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In this paper we report on our recent studies of the Fe3+ centers in single crystals of wide-band gap semiconductors TlInS2, TlGaS2, 
and TlGaSe2. Superposition model (SPM) calculations were carried out to investigate the local environment around the Fe3+ centers. 
A novel approach based on the ascent in symmetry method is applied to the crystallographic data to quantify the structural 
approximation from triclinic to orthorhombic and to tetragonal site symmetry. Electron magnetic resonance (EMR) data are 
reconsidered to provide more meaningful interpretation of the zero-field splitting (ZFS) parameters obtained by fitting EMR 
spectra. The values of the experimental ZFS parameters are matched with the SPM obtained values to obtain better insight into the 
local distortions and low symmetry aspects. The SPM results indicate that Fe3+ ions substitute for the B3+ ions in TlBX2 (B = In, Ga, 
X = S, Se) crystal here.  

 
 

INTRODUCTION 
 
The Fe3+ paramagnetic centers in the ternary thallium 
chalcogenides TlBX2 (B = In, Ga, X = S, Se) have 
recently been intensively investigated (Mikailov, 
Rameev, Kazan, Yildiz, Mammadov & Aktas, 2005; 
Mikailov, Kazan, Rameev, Acikgoz & Aktas, 2006a; 
Mikailov, Kazan, Rameev, Kulibekov, Kerimova & 
Aktas, 2006b; Acikgoz, Kazan, Mikailov, Kerimova & 
Aktas, 2008a; Acikgoz, Kazan, Mikailov, Mammadov & 
Aktas, 2008b; Acikgoz, Kazan & Mikailov, 2009) in 
view of potential applications. Single TlBX2 crystals 
belong to the class of ferroelectric wide-band gap 
semiconductors in which a complex sequence of 
structural phase transitions occurs with decreasing 
temperature (Mustafaeva, Asadov & Ismaіlov, 2009; 
Seyidov, Suleymanova & Salehli, 2009). Recently we 
have embarked on theoretical modeling of second- qB2  

( qb2 ) and fourth-rank ZFSPs qB4  
( qb4 ) zero-field 

splitting (ZFS) parameters (ZFSPs) and structural 
distortions in these systems (Gnutek, Acikgoz & 
Rudowicz, 2010; Acikgoz, Gnutek & Rudowicz, 2010a) 
using the superposition model (SPM) (Newman & 
Urban, 1975; Rudowicz, 1987a; Yeom, Chang, Choh & 
Rudowicz, 1994; Clare & Devine, 1980). In the previous 
studies, the SPM analysis was carried out for the ZFS 
parameters for Fe3+ ions in TlInS2 (Gnutek et al., 2010) 
and TlGaS2 (Acikgoz et al., 2010a) crystals. Following 

the procedure worked out in (Gnutek et al., 2010), SPM 
and crystallographic data were employed to determine 
the ZFS parameters for Fe3+ ions at the two 
substitutional structurally different Ga sites (hereafter 
denoted 1 and 2) in TlGaSe2 crystal. In this paper 
preliminary results of this study are provided. 
Comprehensive SPM results together with their analysis 
will be presented in the full paper (Acikgoz, Gnutek & 
Rudowicz, 2010b). 
 
 

CRYSTAL STRUCTURE OF TLGaSe2 SINGLE 
CRYSTALS  

 
The single crystals of TlGaSe2 have the monoclinic 
space group C2/c (No. 15, 6

2hC ) at room temperature 
(Müller & Hahn, 1978; Henkel, Hochheimer, Carlone, 
Werner, Ves & Schnering, 1982; Delgado, Mora, Perez 
& Gonzalez, 2007). The atomic positions of TlGaSe2 
determined in (Henkel et al., 1982) and (Delgado et al., 
2007) and the unit cell parameters (Müller et al., 1978; 
Henkel et al., 1982; Delgado et al., 2007) are listed in 
(Acikgoz et al., 2010b). Fe3+ ions doped into TlGaSe2 
crystal occupy one of the two crystallographically 
inequivalent sites Ga3+ sites denoted Ga(1) and Ga(2) 
(Mikailov et al., 2005, Acikgoz et al., 2008b; Acikgoz et 
al., 2009). For SPM calculations, a modified 
crystallographic axis system (CAS*) is adopted as: x||a, 
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y||b||C2, and z||c* with the c*-axis perpendicular to the 
plane (ab) (see Fig. 2 in (Gnutek et al., 2010). The 
ligand bond length ( iR ) and angular positions of ligands 

( iθ , iφ ) for the Ga(1) and Ga(2) sites were calculated 
based on two sets of crystallographic data and used for 
the SPM modeling of the ZFS parameters for Fe3+ ions 
in TlBX2 (Gnutek et al., 2010; Acikgoz et al., 2010a, 
2010b).  
       

 
SUPERPOSITION MODEL ANALYSIS 

 
The Fe3+ ions doped into TlGaSe2 crystal substitute at 
the Ga3+ sites (Mikailov et al., 2005; Acikgoz et al., 
2008b; Acikgoz et al., 2009). The spin Hamiltonian 
(Rudowicz, 1987b; Rudowicz & Misra, 2001) expressed 

in the extended Stevens (ES) operator q
kO  notation 

(Rudowicz, 1985) is employed: 
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Since the general SPM equations and details of the 
procedure were provided in (Gnutek et al., 2010; 
Acikgoz et al., 2010a), we only report here some 
preliminary results. Two sets of the model parameters 
are considered in (Gnutek et al., 2010; Acikgoz et al., 
2010a; Acikgoz et al., 2010b). For illustration, the ZFS 
parameters for one SPM parameter set are presented in 
Table 1. 

 
Table 1. The triclinic ZFS parameters q

kb  (in 10-4 cm-1) calculated using the SPM for the Fe3+ ions at the Ga sites (1) and (2) 
in TlGaSe2; for selection of the SPM parameters, see, (Acikgoz et al., 2010b). 
Set 1 2   1 2   1 2 

0
2b  -817.3 -98.8  0

4b  
-3.59 -3.92     

1
2b  -5288.4 -313.2  1

4b  
-0.86 1.83  3

4b  
-6.32 13.48 

1
2
−b  

4433.5 -1355.6  1
4
−b  

0.42 2.40  3
4
−b  

-3.61 -14.97 
2
2b  

1197.7 1272.5  2
4b  

0.55 0.63  4
4b  

-19.16 -19.57 
2

2
−b  

1805.1 3538.0  2
4
−b  

-3.16 4.91  4
4
−b  

0.44 0.3 
2
2b /

0
2b  -1.47 12.88  2

4b /
0
4b  -0.153 -0.161  4

4b /
0
4b  5.34 4.99 

 
Since the EMR spectra indicate nearly orthorhombic 

site symmetry (Mikailov et al., 2005), next we employ 
the orthorhombic approximation (Gnutek et al., 2010) of 
the structural data for the two centers in TlGaSe2. The 
details of the ascent in symmetry method may be found 
in (Gnutek et al., 2010). In short, using the averages of 
the ligands spherical polar coordinates in Table 2, we 
obtained the ‘orthorhombic-like’ coordinates denoted as 
the set OR1 and OR2. Subsequently, these coordinates 
are used to obtain the best matched sets aOR1 and aOR2 

by changing iteratively iθ  and then iφ  and comparing 
0
2b  and 2

2b in the approximated sets with the 
experimental ZFSPs (Mikailov et al., 2005). For 
illustration one set of the best matched ZFSP sets and 
the corresponding structural parameters are listed in 
Table 3 and 2, respectively. Accordingly, the fourth-
rank ZFSPs were calculated for each pertinent structural 
data set for Fe3+: TlBX2 (Gnutek et al., 2010; Acikgoz et 
al., 2010a; Acikgoz et al., 2010b).  

 
Table 2. The spherical polar coordinates of ligands in TlGaS2 ( iR , iθ , iφ ) for the local site symmetry approximated to 

orthorhombic. 
OR1 R  = avR  = 0.24124 θ  = avθ  = 55.56 φ  = avφ  = 44.24 

OR2 R  = avR  = 0.24065 θ  = avθ  = 54.85 φ  = avφ  = 44.24 

aOR1 R  = 0.2410 θ  = 48.38 φ  = 41.44 

aOR2 R  = 0.2400 θ  = 48.58 φ  = 41.58 
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Table 3. The ZFS parameters q
kb  (in 10-4 cm-1) for Fe3+ 

ions at the two Ga sites in TlGaSe2 calculated using the 
SPM for the local site symmetry approximated to 
orthorhombic and experimental results (Mikailov et al., 
2005). 

Set OR1 aOR1 OR2 aOR2 Exp.  
0
2b  -910 7272 -131 7277 7274 
2
2b  1217 4673 1237 4670 4672 
0
4b  -3.68 -4.18 -4.01 -4.43  ─ 
2
4b  0.55 3.53 0.61 3.58  ─ 
4
4b  -19.73 -12.93 -20.21 -13.91  ─ 

       
Comprehensive SPM results together with their analysis 
will be presented in the full paper (Acikgoz et al., 
2010b). 

 
 

ACKNOWLEDGMENTS 
 

    This work was partially supported by a grant from the 
Research Fund of Bahcesehir University to MA and the 
Polish Ministry of Science and Education for the years 
2009-2010 to PG and CZR. 

 
 

REFERENCES 
 

Acikgoz M., Gnutek P. & Rudowicz C. (2010a). Modeling 
local distortions around Fe3+ ions doped into TlGaS2 crystal 
using superposition model analysis of the zero-field splitting 
parameters. Solid State Commun., 150, 1077-1081. 

Acikgoz M., Gnutek P. & Rudowicz C. (2010b). Theoretical 
interpretation of the zero-field splitting parameters for Fe3+ 
ions in wide-band gap semiconductor TlGaSe2 single 
crystal., submitted.  

Acikgoz M., Kazan S. & Mikailov F. A. (2009). Electron 
Paramagnetic Resonance (EPR) Investigations of Iron-
Doped Ferroelectric Ternary Thallium Chalcogenides.  Appl. 
Spectr. Reviews, 44, 181-209. 

Acikgoz M., Kazan S., Mikailov F. A., Kerimova E. & Aktas 
B. (2008a). Low temperature EPR spectra of Fe3+ centers in 
ternary layered TlGaS2 crystal. Cryst. Res. Technol., 43, 
863-868. 

Acikgoz M., Kazan S., Mikailov F. A., Mammadov T. G. & 
Aktas B. (2008b). Structural phase transitions in Fe3+-doped 
ferroelectric TlGaSe2 crystal. Solid State Comm., 145, 539-
544. 

Clare J. F. & Devine S. D. (1980). Measurement of the spin-
strain coupling tensor in ruby by ultrasonically-modulated 
electron-paramagnetic-res. J. Phys. C: Solid State Phys., 13, 
865-878. 

Delgado G. E., Mora A. J., Perez F. V. & Gonzalez J. 
(2007). Growth and crystal structure of the layered 
compound TlGaSe2. Cryst. Res. Technol., 42, 663-666. 

Gnutek P., Acikgoz M. & Rudowicz C. (2010). 
Superposition model analysis of the zero-field splitting 
parameters of Fe3+ doped in TlInS2 crystal – Low 
symmetry aspects. Opt. Mat., 32, 1161-1169. 

Henkel W., Hochheimer H. D., Carlone C., Werner A., Ves S. 
& Schnering H. G. (1982). High-pressure Raman study of 
the ternary chalcogenides TIGaS2, TIGaSe2, TlInS2 and 
TlInSe2. Phys. Rev. B, 26, 3211-3221 

Mikailov F. A., Kazan S., Rameev B. Z., Acikgoz M. & Aktas 
B. (2006a). EPR study of the structural phase transitions in 
Fe3+ doped TlInS2.  Phys. Stat. Sol. (a), 203, 1580-1585. 

Mikailov F. A., Kazan S., Rameev B. Z., Kulibekov A. M., 
Kerimova E. & Aktas B. (2006b). Twinned EPR spectra of 
Fe3+ centers in ternary layered TlGaS2 crystal.  Solid State 
Comm., 138, 239-241. 

Mikailov F. A., Rameev B. Z., Kazan S., Yildiz F., 
Mammadov T. G. & Aktas B. (2005). EPR spectra of Fe3+ 
centers in layered TlGaSe2 single crystal. Solid State 
Commun., 133, 389-392 

Mustafaeva S. N., Asadov M. M. & Ismaіlov A. A. (2009). 
Effect of gamma irradiation on the dielectric properties and 
electrical conductivity of the TlInS2 single crystal. Phys. 
Solid State, 51, 2269-2273. 

Müller D. & Hahn H. (1978). Zur Struktur des TlGaSe2. Z. 
Anorg. Allg. Chem., 438, 258-272. 

Newman D. J. & Urban W. (1975). Interpretation of S-state 
ion EPR spectra. Adv. Phys., 24, 793-844. 

Rudowicz C. (1985). Transformation relations for the 
conventional Okq and normalized O'kq Stevens operator 
equivalents with with k = 1 to 6 and -k < q < +k., J. Phys. C: 
Solid State Phys., 18, 1415-1430; Erratum, ibidem (1985) 
18, 3837. 

Rudowicz C. (1987a). On the derivation of the superposition-
model formulas using the transformation relations for the 
Stevens operators. J. Phys. C: Solid State Phys., 20, 6033-
6037. 

Rudowicz C. (1987b). Concept of spin Hamiltonian, forms of 
zero-field splitting and electronic Zeeman Hamiltonians and 
relations between parameters used in EPR. A critical review. 
Magn. Res. Rev., 13, 1-89; Erratum, ibidem (1988) 13, 335. 

Rudowicz C. & Misra S. K. (2001). Spin-Hamiltonian 
formalisms in electron magnetic resonance (EMR) and 
related spectroscopies. Appl. Spect. Reviews, 36, 11-63. 

Yeom T. H., Chang Y. M., Choh S. H. & Rudowicz C. (1994). 
Experimental and theoretical investigation of spin-
Hamiltonian parameters for the low-symmetry Fe3+ center in 
LiNbO3. Phys. Stat. Sol. (b), 185, 409-415. 

Seyidov M. H. Yu., Suleymanova R. A. & Salehli F. (2009). 
Effect of the "negative chemical" pressure on the 
temperatures of phase transitions in the TlInS2 layered 
crystal. Phys. Solid State, 51, 2513-2519. 

 


