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The exact mechanism responsible for the tenfb enhancement of
superconducting transition temperature {T¢) in a monolayer iron selenide (FeSe) on
SrTiO3(STO) substrate over that of bulk FeSe, is an opeissue. We present here a
coordinated study of electrical transport and low émperature electron energy-loss
spectroscopy (EELS) measurements on FeSe/STO filmgvarious thicknesses. Our

EELS mapping across the FeSe/STO interface showsrelt evidence of band-



bending caused by electrons transferred from STO tdeSe layer. The transferred
electrons were found to accumulate only within thdirst two atomic layers of FeSe
films near the STO substrate. Our transport resultsfound a positive backgate
applied from STO is particularly effective in enharcing T. of the films while
minimally changing the carrier density. We suggesthat the positive backgate tends
to ‘pull’ the transferred electrons in FeSe films toser to the interface and thus
further enhances both their coupling to interfacial phonons and the electron-
electron interaction within FeSe films, thus leadig to a huge enhancement of. in
FeSe films.

While bulk FeSe has a superconducting tramsiéonperaturd, of 9.4k}, a scanning
tunneling microscope (STM) study of one unit célld) of FeSe film on SrTigXSTO)
substrate in 2012 found a superconducting gap oh\20suggesting a transition
temperaturd, of ~77k. In spite of the ensuing intensive experimefitdand theoretical
studie$®? the exact mechanism responsible for the highhaanedT, in this system is
still lacking. An angle resolved photoemission $pestopy (ARPES) experimérfound
a replica band in a 1UC FeSe film on STO attribletdb the strong coupling between
electrons in the FeSe layer and an optical phonodenof the underlying STO. This is
consistent with the proposal that the highof the FeSe/STO system is due to stronger
pairing of the electrons in the FeSe film enablgdte STO phonor& A number of
recent experiments investigated the effect of dpgilectrons into 3UC and thicker FeSe
films grown on different substrates (STO, MgO oamrene) and also bulk-like FeSe
flakes by depositing potassiafi® or liquid-gating layer$?’ onto these films/flakes and

enhancements df; to near and above 40K were found. A recent STMyshy Tanget



al”®® found the superconductivity in 1UC FeSe films gnosn STO is continuously
suppressed with increasing potassium coverage. @&aalgalso found the deposition of
potassium can induce superconducting gaps in 28230 films previously not seen
by STM and ARPES techniques. These electron-doping experiments ttecthe
suggestion that STO plays a similar role as patassn enhancing th&. of the 1UC
FeSe/STO system, namely as an electron donor tbltheHowever, there is as yet no
direct experimental observation on the spatialifgaff such a charge transfer across the
interface from STO to the FeSe filfhhe spatial profile not only provides a more precis
picture of the transferred charges, it also clesifiheT. enhancement mechanisms in this
system.

We report here a complementary Hall transpod atomic resolved electron energy-
loss spectroscopy (EELS) study on the same 1UC, &u14 UC FeSe films on STO.
Transport measurements were also carried out um@ar of other LUC and 2UC films.
The high spatial resolution (~0.02nm) EELS mappegss the FeSe/STO interface at
10K shows clear and direct evidence of the bandlibgncaused by electron charge
transfer from STO into the FeSe films. As a consege of band bending effect, the
transferred electrons are accumulated within th&t two FeSe UC from FeSe-STO
interface, irrespective of the thickness of the ddi8n. Our transport measurements
confirm that theT. of the 1UC films can be enhanced by thermal ammgalhich
introduces electrons into the fiffhand also by gating from the back surface of ST® wi
a positive potenti&l Our systematic transport measurements allow usohelude that
backgating is particularly effective in enhancihg T, without changing significantly the

carrier density of the films. This lends supporthie model of electron-phonon coupling



across interface as the mechanism for Hight®'®since the positive potential tends to
‘pulls’ the interfacial electrons closer to the hifebye temperature STO phonon bath.
We note that the electron-electron interaction atfé® should also be strengthened by
gating in such an interfacial two-dimensional electgas (2DEG) as compared to bulk
carriers due to the lowering of its dimensfon

Results

Superconducting FeSe/STO filmsThe FeSe films were grown on TiQerminated
insulating STO(001) substrates (schematically shaowfkig.1a). Four 1UC-thick films

were prepared by annealing at different temperatime2 hours after growth: S1(5%0,
S1'(500C), S1"(400C), S1™(330C). Fig. 1e shows S1, the film annealed at’65Bas

the highestl.. Three thicker FeSe films of 2UC, 8UC and 14UCewalso annealed at
55C°C for 2 hours and are denoted as S2(2UC), S3(8U@)S&{14UC). An additional
14UC FeTe layers were deposited on all sampleshascapping layefsto prevent
contamination forex-situ transportand EELS measurements. The cross-sectional high-
resolution scanning transmission electron microsc(®TrEM) images of the 1UC(S1),
8UC(S3) and 14UC(S4) show the interfaces of FeS@/&1d FeTe/FeSe are nearly free
of defects (Figs. 1b-c). There is an interstiteydr between STO and FeSe films, as
shown in Figs.1b and 1c. Similar structures havenbeeportetf*? and the room-
temperature EELS study on FeSe/STO sy&tadentified the layer as two TiQayers
with increased oxygen vacancies.

The transport measurements were performed téhsix-terminal Hall-bar geometry
as depicted in Fig.1d. Indium foil was pressed ah® back of the 0.5mm thick STO

substrates as the backgate electrodes. By appl{grg200V, the accumulated electron



density at the interface in our sample configurat@an be roughly estimated to be
1.84<10" cm? at 30K. Figs.1f-i show the superconducting traosi for 1UC(S1),
2UC(S2) and 8UC(S3) films shifting to higher tergiare with increasing backgate
voltageV,, while the 14UC(S4) film shows weak gate dependefibeT defined as the
temperature at which the resistance is reducedalfoofi the normal state resistance at
50K, changed from 21.8K &,=-200V to 27.0K aW¥,=+200V (Fig.1f). The changes

for the 2UC and 8UC films were found to be highmsr,30% and 86% respectively, for
the same change in gating voltage (Figs.1g-h). Th®und here for the 1UC film is
substantially lower than that reported in STMRPES™® andin-situ transport studiéd
This can be explained by the fact that the FeT@iogdayer introduces hole carriers into
the FeSe film (Section I1X of Supplementary Inforima}.

EELS measurement resultsThe EELS mapping was performed across the FeSe/STO
interface on 1UC(S1), 8UC(S3) and 14UC(S4) fiims3@0K and 10K after transport
measurements on these films were completed. Theeloss EELS measures the energy
difference between Fés (2ps) and L, (2p12) energy levels to the first unoccupied
electronic states. The data were taken simultamgausiual EELS mode at each spatial
position. Figs. 2a-c show the core-loss EELS mappiith the energy level as the
horizontal axis and the spatial position along tthiekness direction as the vertical axis
for the 1UC, 8UC and 14UC films. A blue-shift ofetlire'sL; edge extending into the
FeSe film from the STO interface is observed iBatlmples at 10K (Figs.2d-f), but not
seen at 300K (Section Il of Supplementary Inforiorat For the 8 and 14 UC films, the
shifts smoothly diminish inside FeSe and disappedt$éC away from the interface. The

maximum magnitudes of the blue shift at the intefahown for the 8 and 14UC films



are ~0.7+0.1eV (Fig.2e) and ~0.4+0.1eV (Fig.2fspextively. For the 1UC film, the

blue shift is clearly present (Fig.2d) but the miagie is hard to estimate, due to the
limited energy and spatial resolution resultingnirsignal delocalization and probe
broadening.

The blue-shift for the Fe'lss edge indicates the possibility of electronic dinoe
change in FeSe films near the STO substrate. Teratahd the origin of the energy shift,
we first performed Green’s function based EELS spésimulation using the program
FEFF32® The local chemical environment of the FeSe filmi change when it is in
direct proximity with STO surface. However, sucfeef can be excluded as the origin of
the shift, since no energy shift is found in thamée'sL; in the simulation, even for the
Fe ions at the L UC closest to STO (Fig. 2g). The effect of the S3i@ws up as a
shoulder in the spectrum on the high energy sidéhefmain peak near 712eV. The
shoulders found at thé'2and &' UC are nearly identical. The strain effect caro dis
excluded since FeSe is experiencing tensile streas STO, which results in a slight red
shift instead of the observed blue shift (Sectioaf\bupplementary Information).

We propose that the band bending at the irterfaduced by work function difference
between the FeSe film and the STO substrate asyar@asonable explanation for the
observed blue shift. The STO substrates used ierarpnts are electron-doped due to
oxygen vacancies at the Tinterstitial layer between STO and FeSe finfs* The
electrons reside in impurity bands are typicallpsel to the bottom of the STO
conduction band, while the Fermi level in FeSelose to the top of the STO valence
band®, as schematically shown in Fig.2h. Consequentg, work function difference

between FeSe and STO is close to the STO band-@&gY) and can lead to a charge



transfer from STO to FeSe. The build-in electreldiinduced by this charge transfer
yields a band bending across the FeSe/STO interfacgepicted in Fig. 2i. As a result of
the band bending effect, the energy difference betwthe energy of e (2ps2) andL,
(2p12) levels near the interface and the Fermi energgnlarged, giving rise to the blue-
shift spectra of these core levels in the electnargy loss. The band bending picture
also provides an explanation of the higher enehify sbserved in the 8UC film than that
in the 14UC film (~0.7 vs. ~0.4eV). Our Hall tramspmeasurements (shown in Fig.3)
show more hole-type carriers in 14UC film as corepgao those in 8UC film, suggesting
a lower Fermi energlr in 14UC film than that in 8UC film. According tagvious first-
principles calculations on a FeSe fifimnthe density of states increases when the Fermi
energy is lowered deep into the valence band, fesnsatically depicted in Fig. 2. Thus,
we expect a smaller density of states at the Femargy for the thinner film and thus
larger band bending with the assumption that sam@uat of electrons were transferred.
In order to arrive at a more quantitative estimate,make the following simplifications:
(1) the transferred charges are assumed to bermyfalistributed in the FeSe layers
with a thicknessl around 1~2UC (0.55~1.1nm) near the interfaceA{R)he transferred
electrons come from 2DEG on STO (001) surtad&with a sheet carrier density-0.5-

1.5x10"cm? and (3) the dielectric constant of the FeSe film, ~15°. These

simplifications lead to the estimate of the voltalyep Vg to be 0.1~1V according to the

equationV, :en_mj’ which is consistent with the observed energit $8UC: ~0.7eV,
FeSe

14UC: ~0.4eV). This consistency buttresses the losion that the blue shifts observed
in the EELS core-loss mapping are direct eviderfoglextron transfer from STO to the

FeSe films.



Hall transport results. In addition to longitudinal transport and EELS si@@ments, we
also systematically performed Hall transport measients under differeppH, T andV,

on the three films studied by EELS, i.e., JUC(RUC(S3) and 14UC(S4) and also 2UC
(S2) and the three 1UC films (S'1,S1",S1™) alatkat lower temperatures (Fig.3 and
Section VIl of Supplementary Information). The Hadbistance&, were measured as a
function of magnetic fieldoH from -8 to 8T at different fixed ranging from 300K
down to 30K Linear dependence dRyx on toH is found for all samples. Th&
dependences of the Hall coefficid®t = R, /uoH for all seven samples are shown in Figs.
3c and 3eRy changes sign from positive to negative upon cgadiiom 300K to ~140K
for the 1UC(S1), 2UC(S2), BUC(S3) films. This beloavhas been observed in many
multiband materials in the presence of both electype and hole-type carries, such as
NbSe*. Below 50K,Ry of the 8UC film turns positive agaiRy for the 14UC film stays
positive for all temperatures with a rapid increasevalue below 100K. This behavior

indicates that the hole densitieg in both 8UC aAdIC FeSe films are enhanced

substantially at lowl (Section VIl of the Supplementary Information).ighole carrier
dominated behavior for the thicker film is simitarthat found for bulk FeSe with [oW.
Fig. 3e show that annealing the 1UC film at higteenperatures makes the 1UC films
(S1, S1', S1") to be more electron carrier dontiaafow T and as shown in Fig. 1le, with
higherT2".

The gate dependenceRyf for all seven samples has also been studRgdvs. toH at
30K for the 1UC film under differenVy are shown in Fig.3b and the data for other
samples are shown in Section VII of the Supplemgntdormation. Fig. 3d shows that

the effect orRy due to a change in backgate voltage from -2002@0¥ is an order of



magnitude smaller than the differenceRa of films of different thicknesses. Similarly,
weak dependences Bf; on gating are also seen for the four 1UC samplegested to
different annealing procedures (Fig. 3f).

Although backgating is not effective in charggiRy and hence the carrier density, it
leads to a significant changeTa (Fig. 1). Fig.4 summarizes the effect of annealfiign
thickness variation and backgate voltageTerand the Hall coefficienRy of the seven
samples, and show the gating effect Toenhancement is most effective compared with
the annealing and varying thickness.

Discussion

In this work we established a coherent pictumethe issue of charge transfer in the
FeSe/STO system. The EELS mapping of the FeSe/#M® [provides a direct evidence
of band bending induced by charge transfer actussnterface from STO to the FeSe
films. The transferred charges, irrespective oftthekness of the FeSe films, are found
to accumulate as a 2DEG within the first two FeSeils next to the STO substrate. An
interstitial layer is observed between the FeSe #ind the STO substrate and was
identified as two TiQ layers with increased oxygen vacantiethis layer could be the
source of the transferred charges.

Our transport measurements showed that backgiiim STO is particularly effective
in enhancing thd. of thin FeSe films without significant influence ohe total carrier
density. Combining with the observations in EELSas@ements, this suggests a
consistent physical picture that the enhancememstupérconductivity in FeSe films on
STO is due to the 2DEG transferred from STO andiced near the interface. Since

FeSe film is a metal, the accumulated charges bygtting effect is much smaller



compared to hole-carrier density in the system. €lextric field generated by the
backgate will be screened by the accumulated chagthe STO/FeSe interface and its
effect is limited within the screening length. Thtlse backgate is not efficient in tuning
the total carriers in FeSe films and its main iafige is to ‘pull” electrons in FeSe films
closer to the STO interface. At the FeSe/STO iataf electrons can benefit from high
Debye temperature STO phonon bath and thus thdrateghonon coupling for
superconductivity is enhanc&d'°*® On the other hand, lowering the dimension by
forming 2DEG at the interfateand separating electrons and holes in differgrrican
also enhance the electron-electron interactiors strengthen the mechanism of electron-
electron interaction for superconductivity, simildo that in strongly correlated
electron systems of the ordinary electron-type -vased superconductéts® Thus, by
combining the EELS mappings and transport reswisarrive at the conclusion that both
electron coupling to STO phonons and electron-eladnteraction within the transferred
charges could be responsible for the highlgnhancement in FeSe/STO system.

In closing, we note that the direct imagingbaind bending of an interfacial 2DEG
system by EELS at liquid helium temperatures maybmterest and valuable for the

study of other interfacial systems.

Method

MBE growth. Thin film growth for transport measurement wasfgened using a
custom-built ultrahigh vacuum (UHV) MBE system with base pressure lower than
5x10"° Torr. The insulating STO(001) substrates were gmeg with standard chemical

and thermal treatments to obtain a uniform Ji€@minated surfade Then, the heat-



treated STO substrates were transferred into the MIBE chamber and annealed at 600

for 1h. FeSe films were grown by co-evaporating98eq95%) from an E-gun cell and
Se(99.999%) from a Knudsen cell with a flux ratib 1020 on the STO substrate at
330 °C. The Fe and Se concentration in the filmsevdetermined by their ratio obtained
in situ during growth using separate quartz crystal mesitdéhe growth rate for the films
was approximately 0.2 UC/min. Epitaxial growth wasnitored byin situ reflective
high-energy electron diffraction (RHEED), where thegh crystal quality and the
atomically flat surface were confirmed by the styeand sharp “1x1” patterns (Fig. S1).
Atomic imaging and EELS measurements.High resolution scanning transmission
electron microscopy (STEM) images were acquiredgisiigh-angle-annular-dark-field
(HAADF) detector on a double aberration correctisdEL ARM-200CF transmission
electron microscope at Brookhaven National Laborditally resolved EELS spectrum
images were taken under STEM mode,TalOK and room temperature, respectively,
with the Gatan GIF Quantum ER dual EELS spectromeide low-temperature
experiments were carried out using a custom-dedjdoev-drift liquid-He stage newly
developed by Gatan for atomic imaging and speabmscThe temperature is monitored
by a factory-calibrated silicone diode. The spairalrement of the line scan of the
spectrum images was ~0.02nm. Both low-loss, indlgdne zero-loss peak, and core-loss
spectra were collected simultaneously for precai@tion to obtain the precise energy
shift.

Transport measurements.The transport measurements were performedtu on the
FeSe/STO thin films. To avoid possible contaminmgtia 14UC thick epitaxial FeTe

capping layer and another 10nm Te layer were deggbsn top of the FeSe films before



taken out of the growth chamber for transport mesments. The Hall and longitudinal
resistances were measured using a commercial Quabtesign Physical Property
Measurement System (PPMS) (1.8K, 9T) with the axiah current flowing in the film

plane and the magnetic field applied perpendictdathe plane. The backgate voltage

was applied using the Keithley 2450 from -200V RD&V.
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Figure 1| Superconducting FeSe films on STO substies. (a) Super-cell of FeSe on
top of STO(001). (b-c) High-angle-annular-darkdiescanning transmission electron
microscopy (HAADF-STEM) image of the FeSe films lwihickness of 1UC(b), 8UC(c)
on STO substrates with 14UC FeTe capping layeropn td) Schematics of the gate
tuned six-terminal Hall-bar device of FeSe films $RO with FeTe capping layefe)
NormalizedR vs. T for 1UC films under different annealing temperasifor 2h during
growth: S1(556C), S1'(500C), S1"(400C) and S1™(33%). (f-i) NormalizedR vs. T at
various backgating voltagd/y for the 1UC(S1)(f), 2UC(S2)(g), 8UC(S3)(h) and
14UC(S4)(i) films under the optimal annealing caiai at 550°C for 2h. All transport

results shown in Figs. 1e to 1li were measured ureler magnetic field.
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Figure 2| Atomically resolved STEM-EELS (electron sergy-loss spectroscopy)
results for LUC(S1), 8UC(S3), 14UC(S4) films at 10Ka-c) Core-loss EELS mapping
with an energy range between 680 and 740eV for a)yBUC(b) and 14UC(c) films.
Blue-shift of Fe'd_; peaks are observed in FeSe films that is withil€ Zkdm the STO
substrate in all 3 samples. (d-f) The zoom-in insagé the squares shown in (a-c),
respectively. The dash lines are guided by eydsFEJF simulation of the core-loss
EELS spectra using the super-cell in Fig.1la. (H)e8watic of work function difference
between STO and FeSe. (i) Schematic depiction ofi H@nding in the FeSe region
induced by electron transfer from the proximal Sh@rface. Due to band bending, Fe's
Ls (2ps2) andL, (2p1/2) levels close to the interface bend accordinglying a blue-shift
of the electron energy los¥g is total potential variation. (j) At the interfgogensity of
states of hole pocket is higher than that of etecpocket. It needs more electrons to fill

up hole pocket as compared with electron pockethi®isamd=r shift.
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Figure 3| Hall transport results for seven FeSe/ST@amples studied(a) Ry vs. toH
atVg= 0V at different temperatures from 300K to 30K fbe 1UC(S1) film. (b)Ry vs.
LoH at T=30K at different gate voltages ranging from -20@v+200V for the 1UC(S1)
film. The black arrow indicates the direction o€ieasingVy. (c) Ry as function ofT at
Vg=0V for the 1UC(S1), 2UC(S2), BUC(S3), 14UC(S4inBl (d)R4 as function ol/y at
T=30K for the 1UC(S1), 2UC(S2), 8UC(S3), 14UC(S4n§. (e)Ry as function ofT
underVyg=0V for 1UC films S1, S1', S1", S1" annealedlifferent temperatures. (B4

as a function o¥/y at T=30K for 1UC films S1, S1', S1", S1™.
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Figure 4| The effect of backgating, annealing tempature and film thickness
variation on the superconducting transition temperaure T, and Hall coefficient Ry

at 30K for the 7 FeSe/STO samples studied in thisxgeriment. The 7 samples are
respresented by the blue arrows. The red circlew 33 andRy values, from bottom to
top, at backgate voltages of -200, -100, 0, 10020@V (position of red circles deduced
from Fig. 1& Fig. 3 and Section VI &VII in Supplemtry Information). The broad pink
arrow groups the 1UC films annealed at differemhgeratures and the green arrow
groups samples with different thicknesses anneate850C. This figure shows that
backgating is particularly effective in enhancifigfor thin FeSe films with minimal

effect inRy.



