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The results of the magnetization studies of Fe doped TlGaSe2 (TlGa1−xFexSe2) layered magnetic semiconductor grown 

with 𝑥 = 0.023 are presented. The positive value of the Curie temperature together with the observed antiferromagnetic 
hysteresis loops as well as with the characteristic temperature dependence of magnetic susceptibility indicates the existence of 

combined antiferromagnetic and weak ferromagnetic ordering between interacting unpaired spin orbitals of Fe3+ ions in 
TlGa1−xFexSe2 compounds. Structural stability, electronic and magnetic properties of the Fe – doped TlGaSe2 four – layer slab 

were explored using density-functional theory (DFT) calculations. It has been found that substituting Fe single dopant atom at 

the Ga site, and the formation of substitutional FeSe4 complexes due to the strong hybridization between the electronic states 

of the dopants and the neighboring Se atoms are geometrically and energetically favorable for TlGa1−xFexSe2. The calculations 

revealed that the magnetic coupling between Fe dopants and the neighboring Se atoms is dominantly ferromagnetic, while 

weakly antiferromagnetic interactions between Fe – Fe dopants due to the super - exchange mechanism is favorable.  
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1. INTRODUCTION 

 

Diluted magnetic semiconductors (DMS), where 

transition metal ions are substituted for the 

nonmagnetic ions of the host semiconducting material, 

have attracted considerable interest in recent decades 

because of their huge potential for applications in 
spintronics, which studies electronic devices based on 

the charge of carriers and spins [1–4]. The development 

of DMS materials with Curie temperature above the 

room temperature is the key challenge in the 

establishment of materials for applications in spintronic 

devices. 

In the present paper, the results of the studies of 

the effect of incorporation of Fe atoms in bulk TlGaSe2 

layered semiconducting crystals instead the gallium 

substitutional site inside Ga3+Se4
2− framework are 

presented. TlGaSe2 is a native 𝑝 – type semiconductor 

with a direct bandgap of ∼ 2.1 – 2.2 eV having 

monoclinic space group of C2h
6 − 𝐶2/𝑐 at room 

temperature with the following unit cell parameters: 

𝑎 = 10.772 (3) Å, 𝑏 = 10.771 (5) Å, 𝑐 = 15.63 Å, and 

𝛽 = 100° [5–7]. The layered crystal structure of 

TlGaSe2 is composed from the stacking of metal - 

chalcogen anionic layers in the 𝑎𝑏 - plane which is 

perpendicular to the pseudo tetragonal symmetry 𝑐∗-

axis of the unit cell. Each layer consists of Ga4Se10 
polyhedra built adamantine like by corner - connected 

four GaSe4 tetrahedrons which are bounded together 

via sharing Se atoms at the common corners. 

Succeeding layers are stacked along 𝑐∗- axis by 

alternately turning away with 90° and shifted a quarter 

of a unit along [110] and [11̅0] directions forming 

trigonal prismatic voids where Tl+ ions are located [5].  

The first objective of this work is to grow Fe – 

diluted TlGaSe2 single crystal in which magnetic Fe3+ 

impurities are substituted for Ga cation vacancy sites 

with concentration of ~ 2.3 %. Then the temperature 

dependence of magnetic susceptibility in zero field 

cooled (ZFC) and field cooled (FC) regimes as well as 

the magnetization 𝑀 versus the magnetic field 𝐻 curves 

(𝑀(𝐻) curves) were measured between ~ 10 and ~ 400 
K in the present work. To confirm the crystal structure 

of the Fe – modified TlGaSe2 compound X - ray 

diffraction (XRD) – analysis and scanning electron 

microscopy energy dispersive spectroscopy (SEM-

EDX) were carried out. Based on the measured data, we 

will discuss the origin of the magnetic ordering in 

TlGa1−xFexSe2 magnetic semiconductor.  

 

 
 
Fig. 1.Visualization of the crystal structure of TlGaSe2 

compound composed of GaSe4 tetrahedrons. The 
blue, red and yellow spheres represent Tl, Ga and Se 
ions, respectively. 
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2 . EXPERIMENTAL TECHNIQUES  

 

TlGa1-xFexSe2 single crystals were grown with the 

classical vertical Bridgman - Stockbarger technique. 

The chemical composition of as – prepared Fe – 

substituted TlGaSe2 single crystals was determined by 

using scanning electron microscope Philips XL 30 

SFEG equipped with energy dispersive X - ray (EDX) 

spectrometer. EDX measurements were taken point to 
point on the surface of layer at 30 kV.  

Magnetization measurements have been 

performed by using VSM Magnetometer (PPMS, 

Quantum Design Corporation) for parallel (H ∥ ab) and 

perpendicular (H ⊥ ab) alignment of the applied 

magnetic field with respect to the layer plane in the 

temperature range of between ~ 10 K and ~ 400 K. The 

magnetization versus temperature measurements have 

been performed consecutively in ZFC and FC regimes. 

In ZFC regime the sample was cooled without applying 
the magnetic field and then the magnetization values 

(M) were recorded by raising the temperature up to ~ 

400 K under the weak magnetic field of H = 50 Oe and 

the high magnetic field of H = 5 kOe for parallel 

alignment. In FC regime the sample is cooled to 10 K 

under the application of the magnetic field of H = 50 

Oe and H = 5 kOe for parallel orientation and then the 

magnetization values (M) are recorded during heating 

the sample up to ~ 400 K under the same values of 

applied magnetic field. For perpendicular alignment, 

ZFC and FC measurements are performed only by 
applying the weak magnetic field of H = 50 Oe. 

Isothermal magnetization versus magnetic field curves 

were recorded during FC measurements for externals 

fields between - 20 and 20 kOe.  

Structure optimization and spin polarized 

electronic structure calculations of Fe-doped TlGaSe2 

have been performed using density functional theory 

(DFT) [8,9], employing Perdew-Burke-Ernzerhof 

(PBE) exchange correlation functional within the 

Generalized Gradient Approximation (GGA) [10]. In 

the 2x2x1 supercell of TlGaSe2, we substituted an Fe 

atom for Ga to simulate the Fe-doped TlGaSe2. Our 
supercell has 128 atoms, and one out of 32 Ga atoms is 

substituted, corresponding to x=0.03125 in TlGa1-

xFexSe2 single crystal. We carried out initial structure 

optimizations by SIESTA [11] computer code using 

optimized norm-conserving pseudopotentials [12–14] 

and double-𝜁 basis set augmented by polarization 

orbitals (DZP). The basis functions were generated 

with the energy shift parameter of 50 meV, and the DFT 

forces were augmented by Grimme’s dispersion 

correction [15]. The structures were optimized in 

conjugate gradient algorithm until all force components 
were less than 0.04 eV/Å. The electronic and magnetic 

structure of the relaxed systems were calculated in 

OpenMX code using norm-conserving 

pseudopotentials [16,17], and pseudo-atomic localized 

basis functions [18,19]. Our calculations correspond to 

scaler relativistic treatment of collinear spins. 

Dudarev’s GGA+U method [20] with the U value of 4.0 

eV for Fe 3𝑑 was utilized in both SIESTA structure 

optimization and OpenMX magnetic structure 

calculations. In the Brillouin zone of our rather large 

supercell, a 𝑘-point sampling of 5×5×5 was utilized. 

The electronic temperature was set to 300 K, and the 

charge density was expressed on a real space grid 

corresponding to 220 Ry plane wave cutoff. We 

calculated effective exchange coupling parameters 𝐽𝑖𝑗 

between atoms 𝑖 and 𝑗 based on Green's function 

representation of Liechtenstein formula [21] using '𝑗𝑥’ 

post-processing code in OpenMX version 3.9 program 

package [22,23]. We used a denser 𝑘-point mesh of 

20×20×20 in the post-processing stage of our exchange 

coupling calculations. 

 

3. RESULTS AND DISCUSSION 

 

The results of EDX analysis of TlGa1−xFexSe2 are 
shown in Fig. 2. EDX spectra were collected and used 

to determine the presence and average Tl, Ga, Se 

elements concentration as well as nominal degree of Fe 

substitution in individual crystals. EDX elemental 

mapping collected from different samples and different 

regions within individual crystals confirmed the 

presence of constituted atoms Tl/Ga/Se with atomic 

ratio nearly close to stoichiometric ones 1:1:2. For 

TlGa1−xFexSe2 single crystal with 𝑥 = 0.023, the real 

atomic composition ratio of constituent elements 

Tl/Ga/Se/Fe was detected as 20.57:32.14:46.54:0.75 at 
%, respectively. The elemental maps obtained from 

EDX studies showed that both of TlGa1−xFexSe2 

samples have a deficit of Tl and Se atoms and an excess 

of Ga atoms with respect to the stoichiometric 

composition. It is worth noting that there are no 

additional peaks corresponding to other impurities or 

contaminants, which confirms the high purity of the 

prepared single crystal. 

 

 

Fig.2. The results of the EDX analysis of TlGa0.977Fe0.023Se2 

           crystal 

 

The temperature dependencies of mass magnetic 

susceptibilities 𝜒(𝑇) of TlGa1−xFexSe2 measured in 

ZFC and FC regimes in the temperature range from ~ 

10 to ~ 400 K are shown in Fig. 3. The data were taken 

in an external 𝑑𝑐 magnetic field of H = 50 Oe applied 

to samples in two geometries: parallel (𝐻∥) and 

perpendicular (𝐻⊥) to the sample surface (𝑎𝑏). At high 
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temperatures well above ~ 250 K, the Curie – Weiss - 

like temperature dependences are observed in 𝜒(𝑇) for 

𝐻∥ and 𝐻⊥. The shape of the 𝜒(𝑇) curves presented in 

Fig. 3 indicates the presence of not only both 

paramagnetic and diamagnetic contributions but also 

the small long - range ferromagnetic (or 

antiferromagnetic) one, which becomes most 

noticeable at temperatures corresponding to a broad 

maximum of 𝜒(𝑇) observed for parallel and 

perpendicular orientations at 𝑇𝑚𝑎𝑥 ~ 170 and 155 K, 

respectively. Thus, the total magnetic susceptibilities of 

samples represent the sum of the paramagnetic and 

ferromagnetic (antiferromagnetic) components with the 

ferromagnetic contribution is rather small than the 

paramagnetic one.  

It should be mentioned that the pristine TlGaSe2 

single crystal is a semi – insulating semiconductor 

which is known to contain several discrete native deep 

acceptor levels distributed inside the band gap near 
above the valence band maximum [24]. On the other 

hand, native deep acceptors are compensated by the 

shallow donor levels which existed in the energy gap of 

the undoped TlGaSe2 [25,26]. As a result, TlGaSe2 

compound is deeply compensated semiconductor with 

an extremely low bulk majority charge carrier 

concentration and poor transport kinetics [27]. For 

example, the resistivity of TlGaSe2 single crystal at 

room temperature is in the ~ 108-1010 Ω ∙ cm range 
[28]. Obviously, no Pauli paramagnetic contribution 

from conduction electrons to the temperature 

dependence of the magnetic susceptibility should be 

expected. We believe that the magnetic Fe atoms are a 

single source of paramagnetism in TlGa1−xFexSe2. It is 

conceivable that the Fe atoms are inhomogenously 

distributed inside of both sample forming local Fe - rich 

clusters (domains) coexist with paramagnetic Fe - poor 

areas (less than statistically one Fe3+ ion per site). It is 
possible to conclude with certainty that Fe - poor areas 

form the paramagnetic matrix in TlGa1−xFexSe2. It is 

obvious that magnetic properties cannot be rigorously 

approximated using the Curie - Weiss law. However, 

we will use the Curie - Weiss approximation for 

experimentally derived temperature dependences of 

magnetic susceptibility of TlGa1−xFexSe2 for 
evaluating some magnetic parameters.  

Above 𝑇𝑚𝑎𝑥, the magnetization curves of both 

samples can be satisfactory fitted with the Curie - Weiss 

law [29–31]:  

 

 [𝜒(𝑇)]−1  =  
(𝑇−𝛩𝐶𝑊)

𝐶
      ,             (1) 

 

where Θ𝐶𝑊 is the Curie - Weiss temperature, 𝑇 is the 

absolute temperature and 𝐶 is the Curie constant. Fig. 3 

illustrates these behaviors by showing the temperature 

dependence of the reciprocal susceptibility (𝜒−1) 

versus temperature. The magnetic behavior exhibited 

almost Curie - Weiss behavior (1) in temperature range 

above ~ 250 K. The Curie - Weiss temperature was 

estimated as ~ 380 K for 𝐻∥ and ~ 255 K for 𝐻⊥ 

measuring geometries.   

     The fact that magnetic behavior of TlGa1−xFexSe2 
are completely come from the Fe atoms suggesting that 

the Weiss molecular - field theory [32] (related to the 

interactions between total magnetic moment of the 

isolated Fe atom with its neighbors may be replaced by 

an effective magnetic field called as the Weiss 

molecular field) may be qualitatively applied for 

estimating some quantities related to the interacting 

magnetic Fe atoms. From the slope 𝐶 of the linear Curie 

- Weiss fitting, the effective magnetic moment (per 

formula unit) TlGa1−xFexSe2 semiconductors 

originated from Fe3+ – spin states can be estimated 
through the well - known relations [29–31]:  

 

 𝜇eff = (
3𝑘𝐵𝐶

𝑁𝐴
)

1/2

          ,                 (2) 

 

where 𝑘𝐵 is the Boltzmann constant, 𝑁𝐴 is the 

Avogadro number. A magnetic moment of Fe3+ ion in 

the high - spin S = 5/2 state is  𝜇 = gFe√S(S + 1)𝜇𝐵  ~ 

5.93 𝜇𝐵. Here, 𝜇𝐵 is the Bohr magneton number and 

gFe is the Lande gyromagnetic factor, which is 

approximately equal to ~ 2 for Fe3+ ion in the 

1s22s22p63s23p63d5 electron configurations. Using 

values for 𝜇eff and experimental fitting parameters (𝐶 

and Θ𝐶𝑊) one can calculate the effective exchange 

interaction parameter given by the following equation 
[29–31]:  

 
𝐽𝑒𝑥

𝑘𝐵
=

3𝛩𝐶𝑊

2〈𝑥〉𝑆(𝑆+1)𝑍𝑁−𝑁
    ,                    (3) 

 

where 〈𝑥〉 is the average atomic fraction of the magnetic 

Fe3+ ions in TlGa1−xFexSe2 samples which contribute 

to ferromagnetism and 𝑍𝑁−𝑁 is the minimum number 

of Fe3+ nearest neighbor magnetic impurities 
incorporated into cation sites of host material which 

may provide an effective magnetic moment due to 

parallel alignment of interacting the Fe3+ 3𝑑 electron 

spins. In Eq. (3), 〈𝑥〉 value in the denominator can be 

estimated from [29–31]: 

 

 〈𝑥〉 =
𝑀𝑇𝑙+𝑀𝐺𝑎+𝑀𝑆𝑒

𝑆(𝑆+1)[𝑔𝐹𝑒𝜇𝐵]2 (3𝛩𝐶𝑊𝑘𝐵)⁄ +𝑀𝑆𝑒−𝑀𝐹𝑒
        (4) 

 

where 𝑀𝑇𝑙, 𝑀𝐺𝑎, 𝑀𝑆𝑒 and 𝑀𝐹𝑒 are the atomic masses of 

the thallium, gallium cation atoms, selenium anion 
atom and iron magnetic impurity, respectively.  

The calculated average values of 𝐽𝑒𝑥/𝑘𝐵   were found 

to be positive, which confirm our assumption about a 

weak ferromagnetic ordering in TlGa1−xFexSe2 at 

temperatures above ~ 250 K. 

It can be seen from the plots of the inverse magnetic 

susceptibility 𝜒−1 versus 𝑇 that there is a significant 

temperature range (𝑇 ≲ 250 K) over which the Curie 

constant (the slope of 𝜒−1(𝑇) curve) of TlGa1−xFexSe2 

are almost zero for 𝐻∥ orientation, which suggests that 

all the Fe3+ spins are almost paired. This result is 
unexpected since at higher temperatures the magnetic 

ordering in TlGa1−xFexS2 samples are expected as a 

weak ferromagnetic.  

On the other hand, from the magnetic 

susceptibility data plotted in Fig. 3 (that is the shape of 

susceptibility curves and the minima in the inverse 
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susceptibility 1/χ vs. T plot) one can assume that the 

antiferromagnetic contributions from Fe3+ impurity 
moments to the magnetic susceptibility at low 

temperatures also take place. The data in Fig. 3 clearly 

show that as the temperature is decreased the χ(T) 

curves demonstrate the broad maximum inherent 

probably to the antiferromagnetic transition at 𝑇𝑚𝑎𝑥 in 

both samples [33]. Interestingly, the FC and ZFC 

magnetization curves for TlGa1−xFexSe2 nearly 
merged in the temperature range from ~ 400 K (the 

starting temperature of the experiment) to 𝑇𝑚𝑎𝑥 and 

they start to differ faintly at cooling below 𝑇𝑚𝑎𝑥 as 

evident from Fig. 3. Another interesting phenomenon is 

an absence the bifurcation in the behaviors of FC and 

ZFC branches at 𝑇 ≤ 𝑇𝑚𝑎𝑥.  

Additionally, no bifurcation between FC and ZFC 

data suggests the presence of quasi - two - dimensional 

short - range spin – spin interatomic correlations 

between Fe3+ ions [34] which determinates non - 

linearity in 1/χ(T) behavior in the temperature ranges 

below ~ 250 K. 

To complete the investigation of the magnetic 

properties of TlGa1−xFexSe2, the magnetization (𝑀) 

versus 𝐻 curves were measured at various temperature 

in the magnetic fields up to ~ 50 kOe by a step – by - 

step increase of 𝐻, keeping the speed of the applied 
field at constant value. The temperature was stabilized 

at each measuring temperature to within of ± 10−2 K.  
Fig. 4 demonstrate a set of M - H curves taken at 

various temperatures on heating regime. As seen from 

the figure, the sample exhibits three contributions to the 

magnetization, namely: an intrinsic diamagnetic 

contribution from nonmagnetic TlGaSe2 host; a 

paramagnetic contribution as well as a ferromagnetic 

contribution due to Fe metal impurities. Corrections for 

diamagnetic contributions to M - H curves originated 

from quartz sample holder and thin Teflon tape have 

been made.  

 

 
Fig. 3. Temperature dependence of FC, ZFC mass magnetic susceptibility and inverse susceptibility for TlGa0.977Fe0.023Se2 

under applied field of H = 50 Oe applied to perpendicular and parallel to ab - plane. Susceptibility vs temperature for 
both samples showing a maximum denoted by 𝑇𝑚𝑎𝑥. The blue and red colored solid circles represent ZFC and FC data, 

respectively. The blue and red solid line represent the inverse susceptibility of ZFC and FC measurement, respectively. 
The linear dashed line indicates the Curie - Weiss fit to inverse magnetic susceptibility. 
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Fig. 4. M - H curves of TlGa0.977Fe0.023Se2 sample taken at different temperatures in the range from ~ 10 to ~ 400 K for 

various magnetic field amplitudes changing between maximum values of ± 50 kOe. (a) –and (c) are recorded for 𝐻 

orientations applied to perpendicular and parallel to the 𝑎𝑏 – sample surface, respectively. The corresponding 

ferromagnetic component of some loops after subtracting diamagnetic/paramagnetic contribution are displayed in: (b) 
for perpendicular and (d) parallel magnetic field orientations. The insets display zoomed view of hysteresis loops with 
linear diamagnetic/paramagnetic contribution. 

 
The traces of ferromagnetic - like symmetric 

hysteresis loop superimposed on a straight - line 

component with negative slope (that is typical for 

diamagnetic contribution) at high temperatures as well 

as on paramagnetic component at low temperatures are 

clearly observed from Fig. 4. The hysteresis loops in 

this figure are zoomed in magnetization scale to 

compare their shapes within, to some extent, low - field 

regions. To summarize these analysis, we can make 

some main conclusions: a) the paramagnetic 

contribution Fe3+ ions becomes more pronounced with 

decreasing temperature; b) the major part of Fe3+ 

impurities occupies Ga atomic sites are not 

ferromagnetically ordered; c) by subtraction of straight 
lines related to diamagnetic and paramagnetic 

contributions from the data presented in Fig. 4, clear 

ferromagnetic - like hysteresis loops with well - defined 

coercive field (𝐻𝑐) and saturation magnetization (𝑀𝑠) 

can be observed over all temperatures. 

Fig. 4 shows magnetic hysteresis loops 

TlGa1−xFexSe2 with 𝑥 = 0.023 in out of 𝑎𝑏 - plane 

applied magnetic field geometry corrected by the 

diamagnetic and paramagnetic contributions as a 

function of temperature. The saturation magnetization 

of sample at ~ 10 K is found to be about 16.4 ×
10−3 emu g⁄ , that is much higher than the values at 
higher temperatures. The interesting phenomenon 

observed in Fig. 4 is that the M – H magnetic hysteresis 

loops have a slightly wasp waisted loop (or pinched off) 

character which may be related to the antiferromagnetic 

interaction between some and Fe3+ ions. 
Similar modulation in magnetic hysteresis loops 

is also observed for TlGa1−xFexSe2  measured along 

the direction parallel to 𝑎𝑏 – surface plane at various 

temperatures (see Fig. 4 (d)). As it is clearly seen from 

this figure, a very wide and almost rectangular in shape 
magnetic loops with weakly pinched off at the center 

exhibiting remarkably high coercivities and quite low 

𝑀𝑠 values were recorded for TlGa1−xFexSe2  especially 

above ~ 150 K. This behavior may be explained by a 

reversible motion of a small micro - domain like 

elements around the individual Fe3+ ion requiring 
stronger magnetic fields for remagnetization. Thus, 

based on our experimental findings, a possible scenario 

for magnetic ordering in TlGa1−xFexSe2 can be 

suggested. A combination of two independent types of 

magnetic interactions between trivalent iron impurities 

introduced into nonmagnetic host lattice positions, 
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namely, a weak ferromagnetic ordering and 

antiferromagnetic coupling may be responsible for the 

magnetic ordering in TlGa1−xFexSe2. Depending on 

the 𝑥 parameter, the dominant magnetic state between 

randomly located impurity local moments in 

TlGa1−xFexSe2 may be ordered either in a long – range 

ferromagnetic state or a short - range antiferromagnetic 
one. In addition, due to local fluctuations of Fe 

concentration in the host lattice structure of TlGaSe2, 

Fe - poor areas the paramagnetic matrix 

Let us to discuss our model of Fe-doped TlGaSe2 

crystal structure suggested for description of magnetic 

data. We have considered a model TlGa1−xFexSe2 

structure presented in Fig. 1, in which GaSe4 

polyhedrons are indicated by the green color, and FeSe4 

ones are colored by the red. We used a 128-atom 

supercell of TlGaSe2 as the unit cell in our calculations, 
and a Ga atom in the unit cell was substituted by a Fe 

atom. Our model system corresponds to x = 0.03125 in 

TlGa1-xFexSe2, where the separation between Fe 

dopants is larger than 15 Å. To access smaller Fe - Fe 

distance values for exchange coupling calculations we 

calculated substitutional double - doped systems.  

The structure shown in Fig. 1 was fully relaxed 

without any symmetry constraints. The substitution 

does not induce notable structural modifications, and 

the dopant makes four equal - length Fe - Se bonds of 

≅ 2.4 Å. The system remains semiconducting after the 
single Fe substitution at the Ga site that corresponds to 

low doping levels. From our DFT modeling we find 

that the spin polarization per Fe dopant to be 5 µB, 

which corresponds to S = 5/2 for the collinear spin case. 

This value is nearly consistent with that reported above 

(5.93 μB). Both SIESTA and OpenMX codes give the 

same magnetic structure. To make sure that our results 

are not affected by localized basis sets we verified the 

total magnetic moment by plane wave basis set 

calculations with Quantum - Espresso computer code 

[35]. The net spin density 𝜌(↑) − 𝜌(↓), defined as the 

density of majority electrons minus the minority 

electrons, is depicted as 3D isosurface in Fig. 5, where 

the density difference 𝜌(↑) − 𝜌(↓) is 0.004 

electron/bohr3. The net spin is distributed over the Fe 

dopant and its neighboring Se atoms, which form the 

Fe-centered polyhedron. The other atoms in the unit 

cell have negligible net spin values. The effective 

exchange coupling J values between the atoms with 

localized spins are listed in Table 1 as a function of 

interatomic distances. The exchange coupling 𝐽Fe-Se 

between the Fe dopant and Se atoms in the unit cell, 

provided in the left half of Table 2, indicate a 

ferromagnetic coupling between Fe and Se. 
The exchange coupling between Fe - Fe dopants 

denoted as 𝐽Fe-Fe and listed in the right half of Table 2, 

indicates antiferromagnetic coupling between Fe dopants. 
Note that there are two Fe dopants in the unit cell for the 
distances smaller than 15 Å. At the Fe - Fe distance value of 

3.91 Å, there is a bridging Se atom between two Fe dopants. 
The 𝐽Fe-Fe value of −119 meV for this configuration indicates 

that Se atoms mediate the antiferromagnetic coupling in the 
system. The exchange coupling 𝐽Fe-Fe decreases with distance 

but remains negative. The 𝐽Fe-Fe value for 15.5 Å is essentially 

the coupling between the Fe dopants in neighboring unit cells 
of TlGa1-xFexSe2 for x=0.03125. The relevant exchange 

coupling scale between Fe dopants in our system is 𝐽Fe-Fe =
−0.261 meV since our doping levels are low enough to rule 

out smaller Fe separations. The electronic and magnetic 
coupling between the layers is weak, and there are four 
nearest Fe dopant in a layer. Therefore, the effective exchange 

coupling experienced by an Fe dopant is approximately −1.0 

meV for low doping levels. 

 

 

Fig. 5. View of the spin polarization around the single Fe – 

substituted atom epresented as an isosurface, where 

the net spin density 𝜌(↑) − 𝜌(↓) is 0.004 

electron/bohr3.  

 

The magnetic coupling extends beyond the direct 

exchange spatial separation range. However, 𝐽Fe-Se 

beyond the lattice length of 15.48 Å is negligibly small. 

 

                                                                        Table 1.  
Effective exchange coupling between localized spins 

as a function of distance. 𝐽Fe-Se is the coupling between 

Fe and Se atoms, 𝐽Fe-Fe between Fe atoms. 

 

distance 
(Å) 

𝐽Fe-Se 

(meV) 

distance 
(Å) 

𝐽Fe-Fe(meV) 

2.41 21.8 3.91 -119 

5.98 0.180 7.74 -9.97 

9.76 0.0123 15.5 -0.261 

 
Thus, in Fe-doped TlGaSe2, an Fe dopant has 

ferromagnetic coupling with Se atoms and antiferromagnetic 
coupling with other Fe dopants. As the exchange coupling 
decreases with distance, the effective Fe-Se exchange 

coupling is stronger than Fe-Fe coupling for low doping 
levels. 

 

4. CONCLUSION 

 
A novel TlGa1−xFexSe2 layered magnetic 

semiconductors diluted with 3 𝑑 iron impurities with doping 

ratio of 2.3 % were grown by using Bridgman - Stockbarger 
method. The positive value of 𝜃𝐶𝑊 obtained from 

antiferromagnetic curve deduced from VSM magnetic 
susceptibility χ (T) measurement has been extracted. The 

obtained hysteresis loops prove the existence of 
ferromagnetic structure. Through first - principles theoretical 

calculations, we explore that the TlGa1−xFexSe2 compound 

shows a weak antiferromagnetic order via Fe - Fe linkages 
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and ferromagnetic coupling via Fe−Se linkages within the 
layers. There is also a paramagnetic component in 
TlGa1−xFexSe2 which likely arises from the Fe - poor 

regions. Thus, the Fe - Fe and Fe - Se bond lengths may play 

an important role in magnetic ordering of TlGa1−xFexSe2 
magnetic semiconductor 

______________________ 
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