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Abstract.
We present PyAtoms, an interactive open-source software that quickly and

easily simulates atomic-scale scanning tunneling microscopy (STM) images of two-
dimensional (2D) layered materials, moiré systems, and superlattices. Rooted
in a Fourier-space description of ideal atomic lattice images, PyAtoms is a
Python-based graphical user interface (GUI) with robust capabilities for tuning
lattice parameters (lattice constants, strain, number of layers, twist angles)
and STM imaging parameters (pixels, scan size, scan angle) and provides time
estimates for spectroscopic measurements. These capabilities allow users to
efficiently plan time-consuming STM experiments. We provide an overview of
PyAtoms’ current features, describe its underlying mathematical principles, and
then demonstrate simulations of several 2D materials including graphene with
variable sub-lattice asymmetry, twisted tri-layer graphene moiré systems, and
charge- and bond-density wave systems (2H-NbSe2, 1T -TaS2, Kekulé-distorted
graphene, K0.3MoO3). Finally, we show that PyAtoms can be used as a useful
educational tool in entry- and senior-level physics courses.
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1. Introduction

Scanning tunneling microscopy (STM) [1] is a powerful
technique for investigating the atomic-scale electronic
and structural properties of materials [2]. In STM,
an atomically sharp tip is rastered across a conductive
sample surface while recording the current of electrons
tunneling from the tip to the sample, or vice versa.
The tunneling current is proportional to the energy-
integrated local density of states (LDOS), and can thus
provide valuable insights into the spatially-dependent
electronic properties of novel quantum materials such
as high-temperature superconductors [3, 4], charge-
or bond-density wave systems [5, 6, 7], and two-
dimensional (2D) van der Waals structures and moiré
superlattices [8, 9, 10, 11, 12, 13, 14, 15, 16, 17].

A drawback of STM measurements is that they
are notoriously time-consuming: Depending on the
particular imaging mode (topography or spectroscopy),
the time to complete a measurement can take
minutes to several days. In a STM topography
measurement, the STM tip rapidly scans the surface
(typical scan rate of ∼ 1 Hz) at a single tunneling
energy while recording the tunnel current line-by-
line; in a STM spectroscopy measurement, the tunnel
current and/or the differential conductance, dI/dVb ∝
LDOS(eVb), (where I is the tunnel current, Vb is
the voltage bias, and e is the elementary charge),
is slowly measured pixel-by-pixel at one or several
tunneling energies. The choice of spatial resolution is
especially important for spectroscopic measurements,
where the Fourier-transformed STM (FT-STM) image
can display intricate electronic scattering patterns –
called quasi-particle interference (QPI) patterns – that
are directly related to constant energy cuts of the
momentum-resolved electronic band structure [4, 18].
The significant time commitment of STM imaging
in real- or reciprocal-space thus makes it absolutely
crucial for researchers to somehow determine the
suitable imaging parameters prior to engaging a long-
term measurement. This would require a tool that
could easily simulate STM data in real- and Fourier-
space for a variety of quantum material families while
also providing real-time estimation of the measurement
time.

To address this need, we created PyAtoms: an
open-source, Python-based graphical user interface
(GUI) equipped with robust capabilities for quickly
and easily simulating STM images of several types
of 2D van der Waals quantum materials, including
graphene, transition metal dichalcogenides, and sys-
tems with superlattices such as charge density waves
and multi-layered moiré lattices. PyAtoms relies on
a simplified model of an ideal atomic lattice, enabling
the simulation of STM images for several families of
quantum materials and allowing users to tune lattice

strain and sublattice asymmetries. A notable strength
of PyAtoms is its unique ability to rapidly simulate
even complex STM and FT-STM moiré patterns in
real-time. Users can use PyAtoms to quickly determine
the local twist and/or lattice mismatch in their experi-
mental data. Moreover, owing to its user-friendly GUI,
we have found that PyAtoms is a valuable educational
tool for teaching concepts related to periodic structures
in real and reciprocal space. PyAtoms is thus a ver-
satile and accessible software tool that can be utilized
for novice and advanced 2D material researchers and
educators.

To our knowledge, no other software exists that
combines PyAtoms’ level of 2D quantum material STM
image simulation with a real-time GUI. Gwyddion [19],
a powerful scanning probe microscopy (SPM) data
analysis software, contains a module for simulating
well-known surfaces (square, triangular, silicon 7× 7),
but it lacks real-time simulation of multi-layer systems
or for tuning strain or sublattice strength. Stephens
and Hollens have shared a Matlab GUI for simulating
moiré patterns using dot lattices that simultaneously
display the Fourier transform [20]. De Jong has shared
a very impressive lattice and moiré atomic simulator
that allows for tuning the symmetry, strain, and sub-
lattice, but it lacks a real-time GUI [21].

PyAtoms is built on Python 3 and utilizes
widely used libraries such as NumPy [22], SciPy
[23], Matplotlib [24] and PyQt5 (https://www.
riverbankcomputing.com/software/pyqt). These li-
braries are readily available through common platforms
such as Anaconda (https://www.anaconda.com). Py-
Atoms is hosted on Github (https://github.com/
asariprado/PyAtoms) and is regularly updated. Py-
Atoms runs on both Windows and MacOS systems,
however its compatibility with Linux systems has not
been tested.

The article is organized as follows: We first
describe the theoretical underpinnings of PyAtoms.
We describe how it generates single lattices of various
geometries (square, triangular); how we approximate
images of moiré and superlattice systems; and how
strain and low-pass filtering affect the generated lattice
images. We then describe the PyAtoms graphical
interface before concluding with its applications in
research and education.

2. Methods

2.1. The ideal atomic lattice

The topographic intensity, T , of an ideal crystal at
position r = (x, y) can be expressed as a Fourier sum
[25, 26],

T (r) =
∑
k

Ake
igk·(r−r0), (1)

https://www.riverbankcomputing.com/software/pyqt
https://www.riverbankcomputing.com/software/pyqt
https://www.anaconda.com
https://github.com/asariprado/PyAtoms
https://github.com/asariprado/PyAtoms
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where gk corresponds to the kth reciprocal lattice
vector corresponding to a Bragg reflection, and Ak

are the corresponding Fourier amplitudes for the kth

mode which, in general, may be complex [25], and r0
is the location of the maxima of a reference atom in
the image. For the sake of brevity in the following,
we assume this reference atom is located at the origin
r0 = (0, 0). For a real image (Ak = A−k), the image
intensity is thus given by:

T (r) =
∑
k

2Ak cos(gk · r). (2)

For a square lattice with lattice constant a, there are
two reciprocal lattice vectors:

gsq
1 =

2π

a
x̂, gsq

2 =
2π

a
ŷ (3)

For a triangular lattice, the reciprocal lattice vectors
are:

gtri
1 =

2π

a

[
x̂+

1√
3
ŷ
]
, gtri

2 =
2π

a

[
− x̂+

1√
3
ŷ
]
,

gtri
3 = −(gtri

1 + gtri
2 ).

(4)

The ideal square lattice is thus given by

T□(r) = N1 +N2[cos(g
sq
1 · r) + cos(gsq

2 · r)], (5)

and the ideal triangular lattice can then similarly be
given by

T△(r) = N1 +N2

3∑
k=1

cos(gtri
k · r), (6)

Here, Ni are constants ensuring the normalization of
the images, such that 0 ≤ T (r) ≤ 1. Including higher
harmonics of gk (i.e. more Bragg peaks) in the sum in
Eqs. 5, 6 will produce atoms that are more localized in
space, approaching Dirac delta functions as the number
of harmonics increases [20, 21].

To simulate an arbitrary rotation, θ, of the scan
axis or a twist angle between two layers, we use the
standard 2D rotation matrix:

Rθ =

(
cos θ − sin θ
sin θ cos θ

)
(7)

To apply a uniform rotation by θ to the lattice, each
of the reciprocal lattice vectors, gk, is rotated to new
positions, g′

k, individually:

g′
k = Rθgk (8)

2.2. Honeycomb crystal structures

The honeycomb crystal, such as that in graphene,
consists of a triangular Bravais lattice with a two-atom
basis. It can be easily pictured as two interpenetrating
triangular Bravais lattices, labeled A and B (Fig.
1(a)). Ignoring normalization for the moment, the A
sublattice centered at the origin, r0 = (0, 0), and with
amplitude α is given by

TA = α
∑
k

exp(igtri
k · r). (9)

The B sublattice centered at the nearest-neighbor
distance s = (a/

√
3)ŷ with respect to the A sublattice,

and with amplitude β, is given by

TB = β
∑
k

exp[igtri
k ·(r+s)] = βe2πi/3

∑
k

exp(igtri
k ·r),

(10)
Here, we use the fact that gtri

k · s = 2π/3 mod 2π for
each k. The most general honeycomb crystal (centered
at an A sublattice site) is thus given by the sum,

TAB = TA+TB = (α+βe−2πi/3)
∑
k

exp(igtri
k ·r). (11)

The properly normalized atomic honeycomb image is
then expressed as:

T9 = N1 +N2ℜ{TAB}, (12)

where ℜ{TAB} denotes the real part of TAB , and Ni

are constants such that 0 ≤ T9 ≤ 1. Shifting the origin
to a B-site atom or honeycomb hollow site amounts to
multiplying TAB in Eq. 6 by a phase shift of e−2πi/3 or
e−4πi/3, respectively. A triangular lattice is recovered
when α or β is set to zero.

Figure 1 displays several simulated STM images
of a honeycomb crystal centered at a hollow (H)
site. Ideal graphene (lattice constant a = 0.246 nm)
is simulated when the amplitudes of the A and B
sublattices are equal (Fig. 1(a)). A vertical line cut
of the simulated image (Fig. 1(b)) shows that the
honeycomb crystal (solid black line) is composed of
two triangular lattices, with atoms from each lattice
centered at A (solid red line) and B (solid blue
line). Modifying the relative amplitudes of the two
sublattices (α, β) can create simulated STM images
of more general honeycomb structures (Fig. 1(c)).
This can be used to model STM images of transition
metal dichalcogenides, graphene with broken sublattice
symmetry, or experimental STM images recorded with
an asymmetric tip. The relative sublattice strength
(α, β) and the image origin (A, B, or hollow site) is
easily implemented using PyAtoms’s GUI (Fig. 3(a)).

As an example of PyAtoms’ robust capabilities,
consider Fig. 1(d), which displays an experimental
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Figure 1. Generalized triangular lattices. (a) PyAtoms
simulated image of graphene (a = 2.46 Å) created with equal
amplitude sublattices (α = β = 0.5). (b) Vertical line scan
of the image in (a) connecting consecutive hollow sites. (c)
Series of simulated generalized honeycomb crystals with variable
amplitudes on each sublattice. (d) Experimental STM image
(Vb = −400 mV, It = 250 pA, T = 4.7 K) of graphite
displaying sublattice asymmetry. (e) PyAtoms simulation of (d)
(α = 0.45, β = 0.55) that faithfully reproduces the sublattice
asymmetry.

STM image of the surface of graphite. Typically, the
surface of graphite appears in STM as a triangular
lattice [1, 27]. The presence of the other sublattice
is thus an artifact, most likely due to an asymmetric
or doubled STM tip. This is easily simulated
with PyAtoms in Fig. 1(e) by choosing sublattice
parameters (α = 0.45, β = 0.55).

2.3. Superlattices and multi-layered systems

A superlattice is a larger periodic structure that is
superimposed over an existing lattice. Superlattices
can emerge from surface reconstructions [1], alloys
and interfaces of materials [28], the presence of
periodic lattice distortions and/or charge- or bond-
density waves [5, 6, 29, 30], or, in moiré systems,
from the combination of two or more crystal lattices
[8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. The moiré

superlattice (wavevectors gM,i) can be understood as
the real-space periodic analog of the beat-frequency
in sound: Interference between two periodic lattices
(labeled A and B with wavevectors gA,i and gB,i)
will create a moiré superlattice with a wavevector
given by the difference, gM,i = gA,i − gB,i. The
smaller the difference between the two lattices – either
in magnitude or direction, i.e. twist – the smaller
the moiré wavevector, and thus the longer the real-
space wavelength, λM ∝ |gM |−1. The presence of
this long-wavelength moiré periodic potential can have
a dramatic effect on the electronic properties of 2D
material stacks, from inducing superconductivity to
correlated insulating behavior and magnetism [31, 32,
33, 34, 35].

In PyAtoms, we currently employ two models that
simulate the vast majority of scanning probe images of
atomic superlattices in both real- and reciprocal-space.
Toy or “Simple” model: This is a minimal toy
model that yields a superlattice that is given by,

TS
M ∝ (1− η)

∑
l=1

Tl + η
∏
l=1

Tl. (13)

Here, TS
M represents the moiré or other superlattice

image, Tl represents the individual constituent lattices,
and η is a parameter (0 ≤ η ≤ 1) that weighs the
relative strength of the sum of the lattices,

∑
l Tl,

to their product,
∏

l Tl. Our toy model has notable
strengths: (i) a single toy parameter, η, that is GUI-
friendly; (ii) it creates real-space simulations with a
wide tuneability in the image contrast to best compare
with experimental data; and (iii) low-pass filtering
of the resultant image agrees with experimental data
(described below and Fig. 2f). We note that, with this
model, the FT-STM image — by design — contains
only first-order Bragg and superlattice peaks, which is
typical of most experimental STM data [7, 9, 10, 36].

Tunneling or “Log” model: An alternative model
proposed by Joucken et al [36] for simulating multi-
layer moiré superlattices is rooted in the STM
constant-current tunneling process and additionally
takes into account the inter-atomic layer spacing, d,
and the out-of-plane exponential decay length, λ. Here,
the STM tunnel current is given by,

I(x, y, z) ∝ e−z(x,y)/λ
∑
l=1

Tle
−(l−1)d)/λ, (14)

where z(x, y) is the STM tip height at lateral
position (x, y) and Tl (l = 1, 2, ...) describes the LDOS
in the lth atomic layer from the surface. In an STM
constant-current measurement, the tip height, z(x, y),
changes dynamically to maintain a constant tunnel
current, I(x, y, z), through a feedback-loop. Setting
the left-hand side of Eq. 14 constant and solving for
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Figure 2. Moiré simulations of experimental data. (a) Experimental STM image of twisted graphene-graphite with a moiré
twist of θ = 1.9◦. (Vb = −400 mV, It = 250 pA, T = 4.7 K). The height has been normalized to [0, 1] . (b) Simulation using the
“simple” moiré model with θ12 = 1.9◦, η = 0.4. (c) Same as (b) using the “log” moiré model with ξ = 0.85. Note the compressed
color scale. (d) Linecuts between the two AA moiré sites in (a)-(c). (e-f)Same as (a-c) after low-pass filtering (σ = 6 pixels) which
highlights the differences between the simulated moiré models. All images have a lateral size of 18.7 nm × 18.7 nm.

the tip height, z(x, y), yields the resultant superlattice
STM topographic height image, TL

M = z(x, y), given
by

TL
M ∝ ln

∣∣∣∣∣∑
l

Tle
−(l−1)d/λ

∣∣∣∣∣ ∝ ln

∣∣∣∣∣∑
l

Tle
−(l−1)ξ

∣∣∣∣∣ , (15)

where, in the last line, we have combined the
ratio of the inter-layer distance (d) to the decay length
(λ) into a single, GUI-friendly parameter, ξ = d/λ:
ξ small corresponds to a short interlayer distance
(or long atomic decay length); ξ large corresponds
to a large interlayer distance (or short atomic decay
length). This model has its own notable strengths:
(i) a single parameter, ξ, that is GUI-friendly; (ii)
the relative intensity of constituent lattices can be
tuned by adjusting ξ, and (iii) the Fourier-transformed
image contains all orders of the superlattice peaks.
However, the logarithm in Eq. 14, strongly affects
the simulated image’s dynamic range which makes
adjusting the contrast to match experimental data
much more difficult. By allowing the user to toggle
between the two models (“Simple” or “Log”), the user
can determine the model and parameters to best match
their experiment. Future versions of PyAtoms can
easily allow even more models.

Figure 2 contrasts the two models. Shown in
Fig. 2(a) is an experimental STM image recorded

on graphite at T = 4.7 K. The presence of a moiré
pattern indicates the delamination and twisting of the
top-most graphene layer [37, 38]. The twist angle can
be determined from the moiré wavelength using well-
known geometric relations which yields θ12 ≈ 1.9◦.
Alternatively, the parameter can be determined using
PyAtoms, which can rapidly simulate the data as
shown in Fig. 2(b,c) using either the “Simple” or
“Log” model. The key differences between the two
models can be seen by taking a linecut connecting
the moiré AA sites (Fig. 2(d)). The “Simple”
model (red line) has an amplitude similar to that
in experiment (black line). The “Log” model (blue
line), however, has a much narrower height range and,
owing to Eq. 15, additionally features deep minima
at the AA sites. Low-pass filtering the experimental
and simulated images (Fig. 2(e)-(g)) shows that the
“Simple” model more closely follows the experimental
moiré image while the “Log” model yields an inverted
filtered image owing to the deep minima at the AA
sites.

2.4. Homogeneous strain

Strain is a powerful experimental method to tune
electronic and optical properties of materials. When
a crystal lattice is strained, the atomic bonds in
real-space become distorted, consequently shifting the
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Figure 3. PyAtoms graphical user interface. See text for brief descriptions of each labeled window.

reciprocal lattice vectors. This can drastically alter a
material’s electronic properties by distorting the shape
of the Fermi surface and the Brillouin zone boundaries,
affecting the vibrational properties, and even opening
of band gaps in the band structure [39].

To leading order in the strain tensor, ϵ, the
presence of strain affects the direct lattice vectors via

v = (I+ ϵ)v0, (16)

where v0 is the un-strained direct lattice vector,
v is the strained direct lattice vector, I is the 2 × 2
identity matrix, and ϵ is the two-dimensional strain
tensor given by

ϵ =

(
ϵxx ϵxy
ϵyx ϵyy

)
. (17)

In PyAtoms, the strain x̂-axis is directed along
the first direct lattice vector a1 = ax̂. The resulting
strain-distorted reciprocal lattice vectors are given by
(to leading order in ϵ),

gsq
1 ≈ 2π

a
[(1− ϵxx)x̂− ϵxy ŷ] (18)

gsq
2 ≈ 2π

a
[−ϵxyx̂+ (1− ϵyy)ŷ] (19)

for the square lattice and

gtri
1 ≈ 2π

a

[(
1− ϵxx − ϵxy√

3

)
x̂+

( 1√
3
− ϵxy −

ϵyy√
3

)
ŷ
]
(20)

gtri
2 ≈ 2π

a

[(
− 1 + ϵxx − ϵxy√

3

)
x̂+

( 1√
3
+ ϵxy −

ϵyy√
3

)
ŷ
]

(21)

for the triangular lattice.

2.5. Low-pass filtering

PyAtoms is equipped with a low-pass Gaussian filter
option that eliminates short spatial frequencies in an
image while preserving long wavelength periodicities.
This option is useful in simulating STM images
of moiré lattices, where it can be used to remove
the atomic lattice, which may not be present in
experimental data, either due to the scan size or the
particular tunneling conditions. The low-pass filter can
also be used to remove common aliasing effects present
in STM data.

For computational efficiency and speed, the low-
pass filter in PyAtoms is performed in reciprocal
space by taking the product of a Gaussian mask
with reciprocal-space width σK and the 2D Fourier
transform of the atomic image and then inverse Fourier
transforming to real-space. The Gaussian mask is
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given by

ΓK =
1

2πσK
e−r2/2σ2

K , (22)

where the real-space Gaussian width of the filter
is given by σR = 1/σK .

3. PyAtoms Overview

Figure 3 displays the PyAtoms interface. Below we
briefly describe the functionality of each.

(a,b,c) Lattice 1,2,3: In the Lattices section,
users select the properties for each constituent layer.
In the Parameters tab users select: the lattice
symmetry (triangular/hexagonal or square), which sets
the primitive lattice vectors; the lattice constant, in
nanometers; and twist angle (θ12, θ23) for two- or three-
layer systems. For triangular/hexagonal systems, the
Sublattices tab allows users to select: the lattice site
at the image origin (hollow, A, or B) and the amplitude
of each sublattice (αi, βi) (see Fig. 1). In the Strain

tab, users have the option to apply a 2D strain tensor
(Eq. 17), where the x-axis of strain tensor for ith layer
is along the direction of first reciprocal lattice vector,
gi
1 (Eqs. 3, 4).

(d) Number of lattices: Here, users select the
number of layers/lattices to simulate: single, bi-, or
tri-layer lattice as well as the model for approximating
the combined system (“Simple” or “Log”) and the
corresponding parameters (η, ξ).

(e) Image parameters: This section sets the
configuration and resolution of the entire image
and closely follows typical parameters in STM data
collection software. Key image parameters include
the number of pixels, the length of the image (in
nanometers) and the scan angle, θ, which is along the
first reciprocal lattice vector of the 1st layer, g1

1, and
the image offset, (x0, y0), where both are real numbers
that set the origin of the image. The image parameters
tab features a real-time calculation of the resolution
in real-space, defined by δR = L/(Npix − 1), where
Npix is the number of pixels, and the reciprocal space
resolution given by δK = 2π/L. These values are
useful when using PyAtoms for preparing for time-
consuming QPI measurements in order to make sure
that the pixel sampling rate is above the Nyquist
frequency.

(f) Low pass filtering: For multilayer simulations,
users have the option input a value for sigma, the
radius of Gaussian mask in real space (pixels) units.
The full-width at half-max (FWHM) of the gaussian
filter is shown as a white circle in the bottom left corner
of the real space image. Likewise, the FWHM of the

gaussian filter in reciprocal space is shown as a red
circle in the FFT (Fig. 4(d,f)). The radius of the
gaussian mask in nanometers is shown in real-time in
the text box.

(g) Imaging window: This window displays the real-
time simulated real-space and reciprocal-space images
of the resultant lattice system. The navigation buttons
allow the user to zoom, pan, and tune each plot’s image
scale. The save button outputs a screenshot of this
imaging window, including all axes and text.

(h) Colormap: This section enables users to choose
the colormap for the real space and FFT images.
Additionally, users have the option to set the maximum
value of the FFT colormap to enhance less pronounced
features.

(i) SPM image time estimator: This section
estimates the time required to complete scanning of an
image, using the values in the Parameters tab along
with the scan/tip speed, vt (in nanometers/second).
This is calculated assuming the SPM tip scans in
the left/right fast-can direction and in a single slow-
scan direction (upwards, for example). This time is
estimated via

Tim = 2NpixL/vt (23)

where Npix is the number of pixels in one line, L is the
length of the image in nanometers, vt is the velocity
(in nm/s) of the tip in one direction and the factor of
2 takes into account both the left and right fast-scan
directions. This section is useful in estimating the time
to record a “closed-feedback” dI/dVb map where the
LDOS(eVb) is recorded at a single energy as the tip
slowly scans the surface.

(j) Spectroscopy map time estimator: This
section estimates the time required to complete a pixel-
by-pixel square grid spectroscopy map using the values
in the Parameters tab along with the time (in seconds)
that each spectra requires, Tspec. We also assume that
spectra are recorded in one direction along both the
fast- and slow-scan direction. The time is estimated
via

Tmap = N2
pixTspec + 2NpixL/vt (24)

The user inputs the time per spectra, which is the total
time in seconds (including overhead) to record a single
spectrum, Tspec, i.e., one dI/dVb sweep. This section
is useful in estimating the time to record an “open-
feedback” LDOS(eVb) map where a dI/dVb(Vb) spectra
is recorded at every pixel position. Together with the
imaging window (Fig. 3(g)) provided by PyAtoms,
this estimator is invaluable in ensuring that time-
consuming QPI measurements will have the requisite
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reciprocal space resolution and spatial extent while
avoiding aliasing effects.

(k) Save Files: This operation generates a folder
named FileName containing four files: a PNG file of
the real space image, a PNG file of the FFT, a text
file containing the key PyAtoms parameters, and a
tab-delimited text file containing the real space image
in a 2D array that can easily be imported for further
analysis.

4. Applications

4.1. Research

With its simple and real-time GUI interface, PyAtoms
is a powerful research tool during STM data collection
as well as for data analysis. As shown in
Fig. 2, PyAtoms can be used side-by-side during
STM measurements in order to rapidly simulate
experimental images and determine properties such as
the constituent lattice constants and moiré twist angles
between layers. Below we describe two examples of
PyAtoms research capabilities.

In practice, the strain tuning capabilities of
PyAtoms can be used to simulate and determine
the amount of true, physical strain in STM images
or the apparent strain due to scan artifacts such
as tip drift. Figure 4 demonstrates the dramatic
effect that strain can have on the moiré lattice and
how PyAtoms’ can be used to determine this strain.
Fig. 4(a) is a simulation of twisted trilayer graphene
(θ12 = 1.42◦, θ23 = −1.88◦) moiré quasicrystal [40]
that features two moiré lattices. The atomic Bragg
peaks for each graphene layer can be seen in the
Fourier transform (Fig. 4(b)). The complex spatial
structure of the moiré -of- moiré pattern (Fig. 4(c))
can be better seen after low-pass filtering to keep
only the long wavelength periodicities (Fig. 4(d)).
The presence of even miniscule strain in the top-most
graphene layer (ϵxx = 0.25%) significantly alters the
larger moiré pattern in both real (Fig. 4(e)) and
reciprocal space (4(f)). For researchers studying moiré
multi-layers, PyAtoms can thus be used side-by-side
during measurements to quickly determine the local
strain in an area so that users can make informed
decisions whether to seek other, less-strained areas.

Beyond moiré systems, PyAtoms is especially
useful in simulating charge- or bond-density wave
systems (CDW/BDW) of various geometries and
phases. Figure 5(a,e) displays a simulation of 2H-
NbSe2, a transition metal dichalcogenide (TMDC) van
der Waals crystal that hosts a nearly commensurate
CDW [41] with order that is approximately (3×3)R0◦

and is shown with a site-centered (left) and bond-
centered (right) CDW phase. Figure 5(b,f) displays

the (
√
13 ×

√
13)R13.9◦ CDW of TMDC 1T -TaS2.

Figure 5(c,g) displays simulations of graphene with
a (

√
3 ×

√
3)R30◦ BDW, termed a Kekulé distortion

with a phase centered at a hollow site (“Kekule-O,”
left) [42, 43] or carbon site (“Kekulé-Y,” right) [7, 43].
Finally, we show that PyAtoms can also be used to
model the CDW in quasi-1D Peierls system K0.3MoO3,
potassium blue bronze [44, 45]. Fig. 5(d) shows
the monoclinic atomic lattice projected onto the (2̄01)
surface, which is what is measured by STM [45]. The
surface structure is simulated by a strained triangular
lattice (a1 = 7.67 Å, ϵyy = 32%, image scan angle
θ = 90◦). The nearly commensurate CDW, has a
projection along the vertical chain direction (white
arrow) (|qb

CDW |/|b∗| = 0.25) for the (2̄01) surface
[44, 45] and is simulated with a strained square lattice
(b1 = 1.39 nm, ϵxx = ϵxy = ϵyy = 18%, θ12 = 45◦).
This robust capability to simulate several families
of CDW/BDW systems is especially useful when
combined with the spectroscopic map time estimators
(Fig. 3(i,j)) which allows users to efficiently plan
detailed spectroscopic QPI measurements of quantum
materials.

4.2. PyAtoms in education

PyAtoms’ speed and user-friendly interface makes it a
unique interactive educational tool for teaching funda-
mental concepts in Fourier analysis and crystal struc-
ture. One of us (C.G.) has used PyAtoms as part
of lecture demonstrations in two different undergradu-
ate courses: sophomore-level “Mathematical Methods
for Physicists” and senior-level “Introduction to Solid
State Physics.” In the maths course, PyAtoms’ real-
time imaging of the real- and reciprocal-space struc-
tures was used to convey concepts in 2D Fourier anal-
ysis, including the real- and reciprocal representation
of plane waves and the concept of aliasing. Hiding half
of the screen, students would be presented with either
a real-space image and asked to determine the Fourier-
space structure, or vice versa. In the solid state course,
PyAtoms has been used in lecture to reinforce concepts
in crystal structure, such as determining the primitive
direct and reciprocal lattice vectors. It has also been
used to connect students to modern concepts in 2D
materials, such as moiré systems.

To illustrate the value of PyAtoms to solid state
physics education, consider the problem of determin-
ing both the lattice and commensurate superlattice pa-
rameters (n, ϕ) for the system shown in Fig. 6. Here,
students are provided the raw text data generated by
PyAtoms and are tasked with importing and visualiz-
ing the data and calculating the 2D Fourier transform.

Question: The data contains both a lattice and a su-
perlattice. What are the primitive lattice vectors for
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Figure 4. Twisted trilayer graphene simulation. (a) Cropped image of a PyAtoms simulation of unstrained twisted trilayer
graphene: 2048 pixels, a = 2.46 Å, L = 90 nm, θ12 = 1.42◦, θ23 = −1.88◦, moiré ‘Simple’ mode. Inset: Atomic-scale zoom on AAA
region. (b) (Right) Full-scale FFT of (a) and (Left) detail zoom showing the Bragg peaks for each graphene layer. (c) Low-pass
filtered image of (a): σR = 20 pixels (0.88 nm). The solid lines highlight the nearest-neighbors for the long (red) and short (yellow)
moiré wavelength. (d) Zoom FFT of (c) near the origin. The circle displays the filtered region in k-space. (e) Same as (c) with a
small strain on G1 that warps the moiré pattern. (f) FFT of the strained trilayer graphene.

Figure 5. Site- and bond-centered charge density wave simulations. (a) Simulation of the approximately (3× 3)R0◦ CDW
in 2H-NbSe2 (a = 3.44 Å) which can be Se site- (left) or bond-centered (right). (b) “Star-of-David” (

√
13 ×

√
13)R13.9◦ CDW in

1T -TaS2 (a = 3.36 Å). (c) Kekulé-distorted graphene with (
√
3×

√
3)R30◦ bond-density wave texture which can be hollow- (left) or

C site-centered (right). (d) Incommensurate CDW in quasi-1D K0.3MoO3, potassium blue bronze. (e)-(h) The respective Fourier
transforms. The atomic peaks (yellow) and CDW peaks (blue) are highlighted. (a)-(b) simulated with “Simple” model (η = 0.3);
(c) and (d) simulated with “Log” model using ξ = 0 and ξ = 1, respectively.

each lattice? What values of (n, ϕ) describe the super-
lattice?

Solution: Real and FFT analysis of Fig. 6 shows

that the smaller, atomic lattice is a square lattice with
primitive lattice vectors given by a1 = ax̂ and a2 = aŷ,
where a = 3 Å. By visual inspection of Fig. 6 (inset),
one sees that the square superlattice vectors are given
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Figure 6. Square superlattice. (a) PyAtoms simulation of
a square superlattice (

√
5 ×

√
5)R26.57◦. Inset: Zoom view

of the smaller square lattice (a1 = 3 Å, yellow square) and
the (

√
5 ×

√
5)R26.57◦ superlattice (a2 = 3 ×

√
5 ≈ 6.71 Å,

blue square). (b) FFT of the image in (a). Yellow circles
denote the atomic Bragg peaks; light blue circles denote the 1st
order superlattice peaks and light purple the satellite superlattice
peaks.

by b1 = 2a1 + a2 and b2 = −a1 + 2a2. The objective
is to first determine n, which is the magnitude of b1:

b1 = 2ax̂+ aŷ

⇒ |b1| =
√
22 + 12a =

√
5a.

The orientation of the superlattice with respect to
the original, ϕ, is then given by simple geometry:

tanϕ =
b1x
b1y

=
1

2
⇒ ϕ = arctan

1

2
≈ 26.57◦

⇒ n =
√
5, ϕ = 26.57◦

Problem sets containing this (
√
5 ×

√
5)R26.57◦

square system and other superlattices (see Fig.
5) have been assigned in senior-level solid state
physics courses at UCLA by C.G. for several years
with great success, as determined by post-course
evaluations. Here, PyAtoms was used to generate
the raw data which students are directed to import,
visualize (real and Fourier transformed images) as if
it were actual data recorded in an STM laboratory.
This example showcases the educational value of
PyAtoms, highlighting its practical application in
reinforcing theoretical concepts concerning primitive
lattice vectors and determining crystal structure as
well as inspiring students to develop key programming
and data analysis skills. The ease with which complex
systems can be simulated, such as multi-layer moiré
systems (Fig. 4), offers educators the opportunity to
connect their students to concepts in current condensed
matter physics research.

5. Outlook

We have presented PyAtoms, an interactive open-
source Python-based software for the real-time simu-
lation of STM images of 2D materials. With its quick,

intuitive, and robust simulation capabilities, we envi-
sion PyAtoms as valuable companion during both STM
measurements and STM data analysis. PyAtoms can
also be used as an educational tool to train new STM
researchers as well as in the classroom when covering
concepts in Fourier analysis and solid state physics.

Possible future developments include offering
other methods for approximating images of multilayer
systems and allowing generic 2D lattices to be
generated beyond square and triangular. Similarly,
for the CDW/BDW simulations, control of the phase
in real space would allow easier comparisons to real
STM data [6, 29, 30]. A current weakness in
PyAtoms, is that comparison to experiment is largely
qualitative. However, apart from its GUI, the open-
source code that underlies PyAtoms can be called
separately (through a Python terminal, for instance)
and can be used, for example, to simulate moiré and
superlattice systems beyond three layers. In principle,
this ability to call on PyAtoms’ base functions offers
the intriguing possibility to determine the simulation
parameters (lattice constant, A- and B-sublattice
amplitude, strain) through a least squares fitting to
experimental STM data. This latter capability would
elevate PyAtoms to a useful quantitative tool in the
study of 2D materials.
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orbital magnetism in moiré quantum matter. Science,
382(6666):81–87, 2023.

[18] Nurit Avraham, Jonathan Reiner, Abhay Kumar-Nayak,
Noam Morali, Rajib Batabyal, Binghai Yan, and Haim
Beidenkopf. Quasiparticle Interference Studies of Quan-
tum Materials. Advanced Materials, 30(41):1707628,
2018.
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