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Dipole and quadrupole contributions to polarized CuK x-ray absorption near-edge
structure spectra of CuO
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Polarized CWK x-ray absorption near-edge structure spectra of CuO are measured and analyzed with the aim
of extracting quadrupole and dipole partial spectral components. Theoretical spectral components are calcu-
lated within the framework of real-space multiple-scattering technique, relying on a non-self-consistent muffin-
tin potential. A local coordinate systexiy’z’ suitable for polarization analysis is defined by the sides of the
CuQ, quasirectangle rather than by directions of the Cu-O bonds. An exclusively quadrupole nature of the
prepeak is established both experimentally and theoretically. By analyzing the experimental data, we find that
those states which give rise to the prepeak lie within the CuO plane, and have maiply aharacter. The
theory correctly reproduces gross features of the polarized structure generated by dipole transitions, apart from
a spurious peak at 8983 eV for the: component. A partial agreement between theory and experiment in the
shoulder region suggests that this structure may arise partly from one-electron states and partly from many-
body processes.
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[. INTRODUCTION ascribed not only to the failure of a dipole approximation but
alternatively also to the inadequacy of a non-self-consistent
The discovery of highF, superconductors invoked a re- scattering potential. Note also that one-electron calculations
newed interest in basic physical properties of copper oxidef the electronic structure of CuO fail to reproduce, e.g.,
Among them, CuO occupies a unique position thanks to th@rémsstrahlung isochromat spectroscépyS) spectra near

. . .~ the threshold as well’ Previous investigations of various
presence of Cuplayers in all copper-based highs materi- W " 2ierials demonstrated that the prepeak can be of a

als. Low-lying unoccupied electron states of CuO were stud—purely dipole origin(as in TiS, and related chalcogenidés

ied by means ofinpolarized i.e., isotropic, x-ray absqrpt|on or can have sizable dipole as well as quadrupole
near-edge structureéXANES)_ spectra extepswely in the  contributions—as in VOPQ2H,0 or V,0s (cf. Refs. 15
paSt:.L_4 However, open questlons still remain—in partlcular, and 16 or in Fecq (Ref 17) A po|arizati0n_dependence

in the interpretation of the Cik-edge XANES spectrum. analysis like that of Hahet al? has not been performed for
First of all, it is not quite clear to what extent can CuO beCuO yet. Similarly, no calculation of CK-edge XANES of
described within a one-electron formalism, as the importanc€uO involving quadrupole transitions has been published so
of strong electron correlations in CuO was stressed in manfar-

studies’® Second, contradictory conclusions have been Another controversial topic offers a shoulder half-way be-
reached about the nature of prominent spectral features. Ween the prepeak and the main peak: Molecular-oriented

For example, the distinct prepeak occurring around 10 e\fluantum chemistry calculatiohd? attribute this exclusively
' to many-body shake-down processes, while it can be repro-

below the first intensive maximum was attributedieadru- oo by one-electron RS-MS calculations fairly WellA
pole transitions on the basis of several SOphISt'C""tecgomparative analysis based on “Natoli’'s rule,” connecting
molecular-cluster calculatiorfs™ Another convincing evi- peak positions with bond lengti,also supports a one-
dence in favor of a significant quadrupole contribution to Cug|ectron interpretation of this shoula’é’r.

K-edge prepeak in XANES of a Cufi complex was pre- Previous analyses of Cl-edge XANES of CuO were
sented by analyzing its polarizationi.e., angular  based on unpolarized spectral® The same is true for the
dependencé& However, it is disputable to what extent the Cu L, edge®*8 A simultaneous analysis of Og, CuLg, O
conclusions reached for a small molecular complex such ag, and BIS spectra of CuO, in terms of quasimolecular
CuCl, (Ref. 9 or CuCE™ (Refs. 10 and 1pcan be general- resonance® dealt solely with unpolarized spectra. Only the
ized to the case of a bulk solid CuO. A weak prepeak strucO K near edge of CuO was studied by both unpolafifed
ture generated byglipole transitions alone was also obtained and polarizetl absorption spectroscopy. To our knowledge,
from one-electron real-space multiple-scatterifRS-MS no calculation of polarization-resolved densities of unoccu-
calculations for large solidlike clustet$, relying just on a pied states has been performed so far, although several cal-
non-self-consistent muffin-tin potential generated via the soeulations of electronic structure of CuO were publishét.
called Mattheiss prescriptiori. The energy position of the On the other hand, polarized G{+edge spectra of more
theoretical prepeak does not quite agree with experiment iomplex copper oxides—such as Yf&a,Og,, (Ref. 22,
those studied? however, such a discrepancy still can be Bi,Sr,CaCyOg, s (Refs. 23 and 24or La_,Sr,Cu0, and
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FIG. 1. Nearest coordination of a Cu atom in a CuO crystal. A
planar CuQ complex is shown together with the orientation of the
x" andy’ axes relative to specific Cu-O bonds. The copper atom is
in the center of the parallelogram, oxygens form its corners.

Nd,CuQ, (Ref. 25—have been investigated. Similarly,  FIG. 2. CuO crystal structure projected on tae plane. The
studies of Cu-centered molecular complexes, on which th@wo chain planes of types | and Il are identified by the frames on the
quadrupole interpretation of the G{tedge prepeak in CuO left and right halves of the diagram, respectively.

has relied so far, are based on polarized spectra. Hence, there

is an obvious need for a polarized study of KIXANES of IIl. EXPERIMENT

CuO to fill the existing gap. _ A thin CuO plate of about %4x 0.5 mn? was cut from

It has been demonstrated that unpolarized spectra a crystalline sample parallel to one of the chain plaies,
much éemore_ tolerant to the. theory than po!anzedthe plane marked in Fig.)2After a dimpling to~210-xm
spectra>—which, apart from offering a much more stringent y,;cxness; it was used as the absorption sample in a classical

test of the theory, provide an additional insight into the na-nsmission layout. The sample orientation and crystal qual-
ture of particular spectral structures. Hence we concentrate iy, \yere verified using Laue patterns.

this study onpolarizedCu K-edge spectra of CuO, and ana- ~ tpe experiments were carried out at the beam lidgs

lyze _the.m both exp(_arimentally and theoretipally. Our particu-and E4 (HASYLAB, DESY) equipped with a S{111) two

lar aim is to determine the quadrupole or dipole nature of th%rystal monochromator. The sample plate was positioned in a
prepeak. PC-controlled goniometer, allowing three perpendicular ro-
tations¢, 0, andy, so that in the beginning the directian

of the unit cell coincides with thé axis and the polarization

Cupric oxide can be considered as unique amondector €, while the sample platéi.e., the chain planeis
transition-metal monoxides. While the related mono-Perpendicular to the beam directigrero position withé
xides NiO and CoO have cubic crystal structures, Cu0=0, 6=0, and¢=0). The rotated sample positiorp(6,
crystallizes in a monoclinic tetramolecular unit cell, and ) is expressed as =@ dx, while the wave vectok
with space groupC$, (2/m, No. 15, a=4.6837 A, b  and polarization vectoe of the incident radiation are not
=3.4226 A, c=5.1288 A, and3=99.54°, with the CU gtocieq by the rotational operatois, ®, and®.
atom in a planar coordination of a parallelogram built of four |, 5.qer to separate the absorption resulting frdrtran-

6 .
O atoms™ The parallelogram contains the shortest Cu-Ogitions exclusively, we used a subtraction of the background
bonds 1.88 and 1.96 A, and can be treated as a quasiregfinction f(E)=a/E*+b/E3+c after Victoreen. All the

angle (Fig. 1). Other two much longer Cu-O bonds are notgnecira were corrected for an equivalent effective sample
precisely perpendicular to the parallelogram plane, but rathehjickness, with an additional matching normalization of
build apexes of a strongly distorted octa}hedron. max+5% in the remote extended x-ray absorption fine struc-
The parallelograms share one vertée., one oxygen e (EXAFS) region. The normalized raw experimental
atom with each other, forming two geometrically conjugate gactra are displayed in Fig. 3. The quality of normalization
systems of chains running in the directio$10] and g jjystrated by appearance of a “magic point” at 8993 eV.
[~110], and containing the shortest Cu-O bonds. The respecrye three numbers in the parentheses denote the sample po-
tive planes include an angle of 78°, and we denote then%itioning anglesp, 6, and, and thus identify each spec-

x'y’" andx"y"—see Fig. 2. Thus one can differentiate be-y,m The absolute energy scale was determined by a simul-
tween two different Cu sublattices. The Cu-O bonds within,;naous record of XANES of a pure Cu metal.

each chain are coplanar and characterized through an ex-
treme strengtlias already observed at the sample preparation
stage. The external face of a real CuO crystal is shaped not
by the unit-cell planes, but rather by surfaces parent to Cu-O Theoretical foundations needed for extracting symmetry-
planes. resolved partial spectral components of x-ray absorption

Il. CRYSTAL STRUCTURE

IV. SPECTRAL ANALYSIS
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25 - - - - - However, the deviation of the monoclinic CuO structure
7 from an orthorhombic one is not very large—the angle
220} differs from the right angle by less than 10°. For an ortho-
5 rhombic structure, one would have just three partial spectral
§1,5- components in the dipole term. The quadrupole contribution
Py comprises six independent components for an orthorhombic
210 structure, and up to five components for a tetragonal
% systent’ In order to simplify the analysis and to stay with
§0_5_ physically transparent concepts as much as possible, we re-
strict ourselves just tthree dipoleandfive quadrupoleeom-
ponents in our polarization analysis, hence decomposing Eq.

8980 8990 9000 9010 9020 9030 9040 (2) in an approximate way &5
energy [eV]
, m=puptuq,

FIG. 3. Some experimental Gk XANES spectra recorded at

different sample orientations. Three numbers in parentheses denote Up= pxgi_g_ p e2+ p &2 ©)
S yey T Mz®z

the sample positioning angles 6, andy for each record. Energy
of the incident x rays in eV is displayed on the horizontal axis. o= Oyy(Exky+ Sykx)2+ dy (4K, + e,k )2
spectra were outlined by Broudéin an extensive way. Dur- +dy ek, + szky)2+ dy2.y2(exky+ syky)z
ing an x-ray absorption process, the initial-state core elec- 3 )
tron, described by a wave functiahy, is excited into a final +3dz2(ek,)% 4

state described by a wave functign . This wave function  whereup, andpuq are dipole and quadrupole contributions to
can be angularly projected onto -the same atom. Henqe, in thge absorption coefficient, respectively, gnd py, p,, dyy,
region of interesty; can be written as a superposition of ¢ dy,, dy2.,2, andd,2 denote the partial spectral compo-
atomiclike wave functions with definite angular momenta: nents(their designation reflects the corresponding projected
DOY. Note that the unpolarized quadrupole contribution
(D=2 R(NYm(T). (1) (e, in case of a polycrystal samplean be obtained by
Im angular averaging of Ed4) as

HereR,(r) andY,(r) represent the radial and angular parts 1 1 1 1 1

. . . (unpol)
of the wave function, respectively. The dipole and quadru-  ug P =§dxy+ gdxz+ §dyz+ dez.yzwL 1_5\/§d22-
pole contributions to x-ray absorption cross section can be )

expressed vid

If Egs. (3) and (4) present a good approximation to the
w(ho,e,k)~8(Ei—Ei—hw)(|( e T|RoYo)|? full equation (2), then the partial spectral components ob-
+3( sl &1 e-k|RgYoo)|?) (2)  tained by their inversion must coincide when different sets of
measured polarized spectra are inserted into their left-hand
for theK edge. Employing decompositidt), Eq.(2) can be  sjdes. Hence it can be checkadbosterioriwhether the ad-
further elaborated so that one can obtain the absorption CQfitional reduction of the number of independent partia| spec-
efficient as a weighted sum ofe(k)-independent partial tral components was justified or not, and also whether the

spectral components. The weights of these components agientation of the coordinate systeryz was chosen in a
determined by orientation of vectoesandk with respect to  suitable way.

the crystat*?’ Therefore, by recording absorption spectra

for several different geometrical settings, one can use expres- V. THEORY

sion (2) to set up an appropriate system of linear equations,

from which the partial spectral components can be extracted. Polarized ClK-edge XANES spectra of CuO were calcu-
The number of individual partial spectral components crudated employing the RS-MS formalisfi The Rsms code we

cially depends on the full point symmetry group of the crys-used® is basically a modified and amendezkANES com-

tal. For a monoclinic system, there are four independent diputer code of Vvedensky, Saldin, and Penth¥he calcula-

pole partial spectral components and nine quadrupoléions presented here were performed for a cluster of 95 atoms

componenté! This means that it i principle not possible  (i.e., of radius 6.0 A), employing full multiple scattering.

to resolve even the dipole part of the x-ray absorption specCoordinations of atonf§ in finite clusters of CuO were gen-

trum into an intuitively plausible system of just three “or- erated with the help of thecRYSTIN crystallographic

thogonal” partial components, which would reflect the pro- databas& and thepiCTUR code of Dugk3?® The largest an-

jected local densities of unoccupied statesultiplied by  gular momentum included in the single-site scattering was

appropriate radial matrix element§ his aspect was stressed | ,5,=4.

recently by Nelhiebekt al?® who called those residuals of Non-self-consistent muffin-tin potentials were generated

sum(2), which are not directly interpretable in terms of par- via the so-called Mattheiss prescripti¢a superposition of

tial density-of-state$DOS) projections, “cross-terms.” charge densities of isolated atom Electron densities for
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free atoms were calculated self-consistently within the local- TABLE I. Partial spectral weights evaluated from expressions
density approximation by thebAT code of Vacka®* The  (3) and(4) in both the cell and the local coordinate systems, for the
exchange-correlation potential of Ceperley and Atlleras  same crystal orientations with respect to theand k vectors as
used for atomic calculations of the occupied states. In concompiled in Fig. 3. The first line corresponds to the cell coordinate
structing the Mattheiss potential appropriate for unoccupiedystemxyz while the second line refers to the local syste’z’.
states, an energy-independet# potential with the Kohn-

Sham value ofx=0.66 was used® The muffin-tin radii of Px Py Pz Oy dy dy dey da2
nonoverlapping spheres were determined so that single-sifé' 0,4 P Py Pz doy doy dyy deayz dpe
potentials, which were being superimposed, matched at th@,o,o 00 00 10 00 032 068 00 0.0
touching points (“matching potential condition). The 001 096 003 039 003 048 005 005

muffin-tin zero was set to the average interstitial potential.

The influence of the core hole left by the excited electron90,0,36 ~ 0.11 0.89 0.0 060 0.0 0.0 0.40 0.0

was taken into account while calculating atomic charge den- 0.35 0.04 0.61 0.02 042 002 0.14 0.40

§|t|e§ py removing one electrqn from the core level and put—45,0136 00 065 035 034 027 00 022 017

ting it into the lowest unoccupied atomic le&telaxed and

screened approximation—see, e.g., Ref. 37 for a more de- 024 034 042 031 019 002 012 036

tailed prescription and analysis. 90,0,0 0.68 032 0.0 013 00 00 0.87 0.0
All theoretical results presented here include the convolu- 056 001 042 002 073 003 0.07 015

tion with a Lorentzian function, in order to take into account

the 1s core hole lifetime. The full width at half-maximum 90.0-36 1.0 00 00 10 00 0.0 0.0 0.0

(FWHM) was taken 1.5 eV according to the compilation of 0.68 0.0 032 003 013 001 021 062

Al Shammaet al3®

Both dipole and quadrupole transitions were taken intd ijentical partial spectral components, except for spin-
account in our XANES calculatiomecessary equations can ye|ateq contributions stemming from antiferromagnetic or-

be found, e.g., in the paper of Brouaﬁr_As presented N qering of Cu atoms. However, since the spectra were re-
Sec. IV, our partial spectral decomposition is restricted just.qrqed from a non-single-domain sample, the resolved
to thr_e_ep-llke components and five-like components. We components reproduce an average of “spin-up” and “spin-
identified them by means of Eqe3) and (4): By a suitable  44n" pos's over all the domains. This average will be
choice of thee vectors and, in the case dflike components,  gqual for both Cu sublattices, provided the resulting mag-
also thek vectors, all partial spectral weights vanish but one,etic moments of domains are oriented randomly. Thus only
and the partial spectral component is just equal to the calcyne partial spectral weights vary when contributions from
lated polarized spectrum. Only tllg2 component cannot be jitferent Cu sites are considered.

obtained in a “pure” form, and was thus deduced from the |, Tapje |, we summarize partial spectral weights relevant
quadrupole part of thee=(0,142,142), k=(0,1N2, 1o the experimental spectra presented in Fig. 3. The weights
—1/y2) spectrum, as it follows from Eq(4) that uo  are evaluated from Eq&3) and(4), for both the cell coordi-
=(1/2)dy2.y2+ (v/3/2)d,2. nate systenxyzand for the local coordinate systerhy’z’.

VI. RESULTS A. Dipole contributions

There are two “natural” coordinate systems for CuO: Let us consider just the dipole terms alone. In Fig. 4 we

One of them is connected with the whole unit cell, and thePrésent partial spectral components resolved from four dif-
other is attached to the local neighborhood of the absorbin%rent triads of experimental curves by inverting E(®.in
Cu atom. In the “cell coordinate systemXyz, they andz e cell and in the local coordinate systems. From the good

axes are fixed by crystallographic axedlf,z|c), andx is overall_ coincide_nce (_)f the spectral components obtained
orthogonal to them. The “local coordinate syster"y’z’ from different triads, it follows that considering only three

is oriented according to the oxygen parallelogrdig. 1), so di,pt?le, components was justified, and that botpz and

that thex’ axis is parallel to its longer sidghe O-O distance X Y'Z coordinate systems are suitable for the partial spectra
~2.9 A), they’ axis lies within the CuQ parallelogram decomposition. Note that the latter is not self-evident: We
plane, and is perpendicular 10 (thereby it is nearly collin- verified that an arbitrary choice of the coordinate system

ear to the shorter O-O side e£2.6 A) and thez' axis is does notggegera}llylle?d .to. any coingidence of scﬁlutions of
perpendicular to the'y’ plane. systems(3). Particularly, it is interesting to note that, e.g.,

As noted in Sec. Il, there are actually two interpenetratingo,”em.'ng thex” andy’ axes along“the shoraest Cu_—O bond
systems of Cu@parallelograms in the CuO cryst@ee Fig. directions does noF _create a good pare_ntal coo_rdlnate Sys-
2). Hence when decomposing the x-ray absorption spectra iflem (speqtral densities extracted from different triads do not
the local coordinate system, one must take into account th&tOInCIde in such a cage
the raw experimental spectra reflect amerageover two
different Cu sites in two different sublatticéise., over co-
ordinate systemg’y’z’ andx”"y”z" in Fig. 2). Both Cu sites Since in transition-metal compounds the empty
are crystallographically equivalent, and hence they give ris8d-derived states normally lie at lower energies than the

B. Quadrupole contributions

045104-4



DIPOLE AND QUADRUPOLE CONTRIBUTIONS TO. ..

PHYSICAL REVIEW B3 045104

3
- p —_—
2 | cuounitcell A e Iy %’
> P, 3
e 21 4 X P B e St : g
.9. 2 . a

8976 8978 8980 8982 8984 =

S 3 ; / c
"‘3_1 ] chainplane i f 74 04 ] 2
5] ¢ ol =
8 : — 0.2 8
© e

0 ' i e B : 10,0 ©

8970 8980 8990 9000 9010 9020 9030 8975 8980 8985
al energy [eV] energy [eV]

FIG. 5. Pre-edge region of Gg-edge-polarized XANES. Each
Gu nearcstooordination spectrum is identified by .the sample .posmonlng .angbesa, and

= 1in CuO S Pe . The curves are associated one with another in such a way that
’g X : the dipole spectral weights are identical within each group, while
=21 the quadrupole spectral weights differ. Spectral weights for each
, component and sample orientation are listed in Table II.
c
24] Another way to assess the extent of quadrupole contribu-
s tions is to make use of experimental curves recorded at such
§ sample-to-beam orientations that dipole spectral weights are

0 5 0.0 identical, while quadrupole spectral weights differ. An illus-

o) energy [eV]

FIG. 4. Experimental CiK-edge XANES resolved into partial
spectralp-like components in the cell coordinate systéopper
pane) and in the local coordinate systeower panel. The small
drawings depict the relevant coordinate systems. The horizontal

8970 8980 8990 9000 9010 9020 9030

trative set of such curves in the pre-edge region is displayed
in Fig. 5. Weights of partial spectral components relevant to
the respective curves are listed in Table Il. The spread of
individual curves belonging to identical dipole groups re-

flects the significance of quadrupole transitions at the pre-
peak.

TABLE Il. Weights of spectral components of polarized Eu

axis is in eV, and the vertical scale is arbitrary. The breakdown OfXANES of CuO at different sample orientatiofiose, for which
the dipole angular dependence is shown enlarged in the insets. Trﬁqe curves displayed in Fig. 5, were recordeNote that within

p-like components were resolved from four different linear systems

of the form of Eq.(3).

each group, the dipole spectral weights are identical while the quad-
rupole spectral weights differ. For each particular crystal orientation
(identified by positioning angleg, 6, andy), the first line corre-

empty 4p-derived states, significant quadrupole transitionssponds to the cell coordinate systemz while the second line

VL L

are most likely to occur mainly in the pre-edge region. Fromrefers to the local system’y’z’.

principal reasons, it is not possible to employ a direct inver-
sion of the full 8<8 linear systen{Egs. (3) and (4)] as a

means to extract quadrupole spectral component® % ¥ Px Py Pz
dyy,d,,, ... from the experimental dafaee the Appendix

Xy

for detailg. Hence other procedures have to be found an
applied instead. One serviceable way to identify quadrupole

pX py pZ dxy dxz dyz dxz_yz dzz
Oy Oyyp dyry dyzygz dyeo

(:‘190,0,34 0.14 08 0.0 052 00 0.0 0.48 0.0

0.35 0.04 061 0.02 0.44 0.02 0.14 0.38

contributions in x-ray absorption spectra is to look for devia-58 —-38,45 0.14 0.86 0.0 0.23 0.08 0.47 0.22 0.00
tions from a full coincidence of partial spectral components, 0.35 0.04 0.61 0.15 025 0.34 0.18 0.08
resolved from different sets of experimental curves, while

90,0-34 100 0.0 0.0 100 0.0 0.0 0.0 0.0

treating all the transitions as dipole-originatéd® By apply-

ing this method, it can readily be shown that the prepeak 0.68 0.0 032 003 012 002 021 0.62
comprises at least a sizable quadrupole component: The NEg38-45 1.00 00 00 045 055 0.0 00 00

glect of quadrupole contributions in Sec. VI A disrupts the 068 00 032 037 006 0.18 010 029
coincidence of curves representing partial spegirabmpo-

nents extracted from different data sets at energies arourf45,0 00 00 100 00 096 0.04 00 00

8979 eV(see the insets in Fig)4We assume that the some- 0.02 0.95 0.03 0.64 0.01 031 0.01 0.03
what largeabsolutespread in amplitudes at higher energies

(see Fig. 4, especially the right papi stipulated mostly by 0-340 00 00 100 00 00 100 00 00

some “technical” factors such as background fit quality and 0.02 0.95 0.03 0.27 004 056 0.07 0.06
numerical instabilities encountered when solving the system, 0,0 00 00 100 00 031 069 0.0 0.0

(3) (see also Ref. 16 for a corresponding analysis g0y 0.02 0.95 0.03 0.39 003 048 0.05 0.05

spectra.
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- To estimate the robustness of our decomposition dthe
m / component was extracted from four alternative linear sys-
3 x tems andd,, from two different sets in the cell coordinate

system. The curves coincide rather well. Nevertheless, one
should not take this coincidence too optimistically—the sta-
tistics is still not very convincing, and one must expect much
worse coincidence especially at weaker intensities.

The correctness of the somewhat intuitive assumption
about the nature of the90,0,-34) spectrum made above is

O
-
[=]

absorpti%n [arb. units]
o
5

0.00 8975 8980 crucial for theshapeof fine spectral features of tha-like
Q) energy [eV] components resolved in this way, but, at the same time, it is
sufficiently robust for estimating the general ratio between
I : 7 T partiald,y,d,,, . . . contributiong(i.e., between areas below
Cu nearest coordinationf - / the peaks In particular, we have tested that assuming the
0.10; in CuO : g P quadrupole contribution to th@0,0,-34 spectrum to be zero

altogether does not lead to essential changes in the distribu-
tion of the partial spectradl-like components displayed in
Fig. 6 (the deviations induced by these two different “initial
guesses” fall within 10% at mogt

absorptioon [arb. units]
=
[&]]

o
=
o

8975(: : C. Comparison between theory and experiment

b) energy [eV] Comparison between theory and experiment is displayed
in Fig. 7, separately for the dipole and the quadrupole con-
FIG. 6. Experimental CiK-edge XANES in the pre-edge re- tributions. Only the local coordinate system is considered for
gion, resolved into partial spectrpl andd-like components, in the  previty (comparing theory and experiment for the other co-
cell coordinate systenfupper panel gnd in the Iocal.coor(_jlnate ordinate system as well would not yield anything nefhe
system(lower panel. The two coordinate systems, in which the 5p501ute energy scale of the calculated spectrum was fixed
_part_lal spectral components are_deflned, are depicted by sr_n_all dravls-y adjusting the energy positions of the peak at 8998 eV.
ngke': (i-:‘r;’:}[ghac();;’:)huempanel. Both dipole and quadrupole transitions arg, o |ative positions of quadrupole and dipole theoretical
' components were provided by the calculation itself, how-
ever. The scaling of the vertical axis was chosen arbitrarily,
In order to make a more quantitative estimate of the relaso that heights of the dipole contributions would be approxi-
tive ratios of thed-like components by inverting Eq&3) and  mately equal for the experimental and theoretical curves. The
(4), we need to know at least one of the partial spectralatio between experimental and theoretical intensities of the
componentgonly then the degeneratex@ system of Eqs. quadrupole curve@pper frames in Fig.)7is thus fixed, i.e.,
(3) and(4) will change into a nondegenerate7 systen. It not arbitrary any more. A convolution of the theoretical
can be inferred from Fig. 5 that the spect@0,0,34 and  SPectra with a Lorentzian with a FWHM of 1.5 eV simulates
(90,0—~34) may contain minor quadrupole contributions the 1s-hole lifetime broadening. _
only. We make a “qualified guess” for th@0,0,—34) spec- It can be seen from Fig. 7 that the theory describes well
trum: A smooth curve was used to interpolate it in the pre-9ross features of the partigHike components. The ratio
edge region, as shown in Fig. 5, and the small deviation oPEWeeNP,:, Py, @ndp, intensities is generally well pre-
the measured90,0,-34) spectrum from this interpolating serve(_j. However, the agreement betvyeen_ the_ory gnd expert-
curve was identified with the quadrupole contributigte- ~ MENt iS not a perfect one. The best situation is with fipe
composed into partiad-like components in the cell and the component. Theory reproduces the threefold structure of the
local frames according to Table)llOnce one of theal-like main peak(subpeaks at 8994, 8998, and 9001 e v_veII as
components is fixed in this way, a nondegenettdamally) a weak shoulder around 8986 eV. Only the very faint feature

; ) at 8990 eV does not have its counterpart in the calculpjed
7X 7 system of linear equations can be assembled from Eq%urve. The fine structure of the main broad peak of fige

(3) and (4), and remaining partial spectral components Caryomnonent is reproduced less satisfactorily—in the theoreti-
be resolveQ(In reality, h'owever, we circumvented the prob- spectrum, its beginning at 8995 eV is too sharp. More-
lem of solving a potentially numerically unstable<7 sys-  oyer, the distinct shoulder at 8986 eV is absent in the calcu-
tem by uncovering the partial spectral components in a stéfation. The worst situation emerges for thgz’ polarization:
by-step way, employing experimental setups with specialrheory correctly provides the peaks-aB992 and 8998 eV,
“convenient” values of partial spectral weights—as indi- put the theoretical peak at 8986 eV has a superfluous double
cated in Table I). The results of such a procedure are dis-structure and, more seriously, there is no experimental coun-
played in Fig. 6, both for the cell and the local coordinateterpart to the peak predicted at 8983 eV.

systems. It is evident from Fig. 6 that the prepeak in CuO The energy position of the quadrupole prepeak is pre-
indeed is almost exclusively of guadrupolenature. dicted correctly by the theory, apart from a minor 1-eV shift.
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8980 8990 9000 eV; the fifth of them is shifted by about 1 eV to higher
— ——— — energies, and its FWHM is about 0.02 eV. We do not display
quadrupole contributions, - d., these raw theoretical curves for brevity. The predicted de-

FAl experiment - c{/,z, composition of the theoretical prepeak into individdaike

Py d., components appears to be in a disagreement with the decom-

i",,.‘-._ x30 z position obtained from experimental ddt. the two upper
i A AT dz, panels of Fig. 7.
f"i{.”-t“}‘af‘. - dzf2

VIl. DISCUSSION

The success of decomposing the experimentaKeadge
XANES into just three dipole spectral components confirms
our initial conjecture that deviations of CuO crystal from the
orthorhombic structure are not significant in this respect. Us-
ing another terminology, the dipole cross-tefslthough
formally present, do not give rise to observable features in
this case. This is not surprising: As noted in Sec. 1V, it is the
deviation of the anglg@=99.54° from the right angle, which
causes the dipole-selected polarized spectra of CuO to com-
prise four independent components instead of merely three.
As this deviation is not very large, it is natural to expect that
just three components ought to be enough to describe the
dipole part of the polarized CK-edge spectra of CuO.

A bit more unexpectedly, we founflom the experiment
that a consistent local coordinate systety’z’, suitable for
polarized XANES analysis, has to be oriented so thatxthe

-
’

dipole contributions, .-~
experiment ....°

,5..-‘ S P andy’ axes are directegarallel to the sidesf the CuQ
B "z’ parallelogram, as shown in Fig. 1. Note that in earlier publi-
cations dealing with the electronic structure of Cy€g.,
8980 8990 9000 Ref. 21), local coordinate axes seem to have been oriented
energy [eV] differently—namely, parallel to the Cu-O bonds. Neverthe-

less, this fact probably has only a secondary importance for
FIG. 7. Comparison of theoretical and experimental partial specphysical problems. Note also that in the case of higtsu-
tral components of CK-edge XANES in thdocal coordinate sys- perconductors, a suitable orientation of tkeandy’ axes
tem. Dipole transitions are represented by pHike components in  within the CuQ layers may be different than in the case of
the lower two frames, and quadrupole transitions give rise to theCuQ, as the orthorhombic distortion of thg Gase is much
d-like components shown in the upper two frames. In the lower twolower for highT. materials than for cu®
frames, the dotted line denotes thg component, the solid line The purely quadrupolenature of the prepeak was estab-
denotes thep,, component, and dashed lines denote phecom-  |ished in a positive way, both experimentally and theoreti-
ponent. The quadrupole-relateldike components in the two upper cqjly Preliminary assignments based on investigations of
ILaeTnersn\év;rt\eliggllgphed by ten or 30 as indicated, in order to makeCuCI2 and CuCif molecular complexé?glz are thus con-
' firmed. The reproduction of this prepeak by earlier RS-MS
calculations;? which were limited to the dipole contribu-
The peak intensity of the theoretical quadrupole spectrafions only, was just a fortuitous one: The putative unpolar-
curves is about three times higher than of the experimentdked “prepeak” actually arose from the spuriops peak at
ones—still, it is much lower than the intensity of dipole 8983 eV(see the lower two panels of Fig).7
peaks occurring at higher energies. The overall intensity of We feel that only a rigorous analysis of the kind per-
the prepeak in the unpolarized, isotropic case, evaluated biprmed here, for the material in question, can be considered
Eq. (5) and integrated over the whole prepeak energy rangas sufficient to determine the quadrupole or dipole character
(with the extent of about 8 ey is about seven times higher of the prepeak. Our study thus puts on a solid ground earlier
for the theory than for the experiment. tentative attributions of quadrupole character to prepeaks in
Our calculation suggests that the spectidike compo-  more complex copper oxides as well. In particular, e.g., Saini
nents arise from transitions to highly localized states: Theet al?* identified a quadrupole transition in GUXANES of
theoretical structure presented in Fig. 7 was actually geneBi,Sr,CaCuyOg, 5, relying just on a comparison of two po-
ated by broadening the raw calculated spectrum, which comarized spectra. Exploiting the analogy between CuO and
prises just five very intense and very narrow Lorentzian-Bi,Sr,CaCyOg, 5, our study provides indirect but firm evi-
shaped resonances. Four of them are located around 89@@nce in support of their conclusion.
eV, they are separated in energy by 0.06—0.10 eV from each By analyzing the experimental spectra, we found a con-
other, and their FWHM'’s are in the range of 0.003—0.010sistent way of describing the quadrupole contribution in
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terms of just fived-like components, which happens formally Grioni et al® Both groups discovered that the projection of
only for tetragonal and higher symmetries. However, thethe lowest unoccupied states in CuO onto the Cu site has a
quadrupole prepeak is weak and in fact quite structurelessl,. > character. However, it can be deduced that their coor-
meaning that definite conclusions concerning negligibility ofdinate system is rotated by 45° with respect to our local
the quadrupole cross-termsannot be drawn solely from this coordinate framécf. Fig. 1), which means that thei,z.,2
observation. Note that, contrary to the dipole case, the formadrbital actually corresponds to ttug,,, orbital in our nota-
presence of cross-terms in the quadrupole part oKedge-  tion. Thus it can be concluded that our experimental finding
polarized spectra of CuO is not caused just by the slighsupports earlier theoretical resuft&: A similar conclusion
deviation of 8 from the right angle: Even for an orthorhom- in its nature—viz., that the lowest unoccupied states lie in
bic structure, there would still be six independent compo-the localx’'y’ plane—was reached also for,Bi,CaCyOg
nents left, i.e., one too many to be interpretable in terms oby analyzing polarization dependence of the experimental O
d-like DOS-related componentef. Sec. IV—one needs a K edge spectré(?

tetragonal symmetry to reduce the number of spectral com- There is a significant disagreement between theory and
ponents down to five or even fourAn intuitive reason why experiment for thep,, dipole component around 8983 eV.
one could do with just five components only might rest in theSince our calculation relies on a non-self-consistent muffin-
fact that the x-ray absorption process is a local one in itgin potential generated via the Mattheiss prescription, one
nature and, hence, it is the local symmetry of the €a@€mi-  cannot aim at a very good coincidence between experimental
rectangle which matters moglthough, formally, it is the and theoretical curves. Nevertheless, the existence of a pro-
full point group of the crystal and not the local point group nounced spurious peak in the theory is a larger failure than
of the photoabsorber which determines the angular depemne would expect. This is especially surprising given the fact
dence of polarized spectfa. As the deviation of the Cu  that our calculation correctly reproduces the position and in-
semirectangle from a perfect square is not a drastic one, tensity of the quadrupole peak, which is even closer to the
can be expected that no large error is generated by relying drermi level(and hence more prone to deficiences of the scat-
five components only. By sticking with fivé-like spectral tering potentigl. This reminds one of the case of the polar-
components, it is also more easier to make links with previized V K-edge XANES spectra of 305, where failures of
ous studies, as x-ray spectra of CuO and related compoundse theory for the polarizede|z component were also
were often treated within the tetragor@l,, framework in  observed®

the pasf?° Thus we adopt the negligibility of quadrupole It is not evident what is the cause of this failure. Tenta-
cross-terms as a “working hypothesis,” not inconsistenttively we suggest, however, the breakdown of the muffin-tin
with our analysis of experimental results. approximation as the main reason: #i&’ and ||y’ spec-

As a whole, it is first of all the overall magnitude of each tra, which mainly probe the electronic structure of more
of the dy,y,dy/,, ... contributions to the quadrupole pre- closely packed'y’ planes are reproduced markedly better
peak(areas below the respective curyéisat is provided by than theel|z’ component, which is presumably more affected
our analysis. The double-peak structure apparent from thby the loose CuO structure in tlzé direction. We would not
uppermost panel of Fig. 7 may be an artifact. Our RS-MSdisclose this failure of the theory unless polarized spectra
calculation fails to reproduce the experiment-based decomwere involved. Comparison of the theory with polarized ex-
position of the quadrupole peak into five specific partialperiments also reveals that the calculated structure provision-
spectrald-like components. An obvious, though not very re- ally identified with the prepeak in earlier theoretical studies
vealing, explanation at hand is the inadequacy of the scattesf unpolarized spectra actually arose from this falsp,,
ing potential we employed for energies that close to thepeak at 8983 eV.
threshold: A non-self-consistent muffin-tin potential may be The calculation describes some of the features in the
just accurate enough to reproduce the prepeak in position arghoulder structure of the polarized spectra betwes3986
intensity  but insufficient to provide a correct and 8992 eV; however, some of the experimental peaks do
dyryr,0yrzr, ... decomposition. This interpretation is plau- not have theoretical counterparts in this energy raegee-
sible given the fact that inaccuracies in the calculation occucially the p,, peak at 8986 e\ At this energy range—
even at higher energies, where the details of the scatteringround 10 eV above the edge—one can expect that the defi-
potential ought to play an even smaller role. However, oneiencies of a non-self-consistent muffin-tin potential,
should bear in mind that the experimental decomposition itemployed by us, need not be very significant. Let us recall
self may also be inaccurate—due to neglect of the crossfurther that previous studies suggested a many-body interpre-
terms (see aboveand/or due to statistical errors in the ex- tation of the shoulder structufel! Hence, in light of these
perimental data. Evidently, further study seems to befacts, it seems plausible that the shoulder structure is of a
necessary before the shares of individdaly, ,dy/,/, ... mixed origin In part it is of a one-electron nature, and in part
components in the prepeak are known more precisely anid is caused by many-body shake-down processes of the kind
reliably. At the moment, we put more trust in the analysis ofexplored by Bair and Goddafd,Kosugi et al,’® and
the experimental data, and assume that the prepeak is confokoyamaet al! The same argument evidently applies to
prised mainly of thed,,,, componen{measured in the local the unpolarized spectra as well. Nevertheless, the purely one-
coordinate frampg electron nature of the shoulder peaks still cannot be excluded

This finding of ours can be confronted with results of as long as a proper full-potential self-consistent study is
electronic structure calculations by Anisimat al? and  made. On the other hand, an exclusively many-body inter-
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pretation of the whole shoulder between 8986 and 8992 eVAPPENDIX: EXTRACTION OF QUADRUPOLE PARTIAL
seems to be improbable in the light of our results. SPECTRAL COMPONENTS

The pe_aks of the theoreti.cgl spectrum are §harper tha'n in Even if the experimental spectra were measured abso-
Fhe experlment, (_even_after finite core hole lifetime SmearlnQ‘utely accurately, it still would not be possible to resolve
is applied (especially in case op,: and p,, components  ,artia| spectral components of both dipole and quadrupole
The need for additional smearing suggests a further phOtQSrigin simultaneously, just by inverting thex@ system
electron lifetime reduction—an effect which may have COM-[Egs.(3) and(4)]. The reason for this is that the eight spheri-

mon grOUndS in other heavier transition metals as Well cal harmonicior their linear Combinations on which we
project the angular part of the radiatively perturbed core
VIIl. CONCLUSIONS state, do not form an orthogonal basis. Rather, they form two

. . _ . orthogonal bases, namely, a three-dimensional base and a

We found that a “natural” local coordinate system, suit- iye-dimensional base—but no eight-dimensional base. Of
able for analyzing low-lying unoccupied electron states, iScourse, the hydrogenlike wave functiofisit not their angu-
defined by the sides of the Cy@uasirectangle rather than |5f part3 do form an orthogonal 88 system.
by the Cu-O bonds. The prepeak in the Ktedge XANES This can be observed from the fact that the partial spectral
spectrum of CuO is a purely quadrupole one. One-electroiveights, which form the coefficients of thex@ system,
theory, based on a non-self-consistent muffin-tin potentialconform the orthonormalization requirement for thel and
correctly identifies the quadrupole prepeak and a more pro2 cases separately:
nounced polarized structure generated by dipole transitions, xy.z
apart from a notable failure at 8983 eV for tpe compo- 2 (Y e 1] Yog) 2= 1
nent in the local frame—a breakdown which would remain = « 00 :
uncovered if only unpolarized spectra were analyzed. By
analyzing the experimental data, we find that states giving XY XZ, ... 2
rise to the prepeak lie within the'y’ plane and have mainly > [(YulereKYo?=1.
ad,,, character, in agreement with earlier electronic struc- “
ture calculationg:®* A partial agreement between theory and One can check this for the particular form of spectral decom-
experiment in the shoulder region suggests that this structurgosition we use directly, by inserting the Cartesian compo-
may arise partly from one-electron states and partly frorments of thee andk vectors(which can be found, e.g., in

many-body processes. Ref. 27 into Egs.(3) and (4), thus forming an & 8 matrix
of the coefficients. It is now straightforward to show that the
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