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Local structural changes in KNbO; under high pressure
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The local structure of the perovskite KNp@t 77 and 300 K under high pressure, up to 15.8 GPa, has been
investigated using the x-ray-absorption fine-struct&FS) technique. It is found that the local-structure
symmetrydoes notthange 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 pressi$6163-182¢07)08241-9

[. INTRODUCTION lates to zero at a temperature hundreds of degrees below
While the effect of temperature on the average and local
It has been recently established that temperature-drivestructure of perovskites has been studied rather extensively,
structural phase transitions in several perovskite ferroelectrithe effect of pressure has not received sufficient attention. It
(PbTiO;,* KNbO;,2 and KTgNb, ,0s,°) and antiferrodis- is well known that hydrostatic pressure affects the structural
tortive crystal$ (K;_,NaTa0;), previously believed to be phase transition temperatures of perovskite crystals. The
purely displacive, have a significant component of orderquestion is how it affects the local structure. In this paper we
disorder. The local structural displacements present in thgeport the effect of pressure on the local structure of KRbO
lower temperature phase persist in the higher temperature At ambient pressure KNbQundergoes several structural
phase far above the phase transition temperature. The avgjnase transitions from cubic to tetragonal at 708 K and then
age and local structural distortions can be separately megs orthorhombic and rhombohedral at 498 and 263 K, respec-

sured using diffraction techniques and x-ray-absorption fing; e\, Recent birefringence and Raman-scattering experi-
structure (XAFS), respectively. For example, neutron- ments by Gourdairet al® suggest that the ferroelectric-

diffraction measuremeritin KNbO, show that the Nb atoms r%araelectric transition in KNbptakes place at 9-10 GPa

occupy the body-center positions in the cubic phase and al .
displaced in thd100], [110], and [111] directions in the and room temperature. The au_thors describe the struc_t_ure of
etzp_e paraelectric phase as cubic and the phase transition as

tetragonal, orthorhombic, and rhombohedral phases, res ) N
tivelyg On the other hand, XAFS measuremenEc)s, on the S;)m\geakly first order. They observed, however, first-order Ra-

material, show that the Nb atoms are displaced in all phasd®@n Scattering in the paraelectric phase. Such scattering is
including the cubic phase in tfi¢11]-type directiong How- symmetry forbidden in the cgblc.structure and is attrlbut.ed
ever, the sense of one or more components of these displadgy the authors to the dynamic disorder of th’ atoms which
ments may be disordered. For example, in the orthorhombifreaks the crystal inversion symmetry. Sle¢rl.” also stud-
phase thd110] component of the displacements has a nonie€d KNbO; under pressure by Raman spectroscopy. They,
zero average. However, the01] component is disordered so however, report “three new crystalline phases and an amor-
that on the average polarization is in {4.0] direction. This  phous phase” in the pressure range from 0 to 20 GPa. Ac-
indicates that the structural phase transition in Kih@s an  cording to the authors, the displacive phase transitions occur
important element of order-disorder. Comesal.® sug- at2, 6,9, and 15 GPa, respectively. These two quite different
gested this model on the basis of diffuse x-ray scatteringesults obtained for the same material using the same method
experiments. However, these experiments could also be iremphasize the need for more detailed structural information.
terpreted in a way consistent with a displacive model. Simi- The characteristic time scale of the XAFS experiment
lar effects were observed in other systems as well. (10715 s) is much shorter than the estimated relaxation time
Recently, Girshberg and Yacobypresented a model of of possible Nb ion dynamic disorder. Thus XAFS can mea-
ferroelectrics based on the existence of both a soft mode arglire both types of distortionglynamic or statigwith equal
spontaneous local off-center ion displacements, and the irfacility. If the relaxation time of dynamically disordered ions
teraction between the two. Their model accounts quantitais shorter than the characteristic time of Raman-scattering
tively for both displacive and order-disorder-like properties.experiments, 10'°-10 1! s, Raman spectroscopy will pro-
For KNbG;, for example, their model explains why its vide information on the average rather than the instantaneous
Curie-Weiss constant (2:810° K) is as large as the con- structure, while XAFS in this case will still provide an in-
stant predicted for purely displacive-type crystals and at thatantaneous ‘“snapshot” of the locally distorted structure.
same time its soft mode does not vanishlatbut extrapo- However, XAFS alone cannot determine whether the disor-
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der present is dynamic, i. e., the atoms hop among the dif- (a) T=T77K, P=9 GPa
ferent equivalent off-center positions, or static, i. e., the 2; [ ' ! ' ' "
structure has static local distortions. 1ok A

The present work obtained detailed local structural infor- 15k 4
mation on KNbQ at both room and liquid-nitrogen tempera- 17k 4
tures and pressures up to 15.8 and 10.2 GPa, respectively. 16 .
The pressure effect on the distances between Nb and its neal 15 .
neighbors, and their corresponding mean-square relative dis- L4 .
placementso? at 77 and 300 K were measured. At both 13- 1
temperatures and all the pressures studied, the local structure 12
was obtained to be rhombohedral thus supporting the exis- tr . . . . L]
tence of an important element of order-disorder in the pres- 18700 19000 19300 19600 19900 20200
_sudre-inguced phase transitions similar to the temperature- Photon energy (eV)
induced one.

Sample preparation and XAFS measurements under pres- 2.5 — L ,T - 7,7 £ P, =? ?Pa —
sure are described in Sec. Il. Details of the data analysis are . b Scan 1 — _|
described in Sec. lll. The modeling procedure is developed Scan 2 ==
in Sec. IV. The results and discussion are presented in Sec.

V. Summary and conclusions are given in Sec. VI.

Absorption coefficient

kx(k) (A~2)
I

Il. EXPERIMENT

High pressure was achieved by means of a pressur cell 05
using boron carbide anvils with a 1.5 mm tip diameter. Dia- 1 ‘ { A
mond anvils generally produce Bragg glitches which spoil 15 L L { L g N L L
the high-quality XAFS necessary for the precise structural o 2 4 6 8 10 12 1 16 I3
information required here. The anvils were driven with hy- . Wave number (A1)
draulic oil pressure at room temperature and with helium gas ()T =300 K, P =85 GPa
at liquid-nitrogen temperature. The KNh@nd Ag powders 25 e
were obtained from Cerac and Alfa Aesar, respectively. The 2| o T
sample and the Ag pressure calibrant both had particle sizes,

X, well below the value corresponding thux=1, thus
avoiding “thickness effects! in the transmission XAFS
experiment. The powders were mixed with vacuum grease
and loaded into a 0.4 mm diameter hole in a 0.25 mm thick
Inconel gasket. The incident x-ray beam passed through a
confining iris of 0.3 mm diameter to ensure that the same
beam passes through the incident beam detector, the sample
and the signal detector. The XAFS measurements were per- 15
formed at the Stanford Synchrotron Radiation Laboratory,
beam line 1V-3, using a Si220) double-crystal monochro-
vrcs;[grd;?ur?;?jekr) tolct)a(!}rr}lnatﬁ h,'\?{:]er harmonics, the crystals FIG. 1. (8 The measured absorption coefficignk at 77 K, 9
) y 10% for the Nb-edge measurements. No GPa.k?-weightedy(k) for two scans measured @i) 77 K, 9 GPa
detuning was necessary for the Kgedge measurements. and(c) 300 K, 8.5 GPa.

k2 (k) (A7)

Wave number (A1)

I1l. DATA ANALYSIS . .
x-ray photon energy, anél, is theK-edge energy. A typical

The data were processed and analyzed usingears  Nb K-edge spectrum of KNbgis shown in Fig. 1a).
data analysis package developed at the University of Wash- For the purpose of background removal the energy refer-
ington, Seattlé? Some aspects of the analysis were checke@nce was taken at the middle of the edge jump. Thange
with an independent analysis program developed at the Hepr minimizing the signal below the first shell was<1.2 A
brer\]/v Urrllversny Ot]: Jelr(usalemh which g"’l“’e dthe same resultg, KNpO, andr<1.7 A for the Ag calibrant. The resulting
within the error brackets. The normalized XAFS spectray 2 ,,qi -

. ) -weightedy(k) at 77 and 300 K at similar pressuréx0
were obtained by spbtractmg t.he backgrplmpgk) from the and 8.5 GPa, respectivglgre shown in Figs. (b) and Xc).
Q2;\?&32&“?&“2;nﬁgle.ff'e%eg‘t(me lé‘:’jmg .thrz AUTCC)) EfK The spectra of two consecutive measurements at each pres-

w 'z y ge juripo(0): sure are presented showing that the statistical noise in the
(k)= po(K) data is relativel_y Iow_. . _ .
x(k)= T Aug(0) ) The XAFS signal is a sum of paths including both single-
Ko scattering(SS and multiple-scatteringMS) contributionst*
Here k is the photoelectron wave number given by y(k)=Zrxr(k). The contribution of each path can be ex-
k= \2m(E—E,)/%?, wherem is the electron masE is the  pressed in the form:
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2
N
xr(K) = %ﬂ(k)e*kza2 sin(2kr+ 8(k))e 2K (2)

whereS3 is the passive electron reduction factom\ is the
coordination number of the shells of neighboring atoms in

Ty
m A
case of the SS paths, or the number of equivalent scattering VF"&; %%‘
configurations, including time reversed in the case of the MS "’”%*‘ ; \
AND
é"i-r "¢
LA

‘f
Sva

paths,r is half the total scattering path length? is the
corresponding mean-square relative displacemigik), and
8(k) are the effective scattering amplitude and phase shift,
respectively, and (k) is the mean free path.

f(k), o(k), andA(k) were calculated for the reference
cubic and rhombohedral structures of KNp@ee Sec. 1Y
using theFerre code of Zabinskyet al® The unit-cell dis-
tortion parameters defined in the next section,d¢fend the
muffin-tin energy reference correctionsE, were deter-
mined from the nonlinear least-squares fit of theory to data.
Both data and theory were multiplied by eitherk? or k®
and by a Hanning window function with margins of 2°A

and then Fourier transformed intsspace where the fits were FIG. 2. Rhombohedral structure of KNO
performed. The fitting ranges ik and r spaces and the
weighting factors are discussed in detail in Sec. V. K at A(K),A(K),A(K),
Fits to the Ag calibrant data were performed to determine
the actual pressure in the sample cell at both 77 and 300 K. Nb at E } E
22’2’

These fits provided the nearest-neighbor distance for each
pressure. The actual pressure points for the room- 1 1
temperature data were determined by comparing the mea- + +

sured compression of the interatomic distances with those o a 2 +Ax(0), 2 +44(0),440). 3
provided in the compressibility tablé$.At room tempera-
ture the pressure points were: 1.4, 5.3, 8.5, 11.6, and 15
GPa (with 0.4 GPa uncertainjy The pressure points at

liquid-nitrogen temperature were determined in the sam Fi 5 sh h dinati hell® O
way after correcting for-9% increase in the bulk modulus igure 2 shows three nearest coordination shells,,

2 3) _
of Ag at 77 K relative to 300 K7 The resulting pressure K- and NB?, around the central N atom. The super
points at 77 K were ambient, 3.4, 4.3, 9, and 10.2 GFith script denotes the shell number. The oxygen octahedron
0.4 GPa uncertainty T ' splits into two subshells, denoted, @nd G, with three oxy-

gen atoms each. The potassium cube splits into four sub-
shells with 1, 3, 3, ath 1 K atoms, denoted KK,, K3, and
K4, respectively. Not shown is the fourth-nearest coordina-
tion shell of 24 oxygen atoms from neighboring octahedra.
As shown by previous XAFS measurements of KNia®  They are also rhombohedrally displaced relative to th€Nb
ambient pressure at various temperattiresand probe forming four subshells with six oxygen atoms each.
KNbg g-T3, 1405 at ambient temperature under pressiie  Finally, the fifth shell consists of 12 niobium atoms. Assum-
local structure around the Nb atoms preserves its lowing all Nb atoms are displaced in the same direction this shell
temperature rhombohedral distortion, even above th&oes not split.
rhombohedral-orthorhombic phase transition temperature. FEFF6calculations show that the important scattering con-
The macroscopic orthorhombic distortion is, therefore, obfigurations with path lengths shorter than or equal to twice
tained by averaging over the disordered rhombohedral locdhe NB?-Nb® distance are single-scatterif§S paths to
distortions. We attempted to fit our data at ambient pressur®”, K@, Nb®, 0%, and N8> neighbors, collinear double-
assuming the orthorhombic structure modbut the fit qual- scattering (DS), and triple-scattering (TS) paths
ity was much worse than that obtained using the rhomboheNb®-O®-Nb®-0P-Nb@, and collinear TS paths
dral model. This confirms previously obtained res@f8. Nb©-0;-Nb©@-0,-Nb©.
These results, together with other studies of the local struc- If all the structural coordinates were varied independently,
ture of other perovskites which show that the high-the total number of variables\(,) would exceed the num-
temperature local structure remains similar to the structure dfer ~ of  independent data  points Nig,  where
the lowest-temperature phas&}'® support the use of the Nig,=2AkAr/m+2 andAk andAr are thek andr ranges
rhombohedral model as the basis of our analysis. of the data used in the analyfs.
The atomic positions in the rhombohed@Bm phase The difference between,(O) andA,(O) and the devia-
are tion of @ from 90° are too small to affect the XAFS results.

t 230 K, the lattice parameter was found tode 4.016 A,
the rhombohedral anglex=89.83°, A,(0)=0.029%5),
&:(0)=0.030§7), andA(K)=0.0112(25).

IV. MODEL OF LOCAL DISTORTIONS
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Thus in our analysis we have used two independent struawhere the first term in the right part is the scattering ampli-
tural distortion parametersA(O) and A(K). We assumed tude in the undistorted cubic structure. Using the value for
that under pressure the distortion parameters may vank™O), the second derivative of E¢6) can be evaluated
within the ranges: &A(O)<A™0)=0.034 and as
0<A(K) <A™XK)=0.012. 2 9

Any function ¥ (R;;) in the XAFS equationEq. (2)] _ f(k AMO))— fCUbIG Kk OV]. (7
which depends on the distancBg between pairs of atoms JA%(O) (Amax(o))Z[ (.ATH0) k01 @
in the rhombohedrally distorted structufe.g., backscatter- f(k, A™0)) and f°i(k,0) were calculated usin
) ) . X 20 , , EEFF6G
ing amplitude, phase shift or the distance itsisf therefore, —* pqationg(5) and (6) were used to constrain all the inter-
a function of these two variables, and in the linear approXitomic distances and scattering amplitudes of multiple-

mation can be approximated as scattering paths to vary in accordance with just three vari-
¥ ables:A(O), A(K), ande.
‘7_ The o of different neighboring shells were varied inde-
A(O)+ A(K),
dA(K) pendently; ther? of the subshells were set equal to the shell
(4 &2, except for the first-nearest-neighbNN): we found

whereW W= (0,0) is the function in the cubic model. An that the quality of fit is better .0, and oy, o, are al-
important exception from the linear behavior is the rapidlylowed to be different. Other constraints were applied to relate
oscillating function W (R;;) =sin(2kR;+ 8(k)) [Eq. (2)].  theo? of the SS path NB-Nb® to those of collinear DS and
This function, however, can be calculated exactly for eacil'S paths from NI through O to the next N in a row:
value ofR;j, which is, in turn, approximated using E@). ~ 0%s=0bs=0%s. The o® of the TS path

Using Eq.(4), and allowing for the isotropic contraction Nb©-0;-Nb©@-0,-Nb©® was constrained to be equal to
of the unit cell with pressur® by a factore(P)=a(P)/a,, aﬁ,b_olJr Uﬁnb-oz- These constraints are good approximations
wherea, is the lattice constant in the initial cubic model, the for almost collinear bond¥ which is the case here.

interatomic distances between Nb and its nearest neighbors Sg was determined from the fit to the ambient pressure
(Fig. 2) can be calculated at any pressure in the fo'|°Wi”groom—temperature data (0.2@.05) and was fixed for the

\P(A(O),A(K))%«ycubic_i_

dA(O)

way- rest of the pressure points. To break the correlation between
SR S(Z) ando?, we used a method suggested by Koningsbetyer.
R _ cReubial) Nb_O'A(O)' iZ190 For each weighting factdt, k2, andk®, used in the Fourier
Nb-G, ~ €TNb-O JA(O) ’ - transform, we varied; from 0.7 to 1.0(the typical range of
reasonable values f@) with a 0.05 increment and obtained
. RE o2 for the first INN bonds from the best fiz> was then
R« = eRGE?) + TATK “A(K);  i=1,2,34, plotted as a function oS for each weighting factor. The
' (K) three curves intersect at almost the same point providing the
R — cRewies) values ofS3 and o2, _ _
- -Nb FEFF6 assumes that the material can be approximated by
an array of neutral atoms which neglects the electrostatic
&RF\,AQ_Q potentials induced by charge transfer. To correct for this ap-

Rffb).ol= RISV + 7A(0) A(O); i=1,23,4. (5  proximation, it is necessary to introduce different energy ref-
erence valueg, for different paths. As shown by Haskel
The partia| derivatives in Eqs) were obtained by app|y|ng et aI.26 for the perovskite BazrQ it is sufficient to assign
distortionsA™{0) andA™®K) to the cubic unit cell, and different AE, shifts to different SS paths and to relate the
calculating the increment in interatomic distances resulting Eo of the MS paths to those of SS paths in accordance with
from each distortion. We checked how good these linear apthe number of times the photoelectron is scattered by each
proximations are by comparing the exact distances to thosgcattering atom.
calculated from Eqg5) for A(0)=0.017 andA (K) =0.006. These constraints reduce the number of variables dramati-
The deviations are less than than 0.004 A. cally: the total number of fit parametelg,,, used in our fits
Scattering amplitude$(k), phase shiftss(k) and mean Was 12, thus, much fewer than the number of relevant inde-
free paths\ (k) of the SS paths are not very sensitive to thePendent experimental point§y,= 22— 24, depending on the
small changes in the path lengttiess than 0.4 A Thus data range irk andr spaces.
these functions were calculated for the initial cubic structure
model and were not changed in the fit process. On the other V. FIT RESULTS AND DISCUSSION

hand, (k) of the collinear multiple-scatterin®S and T$ Fourier-transform amplitudes of the fits between the

3 0 0 0
paths o NE’O)'O(D'Nb(_ ?-O<1)-Nb( ) and NB-0,-Nb®) _ k2-weighted theory and data at 77 K at ambient pressure and
“O-Nb ", are sensitive to the deviations from collin- 107 GPa are shown in Fig. 3. Fits to the room-temperature
earity-"" For small buckling angles they can be approxi-gata are shown in Fig. éambient pressuyeand Fig. 5(15.8
mated with the quadratic term in the Taylor expansion:  gpjy.
1 Visual inspection of Figs. 3—5 shows that the intensity of
_ scubi il 2 struc_tures at distances below ab_duA grows with pressure
fk,A(0)=F""k,0) 2 9A%(0) A%0), ® relative to the structures above it at both temperatures. One
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T=7TK 1

Ix(r)[(A=2)

1
Ix(r)1(A=%)

1
0 1 2 3 4 5 6 7 8 9 10

3 ll T T 1 T T T T T
25 |- (b) T=7TK -
- 2F P =10.2 GPa ]
! —
= 15fF . D .
= =
= =
i 1 = 7
05 [ J W A . .
/ o “,/\‘ /,' \“,\\__// ! , ~
o b1 M YRR AY SR EA W, B
o 1 2 3 4 6 7 8 9 10 z =
r(A) o 1 2 3 4 3 6 7 8 9 10
r(A)
FIG. 3. Fits of theory (solid) to k?-weighted Fourier- ] )
transformed datddash at 77 K. (a) Ambient pressure(b) 10.2 FIG. 4. Fits of theory(solid) to data(dash at T=300 K and
GPa. ambient pressure. Fitting range is indicated by arrows. Fourier-

transform parametersa) k range: 2 A '<k<14 A~1, weighting

normally expects a decreasedrt with the increasing pres- factor:k?, (b) k range: 2 A''<k<7 A~*, weighting factork".
sure. This explains the increase of intensity of the first few
shells. The different behavior of the®and NB® shell  structural parameters and energy reference shifts with high
XAFS contributions is, therefore, particularly interesting.  precision for all the paths except those of the 4NN. Then, in

Special care was taken to extract the fourth oxygen ane second step, we fixed the variables of all paths except 4NN
the fifth Nb shell information. Oxygen octahedra are reportedo be equal to the above best-fit results, and fit éfeand
to behave anomalously with temperat{irethe case of pure AE, for the 4NN paths using® weighting and a much
KNbO, (Ref. 5] and pressure[in the case of smallerk range: 2<k<7 Al andr range: 3.2r<3.7 A,
KNbg g7Tay 1405 (Ref. 18], and thus precise local structural where the 4NN oxygens contribute most. The data and fit in
information is particularly valuable since the 4NN and 1NN r space demonstrating this two-step fitting procedure are
oxygen atoms belong to different octahedra. The anomaly, ishown in Figs. 4 and 5 for the room-temperature measure-
the case of pure KNbgs revealed in the large anisotropy of ments at ambient and 15.8 GPa pressure, respectively. In this
the mean-square displacements of the oxygen atoms olmanner, we obtained relatively accurate values for the 4NN
served in neutron-diffraction experimenitdn the case of oxygen shello?.

KNby g7Ta0.1405 the o® of Nb-O* were found to increase  Nb©@-Nb® pairs are oriented in f110] direction in the
with pressure, in contrast to expectations. cubic structure. Since there are no intervening atoms be-
The different change in intensity of the first three shellstween NK° and NB® (Fig. 2), the contributions of the SS

and the 4NN oxygen and 5NN niobium shells complicatesNb®-Nb® paths dominate this range. Some of the noncol-
the simultaneous fitting of these shells. We were able to andinear MS paths include oxygens, and therefore, mainly con-
lyze the contributions of the highershells separately from tribute to the XAFS in a lowek region than the NB-Nb®

the lowerr shells, as described below. In contrast to Nb, thepaths. To minimize the interference with these MS paths the
amplitude function of oxygen is large only at relatively small low limit of the k fitting range was set to 5A. The NB°

k. Thus to observe the 4NN oxygen contribution it is bettershell was analyzed within therange between 4.8 and 5.5 A.
to usek! weighting. We therefore analyzed the data in twoWe used & weighting factor and & range of 5—-14 A1,
steps. First, we usel? weighting and the entir& range  The number of independent data points was 5. The XAFS
(from 2 to 15 A™Y) to fit the entirer range(from 1.3 to 4.1  contributions of these shells was calculated ugiagrs as-

A) at once, since the parameters of different paths arsuming the rhombohedral distortions and the unit-cell param-
coupled through Eqg5) and (6). As a result, we found the eters found from the previous fits in the %8<4.1 A
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FIG. 5. Fits of theory(solid) to data(dash at T=300 K and FIG. 6. Fits of calculated Nb-NB contributions(solid) to data
P=15.8 GPa. Fitting range is indicated by arrows. Fourier trans{dash at T=77 K and(a) ambient pressure ar{) P=10.2 GPa.
form parametersfa) k range: 2 A '<k<14 A1, weighting fac-  Fitting range is indicated by arrows. Fourier-transform parameters:
tor: k2, (b) k range: 2 A'1<k<7 A1, weighting factork®. k range: 5 A'l<k<14 A1, weighting factork?,

range. The only fitting parameters were # and the en- sured at 230 K by neutron diffraction.
ergy reference correction. Fit results are shown in Figs. 6 and It is remarkable that the pressure dependences of the Nb
7 for two pressures, ambient and the highest pressurdisplacements in two macroscopically different structures
achieved, at 77 and 300 K, respectively. (rhombohedral at 77 K and orthorhombic at 300 follows
Numerical results forA(O), the lattice parametex and  very closely the same cur&ig. 8). This supports the view
the Nb off-center displacemedtrelative to the oxygen oc- that the local distortions are not sensitive to the the
tahedra are tabulated in Tables | and Il at all pressures mea+fthorhombic-rhombohedral phase transition. The fact that
sured at 77 and 300 K, respectively. The valued (K) and  the short-range order is not significantly affected by the co-
the NB?-K@ o2 are comparable to the uncertainties at alloperative long-range order effects is further evidence that the
pressures and temperatures, and are therefore omitted. ~ Nb displacement from the cubic site is caused predominantly
The pressure dependence of the Nb off-center displacddy a short-range interactiotf.’
ments are shown in Fig. 8. The ambient pressure displace- It is interesting to notice that the effect of pressure on the
ments at both 77 and 300 K.e., below and above the off-center Nb displacements is much larger than its effect on
rhombohedral—orthorhombic phase transition temperaturethe lattice constant. For example at room temperature, while
are in good agreement with the 0.218 A displacement mea-
TABLE Il. Atomic coordinatesA(O), unit cell sizea, Nb off-

TABLE |. Atomic coordinatesA(O), unit cell sizea, Nb off- center displacemert at 300 K and different pressures.

center displacement at 77 K and different pressures.

P (GPa A(O) a, A d, A
P (GP3 A0 a A d. A 0 0.02848) 4.0586) 0.2004)
0 0.026111) 4.0348) 0.1835) 1.44) 0.026312) 4.0339) 0.1845)
3.4(4) 0.023212) 3.9906) 0.1615) 5.34) 0.020912) 3.9969) 0.1454)
4.34) 0.023313) 3.9906) 0.1645) 8.5(4) 0.018417) 3.9718) 0.1277)
9.004) 0.018016) 3.9477) 0.1237) 11.64) 0.016219) 3.9587) 0.1148)
10.24) 0.017712) 3.9496) 0.1215) 15.94) 0.015817) 3.9318) 0.1087)
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FIG. 8. Change in NIp111] off-center displacements with pres-
sure at 77 and 300 K.

20 T T

two optical measurements is explained by their different time
R scales as discussed in the Introduction, indicating that the

[111] directions for all pressures since the displacement of
4 the peak persists to be about three timegitBecause of the
good spatial resolution of the XAFS dat@.04 A in our
AR S case, it is possible to distinguish this off-center distribution
R RN from an anisotropic vibrati i i
T pic vibration which has a large displacement
r (&) along the[111] directions but is peaked about the center.

Unless the measurement has sufficient spatial resolution it is

FIG. 7. Fits of calculated Nb-NB contributions(solid) to data N0t possible to make this distinction. For example, this dis-
(dash at T=300 K and(a) ambient pressure ar{) P=15.8 GPa. tinction could not be made in measurements of KNIRef.
Fitting range is indicated by arrows. Fourier-transform parameters®) and PbTiQ (Ref. 28 using the neutron-diffraction tech-
k range: 5 A t<k<14 A1, weighting factork?, nique.

Mean-square relative deviations of the distances between
the lattice parameter decreases only by 3% within the preghe NB? atom and its first, second, fourth, and fifth NN are
sure range investigated, the magnitude of Nb displacemenghown in Fig. 9 for all temperatures and pressures. As Figs.
drops gradually by approximately 45%able I, from  9(@-9c) show, o? of the nearer-neighbor pairs NbO™®
0.201) A to 0.11(1) A. This decrease in Nb off-center dis- and NB”-Nb® decrease with pressure as expected. As a first
placement with pressure is consistent with the progressivapproximation, we interpolated the?-pressure dependence
decrease in Raman intensity of most TO motles. linearly, and used a least-squares method to determine the

The fact that birefringence vanishes and first-order Ramaslope of this dependence. The slopes are tabulated in Table
lines vanish or become small above 9 GRayggested that Ill. ¢ of the longer NB-O“ and NB?-Nb® pairs, how-
the crystal is cubic above this pressure. In the cubic phase thever, have a completely different treffgigs. 9d) and 9e)].
Nb atom average displacemed{Nb) from the inversion Theseo? increase with pressure at both temperatures. A
symmetry center must vanish. However, as Fig. 8 demonsimilar effect of the increase of the? of Nb-O (4NN) pair
strates,d(Nb) changes continuously through the 9 GPa re-with pressure was observed earlier with XAFS
gion with no visible slope change. Our results, therefore KNbg g7Tag 1403. 18
confirm the assumption made in Ref. 8 that local distortions The fact that thes? of both NE?-OY and NB?-Nb®
may be present in this system well above the suggestedecrease with pressure whereasdief Nb©@-O* increases
phase transition pressure up to at least 18 GPa. However, thdth pressure suggests that the oxygen octahedra librations
distortions are not orthorhombic as Gourdetral® suggest, increase with pressure. We tried unsuccessfully to fit our data
but rhombohedral. The difference between XAFS and thessuming ordered octahedra rotations using various rotation

15 [ ,.‘", (b) T=30K local distortions are dynamic and not static.
-~ .'"" It is worth noting that the distribution function of the
55 i P =158 GPa Nb©@-0 distances remains convincingly peaked off the
= or i ‘. \L \L ] center of the first-neighbor oxygen octahedron along the
= bl

-
il

in

TABLE IIl. Slope (in 10° A2/GP3 of linearly interpolated change @f? with pressure at 77 and 300 K
for Nb-O and Nb-Nb pairs.

T (K) Nb-O{Y Nb-O&Y Nb-NB® Nb-O® Nb-Nb®

77 ~0.19(4) —0.26(6) ~0.09(1) 0.84) 0.144)
300 ~0.19(3) —0.24(4) —0.05(1) 0.41) 0.276)
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a) Nb-O1 (1INN) bonds b) Nb-O2 (1INN) bonds
0.01 7 , : : 0.01 T : :
0.009 - 77 K o 0.009 |- ’ 77 K o ]
0.008 |- 300 K B8 - 0.008 300 K =
0.007 ' - 0.007 -
& 0.006 - < 0.006 ~
= 0.005 - < 0.005 -
& 0.004 - % 0.004 L -
0.003 - - 0.003 T~ —
0.002 =1 -1 TR |- . 0.002 -
0.001 - 0.001 -
0 | 0 1
‘ 15 20 15 20
Pressure (GPa) Pressure (GPa)
¢) Nb-Nb (3NN) bonds d) Nb-O (4NN) bonds
0.01 T T : 0.02
0.009 — 77 K ro—
0.008 [ 300 K = 0.015
0007 [ .
~ 0 0.006 | — T 001
= 000 -@-@————-@__-@___@_ _____ 5 =z
b 0.004 -M - % 0.005
0.003 | -
0.002 |- - 0
0.001 |~ -
o W 1 1 l -0.005
0 5 10 15 20
Pressure (GPa) Pressure (GPa)

e) Nb-Nb (5NN) bonds

0.02 : : :
: 77K
0.015 b 300 K =+ |
< oo | /,_{ﬁ———'@"” i % .
Nb m—m’
0.005 M .
0 I | | |
0 5 10 15 20

Pressure (GPa)

FIG. 9. 0® of Nb-O (1NN and 4NN and Nb-Nb(3NN and 5NN pair lengths. Straight lines define the slope of linear interpoldfiale
).

axes. The fact that we did not succeed suggests that the rplacement components along the principl®0]-type axes
tations are disordered and as previously shbthis means are highly correlated along these axes. This means that the
that the octahedra themselves become increasingly distortéangitudinal displacements of the Nb probe and its third Nb
with pressure. neighbor are highly correlated along these directions and will
The increase in the NB-Nb® ¢? with pressure can be yield a smalla®. On the other hand, the correlation length

explained as follows: the Nb local off-center displacementfor atoms which are not along [d00}-type line is much

in the cubic phase are disordered with the Nb atoms displacshorter. This may be the reason that the ambient pressure
ing along different[111]-type directions in different cells. Nb©-Nb® o2 (which is not along £100] direction is larger
Comeset al® have shown that at ambient pressure the disthan that of NB-Nb® (along a[100] direction. The in-
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crease in the NB-Nb®¢? with pressure(while that of The increase with pressure of the RO“ and the
Nb©@-Nb® decreasessuggests that pressure decreases thiflb®-Nb® ¢? indicates that pressure increases the oxygen
correlation even further. octahedra librations and distortions, and decreases the Nb
displacement correlation length. Oxygen perovskites are
VI. SUMMARY AND CONCLUSIONS characterized by a relatively rigid oxygen octahedron. The

pressure-induced increased oxygen octahedra librations and
Nb K-edge XAFS data of KNb@were measured at 77 gigiortions may be a precursor of the transition to the amor-
and 300 K under high pressure. We observed a pressurghou’,S state suggested by Steral?
induced monotonic displacement of the Nb atom towards th '
center of oxygen octahedra at both temperatures, 77 and 300
K. The Nb off-center displacements are in tfEL1]-type
directions at all temperatures and pressures measured so far ACKNOWLEDGMENTS
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