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Hybridization of the 3 d states of transition metals with the states of the ZnS matrix
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The near-edge soft x-ray absorption spectra of ZM,S compoundgwhere M is Mn, Fe, Co, and Ni, and
X ranges to the solubility limjthave been obtained by measuring the total electron ypHdtoelectron, Auger
and secondapyfrom the sample in an ultrahigh vacuuitdHV) sample chamber using x-rays from beam line
6.3.2, a bending magnet beamline at the Advanced Light Sd#ic8). The high spectral resolution of the
beamline in the 50—-1000 eV region allowed detailed measurements 9§ &d transition metal 4 absorp-
tion spectra. The study af ands antibonding states in 4n,M,S compounds provided evidence that&ates
of transition metals participate in the formation of ionic-covalence bonding between M-S. Furthermore, it was
found that the ability of 8 electrons to participate in bonding decreases with increagingri3it filling. As the
3d orbit becomes more closed, thel &lectrons assume a more corelike character. The evidence of these
behaviors can be seen in the metal and sulfur L absorption spectra as well as in the charge transfer values
calculated from the energy shifts in transition metal K edges. These findings provided an explanation for the
drastic decrease in the solubility of these particular metals in the ZnS m&€%63-182807)09716-9

I. INTRODUCTION ity, the soft x-ray absorption technique offers a unique op-
portunity to directly measure the site-selective energy distri-
The current interest in the technology and properties obution of the unoccupied states of these compounds. The

ternary alloys results from the increasing expectation by thelegree of hybridization of thedstates and its interaction
electronic industry that these materials will have usefulwith the host material band states has been a subject of many
physical, optical, mechanical, and chemical properties for fudiscussions=*? Nevertheless, until now it has not been pos-
ture electronic devices. The alloying of elements makes ifible to probe the distribution af states around the given
possible, in many cases, continuously to change the propeftom with energy resolution sufficient to recognize the de-
ties of materials, for example the lattice parameters, energgree of hybridization between states of different atoms. The
gap, conductivity, magnetic moment, plasticity, corrosionevidence ofi-states hybridization was not observed in a pre-
endurance, etc... . In particular, the 11-VI wide band-gap maxious paper by Let al,** probably due to insufficient energy
terials have recently attracted attention, as heterostructurggsolution.
grown from them are potential candidates for blue-green In the present paper we report the near-edge soft x-ray
light-emitting devices and diode lasérsThe scientific and ~absorption spectra from 4Zn,M,S compounds, where M is
commercial interest in these materials reaches back to &fn, Fe, Co, and Ni, and ranges from very low concentra-
least several decades. ZnS in particular has long been usedtigns to the solubility limit. Specifically, the Syl; and the
a host material in phosphors, where doping by transitiorl-3 edges of transition metals were measured, and the results
metal elements produces high cathodoluminescence efficieare discussed. The details of the crystal growth and sample
cies. In spite of the wide commercial value of ZnS basedcharacterization along with that of the complementary inves-
materials, many of their physical properties still lack propertigations of the zinc, sulfur, and transition metal K absorp-

explanation. tion spectra were presented elsewhere.
In 1I-VI compounds, the partial substitution of a cation by
a magnetic ion of a transition element should result in hy- Il EXPERIMENTAL

bridization of the 8 states with thesp band states of the
host semiconductor. This will inevitably lead to modification ~ BL 6.3.2, an entrance-slitless bend magnet beantliae
of the crystalline, electronic, and magnetic structuresthe Advanced Light Sourc@\LS) operating in the 50—1000
EXAFS (extended x-ray-absorption fine structurstudies eV energy region is equipped with a Hettrick-Underwood
have demonstrated the existence of two different bondgype varied line space grating monochromator and various
lengths between different cations and the aniidtEvidence mechanical design features resulting in high performance in
of modification of the electronic structure has been observeénergy resolution, throughput, stability, and ease of opera-
by photoelectron, reflectivity, and x-ray-absorption near-tion. The resolving power of the monochroma®fAE at
edge structure studi€g® of these compounds. the L, 3 edge of S is about 1700, and at the transition metal
Inner shell absorption spectroscopy provides a useful; edges of Mn through Ni are between 1000 and 1500. This
means of electronic structure analysis in a wide variety ofenergy resolution was sufficient to distinguish the fine
systems. Resulting from the atomic and symmetry selectivehanges in the spectra as a function of transition metal con-
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FIG. 1. The Mn-L; spectra normalized at the maximum intensky; 0.05 (dotted ling, x=0.33 (bold line), x= 1.0 (thin line), and the
S-L, ;3 absorption spectra normalized at the maximum intengity0.0 (bold ling), x=0.05 (middle line), x=0.2 (dotted ling, x=0.3 (thin
line) of Zn,_,Mn,S.

tent. Increasing the resolving power up to about 4000 did noments presented in this paper. In the case of sulfur L absorp-

result in resolving new structures or narrowing of peaks intion measurements, an order sorter to suppress the high-order

the absorption spectra but significantly decreased the signaadiation® positioned before gold meshf, was used and

intensity. no contribution from higher orders were detected during
We have measured the high resolution x-ray absorptiothese measurements.

spectra at the 4 edges of transition metals and at thgsL

edge of sulfur in Zp_,M,S starting from very low concen- IIl. RESULTS AND DISCUSSION
tration (x=0.01) to the solubility limit. The spectra pre- ' . . .
sented in this work are the ratio ofl . To our knowledge Due to the dipole selection rules, the intensity of L ab-

these spectra represent the most precise measurementssefption spectral features provides a measure of thargi
these compounds at the b.edge of sulfur. In recently pub- 4s state distributions in the conduction band and allows us to
lished data for Zn® structural details observed in our mea- measure directly the degree of antibonding state hybridiza-
surements were not detected. The powder samples wet@®n at the site of different atoms. The Bbsorption features
spread on to indium foil, and thecomponent of the absorp- results from the transitions of electrons from th;2 atomic

tion spectra presented in this paper were obtained by stdgvel to the final states in the conduction band. These transi-
scanning the monochromator and measuring the total ele¢ions are localized on the emitting atom, providing the site
tron yield (photoelectron, Auger, and secondafiom the  selective densities of states. In Figs. 1-4, the transition met-
sample(foil) in a high vacuun{HV) sample chamber. Since als (M) L3 absorption spectra of the Zn,M,S (where M is

the sample thickness was larger than the electron escapén, Fe, Co, and Niare presented. For direct comparison,
depths (100 A), the absorption spectra obtained by thisthe L; absorption spectra from related monochalcogenides
method are not distorted by the inhomogendityughness  (labeledx=1.0) are also shown in the same figure. The fine
of the sample, the so called “thickness effect.” This wasstructure in these spectra are well resolved. All the spectra
illustrated in the comparison of N-K absorption spectra ofpresented in this work are normalized to the peak intensity.
GaN obtained from a powder sample, a single crystal, and an The S-L, 3 spectra of the corresponding ZnM,S for
epitaxial film presented elsewhefeThe disadvantages of variousx values are also shown in Figs. 1-4. Even though
using the total electron yield are that measurements are suthe S-L; 3 spin orbit splitting is approximately 1 eV, the
face sensitive and it is not possible to obtain absolute absorfB-L, and -L; are not well separated in these spectra because
tion cross-section values. But, any appreciable C-K and O-kof the inherent width of these absorption features. For direct
absorption features from these dilute magnetic semicondu@omparison, the S-15 absorption spectrum of Znabeled

tor (DMS) samples were not observed indicating any posx=0.0) measured under the same conditions is also shown in
sible surface contamination in these samples. The intensitligs. 1—4.

of the incoming radiation, was monitored by the photocur- These compound&xcept the Mn containing compounds
rent generated in the gold mesh positioned immediately beexist in the NiAs crystal structurétype B13 if they are
fore the sample. No structure in thg was detected in the binary compounds, and in the zinc-blende structure if they
high-energy region. Resulting from the design of the beamare ternary compounds. The Mn containing binary com-
line (mirror and grating angleshe photon flux above 1000 pounds are in NaCl crystalline structuttgpe B 1), whereas

eV is extremely low. Therefore, no filters or any other high-the ternary compounds are in a wurzite structure. In both
order suppression was used for metal L absorption measurstructures each atom in a binary and ternary compound is
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FIG. 2. The Fe-L spectra normalized at the maximum intensity; 0.11 (bold line), x=0.24(dot and continuous linex=0.34(triangle
and continuous ling x=0.50 (dotted ling, x=1.0 (thin line), and the S-L ; absorption spectra normalized at the maximum intensity,
=0.0 (bold line), x=0.11 (middle ling, x=0.24 (dotted ling, x=0.50 (thin line) of Zn, _,FeS.

surrounded by six or four nearest neighbors, respectively. tion features decrease with increasing Mn content, suggest-
The Mn-L; spectra shown in Fig. 1 are very similar ex- ing that the 8 antibonding states are concentrated near the
cept that the pre-edge structure observed in the MnS is nabain subband.
observed in these ternary compounds. For clarity of presen- As seen from the S-1; absorption spectra of
tation, only spectra from samples with the smallegt ( Zn,_,Mn,S presented in Fig. 1, substitution of only 5% of
=0.05) and largestq= 0.33) content of Mn are shown. The Zn atoms by Mn atoms have already changed the shape of
spectra from ternary compounds have the well distinguishethe sulfur edge. As the concentration of Mn increases, the
three-peak structure, suggesting the existence of three sulmtensity of the first absorption featutlabeled A increases
bands in the main & 4s antibonding band. The energy dif- and shifts slightly to the low energy, where as the main peak
ference between the first peak and second and third peaks ditebeled B becomes narrower. The energy positions of peaks
1.4 eV and 3.6 eV, respectively. The energy position of thes€ and D also change. These energy shifts indicate that as the
peaks resulting from the subbands do not change signifiMn content increases, the amount of sulfur states that hybrid-
cantly with the change in Mn content of these ternary alloysjze with the Mn states also increases. The hybridized states
only a 0.2 eV shift of the low-energy edge between the specare shifted to the low energy as in the case of Mhs3ates.
tra with the highest and lowest content of Mn was observedThis is direct evidence that thed3Mn states participate in
Furthermore, the intensities of the second and third absorghe formation of the chemical bond and hybridize with the
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FIG. 3. The Co-k spectra normalized at the maximum intensity; 0.1 (dotted ling, x=0.2 (bold line), x=1.0 (thin line), and the
S-L, 3 absorption spectra normalized at the maximum intenzity0.0 (bold line), x=0.1 (dotted ling, x=0.3 (thin line) of Zn,_,Cq,S.
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FIG. 4. The Ni-l3 and the S-L ; absorption spectra normalized at the maximum intensity0.01 (dotted ling, x=1.0 (bold line) of
Zn; _4Ni,S.

anion states. From EXAFS measureméntise Mn-S bond In Fig. 3, the Co-L and S-43 absorption spectra
lengthR is 0.09 A longer than the Zn-S bond in these DMS.Zn, _,Ca,S for various Co concentrations X (
Therefore, the direction of the energy shift of the g5 =0.0, 0.1, 0.2, 1.0) are presented. The-8s antibonding
edges for the S atoms bonded to Mn is in agreement with thetates of Co are accumulated in well localized bands with
energy shifts suggested by the crystal field strength, which ifull width at half maximum of 2.0, 2.2, and 2.8 eV when
proportional to (1R)°. =0.1, 0.2, and 1.0, respectively. The small increase of the
In Fig. 2, the Fe-k and S-l, ;3 absorption spectra from intensity at the high-energy sidmdicated by an arrojwvas
Zn,_,Fe S with x=0.0, 0.11, 0.24, 034, 0.50, and 1.0 are detected, in spite of well pronounced subbands observed in
presented. As seen from Feg-labsorption spectra, the Fe 3d states. The main absorption feature is much narrower
3d-4s antibonding states of Fe atoms are split into two sub{~1.0 eV) and shifted 0.6 eV) to lower energy when
bands separated by about 1.7 eV. With the increase in Feompared to the main peak in orthohedrally coordinated
content, the energy separation of these subbands do nGoS. With the increase in Co content, broadening of the
change. For the DMS witkx=0.5, the intensity of high- main peak and increase in the intensity of the higher-energy
energy subband reaches the maximum vdthe subbands feature was observed. In the case of S-L spectra, a small shift
have almost equal intensjtysuggesting that the Fed3tates  in energy(highep as well as a decrease in intensity of peak
are concentrated at the second subband. The splitting of sub- was observed. As in the case of Mn and Fe containing
bands depends on the Fe coordination and does not vary witbMS, the intensity peaks B, C, and D increase with the Co
Fe content. However, in the case of FeS, which is orthoheeontent. In contrast to bond lengths of Mn-S and Fe-S, the
drally coordinated, the splitting is about 1.4 eV. The inten-bond length of Co-S bond is smaller than the bond length of
sity distributions between the subbands depend on the Fe-n-S?® This leads to an increase of the crystal field strength
interatomic distance and thus on the overlapping of Be 3 and therefore a shift of antibonding states of the sulfur atoms
states. bonded to Co to a high energy. A small energy shift of the
In the case of S-}3 spectra presented in Fig. 2, we notice sulfur 2p doublet to a higher energy for S atoms bonded to
the appearance of an additional pre-edge structure indicatedio was observed in the x-ray photoemission spectroscopy
by an arrow. This structure was not observed in ZnS and theneasurementsThe 3d states of Co do not participate in the
intensity of this feature increases with the concentration oformation of the chemical bonding as much as tliesBates
Fe, indicating that there exists a direct hybridization of theof Mn or Fe, but still some evidence of hybridization be-
4s empty states of S with thed3states of Fe and that the tween Co and S states were discovered.
hybridized states are localized in the energy gap of host ZnS Examining the L edge absorption spectra in; ZfNi,S
semiconductor. This may be responsible for the increase inompounds presented in Fig. 4, only one peak formed by
conductivity of the Zn_,Fe S with the increase of Fe con- 3d antibonding states was observed. The width of this peak
tent. Similar pre-edge structures have been observed in sulfis the same for ternary and binary compounds indicating that
K absorption spectral® Additionally, changes in the higher- these states do not participate in the chemical binding. About
energy fine structure of the S-L absorption spectra that fola 0.2 eV shift in energy of the edge position was observed.
low the changes in second subband of the Fe L efesut  This is in agreement with the different coordination of the S
2 eV from the maximum of the edevere also observed. As atom in ternary and binary compounds. No pronounced
in the case of Mn, the @ states of Fe participate in the changes at the site of sulfur atoms were observed.
forming of a bond of partial covalent character between the The studies of thed and s antibonding states in
M and S. Zn; _ M,S compounds provide evidence thad 3tates of
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TABLE I. The chemical shift of transition metal K edga<t the theoretical approach of Kitamura and CHeare pre-
(eV) calculated from the theory of Kitamura and Cféeharge  sented in Table I. The chemical shifts for the particular met-
transferq(e) for Zn; _,M,S. als in these compounds were found to be practically indepen-
dent of the metal content. On the other hand, noticeable
changes in chemical shift between the different transition
metals in alloys were observed. The highest energy shift

Energy of K edge Chemical Predicted
for element(eV) Compound shift AE (eV) chargeq(e)

Mn Zn,_,Mn,S (AE=8.0 eV) was found for Mn, whereas the lowest energy
6539.0 x=0.12 8.0 2.46 shift (AE=1.5 eV) was found for Zn. The degree of ionicity
x=0.20 8.0 2.46 of the partial covalent bond in ZnS is about 0.63, which is
x=0.33 8.0 2.46 rather highz.5 This justifies estimating the effective cation
error 0.1 +0.05 chargeq from the theoretical chemical shift at the K edges
Fe Zn_,FesS for different transition metal ions, N.2* For Zn we ob-
7112.0 x=0.11 75 234 tained a cation charge of 183/, which is close to the for-
x=0.24 78 237 mal value of 2@ V. This provides a reasonable verification
x=0.50 75 234 of the approximation used in Ref. 24 for ZnM,S com-
error 0.1 +0.05 pounds and that the contribution from the near-neighbor
Co Zn,CoS scattering potentials to the energy shifts in absorption thresh-

old energy is small. The calculated charge values for differ-

7708.9 2:8:12 ;: 528 ent tran_sition metals are greater than 2.0. This confirms our
<=0.29 23 530 conclusions from L absorption edgg measurements that in
ortor o1 0,05 the case of transition metals, beS|des_ the electrons from
: ) : - 4sp orbitals, the 8l electrons also contribute to the overall
Ni 2Ny xNiS charge transfer. As seen from Table |, when the atomic num-
8332.8 x=0.01 6.3 2.27 ber is increasefrom Mn to Ni), a decrease in charge trans-
error 01 +0.05 fer is observed in spite of the increase in number df 3
Zn ZnsS electrons. The 8 orbitals of Mn are only in half filled, but in
9658.6 2.1 191 the case of Ni, 8 orbitals are already almost completely
error 0.1 +0.25 filled (3d°). The Zn 3 orbit are in a closed configuration

and we do not find any evidence of Zml &lectrons partici-

&The chemical shiftAE i i .
e chemical shiftsAE (eV) were estimated by subtracting the pating in ionic bonding.

experimental K edge valugRef. 9 of the metalE, in the alloys
from the elemental metal K edge value.

. .. . . . IV. CONCLUSION
transition metals participate in the formation of bonding

(partial covalentbetween M-S. Contrary to the antibond- The near edge soft x-ray-absorption spectra from
ing states in these materidlthe redistribution of the inten- Zn,_,M,S compounds, where M equals Mn, Fe, Co, and Ni,
sities between different@shell subbands with the increase and x ranging from zero to the solubility limit, were mea-
of Mn and Fe content was observed. Nevertheless the levéured with high resolution by measuring the total electron
of hybridization between the transition metal atom and sulfuiyield from the sample. The absorption spectra obtained by
is different depending on thed3orbit filling. The most pro-  this method are not distorted by the inhomogenéiugh-
nounced changes in sulfur and metal absorption edges weRgs$ of the sample, the so called thickness effect. The stud-
observed for Mn and Fe containing compounds. The smallesés of d ands antibonding states in these compounds pro-
evidence of hybridization was noticed for Co and Ni contain-vided evidence that the d3 electrons of transition metals
ing semiconductors. participate in the formation of partial covalent bonding be-
X-ray absorption spectral features are sensitive to théween M-S and that the ability ofdBelectrons to participate
chemical environment of the absorbing atoms undetn ionic bonding decreases with an increase éh@bit fill-
investigationt> The change in the position of the main ab- ing. The more closed thed3orbit of electrons are, the more
sorption edge, i.e., the chemical shift has been explainedorelike character theBelectrons exhibit. Strong evidence
qualitatively ~based on the oxidation stafe, of this behavior can be seen in the L absorption spectra of
electronegativity,’ effective ionic chargé®'®  metal and sulfur and in the calculated charge transfer based
hybridization!”?° ionicity,?%?> and the coordination on the chemical shifts in transition metéledges. In the case
number?® etc. Recently, for selected transition metals, Kita-of Mn and Fe, a very pronounced change in the shape of
mura and Cheft have performed self-consistent calculationscation and anion L edges with the change in metal content
of the K-absorption edge energy and the chemical shift onvas observed, whereas in the case of Co and Ni the effect
the basis of the atomic nature, ignoring the effect of nearwas much smaller. This explains the dramatic decrease of the
neighbor scattering potentials. Unlike the multiple scatteringsolubility of the investigated metals in the ZnS matrix for
calculations, this method also limits the application mainly tovarious cations. The solubility limit, which &= 0.60, in the
ionic solids. case of Mn, decreases xe=0.03 when the cation is changed
Based on the previously published chemical shift of theto Ni. An extension of this work is to measure the absolute
transition metal K edge¥the calculated effective charge near-edge absorption cross sections for these materials and to
transfers in the cation-anion bond in ZnM,S in terms of obtain thed-band occupancy from the white line areas.
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