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We report findings of strong anomalies in both mutual inductance and inelastic Raman spectroscopy mea-

surements of single unit cell FeSe film grown on Nb-doped STO, which occur nearby the temperature where the

superconducting like energy gap opens. Analysis suggests that the anomaly is associated with a broadened fer-

roelectric transition in a thin layer near the FeSe/STO interface. The coincidence of the ferroelectric transition

and gap opening temperatures adds credence to the central role played by the film-substrate interaction on the

strong Cooper pairing in this system. We discuss scenarios which could explain such coincidence.

PACS numbers: 74.78.-w, 74.25.nd, 79.60.Jv, 77.80.bn

A single unit cell (UC) FeSe film grown on STO substrate

exhibits superconducting-like energy gap that persists up to

65 K [1–5], which is the highest pairing temperature in iron-

based superconductors. Understanding such substantial in-

terface enhancement of pairing scale provides a clue of how

to further enhance superconductivity in this and similar sys-

tems, and can deepen our understanding of the mechanism for

high temperature superconductivity in Fe-based superconduc-

tors. Experiments using angle-resolved photoemission spec-

troscopy (ARPES) [2–5] have revealed that the interactions

between the 1 UC FeSe film and the STO substrate play an

important role in the Cooper pairing of this system. First,

the strong charge transfer between FeSe and STO results in

a heavily electron doped FeSe Fermi surface, very different

from a typical Fe-based superconductors. [2–5] Second, a

strong coupling between FeSe electron and STO phonon is

suggested to be responsible for the enhanced Cooper pair-

ing. [5] Here we report new experimental evidences for the

strong interaction between the FeSe film and the STO sub-

strate which provides further insights on the physics involved

in this system.

We study high quality single and multiple UC FeSe films on

Nb-doped STO substrate grown by molecular beam epitaxy

(MBE). ARPES characterization reveals a gap opening near

58 K in 1 UC sample. We then perform mutual inductance and

Raman spectroscopy measurements. In both measurements,

we observe an anomaly nearby the temperature where the gap

opens. Systematic material dependence study leads us to pro-

pose that this anomaly is a broadened ferroelectric transition

of the STO substrate near the FeSe/STO interface, resulting

from the charge transfer and inversion symmetry-breaking at

the interface. The coincidence of the ferroelectric transition

and the gap opening temperature provides further evidence for

the important role played by the film-substrate interaction in

the Cooper pairing in the 1 UC FeSe film.

Figure 1 is the summary of the ARPES results for both 1

UC and 2 UC FeSe grown on 0.05wt% Nb-doped STO (Nb-

STO). (For detailed discussions on sample growth and ARPES

measurement, see Ref. [5] where the same samples have been

studied.) The ARPES spectra of the 1 UC sample show that

only electron bands near the Brillouin zone (BZ) corner cross

the Fermi level (Figs. 1(a) and 1(b)). In contrast in the 2

UC spectra the hole bands around the BZ center move up and

cross the Fermi level, while the bands near the BZ corner de-

velop features which have been attributed to the tetragonal to

orthorhombic structural distortion [5] (Figs. 1(c) and 1(d)).

An energy gap that opens at 58± 7 K (from a mean-field fit-

ting) is observed on the electron pockets of the 1 UC film only

(Fig. 1(f)). The 2 UC film shows no sign of gap opening for all

temperatures measured. Compared to the 2 UC film, the shift

in band position in the 1 UC film indicates a significant charge

transfer with the NbSTO substrate. Both the band structure

and the temperature dependence of the energy gap are consis-

tent with recent reports [2–4], suggesting comparable sample

quality of our MBE grown films as those reported by earlier

studies.

Mutual inductance measurements were then performed af-

ter capping the films to study the ac conductivity response of

the samples. The results for the 1 UC FeSe film are shown

as the red curves in Figs. 2(a) and 2(b). An anomalous en-

hancement in both real and imaginary components of the mu-

tual inductance is found to be centered around 50 K agreeing
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FIG. 1. (a)&(b) The spectra of 1 UC FeSe/NbSTO. (c)&(d) The

spectra of 2 UC FeSe/NbSTO. The locations of the moment cuts are

illustrated in (e). In (a)-(d), the bottom panel is the second deriva-

tive of the raw spectrum. The white dotted lines indicate the Fermi

level. The yellow solid curve in (c) is a fit of the dispersion of the

electron pocket showing opening of a gap. All spectra are taken at

temperature of 10 K. (e) Illustration of the Brillouin Zone. (f) The

extracted energy gaps as a function of temperature. The solid line is

a mean-field fitting of the 1 UC gap.

with the ARPES gap opening temperature within experimen-

tal uncertainties. The frequency ( f ) dependence (Figs. 2(c)

and 2(d)) shows that in the range from 10 kHz to 40 kHz,

the mutual inductance signal is primarily in the real (dissi-

pative) component of the transimpedance, Z, which exhibits

Re(Z) ∝ f 2 (Fig. 2(d)), while the weaker imaginary (induc-

tive) component grows with frequency faster than f 2 (Fig.

2(c)). This result suggests that the mutual inductance anomaly

originates from normal metallic screening rather than super-

conductivity, due to the following reasons. In superconduc-

tors, the screening current is proportional to the magnetic

field, B(ω), due to the Meissner effect, so the measured tran-

simpedance is expected to be primarily in the inductive chan-

nel and have a linear f -dependence. In contrast, for a normal

metal the induced eddy current depends on the electric field,

E(ω) ∝ dB(ω)/dt, thus causing signals to reside primarily in

the dissipative channel with an extra power in f , consistent

with our observation. We suspect the true superconducting co-

herence transition occurs below the lowest measurement tem-

perature (13 K). This suppression could be due to the strong

2D phase fluctuation [6, 7] or it could be caused by destruc-

tion of the superconducting phase due to the Se/Te capping

before the mutual inductance measurement. We would like to

mention that in a FeTe capped FeSe film grown on insulating

STO substrate our mutual inductance measurement showed a

superconducting-like signal at temperatures below 20 K, con-

sistent with recent reports [6, 7].

To track the origin of the anomaly, we measured a series of

FeSe samples with different film thicknesses and capping lay-

ers, as well as control samples without FeSe films (Figs. 2(e)

and 2(f)). We observe the following systematic behaviors: 1)

all the FeSe films show a similar 50 K anomaly regardless of

the film thickness and the material/thickness of the capping

layer; 2) all the control samples with a capping layer but with-

out the FeSe film also show a weaker version of the 50 K

anomaly; 3) bare NbSTO does not show any anomaly. These

observations have a few implications. First, the absence of the

anomaly in bare NbSTO rules out that it is a bulk property

of NbSTO. Second, the anomaly does not originate from the

FeSe or the capping films. This leaves the possibility that the

observed anomaly is an interface effect.

To examine the role of the substrate, we also performed Ra-

man spectroscopy of 1 UC FeSe grown on 0.5wt% Nb doped

STO (note that the Nb doping level is 10 times higher than

the samples used in the mutual inductance measurement) in

a different MBE system. The results are shown in Fig. 3.

The Raman spectra show two peaks at low wavenumbers.

The one labeled with red markers in Fig. 3(a), which hard-

ens upon cooling, corresponds to an A1g phonon mode. [8–

11] This mode disappears above the well-known STO an-

tiferrodistortive (AFD) structural transition temperature 105

K. [12] The second peak (labeled by the blue marker) lying

very close to the A1g peak has very distinct features. This

mode softens upon cooling, and saturates in energy at low

temperature (Fig. 3(b)). Near the transition it exhibits an

abrupt change in energy at around 50 K, approximately co-

inciding with the temperature where the mutual inductance

anomaly occurs. This optical phonon mode is known as the

ferroelectric soft mode, which is Raman inactive, but appears

in the Raman spectrum due to breaking of the inversion sym-

metry. [9, 10, 13–16] The same Raman anomaly is also ob-

served in 0.5 wt% Nb-doped bare NbSTO (i.e. without the

FeSe film). However it is not observed in undoped STO and

0.05wt% doped NbSTO. [17] We believe the latter is due to

insufficient Nb doping to produce a strong enough Raman sig-

nal (see discussions below).

We now discuss a scenario for the physics in the NbSTO

substrate that can account for both the mutual inductance and

Raman results. It is known that pure STO is an incipient fer-

roelectric (FE), which remains paraelectric with large electric

susceptibility down to 0 K. [19, 20] This suppression of FE

transition is due to several effects. The first is the effect of

competing order. STO undergoes the cubic-tetragonal AFD

transition when cooled below 105 K, which allows the appear-

ance of the A1g Raman mode. [8, 9, 11] The AFD is a non-

polar structural distortion which suppresses the competing FE

instability. [21] (See illustrations in Fig. 4(a)) The second is

the effect of quantum fluctuation. [19] At lower temperatures,

the FE order is further suppressed by quantum fluctuations of

the dipole moments. This delicate state is sensitive to local

inversion symmetry-breaking perturbation, such as chemical

doping [10, 22, 23], strain [24], applied electric field [8], iso-

tope substitution [25], etc. Such inversion symmetry break-

ing activates the extra soft mode in Raman spectrascopy and

induces local FE order. [8, 10, 15, 25–27] Therefore, in the

case of NbSTO, the observed extra Raman mode originates

from the micro regions around the Nb dopants. The reason

it is only seen in substantially doped NbSTO is because suf-
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The fitting parameters are plotted as a function of temperature in (b)

Raman shift and (c) half width at half maximum (HWHM). [18]

ficient doping is required to generate strong enough signals

to be detected in Raman experiment. When the doping level

is low, these micro regions do not overlap so that the AFD

and local FE can coexist. The temperature dependence of

the soft mode in such systems has been observed to exhibit

an anomaly around the FE transition temperature - it softens

upon cooling and either saturates or exhibits an upturn below

the transition temperature. [8, 10, 15] The abrupt jump ob-

served here might be related to the enhanced electric suscepti-

bility and correlation length around the transition temperature

(see discussions later), although its exact mechanism requires

further study. In bare NbSTO there is no net electric polariza-

tion at T < 50 K because the directions of local FE moments

are determined by that of the local symmetry breaking field,

which varies randomly in space. In addition, the screening by

itinerant electrons can also reduce the effect of the spatially

random electric polarization. The Raman anomaly tempera-

ture of 50 K reflects the mean-field FE ordering temperature

TFE in NbSTO, when quantum fluctuations of dipole moments

are suppressed by local breaking of inversion symmetry, and

NbSTO goes through a crossover from the paraelectric state

to a state where randomly oriented FE moments exist in mi-

cro regions surrounding the Nb dopants. (We note that the

mean-field FE temperature for pure STO is 37 K [19] while

it is also sensitive to local inversion symmetry perturbation.

[16, 23].)

At the interface of FeSe/NbSTO, the inversion symmetry is

also broken. This unidirectional symmetry breaking, largely

caused by the electric field due to charge transfer, can also sta-

bilize the underlying mean-field FE transition. Due to the uni-

directional nature, a net electric polarization pointing along

the surface normal should appear within a certain distance

from the interface below TFE . The resulting polarization gra-

dient thus causes a space polarization charge that attracts the

doped free carriers to screen it, as illustrated in Fig. 4(a). The

increase in carrier density near the interface enhances the re-

sponse in the mutual inductance measurement. We believe

this is the root of the observed mutual inductance anomaly in

films grown on NbSTO. To show that such a picture is con-

sistent with the observed anomaly, we carry out calculations

based on Ginzburg-Landau theory [28] (See Ref. [17] for de-
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tails of the model). The essential results are the following:

1) the electric susceptibilities exhibit a peak around TFE (Fig.

4(b)) which generally provides better dielectric screening; 2)

the dielectric screening causes excess carrier density near the

interface which in turn causes the enhancement in conductiv-

ity (Fig. 4(c)). This extra interface conductivity contributes

to the screening of the electromagnetic field induced by the

excitation coil hence causes the anomaly in the mutual induc-

tance around TFE . The calculated mutual inductance response

(Figs. 4(d) and 4(e)) agrees very well with our mutual induc-

tance data in Fig. 2, and it also has approximately the cor-

rect frequency dependence, i.e., Re(Z) ∝ f 2 while Im(Z) has

a higher order in f that is primarily caused by a phase shift due

to the self-inductance of the film. [17] We note that the inter-

face FE region should also contribute to the Raman anomaly.

However, its thickness is likely much smaller than the prob-

ing depth of our Raman measurement (up to 4 µm due to a

finite numerical aperture) such that the Raman signal primar-

ily comes from the Nb-induced FE regions in the bulk. On

the other hand, the FE regions in the bulk do not contribute to

mutual inductance anomaly because the average bulk carrier

density is fixed by the doping level.

In this picture the variation of the strength of the mutual

inductance anomaly is attributed to the varying strength of

the interface electric field. Compared to the Se film and bare

NbSTO, the 1 UC FeSe film has substantial charge transfer

with the substrate hence the interface electric field is much

stronger, resulting in a higher concentration of free carriers

and a stronger enhancement of the mutual inductance signal.

We also want to point out that such interface FE transition

should also occur in films grown on undoped STO. The Nb

doping simply provides the free carriers as spectators neces-

sary to manifest the FE transition in mutual inductance mea-

surement.

The remaining question is why the gap opening tempera-

ture could roughly coincide with the interface FE transition.

Keeping in mind that the scale of the Cooper pairing (presum-

ably magnetically mediated) is strongly enhanced by electron-

phonon coupling [5], there are several possible explanations.

(1) The interface electric field is strongly enhanced below the

FE transition which in turn strengthens such electron-phonon

coupling. (2) The strong interface electric field below the FE

transition causes a large change in the doping level of the FeSe

film. (3) Somehow large FE fluctuation near the FE transition

helps the Cooper pairing. (4) The fluctuation of the electric

dipole moment above the FE transition inhibits the Cooper

pairing, and this inhibition is removed in the FE state. Sce-

nario (1) is disfavored by the fact that the effect of electron-

phonon coupling, namely the appearance of phonon shake off

bands, is seen at temperatures quite a bit above the mutual

inductance anomaly temperature. [5] Scenario (2) is disfa-

vored by the fact that the measured electron pocket size does

not change appreciably across the anomaly temperature [3–

5]. Scenario (3) would suggest that deep in the FE phase

the dipole fluctuation should weaken hence Cooper de-pairing

should occur. There is no evidence that this occurs. This dis-
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FIG. 4. (a) Below 105 K, the STO undergoes an AFD transition

where the TiO6 octahedra rotate by a small amount. The blue cir-

cles indicate the micro-ordered ferroelectric regions induced by the

Nb dopants. The dark blue regions indicate the surface dipole lay-

ers where excess carriers pile up due to the interface electric field

between FeSe and NbSTO. The black arrows represent the induced

ferroelectric dipole moments. (b) Calculated longitudinal (perpen-

dicular to interface) and transverse (parallel with interface) elec-

tric susceptibilities in STO. (c) Calculated 2D conductivity. (d) (e)

Calculated transimpedance signal based on the model developed in

Ref. [29] for (d) the imaginary component and (e) the dissipative

component.

cussion leaves scenario (4) as a possible explanation of the

coincidence of the alleged FE transition and the gap opening

temperature. Of course more detailed experimental and the-

oretical studies are required to affirm this conclusion, and to

address related questions of whether the general enhancement

of dielectric screening in materials with ferroelectric proper-

ties is helpful for pairing.

In conclusion, we have observed an electronic anomaly

in 1 UC FeSe film grown on NbSTO in both mutual in-

ductance and Raman measurements, occuring nearby the en-

ergy gap opening temperature. We propose this is caused

by a ferroelectric transition at the FeSe/NbSTO interface.

Our discussions suggest it would be interesting to search for

strong pairing in systems with similar properties like STO but

with higher ferroelectric transition temperatures or substrates

which have no undesired dipole moment fluctuation but main-

taining the desired phononic and dielectric property.
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