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Abstract

Paper presents detailed studies of local and electronic structure around Fe in Cdog7Feg03Te,
Cdo.9sF€0.02Te€0.975€0.03 and Cdo.g9Fe0.01 T€0.91S0.00 Multinary chalcogenides by means of X-ray
absorption fine structure (XAFS), X-ray magnetic circular dichroism (XMCD) and electron
paramagnetic resonance (EPR) measurements. In addition, electronic consequences of Fe
incorporation into CdTe semiconductor host were studied by means of first principles
calculations. In order to improve accuracy of the calculated total energies, the band gaps and
the band edge positions, special attention is paid to the treatment of exchange—correlation
interaction and the description of highly localized Fe 3d-states. Also, the Bader theory of the

topological properties of the electron charge density is used to access details of the nature,



strength and distribution of the (next) nearest neighbour bonds. Local and electronic structure
around Fe in Cdy g7Feo03Te and Cdo.ggFeo.02Teo.97S€0,03 Systems have been found to exhibit
similar characteristics, since the first coordination sphere around Fe comprises four Te atoms
located at approximately the same distance. In Cdo.g9Fe€0.01T€0.91S0.09 System, however, local
bimodal distribution of distances has been revealed, with one Fe—Te bond replaced with
much shorter Fe—S bond, resulting in much stronger crystal-field. Along with the crystal field
effect, the spin—orbit interaction has proven to play decisive role in determining the nature of
Fe doped CdTe systems. While the systems with higher Fe concentrations (25 at.%) are
intrinsic insulators, in systems with only 3.125 at.% Fe one spin channel contributes to the
density of states at the Fermi level, which makes them suitable for spin selective electronic

transport applications.

Keywords: impurities in semiconductors; electronic properties; EXAFS; electronic band

structure

1. Introduction

The wide band—gap semiconductors doped with transition metals (TM) attract scientific
interest for a long time. The reasons for that are primarily lying in the possibility to exploit
strong sp—d exchange interaction between the localized d—electrons of TM magnetic ions and
sp—charge carriers of the host semiconductor [1,2] and that way to enable control and
modification of electrical and optical properties by magnetic field (and vice versa). The
unique combination of semiconducting and magnetic properties of a single material has
outstanding potential for future spintronics applications [3-5]. Within this prospective
research field huge efforts are being made in order to realize diluted magnetic

semiconductors (DMSs), materials which can sustain ferromagnetic order above room



temperature. In search for the room temperature ferromagnetism (RTFM) in DMSs [6-10]
along with the most extensively studied Mn—based systems [3, 11-13], possibilities to utilize
other TM impurities (Fe, Co, Cr, ...) in various wide band—gap semiconductor hosts are also
being explored [6,14-18]. Iron-based DMSs are promising in this respect, with RTFM
already achieved in a number of 111-V [19,20], and 11-VVI semiconductor hosts [21-24].
Cadmium chalcogenides doped with Fe are convenient DMSs model systems for studying
magnetic interaction, since Fe** ion possesses both spin and orbital momentum, which
enables to study more general and more complex phenomena. Partial substitution of the
chalcogen ion (Ch) offers an additional possibility to tailor material properties (i.e. crystal
structure, electronic and magnetic properties) [13,25,26]. The most striking effect of the Ch
ion substitution can be seen in the new family of iron chalcogenide superconductors Fe(Te,
Se, S) [27-29], where Te substitution by S promotes superconductivity in otherwise non—
superconductive FeTe [28], whereas partial substitution of Se by Te increases
superconducting temperature of FeSe [29]. Iron—based DMSs CdTe and CdSe display Van
Vleck paramagnetism manifested in temperature—independent magnetic susceptibility at
T<10 K [30]. In the absence of magnetic field Fe** ions have no permanent magnetic moment
due to nondegenerate ground energy level [24]. Studies of the atomic correlations in
multinary Cd;_xFe.Te; y(Se,S)y chalcogenides [13,25,31-35], revealed that as a result of
nearest neighbor and site occupation preferences, a part of Fe** ions may be located in low—
symmetry crystal environments. Depending on the material composition and characteristics
of the nearest neighbor (NN) coordination, the ground state of Fe?* ion can take several
different positions in the band structure of the host material, and as a result physical
properties of the material may be considerably affected. Given the enduring importance of the
TM-doped multinary chalcogenides, in this paper we present detailed studies of local and

electronic structure around Fe in Cdg g7Feo03Te, Cdo.esFeo 02 T€0 97S€0.03 and



Cdo.goFe0.01 T€0.9150.00 Systems. The results obtained by means of the X—ray absorption fine
structure (XAFS), X—ray magnetic circular dichroism (XMCD) and electron paramagnetic
resonance (EPR) measurements are complemented with the first principle electronic structure

calculations and charge density topology analysis of Fe doped CdTe—systems.

2. Experimental details

Crystalline Cdg.g7Fe3Te (CdFeTe), Cdo.gsFeo.02T€0.97S€0.03 (CdFeTeSe) and
Cdo.goF€0.01T€0.9150.00 (CdFeTeS) samples were grown by the Bridgman method at the
Institute of Physics of the Polish Academy of Science (Warszawa, Poland). X—ray diffraction
(XRD) measurements were performed on Siemens D5000 diffractometer with Ni filtered Cu—
K12 radiation in Bragg—Brentano geometry in the range of angles 10°<26<90° with step
0.02° and acquisition time 2 s/step. Composition of the samples was checked by energy
dispersive X-ray fluorescence (EDXRF) spectroscopy performed by an EDXRF Camberra
spectrometer with an 2**Am (**°Cd) excitation source and Si(Li) detector. The Fe K—edge
extended XAFS (EXAFS) and X-ray near—edge absorption spectra (XANES) were collected
at 77 K in fluorescence yield mode at the HASYLAB C1 beamline of Deutsches Elektronen—
Synchrotron DESY. The Fe L;3;—edge XANES measurements were performed at 80 K in
total—electron yield mode at the CiPo Beamline of Elettra Synchrotron Radiation Facility
(Trieste, Italy). Circularly polarized absorption spectra were measured in the external
magnetic field B=0.3 T applied perpendicular to the sample surface, with photon helicity p*
(right-handed) and p~ (left-handed) reversed at each photon energy. Multiple scans were
taken to improve signal-to—noise ratio. XAFS data processing and analysis were performed
using ATHENA and ARTEMIS packages [36], according to the standard procedure described

elsewhere [37]. In the fitting process the following parameters were varied: the mean distance



of the j—th shell (R;), the number of atoms in the j—th shell (N;), the mean—squared
displacement of atoms in the jthe shell (c;°) and the edge shift correction (AE). Multiple
AE, parameters were used to account for the errors in FEFF’s phases, which might be
element specific. The stability of each particular fit was tested both by changing k—weights of
the EXAFS function x(k) and by performing k— and R—space fitting. Electron paramagnetic
resonance (EPR) experiments were performed at room temperature (RT) by X—band Magnet
Tech MS300 spectrometer operating at nominal frequency of 9.5 GHz and microwave power

of 1 mW (microwave attenuation 20 dB) with modulation amplitude of 0.2 mT.

3. Theoretical calculations

Electronic structure calculations were performed using linearized augmented plane wave
method in full potential with addition of local orbitals (FP—(L)APW+lo), as implemented in
WIENZ2k code [38] (LAPW+lo method is used for s— and p—states, and APW+LO is used for
d-states). Core states are treated fully relativistic, while valence states are treated within
scalar relativistic approximation. All calculations have been performed with and without
spin—polarization (SP) (the later corresponding to the non—magnetic situation) with direction
of magnetization (001). The spin—orbit (SO) coupling was also enabled. Radii of non—
overlapping muffin-tin atomic spheres (Rut) Were chosen to be 1.217 A for Cd and Te, and
1.058 A for Fe. The size and completeness of the basis set is controlled via the RyrKmax
parameter, which was set to 7.0. The cut—off value of the plane wave expansion of charge
density outside the muffin—tin radii was defined using parameter Gma=14. To improve
determination of CdTe lattice constant, which is known to be greatly overestimated in both
Local Density Approximation (LDA) and standard Generalized Gradient Approximation

(GGA) methods [39], we have also used Wu and Cohen (WC) parametrization [40]. For more



accurate description of highly localized Fe 3d states [41], and also in order to improve
estimation of energy gaps (Eg), GGA calculations were followed by GGA+U (U — Hubbard
term which describes on site Coulomb interaction of localized electrons). Choice of the
proper calculation method and the value of U parameter is very important in order to get
realistic picture for a given material (e.g. in LDA calculation Fe ions in 11-VI compounds
were found to exhibit anti—ferromagnetic coupling [32]). Besides, while the exchange
coupling constants are independent of the concentration, strength of the superexchange
(which usually promotes anti—ferromagnetism) strongly depends on U [32]. To choose
optimal value of the effective Hubbard term (Ues), a comparison is made between the
calculated positions of the most prominent Fe 3d—peaks and the CdFeTe resonant
photoemission spectra [42]. In that way we have found that Uess = 2 eV sufficiently well
reproduces the positions of Fe 3d-states in the valence band (VB). On the other side, to
reproduce correct binding energy of the localized Cd 4d—semicore states [43] unphysically
large value U¢=12 eV had to be used, but since these states were found to have negligible
influence on the VB position and its width, the later correction was not taken into account in
subsequent calculations. This observation is supported by the recent findings of Morales—
Garcia et al. [44], which state that the problem of predicting band gaps from standard DFT
calculation does not arise from intrinsic errors of the DFT method (e.g. incorrect binding
energies of the localized d—semicore states of cations in 1I-V1 semiconductors), but rather
from the assignment of a physical meaning to the Kohn—Sham energy levels. It should be
also noted that the accuracy in the cation d—band energy estimation still has not been
completely achieved, even when more expensive computational methods based on hybrid

functionals are employed [45].



Initial calculations were performed for pure CdTe with cubic zinc—blende (ZB) crystal
structure, where each atom is tetrahedrally coordinated with four atoms of different kind. For
the k—point sampling 72 k points in irreducible part of Brillouin zone (BZ) were used (2000 k
points in the entire BZ with 12x12x12 grid sampling). The unit cell parameters obtained for
pure ZB-CdTe after full relaxation of atomic forces and the unit cell volume, were used as
input parameters for calculations of two different model systems. The first model involves
standard CdTe unit cell, where one Cd atom is replaced with Fe, giving 25 at.% Fe
concentration (model CdsFeTe,). The second model involves supercell approach, with 2x2x2
unit cells stacking and total of 64 atoms. Again, one Cd atom was substituted with Fe, giving
the Fe concentration of only 3.125 at.% (model Cds;FeTes,). For k—points sampling 72 k
points in IBZ were used for CdsFeTey4, and 10 k points in IBZ (300 k points in BZ) were used
for Cds;FeTes, model system. The SO relativistic treatment of Cd and Te host atoms was
introduced after forces had been being minimized below 0.5 mRyd/a.u. The overall symmetry
is lowered when SO coupling is included and the required number of k points raises up to 216
in BZ for the same 12x12x12 k point sampling. While the unit cell volume optimization was
performed for CdsFeTey, this was not the case for Cds;FeTes,, due to sheer size of supercell
and under assumption that in the presence of dopant the relaxation of the structure is only

local.

The Bader analysis method of the topological properties of the electron charge density [46],
as implemented in the CRITIC2 code [47], is used to gain additional insights into details of
bonding in CdsFeTes model system. The separate analysis of topology and charge density

scalar fields has been performed, in order to get access to charge and spin magnetic moment

on Fe and surrounding host lattice ions.



4. Results and discussion

X-ray diffractograms (XRD) of the CdFeTeSe and CdFeTeS are shown in Fig.1. All
diffraction peaks are indexed using the single—phase ZB crystal structure, characteristic for
the host CdTe compound. The EPR spectra of investigated samples measured with and
without UV lamp are shown in Fig. 2. Absence of EPR signal in both regimes (see Fig. 2)

implies that Fe ions are in 2+ charge state.

4.1. Fe K—edge EXAFS spectra

The Fe K—edge EXAFS oscillations in k—space measured in samples CdFeTe, CdFeTeSe, and
CdFeTeS at T=77 K, and the corresponding Fourier transforms (FT) of the k>-weighted
EXAFS functions k’(k) are presented in Fig. 3. Structural parameters obtained from the
EXAFS data analysis, together with predicted bond valence sums [48], are summarized in
Table 1. The Fe impurity incorporates preferably as a substitution into the cation (Cd) site. In
all investigated compounds the Fe—Te distances have nearly the same length (2.671-2.684 A,
see Table 1), which is shorter than Cd—Te distance in binary CdTe compound (2.80 A [49]),
but almost exactly matches the sum of Fe and Te tetrahedral covalent radii [50,51]. The first
coordination tetrahedron around Fe in CdFeTeS comprises three Te and one S atom (on
average). The Fe—S distance (2.37 A, see Table 1) is also shorter than the Cd-S distance in
binary CdS compound (2.525 A), but again coincides with the sum of Fe and S tetrahedral
covalent radii [50,51]. Local bimodal distribution of Fe—Ch distances has been already
observed in many ternary (FeSei_xTey [52]) and quaternary (Zny xFe,Se;yTey [25]) Fe—
chalcogenides. However, in Cd;_xFexTe;_,Sey system for the given molar fraction (x=0.02,

y=0.03 at.%) the majority of Fe ions are surrounded by four Te atoms. Indeed, Fe ions are



expected to have at least one Se atom as the nearest neighbor starting from y=0.07 at.% [15].
Unlike Cd; «FexTe; ,Sey system, preferential pairing of minority components in Cdy xFe,Te;

ySy Is observed also for lower S concentrations (y=0.03 at.%) [35].

The NN—coordination of substitutional Fe impurity ideally has tetrahedral (T4) symmetry.
However, presence of different Ch ions in immediate Fe surrounding (or unequal Fe—Ch bond
distribution in a homogenous Ch environment) causes distortion of the T4 crystal field and
lowers the symmetry at the Fe ions’ site [53]. Small disorder parameters in CdFeTe(Se)
samples (o?re_1e=0.0021-0.0024A2, see Table 1) indicate that distortion of the Fe site is not
appreciable. Moreover, only slightly contracted second (Fe—-Cd) and third (Fe-Te)
coordination distances as compared to CdTe (see Table 1) imply that Fe—incorporation into
CdTe lattice primarily affects the arrangement of atoms in its immediate surrounding. On the
other side, in CdFeTeS sample T4 symmetry of the Fe site is distorted due to the presence of
S. Even though both Fe—Te distance and its disorder parameter 6re_Te Femain close to the
values obtained in other two samples (see Table 1), splitting of the second shell into two sub—
shells (see Fig. 3), implies that the local structural distortion in CdFeTeS sample extends
beyond the first coordination shell around Fe. Note that the mean value of the weighted Fe—

Cd distance (4.51 A, see Table 1) is close to the value obtained for other two samples.

4.2. Fe K—edge XANES spectra

Normalized Fe K—edge XANES spectra taken at 77 K shown in Fig. 4, result mainly from the
transition of 1s electrons into empty states with p character. However, in the absence of
inversion center in T4 symmetry, mixing between Fe 3d and 4p levels is not only allowed but

also it becomes significant. Dipole transitions from Fe 1s state to unoccupied Fe—-3d/Ch—p



hybrid bands (including a substantial admixture of the quadrupole 1s — 3d transitions) give
rise to the intense pre—edge feature a, clearly resolved in all investigated samples (see Fig. 4).
The CdFeTe(Se) XANES spectra share similar shape, with close absorption edge positions
(feature b) and similar sharp white lines (feature c). In the absence of Se in the vicinity of Fe,
the conduction band (CB) bottom (composed of Te—p/Cd-s hybridized states, see
Supplementary material for more details) is consequently at the same binding energy in both
CdFeTe and CdFeTeSe samples. Similar spectral shapes imply that the local structure around
Fe in CdFeTe(Se) is also similar, which confirms the obtained EXAFS results. The
absorption edge of the CdFeTeS XANES spectrum is shifted to slightly higher energies with
somewhat broader and less intense white line, thereby indicating lower symmetry at the Fe—
site. According to the presented EXAFS results, the latter is a consequence of distorted
tetrahedral coordination which comprises a mixture of Fe-Te and Fe-S bonds. Similar
broadening and the shift of the white line in the FeSeqsTegs were ascribed to the local
inhomogeneity of the system, characterized by coexistence of different Fe—Ch bonds [54].
Furthermore, larger electronegativity of S (2.58) as compared to Te (2.1) implies that
hybridized Fe—3d/Ch—p states are placed at higher binding energies in FeS than in FeTe [55].
The Fe-3d/Te-5p hybridization is somewhat weaker (lower Fe-Te bond valence, see Table
1), which results in slightly longer Fe—Te distance. According to the bond valence sums (see
Table 1), Fe is expected to use less electrons to form mixed bonds with Te and S, than to
form bonds only with Te (Fe ion is larger and less charged), which supports its preferences

for paring with S.

To gain more detailed information on Fe electronic structure and geometry of its NN—

coordination, as well as the hybridization of the Fe 3d and Ch p orbitals, the pre—edge region

of the XANES spectra is inspected. In general, the structure of the XANES pre—edge feature
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for a given oxidation and spin state of the Fe ion is specified by the T4 symmetry of its NN—
coordination. However, distortions and existence of different Fe—Ch bond lengths which
lower the symmetry at the Fe site result in appearance of additional features in the pre—edge
structure. Fig. 5 shows the pre—edge region of the experimental Fe K—edge XANES spectra
enlarged. Similar symmetric shapes of the pre—edge structures in the CdFeTe(Se) XANES
spectra (see Fig. 5) reflect similar Fe—local environments, which is according to EXAFS
analysis almost exclusively composed of Te atoms. Irregularities of the Fe NN—coordination
which increase the Fe—3d/Ch—p orbital mixing [56] are especially pronounced in CdFeTeS
sample, whose spectrum exhibits the most intense pre—edge feature. The shape of the pre—
edge structure in this sample (see Fig. 5c) reflects bimodal distribution of Fe—Ch bonds [25].
Possible coexistence of differently charged Fe ions (Fe**/Fe**) is ruled out by presented EPR

measurements.

The distribution of XANES signal intensity over the pre—edge region depends on the splitting
of the spin—allowed electron final states and comprises several components which correspond
to transition to different crystal field—induced levels. The actual number of components
depends on both the Fe oxidation state and its NN—coordination geometry [56—61]. The
ground state of Fe?* free ion is the °D multiplet with the orbital momentum L=2, the spin S=2
and degeneracy (2L+1)(2S+1)=25. The electronic structure of the Fe?* ion incorporated into
CdTe crystal results from multiple splitting of this highly degenerate ground state [58].
Orbital degeneracy is lifted due to the presence of Ch ligands, and in a highly symmetric
tetrahedral crystal field the 25—fold degenerate high spin term °D splits into orbital doublet °E
(eg) and orbital triplet T, (tg) separated by the crystal field parameter (A), as shown in Fig. 6.
The crystal field states are further split by the second order spin—orbit interaction: the lower

term °E splits into five, and the higher °T, term into six levels (see Fig. 6.) [58]. For Fe** in
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CdTe, A=0.307 eV [62], so that at RT only the >E—derived states are populated. Beyond spin—
orbit coupling, distortion of the tetrahedral crystal field (presence of different anions in the
present case) also leads to symmetry reduction and tyq states split into eg and ay4 levels. The
4p orbitals transform as t,, so they will only mix with the 3d t, orbitals. The SO interaction
does not couple states belonging to different irreducible representations, but induces mixing
between E and T, terms [63]. The tyg—derived eq states then mix with the original e4 ones, and
form two new doublets 1)y and eg)q. The degree of mixing increases as the trigonal distortion
increases and Fe d—derived ey states will further hybridize with the Ch p—states. Excitation of
1s electron to either t,g, Or e, orbital gives two possible valence electron configurations, *Tog
and 5Eg. Consequently, two pre—edge features are expected, with the first feature containing
transitions into the *A,,*T», and *T; states and the second feature containing the transition into

the higher energy “T; state [62—64].

To fit the pre—edge region of the experimental XANES spectra, two Lorentzian functions
were used (as indicated by the shoulder in the second derivative of the data—see Fig. 5a inset).
The baseline, approximated by an arctangent function, has been subtracted prior to fitting.
The peak separation (7112 and 7113 eV in CdFeTe(Se); 7111.5 and 7113 eV in CdFeTeS,
see Fig. 5) is a direct probe of the ligand—field strength, which is mainly determined by the
nature of the ligands and metal ligand distance (inversely proportional to the fifth power of
the metal-ligand bond length). Thus smaller S ion which can get closer to Fe results in a

much stronger field.
4.3. Fe L, 3—edge XANES spectra

To extract more detailed information on Fe—coordination structure and evolution of pd—

hybridization, XANES spectra were also recorded at Fe L, s—edge, which directly probes
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unoccupied Fe 3d states (predominantly 2p—3d dipole transitions). The Fe L, 3 XANES
spectra are especially sensitive to local chemical environment, charge state, local crystal
fields and Fe—3d/Ch—p orbital mixing [64,65]. Normalized Fe L, ;—edge XANES spectra of
CdFeTeSe(S) samples taken at 80 K are presented in Fig. 7. Due to spin—orbit splitting of the
2p core holes (2p1/, and 2p32), the Lz and L, absorption lines are separated by as much as 13—
14 eV. As compared to CdFeTeSe spectrum (see Fig. 7a), peculiar shape of the CdFeTeS
spectrum (see Fig. 7b) reflects subtitle differences in Fe—3d/Te(S)—p hybridization. Also,
larger L 3 line splitting in CdFeTeS is due to stronger crystal-field effect in this sample, as
already indicated by the pre—edge shape of its K—edge XANES spectra (see Fig. 5c).
However, when the XANES spectra recorded in external magnetic field with right and left
circularly polarized X-rays are subtracted (not shown), no signal remains beyond the noise.
The absence of the XMCD signal implies that, similarly to CdFeTe(Se), the Fe* ground state

remains magnetically inactive also in CdFeTeS sample.

4.4. Results of calculations

Standard GGA parameterization of Perdew, Burke and Ernzerhoff [35] overestimates CdTe
unit cell parameter (acea=6.62 A). Good agreement with the experimental value (aex,=6.48 A
[49]) is achieved when WC parameterization is used (awc=6.49 A). However, the calculated
value of the energy gap (E,) is still greatly underestimated (E,"*“=0.44 eV as compared to
E,7P=1.5 eV at 300 K [49]). The NN distances obtained from the geometry relaxation
calculations (2.62 A in CdsFeTeys; 2.61 A in Cds;FeTes,) are in good agreement with both
EXAFS (see Table 1) and experimentally determined Fe—Te distance (2.67 A [49]). Note that
agreement is achieved only after SP treatment had been included. Selected results of the

electronic structure calculations with SO effects included are presented in Fig. 8. More details
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can be found in Supplementary material. Spin—up and spin—down states are shown above and
below x—axis respectively, with vertical line denoting Fermi level (Ef) at 0 eV. The SO
coupling lifts degeneracy of some states (in particular Cd 4d-states), but at the same time it
leads to further reduction of already underestimated band gap (see Supplementary material

for more details).

Total and atomic Fe densities of states (DOS) of previously optimized CdsFeTe, structure are
shown in Fig. 8a. There is a large exchange splitting between majority spin—up states and
minority spin—down states around Er and the spin—up gap is much larger than the spin—down
gap. Spin—up Fe 3d-states are almost completely diffused into the VB close to its bottom
(this region is dominated by Te p and to some extent Cd p states— see Supplementary material
for more details). Spin—down Fe 3d-states are localized in the vicinity of Eg (close to the VB
top and CB bottom). Spin—orbit interaction pulls down occupied Fe 3d spin down-states into
VB and pushes empty Fe 3d spin—down states higher into CB (see Supplementary material
for more details). The most prominent feature of the spin—down Fe 3d partial DOS is splitting
of ey states at Er (see Fig. 8b) which causes the DOS at Er to vanish, thus essentially
changing the nature of CdsFeTe, system from “half metallic” to insulating. A true gap opens

with zero DOS at Ef and thus CdsFeTe, is predicted to be an intrinsic insulator.

In Cds;FeTes, system, Fe spin—down states are pushed out of both VB and CB, which results
in nearly symmetrical shape of the spin—dependent VB and CB. In spite of that, both the
spin—up gap and the spin—-down gap remain nearly constant with Fe concentration (see Fig.
8c). Due to lower Fe concentration (with more localized nature of states and less prominent
mixing with SO-split states of surrounding host atoms), Fe 3d-states preserve much of their

atomic—like character. The spin—up Fe 3d-states have only one narrow peak deep inside VB
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(around -3 eV, see Fig. 8c). Spin—down states are localized inside the band gap with
considerable DOS at Ef (see Fig. 8d). The fact that only one spin channel contributes to the

DOS at Er makes these materials suitable for spin selective electronic transport applications.

4.5. Charge density analysis

The results of Bader’s charge density analysis of CdsFeTe, are summarized in Tables 2 and 3.
Iron spin—up atomic basin is larger and much more populated than the spin—down atomic
basin. Tellurium and Cd spin—down states are more spatially delocalized, but slightly less
populated than the spin—up states. Iron and Cd atoms are essentially electron donors and Te is
electron acceptor (see Table 2). Excess charge on Fe (0.618 e) is slightly larger than the
excess charge on Cd (0.489 e). Local magnetic moment on Fe (3.837 ug), calculated using
charge integration over attractor basins, is highly localized and induces extremely small spin—
polarization on neighboring Te and Cd atoms (see Table 2). The VB carriers (having mainly
Te p—character) interact anti—ferromagnetically with Fe spins, since the spin magnetic
moments on Fe and Te atoms are antiparallel.

The Fe—Te and Cd-Te bond critical points (bcp’s) have been identified for total, spin—up and
spin—down charge density scalar fields. The charge density values in Fe—Te bcp (p=5.666
.10 e/A%) and Cd-Te bep (p=4.968-10* e/A%) are comparable (see Table 3). The same goes
for the values of charge density Laplacian (measure of the local charge
concentration/depletion), with positive values in favor of closed—shell interactions. The Fe—
Te bep’s of the spin—up and spin—down charges are slightly displaced from each other and
generate a small magnetic dipole at the bcp. This is the exact electron charge distribution
portrait of the exchange interaction in DMS systems with tetrahedral local structures around

3d-TM ion, established in one of our previous works [13].
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5. Conclusion

Detailed studies of local and electronic structure around Fe in Cdg g7Feo 03 Te,
Cdo.9sFe0.02Te0.975€0.03 and Cdo.g9Feo.01T€0.91S0.00 Multinary chalcogenides by means of X-ray
absorption fine structure (XAFS), X-ray magnetic circular dichroism (XMCD), electron
paramagnetic resonance (EPR) and first principles calculations, revealed that Fe
incorporation into CdTe lattice primarily affects the arrangement of atoms in its immediate
surrounding. Local and electronic structures around Fe in Cdg g7Feo03Te and
Cdo.gsFeo.02Teo97Se0.03 have been found to exhibit similar characteristics, and the first
coordination sphere around Fe comprises four Te atoms located at approximately the same
distance. In Cdo.goF€0.01 T€0.9150.09, hOwever, local bimodal distribution of nearest neighbour
distances has been revealed: one Fe—Te bond is replaced with much shorter Fe—S bond,
which results in much stronger crystal-field. Besides, due to presence of S tetrahedral
symmetry at the Fe?* site is broken, which affects the distribution of its energy levels.
However, absence of the XMCD signal implies that, similarly to Cdy ¢7Feo3Te and
Cdo.osFeo.02Teog7Se003, the Fe?* ground state remains magnetically inactive also in
Cdo.goFe0.01 T€0.9150.00- First principles calculations of CdsFeTe, and Cds;FeTes, systems were
carried out to reveal electronic consequences of Fe incorporation into CdTe semiconductor
host. Special attention is paid to the treatment of exchange—correlation interaction and the
description of highly localized Fe 3d-states. Good agreement with experimentally determined
Fe—Te distance is achieved by using Wu and Cohen parameterization, but only after inclusion
of SP treatment. It has been found that large exchange splitting between majority spin—-up
states and minority spin—down states around Ef exists in both CdsFeTe, (25 at.% Fe) and
Cds;FeTes; (3.125 at.% Fe) model systems. The spin—up gap is much larger than the spin—

down gap, but they both remain nearly constant with Fe concentration. Spin—orbit interaction
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pulls down occupied Fe 3d spin—down states into valence band and pushes empty Fe 3d spin—
down states higher into CB. However, while in Cd;FeTe, DOS at Fermi level completely
vanishes (thus essentially changing the nature of CdsFeTe, system from “half metallic” to
insulating), in Cds;FeTes, considerable DOS is still present at the Fermi level. The fact that
only one spin channel contributes to the DOS at the Fermi level, makes these materials

suitable for spin selective electronic transport applications.
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Tables and Table captions

Table 1. Interatomic distances (r), Debye—Waller factors (¢°) and coordination numbers (n)
determined by the EXAFS data analysis of samples Cdg g7Fep03Te (CdFeTe),
Cdo.9sFe0.02Teo.975€0.03 (CdFeTeSe) and Cdo.g9Feo.01T€0.91S0.00 (CdFeTeS). Experimental
uncertainties of the parameters evaluated in the fit are given in parenthesis. Fixed parameters
are denoted by star. The passive electron reduction factor S¢® was set to 0.7 and the fit quality
factor (R—factor) was better than 1.5%. Bond valence is calculated as vij=exp[(Rij—r)/b] [48],
where b is empirical constant (0.37 A) and R;; bond valence parameter (Ree 7e=2.53 A, Ree_

s=2.16 A). Iron valence (V) is calculated as a sum of v;; assuming four Fe—Ch bonds.

Sample  Cdgg/FeoosTe Cdo9sFe0.02T€0.975€0.03 Cdo.g9F€0.01 T€0.9150.09

Coord. Fe-Te Fe*Cd” Fe-Tey Fe-Te, Fe*Cd“ Fe-Tey, Fe-Te4 Fe-S.» Fe*Cd”,l FE*Cd”,z

r 456(4) 5.32(2) 2.37(2) 4.10(9) 4.80(10)
2.673(4) 2.671(2) 4553) 5.32(2) 2.684(7)

A 4583  "5.374 %2525  <451>

A~ 0.0024(4) 0.018(3) 0.010(2)" 0.0021(2) 0.016(2) 0.016(3) 0.0025(6) 0.0025 0.018(6) 0.018

n 4 127 127 4 127 127 3.1(2) 0.9 5(3) 7
Eoc(eV) 0.3(3) 0(1) 0.3(3) 1.6(2) 0(1) 1.6 0.3(9) 0.3 4(3) 4
Vi 0.679 - - 0.683 - - 0.659 0567 - -
Vee 2.716 - - 2.732 - - 2.544 - - -

"Distances in binary CdTe and CdS compounds [49].
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Table 2. Integrated properties of CdszFeTe, atomic basins obtained by electron charge density

topology analysis (nn—nearest neighbour, nnn—next nearest neighbour).

Atom Ryt Volume Charge  Excess Spin
(A) (A3 (e) charge () moment (ug)
Fe 1.058 Total 18.314  25.382 0.618 3.837
up 21.532 14.584
down 15.926  10.747
nnTe 1.217 Total 41,337 52499  -0.499 —-0.026
up 40.660 26.267
down 42.260 26.241
nnnCd 1.217 Total 25.319 47511  0.489 0.026
up 25.150 23.768
down 25.515 23.742
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Table 3. Properties of bond critical points (bcp’s) in CdsFeTe, system: p—charge density;

Ap—Laplacian of p; rrerey— distance from Te(Fe) atom to the corresponding bcp;

| r—d/2 | - deviation of the bcp position from the half of the Fe(Cd)—Te distance (d).

Bond distance dte re=2.629 A dre cq=2.809A.

Atoms bcp  Multic  Charge p-10° Ap107T rre Iee rrelfee | 1—d/2]
point  plicity  type @Ay ©@h) A A A)
group

FeTe C3v 4 Total 5666 5154 1482 1147 1.292 0.168

up 2946 3856 1423 1206 1.180 0.108
down 2563 4.194 1571 1058 1.485 0.256
Cd-Te Cs 12 Total 4968 5501  1.495 1314 1.138 0.091
up 2522 2770 1500 1310 1.144 0.096
down 2445 2733 1492 1318 1.132 0.088

“This bep is at the very border between interstitial space and MT sphere.

28



Figure captions

Fig. 1. X-ray diffractograms of samples (a) CdFeTeSe and (b) CdFeTeS.

Fig. 2. EPR spectra of samples (a) CdFeTe, CdFeTeSe and CdFeTeS and (b) sample
CdFeTeS measured with and without UV lamp.

Fig. 3. Fe K—edge EXAFS spectra of samples (a) CdFeTe, (b) CdFeTeSe, (c) CdFeTeS, and
(d—f) the corresponding FT transforms. Experimental data are represented with circles and the
best fits with lines. Vertical lines denote fitting ranges.

Fig. 4. Fe K—edge XANES spectra of samples CdFeTe, CdFeTeSe and CdFeTeS.
Characteristic features appearing in the spectra are denoted by letters a—e.

Fig. 5. Pre—edge region of the Fe K—edge XANES spectra of samples (a) CdFeTe, (b)
CdFeTeSe and (c) CdFeTeS. Background (bkg), approximated with arctangent function had
been subtracted prior to fitting with two Lorentzian functions (L1 and L2). Inset shows first
and second derivative of the CdFeTe XANES spectrum, with the arrow pointing at the
shoulder in the second derivative (see text for more details).

Fig. 6. A schematic diagram of the Fe?* ion energy levels in cubic crystal field with
tetrahedral symmetry (see text for more details).

Fig. 7. Fe L, 3—edge XANES spectra of samples (a) CdFeTeSe and (b) CdFeTeS.

Fig. 8. Total DOS of (a) CdsFeTe, and (b) Cds;FeTes, systems with spin—orbit effects
included. Spin—up and spin—down states are shown above and below x—axis respectively,
with vertical dashed line denoting Fermi level (Ef) at 0 eV. Iron atomic DOS are presented
with dotted line; (c) Crystal field—split Fe—3d states in valence band of CdsFeTey; (d) Details

of Cdz FeTes, DOS in the vicinity of Er.
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Figure 3.
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