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We present the recent development of the superconduct-
ing FeSe1-x and related compounds.  Our efforts found that 
the effects of chemical doping to the Se-site or Fe-site are 
rather different.  Ionic size of the doping is found to play 
a critical role on the occurrence of superconductivity.  We 
also demonstrated that there exists a structural distor-
tion, which is associated with the transport and magnetic 
anomalies observed at low temperature.  And this struc-
tural distortion is closely related to the occurrence of su-
perconductivity in these materials.

The discovery of the layered iron-based quaternary 
oxypnictides La[O1-xFx]FeAs superconductors with rela-
tively high transition temperature Tc was a real surprise.1 
La[O1-xFx]FeAs has a layered crystal structure with an Fe-
As plane, and with that as inspiration, we took the ap-
proach to look for superconductivity in compounds that 
have a similar Fe-based plane.  This search proved fruitful 
as it was discovered that the PbO-type β-FeSe compound 
becomes superconducting with resistive transition tem-
perature at 8.5 K.2 

The crystal lattice of β-FeSe has tetragonal struc-
ture (P4/nmm symmetry) at room temperature and is 
composed of a stack of edge-sharing FeSe4-tetrahedra 
layer by layer, as shown in Fig. 1, which makes β-FeSe 
the simplest structure among all the iron-based super-
conductors.2  Soon after our initial report, Mizuguchi et. 
al. found the onset Tc of the α–FeSe1-x compound to rise 
rapidly with external pressure, with a maximum of 27 K 
at 1.3 GPa.  Therefore, chemical substitutions of ions with 
varied ionic radii either upon the Fe-site or the Se-site 
should have significant effect on superconductivity.

In addition to doping effects, we have successfully 
developed methods to grow single crystals and fabri-
cated FeSe1-x thin films and Te-doped superconducting 
films via pulsed laser deposition technique.

The processes to make single phase PbO-type  
β–FeSe compound have been well documented and suc-
cessfully followed by several groups.  However, because 
of the nonstoichiometry and intrinsically Se deficient 
nature, the superconductivity in FeSe is very sensitive 
to composition and disorder.  Therefore, careful samples 
fabrication procedure is needed to prevent the oxidation 
and to prepare samples with reproducible behavior. 

Figure 2(a) displays the magnetization (M) vs. tem-
perature (T) curves with magnetic field along c-axis for the 
FeSe0.88 crystals, and the data measured with field applied 
along ab-plane are given in the inset.  The normal state 
susceptibility of the crystal for field applied in parallel to 
c-axis shows Pauli paramagnetic behavior above Tc as that 
observed in the bulk polycrystalline sample.  However, 
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a larger susceptibility and diamag-
netic-like temperature dependence 
of the magnetic susceptibility are 
observed when field is applied along 
the ab-plane.  It is noted that the 
temperature at which the down-
turn of the magnetic susceptibility 
appears coincides with the tempera-
ture at which a broad-bump occurs 
in resistive measurement (along ab-
plane), as shown in Fig. 2(b).  These 
results suggest that there may exist a 
relatively strong spin-orbital effect in 
the system at high temperature. 

Detailed X-ray diffraction refine-
ment shows that a structural trans-

formation from tetragonal (P4/nmm) 
symmetry to monoclinic symmetry 
occurs around 105 K, as shown in 
Fig. 3.  Our results strongly suggest 
that the phase transition from te-
tragonal (P4/nmm) to monoclinic 
symmetry is necessary for super-
conductivity in FeSe compounds. 

Thin films of FeSe1-xTex were 
grown from a pulsed laser deposi-
tion (PLD) technique.  All films films 
exhibit c-axis preferred orientation.3  
To further understand the film qual-
ity, we have measured the in-plane 
f-scan of some selected peaks of 
FeSe and FeSe0.5Te0.5 films.  We found 

Fig. 1: Crystal structure of β-FeSe.

Fig. 2: (a) ZFC and FC M vs. T curves for (a) FeSe0.88 for crystals measured with magnetic field parallel to c-axis, the inset 
shows the data with field parallel to ab plane; (b) the R- T curve of FeSe0.88 crystals; The inset shows the field depend-
ence of the resistive transition for the crystal, which suggests a coherence length of ~4.2 nm.

that compared to the bulk values, 
the a-axis lattice constant of FeSe 
film is expanded slightly, while it is 
compressed for FeSe0.5Te0.5.  All films 
show sharp superconducting transi-
tion at low temperature, except for 
the FeSe film without Te-doping.  
Nevertheless, the superconducting 
transition is suppressed significantly 
at low Te-concentration in thin films.  
In particular, the FeSe film only 
shows a slight resistive drop near 2 K.  
With higher Te-concentration, the 
Tc’s of films recover the bulk result. 

To understand why super-
conductivity is suppressed for low 
Te-content Fe(Se1-xTex)y films, and 
especially the FeSe film, we car-
ried out detailed investigations of 
FeSe and Fe(Se0.5Te0.5) films with 
different thickness.  It is clear that 
the superconductivity of both FeSe 
and Fe(SeTe) films shows strong 
thickness dependence.  The in-
plane X-ray diffraction results show 
that the a-b planes of the films do 
not change much.  Therefore, the 
strong thickness dependence of 
Tc is unlikely from the lattice mis-
match induced lattice parameter 
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Fig. 4: (a) The X-ray diffraction pattern of LT- and HT-FeSe1-x films.  (b) The -T curves of LT- and HT-FeSe1-x films.  Supercon-

ducting transition is observed only for HT-FeSe.  The inset is a close-up of the -T below 15 K.3

Fig. 3: The temperature dependence of the lattice angle γ. At temperature 
lower than ~100 K the crystal structure of FeSe changes from tetrago-
nal to monoclinic such that angle γ becomes larger than 90 degree.

change in films.  The cause of the 
observed results is that in f i lms  
<140 nm, the structural transforma-
tion from tetragonal to monoclinic 
is suppressed.  Thicker films are less 
affected by the substrate strain, 
so that the film relaxes to become 
more bulk-like, and the low tem-
perature structural distortion is re-

stored.  The results were confirmed 
using the high-resolution diffrac-
tions carried out in NSRRC.

Small amount of Co, Ni and Cu 
doping to Fe-site retain the tetrago-
nal lattice, as Fig. 5 shows, and for 
Cu doping x = 0 - 0.02, supercon-
ductivity is preserved.  However, su-
perconductivity is completely sup-

pressed with a doping larger than 
3%.  Structure studies show that 
Cu0.1Fe0.9Se0.85 remains in tetragonal 
symmetry without deformation 
down to low temperatures.4  Further 
evidence correlating the structural 
deformation and superconductivity 
at low temperature is provided in a 
detailed analysis of CuxFe1-xSe0.85 (x = 
0.01 ~ 0.1).  In the range of 0 to 0.02, 
Tc decreases monotonically with 
the γ angle of the monoclinic lattice; 
however when x is larger than 0.03, 
the structure perseveres in tetrago-
nal structure at low temperature 
and is not superconducting.  These 
results strongly support that the low 
temperature structural deforma-
tion is essential for the occurrence 
of superconductivity in this class of 
material.

Te-doping to the layered PbO-
type β-FeSe modifies its supercon-
ductivity, with Tc at a maximum of 
~15 K when Te-content is close to 
50%.5  Te-doping changes the crys-
tal symmetry from tetragonal to 
monoclinic even at room tempera-
ture.  This may account for the ob-
servation of more semiconductor-
like transport behaviour before 
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Fig. 5: Refinements of synchrotron X-ray powder diffraction for Mn0.1Fe0.9Se0.85 measured (a) at room temperature and (b) at 
6 K4.  Open black circles represent observed diffraction intensities.  Red solid line stands for calculated diffraction in-
tensities using space group (a) P4/nmm and (b) monoclinic.  (c) Temperature dependence of the reflected Bragg peaks 
at 220, 203 and 221 for Mn0.1Fe0.9Se0.85.  (d) The relation of Tc and γ angle of tetragonal lattice at 6.8 K for CuxFe1-xSe0.85 
(x = 0 ~ 0.1).  Tc is taken from the 90% of the onset value. 

the onset of superconductivity in Te-doped samples.  Tc 
enhancement is well correlated with the structural defor-
mation resulting from Te substitution. 

The discovery of Fe based superconducting com-
pounds has challenged conventional beliefs about 
superconductivity and brought new excitement to the 
condensed matter research community.  The FeSe based 
superconductors, with its simple FeSe4 planar structure, 
provide a wonderful opportunity to fully understand the 
intriguing behavior of the Fe-based materials.  It is clear 
that there is still much to learn and improve upon.  We 
still need to refine the synthesis steps to produce bet-
ter quality single crystals.  Clean single crystal samples 
would help to answer questions about the physical prop-
erties, such as the transport anomalies in the resistive 
and Hall coefficient, and the role of the structural phase 
transition in enabling superconductivity.  The difference 
in magnetic properties along the c-axis and ab planes is 
not well understood, and one wonders about the role of 
the Fe moment in all of this. 
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