of freedom.
Creation of mixed relaxational mode (dynamic PNR,
superspins ...). Diffuse scattering: dynamic; weak.
Anisotropy follows anisotropy of the SM

* Creation of static distorted regions SDR (probably in
the COR). These regions strongly enhance DS. We do
not know shape of the SDR, anisotropy of the DS is the
same as at higher temperature. Probable 2
components of the DS — static and dynamic.



Our vision of the mesoscopic structure evaluation
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