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n F-34095 Montpellier, France.
a b s t r a c t

Single crystals of Fe1 + xTe1�ySey have been grown with a controlled Fe excess and Se doping, and the

crystal structure has been refined for various compositions. The systematic investigation of magnetic

and superconducting properties as a function of the structural parameters shows how the material can

be driven into various ground states, depending on doping and the structural modifications. Our results

prove that the occupation of the additional Fe site, Fe2, enhances the spin localization. By reducing the

excess Fe, the antiferromagnetic ordering is weakened, and the superconducting ground state is

favored. We have found that both Fe excess and Se doping in synergy determine the properties of the

material and an improved 3-dimensional phase diagram is proposed.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The discovery of superconductivity in Fe-based pnictides, RE

OFeAs (RE = rare earth), at temperatures as high as 55 K [1,2] has
roused a research rush on new superconducting materials that
contain Fe and share a common structural feature, i.e. layers of
almost ideal PbO-like tetrahedra (see [3] for a review and
references therein). To date, five families of Fe-based super-
conductors have been found: REOFeAs, (‘‘1111’’, RE=rare earth)
[1], AFe2As2 (‘‘122’’, A=alkaline earth) [4], LiFeAs (‘‘111’’) [5],
Fe(Se,Ch) (‘‘11’’, Ch=S, Te) [6,7] and the most recently discovered
‘‘21311’’ family of Sr2MO3FePn (M=Sc, V, Cr and Pn=pnictogen)
[8]. Most of the undoped compounds of these families undergo a
magnetic transition at low temperature, accompanied by a
concomitant structural one, either at the same or slightly higher
temperature [3,9]. The stripe-like antiferromagnetic (AFM) order
is largely believed to be due to the nesting of the Fermi surface
that drives spin-density wave (SDW) ordering [9]. Upon doping,
either with electrons or holes, the conditions of nesting are
progressively less well verified and superconductivity occurs.

Within the family of ‘‘11’’ binary iron chalcogenides, pure FeSe
exhibits superconductivity below Tc=8 K [6]. The superconducting
state exists over quite a wide range of Te-doping in the Fe(Se,Te)
solid solution (up to 90% Te substitution for Se in polycrystalline
samples) with a maximum Tc of C15 K [7,10]. However, pure
ll rights reserved.
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FeTe is not superconducting and the two end compounds of the
‘‘11’’ solid solution, FeSe and FeTe, even if structurally isomorphic,
reveal to be substantially different. Both are off-stoichiometric,
whereas the off-stoichiometry in FeSe1�y is preferably ascribed to
Se-deficiency [11–13], in Fe1 + xTe excess Fe atoms occupy an
additional site in the Fe–Te plane [14–16]. In Fe1 +xTe both
magnetic (AFM) and structural (tetragonal to monoclinic)
transitions occur at the same temperature TN C67 K [14], with
the propagation vector aligned at 453 from the nesting vector [17].
In the similar compound FeSe1�y, however, only the structural
transition (tetragonal to orthorhombic) occurs between 70 and
100 K and no magnetic ordering is observed at low temperature
[11–13,18]. The structural transition in pure FeSe1�y is reported
to disappear in Fe-rich compositions, in which superconductivity
is not found [13]. Such a transition is therefore related to the
occurrence of the superconducting state. In contrast, in super-
conducting Fe1 +x(Te,Se) the low-temperature lattice is still
tetragonal [19]. Finally, the superconducting states of the pure
FeSe1�y and Te-doped Fe1 + x(Te,Se) are reported to present
important differences [10]. All these evidences point to the
importance of the ‘‘11’’ compounds for understanding the role
of spin fluctuations in Fe-based superconductors, as well as the
key role of excess Fe in both the structural and physical properties
of Fe1 + xTe1�ySey. A systematic investigation of structural, mag-
netic, and superconducting properties as a function of both the
Se- and Fe-content is mandatory, and is the aim of the present
work. Single crystals of Fe1 + xTe1�ySey have been recently grown
by several authors [15,16,20–22] and the role of excess Fe in
increasing the charge localization has been recognized [16].
However, little attention has been paid to the actual Fe and Se
doping levels in a more realistic 3-D phase diagram, and how
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different ground states can be driven by Fe and Se doping is not
yet understood. We report the first systematic study on crystal
growth, structural, and magnetic properties of Fe1 + xTe1�ySey

crystals, with a controlled Fe and Se composition. We clearly
demonstrate how the crystal structure is affected by doping, and
how such structural changes are related to superconductivity and
magnetism in ‘‘11’’ iron-chalcogenides.
Table 2

Atomic coordinates, equivalent displacement parameters (Å) and site occupancies

in Fe1 +xTe1�ySey.

Site Wyckoff symbol x y z Ueq N

FeTe

Fe1 2a 3/4 1/4 0 0.0152(3) 1

Fe2 2c 1/4 1/4 0.718(2) =Ueq(Fe1) 0.087(3)

Te 2c 1/4 1/4 0.28141(8) 0.0163(2) 1

FeTe0.7Se0.3

Fe1 2a 3/4 1/4 0 0.021(1) 1

Fe2 2c 1/4 1/4 0.70(1) =Ueq (Fe1) 0.05(1)

Te1�NSeN 2c 1/4 1/4 0.2787(4) 0.025(1) 0.27(4)

FeTe0.8Se0.2

Fe1 2a 3/4 1/4 0 0.019(1) 1

Fe2 2c 1/4 1/4 0.70(1) =Ueq(Fe1) 0.049(9)

Te1�NSeN 2c 1/4 1/4 0.2789(4) 0.023(1) 0.21(4)

Fe0.9Te0.7Se0.3

Fe1 2a 3/4 1/4 0 0.0179(9) 1

Fe2 2c 1/4 1/4 0.70(3) =Ueq(Fe1) 0.013(9)

Te1�NSeN 2c 1/4 1/4 0.2767(3) 0.021(1) 0.32(3)

Fe0.9Te0.8Se0.2

Fe1 2a 3/4 1/4 0 0.020(1) 1

Fe2 2c 1/4 1/4 0.70(2) =Ueq(Fe1) 0.03(1)

Te1�NSeN 2c 1/4 1/4 0.2779(4) 0.023(1) 0.22(4)
2. Experimental

Two series of crystals of Fe1+x(Te,Se) have been grown starting
from two different Fe:(Te,Se) ratios: 1:1, and 0.9:1. According to the
assessed Fe–Te phase diagram [23], the tetragonal (b-phase) Fe1+xTe
is stable for 0:04oxo0:08 and does not melt congruently. The
nominal precursor compositions actually correspond to two differ-
ent compositions of the Te-rich flux. For each Fe content, a series of
Fe1+xTe1�ySey samples with y ranging from 0 to 0.45 was prepared.
The crystals were grown using the Bridgman–Stockbarger method:
the precursor mixture of Fe and (Te,Se) pieces was put in an
evacuated quartz tube and sealed under vacuum. The quartz tube
was placed vertically in the furnace, along a vertical temperature
gradient, heated at 930–960 1C (depending on the Se-content), then
slowly cooled to RT at variable cooling rates from 5 to 1 1C/h. The
largest and most homogeneous crystals were obtained at the lowest
cooling rate. Crystals were easily cleaved from the as-grown boule,
with the cleavage plane perpendicular to the c-axis. The use of Fe
and Te pieces instead of powders enhances the purity of the
precursors and prevents the formation of unwanted oxides, often
observed in these materials [24]. Pure polycrystalline FeSe1�y

(nominal composition FeSe0.95) was also prepared for comparison,
by solid state reaction of Fe and Se powders at 620 1C, followed by
furnace cooling down to 420 1C where the sample was kept
for 2 days before cooling down to RT. In the case of FeSe1�y, the
annealing sequence was repeated several times until the sample was
Table 1
Parameters of data collection and treatment for single crystals of Fe1+ xTe1�ySey.

Nominal composition FeTe FeTe0.7Se0.3

y (refined atomic fraction ofSe) 0 0.27(4)

x (refined excess of Fe) 0.087(3) 0.053(9)

Space group P 4/nmm

a (Å) 3.826(1) 3.807(3)

c (Å) 6.273(3) 6.153(7)

V (Å3) 91.81(5) 89.2(1)

Z 2

Wavelength 0.71073 (MoK)

Crystal shape Plate

Crystal size (mm) 0:064� 0:056� 0:006 0:147� 0:086

Absorption correction Numerical from crystal shape and size

Data collection Stoe IPDS II, o oscillation

Detector distance (mm) 80

Exposure time (min) 10 15

Range; increment (deg) 0–180;1 0–180;1

2y interval (deg) 2.86–64.80

Range in h k l �5rhr5 �5rhr5

�5rkr5 �5rkr5

�9r lr8 �9r lr7

Reflections measured 1048 1025

Reflections unique 114 111

Rint 0.028 0.107

Refinement jFj2 all unique reflections

Data/params. 114/8 111/9

Refinement software SHELXL-97 [25]

S 1.202 1.274

RF 0.017 0.068

RwF2 0.031 0.159

Residual in difference electron-density map �0.71,0.84 �2.42,4.46
single-phase within the resolution of powder X-ray diffraction
(XRD). The quality of the crystals was checked by XRD both in a
powder diffractometer (on manually ground crystals) and in a 4-
circle diffractometer, either using Co or CuKa radiation. The
chemical composition and purity were checked by scanning electron
microscopy (SEM) coupled to energy dispersive X-ray spectroscopy
FeTe0.8Se0.2 Fe0.9Te0.7Se0.3 Fe0.9Te0.8Se0.2

0.21(4) 0.32(3) 0.22(4)

0.049(9) 0.013(9) 0.035(6)

3.815(2) 3.803(2) 3.806(3)

6.187(4) 6.136(3) 6.187(6)

90.02(9) 88.73(8) 89.6(1)

� 0:006 0:076� 0:043� 0:004 0:178� 0:178� 0:016 0:151� 0:122� 0:008

[26]

20 5 6

0–180;1.5 0–180;1 0–180;1.5

�5rhr5 �5rhr4 �5rhr5

�5rkr5 �5rkr5 �5rkr5

�9r lr7 �8r lr7 �7r lr8

1030 942 929

112 105 106

0.057 0.039 0.049

112/9 105/9 106/9

1.257 1.276 1.482

0.064 0.043 0.064

0.156 0.098 0.169

�1.49,5.90 �1.32,3.38 �2.87,5.41
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(EDX). Within the uncertainty of the analysis technique, the ratio
Se:Te was always found to agree with the results of XRD data (see
below and Table 4). Little but non-negligible local fluctuations of the
Se:Te ratio were observed in some samples. Only the samples with
no or very low composition gradient (DðSe at: fractionÞr0:04) were
used for this study. Single-phase single-crystalline samples were
obtained up to y=0.45. Single-crystal XRD was performed at room
temperature on selected samples with two nominal Fe contents (1
and 0.9) and three nominal Se contents (y=0, 0.2 and 0.3), using a
Stoe IPDS II diffractometer, with MoKa radiation and a graphite
monochromator. Structure refinement was carried out by the least-
squares method based onjFj2 values using the SHELX-L program
[25]. Details about the refinement are summarized in Tables 1, 2,
and 3. Magnetic properties were investigated using a Quantum
Design MPMSII Squid Magnetometer in a magnetic field of 0.2 mT
and 1 T, for the superconducting and the normal state, respectively.
Table 3

Atomic anisotropic displacement parameters (Å2) in Fe1 +xTe1�ySey.

Site U11 U22 U33 U12 U13 U23

FeTe

Te 0.0161(2) = U11 0.0167(3) 0 0 0

FeTe0.7Se0.3

Te1�NSeN 0.017(1) = U11 0.038(1) 0 0 0

FeTe0.8Se0.2

Te1�NSeN 0.016(1) = U11 0.036(1) 0 0 0

Fe0.9Te0.7Se0.3

Te1�NSeN 0.0166(8) = U11 0.031(1) 0 0 0

Fe0.9Te0.8Se0.2

Te1�NSeN 0.017(1) = U11 0.035(1) 0 0 0

Fig. 1. Crystal structure of b-Fe1 + xTe, showing the tetrahedral coordination (blue) of Fe1

(light blue) TeFe4. The pictures in the right panel show typical crystals used for this stu

referred to the web version of this article.)
3. Results

3.1. Structure refinement

For all samples used for the single-crystal XRD study, the
reflections were indexed to a tetragonal cell in the space group.
P4/nmm The structure model was confirmed to be of the Cu2Sb
structure type as proposed by Fruchart et al. [14], according to
which the Fe atoms can occupy an additional site, in the Te-plane.
(see Fig. 1. The figure also shows some of the crystals we
measured). The occupation of the additional site turns out to be
dependent on the initial composition, and to get close to zero in
crystals grown from a Fe-deficient and Se-rich starting
composition. The XRD data acquisition and structure refinement
parameters are summarized in Table 1. The first three lines of
Table 1 compare the actual (refined) Fe and Se atomic contents
and the nominal composition of various samples. The atomic
positions and occupations are reported in Table 2, whereas the
anisotropic displacement parameters are listed in Table 3. The
samples used for this study, together with the corresponding
transition temperatures, are summarized in Table 4.

The lattice parameters a and c are reported in Fig. 2, plotted as
a function of the Se-content, y. Both parameters decrease
following a good linear trend upon doping in the Te-rich region.
However, the lattice parameters of pure b-FeSe (added in Fig. 2 for
comparison) clearly diverge from Vegard’s law, thus indicating a
structural difference between b-FeTe and b-FeSe, probably related
to the Se-vacancies in pure iron selenide. These results are in good
agreement with those already existing in the literature
[10,11,15,19]. In order to understand the structural and physical
role of excess Fe in the additional site, we have studied the
evolution of various parameters with both the refined Fe content
and Se-doping. The first conclusion, resulting from the refined
compositions and confirmed by EDX analysis, is that the
occupancy of the second Fe site decreases when the Se
substitution for Te increases. This indicates that the stability of
the structure building block FeTe4 is affected by both the
composition parameters x and y.
by four Te atoms, distance h of Fe1 from the next Te layer, and the square pyramid

dy. (For interpretation of the references to color in this figure legend, the reader is
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Table 4
Nominal, refined, and measured (EDX) compositions of the samples used for this study.

Composition Te:Se ratio from EDX Tc, K TN, K Remarks

Nominal Refined

FeTe Fe1.087Te 1:0 – 67 Refined structure

FeTe0.9Se0.1 – 0.90(1):0.10(3) – 46

FeTe0.8Se0.2 Fe1.049Te0.79Se0.21 0.79(2):0.21(4) – 14 Refined structure

FeTe0.7Se0.3 Fe1.053Te0.73Se0.27 0.68(2):0.32(4) – 5 Refined structure

FeTe0.55Se0.45 – 0.55(2):0.45(4) – 4

FeTe0.50Se0.50 – – 10 – not single phase

Fe0.9Te0.9Se0.1 – 0.90(1):0.10(3) – 22

Fe0.9Te0.8Se0.2 Fe1.035Te0.78Se0.22 0.76(2):0.24(4) 6 – Refined structure

Fe0.9Te0.7Se0.3 Fe1.013Te0.68Se0.32 0.66(2):0.34(4) 11 – Refined structure

Fe0.9Te0.55Se0.45 – – 14 – Not single phase

Columns 4-5 report the corresponding superconducting and magnetic transition temperatures, as plotted in Fig. 7. The samples Fe0.9Te0.55Se0.45 and FeTe0.5Se0.5, are not

single-phase and were not used for structural studies, but are added for completeness.
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The corresponding structural deformation can influence the
physical properties of this material. In Fig. 3 we show the
dependence of the tetrahedral angle Te–Fe1–Te (see the crystal
structure and bonds shown in Fig. 1). This angle, C117:4 in
undoped Fe1 + xTe, is far from that of an ideal tetrahedron, 109:43,
and gets slightly closer to it upon Se-doping. It is worth noticing
that the effect of Se-doping on the tetrahedral angle is stronger
when the actual (refined) Fe excess on the additional site is
reduced below x=0.05 (as show by open symbols and dashed lines
in Fig. 3). Different actual Fe compositions were obtained starting
from the same nominal Fe content, but at different Te:Se ratios
(see Table 1 and Fig. 3). Both the x and y doping levels play a role
in the structural stability and both have to be known and taken
into account for studying the relationship between structure and
properties in iron chalcogenides. The vertical distance of the Fe1
atomic position from the Te plane obviously exhibits a similar
dependence on doping as the tetrahedral angle, as is shown
in Fig. 3. The Fe1-to-Te-plane distance, labeled h, shrinks with
Se-doping, and its shrinking is more pronounced in samples
with a lower excess of Fe. Correspondingly, the FeTe4 tetrahedron
slightly tends to the ideal shape upon reducing the Fe excess. This
is shown in Fig. 4, where the tetrahedral angle Te–Fe1–Te is
plotted as a function of the Fe excess x. We notice that a
decreasing trend of this angle is found with decreasing the excess
of iron, x.
3.2. Magnetic measurements

The magnetic susceptibility w is plotted as a function of
temperature in Fig. 5, in which two series of samples
corresponding to two different nominal Fe-contents, FeTe1�ySey
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and Fe0.9Te1�ySey, are compared (0ryr0:45). All FeTe1�ySey

samples exhibit a Curie–Weiss-like behavior over a wide range of
temperatures (see Fig. 5(a) and the inset (c)). A w vs. 1=ðT-yÞ law is
well obeyed for y=0 and 0.1 (Fig. 5(c)) . At higher Se doping levels,
a more pronounced positive curvature appears below � 150 K,
thus rendering the Curie-fit less reliable and the determination of
the Weiss temperature y and the effective moment meff more
uncertain. For all studied compositions, the effective moment meff

is of the order of 4mB. For the pure Fe1 +xTe compound (actual
composition Fe1.087Te), a sharp step in the susceptibility is
measured at TN=67 which marks the magneto–structural
transition [10,14,15,20]. When 10% Se substitutes for Te, the
high temperature behavior of the susceptibility does not change,
but the transition temperatures shifts down to 46 K. Upon
increasing the Se-doping, the magneto-structural transition is
suppressed (see Fig. 5 and Table 4). Even if filamentary or surface
superconductivity is observed by transport measurements in
samples with y40:2 and a nominal Fe composition equal to 1,
bulk superconductivity is not observed below y=0.45 in the
samples shown in the upper panel of Fig. 5. A broad bulk
superconducting transition is only observed at � 10 K in
FeTe0.5Se0.5 (nominal composition), according to Ref. [15] (not
shown here).

In Fig. 5(b), we report the susceptibility curves of samples with
a nominal composition Fe0.9Te1�ySey, that is with a lower
(xo0:05) Fe excess onto the Fe2 site. The magnetic susceptibility
is strongly reduced at any temperature and any Se-doping in the
normal state. Moreover, bulk superconductivity occurs at y40:1
as shown in Fig. 5(d). Superconducting transitions turned out to
be as sharp as 1 K, proving the good homogeneity of the crystals.
These results clearly show that reducing the excess of Fe in
Fe1 + xTe1�ySey favors the occurrence of superconductivity. A
similar conclusion is also drawn by Liu et al. [16], based on the
comparison of two samples with different Fe-contents and a fixed
Se-doping level.
4. Discussion

The overall decrease of susceptibility, as well as the weakening
of the Curie–Weiss like contribution to wðTÞ when the Fe excess is
reduced, indicate that an enhancement of the localized magnetic
signal is related to the Fe excess on additional sites. On the other
hand, excess Fe in the Te-plane is found to be unfavorable for
superconductivity. However, according to the phase diagram [23],
a little excess of Fe is needed for stabilizing the structure. Due to
Se-doping for Te, less Fe is allowed to occupy the additional site,
since both the effects of reducing x and increasing y result in
shrinking and re-shaping the FeTe4 tetrahedra. Fig. 6 summarizes
our results and points out unambiguously the two composition
ranges that favor either the magnetic or the superconducting
ordering. Moving from the right to the left in Fig. 6, the FeTe4

tetrahedra shrink towards a lesser anisotropy and the excess Fe
diminishes. Correspondingly, the magnetic (AFM) transition,
marked here by TN, the temperature of maximum in the
susceptibility curves drawn in Fig. 5, drops to zero and the
superconducting transition temperature rises. The crossover from
the magnetic region (hatched in Fig. 6) and the superconducting
one is found to happen at about h = 1.72 Å.

This result is in excellent agreement with the theoretical
predictions. Calculations based on Density-Functional Theory
(DFT) [27] predict a dependence of the magnetic ordering, that
is the particular kind of AFM phase, on the vertical distance
between the Fe1 and Te planes. A change from a double- to
single-striped AFM ordering is predicted to occur at 1.71–1.72 Å,
that is exactly the h value at which we observed a crossover from
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a magnetic to a superconducting ground state. The theoretical
study reported in [27] does not take into account any Fe excess,
but only deals with Se substitutions for Te. As it results from our
investigation, the distance h can be tuned both by changing the Se
doping and the occupation of the additional Fe2 site. In the light of
our structural study and in agreement with DFT calculations, the
excess Fe acts in such a way as to push the Fe1 atom away from
the Te-plane and render the ðp;0Þ double-striped antiferromag-
netism more stable. A lower excess of Fe onto the Fe2 site favors
the reduction of the h height, thus making the antiferromagnet-
ism to vanish and superconductivity to arise. Johannes and Mazin
demonstrated that the magnetism appears due to local Hund’s
rule coupling, while the particular groundstate is selected by
itinerant one-electron energies [28]. These energies are sensitive
to the h height, and according to the model proposed by Moon
et al. [27], the antiferromagnetic order that is more stable at
shorter h would be a single-stripe ðp;pÞ AFM order, like in Fe-
based pnictides. This would imply that the mechanism that
mediates pairing in both Fe-based pnictides and chalcogenides is
the same. On the other hand, inelastic neutron scattering
experiments on bulk superconductors FeTe0.51Se0.49 have revealed
the same spin fluctuations in superconducting chalcogenides and
pnictides [29,30].

As a general conclusion, Fe1 + xTe always forms with x40, a
strongly stretched FeTe4 tetrahedron, and exhibits double stripe
antiferromagnetism with a ðp;0Þ propagation vector. Upon doping
with Se, it is mandatory to control both the Se and Fe2
occupations in order to know when the magnetic state can
switch into a superconducting one. Lowering the excess Fe
concomitantly to doping with Se favors superconductivity,
because it makes one particular AFM state unstable to the
advantage of another. Inhomogeneities in the Fe and/or Se
compositions could even make both states to coexist, and this
would explain certain non-reproducibility and discrepancies
existing in the literature. A more realistic view of the phase
diagram should be represented in three dimensions, as a function
of both the x and y doping levels. This is done in Fig. 7 based on
our experimental results, and the transition temperatures are
summarized in Table 4. The source of superconductivity is not a
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x and y doping coordinates, and listed in Table 4.
unique doping channel, like for charge transfer in cuprates, but a
multi-band effect. In this case various doping channels can
contribute, and the magnetic and superconducting domes are
better expressed in 3-D rather than in a conventional 2-D
representation.
5. Conclusions

We have carried out a systematic study of superconductivity
and magnetism in Fe1 +xTe1�ySey , as a function of both the Se
doping, y, and the excess of Fe, x. Single crystals have been grown
of various samples and the actual compositions have been
extracted from structural refinement. In such a way, any
ambiguity about the actual composition, with particular regard
to the excess Fe, is avoided. Our results clearly show how the
occupation of the additional Fe site, Fe2, affects the magnetic and
superconducting properties of the material. Evidence of enhanced
spin localization is found at high Fe-content. When reducing
the excess of Fe, the antiferromagnetism is suppressed and a
superconducting state is favored, via a reduction of the
interatomic distances and a shrinking of the FeTe4 tetrahedron.
Our experimental observations, from both structural and
magnetic investigations, are in excellent agreement with the
theoretical predictions from DFT calculations reported by other
authors. According to the proposed model, superconducting
pairing in Fe-chalcogenides and -pnictides is mediated by the
same kind of spin fluctuations.
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