Supplementary Information

Supplementary Note 1 Estimate of the structural modulation network
spacing based on lattice mismatch

The modulation lines observed in multilayer FeSe/SrTiO3(001) are roughly along
(110) orientation (the nearest-neighbor Fe-Fe direction). Assuming the film surface
is a free surface with a bulk lattice constant a; that is smaller than the substrate
lattice constant ag, a straightforward geometrical condition dictates that n times the
substrate lattice constant a, can accommodate n + 1 times as. Therefore

ar
= 1
n= (1)

and the dislocation lines spacing is
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Note that the dislocation lines are along (110) orientation. In our case, ay and a
in this direction are v/2 of the in-plane lattice constants of FeSe and SrTiOs, which
are 0.377 nm and 0.39 nm, respectively. Using the formula above, [ is calculated to
be ~16 nm, which is within the range of experimental dislocation network spacings
observed. We note that the system exhibits small structural buckling along the c-axis,
but as this does not break any in-plane symmetries, we do not expect it to play a role
in determining if an electronic nematic domain would be oriented along a- or b-axis.

Supplementary Note 2 Non-dispersing charge stripes in conductance maps

In contrast to the Cy-symmetric dispersing features pinned around the impurities, the
charge-ordered stripes do not show evidence of dispersion in a range of sample biases
measured (Supplementary Figure 1).
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Supplementary Figure 1: (a) STM topograph over the same region as that in Sup-
plementary Figure 2 (domain A), and (b)-(f) simultaneously acquired d//dV maps
showing the non-dispersive charge stripes. STM setup conditions: (a) I, = 110 pA,
Vsample = -100 mV; (b)-(f) Veampie = -100 mV, It = 110 pA, Vexe = 5 mV.



Supplementary Note 3 Determination of the strain tensor maps from
STM topographs

An STM topograph is a quasi-periodic function T'(r) defined in a 2-dimentional real-
space. A perfectly periodic atomic lattice can be expressed using a discrete Fourier
series:

T(r) =Y  Hge®", (3)

where g represents reciprocal lattice vectors. A small spatially-varying distortion from
this ideal lattice can be accounted for by changing Hg into Hg = Ag(r)e'’™). The
phase P(r) is equivalent to the displacement field u(r), defined as: —g-u(r) = P(r).
Combing these, we have:

T(r) =) Age®ut), (4)
g

With u(r) determined by the algorithm, one can apply a transformation:

r—r' =r—u(r) (5)

and the topograph expressed in terms of new coordinates r':
T(r') = Z Age®™. (6)
g

will be a perfectly periodic lattice.

We determine u(r) from atomically resolved STM topographs using the Lawler-
Fujita algorithm described in Ref. 1. The coarsening length scale L = 1/A,,, as defined
in Ref. 1, is indicated in the caption of each strain analysis figure. The strain tensor
u;;(r) is defined as the gradient of the displacement field u(r):

uig(r) = 5 (axj * axi)‘ (7)

Empirically, certain precautions need to be taken when calculating the strain ten-
sor from the displacement field. The real strain caused by lattice mismatch consti-
tutes a portion of u(r), while another significant contribution comes from piezoelectric
nonlinearity, thermal drift, and hysteretic effects of the STM scanner. These effects
can be represented by a slowly varying “background” in u(r) 23, and here we apply
27d_degree polynomial fit to remove it.

Supplementary Note 4 Bias-independence of the strain maps and data
reproducibility

We show that quasi-periodic structural modulations and strain variations are intrin-
sically of a structural origin by showing the bias-independence of the strain maps
(Supplementary Figures 2 and 4).

We also demonstrate data reproducibility on multiple samples (sample #1 in the
main text and Supplementary Figure 2; sample #2 in Supplementary Figures 4 and 5).
While the sample shown in the main text was capped with ~50 nm thick amorphous
Se, transferred to the STM in air and then de-capped in UHV, the sample shown in
Supplementary Figures 4 and 5 was grown and transferred in a vacuum suitcase to



STM, entirely in UHV conditions. Structural modulations and electronic nematicity
were observed on thicker layers in both samples, indicating they are independent of
the de-capping procedure.
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Supplementary Figure 2: (a,b) STM topographs over the same region of the
sample acquired at two different STM biases, and corresponding (c,d) symmetric
strain maps S(r), and (e,f) antisymmetric strain maps U(r). Coarsening length scale
L (as defined in Supplementary Note 3) used to obtain strain tensor components in
panels (c-f) was 2a, where a is the Se-Se lattice constant. STM setup conditions: (a)
Tt = 110 PA, Vample = -100 mV; (b) st = 60 pA, Vaample = 100 mV.

H Figure Name FOV  Number of Pixels H

Supplementary Figure 2(a) 47 nm 640 x 640
Supplementary Figure 2(b) 47 nm 896 x 896
Supplementary Figure 4(a) 33 nm 352 x 352
Supplementary Figure 4(b) 33 nm 352 x 352
(c)
(a)

33 nm 256 x 256
34 nm 256 x 256

Supplementary Table 1: Field of view (FOV) size and the number of pixels for
each raw STM topograph used for strain analysis.
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Supplementary Figure 3: A raw topograph of an area containing the region shown
in Supplementary Figure 2(b). The resolution is ~7 pixels per atom along Se-Se
directions.
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Supplementary Figure 4: (a-c) STM topographs over the same region of the
sample at different bias voltages, corresponding (d-f) symmetric strain maps S(r)
and (g-1) antisymmetric strain maps U(r) (sample 2). Coarsening length scale L (as
defined in Supplementary Note 3) used to obtain strain tensor components in panels
(d-1) was ba, where a is the Se-Se lattice constant. STM setup conditions: (a) Ist =
10 pA, Vaample = -200 mV; (b) It = 10 pA, Vample = 500 mV; (¢) st = 10 pA,
Vsample = 1 V.
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Supplementary Figure 5: (a) Atomically-resolved STM topograph (sample 2), and
(b) dI/dV(r, V =-300 mV) map over the same region, showing nematic boundaries
as dark lines. Strain tensor components (¢) uaa(r), (d) ue(r), () up(r), and (f)
upp(r) derived from (a). (g) Symmetric strain map S(r). (h) Antisymmetric strain
map U(r). Coarsening length scale L (as defined in Supplementary Note 3) used to
obtain strain tensor components in panels (c-h) was 5a, where a is the Se-Se lattice
constant. STM setup conditions: (a) st = 40 PA, Veample = -300 mV. (b) I = 40
PA, Vaample = -300 mV, Ve = 10 mV.



Supplementary Note 5 Determination of the surface reconstruction of
SrTiO3(001) substrate

We determine the v/13 x /13 R33.7° SrTiO3 surface reconstruction by a RHEED
image of SrTiO3 and STM topograph of 1 ML FeSe (Supplementary Figure 6(a,b)).
Similar RHEED pattern has been reported in Ref. 4, where the surface reconstruction
was confirmed by low energy electron diffraction (LEED) as well. On the 1 ML FeSe,
we observed a stripe-like modulation. The angle between the stripes and the Se-Se
lattice vector is 34.8° and the width of the stripes is ~V/13ases.. As the direction
of Se-Se is along the same direction as Ti-Ti in SrTiO3, we ascribe the stripe-like
reconstruction to a v/13 x v/13 R33.7° SrTiO; surface reconstruction.

Supplementary Figure 6: (a) RHEED pattern of thermally treated SrTiO3(001)
substrate showing v/13 x v/13 R33.7° reconstruction. (b) STM topograph of 1 ML
FeSe that shows stripe-like reconstruction. Red arrows indicate the approximate
position of some of the stripes. The angle 34.8° is measured between the direction of
the stripes and topmost Se-Se lattice vector. The width of the stripes is measured to
be ~v/13age.se. RHEED was taken using a 15 keV electron gun (Staib). STM setup
conditions: (b) Iset = 70 PA, Vsample = 100 mV.

Supplementary Note 6 Quasiparticle interference (QPI) imaging of 1 ML
FeSe

In 1 ML FeSe, clear QPT electronic modulations can be seen in d//d V maps at differ-
ent energies around the Fermi level (Supplementary Figure 7(a)-(d)). Fourier trans-
forms of d//dV maps (Supplementary Figure 7(e)—-(h)) show QPI peaks, denoted
by circles at position vectors q; and qo, which are caused by scattering between the
electron pockets centered at M points of the Brillouin zone (inset in Supplementary
Figure 7(i)). We also observe a superconducting gap of ~9 meV magnitude in differ-
ential conductance spectra over the same region (Supplementary Figure 7(j)) and a
wide gap-like opening observed in d//d V' spectra acquired over a larger energy range,
consistent with the gap at the I' point (Supplementary Figure 7(k)). Both the QPI
peaks and the superconducting gap are consistent with previous works 6 .
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Supplementary Figure 7: (a)-(d) dI/dV maps of 1 ML FeSe on SrTiO3(001) sub-
strate at various bias voltages. (e)-(h) corresponding Fourier transforms of respective
energies of d//dV maps. (i) typical STM topograph of 1 ML FeSe. Inset is the
schematic of the electron pockets at the corners of the 1% Brillouin zone. Scattering
wavevectors q; and gy are denoted in (e). (j) average dI/dV spectra showing the
superconducting gap 2A ~18 meV. (k) average spectrum showing the gap at I" point.

Supplementary Note 7 Calculations of the theoretical strain distribution
arising from the dislocation lines

We model each modulation line as a single edge dislocation at the interface of the film
and the substrate. The theoretically expected strain arising from an edge dislocation
can be calculated using elasticity theory 8. Since FeSe film has a smaller in-plane
lattice constant compared to the SrTiO3(001) substrate, each edge dislocation that
would form in FeSe during the growth process would consist of an extra half-plane
of atoms perpendicular to the interface (Fig. 3(f)). The in-plane displacement field
u(x) on the surface of FeSe, caused by a dislocation line as a function of distance x
from its core is predicted to be 8:
b dx x

u(z) = - <m — arctan E), (8)

where b is the Burgers vector and d is the thickness of the film from the origin of misfit

dislocation near the interface to the surface. Taking its derivative, we can obtain the
theoretically predicted strain tensor component. For example, u,, can be written as:



du(z) 26 (§)
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Without loss of generality, strain tensor components can be determined along any
vector directions, and in this work we choose the two Fe-Fe lattice directions (a- and
b-axes). We calculate the theoretical uy, (up) maps as the superposition of the strain
caused by 3 dislocation lines oriented roughly along the b-axis (a-axis) (Fig. 3(g,h)).
We note that the calculated strain from elasticity theory is relative to the lattice con-
stant of the undeformed substrate and consequently, it always takes negative values
(Fig. 3(g-1)), which should be distinguished from the experimental strains calculated
from STM topographs. However, the theoretical antisymmetric strain map can be
directly compared to the experimental one since it represents the difference in u,, and
upy, and they show surprising resemblance (Fig. 3(j)). We emphasize that the theo-
retical model does not take into account any structural anisotropy due to electronic
nematic state in FeSe.

Supplementary Note 8 Discussion on the absence of superconductivity
at the surface of multilayer FeSe/SrTiO3(001)

Some of the initial MBE growth of FeSe on graphitized SiC demonstrated that both
ultrathin and thick FeSe films are superconducting, with the T, ~8 K in thick films
(comparable to that in bulk single crystals) getting reduced to ~2 K in the monolayer
limit %1%, The reduction of T, approaching the 2D limit can be theoretically explained
by an additional boundary condition in Ginzberg-Landau free energy equation .
However, FeSe on Sr'TiO3 behaves very differently. While a monolayer FeSe on SrTiO3
shows a dramatic increase of T, up to ~60-100 K, the surface of the second FeSe
layer on SrTiOj is already not superconducting as shown from STM dI/dV spectra
1214 Interestingly, bulk transport of thicker FeSe films (> 2 monolayer thickness)
on SrTiOj still shows superconductivity, suggesting that superconductivity originates
from the interface of FeSe and SrTiOj itself, even though the topmost layer is not
superconducting 2.

There may be several reasons for the absence of superconductivity at the surface
of thicker FeSe films on SrTiOj. First and foremost, it is possible that electronic
nematicity enhanced by strain in multilayer thin films (7 in multilayer FeSe films is
~120 K ¥ compared to ~90 K in the bulk) directly competes with superconductivity.
It has also been argued that insufficient charge carrier doping away from the interface
may be responsible . This is consistent with experiments using K surface doping,
which leads to the return of superconductivity at the surface of thicker FeSe films 5.
Lastly, it is worth noting that superconducting mutilayer FeSe films on SiC mentioned
above are nearly “free-standing” (based on the fact that FeSe islands grown on SiC
can be moved by an STM tip, which in turn suggests a weak coupling of FeSe to the
substrate, with nearly zero effective strain) ®. On the other hand, FeSe films grown on
SrTiO3 are more strongly bonded to the substrate — there are no reports of moving
the FeSe islands on SrTiO3 and there clearly exists large spatially varying strain. So
it is likely that strain indeed plays some role in explaining why thicker films are not
superconducting, possibly by enhancing electronic nematicity.
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