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We report on the e�ect of interstitial iron defect and doping on iron physical properties and stability of iron
telluride by combined experimental and theoretical study. We �nd that antimony doping and increase iron content
in interstitial e�ect have both the e�ect to slightly decrease the temperature of the magneto-structural transition
Ttrans. From stability calculations and absence of change in lattice parameters, it is suggested that insertion of
antimony did not occur. Large decrease of Ttrans down to 32 K was observed with Ni doping and our stability
calculations con�rm that the Ni doping is most favorable in the stability point of view. First-Principles calculations
of stability of defect using supercell technique for stoichiometric FeTe indicate that the most stable defect is
iron interstitial defect, by far, con�rming the proposal done in the literature. Our electronic calculations indi-
cate the appearance of large peaks around the Fermi level in the case of this defect and not just simple doping e�ect.

PACS: 61.72.�y, 71.55.Ak, 74.70.Xa, 71.20Lp

1. Introduction

In 2008, Hosono and coworkers found new class of high-
TC superconductors containing FeAs layers [1]. There-
fore, there is a renewal of superconductivity research
since this time with the hope to �nd new high-TC su-
perconducting material classes. Among these new iron
based compounds, iron chalcogenide is the simplest be-
cause it contains only one type of layer and can help to
improve our understanding of the superconducting mech-
anism whose the origin is thought to be mainly due to
spin �uctuations [1, 2]. The absence of charge transfer in
the superconducting layer, the presence of iron in inter-
stitial site with square pyramid symmetry and the mag-
netic ground state of bicollinear type instead of collinear
type like in pnictogenide iron based families are the other
remarkable peculiarities of these iron chalcogenides. No-
tably, when alloying the Fe1+xTe compound with Se, the
iron content in the interstitial site, x, is a factor crucial
for the development or absence of superconductivity in
the iron chalcogenides. Indeed, when the amount of iron,
x, is too high (x ≥ 0.05), the superconductivity is sup-
pressed for Se content, y < 0.45. For all iron content, no
superconductivity is observed when y < 0.2 [2, 3]. Ac-
tually, only few experimental studies have focused about
doping of iron telluride on both sites and there is no the-
oretical study on the thermodynamic stability of doped
compounds and about defects in iron telluride. As the
nature of the magnetic ground state of iron telluride is de-
pending of the iron content in the interstitial site, study
of the stability and electronic properties of this intersti-
tial defect is of high interest. Moreover, our study of the
change of magnetic properties of iron telluride with dop-
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ing and of the thermodynamic stability of these doped
compounds is important for understanding why super-
conductivity does not occur and if this is related to struc-
tural properties. This is the aim of the present paper.

2. Experimental

The undoped samples studied are single-crystalline
Fe1+xTe with two di�erent iron contents (nominal start-
ing compositions x = 0 and x = 0.1 give respectively
x = 0.08 and x = 0.13, as determined by re�nement
on single-crystal X-ray di�raction experiments) grown by
modi�ed Bridgman method [3]. Using the same method
for doping iron telluride with 5% of Ni on Fe site and 5%
of Sb on Te site gives only polycrystalline bulk samples.
An attempt to make 5% of Co doping on Fe site was
unsuccessful as Co based secondary phases precipatate.
We note that in the two �rst cases, if we do not see sec-
ondary phases by X-ray di�raction, the lattice parameter
almost does not change, indicating that the real substitu-
tion must be less than the nominal starting 5% content.
Magnetic properties were measured using a MPMS Squid
magnetometer from Quantum Design. Below and above
the magneto-structural transition temperature, we ob-
serve perfect linear behavior of the magnetization with
the magnetic �eld, indicating the absence of magnetic
impurities in the samples studied in the present paper.

3. Theoretical

First-principles calculations are performed by us-
ing the scalar relativistic all-electron Blöchl's projec-
tor augmented-wave (PAW) method within the gener-
alized gradient approximation (GGA), as implemented
in the highly-e�cient Vienna Ab initio Simulation Pack-
age (VASP) [4�6]. For the GGA exchange-correlation
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function, the Perdew�Berke�Erzenhof parametrization
(PBE) [7] employed for the calculations of the solid so-
lutions with plane-wave energy cuto� of 350 eV. The
total energy is converged numerically to less than 1 ×
10−5 eV/unit using the Methfessel�Paxton technique and
Monkhorst�Pack k-point meshes [8, 9] with a smearing
parameter of 0.2 eV and a k-point sampling of 5× 5× 5
in a 2 × 2 × 2 supercell containing 32 atoms for doped
compounds and antisite defects, 31 atomes for vacancy
defects and 33 atoms for the interstitial defect. In the
case of doping, one Te atom is replaced by an Sb atom
or one Fe atom is replaced by a Co or Ni atom. The
interstitial atom is added at the position found experi-
mentally and thus its position is fully relaxed �rst and
thus together with the volume. Calculations done for
larger 3× 3× 2 supercells for the most stable defect con-
�rm the values found for 2× 2× 2 supercell and that the
interstitial defect is by far the most stable defect, as it
will be seen later. The electronic structure is calculated
using Tetrahedron technique as integration method in or-
der to determine the e�ect of the interstitial defect and
dopants on the electronic structure.

4. Results and discussion

In Fig. 1, we report the magnetic susceptibility for pure
single-crystalline Fe1+xTe and for doped samples with
nominal composition Fe0.95Ni0.05Te and FeTe0.95Sb0.05.
One can see in every samples strong change in the mag-
netic susceptibility at low temperature that corresponds
to the magneto-structural transition observed in pure
Tellurium compounds by using neutron di�raction exper-
iments in several previous works [2, 10]. The observation
of a decrease of the magneto-structural transition tem-
perature when increasing the iron content in interstital
position agrees with previous observations [10], while Sb
and Ni doping decreased the Ttrans transition tempera-
ture too. However, as noted in Table I, if the e�ective
magnetic moment is increasing for the case of Sb doped
and Fe1.13Te compared to Fe1.08Te, the inverse change
is observed for the Ni-doping. We note that the Curie�
Weiss follow the inverse tendency than the e�ective mo-
ment and that the change is deconnected with the change
of the magnetostructural transition temperature, Ttrans.
This could suggest that Curie�Weiss behaviour that oc-
curs in the same temperature range than the negative
slope of the resistivity could be due to some Kondo e�ect
[3, 11].
For better understanding the change in the electronic

and magnetic properties of pure and doped iron telluride
and its thermodynamic stability, structure relaxation and
band structure calculations have been done. The issue of
the thermodynamic stability has been neglected in the
recent works on iron chalcogenides, although it is obvi-
ous from an observation of both chemical binary phase
diagram of iron�chalcogen atom [12, 13] and of the full
magnetic and superconducting phase diagram of these
compounds [2, 3, 10] that any change of the ratio Fe/Te

TABLE I
E�ective moment, Curie�Weiss temperature,
magnetostructural, transition temperature
and temperature range of validity of Curie�
Weiss law (RR) of the samples.

Composition µeff θCW Ttrans RR

sample [µB/f.u.] [K] [K] [K]
Fe1.08Te 3.7 −190 66 150�300
Fe1.13Te 3.81 −150 58 145�300
FeTe0.95Sb0.05 3.95 −170 56 120�300
Fe0.95Ni0.05Te 3.45 −242 32 100�300

Fig. 1. Thermal variation of the magnetic susceptibil-
ity, χ, of the two Fe1+xTe samples with two di�erent
1+x iron content and of 5% Ni and 5% Sb doped sam-
ples.

would change the physical properties of these compounds
and that the stability domain of these compounds is rel-
atively broad. Notably, pure FeTe is excluded from the
known phase diagram and only insertion of iron in inter-
stitial position seems to stabilize the iron telluride phase
[12]. Therefore, now, using �rst principles calculations,
we examine several issues concerning the stability of iron
telluride and its related compounds and notably what is
the most stable defect in that compound, then we will
examine the e�ect of doping on the stability of Fe1+xTe
and �nally we will examine the impact of interstitial iron
atoms and of the dopants on the electronic structure at
the vicinity of the Fermi level.

In the present work, we have used the 2 × 2 × 2 su-
percell for several reasons. Firstly, this makes faster the
calculations, but we have also checked that the most sta-
ble defects are still the same using larger 3 × 3 × 2 su-
percell. Secondly, the concentrations of interstial iron
atoms and of dopants are closer to the experimental val-
ues. In Table II, we report the formation energy of the
di�erent cases examined in the present study. As can be
seen, we observe that the formation energy in all com-
pounds is slightly positive. Generally speaking, forma-
tion energy calculations based on PBE exchange correla-
tion functional are known to underestimate the formation
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energy [14] but it predicts formation energy qualitatively
correct, so we can make some comparisons. This small
positive formation energy indicates that iron telluride is
weakly stable compound, notably the stoichiometric one,
agreeing with the absence of stable iron telluride close
to the Fe/Te = 1 ratio in the phase diagram [12]. Let
us now examine the case of the defects in FeTe. We
�nd that the most stable defect is IFe interstial defect
with an energy of 1.13 eV/defect (1.15 eV/defect with
the 3 × 3 × 2 supercell), while the other stable defects
are much less stable with 1.86 eV/defect (1.76 eV/defect
with the 3× 3× 2 supercell) in the case of TeFe antisite
defect, 3.49 eV/defect for the case of VTe vacancies (3.19
eV/defect with the 3×3×2 supercell) and 3.66 eV/defect
in the case of FeTe antisite defect (3.7 eV/defect with the
3 × 3 × 2 supercell). The other defects are even much
less stable in FeTe. Therefore, our stability calculations,
together with the observed ratio Fe/Te superior to one,
con�rm that the FeTe contains an excess of iron that is
incorporated in interstitial site. Previously, this picture
of iron on interstitial site was only proposed based on the
results from Rietveld re�nement of di�raction pattern in
the case of pure iron telluride [2, 3, 10]. However, this
issue is not trivial because after thinking �rst that the o�-
stoechiometry in iron selenide has the same origin, recent
experimental works indicate that the most stable defect
in Fe1+xSe is V

Se defect and not IFe defect [15]. Note the
relatively good agreement between the calculated z coor-
dinate of the interstitial iron site (see Table II) with the
experimental determination (zFeint = 0.718) [3]. There-
fore, our present result con�rming that the IFe defect is
the most stable defect in Fe1+xTe is an important result
for clarifying the situation in the understanding of the
defects in the iron chalcogenide compounds.

TABLE II
Calculated crystallographic parameters and formation
energies of pure and doped iron telluride (fe) and of in-
terstial iron defect (fd) in FeTe.

Composition a c V/8 zTe zFeint (fe) (fd)
supercell [Å] [Å] [Å3] [eV/atom]
Fe16Te16 7.625 12.895 93.724 0.256 0.0223
Fe17Te16 7.596 12.960 93.463 0.265 0.699 0.0565 1.13
Fe16Te15Sb 7.593 12.935 93.215 0.245 0.0435 0.68
Fe15NiTe16 7.644 12.862 93.956 0.245 0.0110 −0.59

Fe15CoTe16 7.633 12.883 93.820 0.246 0.0040 −0.36

Now, let us discuss about doping by Co, Ni and Sb.
Here, we have considered only the case of the substitu-
tion on respectively the Fe and Te sites. Our calculations
indicate that Ni doping and Co doping are much more
favourable for stabilizing iron telluride than Sb doping
that has more neutral e�ect. Therefore, in principle the
Ni is the most stable dopant, agreeing with our experi-
ments and with previous work in the literature studying
Fe�Ni�Te phase diagram [16]. Note that the non triv-
ial behaviour of the lattice parameter with Ni doping,

i. e. the increase of the a lattice parameter and a de-
crease of the c lattice parameter with Ni doping, agree
well with experimental observation for large Ni substitu-
tion by Rost and Akesson [16]. However, our calculations
disagree with our experimental results concerning the Co
doping. More experimental work is needed concerning
that issue. Concerning the Sb doping, our stability cal-
culations together with absence of change in the lattice
parameter and the similarity ot the magnetic suscepti-
bility of the Sb-doped sample with that one of Fe1.13Te
indicates the possibility that the Sb doping was unsuc-
cessful. Indeed, if the antimony was not entering in the
FeTe structure, then the ratio Fe/Te is about 1.05 instead
of 1 and it is therefore normal that the characteristics of
the antimony doped sample are similar to that one of
Fe1.13Te.
The calculation of the electronic structure indicates

that the main e�ect of IFe defect is to change the elec-
tronic structure around the Fermi level and to add some
kinds of localized electronic level (see Fig. 2) and is not
a doping e�ect, while Ni or Sb substitutions have only
doping e�ect, the �rst one seems to give electron doping
and the second one seems to give hole doping.

Fig. 2. Electronic density of states of Fe16Te16 super-
cell and Fe17Te16 supercell (corresponding to the case
of IFe defect).

5. Conclusion

We were able to dope iron telluride only with Ni, while
it was not possible with Co and some doubts remain
about the success of antimony doping. Indeed, no change
of lattice parameters and similar Ttrans found in the an-
timony doped sample with the Fe1.13Te. sample suggests
that maybe only few antimony is entered in the lattice
of iron telluride. The observation of lower stability of
antimony doping compared to Co and Ni doping with
structure relaxation calculations also agree with this pic-
ture. On the other hand, the stability calculations indi-
cate that Ni doping is more favorable, in agreement with
experiment. The Ni doping is found to be e�cient to
decrease the Ttrans of the magnetic transition, opening
an interesting way to combine Ni doping with pressure
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or Se alloying for permitting the appearance of super-
conducting state. The calculations indicate that Ni or
Sb substitutions have only doping e�ect, the �rst one
seems to give electron doping and the second one seems
to give hole doping. However, we note that more accu-
rate calculations are needed to de�nitely conclude. Our
�rst principles supercell calculations on defects stability
con�rm, for the �rst time, that the most stable defect in
FeTe is the interstitial iron defect, con�rming the current
experimental view. In that case, electronic structure cal-
culations indicate the appearance of large peak around
the Fermi level that must a�ect strongly the magnetic
and electronic properties of Fe1+xTe and its related alloys
and could explain why they depend so much to iron con-
tent in the interstitial position. Giving the similarity of
this large feature close to the Fermi level with resonance
peak in Kondo e�ect, we can suggest that the highly lo-
calized electronic levels of these interstitial iron atoms
can easily explain the Kondo-like behaviour observed in
numerous physical properties of iron chalcogenides and
notably the negative slope of the resistivity and Curie�
Weiss behaviour in the magnetic susceptibility.
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