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Abstract

Interface-enhanced high-temperature superconductivity in one unit-cell FeSe films on SrTiO;(001)
(STO) substrate has recently attracted much attention in condensed matter physics and material
science. By combined in situ scanning tunneling microscopy/spectroscopy and ex situ scanning
transmission electron microscopy studies, we report on atomically resolved structure including both
lattice constants and actual atomic positions of the FeSe/STO interface under both non-super-
conducting and superconducting states. We observed TiO, double layers and significant atomic
displacements in the top two layers of STO, lattice compression of the Se—Fe—Se triple layer, and
relative shift between bottom Se and topmost Ti atoms. By imaging the interface structures under
various superconducting states, we unveil a close correlation between interface structure and
superconductivity. Our atomic-scale identification of FeSe/STO interface structure provides insight
on investigating the pairing mechanism of this interface-enhanced high-temperature superconduct-

ing system.

Introduction

The discovery of a superconducting gap A ~ 20 meV,
nearly one order of magnitude higher than that of bulk
FeSe, in one unit-cell (UC) FeSe film grown on
SrTiO3(001) (STO) substrate [1] has stimulated much
attention in superconductivity community. The
superconducting transition temperatures (7.) ranging
from 50K to 100 K were subsequently revealed by
transport [2—5] and mutual inductance measurements
[2, 6]. Compared with T, ~ 9K for bulk FeSe [7], the
above findings indicate a vital role of STO substrate in
boosting the high temperature superconductivity.
Previous angle-resolved photoemission spectroscopy
(ARPES) [8-11] and scanning tunneling microscopy,/
spectroscopy (STM/STS) studies [12] have revealed
significant charge transfer from STO substrate to FeSe

films, which can be controlled by vacuum annealing
[9, 12]. It is widely believed that the electrons injected
into FeSe films originate from oxygen vacancies in
STO [10, 12—14]. However, atomic structure of the
interface and how the doping is realized with anneal-
ing are still elusive. In addition to interface charge
transfer, coupling between FeSe electrons and high-
energy optical phonons in STO is suggested by ARPES
study as occurrence of a replica band separated by
~100 meV from the main band [15]. In terms of the
energy of ~100 meV, the responsible phonon should
be a polar phonon mode on the surface layer of the
STO substrate that is related to Ti-O displacement
near surface [15-18]. Very recently, features of elec-
tron—phonon coupling with two low energy phonon
modes at ~11 meV and ~21 meV, are observed in STS
studies [19], in good agreement with the first-principle
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Figure 1. (a)—(c) STM images (V = 1.0 V,I = 50 pA,7 nm x 10 nm) of 1-UC FeSe on STO (001) substrates, showing evolution of
surface morphology with vacuum annealing. The dumbbell-like features are labeled as 1. (d) Typical dI/dV spectra taken on the
surfaces shown in (a)—(c), showing the 1-UC FeSe films evolve from NS to IS and then OS states with increasing annealing. The dI/dV
curves of IS and OS states are shifted with the zero conductance indicated by horizontal bars. (e)—(g) HAADF images viewed along
[010] direction of FeSe/STO under NS, IS and OS states, respectively. Arrows mark the ‘tail frame’-like features at the FeSe/STO

{100]

calculation that takes the template effect of STO
substrate into account [20]. To understand these
phenomena and superconductivity mechanism,
atomic-scale information on the FeSe/STO interface
is indispensable. In this study, we combine high-
resolution scanning transmission electron microscopy
(STEM) and STM/STS to investigate both in-plane
and out-of-plane atomic structure of the interface. By
studying the interface structures under both non-
superconducting and superconducting samples, we
reveal a close relation between interface structure and
superconducting properties.

Results and discussion

Figure 1 shows the evolution of surface morphology,
corresponding tunneling spectra and interface struc-
ture of 1-UC FeSe films on STO with ultra-high
vacuum (UHV) annealing. The atomically resolved
STM images (figures 1(a)-(c)) all display Se-termi-
nated (001) FeSe surface with an in-plane lattice
constant of ~3.9 A, which is the same as that of
STO(001) surface and thus 3% larger than the value
of 3.77A for bulk FeSe [7]. Dumbbell-like
features (labeled as p) are observed in figures 1(a) and
(b), which correspond to extra Se atoms in Se—Fe—Se
triple layers under the Se-rich growth condition [21].
When the extra Se atoms desorb with annealing,
the 1-UC FeSe films convert from non-superconduct-
ing (NS) (black curve in figure 1(d)) to superconduct-
ing states with a gap of 12meV and 17 meV (red

and blue curves in figure 1(d), respectively).
To simplify the description, we named the three
different states as NS, intermediate superconducting
(IS), and optimal superconducting (OS) states,
respectively.

Displayed in figure 2 are detailed STEM results of
the FeSe/STO interface in OS state. Figures 2(a) and
(¢) (b) and (d)) show typical atomically resolved
high-angle annular dark field (HAADF) (annular
bright-field (ABF)) images viewed along the [010] and
[110] directions, respectively. In the HAADF images,
Se, Fe, Sr and Ti atoms appear as bright dots and are
clearly identified with sharp intensity contrast, while
in the ABF images those atoms appear as dark dots and
O atoms bright. An ordered Se—Fe—Se triple layer is
clearly observed, except that top layer Se atoms look
brighter than the bottom layer Se atoms, indicative of
substitution of Te for Se [22]. Nevertheless, ex situ
transport studies after capping FeTe layer demonstrate
systematically increasing T. with annealing [12],
attesting to the three distinct states for STEM mea-
surement. On the STO side, TiO, and SrO layers stack
in sequence. Intriguingly, an extra layer, marked by
blue circles in figures 2(a)—(d), is noticed right below
the bottom Se layer. The atom columns in this extra
layer is located nearly at the positions of Sr columns,
but exhibit intensity similar to Ti columns. With O
atoms in this extra layer disclosed in the corresp-
onding ABF images, marked by red circles in
figures 2(b) and (d), we infer the extra layer as TiO,
layer based on previous studies [23-27].
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Figure 2. Atomically resolved STEM images of 1-UC FeSe/STO(001) heterostructure under OS state. (a) HAADF and (b)
corresponding ABF images viewed along [010] direction. In (b), distorted oxygen octahedral was drawn. (c) HAADF and (d)
corresponding ABF images viewed along [110] direction. The arrows in (a) and (b) marked the ‘tail-fame’-like features at FeSe/STO
interface. (e) Local electron energy loss spectroscopy (EELS) of Ti-L,;-edge across FeSe/SrTiO; interface. Inset: HAADF image,
showing the points where the spectra were taken. (f) Large-scale HAADF image of FeSe/STO(001) heterostructure, showing relative
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To identify the chemical composition of the extra
layer, we conducted atomically resolved electron
energy loss spectroscopy (EELS) of Ti-L,3 edge across
the FeSe/STO interface. The results are shown in
figure 2(e). At points far away from the interface, such
as point ‘5’, the spectrum shows four peaks in an
energy range of 455-470 eV, similar to the typical
characteristic of Ti-L,3;-edge observed in bulk STO
with oxygen vacancy concentration § < 0.13 (SrTiOs.
s) reported previously [28], indicative of near Ti**
The oxygen vacancies in STO bulk could be induced
during the high temperature UHV annealing [10].
Approaching to the interface, the four characteristic
peaks decrease successively in intensity and merge into
two wide humps (points 2, 1, 0 and —1), indicating
that partial Ti*" atoms change to Ti* " as resulted from
the significantly increased oxygen vacancies [28] near
the surface of STO. The features of Ti*" are clearly dis-
cerned at point ‘0’ and ‘—1’ just below the Se layer,
explicitly demonstrating that the extra layer is TiO,
layer. Thus, a TiO, double layers (DLs) at the FeSe/
STO interface is identified. The fact that this TiO, DLs
occurs at the FeSe/STO interface irrespective of NS, IS
or OS states (figures 1(e)—(g)), together with the TiO,
rich surface of STO(001) reported previously [23-27],
indicates that the TiO, DLs is intrinsic characteristic of
STO(001). Compared with previous STEM results
[25], the TiO, DLs is much more clearly resolved
because of the sharp interface between single crystal-
line FeSe films and STO. To distinguish the two TiO,
layers, we name the extra TiO, layer as top TiO, layer,
and the other as the 1st TiO, layer of bulk STO.

A closer examination of the TiO, DLs reveals some
‘tail frame’-like features with weak contrast around Ti
columns, as indicated by arrows in figures 1(e)—(g) and

2(a)—(c). Statistics on more than ten different regions
of each sample shows that the ‘tail frame’-like features
decrease gradually in both density and weight from NS
to IS and then OS state, which is also evidenced from
the HAADF images shown in figures 1(e)—(g). Con-
sidering the corresponding surface morphology evol-
ution, i.e. desorption of extra Se atoms in Se—Fe-Se
triple layers with annealing, seen from the STM topo-
graphy images shown in figures 1(a)—(c), we speculate
that the ‘tail frame’-like features correspond to extra
Se atoms at the FeSe/STO interface, which may incor-
porate into the top TiO, layer and compensate some
oxygen vacancies on STO surface.

To bring more insight into the correlation between
structure and superconductivity properties, we quan-
tified the interface structure by measuring various
inter-atomic distances at NS, IS and OS states depicted
in the schematic model in figure 3(a). It is worthy to
note that to reduce the error induced by Te/Se mixing,
the Se height hg. here is measured as the distance
between iron layer and bottom Se layer. The results are
summarized in figure 3(b) and table 1. As displayed in
figure 3(b), the distance between the double TiO, lay-
ersis 2.44 A + 0.08 A, which is ~25% larger than half
of the lattice constant of STO along the [001] direction
and independent of the sample states. Both the 1st
TiO, and Ist SrO layer shrink inwards, as evidenced
from the reduced nearest neighboring (NN) layer dis-
tanceof 1.81 A 4= 0.05 Aand 1.85 A 4 0.09 A, respec-
tively. For the 2nd TiO, and deeper layers, the atomic
displacements are negligible. Consistent with the in-
plane lattice of ~3.9 A revealed by STM, identical in-
plane lattice constant (the Se-Se distance, dg.s.) of
~3.86 A is observed in the FeSe films under the three
distinct states. Intriguingly, when the film changes
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Figure 3. (a) Schematic model of FeSe/STO interface,
showing 1-UC FeSe on TiO, DLs-terminated STO. (b)
Nearest-neighboring (NN) layer distance along c direction of
STO, showing the displacement in the top two layers of STO
surface.
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Table 1. Structure parameters of FeSe/SrTiO; interface under var-
ious superconducting states (NS, IS and OS): lattice constant ag.ge,
anion height hg., angle ac of Se—Fe—Se bonding, and distance ds._r;
between bottom Se and topmost Ti atoms.

NS IS oS
Apese/ A 3.87 £ 0.02 3.85 4 0.02 3.86 = 0.03
hs./A 1.33 £ 0.02 1.32 £ 0.02 1.31 £ 0.01
a 111.0° £+ 0.9° 111.0° + 0.7° 111.4° £+ 0.9°
ds._1i/A 3.34 + 0.05 3.47 & 0.07 3.58 £ 0.05

from NS to OS state, the Se height kg, decreases from
1.33A £ 0.02A to 1.31A £+ 0.01 A, whereas the
separation ds._1; between the bottom Se layer and the
topmost Ti layer increases from 3.34 A & 0.05 A to
3.58 A £ 0.05 A (table 1).

We now focus on the interface structure of the OS
sample. The Se—Se distance is 3.86 A & 0.03 A, ~2.4%
expanded compared to the value of 3.77 A for bulk
FeSe [7] and close to the in-plane lattice constant of
STO substrate (3.9 A). As demonstrated by previous
STM studies, 1-UC FeSe films on STO consist of high
density of domains [29, 30], and exhibit 2 x 1 recon-
struction [1] and strong atomic distortion within each
domain [19]. Consistent with the finding that 2 x 1
reconstruction in 1-UC FeSe films is purely an electro-
nic feature instead of lattice reconstruction as revealed
by AFM study [31], no such reconstruction is observed
in STEM images. Whereas, the random atomic dist-
ortion [19] originates from structure, as relative shift
between the bottom Se atoms and the topmost Ti
atoms along the in-plane direction is clearly discerned
from the STEM images shown in figure 2(f). Since the
relative shift is always observed irrespective of dark or
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bright domain walls (not shown) in FeSe films, on
which FeSe films are separated with a constant width
of 1.5as._s. [29] and continuous [30], respectively, we
exclude its relation to domain walls. To compensate
the in-plane expansion, the Se height hs. reduces to
1.31 A £ 0.01 A, ~9.5% lower than that of bulk FeSe
(1.45 A) [7]. Consequently, the Se—Fe—Se bond angle «
changes to ~111.4° + 0.9°, which is close to that of a
regular tetrahedron (~109.5°).

The atomic-resolved FeSe/STO interface struc-
tures shown above have several implications, which
shed insight on understanding the mechanism of high
temperature superconductivity in FeSe/STO system.
First, it rules out the tensile stress as a key factor that
induces the high temperature superconductivity in
FeSe/STO. Compared to bulk FeSe, the 1-UC FeSe
films on STO exhibit more two-dimensional essential
Se—Fe—Se triple layer (~9.5% compressed hg.) and
much larger superconducting gap (~20 meV). This
seems to be consistent with the empirical rule in bulk
iron chalocogenides that the superconductivity is
enhanced as the Se height hs. above the Fe layer is
reduced [32, 33]. However, the value of hg. observed
here is far from the optimal value of 1.38 A [34]. More-
over, regardless of the significant local structure dist-
ortion in 1-UC FeSe films (figure 2(f)), the
superconducting gap is spatially uniform as revealed
by STS studies [1, 30], consistent with the previous
observations that additional ~2% expansion in single-
layer FeSe films [35] only induces a subtle increase of
gap-closing temperature (Ty) of 5K and that aniso-
tropic FeSe films on STO(110) substrates show com-
parable superconducting gap (17 meV) [36].

Second, it provides a possible picture how the
interface charge transfer is achieved with annealing. In
the NS state, the extra Se atoms not only exist in FeSe
films (dumbbell-like features in figure 1(a)) but also
incorporate in the top TiO, layer to compensate some
oxygen vacancies at FeSe/STO interface (‘tail frame’-
like features in figure 1(e)). The extra Se atoms act as
hole dopants for 1-UC FeSe films as revealed by first
principal calculations [37, 38] and evidenced by
ARPES [9] and STS studies [12], which may partially
or even totally counteract the electron doping from the
oxygen vacancies. Correspondingly, NS samples exhi-
bit both hole pocket slight below Fermi level at the
Brillouin zone center and electron pockets at the zone
corner [9]. Once these extra Se atoms in FeSe films and
at FeSe/STO interface are removed after extensive
annealing, oxygen vacancies are released, promoting
charge transfer from STO to FeSe. The resulted elec-
tron doping pushes the hole bands at the Brillouin
zone center from the Fermi energy [9, 10, 15]. We
speculate that the release of oxygen vacancies with
interfacial Se desorption can activate simultaneously
the interface enhanced electron—phonon coupling as
proposed by two separate theoretical works [18, 39].

Third, it helps us to improve our understanding
on the contribution of STO phonons to the high
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temperature superconductivity. The phonon mode
(~80-100 meV) that contributes to the interface
enhanced electron—phonon coupling as suggested by
ARPES study [15], is claimed to correspond to a spe-
cial oxygen-vacancy induced flat phonon mode which
is mainly composed of relative Ti and O atomic dis-
placements along (001) direction in the top two layers
and appear exclusively at a relaxed surface [18]. The
inward shrinking of the Ist TiO, and 1st SrO layer
observed here (figure 3(b)) agrees qualitatively with
the relaxed surface model proposed in [18]. However,
the calculation in [18] is based on single TiO, termi-
nated STO. The double TiO, termination could
induce divergence in phonons from those of single
TiO, terminated STO, which deserves further theor-
etical calculation.

At last, it challenges our understanding on the
interaction between FeSe films and STO substrates.
Associated with the charge transfer achieved with
annealing, the separation between the bottom Se layer
and the topmost Ti layer ds._t; increases from 3.34 to
3.58 A. These separation values are totally larger than
the typical length of chemical bonds and the tendency
contradicts the prediction of sink down of FeSe
towards the STO substrate associated with charge
transfer [13]. This finding, together with the local rela-
tive lattice shift between bottom Se atoms and topmost
Ti atoms (figure 2(f)), suggests that the bonding
between FeSe films and STO substrate was not such
strong as expected [13]. Whether the minor increase of
~0.24 A in the interface separation dg._r; from NS to
OS state is crucial for boosting the high temperature
superconductivity or trivial due to desorption of inter-
facial Se or increasing repulsion associated with charge
transfer needs to be further explored.

Conclusions

Atomically resolved STM and STEM images have been
successfully achieved to reveal the atomic-scale inter-
face structure of FeSe/STO. TiO, DLs with apparent
atomic displacements are clearly identified at FeSe/
STO interface. We observe a compressed Se—Fe—Se
triple layer and a clear lattice shift between FeSe films
and STO substrates. By studying the interface struc-
tures under different states, we unveil the correlation
between interface structure and superconductivity
properties. Our results demonstrate the important
roles of charge transfer and interface electron—phonon
coupling in the high temperature superconductivity in
FeSe/STO systems.

Materials and methods

Growth of FeSe films on SrTiO;

One UC FeSe films were epitaxially grown on Nb-
doped SrTiO;3(001) (Nb: 0.5 wt%, KMT) substrates at
400 °C by co-depositing high purity Fe (99.995%) and
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Se (99.9999%) in standard Knudsen cells with a flux
ratio of ~1:10. Prior to film growth, as-received Nb:
STO substrates were treated by Se molecular beam
etching method [1] to achieve atomically flat surface.
The superconductivity state of FeSe films was con-
trolled by annealing time [9] and annealing temper-
ature [12]. Here, we annealed the samples under
450 °C for 1 h, 8 h and 15h for NS, IS and OS states,
respectively. To protect FeSe films from being oxidized
for ex situ STEM measurement, 10-UC thick FeTe
films were grown by co-evaporating Fe (99.995%) and
Te (99.9999%) at a substrate temperature of 300 °C.

STM/STS characterization

STM/STS experiments were carried out in a low-
temperature Createc STM system with a polycrystal-
line Pt/Ir tip. All the STM images and STS spectra were
obtained at 4.6 K. The STS tunneling spectra were
acquired using lock-in technique with a bias modula-
tion of 3mV at 981.3 Hz. The STM images were
processed using WSxM.

STEM characterization

STEM experiments were performed on an aberration-
corrected ARM-200CF (JEOL, Tokyo, Japan) at room
temperature, which was operated at 200 keV and
equipped with double spherical aberration (Cs) cor-
rectors. The attainable resolution of the probe defined
by the objective pre-field is 78 picometers. For each
EEL spectrum, the measured step is 0.2 nm. STEM
samples were prepared using focused ion beam
method. Cross-sectional lamella was thinned down to
100 nm thick at an accelerating voltage of 30 kV with a
decreasing current from the maximum 2.5 nA, fol-
lowed by fine polish at an accelerating voltage of 2 kV
with a small current of 40 pA. All STEM images were
corrected for drift with the lattice constant of
Sr ~ 3.905 A deep in the bulk.

To precisely measure layers’ distance along c direc-
tion, we projected the intensity of columns in HAADF
images to [001] axis along [100] direction. Peaks in the
projected curve correspond to the layers’ vertical posi-
tions and the distance between adjacent peaks is
defined as the vertical separation between layers. We
did statistics on more than ten different regions of
each sample under NS, IS and OS states.
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