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X-ray-absorption near-edge structure of CuGaSe and ZnSe: Experiment and theory
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X-ray-absorption near-edge structyd@ANES) spectra of a ternary semiconductor CuGa&ethe 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 CuGa®k 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 CuGa§gectra 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[S0163-18287)03744-3

I. INTRODUCTION system presents Cu, Ga, and Se=dges of a ternary I-lll-
VI, chalcopyrite semiconductor CuGaSmd Zn and S&

X-ray-absorption spectroscog)XAS) has established it- edges of its isoelectronic 1I-VI analog, ZnSe. As ZnSe crys-
self as a useful tool for structural studies, especially in systallizes in a cubic zinc-blende structure and CuGagems
tems with broken translation symmetry. There are two ingreits nearly perfect supercelapart from 2% tetragonal distor-
dients that determine the form of x-ray-absorption spectration and 1% contraction of bond lengihsve have in total
(i) the arrangement of atoms around the absorbing atom arfile edges of atoms in nearlgientical geometrical environ-

(i) the electronic structure of the material. It has been knowmentsto compare. Hence, all differences among these x-ray
for a long time that the geometrical aspé€teal structure”) absorption spectra must be due to electronic structure ef-
dominates in the extended x-ray-absorption fine-structuréects. By comparing analogous spectra in different com-
(EXAFS) region while the electronic structure significance pounds(Cu, Ga, and Zn edges on the one side, Se edges on
increases in the x-ray-absorption near-edge structurthe other sidg the effect of “averaging of formal valences”
(XANES) region. on the XANES spectra can be investigated as well.

Most applications of XAS to structural studies involve  Ternary chalcopyrite semiconductors have been subject to
EXAFS spectra. In that case, due to the high energy of thintensive research on their owalso due to their potential
excited photoelectron, it is usually sufficient to describe scattechnological relevance to photovoltaic solar cells, light-
tering properties of atoms in a solid using basically a free-emitting diodes, and nonlinear optical devicegheir elec-
atom model, neglecting thus the details of the electronidronic structure was theoretically investigated by Jaffe and
structure completely. The relative straightforward extractionZzunger® All three K edges of CuFeSwere measured and
of the structural information from EXAFS data is possible compared to Cu, Fe, and S spectra of compounds with simi-
because x-ray-absorption spectra are sensitive to bonidr or different atomic arrangemerftsExperimental sulfur
lengths only in that region. If information involving bond x-ray absorption spectra of ZnS, CuGa&nd CuFe$ were
angles is of intereste.g., orientation of an adsorbed mol- analyzed by Sainctaviet al®> McKeowrf* compared both
ecule with respect to the surfgceone has to rely on measured and calculated Cu, Fe, and Zn XANESpectra
XANES. Then, in contrast to EXAFS, the electronic struc-of CuFeS$ and ZnS.
ture of the investigated material may play an important role. This paper contains analyses of both experimental and
It is therefore crucial to assess the relative importance of théheoretical spectra of all cation as well as anion edges of a
influence of the real structure and of the electronic structuréernary semiconductor CuGaSand of its binary analog
of the compound on its XANES spectrum. ZnSe. The experimental spectra of CuGa®@ere recorded

The most straightforward way to separate geometric anéth our laboratory, the experimental spectra of ZnSe were
electronic-structure related contributions to XANES spectradaken from an earlier work of Matsuura, Fujikawa, and
is to investigate edges of different atoms surrounded by afyanagi® Two methods of calculation of XANES spectra
identicalgeometricalarrangement of atoms. Such a suitablewere employed, namely, a pseudopotential band-structure
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technigue and a real-space multiple-scattering approach. The TABLE I. Unit cell axes and positions of atoms inside a unit
sensitivity of the calculated spectra to self-consistency in theell of real CuGaSg Positions of atoms are in Cartesian coordi-
potential, to the core hole treatment, and to the cation-aniofates. All lengths are in angsins.

charge transfer is also investigated.

CuGaSe—full geometry

Il. EXPERIMENT Lattice vectorsa 5.61 0.00 0.00
. . b 0.00 5.61 0.00
CuGaSe samples were prepared in the polycrystalline c 0.00 0.00 11.00
form. The synthesis was performed in a quartz ampoule and ) ) '
Ar atmospherdthe gas pressure about 2)Heom elements Atoms: Cu 0.00 0.00 0.00
of 5N purity. The stoichiometric melt was gradually heated Cu 0.00 2.80 2.75
to 900 °C; at this temperature the melt was held for 18 h. To Cu 2.80 2.80 5.50
homogenize the sample, the temperature was raised to Cu 2.80 0.00 8.24
1150 °C and maintained for 6 h, then lowered to 900 °C, Ga 2.80 2.80 0.00
held at this temperature for 5 days, and finally cooled. Ga 2.80 0.00 2.75
The Cu, Ga, and Se absorptignedges in CuGaSevere Ga 0.00 0.00 5.50
measured using a two-crystal spectrometer and an x-ray Ga 0.00 2.80 8.24
spectrometry tube. The analyzing crystals werd Bi) and Se 1.40 1.40 1.37
Si(220) in the (m,—n) position. The spectra were collected Se 4.21 4.21 1.37
in a transmission mode. Each measured data point shown Se 1.40 4.21 4.12
here represents an average of repeated measurements. The Se 4.21 1.40 4.12
measured spectra were deconvoluted by the apparatus smear- Se 4.21 4.21 6.87
ing function. Se 1.40 1.40 6.87
Se 4.21 1.40 9.62
ll. CALCULATIONS Se 1.40 421 9.62

A. Band-structure calculation

For calculating electronic structure and x-ray absorptior@PProach makes it possible to handle even very large clusters
spectra of CuGagand ZnSe, a self-consistent pseudopoten_of atoms by dIVIdIng the whole cluster into shells and calcu-
tial approach was employ€dThe atomic pseudopotentials lating the scattering within individual shells and between
were generated by the phase-shift technifjttee Ceperley- them separatgly. In all .real—space calc.ulations presented
Adler exchange, and a correlation term in an analytical form here, full multiple scattering was taken into account. The
was used. maximum angular momentum included in the single-site

The potentials permitted tractable computation in a planescattering was” n,,=4; the maximum angular momentum
wave basis with a cutoff in kinetic energy of 30 Ry for struc- included in the intershell scatterigwas /o= 20. Both of
tures having eight atoms in a unit cell. While this imposes ndhese limits were checked for convergence.
restraints on ZnSe, the real CuGagempound with 16 at-
oms per unit cell cannot be treated in this way. Therefore, 1. Construction of muffin-tin potential

instead of a full CuGaSegeometry, a simplified structure  The RS-MS approach relies on the so-called muffin-tin
was dealt with(see Tables | and Il and Fig).lin this sim-  approximation, which considers the crystal potential to be
p|lf|ed structural model, the local structure around all atom%pherica”y Symmetric inside nonintersecting Spheres around

in CuGaSe is preserved, only positions of atoms forming individual atoms and constant in the interstitial region. Both
second-nearest neighbors are interchanged compared to the

full structure of the real CuGageThe crystallographic data TABLE II. Unit cell axes and positions of atoms inside a unit
necessary for our work were taken from tERYSTIN  cell of a simplified CuGaSe Positions of atoms are in Cartesian

databasé. coordinates. All lengths are in angstroms.
For the calculation of the x-ray transition matrix element,
the radial part of it is approximated by a constant in the CuGaSeg—simplified geometry

whole energy range of spectra. The angular part of the matrix

element was calculated exactly, using the plane-wave basis -3ce vectorsa 5.61 0.00 0.00
mentioned above. The calculat€dspectra have been con- b 0.00 561 0.00
voluted with a Lorentzian function to take into account the ¢ 0.00 0.00 5.50
lifetimes of the B core holes. More details about the com-  Atoms: Cu 0.00 0.00 0.00
putational technique are given in Ref. 9. Cu 0.00 2.80 2.75
Ga 2.80 2.80 0.00

B. Real-space multiple-scattering approach Ga 2.80 0.00 2.75

o _ Se 1.40 1.40 1.37

The principles of the real—spacg multiple-scatter{iR$- Se 421 421 1.37
MS) approach were thoroughly reviewed elsewh&r&.The Se 1.40 491 112
computer code we used is an amended version of the Se 4:21 1:40 4:12

ICXANES program of Vvedensky, Saldin, and Pendfyheir
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parameters, we made a few exploratory calculations for dif-
ferent choices of muffin-tin zer@educing thus the potential
step at the sphere boundayiésr different sets of muffin-tin
radii and also introducing a 20% sphere overlap. No signifi-
cant changes in the spectra were observed.

ZnSe CuGaSe CuGaSey
full geometry simplified geometry

2. Treatment of core hole

The transition of an electron from a deep core level into
unoccupied orbitals is an intrinsically dynamic process, as all
other electrons tend to react to the creation of a hole left

Zn @ Cu @ Ga @ Se O behind. At least in certain classes of materials, however, this
' process can be described in terms of transitions between

FIG. 1. Perspective diagrams of unit cells of ZnSe and CugaSesingle-particle states of a static Hamiltonian. In simple met-

and of the simplified version of CuGaSe als, the “final-state rule” has been provéhaccording to
which the states of the excited photoelectron ought to be

non-self-consistent and self-consistent potentials were testggy|culated in a static potential that takes into account the

in our real-space calculations. ~ presence of a core hole. On the other hand, Stern andRehr

A standard way of constructing a non-self-consistentpyestigated the x-ray absorption process using a reformu-
tron densities calculated for free atoms are put in appropriatgingle-particle problem only in the limits of transitions to
positions of the crystal lattice and Coulomtifldartreg and  nearly empty and nearly filled bands: in the former case the
exchange parts of the crystal potential are calculated as sina| state with a core hole is the appropriate one, while in
perpositions of partial contributions from individual atoms. e |atter case the ground-state potentwthout core holg
This type of potential proved to be very useful in XANES qygnt to be used.
calculations in the paStand we employed it here as well. — Cyrrently, there seems to be no sufficiently general and

Electron densities for free atoms were calculated selfsimple rule available to estimate, without explicit calcula-
consistently, making use of the local density approximationtion, whether the core hole effect is significant for a particu-
The exchange-correlation potential of Ceperley and Adler|ar x ANES spectrum or not. Self-consistent electronic struc-
was used for atomic calculations. In constructing the Matyyre calculations demonstrated that the significance of the
theiss potential appropriate for unoccupied states, thggre hole for XANES spectra simulation strongly depends on
energy-independeita_potential with the Kohn-Sham value the type of the edge and on the material consid&téiin-
of =0.66 was usedf deed, in some cases, the presence of a core hole has no

A self-consistent muffin-tin pOtential was constructed forsigniﬁcant effect on the X-ray absorption Speéﬁ_g’swh”e
CuGaSeg using the results of pseudopotential band-structurgn other cases it was found to be important and possible to be
calculations. The electron charge density within spheres ofaken into account via the final-state réfe’ Thorough stud-
radius Rs=2.50 a.u. around each atom was reconstructeges of bcc metaf€ and of transition-metal disilicidé%%°
from self-consistent pseudodensities via the procedure dgound that neither neglecting the core hole altogether nor
scribed in Ref. 17, and the electron density in the space bagking it into accountrelaxed and screened by passive elec-
tween those spheres was simply identified with theyrong resulted in a fully satisfactory agreement between
pseudodensity. The electron density obtained in this way wageasured and calculated XANES spectra.
then distributed among particular atoms according to the More types of “core hole potentia|s” can be introduced,
“Wigner-Seitz” criterion (every point of a crystal was attrib- depending on the way the remainifpassivé electrons are
uted to the atom that was the closest one foaitd made jgjlowed to respond to the occurrence of a hole in an inner
spherically symmetric by angular averaging. This partition-agtomic shell. To investigate the core hole effect in I-llI-
ing of the self-consistent electron charge makes it possible tq| , and I1-vI semiconductors, we considered the following
construct a self-consistent muffin-tin pOtential via the Sam%ptions:(i) ground_state potenti&ho core ho|¢| (") relaxed
technical procedures as in the case of the Mattheiss potentigind screened core halatomic calculation performed for a 1

We used nonoverlapping spheres, and the muffin-tin radig yacancy and one extra electron added to the lowest unoc-
were determined so that the initial superimposed potentialgypied leve), (jii) relaxed unscreened core hétomic cal-
matched at the touching pointer rather, as this condition cyation performed for an atom with @ Yacancy, i.e., for a
cannot be strictly met for all atoms, so that the overall po-ion), and(iv) unrelaxed unscreened core hégomic calcu-
tential difference is as small as possiblehe muffin-tin zero  |ation was performed for a ground-state atom and tee 1
was set to the average interstitial potential. This procedur@jectron was removed only afterwaydhe frequently used
introduces a step in the potential at the sphere boundariesz 1~ approximation corresponds to our second option

which may occasionally lead to unphysical oscillations in the(rejaxed passive electrons and screened core.hole
XANES spectra® However, on the average such a potential

deviates from the “true” non-muffin-tin potential less than it
does in the case when the muffin-tin zero is identified with
the value of the intrasphere potential at the sphere boundary. When constructing non-self-consistent potentials appro-
To check whether our results are sufficiently robust withpriate for XANES calculations of partially ionic compounds,
respect to small changes in the somewhat arbitrary muffin-tithere is a question of how to simulate the effect of the elec-

3. Charge transfer
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FIG. 3. ExperimentaK-edge spectra of Se in CuGaSad of
P P B R I U R Se in ZnSe. Dotted lines are experimental curves multiplied by ten.

0 10 20 30 40 50 60 The ZnSe spectrum is taken from Ref. 5.
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sen to achieve the best possible overall agreement between
FIG. 2. ExperimentaK-edge spectra of Cu and Ga in CuGaSe corresponding peaks of different spectra. The origin of the
and of Zn in ZnSe. Dotted lines are experimental curves multipliedenergy scale is arbitrary.
by ten. The ZnSe spectrum is taken from Ref. 5. The spectra split naturally into two classes—cation spec-
tra and anion spectra. Note that although the geometrical
tron charge transfer between the cation and the anion. Comarrangements of atoms are identical when “seen” from ei-
tradictory conclusions were reached in the past concerninther cation or anion sites, the differences between XANES
the necessity to consider such processes for accurate x-ragpectra are resolvable at first sight for the two groups.
absorption spectra calculatiotmmpare Refs. 5,31 and 32—  Spectra of ZnSe and of CuGaSean be compared with
34). As an earlier work on ZnSe reported a significant sen-analogous spectra of chemically and structurally similar
sitivity of XANES spectra to the charge distributidrwe  compounds: McKeowhpresentK-spectra of Zn in ZnS and
included the investigation of this effect to our study as well.of Cu and Fe in CuFeSexperimentaK -spectra of sulfur in
We compare results obtained witlo electron charge re- ZnS, CuGag and CuFeScan be found in Ref. 3, and Zn
distributionand with a charge redistribution predicted by theK-edge and Td ;-edge spectra of ZnTe are shown in Ref.
Pauling electronegativity modelin the latter case, the 36. Indeed, when rescaling due to different lattice constants

amount of the redistributed chargeassociated with th&— s taken into account, gross features of the cation spectra
B bond of anANB8~N crystal with a coordination number mentioned above correspond to spectra displayed in Fig. 2,
M is® while the sulfur spectraresemble spectra shown in Fig. 3.

Interestingly, the Te; edge of ZnTe does not quite fit into
this scheme—maybe because of different matrix elements
for K andL-edge spectra.

) o Our main concern, however, is comparison of ZnSe and
where X, and Xg are Pauling electronegativities of ele- cyGaSespectra. There are differences not only between the
mentsA andB. For ZnSe, this method yields a charge dis-cation spectra on the one side and the anion spectra on the
tribution Zn>%'Se™%%". For CuGaSg after using the average other but also among particular spectra within each group.
eIeCtronegatiVity of Cu and Ga fO('A and Spllttlng the total The differences between Cu, Zn, and Ga Spqﬁrg_ 2) are
cation Charge between Cu and Ga in a 1:3 ratio, we g%rger than between Se spectra of CUW ZnSe(F|g

— N 1 2
q—l—mex _Z(XA_XB) y (1)

Cu®?’Ga’¥%se, 0%, 3). This indicates that the central atofire., the atom with
the core holghas an important role in the formation of the
IV. RESULTS AND DISCUSSION XANES spectrum. This is consistent with the conclusion of

McKeowr that the edge shapes of Zn in ZnS and of Cu and

Fe in CuFegare determined mainly by atomiclike factors.
Our experimental results for CuGgSare presented in The height of the first peak of cation specti@beledA in

Figs. 2 and 3, together with ZnSe experimental data of MatFig. 2) increases in the order Guzn"—Gd", contrary to

suuraet al® All spectral curves have been normalized so thathe Fé'—Cu—2zn" sequence in CuFgS(Ref. 4. There

they would have the same height at the high-energy(tisié  are no prepeaks at any edge of CuGa®ete that a preedge

is true also for all theoretical curves presented in this paper feature appears at the Cu edge for most copper compfunds

The horizontal alignment between different spectra was chofhe Zn spectrum shows some details in the near-edge region

A. Experimental cation and anion spectra
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that are not observed in the Cu or Ga edge of CuGaSe —— ]
although there are no significant differences among Cu, Zn Cu in CuGaSe,
and Ga core hole lifetime¥.It is evident from Fig. 2 that the

Zn spectrum definitely isot an averagef Cu and Ga spec- .
tra, as one might naively expect by judging just from their
isoelectronic analogy.

The most visible difference between Se spectra of the tw
compounds(Fig. 3) is that the intensity at the low-energy
side of the main peak is higher for CuGaSghan for ZnSe.
This is in agreement with the analogous situation for CuGaS
and ZnS(Ref. 3—one just has to keep in mind differences
in core hole lifetime broadenings of S and Se K spe(ra9
eV vs 2.33 eV, according to Ref. B7

experiment

normalized XANES

theory 1

B. Band-structure calculation

The band stru_ctgre of CuGapweas at first used for cal- Galin CuGaSelzz
culation of K emission bands of all three elements. A very .
good agreement between theoretical and experimental x-ra)
emission spectra was fouritlin this paper we applied the
self-consistent band-structure results to unoccupied state
The outcome is presented in Fig. @ote that the origin of
the energy scale coincides with the computed top of the va
lence band of CuGa$én all graphs of this figurg.As can
be seen, the theory reproduces the experiment very well, pa
ticularly in the near-edge regidnp to 20 eV above the onset
of the conduction band theory 1
XANES spectra of ZnSe were calculated in this way as
well, with the agreement between theory and experiment be
ing similar to that for CuGaSe As this “reference com-
pound” is not in our focus in this work, the results will be T CorT T
presented only together with the outcome of real- Se in CuGaSe, 1
space calculations in Sec. V.

normalized XANES

C. Cluster size effect

The real-space approach makes it possible to estimate tt
spatial extent of the region where particular spectral feature
are “formed.” To facilitate contact with band-
structure calculation, we performed the cluster size analysi
for the potential reconstructed from selfconsistent pseudopc
tentials, as described in Sec. 1l B 1. As CuGa8erd ZnSe theory 1
spectra provided basically the same picture for the deper
dence of XANES spectra on the cluster size, only CuGaSe —
results are summarized in Fig. 5. No broadening of the spec 0 10 20 30
tral curves was introduced at this stage. In Table I, details energy [eV]
about the first ten ZnSe coordination spheres and thei
CuGaSe counterparts are provided. Two or three atomic
shells were always joined into a single shell for the purpose FIG. 4. Results of pseudopotential band-structure calculation of
of our shell-by-shell multiple-scattering calculatioisee ~ Cu, Ga, and S&-edges of CuGaSeogether with the experiment.
Sec. 11l B. The zero energy corresponds to the bottom of the conduction band.

The general conclusion that can be made from Fig. 5 jPotted lines are experimental curves multiplied by ten.
that while high and distinct peaks are reproduced within rela-
tively small clusters, very large clusters are necessary to be A fairly well cluster-size-converged CuGaSspectrum
involved if correct simulation of fine spectral details is re- can be obtained for 47 atoms. Not surprisingly, this is also
quired: the principal peak&lenotedA andC for cation and the cluster size that McKeownfound sufficient for the
A and B for anion spectraare typically reproduced within CuGaSe spectra calculation. Note that just five atoms are
17-atoms clusters, very small peal F, and G for cations usually not sufficient to describe prominent peaks at the
and C and D for anionsappear distinctly at their converged edges satisfactorily.
positions only for clusters including more than 200 atoms. A Another feature worth attention is that the “fine struc-
similar conclusion for Ba edges of Balould be drawn ture” at the low-energy side of the main peakin the Se
from recent results of Chabdy. spectrum appears only for clusters containing at least 71 at-

experiment 1

normalized XANES
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FIG. 5. Real-space multiple-scattering calculation of XANES spectra of CuGaa few representative cluster sizes. Muffin-tin
potential constructed from self-consistent band-structure calculation used, core hole not taken into account. The origin of the energy scale is

arbitrary.

. . TABLE Ill. Atomic shells in CuGaSgand ZnSe: number of
oms. This, together with the fact that at least 47 atoms argioms in a particular shell, cumulative numbers of atoms in all

needed to reproduce the kink at the low-energy side oAthe |ower shells including the one in concern, distances of atoms of
peak in Zn spectrum of ZnSgesults not displayed here for given shell from the absorbing atofim angstions).

brevity—cf. Fig. 2 and Sec. IV F belowrelates to the dis-

cussion of whether prepeaks and features at the very ed@hell No. of atoms Cumulative

Distances Distance

Ought to be attributed to atomic bound-state transitions of th%be| in the shell no. of atoms in CuGaSe in ZnSe
absorber or whether they can be ascribed to interference ef-

fects from crystal structureompare, e.g., Ref. 2 with Ref. 4 1 1 1 0.00 0.00
for CuFe$ or Ref. 40 with Ref. 41 for copper oxideshe 2 4 > 2.41 2.43
common experience is that, usually, preedge features can be3 12 17 3.93,3.96 3.97
reproduced by RS-MS calculations provided sufficiently 4 12 29 4.57,4.60 4.66
large clusters are taken into account. However, precisely in 5 6 35 5.49,5.61 5.62
this preedge energy regidne., close to the muffin-tin zejp 6 12 47 6.05,6.10 6.12
the drawbacks of the muffin-tin approximation and of the 7 24 71 6.77,6.84 6.88
usual non-self-consistency in scattering potentials are ex- 8 16 87 7.15,7.23,7.28 7.30
pected to be most serious. It seems, therefore, that more re-9 12 99 7.85,7.93 7.94
search is needed before definite conclusions about this issueg 24 123 8.22,8.258.29 8.31

can be made.
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FIG. 6. XANES spectra of CuGagealculated using the band-structure technique for an infinite solid and applying the RS-MS
formalism for a 449-atomic cluster. Band-structure spectra were calculated for the simplified Gg@&a®etry only(cf. Sec. lll A and Fig.
1), real-space spectra are presented both for the simplified and for the full geometry. Solid lines represent results that were smoothed to
account for finite core-hole lifetimes, broken lines stand for nonsmoothed spectra.

D. Comparison of real-space multiple-scattering 47 atoms in this energy regidief. Fig. 5. Hence, just two
and band-structure calculations sources of disagreement are left: either omission of the en-

In the preceding section, we studied how CuGaectra €9y dependence of the radial parts of band-structure matrix
evolve when the cluster size is being increased up to 44§lementdsee Sec. Ill A or neglect of non-muffin-tin effects
atoms(radius of such a cluster is 13.1) AThe next logical in the RS-MS calculation. The good agreement between the
step is to investigate theoretical spectra for infinitely largeband-structure Cu spectrum and the experiment, as seen
clusters, i.e., relying on band-structure methods. Compariffom Fig. 4, suggests that omission of the energy-
son of band-structure spectra with real-space spectra of 44@ependence of matrix elements is a reasonable approxima-
atom clusters is done in Fig. 6. The same crystal potentialon in this case. Therefore, the most probable explanation
were used in both approach@part from the muffin-tin con- for the disagreement between band-structure and real-
striction in the RS-MS cageBoth “raw” spectra as well as space results for the Cu edge seems to be the neglect of
spectra convoluted with Lorentzian curves to account fomon-muffin-tin effects in our RS-MS approach. To our
core hole lifetime¥ are presented. As the band structure wasknowledge, this is for the first time that a failure of the
calculated for a simplified model CuGaSgeometry (cf. muffin-tin approximation in calculating XANES spectra of
Sec. Il A), real-space results are presented both for a fulkolids is indicated by comparing muffin-tin and non-muffin-
and for a simplified geometry as well. The origin of the tin calculationgfor molecules, this was done by Foulis, Pet-
energy scale in Fig. 6 as well as the horizontal alignment ofifer, and Sherwodt}). Clearly, a more detailed analysis of
band-structure and RS-MS spectra are arbitrary. this subject is still needed.

The first conclusion to be reached from comparing the Another interesting point to note when comparing non-
corresponding real-space curves in Fig. 6 with each other ismoothed band-structure and real-space curves in Fig. 6 is
that simplifying the CuGaSegeometry as in Sec. Il A does that the agreement between the two calculations is better for
not effect the resulting x-ray spectra significantly. Anotherlower energies than for higher ones: peaks at band-
striking feature revealed by Fig. 6 is that while for Ga and Sestructure curves are significantly sharper than peaks at real-
spectra both band-structure and RS-MS approaches yiekpace curves foE>20 eV, although for lower energies the
very similar results, there are large differences for the Ciwshapes of peaks are quite similar both for band-structure and
edge in the low-energy regiafior E<15 eV). real-space spectra. A similar tendency can be seen, e.g., in

It is not quite clear what is the origin of this discrepancy. KCI band-structure and RS-MS spectra of Datsyuk, Ge-
It cannot be due to the finite size of the cluster, as convergusin, and Vedrinskif (although for a much smaller cluster
gence with respect to cluster size was reached for as few ad 57 atoms.
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that by imposing muffin-tin constraints on the molecular po-
tential, one effectively loses the benefits of self-consistency.

| R L N
Effect of selfconsistency

. 2. Core hole effect
— selfconsistent

----- non-selfconsistent In Sec. Il B 2, we reviewed briefly previous investiga-
tions of the core hole effect, quoting th@} its significance
may depend strongly on the chemical type of absorbing atom
and that(ii) neither neglecting the core hole nor taking it into
account results in an accurate description of experimental
spectra in some cases. To investigate the core hole effect in
CuGaSe and ZnSe, we calculated x-ray-absorption spectra
for four different models of core hole potentials and compare
them with each other and with the experiméhig. 8).

Ouir first finding is that, generally, the best agreement with
experiment is found either without any core hole or with a
relaxed and screened core hole poterfiidiich is the usual
option of how it is dealt with. This agrees well with findings
of Gegusinet al®? for alkali halides and of Chabdy for
BaF, (note, however, that Tamugt al?! found that the core
hole relaxation is not a complete one for mekalhe relaxed
and unscreened potential, suggested, e.g., by Refs. 45-47,
performs worse than a relaxed and screened one in Fig. 8.
T e T There is no significant difference between curves corre-

0 10 20 30 40 50 60 sponding to calculations with no core hole and with a relaxed
energy [eV] and screened core hole—with the exception of the Zn edge
in ZnSe: in that case, a notable increase of the first peak

FIG. 7. RS-MS calculation of Cu, Ga, and Se spectra ofintensity is observed when the core hole is taken into ac-
CuGaSefor a cluster of 123 atoms for a muffin-tin potential taken count, thereby improving the agreement between theory and
from self-consistent band-structure calculatisolid ling) and for  experiment significantly. This supports the general conclu-
non-self-consistent potential constructed via the Mattheiss prescripsion of Weijs et al?® that the main effect of a core hole
tion (dotted ling. The core hole is not included in either case. consists in increasing the intensity of the XANES spectrum
close to the Fermi energdyhis effect is demonstrated clearly

Se in CuGaSe,

Ga in CuGaSe,

normalized XANES

Cu in CuGaSe, ]

E. Sensitivity to the scattering potential construction also in Refs. 32, 43 and 49
) There seems to be no obvious intuitive reason why the
1. Effect of self-consistency core hole effect should be significant just in the Zn spectrum

All RS-MS curves presented so far were calculated usin@nd not in the others—neither phase shifts nor scattering
a self-consistent muffin-tin potential obtained from a pseudo@mplitudes have any anomaly or distinctive feature that
potential band-structure calculation. As most XANES calcu-Would indicate this peculiarity “in advance.” Hence, our
lations rely on the non-self-consistent Mattheiss potential, i@nalysis supports the experience mentioned in Sec. IlI B 2,
may be useful to test quantitatively its suitability for a non-ViZ-» that it is not possible to make a qualified judgment
trivial semiconducting compound. Therefore, for each of the00ut the significance of the core hole effect for a particular
three CuGaSeedges, we performed two “identical” RS- XANES spectrum without calculating it
MS calculations using the same cluster of 123 atoms but two 3. Effect of charge transfer
different potentials. The differences between XANES spectra

generated by a self-consistent and by a non-self—consisten%We investigated t?e effect ocri ;hargeb transfer on x-r:ay-
(Mattheis3 potential are demonstrated in Fig. 7. Clearly, 20SOrption spectra of CuGaSend ZnSe by comparing the

both potentials give rise to very similar spectra. This findingSpeCtra calculated for a Mattheiss potential generated by neu-

. . h . . tral atomic charge densities and by charge densities of ap-
is consistent with analogous analysis done earlier, e.g., for

: . . propriate ions, as specified in Sec. Il B 3. Figure 9 presents
Lgﬁitgagﬂgbgggr bi’/:(\:/:(l{z? ' ;larm,nzﬂgfte?ﬁand for me- comparison of XANES spectra of ZnSe for these two types

X . . of potentials. Evidently, hardly any influence of the ionic
Let us stress again that, due to the muffin-tin model 'n'charges can be seen. Similarly, CuGaSgectra also do not
volved in our RS-MS calculation , the self-consistent pOten'dispIay any dependence on the charge transfer do not

tial investigated in Fig. 7 is not the same as the potential that esent the results here for brevity

gives rise to the theoretical spectra calculated by the band- There seems to be a direct contradiction of our results
structure techniquéFig. 4). This may be particularly signifi-  with the results of Matsuura, Fujikawa, ang/@agi® who
cant at the first-10 eV of the Cu spectrum. As noted in Sec. report a significant sensitivity of their calculated spectra to
IV D, the “self-consistent” real-space calculation does notthe amount of ionic charges on the atoms in ZnSe. We are
reproduce the experiment in this energy region accurately—not able to identify the reason for this disagreement. Our
rather, it closely resembles non-self-consistent results. Thisonfidence in the results presented here follows partially
recalls the conclusion of Foulis, Pettifer, and Sherwéod from the good agreement of our calculated spectra with ex-
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Cuin CuGaSeQ Ga in CuGaSe2 Sein CuGaSe2 7Zn in ZnSe Se in ZnSe

nrelaxed -
unscreened

unrelaxed 7
unscreened

unrelaxed 1
unscreened

unrelaxed
unscreened

unrelaxed
unscreened

relaxed |
unscreened

relaxed
unscreened

elaxed
unscreened

relaxed
unscreened

relaxed
unscreened

N__ |

relaxed
screened

relaxed |

relaxed |
screened

screened

relaxed |J
screened

relaxed |
screened

normalized XANES

no core hole | no core hole | no core hole | no core hole | no core hole |

] . | experiment | o ] |
experiment experiment experiment experiment
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FIG. 8. RS-MS calculation of x-ray-absorption spectra of CuGasel of ZnSe for a cluster of 123 atoms for different core hole
treatmentgcf. Sec. Il B 2. For comparison, experimental spectra are included as(exghlerimental curves for ZnSe are taken from Ref.
5). Theoretical curves were smoothed to account for finite core hole lifetimes.

periment(see Sec. IV F which is considerably better than in
the work of Matsuura, Fujikawa, andy@nag? (probably
mainly due to larger cluster sizes employed here

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

LA SRt At W St MR s S TR AL A B S

Effect of charge transfer

\

—— noionic charges
----- Pauling ionic charges

F. Comparison of theory and experiment

In previous sections, we investigated the influence of vari- Se in ZnSe |

ous factors on the calculated x-ray-absorption spectra. Here
in Figs. 10 and 11, we finally present a detailed comparisor
between theory and experiment. Both band-structure as we
as RS-MS calculations were performed for CuGaSed
ZnSe. The real-space results presented in this section wel
obtained for clusters of radii 13.2 A, including 449 atoms for i
CuGaSe and 441 atoms for ZnSe. All theoretical curves T 7n in ZnSe
were broadened to account for core hole lifetimes but not fol v
experimental apparatus smearing. The relative positions ¢
individual curves with respect to the energy axis were chosel
so that the best overall fit between spectral peak position
would be obtained.

For CuGaSg spectra, shown in Fig. 10, a real-
Space Ca|CU|atI0n was done fOI’ the mufﬂn't'n fOfm Of the FIG. 9. RS-MS Ca|cu|ati0n Of n and Se X_ray-absorption Spec_
same self-consistent potential as used for calculating thg@a of znSe for a cluster of 123 atoms obtained for non-ionic
band-structure curves. The presence of a core hole wag 0952 (solid line) and for ionic zrf-5’Se™%57 (dotted line
omitted, as justified in Sec. IV E 2 for CuGgSés can be potential models.

normalized XANES

20 30 40 50 60
energy [eV]
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-------- TrTT | TT T T T T

ryrrryTr v YT T YT T Ty T TrrTT T T T T T T T T T T T
Cuin CuGaSe, 1 Ga in CuGaSe, ] Se in CuGaSe,
A CD E F G - A CD E F G - A B C D E |

real-space | real-space | real-space ]

--" experiment

normalized XANES

""" experiment experiment

band-structure | band-structure band-structure |

' ST AN S O ErEPETETE ESTETEr R i SRR RSN TR BT R v d oy | PRSI SRS R e

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 60
energy [eV] energy [eV] energy [eV]

FIG. 10. Experimental and theoretical Cu, Ga, and Se spectra of CyGlteedotted lines represent experimental curves multiplied by
ten. Real-space calculation was performed for clusters of 449 atoms. Core hole was not taken into account. The RS-MS curves were
obtained for a muffin-tin version of the self-consistent band-structure potential.

seen from Fig. 10, both RS-MS and band- Sec. IV E 2. Otherwise, Fig. 11 is analogous to Fig. 10. All

structure calculations yield theoretical spectra that are ideatures of the experimental curves of Matsuura, Fujikawa,
good agreement with experiment—the only exception beingind Q/anagf are reproduced remarkably well by both band-

failure of the real-space calculation to reproduce padask  structure and RS-MS calculations, especially where their po-
the Cu spectrum correctly, as discussed already in Sec. IV B&itions are concerned.

For ZnSe, a comparison of theory with experiment is done Interestingly, although our band-structure calculation did
in Fig. 11. For this compound, real-space calculations wer@ot take into account the core hole, it yields a good ratio for
performed for a non-self-consistent Mattheiss potential onlythe relative intensity oA andC peaks of the Zn spectrum—

A relaxed and screened core hole was taken into accoumbntrary to the case when RS-MS approach was applied to
when calculating the RS-MS curves of Fig. 11, in accordanceéhe Mattheiss potential with no core hdleee Fig. 8 This

with the significant core hole effect for Zn spectrum found inmay be due to neglecting the energy dependence of matrix
elements in our application of the band-structure formalism,
as mentioned in Sec. lll A. The influence of matrix elements
Sein ZnSe on x-ray-absorption spectra of semiconductors is currently
A B C D E . under investigation(cf. also discussion of possible non-
muffin-tin effects in Sec. IV D

T T T
Zn in ZnSe
ABegp E F ¢

V. CONCLUSIONS

real-space 7 real-space ]

We studied in total five XANES spectra of CuGa%ad
s ZnSe, all corresponding to the same geometrical arrange-
" experiment | ment of atoms around the absorbing ojaéferent atomic
types in nearly identical positionsThere are significant dif-
ferences between cation and anion spectra. The differences

experiment

normalized XANES

band-structure | band-structure | between individual edges of the cation gro(@u, Zn, Ga
1 are larger than differences between the two anion spésaa
e e e in CuGaSg and in ZnSg¢. We interpret this feature as a
energy  [eV] energy  feV] manifestation of the role of the chemical type of the absorb-

ing atom. Averaging of formal valences is not directly re-

FIG. 11. Experimental and theoretical Zn and Se spectra oﬂeCted 'n XANES_spectra—the 2nsp|>ectrum c|7f ZnSe can-
ZnSe. The dotted lines represent experiment of Ref. 5 multiplied byt be viewed as just an average of'@Gmnd Gd' spectra of
ten. Real-space multiple-scattering calculation was performed fouGase.
clusters of 441 atoms. Non-self-consistent Mattheiss potential with The experimental spectra of CuGa®&d of ZnSe can be
no charge transfer and a relaxed and screened core hole was ugé@scribed accurately within a one-electron theory both via
for real-space calculations. For band-structure calculations, théhe band-structure and via the real-space multiple-
core hole was omitted. scattering formalism. The only exception is the first peak in
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the Cu spectrum of CuGag§ewhich is correctly accounted the Zn spectrum of ZnSe. Potentials constructed using re-
for in the band-structure spectrum but is suppressed in thiexed unscreened or unrelaxed unscreened core holes give
real-space calculation. This may be a consequence of thése to spectra that are not in agreement with experiment.
muffin-tin approximation involved in our RS-MS approach. Employing transfer of charge from cations to anions during
In real-space calculation, the most prominent spectraMattheiss potential construction does not lead to important
features can be described using clusters of 17 atoms. Howhanges in the XANES spectra.
ever, more than 200 atoms are needed to reproduce correctly
small peaks as well. For 47-atom clusters, a reasonable
agreement between theory and experiment is obtained.
Using self-consistent muffin-tin potential does not lead to
significantly better CuGaSespectra than using non-self-  This work was supported by Grant No. 110406 of the
consistent Mattheiss potential. Theoretical XANES spectr&rant Agency of the Academy of Sciences and by Grant No.
of CuGaSe and ZnSe calculated involving a relaxed and202/94/0669 of the Grant Agency of the Czech Republic.
screened core hole are essentially the same as spectra caldire use of thecRYSTIN crystallographic database was sup-
lated without taking the core hole into account. The largesported by the project 203/96/0111 of the Grant Agency of
(and the only significantcore-hole effect was observed for the Czech Republic.
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