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Anisotropic covalent bonds in KNbO; observed by resonant x-ray scattering

E. Mamontov, T. Egami, and W. Dmowski
Department of Materials Science and Engineering and Laboratory for Research on the Structure of Matter, University of Pennsylvania,
Philadelphia, Pennsylvania 19104-6272

T. Gog and C. Venkataraman
CMC-CAT, Advanced Photon Source, Argonne National Laboratory, Argonne, lllinois 60439
(Received 3 June 2002; published 10 December 2002

The resonant x-ray scattering technique was applied to study the directional covalen{ drtitd$ order-
ing) in KNbO; associated with ferroelectricity by scanning the incident x-ray energy througk #uge of
niobium. The orbital ordering was determined by measuring the real part of the x-ray anomalous didpersion
with the photon polarization parallel and perpendicular to the orbital ordering vector. The orbital characteristics
were assessed through the dependendé @in the momentum transfe@, since the matrix element for the
quadrupolar transition into the states is dependent @, while that for the dipolar transition into thestate
is not.
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[. INTRODUCTION termined by measuring the absorption coefficient and using
the Kramers-Kraig analysis> Both f’ and f” exhibited
In the last decade major progress in the theory of ferrostrong polarization-dependent anisotropy due to components
electricity has led to a better understanding of electronic poof the Nb-O orbital hybridization along the axis and the
larization in ferroelectrics due to the directional covalency oflack of such components along theaxis. We also measured
the metal-oxygen bonds> While the directional covalent thermal diffuse scattering to determine the momentum-
bonds can be observed by x-ray absorption spectroscopgsolved anisotropy of’, and compared the results to the
(XANES),* the orbital character of the bond cannot be deteraveraged f’ calculated from the XANES data. The
mined by XANES. On the other hand, resonant x-ray scatmomentum-resolved anisotropy was qualitatively similar to
tering (RXS) has been successfully applied to determine thghat observed in the absorption measurements, but showed a
orbital and charge ordering in complex oxides such ascattering momentum dependen(shift in energy. It is
manganites ® and \,05.° The purpose of this work is to demonstrated that momentum-resolved resonant x-ray scat-
apply the resonant x-ray scattering to observe orbital ordeitering measurements can probe the orbital characteristics of
ing associated with the ferroelectric orderifigby using the lowest unoccupied states in the conduction band.
KNbO; as a model system. Ideally, more information on the
Qlectronic'structure can be obtained through thg x-ray inelas- Il. RESONANT X-RAY SCATTERING
tic scattering(XIS), but the XIS measurement is extremely
time consuming, and requires an extensive setup. The RXS In an elastic scattering experiment, a photon of energy
measurement may serve as a preliminary step before the XIS,, momentumd,, and polarizatione; scatters from the
measurement and provide useful information. electronic system in an initial state) of energyE;. The
Potassium niobate, KNbQ is ferroelectric, with a Curie scattered photon has an eneigly, a momentuny,, and a
temperature of 708 KRef. 11) due to a strong directional polarization £,. The scattering momentum transfer @@
bonding between niobium and oxygen. At room temperature=d,—d;, and|Q|=2|q,|sin®=2|q,|sin®, where B is the
KNbO; has the structure of orthorhombic symmetry. Strongscattering angle. The electronic system is left in a final state
directional Nb-O bonds are formed in thec plane, whereas (f| with energyE; . The total x-ray atomic scattering factor
the Nb-O bond along thé axis remains nonbonding and
largely ionic. The Nb-O bonds form zigzag chains, which are f(Q,Ep)=fo(Q)+f'(Ep) +if"(Ep) )
more strongly oriented along the& axis, even though the
ferroelectric polarization is along the axis. Thus in the depends on the incident photon eneigly, and scattering
present experiment we measured the anisotropignomentum transfe®. Its energy-independent partis*
polarization-dependent spectra of absorption and scattering
with the photon polarization along andb axes. The mea- e2
surements were performed by scanning the incident x-ray fO(Q):(—C2><f|szspo|i)5(Ei—Ef), (2
energy through th& edge of niobium. By rotating the single m
crystal around thec axis we can make the incident x-ray
polarization parallel either to the bonditagaxis or the non-
bondingb axis.
In the absorption measurements, the real and the imagi- _ iQr
H H " pQ E e~. (3)
nary parts of the anomalous dispersiéh,andf”, were de- ]

where the density operator
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The energy-dependent terff@anomalous dispersigtecomes
important only when the incident photon energy is tuned todetector
the binding energy of a core state near the absorption edge Q
that isE,~E,—E;, sincé>**
x-ray polarization
, cen e\l f <« incident beam
=l 5] oJr

(HIPL ealn)nlPy,eili)

E—E—E, i ETE)
4

Here|n) is the intermediate excited stafé,s the inverse of ~ detector

the lifetime of the state, and the momentum operator is given Q

by

x-ray polarization
) f «— incident beam
Py=> pje'd". (5) ¢
] b
If the intermediate states are anisotrofiar example, due a

to ferroelectric polarization this should manifest itself in the
anisotropy of both real and imaginary parts of anomalous )
dispersionl.o Furthermore, this anisotropy may depend on the FI_G. 1. Th_e setup for the resonant §catter|ng measurements. By
photon momentum due to selection of the intermediatd®t@ting the single crystal around tbeaxis the same Bragg reflec-
states. For instance at tlkeedge the initial and final states tion can be meaSL."ed W!th the incident ph_omn p.°|ar'zat'°n parallel
are the & state, and the matrix element in Ed) is, from either to the bonding axis or the nonbonding axis.
Eq. (5),
a6 beam is almost completely linearly polarized. Both the un-
) : dulator and monochromator were set for the energy near the
(n[Pg 1]i)~ 2 (@(r)|e" % e;p;|1s) K edge of Nb(about 18.987 ke The incident photon en-
) ergy resolution was about 1.5 eV. For the XANES measure-
. ment the single crystal was placed almost perpendicular to
~E <<P(f)|e'q1r81rj|15>a (6)  the incident beanthe normal to its surface was rotated by 3°
) away from the beain The absorption was measured by the
whereo(r) is the intermediate orbital state, suchpgs py, fluorescence yield by a detector placed at 3° away from the
or dyz_,2. The exponential terms in the matrix elements cansurface, perpendicular to the incident beam. In this geometry,
be expanded in a power serigd =1—iqr+(1/2!)(iqr)?>  the change in the penetration depth does not affect the fluo-
+---, so the matrix elements that have to be considered aréescence yield, thus, self-absorption effects are minifivdl.
the dipolar terms(p,|er|1s) and(py|er|1s), and the qua- We gsed a Ge sqlid-state detector with a full \(vidth at half
drupolar term, (dye_2|(qr)(er)|1s). While the dipolar ~maximum resolution of 260 eV at 20 keV, which allowed

terms are independent qf the quadrupolar terms do depend separating the contribution from NK, fluorescence &
on g. This difference provides us with the ability to deter- =16.568 keV). XANES data were corrected for the detector

mine the orbital character of the intermediate state, as wéead time and normalized to the incident beam intensity
show below. measured by the ion chamber.

The setup for the diffraction measurements is shown sche-
matically in Fig. 1. The Bragg reflections along thexis, (0,
0, 8, (0, 0, 10, and(0, 0, 12, were measured. By rotating

A polled single crystal of KNb@, approximately 5<5  the single-crystal around tfeeaxis the same Bragg reflection
X5 mnt in size, was purchased from GB Group Inc. Thecan be measured with the incident photon polarizatiquar-
faces of the crystal were perpendicular to the orthorhombiallel either to the bonding axis or the nonbonding axis. In
axesa, b, andc. Preliminary measurements were carried outorder to determiné’ we measured the thermal diffuse scat-
at beamline X25 at National Synchrotron Light Source oftering (TDS), since the Bragg peaks were highly irregular in
Brookhaven National Laboratory. Principal part of measuresshape due to a higlQ resolution, which made it difficult to
ments was performed at the Complex Materials Collaboraintegrate the intensity over the Bragg peaks accurately. For
tive Access TeaniCMC-CAT) beamline 91D at the Advance each of the two sample orientations a series of TDS spectra
Photon SourcéAPS) at Argonne National Laboratory. The over the same range @ were collected at various incident
APS undulator beamline 9ID consists of a double-crystal Senergies near th& edge of Nb. Similar to XANES data,
(112 monochromator cooled by liquid nitrogen, a focusing TDS data were corrected for the detector dead time and nor-
mirror, and a flat harmonic rejection mirror. The incident malized to the incident beam intensity. The Kb fluores-

IIl. EXPERIMENT
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cence E=18.791 keV) could not be resolved directly, so the (®) ®
TDS data were corrected by means of point-to-point subtrac-
tion of the NbK , fluorescence multiplied by a factor of 0.24

that accounts for thi , /K 4 intensity ratio and the difference ® .g
in x-ray absorption coefficients fdg(K,) andE(Kp). q

IV. RESULTS AND DISCUSSION

®
®

KNbOj; has a structure belonging to the perovskite family,
and exhibits the same sequence of phase transitions as i
isomorphous analog, BaTiO On cooling from high tem- ® ® C’g
perature its cubic symmetry is reduced to tetragonal, ortho-
rhombic, and eventually rhombohedral. Unlike tetragonal
BaTiO;, KNbO; is orthorhombic at room temperature, with
the space groupBmn2 and the lattice parametera ®
=5.695A,b=3.973A, andc=5.721 A"** Thea andc Qe Qe
axes are parallel to the pseudoculperovskite face diago- . . .
nals, and thé axis is parallel to the pseudocubic edge. The
overall ferroelectric polarization vector is parallel ¢p the O« O+pe Oepe
long diagonal of the pseudocubic face, whereas the loca * s -~ P
Nb-O bonds are in tha-c plane and are close {401] ortho- Qe Qe
rhombic([100] pseudocubicdirection. The elongation of the
¢ axis and the shortening of thee axis with respect to the
cubic face diagonal result from the displacements of the fer- O«pe Oepe O«pe
roelectrically active niobium and oxygen ions in tlaec A v - v
plane, as shown in Fig. 2. The niobium-oxygen orbital hy- Oe
bridization in the ferroelectric state is associated with the g nigbium () oxygen in niobium plane O oxygen out of niobium plane
formation of bonding states in theec plane. Conversely, the
atomic arrangement along theaxis (out-of-plane direction FIG. 2. Niobium-oxygen subsystem in cubiop) and ortho-
in Fig. 2 remains unchanged compared to that in nonferrorhombic (botton) KNbO;. The elongation of the axis and the
electric cubic KNbQ@, and the Nb-O bond along theaxis  shortening of thea axis result from the displacements of the ferro-
remains nonbondindargely ionig. electrically active niobium and oxygen ions in thec plane,

In order to determine the polarization dependence of thavhereas the atomic arrangement along the out-of-pkaagis re-
imaginary part of the anomalous dispersion the XANES datanains unchanged compared to cubic KNbO
obtained with the incident x-ray polarizatian parallel ei-
ther to the bonding axis or the nonbonding axis, were pendent of the details of the normalization procedureffor
normalized to the calculated valuesféf(Ref. 19 in KNbO; As can be readily seen, the polarization-dependent transi-
below (E=18.950 keV) and aboveE=19.050 keV) the Nb  tion of the Nb Is-core electrons into the anisotropic anti-
edge. The resulted polarization-dependé&htexhibits two  bonding Nb-O states manifests itself in both the hump in the
pronounced anisotropic features as shown in Figpddtom.  Af” plot and the crossover in thef’ plot at the same energy
The anisotropy beyond 19.00 keV is due to the atomic struceorresponding to the energy of the antibonding states. In the
ture (crystal field, whereas the difference in the energy absence of such statéfer instance, in cubic KNb@above
range of 18.99-19.00 keV with a peak at 18.995 keV reflectshe Curie temperatuyehere would be no anisotropy in the
the anisotropic Nb-O bonding. The Nis-tore electrons can anomalous dispersion. In the XANES measurement all tran-
be excited into the antibonding Nb-O states if the incidentsitions of Is-electron into the anti-bonding statesmf, p,,
photon polarization has a component in gie plane, but not  andd,2_,2 symmetries contribute to anisotropy in theand
when it is completely parallel to the nonbonding agisNo-  f”. On the other hand, through the resonant x-ray scattering
tably, while the anisotropy of the data beyonH, experiment itis possible to vary the relative contribution of
=19.00 keV varies with our choice of the high-energy nor-the transitions into the states with different orbital character-
malization point, that at lower energy is very closely repro-istics by varying the momentum transfer, and sort them out.
ducible regardless of the details of the normalization proce- While the determination of’ in the absorption measure-
dure. Expectedly, the polarization-dependent real part ofments is straightforward, obtaining its values from the reso-
anomalous dispersion obtained by performing the Kramersaant x-ray scattering measurements is more difficult. The
Kronig transformation off” (Ref. 12 also exhibits anisot- TDS data processed as described in Sec. Ill were fitted with
ropy as shown in the top part of Fig. 3. In particular, there isa Lorentzian functiony=yq,+A/[1+ (X—X0)?/B?], where
a crossover between the two spectra at approximdigly parameterss,, Yo, A, andB were allowed to vary. It was
=18.995 keV, where the difference plot changes from neganecessary to include the background paramgieén order to
tive to positive. Similar to the anisotropy ifi” at E,  account for the contribution from fluorescence that varies
=18.99-19.00 keV, the position of this crossover is inde-with the photon energy and was not fully corrected using the
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FIG. 4. The thermal diffuse scattering data collected neatGhe
FIG. 3. The realtop) and imaginary(bottom) parts of the x-ray 0, 12 Bragg reflection at several photon energies. The lines are fits
anomalous dispersion near the IKbedge in KNbQ as obtained  with four-parameter Lorentzians.
from XANES (with no momentum resolutignCorresponding dif-
ference plots are shown below to emphasize the polarizationbut still expressed in arbitrary units. Finally, in order to ex-
dependent anisotropy. press the scattering intensity in the absolute electron units of
(e?/mc?)?, it is necessarily to normalize the intensity to
procedure described in Sec. Il Figure 4 presents an examplé(Q.Ep)|? at energiesE; and E,, which are sufficiently
of the fitting the TDS data collected near tite 0, 12 Bragg away from the edge so that scattering is isotropic. For this
reflection at several photon energies. At particular photorPurpose,l(Ep) was multiplied by a scaling factoC deter-
energy, the parameté(E,) determined from the fitting is a mined from the equations
measure of the scattering intensity expressed in arbitrar , "
units. In order to normalizge the dat)a( propperly, one needs tg |(ED)C=[Fo+ f"(EDI*+[f"(ED]% (@)
take into account the energy-dependent absorption, which in _ , 2 " 2
a simple symmetrical geometry shown in Fig. 1 reduces the H(B2)C=[Fot+ (B PHLT(E) T, ®
measured scattering intensity by a factor of Q). The  where F, is the energy-independent structure factor of
absorption coefficientu(E,), can be obtained merely by KNbO;. We choseE;=18.950 keV andE,=19.050 keV,
normalizing the measured XANES data to the calculated valfor which the calculated values off’ and f” yield f'(E;)
ues ofu(Ep) (Ref. 19 in KNbO; below and above the Nb =-1.1203, f'(E;)=-0.9925, f"(E;)=0.1525, and
edge. The absorption coefficient determined in such a way i§"(E,) =0.7828 for KNbQ. Once the measured intensity is
anisotropic following the polarization-dependent anisotropyexpressed in the absolute electron units, the energy depen-
in XANES data. Then for both polarization directions for dence off’ could be determined using).
each of the three Bragg reflections we performed point-to- The difference plots foif’ obtained by subtracting the
point multiplication of A(E,) by 2u(E,) to obtain the scat- data collected withelb from those collected withella are
tering intensityl (E,), which was corrected for absorption, shown in Fig. 5 along with the corresponding anisotropy of
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FIG. 6. The orientation of photon polarization and scattering
0.15 vectors with respect to the Ngbctahedron forella. The angle
— o0 (0, 0, 8) betweenq; andqs is denoted ®.
E 0.05 -
s for £lla, it is easy to demonstrate thedy2_y2|(qr)(er)|1s)
£ 0.00 ~sin®, where ® is the angle betweegy andq, defined as
ﬁ 0.05 4 Q=(4m/\)sin®. Therefore, while anomalous dispersion is
S usually independent @, in the resonant condition when the
< -0.10 photon energyE, corresponds to the energy of tlig._ >
045 . ' ' ' ' ' orbital hybridized with oxygem orbitals, it becomes angu-
1895 1896 1897 1898 1899  19.00 larly dependent af’(E,)+if"(Ey)]~sin? 0. For Q's of
Photon Energy [keV] (0,0,8,(0,0, 10, and(0, 0, 12, corresponding values &

are 27°, 35°, and 43°. Thus the contribution of the interme-
FIG. 5. The difference plots fof’ near the NbK edge in  diated states to resonant scattering increases proportionally

KNbO; obtained by subtracting the TDS data collected wsti to sirf® as 0.21, 0.33, and 0.47, whereas the contribution of
from those collected withella. The corresponding anisotropy of the intermediate states remains unchanged. Consequently
f'(Ep), measured with no momentum resolution by XANES, is the relative contribution of the intermediate statesl@har-
shown for comparison as a line with no symbols. The reference lineicter grows withQ. It is known from the local-density
at E=18.995 keV corresponds to the crossover of itfé obtained approximation calculations of the band structure in KNbO
by XANES. (Ref. 20 that the lowest unoccupied states in the conduction

, ) . band are of predominantlgt character, while those of sub-
f’(Ep) measured with no momentum resolution by XANES. g¢aniain character are 3—4 eV above. Therefore, the shift of
Similarly to the difference plot obtained by XANES, all the i« characteristic features and the crossoveA Bf(E, ,Q)
diffraction difference plots exhibit a minimum, a crossover, yownward in energy with increasing must be duepto en-
where the difference changes from negative to positive, and g, cing contribution of the intermediate stateslcharacter.
maximum. One can see that the diffraction difference plot§yoie that in similar geometry one can expect the shift of
exhibit momentum dependence, being shifted downward ”Af’(Ep,Q) upward in energy with increasing in a com-

energy as) increases, that is, by increasi@gwe access the 5 nd where the lowest unoccupied states in the conduction
intermediate states which are lower in energy. band are of character.

By using expression(6) we can determine the orbital
characteristics of the intermediate states through the depen-
dence onQ. The dipolar term for the orbitals does not
depend on they, and, therefore, is independent @t The
relative strength of the quadrupolar transition is parameter- In this work we used resonant x-ray scattering measure-
ized by ga=q(ap/Z)=0.12, where q=|q|=|q;/=|d,]  ments to study the ferroelectric orbital ordering in a model
=2m/\. Thus only if the intermediate states are predomi-ferroelectric, KNbQ@. To probe the hybridized niobium-
nantly of thed character, the quadrupolar term becomes sigoxygen states absorption and scattering measurements were
nificant. Considering the orientation af;, g,, Q, and & performed by scanning the incident x-ray energy through the
with respect to that of the NhOoctahedron shown in Fig. 6 K edge of niobium. A qualitatively similar polarization-

V. CONCLUSION
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