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Abstract

Magnetic ground states, local crystallographic environment of Fe, and hyperfine

interaction parameters in tetragonal FeX (X = S, Se, Te) are investigated by

means of density functional theory (DFT) calculations using augmented plane

waves plus local orbitals (APW+lo) method. We use several different mag-

netic configurations to evaluate the magnetic and electronic properties of this

system, as well as the hyperfine interaction parameters at Fe lattice site. The

results obtained for the ground state collinear anti-ferromagnetic arrangement

relatively well reproduce the quadruple splitting and isomer shifts from the avail-

able Mössbauer measurements. The Bader’s atoms in molecule charge density

analysis indicates bonding of closed-shell type and a sizable charge transfer from

Fe to X . The system properties are sensitive to the structural optimization of

the position of the chalcogen atom with respect to the iron plane.
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1. Introduction

Tetragonal FeX (X = S, Se, Te) belong to the class of iron-based super-

conductors with layered structure. The unconventional properties of these Fe-

chalcogenides have recently attracted a lot of research interest [1–6]. This is

related to the still not yet understood interplay between superconductivity and5

magnetism. The fact that the iron atom is important for coexistence of super-

conductivity and magnetism has also initiated several Mössbauer studies [7–9].

Mössbauer spectroscopy is a locally sensitive experimental method for probing

the electronic and magnetic environment around the Fe ions. In essence, these

studies have found no measurable hyperfine magnetic field at the Fe lattice site,10

and a relatively low quadrupole splitting with a weak temperature dependence.

The itinerant nature of the spin fluctuations in tetragonal FeX has been

proposed as one of the mechanisms of high-temperature superconductivity that

would also explain the lack of measurable magnetic field in a typical Mössbauer

experiment [10].15

It is clear that the electronic structure of these materials is important for

understanding of their properties. Whereas there are several ab-initio density

functional theory (DFT) studies [11–14] dealing with the structural, magnetic,

and electronic properties of these materials, to our knowledge, there are no sys-

tematic calculations of the hyperfine-interaction (HI) parameters and properties20

of the local charge distribution and chemical bonds.

Here we present DFT calculations of the electronic structure, magnetic prop-

erties, finally yielding HI parameters, and local bonding in the tetragonal FeS,

FeSe, and hypotetical pure FeTe. The magnetic calculations were performed

assuming ferromagnetic, checkerboard anti-ferromagnetic, and collinear-anti-25

ferromagnetic configurations. The bi-collinear magnetic order was also checked

as a possible magnetic ground state of FeTe. Here, one takes into account the

fact that only tetragonal Fe1+yTe occurs in nature.

There is a relatively good agreement between the calculated and experi-

mental HI parameters, especially considering the trends across the investigated30
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systems. This could indicate that excess interstitial Fe does not have significant

influence on HI parameters and local bonding. We used both the experimental

and the optimized lattice parameters to test the effects of optimization on the

locally sensitive parameters. We found that nearly all calculated properties are

sensitive to the value of the internal parameter u (i.e., the displacement of the35

chalcogen atom out of the iron plane).

In contrast to the Mössbauer spectroscopy experiments, our calculations

show that, locally, there are sizable hyperfine magnetic fields (Bhf). This is not

unexpected, and in agreement with the other available theoretical studies that

also predict sizable Fe magnetic moments. The chemical bonds between the40

atoms are found to be of closed-shell type.

2. DFT Calculations

To calculate the electronic structure of FeX (X = S, Se, Te), we employed

the all-electron Wien2k code [15] based on the density functional theory (DFT)

and the augmented plane wave (APW) plus local orbitals (lo) scheme. The45

Wien2k code is one of the most accurate codes [16] available for performing

ab-initio calculations in solids. FeS, FeSe, and FeTe have a very simple structure

(see Figure 1). The iron atoms are at the (2a), while the chalcogen atoms are

at the (2c) Wyckoff position.

Muffin-tin spheres of 2.17, 1.77, 1.97, and 2.17 a.u. were chosen for Fe, S,50

Se, and Te respectively. To relax the internal atomic position of the anions in

the tetragonal FeX (X = S, Se, Te) structure (space group P4/nmm) and

to obtain all ground state properties of interest here we used a k-point grid of

15×15×11 points. Equivalent grids were used for the magnetic calculations that

required larger unit cells (Figure 1). The RKmax parameter, which determines55

the size of the basic set, was set to 8.5 for all calculations. The self-consistent

charge convergence criterion was 5×10−5. The maximum force between atoms

was converged to less than 0.025 eVÅ−1.

In the Wien2k code, the electric field gradient (EFG) tensor is obtained
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by solving the Poisson’s equation directly from the non-spherical charge density60

[17]. The Mössbauer isomer shift (δ) are evaluated from the self-consistent

electron density using the procedure described in Ref. [18]. Without orbital

magnetism, the dominant contribution to the hyperfine fields comes from the

Fermi contact term, which is determined in scalar-relativistic calculations from

the spin density at the nucleus [19, 20].65

Following the approach of Mazin et al. [12], both the standard local (spin)

density approximation [L(S)DA] and the gradient corrected (GGA) implemen-

tation [21] to the LDA were used. The LDA is known to describe the magnetic

details of itinerant magnetic systems more accurately, whereas the GGA gives

better results for structural optimization. Therefore, the structural parame-70

ters in our calculations were obtained by using the GGA approximation in the

non-magnetic case. This is the closest approximation to the experimentally de-

termined paramagnetic state. With the optimized parameters, we then switch

to LDA calculations to obtain the hyperfine interaction [22], magnetic and elec-

tronic properties of the system.75

We considered several magnetic orderings: non-magnetic (NM), ferromag-

netic (FM), checkerboard anti-ferromagnetic (AFM1), and collinear anti-ferromagnetic

(AFM2) (see Figure 1). Along the z axis, the FeX layers are held together by

weak van der Waals forces. Because of the van der Waals interaction, it is not

possible to determine the total energy minimum along this axis within the DFT80

formalism. Hence, the optimization of the c lattice parameter was not included.

For each of the magnetic states, we examined two scenarios: (i) a, c, and u

(internal parameter) fixed to their corresponding experimental values and (ii)

a and u optimized from NM GGA calculations, with c fixed to its experimental

value. To obtain the optimized geometry in the x − y plane, the total energy85

was calculated for a set of a values between +4 and -4 % of the experimental

lattice parameter. Before as well as after the optimization of a, we relaxed the

only internal degree of freedom in this structure, u, which is the z-coordinate

of the anions. This step was found to be crucial, because optimizing a without

a previously optimized u gives values too far away from the experimental a90
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Figure 1: (Color online) Tetragonal unit cell of FeX (X = S, Se, Te) (top), along with a

top view of the checkerboard anti-ferromagnetic (AFM1), and collinear anti-ferromagnetic

(AFM2) order (bottom). The dashed lines denote the corresponding unit cells used in the

calculations. The upper image is obtained by using the xcrysden visualization program [23].
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Table 1: Total energy differences (∆E in meV/f.u.) for different magnetic configurations of

FeS, FeSe, and FeTe. The results are given with respect to the NM energy, set to 0. The

theoretical lattice parameters are obtained from GGA NM calculations with experimental c

value (see text).

GGA LDA

FM AFM1 AFM2 FM AFM1 AFM2

∆E FeS-exp. 0 -50 -79 0 -4 -21

∆E FeS-theor. 0 +0.001 -2.3 0 -0.001 -0.08

∆E FeSe-exp. +42.2 -168.5 -210.8 -0.2 -74.8 -104.2

∆E FeSe-theor. 0 -27.7 -53.4 0 +0.3 -14.0

∆E FeTe-exp. -295.9 +477.1 -336.6 -168.8 -156.5 -220.1

∆E FeTe-theor. -8.3 +665.2 -120.4 -0.8 -26.3 -57.7.0

parameter.

3. Ground State Magnetic Configuration

The difference in total energy calculated for the various magnetic configu-

rations is given in Table 1. ∆E denotes the total energy in meV per formula

unit (f.u.) relative to the energy of the NM state, set to 0. We see that the95

AFM2 state is the magnetic ground state of all three systems within theoretical

framework we considered. The AFM2 state has the largest magnetic stabiliza-

tion energy when either experimental or theoretical parameters are used. AFM2

is also the ground state regardless of the functional used. This state consists

of alternating stripes of parallel Fe spins coupled antiferromagnetically to one100

another.

This agrees well with the DFT study of FeS based on a plane-wave basis

set and ultrasoft pseudopotentials by Kwon et al. [11]. The collinear-ordered

FeSe state was also found to be the ground state of this system in other DFT

calculations [13, 14].105

For FeTe, however, Ma et al. [14] found that the bi-collinear state is ener-

6



getically more favorable (by 10 meV/f.u.) than the collinear state. They used a

plane-wave basis set method, the same PBE flavor of the GGA approximation

as in our case, and lattice parameters fixed to the experimental values.

After testing the bi-collinear state in the experimental and theoretical ge-110

ometries, we found that this state has higher energy by 38, 12, and 42 meV/f.u.

than the collinear configuration when using the LDA theoretical, LDA experi-

mental, and GGA theoretical parameters, respectively. Interestingly, only when

the experimental lattice parameters are used in combination with the GGA ap-

proximation (as in Ref. [14]), the bi-collinear state is the magnetic ground state115

of FeTe (lower in energy by 6 meV).

Our calculations show that for FeS and FeSe, the bi-collinear state always

has higher energy than the collinear magnetic arrangement in both optimiza-

tion scenarios. In fact, for FeS, taking into account all the different magnetic

configurations considered here, including the NM case, the bi-collinear state has120

always the highest total energy.

The FeS and FeSe tetragonal structures cannot sustain the ferromagnetic

ordering, with the Fe atoms barely retaining any magnetic moment at all. For

these systems, the FM state essentially converges to the NM state regardless

of optimization scheme used. In contrast, FeTe has a stable FM ordering with125

sizable stabilization energy. On the other hand, the stability of the checker-

board AFM1 state strongly depends on the system in question, the value of the

structural parameters, and functional type.

Experimental work has confirmed the absence of long range magnetic order

in tetragonal FeSe [24, 25]. This is also the case for tetragonal FeS where130

the local probe muon spin resonance measurements only found coexistence of

superconductivity with small moment ((10−2 - 10−3) µB) magnetism from the

impurity phase [4]. Fe1+yTe features bicollinear AFM order [26, 27].
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4. Structural properties, magnetism, and hyperfine-interaction pa-

rameters135

4.1. HI parameters and Magnetic Ordering

The calculated HI parameters strongly depend on the type of magnetic or-

dering and functional of the electron density. To illustrate this, in Figure 2 we

show the hyperfine fields, Bhf , electric field gradients, Vzz, and chemical shifts

(δCS), as a function of the different magnetic arrangements in the LDA and140

GGA approximation. The hyperfine magnetic field increases its value when go-

ing from left to right, following the trend of the increasing Fe magnetic moments

(not shown here). The electric field gradients in FeS seem to be relatively flat

with respect to the magnetic ordering and functional used, but the same can-

not be said about their values in FeSe and FeTe. The chemical shifts are only145

slightly dependent on the type of magnetic ordering.

In the following we will turn out attention to the structural, magnetic and HI

parameters as calculated within the LDA approximation in the collinear AFM2

magnetic ground state. We will use these results, as obtained in the experimental

and optimized geometries, to compare with the available experimental results.150

As already indicated, the LDA approximation was used as it is believed to more

accurately describe the properties of the itinerant magnetic systems [12].

4.2. Collinear Anti-ferromagnetic Ground State

4.2.1. Geometry Optimization

Our relaxation procedure gives theoretical a values very close to the experi-155

mental lattice parameters (0.8% deviation for FeS, 0.9% for FeSe, and 0.1% for

FeTe). There is a much larger deviation of the calculated u parameter, however,

with the theoretical Fe-X nearest neighbor (NN) distances underestimated by

0.3% for FeS, overestimated by 2.2% for FeSe, and underestimated by 4.4% for

FeTe.160

The symmetry of the unit cell is such that there are no forces acting on the

Fe ions. Consequently the Fe-Fe second neighbor (NNN) distances, dFe−Fe, are

determined from the value of the lattice parameter a only.
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Figure 2: (Color online) Hyperfine fields, Bhf , electric field gradients, Vzz , and chemical shifts,

δCS, at Fe lattice site in tetragonal FeS, FeSe, and FeTe. The theoretically optimized lattice

parameters were used. NM, FM, AFM1, and AFM2 denote the non-magnetic, ferromagnetic,

checkerboard anti-ferromagnetic, and collinear anti-ferromagnetic states, respectively.
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Table 2: Calculated structural, magnetic, and HI parameters of FeS, FeSe, and FeTe within

the LDA approximation: (i) a, c, and u fixed to the experimental values; (ii) a and u optimized

from NM GGA calculations, c fixed to the corresponding experimental value. In all cases the

AFM2 magnetic ground state configuration was assumed.

(i) WIEN2k calculations with experimental

lattice parameters a, c, and u

FeS FeSe FeTe

a 3.674a 3.771b 3.825c

c 5.023a 5.522b 6.291c

u 0.260a 0.267b 0.279c

dFe−S 2.184 2.393 2.596

dFe−Fe 2.598 2.667 2.705

|µFe| (µB) 1.16 1.87 2.10

Bhf (T) 10.0 15.1 15.6

Vzz (1021 Vm−2) -0.45 0.51 0.99

η 0.8 0.36 0.52

δCS (mms−1) 0.55 0.62 0.61

(ii) WIEN2k calculations with theoretical

lattice parameters a and u

FeS FeSe FeTe

a 3.643 3.737 3.828

c 5.023a 5.522b 6.291c

u 0.237 0.245 0.252

dFe−X 2.178 2.446 2.483

dFe−Fe 2.576 2.761 2.707

|µFe| (µB) 0.14 0.95 1.39

Bhf (T) 1.3 8.4 11.4

Vzz (1021 V/m2) -0.49 -0.62 -0.62

η 0.02 0.85 0.48

δCS (mms−1) 0.45 0.54 0.56

aExperimental value from Ref. [28]

bExperimental value from Ref. [29]

cExperimental value from Ref. [30]
10



4.2.2. Magnetism

Table 2 summarizes the calculated magnetic and hyperfine interaction pa-165

rameters. We see two clear trends: the iron magnetic moments, µFe, and the

hyperfine fields, Bhf , increase along the sequence FeS→FeSe→FeTe, while the

structural optimization brings these values systematically down.

The calculated LDA Fe magnetic moment in FeS without structural opti-

mization of 1.16 µB is in very good agreement with the averaged itinerant spin170

fluctuations experimental estimate of 1 µB [11]. In the optimization, µFe is re-

duced to 0.14 µB. The calculated µFe in FeSe and FeTe of 1.87 µB and 2.10

µB can be compared with the values of 2.01 µB and 2.16 µB from projector

augmented wave calculations for the equivalent single stripe configuration [13].

The relaxation of the structures further suppresses these values to 0.95 µB and175

1.39 µB, respectively. Our calculations indicate that µFe is extremely sensitive

to changes of a and u (and also c). DFT calculations of similar systems [12] have

also shown sensitivity of the magnetic properties to the details of the structure,

DFT methodology, and type of functional used.

The magnetic hyperfine field at the Fe nucleus reflects the s-electron polar-180

ization. We can distinguish a valence contribution to the total Bhf and a core

contribution originating from the polarization of deep level s-electrons. In all

systems, the core contribution is always larger in absolute value and of oppo-

site sign with respect to the valence contribution to the total field. These two

contributions cancel each other and give the values presented in Table 2.185

The fact that Mössbauer spectroscopy shows no detectable Bhf , while the

calculations predict sizableBhf (between 1.3 and 15.6 T depending on the system

and optimization scenario), can probably be explained by the strong itinerant

nature of the spin fluctuations in this system.

4.2.3. Mössbauer Isomer Shifts and Electric Field Gradients190

The measured Mössbauer isomer shift consists of the chemical shift (δCS)

and the second order Doppler shift (δSOD). The sign of the δSOD is negative

and vanishes at 0 K. Therefore, the chemical shift, δSC, is in fact the only
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contribution to the isomer shift at 0 K.

Comparing the results of the calculations of the Mössbauer parameters with195

the available experimental results, we can see that the relatively low value of

the principal component Vzz of the electric field gradient at Fe site is very well

reproduced. Using the approximate formula, EFG[1021 Vm−2] ≈ 6δ[mm/s]

[31], we can estimate the experimentally determined Vzz, as extracted from the

measured quadrupole splitting.200

The calculated Vzz = -0.49 × 1021 Vm−2 at Fe in FeS (LDA, optimized ge-

ometry, 0 K) can be compared with the measured room temperature (RT) values

of 0.36(6) and 0.42(12) × 1021 Vm−2 (sign undetermined) [4, 7]. For FeSe and

FeTe the calculated Vzz values after optimization are virtually identical (-0.62

× 1021 Vm−2). This result can be compared with the available experimental205

data. The values for FeSe are in the range from 1.08 to 1.74 × 1021 Vm−2 ob-

tained at RT [8, 9, 32–35] pointing towards EFG off-stoichiometry dependence.

The relative errors of the cited experimental values are within (4 - 62)%. At

lower temperatures, extracted values for Vzz are 1.722(6) × 1021 Vm−2 (120

K) [8], 1.80(12) × 1021 Vm−2 (80 K) [32] and 2.04(18) × 1021 Vm−2 (5 K)210

[32]. The temperature dependence of the quadrupole splitting for FeSe seems

to be pretty flat [8, 32]. The extracted Vzz values for FeTe are in range from

1.53 to 1.92 × 1021 Vm−2 obtained at RT [9, 35–38]. The relative errors of the

cited experimental values are within (2 - 53)%. For FeTe, it was found that the

quadrupole splitting is increasing with decreasing temperature following T 3/2
215

power law [36].

With these relatively low absolute values, it is difficult to expect perfect

agreement. The EFG remains low, but it does seem to be moderately sensitive

to structural optimization (see Figure 3). The quadrupole splitting is essentially

the same in a wide temperature range for FeSe and FeTe as found experimentally220

[32, 36]. The similar is found in our calculations. For all three investigated

compounds, the p-p and d-d contributions to the EFG are of similar magnitude

but of opposite sign. Because of their mutual cancellation, the Vzz values in these

compounds are small. Also, the p-f contribution to the EFG at Fe site is almost
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zero for FeTe and is increasing with lowering the atomic number of chalcogen225

atom. The discrepancy between the measured and calculated results could be

partly explained by the fact that the investigated samples were off-stoichiometric

with Fe in excess [32, 36] affecting the overall structure, particularly the local

structure, and therefore the measured quadrupole splitting. Consequently, the

off-stoichiometry present in the compound would shift the Fermi level. Since, the230

EFG is very sensitive to the density of states at the Fermi level, it is important

to have insight into the anisotropy of p- and d-electron density at the Fermi level.

For the P4/nmm space group and the 2a-Fe site with D2d-point symmetry, the

formulas for the p-, and d-anisotropy functions can be found in Ref. [17]. The

p- and d-anisotropy functions for FeS have negligible slopes in the vicinity of235

the Fermi level. Therefore FeS-EFG is the least affected by the possible Fermi

level shifts, e.g., by stoichiometry. The similar might be said for the slope of

p-anisotropy close to the Fermi level for both FeSe and FeTe (0.04 states/eV).

The slopes of the d-anisotropy function in the vicinity of the Fermi level for

FeSe and FeTe are significant (≈ 2.5 and ≈ 2 states/eV, respectively), which in240

case of various off-stoichiometries could induce differences in the EFGs.

There is an unknown effect of the possibly present magnetic hyperfine field

(out of the time scale of the Mössbauer measurements) on the quadrupole split-

ting measured in the experiment that could be an additional reason for the

observed discrepancies between calculation and experiment.245

The direction of the principal axis of the calculated EFG coincides with the

z-axis of the crystal cell in all of the investigated systems. While the asymmetry

parameter η equals to zero for the NM, FM, and AFM1 magnetic configurations,

the ground state collinear AFM2 configuration breaks the axial symmetry, and

η assumes non-zero values (Table 2). Mössbauer spectroscopy cannot measure250

η directly.

The calculated δCS of the Fe atom was obtained by contrasting the electron

density at the Fe nucleus with the corresponding reference value of bcc α-Fe,

as described in Ref. [18]. The calculated value of δCS in FeS is 0.45 mms−1.

The measured δ values of 0.373 - 0.44 mms−1 [7, 39, 40] are obtained at room255
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Figure 3: (Color online) Fe magnetic moment, magnetic hyperfine field, electric field gradient,

and isomer shift as a function of the internal parameter u.

temperature (rel. errors (0.3 - 7)%), 0.53 mms−1 at 11 K [40], and ≈ 0.58

mms−1 at 1.7 K [39]. The δSOD contribution is expected to decrease with

decreasing temperature, with low δSOD contribution at low temperatures. In

general, the sensitivity of the density charge distribution on the compound off-

stoichiometry could be the reason for the discrepancy of the experimentally and260

calculated chemical shift. Therefore, the calculated δCS matches relatively well

the measured ones.

Similarly to the Vzz parameters, the calculated δCS values in FeSe and FeTe

are again very close (0.54 and 0.56 mms−1), which can be contrasted to the

measured δ of 0.45 - 0.48 mms−1 (rel. errors within (0.4 - 38)%) obtained for265

both compounds at room temperature [8, 9, 32, 34–38]. Additionally, the mea-

sured δ at low temperatures are 0.5476(3) mms−1 (120 K) [8], 0.55(2) mms−1

(80 K) [32], and 0.59(3) mms−1 (5 K) [32] for tetragonal FeSe. Our calculated

results matches very well the experimental ones.

While not exactly matching the experimental results, our calculations clearly270
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reproduce the experimental trends. One could, at least to a degree, expect

an improvement in the agreement between the calculated and experimental HI

parameters after performing a complete structural optimization along the z-axis,

which would require going beyond the employed DFT scheme in this work.

4.2.4. The Influence of Anion Height275

From our results one can see that small changes of u and a have a substantial

effect on the calculated properties, and especially on µFe and Bhf . To show this,

in Figure 3 we present µFe, Bhf , Vzz, and δCS in FeS as a function of u. The

range of u was chosen in such a way as to span between the experimental and

theoretically determined values and extend somewhat beyond these limits. It is280

clear that µFe and Bhf exhibit drastic, albeit monotonic changes, whereas Vzz,

and especially δCS are more stable with respect to changes of u. Even though

Vzz changes sign, its absolute value is still relatively low. Similar plots can be

produced for FeSe and FeTe as well. Because of this strong dependence on u,

i.e., on the chalcogen atom height from the iron plane, the question of optimal285

optimization along the z-axis of the unit cell of these materials, currently difficult

to perform within the DFT theory, becomes very important. The anion height

has been shown to have strong correlation with the superconducting properties

of the iron-based superconductors [41].

5. Bader analysis290

The calculated Mössbauer parameters reflect the properties of the electronic

charge density around the Fe ions. To obtain more information on the charge

distribution between the atoms and to elucidate the type and topology of the

chemical bonds, we employed the Bader’s atoms in molecule theory [42], as

implemented in the critic2 code [43].295

Table 3 gives the Bader analysis on the NM structures with experimental a,

c, and u parameters within the LDA approximation.

As can be seen, Bader’s theory predicts a sizable charge transfer from Fe

to the chalcogen atom, with the largest amount of charge transferred in FeS.
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Table 3: Bader charges and volumes of Fe and chalcogen atoms in FeX (X = S, Se, Te).

The units are in a.u..

Atom Bader charge Volume

FeS
Fe 25.41 80.0

S 16.58 149.2

FeSe
Fe 25.56 88.4

Se 34.43 176.5

FeTe
Fe 25.81 97.7

Te 52.18 212.8

The volumes in Table 3 are defined as space enclosed by a zero flux surface300

of the gradient field of electron density, and the Bader charges are obtained by

integrating the charge contained in these volumes. As the size of the cell and the

interatomic distances are increased, the Bader volumes are increased too, while

the transferred charge to the chalcogen atom is reduced. This also indicates a

reduction of the polar character of the Fe-X bond.305

The data related to the bond critical points in this system are presented in

Table 4. In all three cases the Morse rule [42] for periodic systems was satisfied.

Several different types of bonding critical points (bcp) were found: (1) between

Fe and the NN chalcogen atom, (2) in the center of the unit cell connecting two

chalcogen atoms from two different x− y planes, and (3) between two in-plane310

Fe atoms in FeSe and FeTe. The latter bcp is missing in the FeS system, so

in this compound two Fe atoms seem to be bonded only indirectly, via the S

atoms.

The first type of bcp is positioned asymmetrically with respect to the center

of the bond-path, closer to the iron ion. This asymmetry is more pronounced315

as we go down the sequence FeS→FeSe→FeTe. The other two types of bcp are

found in the center of the corresponding bonds. As an example, the contour

map representation of the charge density of FeS and the position of the critical

points is given in Figure 4.

16



Table 4: Bond critical point (bcp) data in FeX (X = S, Se, Te). R1 is the distance along

the bond path from the first atom to the bcp, while R2 is the distance from the bcp to the

second atom. ρ(bcp) and ∇2ρ are the charge density and Laplacian at the critical point. The

units are in a.u..

Bond R1 R2 R1/R2 ρ(bcp) ∇2ρ

FeS
Fe-S 2.036 2.227 0.914 0.086 0.138

S-S 3.351 3.351 1.000 0.008 0.023

FeSe
Fe-Se 2.126 2.397 0.887 0.072 0.096

Fe-Fe 2.519 2.519 1.000 0.041 0.045

Se-Se 3.502 3.502 1.000 0.008 0.019

FeTe
Fe-Te 2.203 2.702 0.815 0.061 0.014

Fe-Fe 2.555 2.555 1.000 0.039 0.035

Te-Te 3.665 3.665 1.000 0.010 0.017

The charge density at the bpc, ρ(bcp), is a good indication of the type of320

the chemical bond. ρ(bcp) larger than 0.2 would indicate covalent bonding. As

we have ρ(bcp) < 0.10 in all cases, the bonds in this system are of closed-shell

type [44]. This low density is what one would expect in a system with van der

Waals type of interaction. This is also consistent with the positive value of the

Laplacian, ∇2ρ > 0, indicating depletion of charge density along the bond path.325

The F-X bpc densities of decreasing intensity from Fe via FeSe to FeTe indicate

closed-shell bonds of increasing magnitude.

6. Conclusion

Using first principles calculations, we have investigated the electronic and

magnetic properties, hyperfine interactions parameters, and charge density of330

FeX (X = S, Se, Te). The magnetic ground state in all system has been found to

be the anti-ferromagnetic collinear ordering. Even though only Fe1+yTe exhibits

magnetic ordering at T > 0 K, there is a fair agreement between the available

experimental data and the calculated values, especially considering the trends

in the hyperfine interaction parameters across the investigated materials. The335
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Figure 4: (Color online) Logarithmic contour map representation of the FeS charge density.

The charge is presented in a plane connects two Fe atom with one NN Se atom above and

another NN Se atom below the iron x − y plane. b denotes bonding critical point, while r

denotes ring critical point.
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calculations predict finite hyperfine magnetic fields, which, due to the itinerant

nature of the system cannot be detected in Mössbauer experiments. The low

values of the quadruple splitting, as well as the trend in the isomer shift values

are clearly reproduced. The Fe magnetic moments, hyperfine magnetic fields,

electric field gradients, are found to be extremely sensitive to the fine details of340

the optimization, and critically depend on the anion height (parameter u), which

cannot be accurately determined within the DFT formalism. By using Bader’s

atoms in molecule theory, the bonds in this system have been determined to be

of closed-shell type. Our calculations indicate sizable charge transfer from the

Fe to the chalcogen atoms.345
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effect study of single crystals of the non-superconducting parent compound540

Fe1.09Te and the superconductor FeSe0.4Te0.6, Journal of Physics: Con-

densed Matter 25 (41) (2013) 416008.

URL http://stacks.iop.org/0953-8984/25/i=41/a=416008

[37] J. B. Ward, V. H. McCann, On the 57Fe Mössbauer spectra of FeTe and
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