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’ INTRODUCTION

The discovery of high-temperature superconductivity in La-
(O,F)FeAs has triggered a burst of interest in new compounds
bearing anti-fluorite (Fe2As2) or (Fe2Ch2) (Ch = S, Se, Te)
layers.1 The tetragonal FeSe phase was found to be super-
conducting with Tc of 8 and 37 K under a pressure of 7 GPa.2,3

The crystal structure of FeSe is the simplest among the Fe-based
superconductors; it consists of only the (Fe2Se2) layers with
the PbO-type structure. Intercalation of alkali metals into this
material led to the discovery of superconducting AxFe2�ySe2
(A = K, Rb, Cs, Tl) phases with Tc above 30 K.4�7 These
compounds can be tentatively described as derivatives of the
tetragonal ThCr2Si2 structure (also called the 122-type structure,
Figure 1). The (Fe2Se2) layers can adopt some Fe deficiency, and
the ordering of the Fe atoms and vacancies arises at a sufficient
concentration of vacant Fe sites. Different types of the Fe-
vacancy ordering in TlyFe2�xCh2 (Ch = S, Se) were observed
a long time ago.8,9 As a result of renewed interest in the
superconducting iron pnictides and chalcogenides, many new
experimental studies on the vacancy ordering in AyFe2�xSe2
(A = K, Tl, Cs) have been performed.10�15 Superlattice peaks
corresponding to a (

√
5,
√
5,1) superstructure have been ob-

served in a transmission electron microscopy study of super-
conducting K0.8Fe2�ySe2 (0.2e ye 0.5) samples, and they were
attributed to Fe-vacancy ordering.16 The same superstructure
was found in single crystal X-ray diffraction studies on similar

superconducting11 or nonsuperconducting12 samples; the origin
of the superstructure was defined as ordering of the Fe atoms and
vacancies in the ab plane of the parent ThCr2Si2 structure.
Neutron diffraction studies also demonstrate an ordered vacancy
structure with the (

√
5,
√
5,1) supercell.10,14,15

The insulating and the superconducting states are both ob-
served in KxFe2�ySe2, depending on the composition.7,17,18 It is
assumed that the interplay between the Fe-vacancy ordering
patterns is crucial for the occurrence of superconductivity in this
system. A neutron diffraction study underlined the fact that
superconductivity only occurs in the KxFe2�ySe2 when the Fe
content is compatible with the vacancy ordering pattern.10

However, Han et al. concluded that the superconductivity is
achieved when the Fe-vacancies are in a random (disordered)
state.19 In this contribution, we report on the local scale Fe-
vacancy ordering in superconducting KxFe2�ySe2 and nonsuper-
conducting Kx(Fe,Co)2�ySe2 samples. Transmission electron
microscopy investigation of both samples did not reveal a
noticeable difference in their microstructure, demonstrating
inhomogeneous and incomplete ordering of the Fe atoms and
vacancies and a presence of different ordering patterns, which
allow us to predict more complex ordering combinations,
including compositional stripes.
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ABSTRACT: The Fe-vacancy ordering patterns in the superconducting KxFe2�ySe2 and
nonsuperconducting Kx(Fe,Co)2�ySe2 samples have been investigated by electron
diffraction and high angle annular dark field scanning transmission electron microscopy.
The Fe-vacancy ordering occurs in the ab plane of the parent ThCr2Si2-type structure,
demonstrating two types of patterns. Superstructure I retains the tetragonal symmetry
and can be described with the aI = bI = as

√
5 (as is the unit cell parameter of the parent

ThCr2Si2-type structure) supercell and I4/m space group. Superstructure II reduces the
symmetry to orthorhombic with the aII = as

√
2, bII = 2as

√
2 supercell and the Ibam space

group. This type of superstructure is observed for the first time in KxFe2�ySe2. The
Fe-vacancy ordering is inhomogeneous: the disordered areas interleave with the super-
structures I and II in the same crystallite. The observed superstructures represent the
compositionally dependent uniform ordering patterns of two species (the Fe atoms and vacancies) on a square lattice. More
complex uniform ordered configurations, including compositional stripes, can be predicted for different chemical compositions of
the KxFe2�ySe2 (0 < y < 0.5) solid solutions.
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’EXPERIMENTAL SECTION

Single crystals of Kx(Fe,Co)2�ySe2 were grown from the melt
by the self-flux method as described previously.17 K pieces and
FeSe (CoSe) powders with nominal compositions K0.8Fe2Se2 and
K0.8(Fe0.975Co0.025)2Se2 were loaded in alumina crucibles in an Ar-filled
glovebox, evacuated, and sealed in double walled quartz ampules.
The ampules were heated simultaneously in the same furnace to
1090 �C at 100 �C/h, held at this temperature for 5 h, and then cooled
to 800 �C over the course of 54 h, after which the ampules were removed
from the furnace.
The phase composition of the samples was checked with powder

X-ray diffraction using a Huber G670 Guinier diffractometer (Cu Kα1

radiation, curved Ge monochromator, transmission mode, and image
plate). The chemical composition of the crystals was verified with
energy-dispersive X-ray microanalysis performed with a JEOL JSM
6490LV scanning electron microscope (SEM) equipped with an Oxford
Instruments attachment. The chemical compositions of the crystals
correspond to the K0.84(3)Fe1.78(3)Se2 and K0.84(3)Fe1.77(4)Co0.03(1)Se2
formulas. According to the magnetic susceptibility measurements,
the KxFe2�ySe2 sample demonstrates a superconducting transition with
Tc = 17 K, whereas the Kx(Fe,Co)2�ySe2 sample is nonsuperconducting.
The specimens for transmission electron microscopy (TEM) inves-

tigation were prepared by crushing the Kx(Fe,Co)2�ySe2 single crystals
in hexane and depositing the suspension on a holey carbon grid. The
specimens were prepared in an Ar-filled glovebox and transported into a
TEM instrument under Ar. Electron diffraction (ED) patterns and high
angle annular dark field scanning TEM (HAADF-STEM) images were
recorded on a Titan G3 80-300 microscope equipped with the probe
aberration corrector and operated at 120 kV. High resolution TEM
(HRTEM) images were taken with a Tecnai G2 microscope operated
at 200 kV. Observations at the accelerating voltages of 300, 200, and
120 kV revealed that although the parent ThCr2Si2-type structure is

not noticeably affected by the electron beam, the superstructure
associated with the Fe-vacancy ordering suffers from irradiation damage.
The beam damage appears as a gradual decrease in the intensity of the
superlattice diffraction spots, originating from the Fe-vacancy ordering
up to their complete disappearance. This is accompanied by the
suppressing of characteristic contrast on the HAADF-STEM images,
indicating the formation of disordered structure. This transformation is
irreversible. The superstructure is moderately stable at 200 kV, making
the HRTEM observations possible. Observations of the Fe-vacancy
ordering in the HAADF-STEM regime were possible only at 120 kV.
Because of a low signal-to-noise ratio, some of the HAADF-STEM
images were Fourier filtered.

’RESULTS

The electron diffraction (ED) patterns of the Kx(Fe,Co)2�ySe2
samples appear to be rather complex (Figure 2). The brightest spots
belong to the tetragonal body-centered ThCr2Si2-type subcell with
as = bs ≈ 3.9 Å, cs ≈ 14.1 Å. The weaker spots are the supercell
reflections. The ED in Figure 2a was taken from a relatively large
area of the crystallite. Careful analysis with a smaller selected area
aperture revealed that it contains at least three types of super-
structure, schematically shown in Figure 2d. The first set of super-
structure reflections (open squares in Figure 2d) can be indexed
on a tetragonal body-centered supercell with the unit cell parameters
aI = bI = as

√
5≈ 8.7 Å (superstructure I). The lattice vectors of the

supercell I in the ab plane are related to those of the subcell, as aI =
2as + bs, bI = as � 2bs. The positions of the superlattice reflections
belonging to the second set (filled squares in Figure 2d) also
demonstrate apparent tetragonal symmetry (superstructure II).
However, more careful examination of the reflections related by a
90� rotation revealed that their intensities are clearly different. This
indicates that superstructure II results in decreasing symmetry down
to orthorhombic symmetry and it is present in two twinned variants.
The unit cell of this superstructure is based on the face diagonals of
the parent ThCr2Si2-type subcell, with the doubling of the repeat
period along one direction: aII = as

√
2≈ 5.5 Å, bII = 2as

√
2≈ 11 Å

(aII = as + bs, bII = 2as � 2bs). The superlattice reflections of the
third set are positioned at h+1/2,k+

1/2,0 along both [110] and
[�110] directions (superstructure III; asterisks in Figure 2d). The
different intensities of the superlattice reflections along these
directions and the absence of the h00, h = odd and 0k0, k = odd
reflections point toward 90� rotational twins of two orthorhombic
variants with aIII≈ bIII = as

√
2≈ 5.5 Å (aIII = as + bs, bIII = as� bs).

Superstructures I and II can be observed in separate parts of the
crystallites. The sets of the superlattice reflections corresponding to
the superstructures I + III and II + III are shown in Figure 2b and c,
respectively. Note that Figure 2c clearly demonstrates the orthor-
hombic symmetry for superstructure II.

HAADF-STEM observations revealed that the superstruc-
tures I and II originate from the ordering of the Fe atoms and
vacancies. On the [001] HAADF-STEM image of the area with
the ordering of type I (Figure 3), the rectangular mesh of the
bright dots corresponds to the projections of the mixed K and Se
columns. The Fe columns center the squares of the bright dots.
The darker spot at the center of the bright dot square corre-
sponds to lower scattering density due to presence of the Fe
vacancies. The Fourier transform of the image clearly demon-
strates the reflections corresponding to the type I superstructure
(Figure 3). Note that the spots of superstructure III are absent on
the Fourier transform. This reflects that the superstructures I and
III are of different natures and do not necessarily coexist with

Figure 1. Parent ThCr2Si2-type I4/mmm structure of KxFe2�ySe2.
The K, Fe, and Se atoms are indicated as blue, red, and yellow circles,
respectively.
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each other. The Fe-vacancy ordering is not regular: the areas
where the arrangement of the dark spots obeys the supercell I
coexist with the areas where the Fe-vacancy ordering is either
locally violated (as two adjacent vacant Fe sites marked with
arrowheads in Figure 3) or apparently absent (the area at the left

bottom corner of Figure 3). Such local disorder is in agreement
with the single crystal structure data on K0.86Fe1.56Se2, demon-
strating incomplete ordering of the Fe atoms and vacancies with
the occupancy factors of 0.920 and 0.227 for the Fe-rich and Fe-
depleted sites, respectively.12 The ordered areas are present as
patches with the size of a few tens of nanometers. The enlarged
image of such a local area with the type I superstructure is shown
in Figure 4. Vacant Fe columns are placed at the 0,0,z and 1/2,

1/2,
z positions of the aI = bI = as

√
5 supercell (outlined in Figure 4).

Figure 2. Electron diffraction patterns taken over a large area of the crystallite (a) and with smaller selected area apertures (b and c). The scheme (d)
represents the subcell reflections (black) and the reflections of the superstructures I, II, and III (open squares, filled squares, and asterisks, respectively).

Figure 3. [001] HAADF-STEM image of the area with the type I
superstructure. The Fourier transform of the image is shown at the right
bottom corner. The adjacent pairs of the Fe-depleted columns are
marked with arrowheads. The intensity variation produced by such pairs
of adjacent columns is clearly seen in the intensity profile (inset at the left
side, marked with black arrowheads) taken over the area marked with a
white rectangle on the image.

Figure 4. [001]HAADF-STEM image of the ordered area with the type
I superstructure. The aI = bI = as

√
5 supercell is outlined.
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Such ordering of the Fe vacancies is incompatible with the mirror
planes parallel to the c-axis in the I4/mmm space group of the
parent ThCr2Si2 structure and reduces the symmetry to I4/m.
This symmetry reduction is obvious also from the ED pattern in
Figure 2b and the Fourier transform in Figure 3.

The Fe-vacancy ordering pattern corresponding to the type II
superstructure is shown in Figure 5. The vacant Fe columns are
also placed at the 0,0,z and 1/2,

1/2,z positions of the aII = as
√
2≈

5.5 Å, bII = 2as
√
2 supercell. The maximal possible symmetry of

such ordering was analyzed with the FINDSYM program,20

assuming that the superstructure is caused exclusively by the
alternation of the vacant and occupied Fe sites. The space group
corresponding to the type II superstructure is Ibam, but the
actual symmetry might correspond to one of its subgroups, as a
result of possible atomic displacements, not visible on the
HAADF-STEM image. The dots corresponding to the projected
Fe-depleted columns in the HAADF-STEM image of super-
structure II are generally weaker than the dots of the Fe-rich
columns, but their intensity often does not vanish completely
(Figure 5). This indicates that some scattering density remains in

the Fe-depleted columns and that the Fe-vacancy ordering is
incomplete.

Superstructure III does not clearly show up on the HAADF-
STEM images. Superstructure III is clearly visible only on the
[001] HRTEM image as alternating rows of dots with clearly
different brightness separated by ∼5.5 Å (Figure 6). The image
confirms the orthorhombic symmetry associated with this type of
superstructure. Although the image does not provide sufficient
information to reveal a possible origin of the type III super-
structure, one can speculate that this type superstructure is not
caused by the Fe-vacancy ordering but rather by K-ion ordering.

’DISCUSSION

TEM investigation revealed that the ordering of the Fe atoms
and vacancies is present in the structures of the superconducting
KxFe2�ySe2 and nonsuperconducting Kx(Fe,Co)2�ySe2 samples.
This ordering is intrinsically inhomogeneous at the local scale:
small patches of the ordered areas coexist with the areas without
visible ordering of the Fe atoms and vacancies; different ordering
patterns are present in the same crystallite. Some residual
occupation of the Fe-depleted columns by the Fe atoms remains,
resulting in incomplete ordering even at the areas where the
regular superstructure is observed. These effects are responsible
for deviations between the ideal chemical compositions corre-
sponding to the observed superstructures and the nominal com-
position of the samples. The fact that a similar microstructure was
observed in both superconducting KxFe2�ySe2 and nonsuper-
conducting Kx(Fe,Co)2�ySe2 samples may indicate that low level
Co-doping does not influence the structural ordering, even
though it leads to the extremely fast Tc decrease. This behavior
is very different from that of AeFe2As2 (Ae = Ba, Sr) compounds
where the Co for Fe substitution results in inducing super-
conductivity in parent nonsuperconducting material.21

The Fe-vacancy ordering demonstrates two types of patterns.
One (superstructure I) retains the tetragonal symmetry and can
be described with the aI = bI = as

√
5 supercell and I4/m space

group. The second one (superstructure II) reduces the symmetry
to orthorhombic with the aII = as

√
2, bII = 2as

√
2 supercell and

the Ibam space group. The Fe-vacancy ordering pattern with the
same supercell and space group was observed before for the
TlFe2�yS2 (y = 0.5) compound.8 The schemes of the Fe-vacancy
ordering patterns in the ab plane of both supercells are shown in
Figure 7. Assuming the idealized case of a complete ordering of
the Fe atoms and vacancies, the superstructures I and II should
have different chemical compositions corresponding to y = 0.4
and y = 0.5, respectively, in the Kx(Fe,Co)2�ySe2 formula.

Figure 5. [001]HAADF-STEM image of the ordered area with the type
II superstructure. The aII = as

√
2, bII = 2as

√
2 supercell is outlined.

Figure 6. [001] HRTEM image of the ordered area with the type III
superstructure.

Figure 7. Schemes of the Fe-vacancy ordering patterns in Kx(Fe,Co)2�ySe2
corresponding to y = 0.4 (superstructure I) and y = 0.5 (superstructure II).
Vacant Fe columns are shown as squares.
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Thus, the coexistence of two types of superstructures can be
attributed to local chemical inhomogeneity.

The observed ordering patterns can be discussed in terms of
the compositionally dependent ordering of two species on the
A1�δBδ square lattice (A = Fe, B = vacancy, and δ = y/2 in the
KxFe2�ySe2 formula). Both I (y=

2/5;δ=
1/5) and II (y=

1/2;δ=
1/4)

vacancy ordering patterns can be understood as most uniform
orderings compatible with the underlying square Fe lattice and
associated with certain compositions. They can be satisfactorily
explained just assuming that the Fe vacancies on the 2D square

lattice are distributed as uniformly as possible within the plane.22

In fact, the vacancy patterns I and II are identical to the ordering
patterns on a A1�δBδ square lattice for δ = 1/5 (Figure 8a) and
δ = 1/4 (Figure 8b) obtained by energy minimization of a 2D
model, where only a simple short-range effective pair repulsive
potential of the Yukawa-type23 between the B species (in our
case: the FE vacancies) is introduced. The patterns obtained in
this way can be considered as uniform or pseudouniform. In most
cases, these uniform orderings can be rationalized as those
with the minority motifs having a smaller average number of

Figure 8. Possible Fe-vacancy ordering patterns in Kx(Fe,Co)2�ySe2 for different y values: (a) uniform tetragonal y = 2/5 pattern (superstructure I);
(b) uniform orthorhombic y = 1/2 pattern (superstructure II); (c) hypothetical unobserved nonuniform tetragonal y = 1/2 pattern; (d) uniform oblique
y = 1/3 pattern; (e) uniform stripe y = 2/7 pattern; and (f) uniform stripe y = 3/7 pattern. The Fe atoms and vacancies are shown as small and large circles,
respectively. The ThCr2Si2-type subcell is marked with a dashed square.
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neighbors of the same type at the shortest relevant distance than
any other one, regardless of the distribution of neighbors at
longer distances. It may seem, for instance, surprising that the
orthorhombic ordering pattern of the type II superstructure at δ
= 1/4 (Figure 8b) prevails over the more symmetric tetragonal
supercell arrangement with a = b = as

√
2 (Figure 8c). However,

the orthorhombic pattern of superstructure II reduces the
number of neighboring Fe vacancies at the shortest distance of
2d110 of the basic structure from 4 to 2 in comparison with the
tetragonal ordering of Figure 8c. This reduction in the number of
nearest neighbors is expected to be, in general, sufficient for
making it more favorable, as long as the vacancy ordering is
driven by some general tendency to minimize the contacts
between them.

The fact that the superstructures I and II follow such universal
uniform ordering patterns allows for predicting the most prob-
able Fe-vacancy ordering patterns for other compositions of the
KxFe2�ySe2 (0 < y < 0.5) solid solutions, assuming that they will
also have uniform 2D arrangements. Some specific compositions
should result in oblique ordering patterns, such as the one
expected in the case of y = 1/3 (δ = 1/6), with only monoclinic
symmetry (Figure 8d). The most interesting cases are, however,
those where the most uniform patterns are associated with the
formation of compositional stripes. For y = 2/7≈ 0.286 (δ = 1/7),
the most uniform ordering pattern (Figure 8e) is obtained by
alternating single stripes of the uniform patterns corresponding
to higher (δ = 1/6) and lower (δ = 1/8) densities of the Fe
vacancies.21 Following such a scheme of the concatenation of the
basic uniform patterns, one can obtain the most uniform
structure for y = 3/7 ≈ 0.429 (δ = 3/14) as a combination of
one δ = 1/4 (superstructure II) stripe with two δ = 1/5
(superstructure I) stripes (Figure 8f). Because such patterns
will be strongly compositionally dependent, very careful
control over the chemical composition and completeness of
the Fe-vacancy ordering will be absolutely necessary to
observe them experimentally. Although it might be very
challenging to prepare the material with long-range stripe
cation ordering, such structures might be observed locally in
the samples with systematic and controlled variations of the
Fe-vacancy concentration. Such work is currently in progress.
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