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Suppression of nematicity by tensile strain in multilayer FeSe/SrTiO3 films
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The nematicity in multilayer FeSe/SrTiO3 films has been previously suggested to be enhanced with decreasing
film thickness. Motivated by this, there have been many discussions about the competing relation between
nematicity and superconductivity. However, the criterion for determining the nematicity strength in FeSe remains
highly debated. The understanding of nematicity as well as its relation to superconductivity in FeSe films is
therefore still controversial. Here, we fabricate multilayer FeSe/SrTiO3 films using molecular beam epitaxy and
study the nematic properties by combining angle-resolved photoemission spectroscopy, 77Se nuclear magnetic
resonance, and scanning tunneling microscopy experiments. We unambiguously demonstrate that, near the
interface, the nematic order is suppressed by the SrTiO3-induced tensile strain; in the bulk region further away
from the interface, the strength of nematicity recovers to the bulk value. Our results not only solve the recent
controversy about the nematicity in multilayer FeSe films, but also offer valuable insights into the relationship
between nematicity and superconductivity.
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I. INTRODUCTION

Electronic nematicity, which breaks rotational symmetry
but preserves translational symmetry of a lattice [1], has been
widely observed in cuprates [2–5] and iron-based supercon-
ductors [6–12]. In iron-based superconductors, nematicity is
usually accompanied by a tetragonal-to-orthorhombic struc-
tural transition [13]; in addition, collinear antiferromagnetism
sets in at or just below the nematic transition in iron pnictides
[14,15]. The complicated coupling between lattice, spin, and
orbital degrees of freedom [10,16,17] renders the origin of
nematicity controversial [18–21]. FeSe is an attractive system
to explore the effect of nematicity disentangled from that
of magnetic order, as it exhibits nematicity below Tnem ∼
90 K without long-range magnetic order at any temperature
[22–27]. FeSe also provides a versatile platform for studying
the interplay of nematicity and superconductivity since the
superconductivity therein is highly tunable [28–36].

The relationship between nematicity and superconductiv-
ity is under hot debate in FeSe crystals. Their competition
is proposed in an electron irradiation experiment, where the
disorder enhances Tc while it lowers Tnem [37], as hydrostatic
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pressure [38] and uniaxial strain do [39,40]. Their cooperative
effect is suggested by the sizable enhancement of Tc with an
enlarged orthorhombic distortion below Tc upon increasing
sulfur doping in FeSe [41]. Contrary to a direct correlation,
thermal-expansion measurements find a lack of coupling be-
tween nematicity and superconductivity [42].

Thus the origin of nematicity in FeSe remains highly inter-
esting, but its effect on the electronic structure is controversial.
In FeSe crystals, due to the complicated band structure and
multiorbital character around the Brillouin zone (BZ) cor-
ner, the energy scale of the zone-corner dxz/dyz splitting has
been hotly debated. It was reported to be either ∼50 meV
[25,26,43–45] or degenerate [46,47], questioning whether the
bands at the BZ corner are appropriate for understanding
the nematicity. Instead, the relatively simple band structure
around the BZ center provides a remarkable platform, by
which the nematic energy scale of ∼15–20 meV agrees with
the Tnem scale [26,46–48]. In multilayer FeSe/SrTiO3 films, it
has been previously suggested that the strength of nematicity
in thinner FeSe films is stronger than that in FeSe crystals,
and it further enhances with decreasing thickness [34,49–
52]. However, in these studies, the nematicity strength was
determined by the band splitting around the BZ corner, and the
validity of this criterion has been questioned in FeSe crystals
[53]. Therefore, whether the nematicity is enhanced in thinner
FeSe films is still an open question.

Herein we present combined angle-resolved photoemis-
sion spectroscopy (ARPES), 77Se nuclear magnetic resonance
(NMR), and scanning tunneling microscopy (STM) studies
on multilayer FeSe/SrTiO3 films. NMR measurements show
the coexistence of single-domain and twinned-domain struc-
tures in 210-monolayer (ML) film; as 15-ML film forms a
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single domain revealed by STM, we suggest that the former
structure is near the interface and the latter one is from the
bulk region further away from the interface under noticeable
and negligible tensile strains, respectively. Consistently, in
15-ML film, the single circular hole Fermi surface (FS) and
the temperature-independent dxz/dyz splitting around �̄ indi-
cate the absence of nematicity; in 115-ML film, the splitting of
the outer hole band and the temperature evolutions of dxz and
dyz orbitals at �̄ validate the emergence of bulklike nematicity.

II. EXPERIMENTAL METHODS AND DETAILS

A. Film growth

The multilayer FeSe films were fabricated on either
Nb:SrTiO3(001) (for ARPES and STM) or SrTiO3(001) (for
NMR) substrates (both denoted as SrTiO3 substrate hereafter)
with atomically flat TiO2 terminations, which were formed
by treating the substrates with Se molecular beam etching
method prior to film growth [33]. A standard Knudsen cell
and a thermal cracker effusion cell were used to evaporate
Fe and Se, respectively. The substrates were kept at 530 ◦C
during the evaporation. The as-grown films were subsequently
annealed at 560 ◦C for 3 hours. After the growth, the samples
were transferred to the ARPES end station and a separate
STM chamber via a vacuum suitcase with a base pressure of
1 × 10−9 Torr.

B. ARPES

ARPES measurements were performed using the 12-
ARPES end station of the UE-112-PGM2 beamline at the
Helmholtz Zentrum Berlin BESSY-II light source. The energy
and angular resolutions were set to better than 5 meV and 0.1◦,
respectively. During the experiments, the sample temperature
was kept at 15 K if not specified otherwise, and the vacuum
conditions were maintained better than 6 × 10−11 Torr.

C. STM

STM data were acquired using an Omicron LT-STM
system at the base temperature of ∼4.5 K. An electrochem-
ically etched polycrystalline tungsten tip was used for the
measurements; further in situ tip preparation is described
elsewhere [54].

D. NMR

NMR measurements were done in a 16-T Oxford magnet
with a field homogeneity of 10 ppm over 1 cm3. The 210-ML
FeSe sample had a dimension of about 0.8 × 1 cm2, and was
mounted on a surface coil with a diameter of about 0.9 cm,
similar to the design in Ref. [55]. The field was set to 14 T,
and calibrated to be 13.977 T with 63Cu NMR of a piece of
Cu wire in the center of the coil (gyromagnetic ratio of 63Cu
metal: 63γ = 11.312 MHz/T).

The same magnet was used for the single crystal measure-
ments of FeSe0.95S0.05 [56], and calibrated to be exactly 11 T
by 63Cu NMR of the coil. This gives an absolute value of
the Knight shift of about Kab = 0.16% at low temperatures
(average of the split spectrum, 77γ = 8.13 MHz/T, a ‖ [100],
b ‖ [010], c ‖ [001]). Note that the Knight shifts at low tem-

FIG. 1. [(a),(b)] RHEED images of SrTiO3 substrate and 15-ML
film with incident beam along the [110] directions, respectively.
The RHEED intensity curve (red dashed curve) is taken along the
red solid line. The single set of diffraction peaks reflect the high
quality of FeSe film. (c) STM topographic image of 15-ML film
(30 × 30 nm2, Vs = 50 mV, I = 50 pA). (d) Atomically resolved
STM topography of 15-ML film (10 × 10 nm2, Vs = 50 mV, I =
100 pA). Blue dashed lines indicate the orientations of Fe vacancies.
Inset: Fourier transform (FT) of the defect-free regions in (d).

peratures in other studies of FeSe crystals range from Kab =
0.31% (Kc = 0.293%) [24], Kab = 0.26% (Kc = 0.24%) [27],
Kab = 0.296% (Kc = 0.28%) [57], to Kc = 0.13% [58]. The
differences may stem from different calibration procedures.
However, the temperature dependencies of the Knight shifts
in the different studies are the same, and are much weaker
than in the FeSe film studied here (see detailed discussion in
Appendix D).

We estimated the total number of Se nuclei in a 210-ML
FeSe film of 0.8 cm2 to be about 3 × 1017. The natural abun-
dance of 77Se, the only NMR active isotope, is only 7.5%,
so that there are about 2 × 1016 NMR active Se nuclei in
the FeSe film. An FeSe single crystal of typical dimension
1 × 0.5 × 0.1 mm3 has about five times more 77Se nuclei, and
therefore a much better NMR signal-to-noise ratio.

III. SURFACE AND STRUCTURAL CHARACTERIZATION
OF 15-ML FeSe FILM

The surface and structural characterization of 15-ML film
are presented in Fig. 1. Figures 1(a) and 1(b) show the re-
flection high-energy electron diffraction (RHEED) patterns of
SrTiO3 substrate and 15-ML film at room temperature, respec-
tively. A typical STM topographic image of 15-ML film at
∼4.5 K is displayed in Fig. 1(c), where the surface consists of
a single crystallographic domain. The single-domain feature
is observed in a number of scan areas over the sample surface,
unlike the presence of twinned domains with twin boundaries
previously reported in thicker FeSe films [59] and FeSe crys-
tals [60]. The atomic-resolution STM image and its Fourier
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FIG. 2. (a) 77Se NMR spectra of 210-ML film and Se-etched
SrTiO3 substrate. (b) Multipeak fitting of the green curve in (a) by
three Lorentzian peaks (dashed curves) with a linear background
(dashed line). Inset: Frequency splitting between f1 and f2 at 40 K
as a function of field. Blue triangles represent the values of undoped
FeSe crystals, adopted from Refs. [24,57,63]. Black triangle indi-
cates the splitting between f2 and f3 of FeSe film at 40 K. The thick
line is a guide to the eye. (c) Temperature dependent 77Se NMR
Knight shift of 210-ML film and FeSe0.95S0.05 crystal (H ‖ [100]).
Inset: Temperature dependence of Knight shift splittings between f1

and f2 lines in the film and crystal. The translucent blue curve is a
guide to the eye.

transform in Fig. 1(d) reveal a squarelike lattice of the topmost
Se atoms. As in previous studies [59–62], the Fe (dumbbell-
like) and Se (crosslike) vacancies are observed. Recently, the
appearance of stripe patterns pinned around the Fe vacancies
has been proposed as a signature of the nematicity-related
orthorhombicity in FeSe films [59]; the interaction between
the stripes and Fe vacancies has been suggested to induce
strong distortions of the latter, such that the directions of
the dumbbell shapes show obvious deviation from the Se-Se
lattice [59]. However, in 15-ML film [Fig. 1(d)], we do not
observe such stripe patterns near the dumbbell-like impurities;
as indicated by the blue dashed lines, the Fe vacancies are
well aligned along the directions of the Se-Se lattice, showing
no evident distortions. These facts indicate the absence of
orthorhombicity in 15-ML film.

IV. 77Se NMR MEASUREMENTS OF 210-ML FeSe FILM

To further clarify the domain structure of our films, we
conduct NMR measurements on 210-ML film. Figure 2(a)

shows the frequency-swept NMR spectra of the 77Se nuclei for
a magnetic field of 13.977 T. At T = 40 K, a prominent line
(∼113.85 MHz) and a much weaker signal (∼114.06 MHz)
are revealed on the sample for H ‖ [100], which are attributed
to the FeSe film and Se-etched SrTiO3 substrate, respectively
(see Fig. 5 and Appendix A for more discussion on the as-
signment). Upon cooling, the spectra of FeSe film shift to
lower frequencies with a decrease of the linewidth. But it is
difficult to observe a signal below 30 K and above 40 K;
this limited temperature range for a decent NMR signal is
due to the longer spin-lattice relaxation time and smaller
nuclear spin polarization at lower and higher temperatures,
respectively (see more discussion in Appendix B). By a closer
look, we notice that several components are contained in the
spectra of FeSe film, including a double-peak splitting and a
shoulder. The quantitative fit of the spectra in Figs. 2(b) and
6 (see details of the fitting procedure in Appendix C) validate
that each line consists of three Lorentzian peaks with central
frequencies f1, f2, and f3, unlike only two split peaks in
the nematic phase of FeSe crystals (evidence for the twinned
orthorhombic domains) [24,57,63]. In the inset of Fig. 2(b),
we plot the nematicity-related frequency splitting of FeSe
crystals at 40 K under different fields (blue triangle, adopted
from Refs. [24,57,63]) together with | f1 – f2| (red star) and
| f2 – f3| (black triangle) of FeSe film at 40 K. One obtains that
| f1 – f2| of FeSe film follows the linear field dependence of
frequency splitting of FeSe crystals, while | f2 – f3| noticeably
deviates from the trend. This implies that the f1- f2 splitting in
FeSe film may arise from the twinned nematic domains like
that in FeSe crystals. The f3 line could then be attributed to a
single-domain structure.

In Fig. 2(c), we present the temperature evolution of 77Se
Knight shift of FeSe film and FeSe0.95S0.05 crystal [56].
The Knight shift is determined from K = ( fres − γ B)/γ B,
where fres is the peak frequency of NMR spectrum, γ =
8.13 MHz/T is the nuclear gyromagnetic ratio for 77Se, and
B is the external field. Although the Knight shifts in the film
show much stronger temperature dependence than that in the
crystal (see more discussion in Appendix D), their Knight
shift splittings between f1 and f2 lines at low temperatures,
�K = K2 − K1 ∝ | f1 – f2|, are comparable and exhibit simi-
lar temperature behavior [inset of Fig. 2(c)]. This similarity
between film and crystal further demonstrates that the f1- f2

splitting in FeSe film is the signature of twinned domains
associated with nematicity. Therefore, the single-domain ( f3)
and twinned-domain ( f1- f2) structures are revealed to co-
exist in 210-ML film. The former one is reminiscent of
the single-domained 15-ML film (see Appendix E for the
challenge of detecting its single-domain structure by NMR),
where the SrTiO3-induced tensile strain has been found to be
sizable and isotropic [34]. We thus suggest that the single
domain is most likely confined to a region near the inter-
face with noticeable strain effect; accordingly, the twinned
domains come from the bulk region further away from the
interface with negligible strain effect. This assignment is
further validated by the intensity contrast between f3 and
f2 peaks [Figs. 2(b) and 6], whose intensity ratio (Table I)
can be regarded as the volume proportion between these two
regions.
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TABLE I. Fitting parameters of the Lorentzian and Gaussian profiles.

Lorentzian fit f1 (MHz) f2 (MHz) f3 (MHz) Intensity f3/( f2 + f3) Intensity f3/ f2 BG

40 K 113.842 113.862 113.896 0.174 0.211 Linear
35 K 113.778 113.793 113.843 0.180 0.220 Linear
30 K 113.725 113.739 113.774 0.186 0.229 Linear

Gaussian fit f1 (MHz) f2 (MHz) f3 (MHz) Intensity f3/( f2 + f3) Intensity f3/ f2 BG

40 K 113.842 113.862 113.896 0.221 0.284 Linear
35 K 113.778 113.793 113.843 0.229 0.297 Linear
30 K 113.725 113.739 113.774 0.240 0.316 Linear

V. ARPES MEASUREMENTS OF 15- AND 115-ML
FeSe FILMS

Given that the domain structure in FeSe film evolves with
the thickness, we study the electronic structures of 15- and
115-ML films by ARPES measurements. It has been sug-
gested that vacuum-ultraviolet ARPES detects the signals of
escaped photoelectrons mainly from the top two FeSe lay-
ers [34]. This ensures that the differences between 15- and
115-ML films observed below are essentially of tensile-strain-
effect origin. The FS mapping [Fig. 3(a)] and band dispersions
along the �̄-M̄ direction [Fig. 3(b)] of 15-ML film are anal-
ogous to previous results of multilayer FeSe films [34,64].
Due to the complicated band structure around M̄ in FeSe,
the orbital assignment of multiple 3d bands and the energy
scale of dxz/dyz splitting at M̄ are controversial [25,26,43–
48,53,65,66]. Hereafter, we focus on the relatively simple
band structure around �̄. Although the 15-ML film and de-
twinned FeSe crystal share the similarity of single-domain
structure, there is no preferred orientation for the film under
SrTiO3-induced tensile strain, distinct from the uniaxial strain
mechanically added to the crystal [45,47,67,68]. Thus, the
former has tetragonal structure illustrated by STM while the
latter shows orthorhombicity (see Appendix F for a discus-
sion on the distinct NMR spectra caused by this structural
difference). As a result, the ellipselike hole pocket in Fig. 3(a)
strongly contrasts with that in detwinned FeSe crystal below
Tnem [45,47,67,68], reflected in their completely different pho-
ton polarization dependence (see Fig. 8 and Appendix G for
more discussion).

We further measure the band structure along �̄-M̄ and �̄-X̄
directions in kz = 0 [Figs. 3(c)–3(e)] and π [Figs. 3(f)–3(h)]
planes of 15-ML film. As evidenced by the single set of peaks
in momentum distribution curves (MDCs) along the �̄-M̄
directions [blue curves in Figs. 3(e) and 3(h)], no splitting is
observed on the α band when crossing EF . The hole pocket is
further revealed to be circular in shape by comparing the kF ’s
along �̄-M̄ and �̄-X̄ directions. In light of this, the ellipselike
FSs in Figs. 3(a) and 8 are actually some segments of the
circular pocket. In contrast, the FS of twinned FeSe crystals
below Tnem consists of two crossed elliptical pockets at �̄

arising from the split α band [26,48,69]. The splitting is due
to the dispersions of dxz/dyz bands being different for the two
twinned domains, and has therefore been suggested as direct
evidence for nematicity [26,46,48,69,70]. In a previous study
of FeSe1−xSx crystals [69], with the reduction of Tnem by the
increasing sulfur doping [71], the degree of FS anisotropy at �̄

FIG. 3. (a) Intensity plot at EF [hν = 60 eV, linear horizontal
(LH) polarization] of 15-ML film. (b) Intensity plot measured along
the �̄-M̄ direction. The intensity is the sum of data acquired with
linearly horizontal and vertical polarized photons. [(c),(d)] Inten-
sity plots (hν = 37 eV, LH polarization, kz = 0) recorded along the
�-M and �-X directions, respectively. (e) MDCs of [(c),(d)] taken
at EF . [(f)–(h)] Same as [(c)–(e)] measured in the kz = π plane
(hν = 23 eV). (i) Same as (f) of 115-ML film. (j) Curvature intensity
plot of (i). Red arrows indicate the splitting of α band. (k) Band
structure cartoons of 15- and 115-ML films along the �̄-M̄ directions
at low temperatures. (l) Schematic low-temperature FS around �̄ of
single-domained FeSe without nematicity (15-ML film). (m) Same
as (l) of twinned FeSe with nematicity (115-ML film). Insets of (l)
and (m) show the schematic illustrations of 15- and 115-ML films,
respectively.
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FIG. 4. (a) EDC curvature intensity plots (hν = 23 eV, LH po-
larization) taken on 15-ML film along the Z-A direction at 30 and
150 K. (b) Respective EDCs of raw data (−0.40 < k‖ < 0.40 Å−1).
Diamond markers indicate the β bands. (c) Extracted dispersions of
α and β bands at 30 and 150 K from EDCs and MDCs together. Solid
curves are the parabolic fittings, which are also superimposed on (a).
(d) Temperature dependent MDCs taken at −40 meV. Triangle and
diamond markers indicate the α and β bands, respectively.

is lowered, with reduced splitting of the α band. It is expected
that the outer hole pocket would evolve into an isotropic circu-
lar FS when nematicity is quenched in FeSe1−xSx. Therefore,
we suggest that nematicity is absent in 15-ML film, consistent
with the tetragonal lattice symmetry therein.

As discussed above, the bulk region of thick FeSe films is
composed of nematicity-related twinned domains. In Fig. 3(i),
we measure the near-EF band structure of 115-ML film under
the same conditions as in Fig. 3(f). To facilitate the visualiza-
tion of dispersive features, we present the two-dimensional
curvature analysis [72] of the raw ARPES intensity in
Fig. 3(j). As indicated by the red arrows, the splitting of α

band is clearly observed; its splitting energy scale of ∼20 meV
(Fig. 9) is comparable with that in twinned FeSe crystals [26].
The presence of bulklike nematicity in the bulk region of
115-ML film is compatible with the twinned domains therein.
To illustrate the contrast between 15- and 115-ML films, we
sketch their low-temperature band dispersions along the �̄-M̄
directions in Fig. 3(k), the corresponding FSs around �̄ are
shown in Figs. 3(l) and 3(m).

To further support the absence of nematicity in 15-ML
film, we study the splitting of dxz and dyz orbitals at �̄,
the anisotropy between which has been suggested as a hall-
mark of nematicity [20,21]. As shown in Figs. 4 and 10, we
record the band structure of 15-ML film around Z at differ-
ent temperatures. Upon warming, the β band with band top
at ∼ − 13 meV exhibits little change, as illustrated by the
curvature intensity plots and energy distribution curves
(EDCs) [Figs. 4(a), 4(b), and 10]. The α band is also less
temperature sensitive, as evidenced by the nearly constant

momentum values from the MDCs [Fig. 4(d)], which are
taken at −40 meV to avoid the influence of thermal popu-
lation effect. In Fig. 4(c), by parabolic fits to raw data at 30
and 150 K, we estimate the dxz/dyz splitting as ∼22 meV
for both temperatures, which is comparable with the spin-
orbit-coupling-induced gap (∼20 meV) determined in FeSe
[48,66]. The temperature-independent splitting dominated by
spin-orbit coupling effect in 15-ML film is distinct from the
115-ML film, where the temperature evolutions of the α and
β bands are clearly revealed (Fig. 11).

VI. DISCUSSION

Our observations clearly demonstrate the absence of ne-
maticity induced by the near-interface tensile strain, solving
the aforementioned controversy about the nematicity in mul-
tilayer FeSe/SrTiO3 films [34,49–52]. The strain effect has
been found to exhibit exponential-like relaxation with increas-
ing FeSe thickness [34]. The nematicity strength is therefore
expected to gradually recover towards the bulk value between
the region without nematicity and the region with bulklike
nematicity; namely, an intermediate region probably exists.
Overall, as illustrated in Fig. 12 [also the insets of Figs. 3(l)
and 3(m)], we suggest that there are likely three regions. In
Appendix K, we make an estimate of their spatial scales.
Given that the volume of intermediate region is less than 10%
of the bulk region, the NMR lines with tiny intensities from
the intermediate region could be hidden by the intense f1- f2

line.
Last but not least, we discuss the implications of our results

for the relationship between nematicity and superconductiv-
ity. Extensive studies have been performed to uncover their
interplay in FeSe crystals, but the findings are multifarious
as described above, leaving it still rather mysterious. The
absence of a superconducting gap for undoped multilayer
(2–20 MLs) FeSe/SrTiO3 films has been reported in previ-
ous STM studies [33,73,74]. Within this thickness range, the
nematicity is not present either, based on our results. The
simultaneous disappearance of nematicity and superconduc-
tivity in thinner FeSe films unambiguously suggests that the
suppression of superconductivity therein is not directly related
to the nematicity.

VII. CONCLUSION

In summary, we have provided compelling evidence for
the suppression of nematicity near the interface of multilayer
FeSe/SrTiO3 films. In the bulk region further away from
the interface, where the SrTiO3-induced tensile strain is fully
relaxed, bulklike nematicity is revealed. The present results
facilitate further understanding of the nematicity and its inter-
play with superconductivity in multilayer FeSe films.
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APPENDIX A: NMR MEASUREMENTS
OF THE Se-ETCHED SrTiO3 SUBSTRATE

In the frequency-swept 77Se NMR spectra at T = 40 K
[green curve in Fig. 2(a)], a prominent line (∼113.85 MHz)
and a much weaker signal (∼114.06 MHz) are revealed for
H ‖ [100]. The former shifts to lower frequencies upon cool-
ing while the latter is not observed below 40 K. To distinguish
the signal of FeSe film between these two lines, we perform
similar measurements at 40 K when there is no sample and a
Se-etched SrTiO3 substrate (see Sec. II) [33] on the surface
coil, respectively. As shown in Fig. 2(a), first, no visible fea-
ture is observed without the sample (purple curve), showing
that the aforementioned NMR lines intrinsically come from
FeSe/SrTiO3; second, a small hump is observed in the Se-
etched SrTiO3 substrate also at ∼114.06 MHz (orange curve),
like that in the green curve. Therefore, in the green NMR
line [Fig. 2(a)], the prominent spectrum at ∼113.85 MHz
is attributed to the FeSe film; the much weaker signal at
∼114.06 MHz is contributed by the Se-etched SrTiO3 sub-
strate, where some of the O atoms might be substituted by Se
atoms.

To clarify the reason for the absence of a signal at
114.06 MHz below 40 K in Fig. 2(a), we carry out fur-
ther measurements on the Se-etched SrTiO3 substrate at
114.06 MHz. In Fig. 5, we present the single FT of the sweep
spectra of Se-etched SrTiO3 substrate at 114.06 MHz. At

FIG. 5. Single FT of the sweep spectra of Se-etched SrTiO3

substrate at 114.06 MHz. These NMR spectra are recorded with the
same experimental settings as the FeSe film, except the green line
with a repetition time of 800 ms between the scans and the orange
line with a lower radio frequency pulse power of 6 dB.

T = 40 K, a small hump is observed as the sweep spectra
[orange curve in Fig. 2(a)], while it is not visible at 30 K
with the same experimental settings, like the situation below
40 K in Fig. 2(a). We increase the repetition time between the
scans from 100 ms (see Appendix B) to 800 ms and measure
again at 30 K, but the NMR signal at 114.06 MHz is not
much enhanced (green curve in Fig. 5). Then we conduct
similar measurements with a repetition time of 100 ms but
a lower power of the radio frequency pulses (6 dB, more
attenuation). As illustrated in Fig. 5, the signal intensity at
30 K (orange curve) is nearly comparable to that at 40 K
(red curve). According to these measurements, we suggest
that the absence of the signal at 114.06 MHz below 40 K in
Fig. 2(a) could originate from a nonoptimal radio frequency
pulse power below 40 K, while this has little effect on the
prominent NMR line of the FeSe film. Moreover, the NMR
signal from the Se-etched SrTiO3 substrate does not shift with
temperature (Fig. 5), further validating the intrinsic origin of
the temperature shift of the FeSe NMR signal [Fig. 2(a)].

APPENDIX B: NMR SIGNAL DETECTED IN A LIMITED
TEMPERATURE RANGE

We could observe a decent NMR signal only in a limited
temperature range between 30 and 40 K. This may have two
reasons: (i) the nuclear spin polarization decreases with in-
creasing temperature due to the Boltzmann distribution, so
that the NMR signal intensity is proportional to 1/T (T is
temperature). (ii) The spin-lattice relaxation time (T1) has a
minimum of about 90 ms around 30 K [24]. Each step of the
frequency sweep was taken with 160 000 scans, and a repeti-
tion time between the scans of 100 ms. A single measurement
took almost 4.5 hours, times 13 steps of the frequency sweep,
which gives a total measurement time of 58.5 hours for an
NMR spectrum at a given temperature. The longer spin-lattice
relaxation time T1 at higher and lower temperatures makes a
longer repetition time necessary, and therefore would lead to
an even longer total measurement time.

APPENDIX C: DETAILS OF THE FITTING PROCEDURE
OF NMR SPECTRA

We carry out the quantitative fit of NMR spectra by
using Lorentzian and Gaussian functions respectively. We
plot the fitting results in Fig. 6 and summarize the cor-
responding parameters in Table I. The peak intensity ratio
of f3 to f2 estimated by Gaussian fitting is slightly big-
ger than that by Lorentzian fitting. However, as shown in
Figs. 6(d)–6(f), the NMR data have not been well reproduced
by the Gaussian functions, in contrast to the Lorentzian fitting
method [Figs. 6(a)–6(c)]. The Lorentzian function has been
generally used in the fit of NMR spectra of various mate-
rial systems, like FeSe and LaFeAsO [75], NaFe1−xCoxAs
[76], Sr2VFeAsO3 [77], Ca1−xLaxFeAs2 [78], etc. Therefore,
we conclude that each FeSe NMR line consists of three
Lorentzian peaks with central frequencies f1, f2, and f3.
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FIG. 6. NMR line-shape fitting by Lorentzian [(a)–(c)] and Gaussian [(d)–(f)] peaks with linear backgrounds (BGs) at three studied
temperatures.

APPENDIX D: STRONGER TEMPERATURE
DEPENDENCE OF THE KNIGHT SHIFT IN FeSe FILM

Regarding the Knight shift in FeSe film and FeSe0.95S0.05

crystal, the order of magnitude of their Knight shift is similar,
while the temperature dependence is much stronger in FeSe
film in the limited temperature range where we could observe
a signal. Since the Knight shift (K) is proportional to the
local spin susceptibility (χS) through the hyperfine coupling
(Ahf ), some differences in the hyperfine coupling tensor and
the spin susceptibility between these two systems are thus
expected. Due to the presence of the sizable tensile strain
close to the interface of FeSe film, it is clear that the crystal-
lographic structure being different in the crystal and near the
FeSe/SrTiO3 interface can make a contribution to their differ-
ence related to K3. But the tensile strain plays a negligible role
further away from the interface; the origin of the difference
related to K1-K2 between crystal and the bulk region of film
could thus be more complicated, and still remains elusive.

Here we make a simple estimate of the contributions of the
strain effect in their difference related to K3. In our 210-ML
FeSe film, for T > Tnem, the f1 and f2 lines are expected to
be degenerate, and the splitting between f3 and the degener-
ate f1, f2 pair (that is, the splitting of Knight shifts) should
be mainly caused by the different crystallographic structures
close to and further away from the interface, owing to the
substrate-induced tensile strain. Since the strain effect is less
temperature sensitive, the splitting between K3 and the aver-
age of K1, K2 below Tnem should be similar to that above Tnem.
Therefore, as shown in Fig. 7, the average splitting between
K3 (black solid star) and Kave

1,2 (red solid circle) at three studied

temperatures can be regarded as the contribution of the strain
effect (K stra). After adding K stra to the Knight shifts of crystal
(grey solid triangle), the resulting values (black hollow star)
noticeably deviate from the evolution trend of K3, indicating
that only the strain effect is not sufficient to explain the en-
hanced temperature dependence of the Knight shift in FeSe

FIG. 7. Temperature dependent 77Se NMR Knight shift of the
210-ML FeSe film and an FeSe0.95S0.05 crystal (H ‖ [100]), adopted
from Fig. 2(c). The strain effect (K stra, indicated by the green arrow)
is determined by the average splitting between K3 and Kave

1,2 at 30,
35, and 40 K. Black hollow stars indicate the Knight shifts after
including the strain effect in the crystal at T > Tnem.
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film, even for K3. There should exist other potential effects
playing more essential roles in determining the Knight shift
of FeSe film.

APPENDIX E: CHALLENGE OF DETECTING
THE SINGLE-DOMAIN STRUCTURE

IN 15-ML FeSe FILM BY NMR

For directly detecting the single-domain structure in the
15-ML film by NMR measurements, we think it is challenging
to get decent results currently. As described in Sec. II, we
estimated that there are about 2 × 1016 NMR active Se nuclei
in the 210-ML FeSe film. The 15-ML film, then, has about
1.4 × 1015 77Se nuclei, which is about 14 times less than
that of the 210-ML film and about 70 times less than that
of an FeSe single crystal with typical dimension 1 × 0.5 ×
0.1 mm3. The NMR measurements of the 210-ML film took
about 58.5 hours for an NMR spectrum at a given temperature,
the signal we recorded was almost at the limit of what could
be measured. As a result, for the 15-ML film with such small
amounts of 77Se nuclei, it is challenging to obtain a decent
NMR intensity and an NMR signal-to-noise ratio comparable
to the 210-ML film.

APPENDIX F: DIFFERENCE BETWEEN THE f3 NMR LINE
IN FeSe FILM AND THE PROMINENT NMR PEAK IN

DETWINNED FeSe CRYSTAL

Recently, a 77Se NMR study was performed on detwinned
FeSe crystals [75]. The sample detwinning was conducted
under mechanical uniaxial strain. Upon the detwinning of
crystals, the original double-peak splitting associated with the
twinned domains at low temperatures evolves into a prominent
peak and a nearly quenched one. This prominent NMR line
in detwinned FeSe crystals is distinct from the f3 NMR line
observed here in FeSe film. As discussed in Sec. V, although
the films near the FeSe/SrTiO3 interface and detwinned FeSe
crystals share the similarity of single-domain structure, there
is no preferred orientation for the films under the SrTiO3-
induced tensile strain, which is distinct from the uniaxial
strain mechanically added to the crystals. Thus, the former
has tetragonal structure (illustrated by STM of 15-ML film)
while the latter shows orthorhombicity.

In detwinned FeSe crystals, the uniaxial strain aligns the
twinned orthorhombic domains according to one of them, i.e.,
along the [100] or [010] direction, thus when the applied field
is parallel to the [100] or [010] direction, the nematicity-
related in-plane symmetry change cannot be revealed by
NMR, resulting in the single NMR peak (the presence of an-
other peak with the much weaker intensity in Ref. [75] could
stem from the incomplete detwinning), which is located at one
of the frequencies of the original splitting peaks. However, for
the region close to the interface of FeSe films, its tetragonal
structure is in contrast to the twinned orthorhombic structure
of the bulk region of films. Consequently, the peak frequency
f3 associated with the former structure is separated from f1

and f2 of the latter structure (Fig. 2). This fact further demon-
strates that the single-domain structure near the FeSe/SrTiO3

interface is in marked contrast to that in detwinned FeSe
crystals.

FIG. 8. (a) Constant-energy ARPES image around Z (hν =
23 eV, LH polarization, kz = π ) of another 15-ML FeSe film
obtained by integrating the photoemission intensity within EF ±
20 meV. (b) Same as (a) recorded at hν = 23 eV (kz = π ) with LV
polarization. The red arrows in [(a),(b)] indicate that the analyzer slit
is parallel to the [110] direction.

APPENDIX G: PHOTON POLARIZATION DEPENDENCE
OF THE HOLE POCKET AROUND Z IN 15-ML FeSe FILM

The FS topology in Fig. 3(a) shows an ellipselike hole
pocket at �̄, which seems to be similar to that in detwinned
FeSe crystals (detwinned by the mechanical uniaxial strain)
below Tnem [45,47,67,68]. However, the single-domain struc-
ture of 15-ML FeSe film is in marked contrast to that of
detwinned FeSe crystals, which could strongly differentiate
their electronic structure. To demonstrate that the FS around
�̄ of 15-ML film is distinct from that in detwinned FeSe
crystals, we further record the FS around Z (hν = 23 eV,
kz = π , T = 15 K) on another 15-ML film using photons
with LH and linear vertical (LV) polarizations. As shown in
Fig. 8, the elongation of the ellipselike FS varies from ky = 0
line [Fig. 8(a)] to kx = 0 line [Fig. 8(b)] when switching the
incident photons from LH to LV polarizations. This evolution
clearly distinguishes the FS around �̄ in 15-ML FeSe film
from that in detwinned FeSe crystals, where the elongation
of the ellipselike hole pocket is perpendicular to the strain
direction regardless of the incident beam polarization [47,68].

FIG. 9. (a) ARPES intensity plot (hν = 23 eV, LH polarization,
kz = π , T = 15 K) of the 115-ML FeSe film recorded along the
�̄-M̄ direction. (b) Second derivative intensity plot of (a). Red arrows
indicate the splitting of the α band at Z . Red solid curves are guides
to the eye, determined according to the right branch of the split α

band. The green dashed line indicates the energy scale (∼20 meV)
of the band splitting.
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FIG. 10. (a) EDC curvature intensity plots (hν = 23 eV, LH polarization, kz = π ) taken on the 15-ML FeSe film along the Z-A direction at
different temperatures. (b) Respective EDC plots of raw data at different temperatures over the momentum range of −0.40 < k‖ < 0.40 Å−1.
The diamond markers indicate the β bands around Z .

APPENDIX H: SPLITTING ENERGY SCALE OF THE α

BAND IN 115-ML FeSe FILM

To further demonstrate that the nematicity could re-
cover in the bulk region of thick FeSe films, we fabricated

115-ML FeSe film and performed ARPES measurements on
it. Since the hole pocket at zone center of kz = π plane is
larger than that of kz = 0 plane, to visualize the splitting of
the outer hole band α around �̄ and to avoid the possible influ-
ence of the branch in opposite momentum, the near-EF band

FIG. 11. (a) Temperature dependent MDCs of the 115-ML FeSe film taken at −40 meV. Triangle and diamond markers indicate the α

and β bands around Z , respectively. Red and purple dashed lines show the peak positions of α and β at 30 and 150 K, respectively. (b) Band
structure diagrams of the 115-ML FeSe film along the Z-A direction below and above Tnem. The splitting of α band below Tnem is not considered
here for better visualization of the band shifts.
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structure along the �̄-M̄ direction is measured in the kz = π

plane (hν = 23 eV). As shown in Fig. 9(b), the splitting of the
α band is revealed, especially at the right branch, indicated
by the red arrows. Its splitting energy scale of ∼20 meV
[indicated by the green dashed line in Fig. 9(b)] is comparable
with that in twinned FeSe crystals [26]. We then carry out
the two-dimensional curvature analysis of the raw ARPES
intensity plot [72]. As shown in Fig. 3(j), the band splitting
is illustrated more clearly. These observations are in sharp
contrast to the 15-ML film, showing the presence of bulk-like
nematicity in the bulk region of the 115-ML film.

APPENDIX I: TEMPERATURE DEPENDENCE
OF THE NEAR-EF BAND STRUCTURE AROUND

Z IN 15-ML FeSe FILM

To study the temperature dependence of dxz/dyz splitting
around �̄ in 15-ML FeSe film, we measure the near-EF band
structure along the Z-A direction (hν = 23 eV, kz = π ) at dif-
ferent temperatures using LH-polarized photons. In Fig. 10(a),
we present the EDC curvatures of raw data to better visualize
the binding energy associated with the top of inner hole band
β. Upon warming up the film from 30 to 150 K, one can
obtain that the β band shows little change with its band top
∼13 meV below EF , as further evidenced by the EDC plots
(traced out by the diamond markers) in Fig. 10(b). The tem-
perature independence of the outer hole band α is illustrated
by the nearly constant momentum values from the MDCs in
Fig. 4(d). Therefore, we conclude that the dxz/dyz splitting at
�̄ is less temperature sensitive in 15-ML FeSe film.

APPENDIX J: TEMPERATURE EVOLUTIONS OF THE α

AND β BANDS IN 115-ML FeSe FILM

We then measure the band structure of 115-ML FeSe film
along the Z-A direction at different temperatures. As shown
in Fig. 11(a), the temperature evolutions of the α and β

bands can be clearly revealed from their evolving momentum
values in the MDCs, which are taken at −40 meV to avoid
the influence of thermal population effect. Upon warming,
the monotonic decrease (increase) of the momentum value
of α (β) band indicates the downward (upward) band shift,
as schematically illustrated in Fig. 11(b). The temperature
evolutions demonstrate an extra splitting between α and β

bands at low temperatures associated with a dxz/dyz orbital

FIG. 12. Schematic illustration of the 210-ML FeSe film with
three regions, whose respective thicknesses are denoted as δ, η,
and κ .

polarization, in addition to the spin-orbit-coupling-induced
gap between them at high temperatures. This observation fur-
ther validates the existence of nematicity in the bulk region of
115-ML FeSe film.

APPENDIX K: AN ESTIMATE OF THE SPATIAL SCALES
OF THE NON-NEMATIC AND INTERMEDIATE REGIONS

Although it is challenging to directly determine the spa-
tial scales of the non-nematic and intermediate regions, we
can make an estimate by considering both the current results
and earlier data in the literature. As schematically shown
in Fig. 12, we assign the numbers of layers for these three
regions as δ, η, and κ , respectively. Based on the Lorentzian
fitting results of the NMR spectra in Appendix C, the average
of the peak intensity ratios f3/( f2 + f3) (or f3/ f2) at three
studied temperatures is 18% (or 22%). This value from the
NMR data can be regarded as the volume proportion be-
tween the regions, i.e., δ/(δ + κ ) × 100% = 18% (or δ/κ ×
100% = 22%). It has been reported that the lattice constant
of FeSe films reaches the bulk value of 3.76 Å at ∼50 MLs
[34]. Thus, one can obtain δ ∼ 35 MLs and η ∼ 15 MLs by
using κ ∼ 160 MLs. Although the estimated spatial scales of
the non-nematic and intermediate regions could have some
uncertainties, it is clear that our NMR data provide essential
information for identifying these three regions.
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