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Systematic studies of x-ray-absorption near-edge stru€ASIES) at theK edge of cations and anions in
ZnS, ZnSe, and 2dS and ZMM Se compounds, wittM being a transition metalMn, Fe, Co, NJj, were
performed. Our investigations have shown, in agreement with earlier literature results of multiple-scattering
theory, that the distribution of unoccupigdlike states around cation atoms is mainly determined by the type
of anion and does not depend significantly on Bheconcentration. Three peak structures can be found in the
cationK-edge XANES of the sulphides, whereas a two-peak structure is observed in selenides. The effective
charge transfer for th®! cation was estimated within 2—25from measured chemical shifts of the respective
K edges. Additionally, direct evidence of hybridization between the staté$ andp states of S was found
from SK-edge XANES studies. The empirical correlation between the shapk Kfedges and the solubility
limit of M in the investigated solid matrices was revealed.

[. INTRODUCTION ture and about the geometrical arrangement of atoms around
the absorbing centé? was rather rarely applied in the stud-
For more than two decades numerous studies have bedégs of DMS’s (e.g., Refs. 14-16 Two types of XANES
concentrated on II-VI compounds doped with transition met-interpretation can be found in the literature. The first, relying
als (M’s) (e.g., Refs. 1 and)2These compounds belong to on use of the multiple-scatterin®1S) theory(e.g., Ref. 17
an intermediate class of materials, so-called diluted magnetiand the second, based on the band-structure calculations ex-
semiconductorsDMS’s), which have been classified be- tended toward large kinetic energy of the photoelect8ns.
tween nonmagnetic and magnetic semiconductors. DMS'8oth methods have produced results consistent with the ex-
exhibit properties dissimilar to those of host II-VI com- perimental spectrésee Ref. 19 and references thejebe-
pounds. The differences are due to substitution of thespite a complexity of theoretical description of XANES
group-ll metal by a magnetic iothereM), which occurs in  spectra, there also exists a phenomenological approach
the cation sublattice. The very special propertiedvbfare  which treats the shape of the XANES curve as a fingerprint
caused by narrow partly filleddBbands. Hybridization of 8  for certain types of chemical bondirtg.g., Refs. 20 and 21
states ofM with the sp-band states of a host II-VI semicon- Under the assumption of a single-particle model, and due to
ductor inevitably induces a modification of the crystal bandselection rules, direct information about the local density of
structure and gives rise to electronic and magnetic propertiestates around emitting atom, in our cgséike unoccupied
of physical and technological interest. Earlier investigationsstates, can be deduced. It seems obvious that such an ap-
of the 1l-VI-based DMS’s concerned mainly the case of Mnproach requires collecting systematic experimental evidence
(Refs. 1 and R or Fe doping®* although the last years for the compounds of interest.
brought an extension of scientific interest over the 1I-VI  Due to the lack of such evidence the goal of our paper is
DMS containing the other transition metals, like Co or Ni to investigate the evolution of XANES at tle edges in the
(see, e.g., Refs. 537 Zn;_,M,A compounds, with the following parameters$)
Among different experimental methods, x-ray-absorptionthe anion typgA being S or Sg (ii) the M cation type(M
spectroscopy has also been involved there. This includedeing Mn, Fe, Co, Ni and(iii) M concentratiorx. In par-
both the EXAFS(extended x-ray-absorption fine structure ticular, our interest concerned the following topics.
and XANES (x-ray-absorption near-edge structurevesti- (i) Variation of an energy distribution of the density of
gations. EXAFS, which provides information on the geomet-unoccupiedp-like states around the Zn atom with a concen-
ric structure (interatomic distances, coordination numbers tration of theM dopant in ZnS and ZnSe, and with filling of
around the absorbing atorfifias also become a useful tech- the 3d band inM, when stepping up from Mn to Ni.
nique for structural investigations in the case of DMGse, (i) The distribution of thep-like state densities arourid
e.g., Refs. 9—12 On the other hand, XANES, which poten- in both matrices and its change with the content.
tially contains information about the local electronic struc- (i) The influence of anion typéS, Se on the shape of
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TABLE |. List of the DMS crystals used in recent experiment. particularM dopants in ZnS and ZnSe have been inserted in
Solid solubility limits of particular transition metals in ZnS and square brackets in Table I.

ZnSe have been inserted in square brackety. i€ the wurtzite

structure(the other crystals have a zinc-blende strugture

M content )

For reference purpose of the XANES experiment, we
have also prepared the followinl monochalcogenides:
MnS, FeS, CoS, NiS, MnSe, FeSe, CoSe, and NiSe. All these
compounds crystallized in the NiAs structutgpe B13),
except for the Mn compounds which had NaCl structure

Alloy Mn Fe Co Ni (type B1). In both structures each atom is surrounded by six
a b - " nearest neighbors.
2 M S [0.60) [0.58] [0.44] [0.03 The XANES at theK edge ofM, Zn, and Se have been
0.33 W) 0.50 0.25 0.01 recorded at room temperature in the transmission or fluores-
0.20 (w) 0.24 0.16 cence mode using synchrotron radiation at theray-
0.12 (W) 011 0.10 absorption spectroscopyXAS1 station of the DCI ring at
Laboratoire pour L'Utilisation du Rayonnement Electromag-
e f g h
2 M, Se [8'2;] [%'212 [061(;3]7 [0605]1 netiqgue, Orsay, France. The (831 channel-cut crystal
' : ' ' monochromator provided a spectral range of 6—30 keV with
0.21 0.08 0.02 0.005

%Reference 2.
bReference 22.
‘Reference 25.
dReference 7.

®Reference 23.
fReference 4.
9Reference 6.
"Reference 24.

an energy resolution cAE/E~10"“. The storage ring was
operating atE=1.85 GeV, with a beam current ranging
within 200—300 mA. The XANES data range was usually
fixed between—30 and 100 eMreferred to thek-edge po-
sition), and were collected in 0.5- or 0.8-eV steps.

Following the requirements of x-ray-absorption measure-

i , o ments in the transmission mode for higher energies, the crys-
cation p-Ilke_state distributions for both groups of com- ;s studied were powdered and subsequently mixed with
pounds studied. _ . ... cellulose powder and then pressed to form homogeneous pel-

(iv) Possible correlations between the energy distributionets of yniform thickness. The optimum specimen thickness
of p-like state depsmes of partlcu_lar transition _mgtals in ther, measuring th& edges was chosen to meet the condition
compounds stugﬁed, and the solid solubility limit bf in pd=—Inl/l4~1, wherey is the sample linear absorption
these 1I-VI matrices. o _ . coefficient,d is the sample thickness, andand |, are the

(v) The influence of substitution within the nearest neigh-easyred intensities after and before the sample, respec-
bors of anions on the distribution pfstates around the Se or tively. We obtained well-pronounced edges for the samples
S atoms. prepared in this way when their mass did not exceed 40
mg/cn?. This condition has been fulfilled for all sulfides ex-

Il EXPERIMENT cept of the Nil_(-edge measurement in Mi, _,S, where the _
M concentration was too small and fluorescence detection

Zn; _,M,S and Zp_,M,Se(M=Mn, Fe, Co, N) mixed became necessary. For selenidesKakdges of Se and Zn
crystals were grown at the Institute of Physics, Polish Acadwere measured in the transmission mode, whereas only Mn
emy of Sciences. The ternary compounds containing Co andnd FeK edges were well visible in transmission. For lower
Ni were prepared by chemical vapor transport using iodineVl content, i.e.x<0.07 (the cases of Co and Ni in ZnSe—
as a transport ageftSolid solutions containing Fe or Mn as see Table)l the amount of material was too large to prepare
admixed elements were grown by the triple sintering of ZnShe homogeneous samples, and the fluorescence mode was
and ZnSe with appropriate monochalcogenides of transitioapplied. Also, the effect of reabsorption was not noticed in
metals at 1200 °C. the XANES spectra. For measurements in the fluorescence

A complete list of the DMS crystals used in this experi- mode, the crystalline powder was directly deposited on the
ment was given in Table I. The composition of these alloysScotch tape attached to the sample holder. The higher har-
(x) has been precisely determined with use of electron mimonics content of the beam was suppressed, and we have not
croprobe Jeol JSM-50A. X-ray-diffraction studies were per-made any additional verification of the spectra in the
formed by a conventional x-ray powder diffractomet@u  XANES range for harmonics.

K« radiation. Besides the Zn ,Mn,S samples, which crys- It should be added here that for the samples with Mw
tallize in a wurzite structurgdenoted by W) in Table [}, the  concentration(x<0.07) we have also carried out comple-
rest of the crystals studied had a zinc-blende structure. Thmentary measurements of the K edge in the total electron
diffractograms showed no traces of the other phase aii/or yield mode. However, one failed to obtain better XANES
precipitations. Each atom in the wurzite and zinc-blendespectra than in the case of the fluorescence mode—hence we
structure has four nearest neighbors. These structures diffeesigned from presenting them in our report. For each set of
only slightly in the parameters of the unit cell, which is hex- K-edge XANES runs the energy scale was calibrated by a
agonal in the case of wurzite and cubic in the case of zineneasurement of the corresponding pure eleriéntZn, Se
blende. as reference.

The solubility ofM in the matrices under study decreases X-ray-absorption measurements at the suuedge were
drastically with rise of thevl 3d-band filling, falling down to  acquired at the BN3 beamline of the Electron Stretcher Ac-
less than 2 at % in the case of Ni in selenides, and remainselerator ELSA in Bonn. The storage ring operated at 2.3
systematically higher in sulphides than in selenides. FoGeV with an average electron current of about 35 mA. The
comparison, the known values of solid solubility limits of synchrotron radiation was monochromatized with a
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Lemmonier-type double-crystal monochromafoequipped —— T
with InSk(111) crystals, giving a resolution of 1 eV at the S
K edge. The spectra were measured in standard transmission (@) K-edge Zn
mode: two ionization chambers filled with air monitored the
photon beam intensity before and after the sarfplhe first
strong resonance in the spectrum of ZnS 2481.44 eV
was used as a “secondary” energy standard, which was pre-
cisely calibrated against thes4p Rydberg transition in ar-
gon gas at an energy of 3203.54 #\The samples were
powdered and placed on 20w-thick polyimide film.

Ill. RESULTS AND INTERPRETATION

Absorption Coefficient

A. X-ray absorption at the Zn K edge

In this section we present the experimeritakdge ab-
sorption spectra of the Zn cation in DMS alloys based on ’ —
ZnS and ZnSe. Here we shall discuss only XANES in the :
energy range up te-50 eV above the edge. The results of an 9640 9660 9680 9700 9720 9740
EXAFS study for Co in the ZnS and ZnSe matrices have Energy (eV)
been already publishéd An analogous EXAFS analysis for
the otherM’s in these matrices is under preparation.

Figures 1a) and Xb) present th&k-edge XANES spectra T T
of Zr_1 for zn,_,M,S and Zp_,M, Se, respe_ctively. Each fig- (b) K-edge Zn
ure includes the set of ZK-edge absorption spectra which
are representative of ZnS and ZnSe alloyed with respective
M’s (here Mn, Fe, and Qo On the other hand, thk-edge
XANES spectra of Zn in ZgFe S and zZpCo, _,Se, for
differentM contents, are exposed as an example in Figs. 2
and 2b), respectively.

It can be seen from the above figures that there is no
chemical shift between ZK edges in the compounds with
different M’s. The characteristic shape of host cati@n)
K-edge XANES, and thus the energy distribution of the
p-like state densities, is mainly determined by the type of
anion(here S or Sg It also remains practically independent
of the M concentrationFig. 2). The ZnK-edge XANES in P S T S TR
sulfides display three well-defined peaks, B, and C), 9640 9660 9680 9700 9720 9740
whereas it displays only two peakd andB) in selenides.

The nearest neighbors of each Zn atom remain uncgganged -
(four S or Se atomswith admixingM. Our EXAFS stud .
revealed that, within the accuracy of this technique, the disl—: FIG_.01.24K edgdes'\;l)f Zn_%t(;rg_s '@dzglfést’Mcgﬁ(_co'zs’
tance between the Zn atom and respective af®mr Se —%?(7_F. ’_an =" _’ and (b) zn; ,M,Se, Co—x

. . . =0.07, Fe—x%=0.18, and Mn—x=0.21.
remains unchanged with the growing contenMbfhere Co
up to its solubility limit{d(zZn-9)=2.344 A,d(Zn-Se=2.455
A, with an error of ¥0.005 A}. Substitution of the host cat- performed for ZnS/*° In these studies the influence of a
ion by aM atom changes the second neighbors of Zn. Withinnumber of the coordination shells, taken into account in MS
the accuracy of our measurements, second neighbors do nealculations, has been discussed in detail. Due to the fact that
influence the shape of the resonances in thekZedge the amplitude of photoelectron scattering on the Zn khd
XANES. The only change observed with risibgy content is  atoms is much smaller than for scattering on the S atoms, the
the increase in strength of the resonances, seen particulanyain features of the Zi-edge structuréi.e., three peaks,
well in the case of maximunh (see Fig. 2 The K-edge denoted by us a#\, B, andC) are already replicated after
XANES here reproduces the density distribution of the un-scattering on the atoms of the first coordination spfre.
occupiedp-like states around Zn atoms. Reduction of the ZnAddition of the second shell with 12 Zn atoms does not
atomic content causes an increased localization of the Zpractically add features, but only increases the amplitude of
p-like states and, in consequence, sharper resonances. Afle existing ones, whereas inclusion of the third shell with
spectra of Zn were measured in the transmission mode, arahion atoms contributes to the details of the near-edge
the amount of material used for pellet preparation fulfilledstructure®® After incorporating five shells, the best fit to the
the same absorption conditi¢Bec. I)—therefore the above experimental data was reachéésee also Ref. 30 Further-
phenomenon, observed for ealeh cannot be related with a more, if in the second shell of Zn neighbors the host cation is
sample thickness effect. substituted by aM with a small scattering amplitude, no

The experimental data presented are consistent with thgignificant changes of the XANES features can be expected.
results of MS calculations of the Zk-edge XANES spectra This remains in agreement with our recent observation.

Absorption Coefficient

Energy (eV)
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atoms, and their distance, within the accuracy of EXAFS,
remains constant with thiel concentratiorf? Generally, the
(a) A shape ofVi XANES resonances does not change with alloy
composition, although with rising/ content they tend to
B K-edge Zn become less sharp, thus indicating a decrease of the
c M -relatedp-state localization. This is especially seen in Fig.
3(b), where the Fe content reaches0.50. All Fe spectra
were measured in the transmission mode. The effect of
smoothing the shape of the resonances was noticeable irre-
spective of the thickness effect, which significantly influ-
enced the edge-height-to-background ratio.

A similar dependence of the edge structure on the ab-
sorber coordination has been observed by McKedwmthe
K-edge XANES of Zn in ZnS and of Cu and Fe in chalcopy-
rite (CuFe$). All these three cations are nearly identically
coordinated, and their XANES spectra have similar features.
It was proved by the MS calculations performed in Ref. 17
Energy (eV) that the main distinction in the shape of thKiredges results
from different atomic contributions to the x-ray-absorption
cross section. For F&S,, Cu$™,, and Zn$™, clusters, the
®) calculated x-ray-absorption atomic cross section develops a

K-edge Zn sharp maximum above the edge as the atomic number of the
absorbing cation increases. The slope of the edge maximum
and the energy extent of the edge jump depends on the ab-
sorber atom. That is, for the 2R edge it extends only 5 eV
at the sharpest, whereas for Cu and Fe the edge jump devel-
ops over 20 eV. This could explain the main qualitative dif-
ferences observed by us between the intensity and shape of
featureA in the K edge of Zn andM in the DMS’s studied.

A detailed analysis of the fine structure of the K- ab-
sorption edges provides useful information about the density
distribution of p-like states, including these spectral features
that are characteristic for eadh but independent of the type

P T SO WV T of solid matrix. This is the case for the so-called preedge
9640 9660 0680 9700 9720 9740 absorption featurémarked by an arrow in Figs. 3 and 4
Energy (eV) which is widely known as being characteristic only of tran-
sition metals(e.g. Refs. 20, 31, and B2This structure was

FIG. 2. K edges of Zn atoms ifa) Zn, ,FeS, x=0.50 (thin  Usually assigned to asi3d atomic transition(e.g. Refs. 31

solid line), x=0.24(dashed ling andx=0.11 (thick solid ling; and ~ and 33. The amplitude of the preedge feature does not de-

(b) Zn,_,Ca,Se,x=0.07 (solid line) andx=0.02 (dashed ling pend on the content and type of thé (see Fig. $ in all
tetrahedrally coordinated compounds studied here, but is

considerably smaller in octahedrally coordinated monochal-
cogenidegFigs. 3 and 4 Similar effect have been reported

TheK-edge XANES spectra of the chosen transition metin Mn compounds® This suggests that the nature of the
als (Mn, Fe, Co, Nj alloyed with ZnS or ZnSe in various preedge feature should rather be ascribed to the transition of
atomic compositionsX) were collected in Figs. 3 and 4, the 1s electron of the absorber to the bound state induced by
respectively. For comparison, thé K-edge XANES plots of  hybridization of the cation and anion states, although in con-
the respectiveM monochalcogenides were also insertedsistency with its(preedgg independence of the choice of
there. transition metalthe filling of the 3 band increases from Mn

It can be seen from the above figures that Kedge to Ni) and its concentration, which influences the overlap-
XANES of theM reveal the structure, which shows similar- ping of theM orbitals. It can be clearly seen in Fig. 5 that
ity and direct correspondence with the three- or two-peak®nly the distance between the preedge and edge positions
structures characteristic of the Zn XANES in the alloys stud<(E,) increases with the & band filling in M. Furthermore,
ied (see Fig. 1, and differs considerably from thi€-edge  our observation also coincides with the suggestion from Ref.
spectra typical of elementd (e.g., Ref. 2Dor for M chal- 17 that the preedge features observed inkhedges of the
cogenides. In fact, transition metals crystallize in the closelyre and Cu chalcopyrites can be due to interference effects
packed structure with eight or 12 nearest neighbors, wheredsom the atomic structure surrounding the absorber, because
M chalcogenideswith Fe, Co, or Nj form a NiAs or NaCl the preedge was also observed in the Cu edges, where all the
structure(in the case of M—in both latter structures each 3d states are occupied.
atom is octahedrally coordinated. On the other handMhe For sake of clarity in analyzing th&1 XANES plots
atom in ZnS or ZnSe is tetrahedrally coordinated by S or SéFigs. 3 and 4 a certain assignment of the near-edge reso-

Absorption Coefficient

9640 9660 9680 9700 9720 9740

Absorption Coefficient

B. X-ray absorption at the M K edges
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FIG. 3. K edges ofM atoms inMS and ZM S with different content of the following/l speciesi{a) Mn, (b) Fe, (c) Co, and(d) Ni.

nances was introduced. Due to the qualitative similarity ofshapes of th& andC resonances are practically independent
the shape of XANES between Zn- aMi K-edge spectra for of the choice of theM alloyed with ZnS. This is not surpris-
Zn, _,M,S[compare Figs (B) and 3, the peaks of the latter ing if we are reminded that most features of the edge struc-
ones were denoted analogously. That is, m&lendC have ture already appear in the MS calculations after including the
been used to indicate identical energy distances of the rdirst shell of neighbors, and that the amplitude of photoelec-
spective peaks from the edge position. Since the feature relron scattering on Zn atoms is relatively small compared to
evant to resonancg from Fig. 1(a) appears as the split peak the scattering on S atoni&For low concentrations dfl, the
in the M K-edge spectrasee especially Fig.(8)], we have M absorbing atom has only Zn atoms in the second coordi-
denoted it byAl andA2. nation sphere. With the rise ®fi content the number d¥l

The maximum denoted b&1 is most pronounced for Mn atoms in the second shell increases, and this can possibly
K edges[Fig. 3@]. Going from Mn through Fe and Co to change only the amplitude of resonané&©ne additional
Ni, the intensity of this feature decreases, and in the case déature of theM XANES spectra in ZM S, that can be dis-
Ni it is only seen as an inflexion at the edd@g. 3(d)]. The tinguished in Fig. 3, is denoted by. Its intensity also de-
number of the empty @ states also diminishes with atomic pends on thé1 element—theX peak remains weakly notice-
number from Mn to Ni. This indicates that if thed3tates of able for Mn and Fe and better pronounced for Co, whereas in
M affect the intensity of th&-edge absorption spectra, this the case of Ni it appears as the dominant XANES maximum
influence can be reflected in the shape of the main maximuriFig. 3(d)].
A rather than in the preedge. Also the intensity of &2 Analogously to the latter case, an analysis of e
peak changes when passing from Mn to Ni. It reaches &ANES spectra in selenidg§ig. 4 was based on a certain
maximum for the Fe doparifig. 3b)], whereas for Ni the qualitative similarity between their structure and the Zn
A2 remains in residual form as an inflexion point, similarly XANES in selenides given in Fig.(t). As above, the first
as to theAl peak[Fig. 3(d)]. Figure 3 also shows that the pair of peaks above the edge position was denotefilbgnd
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FIG. 4. K edges ofM atoms inM Se and ZiM Se with different content of the followinlyl speciesia) Mn, (b) Fe,(c) Co, and(d) Ni.

A2 [see Fig. 49)], and the second pair 1 andB2, since
their position vs edge corresponds to heesonance for the LI S B I B L B N L A
Zn K edge[Fig. 1(b)].

FeaturesAl and A2 show similar behaviors with the
change ofM from Mn to Ni as in sulfides, when varying
from the dominant peaks for Mn to the weak inflection
points on the NiK-edge slope. On the other hand, tBé&
peak tends to increase its intensity when passing from Mn to
Ni—for Co and especially for NK-edge XANES it even
becomes a dominant resonarié&gs. 4c) and 4d)]. Con-
versely, the weakeB?2 feature seems to be damped with the
change ofM down to a complete disappearance for the case
of Ni.

It can be concluded from the above analysidvbK-edge
XANES in the sulfides and selenides studi€igs. 3 and 4
that the most significant differences between the density of P TP S T T U S T R S S
p-like state distributions of particular transition metals occur 0 4 8 12 16 20
very near to the edges, precisely for enerdgtesE <20 eV. Energy (eV)

The most evident change is that the position of khedge

maximum shifts apart from the Fermi level when stepping up  FIG. 5. TheM-K edges in ZMS matrix normalized to their
from Mn to Ni (see Fig. 5. This can be du¢by analogy to intensities at the near-edge maximum. Zero of the energy scale was
the case described in Ref.)1#% the varying slope of the shifted to the low-energy edge of the preedge peak.

Intensity
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atomic absorption cross sectidifior E>E;) when going TABLE Il. Position of K-absorption threshold&) for transi-
from Mn to Ni. We have not observed any dependence of théon metals(Mn, Fe, Co, Nj in the representative set of Zn,M,S
preedge structure on the type and contentvbi-only the ~ and Zn_,M,Se mixed crystals. The absolute energies ofih&
dependence on the coordination number was confirmed. THg9es in the DMS studied were set by assigningHpealues for
intensity of featureA (A1,A2) changes with filling of the elemental metal¢marked by~*) to their known reference values
. N (Ref. 39. D denotes the chemical shift obtained from subtraction

3d shell in M, although it does not depend on the type of

. . E, (alloy)—E, (elem.M).
anion. On the other hand, the photoelectron studies, per—O( Yo :

formed for the DMS based on Zn and Cd chalcogenide®, Material Eq (V) D (eV)
revealed the appearance of tMe 3d partial DOS in the
valence-bandVB) region. Its position, approximately 3.5 eV Mn 6539.0
below the VB edge for Mii? shifts upwards toward the VB Zn-xMn,S x=0.12 6547.0 8.0
edge for the case of Fe and Co dop&nt This could also x=0.20 6547.0 8.0
imply certain shift of the emptyM 3d-related antibonding x=0.33 6547.0 8.0
states in reference to the Fermi level. It is also worth adding MnS 6544.5 5.5
here that the first measurements of thg edges in ZnS Zni-xMn,Se x=0.21 6546.6 7.6
doped with Fe showed that the Fe-related &ntibonding x=0.37 6547.0 8.0
states are split into two peaks separated by 2 eV, and that MnSe 6545.0 6.0
their intensity changed with the Fe contéhthe features of Fe 7112.0
M K-edge XANES influenced by th™ 3d states should ZM-xF&S x=0.11 7119.5 7.5
also change their intensity with thd content. We did not x=0.24 7119.8 7.8
observed such changes, but this can be due to the relatively x=0.50 7119.5 7.5
high lifetime of the 5 M level which smooths out the details FeS 7118.6 6.6
of the structure. Therefore, the structure of tAepeak ZMi-xF&Se x=0.18 7119.0 7.0
(A1,A2) of theM K edges studied could be more indicative FeSe 7119.0 7.0
of the influence of emptyM-related 3 states than the Co 7708.9
preedge feature. an,XCOXS x=0.10 7716.2 7.3
Additionally, the K-edge energie$E,) for the transition x=0.16 7716.2 7.3
metals(Mn, Fe, Co, Nj in Zn,_,M,S and Zp_,M,Se al- x=0.25 7716.2 7.3
loys were collected in Table Il. The position of the CoS 7714.6 5.7
K-absorption threshold was determined from a maximum ofni-xCoSe x=0.02 7715.4 6.5
the first derivative within its main slope—a standard proce- x=0.07 7716.4 7.5
dure for estimatingg, (see, e.g., Refs. 8 and B8Table II CoSe 7714.6 5.7
also contains the values of chemical st which results Ni 8332.8
from simple subtraction of thE, of theM in an alloy and in ~ Zn-xNixS x=0.01 8339.7 6.9
pure M. The absolute energies of the transition-metal Zni-xNi,Se x=0.01 8337.8 5.0

edges in the DMS'’s studied were set by assigning the energy
of K edges in pure metals to their known reference vaftes.
The chemical shift depends strongly on charge transfer in ) . _
the ionic bond and on a number of the nearest neighbors. Each anion atom has four nearest neighbors in the crystals
This has been well described theoretically for transition metStudied. Due to the substitution of Zn by in the cation
als in matrices with ionic bonds by Kitamura and CHgn, Sublattice the number of each atomic species changes within
who performed self-consistent-field calculations of theth® nearest neighbors of the anion. This should obviously

chemical shift vs char dependences for different tran- Medify the density distribution op states around the anion
sitionlmetal Iior:/s M)geq() P I atoms and hence the shape of the aroedges. The natural

Judging from the Table II, the value & is independent width of the 1s level of the S atom is much narrower than for

. o the 1s level of Se. The changes @Fstate distributions are
of theM C.°'T‘te”t |rlZnS and' ZnSe. Also, within the accuracy o easier to observe in thie edge of S than for Se.
of determiningD (+0.5 eV), it does not depend significantly

. : Figures §a) and Gb) present thek edges of S in ZnS,
on the choice of matrixhere ZnS or ZnSe although the anMgnl,XS, and MnS, gnd Zns, ZnFeSg, and FeS, respec-

tendency of slightly smalleD value for selenides can be |y |t is possible to distinguish there a low-energy part of
noticed. This seems rather understandable due to their simjne XANES spectrdE — E;<<12 eV) indicative of the change
lar ionicity [f;=0.63 (Ref. 38]. The magnitude of chemical of the density distribution op states around the S atom,
shifts of M in the DMS’s studied ranges within 5-8 eV with jnduced by substitution of Zn by Mn or Fe atoms. The effect
a declining tendency when varying thé component in an js more significant in the case of Fe dopdfig. 6(b)].
alloy, from Mn to Ni(see Table li. This indicates, following  Within the accuracy of our experiment there is no trace of
the calculations of Ref. 40, that the effective chargeMof inflection or shoulder on the main slope of the S edge in the
cation remains within 8-2.%. Such a result can be due to case of ZnS and Zivin, _, S, although a weak pedknarked
the fact that in the case @&l cation one could also expect, by an arrow can be distinguished in the case of MfSg.
besides the electrons froms drbital, a contribution of the 6(a)], where S is bonded to six Mn atoms. The first feature
3d electrons to the overall charge transfer. on the pealA (denoted byAl) is more blunt in the ternary

C. X-ray absorption at the SK edge
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tution. However, noticeable changes of the structure near to
1 the SK edge were found here. This points out that such
(@ K-edge S changes should be connected with the atomic bound states
transitions rather than with interference effects. Pengl*!
observed variations of the preedge intensity with theype
and concentration. Therefore they have assigned the preedge
feature to the & photoelectron excitation to the So3tates
hybridized withM 3d (t,) antibonding states. This sugges-
tion can be supported by our data of Figh where the
energy position of the preedge in &e, _,S is the same as
in binary compoundFeS.

Absorption Coefficient

D. X-ray absorption at the SeK edge

The K edges of Se have been measured for all investi-
L . L . . . . . ! gated selenides. We do not observe very pronounced changes
2460 2480 2500 2520 2540 in the shape of SK-edge XANES(Fig. 7). The Se ¥ level
has a relatively large natural width. It smooths out the fine
structure which should be present in fhestate distributions.
In these edges, one pronounced peak followed by four
weaker oscillations can be distinguished. A certain modifica-
tion of the amplitude of the first resonance and the periodic-
ity of the oscillations can be observed with contentx. This
effect is especially pronounced for Ni. The rise of Ni content
from x=0.005 tox=0.01 caused a remarkable increase of
the amplitude of the first resonance, and even a noticeable
shift of the edge energy positiok,, [Fig. 7(d)]. In the case
of Mn, relatively higher change of its contefitom x=0.21
to x=0.37) resulted only in weak narrowing of the first reso-
nance[Fig. 7(a)]. This indicates that the modification of the
electronic structure around Se induced by Ni atoms is much
stronger than by Mn atoms. This can be due to a difference
of the scattering amplitude of the emitted photoelectron on
the Mn or Ni atom. The solubility limit of Ni in ZnSe is very
2460 2480 2500 2520 2540 limited compared to the case of Mifable l). We think that
different atomic potential of these atoms, in comparison to
Energy (eV) that of the host catior{Zzn), may be the reason why the
crystal lattice can easy accommodate a large number of Mn
atoms but relatively low concentration of Ni atoms. For com-
parison, the S&K-edge XANES plots fronM Se binary com-
pounds are presented in Fig. 7. The Se atom has six nearest
Zn,Mn,_,S compound whereas the featuxd remains bet- neighbors in these compounds. The IS@dge XANES for
ter resolved here than in ZnS. In the case of[F&. 6b)]  MnSe compound(NaCl structurg exhibits only a single
the evident preedge feature appears on the main edge of Sifain peak structure, whereas for the rest of monochalco-
the ZnFe,_,S in the same position as the first peak in thegenides(NiAs structure the two-peak structure and consid-
XANES of FeS compoundmarked by an arroy For  erable chemical shift, as compared with the respective ter-
Zn,Fe,_,S the peakA has its maximum at thd2 position  nary compounds, was found. This, together with the
instead of theAl as in ZnS. presented data of Zn ad XANES, confirms that the num-
On the other hand, in the higher-energy range of XANESher of nearest-neighbor atoms and the type of crystal struc-
spectra(E—E;>12 eV) the shape and energy positions of ture are closely related to the shapekokdge.
the B, C, D, and E resonances do not exhibit qualitative
changes with admixing/ to the host ZnSFig. 6).
The MS theory applied to ZnfRef. 30 has shown that V. CONCLUSIONS
due to different values of amplitudes for photoelectron scat- This paper presents the results of systematic studies of
tering on Zn and S atoms, the single-shell calculation did nok-ray absorption at th& edges in the XANES range per-
describe the characteristic features for th€-8dge XANES. formed for ternary DMS alloys, based on ZnS and ZnSe with
Inclusion of the second shelhext-nearest neighbgrsepro-  transition metalM =Mn, Fe, Co, or Ni as an admixed ele-
duced the main XANES structure—nevertheless taking intanent. Our goal was to check how the XANES spectra, and
account eight coordination shells became necessary to reprbence the local electronic structure of the alloys studied, can
duce all observed details of ZnS XANES spectra. Thereforebe influenced by a choice and contenfvfelement in cation
one should not expect significant changes of thKk-8dge sublattice or by the choice of anid8, S¢ in Zn compounds.
XANES when the first shell is modified by cationic substi-  Analysis of the above data indicates, in agreement with

Energy (eV)

Absorption Coefficient

FIG. 6. TheK edges of S inMS, ZnS, and ZnS doped by
particularM: (a) Mn, x=0.33; and(b) Fe,x=0.50.
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FIG. 7. TheK edges of Se itM Se and in ZnSe doped by the respecti#e(a) Mn, dashed linex=0.37, solid linex=0.21;(b) Fe, dashed
line x=0.18, solid linex=0.08; (c) Co, dashed linex=0.07, solid line x=0.02; and(d) Ni, dashed linex=0.01, solid linex=0.005.

the respective results of MS theory, that the structure of théra were found to be rather weakly dependent onNheon-
cation 4p-related local DOS’s, reproduced bi(-edge tent, we conclude that cation substitution within its second-
XANES, is mainly determined by the type of anidgfirst  nearest-neighbor shell has a lower order effect and results
shell. This effect is seen at the Zk-edge absorption spec- only in change of the-state localizationamplitude ofK

tra, where the three- or two-peaks near-edge structure fardge resonancgsThis agrees with the prediction of the MS
sulfides and selenides, respectively, can be distinguishetheory that the amplitude of photoelectron scattering on the
Also theM K edge XANES show a certain similarity with anion shell is much higher than that on the cation one. There-
the host catioriZn) K-edge plots. The observed distinctions fore the changes of atomic species distribution within the
between them are due mainly to differences of the atomisecond coordination shell should not lead to pronounced dif-
absorption cross section of the elements considered. This lddrences in the XANES.

us to reveal specific empirical correlation—closer qualitative No evidence of theMl XANES preedge dependence on
resemblance betweeM and Zn K-edge XANES corre- theM 3d band filling orM content was found, nevertheless
sponds to higher value of solid solubility limiand vice a dependence of the preedge feature shape and intensity on
versa of a particularM in ZnS or ZnSe. In other words, the the coordination number was confirmed.

best condition to dissolve a particular element in a given The hybridization effects due td1 substitution were
solid matrix can be reached when a close similarity betweefound in the aniorK-edge XANES, although only for sulfur
atomic absorption cross sections of substituted and host el@vith the 1s level sufficiently narrow to obtain small details
ments(hereM and Zn occurs. Such correlation results from in the absorption spectra. On the contrary, forkSedge we
substitutional-ion-type dependence of MeXANES, which  failed to distinguish pronounced changes of the XANES
has been evidenced by us for the energies near the main edgieape that could be related to tMe substitution in cation
position, i.e.,E—E;<20 eV. Since the cation XANES spec- sublattice, although some changes of the amplitude of first
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resonance due to different magnitudes of the photoelectroergy range up to 50 eV above the edge, are highly desired.
scattering amplitude for particul&’s were observed.
Generally, our paper is, to our knowledge, the first which

reports such complex investigations Kfedge XANES for ACKNOWLEDGMENTS
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