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Supplementary Note 1: Geometric phase analysis (GPA) for strain distribution 15 

The geometric phase analysis (GPA) method, fully developed and documented in the 1990s1-3, 16 

has been widely applied to high-resolution electron microscope4,5 and STM6,7 images for 17 

obtaining displacement and strain fields. It consists of a sequence of data calculation and 18 

conversion, outlined as follows (also see Supplementary Fig. 2). 19 

  The image intensity of a perfect lattice, as a function of the position r, can be written as a 20 

Fourier series ∑ 𝐴𝑔𝑒𝑖𝒈∙𝒓
𝑔 , which is the sum of plane waves with different wave vectors g. 𝐴𝑔 21 

is the intensity of each wave component. For a realistic experimental image, where both the 22 

intensity and position exhibit local deviations from the perfect lattice, the intensity map is 23 

modified as 24 

𝑇(𝒓) = ∑ 𝐴𝑔(𝒓)𝑒𝑖𝒈∙(𝒓−𝒖(𝒓))
𝑔 = ∑ 𝐴𝑔(𝒓)𝑒−𝑖𝒈∙𝒖(𝒓)𝑒𝑖𝒈∙𝒓

𝑔 = ∑ 𝐴𝑔(𝒓)𝑒𝑖𝑃𝑔(𝒓)𝑒𝑖𝒈∙𝒓
𝑔 , 25 
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where 𝑃𝑔(𝒓) = −𝒈 ∙ 𝒖(𝒓) is the phase shift due to the distortion. The vector g is taken from 26 

the Bragg peak in the Fourier transform of the image, corresponding to the reciprocal lattice 27 

vector. Using the 2D lock-in technique1,8,9, the complex Fourier coefficient for a specific g is 28 

obtained by multiplying the image with a reference wave and applying a low-pass filter (e.g., 29 

convolution with a Gaussian function) 30 

𝐴𝑔(𝒓)𝑒𝑖𝑃𝑔(𝒓) = ∫ 𝑇(𝒓′)𝑒−𝑖𝒈∙𝒓′𝑒
−

(𝒓′−𝒓)𝟐

𝟐𝑳𝟐 d𝒓′. 31 

Here, L represents the averaging radius of the filter window, typically a few times the lattice 32 

period. 33 

    By carrying out the above calculations for two independent wave vectors, g1 and g2, one 34 

can extract the phase component images Pg1 and Pg2, which contain the information of the 35 

displacement field u(r): 36 

(
𝑃𝑔1

𝑃𝑔2
) = − (

𝑔1𝑥 𝑔1𝑦

𝑔2𝑥 𝑔2𝑦
) (

𝑢𝑥

𝑢𝑦
). 37 

Hence, the displacement field is calculated by taking the inverse of the matrix: 38 

(
𝑢𝑥

𝑢𝑦
) = − (

𝑔1𝑥 𝑔1𝑦

𝑔2𝑥 𝑔2𝑦
)

−1

(
𝑃𝑔1

𝑃𝑔2
). 39 

Here, x and y are the coordinate axes of the image (normally along vertical and horizontal 40 

directions in our algorithm). The process to this point is also referred to as Lawler-Fujita 41 

algorithm in literature for STM studies6,10.  42 

Then the local distortion, e(r), is given by the gradient: 43 

𝑒 = (
𝑒𝑥𝑥 𝑒𝑥𝑦

𝑒𝑦𝑥 𝑒𝑦𝑦
) = (

𝜕𝑢𝑥

𝜕𝑥

𝜕𝑢𝑥

𝜕𝑦

𝜕𝑢𝑦

𝜕𝑥

𝜕𝑢𝑦

𝜕𝑦

) = − (
𝑔1𝑥 𝑔1𝑦

𝑔2𝑥 𝑔2𝑦
)

−1

(

𝜕𝑃𝑔1

𝜕𝑥

𝜕𝑃𝑔1

𝜕𝑦

𝜕𝑃𝑔2

𝜕𝑥

𝜕𝑃𝑔2

𝜕𝑦

). 44 

This matrix is further separated into a symmetric term ε and an antisymmetric term ω: 45 

𝜀 = (
𝜀𝑥𝑥 𝜀𝑥𝑦

𝜀𝑦𝑥 𝜀𝑦𝑦
) =

1

2
(𝑒 + 𝑒T) 46 

𝜔 = (
0 𝜔𝑥𝑦

𝜔𝑦𝑥 0
) =

1

2
(𝑒 − 𝑒T) 47 
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For small distortion, ε is the strain tensor and ω is the local rotation. 𝜀𝑥𝑥, 𝜀𝑥𝑥 are stretching 48 

and 𝜀𝑥𝑦 = 𝜀𝑦𝑥 is shear strain. Lastly, a rotation transformation can be applied to ε to have the 49 

tensor represented in desired coordinates. 50 

In addition to the lattice displacement field, a practical STM image usually contains an 51 

artifact drift field due to piezo relaxation/hysteresis, typically manifested as a nonlinear 52 

background most pronounced at the beginning of both fast- and slow-scanning directions. This 53 

can be largely removed by subtracting a cubic background from the displacement field or the 54 

distortion field during process of the aforementioned operation6. 55 

 56 

 57 

 58 

Supplementary Fig. 1 Bias-independent topography of dislocation lines. a-d STM images taken on 59 

the same area (250 nm × 250 nm) of FeSe film with various sample bias (Vs = 0.2, 0.5, 1.0 and 4.0 V. 60 

It = 100 pA).  61 

 62 
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 63 

Supplementary Fig. 2 Process of the GPA on the STM image in Fig 2a. This figure demonstrates the 64 

key steps in the workflow described in Supplementary Note 1. 65 

 66 
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 67 

Supplementary Fig. 3 Bias-dependent intensity contrast of smectic stripes and domain walls on 2 68 

ML FeSe. a-g Upper panels: topographic images. Bottom panels: dI/dV maps g(r) of the corresponding 69 

area. (40 nm × 40 nm; It = 500 pA).  70 
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 71 

Supplementary Fig. 4 Additional large-area images taken on 2 ML FeSe for the statistical analysis 72 

in Fig. 3e. a, c STM topographic images T(r) of two large areas on 2-ML FeSe. b, d dI/dV maps g(r) of 73 

the same area in a and c, respectively. The green (magenta) double-headed arrows represent the direction 74 

of the smectic long-range stripes in domain A (B). The green (magenta) dashed lines represent the 75 

dislocation lines located in the smectic domain A (B) areas. The yellow dashed ellipses mark the areas 76 

that are away from the DLs and exhibit more fragmented domains. Scanning parameters: a,b 100 nm × 77 

200 nm, Vs = 100 mV, It = 200 pA; c,d 130 nm × 260 nm, Vs = 100 mV, It = 500 pA. 78 

 79 

 80 

Supplementary Fig. 5 Smectic domain map corresponding to Fig. 3b. Domain walls are determined 81 

from Fig. 3b, and domains A and B are assigned with value −1 and 1, respectively. This is used for cross-82 

correlation with Fig. 3g to yield Figs. 3h-i. 83 



7 

 84 

Supplementary Fig. 6 Smectic domains on 2 ML FeSe at 77 K. a STM topographic image T(r), and 85 

b dI/dV map g(r) (60 nm × 120 nm; setpoint: Vs = 50 mV, It = 100 pA; lock-in: 963.2 Hz, 10 mV) taken 86 

at 77 K. Large smectic domains persist near the DLs, while the domains in the other regions are so 87 

fragmented that long-range periodicity can hardly exists. 88 

 89 

Supplementary Fig. 7 Smectic domains near a 1-2 ML step-flow edge at 77 K. a STM topographic 90 

image T(r), and b dI/dV map g(r) around the edge (25 nm × 40 nm; setpoint: Vs = 50 mV, It = 200 pA; 91 

lock-in: 958.9 Hz, 10 mV) at 77 K. The gray and green dashed lines mark the 1–2 ML step edge and the 92 

DL on the 2 ML, respectively. c,d Maps of strain tensor components 𝜀𝑎𝑎  and 𝜀𝑏𝑏, which are extracted 93 

from a by GPA. The blue and orange arrows in c highlight the compressive and tensile strain along a 94 

direction, respectively, on the left and right side of the domain wall. Smectic stripes along a direction 95 
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are apparent on the left, marked by green double arrows. Although the smectic stripes are not distinctly 96 

visible in the right region, the characteristic perpendicular orientation of stripes on either side of a 97 

smectic domain wall allow us to infer the presence of stripes parallel to the step at the edge. 98 

 99 

 100 
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