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Abstract. In this work, an experimental and theoretical studies of critical scattering for the
PbZr, ,,Ti | ,,O, (PZT2.4) compound in the vicinity of the Brillouin zone center have been
carried out taking into account the mode coupling. The scattering measurements were carried
out at the European Synchrotron Radiation Facility (ESRF). One-dimensional profiles of the
scattering intensity dependence on the wave vector were obtained using specially developed
programs. The Last model was used for the optical soft mode in the Brillouin zone center. The
frequencies and polarization vectors of the renormalized modes were determined by quantitative
analysis of the scattering profile for the soft direction [1 0 1]. Good agreement between the
calculated results of the model and the experimental data was achieved. The polarization
vector’s change of the lowest transverse acoustic mode was traced as a function of the reduced
wave vector.
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AnHotamusg. B paboTe MpoBeneHO 3KCIEPUMEHTATIbHOE M TEOPETUUYECKOEe MCCIIeI0BaHUE
KPUTUYECKOTO paccesiHusl s COEAMHEHUS PbZrO’%TiO’mO3 (PZT2.4), B OKpecTHOCTH
LICHTpa 30HBI bpuimosHa ¢ yueToM MEXMOIOBOTO B3amMmoneiicTBus. M3amepeHue paccessHUS
npoBoauaoch Ha EBporneiickom nctouHuke cuHxpotpoHHoro usinydeHus (ESRF). OnHomepHbIie
npoduad 3aBUCUMOCTU MHTEHCUBHOCTU pacCesIHUSI OT BOJHOBOI'O BEKTOpPa ObLIM IMOJYyYEHBI
C UCMOJB30BaHUEM CITELUATBHO pa3paboTaHHBIX MporpamM. s onTUYEeCKON MSTKOU MOJIbI
B LieHTpe 30HbI bpuuiosHa Oblla Mcmonab3oBaHa Mojaeiab Jlacta. Ilyrem KoOaMyeCcTBEHHOTO
aHanm3a npoduias paccessHUsT 1 Msarkoro HampasiaeHus [I 0 1] ompeneneHbl 4acTOTHI U
BEKTOPBI MOJISIPU3ALIMY IIEPEHOPMUPOBAHHBIX MOJ. JIOCTUTHYTO XOpoIliee corracue MOASIbHOTO
pacuera ¢ 9KCIMEPUMEHTAIbHBIMU JaHHBIMU. [IpociiexxeHo M3MeHEeHMEe BEKTOopa MoJsipu3aliuu
HU3ILIEN MOMEePeYHOI aKyCTUUYECKOM MOJbI KaK (PYHKIIMU MPUBEACHHOTO BOJHOBOTO BEKTOpA.

KiroueBbie ¢jI0Ba: CErHETORIEKTPUK, AHTUCETHETOIEKTPUK, (PA30BLI Iepexo, IMHAMUKA
pELIETKN, KPUTUIECKOE paccessHre
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Introduction

Comprehensive analysis of X-ray or neutron diffraction patterns of any crystal, even the
most perfect ones, shows a diffuse component consisting of some streaks, spots or halos around
the main reflections in addition to the sharp Bragg peaks. This background component is com-
monly known as diffuse scattering. It provides valuable data about the inherently present static or
dynamic disorder. Lonsdale and Smith [1] described the very first observations of diffuse scatter-
ing in the early 20th century.

There are many excellent books and reviews on the general aspects of diffuse scattering and its
application to analysis of diverse physical problems. The most common type of such scattering is
thermal diffuse scattering (TDS) by crystal lattice vibrations [2, 3]. The TDS intensity / can be
described by the following expression:

Lps(Q) =L, 5 ——

> Qo 3Q-a-). )

© BaxpymeB C. b., Peitmepc C. A., bponBambn lO. A., 2025. Usparens: CaHkr-IleTepOyprckuil MoJUTEXHUUECKUI
yHuBepcuteT Ilerpa Benukoro.
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where Q is the scattering vector; q = Q — t is the reduced wave vector; t is the reciprocal lattice
vector; o, is the frequency of mode A; F(Q,q) is the inelastic structure factor.

The factor F(Q,q) is determined by the crystal structure (the position r, of the atoms in the
unit cell) and the polarization vectors of the phonon modes e* (q)

FQq)=3 j% O Q¢ (q), @

where M is the atomic mass; ¢ " is the Debye—Waller factor; r, is the position of atom p in
the unit cell; eﬁ(q) is the phonon eigenvector for wave vector and mode A, corresponding to
atom |; f (Q) is the atomic form factor.

It follows from Eq. (1) that TDS by acoustic phonons should be observed in the vicinity of
Bragg peaks in all crystals. The frequency of acoustic phonons with small reduced wave vectors
is proportional to the magnitude of ¢g. Thus, TDS intensity is inversely proportional to ¢*> and the
anisotropy is determined by the anisotropy of the sound velocity.

Another important type of TDS is critical scattering by fluctuations in the order parameter in
crystals undergoing a phase transition. Critical scattering can be localized around different points
of the Brillouin zone, and this localization depends on the symmetry of the order parameter.

Critical scattering in ferroelectrics is of particular interest to us and we intend to focus on it
closely in the paper. Apparently, this type of scattering in ferroelectrics was described for the first
time in [4]. Similar to the case of diffuse scattering by acoustic phonons, critical scattering in
ferroelectrics is concentrated in the vicinity of the Brillouin zone center.

One of the characteristics of critical scattering in intrinsic ferroelectrics is significant suppres-
sion of the longitudinal scattering component. This phenomenon was first discovered in [5]. In
the case of a cubic isotropic ferroelectric, the expression for the intensity of critical scattering in
the paraelectric phase takes the form

3)

1,%” sin’ (Q:q)

I1(Q=1t+q)=

(Q=r+a)=— 5
where [ is the peak scattering intensity at ¢ = 0, proportional to static susceptibility y,; «* is the
square of the inverse correlation length of short-range ferroelectric order.

Cross-sections of surfaces with constant diffuse scattering intensity by planes containing the
vector t yield constant-intensity contours in the form of two tangent circles (lemniscates) with a
zero intensity line coinciding with t. Taking into account cubic anisotropy somewhat complicates
the expressions, however, the intensity remains equal to zero in the case of q || 7.

Thus, diffuse scattering in the paraelectric phase in the vicinity of the Brillouin zone center
includes two components: thermal diffuse scattering by acoustic phonons and critical scattering
from the soft mode. Analysis of the data for the vicinities of several nodes of the reciprocal lattice
allows to separate these components.

However, the problem becomes significantly more complicated in the presence of mode coupling
between transverse optical and acoustic modes. The problem of mode coupling in ferroelectric per-
ovskites was theoretically analyzed in detail in [6—8]. It was found that this coupling leads to significant
renormalization of phonon frequencies at q # 0 and mixing of polarization vectors of these modes.
The Vaks model was applied in [9] to analyze the phonon spectra of potassium tantalate (KTaO,) and
in [10—12] to analyze the critical dynamics in lead zirconate (PbZrO,). Renormalization of phonon
mode frequencies was correctly described in all cases. As for the mixing of polarization vectors in
these papers, only general expressions were given for the polarization vectors v, (a is the Cartesian
coordinate, A and p are defined above) of renormalized modes in terms of phonon eigenvectors at
qg=0, where there is no coupling. However, their specific type was not determined due to the uncer-
tainty of the eigenvector for soft mode. The diffuse scattering patterns given in [10—12] can only be
regarded as qualitative, since they take into account only the directions of ion displacements.

Our paper analyzes diffuse scattering in a solid solution of lead zirconate titanate PbZr, ., Ti

0,
(PZT2.4) using the Last model to describe the eigenvector of the soft mode. b

0.024
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Experimental

The measurements were carried out for a sample measuring approximately 1.00 x 0.05 x 0.05
mm, cut from a single crystal of PZT2.4 solid solution grown at the Southern Federal University
using the technology described in [13]. The sample was ground and etched in boiling hydrochloric
acid to remove the damaged surface layer.

The experiment was conducted using the equipment of the European Synchrotron Radiation
Facility (ESRF). The needle-like sample was mounted into a special holder. The holder had the
angular range of 150°, allowing to cover a large volume of the reciprocal space. The sample was
placed in a nitrogen flux to control its temperature. The wavelength of incident radiation was
0.95 E. A low-noise Pilatus 2M detector was used; the distance from the sample to the detector
was 135 mm. The measurements were carried out both under cooling and under heating with a
temperature step of 1 °C over a range from 30 to 300 °C.

Software tools developed in MatLab and Java were used to construct one-dimensional profiles
of the dependence of scattering intensity on the wave vector. Such diffuse scattering profiles were
obtained from a three-dimensional intensity distribution by voxelization. Instead of traditional
cubic voxels, we used a voxel that was a straight circular cylinder whose axis coincides with the
direction of the profile. Varying the parameters of the cylindrical voxel, we selected its optimal
size providing the necessary statistics: a sufficient number of primary detector pixels inside the
voxel and the resolution of the wave vector q. The voxel radius was 0.2 r.l.u. (reciprocal lattice
unit equal to 2xn/a), the step was 0.1 r.L.u.

Vaks model with calculation of eigenvectors

We adopted the hypothesis that diffuse scattering is associated with the lowest phonon modes.
As shown in [6, 7, 9], calculation and analysis of the corresponding lattice dynamics are simplified
in the long-wavelength limit if high-energy optical modes are neglected; in this case, the latter
do not give a significant contribution to diffuse scattering. The resulting simplified Hamiltonian
takes into account only five modes: three acoustic (2TA (transverse) + LA (longitudinal)) and two
low-energy transverse optical (2TO).

The simplified Hamiltonian has the following form:

1 . ~ .. A A
HO :E%“[u_quq +u_qA(q)uq +X_ X, +AX_ X, +x_qS(q)xq +2u_qV(q)xJ, 4)
where u,, u,, u, and x,, x, (components of vectors u and x) are the normal coordinates for modes
2TA + LA and 2TO in the reference frame (X'YZ'), with the Z'-axis parallel to the reduced wave

vector q, respectively; B, S, V are tensors.
These tensors describe the contribution of short-range interactions and can be written as

A(q)=q’(4,g"+4g +4g"), (5)
S(a)=q(S.g"+S.¢"), 6)
V(Q)=¢’(V.g"+V.g"). 7

t ool o —
where Zop = SQB_—nanﬁ, Zop =MaMgs Gop = Vopah M- _ . . .
In this equation, n = q/q is a unit vector in the direction of q; Vs 1S @ tensor invariant with
respect to the symmetry operations of a cubic point group such that

Vopo— | fora=p=y=35andy, =0 in all other cases.

The tensor B(q) defines the speed of sound and can be determined from the elastic modulus C,
the tensor S(q) defines the curvature of the transverse optical mode and the tensor 7(q) defines
the constant of interaction between acoustic and optical branches.

The five-mode Hamiltonian was represented as the sum of isotropic and anisotropic components:

H(q)=H, (g

[

’}\”St’A V Al)—l—Hanis(q’Sa’Aa’I/a)’ (8)
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A+Sq 0 Vvg: 0 0

0 A+Sq> 0 Vg 0
H,=| Vg 0 44" 0 0 | ©)

Vg’ 0 4q" 0

0 0 0 Aq°

Sahll SahIZ I/;hll I/vahIZ Kthl3

Sahlz Sah22 V;hIZ VahZZ I/ahZEK
Hanis=q2 Vil Vohy, Aahll Ah,  Ahs |, (10)

I/ahIZ Vah22 Aahlz Aah22 Aah23
I/ahl3 V h23 Aah13 Aa h23 Aah33

a

where

2nin: (n,n,n,)
22 : > hl2 #( n, _”2)

n 1
2 n,n
— 752 23 2
hy, =2n, sy = ( n, _n3)9
’ﬁ n

n
4 4 4 _ M2 2 4 4
1133—111+nz+n3,hz3—n—(nlnL n, n3),
1

hll

2 _ 2 2
I’ll—l’l2+7’l3,

Diagonalization of the Hamiltonian H®(q) allows to obtain a set of frequencies ,(q) of renor-
malized modes and a matrix of polarization vectors D,(q) expressed in terms of the eigenvectors
of uncoupled modes in the X'YZ coordinate system considered above. As a first approximation
of the eigenvectors, we can select the polarization vectors of phonon modes in the center of the
Brillouin zone V*o (A, is the number of non-renormalized phonon branch, p is the number of the
atom in the unit cell a is the Cartesian coordinate).

We use the followmg numbering of atoms in the cell:

1 for Pb, r, —(OOO) 2 for Zr (Ti), r, = (2 %2 4); 3 for O, r, = (2 0 '4);

4 for O, r, = (0% '%); Sfor O, r; = (1/2 % 0). 1, is the coordmate of the ith atom in the cell
in fractions of the lattice parameter a= 4.6 A.

The matrix D can be transformed into a three-dimensional array of eigenvectors p,, in the
Cartesian coordmate system if the metric matrix M(n) is used [9]:

0 n,n
M(n)=| -2 AR (11)

nL nl

n, _nn

3

nL nl
pvélé:MXD“j’j:3’4’5’ (12)
pvéZa MX( epo))j:l,za
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The case / = 1 corresponds to the contribution of non-renormalized acoustic phonons and
[ = 2 corresponds to the contribution of non-renormalized optical phonons.

Let us introduce the eigenvector matrices e? and e(2> which are the partial contributions of the
atom U to the displacements corresponding to ‘the acoustic and optical modes, respectively. The
index o = 1, 2, 3 determines the direction of the displacements.

The values of the elements e can be determined from the condition that the displacements
of all atoms in the cell be equal [f4]

o
u_ =—=_=const. (13)

op \/7
m!-l

Such a priori definition of e@ is impossible for a soft optical mode. The irreducible repre-
sentation I'; enters the mechanical representation for the perovskite structure four times, so
accordingly, three optical modes of this symmetry should be observed. The Ewald mode, the Last
mode, and the Axe mode are often chosen as such modes with mutually orthogonal polarization
vectors [15]. It is typically assumed that the soft mode for lead-containing ferroelectrics with a
rhombohedral structure is the Last mode. It is also assumed that the Pb?" cation is displaced rel-
ative to the group of ions formed by the oxygen octahedron and the central cation.

To simplify the problem, we use the diatomic approximation, assuming that the optical mode
can be described if the above group is regarded as a virtual A2 cation.

For the acoustic mode, we can write the following representation without loss of generality:

\/me \/mAz \/mAz \/mAz \/mAz
(1)_ \/me \/mAz \/mAz \/mAz \/mAz CC (14)

\/ My, \/ my, \/ my, \/ my, \/ my,

with the normalizing coefficient

CC, =my, +4m,,,

where m,, is the mass of the Pb*" cation, m , is the sum of the masses of all ions included in the
virtual A2 ion.
Evidently,

e

U =——=const.

o \/7
m,

For the optical mode, taking into account the constancy of the center of mass, we obtain:
o fo fo o K
e =| m%Pb % % % % G, (15)
o Yo Yo Vi i

. . : _ |my, 1
with the normalizing coefficient CC, A . + A .

Indeed, the displacement of the center of mass turns out to equal zero:

14
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m
[ 1% j .
m 1 m
b A2

me mAZ

R ) o

We build an array of 5 x 5 x 3 eigenvectors (number of modes x number of atoms x 3
coordinates) Vi

@) (2)
v?»poc pv}ula x eau + pv}»Zoc eocu . (17)

Then we can write the following expression for the structure factor of the mode A:

FQua)==e®( 3 (Qm))+

me a=1.3

+ﬁ{f3e’°’2(az 0.2 +fo["”3 z va))+ (18)

=1..3 a=1.3

2 (0m)) e 2, @)}

The values of the atomic scattering factors are calculated by the formulas given in [16].

+e' (

o

Analysis of experimental data

We analyzed one-dimensional scans along the [1 0 1] direction through the reciprocal lattice
nodes (1 0 —1) and (0 0 3). The diffuse scattering intensity at point Q was calculated as follows:

1(Q)= ZFz(Q q) kl(q)+Bck (19)

where ©’(q) is the square of the frequency of the renormalized mode A, equal to Ath eigenvalue
of the Hamiltonian H®)(q); the expression F%(Q,q) is calculated by Eq. (18); / is the scale factor;
the term Bck is the background.

Parameters A, A, A, S, S, (in (meV)?*/(r.l.u.)?) were assumed to be equal to the values for pure
lead zirconate, given in [12

A,=2508,4,=879, 4, =-111, § = 1800, § = -610.

The results were processed in two stages. At the first stage, the parameters V, w2, the scale
multiplier and background were fitted for the node (1 0 —1). Since the experlmental data for
different nodes were normalized differently, only the scale factor and background were fitted for
node (0 0 3) and the remaining parameters were taken from the fit for node (1 0 —1).

Experimental data in Fig. 1 are shown by dots and their statistical errors are shown by ver-
tical bars. The central region —0.05 < ¢ < 0.05 to which Bragg scattering makes a contribution
was excluded from the fit. It can be seen that the calculated curves completely coincide with the
experimental ones within the limits of statistical errors.

As a result of the fitting, we obtained the following parameter values:

V' =1073 (meV)*/(r.Lu.)’, ®° = 4.58 (meV)’.

For comparison, we calculated the diffuse scattering intensity without taking into account the
polarization vectors (red dashed lines in Fig. 1). In this case, the dependence w?(q) and directions
of atomic displacements pv,, (12) were used.

For acoustic phonons, taking into account expression (18), we can write an expression for
structure factors at ¢ = 0 (Q = 1):

15
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Fig. 1. Experimental (points) and calculated (lines) dependences of diffuse scattering intensity /

on reduced wave vector q for two scattering vectors: Q = (1 + ¢, 0, —1 + ¢) (a) and (q, g, 3) (b)

Calculated data were obtained using polarization vectors (blue solid lines) and taking into account only the

type of dispersion curves and the direction of displacements (red dashed lines). The statistical errors of the
experiment are shown by vertical bars

F ~ fo + f, cos(n(h+k+1))+

+ . (cos(n(h +k)) +cos(n(h +k)) cos(n(h +k))).

Therefore,

(20)

F(1 O—I)Nfl"b—i_er _fo’
F(o 03) ~be _er _fo'

In the case of node (1 0 —1) with the larger structure factor, renormalization of the polariza-
tion vectors for acoustic phonons makes a relatively small contribution to intensity, that is, such
a simplified calculation gives only qualitative agreement with the experiment (see Fig. 1,a).

On the other hand, renormalization of the polarization vectors plays an important role in the
case of node (0 0 3) with a small elastic structure factor. It should be noted here that data anal-
ysis in the vicinity of several nodes of the reciprocal lattice is required to reliably determine the
parameters of the Hamiltonian H®(q). The fundamental principles for determining dispersion

X, a.u.
0.06

0.05

0.04

0.03

0.02

-0.20 -0.10 0 0.10 g, r.lu.

Fig. 2. Dependences of reduced displacements

along the x-axis for lead (red solid line) and

zirconium (blue dashed line) for the lowest
phonon mode

16

1)

curves were addressed in [2]. While exact deter-
mination of phonon dispersion curves is impos-
sible in the general case, the polarization vectors
can be found.

We established the dependency quu(Q)'

Fig. 2 shows the reduced displacements

N—v}‘i

ukua - \/7
m,

along the x-axis (a = 1) for lead (up = 1) and
zirconium (p = 2) atoms for the lowest phonon
mode (which is transverse acoustic polarized in
the (x 0 z) plane). At ¢ = 0, the given displace-
ments are equal, as they should be for acoustic
vibrations. As ¢ increases, the contribution of
lead displacements increases dramatically. The
obtained result is in good agreement with the
assumption made in [10] that it is the softening
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of the renormalized transverse acoustic phonon branch that causes the transition to the antifer-
roelectric phase and that this transition is associated with antiparallel displacements of lead ions.

Conclusion

The study develops an approach to quantifying diffuse scattering in the vicinity of the Brillouin
zone center in perovskite-like crystals in the presence of mode coupling. Phonon dispersion
curves were calculated using the Vaks model. The polarization vectors of renormalized phonon
modes were described as a linear combination of eigenvectors of transverse acoustic and optical
phonons in the center of the Brillouin zone, where mode coupling is absent. The Last model
was used to describe the soft mode associated with the ferroelectric phase transition. This model
assumes that the lead cation oscillates relative to a rigid-body group of atoms including an oxygen
octahedron and a central cation. The mixing coefficients depending on the reduced wave vector
were determined from diagonalization of the five-mode Hamiltonian. The developed approach
was used to analyze diffuse scattering in solid solution of the PZT2.4 ferroelectric.

A comparison between the experimental data and the calculations was carried out for the
vicinity of the reciprocal lattice nodes (1 0 —1) and (0 0 3). It was confirmed that the proposed
formalism provides a good description of the experimental data in both nodes simultaneously.

The approach we proposed and developed allows to efficiently analyze data simultaneously in
several Brillouin zones and reliably determine the parameters of the dynamic Hamiltonian. We
established the dependence of reduced atomic displacements on the reduced magnitude of the
wave vector, confirming the predominant role of renormalization of the acoustic phonon branch
for the antiferroelectric transition associated with antiparallel displacements of the lead ion.
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