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Abstract. In order to better understand the lattice dynamics of perovskites, we have performed temperature-dependent XAS
measurements at Zr-K edge on BaZrO3 and S1ZrO3. At ambient temperature, BaZrO3 is cubic, and S1ZrO3 orthorhombic. For
both compounds, using the FEFF6 code, we modeled the EXAFS and extracted photo-electron-wave phase-shift and scattering -
amplitude. This procedure allowed us to extract distances and Debye-Waller factors, taking into account photo-electron multiple
scattering effects. For several atom shells, we fitted the evolution of the Debye-Waller factors as a function of temperature with
Einstein or Debye models. The characteristic temperatures obtained show that differences in dynamic behaviour between the
two compounds are mainly due to Ba-Sr substitution and that differences in symmetry play a minor role.

1. INTRODUCTION

The perovskite structure has attracted much interest in the Earth sciences because it is adopted, at very high pressure, by two
important minerals: CaSiO3, a cubic perovskite (Pm3m), and (Mg,Fe)SiO3, a centrosymmetric orthorhombic perovskite
(Pbnm), which is likely the major mineral on Earth. The main question is to know whether symmetry changes between
orthorhombic and cubic perovskite have important implications for the vibrational properties of these compounds.
Temperature dependent XAS studies are a powerful tool to investigate vibrational characteristics (e.g., [1]); since the silicate
perovskites are unstable upon heating at ambient pressure, we have studied analog perovskites, BaZrO3 and SrZrO3,
respectively cubic (Pm3m) and orthorhombic (Pbnm), at Zr-K edge. The photo-electron multiple scattering (MS) effects are
important in perovskite compounds (e.g., [2]), in particular in BaZrQ3 and SrZrO3 [3,4]. For this reason, we used FEFF6 [5]
to calculate the EXAFS for both compounds and extract photo-electron-wave phase-shift and amplitude, and to retrieve
dynamical information such as Einstein or Debye temperatures of oscillators.

2. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

XAS data were collected on powders of BaZrO3 and SrZrO3 between 4 K and 773 K at the D44 station of the DCI storage
ring at LURE (Orsay, France), using a helium cryostat or a furnace. Energy resolution is estimated to be ~4 eV with the
monochromator used (two Si (311) single crystals). As an example, an experimental XAS spectrum of BaZrO3 obtained at
4 K is represented in Fig 1. EXAFS data reduction was performed with standard methods using Fourier transform (FT)
filtering [6] except for the last step of the data processing (i.e., the modeling of the FT-filtered EXAFS oscillations). The
EXAFS signal y(k) was extracted using Victoreen and spline functions, and assuming an edge energy arbitrarily chosen at the
midpoint of the absorption edge. The FT of Aty(k) (n=2 or 3) was performed with a Kaiser window. FT-filtered EXAFS
spectra were modeled with an inversion program [7] adapted from [8], assuming a harmonic approximation. For the first shell
(6 oxygen atoms), photoelectron-wave phase-shift and amplitude were extracted from experimental spectra of BaZrO3 at 4 K.
For the other shells, for which MS may become important, EXAFS spectra were calculated with FEFF6; then phase-shift and
amplitude of single scattering (SS) and MS paths were extracted from those calculated spectra, with the same procedure used
for the experimental spectra. This procedure overcomes amplitude reduction effects due to FT-filtering.

3. RESULTS
3.1 FEFF6 calculations

In cubic BaZrO 3, we have modeled the EXAFS at Zr K-edge with FEFF6 using a cluster including the six first shells (Table
1), with ambient-temperature atomic positions (structural data: [9]). Default options of FEFF6 were used, except that we
introduced an energy shift (-4 eV) with the CORRECTIONS card. We have progressively increased the half-path length, up to
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6.3 A. Taking into account MS paths (the number of legs is up to 5 in this calculation), we have obtained a good agreement
between calculated and experimental spectra collected at 4 K, the Debye-Waller factor being calculated from a correlated
Debye model [ 10]. Fig 2 shows that MS paths play a significant role, in addition to the SS paths for shells Bay and Zr3 (refer
to Table 1 for the meaning of these symbols). The number of legs of these intense MS contributions to EXAFS is 3 and 4, and
they imply only Zr and O atoms. The contributions to the fourth FT-peak, however, are mainly due to SS paths.

.In orthorhombic SrZ+O3, similar calculations were performed (structural data: [11]) with half-path length extended up to
10 A, taking into account MS paths with up to 7 legs. For this calculation, in addition to the options mentioned above, the
NOGEOM card was used. We have obtained a good agreement between modeled and experimental spectra (Fig 3). For the six
first sheils, relative contributions of MS and SS paths to FT-modulus are similar in both perovskites.

Table 1 Distances around Zr in BaZrO3 (structural data: [9]).

Numbers in parentheses mean the error on the last digit.
Shell Atom Multiplicity Distance -

A 2
01 0 (6] 2.0950 (2) 8
Bay Ba [8] 3.6286 (3) <
Zr3 Zr (61 4.1900 (4)
04 0 [24] 4.6846 (4) o
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O¢ 0 [30] 6.2850 (6) Energy (eV)

Figure 1 Zr K-edge XAS spectrum of BaZ1O 3 collected at 4 K
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Figure 2 Modeling using FEFF6 of EXAFS oscillations in Figure 3 FT-moduli of EXAFS oscillations in SrZrO3.
BaZrO3. The FT-moduli show the difference between the Experimental data collected at 4 K (full line), and EXAFS
spectra if MS contributions are taken into account (dashed line) spectrum calculated with FEFF6 (dashed line), the MS paths
or not (full line). being taken into account.

3.1 Inversion of EXAFS data

For modeling the experimental EXAFS spectra of BaZrO3 we have used: (i) one shell with SS of O1 (Table 1) for the first
FT-peak; (ii) three contributions inverted simuitaneously, with SS of Bap and Zr3, and one contribution with 3- and 4-legs MS
paths at 4.19 A for the second and third FT-peaks; (iii) two shells with SS of Zrg and Og for the fourth FT-peak. With this
procedure, we have obtained, as a function of temperature, the Debye-Waller factors of Zr-Oy, Zr-Bay, Zr-Zr5 and Zr-Og. As
an example, we present the evolution with temperature of the Debye-Waller factor of O (Fig 4). For SrZrO3, a similar
procedure was used, and we have obtained the Debye-Waller factor of Zr-O1, Zr-Srg, Zr-Zr3 and Zr-Og (we used a
nomenclature of the shells similar to that of BaZrO3).



C2-1067

3
Table 2 Oscillators Einstein and Debye temperatureg (non-
BaZrO3 T(K) correlated (nc) and correlated (c) Debye modet). Ao‘o§ is the
same for all models, and was obtained with a least-square
200 regression using the Eisntein model.
0.009
. 0.008 F 6p (nc) 6p (c) AO'?: .
< 0.007 (K) X ® (103 A2
o 0.006 BaZrO3
© 005 Zr-01 520+10 910420 -0.340.5
< o ZeBay 18047 31510 26089  -1.840.8
0.004 Zr-Zrs 254%5 43838 4007  -0.630.6
0.003 Zr-Og  287+15 495425 455+25 -0.3+2
S1ZxO3
Zr-0q 51715 905+30 0.5+0.5
Figure 4 Square of the Debye-Waller factor of the Oy shell vs Zr-Srp  258+10 450%15 390x14  0.0£0.8
temperature in BaZrO3, and fit with an Einstein model Zr-Zr3 270825 46840 417436  1.3x1.3
(6p=520210K) Zr-Zrs 23980 415+15 375i14 1.4t

4. EINSTEIN AND DEBYE TEMPERATURES

For each shell, the square of the DWF ¢2 vs temperature has been fitted using either Einstein or Debye model. For the
Einstein model [6], we have used the equation
A 2/
AG*(T)= —Ecoth(—‘?—)+ Acy? 1),
(1) o, T 0 @

where Ap =h? /2/.£kB, U being the reduced mass, O the Einstein temperature, and the other symbols having their usual
meaning. The two parameters of the least-square fit, O and AG,”, are reported in Table 2. The equation used for the Debye

model [ 12] is
2 p%4
AGZ(T)=A_D l+( T) J‘ xdx +Acy? 2,
o

6,4 \6p e -1

with Ap = 3h2/,uk8 =6Ag, 6p , the Debye temperature, being the parameter of the fit Aa'(,2 has the same value as that
obtained with the Einstein model). This "non correlated" Debye model may be improved [1,10,12] if we take into account the
correlation of atom motions. We observe that characteristic temperatures of Zr-O; are similar in both compounds, whereas
Zr-Srp and Zr-Bay are different. It is also interesting to note that Debye temperatures obtained for Zr-Zrs oscillators are very
similar in both compounds. Thus, changing from orthorhombic to cubic symmetry does not seem to induce important changes
in the vibrational characteristics of perovskites, at least in the cases investigated here, the major changes being due to the
substitution of cations.

Acknowledgements

A. Revcolevschi and D. Berthet (Orsay University) are thanked for providing the sample of BaZrO3. We are indebted to the
member of the LURE staff, and particularly F. Villain, for their help during EXAFS data collection.

References

[1] Beni G., Platzman P. Phys Rev B 14 (1976) 1514-1518

[2] di Cicco A., Berretoni M., Physics Letters A 176 (1993) 375-381

[3] Haskel D., Ravel B., Newville M., Stern E.A., Physica B 208-209 (1995) 151-153

[4] Bugaev L.A., Shuvaeva V.A., Alekseenko LB., Vedrinskii R.V., Physica B 208-209 (1995) 169-170
(5] Zabinsky S.I., Rehr J.J., Ankudinov A., Albers R.C., Eller M.J. Phys. Rev. B 52 (1995) 2995-3009
[6] Teo B.K., EXAFS: Basic principles and data analysis (Springer, Berlin Heidelberg New-York,1986) 349 pp.
[7] Andrault D., Poirier J.P. Phys Chem Minerals 18 (1991) 91-105

[8] Sotin C., Madon M. Phys. Earth. Planet. Inter iors 52 (1988) 159-171

[9] Zhao Y., Weidner D.J. Phys Chem Minerals 18 (1991) 294-301

[10] Sevillano E., Meuth H., Rehr J.J. Phys Rev B 20 (1979) 4908-4911

[11] Ahtee A., Ahtee M., Glazer A M., Hewat A.W. Acta Cryst B32 (1976) 3243-3246

[12] Greegor R.B., Lytle F.W. Phys Rev B 20 (1979) 4902-4907



