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Electronic structure of KNbO 3: Nb M, 5 Xx-ray-fluorescence measurements
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We present synchrotron based soft x-ray emis$KBS) measurementiNb LB, 15 Nb Ly;, Nb M3, Nb
M, 5 O Ka) and theoretical calculations of x-ray emission spectra of KhB®e obtained results are com-
pared with x-ray photoemission spectroscopy valence-band measurements and band-structure calculations. The
Nb M, s emission spectra show strong dispersion and by tuning the exciting synchrotron radiation through the
Nb 3d threshold E.,=206.5-240.6 €Y, we identify contributions to the valence emission from the decay of
both holes, 85, and 3;,. It is also shown that it is generally possible to meadurg4d5s— 3p;,) x-ray
emission spectra ofddmetals in order to study the distribution ofl #alence-band states.
[S0163-18299)03331-1

Mixed oxides of perovskite-type structure, depending ornthat some momentum-resolved information regarding the
their composition, give rise to a variety of electric, magnetic,valence-band dispersion can be extracted from soft x-ray
and optical effects. Among these perovskite oxides, potas:esonant inelastic specti&RIS).2*~1” This method is not
sium niobate provides multiple electro-optical, and catalyticaffected by charging of the sample during irradiation and
applications; making the study of its electronic structure seems to be a promising tool for the study of dielectrics.
very important. X-ray emission spectroscopy can provide important addi-

The electronic structure of KNb{Chas been extensively tional experimental information such as the spatial and ener-
studied by means of band-structure calculation schemes begetic distribution of electronic states in the compound. The
ginning with the empirical parameter-adjusting schefmes dipole selection rules govern the transitions from different
and followed by first-principles self-consistent treatménts. core states and there is a need for calculations of the corre-
Later, the focus of interest in this ferroelectric compoundsponding transfer probabilities from first principles, based on
shifted toward fine estimations of the spatial electron densityg computed band structure. In the present paper, we calcu-
distribution, total energy as a function of atomic lated the partial density of statdDOS) and several x-ray
displacement®/ electrostatic polarizatioh,and the lattice emission spectra of KNb{by the all-electron full-potential
dynamics?!°In terms of the experimental techniques appro-linearized augmented plane-wave meth&APW).'® Due
priate for the analysis of the electronic states distribution irto the large size of the basis of augmented plane waves, this
the valence band, very few studies have been done apariethod allows a practical description of the electronic states
from the photoelectron spectroscopy measurenteiit>  up to relatively high energies in the conduction band, which
These experiments were usually interpreted by comparing important for analyzing the trends in the x-ray absorption
the measurements with the calculated total density of stateand the resonance x-ray emission intensitteShe experi-
in the valence band. However, these conventional experimental lattice constana=7.553 a.u. was used, and the
mental techniques for the study of dielectric materials areatomic sphere radii were set to 1.95 aki), 1.85 a.u(Nb),
limited due to sample-charging effects. It has been showmnd 1.65 a.u(O). The lattice was assumed to be an ideal
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cubic perovskite because the effect of ferroelectric distortion ' i(NbOI T 'N'b' M IXES T

on the DOS is known to be negligible considering the com- I 3 48 C

parison to experimentally broadened spectra. The exchange 1500}~ AL

correlation has been treated within the local density approxi- el W

mation, according to the prescription by Perdew and Wéng. i A””‘«c,wﬁ,ef'

The valence-band states have been treated semirelativisti- F ]

cally, the core states with a fully relativistic treatment. The r e‘v’r “"”Etéifzw“ ;, .

DOS and emission spectra were calculated using the tetrahe- 1000} 7 o o e

dron method, for the 1212X12 divisions of the whole Bril- 2 g ,,6*45”'&*"‘54"}%7&3,;8'53\{* "

louin zone. Whereas our calculated partial and total DOS 5 £ Bl

agree with previous calculations, the calculated x-ray emis- S AT, 20066V

sion (and absorptionspectra, including the energy depen- e

dence of the dipole transition-matrix elements present, to our 500L ;f"'%’-*;.g,; 20856V ot % ]

knowledge, new information. We utilize our calculated re- | g “‘M.zw

sults to understand the trends in our resonant x-ray emission | e, 2075eV i Elastic pea_k%

spectra. 1 et N e
The soft-x-ray fluorescence experiments were performed g, Eact20656V o ,

at Beamline 8.0 of the Advanced Light Source at Lawrence O' b e TR S

Berkeley Laboratory. The undulator beamline is equipped

with a spherical grating monochromatband the resolving

power was set t&/AE=500 for our experiments. The fluo- (a)
rescence end station with a Rowland circle grating spectrom-

eter provides a resolving power of about 300 at 200 eV. The

X-ray photoemission spectroscof¥PS) measurements were

obtained using a Perkin EImer PHI 5600ci Multitechnique 3000
System with monochromatized A« radiation[bandwidth

of 0.3 eV full width at half maximum{FWHM)]. In order to

obtain clean surfaces for the XPS measurements, the KNbO

single crystal was cleaved under UHV conditions. The x-ray L
Nb L 8, 15and NbL v, fluorescence spectra were obtained by 2000k ¥
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a Stearat spectromet&.A quartz crystal(d=0.334 nm i’E’
curved toR=500 cm was used as a dispersive element to 3
analyze the photons. X-ray emission spectra were detected ©
by a flow proportional counter by scanning along the Row- I
land circle with an energy resolution af0.2 eV. 1000L i
In Figs. ¥a) and Ib) the Nb M, 5 emission spectra of L F '%,,?‘21;1_,,3% N -:%

KNbOj; are shown for various excitation energies near the A Ao e,
Nb 3d threshold. Four features are observed and labsled WA e
throughD. The most dramatic changes in the shape of the | e, E=2123 6V 6 b, =
fine structure of NV, 5 emission spectra are found for ex- :f"" N st o o
citation energies between 206.5 and 212.3 eV where new 0 180 185 190 195 200 205 210
featuresD andB appear with changes in excitation energy. It o

(b) Emission energy [eV]

is suggested in Ref. 23 that in N\, s emission only reveals

the M (3dsp) emission features because thi (3ds) is FIG. 1. Nb M, emission spectra of KNbQ The excitation

filled by radiationless transition. Therefore, it was UNeX-energy is tuned thfoughthe Nid ghreshold from 206.5 to 212.3 eV

pected when we found the excitation energy dependence fig. 1(a)] and from 212.3 to 240.6 eFig. 1(b)]. The numbers 1

Nb M, s to be distorted by the spin-orbit splitting of the Nb through 4 refer to selected photon enerdigs. 3: the onset of the

3d levels and not revealing the band dispersion. Nb 3ds, and 3, and excitation of Nb 8into vacant Nb b states.
Figure 2 displays a full calculation of the N4 , 5 emis-

sion spectra based on the Np &nd Nb 4 DOS modulated sponding features in the Nl , andMs XES near—16 and

by the transition probabilities. In the calculation, the result-—13 eV are broadened in the experimental spectra but still

ing spectrum has been simulated by shifting the two identicatecognizable in Fig. 1 a8 andB. PeaksC andD are due to

contributions by the value of the spin-orbit splitting in the the emission from the spin-orbit splitting involving the hy-

Nb 3d shell, which amounted, according to our full-electron bridization O 2-Nb 5p.

calculation, to 2.88 eV. These two contributions, correspond- Going back to the discussion of energy dependence of the

ing to individualM 4 andM s spectra, were then summed up Nb M, 5 emission spectra in KNb{(Fig. 1), we note that

with relative weights of 2:3. It is found that the contribution according to our XPS measurements theMlp (3ds/,) and

of the Nb 4 states to the emission is negligible and only Nb M, (3ds;) binding energies are 207.2 and 210 eV, re-

5p—3d transitions are important for the interpretation of Nb spectively(relative to the vacuum level Conclusively, the

M4 5 x-ray emission(XES). The O 2sstates contribute to the emission features in the spectra excited between 206.5 and

Nb M5 XES due to the O2Nb 5p hybridization. The corre- 209.6 eV are generated by the refill of the Nk (3ds)))



4424 BRIEF REPORTS PRB 60

i KNbos — NbM,XES

: ----Nb M, XES
= | | P&; i
£ | ’ | ; [
k) : ; : i
> . | ; i
'g : 2 P
2 : : . -
£ \ g . i

] : | : : |

oy £ n EA )
: i 3d5/2§ E3d3/2 . |
PRY [ s 3d-5p

............

Energy [eV] S

| 200 210 220 230 240
FIG. 2. Calculated NV, 5 XES of KNbO; broadened for in-

strumental distortion0.2 e\), core level lifetime(0.35 eV} and Energy [eV]
valence lifetime(2.0 eV). The contributions of unbroadendds FIG. 3. Calculated absorptidigalc) and measured partial fluo-
andM, spectra are also shown. rescence yieldPFY) at the Nb 3 threshold. Vertical lines indicate

L . . the onset of the &, and 3j, excitation, the excitation of B
hole as excitation of NI, is not possible below 210 V. In gjecirons into vacant Nbpbstates and into unoccupied dtates.

the excitation energy range between 210.5 and 216.9 eV athe arrows indicate selected excitation energies at which XES

ditional featuresB and D appear as a result of contributing spectra were taken and the numbers refer to the numbers in Figs.
transitions to NV, (3d3/,). The sharp increase in intensity 1(a) and 1b).

in the emission spectra at excitation energies from 216.9 to

221.1 eV can be attributed to the threshold of tle—85p The present NiM spectrum in Fig. 4 may be considered

absorption. This is illustrated by the calculated Nbas new because this spectrum is not listed in the Beardeen

M -absorption spectrum in Fig. 3. Thai3:5p absorption tables?® nor in the last systematic study of the ultrasoft XES

starts to contribute at an excitation energy of about 218 eV, o 6 -~
) in 4d transition metal$® The present N, ; spectra lie in a
The onset for the @-4f absorption occurs around 235 eV. P 235D

X . convenient energy region for the synchrotron study, and their
The strong enhancements of the emisgisee Fig. 1 occur gyreq y y

when the excitation energy exceeds tflg threshold Eg,.
=208.5 eV, M, threshold E=211.5 eV, the A-5p
threshold(Eq=221.1 eV} and the 3-4f threshold Eey. iK% KNbO,
=240.6 eV as displayed in the partial fluorescence yield :

(PFY) spectrum(Fig. 3). We note that the spectrum excited

at the 31-4f threshold E.=240.6 eV is divided by a 02 Nb 4d

factor24of four in order to display all spectra on the same _ Fa /55;&02;3

scale? L &SNS S XPS VB
The emission spectrum corresponding to the excitation ! T \‘::

energy of 221.1 eV in Fig. 1 exhibits, as compared with that g : "M NbM, XES

for E¢—=216.9 eV, strongly enhancéds but relatively un- % N\

changedV , intensity. Therefore, this specific selective exci- = NNNB LB, 15 XES

tation of NbMg XES can be also used to receive experimen- 5 A\ \Nb Ly, XES

tal information about the Nb b DOS undistorted by = MXES

overlapping with NbM, XES. Starting fromEg,.~=222.5
eV, the resonant emission gets enhanced foiMhecompo-
nent as well, so that the original shape of the spectffam
smaller excitation energigss roughly restored, but with
much higher intensity. Apart from Nkl 5, some other XES
measurements can be useful to collect complementary infor- 25 20 15 10 5 0 5

mation about the distribution of electronic states of the Nb Binding Energy [eV]

site. In Fig. 4, NbLB; 15 (4ds;3 37— 2P3, transition and

Nb Ly, (4d3,—2py, transition spectra are shown and ex-  FIG. 4. The result of fluorescent measurement of Nb
hibit some differences in the fine structure reflecting exactlyM; (E.=410 eV), O Ka (E=540 €V}, Nb LB;15(Eexc
the differences in Nb ds), 3,and Nb 45, DOS distribution ~ =8000 eV} and NbL y; (E.=8000 eV} x-ray emission spectra of
in the valence band of KNbQ KNbO,.
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two components are well separated-b¥5 eV. The obtained tions from the decay of theds,, holes(peaksC andA) and
result is shown in Fig. 4upper panglfor the counting time  the 3ds, holes(peaksD and B) via valence emission. The

of 20 min. The NbM; XES of KNbQ; was found to have overlap of these two spectra complicates the analysis of the
extremely low intensity, but is generally suitable for the €xcitation energy dependent trends in the resonant emission,
study of the valence band. which otherwise would be able to provide key information

To summarize, we have measured soft x-ray emissio@bout band dispersion, as shown by studies of other

spectra excited through the Nid3hreshold. The spectra Material >

show dependence on excitation energy and are explained by Thjs work was supported by the Russian Science Founda-
the calculationgbased on DOS and full band-structure cal-tion for Fundamental ReseardtProject No. 96-15-96598
culationg. The changes in the spectra occur at theand 98-02-04129 the NATO Linkage Grant No.
3dspp32, 3d-5p, and 3-4f thresholds of the absorption. (HTECH.LG 971222, the DFG-RFFI Project. A.V.P. and
Tuning the excitation energy to the corresponding thresholdM.N. acknowledge the support of the German Research So-
of the absorption spectrum allows us to attribute contribu<ciety (SFB 225.

V. M. Fradkin, PhotoelectricsSpringer, Berlin, 1979

2p. Pertosa, F. M. Michel-Calendini, and G. Metrat, Ferroelectrics
21, 637(1978.

3p. Pertosa and F. M. Michel-Calendini, Phys. RevlB 2011
(1978.

4Yong-Nian Xu, W. Y. Ching, and R. H. French, Ferroelectrics
111, 23(1990.

5T. Neumann, G. Borstel, C. Scharfschwerdt, and M. Neumann,
Phys. Rev. B46, 10 623(1992.

5D. J. Singh and L. L. Boyer, Ferroelectri¢86, 95 (1992.

"A. V. Postnikov, T. Neumann, G. Borstel, and M. Methfessel,
Phys. Rev. B48, 5910(1993.

8R. Resta, M. Posternak, and A. Baldereschi, Phys. Rev. T@tt.
1010(1993.

9A. V. Postnikov and G. Borstel, Phys. Rev.3B, 16 403(1994).

OR. Yu and H. Krakauer, Phys. Rev. Lef4, 4067 (1995.

Technology, Vienna, 1997 Improved and updated version of
the original copyrightedvieN code; P. Blaha, K. Schwarz, P.
Sorantin, and S. B. Trickey, Comput. Phys. Commb®,. 399
(1990.

The use of the density-functional-theory-based schemes for the

description of excited electronic states has no justification but is
widely used in practice. From quasiparticle calculations avail-
able for some oxide systems, one can expect an almost uniform
energy shift accompanied by some slight distortion of empty
energy bands as a result of switching from local-density ap-
proximation(LDA) to a quasiparticle calculation. Moreover, the
linearization error of the LAPW method may become noticeable
within the energy range of40 eV used in the present calcula-
tion of the absorption spectra. One can expect that the excitation
peaks are described qualitatively correctly by the LDA in the
vicinity of the absorption threshold.

A, Winiarski, T. Neumann, B. Mayer, G. Borstel, and M. Neu- 2°J. P. Perdew and Y. Wang, Phys. Rev4g 13 244(1992.

mann, Phys. Status Solidi B83 475(1994.
12| Douillard, F. Jollet, C. Bellin, M. Gautier, and J. P. Duraud, J.
Phys.: Condens. Mattds, 5039(1994).

13y, Ma, N. Wassdahl, P. Skytt, J. Guo, J. Nordgren, P. D. Johnson,

213.J. Jia, T. A. Callcott, J. Yurkas, A. W. Ellis, F. J. Himpsel, M.

G. Samant, G. Stw, D. L. Ederer, J. A. Carlisle, E. A. Hudson,
L. J. Terminello, D. K. Shuh, and R. C. C. Perera, Rev. Sci.
Instrum. 66, 1394(1995.

J.-E. Rubensson, T. Boske, W. Eberhardt, and S. D. Kevar?V. E. Dolgih, V. M. Cherkashenko, E. Z. Kurmaev, Prib. Tekh.

Phys. Rev. Lett69, 2598(1992.

Eksp.6, 2517(1983.

143 A. Carlisle, E. L. Shirley, E. A. Hudson, L. J. Terminello, T. A. Z3p, P. Lukirskii and T. M. Zimkina, 1zv. Akad. Nauk SSSR, Ser.

Callcott, J. J. Jia, D. L. Ederer, R. C. C. Perera, and F. J.
Himpsel, Phys. Rev. Let4, 1234(1995.

153, shin, A. Agui, M. Watanabe, M. Fujisawa, Y. Tezuka, and T.
Ishii, Phys. Rev. B63, 15660(1996.

16p_ D. Johnson and Y. Ma, Phys. Rev4B, 5024(1994.

hardt, Phys. Rev. 56, 12 147(1997).
8p_Blaha, K. Schwarz, and J. LuitwjeNe7 (Vienna University of

Fiz. 27, 330(1963.

24J. C. Fuggle and N. Martensson, J. Electron Spectrosc. Relat.

Phenom21, 275 (1980.

253, A. Beardeen, Rev. Mod. Phy&9, 78 (1967).
26\ A, Fomichev, T. M. Zimkina, A. V. Rudnev, and S. A. Nem-
173, Lining, J.-E. Rubensson, C. Ellmers, S. Eisebitt, and W. Eber-

nonov, inBand Structure Spectroscopy of Metals and Alloys
edited by D. J. Fabian and L. M. WatdAcademic, London,
1973, p. 259.



