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1. Introduction

Most of the high-Tc materials are layered compounds, except 
for the hydrogen sulfide system [1] and the lanthanum super-
hydride [2]. The typical materials are copper oxide [3] and 
Fe-based systems [4]. Two-dimensional (2D) limit of the 
superconductivity, historically, has been studied in various 
ways [5]. Interestingly, superconductivity survives in the 
2D-limit, in spite of unfavorable phase transition that could 

suppress superconductivity as generally understood. The 
2D-limit superconductivity is further demonstrated by the 
recent discoveries of high temperature superconductivity 
in single unit-cell (UC) FeSe epitaxially grown on several 
TiO2-termianted substrates, including SrTiO3(STO)(0 0 1), 
STO(110), anatase and rutile TiO2(0 0 1) and BaTiO3. Such 
FeSe/TiO2 hetero-structure brings about a remarkable large 
superconducting gap of more than 20 meV and, consequently, 
gives rise to high-Tc up to 65 K [6, 7], which is nearly one 
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Abstract
We report asymmetric Se heights in a single unit-cell (UC) FeSe on SrTiO3(0 0 1) 
substrate with the highest superconducting transition temperature (Tc) among the Fe-based 
superconductors revealed by total-reflection high-energy positron diffraction measurements. 
Among various iron-based superconductors, this single UC FeSe on the SrTiO3(0 0 1) has 
been the best material to achieve the highest-Tc above 50 K. We found the asymmetric Se 
heights of 1.44  ±  0.03 and 1.33  ±  0.03 Å from the single Fe layer by the intensity analysis 
based on dynamical diffraction theory. The average Se height results in 1.39  ±  0.04 Å, 
corresponding to the optimum value for Fe-based superconductors. In addition, the average 
of bond angles of Se–Fe–Se, 107.2  ±  1.1 and 111.5  ±  1.2° becomes 109.3  ±  1.6°, which is 
close to the optimum value of 109.5° for a regular tetrahedron. Thus, this single UC FeSe is 
found to have asymmetrically optimized structure. Based on our first-principles calculations, 
the asymmetry does not change the bandwidth whereas it splits the electron bands at the M 
point only at the bottom. These calculations suggest that at low electron doping, the structural 
asymmetry is expected to lead to exotic properties of non-centrosymmetric superconductivity, 
whereas after a certain amount of electron doping, average anion height plays an important 
role for high-Tc.
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order of magnitude higher than the corresponding bulk values 
(2.2 meV, 8 K) [8], and nearly double the Tc of 37 K under 
high pressure [9–11]. As experimentally revealed, the 1UC 
FeSe films on STO are heavily electron-doped with interface 
charge transfer driven by band-bending effect. The inter-
face charge transfer is consistent with the doping scenario in 
cuprates and iron-based superconductors, i.e. only carriers but 
without chemical dopants or defects being introduced into the 
superconducting layers. Inspired by such doping scenario, 
top-down surface doping [12] and electric double-layer tran-
sistor (EDLT) methods [13, 14] have been applied to multi-
layer FeSe films. The electron doping by surface potassium 
atom adsorption on multilayer FeSe films results in supercon-
ducting gaps larger than 10 meV and corresponding increase 
of Tc up to 48 K [12]. In the case of EDLT, the observed 
highest-Tc reaches 40 K [13]. Based on these reports, a ques-
tion why 1UC FeSe films [6, 7, 15, 16] exhibit higher Tc and 
larger superconducting gaps than the other bulk Fe-based 
superconductors, arises. Several experimental observations 
have indicated that the coupling between FeSe electrons and 
oxygen phonons from STO likely plays additional and crucial 
role as well, but its correlation to high-Tc has not been directly 
established yet.

The atomic configuration of 1UC FeSe film is one of the 
keys to elucidate the origin of high-Tc. Especially, the Se 
height from the Fe layer in addition to the height from the 
STO(0 0 1) substrate is strongly related to the electronic struc-
ture [17], charge transfers [7], electron–phonon couplings 
[18], and spin-density waves [19]. As for bulk Fe-pnictides, 
the Tc maximum occurs at the anion height, the height of As 
from the Fe layer, of 1.38 Å [9]. Recently, the anion height of 
1UC FeSe is studied by ex situ high-resolution scanning trans-
mission electron microscopy (STEM) [20]. The bottom-Se 
height was found to be 1.31  ±  0.01 Å, which is much lower 
than the value of 1.47 Å for bulk FeSe and even the optimum 
height of 1.38 Å that accommodates maximum Tc in bulk iron 
pnictides. The other top-Se height is not achievable from this 
ex situ STEM study because of substitution of Te atoms from 
FeTe capping layers on the top-Se layer. Here, we carried 
out in situ total-reflection high-energy positron diffraction 
(TRHEPD) experiments on the 1UC FeSe on STO(0 0 1) sub-
strate without additional capping layers to measure the atomic 
configurations such as Se heights as shown in figure 1.

The TRHEPD is a surface-sensitive tool owing to the posi-
tive charge of the positron [21]. Since the positron, antipar-
ticle of the electron, has a positive charge, opposite to that of 
the electron, the sign of the crystal potential for every material 
is positive. Thus, the reflective index for the positron beam 
is less than unity. This means that the total reflection takes 
place at grazing incidences [21]. Under the total reflection 
condition, e.g. below 2.3° in our case, the penetration depth of 
the positron beam into a material is estimated to be less than  
1 Å, showing the extreme sensitivity on the topmost surface. 
Beyond the total reflection region, the positron beam reaches 
the underlying sub-surface layer. Therefore, the TRHEPD 
technique is very sensitive to the topmost- and immediate sub-
surface layers and suitable for determining the structures of 
1UC films suspended on substrates. That is, the whole aspect 

regarding the atomic configurations of 1UC FeSe films on a 
STO(0 0 1) substrate can be clarified by combining informa-
tion on the topmost surface by the present TRHEPD analysis.

2. Experimental

1UC FeSe films were grown on 0.5 wt% Nb-doped STO(0 0 1) 
substrates at 400 °C by the co-deposition of Fe and Se atoms 
with keeping the flux ratio of 1:10, followed by annealing the 
substrates at 1000 °C for 1 h [22]. The samples were capped 
with amorphous Se thin films and then transferred to the mea-
surement chamber via an ambient of air. In the measurement 
chamber, these were annealed at temperatures ranging from 
450 °C to 530 °C in 15 h after the Se capping layers were 
completely removed by annealing at 400 °C in 3 h. The crys-
tallinity and morphology of the 1UC FeSe films were con-
firmed by STM and reflection high-energy electron diffraction 
(RHEED). The measurements of TRHEPD rocking curves 
(spot intensities versus glancing angle of incident beam) were 
carried out at KEK, Japan. The positron beam was produced 
by electron–positron pair creation through bremsstrahlung 
radiation using an electron linear accelerator [23]. The beam 
energy of the incident positron was fixed at 10 keV. The dif-
fraction patterns were taken using a microchannel plate 
(MCP) assembly with a phosphor screen and a charged cou-
pled device (CCD) camera. The glancing angle of the incident 
positron beam was changed from 0.5° to 6° at the interval of 
0.1° by rotating the sample holder. All the measurements were 
conducted at room temperature.

The intensity analysis was performed on the basis of 
dynamical diffraction theory [24]. The adsorption potentials 
resulting from the electronic excitations were taken to be 
1.23 eV for Fe, 1.38 eV for Se, 1.45 eV for Sr, 1.15 eV for Ti, 
and 0.73 eV for O [24]. The Debye-temperatures, ΘD, and the 
mean inner potential (V0) for the FeSe were also treated as 
fitting parameters. The obtained V0 was 15.6  ±  0.9 V. The in-
plane lattice constant of the 1UC FeSe film was assumed to 
match that of the STO(0 0 1) substrate. The top two layers of 
the STO(0 0 1) substrate were taken to be composed of TiO2 
double layers [20]. Considering the limited penetration depth 
of the positron beam, the atomic positions of bottom-Se layer 
and the underlying TiO2 double layers were fixed at the values 
obtained by the STEM results [20]. The structural and non-
structural parameters were varied so as to minimize the dif-
ference between the measured and the calculated curves. The 
goodness of fit was judged via the reliability (R) factor.

The energy band structures were calculated by using the 
density functional theory (DFT)-based first-principles calcul-
ations [25, 26]. The detailed methods are described in [26].

3. Results and discussion

The TRHEPD rocking curves at the optimum condition 
[7, 22] after annealing at 530 °C were analyzed as shown 
in figure  2. The schematic structure of 1UC FeSe at such 
optimum condition was depicted in figure  3. A striking 
finding is that the top-Se atoms are 1.44  ±  0.03 Å away 
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from the Fe-layer, while the bottom-Se is 1.33  ±  0.03 Å 
away, indicative of distinct asymmetric compression with 
respect to the identical displacement of 1.47 Å for the bulk 
FeSe. The displacement of 1.33  ±  0.03 Å for the bottom-Se 
identified here is consistent with the value of 1.31  ±  0.01 Å 
observed in previous STEM study [20]. Assuming that the 
heights of the top-Se and bottom-Se layers are the same, i.e. 

symmetric structure (as shown by the gray lines in figure 2), 
the intensity peak of 0 0 spot at around 2.5° is significantly 
shifted toward higher glancing angles, which does not 
match the experimental profiles. Thus, the asymmetric Se 
heights are plausible for the structure of 1UC FeSe. These 
Se heights are summarized in figure  4. The blue lines in 
figure 4 indicate the universal curves showing the relation-
ships between Tc and the anion heights from the Fe layer 
[9] and the bond angles of the Fe-anion tetrahedrons [27] 
in the Fe-based bulk superconductors. Tc exhibits sharp 
peaks for both of anion height and bond angle variations. 
It should be noted that the Tc of bulk FeSe is much lower 
than the general trends. The present 1UC FeSe average 
values of 1.39  ±  0.04 Å and 109.3  ±  1.6° correspond to 
their optimum values of 1.38 Å and 109.5° for bulk iron-
based superconductors, respectively [9, 27]. In the case of 
the regular tetrahedron of FeSe4 with high symmetry, many 

Figure 1. Experimental setup of TRHEPD technique (a) and scanning tunnelling microscopy (STM) image of the 1UC FeSe on 
SrTiO3(0 0 1) (b). (a) The positron beam is incident on the sample surface, and then the diffraction pattern is observed on a screen. The 
indices of diffraction spots are defined as shown in the pattern, e.g. 0 0 (specular spots), 0 1, and 0 2. (b) Terraces with widths of about 
200 nm are observed.

Figure 2. TRHEPD rocking curves for the 1UC FeSe on the 
SrTiO3(0 0 1) substrate along the [1 0 0] direction. Open circles 
denote the measured points. Black lines (denoted by ‘asym’) are 
the calculated curves with fitted parameters. Gray lines (denoted by 
‘sym’) are the curves calculated assuming the symmetric structure. 
The diffraction spots with the indices 0  −1, 0 1, 0  −2, and 0 2 in 
the 0th-Laue zone were observed.

Figure 3. Asymmetrically optimized structure of 1UC FeSe on a 
STO(0 0 1) substrate. Red and yellow spheres indicate Fe and Se 
atoms respectively. Green, red, and silver spheres are Sr, Ti, and O 
atoms, respectively. The asymmetric displacements of top-Se atoms 
are magnified by 1.5 times for clarity.
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degrees of freedom can degenerate where large various fluc-
tuations can be expected. Nevertheless, the record of Tc in 
Fe-based superconductors is observed in this asymmetric 
1UC FeSe. Both of the narrow and wide bond angles of 1UC 
FeSe correspond to Tc ~ 45 K in figure  4, which is much 
lower than the present value of Tc. In addition, similar high-
Tc superconductivity has also been observed in rectangular 
FeSe/STO(1 1 0) cases [28, 29]. These results suggest that 
the bond angles do not play an important role for high-Tc. 
On the other hand, the bandwidth of Fe layer is determined 
mainly by the average anion height. Figure 5 shows calcu-
lated energy bands of 1UC FeSe with spin up and down for 
virtual symmetric and observed asymmetric structures by 
our first-principles calculations. The calculations are based 
on checkerboard (CB) antiferromagnetism (AFM) [25, 30], 
which is known to well reproduce the energy bands observed 
by angle-resolved photoemission spectroscopy [30]. The 
symmetric upper bandwidth of about 2 eV is almost similar 
to the asymmetric upper bandwidth. The asymmetric struc-
tural change leads to band splitting at the M point only at the 
bottom. Therefore, anomalous properties can be expected at 
a low electron doping. After a certain amount of electron 
doping, the difference between them becomes small at the 
M point, where the average bandwidth must play an essen-
tial rule rather than the bond angle.

The compression in out-of-plane direction compensates 
the in-plane expansion resulted from the tensile stress induced 
from the STO(001) substrates. Regarding the trend of Tc 
increasing with decreasing Se height, it agrees with the results 
of bulk FeSe under high pressure. When Se height decreases 
from 1.47 to 1.42 Å at 4–6 GPa, Tc dramatically increases to 
37 K [10, 11]. Together with the observation of supercon-
ducting phase above 40 K in (Li1−xFex)OH intercalated FeSe 
[31], enhanced 2D electronic structure that benefits high-Tc 

is consistently concluded. On the other hand, rather than uni-
formly compressed Se–Fe distance in bulk counterparts, the 
bottom-Se layer in 1UC FeSe/STO undergoes strong strain or 
interaction as close to STO substrate and, therefore, is sig-
nificantly compressed. In contrast, the strain/interaction with 
STO decayed with moving away from interface, while the van 
der Waals interaction, albeit weak, on the vacuum side van-
ished as well, therefore, the top-Se layer is relatively weakly 
compressed.

Based on the anion height dependence of Tc [9], let us 
discuss the layer number dependence of Tc. As for the layer 
number dependence, the more layer number increases, the 
more Tc decreases [5, 32]. Under the strain field from the STO 
substrate, the Se height is compressed. Because each FeSe 
layer is chemically bonded to each other by a weak van der 
Waals force, the strain field is expected to be rapidly released 
with increasing the layer number. So the Se height may 
approach the bulk value for the additional layers. Then the 
average Se height hSe will be {1.44(2n  −  1)  +  1.33}/2n Å for 
n layers. With increasing n, the average height simply deviates 
from the optimal value of 1.38 Å. This simple deviation can 
explain the degradation of Tc. This shortening of top-Se height 
can decrease the Tc due to the deviation from the optimum 
value. Thus, all the Tc’s are qualitatively explained by the 
anion height dependence of Tc, based on the elongated top-Se 
height observed in the present result.

Observed structural asymmetry implies that this 1UC 
FeSe has the non-centrosymmetric effects such as the Rashba 
effect. As observed in non-centrosymmetric superconductor 
CePt3Si [33], such asymmetric structure in 1UC FeSe/STO 
probably accommodates with coexisted spin-singlet and spin-
triplet pairing [34]. In addition, because of the asymmetric 
spin–orbit coupling, one may expect robust superconductivity 
under extremely high in-plane magnetic field such as several 

Figure 4. Relationship between the superconducting transition temperature, Tc, and the anion height (a) and bond angle α (b). Those values 
for bulk FeSe and the present 1UC FeSe are shown by filled blue and yellow circles, respectively. The average values are also shown by 
filled red circles. The universal curves for Tc versus anion height and Tc versus bond angles in the Fe-based bulk superconductors, which are 
extracted from [9, 27], are shown by blurred blue lines. Insert: FeSe4 tetrahedral unit extracted from figure 3. The height is the distance of 
the top- or bottom-Se layer with respect to the Fe layer and α is the corresponding bond angle.
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hundred Tesla [35–37]. These effects, however, may appear 
only at the low-electron-doping level based on our calculated 
band structures.

4. Summary

In summary, the TRHEPD analyses revealed that the heights 
of the top-Se and the bottom-Se from the Fe layer in the 1UC 
FeSe are not identical, leading to the asymmetric structure. 
On the basis of the relationship between the Tc and the anion 
height and the bond angles in the Fe-based bulk superconduc-
tors, the present 1UC FeSe structure is asymmetrically optim-
ized under an extremely high strain field from the STO(0 0 1) 
substrate. These extreme strain conditions are becoming novel 
frontiers for the search of high-Tc superconductivity.
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