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The electronic and atomic structures of the twist and tilt grain boundaries (GB) of the iron-based super-
conductor KFe2Se2 are studied based on the simulations of the first principles density functional theory.
Our results have clarified that the R5[001] twist grain boundary of KFe2Se2 with layered structure has the
lower grain-boundary energy. The local structure and the main features of the basic electronic structure
within the [001] twist grain-boundary region have small differences compared with those in KFe2Se2

crystal. The large fluctuations of the charges and magnetic moments are found in the [001] tilt grain-
boundary regions, especially the former are more prominent. The bi-collinear anti-ferromagnetic order
is the most stable magnetic order even with grain boundaries in the bulk. The
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of Fe-vacancies in K2Fe4Se5 phase is intrinsically related to the coincident-site lattice of R5[001] twist
grain boundary.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery of the LaFeAs (O,F) superconductor [1,2], the
superconducting transition-temperature TC of the iron-based
superconductors has been improved the record higher than 55 K
[3]. The high TC of the iron-based superconductors provides new
opportunities for the applications of superconductors in a wide
range of fields. The role of grain boundary (GB) is an important is-
sue for the applications of high-temperature superconductors
[4,5]. Recently, the weak-link properties of grain boundaries have
been studied in the films of the cobalt doped Ba-122 on the sur-
faces of bi-crystalline oxide insulators (MgO, STO, LSAT) [6–8].
There is a threshold value hC from 5� to 9� of grain-boundary angle
hGB, where above hC the critical current decreases very rapidly with
hGB. The almost constant critical current below hC ¼ 9� indicates
that the improvement of the epitaxial film of the iron-based super-
conductors is more flexible for the applications compared with
cuprate high-temperature superconductors [6]. The hGB dependent
critical current of cuprate superconductor has been theoretically
studied by using tight-binding method [9], which concluded that
the damages of square structures of CuO2 layers near grain bound-
ary were very essential to the reduction of critical current [9,10].
For the iron-based superconductors the iron ions form square lat-
tices in Fe2As2 layers or Fe2Se2 layers so that the same explanation
in Ref. [9] is still suitable to the critical-current reductions in the
iron-based superconductors because both the iron-based super-
conductors and the cuprate superconductors generally have short
superconducting coherence lengths comparable with the widths
of grain boundaries.

A great deal of theoretical work has been focused on the elec-
tronic structures of the crystal of the iron-based superconductors
[11]. The information of the electronic structure of the iron-based
superconductors is important to understand the superconducting
mechanism and the interesting properties of normal state. On the
other hand, the properties of the twin boundaries of Fe-pnictides
superconductor are calculated based on two-orbital tight-binding
model, and the enhanced (or suppressed) superconductivity is
dependent on the arrangements of atoms at twin boundaries
[12]. The first-principles density functional theory has rarely been
used to investigate the grain-boundary properties of the iron-
based superconductors so that at present it is urgent to do research
along this direction.

The KFe2Se2 superconductor has many interesting properties
such as the complex magnetic structures [13,14] and the phase
separation of different crystal structures [15–18]. The
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superstructures have been found in the observations of high reso-
lution transmission electron microscopy (HRTEM) of KxFe2�ySe2

(K0.8Fe1.6Se2 or K2Fe4Se5) [16,19] which was explained as the
superstructure of the iron vacancies with the blocked anti-ferro-
magnetic order [20,21].

In this work, we study the twist and tilt grain boundaries of the
iron-based superconductor KFe2Se2 by using the first-principle
density functional theory. We find that the [001] twist grain
boundaries have lowest grain-boundary energy and have small
influence on the basic electronic structure of KFe2Se2. Among the
different magnetic orders included in the calculations of grain
boundaries, the bi-collinear anti-ferromagnetic order (BIC AFM) is
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the most stable one in all grain-boundary models studied in this
work. There are large magnetic and charge fluctuations near tilt
ground-boundary regions which are disadvantaged to the transport
of super-current. Just like the Morié pattern, the formation of theffiffiffi
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a superstructure found in HRTEM is intrinsically related
to the coincident-site lattice of the twist R5[001] grain boundary.
2. Theoretical method and grain-boundary model

The electronic structures and atomic structures of the KFe2Se2

crystals and grain boundaries are calculated by using the first prin-
ciples method based on density functional theory. The Kohn–Sham
equation is solved by using the standard plane-wave pseudo-po-
tential method [22], and especially the pseudo-potentials that
describe the interactions between valence electrons and ion-cores
are built by the Projected-Augment-Wave method [23,24]. The ex-
change–correlation functional adopts the generalized gradient
approximation with the formulas of Perdew–Burke–Ernzerhof
(PBE) functional [25]. The configurations of valence electrons are
3s23p64s1, 3d64s2 and 4s24p4 for K, Fe and Se respectively. The
KFe2Se2 crystal that is built by K ions sandwiched between two
Fe2Se2 layers has I4=mmm (D4h-17) space-group symmetry with
lattice constants a = b = 3.913 Å, c = 14.0367 Å. The kinetic-energy
cutoff of plane-wave is set to 268 eV. The only one C point is used
for the integrations in the first Brillouin zone by considering the
large simulation cell and the small first Brillouin zone.

In plane-wave pseudo-potential method, a periodic box is used
to simulate an infinite atomic system. The coincident-site-lattice
(CSL) model [26,27] is a good choice for the simulations of grain
boundaries because the CSL model keeps the part of periodic struc-
ture of original crystal that makes it more easily to design simula-
tion cells satisfying periodic boundary condition. The CSL grain
boundaries are observed in a great of materials although not all
grain boundaries could be assigned as CSL type. The grain-bound-
aries of the cuprate and iron-based high-temperature supercon-
ductors can be designed on the insulating oxide substrates with
the desired type of CSL grain-boundary. The two crystals on both
sides of grain-boundary plane have different orientations. In the
CSL model, a grain boundary is formed by a rotation of two crystals
with angle hGB around a rotation axis [l,m,n]. If initially the two
crystals are completely coincided, after a rotation with a very spe-
cific rotation axis and a rotation angle, the parts of lattice sites of
two crystals may be coincided. These coincident sites generally
Table 1
The parameters of the tilt and twist grain boundaries studied in this work. The total energie
calculated for five types of magnetic orders. Some of magnetic orders fail to cooperate with
such as the examples in Fig. 6(f, h). The results of two perfect crystals C1 and C2 with dif

R5 R5 R5 R13 R

Type Twist Twist Tilt Twist T
Axis [001] [001] [001] [320] [0
Plane (001) (001) ð�120Þ (320) ð�1
Angle 36.87� 36.87� 53.13� 90.00� 2
Natom 200 400 580 520 5

ET (eV)
Néel �1079.85 �3129.99 �
BIC �3152.67 �2823.88 �
Stripe �1085.88 �2178.33 �3145.19 �
FM �1082.31 �3136.47 �
NM �1074.91 �3117.57 �

EGB (J/m2)
Néel 0.279 0.564 0
BIC 0.530 0.795 0
Stripe 0.302 0.399 0.666 0
FM 0.378 0.709 0
NM 0.305 0.550 0
form a superstructure or super-lattice with a larger elementary cell
with the volume that is an integer multiple R of that of original lat-
tice. The R is an important parameter characterizing grain bound-
ary and is determined by specific rotation axis and rotation angle.
One R generally has more than one sets of rotation axis and rota-
tion angle. The grain boundary is called tilt if the rotation axis is
in grain-boundary plane and is named twist if rotation axis is per-
pendicular to grain-boundary plane. The two crystals on both sides
of grain-boundary plane are permitted to have a displacement par-
allel to grain-boundary plane to optimize the structure of the grain
boundary. For tetragonal structure (a = b), the [001] grain bound-
ary is easily constructed with the same method as the crystal with
cubic symmetry. Therefore we construct KFe2Se2 R5[001] tilt and
twist grain-boundaries and R13[001], R17[001] and R29 [001]
tilt grain-boundaries with GB parameters summarized in Table 1.
We can easily prove that j3~aþ 2~bj ffi j � 2~aþ 3~bj ffi j~cj so that we
can artificially construct a R13[320] twist grain boundary with
rotation axis [320] and rotation angle 90�. The structures of all
grain boundaries in Table 1 are fully optimized with the volumes
and shapes of simulation cells.

The grain-boundary energy is an important parameter to
characterize the properties of grain boundary, which is defined as
the formation energy per unit area, which is expressed as
EGB ¼ ð1=2ÞðE�

P
iniliÞ=AGB, where E is the total energy of whole

grain-boundary, ni is the number of i-type atom and li the corre-
sponding chemical potential in perfect KFe2Se2 crystal, AGB is the
area of grain-boundary plane and the factor 1/2 is due to two
grain-boundaries in the simulation cells. It is very difficult to ob-
tain the exact chemical potential li. In Ref. [28], the possible
bounds of li are defined for all types of atoms in materials. In this
work, we try a different method to calculate li, that is to take a
value in a perfect KFe2Se2 lattice without grain boundary. The total
energy of a perfect crystal can be artificially partitioned as the
summation of the contributions of all atoms and written as
E0 ¼

P
pnplp, where E0 is the total energy of the perfect crystal.

The total energy will change lp if we remove a p-type atom. In
the calculation of density functional theory, we can remove an
atom from a perfect crystal and calculate the energy difference
~lp ¼ E0 � Ep, where Ep is the total energy with a vacancy by
removing a p-type atom. However, in real calculation we find
eE0 ¼

P
pnp ~lp – E0 because the self-interaction with the images of

p vacancy due to periodic condition. It is demanded that ~lp ! lp

and eE0 ! E0 could be approved if the simulation cell increases
s ET of grain-boundary models and the corresponding grain-boundary energies EGB are
grain-boundary models are labeled with star ‘⁄’ means that there are magnetic defects
ferent number of atoms are also present in the table.

13 R17 R29 C1 C2

ilt Tilt Tilt
01] [001] [001]
5 0Þ ð�3 50Þ ð�250Þ

2.62� 61.93� 43.60�
00 660 560 40 500

2698.14 �3558.13 �3015.84 �216.739 �2712.63
2712.06⁄ �3575.75⁄ �3031.48⁄ �218.345
2705.85 �3579.08 �3034.64⁄ �217.958
2702.58 �3567.73 �3023.12 �217.447 �2722.73
2686.58 �3541.30 �3000.10 �2701.27

.429 0.588 0.628

.565⁄ 0.767⁄ 0.771⁄

.661 0.595 0.601⁄

.570 0.658 0.710

.448 0.654 0.737
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infinitely. In current stage, we simply define lp ¼ ðE0=eE0Þ~lp by
simple scaling ~lp so that the relation E0 ¼

P
pnplp is satisfied.

Additionally it is more reliable that the size and the number of
atoms in chosen perfect lattice are close to those of the grain-
boundary model. As a very special case, for the [001] twist grain
boundary, a perfect lattice with the same size, shape and the equal
number of atoms for each element can be constructed so that the
formula of grain-boundary energy is simply reduced to
ð1=2ÞðE� E0Þ=AGB which is equivalent to the deformation energy
of prefect lattice without loss of atoms. The grain-boundary ener-
gies adopted above approximations are summarized in Table 1.
3. The electronic and atomic structures of KFe2Se2 5[001] twist
grain boundaries

Experimentally, the [001] twist grain boundaries of cuprate
superconductors have very small influence on the superconducting
properties independent on the rotation angle [29] because the
[001] twist boundaries may have small damages on the local
atomic structures and electronic structures of cuprate supercon-
ductors. In this section, we investigate the atomic and electronic
structures of the [001] twist grain boundaries of the iron-based
superconductor KFe2Se2. Fig. 1 shows the cross section of the
R5[001] twist grain-boundary that is formed by rotating two lat-
tices about 36.87�. It is very important that the grain-boundary
plane is parallel to the Fe2Se2 layer. The size of the elementary cell
of CSL lattice is
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size of super-cell of our simulation model is
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work. The optimized structure of the model
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plotted in Fig. 2(a).

Determination of the magnetic order plays an important role in
understanding the properties of the iron-based superconductors. In
this work, we consider five types of magnetic orders: (1) the Néel
AFM (or checkerboard AFM), (2) the stripe AFM (or collinear AFM),
(3) the bi-collinear (BIC) AFM, (4) the ferromagnetic order and (5)
the non-magnetic order. In the calculations of the total energies of
the KFe2Se2 crystals, the order of the stability is the bi-collinear
AFM, the stripe AFM, the ferromagnetic order, the Néel AFM and
non-magnetic order (Table 1). The ferromagnetic order is more sta-
ble than Néel AFM means that not all types of AFM orders are more
stable than ferromagnetic order and the ferromagnetic order prob-
ably plays an important role in determining the magnetic structure
of KFe2Se2. In fact the bi-collinear AFM has short-range ferromag-
netic order, which in the most stable state with the lowest total
5a
5a

36.87°

a

a

[130]

[310]

10a

10
a

Fig. 1. The schematic diagram of twist R5[001] grain boundary. Two small thick
squares (the elementary cells of original lattice) illustrate the rotation of two
original lattices. The large dash-line
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lattice that has the volume of five times of the elementary cell of original lattice. Theffiffiffiffiffiffi
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a square is the real shape and size of the simulation cell.
energy. However, the bi-collinear AFM can not be organized very
well in our two R5[001] models due to the restrictions of the peri-
odic boundary condition and the small simulation sizes within
grain-boundary plane. From Table 1, the twist grain boundary with
the stripe AFM order is more stable than others except for the bi-
collinear AFM. The order of stability in R5[001] twist grain bound-
ary model is the same as that in crystal.

There are two grain-boundaries in a twist grain-boundary mod-
el (one at the center and the other at boundaries) due to the peri-
odic boundary condition along [001] direction. Generally the two
grain boundaries have interactions that decease with increasing
the distance between two grain boundaries. Compared the results
(the stripe AFM) of
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a� 4c model, we can see that the grain-boundary
energies increase with increasing the distance between two grain
boundaries. This means that two grain boundaries are attracted
each other so that the interaction energy between grain boundaries
is negative. Fig. 3(a–c) show the projected partial density of states
of atoms within the region of grain boundary and that for the cor-
responding atoms in crystal. We can see that the density of states
of R5[001] twist grain boundary has very small changes compared
with those in crystal. This is consistent with the almost perfect
interface structure of the R5[001] twist grain boundary shown in
Fig. 2(a). The small influence on the basic electronic structure indi-
cates that the R5[001] twist grain boundaries have small influence
on the superconducting properties of the iron-based KFe2Se2

superconductor just like the role of [001] twist grain boundary
in cuprate superconductors [29]. The perfect properties of twist
[001] grain boundaries are closely relative to the fact that grain-
boundary plane is parallel to Fe2Se2 layer and K layers so that
the rotations of crystals have not damaged crystal structures.
4. The electronic structure of KFe2Se2/K2Fe4Se5 twist interface

The super-lattices with modulation vectors q = (3/5, 1/5, 0) and
(3/4, 1/4, 0) are found in the observation of the high resolution
transmission electron microscopy (HRTEM) [19,16] and X-ray
diffraction [30]. This means that the smallest elementary cell of
the super-lattice has the based vectors [130] and ½3 �10� with sizeffiffiffiffiffiffi
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a (Fig. 1). The super-lattice is the sub-lattice offfiffiffi
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a coincident-site-lattice (CSL) as shown in Fig. 1. A
neutron diffraction experiment [20] has proved that the novel
magnetic order of KxFe2�ySe2 is determined by a

ffiffiffi
5
p

a�
ffiffiffi
5
p

a super-
structure of Fe-vacancies (FV), which is obviously the same as the
(
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a) R5 coincident-site lattice. The detail studies of the
microstructure of KxFe2�ySe2 show that the dominant phase is
K2Fe4Se5 and the superconducting phase is a three-dimensional
network with filaments [17,18].

If
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a Fe-vacancy order exists in KxFe2�ySe2 sample, what
is the driving force to create this type of ordered structure? Near
twist gain boundary, generally the lattice strain is large, therefore
K, Fe and Se vacancies are more easily created near twist grain
boundary by missing corresponding atoms. The distribution of
strain near R5[001] twit grain boundary has the intrinsicffiffiffi
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a periodic modulations, so that the distributions of vacan-
cies are easily created near this type of grain boundary and proba-
bly have the same type of modulation. We assume that a new type
of R5[001] twist interface is created by above mechanism. The
model in Fig. 4 is built by replacing the right grain of twist grain
boundary in Fig. 2(a) by a grain of K2Fe4Se5 with
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cancy order. The left grain without Fe-vacancies (NFV) has stripe
AFM and the right grain with Fe-vacancies (FV) has the blocking
AFM [20]. This construction is reasonable because some experi-
ments have shown that the NFV and FV phases can be stacked along
c-axis [16] to form super-lattice. We obtain the stable structure by
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Fig. 2. The side view (a) and the top view (b) along [001] c-axis of the twist R5[001] grain boundary. The side views (c and d) and top view (e) of the twist R13[320] grain
boundary along [320] direction. The magnetic densities are plotted together with structures. The iso-value of magnetic density is ±0.005 lB/Å3. The negative and positive
magnetic densities are plotted with different colors: blue and dark-yellow respectively. The two dash-boxes show the grain-boundary regions of two grain-boundary models.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The projected partial densities of states within the grain-boundary regions of the twist R5[001] and the twist R13[320] grain boundaries are plotted together with the
corresponding density of states in perfect crystal as comparisons. The Fermi energies are set to zero and illustrated by vertical dash-lines, the dark filled curves are the density
of states in perfect crystal.
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fully structural optimization, which is stable even with large per-
turbations. We find that the K-layer in the center is not flat after
structural optimization. Near the right grain boundary, K-layer los-
ing two K atoms is flat in Fig. 4(e). This means that the interface
strain will be released by missing some of atoms in the interface re-
gion. The stripe AFM order in left grain Fig. 4(e) and blocking AFM
order in right grain Fig. 4(d) are still stable just like in crystal.

Experimentally, the FV phase is semiconductor with the electric
resistivity about 105 X cm at 50 K which is eight orders of magni-
tude of the normal-state electric resistivity of the superconducting
phase [31]. The semiconducting character of FV phase is addition-
ally proved by the calculations of density functional theory [32].
The densities of states of the FV phases near twist interface in
Fig. 5(b) show that the behavior of FV phase is still semiconductor
just like in crystal with energy gap about 0.5 eV. Besides the energy
gap of the FV phase as a semiconductor, the NFV phase has an en-
ergy gap from �4.0 eV to �3.0 eV below Fermi energy in Fig. 5(a).
The d orbitals of Fe atoms and p orbitals of Se atoms are almost
equally occupied below the gap. This means that the electrons be-
low the gap form covalent bond between Fe atom and Se atom.
Above the gap, most electrons occupy d orbitals of Fe and the num-
ber of p electrons of Se atoms is small. Fig. 5(b) shows that the for-
mation of Fe-vacancy makes the gap disappear and the density of
states of p electrons of Se atoms at energy above the gap increases
significantly. The density of states of the FV phase is very similar to
that of oxide semiconductor such as ZnO.
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Fig. 4. (a) The twist R5[001] grain boundary with
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a ordered Fe-vacancies in the right grain. Two thick dash-lines are the positions of two grain boundaries. The
magnetic densities near grain-boundary plane are plotted, (b) in left Fe2Se2 layer, (d) right FeSe2 layer, (c and e) in two K layers as illustrated by four arrows. The four small
squares in (d) are Fe vacancies. The yellow and blue iso-surfaces are the spin-up and spin-down magnetic densities with iso-values ±0.01 lB/Å3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

(a)

(b)

Fig. 5. The projected partial densities of states of the left Fe2Se2 layer in Fig. 4(b)
without Fe-vacancies (NFV), and the right FeSe2 layer in Fig. 4(d) with Fe-vacancies
(FV). The black filled-curves are the PDOS of d-electrons of Fe atoms, and the red
dot-curves are the PDOS of the p-electrons of Se atoms. The dash-line is Fermi
energy.
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5. The electronic and atomic structures of KFe2Se2 13[320] twist
grain boundary

The lattice constants of iron-based KFe2Se2 superconductor
have an approximate relation j3~aþ 2~bj ¼ j � 2~aþ 3~bj ffi j~c, so that
we can artificially construct a R13[320] twist grain boundary with
the rotation angle 90�. The size of the simulation model isffiffiffiffiffiffi

13
p

a� c � 4
ffiffiffiffiffiffi
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p

a. Fig. 2(c–e) show the optimized structure of
the R13[320] twist grain boundary. The bi-collinear AFM can be
organized well in the model. From Fig. 3(d–f), the projected partial
density of states within the region of grain boundary is very differ-
ent from those in crystal with the same magnetic order. Very dif-
ferent from the R5[001] twist grain boundaries, R13[320] twist
grain boundary changes the basic electronic structure of KFe2Se2

superconductor and will influence the superconducting properties
of KFe2Se2. The significant modifications of electronic structures
neighboring grain boundary are the direct reflection of the large
modifications of lattice structure neighboring grain boundary
shown in Fig. 2(c and d). Additionally, the grain-boundary energy
of the R13[320] twist grain boundary is higher than those of all
R5[001] twist grain boundaries in Table 1. It is interesting that,
if the super-current flows in Fe2Se2 layer, the super-current across
the grain boundary will be very small because the Fe2Se2 layer at
one side of the grain-boundary plane is perpendicular to the Fe2Se2

layer at the other side. As contrast, a very specific R3[010] twist
grain boundary of YBCO with rotation angle 90� has small influence
on super-current flowing across the grain-boundary plane [33,34].
The perfect properties of the R3[010] twist grain boundary is
determined by the perovskite-type structure of YBCO supercon-
ductor and specific geometric relations of lattice constants
3a ffi 3b ffi c.

6. The electronic and atomic structures of KFe2Se2 [001] tilt
grain boundary

Experimentally, the critical current remains constant with
grain-boundary angle hGB up to 9� for cobalt-doped BaFe2As2 epitax-
ial films fabricated on MgO [001] tilt bi-crystal substrate [6]. For
the low-angle grain boundaries with hGB < 15�, the distances be-
tween grain-boundary dislocations are large and the interactions
between them are weak. With increasing hGB, the distances between
dislocations are small and the interactions between dislocations are
strong. In this section we study the electronic and atomic structures
of high-angle grain boundaries with hGB > 20�. The high-angle grain
boundaries generally are weak links for cuprate superconductors
and iron-based superconductors [7]. Our studies focus on the four
types of tilt CSL high-angle grain boundaries R5[001], R13[001],
R17[001] and R29[001] with grain-boundary parameters summa-
rized in Table 1. The optimized structures and corresponding
magnetic densities are plotted in Fig. 6(a–h). The five types of
magnetic orders including (1) the Néel (or checkerboard) AFM, (2)
bi-collinear (BIC) AFM, (3) the stripe (or collinear) AFM, (4) the
ferromagnetic order and (5) non-magnetic order are considered in
our calculations. Due to the small sizes of simulation cells and peri-
odic boundary condition, some of magnetic orders are not perfect
such as the magnetic configurations in Fig. 6(f, h). The bi-collinear
AFM order is not cooperative very well with the R13[001],
R17[001] and R29[001] models. The perfect bi-collinear AFM has



Fig. 6. The optimized structures and magnetic density of four [001] tilt grain boundaries (R5;R13;R17;R29Þ with different magnetic orders. The iso-value of magnetic
density is ±0.005 lB/Å3. The negative and positive magnetic densities are plotted with different colors: blue and yellow respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the continuous stacking of the two rows of spin-up Fe atoms and
two rows of spin-down Fe atoms. We introduce the stacking faults
in Fig. 6(f, h) with two single-rows of spin-up Fe atoms and spin-
down Fe atoms to cooperative with periodic condition. From
Fig. 6(a–h) we can see that magnetic orders are very robust with
the existence of grain boundaries. Just like in crystal the bi-collinear
AFM is the most stable magnetic order in all our grain-boundary
models. This indicates that the bi-collinear AFM is stable even in
polycrystalline. All the five types of magnetic orders are cooperative
very well with the tilt R5[001] grain boundary. For different mag-
netic orders, the optimized structures are different as shown in
Fig. 6(a–d). The structure with stripe AFM is asymmetric after the
structural relaxation. This means the magnetic interaction has sig-
nificant influence on grain-boundary structure of iron-based KFe2-

Se2 superconductor. The grain-boundary energies of [001] tilt
grain boundaries between 0.4 and 0.8 (J/m2) are higher than those
of [001] twist grain boundaries between 0.2 and 0.4 (J/m2) in our
calculations. This means that the [001] tilt grain boundaries are
more difficult to form than the corresponding twist grain bound-
aries in KFe2Se2 film.

We calculate the effective charges of all atoms in our grain-
boundary models, which is defined as Ze ¼ Zb � Z0, where Zb is
the number of valence electron obtained from Bader analysis [35]
and Z0 the number of valence electron of isolated atom. The mag-
netic moments Mb are calculated as the difference of the number
of spin-up and spin-down electrons in the partition regions ob-
tained by the Bader analysis of charge densities. Fig. 7(a) and
Fig. 7(b) show the distributions of effective charges and magnetic
moments respectively across the tilt R5[001] grain boundary with
all five types of magnetic orders. The large charge and magnetic
fluctuations are found near the grain-boundary regions. This is be-
cause the type and number of the nearest neighbor atoms and the
bond lengths between atoms in grain-boundaries are different from
those in the bulk so that the charge distribution, the exchange inter-
action and the orbital occupation are different. The bi-collinear AFM
order and ferromagnetic order have the largest magnetic moments.
The differences of magnetic moments steadily decrease until very
close to grain-boundary plane. The fluctuations of charges are more
significant than those of magnetic moments. Fig. 8(a–l) show the
projected partial density of states within grain-boundary region
and that in the bulk as a comparison. The sharp peaks of density
of states in the bulk become dump and flat within grain-boundary
region. For different magnetic orders, the density of states is differ-
ent both in grain boundary and in the bulk. There exist the energy
gaps of the d-electron of Fe atoms and the p-electron of Se atoms
from �4.0 eV to �3.0 eV below Fermi energy for the stripe and
Néel AFM orders, which is blurred in the grain-boundary regions.
The gap has been discussed in Section 4. The electronic states of
bi-collinear AFM are more dispersive and more metal-like com-
pared with other anti-ferromagnetic orders. Fig. 9(a) and Fig. 9(b)



(a)

(b)

Fig. 7. The profiles of effective charges (a) and magnetic moments (b) across to the
R5[001] tilt grain-boundary plane for the five types of magnetic orders in Fig. 6(a–
d). The dark filled regions illustrate the grain-boundary regions.
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show the distributions of effective charges and magnetic moments
for all four grain-boundary models with Néel AFM (or checker-
board) order. The Néel AFM order is cooperative very well with
all four grain-boundary models without magnetic defects. The fluc-
tuations of charges are more significant than fluctuations of mag-
netic moments for all four grain-boundaries. The energy gaps
near within [�4, �3] (eV) are blurred for all four grain-boundaries
shown in Fig. 10. Based on the calculations in this section, the
high-angle grain boundaries studied in this work have very similar
properties. No simple rule is found for the hGB-dependent properties
of KFe2Se2 superconductor with high-angle grain boundaries.
7. Summary

The twist [001] grain boundary of superconductor with layered
structure has small grain-boundary energy and small influence on
(a) (b)

(d) (e)

(g) (h)

(j) (k)

Fig. 8. The projected partial density of states of R5[001] tilt grain boundaries in Fig. 6(a–
(j-l) FM order. The dark filled curves are the corresponding density of states in perfect c
the local crystal structure of superconductors. The basic electronic
structure of superconducting material keeps almost unchanged by
introducing the twist [001] grain-boundaries. The good properties
of the [001] twist grain boundary are lost for the twist grain
boundaries with rotation axis perpendicular to [001] c-axis, such
as R13[320], because the rotations generally damage the Fe2Se2

layers. By the structural analysis of the R5[001] twist grain bound-
ary in detail, we find the intrinsic relation between the coincident-
site-lattice of R5 twist grain boundary and the super-lattices found
in HRTEM images of KxFe2�ySe2. The strain near grain boundary
will drive the formation of lattice defect by releasing some atoms
near grain-boundary plane. The K atoms near grain-boundary
plane in Fig. 2(a) are easily lost with x < 1:0 to form K vacancies
and modify the lattice structure of K layer in Fig. 4(e). However,
the correspondence between two type of super-structures is not
completely understood.

The [001] tilt high-angle grain boundaries have larger but very
limited influence on the basic electronic structure than those of the
twist [001] grain boundary. Just as the cuprate superconductors, to
understand the role of weak-link of high-angle grain boundary of
KFe2Se2 and other iron-based superconductors, we must under-
stand their superconducting state. The superconducting coherence
length about several nm is comparable or shorter than the grain-
boundary width so that the existences of grain-boundaries will
influence the superconducting properties significantly. The square
structures of Fe2Se2 layer similar to the square structure in CuO2

layer in YBCO are destroyed in the region of tilt grain boundary.
The super-current density is significantly decreased because the
square structures are correlated to the formation of coherent Coo-
per-pairs.

We study the grain-boundary structures by considering differ-
ent magnetic structures. Similar to that in the bulk, the bi-collinear
AFM order has the lowest total energy for all grain-boundary mod-
els considered in this work. The non-magnetic orders generally
have the highest total energies. It is interesting that total energy
of ferro-magnetic order is lower than that of Néel AFM and close
to that of stripe AFM. The short range ferro-magnetic order may
exist in KFe2Se2 such as the short-range ferromagnetic order in
the bi-collinear AFM and the ferro-magnetic block for the novel
block anti-ferromagnetic state in K2Fe4Se5 [20].
(c)

(f)

(i)

(l)

d) with different magnetic orders: (a-c) Néel order, (d-f) BIC order, (g-i) Strip order,
rystal. The vertical dash-lines illustrate the Fermi energy set to zero.



(a)

(b)

Fig. 9. The profiles of effective charges (a) and magnetic moments (b) across to four types of the [001] tilt grain-boundaries ðR5;R13;R17;R29Þ with Néel type anti-
ferromagnetic order. The dark filled regions illustrate the grain-boundary regions.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 10. The projected partial density of states of the four types of the [001] tilt grain boundaries ðR5;R13;R17;R29Þwith Néel anti-ferromagnetic order: (a-c) R5, (d-f) R13,
(g-i) R17, (j-l) R29. The dark-filled curves are the corresponding density of states in perfect crystal. The vertical dash-lines illustrate the Fermi energy set to zero.
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