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KFe2Se2 is the Parent Compound of K-Doped Iron Selenide
Superconductors

Abstract

We elucidate the existing controversies in the newly discovered K-doped iron selenide (KxFe2ySe2z)
superconductors. The stoichiometric KFe2Se2 with ffiffiffi 2 p ffiffiffi 2 p charge ordering was identified as the
parent compound of KxFe2ySe2z superconductor using scanning tunneling microscopy and spectroscopy.
The superconductivity is induced in KFe2Se2 by either Se vacancies or interacting with the antiferromagnetic
K2Fe4Se5 compound. In total, four phases were found to exist in KxFe2ySe2z: parent compound KFe2Se2,
superconducting KFe2Se2 with ffiffiffi 2 p ffiffiffi 5 p charge ordering, superconducting KFe2Se2z with Se
vacancies, and insulating K2Fe4Se5 with ffiffiffi 5 p ffiffiffi 5 p Fe vacancy order. The phase separation takes
place at the mesoscopic scale under standard molecular beam epitaxy conditions. D
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We elucidate the existing controversies in the newly discovered K-doped iron selenide (KxFe2�ySe2�z)

superconductors. The stoichiometric KFe2Se2 with
ffiffiffi

2
p

�
ffiffiffi

2
p

charge ordering was identified as the parent

compound of KxFe2�ySe2�z superconductor using scanning tunneling microscopy and spectroscopy. The

superconductivity is induced in KFe2Se2 by either Se vacancies or interacting with the antiferromagnetic

K2Fe4Se5 compound. In total, four phases were found to exist in KxFe2�ySe2�z: parent compound

KFe2Se2, superconducting KFe2Se2 with
ffiffiffi

2
p

�
ffiffiffi

5
p

charge ordering, superconducting KFe2Se2�z with Se

vacancies, and insulating K2Fe4Se5 with
ffiffiffi

5
p

�
ffiffiffi

5
p

Fe vacancy order. The phase separation takes place at

the mesoscopic scale under standard molecular beam epitaxy conditions.

DOI: 10.1103/PhysRevLett.109.057003 PACS numbers: 74.70.Xa, 64.75.Jk, 73.20.�r, 74.55.+v

Similar to cuprate high temperature superconductors,

superconductivity in pnictides and chalcogenides is in-

duced by suppressing the magnetic order in their iron-

based parent compounds [1–4]. Therefore, understanding

the parent compounds is crucial for elucidating the super-

conducting pairing mechanism. For most of the Fe-based

superconductors, it is straightforward to identify their par-

ent compounds. However, the newly discovered K-doped

iron selenide superconductor [KxFe2�ySe2�z, lattice struc-

ture of KFe2Se2 is shown in Fig. 1(a)] [5–7] has been

shown to be unique [8–19], and the parent compound of

this hotly debated material remains elusive. The central

issue being debated is the role of the K2Fe4Se5 compound

with
ffiffiffi

5
p

�
ffiffiffi

5
p

Fe vacancy order. K2Fe4Se5 is one of the

coexisting phases in KxFe2�ySe2�z [14–18] and has an

antiferromagnetic order with a Néel temperature up to

560 K [9,10]. Several experiments [7–13] have shown

that K2Fe4Se5 has a close connection with the supercon-

ductivity in KxFe2�ySe2�z and suggested that K2Fe4Se5 is

the parent compound. However, the scanning tunneling

microscopy (STM) data, on the other hand, indicate that

the superconducting phase inKxFe2�ySe2�z is the stoichio-

metric KFe2Se2 compound [18].

Although our previous study identified KFe2Se2 as a

superconductor [18], we have not yet answered the question

of why the insulating K2Fe4Se5 is closely related to the

superconductivity in K-doped iron selenide. In the (110)

film on graphitized SiC substrate [18], KFe2Se2 and

K2Fe4Se5 phases coexist side by side and the phase sepa-

ration is roughly along the c axis. To understand the role of
K2Fe4Se5, one needs a control experiment where the phase

separation is in different configurations. In the present

work, we grow high-quality KxFe2�ySe2�z thin films on

SrTiO3ð001Þ substrate by using molecular beam epitaxy

(MBE). The orientation of the film on SrTiO3 is the natural

cleavage plane (001) instead of (110) on graphitized SiC.

The subsequent STMmeasurement demonstrates two differ-

ent phase separation configurations: either along the c-axis

or in the a-b plane. The metallic KFe2Se2 with
ffiffiffi

2
p

�
ffiffiffi

2
p

charge ordering is identified as the parent compound.

Superconductivity is induced in this parent compound only

when the phase separation is along the c axis. These findings
explain the apparent coexistence of magnetism and super-

conductivity in KxFe2�ySe2�z: Although K2Fe4Se5 with
ffiffiffi

5
p

�
ffiffiffi

5
p

Fe vacancy order is not superconducting by itself,

it can give rise to superconductivity in KFe2Se2.

Our experiments were conducted with a Unisoku UHV

3He STM system that reaches a base temperature of 0.4 K

by means of a single-shot 3He cryostat. The bias voltage is

applied to the sample. High-purity Fe (99.995%), Se

(99.9999%), and K were evaporated from two standard

Knudsen cells and one alkali-metal dispenser (SAES

Getters), respectively. The substrate was held at 400 �C
during growth. The MBE growth of the film follows the

layer-by-layer mode. To remove the extra K and Se ada-

toms and obtain the superconducting phase, the sample

was subsequently annealed at 400 �C for one hour. The

STM experiments were performed in the same ultrahigh

vacuum system. Figure 1(b) shows the typical topography

of a film after annealing. The step height is 0.7 nm and in

good agreement with the lattice parameter of KFe2Se2.

The K atoms on the topmost layer are highly mobile and

most of them can be easily desorbed during annealing;

thus the film is Se-terminated. We attribute the protrusions

on the surface in Fig. 1(b) to the residual K clusters. The

STM image with atomic resolution in Fig. 1(c) shows a

3:9 �A� 3:9 �A square lattice consistent with the X-ray data

for (001) plane of KFe2Se2 [5]. Therefore, the surface is

that of a stoichiometricKFe2Se2 single-crystalline film and

no surface reconstruction is observed.
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Although the lattice structure is uniform throughout the

film surface, inhomogeneity in the electronic structure is

clearly revealed by STM. Figure 1(c) and 1(d) are the STM

images of the same area, but with different bias voltages. In

Fig. 1(d), the film is separated into two regions labeled I

and II, while the 1� 1-Se square lattice is uninterrupted

when crossing the boundary of the two regions [Fig. 1(c)].

At a bias voltage within �100 mV, region I exhibits a
ffiffiffi

2
p

�
ffiffiffi

2
p

superstructure [14,19] [Fig. 1(e)] with respect to

the original Se lattice. The
ffiffiffi

2
p

�
ffiffiffi

2
p

charge ordering has its

origin in the block antiferromagnetic state of the under-

lying Fe layer [20]. In the ground state of KFe2Se2, each

four Fe atoms group together to form a checkerboard

pattern with antiferromagnetic order, leading to a charge

density modulation on Se sites. This checkerboard phase

driven by magnetic exchange coupling breaks the original

symmetry of the tetragonal lattice but still retains a four-

fold symmetry.

Scanning tunneling spectroscopy (STS) probes the local

density of states of electrons. The STS of region I shows a

10 mV dip near the Fermi level [Fig. 1(f)]. The same

feature was also observed on the cleaved KxFe2�ySe2

single crystal [19]. The dip may stem from the
ffiffiffi

2
p

�
ffiffiffi

2
p

charge ordering but does not imply superconductivity be-

cause the bottom of the dip still has finite density of states

and the spectrum is essentially independent of temperature

from 0.4 to 4.2 K. Therefore, region I is a nonsupercon-

ductive metal.

We observe a different charge ordering in region II

[Fig. 1(g)]. The fret-like pattern breaks the fourfold sym-

metry and is visible within a bias voltage of �60 mV.

The pattern is an electronic feature instead of surface

reconstruction because of the strong bias-dependency

(see also Supplemental Material [21]). The basic building

block of the pattern is a
ffiffiffi

2
p

�
ffiffiffi

5
p

charge density modula-

tion [see the parallelogram in the inset of Fig. 1(g)]. The

region is divided into domains depending on the orienta-

tions of the stripes.

The STS of region II [Fig. 1(h)] exhibits a full energy

gap centered at Fermi level and two pronounced coherence

peaks, indicating that region II is superconducting with

a nearly isotropic gap. The superconducting gap � ¼
8:8 meV is estimated by half of the energy between the

two coherence peaks and in close agreement with that

obtained by angle-resolved photoemission spectroscopy

[22–27]. Angle-resolved photoemission spectroscopy mea-

surement [22,26,27] also found a smaller gap on the pock-

ets at Z point. In STS, the smaller gap is indicated by the

shoulders at �7:2 meV [marked by arrows in Fig. 1(h)].

The feature at 13 mV, which can be attributed to a bosonic

excitation mode, is insensitive to magnetic field and

spatially dependent (see Supplemental Material [21]).

Although it is not feasible to do transport measurement

on the KxFe2�ySe2�z film at present, the occurrence of

superconductivity is further supported by the response of

STS to external magnetic field or magnetic defects. Similar

to KFe2Se2ð110Þ film [18], no magnetic vortex is observed

in the superconducting state of region II. Nevertheless, the

effect of magnetic field is still manifested itself by reducing

the coherence peaks in STS (see supporting material [21]).

Stronger suppression of the coherence peaks can be

achieved by magnetic defects [28–30], which locally break

the time-reversal symmetry (Fig. 2). Both Fe and Se

vacancies carry magnetic moment and induce bound

FIG. 1 (color online). STM characterization of KxFe2�ySe2 films grown by MBE. (a) The crystal structure of KFe2Se2.

(b) Topographic image (3.9 V, 0.02 nA, 90� 90 nm) of a KxFe2�ySe2 film. (c) and (d) Atomic-resolution STM topography

(10� 10 nm) of KFe2Se2. The two images belong to the same area, but with different bias voltages: �90 mV for (c) and 50 mV

for (d). The tunneling current is 0.02 nA for both. Panel (c) shows the uniform 1� 1-Se square lattice. Inhomogeneity in electronic

structure is revealed in (d) with two distinct regions labeled by I and II. The area ratio between I and II is about 1:5. (e) The
ffiffiffi

2
p

�
ffiffiffi

2
p

charge ordering in region I. The imaging condition: 40 mV, 0.02 nA. (f) dI=dV spectrum (set point, 25 mV, 0.1 nA) of region I, which

reveals that region I is nonsuperconducting. (g) The
ffiffiffi

2
p

�
ffiffiffi

5
p

charge ordering (see also inset) in region II. Imaging condition: 30 mV,

0.02 nA. (h) dI=dV spectrum (0.4 K; set point, 20 mV, 0.1 nA) showing that there is a superconducting gap opened in region II. Arrows

mark the smaller gap.
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quasiparticle states in the superconducting gap [Fig. 2(b)

and 2(d)]. A distinct feature of such bound states in a

superconductor is that the energies of the electronlike

and holelike states are symmetric with respect to zero

bias whereas their amplitudes are usually different as a

result of on-site Coulomb interaction [31].

KFe2Se2 in region I and II has the same crystal structure

but exhibits very different electronic properties. We attrib-

ute the difference to the existence of antiferromagnetic

K2Fe4Se5 insulating layer below the KFe2Se2 film in re-

gion II [see the schematic in Fig. 3(a)]. AlthoughK2Fe4Se5

layer is a few nanometers below the surface, its
ffiffiffi

5
p

�
ffiffiffi

5
p

Fe vacancy order is still visible in STM image at 70 mV

[Fig. 3(b)] due to the three-dimensional tunneling effect

[32]. The dashed circles in Fig. 3(b) highlight some of the

atoms forming the
ffiffiffi

5
p

�
ffiffiffi

5
p

pattern. The projection of

interface structure to the topmost surface has been ob-

served in other systems [33–35] and usually happens in a

sample with high quality. The existence of K2Fe4Se5 layer

below KFe2Se2 is further supported by the well-defined

moiré pattern marked by arrows in the STM image in

Fig. 3(b). The period of the pattern is 3
ffiffiffi

5
p

aSe, where aSe
is the Se-Se distance. The Moiré pattern is in excellent

agreement with a simple simulation (see Supplemental

Material [21]), where two lattices with
ffiffiffi

2
p

�
ffiffiffi

5
p

and
ffiffiffi

5
p

�
ffiffiffi

5
p

superstructures are superimposed on each other.

STM imaging of the films indicates that the growth

condition in the present work always produces a film

with KFe2Se2 phase on the top and no K2Fe4Se5 phase is

exposed. The possible reason is that Se is highly volatile

and the Se-rich phase in the top few layers is kinetically

unstable under the growth temperature. In further inves-

tigation, fine-tuning of growth conditions may alter the

surface stoichiometry and lead to a film with K2Fe4Se5

phase on the top surface.

Phase separation between superconductingKFe2Se2 and

insulating K2Fe4Se5 along the c axis has previously been

demonstrated [14,18,36]. However, not all KFe2Se2 is

superconducting. Here we have shown that the nonsuper-

conductive phase of KFe2Se2 has a
ffiffiffi

2
p

�
ffiffiffi

2
p

charge order-

ing, which becomes superconducting only when it

interfaces with K2Fe4Se5 and develops a
ffiffiffi

2
p

�
ffiffiffi

5
p

charge

ordering. For this reason, it is appropriate to identify

KFe2Se2 with
ffiffiffi

2
p

�
ffiffiffi

2
p

charge ordering as the parent

compound. Similar to the
ffiffiffi

2
p

�
ffiffiffi

2
p

charge ordering, the
ffiffiffi

2
p

�
ffiffiffi

5
p

pattern may also be the result of a specific type of

magnetic ordering in the Fe layer of KFe2Se2 (one possi-

bility is shown in the Supplemental Material [21]).

There are various ways, such as strain, magnetic cou-

pling, or charge transfer, that the K2Fe4Se5 layer can

regulate the electronic properties of KFe2Se2. Strain effect

can be simply excluded because the lattice constants of

K2Fe4Se5 are very close to those of KFe2Se2. An analogy

to cuprate high-temperature superconductors suggests that

the K2Fe4Se5 layer may play the role as charge reservoir

FIG. 2 (color online). Vacancy-induced bound states in super-

conducting gap. (a) and (b) STM topography (40 mV, 0.02 nA)

and dI=dV spectrum (0.4 K; set point, 25 mV, 0.1 nA) of a single

Fe vacancy. The defect is attributed to Fe vacancy by examining

the symmetry of the STM image. (c) and (d) STM topography

(� 95 mV, 0.02 nA) and dI=dV spectrum (0.4 K; set point,

25 mV, 0.1 nA) of a single Se vacancy. The magnetic moment of

a Se vacancy comes from the four adjacent Fe atoms. More

bound states are induced by the Se vacancy because of the lower

spatial symmetry.

FIG. 3 (color online). The origin of superconductivity in

KFe2Se2. (a) Schematic showing the relationship between insu-

lating K2Fe4Se5 and superconducting KFe2Se2. Across the inter-

face between KFe2Se2 and K2Fe4Se5, the lattice structure is the

same except for a
ffiffiffi

5
p

�
ffiffiffi

5
p

Fe vacancy order in K2Fe4Se5.

(b)
ffiffiffi

5
p

�
ffiffiffi

5
p

superstructure in region II. The image belongs to

the same area as Fig. 1(g), but with a different bias voltage

(70 mV). The Moiré pattern is marked by arrows.
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and transfer carriers into KFe2Se2 to induce superconduc-

tivity. To keep the balance of chemical valence, the

KFe2Se2 phase tends to lose electrons and becomes hole-

doped in the superconducting state. Another possibility is

that the antiferromagnetic K2Fe4Se5 may change the mag-

netic structure ofKFe2Se2 through their exchange coupling

across the interface, and KFe2Se2 becomes superconduct-

ing after the original C4 symmetry is broken by the mag-

netic interaction. In all scenarios, the interface between

KFe2Se2 and K2Fe4Se5 is a key factor. The interface in the

present (001) film is more regular than that in the (110)

film grown on graphitized SiC [18]. In the (110) film, the

boundary between KFe2Se2 and K2Fe4Se5 is not flat but

always wanders across different a-b planes. The difference

may help to explain the larger superconducting gap ob-

served in this work.

Interfacing with K2Fe4Se5 is not the only way to induce

superconductivity in the parent compound KFe2Se2.

Superconductivity can also occur in a film with a certain

amount of Se-vacancies (with a density of about one in

10 nm2). The quatrefoil-like defects [Fig. 4(a)] appear if

the substrate temperature is raised to 430 �C during

growth. The defects are attributed to Se vacancies by

examining their registration with respect to the lattice.

The film shows the same
ffiffiffi

2
p

�
ffiffiffi

2
p

superstructure as the

parent compound. No sign of
ffiffiffi

5
p

�
ffiffiffi

5
p

Fe vacancy order

has been observed. STS [Fig. 4(b)] at a location away from

Se vacancies exhibits a very similar superconducting gap to

that onKFe2Se2 with
ffiffiffi

2
p

�
ffiffiffi

5
p

charge ordering [Fig. 1(h)].

The coherence peaks are weaker than those in Fig. 1(h)

because of the existence of defects. The Se vacancies

carry magnetic moment, giving rise to bound states

(see Supplemental Material [21]) similar to those in

Fig. 2(d). The vacancies break the magnetic ordering in

KFe2Se2 and induce superconductivity in the parent com-

pound. The disorder-induced superconductivity exists in

other iron-based superconductors as well, for example,

BaðFe1�xRuxÞ2As2 [37] and BaFe2ðAs1�xPxÞ2 [38] where

Fe and As are iso-valently substituted by Ru and P,

respectively. Uncovering this second path leading to super-

conductivity indicates that it is possible to prepare a

superconducting KFe2Se2�z sample without
ffiffiffi

5
p

�
ffiffiffi

5
p

Fe

vacancy order.

By demonstrating two different ways to induce super-

conductivity in the parent compound KFe2Se2, we have

elucidated the existing controversies in K-doped iron sele-

nide superconductors. The apparent coexistence of super-

conductivity and antiferromagnetism with large magnetic

moment is, as a matter of fact, a ‘‘symbiotic’’ relationship

taking place at the mesoscopic scale. These findings may

open a new avenue for manipulating the superconducting

properties of materials.
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