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Abstract. The local structure around the Ta atom in potassium tantalate KTaOs has been
investigated using extended x-ray absorption fine-structure (EXAFS) measurements. EXAFS spectra
near the Ta Ly edge were observed at 24, 40, 100, 150, 200, 250 and 298 K. The Debye—Waller
factor has been analysed in detail as also have other local structure parameters. Anharmonicity
of the thermal vibration of the Ta atom which is located at the centre of an oxygen octahedron
is almost negligible below room temperature, while anisotropy of the thermal vibration of the
Ta atom increases gradually with decreasing temperature, It has been found that the anisotropic
thermal vibration in the {001} directions at low temperatures, which was estimated by EXAFS
analysis, corresponds to the softening of the transverse optical phonon at the Brillouin zone
centre found by an inelastic neutron scattering study.

1. Introdaction

Many cubic perovskite crystals underge phase transitions, where they transform to slightly
distorted structures from the ideal perovskite structure. The condensation of a phonon mode
which was predicted by Cochran [1] is a useful concept to explain the successive phase
transitions of perovskite crystals such as SrTiO;, BaTiO; and PbTiO; [2-6]. However,
overdamping of the soft phonon mode and- a central peak were observed in some cases
and suggest that these phase transitions cannot be regarded simply as of displacive type
[7-91. On the other hand, Comes et af [10] measured x-ray diffuse scattering and proposed
a model in which there must be a linear disorder of atoms in KTa0; as well as in the other
perovskite crystals, such as BaTiQ,;, KNbO;, NaNbO; and KMnF; [11-14]. Recently,
structure refinements obtained by a diffraction study on some perovskites of single crystals
suggest the disorder of atoms. Itoh er @l [15] reported that the Ti atom in BaTiQj shifts
from the centre of the O octahedron in the {111} directions in the cubic phase, while the
Ti atom in SrTiO; is located at the centrosymmetric position. Nelmes et al [16] also
reported disorder of the P'b atom in PbTiO; even above the Curie temperature, although this
crystal has been regarded as a typical ferrcelectric which undergoes a displacive-type phase
transition. In the confusing situation about the mechanism of the phase transitions of the
perovskites, the purpose of this work is to study local structures of perovskites near the phase
transitons to determine the origin of the overdamping of the phonon mode and a central
peak by studying local structures using the extended x-ray absorption fine-structure (EXAFS)
technique. Recently a shift of the Nb atom in KNbO; from the central position atong {111)
axes was found through an EXAFS study by de Mathan et af {17]. The disorder of the Ti
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atom in PbTiO; in the cubic phase was suggested from EXAFES and x-ray absorption near-
edge structure (XANES) studies by Ravel et af [18]. We are also interested in the temperature
dependence of the Debye—Waller factor in the EXAFS function on the crystals in which the
soft phonon mode was found.

In KTaOs, no phase transition occurs and it is regarded as a quantum paraelectric because
long-range ordering of the dipole moments is suppressed by the quantum fluctuation at very
low temperatures [19-22]. Shirane and co-workers [23-25] found softening of the transverse
optical phonon at the Brillouin zone centre along the [001] direction by inelastic neutron
scattering studies, This phonon moede is well defined and not overdamped. They reported
that the anomalous temperature dependence of the dielectric constant, which deviated from
the simple Curie~Weiss law at both low and high temperatures, is faithfully reflected in
the temperature dependence of the soft mode. Later, the temperature dependence of the
dielectric constant was explained by several workers [19-22] using an expression which
considers quantum effects and which was derived by Barrett [26]. Comes and Shirane [25]
concluded that the linear correlation of the atomic displacement along the {001} directions
is dynamic. The strong dynamic correlation within a Ta—O chain is consistent with the
x-ray diffuse scattering in the {100} reciprocal sheets. In the low-temperature range, we can
expect short-range ordering or a local structure modification as an incipient ferroelectric.

In this paper, we deal with Debye—Waller factors of the Ta~O atomic pair in detail
and discuss the temperature dependence of anisotropic thermal v1brat10n of the Ta atom in
KTaCs.

2. Experiment

The purity of the KTaO; investigated was $9.9%. The sampie was confirmed in advance
to have the cubic perovskite structure by an x-ray powder diffraction profile. The powder
sample was dusted onto Scotch tape and held between Al foils to keep the temperature
uniform. X-ray absorption spectra were measured using an EXAFS facility instailed at the
bearn line 10B of the 2.5 GeV storage ring of the Photon Factory in the National Laboratory
of High Energy Physics (Tsukuba). Measurements were carried out in transmission mode
with a Si(311) channel cut monochromator. The incident and transmittéd x-ray intensities
were monitored with an ionization chamber 17 c¢m long with flowing N» gas and an
ionization chamber 31 cm long with flowing Ny—15% Ar gas, respectively. The photon
energy E was calibrated with a Cu foil by assigning 8.9788 keV to the pre-edge peak of
the absorption, The temperature of the sample was controlled with a closed-cycle He-gas
refrigerator. EXAFS spectra near the Ta Ly edge of KTaO; were obtained at 24, 40, 100,
150, 200, 250 and 298 K.

3. Analysis

Figure 1 shows the x-ray absorption spectrum p(E)d near the Ta Ly edge of KTaO; at
24 K as an example. Here 4 is the sample thickness. A wel} defined EXAFS signal is found
up to the Ta Ly edge. The Victoreen function fitted is also shown in this figure. The EXAFS
function x (k} was extracted from the absorption spectrum following the standard procedure
[27]. Here the y (k) was normalized using MacMaster coefficients according to the EXAFS
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workshop report [28]. The programs XAFS$93 and MBF93 were employed for the EXAFS data
analyses. The Pourier transform of x (k) yields a radial structure funciion §$(R):

kll MK

\‘ [

where w(k) is 2 Hanning window function and &" with n = 3 is a k-weighting term
to compensate for diminishing amplitudes at high k-vatues. Here the wavenumber of a
photoelectron is represented as k = [2m(E — Eq)/h*1'/%, where m and % are the mass of
the electron and Planck’s constant, respectively, The threshold energy Eo was assigned to
an inflection point of the absorption edge. Figure 2 shows radial structure functions ¢(R)
around the Ta atom at 24 and 298 K obtained by a Fourier transform of &% x (k) in the range
34 A™' < k € 17.5 A~'. The correction of the phase shift is not taken into account at
this stage. We can assign the peak in ¢ (R) to the first-nearest-neighbour O atom from the
crystailographic value obtained by the diffraction data; the distance between the Ta and O
atoms is 1.9942{1) A [20].
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Figure 1. X-ray absorption spectrum near the Ta Lyn edge of KTaO; at 24 K: - -- -, the Victoreen
function.

In order to determine the local structure parameters taking account of an anharmonic
thermal vibration, we used an EXAFS formula based on the single-scattering theory and
expressed by the cumulant expansicen up to the fourth-order term [29]:

R;
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where Nj; is the coordination number in the jth shell at distance R, from the absorbing
atom, | fi(k; T} the back-scattering amplitude of photoelectrons and (k) the total phase
shift function. Values of the functions | f;(k; @)} and v;(k) were taken from the theoretical
table of Mckale et al [30].. The quantities o™ are the nth cumulants. The mean free path
A; of the photoelectron was supposed to depend on the wavevector & ; A; = k/n;. When
we accept a harmonic vibration model, the quantities ¢ and ¢® must be ZEr0.
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Figure 2. Radial structure functions ¢(R) {magnitude and imaginary part of Fourier transform
of the Exa¥s oscillations) around the Ta atom: {«) 24 K; (P) 298 K.

In the parameter fitting, according to the EXAFS workshop report 28], we filtered a
theoretical EXAFS function the same way as the observed function to eliminate truncation
effects through the Fourier transformation of the data. We use a non-linear least-squares
fitting method to determine the local structure parameters. The equal deformation of
observed and theoretical EXAFS functions improves the accuracy of the parameter fitting,
This technique enables us to narrow down the region of Fourier transform in the real space.
We can choose the range of Fourier transform to exclude the influence from the atoms except
the interested atom and ghost peaks near the origin {the absorbing atom) in the real space.
Moreover, we can make use of a wide range in the k-space since we need not abandon the
marginal region which was distorted by the window function.

The discrepancy factor (R-factor) between the theoretical and experimental EXAFS
functions Xcae and xobs is defined as follows:

R =;tk"xobs(k) — B Yeate (R)T / Zk:[k”xoas(k)]z- 3)

In general, the R-factor estimrated by the technique of Fourer filtering theoretical EXAFS
function twice Is about one order of magnitude smaller than that estimated by the
conventional method [31]. It seems that a Debye—Waller-type factor is worth discussing in
detail by this technique.
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4. Results and discussion

4.1. Harmonicity of atomic vibration (one-shell model)

The Fourier-filtered EXAFS function was obtained by the Fourier transform of the O peak
in the range 1.2 A< R<K21A The fitting analysis was camed out by comparing the

observed and theoretical EXAFS functions in the range 3.5 A k<112 A7, First of all,
we assumed that the Ta‘atom is located at the centre of the O octahedron. The number of O
atoms was fixed to six. Table 1 gives local structure parameters of the O shell around the
Ta atom. The interatomic distance Rry—o beiween the Ta and O atoms is in good agreement
with the value determined by x-ray diffraction within a deviation of about 0.01 A. The
thermal expansion of KTaO; is very small. The reduction in the lattice constant of KTaO;
from 298 to 8 K is about 0.004 A [20] and almost corresponds to the estimated standard
deviation of the interatomic distance Rp—o. It can be regarded as a constant value below
room temperature in the EXAFS analysis. The parameters 7 and AEg are found to be not
dependent on temperature. Here AF, is the difference between the theoretical and the
experimental threshold energies. The least-squares fittings converged at small R-factors.
Figure 3 shows the Debye-Waller factor ¢ between the Ta and O atoms as a function
of temperature. An increase in ¢® was expected in the low-temperature region, which
will correspond to the anomalous temperature dependence of the dielectric constant or the
softening of the ferroelectric phonon mode, but o'® «decreases with decreasing temperature
as seen in the figure. In the EXAFS technique, we can obtain knowledge about the relative
distance and the relative atomic motion between the absorbing and surrounding atoms. The
Debye—Waller factor in the EXAFS function contains information concerning all modes of
atomic vibration. It seems that the contribution of a soft mode to ¢® will smear out in
the one-shell model when we consider local structures. Then we examined anharmonicity
of atomic vibration in the data obtained at 24 and 298 K. The number of nearest-neighbour
O atoms was also fixed to six. The cumulant o which referred to an asymmetric atomic
motion was constrained to be zero because the Ta atom is located at the inversion centre.
Other parameters are listed in table 2. In the calculation, the correlation between the
parameters was considered carefully. The higher-order cumulant ¢'® is almost zero in
comparison with the estimated standard deviation at both temperatures. This indicates that
the thermal vibration between the Ta and O atoms does not have anharmonicity below room
temperature. As a result of the parameter fitting of one-shell models, the anharmonicity of
atomic vibration is so small that we need not intreduce disorder of the Ta atom in further
analysis.

Table 1. Local structare parameiers of the O shell around the Ta atom for the harmonic vibration
model {one-shell model). The coordination number N of the O atom was fixedat 6.

Temperature RTi-0 @ n AEp R-factor
(K} N o® A (A kew (%)
24 & 2008(1)  0.0046(2) 066(2) © 0OITI3) 16
40 6 2007 00047(2) 0672 00169(3) 19
100 6  2006(1) 0005MZ) D63 004 51
150 6  2001(1) 00059(2) 0.64(2) 0.0162(3) 338
200 6 2006(1) 00058(2) 0.71(3} O0165(3) 35
250 6  2007(2) 000682 066(3 001703 15
208 6 2005(2) 0.0070¢2) 0653) 001633 39
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Figure 3. Temperature dependence of the Debye-Waller factor o2 on the Ta-O atomic pair
for the one-shell model: ——, guide to the eye, |

Table 2. Local structure parameters of the O shell around the Ta atom for the anharmonic
vibration mode! {one-shell modei), The coordination number & of the O atom was fixed at 6.
The cumulant o was fixed at 0 owing to the centre of symmetry,

Temperature Rry—p ol a® a@® ) AEy R-factor
K N @A) (A% (A% (A% A (keV) (%)

24 6  2.008(1) 000492) O 0.000008(6) 065(2) 001723 16
298 6 20052} 00070 © 0.000000(9) 0.6%3) 001633 39

A slight softening of the transverse acoustic phonon mode due to the coupling of
the transverse and optic phonon modes was reported at low temperatures by Axe et ol
[24]. Fujikawa and Miyanaga [32] have studied the contribution from optical and acoustic
phonon modes to the Debye~Waller factor in the EXAFS function on the basis of quantum
statistics. In EXAFS analysis we cannot recognize the g-dependence of a phonon mode.
However, the contribution of an optical phonon to the Debye-Waller factor in the EXAFS
function is larger than that of an acoustic phonon because the atomic displacement of the
optical phonon mode is relatively larger, and the excitation of an acoustic mode is not
sufficient at low temperatures. This suggests that the transverse optical phonon does not
have anharmonicity at low temperatures, although we cannot estimate quantitatively the
contribution from acoustic phonon modes. The harmonicity of atomic vibration observed
by EXAFS implies that the coupling of optical and acoustic phonon modes is important to
understand the softening of phonon mode in this crystal as pointed out by Chaves et af [22].

4.2. Anisotropy of atomic vibration (two-shell model)

Harada ef al [33] carried out a mode analysis of this crystal at room temperaturs by an
inelastic neutron scattering study. The mode was identified as being of the Slater type. In
the Slater mode, the Ta atom vibrates against the O octahedron; the Ta and Q atoms vibrate
in the axial direction in the opposite phase. The difference between the thermal vibration in
the axial direction and that in the equatorial plane implies an anisotropic thermal vibration
of the Ta atom. In the next stage, we considered a two-shell model with two different
Debye—Waller factors, while the Ta atom is still located at the centre of the O octahedron.
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In general, the ExAFS function x (k) for one shell is divided into two parts [34]:
x (k) = 6x0(kH{G(du)) 4)

where xo(k) is an EXAFS function for one O atom without considering thermal vibrations
and {G(du)) represents a damping factor which depends on the relative atomic displacement
du. The damping factor is averaged with respect to the dynamic disorder which arises from
the thermal vibration of atoms. The EXAFS function (%)} contains the contribution from
two O atoms which vibrate in the axial direction and four O atoms which vibrate in the
equatorial plane:

x (k) = 250(k) (G (Bulax + 4x0 (k) (G(68))eq- ®

Table 3 gives the local structure parameters of the O shell around the Ta atom for the two-
shell mode). The parameters Ry,—g, 1 and AEy were constrained to have the same values
for both shelis. Consequently, they agree with the values obtained from the one-shell model
within the estimated standard deviation. The least-squares fittings converged at almost the
same R-factors as the one-shell model. Figure 4 shows the temperature dependence of the
two Debye-Waller factors o, and o3, where they correspond to the Debye—Waller factors
in the axial direction and the equatorial plane, respectively. o2 decreases with decreasing
temperature, while the 0,2 maintains an almost constant value from 298 to 24 K. As shown
in figure 5, the theoretical value of &%y (k) agrees excellently with the experimental vaiue.

Table 3. Local structure parameters of O shells around the Ta atom for the harmonic vibration
model {two-shell model). The coordination numbers N of the O atom were fixed at 2 and 4 for
each O shell. The parameters Ry,—p. 1 and AEy were calculated as the same values for each

QO shell,
Temperature RTu—-0 rrg) o*c(&) n AEp R-factor
(K) NoA) (AH (A%) (A7) (keV) (%)
24 2 2.008(1)  0.0072(6) 0.0037(2) 0.65(2) 001723y 16
4
40 2 2007(1) 0006%6) 0.0039(2y 0.66(2) 0.0169(3) 19
4
100 2 2.005(1) 0.0084(8) 0.0042(2) 066(3) 001643 5.1
4
150 - 2 2.001(1) 00073(6) 000532y 0.64(2) 0.0162(3) 38
4
200 2 2,006(1) 0.0072(7) 0.0052(3) 0.71(3) 0.0165(3y 35
4
250 2 20072y  0.0073(7) 0.0066(3) 0.66(3) 0.0170(3r I[.5
4
208 2 2005(2) 0.0068(6) 0.0070(3) 0.69(3) 0.0163(3) 39
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Figure 4. Temperature dependence of the Debye—Waller factors on the Ta~Q atomic pair: @,
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Figure 5. Comparison of an experimental Exars function &% (&) of the first-nearest-neighbour
O atom around the Ta atom (@) with a theoretical function { ).
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As mentioned above, a Debye-Waller factor in an EXAFS function contains information
on all modes of atomic vibration. The difference between the two or-values corresponds to
anisotropy of the thermal vibration of the Tz atom and increases with decreasing temperature.
In the Siater mode, atomic vibration is triply degenerate in each axial direction. When we
consider one of the triply degenerate vibrations from the viewpoint of local environment, we
can imagine the atomic distribution of the Ta atom at the centre of the O octahedron, namely
the ellipsoid of the probability density function has a long principal axis along the axial
direction. Even though the Ta atom is displaced in either direction along the principal axes,
the local structure arcund the Ta atom is equivalent to this probability density function so far
as we observe it by the EXAFS technique. In any case, it is certain that this vibration of the
Ta atom has cubic symmetry because of the triple degeneration of the phonon mode as long
as the Ta atom is located at the centrosymmetric position. Anisotropy of atomic motion,
where it is estimated by EXAFS analysis, will originate mainly from a large displacement due
to the loss of the restoring force for the atomic motion by the softening of the phoron mode.
At room temperature, the probability density function of the Ta atom is considered to be
spherical or isotropic since the &% is not different from o within the cstimated standard
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deviation, The temperature dependence of the difference between g and o, implies
that the probability density function of the Ta atom increases in the axial direction with
decreasing temperature. The femperature dependence of the Debye—Waller factor for both
optical and acoustic phonon modes calculated by Fujikawa and Miyanaga [32] is similar to
our result for the Debye—Waller factors as shown in figure 4. In the strict sense, we should
not compare with them because both 0P and 2 include contributions from optical and
acoustic phonon modes. Strong anisotropy in the dispersion of a transverse acoustic phonon
was found by Comes and Shirane [25]. However. an averaged atomic vibration is observed
in spite of the anisotropic dispersion relation. The softening of the transverse optical phonon
at g = 0 will contribute much to the anisotropy of thermal vibration of atoms estimated
by EXAFS analysis. The phonon dispersion relation along the [001] direction shows that
the transverse optical branch at g = (0 has a small value of phonon energy even at room
temperature [23]. In fact, an anisotropic thermal vibration of the Ta atom may be expected
at room temperature, However, it cannot be confirmed at room temperature as shown in
figure 4, suggesting that the small anisotropy of the thermal vibration which originates from
the softening of the fransverse optical mode smears out and cannot be detected by the EXAFS
analysis because the EXAFS signal is subject to contribntions from all phonon modes.

The Debye-Waller factor ¢ in the EXAFS function is expressed using the mean square
displacement and the displacement correlation function as follows [35):

@ = (Rpo - Su)) : (6a)
= ((R1a-o * (u1a ~ 20))?) (65)

= (R0 - ur)®) + {(Rrao - ©0)%) — 2{(Brao - Unn){(Rmamo - 10)}  (6¢)

where f?—ra_.o is 2 unit vector, and wur, and ug are the displacement vectors of the Ta and O
atoms, respectively. Here we assumed that the anisotropic atomic motion criginates from
the softening of the Slater mode. We have substituted a single parameter ug for these atomic
displacements because ug is proportional to ur, and —up, while i, is an effective parameter
due to other phonon modes having a normal temperature dependence and responsible for
the isotropy. The difference between the Debye—Waller factors can be estirnated in terms
of means squares (u%) and (u2) of the atomic displacements:

AP =g — (74)
= (uZ) — (ul). (76)

In the harmonic approximation, the mean square {(u?) of the atomic displacement is
proportional to the sum of the square of the normal coordinate for the phonon of ¢ in
the sth branch Q,,. A phonon mode in a crystal in thermal equilibrium has an energy given
by ’

%wa(Q#-\‘ :'1) = %((nq.r} + li)h&)q., ®)
where w, is the phonon frequency for the transverse optical phonon and (r,,) the thermal

equilibrium occupancy of phonons. When the form of {(n,) is given by the Planck
distribution function, (%2} can be calculated as a function of w,, and temperature T

{(u®) o 2 L coth (h—m‘f-‘—) ®
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where kg is the Boltzmann constant. This equation is related to the expression for dielectric
constant derived by Barrett {26]. The mean square {u%} of the atomic displacement due to
the softening of the transverse optical mode at ¢ = 0 was estimated from the data reported
by Shirane et al [23] using equation (9). When estimating the effective term (42) due to
the other phonon mode, the phonon energy was assumed to be the same value at 295 K
and considered to be constant below room temperature because an anisotropic vibration
in this crystal cannot be detected at room temperature by the EXAFS analysis. Here the
data above 40 K are taken from [23] because their crystal might have a phase transition at
approximately 10 K probably owing to the impurity. The difference (43} — (42} between the
mean squares of the atomic displacement (open circles), which was normalized adequately,
is compared with the difference Ac®@ between the Debye-Waller factors (full circles) in
figure 6. The agreement between the temperature dependences of these quantities is good.
Here we did not adopt an anharmonic vibration model because the number of variables for
the model is prevented from exceeding the number of degrees of freedom according to the
information theory {36].

0.002 555206 300
TEMPERATURE (K)
Figure 6. Comparison of the difference As™ = o}f’ —rréf} between two Debye-Waller factors,

gstimated by the EXAFS analysis (@} with the difference between the mean squares of atomic
displacement estimated by the data from inelastic neutron scattering (O),

The mean displacement of the Ta atom from the centre of the O octahedron at 298 K is
estimated to be u,, = 0.082(4) A in the axial direction. This is larger than anp = 0.05(1) A,
which is estimated from neutron difftaction data [33]. This suggests that the Debye—Wailer
factor of the EXAFS functjon is emphasized by the thermal motion of the Ta and O atoms
in the opposite phase.

We can conclude that the large Debye—Waller factors due to the atomic motion in the
opposite phase at room temperature and the increase in anisotropic vibration of atoms at
low temperatures are consistent with the strong linear-displacement correlation along the
{001} directions and the softening of the transverse optical phonon at the Brillouin zone
centre {Slater mode} from the viewpoint of the local environment around the Ta atom in
KTa0s.

5. Conclusion

The local structure around the Ta atom in KTaOj; has been investigated from 24 to 298 K by
the EXAFS technigue. In the parameter fitting, we have introduced the technigue of Fourier
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filtering the theoretical EXAFS function twice under identical conditions with the data, so
that we can discuss the Debye~Waller factors of EXAFS data. The one-shell models for
the nearest-neighbour oxygen atoms have revealed that there is no marked local structure
modification around the Ta atom. The interatomic distance Ry-p, and the mean free
path of the photoelectron are found to be independent of temperature within the estimated
standard deviations. The Debye~Waller factor o(® decreases monotonically with decreasing
temperature. There is no component for anharmonic vibration of atoms, suggesting that the
coupling of optical and acoustic phonon modes is important in order to understand the
softening of the phonon mode. We can explain the local structure of KTaQs by leaving the
Ta atom at the centre of the O octahedron and need not adopt the disorder model. The two-
shell model shows that the temperature dependence of the Debye-Waller factor o2 in the
axial direction is different from the Debye-Waller factor o2 in the equatorial plane. The
anisotropy of the thermal vibration of the Ta atom increases with decreasing temperature.
We have estimated the mean square displacement of atoms for both the transverse optical
phonon and other phonons by making use of the phonon energy determined by an inelastic
neutron scattering study. The temperature dependence of the anisotropic thermal motion
estimated by the inelastic neviron scatfering is successfully consistent with that estimated
by the EXAFS analysis. This indicates that the local structure in KTaQ; can be described by
the concept of the soft phonon mode. Moreover, the Debye-Waller factor o2 is evaluated
as a large value by the EXAFS analysis, suggesting that relative atomic motion for the Ta
and O atoms in the opposite phase is more dominant locally. The linear correlation of the
atomic displacement along the (001} directions in KTaQOs is alse confirmed to be dynamical
by the EXAFS technique.
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