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Theoretical and experimental analysis of the near-edge x-ray absorption structure
in MnTe and Cd12xMn xTe alloys
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The x-ray absorption near edge structure~XANES! for Cd12xMnxTe and MnTe in the hexagonal and
zinc-blende structure has been studied and compared with the results of a self-consistent linear muffin-tin
orbital calculation. It has been shown thatp-d hybridization effects are strong enough to make XANES spectra
at TeL1 andL3 edges sensitive to the energy position of the unoccupied Mn 3d↓ states. We present a unique
method of finding the energy position of Mn 3d↓ states from analysis data from experiment and theoretical
calculations.@S0163-1829~99!02631-4#
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I. INTRODUCTION

Interest in the study of occupied and especially unoc
pied electronic states in solids is steadily growing. Ma
efforts have been made to develop or modernize many
ferent research and theoretical methods for that purpos1–6

The x-ray absorption spectroscopy~XAS!, usually divided
into x-ray absorption near-edge spectroscopy~XANES! and
extended near-edge spectroscopy7–9 ~EXAFS! is recently
employed. The XANES can be applied with success to
analysis of the conduction-band~CB! density of states
~DOS! due to the several favorable features of this meth
when used in connection with synchrotron radiati
facilities.7 These features include very high accuracy of m
surements, high sensitivity, very short acquisition time, a
in general no limitations of the studied energy range. In
dition, this technique is selective to atomic species and to
one component of the density of states.10,11 The energy de-
pendence of the transition matrix element is weak in
energy range near the absorption edge and, as a resul
XANES structures almost directly reflect the shape of
partial density of states of the unoccupied bands projecte
the studied atom. Recent studies have shown that XAN
for metals,11 binary,12,13and semiconduction compounds14–17

can be satisfactorily used.
The proper theoretical description of the band structure

the ternary semimagnetic semiconductors requires the in
sion of spin effects of the half-filled Mn 3d shell. In the
framework of the spin-polarized bands of the usual o
electron picture the Mn 3d states are represented by only tw
exchange-split bands. The lower bands are fully occup
and spin polarized~spin up!. The other ones are virtual an
empty~Mn 3d spin-down states!. The exchange splitting en
ergy of these levels is usually calculated to be 4 to 6 eV. T
biggest value of exchange splitting, obtained from theXa
method, equal to 6 eV, corresponds to the situation with
biggest magnetic moment localized on Mn 3d↑ bands equal
to 5mB .18 But we should also expect intra-atomic Mn-bas
excitations. These lead to the many-electron multiplet the
PRB 600163-1829/99/60~7!/4920~8!/$15.00
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In this theory we have one ground state,6S1, and several
quartet (S53/2) excited states of Mn 3d5 ions, i.e.,4P, 4D,
4F, 4G. In crystal field the ground state became6A1 and the
lowest excitation energy to the first state~i.e., 4T1) is equal
to about 2.1 eV. The mean energy difference between
ground state and all quartet states corresponds to the
change energy splitting in the one-electron picture.18 The
possibilities of intra-atomic excitations, band-band exci
tions, and their combination lead to difficulties in the inte
pretation of the experimental data. The ultraviolet pho
emission spectroscopy~UPS! measurement yields in
Cd12xMnxTe alloys show the spectra with a relatively sha
peak having a half-width of about 1 eV placed about 3.4
below the valence-band maximum.19,20 This peak is com-
monly assigned to the nonhybridizinge-symmetric compo-
nent of the Mn 3d↑ states. Thet2-symmetric Mn 3d↑ state
component was assumed to hybridize significantly with
valence anionp-type states in a wide energy range. In ad
tion, the analysis of the difference spectra shows a shou
near the top of the valence band and a broad satellite in
energy 5–9 eV below the valence-band maximu
~VBM !.21–23 It is commonly assumed that it is a result
many-body iteraction.21–24 The energy position of the unoc
cupied virtual Mn 3d↓ bands is much more questionab
than the respective situation for the Mn 3d↑ states. The in-
terpretation of the optical absorption and reflectivity plac
the center of Mn 3d↓ states between 2.9 and 4.5 eV~Refs.
25 and 26! above VBM. The results of the bremsstrahlun
isochromat spectroscopy~BIS! experiments for Cd12xMnxTe
made by Franciosi and co-workers24,27,28 showed an addi-
tional increase in the intensity of the BIS spectrum with
creasing Mn concentration. This was interpreted as a con
bution of the Mn 3d↓ states placed about 5 eV above VB
and the Mn exchange splitting was estimated to be about
eV. It is almost twice as large as expected from earlier t
oretical predictions.29,30 The limitations of the local-density
approximation~LDA ! formalism was bland for it and a spin
polarized (3d↓)5(4s↓)1(4p↓)1-like ground state for Mn in
this material was suggested. The different interpretation w
4920 ©1999 The American Physical Society
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proposed from the first XANES measurements carried
for the Cd0.5Mn0.5Te alloy and for MnTe in hexagonal an
zinc-blende structures.16,17 In this paper a full set of theoret
ical analysis of these results has been presented and
cussed to elucidate the problems connected with the Mnd↓
states.

II. XANES MEASUREMENTS

The x-ray absorption measurements have been carried
with the use of synchrotron radiation at the Adone Wigg
facility in Frascati31 utilizing a Si~111! channel-cut crysta
monochromator. The original samples were high-pur
monocrystaline Cd12xMnxTe (x50.0, 0.21, 0.52, and 0.7!
grown by the Bridgman method in the Institute of Physics
the Polish Academy of Sciences in Warsaw. The samp
were powdered and deposited on polyacetate films as
quired for XANES measurements. The resulting instrumen
Gaussian broadening has been estimated for about 0.7 e
Te and CdL1,3 edges and for about 1.0 eV for a MnK edge.
The contribution of each edge to the absorption coeffici
has been extracted by extrapolating the pre-edge spectru
higher energies by a Victoreen fit and by subtracting
fitted curve from the remaining experimental spectrum32

The complete set of experimental data for Cd12xMnxTe with
x50.21, 0.52, and 0.7 and also for Zn12xMnxTe with x
50.5 has been presented in a previous paper,33 where the
data were compared with theoretical results obtained fr
the calculation of the ferromagnetic phases of these mate
using the standard linear muffin-tin orbital~LMTO!
method.34,35 In general good agreement was found, exc
for the comparison of TeL1,3 edges and CdL1,3 edges, where
growing discrepancies with an increase of the Mn concen
tion was visible. The disagreement was especially large
the slope of the x-ray absorption edge around the inflec
point of the TeL1,3 edges. This paper attempts to clarify th
situation. For that purpose we have made a calculation
the antiferromagnetic phases using a modified LMT
method~see later in the next section!.

III. ELECTRONIC STRUCTURE CALCULATIONS

The spin-polarized bands and density of states have b
obtained using the self-consistent, semirelativistic LMT
method.34,35 The exchange-correlation local spin density a
proximation ~LSDA! potential was used in the form pro
posed by Vosko, Wilk, and Nusair.36 The antiferromagnetic
order of the Mn 3d spins has been used in calculations.
caused the alloy environment in Cd0.5Mn0.5Te to be simu-
lated by ordered supercells, which enlarge twice the volu
of the primitive cell.30 This makes the calculations for th
antiferromagnetic structure more complicated than for
ferromagnetic structure33 but better describes the physic
situation of the Cd0.5Mn0.5Te system.30 The openness of the
zinc-blende structure was dealt with in a standard way
placing additional ‘‘empty spheres’’ into a unit cell.34 The
calculations were carried out using the experimental lat
constants.

Such calculations for real materials have the main di
culty in adequate approximation of the self-energy opera
even for very simple systems like Si, Ge, and LiCl.42,43 The
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LSDA results do not produce discontinuity in a function
derivative of the exchange-correlation energy between
lence and conduction bands, which is present in the ma
body theory.37–43The LSDA calculations underestimate qu
siparticles excitation energies and thus respec
conduction-bands positions are too low, valence bands
too high, and the energy gap is too narrow. The results
tained from the many-body theory showed that the error
the energy position of the LSDA states is dependent on
nature of these states. The LSDA calculations give the wr
position of the unoccupied Mn 3d↓ bands in relation to the
sp conduction bands in Cd12xMnxTe alloys.44 The unoccu-
pied Mn 3d↓ states are placed at least 1–2 eV too low. T
calculations place them in the energy gap, which does
agree with the experimental data.29,30,45

In order to find the true energy position of unoccupied M
3d states we modified the standard LMTO method. O
method could be divided into three steps. The first step w
normal self-consistent LMTO calculation. Next, we chang
the potential parameter that defines the energy position of
weight point of the Mn 3d↓ states. The physical meanings
that parameter and the other potential parameters used i
LMTO method were discussed in detail by Skriver in h
book.35 The last step was the final calculation of the ba
structure and density of states with this modification. T
increasing of the potential parameter caused the shifting
Mn 3d↓ states upwards and the rehybridization effects p
duced changes in the other states and their projected d
ties of states. We made several calculations with the Mn 3d↓
states energy position shifted by different values~0.0, 1.0,
2.0, and 4.0 eV!. The results of such band-structure calcu
tions formed a basis for x-ray absorption spectra calcu
tions. The theoretical calculated spectra were compared
the experimental data.

IV. X-RAY ABSORPTION SPECTRA CALCULATIONS

According to the simple atomic-based selection rules,
edgeL1 is due to the electronic dipole transitions from th
2s core level top-like conduction states and theL2,3 edges
are due to transitions from the 2p core level tos-like and
d-like conduction states. The probabilities of the electro
quadruple transitions (D l 50,62) for the Te and CdL1,3
edges are negligible.11 The constant-matrix element approx
mation has been used, so the absorption spectra were
tained from relevant one-projected density of conduct
states convoluted with Gaussian and Lorentzian functio
The Gaussian function reflects the instrumental resolu
and the Lorentzian function reflects the core-level and fin
state lifetime.11,47The calculations took into account the fa
that the final-state lifetime is energy dependent. The par
the value of the Lorentzian widthGL that reflects the core
level lifetime was optimized to obtain the best agreemen
the theoretical spectra with the experimental ones in the
rounding of the absorption edge~about 8 eV around the
edge-first inflection point!. In the LMTO calculation the
number of bands calculated above the Fermi energy leve
limited by the size of the basis function set. In addition, it
known that the LMTO method has second-order error in
E2VVTZ , where VVTZ is the average interstitial potentia
Thence we do not expect a good description of conduc
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4922 PRB 60OLESZKIEWICZ, PODGÓRNY, KISIEL, AND BURATTINI
states positioned higher than 1–2 Ry aboveVVTZ . For this
reason we modified the procedure of experimental data
duction presented in original form earlier.13 In the procedure
a limited energy range of the theoretical conduction den
of states~DOS! for the x-ray absorption coefficient calcula
tions was used. The energy was set to range from
conduction-band minimum~CBM! up to the energy cutoff
fixed by us at about 17 eV. The original experimental spec
were modified by subtracting the part, which represents
absorption of hypothetical free-electron states above the
ergy cutoff.13 According to Parratt,46 that part is represente
by the arctangent form. The energy position of the hypoth
cal free-electron part in relation to the original data inflecti
point was found from the alignment of the energy scale
experimental and theoretical spectra. Anab initio alignment
of the theoretical and experimental energy scales is not
sible because the LSDA calculations give a wrong value

FIG. 1. Calculated CdL3 edge for Cd0.5Mn0.5Te. A, experimen-
tal spectrum;B, theoretical spectrum for the transition matrix el
ment ratios:d51:1; C, theoretical spectrum for the optimized rat
s:d'1:3.
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the energy gap and do not give information on the chem
shifts. In addition, the inflection point of the absorption spe
trum does not coincide with the conduction-band minimu
To align the energy scale, we shifted the experimental
ergy scale by a value that was optimized to obtain the b
agreement of theoretical and experimental spectra in the
cinity of the absorption edge. The last fitting parameter w
the y-scale normalization factor for the theoretical resul
The standard computer nonlinearMINUIT minimalization
procedure was used to calculate all fitted parameters.

As already mentioned above, theL2,3 edges arise from the
superposition of the transitions tos-like and d-like conduc-
tion states. The constant matrix element approximat
causes an additional problem of the value of the ratio of
matrix elements ofs- andd-like states. Assuming this ratio to
be s:d51:1 we obtained a very poor description for the C
L3 edge in Cd0.5Mn0.5Te. Thence optimization of the ratio
was performed and the results are presented in Fig. 1.
found that the best agreement theory with experiment w
for the ratios:d'1:3. Theabsorption coefficient is propor
tional to the square of the transition matrix element, so
d-like states have about 10 times bigger weight thans-like
states. This result has been confirmed by the calculat
with the inclusion of the dipole transition matrix elemen
that were done by Markowski, Oleszkiewicz, and Kisiel48

for pure CdTe.

V. THE RESULTS

A. CdMnTe

Figure 2 presents a projected density of conduction ba
calculated for Cd0.5Mn0.5Te with antiferromagnetic spin or
der. The figures present the results of calculations for nor
tions.
FIG. 2. Projected density of Cd0.5Mn0.5Te conduction-band states per eV and cell for four theoretical cases of LSDA LMTO calcula
The theoretical calculation was done with potential parameters changed in such a way that the Mn 3d↓ states were shifted upwards by~a!
0 eV, ~b! 1 eV, ~c! 2 eV, ~d! 4 eV. The zero of the energy scale was assigned to the top of valence bands.
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PRB 60 4923THEORETICAL AND EXPERIMENTAL ANALYSIS OF . . .
self-consistent LSDA LMTO calculations@case~a!# and for
calculation in which the average energy position of the M
3d↓ was shifted up in the energy scale by 1, 2, and 4
@cases~b!, ~c!, and~d!, respectively#. The result for case~a!
compares very well with the result of Podgorny30 or Wei and
Zunger.29 It is clearly seen that hybridization of the Mn 3d↓
states with other states is strong enough to cause a signifi
modification in the other component of projected DO
These modifications are spread in the energy range wi
width larger~more or less, depending on the case! than the
width of the 3d↓. The LSDA calculations do not produce th
true value for the energy gap, so to align the energy scale
to make comparison we shifted the energy scale in such
that for the case~a! the zero of the energy scale was placed
the bottom of the conduction bands. For the cases~b!, ~c!,
and ~d! the energy scales were shifted in such way that
details of the DOS in the energy range very high above
conduction-bands minimum, where the influence of the
3d↓ states is negligible, are the same for all cases. The
culated energy gap was equal to 1.3 eV for case~a!,30 as
compared to 2.3 eV obtained from experiment.45,49–51

Figure 3~a! presents theoretical TeL1,3 x-ray absorption
spectra calculated from the normal LSDA LMTO results a
from the LSDA LMTO calculations with a shifted energ
position of the Mn 3d↓ states and their comparison to th
experimental data. Neglecting the normalization the diff
ences between two theoretical cases of the TeL1 are very
small. Therefore, even a significant modification of the DO
caused by rehybridization effects are almost disappearin
a result of convolution of the DOS with Lorentzian an
Gaussian functions. In addition, the theoretical calculat
based on the LMTO method used the basic functions
which is limited and does not give a good description of
conduction bands lying far from the conduction-band mi
mum ~CBM!. We must concentrate the analysis in the a
around the CBM, where the theoretical results are the m
reliable. Thence~from about 5 eV below the CBM up to 5
eV above CBM! line shapes of calculated x-ray absorpti
edges show a weak dependence on the positions of the
3d↓ states. Figure 3 serves as an example; it presents

FIG. 3. Comparison of the experimental x-ray~curve A)
Cd0.5Mn0.5Te TeL1,3 absorption spectra~a! and their derivatives~b!
with the theoretical LSDA LMTO calculations, with the Mn 3d↓
states shifted upwards by 0 eV (B), 1 eV (C), 2 eV (D), and 4 eV
~E!. The zero of the energy axis was shifted to the first inflect
point of the experimental spectrum.
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calculated line shape for Mn 3d↓ states unshifted~curveA)
and shifted by 2 eV~curve C). But calculation of the first
derivatives of the spectra@Fig. 3~b!# shows that the rehybrid
ization effects are strong enough to produce signific
modifications. We focus on the analysis of these modifi
tions. The presented spectra for the TeL1 and L3 give the
best agreement for a different position of the Mn 3d↓ states.
We account for it by using in the calculations only the co
stant transition matrix approximation. The modifications
Te edges are bigger than modification of Cd edges~see Fig.
4!, as we should expect, because the first-neighbor she
the Mn ions in Cd12xMnxTe is created by Te ions and onl
the second-neighbor shell of the Mn ions is created by
ions. We obtained the best common agreement between
oretical and experimental spectra in the case of calculat
where the energy position of the center of the Mn 3d↓ states
is shifted up by about 2 eV. The shifting of these states a
causes a shift of the conduction-band minimum~CBM! by
about 0.6 eV. This increased the calculated energy gap u
about 1.9 eV, being in a relatively good agreement with
experimental value equal to 2.3 eV.45 Concluding all the
above, we find that the center of the unoccupied Mn 3d↓
states is placed about 3.8 eV beyond the valence-band m
mum. The shifting of the Mn 3d↓ states causes these stat
to become more energy delocalized—the energy width
creased from 1 eV@case~a! in Fig. 2# up to 2.5 eV@case~c!
in Fig. 2#. In addition, the value of the main peak of the M
3d↓ DOS was decreased by a factor of 2. It means that th
states interact now much stronger with other conduct
states than in the initial noncorrected LSDA results@case~a!
in Fig. 2#.

B. Hypothetical cubic MnTe

Many physical properties of Cd12xMnxTe are almost lin-
ear with the Mn concentration. The limitingx51 concentra-
tion is cubic MnTe.45 Unfortunately, MnTe exists only in a
NiAs structure, and the limiting concentration must be co
nected to a hypothetical MnTe with zinc-blende structu
The energy-gap behavior of the Cd12xMnxTe versus Mn
composition predicts the energy gap for zinc-blende MnTe
be about 3.2 eV. The present theoretical calculations sh
the energy gap to be about 0.8–1.0 eV.29,30,44This disagree-
ment is caused by placing the unoccupied Mn 3d↓ states too
low. We calculated several times the electronic band str
ture of the zinc-blende antiferromagnetic MnTe by the mo

FIG. 4. First derivative of CdL1,3 x-ray absorption spectra nea
the absorption edge. The zero of the energy axis was shifted to
first inflection point of the experimental absorption spectrum~curve
A). The theoretical calculation was done with potential parame
changed in such a way that the Mn 3d↓ states were shifted upward
by 0 eV (B), 1 eV (C), 2 eV (D), and 4 eV (E). The zero of the
energy scale was assigned to the top of valence bands.
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4924 PRB 60OLESZKIEWICZ, PODGÓRNY, KISIEL, AND BURATTINI
fied LMTO method by arbitrarily shifting the center of th
unoccupied Mn 3d↓ states. The DOS results are presented
Fig. 5. To compare the theory with experiment we need
experimental results of their hypothetical zinc-blende MnT
This result wasextractedfrom an experimental Cd12xMnxTe
data set in a way ‘‘similar’’ to the idea of virtual crysta
approximation~VCA! for x-ray spectra:33

Cd12xMnxTe5~12x!CdTe1xMnTe. ~5.1!

Figure 6 presents a comparison of the extracted data
theoretical calculated x-ray absorption spectra. Clearly,
uncorrected LSDA result does not agree with the experim
The calculated x-ray absorption spectrum for TeL1 has two
peaks while the experimental spectrum has only one p
The shape of the calculated TeL1 spectrum is drastically
changed by a shift of the center of 3d↓ states. The bes
agreement of theory and experiment was obtained for the

FIG. 5. Projected density of hypothetical zinc-blende struct
MnTe conduction-band states per eV and cell for five theoret
cases of LSDA LMTO calculations. The theoretical calculation w
done with potential parameters changed in such a way that the
3d↓ states were shifted upwards by~a! 0 eV, ~b! 1 eV, ~c! 2 eV, ~d!
4 eV. The zero of the energy scale was assigned to the to
valence bands.
n
e
.

th
e
t.

k.

e

L1,3 edges after shifting the center of the Mn 3d↓ states by
about 3 eV up. The change of the energy position of th
states causes the change of the interaction of the 3d↓ states
with the others. The interactions are now stronger than
fore, but this effect seems to be weaker than
Cd0.5Mn0.5Te because the energy width of the 3d↓ states was
increased from 1.7 eV up to only 2 eV. The center of the M
3d↓ states has been placed at about 4 eV above the VB
The process of shifting the center of the 3d↓ states caused
the shift up of the CBM and increased the energy gap up
2.8–3.0 eV.

C. Hexagonal MnTe

The study of the TeL1,3 edges for hexagonal MnTe wa
completed by the same method as for Cd0.5Mn0.5Te. Figures
7 and 8 show the results. The calculated shape of the x
absorption spectra differs from the experimental ones m
more than for Cd0.5Mn0.5Te and zinc-blende MnTe. The
shifting of the Mn 3d↓ states does not produce a significa
change in the shape but only very weak changes of ed
~about 4 eV around the first inflection point! visible only on
making the first derivatives of the spectra. The TeL1 spectra
in the area around the first inflection point are almost ins
sitive to the shifting of these states up to 2 eV. The TeL3
edge is more sensitive than the TeL1 edge and the bes
agreement of theory with experiment was obtained fo
3-eV shift, but for this shift the agreement for TeL1 becomes
worse for smaller shifts. The shift of 2.5 eV seems to be
good compromise for both edges. As a consequence the
ter of the Mn 3d↓ states is placed about 3.75 eV above t
VBM.

VI. DISCUSSION

From the presented results it follows that LSDA LMT
calculations produce x-ray absorption edge spectra which
not fit very well with experimental ones, while the sam
LSDA LMTO calculation, corrected by a shift in the energ
position of the Mn 3d↓ states, improves the agreement s

e
l

s
n

of

FIG. 6. Comparison of the experimental~curvesA) Te L1,3 ab-
sorption spectra~a! and their derivatives with theoretical LSDA
LMTO calculations for the hypothetical zinc-blende structu
MnTe. The theoretical LMTO calculations were done to shift t
Mn 3d↓ states upwards by 0 eV (B), 1 eV (C), 2 eV (D), and 3 eV
(E). The zero of the energy axis was shifted to the first inflect
point of the experimental spectrum.
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nificantly. The energy position of the Mn 3d↓ states has
significant influence on the TeL1,3 edges and, in a weake
way, on the CdL1,3 edge. The transitions that produce T
L1,3 edges are localized on a Te site and cause big chang

FIG. 7. Projected density of the hexagonal MnTe conducti
band states per eV and cell for five theoretical cases of LS
LMTO calculations. The theoretical calculations were done w
potential parameters changed to shift the Mn 3d↓ states upwards by
~a! 0 eV, ~b! 1 eV, ~c! 2 eV, ~d! 4 eV. The zero of the energy sca
was assigned to the top of the valence bands.
in

the occupancy of the states localized on the Te site and
ligible changes of the occupancy of the states localized
the Mn site. It means that the correlation and relaxation
fects connected with the Mn 3d↓ states are relatively negli
gible in the transitions which produce TeL1,3 edges. The
conclusion, which we draw from the above, is that t
method presented in this paper allows us to determine
energy position of the Mn 3d↓ states with good accurac
~Table I!. The shift of the energy position of the Mn 3d↓
states increases the energy gap. It is surprising that the
oretical x-ray absorption spectra, which best fit the expe
mental ones, have been obtained from the calculations giv
also the best agreement of the energy gap with experime
values~Table I!.

Table I also presents the value for the exchange split
of the Mn 3d states. These values have been obtained u
the described method and from the experimental values
the energy gap and the energy position of the occupied
3d↑ states. It is rather surprising that these values are so
in fact, they are much bigger than the values predicted
earlier theoretical works. Our value of the exchange splitt
is a little smaller than the value of 8.360.4 obtained by
Franciosiet al.27,24 It was thus suggested that a big exchan
splitting is caused by an artificial configuration with tot
spin-polarized Mn (3d↑)5 states and with additional spin
polarized Mn (s↑)1 and Mn (p↑)1 states. We agree that th
local density-functional theory has many limitations wh

-
A

FIG. 8. Comparison of the experimental~curvesA) Te L1,3 ab-
sorption spectra~a! and their derivatives with theoretical LSDA
LMTO calculations for hexagonal MnTe. The theoretical LMT
calculations were done to shift the Mn 3d↓ states upwards by 0 eV
(B), 1 eV (C), 2 eV (D), and 3 eV (E). The zero of the energy axis
was shifted to the first inflection point of the experimental sp
trum.
f
TABLE I. Energy position of the Mn 3d↓ states above CBM, E(3d↓), value of the exchange splitting o
the Mn 3d states,DEX , and the energy gapEg from our method. The results are in eV.

E (3d↓) DEX Eg

theory experiment

Cd0.5Mn0.5Te 1.7560.25 7.6060.35 1.9060.2 2.3060.02a

hexagonal MnTe 2.2060.25 7.2560.35 1.2060.2 1.2760.02b

zinc-blende MnTe 1.5060.25 7.5060.35 2.9060.2 3.2060.1a

aSee Refs. 45 and 49–51.
bSee Refs. 50 and 51.
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describing systems like Cd12xMnxTe. The LSDA approxi-
mation generally gives bad descriptions of the excitatio
energies, as we discussed in Sec. III. We hope that the
culations that include the self-energy operator, or at le
LSDA calculations with corrections arising from the se
energy operator, describe all the electronic states in se
magnetic semiconductor compounds much better.

The method presented in this paper also gives additio
results. Table II presents the value of the core-level wi
GL , and Table III contains the energy position of the fi
inflection point of the edges in relation to the conductio
band minimum. These results depend on the details of
calculation~i.e., the energy position of the Mn 3d↓ states!.
In Table III the results corresponding to the best agreem
of the theoretical and experimental x-ray absorption spe
are presented. The error of theGL width has been taken from
the fitting. The error of the energy position of the Mn 3d↓ is
not easy to be estimated. It is observed that the study of
Te L3 edge gives a value of the energy localization of t
center of the Mn 3d↓ states a little bigger than the valu
obtained from the study of the TeL1 edge. It is the case fo
all three studied compounds, i.e., Cd0.5Mn0.5Te, zinc-blende
MnTe, and hexagonal MnTe. The observed discrepancy
be explained as a result of using a constant transition ma
approximation. The different energy dependence of the tr
sition matrix element from the core state tos,p,d-like con-
duction states can be an explanation of the facts mentio
above. A significant role can also be played by some re
ation and correlation effects, which are usually stronger
states with a greaterl number. The fitting procedure wa
focused in the 10-eV energy range around the inflect
point of the edges. The accuracy of the energy position of
Mn 3d↓ is estimated after an analysis of all the edges. T
energy gap is connected with the energy position of the c
ter of Mn 3d↓. The value of the energy gap changes sign
cantly by only a small shift of the center of the Mn 3d↓—in
the range 0–2 eV. For a larger shift the energy gap alm

TABLE II. Results of fitting of theGL core-level width.

Te L1 Te L3 Cd L1 Cd L3

Cd0.5Mn0.5Te 2.2560.1 2.160.1 2.0060.1 2.4060.1
hexagonal MnTe 2.1060.2 2.460.2
zinc-blende MnTe 2.4060.2 2.460.2
i,

-

d P

r,
s
al-
st

i-

al
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e

nt
ra

he

an
ix
n-

ed
x-
r

n
e
e
n-
-

st

does not change. As a result the accuracy of the energy
is better than the accuracy of the energy position of the
3d↓ states.

VII. CONCLUSION

We presented a method that allows us to localize the
ergy position of the unoccupied Mn 3d↓ states. The method
is based on the study of the details of the TeL1,3 x-ray
absorption edges. The transitions, which produce TeL1,3 ab-
sorption lines, are localized on Te sites, so we should exp
that the correlation and relaxation effects that arise dur
these transitions do not have significant influence on the
ergy position of the Mn 3d↓ states~localized on the Mn
site!. The mechanism is clearer than in the case of the opt
transition from the valence to conduction states. For the
tical transition the correlation and relaxation effects are v
strong, which leads to difficulties in the interpretation of t
experimental and theoretical results.25,29,30 The presented
procedure is a unique method to establish the energy pos
of the unoccupied Mn 3d↓ states in the Cd12xMnxTe-like
systems. The energy accuracy of this method was estim
to be about 0.46eV. To establish the energy position wit
better accuracy, a theory should be applied that does
have a constant transition matrix approximation but that d
have a big function set describing precisely the electro
band structure in a very wide energy scale~at least 50 eV!.
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TABLE III. Position of the edge-first inflection point in relation
to the conduction-band minimum:DE5E02ECBM . The quantities
are in eV.

Te L1 Te L3 Cd L1 Cd L3

Cd0.5Mn0.5Te 1.660.1 1.5060.10 2.0560.05 0.7060.05
hexagonal MnTe 1.560.2 0.6860.14
zinc-blende MnTe 1.660.1 1.4860.08
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