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We observed bulk superconductivity in the FeTe1−xSex crystals with lower Se concentrations after
annealed in air. A revised magnetism and superconductivity phase diagram is obtained via resis-
tance and magnetic susceptibility measurements for the FeTe1−xSex system. It is found that bulk
superconductivity coexists with antiferromagnetic order in the crystals with 0.05 ≤ x ≤ 0.18. The
phase diagram is very similar to the case of the K-doping or Co-doping BaFe2As2, as well as of the
SmFeAsO1−xFx system, perhaps indicating that all the iron-based systems have a generic phase di-
agram, although the antiferromagnetic wave vectors in the parent compounds of both iron pnictides
and FeTe1−xSex systems are remarkably different.
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I. INTRODUCTION

The discovery of superconductivity (SC) in the iron pnictides has generated great interest in understanding the
interplay of magnetism and SC in the iron-based layered compounds1,2. There are, so far, four different structural
classes of Fe-based compounds reported, i.e., 1111-type ReOFeAs (Re=rare earth)3–7, 122-type AFe2As2 (A=Ba, Sr,
or Ca)8,9, 111-type BFeAs (B=alkali metal)10–12 and 11-type Fe(Te, Se, S)13–16. Their magnetic and superconducting
phase diagrams are qualitatively similar to those of several other classes of unconventional superconductors, including
the cuprates17,18, organics19,20 and heavy-fermion superconductors21,22. In all these cases, the antiferromagnetic
(AFM) order must be suppressed, either by doping or pressure, before optimal bulk SC appears. But, up to now,
it has also been found that there are somewhat differences in the details of the phase diagram among the Fe-based
systems. For the fluorine-doped ‘1111’ systems such as LaFeAsO1−xFx

23, the AFM and SC phases are completely
separated and do not overlap. In the BaFe2As2, the systematic substitution of either the alkaline-earth (Ba)24,25,
transition-metal (Fe)26,27 or pnictogen (As)28 atom with different elements almost universally produces the phase
diagram which is composed of coupled AFM and structural transitions that are suppressed with substitution and
an SC phase that is more or less centered near the critical concentration where AFM order is destroyed. The phase
diagram obtained from the Fe1+yTe1−xSex system29–31, up to now, is somewhat different from that of the 1111 and
122-type systems, containing a spin glass region between the AFM and SC phases. Long-range AFM order ceases at
x = 0.1, and bulk SC does not set in until x exceeds 0.3.
There is another important characteristic in the Fe1+yTe1−xSex system which is different from the Fe-pnictide (1111-

and 122-type) system. The parent compounds of the Fe-pnictide are in a collinear AFM order, characterized by an
in-plane propagation wave-vector Qn = (π,π)23,32,33. Fe1+yTe, the parent compound of the Fe1+yTe1−xSex supercon-
ductors, is in a bi-collinear AFM order, characterized by an in-plane propagation wave-vector Qm = (π,0)34,35, al-
though both the doped iron-pnictide36–39 and iron-chacolgenide40 superconductors exhibit a magnetic response around
the same wave vector (π,π) in the spin excitation spectra in the superconducting state. Thus, it was suggested29–31

that there is an intermediate region with magnetic correlations near (π,0), which are not favorable to SC, in the
phase diagram, between the long-range (π,0) magnetic order phase and the SC phase with (π,π) magnetic resonance.
However, the presence of excess Fe atoms in the Fe1+yTe1−xSex system results in an incommensurate AFM order34

and may provide a magnetic pair breaking effect41. In this article, we annealed the FeTe1−xSex crystals in air, which
may partially remove the excess Fe atoms existing unavoidably in the crystals as-grown, especially for that with a less
Se concentrations, and found that there is no intermediate region in the phase diagram for the FeTe1−xSex system
with less excess Fe atoms. Instead, the SC phase with (π,π) magnetic resonance can coexist with the long-range (π,0)
magnetic order phase in a rather wide Se concentration range. The surprisingly similarity of the phase diagram of the
FeTe1−xSex system with less excess Fe atoms to that of the doping BaFe2As2 system, as well as the SmFeAsO1−xFx

system reported recently42, indicates that the coexistence of AFM and SC phases is probably a more intrinsic property
of the generic phase diagram in the Fe-based superconductors .

II. EXPERIMENTAL DETAILS

Single crystals of Fe1+yTe1−xSex were grown using the Bridgman method. A mixture of Fe(99.99%), Te(99.999%),
and Se(99.999%) powders with appropriate ratios was loaded into a silica Bridgman ampoule and sealed into a second
one to avoid the crack upon cooling. The ampoule was evacuated, sealed and heated to 920 ℃, then slowly cooled
to room temperature. The single crystals as-grown with typical size of 5.0×5.0×1.0 mm3 (as shown in the inset of
Fig. 1 (d)) can be easily cleaved perpendicular to the c axis. We cleaved them into thin slices (2.0×1.0×0.2 mm3) and
re-heat them under three types of circumstances to compare the annealing effects on their properties: firstly, only in
air at different temperatures (≤ 300℃) for 2 hours (noted by A); secondly, only in vacuum at 400 ℃ for 7 days (V);
thirdly, both in vacuum and in air (V+A). We found that the color of the crystals annealed in air changes to blue
(see the right inset of Fig. 1 (d)), instead, there is no change in the color of the crystals annealed in vacuum, which
have the same reflective shinning surface as the crystals as-grown (left inset of Fig. 1 (d)).
The average composition was determined on at least 10 regions of the crystal by the Energy-dispersive X-ray (EDXS)

method with the Phoenix EDAX equipment attached to a field-emission scanning electron microscope (SIRION FEI).
We always chose a fresh surface, cleaved from the crystals as-grown, annealed, as well as the multiple cleaved crystals
annealed in air to determine the intrinsic Fe content. Within the precision of our EDXS experiments, no remarkable
difference of the Fe content was observed on different inner surfaces of the same crystal, nor on the different crystals
annealed in air in the same batch. We found that the Fe content in the crystals annealed in air is indeed a little less
than that in the crystals as-grown and annealed only in vacuum, as shown in Table 1. Instead, the Fe content of the
crystals annealed only in vacuum is almost the same as that of the crystals as-grown. We suspect that the excess Fe
atoms partially occupying the interstitial Fe(2) sites, which was confirmed by the neutron diffraction experiments34,



3

TABLE I. Chemical compositions, lattice parameters before and after annealing of the FeTe0.9Se0.1 and FeTe0.6Se0.4 single
crystals. The chemical compositions were derived from EDXS. The lattice constants were determined by fitting the powder
X-ray diffraction patterns.

Nominal annealing average a c
composition condition composition (±0.02) (Å) (Å)

as-grown Fe1.10Te0.91Se0.09 3.820(3) 6.247(3)
FeTe0.9Se0.1 400 ℃ V Fe1.10Te0.90Se0.10 3.819(1) 6.247(1)

270 ℃ A Fe1.06Te0.90Se0.10 3.826(3) 6.245(3)
as-grown Fe1.01Te0.56Se0.44 3.806(3) 6.068(3)

FeTe0.6Se0.4 400 ℃ V Fe1.01Te0.55Se0.45 3.805(1) 6.076(1)
270 ℃ A Fe1.00Te0.56Se0.44 3.804(3) 6.069(3)

and combining weakly with the Se atoms, are easily removed out and oxidized as the crystals are annealed in air.
The single crystal and powder X-ray diffractions were performed at room temperature using a D/Max-rA diffrac-

tometer with Cu-Kα radiation and a graphite monochromator. The resistance was measured using the standard four
probes method with a Quantum Design Physical Property Measurement System (PPMS-9). The magnetization was
measured on a Quantum Design Magnetic Property Measurement System (MPMS-5).

III. RESULTS AND DISCUSSIONS

At first, we discuss the effects of annealing under different circumstances on the properties of the single crystals with
a lower (x = 0.1) and a higher (x = 0.4) Se concentration. According to the EDXS results (shown in Table 1), the
excess Fe in the Fe1+yTe0.9Se0.1 crystals as-grown is more than that in the Fe1+yTe0.56Se0.44 crystals as-grown, which
is consistent with that the excess Fe decreases with increasing Se concentration43,44. Single crystal X-ray diffraction
(XRD) pattern for the crystal as-grown with x=0.1 (Fig. 1 (d)), only shows the (00l) peaks, indicating that the
crystallographic c axis is perpendicular to the plane of the crystals. The XRD patterns for the powders by grinding
many pieces of crystals annealed at 270 ℃ for 2 hours in air, annealed at 400 ℃ for 7 days in vacuum and as-grown
are shown in Fig. 1 (a) (b) and (c), respectively. There is no remarkable difference in the positions of the diffraction
peaks for these crystals, and there are some impurity peaks of Fe7Se8 in the XRD patterns, which may exist between
the crystals. The lattice parameters were obtained by fitting the powder XRD data (Table 1). It’s difficult in our
XRD experiments to detect the changes of lattice parameters due to the small amount of removed excess Fe atoms.
Figure 2 presents the temperature dependence of the normalized in-plane resistance, R(T ), and DC susceptibility,

χ(T ), measured at 5 Oe (‖ab plane for reducing the demagnetization effect) with zero-field-cooling (ZFC) procedure
for the crystals with x=0.1, 0.4 before and after annealed. For the Fe1+yTe0.9Se0.1 crystals as-grown and annealed
only in vacuum, as shown in the insets in Fig. 2(a), their resistivity and susceptibility data do not show any super-
conducting transition above 2 K. But all the FeTe0.9Se0.1 crystals annealed in air at different temperatures, and the
crystals annealed both in air and vacuum exhibit bulk SC below 8 K. According to the susceptibility measurement,
the superconducting volume fraction (SVF) increases with increasing annealing temperature [see the right inset of
Fig. 2(a)], i.e., SVF is of 7 % for the crystals annealed at 200 ℃, 30 % for 270 ℃, 50 % for both in vacuum at 400 ℃ for
7 days and in air at 270 ℃ for 2 hours, indicating bulk SC, instead of surface effect. There is a kink at about TN=38
K, corresponding to an AFM transition, in the R(T ) curves for all the crystals. We found that annealing in air and
vacuum has little effect on R(T ) behavior above TN , but results in a slight decrease of TN (38 K for the crystals
annealed in air at 270 ℃, while 42 K for the crystals as-grown). The R(T ) above TN exhibits a semiconducting
behavior for all the crystals. The result of the coexistence of bulk SC and an AFM order in FeTe0.9Se0.1 crystals
annealed in air is sharply inconsistent with that reported in Refs. 30 and 31. On the basis of our EDXS data, we
found that Fe content decreases from 1.10 in the crystals as-grown to almost 1.06 in the crystals annealed in air at 270
℃, but there is little change in the relative ratio of Te and Se before and after annealed. In contrast, the annealing
in vacuum does not result in the decrease of Fe content.
Although the reduction of the content of excess Fe atoms is not so obvious for Fe1+yTe0.6Se0.4 (Table 1), we found

that annealing also improve its SC. Figure 2(b) presents the temperature dependence of the in-plane normalized
resistance, R(T ), and DC susceptibility, χ(T ), for the FeTe0.6Se0.4 crystals as-grown, and annealed. For the crystals
as-grown, although its R(T ) data shows a superconducting transition with T c

onset = 13 K, T c
zero = 10 K, the

SVF is very small (∼5%), as shown in the right inset of Fig. 2(b), and its R(T ) at the normal state exhibits a
semiconductor-like behavior. For the crystal annealed only in vacuum, both the R(T ) and χ(T ) data show that the
crystal exhibits bulk SC with T c

onset=13.7 K, T c
zero=11.3 K, the T c and SVF (76 %) are higher than those in the
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FIG. 1. (Color online) X-ray diffraction (XRD) patterns of the FeTe0.9Se0.1 powders obtained by grinding many pieces of
crystals (a) annealed at 270 ℃ for 2 hours in air, (b) annealed at 400℃ for 7 days in vacuum, (c) as-grown, the asterisks
indicate the impurity phase of Fe7Se8, (d) Single crystal XRD for the FeTe0.9Se0.1 crystal as-grown. The inset are the photos
for the crystal as-grown (Left) and the crystals (Right) annealed at 270℃ in air.

crystals as-grown, and its R(T ) at the normal state shows a metallic behavior. For the crystals with a higher Se
concentration, annealing in vacuum can improve not only SC but also transport properties at the normal state. T.
Taen et al.45 have confirmed that the inhomogeneity of Se/Te is greatly depressed by annealing in vacuum for the
FeTe0.61Se0.39 crystal. This result indicates that the inhomogeneity of Se/Te distribution in the crystals, especially
for the crystals with higher Se concentrations, is another factor to suppress SC except for the magnetic pair-breaking
effect resulting from the interstitial Fe atoms in the Fe1+yTe1−xSex system.

Also, for all the FeTe0.6Se0.4 crystals annealed only in air, although their R(T ) at the normal state still shows a
similar semiconductor-like behavior as that in the crystal as-grown, their SC is remarkably improved, and the T c

and SVF increase with increasing annealing temperature, i.e., SVF is of 5 % for the crystals as-grown, 28 % for the
crystals annealed at 200 ℃, 40 % for 270 ℃, 70 % for 300 ℃, close to the SVF value of 76 % for the crystals annealed
only in vacuum, the SVF increases to 94 % for the crystals annealed both in vacuum at 400 ℃ for 7 days and in
air at 270 ℃ for 2 hours. These results indicate that the existence of excess Fe atoms is the main factor to suppress
SC, even in the crystals with higher Se concentrations. The inhomogeneity in the crystals not only results in the
semiconductor-like behavior at the normal state but also suppress SC for the samples with higher Se concentrations,
but it is not the main factor in the crystals with lower Se concentrations. The R(T ) and χ(T ) data for the crystals
annealed first in vacuum, then in air present an evidence for this scenario, which has the highest T c

mid=15.2 K with
the sharpest transition, the largest SVF (∼ 100%), and its R(T ) at the normal state exhibits also a metallic behavior.

On the basis of the results above, we can conclude that annealing only in air is always effective in the crystals
with higher and lower Se concentrations. Our EDXS data show that the Fe content in the crystals annealed in air,
especially for the crystals with a lower Se concentration, is less than that in the crystals as-grown or annealed only in
vacuum, indicating that the excess Fe atoms is partially removed by annealing in air. Of course, the annealing in air
or in vacuum may result in the suppression of the inhomogeneity of Se/Te distribution and release of the stress in the
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FIG. 2. (Color online) (a) Temperature dependence of the in-plane normalized resistance, R/R300K (main plot), the left inset
shows their data near T c, the right inset plots the susceptibility as a function of temperature, χ(T ), measured at 5 Oe (‖ab)
with ZFC for the FeTe0.9Se0.1 crystals as-grown and annealed at different temperatures in air (A) and in vacuum (V). (b)
R/R300K , (main plot), the left inset shows their data near T c, the right inset plots χ(T ) for the FeTe0.6Se0.4 crystals as-grown
and annealed at different temperatures in air and in vacuum.

crystals. As discussed above, annealing only in vacuum improves SC in the crystals with a higher Se concentration,
but it’s not effective for that with low Se concentrations. So, we suggest that the excess Fe atoms are the main factor
to suppress SC in this system, while the inhomogeneity or stress may be other factors to suppress SC in the crystals
with higher Se concentrations.
Figure 3(a) and 3(b) show the normalized in-plane resistance and the DC susceptibility of the crystals with different

Se concentrations. All of these single crystals were annealed at 270 ℃ for 2 hours. For the crystals with x = 0, and 0.02,
a sharp decrease in resistance are observed at TN = 70, 62.6 K, respectively, corresponding to the AFM transition,
companied with a structural transition, as reported in our original papers14,34, but there is no drop corresponding
to a SC transition observed above 2 K. For the crystals with x = 0.05, 0.07, and 0.1, except for a sharp decrease
in resistance at TN , which decreases with increasing Se concentration, another sharp drop corresponding to a SC
transition is observed at T c(mid) = 6.7, 8.2, and 9.6 K, respectively, zero resistance is obtained at T c

zero = 4.0 and
7.6 K for the x = 0.07, 0.1 crystals, but no zero resistance obtained for x = 0.05 above 2 K. To check whether SC in the
crystals with lower Se concentration annealed in air is a bulk property or not, we measured their bulk susceptibility,
as shown in the right inset in Fig. 3(b). For the crystals with 0.07 ≤ x ≤ 0.4, both the resistance and susceptibility
data show that bulk SC exists in these crystals. As discussed above, the SVF is at least up to 30 % for the x = 0.1
crystal annealed in air at 270 ℃, although their SC transition in the χ(T ) is not so sharp, and the SVF is smaller
than that in the crystal with x= 0.4 annealed both in vacuum and in air. It is remarkable that the temperature
dependence of resistance exhibits a semiconductor-like behavior above the SC transition. Although there is no drop
in resistance corresponding to an AFM transition at TN for the crystals with 0.12 ≤ x ≤ 0.18, a drop in the bulk
susceptibility measured at 1 Tesla with field cooling (FC) procedure confirms this transition, as shown in the right
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FIG. 3. (Color online)Temperature dependence of the in-plane normalized resistance, R/R300K , for the FeTe1−xSex crystals
annealed at 270 ℃ in air (A). (a) 0 ≤ x ≤ 0.12, the left inset shows their data at lower temperatures. (b) 0.14 ≤ x ≤ 0.4, the left
inset shows their data at lower temperatures. The right inset in (a): temperature dependence of the normalized susceptibility,
χ/χ60K , measured at 1 Tesla (‖c) with FC procedure, for the x = 0.05, 0.10, 0.13 and 0.18. The right inset in (b): temperature
dependence of the susceptibility, χ(T), measured at 5 Oe (‖c) with ZFC procedure for the x = 0.07, 0.10, 0.20, 0.30, and 0.40
crystals.

inset of Fig. 3(a).

The result of the coexistence of bulk SC and long-range AFM order in the FeTe1−xSex crystals with a low Se
concentration, is sharply inconsistent with that reported previously29–31. We suspect that the difference in the
amount of the excess Fe atoms existing unavoidably in the crystals with a lower Se concentration may result in these
disagreements. We also found that the crystals as-grown and annealed only in vacuum with x ≤ 0.3 indeed do not
show bulk SC.

Figure 4 shows the x -T phase diagram based on the resistance and susceptibility data for the FeTe1−xSex crystals
annealed in air at 270 ℃ for 2 hours. The value of x is a nominal value and may not be exactly correct. The EDXS
data show that the Se concentration x is almost the same as the nominal value, and the Fe concentration in the crystals
annealed in air is closer to unity than that in the crystals as-grown or annealed in vacuum. The TN is determined
by the temperature at which both dR(T )/dT and dχ(T )/dT have a maximum value. The T c is determined by the
middle temperature of the SC transition in R(T ) curves. The phase diagram clearly shows that there is a region (0.05
≤ x ≤ 0.18) where the AFM phase coexists with bulk SC phase. Of course, we can not conclude that the coexistence
between bulk SC and long-range AFM order in the crystals with lower Se concentration is in a microscopic scale,
which may also be due to some kind of phase separation. But it is affirmable that the SC observed in these crystals is
not a surface effect, because the SVF in the crystals with less excess Fe atoms is up to 50%, as discussed above for the
x=0.1 crystal. Our phase diagram of FeTe1−xSex is similar to the neutron powder diffraction results of polycrystalline
FeTe1−xSex

44, but much different from the results reported in Refs. 29–31. It is surprising that the bulk SC exhibiting
a magnetic response around the wave vector (π,π) coexists with the AFM order characterized by an in-plane wave
vector Qm=(π, 0). Our finding of the similarity of the phase diagram of the FeTe1−xSex system to that of the K-



7

FIG. 4. (Color online)Phase diagram for FeTe1−xSex system. The AFM transition temperature, TN and the superconducting
transition temperature T c as a function of x.

or Co-doping 122-type system, as well as that of the SmFeAsO1−xFx system reported recently42, indicates that the
coexistence of AFM and SC phases may be an intrinsic property of the Fe-based superconductors.

IV. SUMMARY

In summary, we observed bulk superconductivity in the FeTe1−xSex crystals with lower Se concentrations after
annealed in air. A revised magnetism and SC phase diagram of FeTe1−xSex system with less excess Fe atoms is
obtained via resistivity and magnetic susceptibility measurements. It was found that bulk SC coexists with AFM
order in the crystals with 0.05 ≤ x ≤ 0.18, while it needs further investigation to figure out whether this coexistence
is in a microscopic scale or due to some kind of phase separation. The phase diagram is very similar to the case of the
K-doping or Co-doping 122 iron-pnictide system, indicating that all iron-based systems have a similar phase diagram,
although the AFM wave vectors in the parent compounds of both systems are remarkablely different.
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