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X-ray-absorption near-edge-structure (XANES) spectra of the diluted-magnetic-semiconductor system
Zn;_,Mn,S have been measured at the Zn Ly edge and of Zn,_, M, S (M =Mn,Fe,Co) at the § K
edge using the total-electron-yield mode. The Zn Ly; edge results for Zn,_,Mn,S show a dramatic
reduction in intensity of the first prominent feature, just above the edge, in the XANES spectra.
Analysis of the S K-edge XANES spectra for Zn,_, M, S revealed the appearance of a pre-edge peak,
having linear x dependence in intensity and assigned to S 1s photoelectron excitations to an empty nar-
row band of S 3p—M 3d (¢,) hybridized antibonding states. The rate of peak intensity with M concentra-
tion is associated with differences in the degree of p-d hybridization of states between the transition met-
al and sulfur. Features above the edge are generally found to decrease in intensity with an increase in
transition-metal content in the alloys. The results are consistent with more S 3p-transition metal (M)
3d(t,) hybridized states and less S 3p—Zn 4(s,p) and S 3p—Zn 3d hybridized states becoming available as
the transition-metal content increases in the alloys.
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I. INTRODUCTION

Diluted magnetic semiconductors (DMS’s) are a group
of materials for which a transition metal with a magnetic
ion is alloyed with a semiconductor; generally a II-VI
compound. The magnetic ion substitutes for the cation
during the growth phase. The most widely studied II-
VI-based DMS’s have been those containing Mn?* as the
substitutional magnetic cation. In recent years, Fe- and
Co-based DMS’s have also been successfully grown and
investigated. As a result of alloying transition metal and
semiconducting compounds, DMS’s exhibit unique elec-
trical, magnetic, and optical properties, many of which
can be attributed to the short-range exchange interac-
tions between the spins of the magnetic ions and between
the magnetic ions and group-VI anion sp-band electrons. !
Larson and co-workers*3 and Spalek et al.* theoretically
investigated the nature of the short-range exchange
mechanisms in DMS’s and determined that the magnetic
spins interact (antiferromagnetically) predominantly via
superexchange, a process involving virtual excitations of
valence electrons in Mn 3d and anion p orbitals. We have
successfully used extended x-ray-absorption fine-structure
(EXAFS) techniques in the past to study relationships be-
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tween certain physical properties of DMS’s and their lo-
cal alloy structure. In an earlier study,’ we observed a
linear x dependence for the distortion of the Mn?*-Se ™%
Mn?? tetrahedral bond angle in Zn,_,Mn,Se which we
interpreted as being evidence for the superexchange in-
tegral J,; being x dependent. Also, in a subsequent
EXAFS study on bond relaxation and structural stability
in the Hg,_,Cd, Te and Hg,_,Mn, Te ternary alloys,®
we found evidence for tetrahedral bond weakening in
these and other Mn-based DMS alloys, which can be at-
tributed to Mn 3d- and anion valence p-orbital hybridiza-
tion, resulting in a decreased amount of charge available
for the making of sp® bonds.

While EXAFS techniques make use of structure from
30-50 eV and above the absorption edge, there is also
very useful structural information in the x-ray-absorption
near-edge structure (XANES) region below 30-50 eV.”3
A feature inherent in XANES which EXAFS does not
possess is information about the partial density of unoc-
cupied states. For x-ray energies in the XANES region,
the excited photoelectron undergoes transitions from the
core state to an unoccupied state just above the Fermi
level, the final state being determined in relation to the
initial state by the dipole selection rule (e.g., if the initial
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state has s symmetry, the final state must have p symme-
try). In DMS’s, XANES involves photoelectrons under-
going transitions to unoccupied localized and delocalized
states, some of which may be involved in the magnetic
cation 3d- and anion p-orbital hybridization. In this pa-
per, we present our results for XANES studies on the
Zn,_,M,S (M =Mn,Fe,Co) system, showing how the
spectra vary as a function of type and content of magnet-
ic ion making up the alloy.

II. EXPERIMENTAL

XANES spectra of Zn; _,Mn, S have been measured at
the Zn Ly edge and Zn;_, M,S (M =Mn,Fe,Co) at
the S K edge at the Ultraviolet Synchrotron Orbital Radi-
ation Facility (UVSOR), Institute for Molecular Science,
Okazaki, Japan, using beam line 7A with an electron-
beam energy of 750 MeV and a maximum stored current
of 200 mA. The concentrations for the Zn, _ Mn,_S alloy
samples were x =0.05, 0.10, 0.20, 0.30, 0.50, and 0.60;
for Zn,_,Fe,S x =0.10, 0.20, 0.30, and 0.50; and for
Zn,;_,Co,S x =0.05, 0.10, 0.30, and 0.50. The samples
were measured using total-electron-yield mode, with an
electron multiplier, under a base pressure of better than
5X107? torr. Data were collected using beryl (1010) and
Ge (111) double-crystal monochromators for the Zn
Ly edge and S K edge, respectively. Photon energies
were calibrated using the K edge of Al (1567.7 eV) in the
beryl crystals for Zn Ly ;-edge measurements and the
M edge (2220 eV) of a Au photocathode for S K-edge
measurements, respectively. The Zn,_,Mn,S samples
were grown using Bridgman’s technique while the
Zn,_,Fe,S and Zn,_,Co,S were grown using the chemi-
cal vapor transport method. The single phase of the
samples was confirmed using x-ray diffraction analysis.
The samples were ground using ceramic tools, then
sieved to fine powders to 400 mesh (each having particle
size <38 pum in diameter) and rubbed onto ultrahigh-
vacuum-compatible Scotch Magnetic tape (3M, Cat. No.
182). A single layer of sample on tape was exposed at ap-
proximately 45° to the incident beam direction, while the
electron-yield detector was oriented approximately 90° to
the incident beam direction. The energy resolution was
better than 0.5 for beryl and 1.2 eV for Ge-crystal mono-
chromators, respectively. All measurements were per-
formed at room temperature.

III. RESULTS AND DISCUSSIONS

We first present our results for the Zn Ly -edge
XANES spectra of Zn; _ ,Mn, S and subsequently for the
S K-edge XANES spectra for the Zn,_,M,S
(M =Mn,Fe,Co) systems.

Zinc Ly, y;-edge XANES spectra

The Zn Ly ;;-edge XANES spectra of Zn,_,Mn,S are
presented in Fig. 1 After pre-edge background subtrac-
tion, the spectra were shifted to the absorption threshold
(the spectra are proportional to the incident intensity /).
Zero energy was set at the Zn Ly edge, which was
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FIG. 1. Zn Ly ;; near-edge absorption spectra. (a) ZnS, (b)
ZnolgMnolzs, (c) Zn()‘-]MnoJS, (d) Zn0.5Mn0‘5S, (e) Zn0.4Mn0'GS.
(The zero energy corresponds to 1023.5 eV.)

selected at the inflection point of the edge; the Zn Ly,
edge is located ~22 eV above the Ly; edge. The most
noticeable result found in Fig. 1 is a dramatic reduction
of feature A, located just above the L edge, with in-
creasing Mn concentration in the alloys. Conversely,
feature B, which is centered around 10.5 eV relative to
the Ly edge, decreases only slightly in magnitude with
increasing Mn content in the alloys. We attribute the
main feature of the near-edge region (peak A) in Fig. 1 to
dipole-allowed transitions of photoelectrons from Zn 2p
states to a relatively narrow unoccupied 3d band, which
occurs from Zn 3d -S 3p hybridized states. Peak A4 is
clearly sharpest for ZnS, becoming progressively broader,
while shifting slightly towards higher energy, with in-
creasing Mn content in Zn, ,Mn,S alloys; the energy
shift of peak A is approximately 1 eV for Zn, sMn ;S rel-
ative to ZnS. This can be explained by noting that the Zn
3d -S 3p hybridized electronic states are situated between
Zn 3d and S 3p states, these being more localized in ZnS
than in Zn,_,Mn,S alloys. This shows that Mn ions
directly influence the local density of Zn unoccupied 3d
states while substituting for Zn in Zn,_,Mn,S. Wei and
Zunger® have calculated the energy levels of Zn 3d states
in Mn-based DMS alloys using tight-binding theory and
found that they are situated further away in energy from
the S 3p states than are the Mn 3d states, implying that
the Mn 3d states have higher hybridization probability
with the S 3p states in comparison with the Zn 3d states.
We believe that, upon substitution in the cation sublattice
in Zn,_,Mn,S, Mn ions not only reduce the number of
unoccupied S 3p—Zn 3d states but also add unoccupied S
3p —Mn 3d states, thereby causing a decrease in intensity
of peak A with increased Mn concentration x in
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Zn,_,Mn,S. This is in agreement with a generally ac-
cepted rule that hybridization effects in transition-metal
oxides are relatively smaller in the late-transition- than in
the early transition-metal oxides!® and earlier theoretical
studies in which it was shown that Mn substitution in-
creases p-d hybridization effects in DMS alloys. >

In a similar fashion as for peak A, there is an energy
shift for feature B of approximately 1 eV for Zn, sMn, S
relative to ZnS. The likelihood is that feature B is not a
resonance peak but that it is due to dipole-allowed transi-
tions of photoelectrons from Zn 2p states to continuum
states having primarily d-orbital character.

Sulfur K-edge XANES spectra

Figures 2—-4 show the S K-edge XANES spectra for the
Zn,_ . M,S (M =Mn,Fe,Co) systems. After pre-edge
background subtraction, the spectra have been normal-
ized to unity at the absorption edge, which was assigned
at the first inflection point above the threshold. There
appears to be a very weak peak occurring at —4 to —5
eV. However, due to insufficient signal intensity in com-
parison to the noise, we are unable to confirm this. The
alloys’” XANES spectra reveal a most interesting linear
increase in the intensity of the pre-edge feature A, locat-
ed from 0.5 to 2 eV below the edge, with increasing
transition-metal content; the feature is absent in the ZnS
S K-edge spectra. As far as we know, this is the first ob-
servation of such a phenomenon for any alloy system.
We observe an increase in overall intensity of pre-edge
feature A with increasing atomic number Z of the substi-
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FIG. 3. Normalized S K near-edge absorption spectra. (a)
Zng gFeq 1S, (b) Zng sFey 58S, (c) Zng 7Feg 38, (d) Zng sFeg sS.

tutional transition-metal element: The feature appears to
be best resolved and have the highest intensity for the
Zn,_,Co,S system and least resolved with lowest intensi-
ty for Zn,_,Mn,S alloys. This is demonstrated in a
more forthright fashion using Figs. 5-7. These figures
show the normalized ZnS S K-edge spectra subtracted
from similar spectra for the alloys. A monotonically in-
creasing background with energy appears in these figures
as a result of our choice of normalization. We believe
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FIG. 2. Normalized S K near-edge absorption spectra. (a)
ZnS, (b) Zng9sMngosS, (€) ZngoMng S, (d) ZngsM,,S, (e)
Zny sMng 38, (f) Zng sMny sS, (g) Zng 4Mng ¢S. (The zero energy
corresponds to 2472.5 eV.)
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FIG. 4. Normalized S K near-edge absorption spectra. (a)
Zny 95C0y.05S, (b) Zng 9Coy, 1S, () Zng 7Coy 38, (d) Zny sCoy 5S.
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FIG. 5. “Difference” S K near-edge absorption spectra calcu-
lated wusing Zn;_ Mn,S—ZnS. (a) ZngesMngysS, (b)
Zng gMny S, (c) Zny gMny ,S, (d) Zng ;Mny 58S, (e) Zng sMng sS, (f)
Zny 4sMn (S. (The zero energy corresponds to 2472.5eV.)
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FIG. 6. “Difference” S K near-edge absorption spectra calcu-
lated using Zn,_,Fe,S—ZnS. (a) Zngy ¢Fe, ;S, (b) Zn, Fe, S, (¢)
Zn, ;Feq S, (d) Zng sFey sS.
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FIG. 7. “Difference” S K near-edge absorption spectra calcu-
lated using Zn,_,Co,S—ZnS. (a) Zn; ¢5C0og osS, (b) Zng Coy ;S,
(c) Zn0_7C00_3S, (d) Zno_SCOQS S.

that the pre-edge peak A of the XANES spectra for all
Zn,_,M_S alloys can be attributed to a photoelectron
transition from S 1s to S 3p —transition-metal (Mn,Fe,Co)
3d(t,) hybridized states. A similar assignment to a pre-
edge peak for S K-edge CuFeS, XANES data was made
by Petiau, Sainctavit, and Calas,!' although the symme-
try of the Fe 3d states hybridizing with S 3p states was
not identified.

There are two potential concerns regarding our inter-
pretation of pre-edge peak A4 of the S K-edge spectra for
our Zn,_, M. S alloys which require addressing: (1) the
influence of intrinsic and instrumental broadening of the
near-edge structure, and (2) final-state effects, such as
core excitations or shakeoff processes. Core-hole
broadening can be of order 0.5 eV, and in some systems
has been shown to depend upon the state of aggregation
of the absorbing element. > However, as discussed in the
last section, the instrumental broadening for these mea-
surements ranges from 0.5 to 1.2 eV. The intrinsic
broadening due to the excited-state lifetime of the S K-
edge core vacancy is calculated to be 0.59 eV, 13 which is
about a factor of 2 less than the monochromator resolu-
tion at that energy. Although final-state processes are
known to contribute to broadening, 14 this contribution is
also small with respect to the instrumental broadening.
Similarly, excitonic effects may be estimated by their
binding energy, which are calculated to be of the order of
100 meV or less, 1’ also much smaller than the monochro-
mator resolution. We conclude that lifetime and final-



50 INFLUENCE OF TRANSITION-METAL TYPE AND CONTENT... 7375
0.351 TABLE II. Slope and intercept of the line fitted using linear
® Zn,, Mn,S . . .
| © 7o Fe. s regression to the intensity of the pre-edge feature peak A4 as a
0.30 . Zn Cos function of concentration from S K-edge XANES spectra for
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FIG. 8. Pre-edge peak A intensity and fit using linear regres-
sion as a function of transition-metal concentration for
Zn,_,Mn,S, Zn,_,Fe,S, and Zn,_,Co,S alloys.

state effects, while present, are obscured by the instru-
mental resolution and are not responsible for the ob-
served near-edge structure.

In order to determine systematically its concentration
dependence, we have calculated the intensity of peak A
from the difference spectra (alloy spectra —ZnS spectra)
for the three types of alloys and plotted our results as a
function of x in Fig. 8. We find that, within the concen-
tration ranges we have studied (0.05-0.6), the depen-
dence of the intensity of peak A on x is linear. Further-
more, the rate of increase in intensity of peak 4 with x is
dependent upon the type of substitutional transition-
metal ion; the rate of increase is greatest for Zn,_,Co,S
alloys and least for Zn,;_,Mn,S alloys. Peak A intensi-
ties for the alloys are recorded in Table I and the linear-
regression slope values are recorded in Table II. It is not
known to what extent the intercepts are a result of im-
proper normalization procedure or a nonlinear x depen-
dence of peak A intensity for lower concentrations of
transition metal. The linear x dependence of peak A4 in-
tensity can be understood in the following manner. The
transition probability for the S 1s to S 3p—M 3d (¢,) exci-
tation is a function of the availability of such states, this
in turn being reflected in the density-of-states (DOS)

TABLE 1. Intensity of the pre-edge feature peak A, calculat-
ed from the “difference” spectra (Zn,_, M, S—ZnS) measured at
the S K edge for Zn,_,Mn,S, Zn,_,Fe,S, and Zn,_,Co,S al-
loys.

x Zn,_,Mn,S Zn,_,Fe,S Zn,_,Co,S
0.05 0.00+0.01 0.07+0.01
0.1 0.03+0.01 0.11+0.02 0.13+0.01
0.2 0.15+0.02
0.3 0.09+0.01 0.191+0.02 0.18+0.02
0.5 0.12+0.01 0.29+0.02 0.32+0.02
0.6 0.151+0.02

Zn,;_,Mn,S, Zn,_,Fe,S, and Zn,_,Co,S alloys.

Zn,_,Mn,S Zn,_,Fe,S Zn,_,Co,S
Slope 0.25+0.01 0.45+0.01 0.51+0.03
Intercept 0.00+0.01 0.06+0.01 0.05+0.02

features for the material. The DOS associated with the S
1s to S 3p—M 3d(t,) hybridized states increases with x
because proportionally more transition-metal 3d (¢,) or-
bitals become available for hybridization with S 3p orbit-
als.

As shown in Table II, the rate of increase in peak A4 in-
tensity with x for Zn;_,Co,S and Zn,_,Fe,S alloys is
about twice as much as for Zn,_,Mn,S alloys, with the
highest rate occurring for Co-based DMS’s. This result is
most interesting because it reveals fundamental aspects of
p-d hybridization occurring in Zn,_,M,S alloys. This
can be explained with greater clarity using Fig. 9, which
shows a schematic representation of the Mn, Fe, or Co 3d
bands of Zn,_, M, S alloys derived from their respective
atomic levels. Our model is in part based on earlier pho-
toemission results for Cd,_, Fe,Se alloys by Taniguchi
et al.'® and most closely resembles a model derived from
band-structure calculations for Cd,_,Mn,Te alloys by
Wei and Zunger:!” the main difference between them is
that Wei and Zunger locate the Mn 3d(e) band just
above the bottom of the conduction band whereas Tani-
guchi et al. place the Fe 3d (e) band just below the top of
the valence band. The model shown in Fig. 9 is given
added support from our recent Mn, Fe, and Co L;- and
L ;-edge XANES measurements for Zn,_, M, S alloys. 13

) (1 an

<— Mn 4(s,p)
Fe
Co

t,d AB |

FIG. 9. Schematic energy diagram showing respective atom-
ic levels forming M 3d bands (M =Mn,Fe,Co) and Zn,_,M,S
alloys. (I) Exchange and crystal-field splitting of Mn, Fe, and
Co 3d states, (II) Exchange splitting of S 3p states, and (III) the
final hybridized states. 4B and B denote antibonding and bond-
ing states, respectively. T and | denote states for spin up and
spin down, respectively (not to scale).
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Referring to Fig. 9, our assignment for peak A4 can be
made more specific; since, by symmetry arguments, pho-
toelectrons originating from s states become excited to
the first empty p-like states above the Fermi level, the
most reasonable conclusion is that peak A4 corresponds to
s electrons making transitions to a narrow band of M
3d(t,1)-S 3p(l) hybridized antibonding states. As
shown by several groups having performed electronic
band-structure calculations,'® 2! the S 3p states partici-
pate in hybridization with Zn 4(s,p) states in ZnS and the
resulting band structure has the first p band of empty
states approximately 4 eV above (at I') the bottom of the
conduction band.!! The strength of p-d hybridization in
Zn,_,M._S alloys, which is determined by the extent to
which S 3p- and M 3d-orbital wave functions overlap, is
reflected in the DOS. As a result, the rate of change of
peak A intensity with concentration for these alloys is
directly proportional to the strength of p-d hybridization.
Our results indicate that S 3p-M3d hybridization is
strongest for Zn,;_,Co,S and weakest for Zn;_ Mn,S.
This is consistent with magnetic susceptibility?? and neu-
tron scattering studies?> which indicate a significantly
larger nearest-neighbor exchange integral for Zn, _,Co, S
than for Zn,_,Mn_S.

We have estimated the energies at which peak A4 is po-
sitioned in the spectra for the alloys using the mean value
of the smoothed peak profile and tabulated these in Table
III. Peak A is found slightly lower in energy (0.3 eV) for
Zn,;_,Co,S than for Zn,_,Fe, S and substantially lower
(1.4 eV) than for Zn,_,Mn,S. Therefore the relative lo-
cation in energy of the S 3p-M3d (t,) hybridized band
for Zn,_,M.S alloys depends directly on the atomic
number of the substitutional transition-metal ion. Al-
though we believe that the selected position of the ab-
sorption edge will determine the value in Table III, in the
meanwhile, the position of the inflection point of an ab-
sorption edge does not bear a unique relationship to the
Fermi-energy location. However, the pre-edge peaks A
were well separated from the threshold, and the addition-
al dashed line in Figs. 2-4 (S K edge) is only to clarify
how the edge energy is chosen. In reality, it has no effect
on the analysis of the above discussions.

In contrast to the trend for peak A, there is a relative
decrease in intensity with x of the first above-edge
feature, peak B located less than 1 eV above the edge; this
is best seen from Figs. 5-7. Qualitatively, the magnitude
of reduction of this peak with x appears to be the same
for all three systems. Sainctavit et al.?* have previously
made S K-edge XANES studies of ZnS and have assigned
the first above-edge peak to transitions of the photoelec-
tron from the S 1s state to S 3p-Zn4(s,p) hybridized
states. When evaluated in conjunction with one another,
both the increase of peak A4 and the corresponding de-
crease in intensity of the above-edge peak B with x are
consistent with more S 3p —transition-metal 3d (¢,) hybri-
dized states and less S 3p-Zn 4(s,p) hybridized states
becoming available as transition-metal content increases
in the alloys. This is reasonable since some of the S 3p
states originally hybridizing with Zn 4(s,p) states in ZnS
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TABLE III. Position in energy, relative to the S K-edge value
of 2472.5 eV, for identifiable features from the XANES spectra
of Zn,_ Mn,S, Zn,_,Fe,S, and Zn;_,Co,S alloys. The
features are identified with arrows on Figs. 5-7.

Zn, _,Mn,S Zn,_,Fe, S Zn,_,Co,S

Feature (eV) (eV) (eV)
A —0.5+0.1 —1.6+0.2 —1.910.2
B 0.61+0.2 0.510.2 0.2+0.1
C, 3.3%£0.3 3.5+0.3 3.24+0.3
C, 5.5+0.3 5.84+0.3 5.6+0.3
D 9.8+0.3 9.8+0.3 9.8+0.3
hybridize with transition-metal 3d(t,) states in

Zn,_ M. S alloys. The position of peak B is found to be
nearly the same for Zn,_,Mn,S and Zn,_,Fe, S (approx-
imately 0.5-0.6 eV above the edge) while for Zn, _,Co,S
it is located approximately 0.3 eV closer in energy to the
edge. This may be indicative of the difference in the DOS
profile between the three alloy systems.

While systematic trends are difficult to ascertain, peak-
like features C,, C,, and D, all occurring below 10 eV
above the edge, are generally found to increase in intensi-
ty upon substitution of transition-metal ions for Zn ions
in ZnS: Their energy locations in the alloys’ spectra are
tabulated in Table III. Similar conclusions as for peak B
are drawn for these features.

IV. CONCLUSIONS

Our results indicate a significant effect on the DOS
features associated with photoelectron excitations of
Zn,_ M., S alloys due to transition-metal 3d —S 3p orbital
hybridization. = The most striking of these is a
concentration- and transition-metal-type-dependent pre-
edge peak associated with transitions to a hybridized
band of M 3d(t,)-S 3p antibonding states. This feature
was found to increase linearly in intensity with concen-
tration for the alloys, in proportion to the strength of the
M 3d(t,)-S 3p hybridization. From its location in the
XANES spectra, we conclude that the location in energy
of the hybridized band of M 3d(t,)-S 3p antibonding
states for Zn,_, M, S alloys depends directly on the atom-
ic number of the transition-metal ion. To our knowledge,
this is the first time that a detailed study of both concen-
tration and substitutional-ion-type dependence of
XANES for an alloy system has been made.
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FIG. 9. Schematic energy diagram showing respective atom-
ic levels forming M 3d bands (M =Mn,Fe,Co) and Zn, . M.,S
alloys. (I) Exchange and crystal-field splitting of Mn, Fe, and
Co 3d states, (II) Exchange splitting of S 3p states, and (III) the
final hybridized states. AB and B denote antibonding and bond-
ing states, respectively. T and | denote states for spin up and
spin down, respectively (not to scale).



