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Recently discovered high-temperature superconductivity in single-unit-cell (UC) FeSe films on SrTiO;
(STO) substrate has stimulated tremendous research interest, both experimental and theoretical. Whether this
scenario could be extended to other superconductors is vital in both identifying the enhanced superconductivity
mechanism and further raising the critical transition temperature (7..). Here we successfully prepared single-UC
FeTe; ,Se, (0.1 < x < 0.6) films on STO substrates by molecular beam epitaxy and observed U-shaped
superconducting gaps (A) up to ~16.5meV, nearly ten times the gap value (A ~ 1.7meV) of the optimally
doped bulk FeTe¢Seq 4 single crystal (7, ~ 14.5 K). No superconducting gap has been observed on the second
UC and thicker FeTe,_, Se, films at 5.7 K, indicating the important role of the interface. This interface-enhanced
high-temperature superconductivity is further confirmed by ex situ transport measurements, which revealed an
onset superconducting transition temperature above 40 K, nearly two times higher than that of the optimally
doped bulk FeTe(Seo4 single crystal. This work demonstrates that interface engineering is a feasible way to

discover alternative superconductors with higher T.,.
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I. INTRODUCTION

Single-unit-cell (UC) FeSe films grown on SrTiO;
(STO) substrate exhibit a superconducting gap up to 20 meV
(Ref. [1]) and possible superconducting transition temperature
above 100 K (Ref. [2]). The results are rather striking in
terms of the fact that bulk FeSe only superconducts below
9 K (Ref. [3]) with A ~ 2.2meV (Ref. [4]). Despite intense
experimental [5—12] and theoretical efforts [10,13—15], the
mechanism for this giant enhancement is still elusive. What is
significant is the important role of the STO substrates because
neither the single-unit-cell (1UC) FeSe on graphene [4] nor
the second-UC FeSe on STO (Ref. [1]) is superconducting.
Interfacial charge transfer [5,6,9,12], strain [7,11], and
enhanced electron-phonon coupling between FeSe and STO
[1,10,14,15] have been suggested to account for the T,
enhancement.

Bulk FeTe, exhibiting similar crystal structure as FeSe,
does not superconduct due to the developing of bicollinear
antiferromagnetic ordering below 70 K. Se substitution to Te
can suppress the magnetic order and induce superconductivity
in FeTe, whose T, increases with Se composition and reaches
a maximum of 15 K at about 40% Se substitution [16]. In
a previous low-temperature scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS) study [17],
it was found that the optimally doped bulk FeTe ¢Seq 4 exhib-
ited a fully U-shaped superconducting gap A ~ 1.7 meV with
T, ~ 14.5K, which is higher than the maximum 7, ~ 9K of
bulk FeSe. Considering the fact of largely enhanced interface
superconductivity in single-unit-cell (1UC) FeSe/STO, it is
natural to ask whether a 1UC FeTe;_,Se, film on STO is also
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superconducting and its 7 is higher. To test this idea, here we
prepared 1UC FeTe;_, Se, films (0 < x < 0.6) on STO(001)
substrates by molecular beam epitaxy (MBE) and studied the
superconducting properties by combined in sifu STS study and
ex situ transport measurement.

II. RESULTS AND DISCUSSIONS

High-quality 1UC FeTe;_,Se, films with well-controlled
stoichiometry were epitaxially grown on STO(001) sub-
strates in UHV systems (see Supplemental Material [18]).
Figures 1(a)-1(d) show typical atomic-resolution STM to-
pographic images of 1UC FeTe;_,Se, (nominal x =0, 0.1,
0.3, 0.6) films, and reveal ordered Se- or Te-terminated
(001) lattice. In Figs. 1(b)-1(d), bigger Te atoms are imaged
brighter while smaller Se atoms are darker, which is consistent
with previous observations in bulk FeTe;_,Se, materials
[19-21], and this contrast difference between Te and Se is
independent of the sample bias applied. The methods to
calculate the composition are described in the Supplemental
Material [18]. Fourier analysis of our STM images reveals
that the in-plane lattice constant varies little (within a range
of ~0.386 £ 0.003 nm) with Se/Te ratio (0.390 nm for x = 0,
0.384 nm for x = 0.1, 0.385 nm for x = 0.3, and 0.383 nm
for x = 0.6), and is very close to the in-plane lattice constant
(a = 0.3905 nm) of STO(001). The FeTe;_,Se, film is thus
tensile strained since its lattice constant is larger than that
of bulk material (¢ = 0.376 nm for FeSe and a = 0.382 nm
for FeTe). The out-of-plane roughness due to the contrast
between Se and Te is up to 38 pm, close to the value due
to the phase separation in bulk FeTe;_,Se, (0.6 < x < 0.8)
(Ref. [22]). This local separation between Se and Te clusters
has been called nanoscale phase separation [21], in contrast to
macroscopic phase separation in bulk FeTe;_,Se,.
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FIG. 1. (Color online) Atomically resolved STM images and d//dV tunneling spectra of 1UC FeTe,_,Se, films on STO(001). (a—d) STM
topographies of 1UC FeTe,_,Se, films, x = 0, 0.1, 0.3, and 0.6, respectively. The close-up image inserted in (a) (V;, = 0.2V, I, = 0.1nA)
shows charge-density wave (CDW)-like structure with period of 2ar.. The insets in (b—d) are the corresponding fast Fourier transformation
images. (e-h) Surface corrugation along the black lines in (a—d), respectively. (i) Typical spectra taken on pure FeTe film on STO(001) at 0.4 K.
(j-1) A series of d1/dV spectra taken on 1UC FeTe,_,Se, films on STO (x = 0.1, 0.3, and 0.6) at 5.7 K, as marked in (b—d), respectively. Blue

curves are taken on Se sites and black curves on Te sites.

We conducted tunneling spectroscopy experiments to
investigate the superconducting property of the films.
Figures 1(i)-1(l) show a series of dI/dV spectra on
FeTe;_,Se, surfaces with different stoichiometry (x =
0,0.1,0.3,0.6). For pure FeTe films (x = 0), the dI/dV
spectra of both the first UC and the second UC films show
a dip yet finite density of states (DOS) at Femi energy, and
no superconductinglike feature was observed down to 0.4 K
[Fig. 1(i)], suggesting metallic behavior that is similar to that
of the cleaved surface of bulk FeTe (Ref. [21]). The absence
of superconductivity in FeTe films is probably due to the
antiferromagnetic order as observed in bulk FeTe (Ref. [23]),
for the charge density wave is observed here in 1UC FeTe on
STO [see inset in Fig. 1(a)] and also in thicker FeTe films on
graphene substrates [24]. On the other hand, Se-substituted
1UC FeTe films, 1UC FeTe;_, Se,, exhibit the signature of
superconductivity: U-shaped superconducting gaps centered
at Fermi level with one pair of two gap-edge coherence
peaks are clearly revealed in Figs. 1(j)—1(1). Depending on
the Se composition, the gap size varies from 12 to 16.5
meV. The value is at least six times larger than the SC gap

~1.7meV of the optimized doped bulk FeTejgSep4 single
crystal (Ref. [17]). It is worthy to note that in contrast to the
filamentary superconductivity reported in bulk FeTe;_,Se,
when the Se ratio is smaller than 0.29 (Ref. [25]), the SC
gap is persistent on the whole surface of 1UC FeTe,_,Se,
films when the Se ratio is as low as 10%, even though the gap
size seems somehow position dependent: A ~ 14 + 1.0 meV
on Se sites while A ~ 12 + 0.8 meV on Te sites. The spatial
inhomogeneity in gap size fades away with increasing Se
concentration. As shown in Figs. 1(k) and 1(l), the 1UC
FeTep7Seps films and 1UC FeTep4Sepe films exhibit a
spatially homogeneous gap, no matter where on the Te or
Se sites the d1/dV spectra were acquired.

We plotted the normalized spectra of IUC FeTe,_, Se, films
(x =0.1, 0.3, 0.5, 0.6) in Fig. 2(a) (the method of spectrum
normalization is specified in the Supplemental Material).
Clearly, U-shaped gaps with vanishing conductance near the
Fermi energy are observed. The statistics on SC gap size at
each Se concentration are presented in Fig. 2(b), together
with a phase diagram of bulk FeTe,_,Se, for comparison
[16,25,26]. The gap size is 13.8 = 1.1meV at x =0.1,
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FIG. 2. (Color online) (a) Normalized d1/dV spectra of 1UC FeTe,_,Se, films on STO(001). The spectra of FeTe,_,Se,, x = 0.3, 0.5,
0.6, are shifted by 0.5, relatively. The normalization process is specified in the Supplemental Material [18]. (b) Dependence of the SC gap
on Se concentration x (red diamonds), together with the phase diagram of bulk materials [16,25,26]. The dashed line is a guide to eye.
The SC gap (gray filled circle) (Refs. [17,20,21]) and onset temperature (white filled circle) (Refs. [16,25,26]) of bulk FeTe,_,Se, are also

labeled.

increasesto 15.2 & 1.6 meV at x = 0.3, reaches to a maximum
of 15 £ 1.5meV at x = 0.5, and decreases to 14.5 & 1.0 meV
at x = 0.6. The largest A ~ 16.5meV (see Fig. 5) is nearly
ten times the A ~ 1.7meV (Ref. [17]) of the corresponding
bulk FeTeg¢Seo4 (T, ~ 14.5 K). The enhancement of the gap,
and thus the enhancement of the transition temperature, is
expected.

To establish that the gap opening as observed in Fig. 1 cor-
responds to superconductivity transition in 1UC FeTe;_,Se,
films, we performed ex sifu transport measurements using
insulating STO substrates and a 10UC FeTe protection layer
[8,9]. The normalized resistances R/ R3px and R/ Rgok of the
10UC-FeTe/1UC-FeTe( 5Se.5/STO sample as a function of
temperature, T, are shown in Fig. 3. We can clearly observe that
the resistance deviates from linear dependence at ~50 K and
R(T)/Reok drops completely to zero (within the instrumental
resolution of £0.04 2) at 21 K. By extrapolating both the
normal resistance and superconducting transition curves, we
obtain the onset temperature of 40 K (see the lower inset in
Fig. 3). The value is nearly three times the 7, ~ 15K for
bulk FeTegsSeps (Ref. [16]). We further observe that the
superconducting transition could be suppressed by external
magnetic field (see the upper inset in Fig. 3), characteristic of
superconductivity transition.

For comparison, we also plotted the normalized
R(T)/R3p0x and curves of 10UC-FeTe/1UC-FeSe/STO
(Ref. [8]) in the main panel and the lower inset in Fig. 3,
respectively. It is interesting to note that these two systems
exhibit very similar R-T behavior and almost the same
superconductivity transition. One of the possible explanations
for the similarity is that substitution of Te for Se in 1UC
FeTe,_,Se, films takes place during growth of the 10UC FeTe
protection layer under Te-rich condition. This is evidenced
by surface corrugation change of 1UC FeSe films once
the submonolayer FeTe is deposited, as shown in Fig. 4.
Figure 4(a) displays an area where 1UC FeSe film coexists
with 1TUC FeTe islands on it. From Fig. 4(b), substitution

of Te atoms (brighter dots) for Se (darker dots) is obvious,
and the surface corrugation increases from 19 pm (black
line profile) to about 38 pm (red line) after sub-UC FeTe
is deposited. As a result, the superconducting gap of 1UC
FeSe film decreases from 16.5 = 1.0meV to 10.5 £ 1.0 meV
[Fig. 4(c)]. The pronounced double peak structure in Fig. 4(c)
could point to multiple superconducting gaps. Considering
the temperature dependence of the larger gap as revealed by
previous ARPES [6] and STS study [1], we mainly compared
the change of the larger gap. The substitution of Te for Se is
further confirmed by a high-resolution scanning transmission
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FIG. 3. (Color online) Transport property of 10UC — FeTe/1UC
—FeTe 5Seys/STO(001) heterostructure. Results of 1UC FeSe/STO
(Ref. [8]) are also presented for comparison. Lower inset: normalized
R/Reyx-T curve of 10UC-FeTe/1UC-FeTeq5Seps/STO(001) and
10UC-rmFeTe/1U C-FeSe/STO. Upper inset: R/Rgk-T curves
of 10UC-FeTe/1UC-FeTe( 5Se s/STO(001) under various magnetic
fields applied along the direction perpendicular to the film.
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FIG. 4. (Color online) Effect of FeTe protection layer. (a) STM topography of the first UC FeSe film after the sub-UC FeTe film is deposited.
(Adapted with permission from Ref. [8].) (b) Atomically resolved STM topographic images of exposed first UC FeSe area. Inset: Line profiles
before and after sub-UC FeTe is deposited. (c) d1/dV spectra on first UC FeSe before and after sub-UC FeTe is deposited. (Adapted with
permission from Ref. [8].) (d) STEM image of 10UC-FeTe/1UC-FeSe/STO heterostructure. The result that the top layer atoms in the Se-Fe-Se
triple-layer structure are brighter than the bottom layer atoms reveals the mixture of Se/Te atoms, for the atomic number of Te is larger than Se

atoms.

electron microscopy (STEM) image [Fig. 4(d)], as for the
top layer Se atoms look similar to the Te layer in contrast
and obviously brighter than the bottom layer Se atoms. The
results imply that, due to interface intermixing of Se and
Te, the transport data of 10UC-FeTe/1UC-FeSe/STO and
10UC-FeTe/1UC-FeTe 5S¢ 5/STO should both exhibit the
property of 10UC-FeTe/1UC-FeTe;_,Se,/STO where the Se
concentration x depends on the actual growth conditions used
for preparing the multilayer films. The results may also explain
why the 7. of 10UC-FeTe/1UC-FeSe/STO is lower than
what is expected from the large gap (20 meV) observed on
1UC-FeSe/STO (Refs. [1,8]).

It is worthy to note that the second UC FeTe;_,Se, film
does not show superconductivity features down to 5.7 K.
Shown in Fig. 5 are typical d1/dV spectra taken on the first
UC (black curve) and the second UC (blue curve) FeTeg 7Seq 3
film. A metalliclike feature with finite density of states (DOS)
near the Fermi energy is clearly revealed in the second UC film,
while a well-defined superconducting gap of 16.5 meV shows
up in the first UC film nearby. The result suggests the interface
plays an important role in the enhanced superconductivity of
single-UC FeTe,_,Se, films on STO substrate. The important

role of the interface is revealed by several differences between
1UC FeTe;_,Se, films on STO and bulk FeTe;_,Se,. (1) 1UC
FeTej9Sep,; shows overall superconducting behavior rather
than the filamentary superconductivity in the corresponding
bulk material [25]. This can be partially attributed to the
oxygen vacancies in STO substrate, for it was reported that O,
annealing induces the evolution to bulk superconductivity for
FeTe;_,Se, (x = 0.1 and 0.4) [26], and coincidently, the STO
substrate loses oxygen when it is heated during the sample
growth and annealing. Moreover, interface charge transfer
induced by oxygen vacancy in STO to FeSe films has been
revealed as one of the main reasons for the interface-enhanced
superconductivity [6,9]. (2) The bonding angle of Te-Fe-Te
and the distance of Te or Se atoms away from the Fe plane
have been reported to correlate with the 7, of ion-based
superconductors [27]. In the case of 1UC FeTe;_, Se, films
on STO, the area of nanoscale phase separation and thus the
bonding angle locally changes with different Se concentration
x, which should lead to a change in the gap size and T,.
However, what we observed is different: the gap is nearly
spatially homogeneous [see Figs. 1(k) and 1(1)] and gap size
does not respond to such change over a wide composition range

220503-4



INTERFACE-ENHANCED HIGH-TEMPERATURE ...

0.10 0.8
2nd UC FeTeOJSeO_3
0.08 3 3.0nm
L (e |

1
o
(<]

P —

-
2x16.5 meV

©
»
(‘n-e) Ap/p

e
(%)

0.0

40 20 0 20 40
Sample bias (mV)

FIG. 5. (Color online) The dI/dV tunneling spectra of first

UC and second UC FeTej7Sep3 films on STO(001). Inset: STM

topography (5nm x 15nm) of coexisting first UC and second UC
FCTEQ]SC():; films.

(0.3 < x < 0.6). All the above results demonstrate the deter-
ministic role of the FeTe_,Se,/STO interface in the enhanced
superconductivity.

The large gap of 16.5 meV and the onset tempera-
ture of 40 K revealed by ex situ transport clearly indi-
cate interface-enhanced high-temperature superconductivity
in 1UC FeTe;_,Se, film on STO. Then, it is critical to
determine how high the T, increases. In the case of 1UC FeSe
films on STO, it has been reported that the electron coupling
strength 2A /kgT, is 6.8 (A ~ 19meV, T, ~ 65 K, T, is gap
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closing temperature) (Ref. [6]), well above the weak-coupling
limit ~3.53 from Bardeen-Cooper-Schrieffer (BCS) theory,
but close to the value (6.1) of bulk FeSe (A ~ 2.5meV, T, ~
9.5K) (Refs. [28-30]). Assuming that the 1UC FeTe;_,Se,
films on STO hold similar pairing strength as that of bulk
FeTe;_,Se, (A ~1.7meV, T, ~ 14.5K, 2A /kgT. ~ 2.72)
(Ref. [17]), the SC gap of ~16.5meV implies a 7, much
higher than the liquid nitrogen boiling point (77 K), which we
leave for future experiments.

III. CONCLUSIONS

In conclusion, by combined in situ STM and STS and
ex situ transport measurements, we have investigated the
superconductivity of 1UC FeTe;_,Se, films on STO. A
significantly enhanced SC gap up to 16.5 meV is observed in
a wide composition range (0.1 < x < 0.6), while the second
UC and thicker FeTe;_, Se, films do not exhibit any signature
of superconductivity transition down to 5.7 K. While the
pairing mechanism remains an interesting problem for further
experimental and theoretical study, the work demonstrates an
explicit and feasible way for rational design and preparation
of high-T, superconductors by interface engineering.
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