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Degree ofp-d hybridization in Zn ;_,Mn,Y (Y=S,S¢ and Zn,_,Co,S alloys
as studied by x-ray-absorption spectroscopy
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R. A. Mayanovic
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Department of Physics, Tamkang University, Tamsui, Taiwan 251, Republic of China

J. F. Lee
Synchrotron Radiation Research Center (SRRC), Hsinchu Science-based Industrial Park, Taiwan 300, Republic of China
(Received 9 August 1996

We have measured x-ray-absorption near-edge-struXANES) spectra of the diluted magnetic semicon-
ductors Zp_,Mn,Y (Y=S,S¢ and Zn_,CqS alloys at the Mn and Cd;, edge. Analysis of the Mn
L3 edge XANES spectra for 4n,Mn,Y and Col ; -edge spectra for Z2n,Cq,S revealed the presence of a
white-line feature in each series, whose intensity increased linearly with concenkaliba white-line feature
is assigned to MfCo) 2ps, and 2, photoelectron excitations to nonbondindg(8) states and to the rela-
tively broadened band of MfCo) 3d(t,)—S 3p hybridized antibonding states for the sulfides, and to Mn
3d(t,)—Se 4 hybridized states for the selenides. The rate of increade; gfwhite-line intensity withx is
associated with the difference in the degregad hybridization of states between M&o) 3d and S 3 for
the sulfides, and between Mrd&nd Se 4 for the selenides. Our results indicate that the magnetic-transition-
metal 3(t,)—anionp hybridization is strongest for 4n,Cq,S, intermediate for Zn ,Mn,S and least for
Zn;_,Mn,Se. From separate and O¢-edge extended x-ray-absorption fine-structure measurements on
Zn,_,Mn,S and Zn_,Ca,S at 77 K, we found that the nearest-neightidN) Mn-S (2.42 A) and Co-5(2.30
A) bond lengths remained essentially constant with these alloys, respectively. The degree of relaxation of
the NN Mn (Co)—anion bond lengths is found to be directly related to the strengtp-dfhybridization
coupling in these alloy4.50163-18207)00411-6

I. INTRODUCTION cally both with Mn concentration and anion type. It should
be noted that controversy still exists concerning the different
One of the more interesting classes of materials to exhibitlegree of hybridization between Mrd3nd anionp orbitals

a wide range of unique electrical, magnetic, and optical propin the Zn_,Mn,Y (Y=S,Se, T¢ series’ Theoretical calcula-
erties are diluted magnetic semiconductg®MS’s). As  tions showed that the hybridization energy between the
their name suggests, DMS’s result from the alloying of magMn?* 3d and local aniorp-level valence electrons increases
netic transition metals and semiconducting compounds. Thslightly in going from Te-Se—S for both Cd_,Mn,Y and
most widely studied 1I-VI-based DMS’s have been thoseZn;_,Mn,Y (Y=S,Se,Tésystems. This was also supported
containing Mri* as the substitutional magnetic catibin by the electronic band-structure calculatiér@bviously, the
recent years, Fe- and Co-based DMS’s have also been suelectronic band structure of a solid is directly affected by its
cessfully grown and extensively investigafett. is widely  physical structure, and vice versa. Accordingly, DMS lattice
accepted that some of the more important types of investigaconstants were found to decrease in going from-Be—S
tions made on II-VI-based DMS’s have concentrated on sysin Cd,_,Mn,Y, in agreement with a model for which the
tematic studies of their electronic band structure, and how iamount ofp-d orbital overlap is directly determined by the
is affected by the type of anion and both by the type andsize of the aniorf:’
relative concentration of host group-1l cation and substitu- Our results from extended x-ray-absorption fine-structure
tional magnetic ion. Photoemission spectroscopy studies qEXAFS) studie&® were found to be consistent with tetrahe-
Mn?* 3d states in C¢_,Mn,Y (Y=S, Se, Tg> showed that dral bond weakening in these and other Mn-based DMS al-
the Mr?* 3d partial density of states extends over all theloys. The bond weakening was attributed to Md-3and
valence bands as a result of straqmgl hybridization, which  anion p-orbital hybridization, which in turn causes a de-
was inferred to vary in two important way&t) The amount creased amount of charge to be available for the making of
of p-d hybridization increases directly with Mn concentra- sp® bonds. More recently, we discovered a concentration and
tion x, and(2) it increases in going from FeSe—S in the  magnetic-transition-metal-type-dependent preedge resonance
series. This is attributed to the difference between the Mrpeak in the SK-edge x-ray-absorption near-edge structure
3d(t,) and anionp-state energy levels, varying systemati- (XANES) spectra of Zp_,M,S (M=Mn,Fe,Co,° which
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was attributed to S 4 photoelectron excitations to the unoc-
cupied S p—M 3d(t,)hybridized antibonding states. Given
this interpretation, the main density of Mi3 S3p hybrid-

ized states above the Fermi level should be observable for all
excitations involving final anion outermogt states or final
M2 3d states in Zp_,M,Y systems, including those for
which the magnetic-transition-metal ion is excited in the
photoionization and excitation process. Our primary goal in
this study was to verify our previous findings fronKSedge
XANES spectra for Zp_,M,S, but in this case having cho-
sen the magnetic-transition-metal ion for photoexcitation. In
addition, we chose to study the effect of anion size influenc-
ing the p-d hybridization between Mn and S and Co and S
for the sulfides, and between Mn and Se for the selenides.
Since the tetrahedral radius of thé” $n in DMS’s is con-
siderably smaller than that of the B@n, the DMS systems
Zn;_,Mn,S and Zn_,Mn,Se can provide a suitable combi-
nation of systems in which to study the effect of the anion on
their microstructure and, thereby, on details of their elec-
tronic band structure. We first discuss our results based on
Mn L; -edge XANES measurements made on ZMn,Y
(Y=S,S¢ and CoL ; redge XANES measurements made on
Zn;_,Caq,S alloys. Our guantitative analysis of thg and

L, white-line intensity of these spectra was used in order to Theo. 10Dg=0.5 eV
interpret the results of different degree of ¥do) 3d—anion

p hybridization in our DMS systems. An auxiliary study of . ' . ' -

the nearest-neighbor(NN) yMn-S bond Ienéths %n 620 640 660 680
Zn,_,Mn,S and Co-S bond lengths in Zn,Ca S, from Mn Photon Energy (eV)

and Co K-edge EXAFS measurements made on these

alloys!! respectively, is also discussed. The results support FIG. 1. Normalized Mn L;-edge absorption spectra of
the hypothesis that the degree of relaxation of the NN Mnzn,_,Mn,S. The white-line region of the Mh; edge is inset on a
(Co—anion bond lengths is strongly associated with themagnified scale. The multiplet spectrum was calculated assuming a
strength ofp-d hybridization coupling. 3d°ground state with IDg=0.5 eV (from Ref. 13.

(AXBXC)

Normalized Absorption (Arb. Units)

adhesive indium tape for sample current measurements. All
Il. EXPERIMENT measurements were made at room temperature.

XANES spectra of Zp_ ,Mn,Y (Y=S,Se have been
measured at the Mh.;, edge and Zp ,CaoS at the Co IIl. RESULTS AND DISCUSSIONS
L;, edge at the Synchrotron Radiation Research Center
(SRRQ, Hsinchu, Taiwan, using a high-energy spherical Figures 1 and 2 show the My -edge XANES spectra of
grating monochromatoiHSGM) beamline with an electron- Zn;_,Mn,Y (Y=S,S¢ and Fig. 3 shows the Ch;edge
beam energy of 1.3 GeV and a maximum stored current oKANES spectra of Zp_,Co,S. All of the spectra shown
200 mA. The grating(1200 I/mn) is made of gold-coated have been normalized by the incident intendgyand, after
fused silica, and covers a photon-energy range from 400 teubtraction of preedge background at theedge, scaled by
1200 eV. The spectra were measured using the sample cuhe maximum of the peak heightibeledA) to unity at the
rent mode at room temperature, under a base pressure absorption edge. Using the dipole-selection transition rule,
better than 5 10~ ° torr. Photon energies for all Mn and Co we attribute the white line features at the M{Co)
Lsredge XANES spectra, having an energy resolution ofl; -edge(labeledL ; andL ,) XANES to photoelectron tran-
~0.4 eV, were calibrated using the well-known spectrum ofsitions from the MA* (Co*") 2pg, and 204, ground states
the Cak thin film. The Zn_,Mn,Y (Y=S, S@ samples were to the final unoccupied Mi (Cc®") 3d electron states.
grown using Bridgman’'s technique while the ZnCo,S  The shape of the Zn,Mn,Y (Zn,_,Cq,S) alloys’ spectra
were grown using the chemical vapor transport method. Thevere found to be nearly identical at M{Co) L3, edge
single phase and concentration of the samples were comhroughout the range of values in each series. In contrast to
firmed using x-ray diffraction and energy-dispersive x-raythe generally single-peaked feature observed at the Co
fluorescence analysis. The concentration for the ;,edge XANES spectra of 4n,CqS, a rather compli-
Zn,_,Mn,S alloy samples werx=0.06, 0.13, 0.23, and cated MnL; redge XANES spectra of 4n,Mn,Y was ob-
0.40; for Zn_,Mn,Se, x=0.08, 0.25, and 0.44; and for served, exhibiting strong multiplet and crystal effe]&§3As
Zn; ,CoS,x=0.03, 0.10, 0.20, and 0.30. The samples wereseen in Figs. 1 and 2, pedk is accompanied by a lower-
ground and sieved to find powders having particle siZ®0  intensity peaklabeledB) located just above the Min; edge,
mesh(each particle<38 um in diameter and put onto an while theL ,-edge white-line feature exhibits a peak doublet,
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FIG. 2. Normalized Mn L;r-edge absorption spectra of
Zn, _,Mn,Se. The white-line region of the Mn; edge is inset on a
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FIG. 3. Normalized Col;edge absorption spectra of
Zn, _,CaS. The white-line region of the Cb; edge is inset on a

magnified scale. The multiplet spectrum was calculated assuming magnified scale. The multiplet spectrum was calculated assuming a

3d°ground state with IDg=0.5 eV (from Ref. 13.

in both Zn,_,Mn,S and Zp_,Mn,Se alloys. Conversely, the
Co L; redge white-line features of Zn,Cqo,S (Fig. 3) are

3d’ground state with IDg=2.0 eV (from Ref. 13.

in tetrahedral and octahedral crystal-field symmetry, respec-
tively, based on the atomic multiplet thediThey approxi-

exhibited as relatively broad, individual peaks, respectivelymated the effects due to the cubic crystal field by use of

The full width at half maximum(FWHM) of peak A was
found to be~1.1 eV for Zn_,Mn,Y, irrespective ofx,
while for peakB it was found to increase uniformly from
~0.36 eV atx=0.06 to ~0.50 eV atx=0.40, and from
~0.29 eV at 0.08 t0~0.40 eV atx=0.44 for Zn _,Mn,S
and Zn _,Mn,Se alloys, respectivelgsee the insets of Figs.
1 and 2. The FWHM of peakA increased uniformly from
2.0 eV atx=0.06 to 2.3 eV ax=0.30 for Zn_,Cq,S (see
the inset of Fig. 3 The relatively broader FWHM of peak
for zn;_,Cq,S can be attributed to peals and B, in the
case of MnL ; redge XANES spectra of 4n,Mn,Y, being
unresolved at the Cbhs edge. Similar results for the varia-
tion of the white-line intensity with Fe concentration were

ligand-field splitting parameter Dy ranging from 0 to 3 eV
in increments of 0.5 eV. We have selected on the basis of
best agreement with our experimental spectra, and included
in Figs. 1-3, the theoretical XANES spectra of Van der Laan
and Kirkman having 1Dg=0.5 and 2 e\in the tetrahedral
symmetryTy) (Ref. 13 for Mn and ColL 3, edges, respec-
tively, for zn;_,Mn,Y and Zn_,CqaS alloys. The maxi-
mum intensity peak of the theoretichk-edge spectra has
been aligned in each case with peakof the experimental
spectra. Note that the line shape of the theoretical spectra is
strongly dependent on Ddj, meaning that the strength of
ligand field strongly affects the final-state multiptét?

Our results can be explained with greater clarity using

also reported from Fel;-edge absorption measurement Fig. 4, which was adopted from Fig. 6 of Ref. 10 and which

made on Zp_,FeS alloys!* In addition, the high-energy
satellite structurglabeledC), occurring~3 eV above the

Mn and ColLs-edge main features in the XANES spectra,

shows a schematic representation of the Mh(8o 3d), S
3p, and Se 4 bands of Zg_,Mn,S (Zn,_,CoS) and
Zn,;_,Mn,Se alloys derived from their respective atomic lev-

have been observed as occurring more pronouncedly fagls. Because the structure surrounding?Mr(Cc?*) ions in

Zn; _,Mn,Y, and less pronouncedly in Zn,Cqo,S. The in-

tensity of this satellite structure was found to basically in-

Zn;_,Mn,Y (Zn,_,Cq,S) exhibitsT4 group symmetry, the
magnetic-transition-metaldBstates are split inte doublets

crease withx, and is presumably caused by the excitation of(having lower energy than the undistorted 8rbitalg and

Mn (Co) 2p5, photoelectrons to g states in the conduction

t, triples (having higher energy than the undistorted Gr-

band!® Van der Laan and Kirkman calculated theoreticalbitals) by the crystal field. Due to 8 (4p) electrons on
L3 edge absorption spectra of first-row transition-metal ionsieighboring S(Se atoms havingt, symmetry, there is no
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FIG. 4. Schematic energy diagram showing respective atomic < | . I ) )
648 650 652 654 656

levels forming Mn(Co) 3d and S 3 (Se 4p) bands.(l) Exchange
and ligand-field splitting of M{(Co) 3d states(Il) Exchange split-
ting of S 3p (Se 4p) states(lll) The final hybridized states. AB and
B denote antibonding and bonding states, respectivelgnd |
denote states for spin-up and spin-down, respectifrady to scal¢

Mn & Co L, - edge Absorption

p-d hybridization for the MnCo) 3d(e) states on symmetry
grounds. Therefore, thed8e) levels remain local, as is
shown by the fact that the peak in the XANES spectra asso- e . . L
ciated with photoexcitations of 2 electrons to these final 72 794 796 798 800
states remains dispersionless within contrast, the 8(t,) Photon Energy (eV)
are strongly hybridized with the Sp3 (Se 4p) states of the
same symmetry, and contribute to the broadening of bands FIG. 5. The white-line spectra ofa) the Mn L, edge for
derived from these states in the spectra. As mentioned abov; _,Mn,S and(b) Zn;_,Mn,Se, and(c) for the CoL, edge for
we attribute the white-line feature of M(Co) L3, edge to  Zn;Ca,S.
dipole-allowed transitions of photoelectrons from
Mn?" (Co®") 2ps, and 2pypstates to the unoccupiedd3  within the same energy scale, thgwhite-line intensities
states above the Fermi level. More specifically a reasonableere integrated between 649.5 and 653.5 eV for
conclusion is that the white-line feature of thg, edge cor- Zn;_xMn,Y and between 7935 and 797.5 eV for
responds predominantly to Mr(Co) 2pg, and 2, ZMm_xCqS. Our results for the variation of the integrated
electrons making transitions to a relatively narrow band ofintensity of theL, white-line feature as a function of are
Mn (Co) 3d(e) and to a broadened band of MiCo) plotted in Fig. 6: The linear-regression slope and intercept
3d(t,)—S P hybridized antibonding states for the sulfides, values of fitted lines are given in Table I. The analysis of the
and to Mn 3l(t,)—Se 4 hybridized states for the selenides. L3 edge was complicated somewhat by the overlap of peaks
The strength ofp-d hybridization in DMS alloys, being A, B, andC, the last being attributed to excitations involving
predominantly determined by the degree of overlap of thdinal-state Mn(Co) 4s bands. The intensities of overlapping
appropriatep- and d-orbital wave functions, should be re- features occurring at the; edge were integrated between
flected in the electronic transition probabilities occurring be-638.3 and 641.7 eV for Zn,Mn,Y and between 777.6 and
tween the samp- and d-derived statéd.In order to test this, 781.8 eV for Zn_,Cq,S using multiple-peak analysis: Ex-
we calculated the integrated intensity of the white-line fea-amples of the peak fitting used for the analysis of the
tures at theL, and L edges(excluding featureC) of our  Lz-edge features are shown in Fig. 7. Since featOrés
spectra. Specifically, we have tried to determine from thes@ssociated with excitations of photoelectrons sostates, its
results how the strength gf-d hybridization varies as a integrated intensity was used only to isolate the contributions
function of content and type of magnetic ion and anion mak-of featuresA andB for Zn,;_,Mn,Y and the contribution of
ing up the DMS alloys. The first step in the analysis involvedfeatureA for Zn,_,CaS. In similar fashion to the integrated
the removal of a linear background from tHe,- and intensity of thelL, white-line feature, the combined intensi-
L;-edge regiongindicated by the dashed lines in Figs. 3-3 ties of featuresA andB (I,+1g) occurring at the Mn(Co)
The Mn and ColL,-edge XANES spectra with subtracted L3 edge and the intensity of featufe (I ,,) occurring at the
background are presented in Fig. 5. Note that prior to analy€o L; edge were found to increase linearity with magnetic-
sis of the integrated intensities, the spectra were normalizedransition-metal concentration in ZnMn,Y and in
as described above, tg and to the maximum of peak of  Zn,_,CaoS alloys, respectively. The variation of tHe;
the L ;-edge region. As can be seen in Fig. 5, the intensity ofvhite-line intensitiesl,+1g for Zn;_,Mn,Y and I, for
the L, white-line feature increases with magnetic-transition-Zn; _,Ca,S as a function ox are plotted in Fig. 8: The slope
metal content M(Co) in Zn,_,Mn,Y (Zn;_,CqaS) alloys. and intercept values from fitting the data represented in this
In order to attain reasonable comparison of their intensitiegraph using linear regression are given in Table Il. We note
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FIG. 6. The intensity of white-line spectra at the edge and fit
using linear regression as a function of magnetic-transition-metal
concentration for Zp ,Mn,S, Zn,_,Mn,Se, and Zp_,CqoS al-
loys.

FIG. 7. Experimentafsolid circleg and fitted data of white-line
spectra at(a) the Mn L; edge for ZggMny,S and (b)
Zng 74Mng »sSe, andc) for the CoL ; edge for Zg Caqy 5S. The final

. . . fitting curves(solid lineg were calculated by a summation of three-
that the energy range of integration of thg-edge features is peak curves, namely, foh, B, and C (two-peakA and C) for

0.8 eV larger for Zp_,CqsS in comparison to that for zn mn,,S and Zg,Mng,sSe (Zn, Cay.sS), with the individual

Zn; _yMn,Y, leading to greater overdll; white-line intensi-  peak curves shown by the dashed lines.

ties for the former than for the lattéaside from thex de-

pendence for bojh Nevertheless, this difference in energy Systems. We first make a comparison of our results for the

range was found to have no impact on thelependence of tWo types of magnetic ions in the ZnCoS and

the L, white-line intensity for Zn_,Co,S in comparison to  £M-xMn,S alloys. The rate of increase - andL ,-edge

that for Zn_,Mn, Y. vyhlte-llne intensity withx for zn; _,CaqS is roughly 2-3
The linear increase of the integrated intensities of featureMeS as much as for Zn,Mn,S, as shown in Tables | and

at the Mn(Co) L3 andL, edges with Mn(Co) concentration indicating that transition-metal &t,)—S 3 hybridiza-

; tion is stronger for Zp_,Caq,S than for Zp_,Mn,S. This
can be explained by the overall number of M8o) 2p5, and X XX X
2pys, 1o Mn (Co) 3d(t,)—anionp hybridized states’ transi- suggests that the Cod8t,) energy levels, in comparison

tions similarly increasing linearly witkx, respectively, be- with the Mn 3d(t,) energy levels, are situated nearer tos 3
cause ro o%ionall mo%e MfCo))/ 3d(t ’) ortl)aitals be)gome states, and thus have a higher hybridization probability with

S€ prop Ay m . . 8/ " the S J states. This conclusion is consistent with our earlier
available for hybridization with aniop orbitals. In addition,

we find that within the concentration ranges we studied, th%g_iend\?viiz(ﬁ Clvgibstt;i% dOfsifnfhglr\ﬂr)éiu?tlo%sr(gﬂp:rg/:ler:j,g';er’eso-

;et\ttehglllnc;e dasee "?t;]”‘?gsgg %fn\évgll]tte'l'nsnfebitttﬁlr?ﬁeofcug?fgnance peak? Inferences on the effect of the type of anion on
3,2 €0GE WIIX 1 P up yp the strength op-d hybridization in our DMS alloys are not

substitutional magnetic ion and type of anion in our DMSas apparent. Based on the rate of increase of the Mn
L,-edge white-line intensity witkx being roughly twice for
TABLE I. Slope and intercept of the line fitted using linear Zn,_,Mn,S compared to that of Zn,Mn,Se, we infer that
regression to the intensity of the white line as a function of conceng pa5 g greater effect than Se. More specifically, this result
tration from (@) the Mn L, edge for Zp_,Mn,S and (b) suggests that Mnd&t,)-S3 hybridization  for
Zn;_,Mn,Se, and(c) for the CoL, edge for Zn_,Cq,S alloys. Zn,_ ,MnS is stronger than Mnd&t,)—Sed for
Zn,_,Mn,Se. However, given that the rate of increase of the
Mn Ls-edge white-line intensity withx, being equal for
Slope 0.28:0.01 0.15-0.05 0.57-0.16 Zn, _,Mn,S compared to that of Zn,Mn,Se(see Table I,
Intercept 0.36:0.01 0.410.01 0.55-0.03 one would have to infer that S and Se have roughly the same
effect. It is highly possible, given that the error in estimation

Zn_,Mn,S Zn _,Mn,Se zn_,Co,S
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and instrumental broadening, af®) final-state effects such
as core excitations or shake-off proces$e$he core-hole
® Zn CoS broadening of the white-line feature for Mn and Co
A Zn Mn Se L,-edge(L;-edge spectra is 0.34 and 0.43 €0.2 and 0.3
. e Zn _MnS eV), respectively® whereas, as discussed in the previous
e section, the instrumental broadening for our x-ray-absorption
a measurements was0.4 eV. The contribution to the broad-
L ening due to shake-off and excitonic effects is expected to be
w. similar to that of core-hole broadenif§.While core-hole
broadening has been shown to be dependent upon the state of
aggregation of the absorbing element in some syst8mws,
do not expect this and other final state and intrinsic effects to
contribute to the broadening of the spectra in question, spe-
cifically regarding effects which are dependent. Therefore,
15} : N we conclude that core-hole lifetime and final-state effects,
e while present are not dominantly responsible for the ob-
A A served rate of increase in MiCo) L -edge white-line in-
. tensity withx in the spectra. One possible explanation for the
intensity of the Cd_3 -edge white line for Zp_,Co,S being
nominally larger than that of Mih; ~edge for Zp_,Mn,Y
(aside from their respective dependenceis because the
core-hole broadening for the former is slightly larger than
. . . . . that of the lattef! On the other hand, we cannot offer any
0.0 0.2 0.4 0.6 similar explanation for the overall intensity of Mn
Lz -edge white line in the XANES spectra of ZnMn,Se
Transition-metal Concentration being slightly larger than that for Zn,Mn,S.

In a separate study, the Mn and eedge EXAFS spec-
tra were measured from Zn,Mn,S and Zp_,Ca S alloys
using transmission mode measurements at #7\We found
that the NNM-S bond lengths remained essentially constant
at 242 A in Zn_,Mn,S (Mn-S) and at 2.30 A in
Zn, _,Ca,S (Co-9 throughout the concentration range>of

of integrated intensity of the Mhs-edge white-line intensity  agnectively. Results for NN bond lengths, nearly completely
with x is lower and thus more in line with the results for the independent of x in zn, ,MnS (Ref. 22 and
_ Mn, .

Intensity of Mn & Co L, - edge

FIG. 8. The intensity of white-line spectral+1g (I,) at the
L, edge and the linear regression fitting as a function of magnetic
transition-metal concentration for Zn,Mn,S and Zn_,Mn,Se
(Zn;_,Cq,S) alloys.

: ; ) i
L5 edge. This conjectqre is supported by the excellent agreeanixcq(st have been observed earlier. Similar results
ment of the rates of increase of the Mn and Cg, edge e also been found for the NN Mn-Se bond lengtres/-
white-line intensities  with x for Zn_,Mn,S and ng 5 vajue of 2.54 Ain Zn,_,Mn,Se from our earlier
Zn, _,CaS alloys, respect|_vely. Cp_mblnlng these re_sults, WEEXAFS studied In contrast to the NN Mn-anion bond
concllu.de .that .the magneuc-transnmn—mgtdl(&)—amonp lengths in Z5_,Mn,S and Zn_,MnSe which remain
hybridization is highest for Zn,CqS, intermediate for pegrly x independent, the mean cation-cation distances in
Zn; _,Mn,S, and least for Zn ,Mn,Se alloys. This is con-  pese and other DMS alloys have been found to obey Veg-
sistent with studies showing that the exchange interaction of,q's |aw24 implying a distortion of the crystal structure
the magnetic moment in Co-based DMS alloys is severalyay from the ideal structure conforming to Vegard's fv.
times larger compared to that of Mn-based DMS alitys, prom this, we inferred that the Mh ion played a significant
and in agreement with similar studies, indicating that the,q1e in weakening tetrahedrasp® bonds in Mn-based
value of the exchange integral decreases with increasing aigy\1s's 89 Since the NN Co-S bond length is also found to be
ion size in Mn-based DMS systerhs. o _nearlyx independent, we can safely generalize the previous
Possible concerns regarding the quantitative analysis qf,nclusion to include the effect that the Coion has on
magnetic-transition-metal ; -edge white-line feature of similar sp® bonds in Zn_,Ca,S alloys. Thesp® bond weak-
, . . S —x .
XANES spectra, which require addressirid)) the intrinsic ening is due to the strong hybridization of fi{Co**) 3d
. o o orbitals havingt, symmetry with anion § or 4p orbitals.
TABLE II. Slope and Intercept of the line fitted using linear The atomic energy degeneracy necessary for the superex-
regression to the intensity of the multiple-peak analysis as a funcchange mechanism in DMS leaves fewer anrorbitals
tion of concentration from white-line spectraal the MnL; edge  5yajlable for tetrahedral bonding, thus causing a reduction in
for Zny - Mn,S and(b) Zn, - Mn,Se, andc) for the Col edge for  the hond force constant€® Similar conclusions by Qadri
ZnxCoS. et al?® showed that MA" tends to weaken the tetrahedral
bond and to destabilize the zinc-blende structure. Although
the NN Mn-anion bond lengths are neaxyindependent, it
Slope 0.25:0.05 0.25-0.17 0.82-0.15 should be pointed out that a careful EXAFS analysis of these
Intercept 1.250.01 1.36-0.05 1.810.03 bond lengths for both zZn,Mn,S and Zp_,Mn,Se has
shown a slightly greatet dependence in the latter than in the

Zn,_,Mn,S Zn_ Mn,Se Zn_,Co,S
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former (from their NN bond-length relaxation data; see for zn,_,Cq,S, in proportion to the strength of the ME0)
Table II of Ref. 9. This reveals a greater deviation in 3d(t,)—S 3 hybridized antibonding states for the sulfides,
Zn; _yMn,S than in Zp_,Mn,Se of the local structure away and of the Mn &I(t,)—Se 4 hybridized states for the se-
from Vegard's law behavior. This difference may arise be-lenides. We find, based on the analysis of the rate of increase
cause of the greater size of the 8ke covalent radius is of the magnetic-transition-metal; -edge white-line intensi-
equal to 1.16 Athan the S(the covalent radius is equal to ties, that magnetic-transition-metati@,) —anionp hybrid-

1.02 A) anion, resulting in greatep-d hybridization (and  jzation is greatest for Zn,CaS, intermediate for
concomitant greater weakening of the tetrahedg@ bond  zn,  Mn,S and least for Zn ,Mn,Se. We infer that this is

in Zn;_,Mn,$S than in Zp_,Mn,Se alloys. Finally, accord- due to the differences in energy between the KGo)

ing to Spaleket al.?’ the superexchange integral in Mn- 3q(t,) and anionp states in these alloys. Our results from
based DMS’s should depend on the amount of Mn-anion-MrhnaWsis of Mn and Cé-edge EXAFS spectra show signifi-
bond-angle distortion. Since we have evidence of a lixear cant local structure relaxation based on results showing that
dependence of the Mn-Se-Mn bond-angle distortion inthe NN M-S bond lengths remained essentially independent
Zn,_,Mn,Se? it should be interesting to determine the na- of x in Zn,_,Mn,S and zZn_,Ca,S alloys, respectively. We
ture of the corresponding bond-angle distortion injnfer this to be due to strong hybridization of Kfrand
Zn;_xMn,S and Zp_,Ca,S. A more inclusive study of this  co?* 3d orbitals havingt, symmetry with anion B or 4p
nature should prove to be useful in determining general efgrpjtals, thereby leaving fewer anignorbitals available for

fects of the magnetic ion and anion on the bond-angle distetrahedral bonding, and weakening &g bonds in these
tortion and its influence on the superexchange mechanism igaterials.

DMS. Further analysis of the EXAFS data, for the next-
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