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Abstract.  
The local structure of the perovskite KNbO3 at 77 K and 300 K under high pressure, 

up to 15.8 GPa, h~s been investigated using the X-ray absorption fine structure (XAFS) 
technique. We found that local distortions exist throughout the measured range which 
are peaked off-center at the rhombohedral symmetry sites with a width narrower than 
the separation between the rhombohedral and orthorhombic sites. On the other hand, 
diffraction indicates an orthorhombic average structure at 300K, and optical measure- 
ments suggest a transition to a cubic phase at high pressures. To explain the difference 
between pressure - induced changes in KNb03 structure as measured by XAFS and 
optical techniques, a pressure - dependent hopping rate in the framework of the eight 
- site model is proposed. 

I N T R O D U C T I O N  

Phase transitions in potassium niobate (KNbO3) have been extensively studied, 
both experimentally and theoretically, since the discovery of its ferroelectric activ- 
ity in 1949 [1]. Along with other perovskites, KNbO3 has long been considered a 
classical example of a system undergoing purely displacive phase transitions be- 
tween three low tempera ture  ferroelectric (FE) phases with different symlnetries 
and a high tempera ture  paraelectric (PE) phase [2]. 

The question which transition mechanism, displacive or order-disorder, domi- 
nates in a particular ferroelectric, is of central importance. Within a purely dis- 
placive model, the a toms in each unit cell vibrate quasi-harmonically about  their 
average positions in the cell. Thus the peak of the position probabili ty distril)ution 
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flmction (PDF) of each atom is at its average position. This means that in the para- 
electric phase the peak of the PDF is at a centrosymmetric point in the unit cell and 
at off center position in the ferroelectric (FE) phase. The peak position is expected 
to be disl)laced to [100], [110] and [111] directions in the tetragonal orthorhombic 
and rhombohedral phases, respectively. In contrast, within a I)ure order-disorder 
model, the atoms are locally displaced to off:center position in a disordered fash- 
ion even in the paraelectric phase. Namely, the atoms vibrate qtlasi-harmonically 
al)out off center positions and may hop among sytnmetry equivalent off-center po- 
sitions. The hopping time is long relative to the ordinary quasi-harmonic vibration 
period even relative to the soft mode period. Below the ferroelectric transition 
temperature, To, the symmetry breaks and the probability of occupying different 
off-center positions is no longer equal. Thus, within an order-disorder model the 
PDF has peaks at off-center positions both in the PE and FE phases. In the PE 
phase the peaks in sylnmetry equivalent positions have equal intensities. As T 
decreases below the FE transition, some peaks intensify at the expense of others. 

As seen above, the COml)arison between the local and average structures plays a 
very important role in our understanding of structural phase transitions. Various 
exi)eriments provide different kinds of structural information. X-ray and neutron 
diffraction 1)rovide detailed information on the t)eriodic part of the structure. How- 
ever if one wants to obtain information on local deviations fl'om the average struc- 
ture one needs to include this possibility explicitly in the data analysis. However, in 
most cases, the spatial resolution in the pair correlation fimction provided by this 
technique is insufficient in order to distinguish between a broad PDF peak at a high 
symmetry point and a PDF with multit)le peaks at off-center positions. Resonant 
techniques such as NMR and ESR provide local structural information provided 
the distortions are slow enough to avoid inotional narrowing. Thus whenever local 
structural distortions are observed by these techniques one also obtains an upper 
limit of the hopping rate. In contrast, if the existence of the local distortions 
is established by another, faster technique and is not observed by the resonance 
technique, one can set the lower limit of the hopping rate. In this sense Raman 
scattering is also a resonance method. If the local distortions are slow compared to 
a few cm -1 the effect of the local distortions will show up either as a violation of the 
selection rules I)roducing distortion induced first order Raman scattering and/or 
a central peak. Diffuse X-ray scattering can provide very valtlable information on 
the distortion coherence lengths. Unfortunately these measurements can in certain 
cases be interpreted in different ways. Finally X-ray Absorption Fine Structure 
(XAFS) measurements provide local structural information and (will detect local 
deformations even if the hopping rate is almost in the phonon range. Furthernmre, 
the crystal momentum range involved in XAFS experiments (q = 30~ -1) is so 
large that it allows one to determine the I)air distance PDF with enough resolution 
to distinguish between a singly peaked broad PDF and a PDF with multil)le peaks 
at off-center positions. Thus it can be used to determine unequivocally the exis- 
tence of local structural distortions which cannot be described by quasi-harmonic 
vibrations. 
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Temperature has been the most commonly used parameter in a variety of ex- 
periments. Hydrostatic pressure has not been often used but it can provide very 
valuable information. Hydrostatic pressure is known to suppress the ferroelectric 
phase transition temperatures in perovskite crystals [2]. Although no experimental 
data is available for KNbO3, it is expected to behave in a way similar to BaTiO:~ 
and obey the modified Curie-Weiss law: 1/e o( (P - Pc) at constant temperature 
[2]. If the displacive model holds, the effect of pressure will solely be to change the 
temperature dependence of the soft mode. On the other hand if the transition is 
of the order-disorder type or combined displacive and order-disorder it may affect 
both the off-center disl)lacements in the paraelectric phase and the soft mode. The 
most suitable method to study the effect of pressure on the off-center displacements 
is XAFS. 

The next Section contains a brief review of previous experimental results in 
KNbO.3. The various experimental results are compared to each other taking into 
account their different time and length scales. In the following Sections, we report 
results of XAFS measurements in KNbO3 at 77 K and 300 K and pressures up to 
10.2 GPa and 15.8 GPa, respectively. At ambient pressure, the average structure is 
rhombohedral and orthorhombic, respectively. On the other hand, the experimen- 
tal XAFS results show that at both temperatures and all the pressures studied, 
the local structure is rhomt)ohedraily distorted thus supporting the existence of 
an iml)ortant element of order-disorder in the pressure-induced phase transitions 
similar to the one induced by temperature. 

R E V I E W  OF PREVIOUS E X P E R I M E N T S  WITH 
KNBO3 

The properties of KNbO3 at different temperatures and ambient l)ressure 
have been thoroughly investigated. The sequence of rhombohedral-orthorhombic- 
tetragonal-cubic phase transitions in KNbO3 at 263 K, 498 K and 708 K, respec- 
tively, was obtained fi'om neutron diffraction experiments [3,4]. Hewat found that 
the oxygen octahedra vibrate ahnost as rigid bodies around Nb atoms. The anoma- 
lous anisotropy of the oxygen atom mean square displacements has been attributed 
to the oxygen octahedra librations [4]. 

]nfi'ared [5], Raman [6], and inelastic neutron scattering [7] experiments, showed 
that KNbO3 has a transverse optic mode that softens with decreasing temperature. 
However, the fi'equency of this mode does not extrapolate to zero at the PE to 
tetragonal FE phase transition as would be expected in a displacive like model but 
at a temperature which is hundreds of degrees lower [8]. This result indicates that 
a simple displacive like model cannot account for the properties of KNbQ.  

The Curie-Weiss constant of KNbO.3 is al)out 2.8 • 105 K. This value is consistent 
with values calculated theoretically for displacive like ferroelectric perovskites and 
is approximately two orders of magnitude larger than the values calculated in order- 
disorder like models, thus supl)orting a displacive model. 
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Comes, et al. [9], ol)served the existence of X-ray diffuse scattering planes in the 
reeit)rocal space of KNbQ,  in the orthorhombic, tetragonal and cul)ic phases. The 
planes are perpendicular to the [100] type axes. In the cubic phase the only planes 
missing are the ones that go through the origin. In the lower temperature phases 
the planes which are not parallel to the vector order parameter disappear. These 
results have been later confirmed by Hohna, et al. [10], using synchrotron radiation 
and electronic detection. Comes, et al. [11], proposed that the ol)served diffuse 
scattering is due to disordered spontaneous dist)lacements of the Nb atoms in [111] 
type directions (commonly referred to as the eight-site model). In the l)araelectric 
phase the displacement component in the [100] direction has a relatively long cor- 
relation length along the [100] direction and much shorter correlation lengths in 
the other directions. In the lower temperature phases the correlation lengths along 
the directions of the order 1)arameter t)ecome infinite and the corresponding planes 
disappear. Later on Comes and Shirane [12] proposed an alternative explanation 
based on the very flat dispersion of the transverse acoustic phonons along [100] type 
directions. Hohna, et al. [10], measured the temperature dependence of the diffuse 
X-ray scattering and found that the width of the diffuse scattering planes and their 
intensity vary with temperature. In particular the width seems to extrapolate to 
zero as T approaches the transition temperature from above. From these results 
they conclude that a static eight site model cannot account for the observations. 
They show that their' results are consistent with the theoretical quasi harmonic 
model of Hiiller [13] which is qualitatively similar to the alternative suggestion of 
Comes and Shirane [12]. These models do not require the existence of disorder' in 
the paraelectric phase. 

The most direct evidence that Nb atoms are displaced in [111] type directions 
comes from XAFS experiments. XAFS provides the pair distance PDF between 
a probe atom and its neighbors. It can be shown that in the quasi-harmonic 
al)l)roximation the interatomic distance PDF would be expected to peak at the 
average crystal site. The XAFS results show that in both pure KNbO3 [14,15] and 
in mixed KTa~Nbi_zOa [16], the Nb-oxygen distance PDF has peaks at distances 
corresponding to Nb atoms displaced in [111] type directions in all phases including 
the paraelectric phase. 

The existence of local off-center displacements in the paraelectrie phase has been 
recently reproduced theoretically in KNbO3 by molecular-dynamics simulations 
[17]. The simulation was clone in the frame-work of the nonlinear oxygen polariz- 
ability model. The order-disorder behavior was observed in the paraelectric phase 
over several hundred degrees above the FE-PE transition temperature and the in- 
clusion of acoustic phonon coupling led to the correct sequence of phase transitions 
in this material [17]. Numerous theoretical calculations were carried out in KN1)Oa 
to explain its properties [18-21]. LAPW linear response calculations of the lat- 
tice dynamics of cubic KNbOa by Krakauer, et al. [22], succeeded in reproducing 
the picture of dynamic linear chains directed along the principal cubic axes, thus 
confirming the eight-site model. 

Recently, Girshberg and Yacoby [23] presented a model of ferroelectrics based 
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on the existence of both a soft mode and spontaneous local off-center ion displace- 
ments, and the interaction between the two. Their model accounts quantitatively 
for both displacive and order-disorder like properties. In KNt)O3, for example, 
their model explains why its Curie-Weiss constant (2.8 x 105 K) is as large as the 
constant predicted for purely displacive type crystals and at the same time its soft 
mode does not vanish at Tc but extrapolates to zero at a teml)erature hundreds 
of degrees below To. They also fillly ret)roduce the temperature and frequency 
dependence of the imaginary part of the dielectric constant as measured by Vogt 
[24]. This model also explains the breakdown of the selection rules in the PE phase 
Raman spectra and the teml)erature dependence of the diffuse X-ray scattering 
results. According to this model the eight site off-center displacements are coupled 
to the soft mode producing a renormalized relaxation mode. As the temperature 
decreases the relaxation mode slows down and the coherence length increases. 

Contrary to teml)erature del)endent measurements, there are only few exl)er- 
iments that studied the effect of pressure on the properties of KNhO3 at room 
temperature, and ahnost none that studied them at low temperatures. Recent 
birefi'ingence and Raman scattering exl)eriments by Gourdain, et al. [25], in the 
pressure range from 0 to 33 GPa, suggest that KNbO3 undergoes a FE-PE tran- 
sition at 9 - 10 GPa. The authors describe the structure of the paraelectric phase 
as cul)ic and the phase transition as weakly first order. The fi'equencies of most 
TO modes soften and their Raman intensity decreases as the transition pressure 
is apl)roached fi'otn below. However, first-order Raman scattering persists in the 
l)araelectric phase all the way up to 33 GPa, the Ul)l)er limit of the pressure range 
studied. Other Raman spectroscopy measurements by Shen, et al. [26], ret)orted 
"three new crystalline phases and an amorphous phase" in the pressure range fi'om 
0 to 20 GPa. According to the authors, the displacive phase transitions occur at 
2, 6, 9, and 15 GPa, respectively. A phase transition neat" 2 GPa was obtained 1)y 
measuring the low frequency dielectric constant tinder pressure Ul) to 3.2 GPa [27]. 
X-ray diffraction experiments were performed with KNbO3 tinder pressure up to 12 
GPa by Moya, et al. [28]. No structural transformation was ol)served in the lattice 
cell parameters and the structure was characterized as orthorhombic at least up 
to 12 GPa. The unit cell volume vs pressure l)ehavior was found to be in a good 
agreement with the Murnaghan equation of state [29]: 

1 

, \-B-~-o ]J  ' (1) 

where Vo is the volume per unit formula at 300 K, B0 and B~ are the isothermal 
1)ulk modulus and its pressure derivative, respectively, evaluated at P = 0. The 
best fit of Eq. (1) to the P - V data px'ovided Vo = 132.8/1,3 and/3o = 143 GPa, in 
good agreement with the bulk modulus obtained from the dielectric measurements 
[30]. XAFS experiments with KNbo.sTTao.1303 at pressures up to 7.5 GPa and room 
temperature were recently performed at the Nb K edge [31]. The results showed 
no changes in the local structure within this l)ressure range. 
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The discussion in the preceding paragraph shows that the pressure phase dia- 
grain at room teml)erature is highly controversial. However, ahnost all authors 
agree that at least one phase transition does take place at l)ressures below 15 GPa. 
The question is whether this transition is reflected in the local structure. In the 
next section we l)resent the results of our XAFS analysis of the KNbOa l)owder 
which was measured at high pressure and constant temperatures: 77 K and 300 K, 
where the aml)ient pressure phases are rhombohedral and orthorhombic, rest)ec- 
tively. Besides l)roviding new experimental information on the effect of pressure on 
the local structure, the low temperature measurement will allow us to compare the 
effects of pressure in two different phases with (orthorhoml)ic phase) and without 
(rhombohedral phase) structural disorder. 

X A F S  ANALYSIS  A N D  RESULTS 

Pressure XAFS experinmnts were perfornmd with KNbOa powder on the Nb K 
absorption edge at liquid nitrogen and room temperatures. Details of the san> 
ple preparation, experimental setup, synchrotron XAFS measureinents and pres- 
sure calibration can be found in a separate article [32]. In the present l)al)er, we 
sumnlarize our modelling 1)rocedure which allowed us to solve the local structure 
around Nb atom within 5 nearest neighbor shells and minimize uncertainties in the 
obtained 1)arameters. 

Data analysis was performed by fitting a theoretical XAFS signal calculated with 
COml)uter code FEFF6 to the experimental data in r space by Fourier transforming 
both data and theory. Based on the results of the previous works [14-16,31] we 
chose the rhombohedrally distorted prototyl)e cubic structure as a model of the 
local lattice distortion in KNbOa under pressure. At 77 K, the ambient pressure 
phase is rhombohedral, therefore this model is a natural choice. At 300 K, the 
ambient pressure phase is orthorhombic but it is colnposed of the disordered, locally 
rhoml)ohedral domains, therefore the same model is a reasonable choice for our data 
analysis at the both temperatures. Other models, (e.g., orthorhombic distortions) 
were also tried but the fit quality was much worse than for the rhombohedral model 
described below. 

The independent structural parameters allowed to be varied in the fits to the 
data at each pressure were the displacements of the oxygen octahedron (A(O)) 
and potassium cube (A(K)) in the [111] direction fi'otn their positions in the ideal 
Pm3m 1)erovskite ctd)ic structure, and the isotropic lattice contraction factor e = 
a(P)/a(O), where a(P) is the lattice parameter. Hence our model is general enough 
to accommodate a l)ure displacive behavior (where Nb atom off-center displacement 
d vanishes with pressure), a pure order-disorder behavior (where d remains constant 
under pressure, similar to what was obtained at different temperatures (Ref. [14])), 
and any combination of these two scenarios. 

Five nearest coordination shells around absorbing Nb atom have been analyzed 
(Fig. 1). Rhombohedral distorted, the oxygen octahedron splits into 2 subshells 
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FIGURE 1. Rhombohedral structure of KNbOs. Shown are 5 coordination shells around central 
Nh atom. Different shades of grey indicate inequivalent 0 (1) and K (2) sites relative to central Nb. 

with 3 atoms each. The potassium cul)e splits into 4 subshells with 1, 3, 3 and 
1 atoms. The 3rd nearest coordination shell consists of 6 niobium atoms. The 
4th shell consists of 24 oxygen atoms from neighboring octahedra. They form 4 
subshells with 6 atoms each. Finally, the 5th shell consists of 12 niobium atoms. 

In our computer program FEFFIT [34], which fits an XAFS theory to the data, 
physically reasonable constraints between the structural parameters were applied 
to 1)reak their correlations in the fit and reduce the total number of variables. 

All the distances R/between the Nb (~ atom and its i neighbor in each of these 5 
shells including inequivalent 0 (1) and K (2) subshells were expressed as a fimction of 
the three independent structural distortion l)arameters: A(O), A(K) and a lattice 
contraction factor c using a linear approximation [32]. 

Effective scattering amplitude of the multiple - scattering photoelectron paths 
between the central Nb, its neighboring 0 (1) atoms, and the Nb (3) in the same [100] 
direction, which are very sensitive to the small deviations fi'om collinearity, were 
related to A2(O) via the quadratic term in Taylor expansion. 

Besides e, A(O), and A(K), the mean square disorder in the half path length, 
cr 2, and the muffin-tin energy reference corrections, LEo, were also varied in the 
non-linear least square fit of theory to data. Additional constraints were applied 
to relate the (72 and AE0 of the multiple scattering paths to the single scattering 
paths connecting the same atoms [32]. 

Numerical results for A(O), the lattice parameter a and the Nb off-center dis- 
placement d relative to the oxygen octahedra at all pressures measured at 77 K and 
300 K, respectively, have been reported in Ref. [32]. The values of A(K) and the 
Nb(~ (2) (72 are comparable to the uncertainties at all pressures and temperatures, 
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FIGURE 3. Changes in lattice parameter (at 300 K), Nb off-center displacements at 77 K and 
300 K, normalized by their values at ambient pressure and respective temperatures. 

and are, therefore, omitted. 

The l)ressure dependence of the unit cell volume per unit formula calculated using 
the obtained Nb(~ (a) distances (see Discussion Section) are shown in Fig. 2. The 
t)ressure dependent, Nb off-center displacements d'(P) = d(P)/d(O) normalized to 
aml)ient pressure are shown in Fig. 3 for both 77 K and 300 K, along with the 
normalized unit cell dimension e(P) = a(P)/a(O) measured at room temperature. 

Mean square relative deviations of the distances between the Nb (~ atom and 
its 1st, 3rd, 4th and 5th NN have been reported in Ref. [32] for all temperatures 
and pressures. We obtained that a 2 of the nearer neighbor pairs Nb (~ - 0 (1) and 
Nb (~ - Nb (a) decrease with pressure as expected, a 2 of the longer Nb(~ (4) and 
Nb (~ - Nb (5) pairs, however, have a completely different trend. These o 2 increase 
with pressure at both temperatures. This indicates that pressure increases the 
oxygen octahedra librations and distortions, and decreases the Nb displacement - 
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(tisplacement correlation length [32]. 

DISCUSSION 

Before discussing the new exl)erimentai results obtained fox' the Nb off-center 
displacements under pressure, we describe several important cross-checks made 
between our results and those obtained by other techniques. 

The ambient pressm'e Nb off-center displacements along [111] obtained at 77 K 
with XAFS [32], are in good agreement with the 0.218 ~ displacement measured 
at 230 K by neutron diffraction [4]. Although the XAFS and diffraction techniques 
generally measure different structures (XAFS measures local relative atomic po- 
sitions while diffraction measures the average crystal structure), at this temper- 
ature, the rhombohedral structure of KNbO3 is ordered, and the results of these 
two techniques should agree with each other. The fact that we ot)tained the same 
displacement as neutron diffraction, is, therefore, expected, and adds confidence to 
our other results. 

Another iml)ortant cross-check is the behavior of the unit cell volume with pres- 
sure. It is known fi'om the X-ray diffuse scattering results [35,9] that the off-center 
(tist)lacements of the NI) (~ and its nearest neighbor Nb (3) atoms strongly correlate 
in [100] cul)ic directions. Eight nearest height)or Nb atoms (in [100] directions) 
define the l)rototype cubic (:ell (the rhoml)ohedral angle is 89.93 ~ (Ref. [4]) and 
its deviation fi'om 90 ~ (:an l)e neglected). The local disorder of Nb displacements 
should not distort the rigid cut)ic fi'ame of the neighboring Nb atoms due to the 
[100] correlations between their displacements. The small value of o 2 between the 
N1) (~ and Nb (3) atoms as measured by XAFS confirms this high correlation. The 
volume of the unit cell per formula, therefore, can be approximated as cube of the 
distance between Nb (~ and Nb (3) atoms, obtained in our XAFS analysis fox" all 
pressures: VXAFS ----- R 3. The average unit cell volume per fornmla, VXRD, measured 
by X-ray diffraction, is expected to be equal to VXAFS in this case. The plot of the 
P -  V data (Fig. 2) for VXAFS (this work) and VxaD (Ref. [28]) demonstrates that 
these pressure behaviors of the unit (:ell volume, independently measured by XAFS 
and X-ray diffraction, are indeed in a very good agreement with each other and 
with Eq. (1). 

We obtained that, at ambient pressure, the direction of the Nb displacements 
of ahnost the same magnitude in both orthorhombic and rhombohedral phases 
remains along the [111] cul)ic axis thus confirming previous XAFS results [14-16]. 
This indicates that the local structure unit cells in the orthorhoml)ic phase of 
KNbO3 retain their rhomt)ohedral distortions. The fact that the X-ray diff)'action 
(XRD) measures the structure of KN1)O3 at room temperature as orthorhombic 
does not contradict but complements our XAFS results. Since XRD is a fast 
measurement, with the same time scale as XAFS (~ 10 -15 s), the difference between 
the two results should be attril)uted to a small correlation length of the Nb atom 
[111] disl)lacements. As follows fi'om the analysis of the behavior of cr 2 of the 
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Nb(~ (5) bonds, high pressure decreases the already small correlation length 
even filrther [32]. Diffraction averages over the disorder of the local unit cells to 
obtain the orthorhombic phase. 

It is worth noting that in this study we obtained that the distril)ution fimction 
of the NI)(~ 0) distances remains convincingly peaked off the center of the first 
neighl)or oxygen octahedron along the [111] directions t"oi" all temperatures and 
pressures since the displacement of the peak persists to I)e al)out three times the 
corresponding vii)rational amplitude (7 of the Nb(~ (1) bonds [32]. Because of the 
good spatial resolution of the XAFS data (0.04 e i, in our case), and small uncertain- 
ties in both the Nb-O (1) distances (0.01 ~, or better) and o 2 (0.0010 - 0.0016 ~2), it 
is possible to distinguish this off center distrit)ution, characteristic of a multi-well 
potential, fi'om a single-well anisotropic vibration peaked al)out the center which 
has its largest displacement along the [111] directions. It is also possible to dis- 
tinguish between the [111] (rhoml)ohedral) and [110] (orthorhombic)directions of 
the local N1) displacements, since our spatial resolution is much better than the 
0.11 A required. To verify this we checked a fit to the model with orthorhombic 
distortions. As expected the fit quality was clearly significantly worse than for the 
rhombohedral model. Unless the mea.surement has sufficient spatial resolution it 
is not possible to make this distinction. For example, this distinction could not be 
made in measurements of KNbO3 [4] and PbTiO3 [36] using the neutron diffraction 
technique. 

In disagreement with our XAFS results, Shuvaeva, et al. [37,38], using polarized 
XAFS and X-ray diffraction measurements of the single crystal KNbO3 at room 
temperature, obtained that the direction of the local Nb atom off-center displace- 
ment agrees closely with the direction of the [110] polar axis in the orthorhombic 
phase. The error analysis, however, was not performed. The quality of the fits 
reported in Ref. [37] indicates that the uncertainties in the obtained parameters 
(due to noise in the data or lack of spatial resolution) may have been too large 
to convincingly discriminate between the [110] and [111] directions of Nb atom 
disl)lacements. 

As to the l)ressure effects, where a displacive transition to the cubic phase at 
9 - 10 GPa has been proposed fi'om the birefi'ingence and Raman spectroscopy 
results [25,26] fi'om the fact that those effects vanish or t)ecome small above 9 - 10 
GPa [25], XAFS measurements show conclusively that the local distortions do not 
vanish. As Fig. 3 demonstrates, the Nb displacement does not vanish I)ut remains 
fixed in direction and changes continuously through the 9 - 10 GPa region with no 
visible slope change. 

This apparent contradition between the two local probes of XAFS and Raman can 
be reconciled by taking into account the different time scales of the optical and x-ray 
measurements as discussed in Sects. I and II. In the eight-site model [11] the local 
dist)lacements are in the [111] directions as XAFS observes. However, these local 
displacements become progressively more disordered as KNbOa transforms fi'om 
the rhombehedral to the orthorhombic, tetragonal, and then completely disordered 

247 



in the cubic pha.se. These disordered regions are small enough to average out 
in diffraction and birefi'igence measurements which probe over relatively larger 
dimensions. To account for the difference between the two local probes (Raman and 
XAFS) the dynamics of the disordering must be considered. At room temperature 
and below 9 - 10 GPa the hopping time of the Nb atoms between equivalent [111] 
sites is longer than the lifetime of the Raman measnrement and Raman senses 
the disl)lacement. However, above 9 -10 GPa the hopping lifetime becomes shorter 
than the lifetime of the Raman measurement which then senses the average over the 
disordered [111] sites, giving higher symmetry and a weaker first order line. The 
XAFS measure is always much faster than any hopping time and always senses 
the local displacement. The theory of Girshberg and Yacoby [23] demonstrated 
that a temperature - dependent hopping rate among equivalent off-center positions 
is a crucial element in giving a quantitative explanation of the properties of the 
temt)erature - induced FE-PE transitions in KNbO3. 

What remains to explain is the cause of the increase of the hopping rate with 
increasing pressure. The hopping ,'ate u is given by u = uoe -u/kBT where u0 is some 
attempt fi'equency, u is the barrier height between equivalent sites, and kB is the 
Boltzmann constant. Since T is constant, the increase in u must occur because 
of a decrease of u with pressure. As Fig. 3 shows, pressure has two effects: to 
decrease slightly the lattice constant and to decrease much more the displacement 
d. Decreasing the lattice constant would be expected to increase u. However, the 
much larger concomitant decrease of d should decrease u because it decreases the 
distance required to hop to neighboring equivalent sites. For example the t)arrier 
vanishes when d = 0. It is reasonable to expect that the much greater change in d 
would dominate, explaining the increased rate of hopping with increasing 1)ressure. 

The measured decrease of the local distortion d with increasing pressure can be 
understood theoretically using the pseudo Jahn-Teller distortion ideas of Bersuker 
[39]. As Bersuker has shown, d depends inversely on the energy gap between the 
ground and excited states coupled by the distortion. With the decreasing lattice 
constant with increasing pressure the splitting of the excited states will increase 
exponentially because of the corresponding increase in overlap of neighboring atom 
wave-fimctions, explaining the greater ,'ate of decrease of d compared to that of the 
lattice constant as shown in Fig. 3. 

CONCLUSIONS 

Nb K-edge XAFS data of KNbO3 were measured at 77 K and 300 K under high 
pressure, up to 15.8 GPa. We observed a pressure-induced gradual disl)lacement 
of Nb atom towards the center of oxygen octahedra at both teml)eratures , 77 K 
and 300 K. The Nb off-center displacements are in the [111] type directions at 
all temperatures and pressures, in spite of the fact that the crystal has different 
crystallographic structures. 

Our results show, that, while the average structure reportedly exhibits one oz' 
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more pressure-induced phase transitions, the local structure remains rhoml)ohe- 
drally distorted at all 1)ressures uI) to 15.8 GPa, indicating a significant order - 
disorder element in the l)hase transitions. 

The difference between XAFS and other relevant experimental techniques as 
a flmction of t)ressure is explained by their different spatial resolution, time and 
length scales. To reconcile these differences it is concluded that the hot)l)ing rate 
of Nb atoms among their equivalent sites increases with increasing t)ressure due to 
the concomitant relatively large decrease in the Nb displacements. 
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