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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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ABSTRACT

The near edge soft x-ray absorption spectra of Znj.xMxS compounds (where M is Mn,
Fe, Co and Ni, and x ranges to the solubility limit) have been obtained by measuring the
total electron yield (photoelectron, Auger and secondary) from the sample in an UHV
sample chamber using x-rays from BL 6.3.2, a bending magnet beamline at the Advanced
Light Source. The high spectral resolution of the beamline in the 50 -1000 eV region
allowed detailed measurements of S- L) 3 and transition metal L3 absorption spectra.
The study of d and s antibonding states in Znj_xMxS compounds provided evidence that
3d states of transition metals participate in the formation of ionic-covalence bonding
between M-S. Furthermore, it was found that the ability of 3d electrons to participate in
bonding decreases with increasing 3d orbit filling. As the 3d orbit becomes more closed,
the 3d electrons assume a more core-like 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 matrix.



INTRODUCTION

The current interest in the technology and properties of ternary alloys results from
the increasing expectation by the electronic; industry that these materials will have useful
physical, optical, mechanical and chemical properties for new electronic devices. The
alloying of elements makes it possible, in many cases, continuously to change the
properties of materials, for example the lattice parameters, energy gap, conductivity,
magnetic moment, plasticity, corrosion endurance etc. In particular, the II-VI wide band
gap materials have recently attracted attention, as heterostructures grown from them are
potential candidates for blue-green light-émitting devices and diode lasers [1,2]. The
scientific and commércia_l interest in these materials reaches back to at least several
decades. ZnS in particular has long been used as a host material in phosphors, where
doping by transition metal elements produces high cathodoluminescence efficiencies. In
spite of wide commercial value of ZnS based materials many of their physical properties
still lack proper explanation. |

In II-VI compounds, the partial substitution of a cation by a magnetic ion of a
transition element should result in hybridization of the 3d states with the sp band states of
the host semiconductor. This will inevitably lead to modification of the crystalline,
electronic and magnei:ic stnictures. EXAFS (extended x-ray-absorption fine structure)
studies have demonstrated the existence of two different bondls lengths between differént
cations and the anion [3-6]. Evidence of modification of the electronic structure has been
observed by photoelectron, reflectivity and XANES (x-ray-absorption near-edge
structure) studles [7-10] of these compounds. |

Inner shell absorption spectroscopy provides a useful means of electronic structure
analysis in a wide variety of systems. Resulting from the atomic and symmetry selectivity,
- the soft X-ray absorption technique offers a unique opportunity to directly measure the
site-selective energy distribution of the unoccupied d states of these compounds. The

degree of hybridization of the 3d states and its interaction with the host material band



states has been a subject of many discussions [9-12]. Nevertheless, until now it has not
been pdssible to probe the distribution of d states around the given atom with energy
resolution sufficient to recognize the degree of hybridization between states of different
atoms. The evidence‘of d states hybridization, was not observed in the previous work by
Li et al. [12], probably due to insufficient energy resolution.

In the present work we report the near edge soft x-ray absorption spectra from
Zn1_yMxS compounds where M is Mn, Fe, Co émd Ni, and x ranges from very low
concentrations to the solubility limit. Specifically, the S-Lp 3 and the L3 edges of
transition metals were measured, and the results are discussed. The details of the crystal
growth and sample characterization along with the of complementary investigations of the

zinc, sulfur and transition metal K absorption spectra were presented elsewhere [9].

EXPERIMENTAL

BL 6.3.2, an entrance - slitless bend magnet beamline [13] operating in the 50 -
1000 eV energy region is equipped with a Hettrick-Underwood type varied line space
(VLS) grating monochromator and various novel mechanical design features resulting in
high performance in energy resolution, throughput, stability and ease of operation. The
resolving power of the monochromator, E/AE, at the Lp3edgeof S is about 1700, and
at the ﬁansition metal L3 edges of Mn through Ni are between 1000 and 1500. This
energy resolution was sufficient to distinguish the fine changes in the spectra as a function
of transition metal content. Increasing the resolving powef up to about 4000 did not
result in resolving new structures or narrowing of peaks in the absorption spectra but
significantly decreased the signal intensity.
| We have measured the high resolution x-ray absorption spectra at the L3 edges of
transition metals and atthe Ly 3 edge of sulfurin Znj_xMyS starting from very low
concentration (x = 0.01) to the solubility limit. The spectra presented in this work are the

ratio of I/ I,. To our knowledge these spectra represent the most precise measurements of



these compounds at the L) 3 edge of sulfur. In the recently published data for ZnS [12}
structural details observed in our measurements were not detected. The powder samples
were spread on to indium foil, and the I component of the absorption spectra presented in
this work were obtained by step scanning the monochromator and measuring the total
electron yield (photoelectron, Auger and secondary) from the sample (foil) in an UHV
sample chamber. Since the sample thickness was larger than the electron escape depths
(~100 A), the absorption spectra obtained by this method are not distorted by the
inhomogeneity (roughness) of the sample, the so called “thickness effect’. This was
illustrated in the comparison of N-K absorption spectra of GaN obatained from a powder
sample, a single crystal and a epitaxial film presented elsewhere [14]. The disadvantages of
using the total electron yield are that measurements are surface sensitive and it is not
possible to obtain absolute absorption cross-section values. But, any appreciable C-K and
O-K absorption features from these DMS samples were not observed indicating any
p'ossible surface contamination in these samples. The intensity of the incoming radiation
(Io) was monitored by the photocurrent generated in the gold mesh positioned immediately
before the sample. No structure in the I, was detected in the high energy region. Resulting
from the design of the beamﬁne (mirror and grating angles) the photon flux above 1000
eV is extremely low. Therefore, no filters or any other high order suppression was used
for metal L absorption measurements presented in this work. In the case of sulfur L
absorption measurements, an order sorter to suppress the high order radiation [13],
positioned before gold mesh (Io), was used and no contribution from higher orders were

detected during these measurements.

RESULTS AND DISCUSSION
Due to the dipole selection rules, the intensity of L absorption spectral features
provides a measure of the 3d and 4s state distributions in the conduction band and allows

us to measure directly the degree of antibonding state hybridization at the site of different



atoms. The L3 absorption features results from transitions of electrons from the 2p3/
atomic level to the final states in the conduction band. These transitions are localized on
the emitting atom, providing the site selective densities of states. In figures [1-4], the
transition metals (M) L3 absorption spectra of the Zn_xMxS (where M is Mn, Fe, Co
and Ni), are presented. For direct comparison, the L.3 absorption spectra from related
monochalcogenides (labeled x =1.0) are also shown in the same figure. The fine structure
in these spectra are well resolved. All the spectra presented in this work are normalized to
the peak intensity.

The S-Lp 3 spectra of the corresponding Zn1_.xMxS 'for various X values are also
shown in Figs.[1-4]. Even though the S-L7 3 spin orbit splitting is approximately 1 eV,
the S -Ly and - L3 are not well separated in these spectra because of the inherent width of
these absorption features. For direct comparison, the S-L) 3 absorption spectrum of ZnS
(labeled x =0.0) measured under the same conditions is also shown in Figs. 1-4.

These compdunds (except the Mn containing compounds) in the NiAs crystal
~ structure (type B13) if they are binary compounds, and in the zinc-blende structure if they
are ternary compounds. The Mn containing binary compounds are in NaCl crystalline
structure (type B 1) whereas the ternary compounds are in a wurzite structure. In both
structures each atom in a binafy and ternary compounds are surrounded by six or four
nearest neighbors, respectively.

The Mn- L3 spectra shown in Fig. 1 are very similar cxcépt that the pre-edge
structure observed in the MnS is not observed in these ternary compounds. For clarity of
presentation, only spectra from sarhples with the smallest (x=0.05) and largest (x=0.33)
content of Mn are shown. The spectra from ternary compounds have the well
distinguished three-peak structure, suggesting the existx;nce of three subbands in the main
3d -4s antibonding band. The energy difference between the first peak and second and
third peaks are 1.4 eV and 3.6 eV, respectively. The energy position of these peaks

resulting from the subbands do not change significantly with the change in Mn content of

N



these ternary alloys; only a 0.2 eV shift of the low energy edge between the spectra with
the highest and lowest content of Mn was observed. Furthermore, the intensities of the
second and third absorption features decrease with increasing Mn content, suggesting that
the 3d antibonding states are concentrated near the main subband.

As seen from the S- L) 3 absorption spectra of Znj_xMn,S presented in Fig. 1,
substitution of only 5% of Zn atoms by Mn atoms have alréady changed the shape of the
sulfur edge. As the concentration of Mn increases, the intensity of the first absorption
feature (labeled A) increases and shifts slightly to the low energy, where as the main peak
(labeled B) becomés narrower. The energy positions of peaks C and D also change. These
energy shifts indicate tﬁat as the Mn content increases,l the amount of sulfur states which
hybridize with the Mn states also increases. The hybridized states are shifted to the low
energy as in the case of Mn 3d states. This is direct evidence that the 3d Mn states
participate in the formation of the chemical bond and hybridize with the anjon states.
From EXAFS measurements [6], the Mn-S bond length (R) is 0.09 A longer than the Zn-S
bond in these DMS. Therefore, the direction of the energy shift of the S Ly 3 edges for
the S atoms bonded to Mn is in agreement with the energy shifts suggested by the crystal
field strength, which is proportional to 1/RS.

In figure 2, the Fe-L3 and S L 3 absorption spectra from Znj_xFexS with x=0.0,
0.11, 0.24, 034, 0.50 and 1.0 are presented. As seen from Fe-L3 absorption spectra, the
3d-4s antibonding states of Fe atoms are split into iwo subbands separated by about 1.7
eV. With the increase in Fe content, the energy separation of these subbands do not
change. For the DMS with x=0.5, the intensity of high energy subband reaches the
maximum value (the subbands have almost equal intensity), suggesting that the Fe 3d
states are concentrated at the second subband. The splitting of subbands depends on the
Fe coordination and does not vary with Fe content. However, in the case of FeS which is

orthohedrally coordinated the splitting is about 1.4 V. The intensity distributions



between the subbands depend on the Fe-Fe interatomic distance and thus on the
overlapping of Fe 3d states.

In the case of S- L) 3 spectra presented in Fig. 2, we notice the appearance of an
additional pre-edge structure indicated by an arrow. This structure was not observed in
ZnS and the intensity of this feature increases with the concentration of Fe, indicating
there exists a direct hybridization of the 4s empty states of S with the 3d-states of Fe and
that the hybridized states are localized in the energy gap of host ZnS semiconductor. This
may be responsible for the increase in conductivity of the Znj_xFexS with the increase of
Fe content. Similar pre-edge structures have been observed in sulfur K absorption spectra
[9,10]. Additionally, changes in the higher energy fine structure of the S-L absorption
spectra that follow the éhanges in second subband of the Fe L edges (about 2 eV from the
maximum of the edge) were also observed. As in the case of Mn, the 3d states of Fe
participate in the forming of a bond of partial covalent character between the M and S.

In Fig. 3, the Co-L and S Ly 3 absorption spectra Zn]_xCoxS for various Co
concentrations (x = 0.0, 0.1, 0.2, 1.0) are presented. The 3d-4s antibonding states of Co
are accumulated in well localized bands with FWHM of 2.0, 2.2 and 2.8 eV when x=0.1,
0.2 and 1.0, respectively. The small increase of the intensity at the high energy site
(indicated by an arrow) was detected, in spite of well pronounced subbands observed in Fe
3d states. The main absorption feature is much narrower (~1.0 €V) and shifted (~0.6 eV)
to lower energy when compared to the main peak in orthohedrally coordinated CoS. With
the increase in Co content, broadening of the main peak and increase in the intensity of
the higher energy feature was observed. In the case of S-L spectra, a small shift in energy
(higher) as well as decreasing of intensity of peak A was observed. As in the case of Mn
and Fe containing DMS, the intensity peaks B, C and D increases with the Co content. In
contrast to bond lengths of Mn-S and Fe-S, the bond length of Co-S bond is smaller than
the bond leﬁgﬂu of Zn-S [5]. This lead to an increase of crystal field strength and therefore

to a shift of antibonding states from sulfur atoms bonded to Co to a high energy. A small



energy shift of the sulfur 2p doublet to a higher energy for S-atoms bonded to Co was
observed in the XPS measurements [7]. The 3d states of Co do ndt participate in the
formation of the chemical bonding as much as the 3d states of Mn or Fe, but still some
evidence of hybridization between Co and S states were discovered.

Examining the L edge absorption spectra in Znj_xNixS compounds presented in
Fig. 4, only one pcak formed by 3d antiboﬁding states was observed. The width of this
peak is same for ternary and the binary compounds indicating that these states do not
participate in the chemical binding. About 0.2 eV shift in energy of the edge position was
,observed. This is in agreement with the different coordination of the S atom in ternary and
binary compounds. No pronounced changes at the site of sulfur atoms were observed.

The studies of the d and s antibonding states in Zn]_yMxS compounds provide
evidence that 3d states of transition metals participate in the formation of bonding (partial
covalent) between M-S. Contrary to the p antibonding states in these materials [9] the
redistribution of the intensities between different 3d shell subbands with the increase of
Mn and Fe content was observed. Nevertheless the level of hybridization between
transition metal atom and sulfur is different depending of 3d orbit filling. The most
pronounced changes in sulfur and metal absorption edges were observed for Mn and Fe
containing compounds. The smallest evidence of hybridization was noticed for Co and Ni
containing semiconductors. |

X-ray absorption spectral features are sensitive to the chemical environment of the
absorbing atoms under investigation [15]. The change in the position of the main
absorption edge, i.e. the chemical shift has been explained qualitative based on oxidation
state [16], electronegativity [17], effective ionic charge [18, 19], hybridization [17, 20],
ionicity [21, 22], and the coordination number {23] etc. Recently, for selected transition
metals, Kitamura and Chen [24] have performed self-consistent ca;lculations of the K-

absorption edge energy and the chemical shift on the basis of the atomic nature ignoﬁng



the effect of near-neighbor scattering potentials. Unlike the multiple scattering
calculations, this method also limits the application mainly to the ionic solids.

Based on the previously published chemical shift of the transition metal K edges
[9], the calculated effective charge transfers in the cation-anion bond in Znj_3xMyS in
terms of the theoretical approach of Kitamura and Chen [24] are presented in Table 1.
The chemical shifts for the particular metals in these compounds were found to be
- practically independent 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 (AE=8.0 eV) was found for Mn whereas the lowest energy shift (AE=1.5eV)
for Zn. The degree of ionicity of partial covalent bond in ZnS is about 0.63, which is
rather high [25]. This justify estimating the effective cation charge (q) from the theoretical
chemical shift at the K edges for different transition metal ions, M+ [24]. For Zn we
obtained a cation charge of 1.91e which is close to the formal value of 2.0e. This provide
a reasonable verification of the approximation used in [24] for Zn_yMxS compounds and
that the contribution from the near-neighbor scattering potentials to the energy shifts in
absorption threshold energy is small. The calculated charge values for different transition
metals are greater than 2.0. This confirm our conclusions from L absorption edge
measurements that in the case of transition metals, besides the electrons from 4sp orbitals,
the 3d electrons also contribute to the overall charge transfer. As seen from table 1, when
the atomic number is increased (from Mn to Ni), a decrease in charge transfer is observed
in spite of the 'mcreasé in number of 3d elzctrons. The 3d orbitals of Mn are only in half
filled, but in the case of Ni , 3d orbitals are already almost comp;letely filled (3d%). The Zn
3d orbit are in a closed configuration and we do not find any evidence that the Zn 3d

electrons participating in ionic bonding.



CONCLUSION
The near edge soft x-ray absorption spectra from Znj_xMyS compounds, where

M being Mn, Fe, Co, Ni, and x ranging from zero to the sblubility limit, were measured
with high resolution measuring the total electron yield from the sample in an UHV sample
chamber. The absorption spectra obtained by this method are not distorted by the
inhomogeneity (roughness) of the sample, the so called “thickness effect”. The studies sf
d and s antibonding states in these compounds provided evidence that the 3d electrons of
transition metals participate m the formation of partial covalent bonding between M-S and
that the ability of 3d electrons to participate in ionic bonding decreases with increases in
3d orbit filling. The more closed the 3d orbit of electrons are, the more core-like
character the 3d electrons exhibit. Strong evidence of this behavior can be seen in the L
absorption spectra of metal and sulfur and in the calculated charge transfer based on the
chemical shifts in transition metal K edges. In the case of Mn and Fe, a very pronounced
changes in the shape of cation and anion L edges, with the change in metal content was
‘observed, whereas iﬂthe case of Co and Ni the effect was mﬁch smaller. This explains the
dramatic decrease of the solubility of the inVesligated metals in the ZnS matrix for various
cations. The solubility limit which is x=0.60 in the case of Mn decreases to x=0.03 when
* the cation is changed to the Ni. An extension of this work is to measure the absolute near-
edge absorption cross sections for these materials and to obtain the d-band occupancy

from the white line areas.
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Table 1
The chemical shift of transition metal K edges AE (eV) calculated from the theory of Kitamura
and Chen [14] charge transfer q(e) for an_xM;(S.

Energy of Kedge  Compound = Chemical Predicted
for element (eV) shift AE(eV) chargp q(e)
Mn Zn].xMnyS |
6539.0 x=0.12 8.0 2.46
x=0.20 8.0 2.46
: . x=0.33 8.0 2.46
error _ 0.1 +0.05
Fe Znj_xFexS ‘
7112.0 x=0.11 7.5 2.34
x=0.24 7.8 2.37
x=0.50 7.5 2.34
error ' , 0.1 +0.05
Co Zn1_xCoxS _
7708.9 x=0.10 . 7.3 2.30
) x=0.16 73 - 230
x=0.29 13 2.30
error : 0.1 +0.05
"Ni Zn1_xNixS
8332.8 x=0.01 6.3 2.27
error : 0.1 +0.05
Zn : ZnS
9658.6 2.1 191
error 0.1 +0.25

The chemical shifts AE (eV) were estimated by subtracting the experimental K edge value
(reference 9) of the metal Eo in the alloys from the elemental metal K edge value.

13



FIGURE CAPTIONS

Fig. 1: The Mn- L3 spectra normalized at the maximum intensity, x=0.05 (dotted line),
x=0.33 (bold line), x=1.0 (thin line), and the S- Ly 3 absorption spectra normalized at the
maximum intensity, x=0.0 (bold line), x=0.05 (middle line), x=0.2 (dotted line), x=0.3
(thin line) of Znj_xMn,S.

Fig. 2: The Fe- L3 spectra normalized normalized at the maximum intensity, x=0.11 (bold
line), x=0.24 (dot and continuous line), x=0.34 (triangle and continous line), x=0.50
(dotted line), x=1.0 (thin line) and the S- Ly 3 absorption spectra normalized at the
maximum intensity, x=0.0 (bold line), x=0.11 (middle line), x=0.24 (dotted line), x=0.50
(thin line) of Zn_yFexS.

Fig. 3: The Co- L3 spectra normalized at the maximum intensity, x=0.1 (dotted line),
x=0.2 (bold line), x=1.0 (thin line) and the S- L 3 absorption spectra normalized at the

maximum intensity, x=0.0 (bold line), x=0.1 (dotted line), x=0.3 (thin line) of Zn{_xCoxS.

Fig. 4: The Ni- L3 and the S- Ly 3 absorption spectra normalized at the maximum
intensity, x=0.01 (dotted line), x=1.0 (bold line) of Zn]_gNixS.

14
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