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H I G H L I G H T S 

> Local structural/electronic properties 
around Mn in Cdi_xMnxTei_ySey are 
determined. 

> Influence of different types of Mn—Te 
bonds on electronic structure is 
established. 

> Mn and Te excess charges are found 
to be distinctly different from their 
valences. 

> The spin-up states are spatially much 
more extended than the spin-down 
states. 

> Small magnetic dipole moment 
forms at the Mn—Te bond critical 
points. 

G R A P H I C A L A B S T R A C T 

A B S T R A C T 

Local electronic and structural features around Mn in Cdi _xMnxTeo.97Seo.o3 (x = 0.02; 0.05; 0.1; y = 0.03) 
were studied by means of X-ray Absorption Fine Structure (XAFS) techniques. Manganese ions with an 
average valence 2+, are found to be well incorporated into the host CdTe lattice, with clear preference for 
Te atoms as the first neighbors. However, Mn and Te are found to form two essentially different types of 
bonds, one short, strong and directional (cubic MnTe-alike bond), and three much longer, predominantly 
ionic in nature (hexagonal MnTe-alike bonds), thereby distorting the tetrahedral coordination around 
Mn. The origin of peculiar Mn—Te bonds distribution and details of their nature and strength are further 
elaborated by employing the first principle electronic structure calculations. That way a thorough insight 
in impact of the Mn—Te bond length variation on the electronic structure of the compound is obtained. 
The relations established between the local structures and electronic properties offer a reliable procedure 
for detailed analysis of the structural and electronic consequences of the 3d-transition metals (TM) 
incorporation in II—VI semiconductor host. Clear distinction between various influences makes the 
procedure easily adoptable also to the studies of TM impurities in other semiconductors. 

1. Introduction 

Cadmium manganese telluride Cdi_xMnxTe is a prototype of 



II—VI diluted magnetic semiconductors (DMS) [1,2]. Strong 
coupling (exchange interaction) between the localized Mn d-states 
and charge carriers (s- and p-states of the host CdTe) induces 
numerous important magneto-optical/transport phenomena, such 
as extremely fast giant Faraday rotation [3,4], bound magnetic 
polarons formation [5,6], magnetic field induced metal-insulator 
transition [7], etc. Although the antiferromagnetic (AFM) exchange 
coupling often prevails [8], other types of magnetic ordering have 
been observed as well (e.g. spin-glass [9,10], ferromagnetic 
ordering at low temperatures [11 J), depending primarily on the Mn 
concentration (x). Versatile properties of Cdi_xMnxTe DMSs resul
ted in their numerous applications not only in the field of photonics 
and (opto)electronics (Faraday rotators, IR- and magnetic field de
tectors, visible and near-IR lasers, solar cells, magnetic diodes, spin 
injectors, ...) [12—16], but also in a new field of the spintronics of 
antiferromagnets (high-speed electronic devices operating in ter
ahertz range) [17—19]. The tunable energy gap [20], high resistivity 
[21] and good electron transport properties [22], make Cdi_xMnxTe 
prospective material also for nuclear radiation detection [23]. Ad
vances in the epitaxy of semiconductor compounds which enabled 
fabrication of small crystallites (nanostructures) and hetero-
structures, further extended the possibilities of the material 
application in spintronics of ferromagnets and quantum informa
tion processing [24—28]. Another way to improve the material 
characteristics and to bring in new physical properties is to use two 
anion-system as a host [29—33]. The additional degree of freedom 
introduced that way, represents an important aspect for designing 
devices based on multi-anion layered systems [34—36]. In partic
ular, Se addition into CdTe-based solid solutions substantially re
duces the concentration of sub-grain boundaries and destroys their 
network, thereby ensuring compositional uniformity and effective 
solid solutions hardening [37,38]. Owing to the persistent photo
conductivity (which enables to continuously vary the concentra
tion of shallow donors by means of optical excitations), the metal-
insulator transition in Cdi_xMnxTei_ySey can be controlled by both 
magnetic field and the donor density [1[. Furthermore, by 
increasing the interaction between localized moments and band 
electrons (the s—d interaction), Se could lead to enhancement of 
Faraday rotation in Cdi_xMnxTei_ySey. Besides, variation of the Se 
content could make it possible to regulate the type of the con
ductivity and free charge carrier concentration [39]. Main 
requirement imposed to Cdi_xMnxTei_ySey system studied in this 
work, is to possess well defined crystal structure free from pre
cipitates and secondary impurity phases. While Cdi_xMnxTe crys
tallizes in zinc-blende (ZB) type structure for concentrations 
x < 0.77 [40], Cdi_xMnxTei_ySey, has several single and multiple 
phase areas in its phase diagram, and the ZB-phase exists only in 
the limited range of concentrations x and y [41]. The Cdi_xMnxTe 
lattice constant decreases with x, but its energy gap (Eg) increases 
from 1.6 eV (x = 0) to the value 2.2 eV (x ~ 0.7) [20,42[ which is 
larger than in binary end-point NiAs-type MnTe compound 
(Eg = 1.3 eV), but smaller than that reported for (metastable) ZB-
type MnTe (Eg = 3.2 eV) [43]. For constant y, energy gap of 
Cdi_xMnxTei_ySey follows similar dependence with x as in 
Cd!_xMnxTe [30] (e.g. for x = 0.1 and y = 0.03, Eg ~ 1.6 eV [41]). 
Atypical behavior of Eg(x) in Mn doped CdTe-based systems is 
commonly related to the features of the Mn-3d states, although 
some details concerning their energy position and hybridization 
with the band states of the host crystal (pd-hybridization) are still 
under debate [42-50]. In Cd!_xMnxTe, the Mn-3d states form two 
bands split by the exchange interaction, a completely occupied 
spin-up band (with reported position ranging from -0.8 eV [45] 
to - 6 eV [46] below the valence band (VB) top Ev), and an empty 
spin-down band (with reported position ranging from 2.9 eV to 
4.5 eV above Ev [47—50]). In what manner the pd-hybridization 

affects the position of the Mn-3d bands is also unclear. According to 
[44], pd-hybridization causes shift of the occupied Mn-3d band 
deeper into VB. According to [47] the position of the occupied Mn-
3d band is constant, while the position of the empty 3d band de
pends on Mn concentration. The band structure of the two-anion 
Cdi_xMnxTei_ySey system is even less known. The reported pref
erences for certain ions pairing [32,33,51] suggest that position of 
the Mn-3d band in Cdi_xMnxTei_ySey could be even more affected 
by peculiarities of local structures and the pd-hybridization fea
tures, than in Cdi_xMnxTe. The local structures and their variations 
which affect the electronic and magnetic correlations, play an 
important role in promoting ferromagnetism in novel Mn doped 
II—II—V DMS [52], and are strongly linked also with recently 
discovered superconductivity in FexTei_ySey [53]. 

Despite several decades of extensive research of Mn doped 
CdTe-based systems, there still exist some arguable issues con
cerning the position of the Mn-3d energy levels and their hybrid
ization with the band states of the host crystal (which affect the Eg, 
as well as the stability and properties of the systems). To resolve 
some of these fundamental issues, we performed detailed analysis 
of the Mn K-edge X-ray Absorption Near Edge Structure (XANES) 
and Extended X-ray Absorption Fine Structure (EXAFS) of 
Cdi_xMnxTeo.97Seo.o3 systems with different Mn concentration 
(x = 0.02, 0.05, 0.1). In attempt to elucidate details of the nature, 
strength and distribution of Mn—Te bonds in the first coordination 
around Mn and the impact of the bond length variation on the 
electronic structure of the compound, first principle electronic 
structure calculations and simulation of the XANES were per
formed. The firm relations established between the local structural 
and electronic properties enable (i) atomic level understanding of 
the investigated compounds; (ii) offer the possibility to make 
modifications on the atomic-scale and (iii) to track these modifi
cations by observing the characteristic features appearing in the 
XANES spectra. 

2. Experimental measurements 

X-ray Absorption Fine Structure (XAFS) measurements were 
performed on Cdi_xMnxTeo.97Seo.o3 (x = 0.02; 0.05; 0.1) single 
crystals grown by the Bridgman method [30]. XRD measurements 
were performed on the powdered Cdo.9sMno.02Teo.97Seo.03 sample 
using PHILIPS 1050 diffractometer (40 kV and 20 mA) with Ni 
filtered Cu Kai2 radiation in Bragg—Brentano geometry, in the 
range of angles 20°<26 < 100° and step 0.05°, with exposure time 
9 s/step. Manganese K-edge XAFS data were collected at HASYLAB 
at Deutsches Elektronen-Synchrotron DESY (Hamburg, Germany) 
bending-magnet Al beamline with a double Si-crystal mono-
chromator. The synchrotron radiation source was operating at 
electron beam energy of 4.45 GeV and maximum stored current of 
120 mA. Samples were oriented at 45° to the incident beam di
rection and the 7-cell silicon drift detector was used to collect the 
spectra in fluorescence mode at T = 77 K. XAFS data processing and 
analysis were performed by IFEFFIT [54], as implemented in 
ATHENA and ARTEMIS software packages [55]. Interatomic dis
tances (r), the mean-square variation of distances (a2), the number 
and kind of the first neighbors (n), and the edge shift correction (Eo) 
were treated as free parameters. The passive electron reduction 
factor S0

2 was set to 0.63, the value estimated from the a2(S0
2) 

dependence of the ky(k), k2y(k) and k3y(k) functions [56]. 

3. Theoretical calculations 

The spin polarized density functional theory (DFT) based cal
culations of electronic structure of two Mn-doped systems 
Cd3MnTe4 (25 at.% Mn) and Cd15MnTe16 (6.25 at.% Mn), were 
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performed using full potential linearized augmented plane waves 
method with addition of localized orbitals (FP (L)APW+(LO)lo), as 
implemented in the WIEN2k code [57]. In this method, the unit cell 
space is separated into non-overlapping muffin-tin (MT) atomic 
spheres with basis functions in the form of linear combination of 
the atomic-like functions and their energy derivatives. In the 
interstitital space between the MT spheres basis functions are 
standard plane waves. Core states were treated fully relativistic, 
while valence states were treated within scalar relativistic 
approximation. The parameter Riwrkmax. which controls the size 
and completeness of the basis set, was set to 7.0 in all calculations 
presented here. MT radii were chosen to be 1.27 Á for Cd and Te, and 
1.06 Á for Mn. The unit cell parameters obtained for pure ZB—CdTe 
after full relaxation of atomic forces and the unit cell volume, were 
used as a starting point for all subsequent calculations. The 
Cd3MnTe4 system is constructed from the CdTe unit cell by 
replacing one out of four Cd atoms with Mn. The Cdi5MnTei6 sys
tem is constructed by replacing one out of 16 Cd atoms with Mn in 
the supercell made of 2 x 2 x 2 unit cells stacking. For the k-point 
sampling we used 600 k points in Brillouin zone (BZ) (29 k points in 
the irreducible BZ) in the case of CdTe and Cd3MnTe4, and 100 k 
points in BZ (6 k points in the irreducible BZ) in the case of 
Cdi5MnTei6. Atomic positions of both Mn-doped systems were fully 
relaxed. To account for the exchange-correlation effects, standard 
GGA (Generalized Gradient Approximation) parameterization of 
Perdew, Burke and Ernzerhoff [58] is used. For more accurate 
description of localized Mn-3d states and for better estimation of 
Eg, GGA calculations were followed by GGA + U (U-Hubbard 
repulsion term) calculations [59]. Simulation of Mn K-edge X ray 
absorption spectra were therefore performed by GGA + U method. 
The effect of core-hole is found to be negligible. The Bader analysis 
method of the topological properties of the electron charge density 
[60] as implemented in the CRITIC2 code [61] is used to elucidate 
details of the nature, strength and distribution of bonds in the first 
coordination around Mn. 

4. Results and discussion 

4.1. XANES spectra 

The XRD pattern of the powdered Cdo.9sMno.02Teo.97Seo.03 
sample is shown in Fig. 1. It is characteristic for the ZB-type 
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Fig. 1. XRD spectrum of Cdo.9sMno.02Teo.97Seo.03. 

structure CdTe compound, with no indication of the existence of 
secondary impurity phases. The experimental Mn K-edge XANES 
spectra of Cd1_xMnxTeo.97Seo.03 samples (x = 0.02, 0.05, 0.1) are 
shown in Fig. 2a. 

Nearly identical spectral shapes indicate that the local structure 
around Mn is similar in all investigated samples. The structure 
appearing in the region below the main absorption edge (pre-edge 
region) results mainly from the electronic transitions onto the 
states with pd-character, created via hybridization between local
ized Mn 3d-states and band states of the host crystal (pd-hybridi-
zation). After the background subtraction, the pre-edge region was 
fitted with Lorentzian function. Energy positions and integrated 
intensities of the normalized pre-edge peaks are shown in Fig. 2b. 
Pre-edge peak for x = 0.02 has the energy position closest to 
6540.5 eV, which is expected for 2+ valent Mn [33,62]. With in
crease of Mn concentration, the position of the pre-edge peak shifts 
to somewhat lower energies, probably as a consequence of slight 
decrease of Mn valence. Integrated intensity of the pre-edge peak 
decreases with x, implying that the number of unoccupied Mn 
states with pd-character decreases with x, and that the average 
distance between Mn and the atoms in its first coordination be
comes longer. 

4.2. EXAFS spectra 

The Mn K-edge EXAFS spectra k2x(k) of the three investigated 
samples Cd1_xMnxTeo.97Seo.03 (x = 0.02, 0.05, 0.1) are presented in 
Fig. 3a—c. Real parts (Re[x(R)]), imaginary parts (Im[x(R)]) and 
magnitudes (IxWI) °f t n e corresponding Fourier transforms are 
presented in Fig. 3d—f (the best fits to the experimental data are 
included). Results of the EXAFS data analysis are presented in 
Table 1. 

In all investigated Cdi_xMnxTeo.97Seo.03 (x = 0.02, 0.05, 0.1) 
samples, Mn is surrounded predominantly with Te atoms. Selenium 
atoms were not detected in the first coordination around Mn, and 
thus the preference for Mn—Se pairing reported in [32] cannot be 
confirmed. Note that the employed experimental methodology has 
proven to be sensitive enough to detect preferential pairing of 
minority elements even at concentrations as low as in the samples 
investigated in this work [63]. According to the structural model 
with Te atoms in regular tetrahedral coordination around Mn 
(single shell model), the Mn—Te distances slightly increase with x 
(Table 1 — first entry), and are somewhat larger than those reported 
for Cdi_xMnxTe (2.76-2.74 A) [51,64,65] and Cdi_xMnxTeo.9Seo.i 
(2.80-2.79 Á) [32]. According to the structural model with dis
torted tetrahedral coordination around Mn, Te atoms can be found 
at two different Mn—Te distances, both being nearly independent 
on x (Table 1 — second entry). The mean value of the two Mn—Te 
distances (Table 1 — third entry) is close to the distance obtained in 
the model with regular tetrahedral coordination (see Table 1 — first 
entry) and in the preliminary analysis of Cdo.98Mno.02Teo.97Seo.03 
[33]. Longer Mn—Te distance (2.88—2.90 Á, see Table 1 — second 
entry) obtained in the distorted tetrahedron model is close to the 
length of ionic Mn—Te bond (di0n = 2.87 Á [66]), which is charac
teristic for hexagonal NiAs-type MnTe. Shorter Mn—Te distance 
(2.60—2.64 Á, see Table 1 — second entry) compares to the length of 
covalent Mn—Te bond (dcov = 2.71 Á [67,68]) expected in cubic ZB-
type MnTe [42]. These results indicate that Mn and Te could have 
formed two essentially different types of bonds, one short, strong 
and directional (cubic MnTe-alike bond), and three much longer, 
predominantly ionic in nature (hexagonal MnTe-alike bonds). 
Similar situation has been observed in some Mn doped PbTe-based 
systems [62,69], so one can argue that this could be a common 
behavior of Mn in semiconductors containing Te (and presumably 
Se and S) and a large 2+ valent cation. Stabilization of Cdi_xMnxTe 
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Fig. 3 . The k2-weighted Mn K-edge EXAFS data of Cdo.9sMno.02Teo.97Seo.03 (a), Cdo.95Mno.05Teo.97Seo.03 (b) and Cdo.9Mno.1Teo.97Seo.03 (c). Real parts, imaginary parts and magni tudes 
of the corresponding Fourier transforms (d—f). Data are represented wi th full circles and the best fits wi th lines. 

in ZB-type crystal structure was earlier explained in terms of local both the existence of local structural distortion around Mn and 
structure distortion accompanied with increased iconicity of the predominantly ionic character of majority of bonds Mn forms with 
Mn—Te bonds [51]. The findings presented in this work confirm Te atoms from its first coordination. The disorder parameters 
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Table 1 
Structural parameters obtained from the Mn K-edge EXAFS data analysis: r — the Mn—Te distance, a1 • the mean-square distance variation, E0 — the edge shift correction. 

Cdo.9sMno.02Teo.97Seo.03 Cdo.95Mno.05Teo.97Seo.03 Cdo.9Mno.iTeo.97Seo.o 

Hvln-Te (A) 

<r2 (A2) 

Eo (eV) 

2.866(4) [33] 
*2.894(4) 
<2.82> 

0.0037(3) [33] 
*0.002(1) 

4 [33[ 
*2.8(2) 

0.9(4) [33] 
* - l . l ( 6 ) 

*2.64(2) 

*0.002(1) 

"1.2 

-1.1(6) 

2.867(4) 
*2.88(2) 
<2.80> 
2.80(5) [31] 
0.0037(3) 
*0.002(2) 
0.006(2) [31] 
4 
*2.9(5) 
3.2 (5) [31] 
0.5(5) 

*2.60(6) 

*0.002(2) 

"1.1 

-1(1) 

2.880(7) 
*2.90(1) 
<2.85> 
2.79(2) [31] 
0.0034(6) 
*0.002(3) 
0.005(1) [31] 
4 
*3.2(6) 
3.2 (3) [31] 
0.7(5) 
* - l (2 ) 

*2.63(8) 

*0.002(3) 

"0.8 

-1(2) 

*Model with two sub-shells in the first coordination around Mn, with the mean values 0 corresponding to the weighted sum of the two distances. 

OMn-Te reported in Table 1 are found to be quite low for this kind of 
systems [31 ] and virtually independent on Mn concentration in the 
range 0.02 < x < 0.1 (at low measurement temperature they reflect 
primarily structural disorder). The fluctuations of the center of 
gravity of the Mn bonding charge, as the most probable cause of 
structural disorder, can trigger Mn off-centering from the regular 
lattice position and initiate formation of one very short and strong 
Mn—Te bond, as observed experimentally. 

4.3. Theoretical calculations 

To further investigate nature, strength and distribution of the 
Mn—Te bonds in the first coordination around Mn, the impact of the 
bond length variation on the electronic structure of the compound 
and their influence on the characteristic features appearing in the 
Mn K-edge XANES spectra, we performed detailed theoretical cal
culations. Following the results of EXAFS measurements, according 
to which the first coordination around Mn consists predominantly 
of Te atoms, calculations were performed on the optimized 
Cdi5MnTei6 and Cd3MnTe4 structures. These systems were then 
used to construct several specific types of deformation of the local 
structure around central Mn atom: expansion of the first coordi
nation tetrahedron with all the Mn—Te distances set to 2.9 Á 
(configuration labeled 4/4@2.9); contraction of the first coordina
tion tetrahedron with all the Mn—Te distances set to 2.5 Á 
(configuration labeled 4/4@2.5); displacement of the central Mn 
atom from the regular lattice site toward one, and between the two 
neighboring Te atoms with the shorter Mn—Te distance(s) set to 
2.5 Á (configurations labeled l/4@2.5 and 2/4@2.5). 

Experimental Mn K-edge XANES spectrum of 
Cdo.98Mno.02Teo.97Seo.03 and theoretical XANES spectra of the 
optimized Cd3MnTe4 system with regular and distorted first coor
dination around Mn are presented in Fig. 4. XANES spectrum of the 
Cdi5MnTei6 is very similar in appearance and therefore it is not 
shown. Characteristic spectral features denoted by letters a—e in 
Fig. 4a, enable to track the influence of local structural deformations 
on the XANES spectrum. 

Contraction and expansion of the first coordination tetrahedron 
(see Fig. 4a) have much more pronounced impact on the XANES 
spectrum than Mn-displacement from the regular lattice site (see 
Fig. 4b). Position, intensity and shape of feature a are almost 
insensitive to the analyzed deformations, in accordance with deli
cate changes of the pre-edge region observed in the experimental 
XANES spectra. The feature b can be related to the number of long 
Mn—Te bonds, since its intensity is largest in configuration 4/4@2.9. 
As the number of short Mn—Te bonds increases, XANES spectrum 
markedly changes shape, feature b shifts towards higher energy 
positions, and ultimately alters the feature c in 4/4@2.5 
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Fig. 4. Experimental Mn K-edge XANES spectrum of Cdo.9Mno.1Teo.97Seo.03 and theo
retical XANES spectra of (a) optimized Cd3MnTe4 system and Cd3MnTe4 system with 
contracted/expanded tetrahedral coordination around Mn; (b) Cd3MnTe4 system with 
local distortion resulting from two characteristic displacements of Mn inside its first 
coordination tetrahedron (see text for more details). Characteristic features of the 
experimental XANES spectrum are denoted by letters a—e. 

configuration. Features d and e are visible in all theoretical XANES 
spectra, though their relative intensity is closest to the experi
mental in configuration 4/4@2.5. 

Main results of the electronic structure calculations of Cd3MnTe4 
and Cdl5MnTei6 systems are presented in Table 2. Total and 
selected 1-projected densities of states (DOS) of the two systems are 
presented in Fig. 5a and b, respectively. 

Among all the deformed structures analyzed, the most stable 
configuration is 4/4@2.9 in Cdi5MnTei6, while in both Mn-doped 
systems configuration 4/4@2.5 is the least stable. The configuration 
l/4@2.5 in Cd3MnTe4 is closer in energy to the optimized structure 
than the configuration 2/4@2.5. Calculated nearest neighbor 
Mn—Te distances slightly increase with Mn-concentration, in 
agreement with EXAFS results (see Table 2). As can be seen from 
Fig. 5a, with the increase of Mn concentration, the asymmetry 
between spin-up and spin-down DOS gets more pronounced and 
the negative exchange splitting (spin-up Eg < spin-down Eg) be
comes stronger. The calculated spin-up Eg decreases with x, in 
contradiction with the literature data [20,42] and the results of our 
XANES analysis-according to which the degree of pd-hybridization 
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Table 2 
Calculated parameters of Cd3MnTe4 and Cd15MnTe16 systems: total energy relative to the optimized structure, nearest neighbor distances (rMn_Te), energy gap (Eg) for spin-up/ 
spin-down states and spin-down conduction band bottom (Ec) relative to the Fermi level. 

System Relative energy (eV) rMn-Te (A) Eg (eV) up/down Ec (eV) 

Cd15MnTe16 

Cd3MnTe4 

GGA 
GGA + U optimized 
GGA + U 4/4@2.9 
GGA + U 4/4@2.5 
GGA 
GGA + U optimized 
GGA + U 4/4@2.9 
GGA + U l/4@2.5 
GGA + U 2/4@2.5 
GGA + U 4/4@2.5 

-0.776 

-
-0.449 
0.952 
-0.680 

-
0.190 
0.231 
0.599 
1.211 

2.73 
2.76 
2.90 
2.50 
2.74 
2.77 
2.90 
2.50/2.86 
2.50/3.09 
2.50 

1.142/1.289 
1.193/1.304 
1.197/1.300 
1.046/1.249 
0.889/1.650 
0.977/1.625 
1.040/1.562 
0.914/1.567 
0.956/1.367 
0.649/1.214 

0.980 
1.065 
1.068 
0.816 
0.713 
0.905 
0.989 
0.720 
0.759 
0.356 

Mnd-DOS 
Tep-DOS 

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 
Energy (eV) 

5 -4 -3 - 2 - 1 0 1 
Energy (eV) 

Fig. 5. (a) Total DOS of optimized Cd15MnTe16 (upper part) and Cd3MnTe4 (lower part); (b) Mn d- and Te p-projected DOS of optimized Cd15MnTe16 (upper part) and Cd3MnTe4 

(lower part). Spin-up and spin-down states are presented with the opposite orientation. Vertical lines denote the position of EF. 

in conduction band (CB) decreases with x, which is expected to shift 
the CB bottom (Ec) upwards in energy (positive shift). Manganese 
3d spin-up states are spread over the entire VB (between - 5 and 
0 eV), while empty Mn-3d spin-down states dominate the Ec. 
Strong hybridization with Te-5p states causes downward energy 
shift (negative shift) of the two most prominent Mn-3d spin-up 
peaks at the VB bottom (see Fig. 5b). Despite negative shift of the 
two main spin-down Mn-3d peaks at the Ec, an even larger nega
tive shift of the spin-down states (predominantly Te-5p in char
acter) close to the Ev causes the spin-down Eg to increase (see 
Fig. 5b). Note that Eg estimation is a weak point of the DFT calcu
lations, and at present we are not able to provide more reliable 
conclusion on the fine details of the states involved. The second 
coordination around Mn is mainly composed of Cd atoms. While 
Cd-5s states are located around - 4 eV, majority of Cd-4d states 
reside deeper in the VB (not shown). Their influence on the band 
states of the host crystal, although indirect, probably is not negli
gible, and is yet to be determined. 

Total and atomic Mn DOSs of the optimized Cd3MnTe4 system 
with regular and distorted tetrahedral coordination around Mn, are 
presented in Fig. 6. Variations of Mn—Te bond length affect pri
marily the DOS regions dominated by Mn-3d states. The main 
differences are reflected in the distribution of Mn states, VB width, 
Eg and the position of Ec relative to EF. 

Contraction of the first coordination tetrahedron (configuration 
4/4@2.5) has the largest impact on the electronic structure of the 
compound. The most prominent Mn-3d spin-up peaks are shifted 
deeper into VB, making it wider. The spin-up states in CB are more 
spatially extended, which results in narrower spin-up Eg. Appear
ance of additional peaks in the spin-down DOS close to Ec causes 
also spin-down Eg to shrink. 

Expansion of the first coordination tetrahedron (configuration 
4/4@2.9) leads to less prominent changes in the Cd3MnTe4 elec
tronic structure. The position of the most intense spin-up DOS peak 
at around -3.5 eV (predominantly Mn-3d in character) coincides 
with the corresponding peak in the optimized structure. The VB 
width is comparable to the optimized structure, but the spin-up Eg 

is slightly wider. Although the spin-down Mn-3d states at the Ec are 
more localized and shifted upwards in energy, the spin-down Eg is 
narrower than in the optimized structure due to larger positive 
shift of the spin-down states at the Ev. 

Intermediate configurations (l/4@2.5 and 2/4@2.5) enable to 
track modifications in Mn-3d DOS between the two end configu
rations, in particular influence of the Mn—Te bond length on Eg and 
VB width. The configuration l/4@2.5 is unique in a sense that it 
possesses certain electronic features which do not follow the trends 
observed for other configurations. Introduction of a single short 
Mn—Te bond results in large energy separation between the two 
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Fig. 6. Total and atomic Mn DOSs of optimized Cd3MnTe4 system with (a) regular 
tetrahedral coordination around Mn; (b) expanded tetrahedral coordination with all 
four Mn—Te distances set to 2.9 A (configuration 4/402.9); (c) distorted tetrahedral 
coordination resulting from Mn displacement toward Te atom (configuration l/4@2.5); 
(d) distorted tetrahedral coordination resulting from Mn displacement between the 
two Te atoms (configuration 2/4@2.5); (e) contracted tetrahedral coordination with all 
four Mn—Te distances set to 2.5 A (configuration 4/402.5). 

most prominent spin-up peaks at the VB bottom, which interest
ingly, does not affect much the VB width. Also, when compared to 
2/4@2.5, configuration l/4@2.5 is characterized with larger nega
tive shift of the spin-down states (at both the Ev and the Ec), which 
is an indicator of stronger pd-hybridization. In this way, the spin-
down Eg follows the trend (it is larger in l/4@2.5 than in 2/4@2.5), 
but the spin-up Eg does not (it is smaller in l/4@2.5 than in 2/ 
4@2.5), implying that the exchange interaction is also stronger in 
configuration l/4@2.5. The fact that the electronic features specific 
for the optimized structure DOS can be recognized in configura
tions l/4@2.5 and 4/4@2.9 ensures the "electronic" arguments for 
existence of short and long Mn-Te bonds experimentally identified 
in the investigated compounds. 

The results of Bader's charge density topology analysis of 
Cd3MnTe4 are summarized in Tables 3 and 4. The results obtained 
for Cdi5MnTei6 follow similar trends, and therefore they are not 
given explicitly. The attractor basin volumes are much larger than 
the volumes of the corresponding MT-spheres (see Table 3) and 
allow for more reliable estimation of the ions' excess charge and the 
spin polarization. Manganese and Te excess charges are smallest in 
the most compact 4/4@2.5 configuration, and increase both with 
Mn concentration x and the number of long Mn—Te bonds (the only 
exception is the excess charge on Te in the single short bond of 1/ 
4@2.5 configuration). The overall excess charge on Mn does not 

exceed 0.945 e (donor) and the overall excess charge on Te is 
around -0.6 e (acceptor). Both values are considerably smaller than 
the estimated ions' valences (Mn2+, Te2~) supporting recent 
statements [70] regarding essential difference between the charge 
state and the valence state, the two properties frequently misused 
as synonyms. Spin magnetic moment of Mn ranges from 4.87 (iB (in 
configuration 4/4@2.5) to 5.19 (iB (in configuration 4/4@2.9). Mag
netic moment induced on neighboring Te atoms is small and has 
opposite sign. The Mn spin-up attractor basin is not only much 
more populated, but it is also considerably larger than the spin-
down attractor basin, which indicates pronounced delocahzation of 
the Mn spin-down states. The trend is opposite in case of Te, but 
with much smaller differences between the two basins (see 
Table 3). The situation described above could be considered a 
typical electron charge distribution portrait of the exchange inter
action in DMS systems composed of tetrahedral local structures 
around 3d-TM ion. 

The presented results indicate that contraction and expansion of 
the first coordination tetrahedron around Mn both have significant 
impact on the nature and properties of the Mn—Te bonds. When 
compared to the optimized Cd3MnTe4 structure, the complete 
contraction of the tetrahedron (configuration 4/4@2.5) causes in
crease, while its complete elongation (configuration 4/4@2.9) leads 
to decrease of the charge density (p) and its gradient (Vp) in bond 
critical points (CPs). Behavior of the Laplacian p (Ap) in the bond 
CPs has opposite trend — it decreases for contracted and increases 
for elongated Mn—Te bonds (see Table 4). Along with the excess 
charges of Mn and Te atomic basins, this implies that in the sym
metrical tetrahedral configurations (optimized, 4/4@2.5 and 4/ 
4@2.9) Mn—Te bonds are partly ionic in nature (the ionicity in
creases with the bond length, in agreement with XAFS results). As 
oppose, in case when the tetrahedral configurations are distorted 
(l/4@2.5 and 2/4@2.5), the contracted Mn-Te bonds' CPs have the 
largest p (see Table 4) and Ap changes sign (becomes negative), 
which indicates predominantly covalent nature of these bonds. A 
similar situation, perceived in our earlier studies of the nature of 
the Mn—Te bonds in Mn doped PbTe [69], suggests that the 
observed effects could be common for rather different DMSs, pro
vided that the TM-local coordination is composed of the same el
ements). Strikingly different spatial distributions of the Mn spin-
up and spin-down states result in a slight mismatch between the 
positions of the spin-up and spin-down bond CPs (see Table 4), 
which leads to ultimate formation of a small "bond critical point 
magnetic dipole" between them. 

5. Conclusion 

In conclusion, X-ray Absorption Fine Structure (XAFS) mea
surements, simulation of XAFS spectra, the electronic structure 
calculations and charge distribution topology analysis are per
formed to reveal local structural features and electronic properties 
produced by Mn impurity in Cdi_xMnxTeo.97Seo.o3 (x = 0.02, 0.05, 
0.1). It has been established that Mn ions (in the given concentra
tion range) substitute for Cd in the host CdTe lattice (ZB-type 
structure) and that they are predominantly coordinated with Te 
atoms. With the increase of the concentration from x = 0.02 to 
x = 0.1, Mn valence slightly decreases from the initial 2+. The 
decrease in Mn valence is most likely accompanied with the 
decrease in the degree of hybridization between Mn-3d and Te-5p 
states. 

Experimentally determined local structure around Mn is quite 
different than expected for ideal ZB-type structure. In the com
pounds studied, Mn forms two types of bonds with Te atoms from 
its first coordination tetrahedron: one very short, strong and pre
dominantly covalent (cubic MnTe-alike bond) and other three that 



Table 3 
The results of Cd3MnTe4 electron charge density topology analysis. Attractor basin volumes and charges are given for spin-up and spin-down states, as indicated in the first row 
(Excess charge = Atomic - Total charge; Spin polarization = spin-up - spin-down charge). 

System Atom Attractor basin volume (A3; Total attractor charge (e) Excess charge (e) Attractor basin charge (e) Spin polarization (jiB) 

Cd3MnTe4 

GGA 

Cd3MnTe4 

GGA + U 
optimized 

Cd3MnTe4 

GGA + U 
4/4@2.9 

Cd3MnTe4 

GGA + U 
l/4@2.5 

Cd3MnTe4 

GGA + U 
2/4@2.5 

Cd3MnTe4 

GGA + U 
4/4@2.5 

Mn 

nnTe 

Mn 

nnTe 

Mn 

nnTe 

Mn 

nnTe 
short 
nnTe 
long 
Mn 

nnTe 
short 
nnTe long 

Mn 

nnTe 

25.873 
10.009 
44.578 
48.293 
25.742 

9.817 
44.614 
48.489 
28.060 
10.985 
44.795 
48.838 
26.032 

9.842 
42.614 
47.303 
45.352 
48.930 
26.111 

9.933 
42.545 
47.512 
46.732 
49.665 
21.562 

8.224 
43.922 
47.531 

24.153 

52.596 

24.088 

52.612 

24.054 

52.616 

24.100 

52.593 

52.614 

24.120 

52.597 

52.611 

24.245 

52.572 

0.847 

0.596 

0.912 

0.612 

0.945 

0.616 

0.900 

0.593 

0.614 

0.880 

0.597 

0.611 

0.755 

0.572 

14.579 
9.574 

26.282 
26.314 
14.613 
9.476 

26.277 
26.335 
14.623 
9.431 

26.277 
26.339 
14.610 
9.490 

26.250 
26.343 
26.286 
26.328 
14.604 
9.516 

26.254 
26.343 
26.303 
26.308 
14.556 
9.689 

26.271 
26.301 

5.006 

-0.032 

5.137 

-0.059 

5.192 

-0.061 

5.120 

-0.093 

-0.042 

5.088 

-0.089 

-0.005 

4.867 

-0.030 

Table 4 
Properties of the Mn bond critical points (CPs) in the Cd3MnTe4 systems with regular (optimized) and distorted tetrahedral coordination around Mn. p — electron charge 
density in bond CP; rTe(Mn) — distance from Te(Mn) atom to the corresponding bond CP; | r-d/2| — deviation of the bond CP position from the half of the Mn—Te distance (d). 

System Mn bond CPs P (e/A3 Vp-10-15(e/A4) Ap-lO-^e/A5) rTe (A) rMn (A) |r-d/2| (A) 

Cd3MnTe4 

GGA 

Cd3MnTe4 

GGA + U 
optimized 
Cd3MnTe4 

GGA + U 
4/4@2.9 
Cd3MnTe4 

GGA + U 1/4S2.5 

Cd3MnTe4 

GGA + U 2/4@2.5 

Cd3MnTe4 

GGA + U 4/4@2.5 

Up 
Down 
Total 
Up 
Down 
Total 
Up 
Down 
Total 
1 short 
2.5 A 

3 long 
2.86 A 

2 short 
2.5 A 

2 long 
3.09 A 

Up 
Down 
Total 

Up 
Down 
Total 
Up 
Down 
Total 
Up 
Down 
Total 
Up 
Down 
Total 

0.178 
0.146 
0.336 
0.173 
0.137 
0.323 
0.142 
0.112 
0.265 
0.261 
0.212 
0.487 
0.147 
0.116 
0.275 
0.260 
0.211 
0.485 
0.101 
0.078 
0.188 
0.256 
0.209 
0.480 

2.60 
1.62 
2.48 
2.06 
1.48 
4.85 
0.78 
0.55 
3.18 
1.09 
0.14 

10.9 
1.88 
0.42 
2.52 
4.86 
0.47 
8.77 
1.05 
0.40 
2.07 
2.26 
0.94 
2.53 

7.168 
6.639 
6.304 
7.078 
1.167 
6.893 
6.331 
1.275 
6.848 
4.827 
1.074 
0.975 
6.809 
0.478 
6.948 
4.640 
1.033 
0.853 
5.694 
1.058 
6.915 
6.052 
9.298 
2.213 

1.470 
1.667 
1.541 
1.483 
1.693 
1.559 
1.564 
1.780 
1.638 
1.326 
1.466 
1.423 
1.542 
1.763 
1.616 
1.330 
1.466 
1.424 
1.678 
1.904 
1.749 
1.325 
1.458 
1.409 

1.275 
1.077 
1.203 
1.283 
1.073 
1.206 
1.336 
1.120 
1.261 
1.173 
1.033 
1.076 
1.322 
1.102 
1.249 
1.172 
1.037 
1.079 
1.413 
1.187 
1.343 
1.175 
1.042 
1.090 

0.097 
0.295 
0.169 
0.099 
0.310 
0.176 
0.114 
0.329 
0.188 
0.076 
0.216 
0.173 
0.110 
0.330 
0.184 
0.079 
0.215 
0.173 
0.132 
0.358 
0.203 
0.075 
0.207 
0.160 

are much longer and more ionic in nature (hexagonal MnTe-alike 
bonds). 

This distinctive local atomic arrangement, caused by Mn off-
centering from the regular lattice position, is accompanied by the 
appearance of specific electronic features. The electronic structure 
analysis of the Cd3MnTe4 system with the first coordination tetra
hedron around Mn distorted in several characteristic ways, 
revealed that the optimized structure DOS shares certain common 
characteristics with distorted configurations l/4@2.5 (Mn 

displacement toward one of the Te atoms in regular tetrahedron) 
and 4/4@2.9 (complete elongation of tetrahedron), especially in the 
regions near the top of the valence band and the bottom of the 
conduction band. This suggests that an appropriate combination of 
the two types of Mn—Te bonds experimentally identified in the 
investigated compounds can "mimic" well the electronic structure 
of the optimized system, and at the same time, it can provide more 
suitable environment for the Mn impurity, ensuring that way 
electronic justification for their existence. 



Uniqueness of the experimentally detected first coordination 
around Mn is also reflected in the fact that the features of its 
electronic structure deviate from the trends linking the two end 
configurations (4/4@2.5 and 4/4@2.9). Larger accumulation of p 
into contracted Mn—Te bond CPs in distorted tetrahedral configu
rations (l/4@2.5 and 2/4@2.5) and the change of Ap sign, indicate 
their pronounced covalent character. As oppose, long Mn—Te bonds 
are found to be predominantly ionic (the iconicity slightly rises 
with the bond length). The excess charges on Mn and Te ions are 
considerably different from their nominal and XAFS-determined 
valences, implying that the two concepts (charge state and valence 
state) should not be thought of as being equivalent. 

In all configurations analyzed, the attractor basins of the Mn-3d 
spin-up states are much larger than the spin-down attractor basins, 
implying that the spin-up states are considerably more spatially 
extended than the spin-down states. As a consequence, the spin-up 
and the spin-down CPs corresponding to the same Mn—Te bond are 
slightly displaced from each other and generate a small magnetic 
dipole at the bond CP. If this new kind of magnetic order and 
interaction receives an experimental confirmation, some novel 
possibilities to manipulate DMS characteristics by external means 
would be opened. 

Presented results have enabled to determine electronic prop
erties and to establish positive relations between details of the first 
coordination structures around Mn and characteristic features of 
the theoretical and experimental XAFS spectra, and to make clear 
distinctions between various influences. That way, a consistent and 
adoptable procedure for methodical analysis of structural and 
electronic consequences of transition metal impurity incorporation 
in II—VI (and presumably other semiconductor hosts) has been 
established. 
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