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Soft x-ray emission and absorption spectra of the Mn L2,3-edge were obtained from the diluted magnetic
semiconductor Zn0.90Mn0.10S, and interpreted with the aid of first-principles computations of the densities of
states. The calculations reveal that the Mn d states near the Fermi energy show interesting spin polarization,
and are strongly hybridized with the neighboring S atoms, indicative of the sp-d hybridization typical of dilute
magnetic semiconductors. Resonant inelastic x-ray measurements reveal a 3-eV inelastic energy loss, which is
interpreted as a transition from the Mn valence-band d states to a spin-flip multiplet of the 3d5 ground-state
configuration, while a 6-eV loss is attributed to observed charge-transfer effects caused by hybridization
between the S p states and the occupied Mn d states located a few eV below the Fermi energy.
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INTRODUCTION

Semiconductors containing small amounts of magnetic
impurities, also known as dilute magnetic semiconductors
�DMS’s�, have been of interest to the physics and engineer-
ing communities for quite some time.1–4 Recently, room-
temperature ferromagnetism has been observed in DMS
systems,5 intensifying efforts to merge traditional electronics
with magnetoelectronics, whereby spins are switched instead
of, or in addition to, charges, allowing control over a semi-
conductor device with a magnetic field.

The presence of magnetic ions in a semiconductor host
leads to spin-spin exchange interactions between localized
magnetic moments and valence-band electrons, as well as
between the magnetic ions themselves. These strong mag-
netic interactions are due to the presence of localized mag-
netic moments, which arise from the partially filled elec-
tronic shells of transition-metal ions introduced into the host
as dopants.6 These interactions affect the energy band and
impurity level parameters of the semiconductor, resulting in
interesting physical effects such as an extremely large Fara-
day rotation �on the order of 1000° /cm kG at low
temperatures�,3 large Zeeman splitting of the free exciton �on
the order of 100 meV or more�,7 giant negative magnetore-
sistance associated with electrons hopping in the conduction
band, and the bound magnetic polarons.4 The large Faraday
effect is a direct consequence of the electron-magnetic ion
exchange interaction, which induces a large spin splitting of
the electronic states in an applied magnetic field with corre-
sponding g-factors on the order of 100.6 This has led to con-
sideration of these materials for use in magneto-optical iso-

lators to protect semiconductor lasers from reflected noise,
especially at wavelengths of interest for optical fiber
systems.8

DMS’s are also disordered magnetic alloys, which pro-
duce a frustrated spin-glass state at low temperatures when
accompanied by antiferromagnetic coupling between mag-
netic ions �as is often the case for Mn impurities�.4 Further-
more, the semiconducting properties of DMS’s, such as the
band gap, effective mass, etc., can be varied in a controlled
fashion by varying the composition, much as in nonmagnetic
ternary semiconductors.4,9 The DMS most widely studied has
been Mn in GaAs, where Curie temperatures of 110 K have
been achieved1 and higher Curie temperatures might be pos-
sible under special growth conditions. For such systems a
fairly detailed picture exists of the interaction between the
magnetic impurity and the host. Mn substitutes for Ga in a
mixture of the Mn2+ and Mn3+ oxidation states, and the 3d
electron count is slightly more than 5.10 Although the main
concentration of occupied Mn 3d states lie 2–4 eV below the
Fermi energy �EF�,11–13 with only a small number of states
located at EF, they are able to affect the carriers in the GaAs
host by spin-polarizing holes near the As 4p-derived
valence-band maximum.10 The interaction is antiferromag-
netic and very efficient, resulting in very large g-factors,
given that a single Mn impurity can polarize many carriers.
The unoccupied Mn 3d states have been found to lie 3.9 eV
above the Fermi edge by inverse photoemission,14 leading to
a substantial ferromagnetic exchange splitting of 4.31 eV for
the Mn 3d states. This is consistent with a large magnetic
moment approaching the 5�B atomic limit, according to an
empirical rule of about 1 eV splitting per Bohr magneton,15
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as well as recent calculations for magnetically doped ZnS
systems.16

In an effort to raise Curie temperatures to values above
room temperature, a point at which magnetic semiconductors
could become commercially viable, interest has shifted to
hosts with larger band gaps, such as GaP and ZnO which
have gaps of 2.3 eV �Ref. 17� and 3.4 eV �Ref. 18�, respec-
tively. ZnS has a comparable gap of 3.68 eV, prompting re-
search into the electronic structure of Mn in ZnS and other
II-VI DMS’s.3 The tunability of electronic parameters in
DMS’s has led to the use of II-VI DMS in the construction of
ZnSe-based semiconductor lasers operating in the blue-green
region of the spectrum.19 Like other DMS’s, II-VI com-
pounds show novel magneto-optical and magnetotransport
properties when the cation is partially substituted by Mn; in
bulk Cd1−xMnxTe, the Faraday rotation values on the order
of 105 deg/T cm.6

Experimental studies have provided a wealth of informa-
tion on the electronic structure and properties of II-IV
DMS’s. In Ga1−xMnxAs, empty 3d states have been probed
with soft x-ray absorption spectroscopy �XAS� by exciting
electrons from the Mn 2p3/2,1/2 core levels at 640 and 651 eV
below the Fermi energy.20 Previously reported x-ray spec-
troscopy measurements have suggested that occupied Mn 3d
impurity states are localized 2–3 eV below the valence-band
edge in a doped ZnS:Mn compound.12 Synchrotron based
photoemission spectra concerning the valence electron states
of the series Zn1−xMnxY, where Y =S, Se, and Te, have also
been reported, which support the observations that the 3d
impurity states are localized 3–4 eV below the valence-band
edge and that the strongest hybridization occurs with an Mn
impurity in ZnS.13 From a Raman study of Zn1−xMnxS and
Zn1−xFexS in the visible spectral range, it has been deter-
mined that hybridization is a factor in these systems due to a
large “breathing mode” associated with the defect’s nearest-
neighbor S atoms.21 Measurements of the low-temperature
heat capacity of II-VI DMS’s have led to the determination
that the magnetic ions interact with each other out to the
fourth nearest neighbor, although the coupling beyond the
nearest neighbor is small, on the order of 0.3 K �25 �eV�.22

Optical measurements in the presence of a magnetic field
reveal a transition in the vicinity of 2.2 eV emphasizing the
localized nature of the Mn2+ levels with focus on ligand
fields. The 2.2-eV feature of Mn2+ is attributed to a transition
from the 6A1�6S� symmetric ground state of the 3d5 configu-
ration to the lowest crystal-field split 4T1 component of the
first excited state �4G� in which one of the 3d5 electrons has
antiparallel spin.7

In this paper we report results from x-ray spectroscopic
measurements performed on Zn0.90Mn0.10S, in which the oc-
cupied valence Mn bands and the unoccupied conduction Mn
bands were observed and even parity electron transitions are
mapped, including a 3-eV Raman transition corresponding to
the above-mentioned spin-flip transition consistent with an
atomic model23,24 and a 6-eV charge-transfer transition, with
support for the interpretation of these transitions from our
calculations. We also report first principles DFT calculations
on a system with a transition-metal impurity in ZnS which
shows the partial density of states �PDOS� having “d” sym-
metry as localized with respect to the nearest-neighbor S

atoms. Our x-ray emission and absorption measurements
suggest a significant level of hybridization throughout the
valence and conduction bands, although it is shown to be
most prevalent between Mn d states and S p states within the
valence band. Used in conjunction with the calculated den-
sities of states we can assume that Mn and S atoms play a
majority role in the bonding of the Mn atoms when a ZnS
sample is doped to create a diluted magnetic semiconductor.

EXPERIMENT

With the evolution of high intensity synchrotron light
sources and efficient detectors, the photon-in/photon-out pro-
cesses of x-ray-absorption spectroscopy �XAS� and x-ray
emission spectroscopy �XES� have become useful tools for
examining the electronic bonding in solids. This is primarily
because XAS and XES can give site- and element-specific
information about both the valence and conduction bands of
compound systems.

X-ray absorption involves the photon excitation of a core-
level electron into the conduction band of the material, map-
ping the states located above the Fermi edge. The process of
x-ray emission occurs when an electron descends from a
higher energy state to fill a core hole left by an absorption
process, releasing a photon in the process. By tuning the
excitation energy to specific absorption energies we can mea-
sure the photons emitted by both resonant elastic and reso-
nant inelastic scattering processes, providing detailed infor-
mation about the valence and core electron states of the
system.

The experimental measurements reported here were per-
formed on crystalline samples of Zn0.90Mn0.10S. Details on
sample preparation have been published elsewhere.21 The
Mn concentration yields a doping level within the range of
approximately 2.5–5.1�1021 Mn atoms per cubic cm. Al-
though general approximations of the crystal structures of
II-VI DMS’s suggest that a ZnS sample doped with Mn at-
oms at a concentration of 10% or less should have zinc-
blende �sphalerite� structure,3 our experimental sample has
been verified via x-ray diffraction �XRD� measurements25 as
having wurtzite crystal structure. The lattice constant used in
the calculation follow the trend derived for different doping
levels, which gives the mean cation-cation distance �dc� for
Zn1−xMnxS as26

dc�Zn1−xMnxS� = �3.8300 ± 0.0005� + �0.1391 ± 0.0010�x
�1�

providing dc=3.843 Å for x=0.10. The lattice parameters a
and c for a wurtzite crystal are then obtained from the
relations3

a = dc, c = �8

3
�1/2

dc �2�

yielding a=3.843 Å and c=6.276 Å for our sample. The Mn
atoms are introduced substitutionally onto the Zn sites, as
has been observed in nanocrystals.27

The XAS and XES measurements were made at Beamline
8.0.1 of the Advanced Light Source located at Lawrence
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Berkeley National Laboratory, which is an undulator beam-
line equipped with a spherical grating monochromator as de-
scribed by Jia et al.28 The XES and XAS experimental con-
figuration consists of monochromatized soft x-rays with
linear polarization directed onto a sample at an incident
angle of 45° in order to generate core electron excitations. A
pico-ammeter was connected to the sample plate in order to
detect the current through the sample and measure the total
electron yield �TEY�. The photons that fluoresced from the
sample were either collected by a channeltron biased to re-
ject electrons to measure the partial fluorescence yield
�PFY�, or were passed into the spectrometer chamber �XES�,
where a spherical grating diffracted them to a multichannel
detector positioned along the Rowland circle set to obtain the
desired energy range. The spectral intensity was normalized
relative to the intensity of the incident radiation, which is
derived from the emitted current of a gold mesh placed in the
beam path. The incident and emitted photon energies were
calibrated to within an accuracy of 0.5 eV by comparison of
measurements of an Mn metal reference sample to accepted,
previously published absorption and emission energy
values.29

CALCULATIONS

The electronic structures of stoichiometric ZnS zinc-
blende and Mn-doped ZnS wurtzite crystals were calculated
using first-principles density-functional theory �DFT�
techniques.30 The software used was the well-known Vienna
Ab-initio Simulation Package �VASP�,31 using projector aug-
mented wave �PAW� potentials.32,33 Exchange and correla-
tion energies were treated within the generalized gradient
approximation �GGA�,34 using the functional of Perdew-
Wang 1991 �PW91�,35 along with the interpolation of Vosko,
Wilk, and Nusair.36 Site-, spin-, and angular momentum-
resolved densities of states �DOS� as well as the exchange
coupling between Mn defects were calculated.

Imitating previous DFT calculations for transition metal
impurities in ZnS,16 we simulated an Mn defect in a wurtzite
matrix by constructing a supercell containing eight formula
units �16 atoms�, with a single Zn atom replaced by an Mn
atom. This material Zn7/8Mn1/8S=Zn0.875Mn0.125S is reason-
ably similar to the experimental sample Zn0.90Mn0.10S; in
both cases the dilute limit holds. The experimental lattice
constant of 5.41 Å was used for stoichiometric ZnS calcula-
tions and the derived lattice constants �from Eqs. �1� and �2��
for Zn7MnS8 were found to be a=3.847 Å and c=6.283 Å.
The Mn potential treated the 3p semicore states as valence
states, and energy cutoffs of 24.3 and 26.5 Ry were used in
the ZnS and Zn7MnS8 computations, respectively. For DOS
calculations with supercells containing one defect Mn atom,
integrations in the Brillouin zone were performed on a 5
�5�3 mesh with a total of 24 k-points, while for the ex-
change calculations, which require supercells twice as big
containing two defect Mn atoms, a 3�3�1 grid for a total
of 4 k-points was used to reduce calculation time while still
maintaining a total-energy convergence of better than
1.0 meV/atom for all calculations.

Exchange calculations were also performed using two 16
atom supercells and varying the separation distances between

the two Mn atoms for a comparison of exchange vs the sepa-
ration distance. For all of the Mn-Mn separation distances
calculated, the exchange energies suggested antiferromag-
netic ordering with a low Curie temperature ��3.5 K�, but
were unable to determine a most likely Mn-Mn separation
distance with any numerical significance.

While the XRD measurements have shown our experi-
mental crystal to have wurtzite structure, a doping level of
10% in ZnS has been described as a boundary doping level
between a sample having wurtzite or zinc-blende structure,
with concentrations less than or equal to 10% resulting in
zinc-blende crystals and greater than 10% resulting in wurtz-
ite crystals.3 With this fact in mind, DFT calculations have
also been performed using a zinc-blende crystal structure for
our 10% doped sample, with little variation noted between
the DOS for the different crystal structures.37

RESULTS

Upon comparison of the total densities of states calcula-
tions shown in Fig. 1 which display the electronic structure
near EF �0 eV� as the sum of all states for ZnS �a� and doped
Zn0.875Mn0.125S �b�, we see that a number of features develop
with the introduction of Mn defect states �shown in Fig. 1�c��
to the ZnS crystal lattice. In the valence band, the introduc-
tion of a weak enhancement of valence spin-majority states
located 0–0.5 eV below EF, attributed to Mn 3d localized
states, shifts the general Zn s, Zn d, and S p features remain-

FIG. 1. Total density of states comparison of pure ZnS in the
zinc-blende structure �a� and the substitutionally doped DMS
Zn0.875Mn0.125S in the wurtzite structure �b�. The Fermi energy is
set to zero, positive DOS values correspond to spin-majority states,
and negative DOS values correspond to spin-minority states. The
inclusion of Mn d states near the Fermi energy �shown indepen-
dently in the partial density of states of plot �c�� significantly alters
the magnitude and character of the energy gap between occupied
and unoccupied electronic states.
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ing within the valence band to lower energies relative to EF.
The opposite effect occurs above EF, where Mn 3d states in
the conduction band of Zn11MnS12 appear at lower energies
�+2.0 eV� than the initial conduction states in ZnS
�+3.0 eV� pulling the other conduction-band states slightly
closer to the Fermi edge. The overall effect of these changes
is to shrink the energy gap between valence and conduction
states from 3.34 to 1.71 eV, with states at the top and bottom
of this gap being characterized mainly as Mn d states, as
shown in Fig. 1�c�. We wish to note that the partial densities
of states for individual components of Zn7MnS8 �shown in
Fig. 4 and discussed later in the text� shows that the lowest
energy dipole-allowed transition ���= ±1� between valence
and conduction states would be a charge-transfer excitation
between Mn d and S p states, suggesting an optical gap of
approximately 3.5 eV, which is larger than the d-d conduc-
tion gap �2.2 eV in Fig. 1�c�� and comparable to previously
determined band-gap magnitudes for Zn1−xMnxS �3.73
eV�.38

The introduction of Mn atoms also creates a level of spin
polarization between the majority and minority spin states
that is not present in the ZnS DOS, indicating the presence of
a magnetic moment in our unit cell due to the inclusion of
the Mn atoms. Our DOS calculations for Zn0.875Mn0.125S
show features similar to total DOS calculations for
Zn0.75Mn0.25O,9 which also show a large density of Zn 3d
states about 7 eV below EF and spin-minority states at the
bottom of the conduction band. However, the insulating gap
in this calculation is considerably smaller than our calculated
gap, which is to be expected considering the significant dif-
ference in doping levels. Valence-band information similar to
that predicted in our DOS has also been obtained experimen-
tally from photoemission measurements of Zn0.81Mn0.19S,13

with the exception of a large presence of Mn 3d states 3 eV
below EF which does not appear in our DOS, most likely
due to the lower concentration of Mn atoms or other compu-
tational factors.

Our x-ray absorption spectra of the Mn L2,3-edge of the
Zn0.90Mn0.10S sample is shown in Fig. 2, compared with that
of a pure Mn metal chip. The Zn0.90Mn0.10S spectrum is a
partial fluorescence yield �PFY� measurement, while the Mn
metal spectra is a total electron yield �TEY� measurement.
Many of the relatively small variances between the two spec-
tra can be attributed to the differences in the data collection
technique: TEY is proportional to the absorption cross sec-
tion modified by the escape probability of the electron within
the system, while PFY is proportional to the absorption cross
section modified by self absorption and Raman scattering
processes, especially near the absorption threshold. In the
case of our DMS sample, PFY measurements give an im-
proved representation of the absorption cross section over
TEY because the Mn in the sample is dilute,23,39 and the
insulating nature of the sample affects the electron yield
measured by TEY while not affecting the PFY measure-
ments.

In the x-ray absorption process, the 2p core hole strongly
affects the energy of the 3d states and the resulting final state
energies have an atomic-like multiplet splitting. Thus when
interpreting core level absorption spectra in terms of elec-
tronic ground states one is faced with the dilemma that the

delocalized 3d states become localized by the point-like core
hole potential and thus exhibit a mixture of band-like and
localized character.40 The theoretical model of our x-ray-
absorption data developed in this paper emphasizes the band-
like �delocalized� character. The localized model has been
addressed in a separate publication, which also extends the
experimental data to other 3d transition-metal impurities.23

The general peak structures of the two absorption spectra
are very similar, with the Mn L3 ��640 eV� and L2

��651 eV� peaks providing the basic structure, along with
various multiplet peaks resulting from dipole transitions
from the 2p63d5 6S ground state to a subset of 2p53d6 and
related final states. Thus we can state with confidence that
there exist unoccupied Mn 3d states a few eV above the
Fermi energy. The Mn metal spectra resembles previously
published MnO spectra,41 most likely owing to a small level
of surface oxidation on the chip which would be detected by
the surface-sensitive TEY measurements. Such oxidation is
unlikely in Zn0.90Mn0.10S and should not significantly influ-
ence the bulk-sensitive PFY measurements. The similarity
between the two spectra suggests a high level of bonding
between the Mn and S atoms in the sample bulk, producing
an absorption spectrum similar to Mn2+ absorption in MnO
and MnF2.24

Several differences are evident in the comparison of our
XES data for the Zn0.90Mn0.10S and Mn metal samples,
shown in Fig. 3. In the upper plot �a� the excitation energy
used to produce the core hole and trigger the emission decay
process is set at 663 eV, well above the Mn L2,3 absorption
edge. This is done to produce nonresonant x-ray emission by
the electrons within the sample. As in the XAS spectra, the
peaks representing transitions to the L3 �2p3/2� and L2 �2p1/2�
energy levels are clearly displayed at energies of �637.5 eV
and �649 eV, respectively. Comparing the two spectra, we
note the appearance of a small shoulder on the low-energy
side of the L3 peak ��634 eV� as well as an energy shift of
the main L3 peak to �639 eV in the doped ZnMnS sample,
resulting in an apparent spin-orbit splitting between the L2
and L3 peaks which is smaller than measured in the XAS

FIG. 2. Mn L2,3-edge absorption spectra of Mn metal �TEY� and
Zn0.90Mn0.10S �PFY� samples. The Mn L3 and L2 edges are present
in both spectra at energies of 640 and 651 eV, respectively.
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spectra as well as the Mn metal XES spectrum. This obser-
vation is likely related to the mixing of Mn3+ with Mn2+

valence states, a condition which has been observed to
modify the energy position and intensity of the different
terms associated with the 2p5 2P3/2 and 2p5 2P1/2 hole
states.24

The comparison displayed in the lower plot �b� in Fig. 3 is
the XES spectra obtained with the excitation energy set at the
most prominent absorption peak above the Mn L3 absorption
edge �640.3 eV�, corresponding to the promotion of a 2p
electron into a 3d orbit which couples with the hole to form
primarily a 6P term. The resulting relaxation of this state
yields elastic and inelastic emission from the sample. The
Mn metal sample and our doped Zn0.90Mn0.10S sample show
emission peaks at 640 eV �elastic recombination peak� and
637 eV �inelastic peak�, but the Zn0.90Mn0.10S sample spectra
also exhibits a second inelastic peak �denoted by the arrow�
at 634 eV which is not evident in the emission from the Mn
metal but is seen in MnO �5 eV loss�41 and MnF2 �4.6 eV
loss�.24

The variations between the XES measurements of Mn
metal and our Zn0.90Mn0.10S sample appear to be due to Zn
3d and S 3p states which are largely hybridized with the Mn
3d states in the valence band, as displayed in the calculated
partial density of states �Fig. 4� for Mn d �a�, S p �b and c�,
Zn d �d�, and Zn s �e� states. This hybridization brings about
a number of valence states having d character that mix pri-
marily with S p states at lower energies than the principle d
states just below EF, creating the low-energy shoulder seen
in the nonresonant XES spectra �Fig. 3�a�� of the
Zn0.90Mn0.10S sample while the principle Mn 3d emitting
states are pushed to slightly higher energy as indicated by the
main L3 peak in the emission plot.

The PDOS of the S atoms shown in Fig. 4 have been
divided into the contributions from the Mn atom’s nearest

neighbors �b� and the non-nearest neighbors �c� in order to
show the range of influence exerted by the defect Mn atoms
upon the S atoms. For comparison, the PDOS of the Mn and
Zn d states are shown in panels �a� and �d�, respectively. It
should be noted that the sulfur PDOS plots have not been
normalized to the absolute number of atoms contributing to
each, and in our theoretical 24-atom crystal there are twice as
many non-nearest-neighbor S atoms than nearest-neighbor S
atoms. When compared to the PDOS of the S atoms in plot
�c� �non-nearest-neighbor atoms�, the PDOS of the nearest-
neighbor S atoms show several differences, including: an
increased number of S p states located just below the Fermi
energy as well as approximately 1.5–2.0 eV above EF, an
asymmetry between spin majority and spin minority states,
and a larger amount of hybridization with the Mn PDOS than
non-nearest-neighbor S atoms. The occupied Mn d states
also extend into the valence band in a manner similar to that
of the nearest-neighbor S p states between −1 and −4 eV,
while at energies below −4 eV the S p states appear to be
hybridized with the Zn d states and Zn s states, indicating
sp-d hybridization throughout the valence band. Nonethe-
less, in the dilute impurity regime, which is the case consid-
ered here, the magnetic properties of the Mn atoms are not
much different from the free atomic case, as evidenced by
the fact that the calculated moment of the Mn ion is 5.00�B,
yielding a magnetization in the calculated Zn7MnS8 system
of 65 emu/cm3, which is expected for a pure Mn metal. Fur-
thermore, our calculations show that the Mn d states are
completely spin polarized, a characteristic important for pro-

FIG. 3. Soft x-ray emission spectra comparison of Zn0.90Mn0.10S
with Mn metal, displaying nonresonant �a� and resonant �b� emis-
sion. The arrow in the lower plot indicates the presence of a second
inelastic peak for Mn isolated in ZnS.

FIG. 4. Calculated partial densities of states in a theoretical
Zn0.875Mn0.125S matrix, showing Mn d �a�, S p �b� and �c�, Zn d �d�,
and Zn s �e� states. The densities of S p states are further divided
into those that are nearest neighbors of the Mn defect �c� and those
located farther away �b� in our 16-atom matrix. The Fermi energy is
set to zero, positive DOS values correspond to spin-majority states,
and negative DOS values correspond to spin-minority states.
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ducing many of the interesting features in Mn-doped DMS.
Further evidence of localization is presented in the reso-

nant x-ray emission spectroscopy �RXES� measurements dis-
played in Fig. 5, which indicate that the two inelastic peaks
seen in Fig. 3�b� are evident as the excitation energy is tuned
to various energy positions in the absorption spectra. Sub-
tracting the excitation energy from the emission energy, we
see the elastic peak is at nearly the same energy as the exci-
tation energy �energy loss of 0 eV�, and that the two inelastic
peaks correspond to energy losses of approximately 3 and 6
eV. These results closely resemble energy loss emission
spectra measured by our group42 and separately reported by
Butorin et al., who measured loss features in a similar fash-
ion at energies of 3 and 5 eV in MnO.41 From this compari-
son, we determine the initial �inelastic peak 1� to be the
result of a spin-flip, d-d electron transfer from the
2p63d5 �6S� ground state of the Mn atom into a localized
orbital within the conduction band corresponding to the
2p63d5 �4G� excited state, as explained in Ref. 7 and verified
by our DOS �Fig. 4�a�� which show states having primarily
Mn d character at the top of the occupied valence band and
at the bottom of the unoccupied conduction band to be sepa-
rated by approximately 2.5 eV. This interpretation also works
well for the lowest energy transfer in MnO,41 and the highly
ionic compound MnF2,24 although we note that within the
band picture a transition of this type requires a 3d electron
having spin majority symmetry at the top of the valence band
to be transferred into a spin minority state in the conduction
band as suggested by the isolated atom model.23

The appearance of the second inelastic peak correspond-
ing to a 6-eV loss can be addressed by comparing the RXES

measurements to the DOS calculations, where we see that the
magnitude of energy loss for inelastic peak 2 suggests this
energy loss may be due to either a charge-transfer process or
an excitation of the valence electron to an excited term of the
d5 ground-state configuration. Because of the significant hy-
bridization as displayed in the DOS �Fig. 4�, it is more ap-
propriate to discuss the transition responsible for inelastic
peak 2 in terms of band structure and a charge transfer than
as an electronic transfer. The most likely characterization of
the 6-eV loss is that of a charge transfer, as the magnitude of
this energy loss for excitation to the Mn d states at the bot-
tom of the conduction band �RXES spectra �1� and �3��
places the states responsible for the transfer of an electron in
a valence-band region composed mainly of S p states hybrid-
ized with the Mn and Zn d states. The Zn s states lie at lower
energies in the valence band �−5 eV� and may also contrib-
ute to the width of this inelastic peak. Excitation to the ab-
sorption states located approximately 5.5 eV above EF
�RXES spectra �2��, a conduction-band region which is com-
posed primarily of states characterized as S p and Zn s with
a small level of Mn d states as shown in the PDOS of Figs.
4�c� and 4�e�, places the emitting valence states as the Mn d
states at the top of the valence band. In each of the cases
described above, we encounter an electron transfer between
Mn sites and S or Zn atomic states hybridized throughout
both the valence and conduction bands. Further comparison
with MnO measurements show a similar group of satellite
peaks extending over a range of more than 5 eV on the
low-energy side of the spectra which are described as being
produced by charge-transfer excitations resulting in a 3d6 L�
state, where L� denotes a ligand hole in the O 2p band for
MnO.41 The presence of a similar mechanism in the bonding
of the Mn and S atoms in our Zn0.90Mn0.10S sample is clearly
displayed by the 6-eV energy loss of inelastic peak �2�,
which appears to extend over a range of 4 eV, and is thus
described as resulting in a 3d6 L� final state.

The second possibility is that the 6-eV loss could be the
result of a d-d transition between Mn d states, which are
spread throughout the valence band �from −7 to 0 eV� and
conduction band �+1.5 to +7.5 eV� due to their hybridization
with the S p states. While such transitions likely contribute to
the spectral peak, the density of Mn d states below −0.5 eV
is considerably lower than that of the S p states, implying the
dominant character of this region to be that of S p. The
presence of Zn d states at these energies also provides the
possibility of a d-d transition between Zn and Mn elements,
although if Zn-Mn transitions were being measured, we
would expect to see a rather intense energy-loss feature of
approximately 8.5 eV, owing to the large Zn d PDOS located
6.5 eV below EF.

The presence of significant pd hybridization at the top of
the valence band is of considerable importance for the prac-
tical possibilities of DMS materials. The dipole approxima-
tion for optical transitions rules out electron excitation be-
tween the Hubbard split Mn d bands, encouraging charge-
transfer excitations between the valence S p states and
conduction Mn d states. The much smaller contribution of S
p states at the bottom of the conduction band suggests a
much lower probability of a similar transition from valence
Mn d states to conduction S p states. However, magnetic

FIG. 5. RXES measurements �left� of the Mn L3 and L2 edges of
Zn0.90Mn0.10S performed at excitation energies as indicated on the
XAS plot �right�. The emission energy scale was found by subtract-
ing the excitation energy from the true measured emission energy.
In each spectrum we see an elastic peak �0-eV loss�, and two in-
elastic peaks representing transitional energy losses of 3 and 6 eV.
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spin-flip transitions between the nearly completely spin-
polarized valence and conduction states within the Mn atoms
are allowed and have been observed in similar systems,24,43

providing another possible degree of freedom for transitions
across the energy gap. The use of Mn, with its five unpaired
3d electrons, as a dopant for such systems in order to provide
spin polarization appears to be quite important. The effects
of different dopants in ZnS compounds will be explored in a
forthcoming paper.44

CONCLUSIONS

Our x-ray emission and absorption measurements suggest
a significant level of hybridization throughout the valence
and conduction bands, although it is shown to be most preva-
lent between Mn d states and S p states within the valence
band. Used in conjunction with the calculated densities of
states we can assume that Mn and S atoms play a majority
role in the bonding of the Mn atoms when a ZnS sample is
doped to create a diluted magnetic semiconductor. The close
relationship between our x-ray measurements of
Zn0.90Mn0.10S and measurements of MnO suggest that the
states near EF of Zn1−xMnxS compounds behave mainly as if
the compound was MnS, with the Zn s and d states providing
relatively little influence on Mn 3d bonded states within 4 eV
of the Fermi energy,45 and exhibiting transition energy fea-

tures in accordance with optical absorption measurements.46

The resonant x-ray emission spectra suggest a semiconduct-
ing band gap with a magnitude of approximately 3 eV
�±1.0 eV�. The band gap is described as being primarily of
spin-flip, d-d character with elements of charge-transfer
character brought on by the p-d hybridization between the S
and Mn electron states just below EF as shown in the calcu-
lated PDOS. RXES measurements show a broad inelastic
spectral peak centered at an energy loss of approximately 6
eV and appears to spread over the region between −3.5 and
−7.5 eV, which we believe indicates the primary charge-
transfer transition in the Zn0.90Mn0.10S system, which is in
accordance with that predicted by our density-of-states cal-
culations.
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