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TOPICAL REVIEW — Iron-based high temperature superconductors
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Our recent progress in the fabrication of FeSe and KyFe; ,Se; ultra thin films and the understanding of their super-
conductivity properties is reviewed. The growth of high-quality FeSe and KyFe;_,Se; films is achieved in a well controlled
manner by molecular beam epitaxy. The high-quality stoichiometric and superconducting crystalline thin films allow us
to investigate the intrinsic superconductivity properties and the interplay between the superconductivity and the film thick-
ness, the local structure, the substrate, and magnetism. In situ low-temperature scanning tunneling spectra reveal the nodes
and the twofold symmetry in FeSe, high-temperature superconductivity at the FeSe/SrTiO3 interface, phase separation and
magnetic order in KyFe; ,Ses, and the suppression of superconductivity by twin boundaries and Fe vacancies. Our find-
ings not only provide fundamental information for understanding the mechanism of unconventional superconductivity, but
also demonstrate a powerful way of engineering superconductors and raising the transition temperature.
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1. Introduction

One of the most active areas of research in condensed
matter physics at present is iron-based high critical temper-
ature (T¢) superconductivity. The iron-based superconductors
consist of FeAs!!"7l or FeSe!®? layers, which are widely
believed to be the key component of their novel supercon-
ductivity properties, similar to the CuO, layers in high ¢
cuprates. Those with FeAs layers, iron pnictides, usually have
a higher T¢ than those with FeSe layers, iron chalcogides.
So far, the recorded critical temperature T¢ in Fe-based su-
perconductors is 55 K for SmFeAsO.*! PbO-type B-FeSe is
a typical example of iron chalcogides. It superconducts, al-
though at a lower Tc of 8 K,[®! and has a simpler structure
than the pnictides. The critical temperature can be dramati-
cally increased by Te substitution, or even more by pressure
up to 37 K.[101 FeSe shows several similarities to iron pnic-
tide superconductors,!”>!”! which include the common struc-
tural motif of the FeX; (X = Se, As, P) tetrahedral (the
iron cations are tetrahedrally coordinated locally to Se as in
FeAsy), similar band filling, and low-temperature structure
distortion from tetragonal to orthorhombic crystal symmetry.
The similarities, together with its simple chemical formula
and crystallographic structure, make FeSe a prototype system
for unraveling the mechanism of superconductivity in all iron-
based superconductors. Moreover, the recent developments of
compounds with chemical formulas A,Fe;_,Se; (A = alkali
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element)>!-33! show superconductivity at temperatures com-
parable to those of the pnictides, for example T = 33 K32
for Ko sFe,Se;. Unlike the case of iron pnictide supercon-
ductors, where the parent magnetic compounds are metallic,
K Fe;_,Se; has a magnetic insulating ground state, poten-
tially bringing the fields of the Fe superconductors and the Cu
superconductors closer.

Two central issues in studying quantum materials are the
quality of the samples and the sensitivity of the experimen-
tal probes. Molecular beam epitaxy (MBE) is one of the
most powerful techniques for the growth of thin films with
precisely controlled composition and crystalline quality. Be-
sides, atomic defects with controlled density can be delicately
controlled by growth conditions and post annealing. Scan-
ning tunneling microscopy/spectroscopy (STM/STS) can re-
veal the surface structure and morphology with atomic res-
olution, and can also probe the local density of state (DOS)
with an energy range up to several eV near the Fermi level
(Ep) with tunneling conductance spectra (d//dV). STS has
been used to reveal the local superconducting gap and defect-
induced subgap states in superconductors. 336! By taking the
tunneling conductance spectra at a given energy at different
spatial locations in real space, the spatial variation of the sam-
ple DOS can also be extracted. This DOS mapping tech-
nique has been applied to measure the local gap variations
and magnetic vortices.?’*81 We have employed MBE-STM
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combined systems to study the superconductivity properties
of two-dimensional superconducting films.

In this paper, we review our recent progress in un-
derstanding the superconductivity properties of FeSe and
K. Fe>_,Se; ultra thin films grown by MBE. The growth of
high-quality FeSe and K,Fe;_,Se; films is achieved in a well
controlled manner under Se-rich growth conditions. The su-
perconductivity properties are studied by probing the quasi-
particle density of states and measuring the superconduct-
ing gap at Er using STM/STS. The organization of the re-
view is as follows. In Section 2, the molecular beam epi-
taxial growth of superconducting FeSe and K,Fe;_,Se; films
is presented,?°*3 with information on the growth condi-
tions and film morphology. In Section 3, the superconduc-
tivity properties of FeSe films on graphitized SiC (0001)

(39401 hereafter called substrate graphene/SiC, are

substrate,
discussed. We show the pairing symmetry and the influences
of film thickness and local structure. In Section 4, we sum-
marize the results of single unit cell (UC) thick FeSe films
on SrTiO; (STO) (001) substrate,*!! and discuss the possi-
ble mechanism of the interface-enhanced superconductivity.
In Section 5, the superconductivity properties of K,Fe,_,Se,
films on graphene/SiC*?! and STO (001)*3! substrates are re-
viewed, with an emphasis on the phase separation, one of the
central issues in this material.

2. Molecular beam epitaxial growth of FeSe and
K Fez_,Se; films

The uncertainty in the stoichiometry of Fe(Se,Te)
samples!®1%17] has made it challenging to understand the su-
perconducting and normal states in the materials. To avoid this
complexity, we grew the stoichiometric FeSe and K,Fe;_,Se;
single-crystalline films using MBE. Growth was carried out in
a standard MBE chamber with a base pressure of 10710 Torr
(1 Torr= 1.33322 x 10? Pa). High-purity Fe (99.995%) and
Se (99.999%) were used as the source materials. FeSe films
were grown by co-evaporating Fe and Se sources from stan-
dard Knudsen cells, and K.Fe; ,Se; films by ternary co-
evaporation with an additional K source from an alkali-metal
dispenser. Due to the very volatile nature of Se molecules, a
high Se/Fe flux ratio of > 10 was used to compensate for the
Se loss. For optimal substrate temperature (the temperature of
the substrate (T,;,) is set between the cell temperature of Se
(Tse) and that of Fe (T, ), that is, Tre > Tyyp > Tse), the sto-
ichiometry of the films is self-regulating: the extra Se atoms
cannot be incorporated into the FeSe films since the substrate
temperature is higher than the sublimation temperature of Se.
Under these conditions, the growth rate is linearly dependent
on the Fe flux determined by 7r.. The Se-rich conditions en-
sure almost Se vacancy-free samples with very high crystalline

quality. To remove the extra Se (K) adatoms and obtain the su-
perconducting phase, the samples were annealed at ~ 400 °C
for several hours after growth.

The FeSe films that are epitaxial on graphene/SiC and
STO (001) substrates both have an Se-terminated (001) sur-
face, and growth is basically in a layer-by-layer mode. Fig-
ure 1 shows typical STM topographic images of the FeSe
films, with a thickness of 30 UC, grown on graphene/SiC
substrate at 450 °C. The temperatures of the Fe-cell and Se-
cell were 1150 °C and 136 °C, respectively, which leads to a
growth rate of 0.13 UC/min. The STM topographic images
reveal atomically flat and defect-free Se-terminated (001) sur-
faces with large terraces. Each bright spot in the STM image
corresponds to an apical Se atom above the Fe plane. The se-
lenium atom spacing (Fig. 1(b)) in the topmost layer is 3.8 A,
which matches that of bulk 3-FeSe well. Figure 2 shows typi-
cal STM topographic images of 1-UC thick FeSe films grown
on Se-etched STO (001) substrate at 450 °C. The STM topo-
graphic image in Fig. 2(a) shows the atomically flat surface
with domains. The atomic-resolution image in Fig. 2(b) re-
veals a perfectly ordered Se-terminated (001) lattice with an
in-plane lattice constant of 3.8 A, the same as that of FeSe
grown on graphene/SiC (0001).

Fig. 1. STM topography of FeSe films on graphene/SiC. (a) Topo-
graphic image of an FeSe film; the step height is 5.5 A. The inset
shows the crystal structure. (b) Atomic-resolution STM topography of
the FeSe film.

RS

E

Fig. 2. STM topography of FeSe films on STO (001). (a) STM to-
pography showing the grain boundaries, and (b) atomic resolution STM
topography showing the Se-terminated FeSe (001) lattice.

K Fe;_,Se; films that are epitaxial on graphene/SiC sub-
strate are (110) oriented, while those on STO (001) substrate
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are (001) oriented. In Fig. 3, we show STM topographic im-
ages of K,Fe,_,Se, films on graphene/SiC. The island size
is typically 100 nmx100 nm. Two distinct regions, marked
by I and II in Fig. 3(a), coexist side-by-side on each island.
The atomic-resolution STM image of region I (Fig. 3(b)) ex-
hibits a centered rectangular lattice structure. The periods
along the two orthogonal directions are 5.5 A and 14.1 A,
respectively, suggesting the (110) orientation terminated with
K and Se atoms. The K atoms are visible under a positive
bias and form atomic rows (Fig. 3(b)), which are 7.05 A apart
and oriented along the [110] direction. Under a negative bias,
the Se atomic rows (indicated by black dots in Fig. 3(c)) ap-
pear and zigzag through the K atoms. Furthermore, there are
very few defects in region I. We therefore identify region I
as stoichiometric KFe;Se,. Figure 3(d) shows the atomic-
resolution STM image of region II. Besides the K atomic rows
in the topmost layer, there is a superimposed striped structure
along the c axis, perpendicular to the K atomic rows. The pe-
riod of the superimposed striped structure is 14.0 A (~ 5ag.),
where ar. is the in-plane distance between two neighboring Fe
atoms. We attribute this superstructure to the v/5 x v/5 pattern
of Fe vacancies in the second atomic layer. They are visi-
ble in the STM images because the electronic structure of the
topmost layer is perturbed by the missing Fe—Se bonds. The
V5 x /35 vacancy order leads to a composition of K,FesSes
or K sFe4Ses.

(a)

Fig. 3. STM topography of K Fe; ,Se; films on graphene/SiC. (a) To-
pographic image showing two distinct regions, labeled I and II (3.9 V,
0.02 nA). (b), (c) Atomic-resolution STM topography of region I. The
two images show the same area, but with different bias voltages: 0.15 V
for (b) and —2 V for (c). (d) Atomic-resolution STM topography of
region II (2.9 V, 0.02 nA).

In Fig. 4, we show the STM topographic images of
K Fe>_,Se; films on STO (001) substrate. According to the
atomic-resolution STM image acquired at a sample bias of
—90 mV (Fig. 4(a)), the film surface has a square lattice of

3.9 Ax3.9 A, suggesting the (001) plane of a stoichiometric
KFe,Se; single-crystalline film without reconstruction. How-
ever, inhomogeneity in the electronic structure is clearly re-
vealed by the atomically resolved STM image of the same area
at a positive sample bias of 50 mV. As shown in Fig. 4(b), the
film contains two regions labeled I and II, and the 1 x 1-Se
square lattice is uninterrupted at the boundary of the two re-
gions (Fig. 4(a)). At a bias voltage within £100 mV, region
I exhibits a v/2 x v/2 superstructure with respect to the orig-
inal Se lattice (Fig. 4(c)). At a bias voltage within 60 mV,
region II exhibits a fret-like pattern, which breaks the fourfold
symmetry (Fig. 4(d)) with a basic building block of v/2 x v/5
charge density modulation (the parallelogram in the inset).
The region is divided into domains depending on the orien-
tations of the stripes.

2 nm
I

Fig. 4. STM topography of K Fe; ,Se; films on STO (001). (a), (b)
Atomic-resolution STM topography of KFe;Se,. The two images show
the same area, but with different bias voltages: —90 mV for (a) and
50 mV for (b). (c) The v2 x /2 charge ordering in region I (40 mV,
0.02 nA). (d) The v/2 x /5 charge ordering (also see inset) in region I
(30 mV, 0.02 nA).

The stoichiometric KFe,Se; in regions I and II has the
same crystal structure but exhibits very different electronic
properties. We attribute the difference to the existence of
an antiferromagnetic K;FesSes insulating layer below the
KFe,Se; film in region II (see the schematic in Fig. 5(a)). Al-
though the KyFe4Ses layer is a few nanometers below the sur-
face, its v/3 x v/5 Fe vacancy order is still visible in an STM
image at 70 mV (Fig. 5(b)) due to the three-dimensional tun-
neling effect.[** The dashed circles in Fig. 5(b) highlight some
of the atoms forming the v/5 x v/5 pattern. The existence of
the K,Fe4Ses layer below KFe,Se, is further supported by the
well-defined Moire pattern marked by arrows. The period of
the pattern is Sﬁash where ag. is the Se—Se distance. The
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Moire pattern is in excellent agreement with a simple simu-
lation (supplemental material in Ref. [43]), where two lattices
with v/2 x v/5 and v/3 x V/3 superstructures are superimposed.

(=) sc

non-SC KFesSes

KFGZSGQ

V2xy2
K2F64Se5

Fig. 5. The relationship between insulating K,FesSes and supercon-
ducting KFe;Se;. (a) Schematic diagram. Across the interface between
KFe,Se, and K,FesSes, the lattice structure is the same except for a
\/5 x v/5 Fe vacancy order in K;Fe4Ses. (b) The \/5 x V5 superstruc-
ture in region II of Fig. 4(b). The image belongs to the same area as
Fig. 4(d), but with a different bias voltage (70 mV). The Moire pattern
is marked by arrows.

3. Superconductivity properties of FeSe films on
graphene/SiC substrate

Here, a chemically inert double-layer graphene formed
on SiC (0001) is used as the substrate. The advantage of this
approach is that the interaction of the FeSe film with the un-
derlying substrate is rather weak, so that FeSe almost “floats”
on the double-layer graphene and no strain results in the FeSe
films. STM observation of ultrathin FeSe films (1-4 UC) re-
veals that they have the same lattice constant as the thick films
and bulk -FeSe, suggesting a fully relaxed FeSe film even
at the first UC. Thus, the superconductivity properties of the
FeSe films should be similar to those of bulk FeSe.

3.1. Direct observation of nodes and twofold symmetry

Figure 6 shows the tunneling spectra of the sample in
Fig. 1(a) at various temperatures. At a temperature below Tc,
the spectra exhibit two conductance peaks and a gap centered
at the Fermi energy. The maximum of the superconducting gap
Ap = 2.2 meV is half of the energy between the two conduc-
tance peaks. The most striking feature of the spectra at 0.4 K,
analogous to the cuprate high-T¢ superconductors,?’! is the
V-shaped d/dV and the linear dependence of the quasiparti-
cle density of states on energy near Er. This feature explic-

itly reveals the existence of line nodes in the superconducting
gap function. At elevated temperatures, the V-shaped spectra
smear out as the superconducting gap disappears above T¢.

— 10K

(dI/dV)/arb. units

0 1 1 1 1

-6 -4 =2 0 2 4 6
Sample bias/mV

Fig. 6. The temperature dependence of the tunneling conductance spec-
tra in 30-UC FeSe films on graphene/SiC (10 mV, 0.1 nA).

When a magnetic field is applied (perpendicularly) to the
FeSe sample surface, the field can enter the superconductor in
the form of vortices. The superconducting order parameter is
zero at the center of the vortex and approaches the zero-field
value at a distance on the order of the coherence length &.
The dI/dV curve at the center of the vortex in FeSe shows
a pronounced zero-bias peak (Fig. 7(a)) that originates from
quasiparticle bound states. The spatial distribution of the peak
reflects the quasiparticle wave function and is mapped out by
measuring d//dV at zero bias in the vicinity of a single vor-
tex (Fig. 7(b)). This resonance state elongates along the a axis
(presumably a direction with nodes). Away from the center
of the vortex core, the resonance peak splits into two sym-
metric branches in energy (Figs. 7(c) and 7(d)). Although the
peaks along the b axis eventually merge into the gap edges at
a distance of 20 nm from the center (Fig. 7(d)), the energy of
the peaks along the a axis approaches +0.6 meV instead of
Ao = 2.2 meV (Fig. 7(c)).

The twofold symmetry of the FeSe gap function is fur-
ther supported by the impurity-induced resonance states in-
side the superconducting gap. We deposited Fe atoms on the
FeSe surface at a low temperature (50 K). Single Fe adatoms
formed and occupied the hollow sites of the surface Se lat-
tice (Fig. 8(a)). On an Fe adatom, two resonance states at
—1.4 meV and —0.4 meV were clearly observed (Fig. 8(b)).
The DOS map in Fig. 8(c) again shows the twofold symme-
try, but the state is more visible in the direction perpendicu-
lar to the long axis of the vortex core. Similar spectra and
density of states maps were also observed on Se vacancies
(Figs. 8(d)-8(f)). Intuitively, the anisotropic distribution of
the core state can be understood by the difference between co-
herence lengths & along the a and b directions, a phenomenon
which mainly stems from the twofold symmetry of the gap
function.
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Fig. 7. Vortex core states in FeSe films on graphene/SiC. (a) STS (10 mV, 0.1 nA) on the center of a vortex core. (b) Zero bias
conductance map (10 mV, 0.1 nA) for a single vortex at a 0.4 K and 1 T magnetic field. (c), (d) Tunneling conductance spectra
measured at an equally spaced (2 nm) distance along the a and b axes, respectively.
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Fig. 8. Impurity-induced bound states in the superconducting gap of FeSe films on graphene/SiC. (a) STM topography (10 mV,
0.1 nA), (b) tunneling conductance spectrum (0.4 K, 10 mV, 0.1 nA), and (c) density of states map (—0.4 mV, 0.1 nA) of a single Fe
adatom. (d) STM topography (10 mV, 0.1 nA), (e) tunneling conductance spectrum (0.4 K, 10 mV, 0.1 nA), and (f) density of states
map (—1.0 mV, 0.1 nA) of a single Se vacancy. The white dots indicate the topmost Se atoms.

3.2. Thickness-dependent Tc

To reveal the two-dimensional superconductivity prop-
erties, STS studies were performed on thinner films. Fig-
ure 9(a) summarizes a series of normalized tunneling spec-
tra taken on an 8-UC FeSe film at various temperatures. At
3.0 K, the superconducting gap with two symmetric coherence

peaks at £2.1 meV is clearly visible. With increasing temper-
ature, both coherence peaks are suppressed, and the zero-bias
conductance (ZBC) continuously increases until the gap com-
pletely disappears at 8.0 K. Using the tunneling spectra near
Tc, ZBC shows a linear dependence on temperature (the inset

of Fig. 9(a)). By extrapolating 7¢ to the point where ZBC =1,
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we find a Tc of 7.8 K for the 8-UC film. Similarly, we can de-
termine the T¢ of other films, for example, 3.7 K for the 2-UC
film (Fig. 9(b)). In the 1-UC film, however, the observed gap
near EF is temperature independent, and it exhibits significant
spatial inhomogeneity. This suggests that the 1-UC FeSe film
is non-superconductive above 2.2 K.

1.5 T T T T T T T
S
T
= i
S 10
- — 80K
g — 75K
= — 70K
g —6.5K
505 —60K
Z 5.0 K
— 4.0 K
—3.0K
0 1 1 1
—8 —4
Sample bias/mV
1.5 T T T T T T T
(b)
N
o
=
S 1.0 —
2 — 3.7TK 1.0
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5 00 2.9 K N 06
“ — 27K oall
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876 5 4 3 2
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d-1/A-1

Fig. 9. Thickness dependence of tunneling conductance spectra in FeSe
films on graphene/SiC. Panels (a) and (b) show a series of normalized
tunneling conductance spectra on 8-UC and 2-UC FeSe films, respec-
tively. Insets: temperature-dependent zero bias conductance. (c) Super-
conducting transition temperature 7c vs. the inverse of the film thick-
ness d.

Figure 9(c) reveals the relationship between T¢ and the
inverse of the film thickness 1/d. Tt scales inversely with
film thickness d. As shown previously, for superconducting
films, the transition temperature T (d) is scaled as T¢ (d) =
Teo (1 —dc/d), where T (d = o) is the critical temperature
of the bulk, and dc is the threshold for the onset of supercon-
ductivity. Theoretically, the 1/d dependence of T¢ has gen-

erally been interpreted by adding a surface-energy term in the
Ginzburg-Landau free energy of a superconductor.[*’! Based
on this relation, dc is estimated to be 7 A. In terms of the
out-of-plane lattice constant of 5.518 A for 3-FeSe, this sug-
gests that the minimum thickness for superconducting FeSe
films is 2 UC, which is consistent with our experiment. Mean-
while, the extrapolation to infinite thickness (1/d = 0) yields
Tco ~ 9.3 K. This agrees well with the bulk T¢ of the stoichio-
metric FeSe samples.

3.3. Suppression of superconductivity by twin boundaries

Twin boundaries (TBs) occur in the crystalline films.
They are identified by the 90° rotation of the electronic dimers
on either side and are seen roughly oriented along the diago-
nals of the Fe unit cells (Figs. 10(a) and 10(b)).[*" In all our
topographic images, up to 1 eV, TBs appear brighter than the
surrounding areas (Fig. 10(b)). This consistency over a wide
energy range strongly suggests a local increase in hge.

Figure 10(c) summarizes a series of normalized tunneling
conductance spectra taken along a trajectory approaching the
twin boundary. All curves exhibit superconducting gaps with
clear coherence peaks. However, the gap magnitude A de-
creases when approaching the TB. Moreover, the TB enhances
the ZBC, which is inversely correlated with the superfluid den-
sity, and suppresses the coherence peaks. The above observa-
tions imply the suppression of superconductivity by the TBs
in FeSe. Figure 10(d) presents the extracted superconducting
gap A and ZBC from Fig. 10(c) as a function of distance d off
the TB. As compared to Ag = 2.2 meV in TB-free regions, the
superconducting gap shrinks by ~ 25% to Atg = 1.66 meV
in the TBs. In addition, ZBC(d) decays with distance d from
the TB as ZBC(d) = ZBC(e) +Aexp(—d/&). Here, ZBC(0)
and & are the constant background and superconducting co-
herence length, respectively. Based on the exponential fit-
ting, we extract a coherence length of & = 5.5+0.3 nm at
4.5 K. The coherence length £(0) ~ 5.1 nm at zero tempera-
ture can be calculated from the self-consistent BCS gap func-
tion and & (T) «< 1/A(T) with Teg ~ 9.3 K. Here, & is mea-
sured along one diagonal of the undistorted Fe unit cell, and
thus £(0) ~ 5.1 nm roughly represents an average of &, and
&p,. Our STM images therefore demonstrate directly for the
first time the coherence-length-scale effect of a TB on super-
conductivity in the new Fe-based superconductors.

Figure 11(a) shows a topographic image with three TBs.
Figure 11(b) is the ZBC map recorded at 2 T, where the yel-
low regions with enhanced ZBC signify individual isolated
vortices. The schematic depiction of vortices and TBs in
Fig. 11(c) illustrates that the vortices are preferentially pinned
on the TBs as long as the distance separating the neighboring
TBs is not too large. This observation confirms that the TBs
locally suppress the superconductivity in FeSe.
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Fig. 10. STM characterization of twin boundaries in FeSe films on graphene/SiC. (a) STM topography with a TB indicated by a white
dashed line (10 mV, 0.1 nA). (b) Atomic-resolution STM topography of a TB (10 mV, 43 pA). (c) Normalized tunneling conductance
spectra taken at equal separations (1 nm) along the white solid line (normal to the TB) in panel (a). (d) Superconducting gap A and
zero bias conductance plotted as a function of distance from the TB. The blue solid line depicts an exponential decay, while the black
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Fig. 11. Twin boundaries flux pinning. (a) A 150 nmx 150 nm topographic image with three TBs (10 mV, 0.1 nA). (b) Simultaneous
zero bias conductance map showing the vortices at 2 T (10 mV, 0.1 nA). (¢) Schematic diagram illustrating both TBs (white dashes)

and vortices (red circles).

In iron-based superconductors, the tetrahedral geometry,
both the tetrahedral angle o and the anion height /4y, (pnic-
togen or chalcogen) above the Fe layer, appear to be key pa-
rameters controlling the superconducting transition tempera-
ture 7c.['7-201 Some previous studies have demonstrated that
a does not significantly affect T¢ in iron chalocogenides.[!%-1°]
High-pressure electrical resistivity measurements have re-
vealed that T¢ increases as hge is reduced. 29! We suggest that
superconductivity is suppressed and perhaps even quenched
by the increased hg. at the TB. The well-identified supercon-
ducting gaps near the TBs (Fig. 10(c)) may arise from the
proximity effect between on- and off-TB regions.

As has been noted previously, the 7¢c of the iron-based
superconductors appears to reach a maximum at hgnion ~
1.38 A.117.201 Away from this value, Tc will abruptly decrease.
In FeSe, hge ~ 1.45 A> 1.38 A,12% 50 the increased hige must
suppress Tc at the TBs. In contrast, in Ba(Fe;_,Co,)Asy,

has ~ 1.34 A appears smaller than 1.38 A. Assuming that
has increases around the TBs of Ba(Fe;_,Co,)As, as well,
one can expect an enhanced superfluid density there, in line
with SQUID experiments.*>*”] This suggests an explana-
tion for the contrast between TB behaviors in FeSe and
Ba(Fe;_,Co,)As;, and therefore provides the first local evi-
dence linking /,pion to the local A and thus to the mechanism

of superconductivity in iron-based compounds.

4. High-temperature superconductivity at the
FeSe/STO interface

Figure 12(a) shows the tunneling spectrum taken on the
1-UC FeSe film on STO (001) at 4.2 K. The 1-UC film ex-
hibits an overall U-shaped conductance spectrum: a zero con-
ductance region near Er and an unusually large superconduc-

tive gap A = 20.1 meV defined by the distance between the
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two sharp peaks. This value is almost one order of magnitude
larger than A ~ 2.2 meV for bulk FeSe (7¢c = 9.3 K). The ratio
of 2A /KgTc is ~ 5.5 (Kp is the Boltzmann constant) for bulk
FeSe. If we assume the same superconducting mechanism for
both the free-standing and epitaxial FeSe films, the gap of 1-

UC FeSe must lead to a superconducting transition at ~ 80 K.
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Fig. 12. Tunneling conductance spectra taken on FeSe films on STO
(001). (a) Tunneling conductance spectrum taken on the 1-UC thick
FeSe film revealing a superconducting gap of 20 meV. (b) Tunneling
conductance taken on 2-UC thick FeSe films revealing a semiconductor-
like behavior.

Surprisingly, the second UC and thicker films do not su-
perconduct at all, and the observed superconductivity behavior
is limited to the very first unit cell of the film above the inter-
face. Shown in Fig. 12(b) is a tunneling spectrum taken on the
2-UC thick film. There is no superconducting gap, and its elec-
tronic structure near Ef is characterized by a semiconducting-
like behavior. This feature is in sharp contrast to the free-
standing FeSe films grown on graphene/SiC, where the 7¢ in-
creases mostly with the increasing film thickness (Fig. 9(c)).
The difference indicates that the FeSe/STO interface plays a
significant role in the observed superconductivity.

The occurrence of superconductivity in the 1-UC FeSe
film on STO is further confirmed by the presence of super-
conducting vortices under an external magnetic field at 4.2 K.
Figure 13(a) shows the ZBC spectral mapping of a surface re-
gion shown in Fig. 13(b), where a vortex is clearly observed.

Figure 13(c) displays a series of tunneling spectra taken at the

points indicated by the dots in Fig. 13(a). With increasing dis-
tance from the vortex center, the coherent peaks gradually fade

away, while the gap size remains unchanged.

"
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Fig. 13. Vortex core states in FeSe films on STO (001). (a) Zero-bias
differential conductance mapping of the vortex state under a magnetic
field at 4.2 K. (b) Simultaneously recorded STM topography of the map-
ping area shown in panel (a). (c) The tunneling conductance spectra
taken on and near the vortex core indicated by the white points marked
in panel (a). Near the vortex core center (points 4, 5, and 6), the super-
conducting coherence peaks at approximately £20 meV disappear, and
bound states at Er appear.

Ex situ macroscopic measurements also reveal the occur-
rence of superconductivity in the 1-UC FeSe film on STO.
For example, ex situ transport measurement reveals the occur-
rence of superconducting transition with an onset temperature
of 53 K;*!1 ex situ angle resolved photoemission spectroscopy
(ARPES) reveals a nearly isotropic superconducting gap of
~ 15 meV, which closes at a temperature of 65+ 5 K, [48-50]
a new record in T¢ for iron-based superconductors.

While for the time being the mechanism for this high T¢
superconductivity is not completely clear, we argue that the in-
terface plays the dominant role. The interface could enhance
the electron—phonon coupling®!! at the FeSe/TiO interface, as
demonstrated in monolayer Pb and In films on Si (001) with a
very similar structure.33-2] In the present case, the effect may
be further promoted by the polaronic effect associated with the
high dielectric constant of STO.

5. Phase separation and magnetic order in
K.Fez_ySes

The newly discovered alkali-doped iron selenide super-

conductors not only reach a superconducting transition tem-
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perature as high as 33 K,*?! but also exhibit unique character-
istics that are absent in other iron-based superconductors, such
as antiferromagnetically ordered insulating phases!>*?* and
the presence of Fe vacancies and ordering.[>>-28 These fea-
tures have generated considerable excitement as well as con-
fusion, regarding the delicate interplay between Fe vacancies,

magnetism, and superconductivity. [?°-31]

5.1. Phase separation in K.Fe>_,Ses

Figures 14(a) and 14(b) show the tunneling conduc-
tance spectra at 0.4 K of regions I and II in Fig. 3(a), i.e.,

(dI/dV)/arb. units

(dI/dV)/arb. units

0 1 1 .
-15

15
Bias/mV

(dI/dV)/arb. units

(dI/dV)/arb. units

the stoichiometric KFe,;Se, and the K,FesSes with a V5 %
/5 ordered pattern of Fe vacancies in the films grown on
graphene/SiC, respectively. The spectrum of stoichiometric
KFe;Se, (Fig. 14(a)) exhibits a superconducting gap centered
at the Fermi energy and two characteristic coherence peaks,
indicating a superconducting phase. It has a double-gap struc-
ture: a larger gap A; =4 meV and a smaller one Ay ~ 1 meV.
In contrast, the spectrum of the /5 x /5 ordered pattern of
Fe vacancies (Fig. 14(b)) exhibits an energy gap up to 0.43 eV

across the Fermi level, suggesting an insulating phase.

(b)

Bias/mV

Fig. 14. Tunneling conductance spectra taken on K,Fe,_,Se; films. (a), (b) Tunneling conductance spectra of regions I and II in
Fig. 3(a), respectively. (c), (d) Tunneling conductance spectra of regions I and II in Fig. 4(b), respectively.

However, not all stoichiometric KFe;Se, is supercon-
ducting. Shown in Figs. 14(c) and 14(d) are the tunneling
conductance spectra of regions I and II in Fig. 4(b), i.e. the
V2 x V2 phase and V2 x5 phase in the stoichiometric
KFe;Se; films grown on STO, respectively. The spectrum
of the v/2 x v/2 phase (Fig. 14(c)) shows a 10 mV dip near
Ep. The dip may stem from the v/2 x v/2 charge ordering,
but does not imply superconductivity because the bottom of
the dip still has a finite density of states and the spectrum is

essentially independent of temperature from 0.4 K to 4.2 K.

Therefore, the v/2 x v/2 phase is a nonsuperconductive metal.
The spectrum of the v/2 x v/5 phase (Fig. 14(d)) exhibits a full
energy gap centered at the Fermi level and two pronounced co-
herence peaks, indicating that the v/2 x v/5 phase is supercon-
ducting with a nearly isotropic gap. The superconducting gap
A = 8.8 meV is estimated by half of the energy between the
two coherence peaks and is in close agreement with that ob-
tained by angle-resolved photoemission spectroscopy.>37]

Considering the surface structure shown in Fig. 5, we

demonstrate that the nonsuperconductive phase of KFe,Se;
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has v/2 x /2 charge ordering, which becomes superconduct-
ing only when it interfaces with K>Fe4Ses and develops /2 x
/5 charge ordering. Therefore, it is appropriate to identify
KFe,Ses with v/2 x /2 charge ordering as the parent com-
pound. There are various ways, such as strain, magnetic cou-
pling, and charge transfer, with which the electronic proper-
ties of KFe,Se; can be regulated through the K;FesSes layer.
The strain effect can simply be excluded because the lattice
constants of K,FesSes are very close to those of KFe;Se;.
An analogy to cuprate high 7¢ superconductors suggests that
the KoFesSes layer may play the role of charge reservoir
and transfer carriers into KFe;Se, to induce superconductiv-
ity. To keep the balance of chemical valence, the KFe,Se;
phase tends to lose electrons and becomes hole-doped in the
superconducting state. Another possibility is that the antifer-
romagnetic K,FesSes may change the magnetic structure of
KFe;Se; through their exchange coupling across the interface,
and KFe,Se, becomes superconducting after the original Cy
symmetry is broken by the magnetic interaction. In all sce-
narios, the interface between KFe,Se; and K;Fe4Ses is a key
factor.

Interfacing with KyFe4Ses is not the only way to induce
superconductivity in the parent compound KFe,Se;. Super-
conductivity can also occur in a film with a certain amount
of Se vacancies. The atomically resolved STM image in
Fig. 15(a) shows the same /2 x /2 superstructure as the par-
ent compound but with quatrefoil-like defects originating from
the Se vacancies, where no sign of the V5 x1/5 Fe vacancy or-
der has been observed. The spectrum (Fig. 15(b)) at a location
away from the Se vacancies exhibits a very similar supercon-
ducting gap to that on KFe,Se, with /2 x v/5 charge ordering
(Fig. 14(d)).
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Fig. 15. Superconductivity in KFe;Se;.. (a) The STM topography

(75 mV, 0.02 nA) of an area with Se vacancies. (b) The superconducting

gap (0.4 K, 25 mV, 0.1 nA) at a location away from the Se vacancies.

Therefore, in total, four phases have been found to exist

in K,Fe;_ySes>_: parent compound KFe,Se;, superconduct-
ing KFe>Se, with v/2 x v/5 charge ordering, superconducting
KFe;Se;_, with Se vacancies, and insulating K,Fe4Ses with a
V5 x /5 Fe vacancy order.

5.2. Magnetic order in K,Fey_ySex

Figure 16(a) shows an atomically resolved STM image
of stoichiometric KFe,Se, grown on graphene/SiC, where the
topmost layer remains perfect without K or Se vacancies but
with single Fe vacancies (parallelogram-shaped structures) in
the second atomic layer. By examining the registration of Fe
sites with respect to the Se lattice in the topmost layer, the
Fe atoms in the (110) plane can be divided into two inter-
penetrating sublattices. The Fe vacancies on the two differ-
ent sublattices are labeled as A and B. The atomic structures,
chemical environments, and STM images of these two types of
vacancies are mirror-images of each other. The tunneling con-
ductance spectrum on a vacancy (Fig. 16(b)) shows strongly
suppressed coherence peaks and a pair of resonances inside
the superconducting gap, i.e., an electron-like bound state at
1.9 mV and a hole-like bound state at —1.9 mV. While the en-
ergies of the electron-like and hole-like states are symmetric
with respect to zero bias, their amplitudes are different as a
result of the on-site Coulomb interaction. ¢!

When a magnetic field perpendicular to the sample sur-
face is applied to break the rotational symmetry, as clearly
shown in Figs. 16(c) and 16(d), the energy of the subgap res-
onance in KFe,Se; exhibits a linear dependence on the mag-
netic field. The most striking behavior of the field effect is that
the peaks on type-A and type-B vacancies shift to opposite di-
rections with the magnetic field. The opposite shifting sug-
gests that the two types of vacancies have different spin orien-
tations, implying a magnetically-related bipartite order in the
tetragonal Fe lattice. The bipartite spin structure is influenced
by the applied magnetic field only slightly because of the rel-
atively strong anti-ferromagnetic exchange coupling between
neighboring spins. Such a bipartite structure may account for
the large electron-like Fermi surface sheet with weak intensity
near the I" point in ARPES data!3>-%! through Brillouin zone
folding.

The role of the Fe vacancies in the superconducting phase
has been rather controversial in previous studies. For example,
some experimental data suggested that randomly distributed
vacancies may help to stabilize the superconducting state.3!]
To further elucidate the effect of the Fe vacancies on super-
conductivity, we prepared samples with a higher density of
randomly distributed vacancies (Fig. 17(a)) by UHV anneal-
ing. The tunneling conductance spectra in Fig. 17(b) show
that a sample with a high density of vacancies eventually be-
comes a gapless superconductor. Therefore, the Fe vacancies

are always destructive to superconductivity in KFe;Se,.
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Fig. 16. Fe vacancy-induced bound states in the superconducting gap of KFe;Se;. (a) STM topography of Fe vacancies (30 mV,
0.03 nA). The two types of vacancies are labeled A and B, respectively. (b) Tunneling conductance spectrum (0.4 K, 15 mV, 0.1 nA)
on a single Fe vacancy. (c), (d) Magnetic field dependences of the bound state energies.

(b)

(dI/dV)/arb. units

-8 —4 0 4 8
Bias/mV

Fig. 17. Suppression of the superconductivity of KFe,Se, by Fe va-
cancies. (a) STM topography (60 mV, 0.02 nA) of an area with a high
density of Fe vacancies. (b) Superconducting gaps (15 mV, 0.1 nA) at
various densities of vacancies: black curve: no vacancy; cyan curve:
low density (0.05/nm?) of vacancies; red curve: high density (0.1/nm?)
of vacancies, as shown in panel (a).

6. Summary

We successfully prepared stoichiometric and supercon-
ducting FeSe and K Fe,_,Se; films on graphene/SiC and STO
(001) substrates using MBE. By in situ low-temperature STM
study, which combines the capabilities of local imaging and a
direct probe of the superconducting parameters at the nanome-
ter scale, we clarified several issues of confusion, such as pair-
ing symmetry and the interplay between magnetism and su-
perconductivity in iron-based superconductors. The most im-
portant finding is the interface-induced high-temperature su-
perconductivity. The main conclusions are as follows.

1) Graphene grown on SiC (0001) substrates can lead to
the growth of strain-free FeSe films. The superconductivity

transition temperature 7¢ of the FeSe films (> 2 UC) scales
inversely with the film thickness.

2) TBs locally suppress the superconductivity in FeSe.
This is due to the increased hse at the FeSe TBs, which pro-
vides the first local evidence for the importance of chalco-
gen/pnictogen height /i to the nature of the superconduc-
tivity mechanism in iron-based materials.

3) We confirmed the nodal superconductivity and the
twofold symmetry of the order parameter in FeSe films.

4) We discovered high-temperature superconductivity in
1-UC thick FeSe films grown on STO (001), which is induced
by the interface effect. This finding not only demonstrates a
powerful way for finding new superconductors and for raising
Tc, but also provides a well-defined platform for systematic
studies of the mechanism of unconventional superconductiv-
ity.

5) A K Fe; ,Se; . sample contains four distinct phases:
parent compound KFe;Se,, superconducting KFe,;Se, with
V2 x /5 charge ordering, superconducting KFe,Se,_. with
Se vacancies, and insulating K,Fe4Ses with a V/5 x /5 Fe va-
cancy order.

6) An individual Fe vacancy can locally destroy super-
conductivity in a way similar to the effect of a magnetic im-
purity in the conventional superconductors. This finding elu-
cidates the existing controversies on this new superconductor
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and provides atomistic information on the interplay between
magnetism and superconductivity in iron-based superconduc-

tors.
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