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Local structural changes in KNbO3 under high pressure
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~Received 13 May 1997!

The local structure of the perovskite KNbO3 at 77 and 300 K under high pressure, up to 15.8 GPa, has been
investigated using the x-ray-absorption fine-structure~XAFS! technique. It is found that the local-structure
symmetrydoes notchange even though the average macroscopic crystal symmetry changes several times over
this same temperature and pressure range. The existence of different local and macroscopic structures means
that the local distortions from the average structure are disordered. Other unexpected results obtained from the
XAFS measurements are evidence for a decreasing Nb-Nb displacement correlation length and a destabiliza-
tion of the oxygen octahedra with increasing pressure.@S0163-1829~97!08241-6#
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I. INTRODUCTION

It has been recently established that temperature-dr
structural phase transitions in several perovskite ferroelec
~PbTiO3,

1 KNbO3,
2 and KTaxNb12xO3,

3! and antiferrodis-
tortive crystals4 (K12xNaxTaO3), previously believed to be
purely displacive, have a significant component of ord
disorder. The local structural displacements present in
lower temperature phase persist in the higher tempera
phase far above the phase transition temperature. The a
age and local structural distortions can be separately m
sured using diffraction techniques and x-ray-absorption
structure ~XAFS!, respectively. For example, neutron
diffraction measurements5 in KNbO3 show that the Nb atoms
occupy the body-center positions in the cubic phase and
displaced in the@100#, @110#, and @111# directions in the
tetragonal, orthorhombic, and rhombohedral phases, res
tively. On the other hand, XAFS measurements, on the s
material, show that the Nb atoms are displaced in all pha
including the cubic phase in the@111#-type directions.2 How-
ever, the sense of one or more components of these disp
ments may be disordered. For example, in the orthorhom
phase the@110# component of the displacements has a n
zero average. However, the@001# component is disordered s
that on the average polarization is in the@110# direction. This
indicates that the structural phase transition in KNbO3 has an
important element of order-disorder. Comeset al.,6 sug-
gested this model on the basis of diffuse x-ray scatter
experiments. However, these experiments could also be
terpreted in a way consistent with a displacive model. Si
lar effects were observed in other systems as well.

Recently, Girshberg and Yacoby7 presented a model o
ferroelectrics based on the existence of both a soft mode
spontaneous local off-center ion displacements, and the
teraction between the two. Their model accounts quan
tively for both displacive and order-disorder-like propertie
For KNbO3, for example, their model explains why it
Curie-Weiss constant (2.83105 K) is as large as the con
stant predicted for purely displacive-type crystals and at
same time its soft mode does not vanish atTc but extrapo-
560163-1829/97/56~17!/10869~9!/$10.00
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lates to zero at a temperature hundreds of degrees belowTc .
While the effect of temperature on the average and lo

structure of perovskites has been studied rather extensiv
the effect of pressure has not received sufficient attention
is well known that hydrostatic pressure affects the structu
phase transition temperatures of perovskite crystals.
question is how it affects the local structure. In this paper
report the effect of pressure on the local structure of KNbO3.

At ambient pressure KNbO3 undergoes several structur
phase transitions from cubic to tetragonal at 708 K and t
to orthorhombic and rhombohedral at 498 and 263 K, resp
tively. Recent birefringence and Raman-scattering exp
ments by Gourdainet al.8 suggest that the ferroelectric
paraelectric transition in KNbO3 takes place at 9–10 GP
and room temperature. The authors describe the structur
the paraelectric phase as cubic and the phase transitio
weakly first order. They observed, however, first-order R
man scattering in the paraelectric phase. Such scatterin
symmetry forbidden in the cubic structure and is attribu
by the authors to the dynamic disorder of Nb atoms wh
breaks the crystal inversion symmetry. Shenet al.9 also stud-
ied KNbO3 under pressure by Raman spectroscopy. Th
however, report ‘‘three new crystalline phases and an am
phous phase’’ in the pressure range from 0 to 20 GPa.
cording to the authors, the displacive phase transitions oc
at 2, 6, 9, and 15 GPa, respectively. These two quite differ
results obtained for the same material using the same me
emphasize the need for more detailed structural informat

The characteristic time scale of the XAFS experime
(10215 s) is much shorter than the estimated relaxation ti
of possible Nb ion dynamic disorder. Thus XAFS can me
sure both types of distortions~dynamic or static! with equal
facility. If the relaxation time of dynamically disordered ion
is shorter than the characteristic time of Raman-scatte
experiments, 10210– 10211 s, Raman spectroscopy will pro
vide information on the average rather than the instantane
structure, while XAFS in this case will still provide an in
stantaneous ‘‘snapshot’’ of the locally distorted structu
However, XAFS alone cannot determine whether the dis
10 869 © 1997 The American Physical Society



d
h

or
a-
ve
n
d
th
ct
xi
e
ur

re
a

pe
Se

e
ia
o
ra
y
ga

h
ize

as
ic
h
m
m
p
ry

-
al
o

s
ke
H
ul
tr

by

fer-

pres-
the

le-

x-

10 870 56A. I. FRENKEL et al.
der present is dynamic, i. e., the atoms hop among the
ferent equivalent off-center positions, or static, i. e., t
structure has static local distortions.

The present work obtained detailed local structural inf
mation on KNbO3 at both room and liquid-nitrogen temper
tures and pressures up to 15.8 and 10.2 GPa, respecti
The pressure effect on the distances between Nb and its
neighbors, and their corresponding mean-square relative
placementss2 at 77 and 300 K were measured. At bo
temperatures and all the pressures studied, the local stru
was obtained to be rhombohedral thus supporting the e
tence of an important element of order-disorder in the pr
sure-induced phase transitions similar to the temperat
induced one.

Sample preparation and XAFS measurements under p
sure are described in Sec. II. Details of the data analysis
described in Sec. III. The modeling procedure is develo
in Sec. IV. The results and discussion are presented in
V. Summary and conclusions are given in Sec. VI.

II. EXPERIMENT

High pressure was achieved by means of a pressure c10

using boron carbide anvils with a 1.5 mm tip diameter. D
mond anvils generally produce Bragg glitches which sp
the high-quality XAFS necessary for the precise structu
information required here. The anvils were driven with h
draulic oil pressure at room temperature and with helium
at liquid-nitrogen temperature. The KNbO3 and Ag powders
were obtained from Cerac and Alfa Aesar, respectively. T
sample and the Ag pressure calibrant both had particle s
x, well below the value corresponding toDmx51, thus
avoiding ‘‘thickness effects’’11 in the transmission XAFS
experiment. The powders were mixed with vacuum gre
and loaded into a 0.4 mm diameter hole in a 0.25 mm th
Inconel gasket. The incident x-ray beam passed throug
confining iris of 0.3 mm diameter to ensure that the sa
beam passes through the incident beam detector, the sa
and the signal detector. The XAFS measurements were
formed at the Stanford Synchrotron Radiation Laborato
beam line IV-3, using a Si~220! double-crystal monochro
mator. In order to eliminate higher harmonics, the cryst
were detuned by 10% for the NbK-edge measurements. N
detuning was necessary for the AgK-edge measurements.

III. DATA ANALYSIS

The data were processed and analyzed using theUWXAFS

data analysis package developed at the University of Wa
ington, Seattle.12 Some aspects of the analysis were chec
with an independent analysis program developed at the
brew University of Jerusalem which gave the same res
within the error brackets. The normalized XAFS spec
were obtained by subtracting the backgroundm0(k) from the
measured absorption coefficientm(k) using the AUTOBK

method13 and were normalized by the edge jumpDm0(0):

x~k!5
m~k!2m0~k!

Dm0~0!
. ~1!

Here k is the photoelectron wave number given
k5A2m(E2E0)/\2, wherem is the electron mass,E is the
if-
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x-ray photon energy, andE0 is theK-edge energy. A typical
Nb K-edge spectrum of KNbO3 is shown in Fig. 1~a!.

For the purpose of background removal the energy re
ence was taken at the middle of the edge jump. Ther range
for minimizing the signal below the first shell wasr ,1.2 Å
for KNbO3 andr ,1.7 Å for the Ag calibrant. The resulting
k2-weightedx(k) at 77 and 300 K at similar pressures~9.0
and 8.5 GPa, respectively! are shown in Figs. 1~b! and 1~c!.
The spectra of two consecutive measurements at each
sure are presented showing that the statistical noise in
data is relatively low.

The XAFS signal is a sum of paths including both sing
scattering~SS! and multiple-scattering~MS! contributions:14

x(k)5(GxG(k). The contribution of each path can be e
pressed in the form:

FIG. 1. ~a! The measured absorption coefficientmx at 77 K, 9
GPa.k2-weightedx(k) for two scans measured at~b! 77 K, 9 GPa
and ~c! 300 K, 8.5 GPa.
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xG~k!5
S0

2N

kr2 f ~k!e22k2s2
sin„2kr1d~k!…e22r /l~k!, ~2!

whereS0
2 is the passive electron reduction factor,14 N is the

coordination number of the shells of neighboring atoms
case of the SS paths, or the number of equivalent scatte
configurations, including time reversed in the case of the
paths, r is half the total scattering path length,s2 is the
corresponding mean-square relative displacement,f (k) and
d(k) are the effective scattering amplitude and phase s
respectively, andl(k) is the mean free path.

f (k), d(k), and l(k) were calculated for the referenc
cubic and rhombohedral structures of KNbO3 ~see Sec. IV!
using theFEFF6 code of Zabinskyet al.15 The unit-cell dis-
tortion parameters defined in the next section, thes2 and the
muffin-tin energy reference correctionsDE0 were deter-
mined from the nonlinear least-squares fit of theory to da
Both data and theory were multiplied by eitherk, k2 or k3

and by a Hanning window function with margins of 2 Å21

and then Fourier transformed intor space where the fits wer
performed. The fitting ranges ink and r spaces and the
weighting factors are discussed in detail in Sec. V.

Fits to the Ag calibrant data were performed to determ
the actual pressure in the sample cell at both 77 and 30
These fits provided the nearest-neighbor distance for e
pressure. The actual pressure points for the roo
temperature data were determined by comparing the m
sured compression of the interatomic distances with th
provided in the compressibility tables.16 At room tempera-
ture the pressure points were: 1.4, 5.3, 8.5, 11.6, and
GPa ~with 0.4 GPa uncertainty!. The pressure points a
liquid-nitrogen temperature were determined in the sa
way after correcting for;9% increase in the bulk modulu
of Ag at 77 K relative to 300 K.17 The resulting pressure
points at 77 K were ambient, 3.4, 4.3, 9, and 10.2 GPa~with
0.4 GPa uncertainty!.

IV. MODEL OF LOCAL DISTORTIONS

As shown by previous XAFS measurements of KNbO3 at
ambient pressure at various temperatures2 and
KNb0.87Ta0.13O3 at ambient temperature under pressure,18 the
local structure around the Nb atoms preserves its lo
temperature rhombohedral distortion, even above
rhombohedral-orthorhombic phase transition temperat
The macroscopic orthorhombic distortion is, therefore,
tained by averaging over the disordered rhombohedral lo
distortions. We attempted to fit our data at ambient press
assuming the orthorhombic structure model,5 but the fit qual-
ity was much worse than that obtained using the rhombo
dral model. This confirms previously obtained results.2,18

These results, together with other studies of the local st
ture of other perovskites which show that the hig
temperature local structure remains similar to the structur
the lowest-temperature phase,1,3,4,19 support the use of the
rhombohedral model as the basis of our analysis.

The atomic positions in the rhombohedralR3m phase
are5
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K at D~K!,D~K!,D~K!,

Nb at
1

2
,
1

2
,
1

2
,

O at
1

2
1Dx~O!,

1

2
1Dx~O!,Dz~O!. ~3!

At 230 K, the lattice parameter was found to bea54.016 Å,
the rhombohedral anglea589.83°, Dx(O)50.0295(5),
Dz(O)50.0308(7), andD(K) 50.0112(25).

Figure 2 shows three nearest coordination shells, O~1!,
K~2!, and Nb~3!, around the central Nb~0! atom. The super-
script denotes the shell number. The oxygen octahed
splits into two subshells, denoted O1 and O2 with three oxy-
gen atoms each. The potassium cube splits into four s
shells with 1, 3, 3, and 1 K atoms, denoted K1, K2, K3, and
K4, respectively. Not shown is the fourth-nearest coordi
tion shell of 24 oxygen atoms from neighboring octahed
They are also rhombohedrally displaced relative to the N~0!

probe forming four subshells with six oxygen atoms ea
Finally, the fifth shell consists of 12 niobium atoms. Assu
ing all Nb atoms are displaced in the same direction this s
does not split.

FEFF6calculations show that the important scattering co
figurations with path lengths shorter than or equal to tw
the Nb~0!-Nb~5! distance are single-scattering~SS! paths to
O~1!, K~2!, Nb~3!, O~4!, and Nb~5! neighbors, collinear double
scattering ~DS!, and triple-scattering ~TS! paths
Nb~0!-O~1!-Nb~3!-O~1!-Nb~0!, and collinear TS paths
Nb~0!-O1-Nb~0!-O2-Nb~0!.

If all the structural coordinates were varied independen
the total number of variables (Nvar) would exceed the num
ber of independent data points Nidp where
Nidp52DkDr /p12 andDk andDr are thek and r ranges
of the data used in the analysis.20

The difference betweenDx(O) andDz(O) and the devia-
tion of a from 90° are too small to affect the XAFS result

FIG. 2. Rhombohedral structure of KNbO3.
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10 872 56A. I. FRENKEL et al.
Thus in our analysis we have used two independent st
tural distortion parameters:D(O) and D(K). We assumed
that under pressure the distortion parameters may v
within the ranges: 0,D(O),Dmax(O)50.034 and
0,D(K) ,Dmax(K) 50.012.

Any function C(Ri j ) in the XAFS equation@Eq. ~2!#
which depends on the distancesRi j between pairs of atom
in the rhombohedrally distorted structure~e.g., backscatter
ing amplitude, phase shift or the distance itself! is, therefore,
a function of these two variables, and in the linear appro
mation can be approximated as

C„D~O!,D~K!…'Ccubic1
]C

]D~O!
D~O!1

]C

]D~K!
D~K!,

~4!

whereCcubic5C(0,0) is the function in the cubic model. A
important exception from the linear behavior is the rapid
oscillating function C(Ri j )5sin„2kRi j 1d(k)… @Eq. ~2!#.
This function, however, can be calculated exactly for ea
value ofRi j , which is, in turn, approximated using Eq.~4!.

Using Eq.~4!, and allowing for the isotropic contractio
of the unit cell with pressureP by a factore(P)5a(P)/a0 ,
wherea0 is the lattice constant in the initial cubic model, th
interatomic distances between Nb and its nearest neigh
~Fig. 2! can be calculated at any pressure in the follow
way:

RNb-Oi

~1! 5eRNb-O
cubic~1!1

]RNb-Oi

~1!

]D~O!
D~O!; i 51,2,

RNb-Ki

~2! 5eRNb-K
cubic~2!1

]RNb-Ki

~2!

]D~K!
D~K!; i 51,2,3,4,

RNb-Nb
~3! 5eRNb-Nb

cubic~3! ,

RNb-Oi

~4! 5eRNb-O
cubic~4!1

]RNb-Oi

~4!

]D~O!
D~O!; i 51,2,3,4. ~5!

The partial derivatives in Eq.~5! were obtained by applying
distortionsDmax(O) andDmax(K) to the cubic unit cell, and
calculating the increment in interatomic distances result
from each distortion. We checked how good these linear
proximations are by comparing the exact distances to th
calculated from Eqs.~5! for D(O)50.017 andD(K) 50.006.
The deviations are less than than 0.004 Å.

Scattering amplitudesf (k), phase shiftsd(k) and mean
free pathsl(k) of the SS paths are not very sensitive to t
small changes in the path lengths~less than 0.4 Å!.15 Thus
these functions were calculated for the initial cubic struct
model and were not changed in the fit process. On the o
hand, f (k) of the collinear multiple-scattering~DS and TS!
paths Nb~0!-O~1!-Nb~3!-O~1!-Nb~0! and Nb~0!-O1-Nb(0)

-O2-Nb~0!, are sensitive to the deviations from collin
earity.21,22 For small buckling angles they can be appro
mated with the quadratic term in the Taylor expansion:23

f „k,D~O!…5 f cubic~k,0!1
1

2

]2f

]D2~O!
D2~O!, ~6!
c-

ry

i-

h

rs

g
p-
se

e
er

where the first term in the right part is the scattering amp
tude in the undistorted cubic structure. Using the value
Dmax(O), the second derivative of Eq.~6! can be evaluated
as

]2f

]D2~O!
5

2

„Dmax~O!…2 @ f „k,Dmax~O!…2 f cubic~k,0!#. ~7!

f „k,Dmax(O)… and f cubic(k,0) were calculated usingFEFF6.
Equations~5! and~6! were used to constrain all the inte

atomic distances and scattering amplitudes of multip
scattering paths to vary in accordance with just three v
ables:D(O), D(K), and e.

The s2 of different neighboring shells were varied ind
pendently; thes2 of the subshells were set equal to the sh
s2, except for the first-nearest-neighbor~1NN!: we found
that the quality of fit is better ifsNb-O1

2 and sNb-O2

2 are al-

lowed to be different. Other constraints were applied to rel
thes2 of the SS path Nb~0!-Nb~3! to those of collinear DS and
TS paths from Nb~0! through O~1! to the next Nb~3! in a row:
sSS

2 5sDS
2 5sTS

2 . The s2 of the TS path
Nb~0!-O1-Nb~0!-O2-Nb~0! was constrained to be equal t
sNb-O1

2 1sNb-O2

2 . These constraints are good approximatio

for almost collinear bonds,24 which is the case here.
S0

2 was determined from the fit to the ambient press
room-temperature data (0.9060.05) and was fixed for the
rest of the pressure points. To break the correlation betw
S0

2 ands2, we used a method suggested by Koningsberge25

For each weighting factork, k2, andk3, used in the Fourier
transform, we variedS0

2 from 0.7 to 1.0~the typical range of
reasonable values forS0

2! with a 0.05 increment and obtaine
s2 for the first 1NN bonds from the best fit.s2 was then
plotted as a function ofS0

2 for each weighting factor. The
three curves intersect at almost the same point providing
values ofS0

2 ands2.
FEFF6 assumes that the material can be approximated

an array of neutral atoms which neglects the electrost
potentials induced by charge transfer. To correct for this
proximation, it is necessary to introduce different energy r
erence valuesE0 for different paths. As shown by Haske
et al.26 for the perovskite BaZrO3, it is sufficient to assign
different DE0 shifts to different SS paths and to relate t
DE0 of the MS paths to those of SS paths in accordance w
the number of times the photoelectron is scattered by e
scattering atom.

These constraints reduce the number of variables dram
cally: the total number of fit parametersNvar used in our fits
was 12, thus, much fewer than the number of relevant in
pendent experimental pointsNidp522224, depending on the
data range ink and r spaces.

V. FIT RESULTS AND DISCUSSION

Fourier-transform amplitudes of the fits between t
k2-weighted theory and data at 77 K at ambient pressure
10.2 GPa are shown in Fig. 3. Fits to the room-temperat
data are shown in Fig. 4~ambient pressure! and Fig. 5~15.8
GPa!.

Visual inspection of Figs. 3–5 shows that the intensity
structures at distances below about 4 Å grows with pressure
relative to the structures above it at both temperatures.



-
ew

an
te

al
N
,
f
o

lls
te
n

th
al
te
o

a

igh
, in
NN

t in
are
re-
this

NN

be-

-
on-

the

.

FS

m-

ier-

56 10 873LOCAL STRUCTURAL CHANGES IN KNbO3 UNDER . . .
normally expects a decrease ins2 with the increasing pres
sure. This explains the increase of intensity of the first f
shells. The different behavior of the O~4! and Nb~5! shell
XAFS contributions is, therefore, particularly interesting.

Special care was taken to extract the fourth oxygen
the fifth Nb shell information. Oxygen octahedra are repor
to behave anomalously with temperature@in the case of pure
KNbO3 ~Ref. 5!# and pressure @in the case of
KNb0.87Ta0.13O3 ~Ref. 18!#, and thus precise local structur
information is particularly valuable since the 4NN and 1N
oxygen atoms belong to different octahedra. The anomaly
the case of pure KNbO3 is revealed in the large anisotropy o
the mean-square displacements of the oxygen atoms
served in neutron-diffraction experiments.5 In the case of
KNb0.87Ta0.13O3 the s2 of Nb-O~4! were found to increase
with pressure, in contrast to expectations.

The different change in intensity of the first three she
and the 4NN oxygen and 5NN niobium shells complica
the simultaneous fitting of these shells. We were able to a
lyze the contributions of the higherr shells separately from
the lowerr shells, as described below. In contrast to Nb,
amplitude function of oxygen is large only at relatively sm
k. Thus to observe the 4NN oxygen contribution it is bet
to usek1 weighting. We therefore analyzed the data in tw
steps. First, we usedk2 weighting and the entirek range
~from 2 to 15 Å21! to fit the entirer range~from 1.3 to 4.1
Å! at once, since the parameters of different paths
coupled through Eqs.~5! and ~6!. As a result, we found the

FIG. 3. Fits of theory ~solid! to k2-weighted Fourier-
transformed data~dash! at 77 K. ~a! Ambient pressure,~b! 10.2
GPa.
d
d

in

b-

s
a-

e
l
r

re

structural parameters and energy reference shifts with h
precision for all the paths except those of the 4NN. Then
a second step, we fixed the variables of all paths except 4
to be equal to the above best-fit results, and fit thes2 and
DE0 for the 4NN paths usingk1 weighting and a much
smallerk range: 2,k,7 Å-1 and r range: 3.2,r ,3.7 Å,
where the 4NN oxygens contribute most. The data and fi
r space demonstrating this two-step fitting procedure
shown in Figs. 4 and 5 for the room-temperature measu
ments at ambient and 15.8 GPa pressure, respectively. In
manner, we obtained relatively accurate values for the 4
oxygen shells2.

Nb~0!-Nb~5! pairs are oriented in a@110# direction in the
cubic structure. Since there are no intervening atoms
tween Nb~0! and Nb~5! ~Fig. 2!, the contributions of the SS
Nb~0!-Nb~5! paths dominate thisr range. Some of the noncol
linear MS paths include oxygens, and therefore, mainly c
tribute to the XAFS in a lowerk region than the Nb~0!-Nb~5!

paths. To minimize the interference with these MS paths
low limit of the k fitting range was set to 5 Å-1. The Nb~5!

shell was analyzed within ther range between 4.8 and 5.5 Å
We used ak3 weighting factor and ak range of 5 – 14 Å21.
The number of independent data points was 5. The XA
contributions of these shells was calculated usingFEFF6 as-
suming the rhombohedral distortions and the unit-cell para
eters found from the previous fits in the 1.3,r ,4.1 Å

FIG. 4. Fits of theory~solid! to data~dash! at T5300 K and
ambient pressure. Fitting range is indicated by arrows. Four
transform parameters:~a! k range: 2 Å21,k,14 Å21, weighting
factor: k2, ~b! k range: 2 Å21,k,7 Å21, weighting factor:k1.
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10 874 56A. I. FRENKEL et al.
range. The only fitting parameters were thes2 and the en-
ergy reference correction. Fit results are shown in Figs. 6
7 for two pressures, ambient and the highest press
achieved, at 77 and 300 K, respectively.

Numerical results forD(O), the lattice parametera and
the Nb off-center displacementd relative to the oxygen oc
tahedra are tabulated in Tables I and II at all pressures m
sured at 77 and 300 K, respectively. The values ofD(K) and
the Nb~0!-K~2! s2 are comparable to the uncertainties at
pressures and temperatures, and are therefore omitted.

The pressure dependence of the Nb off-center displa
ments are shown in Fig. 8. The ambient pressure displ
ments at both 77 and 300 K~i.e., below and above the
rhombohedral—orthorhombic phase transition temperat!
are in good agreement with the 0.218 Å displacement m

TABLE I. Atomic coordinatesD~O!, unit cell sizea, Nb off-
center displacementd at 77 K and different pressures.

P ~GPa! D~O! a, Å d, Å

0 0.0261~11! 4.034~8! 0.183~5!

3.4~4! 0.0232~12! 3.990~6! 0.161~5!

4.3~4! 0.0233~13! 3.990~6! 0.162~5!

9.0~4! 0.0180~16! 3.947~7! 0.123~7!

10.2~4! 0.0177~12! 3.949~6! 0.121~5!

FIG. 5. Fits of theory~solid! to data~dash! at T5300 K and
P515.8 GPa. Fitting range is indicated by arrows. Fourier tra
form parameters:~a! k range: 2 Å21,k,14 Å21, weighting fac-
tor: k2, ~b! k range: 2 Å21,k,7 Å-1, weighting factor:k1.
d
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e
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sured at 230 K by neutron diffraction.5

It is remarkable that the pressure dependences of the
displacements in two macroscopically different structu
~rhombohedral at 77 K and orthorhombic at 300 K!, follows
very closely the same curve~Fig. 8!. This supports the view
that the local distortions are not sensitive to the t
orthorhombic-rhombohedral phase transition. The fact t
the short-range order is not significantly affected by the
operative long-range order effects is further evidence that
Nb displacement from the cubic site is caused predomina
by a short-range interaction.3,27

It is interesting to notice that the effect of pressure on
off-center Nb displacements is much larger than its effect
the lattice constant. For example at room temperature, w

TABLE II. Atomic coordinatesD~O!, unit cell sizea, Nb off-
center displacementd at 300 K and different pressures.

P ~GPa! D~O! a, Å d, Å

0 0.0284~8! 4.056~6! 0.200~4!

1.4~4! 0.0263~12! 4.033~9! 0.184~5!

5.3~4! 0.0209~12! 3.996~9! 0.145~4!

8.5~4! 0.0184~17! 3.971~8! 0.127~7!

11.6~4! 0.0162~19! 3.958~7! 0.112~8!

15.8~4! 0.0158~17! 3.931~8! 0.108~7!

-
FIG. 6. Fits of calculated Nb-Nb~5! contributions~solid! to data

~dash! at T577 K and~a! ambient pressure and~b! P510.2 GPa.
Fitting range is indicated by arrows. Fourier-transform paramet
k range: 5 Å21,k,14 Å21, weighting factor:k3,
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the lattice parameter decreases only by 3% within the p
sure range investigated, the magnitude of Nb displacem
drops gradually by approximately 45%~Table II!, from
0.20~1! Å to 0.11~1! Å. This decrease in Nb off-center dis
placement with pressure is consistent with the progres
decrease in Raman intensity of most TO modes.8

The fact that birefringence vanishes and first-order Ram
lines vanish or become small above 9 GPa,8 suggested tha
the crystal is cubic above this pressure. In the cubic phase
Nb atom average displacementd(Nb) from the inversion
symmetry center must vanish. However, as Fig. 8 dem
strates,d(Nb) changes continuously through the 9 GPa
gion with no visible slope change. Our results, therefo
confirm the assumption made in Ref. 8 that local distortio
may be present in this system well above the sugge
phase transition pressure up to at least 18 GPa. However
distortions are not orthorhombic as Gourdainet al.8 suggest,
but rhombohedral. The difference between XAFS and

FIG. 7. Fits of calculated Nb-Nb~5! contributions~solid! to data
~dash! at T5300 K and~a! ambient pressure and~b! P515.8 GPa.
Fitting range is indicated by arrows. Fourier-transform paramet
k range: 5 Å21,k,14 Å21, weighting factor:k3,
s-
ts

e
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-
,
s
ed
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e

two optical measurements is explained by their different ti
scales as discussed in the Introduction, indicating that
local distortions are dynamic and not static.

It is worth noting that the distribution function of th
Nb~0!-O~1! distances remains convincingly peaked off t
center of the first-neighbor oxygen octahedron along
@111# directions for all pressures since the displacement
the peak persists to be about three times itss. Because of the
good spatial resolution of the XAFS data~0.04 Å in our
case!, it is possible to distinguish this off-center distributio
from an anisotropic vibration which has a large displacem
along the@111# directions but is peaked about the cent
Unless the measurement has sufficient spatial resolution
not possible to make this distinction. For example, this d
tinction could not be made in measurements of KNbO3 ~Ref.
5! and PbTiO3 ~Ref. 28! using the neutron-diffraction tech
nique.

Mean-square relative deviations of the distances betw
the Nb~0! atom and its first, second, fourth, and fifth NN a
shown in Fig. 9 for all temperatures and pressures. As F
9~a!–9~c! show, s2 of the nearer-neighbor pairs Nb~0!-O~1!

and Nb~0!-Nb~3! decrease with pressure as expected. As a
approximation, we interpolated thes2-pressure dependenc
linearly, and used a least-squares method to determine
slope of this dependence. The slopes are tabulated in T
III. s2 of the longer Nb~0!-O~4! and Nb~0!-Nb~5! pairs, how-
ever, have a completely different trend@Figs. 9~d! and 9~e!#.
Theses2 increase with pressure at both temperatures
similar effect of the increase of thes2 of Nb-O ~4NN! pair
with pressure was observed earlier with XAFS
KNb0.87Ta0.13O3.

18

The fact that thes2 of both Nb~0!-O~1! and Nb~0!-Nb~3!

decrease with pressure whereas thes2 of Nb~0!-O~4! increases
with pressure suggests that the oxygen octahedra librat
increase with pressure. We tried unsuccessfully to fit our d
assuming ordered octahedra rotations using various rota

s:

FIG. 8. Change in Nb@111# off-center displacements with pres
sure at 77 and 300 K.
TABLE III. Slope ~in 103 Å 2/GPa! of linearly interpolated change ofs2 with pressure at 77 and 300 K
for Nb-O and Nb-Nb pairs.

T ~K! Nb-O1
(1) Nb-O2

(1) Nb-Nb(3) Nb-O(4) Nb-Nb(5)

77 20.19(4) 20.26(6) 20.09(1) 0.8~4! 0.14~4!

300 20.19(3) 20.24(4) 20.05(1) 0.4~1! 0.27~6!
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FIG. 9. s2 of Nb-O ~1NN and 4NN! and Nb-Nb~3NN and 5NN! pair lengths. Straight lines define the slope of linear interpolation~Table
III !.
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sure
axes. The fact that we did not succeed suggests that th
tations are disordered and as previously shown4 this means
that the octahedra themselves become increasingly disto
with pressure.

The increase in the Nb~0!-Nb~5! s2 with pressure can be
explained as follows: the Nb local off-center displaceme
in the cubic phase are disordered with the Nb atoms disp
ing along different@111#-type directions in different cells
Comeset al.6 have shown that at ambient pressure the d
ro-

ed

s
c-

-

placement components along the principle@100#-type axes
are highly correlated along these axes. This means that
longitudinal displacements of the Nb probe and its third
neighbor are highly correlated along these directions and
yield a smalls2. On the other hand, the correlation leng
for atoms which are not along a@100#-type line is much
shorter. This may be the reason that the ambient pres
Nb~0!-Nb~5! s2 ~which is not along a@100# direction! is larger
than that of Nb~0!-Nb~3! ~along a @100# direction!. The in-
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crease in the Nb~0!-Nb~5!s2 with pressure~while that of
Nb~0!-Nb~3! decreases! suggests that pressure decreases
correlation even further.

VI. SUMMARY AND CONCLUSIONS

Nb K-edge XAFS data of KNbO3 were measured at 77
and 300 K under high pressure. We observed a press
induced monotonic displacement of the Nb atom towards
center of oxygen octahedra at both temperatures, 77 and
K. The Nb off-center displacements are in the@111#-type
directions at all temperatures and pressures measured s
in spite of the fact that the crystal has different crystal
graphic structures. Moreover, the displacement magnitu
vary in the same way with pressure at both temperatu
even though the starting macroscopic structures are diffe
~rhombohedral at 77 and orthorhombic at 300 K!.

Our results show that, while the average structure rep
edly exhibits one or more pressure-induced phase transit
as observed by room-temperature Raman scattering,8,9 the
local structure remains rhombohedrally distorted at all pr
sures up to 15.8 GPa, indicating a significant order-disor
element in the phase transitions.
his

ure-
the
300

o far
o-
des
res
rent

ort-
ions

es-
der

The increase with pressure of the Nb~0!-O~4! and the
Nb~0!-Nb~5! s2 indicates that pressure increases the oxy
octahedra librations and distortions, and decreases the
displacement correlation length. Oxygen perovskites
characterized by a relatively rigid oxygen octahedron. T
pressure-induced increased oxygen octahedra librations
distortions may be a precursor of the transition to the am
phous state suggested by Shenet al.9
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