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Abstract A new family of high temperature superconductors, the heavily electron doped iron-selenides, like
K0.8 Fe1.6 Se2 , has been attracting high interest since they
show both 30 K superconductivity, with missing hole pockets questioning the s± pairing model, and unusually high
magnetic moments. The hot debate is between coexistence
versus phase separation and on the possible divergence of
surface from bulk structure. Here, we provide direct evidence for a nanoscale phase separation in a single crystal of
K0.8 Fe1.6 Se2√
, where
√a first magnetic phase, with superlattice
modulation ( 5 × 5), coexists with a second√nonmagnetic
√
phase, with a second superlattice modulation ( 2× 2), below 520 K using transmission X-ray diffraction. The mapping of the spatial distribution of the two phases is measured
by scanning X-ray nanodiffraction using a 300 × 300 nm2
X-ray spot. The complex spatial phase separation clarifies
the coexistence of superconductivity and magnetism in the
same sample.
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Superconductivity, with transition temperature, Tc , about
30 K, was reported in Kx Fe2−y Se2 [1], which soon followed by observation of superconductivity with similar Tc
in a number of similar compounds [2–6]. These systems
are rather heavily electron doped compared to other Febased superconductors (FeSC). Moreover, they show a magnetic moment associated with the Fe-layer that is unusually
high. Angle resolved photoemission (ARPES) studies [7, 8]
showed that the hole pockets are completely sink under the
Fermi level, due to heavy electron doping, providing a quite
different Fermi surface topology from other Fe-based superconductors, where nesting between the electron and hole
pockets in parent compounds has motivated the s± pairing
model. Similar inference has been obtained from NMR [9]
and specific heat [10] studies. Neutron diffraction studies
[11–13] estimate the magnetic moments to be 3.3 µB per
Fe site in the superconducting samples. These studies indicate that magnetism occurs in iron-deficient
√ samples when
√
the iron vacancies form an order 5 × 5 superstructure
[11–14] that can be viewed as an assembly of Fe4 square plaquettes connected at their corners. Structural models based
on such vacancy ordering have been found to give excellent description of the room temperature crystal structure of
these systems [15]. Several studies have identified the Fe vacancy ordering and phase separation [16, 17]. On the other
hand, muon spin resonance results have been interpreted due
to the coexistence of magnetism and superconductivity [18].
Some studies further suggest that superconductivity occurs
only in the charge-balanced compositions with general formula Kx Fe2−x/2 Se2 , and only when Fe vacancy is ordered
and magnetism sets in [11–13].
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Fig. 2 (A) Temperature evolution of the (220) peaks at different temperatures. (B) The normalized peak intensity of the main and satellite
peak as a function of temperature. (C) The lattice parameter variation
with temperature

Fig. 1 (A) The high resolution X-ray diffraction apparatus located at
the ELETTRA synchrotron radiation facility, providing stable 20 keV
monochromatized X-ray beam of size approximately 200×200 µm2 by
toroidal focusing optics. A charge-coupled detector (CCD) records the
X-rays scattered by the sample in transmission mode. The sample temperature is controlled by a heat blower to monitor the evolution of the
tetragonal crystal structure. The upper-right panel shows the 220 peak
which splits into two spots, one with smaller lattice parameters (compressed phase) and one with similar lattice parameter (relaxed phase).
(B) The X-ray nanofocus apparatus located at ID13 beamline at the European synchrotron radiation facility (ESRF) providing stable 14 keV
monochromatized X-ray beam of size approximately 300×300 nm2 by
KB-mirror focusing optics. Upper-right panel shows a CCD recording
the X-rays scattered by the sample. The room temperature coexisting
two phases in K0.8 Fe1.6 Se2 are evidenced by the splitting of the main
Brag peak reflections. The intensity of the compressed phase, I (c), and
of the relaxed phase, I (r) is integrated over square subareas of the image recorded by the CCD detector in reciprocal-lattice (r.l.u) and then
normalized to the intensity I0 of the tail of the main crystallographic
reflection at each point (x, y) of the sample reached by the translator.
The nanoscale phase separation [I (c) − I0 ]/[(I (r) − I0 ) + (I (c) − I0 )]
is visualized in the color-maps. The scale bar corresponds to 5 µm

The coexistence of a high magnetic moment, with superconductivity calls for systematic probes to check whether it
is a microscopic coexistence or a nanoscopic phase separation and whether there is a structural divergence between
the surface and the bulk. We have undertaken comprehensive single crystal X-ray diffraction studies to address these
questions. Our temperature dependent single crystal X-ray
diffraction studies of superconducting K0.8 Fe1.6 Se2 in transmission mode probing the bulk shows a phase separation in
the system below 520 K where a first expanded phase with
superlattice modulation coexists with a second collapsed
phase with relative weight of 8:2 (Fig. 1 panel A). Room
temperature X-ray nanodiffraction imaging of the crystal in

reflection modem, shows spatial distribution of the phase
separation of the compressed and expanded phases (Fig. 1
panel B). The images show the phase separation in surface
regions shedding light on the origin of the coexistence of
superconductivity and magnetism in these compounds.
Single crystals of nominal composition K0.8 Fe1.6 Se2
showing a superconducting transition temperature Tc =
31.8 K [6] is used for the present study. Temperature dependent single-crystal X-ray diffraction (XRD) studies were
conducted at the XRD1 beamline of the ELETTRA synchrotron radiation facility, Trieste using photons of energy
20 keV. The crystal symmetry at 600 K is found to be of
tetragonal (space group I4/mmm, ThCr2 Si2 -type tetragonal
unit-cell) with lattice parameters a = b ≈ 0.401(3) nm and
c ≈ 1.384(3) nm. Differently from pnictides that show a
transition of the main structure [19, 20]; below 580 K, superlattice peaks start to appear, in K0.8 Fe1.6 Se2 , indicating
the Fe vacancy ordering.
This
√ vacancy ordered structure can
√
be described by a 5 × 5 × 1 expanded unit-cell of the
tetragonal phase (I4/m symmetry). Below 520 K, the system
undergoes a phase separation with the appearance of a new
nonmagnetic phase with slightly compressed basal lattice
parameters (Fig. 2). In the meantime,√a second
√ set of superlattice reflexes with a modulation of 2 × 2 × 1 appeared
(Fig. 3 panels A and B). We designate the phase with shorter
lattice parameters as the compressed phase, while the other
as relaxed phase. The X-ray diffraction in the transmission
mode probes the bulk of the 200 microns thick sample and
provides a probability of the compressed phase to be 25 %
at room temperature (Fig. 2 panel B). This phase separation
appears as a very sharp first-order transition characterized by
an evident thermal hysteresis (Fig. 3 panel C). To investigate
the phase separation between the compressed and expanded
phases at nanoscale, the K0.8 Fe1.6 Se2 single crystal, is analyzed using the scanning nanofocus diffraction facility at
ID13 beamline of the European synchrotron radiation fa-
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Fig. 3 (A) Temperature evolution of the spots (super-lattice peaks)
around the beam-center at five selected temperatures.
√ The
√ frame
marked as 525 K, show a set of super-lattice peaks ( 5 × 5), one
of which is marked with a circle.
√ As one
√ go down in temperature, a
new set of super-lattice peaks ( 2 × 2) are seen to appear. In the
frame marked 510 K, a typical member in this new set of super-lattice peaks
by a square. In panel
√ B, the
√ temperature evolution
√ is marked
√
of the 5 × 5 (empty squares) and 2 × 2 (fill dots) super-lattice peak intensities are shown. Panel C shows the sharp temperature
drop of the minority phase during the heating (red filled squares) and
it is appearing on cooling (blue open circles). In the inset, a zoom of
the phase separation between a compressed (shorter a, b parameters)
and expanded (longer a, b lattice parameters) phases is shown below
520 K underlining the presence of an hysteresis during the thermal cycle (Color figure online)

cility (ESRF), in Grenoble (Fig. 1 panel B). Measurements
were done with photons of energy 14 KeV, with a 300 nm
focused beam-size on the sample. The sample is fixed in
a moving stage for spatial scanning to permit the maps of
regions of the sample.
We first present essential results of the phase separation
phenomena observed in the single crystal XRD transmission study. As mentioned earlier, the sample is in tetragonal
phase at 600 K. Following the temperature dependence of
the tetragonal reflections (for example, the 220 peak or the
330 peak), one can observe a splitting of the main reflections
into two spots below 520 K (Fig. 2 panel A). The two new
phases formed are with slightly different lattice parameters,
giving a lattice strain of about 2.5 % for the one phase compared to the other. We call this strained phase as compressed
phase, while the other as relaxed phase. The phase separation between phases with slightly different lattice parameter lead to the “complexity” in the system, with different
co-existing local distances, with compressed and expanded
phases with magnetic and superconducting electronic properties.
It is quite important to investigate the real space arrangement of the two phases in the superconducting K0.8 Fe1.6 Se2 .
Nanofocus diffraction is a unique tool for this purpose. The
experimental setup (described in Fig. 1B) is ideally suited
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Fig. 4 The position dependence of ratio between the compressed and
the expanded phase in different surface regions of size 22 × 55 µm2 of a
K0.8 Fe1.6 Se2 crystal. The crystallographic a-axis and b-axis are along
the horizontal and the vertical direction. The intense red-yellow peaks
in the two-dimensional color map represent locations of the sample
with dominant compressed phase; dark blue indicates spots of dominant expanded phase. Two representative regions, of sample, are shown
(Color figure online)

to do the combined real and reciprocal imaging of the system. Within the same 300 × 300 nm2 crystal surface-area,
illuminated by the X-ray spot, we see the coexistence of
compressed and relaxed lattice domains. To have an estimate of coherence length associated with the domains of the
two phases, one can resort to a peak deconvolution of the
profiles. The experimental coherence length of the diffracting domains is found to be around 10 nm (ξ k = 1/κ =
9.6 ± 2 nm).
The spatial maps of the relaxed and compressed phases in
the K0.8 Fe1.6 Se2 samples have been generated by collecting
the data taken at each point on the sample during the run.
In particular, two regions of size 22 × 55 µm2 were mapped
using the K0.8 Fe1.6 Se2 crystal aligned in reflection mode.
The intense red-yellow peaks in the two-dimensional color
map in Fig. 4 (upper panel) represent locations of the sample with high strength of the three-dimensional ordering of
the compressed phase, dark blue indicates spots of relaxed
phase ordering. It is found that the sample contains different
regions where one phase is dominant over the other. But the
overall weight changes from region to region (Fig. 4 lower
panel). The statistical analysis of the mapping shows fluctuations at microscale of the coexisting phases with about
20 % amplitude variation. In particular, the two maps show
an over-all weight for the compressed and relaxed phase to
be of 3 : 7. This value is slightly different from the bulk mea-
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surements which is 2 : 8. The mapping measurements are
more surface sensitive (due to the reflection geometry used).
This indicates a possible different phase separation scenario
at the surface and the bulk.
Present observation of an intrinsic phase separation with
the coexistence of a relaxed and compressed phase to suggest the importance of inhomogeneities in the Ax Fe2−y Se2
systems. Indeed the phase diagram of involving Fe–Se show
the possibility of coexisting phases for different ratios between Fe and Se [21], consistent with extreme sensitivity
of the chemical composition to the superconducting properties of FeSe [22]. The drastic increase in the Tc of the
FeSe under pressure [23] further underlines the importance
of the local inhomogeneities and interlayers misfit strain like
in pnictides [24–26]. The coexisting chalcogen heights observed in the doped ternary chalcogenides [27–29] are found
to be more pronounced in the Ax Fe2−y Se2 systems [23–29].
The Kx Fe2−y Se2 system with the phase separation between
a magnetic phase with a superlattice and a superconducting
phase with a second superlattice order recalls the case of superoxygenated La2 CuO4 [30, 31].
Indeed the intrinsic phase separation is identified as an
important feature in the cuprates both from experimental
[32–36] as well as theoretical [37–39] points of view. This
intrinsic phase separation has been assigned to a generic
features of a multigap superconductor tuned near a Lifshitz
critical point for a vanishing Fermi surface giving the shape
resonance in the superconducting gaps that gives high temperature superconductivity [40, 41]. In this regime, the system is driven by doping and misfit strain [19, 24, 42] in the
verge of phase separation as observed in pnictides [43] and
cuprates [44]. Therefore, high Tc superconducting emerges
in a metallic phase near a quantum critical regime in a complex granular material.
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