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X-ray-absorption near-edge structure of CuGaSe2 and ZnSe: Experiment and theory
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X-ray-absorption near-edge structure~XANES! spectra of a ternary semiconductor CuGaSe2 at the Cu, Ga,
and Se edges were measured and compared with Zn and Se spectra of ZnSe, taken from the literature. Having
all five absorbing atoms in nearly identical coordination environments, we investigate the influence of the
electronic structure on the XANES spectra. The spectra of CuGaSe2 and of ZnSe were calculated using a
real-space multiple-scattering approach and using a pseudopotential band-structure technique. Both computa-
tional methods yield spectra that are in a good agreement with experiment. The effect of the size of the cluster
involved in the real-space calculation on the calculated XANES spectra is investigated. Using self-consistent
muffin-tin potentials does not lead to significantly different CuGaSe2 spectra than using non-self-consistent
potentials. Real-space multiple-scattering spectra calculated without core holes exhibit only minor differences
with respect to those obtained for relaxed screened core holes, the largest effect being found for Zn spectrum
of ZnSe. Employing unrelaxed or unscreened core hole potentials resulted in spectra that did not agree with
experiment. Contrary to earlier reports, no effect of charge transfer on the calculated XANES spectra of ZnSe
was found.@S0163-1829~97!03744-2#
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I. INTRODUCTION

X-ray-absorption spectroscopy~XAS! has established it
self as a useful tool for structural studies, especially in s
tems with broken translation symmetry. There are two ing
dients that determine the form of x-ray-absorption spec
~i! the arrangement of atoms around the absorbing atom
~ii ! the electronic structure of the material. It has been kno
for a long time that the geometrical aspect~‘‘real structure’’!
dominates in the extended x-ray-absorption fine-struc
~EXAFS! region while the electronic structure significan
increases in the x-ray-absorption near-edge struc
~XANES! region.

Most applications of XAS to structural studies involv
EXAFS spectra. In that case, due to the high energy of
excited photoelectron, it is usually sufficient to describe sc
tering properties of atoms in a solid using basically a fr
atom model, neglecting thus the details of the electro
structure completely. The relative straightforward extract
of the structural information from EXAFS data is possib
because x-ray-absorption spectra are sensitive to b
lengths only in that region. If information involving bon
angles is of interest~e.g., orientation of an adsorbed mo
ecule with respect to the surface!, one has to rely on
XANES. Then, in contrast to EXAFS, the electronic stru
ture of the investigated material may play an important ro
It is therefore crucial to assess the relative importance of
influence of the real structure and of the electronic struct
of the compound on its XANES spectrum.

The most straightforward way to separate geometric
electronic-structure related contributions to XANES spec
is to investigate edges of different atoms surrounded by
identicalgeometricalarrangement of atoms. Such a suitab
560163-1829/97/56~20!/13151~11!/$10.00
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system presents Cu, Ga, and SeK edges of a ternary I-III-
VI 2 chalcopyrite semiconductor CuGaSe2 and Zn and SeK
edges of its isoelectronic II-VI analog, ZnSe. As ZnSe cr
tallizes in a cubic zinc-blende structure and CuGaSe2 forms
its nearly perfect supercell~apart from 2% tetragonal distor
tion and 1% contraction of bond lengths!, we have in total
five edges of atoms in nearlyidentical geometrical environ-
mentsto compare. Hence, all differences among these x-
absorption spectra must be due to electronic structure
fects. By comparing analogous spectra in different co
pounds~Cu, Ga, and Zn edges on the one side, Se edge
the other side!, the effect of ‘‘averaging of formal valences’
on the XANES spectra can be investigated as well.

Ternary chalcopyrite semiconductors have been subjec
intensive research on their own~also due to their potentia
technological relevance to photovoltaic solar cells, lig
emitting diodes, and nonlinear optical devices!. Their elec-
tronic structure was theoretically investigated by Jaffe a
Zunger.1 All three K edges of CuFeS2 were measured and
compared to Cu, Fe, and S spectra of compounds with s
lar or different atomic arrangements.2 Experimental sulfur
x-ray absorption spectra of ZnS, CuGaS2, and CuFeS2 were
analyzed by Sainctavitet al.3 McKeown4 compared both
measured and calculated Cu, Fe, and Zn XANESK spectra
of CuFeS2 and ZnS.

This paper contains analyses of both experimental
theoretical spectra of all cation as well as anion edges o
ternary semiconductor CuGaSe2 and of its binary analog
ZnSe. The experimental spectra of CuGaSe2 were recorded
in our laboratory, the experimental spectra of ZnSe w
taken from an earlier work of Matsuura, Fujikawa, a
Ōyanagi.5 Two methods of calculation of XANES spectr
were employed, namely, a pseudopotential band-struc
13 151 © 1997 The American Physical Society
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technique and a real-space multiple-scattering approach.
sensitivity of the calculated spectra to self-consistency in
potential, to the core hole treatment, and to the cation-an
charge transfer is also investigated.

II. EXPERIMENT

CuGaSe2 samples were prepared in the polycrystalli
form. The synthesis was performed in a quartz ampoule
Ar atmosphere~the gas pressure about 2 Pa! from elements
of 5N purity. The stoichiometric melt was gradually heat
to 900 °C; at this temperature the melt was held for 18 h.
homogenize the sample, the temperature was raised
1150 °C and maintained for 6 h, then lowered to 900 °
held at this temperature for 5 days, and finally cooled.

The Cu, Ga, and Se absorptionK edges in CuGaSe2 were
measured using a two-crystal spectrometer and an x
spectrometry tube. The analyzing crystals were Si~111! and
Si~220! in the (m,2n) position. The spectra were collecte
in a transmission mode. Each measured data point sh
here represents an average of repeated measurements
measured spectra were deconvoluted by the apparatus sm
ing function.

III. CALCULATIONS

A. Band-structure calculation

For calculating electronic structure and x-ray absorpt
spectra of CuGaSe2 and ZnSe, a self-consistent pseudopot
tial approach was employed.6 The atomic pseudopotentia
were generated by the phase-shift technique,7 the Ceperley-
Adler exchange, and a correlation term in an analytical for6

was used.
The potentials permitted tractable computation in a pla

wave basis with a cutoff in kinetic energy of 30 Ry for stru
tures having eight atoms in a unit cell. While this imposes
restraints on ZnSe, the real CuGaSe2 compound with 16 at-
oms per unit cell cannot be treated in this way. Therefo
instead of a full CuGaSe2 geometry, a simplified structur
was dealt with~see Tables I and II and Fig. 1!. In this sim-
plified structural model, the local structure around all ato
in CuGaSe2 is preserved, only positions of atoms formin
second-nearest neighbors are interchanged compared t
full structure of the real CuGaSe2. The crystallographic data
necessary for our work were taken from theCRYSTIN

database.8

For the calculation of the x-ray transition matrix eleme
the radial part of it is approximated by a constant in t
whole energy range of spectra. The angular part of the ma
element was calculated exactly, using the plane-wave b
mentioned above. The calculatedK-spectra have been con
voluted with a Lorentzian function to take into account t
lifetimes of the 1s core holes. More details about the com
putational technique are given in Ref. 9.

B. Real-space multiple-scattering approach

The principles of the real-space multiple-scattering~RS-
MS! approach were thoroughly reviewed elsewhere.10,11 The
computer code we used is an amended version of
ICXANES program of Vvedensky, Saldin, and Pendry.12 Their
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approach makes it possible to handle even very large clus
of atoms by dividing the whole cluster into shells and calc
lating the scattering within individual shells and betwe
them separately. In all real-space calculations presen
here, full multiple scattering was taken into account. T
maximum angular momentum included in the single-s
scattering wasl max54; the maximum angular momentum
included in the intershell scattering13 was l out520. Both of
these limits were checked for convergence.

1. Construction of muffin-tin potential

The RS-MS approach relies on the so-called muffin-
approximation, which considers the crystal potential to
spherically symmetric inside nonintersecting spheres aro
individual atoms and constant in the interstitial region. Bo

TABLE II. Unit cell axes and positions of atoms inside a un
cell of a simplified CuGaSe2. Positions of atoms are in Cartesia
coordinates. All lengths are in angstroms.

CuGaSe2—simplified geometry

Lattice vectors:a 5.61 0.00 0.00
b 0.00 5.61 0.00
c 0.00 0.00 5.50

Atoms: Cu 0.00 0.00 0.00
Cu 0.00 2.80 2.75
Ga 2.80 2.80 0.00
Ga 2.80 0.00 2.75
Se 1.40 1.40 1.37
Se 4.21 4.21 1.37
Se 1.40 4.21 4.12
Se 4.21 1.40 4.12

TABLE I. Unit cell axes and positions of atoms inside a un
cell of real CuGaSe2. Positions of atoms are in Cartesian coord
nates. All lengths are in angstro¨ms.

CuGaSe2—full geometry

Lattice vectors:a 5.61 0.00 0.00
b 0.00 5.61 0.00
c 0.00 0.00 11.00

Atoms: Cu 0.00 0.00 0.00
Cu 0.00 2.80 2.75
Cu 2.80 2.80 5.50
Cu 2.80 0.00 8.24
Ga 2.80 2.80 0.00
Ga 2.80 0.00 2.75
Ga 0.00 0.00 5.50
Ga 0.00 2.80 8.24
Se 1.40 1.40 1.37
Se 4.21 4.21 1.37
Se 1.40 4.21 4.12
Se 4.21 1.40 4.12
Se 4.21 4.21 6.87
Se 1.40 1.40 6.87
Se 4.21 1.40 9.62
Se 1.40 4.21 9.62
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non-self-consistent and self-consistent potentials were te
in our real-space calculations.

A standard way of constructing a non-self-consist
muffin-tin potential is via the Mattheiss prescription:14 elec-
tron densities calculated for free atoms are put in appropr
positions of the crystal lattice and Coulombic~Hartree! and
exchange parts of the crystal potential are calculated as
perpositions of partial contributions from individual atom
This type of potential proved to be very useful in XANE
calculations in the past15 and we employed it here as well.

Electron densities for free atoms were calculated s
consistently, making use of the local density approximati
The exchange-correlation potential of Ceperley and Ad6

was used for atomic calculations. In constructing the M
theiss potential appropriate for unoccupied states,
energy-independentXa potential with the Kohn-Sham valu
of a50.66 was used.16

A self-consistent muffin-tin potential was constructed
CuGaSe2 using the results of pseudopotential band-struct
calculations. The electron charge density within spheres
radius RS52.50 a.u. around each atom was reconstruc
from self-consistent pseudodensities via the procedure
scribed in Ref. 17, and the electron density in the space
tween those spheres was simply identified with
pseudodensity. The electron density obtained in this way
then distributed among particular atoms according to
‘‘Wigner-Seitz’’ criterion ~every point of a crystal was attrib
uted to the atom that was the closest one to it! and made
spherically symmetric by angular averaging. This partitio
ing of the self-consistent electron charge makes it possibl
construct a self-consistent muffin-tin potential via the sa
technical procedures as in the case of the Mattheiss poten

We used nonoverlapping spheres, and the muffin-tin r
were determined so that the initial superimposed poten
matched at the touching points~or rather, as this condition
cannot be strictly met for all atoms, so that the overall p
tential difference is as small as possible!. The muffin-tin zero
was set to the average interstitial potential. This proced
introduces a step in the potential at the sphere bounda
which may occasionally lead to unphysical oscillations in
XANES spectra.18 However, on the average such a potent
deviates from the ‘‘true’’ non-muffin-tin potential less than
does in the case when the muffin-tin zero is identified w
the value of the intrasphere potential at the sphere bound

To check whether our results are sufficiently robust w
respect to small changes in the somewhat arbitrary muffin

FIG. 1. Perspective diagrams of unit cells of ZnSe and CuGa2

and of the simplified version of CuGaSe2.
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parameters, we made a few exploratory calculations for
ferent choices of muffin-tin zero~reducing thus the potentia
step at the sphere boundaries! for different sets of muffin-tin
radii and also introducing a 20% sphere overlap. No sign
cant changes in the spectra were observed.

2. Treatment of core hole

The transition of an electron from a deep core level in
unoccupied orbitals is an intrinsically dynamic process, as
other electrons tend to react to the creation of a hole
behind. At least in certain classes of materials, however,
process can be described in terms of transitions betw
single-particle states of a static Hamiltonian. In simple m
als, the ‘‘final-state rule’’ has been proven,19 according to
which the states of the excited photoelectron ought to
calculated in a static potential that takes into account
presence of a core hole. On the other hand, Stern and Re20

investigated the x-ray absorption process using a refor
lated Hartree-Fock approach and found that it reduces
single-particle problem only in the limits of transitions
nearly empty and nearly filled bands: in the former case
final state with a core hole is the appropriate one, while
the latter case the ground-state potential~without core hole!
ought to be used.

Currently, there seems to be no sufficiently general a
simple rule available to estimate, without explicit calcul
tion, whether the core hole effect is significant for a partic
lar XANES spectrum or not. Self-consistent electronic stru
ture calculations demonstrated that the significance of
core hole for XANES spectra simulation strongly depends
the type of the edge and on the material considered.21,22 In-
deed, in some cases, the presence of a core hole ha
significant effect on the x-ray absorption spectra,23–25 while
in other cases it was found to be important and possible to
taken into account via the final-state rule.26,27Thorough stud-
ies of bcc metals28 and of transition-metal disilicides29,30

found that neither neglecting the core hole altogether
taking it into account~relaxed and screened by passive ele
trons! resulted in a fully satisfactory agreement betwe
measured and calculated XANES spectra.

More types of ‘‘core hole potentials’’ can be introduce
depending on the way the remaining~passive! electrons are
allowed to respond to the occurrence of a hole in an in
atomic shell. To investigate the core hole effect in I-II
VI 2 and II-VI semiconductors, we considered the followin
options:~i! ground-state potential~no core hole!, ~ii ! relaxed
and screened core hole~atomic calculation performed for a
s vacancy and one extra electron added to the lowest un
cupied level!, ~iii ! relaxed unscreened core hole~atomic cal-
culation performed for an atom with a 1s vacancy, i.e., for a
ion!, and~iv! unrelaxed unscreened core hole~atomic calcu-
lation was performed for a ground-state atom and thes
electron was removed only afterwards!. The frequently used
‘‘ Z11’’ approximation corresponds to our second opti
~relaxed passive electrons and screened core hole!.

3. Charge transfer

When constructing non-self-consistent potentials app
priate for XANES calculations of partially ionic compound
there is a question of how to simulate the effect of the el

e
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tron charge transfer between the cation and the anion. C
tradictory conclusions were reached in the past concern
the necessity to consider such processes for accurate x
absorption spectra calculations~compare Refs. 5,31 and 32
34!. As an earlier work on ZnSe reported a significant s
sitivity of XANES spectra to the charge distribution,5 we
included the investigation of this effect to our study as we

We compare results obtained withno electron charge re-
distributionand with a charge redistribution predicted by t
Pauling electronegativity model. In the latter case, the
amount of the redistributed chargeq associated with theA–
B bond of anANB82N crystal with a coordination numbe
M is35

q512
N

M
expF2

1

4
~XA2XB!2G , ~1!

where XA and XB are Pauling electronegativities of ele
mentsA andB. For ZnSe, this method yields a charge d
tribution Zn0.57Se20.57. For CuGaSe2, after using the averag
electronegativity of Cu and Ga forXA and splitting the total
cation charge between Cu and Ga in a 1:3 ratio, we
Cu0.27Ga0.83Se2

20.55.

IV. RESULTS AND DISCUSSION

A. Experimental cation and anion spectra

Our experimental results for CuGaSe2 are presented in
Figs. 2 and 3, together with ZnSe experimental data of M
suuraet al.5 All spectral curves have been normalized so t
they would have the same height at the high-energy tail~this
is true also for all theoretical curves presented in this pap!.
The horizontal alignment between different spectra was c

FIG. 2. ExperimentalK-edge spectra of Cu and Ga in CuGaS2

and of Zn in ZnSe. Dotted lines are experimental curves multip
by ten. The ZnSe spectrum is taken from Ref. 5.
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sen to achieve the best possible overall agreement betw
corresponding peaks of different spectra. The origin of
energy scale is arbitrary.

The spectra split naturally into two classes—cation sp
tra and anion spectra. Note that although the geometr
arrangements of atoms are identical when ‘‘seen’’ from
ther cation or anion sites, the differences between XAN
spectra are resolvable at first sight for the two groups.

Spectra of ZnSe and of CuGaSe2 can be compared with
analogous spectra of chemically and structurally sim
compounds: McKeown4 presentsK-spectra of Zn in ZnS and
of Cu and Fe in CuFeS2, experimentalK-spectra of sulfur in
ZnS, CuGaS2, and CuFeS2 can be found in Ref. 3, and Zn
K-edge and TeL1-edge spectra of ZnTe are shown in Re
36. Indeed, when rescaling due to different lattice consta
is taken into account, gross features of the cation spe
mentioned above correspond to spectra displayed in Fig
while the sulfur spectra3 resemble spectra shown in Fig.
Interestingly, the TeL1 edge of ZnTe does not quite fit int
this scheme—maybe because of different matrix eleme
for K andL1-edge spectra.

Our main concern, however, is comparison of ZnSe a
CuGaSe2 spectra. There are differences not only between
cation spectra on the one side and the anion spectra on
other but also among particular spectra within each gro
The differences between Cu, Zn, and Ga spectra~Fig. 2! are
larger than between Se spectra of CuGaSe2 and ZnSe~Fig.
3!. This indicates that the central atom~i.e., the atom with
the core hole! has an important role in the formation of th
XANES spectrum. This is consistent with the conclusion
McKeown4 that the edge shapes of Zn in ZnS and of Cu a
Fe in CuFeS2 are determined mainly by atomiclike factors

The height of the first peak of cation spectra~labeledA in
Fig. 2! increases in the order CuI→ZnII→GaIII , contrary to
the FeIII→CuI→ZnII sequence in CuFeS2 ~Ref. 4!. There
are no prepeaks at any edge of CuGaSe2 ~note that a preedge
feature appears at the Cu edge for most copper compoun2!.
The Zn spectrum shows some details in the near-edge re

d

FIG. 3. ExperimentalK-edge spectra of Se in CuGaSe2 and of
Se in ZnSe. Dotted lines are experimental curves multiplied by
The ZnSe spectrum is taken from Ref. 5.
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that are not observed in the Cu or Ga edge of CuGa2,
although there are no significant differences among Cu,
and Ga core hole lifetimes.37 It is evident from Fig. 2 that the
Zn spectrum definitely isnot an averageof Cu and Ga spec
tra, as one might naively expect by judging just from th
isoelectronic analogy.

The most visible difference between Se spectra of the
compounds~Fig. 3! is that the intensity at the low-energ
side of the main peakA is higher for CuGaSe2 than for ZnSe.
This is in agreement with the analogous situation for CuG2
and ZnS~Ref. 3!—one just has to keep in mind difference
in core hole lifetime broadenings of S and Se K spectra~0.59
eV vs 2.33 eV, according to Ref. 37!.

B. Band-structure calculation

The band structure of CuGaSe2 was at first used for cal
culation of K emission bands of all three elements. A ve
good agreement between theoretical and experimental x-
emission spectra was found.38 In this paper we applied the
self-consistent band-structure results to unoccupied sta
The outcome is presented in Fig. 4.~Note that the origin of
the energy scale coincides with the computed top of the
lence band of CuGaSe2 in all graphs of this figure.! As can
be seen, the theory reproduces the experiment very well,
ticularly in the near-edge region~up to 20 eV above the onse
of the conduction band!.

XANES spectra of ZnSe were calculated in this way
well, with the agreement between theory and experiment
ing similar to that for CuGaSe2. As this ‘‘reference com-
pound’’ is not in our focus in this work, the results will b
presented only together with the outcome of re
space calculations in Sec. V.

C. Cluster size effect

The real-space approach makes it possible to estimate
spatial extent of the region where particular spectral featu
are ‘‘formed.’’ To facilitate contact with band
structure calculation, we performed the cluster size anal
for the potential reconstructed from selfconsistent pseudo
tentials, as described in Sec. III B 1. As CuGaSe2 and ZnSe
spectra provided basically the same picture for the dep
dence of XANES spectra on the cluster size, only CuGa2
results are summarized in Fig. 5. No broadening of the sp
tral curves was introduced at this stage. In Table III, det
about the first ten ZnSe coordination spheres and t
CuGaSe2 counterparts are provided. Two or three atom
shells were always joined into a single shell for the purp
of our shell-by-shell multiple-scattering calculations~see
Sec. III B!.

The general conclusion that can be made from Fig. 5
that while high and distinct peaks are reproduced within re
tively small clusters, very large clusters are necessary to
involved if correct simulation of fine spectral details is r
quired: the principal peaks~denotedA andC for cation and
A and B for anion spectra! are typically reproduced within
17-atoms clusters, very small peaks~D, F, and G for cations
and C and D for anions! appear distinctly at their converge
positions only for clusters including more than 200 atoms
similar conclusion for Ba edges of BaF2 could be drawn
from recent results of Chaboy.39
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be A fairly well cluster-size-converged CuGaSe2 spectrum
can be obtained for 47 atoms. Not surprisingly, this is a
the cluster size that McKeown4 found sufficient for the
CuGaSe2 spectra calculation. Note that just five atoms a
usually not sufficient to describe prominent peaks at
edges satisfactorily.

Another feature worth attention is that the ‘‘fine stru
ture’’ at the low-energy side of the main peakA in the Se
spectrum appears only for clusters containing at least 71

FIG. 4. Results of pseudopotential band-structure calculation
Cu, Ga, and SeK-edges of CuGaSe2 together with the experiment
The zero energy corresponds to the bottom of the conduction b
Dotted lines are experimental curves multiplied by ten.
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FIG. 5. Real-space multiple-scattering calculation of XANES spectra of CuGaSe2 for a few representative cluster sizes. Muffin-ti
potential constructed from self-consistent band-structure calculation used, core hole not taken into account. The origin of the energ
arbitrary.
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oms. This, together with the fact that at least 47 atoms
needed to reproduce the kink at the low-energy side of thA
peak in Zn spectrum of ZnSe~results not displayed here fo
brevity—cf. Fig. 2 and Sec. IV F below!, relates to the dis-
cussion of whether prepeaks and features at the very e
ought to be attributed to atomic bound-state transitions of
absorber or whether they can be ascribed to interference
fects from crystal structure~compare, e.g., Ref. 2 with Ref.
for CuFeS2 or Ref. 40 with Ref. 41 for copper oxides!: the
common experience is that, usually, preedge features ca
reproduced by RS-MS calculations provided sufficien
large clusters are taken into account. However, precisel
this preedge energy region~i.e., close to the muffin-tin zero!,
the drawbacks of the muffin-tin approximation and of t
usual non-self-consistency in scattering potentials are
pected to be most serious. It seems, therefore, that mor
search is needed before definite conclusions about this i
can be made.
re

ge
e

ef-

be

in

x-
re-
ue

TABLE III. Atomic shells in CuGaSe2 and ZnSe: number of
atoms in a particular shell, cumulative numbers of atoms in
lower shells including the one in concern, distances of atoms
given shell from the absorbing atom~in angstro¨ms!.

Shell No. of atoms Cumulative Distances Dista
label in the shell no. of atoms in CuGaSe2 in ZnSe

1 1 1 0.00 0.00
2 4 5 2.41 2.43
3 12 17 3.93,3.96 3.97
4 12 29 4.57,4.60 4.66
5 6 35 5.49,5.61 5.62
6 12 47 6.05,6.10 6.12
7 24 71 6.77,6.84 6.88
8 16 87 7.15,7.23,7.28 7.30
9 12 99 7.85,7.93 7.94

10 24 123 8.22,8.25,8.29 8.31
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FIG. 6. XANES spectra of CuGaSe2 calculated using the band-structure technique for an infinite solid and applying the R
formalism for a 449-atomic cluster. Band-structure spectra were calculated for the simplified CuGaSe2 geometry only~cf. Sec. III A and Fig.
1!, real-space spectra are presented both for the simplified and for the full geometry. Solid lines represent results that were sm
account for finite core-hole lifetimes, broken lines stand for nonsmoothed spectra.
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D. Comparison of real-space multiple-scattering
and band-structure calculations

In the preceding section, we studied how CuGaSe2 spectra
evolve when the cluster size is being increased up to
atoms~radius of such a cluster is 13.1 Å!. The next logical
step is to investigate theoretical spectra for infinitely lar
clusters, i.e., relying on band-structure methods. Comp
son of band-structure spectra with real-space spectra of
atom clusters is done in Fig. 6. The same crystal poten
were used in both approaches~apart from the muffin-tin con-
striction in the RS-MS case!. Both ‘‘raw’’ spectra as well as
spectra convoluted with Lorentzian curves to account
core hole lifetimes37 are presented. As the band structure w
calculated for a simplified model CuGaSe2 geometry ~cf.
Sec. III A!, real-space results are presented both for a
and for a simplified geometry as well. The origin of th
energy scale in Fig. 6 as well as the horizontal alignmen
band-structure and RS-MS spectra are arbitrary.

The first conclusion to be reached from comparing
corresponding real-space curves in Fig. 6 with each othe
that simplifying the CuGaSe2 geometry as in Sec. III A doe
not effect the resulting x-ray spectra significantly. Anoth
striking feature revealed by Fig. 6 is that while for Ga and
spectra both band-structure and RS-MS approaches y
very similar results, there are large differences for the
edge in the low-energy region~for E,15 eV!.

It is not quite clear what is the origin of this discrepanc
It cannot be due to the finite size of the cluster, as conv
gence with respect to cluster size was reached for as fe
9
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47 atoms in this energy region~cf. Fig. 5!. Hence, just two
sources of disagreement are left: either omission of the
ergy dependence of the radial parts of band-structure ma
elements~see Sec. III A! or neglect of non-muffin-tin effects
in the RS-MS calculation. The good agreement between
band-structure Cu spectrum and the experiment, as s
from Fig. 4, suggests that omission of the energ
dependence of matrix elements is a reasonable approx
tion in this case. Therefore, the most probable explana
for the disagreement between band-structure and r
space results for the Cu edge seems to be the neglec
non-muffin-tin effects in our RS-MS approach. To o
knowledge, this is for the first time that a failure of th
muffin-tin approximation in calculating XANES spectra o
solids is indicated by comparing muffin-tin and non-muffi
tin calculations~for molecules, this was done by Foulis, Pe
tifer, and Sherwood42!. Clearly, a more detailed analysis o
this subject is still needed.

Another interesting point to note when comparing no
smoothed band-structure and real-space curves in Fig.
that the agreement between the two calculations is bette
lower energies than for higher ones: peaks at ba
structure curves are significantly sharper than peaks at r
space curves forE.20 eV, although for lower energies th
shapes of peaks are quite similar both for band-structure
real-space spectra. A similar tendency can be seen, e.g
KCl band-structure and RS-MS spectra of Datsyuk, G
gusin, and Vedrinskii43 ~although for a much smaller cluste
of 57 atoms!.
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E. Sensitivity to the scattering potential construction

1. Effect of self-consistency

All RS-MS curves presented so far were calculated us
a self-consistent muffin-tin potential obtained from a pseud
potential band-structure calculation. As most XANES calc
lations rely on the non-self-consistent Mattheiss potential
may be useful to test quantitatively its suitability for a no
trivial semiconducting compound. Therefore, for each of t
three CuGaSe2 edges, we performed two ‘‘identical’’ RS-
MS calculations using the same cluster of 123 atoms but t
different potentials. The differences between XANES spec
generated by a self-consistent and by a non-self-consis
~Mattheiss! potential are demonstrated in Fig. 7. Clearl
both potentials give rise to very similar spectra. This findi
is consistent with analogous analysis done earlier, e.g.,
insulating CaO by Wille, Durham, and Sterne33 and for me-
tallic Cu by Šipr, Vackář, and Šimůnek.44

Let us stress again that, due to the muffin-tin model
volved in our RS-MS calculation , the self-consistent pote
tial investigated in Fig. 7 is not the same as the potential t
gives rise to the theoretical spectra calculated by the ba
structure technique~Fig. 4!. This may be particularly signifi-
cant at the first;10 eV of the Cu spectrum. As noted in Se
IV D, the ‘‘self-consistent’’ real-space calculation does n
reproduce the experiment in this energy region accuratel
rather, it closely resembles non-self-consistent results. T
recalls the conclusion of Foulis, Pettifer, and Sherwoo42

FIG. 7. RS-MS calculation of Cu, Ga, and Se spectra
CuGaSe2 for a cluster of 123 atoms for a muffin-tin potential take
from self-consistent band-structure calculation~solid line! and for
non-self-consistent potential constructed via the Mattheiss presc
tion ~dotted line!. The core hole is not included in either case.
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that by imposing muffin-tin constraints on the molecular p
tential, one effectively loses the benefits of self-consisten

2. Core hole effect

In Sec. III B 2, we reviewed briefly previous investiga
tions of the core hole effect, quoting that~i! its significance
may depend strongly on the chemical type of absorbing a
and that~ii ! neither neglecting the core hole nor taking it in
account results in an accurate description of experime
spectra in some cases. To investigate the core hole effe
CuGaSe2 and ZnSe, we calculated x-ray-absorption spec
for four different models of core hole potentials and comp
them with each other and with the experiment~Fig. 8!.

Our first finding is that, generally, the best agreement w
experiment is found either without any core hole or with
relaxed and screened core hole potential~which is the usual
option of how it is dealt with!. This agrees well with findings
of Gegusinet al.32 for alkali halides and of Chaboy39 for
BaF2 ~note, however, that Tamuraet al.21 found that the core
hole relaxation is not a complete one for metals!. The relaxed
and unscreened potential, suggested, e.g., by Refs. 45
performs worse than a relaxed and screened one in Fig.

There is no significant difference between curves cor
sponding to calculations with no core hole and with a relax
and screened core hole—with the exception of the Zn e
in ZnSe: in that case, a notable increase of the first p
intensity is observed when the core hole is taken into
count, thereby improving the agreement between theory
experiment significantly. This supports the general conc
sion of Weijs et al.48 that the main effect of a core hol
consists in increasing the intensity of the XANES spectr
close to the Fermi energy~this effect is demonstrated clearl
also in Refs. 32, 43 and 49!.

There seems to be no obvious intuitive reason why
core hole effect should be significant just in the Zn spectr
and not in the others—neither phase shifts nor scatte
amplitudes have any anomaly or distinctive feature t
would indicate this peculiarity ‘‘in advance.’’ Hence, ou
analysis supports the experience mentioned in Sec. III B
viz., that it is not possible to make a qualified judgme
about the significance of the core hole effect for a particu
XANES spectrum without calculating it.

3. Effect of charge transfer

We investigated the effect or charge transfer on x-r
absorption spectra of CuGaSe2 and ZnSe by comparing th
spectra calculated for a Mattheiss potential generated by
tral atomic charge densities and by charge densities of
propriate ions, as specified in Sec. III B 3. Figure 9 prese
comparison of XANES spectra of ZnSe for these two typ
of potentials. Evidently, hardly any influence of the ion
charges can be seen. Similarly, CuGaSe2 spectra also do no
display any dependence on the charge transfer~we do not
present the results here for brevity!.

There seems to be a direct contradiction of our res
with the results of Matsuura, Fujikawa, and Oȳanagi,5 who
report a significant sensitivity of their calculated spectra
the amount of ionic charges on the atoms in ZnSe. We
not able to identify the reason for this disagreement. O
confidence in the results presented here follows parti
from the good agreement of our calculated spectra with

f
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FIG. 8. RS-MS calculation of x-ray-absorption spectra of CuGaSe2 and of ZnSe for a cluster of 123 atoms for different core h
treatments~cf. Sec. III B 2!. For comparison, experimental spectra are included as well~experimental curves for ZnSe are taken from R
5!. Theoretical curves were smoothed to account for finite core hole lifetimes.
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periment~see Sec. IV F!, which is considerably better than i
the work of Matsuura, Fujikawa, and Oȳanagi5 ~probably
mainly due to larger cluster sizes employed here!.

We conclude, therefore, that there appears to be very l
sensitivity of the calculated XANES spectra to the way
dealing with the charge transfer during Mattheiss poten
construction.

F. Comparison of theory and experiment

In previous sections, we investigated the influence of v
ous factors on the calculated x-ray-absorption spectra. H
in Figs. 10 and 11, we finally present a detailed compari
between theory and experiment. Both band-structure as
as RS-MS calculations were performed for CuGaSe2 and
ZnSe. The real-space results presented in this section
obtained for clusters of radii 13.2 Å, including 449 atoms
CuGaSe2 and 441 atoms for ZnSe. All theoretical curv
were broadened to account for core hole lifetimes but not
experimental apparatus smearing. The relative position
individual curves with respect to the energy axis were cho
so that the best overall fit between spectral peak posit
would be obtained.

For CuGaSe2 spectra, shown in Fig. 10, a rea
space calculation was done for the muffin-tin form of t
same self-consistent potential as used for calculating
band-structure curves. The presence of a core hole
omitted, as justified in Sec. IV E 2 for CuGaSe2. As can be
le
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n
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FIG. 9. RS-MS calculation of Zn and Se x-ray-absorption sp
tra of ZnSe for a cluster of 123 atoms obtained for non-io
Zn0.00Se0.00 ~solid line! and for ionic Zn0.57Se20.57 ~dotted line!
potential models.
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FIG. 10. Experimental and theoretical Cu, Ga, and Se spectra of CuGaSe2. The dotted lines represent experimental curves multiplied
ten. Real-space calculation was performed for clusters of 449 atoms. Core hole was not taken into account. The RS-MS cu
obtained for a muffin-tin version of the self-consistent band-structure potential.
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seen from Fig. 10, both RS-MS and band
structure calculations yield theoretical spectra that are
good agreement with experiment—the only exception bein
failure of the real-space calculation to reproduce peakA in
the Cu spectrum correctly, as discussed already in Sec. IV

For ZnSe, a comparison of theory with experiment is don
in Fig. 11. For this compound, real-space calculations we
performed for a non-self-consistent Mattheiss potential onl
A relaxed and screened core hole was taken into accou
when calculating the RS-MS curves of Fig. 11, in accordan
with the significant core hole effect for Zn spectrum found i

FIG. 11. Experimental and theoretical Zn and Se spectra
ZnSe. The dotted lines represent experiment of Ref. 5 multiplied
ten. Real-space multiple-scattering calculation was performed f
clusters of 441 atoms. Non-self-consistent Mattheiss potential w
no charge transfer and a relaxed and screened core hole was u
for real-space calculations. For band-structure calculations, t
core hole was omitted.
in
g
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e
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Sec. IV E 2. Otherwise, Fig. 11 is analogous to Fig. 10.
features of the experimental curves of Matsuura, Fujika
and Ōyanagi5 are reproduced remarkably well by both ban
structure and RS-MS calculations, especially where their
sitions are concerned.

Interestingly, although our band-structure calculation d
not take into account the core hole, it yields a good ratio
the relative intensity ofA andC peaks of the Zn spectrum—
contrary to the case when RS-MS approach was applie
the Mattheiss potential with no core hole~see Fig. 8!. This
may be due to neglecting the energy dependence of ma
elements in our application of the band-structure formalis
as mentioned in Sec. III A. The influence of matrix eleme
on x-ray-absorption spectra of semiconductors is curre
under investigation~cf. also discussion of possible non
muffin-tin effects in Sec. IV D!.

V. CONCLUSIONS

We studied in total five XANES spectra of CuGaSe2 and
ZnSe, all corresponding to the same geometrical arran
ment of atoms around the absorbing one~different atomic
types in nearly identical positions!. There are significant dif-
ferences between cation and anion spectra. The differe
between individual edges of the cation group~Cu, Zn, Ga!
are larger than differences between the two anion spectra~Se
in CuGaSe2 and in ZnSe!. We interpret this feature as
manifestation of the role of the chemical type of the abso
ing atom. Averaging of formal valences is not directly r
flected in XANES spectra—the ZnII spectrum of ZnSe can
not be viewed as just an average of CuI and GaIII spectra of
CuGaSe2.

The experimental spectra of CuGaSe2 and of ZnSe can be
described accurately within a one-electron theory both
the band-structure and via the real-space multip
scattering formalism. The only exception is the first peak
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the Cu spectrum of CuGaSe2, which is correctly accounted
for in the band-structure spectrum but is suppressed in
real-space calculation. This may be a consequence of
muffin-tin approximation involved in our RS-MS approac

In real-space calculation, the most prominent spec
features can be described using clusters of 17 atoms. H
ever, more than 200 atoms are needed to reproduce corr
small peaks as well. For 47-atom clusters, a reason
agreement between theory and experiment is obtained.

Using self-consistent muffin-tin potential does not lead
significantly better CuGaSe2 spectra than using non-sel
consistent Mattheiss potential. Theoretical XANES spec
of CuGaSe2 and ZnSe calculated involving a relaxed a
screened core hole are essentially the same as spectra c
lated without taking the core hole into account. The larg
~and the only significant! core-hole effect was observed fo
m

,

ys

hy
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the Zn spectrum of ZnSe. Potentials constructed using
laxed unscreened or unrelaxed unscreened core holes
rise to spectra that are not in agreement with experim
Employing transfer of charge from cations to anions dur
Mattheiss potential construction does not lead to import
changes in the XANES spectra.
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