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Fig. 1. Principle of stroboscopic data-acquisition.
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Fig. 2. (a) Data acquisition system by Choe et al.l*)l; (b) signal synchronization process in the system of Choe et al.ll; (c¢) data ac-

quisition system by Daniels et al."!; (d) timing sequences for data acquisition processes in the system of Daniels et al.; (e) time de-

pendence of the AC electric field and the collected intensity of diffraction wings, showing the field-induced intensity exchange

between the two wings*l. (a) (b) (e) Copyright © 2017 International Union of Crystallography. Reproduced with permission of the

International Union of Crystallography.
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Fig. 3. Diffraction intensity of the X-ray around the {00h} family of reflections of NBT single crystal: (a) Static w versus 20 mesh of
the {002} reflections family; (b) the time-dependence of the applied external electric field (along [001]); (c)—(e) stroboscopically col-
lected versus 20 meshes of the {004} family of reflections, corresponding to different time channels and electric fields?.
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Fig. 4. Two w versus 20 maps for different {hkl},, of NBT single crystal collected on the high-resolution diffractometer. The lines in-
dicate the simulated position of the scattering angle: from top to bottom, rhombohedral, monoclinic, and a combination of rhombo-
hedral and tetragonal: (a) {222}; (b) {114} (Copyright © 2010 International Union of Crystallography. Reproduced with permis-
sion of the International Union of Crystallography).
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Fig. 5. Experimental set-up for time-resolved high-energy
X-ray diffraction. Different sections in the Debye ring cor-

respond to grains with specific angles respect to the applied
E field*! (Copyright © 2011 John Wiley and Sons).
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Fig. 6. nyye as a function of the field amplitude as well as orientation with respect to the direction of applied field, for an unpoled

La-doped tetragonal PZT ceramic under the application of static electric fields. The measured and fitted (002)-type diffraction

peaks corresponding to the particular values of 7y, (marked by circles and indicated by arrows) are shown in the bottom section of

the figure. For the fitted diffraction patterns, the deconvoluted (200) and (002) peaks are shown in black solid lines. The integra-

tion of individual (002) and (200) peaks are terminated beyond the peak position of the adjacent peak, as indicated by the color-

shaded areas!*”! (Copyright © 2011 John Wiley and Sons).
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Fig. 7. Measured (a) and modelled (b) orientation depend-

ent diffraction patterns of NBT-BT at maximum field £, ,, =
4 kV/mm® (Copyright © 2015 AIP Publishing).
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ics® (Copyright © 2011 John Wiley and Sons).
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Fig. 9. (1-)(K;_,Na,)(Nb;_,Sb,)O3-2Bij 5(Na;_,K,) sHfO3 ceramic with z = 0.035, y = 0.52, z = 0.05 and w = 0.18: (a), (b) Evolu-
tion of the (100) and (220) pseudocubic reflections as a function of the electric field; (c) ratio of low angle peak intensity to high
angle intensity (I;/) for (100) and (220) pseudocubic reflections as a function of the electric field® (Copyright © 2017 The Royal

Society of Chemistry).
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Intensity/arb. units

(2) Reflection family {111}

E

424 425 426

X//[111]/10-3A~1

Intensity/arb. units

X//[011]/10-3 A-1

420.5 421.0 421.5 422.0 422.5 423.0

424.5 425.0 425.5 426.0
X//[011]/10-3 A-1

11 (a) {1 S ERRT SR E (7 YZOr m B0 ) 5 X9 Se Rk, 36 B AY 20 58 26 00 I X B EL \E_RES T A9 B0 AL B
(b), (c) W AN [F] X 36 FBRR o 1 — 2 477 8 5% J3E 40 A IRL, 30l %) 12 T (a) 9 Group 1 FiT Group 2; (d), (e) —A4™ YZ Box i [l N B 431
RS X MR ML, Hd (d), (e) 203X K Group 1 H /Y Box 2 fil Group 2 H11 Box 2 (™)

Fig. 11. (a) The X dependence of the diffraction intensity around {111} reflections, integrated within the full YZ range. The vertic-
al red and blue lines mark the center of mass positions corresponding to the E, and E_ states. (b), (¢) YZ dependence of the dif-

fraction intensity integrated within two ranges of X, corresponding to Group 1 and Group 2 in panel (a). Several boxes are marked

to show the positions of Bragg peak sub-components. (d), (e) Integrated intensities within one YZ box against X under four states
of field. (d) Corresponds to Box 2 in Group 1 and (e) to Box 2 in Group 2" (Copyright © 2018 International Union of Crystallo-
graphy. Reproduced with permission of the International Union of Crystallography).
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IR = FH B U A R Ak O 5 ), TR ]
HURE My S5 R B 2, MPB 4143 1)

PZT Mg el bt B, o fb R e 3 =7
ARFY 7 A A B T e R, BRI 12 Y a-g-fe
(R-T) 4%, (H15 — 219 J&, Fu Fl Cohen!" i i
5 — PR T B ER A 4544 BaTiOs 9 = J7 -
VU5 AHARAE TR R A BE, X AR a-g-fe 2
Hrpirds B e b ke

R
S (111)

T
(001) = 7 —¥ (o1)

7

P12 =77 AR- DU T ARAR S AT R A AR Ak 5% 10 e e i A 1157
Fig. 12. The two possible paths for the polarization direc-
tion to change from [111] in the rhombohedral (R) phase to
[001] in the tetragonal (T) phasel®™ (Copyright ©
2001 American Physical Society).
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Fig. 13. Polarization rotation path of rhombohedral-mono-
clinic-orthorhombic phase in KNN-based ceramic.
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Fig. 14. For 0.94NBT-0.06BT ceramic, (a) unipolar strain
hysteresis at 25, 50, 75, and 100 °C; (b) temperature-de-
pendence of recoverable strain (Spax — Srem)™ (Copyright
© 2013 AIP Publishing).
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Fig. 15. Contour plots of the {111}, {200} and {220} peak profiles for (a) 8 = 0° and (b) B = 90° obtained from the in situ X-ray
diffraction experiment for BF-0.3 BT-0.03 NLN, with two cycles of electric field poling under + 60 kV/cm® (Copyright ©

2019 The Royal Society of Chemistry).
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Research progress of the investigation of intrinsic and
extrinsic origin of piezoelectric materials by X-ray diffraction
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School of Electronic Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, China)
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Abstract

Ferroelectric/piezoelectric perovskites are an important class of functional material and have broad
application prospects in commercial, industrial, military and other areas because of their high dielectric
constants, high piezoelectric coefficients, and high electromechanical coupling coefficients. Their structures,
applications, and physical mechanisms have been intensively studied in condensed matter physics and material
science. The piezoelectric properties of ferroelectric materials mainly originate from the intrinsic field-induced
lattice distortion and extrinsic domain inversion and domain wall motion. Therefore, the understanding of and
the distinguishing between these mechanisms are important for ascertaining the origin of the high-piezoelectric
properties and developing new functional materials. In this article, we review the research progress of technical
means and methodology of analyzing the changes of crystal lattices and magnetic domains of materials under
the action of an externally applied electric field through the high-energy synchrotron X-ray diffraction
experiments. The techniques and analysis methods involved in the review cover the time-resolved X-ray
diffraction, single/double-peak analysis, full-pattern refinement, center-of-mass calculation, and field-induced
phase transformation analysis, which are used to study the intrinsic and extrinsic contributions to sample’s
macroscopic properties. It is expected to provide the research methods, which fulfill the individual experimental
requirements, and the technical support for the mechanism analysis of various piezoelectric materials through

the introduction and review of various methods.
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