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ABSTRACT

The Bravais lattice is a fundamental concept in crystallography that provides a mathematical framework to describe
the periodic arrangement of points in a crystal. The significance of Bravais lattices lies in representing the fundamental
symmetry and shape of crystals, making accurate visualization crucial for chemists and material scientists. Traditional
visualization methods often rely on specialized software that may lack flexibility or customization options. This paper
presents a novel approach for visualizing Bravais lattices in both 2D and 3D, using Python, an increasingly popular
programming language in scientific research. This method covers all five 2D lattices and fourteen 3D crystal
structures, leveraging Python's robust libraries such as the Matplotlib and NumPy to generate precise and customizable
lattice representations. Incorporating Python into crystallographic visualization demonstrates its flexibility,
accessibility and versatility showcasing its ability to integrate seamlessly with other scientific computing jobs. This
approach exemplifies the fusion of Python programming with chemistry enhancing detailed analysis and educational
capabilities. By using the Python code, this paper aims to equip chemists to perform the above-mentioned operations
theoretically from their desks, eliminating the need for tedious manual drawing of crystal lattices, and providing access
to practical computation tools relevant in today's research environment.
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INTRODUCTION
The Bravais lattice defines the three-dimensional arrangement of ions, atoms, or molecules in a crystal,
classifying them into 14 distinct types across seven crystal systems'. All known crystalline substances fall
into one of these 14 lattice systems. Bravais lattices holds tremendous significance in the field of
crystallography?® as well as material science* providing a standardized framework to visualize and classify
the three-dimensional arrangements of atoms in crystals. This classification into 14 distinct types aids in
understanding crystal symmetry and geometry, which are crucial for predicting material properties® such as
thermal, electrical conductivity and mechanical strength. The way atoms are arranged in the Bravais lattice
influences the physical properties of the materials. Accurate drawings of the crystal structures clarify
arrangements of the underlying atoms, aiding in property prediction. Numerous research groups have
attempted to predict the properties of materials and crystal structures using a variety of software packages
and machine learning techniques.®!! The geometric Bravais lattices lay the Foundation for many theoretical
models in material science and solid-state physics. Precise drawings of these models assist in simulations
and calculations. Designing new materials'>!* with required worthwhile properties also becomes possible
with the understanding of Bravais lattices. Hence, by modifying these lattices, materials with the desirable
specific properties can be created. Accurately drawing Bravais lattice is a fundamental skill for students,
educators, and researchers, as it facilitates the comprehension of many intricate and challenging concepts
in education, material science and crystallography. It therefore serves as a great educational tool. Although
it may be possible to draw the Bravais lattices by hand, but usually software offers better precision,
especially for complex and high symmetry cases. Additionally, software tools simplify the visualization of
these lattices in 3D, a task that can be laborious and challenging to achieve with handmade drawings.
Currently, several software programs are used for drawing the Bravais lattices'* as well as visualizing
molecular and crystal lattice structures in 3D and to investigate the arrangement of atoms in different
materials. The popularly used tools such as VESTA'®, CrystalMaker!®, Diamond, Avogadro, Mercury, Jmol,
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Blender, XCrySDen!” aid in analysing atomic arrangements for various research purposes. Python'® has
emerged as a popular programming language for scripting or task automation, valued for its ease of learning,
readability, and extensive libraries. Key libraries include NumPy for numerical computation, Pandas for
data manipulation, Matplotlib and Seaborn for visualization, SciPy for scientific computing, ChemPy for
solving chemistry problems and ChemPlot for visualizing chemical space. ChemPy'° contains well-known
physical chemistry formulas and equations as well as analytical solutions. These libraries streamline
complex research task, saving time and effort. Python’s adaptability makes it suitable for numerous research
domains, such as computational physics, bioinformatics, machine learning, and data science. Its flexibility
allows collaboration across disciplines, facilitating multidisciplinary research while its fast development
cycle and interactive shell enable quick experimentation and prototyping. Additionally, Python also has a
vibrant, sizable community and is open-source, allowing researchers to share their work, benefit from
community-contributed packages, and seek assistance. Its well-documented libraries and readable code
enhance transparency and reproducibility, making research more accessible to the broader scientific
community. With the advent of Python in the present times, particularly in academics and research, it has
become an excellent choice for drawing the Bravais lattices owing to its numerous advantages. Its flexibility
supports a wide range of applications, from quick scripts to complex simulations, making it suitable for
both 2D and 3D visualizations. Python allows extensive customization of plots, enabling users to tailor
visualizations to their specific needs. Libraries like Plotly and Mayavi enable interactive visualizations,
allowing users to explore and manipulate the lattice in real-time. However, despite the availability of
interactive tools, real-time manipulation of Bravais lattices with user-friendly interfaces is still an area for
enhancement. Improving these capabilities can benefit both education and research applications. Python
can also automate repetitive tasks, making it easy to generate multiple lattice configurations. It can run on
multiple operating systems, including Windows, macOS, and Linux. Python can be easily integrated with
many crystallographic tools such as VESTA, CrystalMaker, or CIF files®. Although, connecting
computational lattice visualization and experimental data, remains a key research challenge. In light of all
this, the Python codes presented in this article generate Bravais lattices with complete precision, producing
structures with specific symmetry. Furthermore, these Python codes can be integrated into a web-page or
application to create an interactive, real-time, and automated framework for customizable Bravais lattice
visualization.
EXPERIMENTAL

The experimental work is divided into three sections A, B and C with each section containing the Python
Program specific to its aim.

Section-A

Visualizing the 2-Dimensional Bravais Lattice

Here the Python code is generated for all the 5 possible Bravais lattices in 2-dimensional space by using
the Matplotlib and NumPy libraries of python software. All 5 lattices, Square, Rectangular, Rhombic,
Oblique and Hexagonal were obtained as output of Python code with complete precision as shown in Fig.-
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Fig.-1: Five Bravais Lattices in 2D

Pythos Code for 2-Dimentional Bravais Lattice
import matplotlib.pyplot as plt
import numpy as np
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from matplotlib.patches import Polygon
from matplotlib.colors import LinearSegmentedColormap

def draw_lattice(ax, vertices, edges, labels, angles, title, background_color, title_pad=6, extent=[-1, 2, -1, 2]):
# Create a custom gradient background
x = np.linspace(0, 1, 256)
y = np.linspace(0, 1, 256)
X, Y = np.meshgrid(x, y)
Z = np.sin(X**2 + Y**2)
ax.imshow(Z, extent=extent, origin='lower', cmap=background_color, alpha=0.3)

# Calculate the bounding box of the shape

vertices_array = np.array(vertices)

min_x, max_x = vertices_array[:, 0].min(), vertices_array[:, 0].max()

min_y, max_y = vertices_array[:, 1].min(), vertices_array[:, 1].max()

# Adjust limits to fit the shape inside the background

padding = 0.2

ax.set_xlim(min_x - padding, max_x + padding)

ax.set_ylim(min_y - padding, max_y + padding)

# Edges with a shadow effect for 3D appearance

for edge in edges:
ax.plot(*zip(*edge), color='black', linestyle="-", linewidth=4, alpha=0.3) # Shadow
ax.plot(*zip(*edge), color='crimson', linestyle="-", linewidth=2)

# Vertices with a shadow effect for 3D appearance

for vertex in vertices:
ax.plot(*vertex, color="black', marker="0", markersize=14, alpha=0.3) # Shadow
ax.plot(*vertex, color='blue', marker="0", markersize=10)

# Labels

for label, pos in labels.items():
ax.text(*pos, label, fontsize=12, ha='center")

# Angles

for angle in angles:
arc = np.linspace(angle['start_angle'], angle['end_angle'], 100)
arc_x = angle['center'][0] + angle['radius'] * np.cos(arc)
arc_y = angle['center'][1] + angle['radius'] * np.sin(arc)
ax.plot(arc_x, arc_y, 'k--")

# Title below the lattice

ax.text(0.5, -0.05, title, fontsize=14, ha='center', va="top', transform=ax.transAxes)
ax.set_aspect(‘equal’)

ax.axis('off')

# Custom colormaps for gradient backgrounds

background_colors = [LinearSegmentedColormap.from_list("blue gradient", ["lightblue", "darkblue"]),
LinearSegmentedColormap.from_list("green_gradient", ["lightgreen", "darkgreen"]),
LinearSegmentedColormap.from_list("red_gradient", ["lightcoral", "darkred"]),
LinearSegmentedColormap.from_list("yellow_gradient", ["lightgoldenrodyellow", "darkgoldenrod"]),
LinearSegmentedColormap.from_list("pink_gradient", ["lightpink", "darkred"])]

# Square lattice

vertices_square = [(0, 0), (1, 0), (1, 1), (0, 1)]

edges_square = [[vertices_square[i], vertices_square[(i+1)%4]] for i in range(4)]

labels_square = {'a': (0.5, -0.105), 'b": (1.05, 0.5)}

angles_square = [{'center": (0, 0), 'start_angle": 0, 'end_angle': np.pi/2, 'radius": 0.25}]

# Rectangular lattice

vertices_rect = [(-0.5, 0), (1.5, 0), (1.5, 1), (-0.5, 1)]

edges_rect = [[vertices_rect[i], vertices_rect[(i+1)%4]] for i in range(4)]
labels_rect = {'a': (0.512, -0.15), 'b": (1.60, 0.47)}

angles_rect = [{'center": (-0.5, 0), 'start_angle": 0, 'end_angle": np.pi/2, 'radius': 0.3}]

# Rhombic lattice

alpha_rhombic = np.pi/ 3 # 60 degrees

vertices_rhombic = [(0, 0), (1, 0), (1 + np.cos(alpha_rhombic), np.sin(alpha_rhombic)), (np.cos(alpha_rhombic), np.sin(alpha_rhombic))]
edges_rhombic = [[vertices_rhombic[i], vertices_rhombic[(i+1)%4]] for i in range(4)]

labels_rhombic = {'a": (0.5, -0.09), 'b": (1.3, 0.327)}

angles_rhombic = [{'center": (0, 0), 'start_angle" 0, 'end_angle": alpha_rhombic, 'radius" 0.28}]

# Oblique lattice

alpha_oblique = np.pi /4 # 45 degrees

vertices_oblique = [(-0.5, 0), (1.5, 0), (1.5 + np.cos(alpha_oblique), np.sin(alpha_oblique)), (np.cos(alpha_oblique)-0.35, np.sin(alpha_oblique))]
edges_oblique = [[vertices_oblique[i], vertices_oblique[(i+1)%4]] for i in range(4)]

labels_oblique = {'a": (0.62, -0.15), 'b": (1.921, 0.21)}

angles_oblique = [{'center": (-0.5, 0), 'start_angle": 0, 'end_angle": alpha_oblique, 'radius': 0.4}]

# Hexagonal lattice

vertices_hex = [(0, 0), (1, 0), (1.5, np.sqrt(3)/2), (1, np.sqrt(3)), (0, np.sqrt(3)), (-0.5, np.sqrt(3)/2)]

edges_hex = [[vertices_hex[i], vertices_hex[(i+1)%6]] for i in range(3)] + [[vertices_hex[i], vertices_hex[(i+1)%6]] for i in range(3, 6)]
labels_hex = {'a" (0.5, -0.15), 'b" (1.35, 0.36), '120°": (0.190, 0.237)}

angles_hex = [{'center': (0, 0), 'start_angle": 0, 'end_angle": 2.0943951, 'radius': 0.2}]

fig, axs = plt.subplots(2, 3, figsize=(14, 9))
axs = axs.flatten()
fig.suptitle('Bravais Lattice in 2D', fontsize=20, y=0.98)
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draw_lattice(axs
draw_lattice(axs

0], vertices_square, edges_square, labels_square, angles_square, 'Square Lattice', background_colors[0])

1], vertices_oblique, edges_oblique, labels_oblique, angles_oblique, 'Oblique Lattice', background_colors[3], extent=[-1.5, 2.5, -1.5, 2.5])
draw_lattice(axs[2], vertices_rhombic, edges_rhombic, labels_rhombic, angles_rhombic, 'Rhombic Lattice', background_colors[2])

draw_lattice(axs[3], vertices_rect, edges_rect, labels_rect, angles_rect, 'Rectangular Lattice', background_colors[1])

draw_lattice(axs[4], vertices_hex, edges_hex, labels_hex, angles_hex, 'Hexagonal Lattice', background_colors[4])

# Hide the last subplot (empty)

fig.delaxes(axs[5])

plt.tight_layout(rect=[0, 1, 1, 0.96])

plt.show()

Section-B

Visualizing of Primitive, Body-centered, Face-centered and base-centered Lattice

Python code is generated for the four possible variations in lattice point groups for the simple cubic lattice:
primitive, body-centered, face-centered and base-centered point groups. For each lattice, information about
vertices, interfacial angles, edges etc. is stored in Python dictionary and the Matplotlib.pyplot and Numpy
libraries of python are used to obtain these four cubic lattices as shown in Fig.-2.

Body-Cer:te red

a

il e
Face-Centered Base-Centerad
Fig.-2: Cubic Unit Cell Crystal Lattice in 3D

Python Code for Primitive, Body-Centered, Face-Centered and Body-Centered Lattice

#Primitive, Body-Centered, Face-Centered and Base-Centered Lattice
import numpy as np
import matplotlib.pyplot as plt

S VIR

def plot_cell(ax, vertices, corner_vertices_color):
edges = [ [vertices[0], vertices[4]], [vertices[0], vertices[1]], [vertices[1], vertices[2]], [vertices[1], vertices[5]], [vertices[2], vertices[3]], [vertices[2], vertices[6]],
[vertices[3], vertices[0]], [vertices[3], vertices[7]], [vertices[4], vertices[5]], [vertices[5], vertices[6]], [vertices[6], vertices[7]], [vertices[7], vertices[4]]

]

corner_vertices = vertices|[:8]
other_vertices = vertices[8:]

for edge in edges:
xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="black’, linestyle='"-")
ax.scatter(corner_vertices[:, 0], corner_vertices[:, 1], corner_vertices|[:, 2], color = corner_vertices_color, s = 600)
ax.scatter(other vertices[:, 0], other vertices[:, 1], other_vertices[:, 2], color = 'purple', s = 600)
ax.set_xlabel('X")
ax.set_ylabel("Y")
ax.set_zlabel('Z")
# Simple Cubic
def plot_primitive(ax, a, b, ¢):
vertices = np.array([ [0, 0, 0], [a, 0, 0], [a, b , 0], [0, b, 0], [0,0, c], [a, O, c], [a, b, c], [0, b,c] ])
plot_cell(ax, vertices, 'darkblue')
# Body-Centered Cubic
def plot BC(ax, a, b, ¢):
vertices = np.array([ [0, 0, 0], [a,0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, 0, c]. [a, b, c], [0, b,c], [a/2, b/2, ¢/2] ])

plot_cell(ax, vertices, 'darkblue')

# Face-Centered Cubic
def plot FC(ax, a, b, ¢):
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vertices = np.array([ [0, 0, 0], [a,0, 01, [a, b , 0], [0, b, 0], [0,0, c], [a, 0, cl, [a, b, c], [0, b.c], [a/2, 0, ¢/2], [a, b/2, c/2], [a/2, b, ¢/2], [0, b/2, /2], [a/2, b2, 0], [a2,
b/2, c]])
plot_cell(ax, vertices, 'darkblue')

# Base-Centered Cubic
def plot_base_centered(ax, a, b, ¢):
vertices = np.array([ [0, 0, 01, [2,0, 0], [a, b, 01, [0, b, 0], [0,0, cl, [a, 0, cl, [a, b, c], [0, b.c], [a/2, b/2, 01, [#/2, b/2, ¢] )

plot_cell(ax, vertices, 'darkblue')

def main():

)
o o e -
o
®© 0o 0

alpha =90

beta = 90

gamma = 90

fig = plt.figure(figsize=(18, 14))

titles =[]

plot_count =4

titles = ["Simple Cubic", "Body-Centered Cubic", "Face-Centered Cubic", "Base-Centered Cubic"]
plot_functions = [plot_primitive, plot BC, plot FC, plot_base centered]

for i in range(plot_count):
ax = fig.add_subplot(2, 2, i+1, projection='3d")
plot_functions[i](ax, a, b, ¢)
ax.text2D(0.5, -0.2, titles[i], transform = ax.transAxes, ha = 'center’, fontsize = 18)

plt.tight_layout()
plt.subplots_adjust(bottom = 0.1, top = 0.98)
plt.show()

except ValueError as e:
print(e)

if _name  =="_main_ "

main()
Section-C
Visualizing the 3-Dimentional Bravais Lattices for the 7 Crystal System
Finally, the Python code for generating the 3-dimensional Bravais lattice for the seven-crystal system:
Triclinic, Monoclinic, orthorhombic, trigonal, cubic, tetragonal, and hexagonal, has been written in
subsequent sections. Using these crystal systems, all the 14 basic Bravais lattices can be obtained.
The Python code for each case is designed to store all information about interfacial angle, vertices, and
edges in the Python dictionaries. The Matplotlib, and NumPy libraries have been used to obtain the 14
Bravais lattices with complete accuracy. While running programs for any of the crystal lattices, the program
prompts for the numeric value of a, b, c, a, B and y. This allows the program to generate numerous crystal
systems for better understanding of each crystal system.

oo “°
a 15.0.b 8.0, c 22.0
a=56.0°.B = 78.0°, y = 97.0°
Number of Atoms Per Unit Cell = 8 * (1/8) = 1.0 Atoms

Fig.-3: 3D Crystal Lattice of Triclinic
Figure-3 shows single Bravais lattice for Triclinic crystal system, Fig.-4 displays the two Bravais lattices
for the Monoclinic system: Primitive and Base-centered. Figure-5 illustrates different orientations of the
single Bravais lattice for the Trigonal or Rhombohedral system. Figure-6 presents the four Bravais lattices
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for the Orthorhombic system: Primitive, Body- centered, Base-centered and the Face-centered. Figure-7
shows the Primitive, Body-centered and the Face-centered Bravais lattices for the Cubic system. Figure-8
presents the Primitive and the Body-centered Bravais lattices for the Tetragonal system and Fig.- 9 shows
the single Bravais Lattice for the Hexagonal system.

Number of Atoms Per Unit Cell = 8 * {1/8) = 1.0 Atoms Number of Atoms Per Unit Cell = 8 * (1/8) + 2 * (1/2) = 2.0 Atoms

Primitive Monoclinic Base-Centered Monoclinic

Fig.- 4: 3D Crystal Lattice of Monoclinic

\ S S
Tt o
S ' Z e

4
i e

a = 24.0, b = 24,0, c = 24.0 a=18.0, b= 18.0, ¢ = 18,0
a=a7.0t 8 =97.0° v - $7.0° = =72.0% 8 = 72.6°, v = 72.0°
Number of Atoms Per UnIt Cell = 8 » (18} = 1.0 Atoms Numper of Atoms Per Unit Cell = & * (1/8) = 1.0 Atoms
{a) {b)

Trigonal Unit Cells

Fig.-5: 3D Crystal Lattice of Trigonal

Number of Atoms Per Unit Cell = 8 = (1/8) = 1.0 Atoms Number of Atoms Per Unit Cell = 8 * (1/8) + 1 = 2.0 Atoms

Primitive Orthorhombic Body-Centered Orthorhombic

Number of Atoms Par Unit Cell = 8 * (1/8) + 6 * {1/2) = 4.0 Atoms Number of Atoms Per Unit Call = 8 * (1/8) + 2 ~ (1/2) = 2.0 Atoms

Face-Centered Orthorhombic Base-Centered Orthorhombic

Fig.-6: 3D Crystal Lattice of Orthorhombic

Python Code for Triclinic 3-D Crystal Lattice
#Triclinic

import numpy as np

import matplotlib.pyplot as plt

def angle deg to_rad(degrees):
return degrees * np.pi/ 180

def Calculate_Vertices(a, b, c, alpha, beta, gamma):
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alpha, beta, gamma = angle_deg_to_rad(alpha), angle deg to rad(beta), angle deg to rad(gamma)

vl =[a, 0, 0]

v2 = [b *np.cos(gamma), b *np.sin(gamma), 0]

v3 = [c *np.cos(beta), ¢ *(np.cos(alpha) - np.cos(beta) *np.cos(gamma)) / np.sin(gamma), ¢ *np.sqrt(max(0, 1 + 2 *np.cos(alpha) *np.cos(beta) *np.cos(gamma) -
np.cos(alpha)**2 - np.cos(beta)**2 - np.cos(gamma)**2)) / np.sin(gamma)]

origin = [0, 0, 0]
vertices = np.array([origin, v1, v2, v3, np.add(v1, v2), np.add(v1, v3), np.add(v2, v3), np.add(np.add(v1, v2), v3)])

return vertices

def plot_cell(ax, vertices, a, b, c, alpha, beta, gamma):
edges = [ [vertices[0], vertices[2]], [vertices[0], vertices[1]], [vertices[0], vertices[3]], [vertices[1], vertices[5]], [vertices[1], vertices[4]], [vertices[2], vertices[6]],
[vertices[2], vertices[4]], [vertices[3], vertices[6]], [vertices[3], vertices[5]], [vertices[4], vertices[7]], [vertices[5], vertices[7]], [vertices[6], vertices[7]] ]

corner_vertices = vertices[:8]

for edge in edges:
xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue', linestyle="-")

ax.scatter(corner_vertices[:,0], corner_vertices|[:, 1], corner_vertices[:, 2], color= 'darkblue', s=1400)

# Annotations for a, b, ¢

ax.text(a/2, 0, 0, 'a', color="black’, fontsize=16)

ax.text(vertices[2][0]/2, vertices[2][1]/2, 0, 'b", color='black’, fontsize=16)
ax.text(vertices[3][0]/2, vertices[3][1]/2, vertices[3][2]/2, 'c', color="black’, fontsize=16)

ax.set_xlabel('X")
ax.set_ylabel('Y")
ax.set_zlabel('Z'")

#Calculate the Number of Atoms per Unit Cell
num_of vertices = len(vertices)
num_of atoms_per_unit_cell = num_of vertices * (1/num_of vertices)

#Display num of atoms per unit cell
ax.text2D(0.05, -0.08, f"Number of Atoms Per Unit Cell = {num_of vertices} * (1/{num_of vertices}) = {num_of atoms_per unit_cell} Atoms", transform =
ax.transAxes, fontsize = 14, verticalalignment = 'top')

#Set Equal Aspect Ratio

maximum_range = np.ptp(vertices, axis = 0).max() /2.0

mid_val = vertices.mean(axis = 0)

ax.set_xlim(mid_val[0]- maximum_range, mid_val[0] + maximum_range)
ax.set_ylim(mid_val[1]- maximum_range, mid_val[l] + maximum_range)
ax.set_ylim(mid_val[2]- maximum_range, mid val[2] + maximum_range)

#Set equal aspect ratio

max_range = np.array([vertices[:, 0].max() - vertices[:, 0].min(), vertices[:, 1].max() - vertices[:, 1].min(), vertices[:, 2].max() - vertices[:, 2].min()]).max() /2.0
x_mid = (vertices[:, 0].max() + vertices[:, 0].min()) * 0.5

y_mid = (vertices[:, 1].max() + vertices[:, 1].min()) * 0.5

z_mid = (vertices[:, 2].max() + vertices[:, 2].min()) * 0.5

ax.set_xlim(x_mid - max_range, Xx_mid + max_range)

ax.set_ylim(y_mid - max_range, y_mid + max_range)

ax.set_zlim(z_mid - max_range, z_ mid + max_range)

# Show parameters on plot
parameters = f'a = {a}, b= {b}, c = {c}\na = {alpha}°, B = {beta}°, y = {gamma}°"
ax.text2D(0.05, -0.06, parameters, transform = ax.transAxes, fontsize=12, verticalalignment = 'bottom")

def determine_crystal(a, b, ¢, alpha, beta, gamma):
if not np.isclose(alpha, 90) and not np.isclose(beta, 90) and not np.isclose(gamma, 90) and not np.isclose(a, b) and not np.isclose(b, ¢) and not np.isclose(c, a) and
not np.isclose(alpha, beta) and not np.isclose(beta, gamma):
return "Triclinic"
return "Unknown"

def main():
try:

print("Conditions for a Triclinic system: a # b # ¢ and a # 3 # v # 90°")
print("Enter the values of first Triclinic system: ")
a = float(input("Enter the value of side a: "))
b = float(input("Enetr the value of side b: "))
¢ = float(input("Enter the value of side c: "))
alpha = float(input("Enter the value of angle alpha (in degree): "))
beta = float(input("Enter the value of angle beta (in degree): "))
gamma = float(input("Enter the value of angle gamma (in degree): "))

print("Enter the values of second Triclinic system: ")
al = float(input("Enter the value of side a: "))
bl = float(input("Enter the value of side b: "))
cl = float(input("Enter the value of side c: "))
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alphal = float(input("Enter the value of angle alpha (in degree): "))
betal = float(input("Enter the value of angle beta (in degree): "))
gammal = float(input("Enter the value of angle gamma (in degree): "))

ifa<=0orb<=0orc<=0ornot (0 <alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid input. Side lengths must be positive and angles must be between 0 and 180 degrees.")

ifa<=0orb <=0 orc <=0 ornot (0 < alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid Input, side lengths must be positive and angles must be between 0 and 180 degree.")

crystal_system = determine_crystal(a, b, ¢, alpha, beta, gamma)
crystal_systeml = determine_crystal(al, bl, c1, alphal, betal, gammal)

if crystal_system == "Triclinic" and crystal system1 == "Triclinic":
fig, axes = plt.subplots(1, 2, subplot_kw = {'projection": '3d'}, figsize = (30, 10))

vertices = Calculate_Vertices(a, b, c, alpha, beta, gamma)
vertices] = Calculate_Vertices(al, bl, cl, alphal, betal, gammal)
plot_cell(axes[0], vertices, a, b, ¢, alpha, beta, gamma)
plot_cell(axes[1], verticesl, al, bl, cl, alphal, betal, gammal)

titles = ["(a)", "(b)"]
for i in range(2):
axes[i].text2D(0.5, -0.19, titles[i], transform=axes[i].transAxes, ha='center’, fontsize=16)

# Add a common title
fig.text(0.5, 0.05, "Triclinic Unit Cells", ha='center', fontsize=20, weight="bold', verticalalignment='bottom")

plt.subplots_adjust(top = 1.1)
plt.show()
else:
print("The provided parameters do not form a Triclinic unit cell.")
print("Conditions for a Triclinic system: a# b # ¢ and a # B # vy # 90°")

except ValueError as e:
print(e)

if _name =="_ main_":

main()

Python Code for Monoclinic 3-D Crystal Lattice

#Monoclinic
import numpy as np
import matplotlib.pyplot as plt

def plot_cell(ax, vertices, corner_vertices_color, atom_count, a, b, ¢, alpha, beta, gamma):
edges = [ [vertices[0], vertices[4]], [vertices[0], vertices[1]], [vertices[1], vertices[2]], [vertices[1], vertices[5]], [vertices[2], vertices[3]], [vertices[2], vertices[6]],
[vertices[3], vertices[0]], [vertices[3], vertices[7]], [vertices[4], vertices[S5]], [vertices[5], vertices[6]], [vertices[6], vertices[7]], [vertices[7], vertices[4]]

corner_vertices = vertices[:8]
other_vertices = vertices[8:]

for edge in edges:
xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue', linestyle='-")

ax.scatter(corner_vertices[:, 0], corner_vertices[:, 1], corner_vertices[:, 2], color = corner_vertices_color, s = 700)
ax.scatter(other_vertices[:, 0], other_vertices[:, 1], other_vertices[:, 2], color = 'purple', s = 700)

#Annotations for a, b, ¢

ax.text((vertices[0][0] + vertices[1][0])/2 , (vertices[0][1] + vertices[1][1])/2 , (vertices[0][2] + vertices[1][2])/2, 'a', color = 'black’, fontsize = 16 )
ax.text((vertices[0][0] + vertices[2][0])/1.1 , (vertices[0][1] + vertices[2][1])/2 + 0.5, (vertices[0][2] + vertices[2][2])/2, 'b', color = 'black’, fontsize = 16 )
ax.text((vertices[0][0] + vertices[4][0])/2 , (vertices[0][1] + vertices[4][1])/2 , (vertices[0][2] + vertices[4][2])/2, 'c', color = 'black’, fontsize = 16 )

ax.set_xlabel('X")
ax.set_ylabel('Y")
ax.set_zlabel('Z'")

#Calculate and display the Number of Atoms per Unit Cell
num_of corner vertices = len(corner_vertices)
num_of other_vertices = len(other_vertices)
if num_of other vertices == 0:
num_of atoms_per_unit_cell = num_of corner_vertices * (1 / num_of_corner_vertices)
ax.text2D(-0.1, -0.09, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) = {num_of atoms_per_unit_cell} Atoms",
transform=ax.transAxes, fontsize=12, verticalalignment="top')
else:
num_of atoms_per unit _cell =num_of corner vertices * (1 /num_of corner vertices) + num_of other vertices * (1/2)
ax.text2D(-0.1, -0.12, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) + {num_of other_vertices} * (1/2) =
{num_of atoms_per unit cell} Atoms", transform=ax.transAxes, fontsize=12, verticalalignment="top')
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#Set equal aspect ratio

maximum_range = np.array([vertices[:, 0].max() - vertices[:, 0].min(), vertices[:, 1].max() - vertices[:, 1].min(), vertices[:, 2].max() - vertices[:, 2].min()]).max()

/2.0
x_mid = (vertices[:, 0].max() + vertices[:, 0].min()) * 0.5
y_mid = (vertices[:, 1].max() + vertices[:, 1].min()) * 0.5
z_mid = (vertices[:, 2].max() + vertices[:, 2].min()) * 0.5
ax.set_xlim(x_mid - maximum_range, x_mid + maximum_range)
ax.set_ylim(y_mid - maximum_range, y_mid + maximum_range)
ax.set_zlim(z_mid - maximum_range, z mid + maximum_range)

def plot_primitive(ax, a, b, ¢, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a, 0, 0], [a, b , 0], [0, b, 0], [0,0, c], [a, O, c], [a, b, c], [0, b,c] ])

plot_cell(ax, vertices, 'darkblue', 8, a, b, ¢, alpha, beta, gamma)

def plot_base centered(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a,0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, 0, c], [a, b, c], [0, b,c], [a/2, b/2, 0], [a/2, b/2, ¢] ])

plot_cell(ax, vertices, 'darkblue', 10, a, b, ¢, alpha ,beta, gamma)

def determine_crystal(a, b, ¢, alpha, beta, gamma):

if ( (np.isclose(alpha, 90) and np.isclose(beta, 90)) )or ( (np.isclose(beta, 90) and np.isclose(gamma, 90)) )or ( (np.isclose(alpha, 90) and np.isclose(gamma, 90)) )

and not np.isclose(a, b) and not np.isclose(b, c):
return "Monoclinic"
return "Unknown"

def main():
try:

print("Conditions for a Monoclinic system: a # b # ¢ and a. = = 90° #y")
a = float(input("Enter the value of side a: "))
b = float(input("Enter the value of side b: "))
¢ = float(input("Enter the value of side c: "))
alpha = float(input("Enter the value of angle alpha (in degree): "))
beta = float(input("Enter the value of angle beta (in degree): "))
gamma = float(input("Enter the value of angle gamma (in degree): "))

ifa<=0orb<=0orc<=0ornot (0 <alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid Input, side lengths must be positive and angles must be between 0 and 180 degree.")

crystal_system = determine_crystal(a, b, ¢, alpha, beta, gamma)
fig = plt.figure(figsize=(15, 12))

# Show parameters on plot
parameters = f'a = {a}, b= {b}, c = {c}\na = {alpha}°, B = {beta}°, y = {gamma}°"
fig.text(0.47, 0.6, parameters, ha='center', fontsize=12, verticalalignment="bottom')

titles =[]
plot_count=0

if crystal_system == "Monoclinic":
titles = ["Primitive Monoclinic", "Base-Centered Monoclinic"]
plot_functions = [plot_primitive, plot_base centered]
plot_count =2

else:
print("The provided parameters do not form a Monoclinic Unit Cell.")
print("Conditions for a Monoclinic system: a# b #c and a = =y =90°")
return

for i in range(plot_count):
ax = fig.add_subplot(2, 2, i+1, projection = '3d")
plot_functions[i](ax, a, b, ¢, alpha, beta, gamma)
ax.text2D(0.5, -0.3, titles[i], transform = ax.transAxes, ha = 'center’, fontsize = 18, weight = 'bold")

plt.tight_layout()

plt.show()
except ValueError as e:
print(e)
if _name  =="_main_ "
main()

Python Code for Orthorhombic 3-D Crystal Lattice
#Orthorhomic
import numpy as np
import matplotlib.pyplot as plt

def plot_cell(ax, vertices, corner_vertices_color, atom_count, a, b, ¢, alpha, beta, gamma):

edges = [ [vertices[0], vertices[4]], [vertices[0], vertices[1]], [vertices[1], vertices[2]], [vertices[1], vertices[5]], [vertices[2], vertices[3]], [vertices[2], vertices[6]],
[vertices[3], vertices[0]], [vertices[3], vertices[7]], [vertices[4], vertices[S5]], [vertices[5], vertices[6]], [vertices[6], vertices[7]], [vertices[7], vertices[4]]
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]

corner_vertices = vertices|[:8]
other_vertices = vertices[8:]

for edge in edges:
xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue', linestyle="-")

ax.scatter(corner_vertices[:, 0], corner_vertices[:, 1], corner_vertices|[:, 2], color = corner_vertices_color, s = 700)
ax.scatter(other vertices[:, 0], other vertices[:, 1], other_vertices[:, 2], color = 'purple', s = 700)

#Annotations for a, b, ¢

ax.text((vertices[0][0] + vertices[1][0])/2 , (vertices[0][1] + vertices[1][1])/2 , (vertices[0][2] + vertices[1][2])/2, 'a', color = 'black’, fontsize = 16 )
ax.text((vertices[0][0] + vertices[2][0])/1.1 , (vertices[0][1] + vertices[2][1])/2 + 0.5, (vertices[0][2] + vertices[2][2])/2, 'b', color = 'black’, fontsize = 16 )
ax.text((vertices[0][0] + vertices[4][0])/2 , (vertices[0][1] + vertices[4][1])/2 , (vertices[0][2] + vertices[4][2])/2, ‘¢!, color = 'black’, fontsize = 16 )

ax.set_xlabel('X")
ax.set_ylabel('Y")
ax.set_zlabel('Z")

#Calculate and display the Number of Atoms per Unit Cell
num_of corner_vertices = len(corner_vertices)
num_of other vertices = len(other vertices)

if num_of other vertices == 0:
num_of atoms_per_unit_cell = num_of corner_vertices * (1 / num_of_corner_vertices)
ax.text2D(-0.1, -0.09, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) = {num_of atoms_per_unit_cell} Atoms",
transform=ax.transAxes, fontsize=12, verticalalignment="top')
elif num_of other vertices == 1:
num_of atoms_per_unit_cell = num_of corner_vertices * (1 / num_of corner_vertices) + num_of other_vertices
ax.text2D(-0.1, -0.09, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) + 1 = {num_of atoms_per_unit_cell}
Atoms", transform=ax.transAxes, fontsize=12, verticalalignment="top')
else:
num_of atoms_per unit _cell = num_of corner vertices * (1 /num_of corner vertices) + num_of other vertices * (1/2)
ax.text2D(-0.1, -0.12, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) + {num_of other_vertices} * (1/2) =
{num_of atoms _per unit cell} Atoms", transform=ax.transAxes, fontsize=12, verticalalignment="top')

#Set equal aspect ratio

maximum_range = np.array([vertices[:, 0].max() - vertices[:, 0].min(), vertices[:, 1].max() - vertices[:, 1].min(), vertices[:, 2].max() - vertices[:, 2].min()]).max()
/2.0

x_mid = (vertices[:, 0].max() + vertices[:, 0].min()) * 0.5

y_mid = (vertices[:, 1].max() + vertices[:, 1].min()) * 0.5

z_mid = (vertices[:, 2].max() + vertices[:, 2].min()) * 0.5

ax.set_xlim(x_mid - maximum_range, X _mid + maximum_range)

ax.set_ylim(y_mid - maximum_range, y_mid + maximum_range)

ax.set_zlim(z_mid - maximum_range, z mid + maximum_range)

def plot_primitive(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0,0], [a, 0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, 0, c], [a, b, ], [0, b,c] ])

plot_cell(ax, vertices, 'darkblue', 8, a, b, c, alpha, beta, gamma)

def plot BC(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a,0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, 0, c], [a, b, c], [0, b,c], [a/2, b/2, ¢/2] ])

plot_cell(ax, vertices, 'darkblue', 9, a, b, ¢, alpha, beta, gamma)

def plot_ FC(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a,0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, O, c], [a, b, c], [0, b,c], [a/2, 0, c¢/2], [a, b/2, ¢/2], [a/2, b, c/2], [0, b/2, c/2], [a/2,b/2, 0], [a/2,
b/2, c]])

plot_cell(ax, vertices, 'darkblue’, 14, a, b, c, alpha, beta, gamma)

def plot_base_centered(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a,0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, 0,c], [a, b, c], [0, b,c], [a/2, b/2, 0], [a/2, b/2, c] ])

plot_cell(ax, vertices, 'darkblue', 10, a, b, ¢, alpha, beta, gamma)

def determine_crystal(a, b, c, alpha, beta, gamma):
if np.isclose(alpha, 90) and np.isclose(beta, 90) and np.isclose(gamma, 90) and not np.isclose(a,b) and not np.isclose(b,c):
return "Orthorhombic"
return "Unknown"

def main():
try:
print("Conditions for a Orthorhombic system: a# b # c and a = =y =90°")
a = float(input("Enter the value of side a: "))
b = float(input("Enter the value of side b: "))
¢ = float(input("Enter the value of side c: "))
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alpha = float(input("Enter the value of angle alpha (in degree): "))
beta = float(input("Enter the value of angle beta (in degree): "))
gamma = float(input("Enter the value of angle gamma (in degree): "))

ifa<=0orb<=0orc<=0ornot (0 <alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid Input, side lengths must be positive and angles must be between 0 and 180 degree.")

crystal_system = determine_crystal(a, b, ¢, alpha, beta, gamma)

fig = plt.figure(figsize=(15, 10))
titles =[]
plot_count=0

if crystal_system == "Orthorhombic":
titles = ["Primitive Orthorhombic", "Body-Centered Orthorhombic", "Face-Centered Orthorhombic", "Base-Centered Orthorhombic"]
plot_functions = [plot_primitive, plot BC, plot FC, plot_base centered]
plot_count =4
else:
print("The provided parameters do not form a Orthorhombic unit cell.")
print("Conditions for a Orthorhombic system: a# b # c and a = =y =90°")
return

for i in range(plot_count):
ax = fig.add_subplot(2, 2, i+1, projection = '3d")
plot_functions[i](ax, a, b, ¢, alpha, beta, gamma)
ax.text2D(0.5, -0.3, titles[i], transform = ax.transAxes, ha = 'center’, fontsize = 18, weight = 'bold")

# Show parameters on plot
parameters = f'a = {a}, b= {b}, c = {c}\na = {alpha}®, B = {beta}°, y = {gamma}°"

fig.text(0.5, 0.12, parameters, ha='center', fontsize=12, verticalalignment='bottom")

plt.tight_layout()

plt.show()
except ValueError as e:
print(e)
if _name =="_ main_":
main()

Python Code for Trigonal / Rhombohedral 3-D Crystal Lattice
#Trigonal/Rhombohedral
import numpy as np
import matplotlib.pyplot as plt

def angle_deg_to_rad(degrees):
return degrees * np.pi/ 180

def Calculate_Vertices(a, b, c, alpha, beta, gamma):
alpha, beta, gamma = angle_deg_to_rad(alpha), angle_deg_to_rad(beta), angle_deg_to_rad(gamma)

vl =[a, 0, 0]

v2 = [b *np.cos(gamma), b *np.sin(gamma), 0]

v3 = [c *np.cos(beta), ¢ *(np.cos(alpha) - np.cos(beta) *np.cos(gamma)) / np.sin(gamma), ¢ *np.sqrt(max(0, 1 + 2 *np.cos(alpha) *np.cos(beta) *np.cos(gamma) -
np.cos(alpha)**2 - np.cos(beta)**2 - np.cos(gamma)**2)) / np.sin(gamma)]

origin = [0, 0, 0]
vertices = np.array([origin, v1, v2, v3, np.add(v1, v2), np.add(v1, v3), np.add(v2, v3), np.add(np.add(v1, v2), v3)])

return vertices

def plot_cell(ax, vertices, a, b, ¢, alpha, beta, gamma):
edges = [ [vertices[0], vertices[2]], [vertices[0], vertices[1]], [vertices[0], vertices[3]], [vertices[1], vertices[5]], [vertices[1], vertices[4]], [vertices[2], vertices[6]],
[vertices[2], vertices[4]], [vertices[3], vertices[6]], [vertices[3], vertices[S5]], [vertices[4], vertices[7]], [vertices[S], vertices[7]], [vertices[6], vertices[7]] ]

corner_vertices = vertices|[:8]

for edge in edges:
xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue', linestyle="-'

ax.scatter(corner_vertices[:,0], corner_vertices[:, 1], corner_vertices[:, 2], color= 'darkblue', s=1400)

# Annotations for a, b, ¢

ax.text(a/2, 0, 0, 'a', color="black’, fontsize=16)

ax.text(vertices[2][0]/2, vertices[2][1]/2, 0, 'b', color="black’, fontsize=16)
ax.text(vertices[3][0]/2, vertices[3][1]/2, vertices[3][2]/2, 'c', color="black’, fontsize=16)

ax.set_xlabel('X")
ax.set_ylabel('Y")
ax.set_zlabel('Z')
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#Calculate the Number of Atoms per Unit Cell
num_of vertices = len(vertices)
num_of atoms_per_unit_cell = num_of vertices * (1/num_of vertices)

#Display num of atoms per unit cell
ax.text2D(0.05, -0.08, f'Number of Atoms Per Unit Cell = {num_of vertices} * (1/{num_of vertices}) = {num_of atoms_per_unit_cell} Atoms", transform =
ax.transAxes, fontsize = 12, verticalalignment = 'top')

#Set equal aspect ratio

maximum_range = np.array([vertices[:, 0].max() - vertices[:, 0].min(), vertices[:, 1].max() - vertices[:, 1].min(), vertices[:, 2].max() - vertices[:, 2].min()]).max()
/2.0

x_mid = (vertices[:, 0].max() + vertices[:, 0].min()) * 0.5

y_mid = (vertices[:, 1].max() + vertices[:, 1].min()) * 0.5

z_mid = (vertices[:, 2].max() + vertices[:, 2].min()) * 0.5

ax.set_xlim(x_mid - maximum_range, x_mid + maximum_range)

ax.set_ylim(y_mid - maximum_range, y_mid + maximum_range)

ax.set_zlim(z_mid - maximum_range, z mid + maximum_range)

# Show parameters on plot
parameters = f'a = {a}, b= {b}, c = {c}\na = {alpha}®, p = {beta}°, y = {gamma}°"
ax.text2D(0.05, -0.06, parameters, transform = ax.transAxes, fontsize=12, verticalalignment = 'bottom')

def determine_crystal(a, b, c, alpha, beta, gamma):
if np.isclose(a, b) and np.isclose(b, ¢) and np.isclose(alpha, beta) and np.isclose(beta, gamma) and not np.isclose(alpha, 90):
return "Trigonal"
return "Unknown"

def main():
try:

print("Conditions for a Trigonal system: a=b =c and a = =y # 90°")
print("Enter the values of first Trigonal system: ")
a = float(input("Enter the value of side a: "))
b = float(input("Enter the value of side b: "))
¢ = float(input("Enter the value of side c: "))
alpha = float(input("Enter the value of angle alpha (in degree): "))
beta = float(input("Enter the value of angle beta (in degree): "))
gamma = float(input("Enter the value of angle gamma (in degree): "))

print("Enter the values of second Trigonal system: ")

al = float(input("Enter the value of side a: "))

b1 = float(input("Enter the value of side b: "))

cl = float(input("Enter the value of side c: "))

alphal = float(input("Enter the value of angle alpha (in degree): "))
betal = float(input("Enter the value of angle beta (in degree): "))
gammal = float(input("Enter the value of angle gamma (in degree): "))

ifa<=0orb<=0orc <=0 ornot (0 < alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid Input, side lengths must be positive and angles must be between 0 and 180 degree.")

ifal <=0 orbl <=0orcl <=0 or not (0 < alphal < 180) or not (0 < betal < 180) or not (0 < gammal < 180):
raise ValueError("Invalid input. Side lengths must be positive and angles must be between 0 and 180 degrees.")

crystal_system = determine_crystal(a, b, ¢, alpha, beta, gamma)
crystal_systeml = determine_crystal(al, b1, cl, alphal, betal, gammal)

if crystal_system == "Trigonal" and crystal_system1 == "Trigonal":
fig, axes = plt.subplots(1, 2, subplot_kw = {'projection": '3d'}, figsize = (30, 10))

vertices = Calculate_Vertices(a, b, ¢, alpha, beta, gamma)
vertices] = Calculate_Vertices(al, bl, cl, alphal, betal, gammal)
plot_cell(axes[0], vertices, a, b, ¢, alpha, beta, gamma)
plot_cell(axes[1], verticesl, al, bl, cl, alphal, betal, gammal)

titles = ["(a)", "(b)"]
for i in range(2):
axes[i].text2D(0.5, -0.19, titles[i], transform=axes[i].transAxes, ha='center', fontsize=16)

# Add a common title
fig.text(0.5, 0.05, "Trigonal Unit Cells", ha='center', fontsize=20, weight="bold', verticalalignment='bottom")

plt.subplots_adjust(top = 1.1)
plt.show()
else:
print("The provided parameters do not form a Trigonal unit cell.")
print("Conditions for a Trigonal system: a=b =c and a = =y # 90°")

except ValueError as e:
print(e)

"

if _name =="_main_ "
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main()

Python Code for Cubic 3-D Crystal Lattice
#Cubic
import numpy as np
import matplotlib.pyplot as plt

def plot_cell(ax, vertices, corner_vertices_color, atom_count, a, b, ¢, alpha, beta, gamma):
edges = [ [vertices[0], vertices[4]], [vertices[0], vertices[1]], [vertices[1], vertices[2]], [vertices[1], vertices[5]], [vertices[2], vertices[3]], [vertices[2], vertices[6]],
[vertices[3], vertices[0]], [vertices[3], vertices[7]], [vertices[4], vertices[5]], [vertices[5], vertices[6]], [vertices[6], vertices[7]], [vertices[7], vertices[4]]

]

corner_vertices = vertices[:8]
other_vertices = vertices[8:]

for edge in edges:
Xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue’, linestyle="-")

ax.scatter(corner_vertices[:, 0], corner_vertices[:, 1], corner_vertices|[:, 2], color = corner_vertices_color, s = 700)
ax.scatter(other vertices[:, 0], other vertices[:, 1], other_vertices[:, 2], color = 'purple', s = 700)

#Annotations for a, b, ¢

ax.text(a/2, 0, 0, 'a', color = 'black’, fontsize = 16)

ax.text(vertices[2][0]/2, vertices[2][1]/2, 0, 'b', color="black’, fontsize = 16)
ax.text(vertices[3][0]/2, vertices[3][1]/2, vertices[3][2]/2, 'c', color = 'black’, fontsize = 16)

ax.set_xlabel('X")
ax.set_ylabel('Y")
ax.set_zlabel('Z")

#Calculate and display the Number of Atoms per Unit Cell
num_of _corner_vertices = len(corner_vertices)
num_of other vertices = len(other vertices)
if num_of other_vertices == 0:
num_of atoms_per_unit_cell = num_of corner_vertices * (1 / num_of_corner_vertices)
ax.text2D(-0.1, -0.09, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) = {num_of atoms_per_unit_cell} Atoms",
transform=ax.transAxes, fontsize=12, verticalalignment="top')
elif num_of other vertices == 1:
num_of atoms_per_unit_cell = num_of corner_vertices * (1 / num_of corner_vertices) + num_of other_vertices
ax.text2D(-0.1, -0.09, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) + 1 = {num_of atoms_per_unit_cell}
Atoms", transform=ax.transAxes, fontsize=12, verticalalignment="top")
else:
num_of atoms_per_unit_cell = num_of corner_vertices * (1 / num_of corner_vertices) + num_of other_vertices * (1 /2)
ax.text2D(-0.1, -0.12, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) + {num_of other vertices} * (1/2) =
{num_of atoms_per_unit_cell} Atoms", transform=ax.transAxes, fontsize=12, verticalalignment="top")

# Set equal aspect ratio and plot limits

min_x, max_x = vertices[:, 0].min(), vertices[:, 0].max()
min_y, max_y = vertices[:, 1].min(), vertices[:, 1].max()
min_z, max_z = vertices[:, 2].min(), vertices[:, 2].max()

maximum_range = max(max_x - min_x, max_y - min_y, max_z - min_z)

ax.set_xlim(min_x - 0.1 * maximum_range, max_x + 0.1 * maximum_range)
ax.set_ylim(min_y - 0.1 * maximum_range, max_y + 0.1 * maximum_range)
ax.set_zlim(min_z - 0.1 * maximum_range, max_z + 0.1 ¥ maximum_range)

def plot_primitive(ax, a, b, ¢, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a, 0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, 0, c], [a, b, c], [0, b,c] ])
plot_cell(ax, vertices, 'darkblue', 8, a, b, ¢, alpha ,beta, gamma)

def plot_BC(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 01, [,0, 0], [a, b 01, [0, b, 0], [0.0, c], [a, 0, cl, [a, b, c, [0, b.c], [a/2, b/2, ¢/2] 1)

plot_cell(ax, vertices, 'darkblue', 9, a, b, ¢, alpha ,beta, gamma)

def plot FC(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a,0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, O, c], [a, b, c], [0, b,c], [a/2, 0, c¢/2], [a, b/2, ¢/2], [a/2, b, c/2], [0, b/2, c/2], [a/2,b/2, 0], [a/2,
b/2, c]])

plot_cell(ax, vertices, 'darkblue’, 14, a, b, c, alpha ,beta, gamma)

def determine_crystal(a, b, c, alpha, beta, gamma):
if np.isclose(a, b) and np.isclose(b, ¢) and np.isclose(alpha, 90) and np.isclose(alpha, beta) and np.isclose(beta, gamma):
return "Cubic"
return "Unknown"
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def main():
try:

print("Conditions for a Cubic System: a=b=cand a = =vy=90°")
a = float(input("Enter the value of side a: "))
b = float(input("Enter the value of side b: "))
¢ = float(input("Enter the value of side c: "))
alpha = float(input("Enter the value of angle alpha (in degree): "))
beta = float(input("Enter the value of angle beta (in degree): "))
gamma = float(input("Enter the value of angle gamma (in degree): "))

ifa<=0orb<=0orc<=0ornot (0 <alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid Input, side lengths must be positive and angles must be between 0 and 180 degree.")

crystal_system = determine_crystal(a, b, ¢, alpha, beta, gamma)
fig = plt.figure(figsize=(15, 12))

# Show parameters on plot
parameters = f'a = {a}, b= {b}, c = {c}\na = {alpha}®, p = {beta}°, y = {gamma}°"
fig.text(0.7, 0.12, parameters, ha='center, fontsize=12, verticalalignment='bottom')

titles =[]
plot_count=0

if crystal system == "Cubic":
titles = ["Primitive Cubic", "Body-Centered Cubic (BCC)", "Face-Centered Cubic (FCC)" ]
plot_functions = [plot_primitive, plot BC, plot FC]
plot_count =3
else:
print("The provided parameters do not form a Cubic Unit Cell.")
print("Conditions for a Cubic system: a=b=c and a = =y=90°")
return

for i in range(plot_count):
ax = fig.add_subplot(2, 2, i+1, projection = '3d")
plot_functions[i](ax, a, b, ¢, alpha, beta, gamma)
ax.text2D(0.5, -0.3, titles[i], transform = ax.transAxes, ha = 'center’, fontsize = 18, weight = 'bold")

plt.tight_layout()
plt.show()

except ValueError as e:
print(e)

if _name ==" main_":

main()

Python Code For Tetragonal 3-D Crystal Lattice
#Tetragonal

import numpy as np

import matplotlib.pyplot as plt

def plot_cell(ax, vertices, corner_vertices_color, atom_count, a, b, ¢, alpha, beta, gamma):
edges = [ [vertices[0], vertices[4]], [vertices[0], vertices[1]], [vertices[1], vertices[2]], [vertices[1], vertices[5]], [vertices[2], vertices[3]], [vertices[2], vertices[6]],
[vertices[3], vertices[0]], [vertices[3], vertices[7]], [vertices[4], vertices[5]], [vertices[5], vertices[6]], [vertices[6], vertices[7]], [vertices[7], vertices[4]]

]

corner_vertices = vertices[:8]
other_vertices = vertices[8:]

for edge in edges:
Xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue', linestyle="-")

ax.scatter(corner_vertices[:, 0], corner_vertices[:, 1], corner_vertices|[:, 2], color = corner_vertices_color, s = 700)
ax.scatter(other vertices[:, 0], other vertices[:, 1], other_vertices[:, 2], color = 'purple', s = 700)

#Annotations for a, b, ¢

ax.text((vertices[0][0] + vertices[1][0])/2 , (vertices[0][1] + vertices[1][1])/2 , (vertices[0][2] + vertices[1][2])/2, 'a', color = 'black’, fontsize = 16 )
ax.text((vertices[0][0] + vertices[2][0])/1.1 , (vertices[0][1] + vertices[2][1])/2 + 0.5, (vertices[0][2] + vertices[2][2])/2, 'b', color = 'black’, fontsize = 16 )
ax.text((vertices[0][0] + vertices[4][0])/2 , (vertices[0][1] + vertices[4][1])/2 , (vertices[0][2] + vertices[4][2])/2, ‘¢!, color = 'black’, fontsize = 16 )

ax.set_xlabel('X")
ax.set_ylabel('Y")
ax.set_zlabel('Z")

#Calculate and display the Number of Atoms per Unit Cell
num_of corner_vertices = len(corner_vertices)
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num_of other vertices = len(other vertices)

if num_of other vertices == 0:
num_of atoms_per_unit_cell = num_of corner_vertices * (1 / num_of_corner_vertices)
ax.text2D(0.05, -0.09, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) = {num_of atoms_per_unit_cell} Atoms",
transform=ax.transAxes, fontsize=12, verticalalignment="top')
elif num_of other vertices == 1:
num_of atoms_per unit _cell = num_of corner vertices * (1 /num_of corner vertices) + num_of other vertices
ax.text2D(0.05, -0.09, f"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) + 1 = {num_of atoms_per_unit_cell}
Atoms", transform=ax.transAxes, fontsize=12, verticalalignment="top')
else:
num_of atoms_per unit _cell = num_of corner vertices * (1 /num_of corner vertices) + num_of other vertices * (1/2)
ax.text2D(0.05, 0.95, f'"Number of Atoms Per Unit Cell = {num_of corner_vertices} * (1/{num_of corner_vertices}) + {num_of other_vertices} * (1/2) =
{num_of atoms _per unit cell} Atoms", transform=ax.transAxes, fontsize=12, verticalalignment="top')

#Set equal aspect ratio
maximum_range = np.array([vertices[:, 0].max() - vertices[:, 0].min(), vertices[:, 1].max() - vertices[:, 1].min(), vertices[:, 2].max() - vertices[:, 2].min()]).max()
/2.0

x_mid = (vertices[:, 0].max() + vertices[:, 0].min()) * 0.5

y_mid = (vertices[:, 1].max() + vertices[:, 1].min()) * 0.5

z_mid = (vertices[:, 2].max() + vertices[:, 2].min()) * 0.5

ax.set_xlim(x_mid - maximum_range, x_mid + maximum_range)

ax.set_ylim(y_mid - maximum_range, y_mid + maximum_range)

ax.set_zlim(z_mid - maximum_range, z mid + maximum_range)

def plot_primitive(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 0], [a, 0, 0], [a, b, 0], [0, b, 0], [0,0, c], [a, 0, c], [a, b, ], [0, b,c] ])
plot_cell(ax, vertices, 'darkblue', 8, a, b, ¢, alpha, beta, gamma)

def plot_BC(ax, a, b, c, alpha, beta, gamma):
vertices = np.array([ [0, 0, 01, [2,0, 0], [a, b, 01, [0, b, 0], [0,0, cl, [a, 0, cl, [a, b, c], [0, b.c], [a/2, b/2, /2] ])
plot_cell(ax, vertices, 'darkblue', 9, a, b, ¢, alpha, beta, gamma)

def determine_crystal(a, b, ¢, alpha, beta, gamma):
if (np.isclose(a, b) or np.isclose(b, ¢) or np.isclose(a, ¢)) and np.isclose(alpha, 90) and np.isclose(alpha, beta) and np.isclose(alpha, gamma):
return "Tetragonal"
else:
return "Unknown"

def main():
try:

print("Conditions for a Tetragonal system: a=b #c and o= =y = 90°")
a = float(input("Enter the value of side a: "))
b = float(input("Enter the value of side b: "))
¢ = float(input("Enter the value of side c: "))
alpha = float(input("Enter the value of angle alpha (in degree): "))
beta = float(input("Enter the value of angle beta (in degree): "))
gamma = float(input("Enter the value of angle gamma (in degree): "))

ifa<=0orb<=0orc<=0ornot (0 <alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid Input, side lengths must be positive and angles must be between 0 and 180 degree.")

crystal_system = determine_crystal(a, b, ¢, alpha, beta, gamma)

fig = plt.figure(figsize=(15, 10))

# Show parameters on plot

parameters = f'a = {a}, b= {b}, c = {c}\na = {alpha}®, p = {beta}°, y = {gamma}°"

fig.text(0.47, 0.6, parameters, fontsize=12, verticalalignment="center', horizontalalignment='center")

titles =[]
plot_count =0

if crystal_system == "Tetragonal:
titles = ["Primitive Tetragonal", "Body-Centered Tetragonal"]
plot_functions = [plot_primitive, plot BC]
plot_count =2

else:
print("The provided parameters do not form a Tetragonal unit cell.")
print("Conditions for a Tetragonal system: a=b #c and o = =y = 90°")
return

for i in range(plot_count):
ax = fig.add_subplot(2, 2, i+1, projection = '3d")
plot_functions[i](ax, a, b, c, alpha, beta, gamma)
ax.text2D(0.5, -0.3, titles[i], transform = ax.transAxes, ha = 'center’, fontsize = 18, weight = 'bold')

plt.tight layout()
plt.show()

except ValueError as e:
print(e)
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if _name =="_ main ":

main()

Number of Atoms/Unit Cell = 8 * (1/8) = 1.0 Atoms Number of Atoms/Unit Cell = 8 * (1/8) + 1 = 2.0 Atoms

Primitive Cubic

Body-Centered Cubic (BCC)

a=

Number of Atoms/Unit Cell = 8 * (1/8) + 6 * (1/2) = 4.0 Atoms

a=80b=80c=80
90.0°, B = 90.0°, y = 30.0°

Face-Centered Cubic (FCC)

Fig.-7: 3D Crystal Lattice of Cube
Python Code for Hexagonal 3-D Crystal Lattice
#Hexagonal

import numpy as np
import matplotlib.pyplot as plt

def plot_hexagonal(ax, a, c, b, alpha, beta, gamma):

# Define the vertices for a hexagonal unit cell
vertices = np.array([

[a, 0, 0],

[a/2, a*np.sqrt(3)/2, 0],

[-a/2, a*np.sqrt(3)/2, 0],

[-a, 0, 0],

[-a/2, -a*np.sqrt(3)/2, 0],

[a/2, -a*np.sqrt(3)/2, 0],

[a, 0, c],

[a/2, a*np.sqrt(3)/2, c],

[-a/2, a*np.sqrt(3)/2, c],

[-a, 0, ],

[-a/2, -a*np.sqrt(3)/2, c],

[a/2, -a*np.sqrt(3)/2, c],

[0, 0, 0],

[0, 0, c]
D

# Define the edges of hexagonal unit cell

edges =[
[vertices[5], vertices[0]], [vertices[10], vertices[11]], [vertices[11], vertices[6]], [vertices[0], vertices[6]],
[vertices[4], vertices[10]], [vertices[4], vertices[5]], [vertices[S], vertices[11]], [vertices[10], vertices[13]],
[vertices[13], vertices[6]]

]

dotted_edges = [
[vertices[0], vertices[1]], [vertices[1], vertices[2]], [vertices[2], vertices[3]], [vertices[3], vertices[4]],
[vertices[6], vertices[7]], [vertices[7], vertices[8]], [vertices[8], vertices[9]], [vertices[9], vertices[10]],
[vertices[1], vertices[7]], [vertices[2], vertices[8]], [vertices[3], vertices[9]]

]

for edge in edges:
xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue', linestyle="-'

for edge in dotted_edges:
xa, ya, za = zip(*edge)
ax.plot(xa, ya, za, color="blue', linestyle='--")

#Annotations for a, b, ¢

ax.text(a/2, -b/3, -¢/6, 'a', color="black', fontsize=16)
ax.text(a/4, a*np.sqrt(3)/4, ¢/7, 'b', color="black’, fontsize=16)
ax.text(a, 0, ¢/2, 'c', color='black’, fontsize=16)

ax.scatter(vertices[:, 0], vertices[:, 1], vertices[:, 2], color = 'darkblue’, s = 800)
center_vertex = np.mean(vertices, axis = 0)

height_of triangle =a /4
new_vertices = np.array([
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center_vertex + np.array([height_of triangle, 0, 0]),

center_vertex + np.array([-height_of triangle/2, height_of triangle*np.sqrt(3)/2, 0]),

center_vertex + np.array([-height of triangle/2, -height of triangle*np.sqrt(3)/2, 0])
D

vertices = np.vstack([vertices, new_vertices ])

# Plotting the new vertices
ax.scatter(new_vertices[:, 0], new_vertices[:, 1], new_vertices[:, 2], color = 'purple’, s = 800)

ax.set_xlabel('X")
ax.set_ylabel('Y")
ax.set_zlabel('Z'")

#Calculate and display the Number of Atoms per Unit Cell

num_of vertices = 12

num_of atoms_per_unit_cell = num_of vertices * (1/6) +2* (1/2) +3

ax.text2D(0.05, -0.01, f"Number of Atoms Per Unit Cell = {num_of vertices} * (1/{6}) + 2* (1/2) + 3 = {num_of atoms_per_unit_cell} Atoms", transform =
ax.transAxes, fontsize=12, verticalalignment = 'top")

#Set equal aspect ratio

maximum_range = np.array([vertices[:, 0].max() - vertices[:, 0].min(), vertices[:, 1].max() - vertices[:, 1].min(), vertices[:, 2].max() - vertices[:, 2].min()]).max()
/2.0

x_mid = (vertices[:, 0].max() + vertices[:, 0].min()) * 0.5

y_mid = (vertices[:, 1].max() + vertices[:, 1].min()) * 0.5

z_mid = (vertices[:, 2].max() + vertices[:, 2].min()) * 0.5

ax.set_xlim(x_mid - maximum_range, x_mid + maximum_range)

ax.set_ylim(y_mid - maximum_range, y_mid + maximum_range)

ax.set_zlim(z_mid - maximum_range, z mid + maximum_range)

# Show parameters
parameters = f'a = {a}, b= {b}, c = {c} \na = {alpha}®, f = {beta}°, y = {gamma}°"
ax.text2D(0.05, 0.01, parameters, transform=ax.transAxes, fontsize=12, verticalalignment="bottom')

def determine_crystal(a, b, c, alpha, beta, gamma):
if np.isclose(a, b) or np.isclose(b, ¢) or np.isclose(a, ¢) and (np.isclose(alpha, 90) and np.isclose(beta, 90) and np.isclose(gamma, 120)) or (np.isclose(alpha, 90) and
np.isclose(gamma, 90) and np.isclose(beta, 120)) or (np.isclose(gamma, 90) and np.isclose(beta, 90) and np.isclose(alpha, 120)):
return "Hexagonal"
return "Unknown"

def main():
try:

print("Conditions for a Hexagonal System: a=b # ¢ and a =3 =90°, y = 120°")
a = float(input("Enter the value of side a: "))
b = float(input("Enter the value of side b: "))
¢ = float(input("Enter the value of side c: "))
alpha = float(input("Enter the value of angle alpha (in degree): "))
beta = float(input("Enter the value of angle beta (in degree): "))
gamma = float(input("Enter the value of angle gamma (in degree): "))

ifa<=0orb <=0 orc <=0 ornot (0 < alpha < 180) or not (0 < beta < 180) or not (0 < gamma < 180):
raise ValueError("Invalid Input, side lengths must be positive and angles must be between 0 and 180 degree.")

crystal_system = determine_crystal(a, b, ¢, alpha, beta, gamma)
fig = plt.figure(figsize=(8, 6))

if crystal_system == "Hexagonal":
ax = fig.add_subplot(111, projection = '3d")
plot_hexagonal(ax, a, c,b, alpha, beta, gamma)
ax.text2D(0.5, -0.09, crystal_system, transform=ax.transAxes, ha='center', fontsize=18, weight='bold")
plt.subplots_adjust(top=1)
plt.show()
return
else:
print("The provided parameters do not form a Hexagonal unit cell.")
print("Conditions for a Hexagonal System: a="b # ¢ and o= = 90°, y = 120°")

except ValueError as e:
print(e)
if _name =="_main_ "
main()

CONCLUSION
This paper demonstrates the effectiveness of using Python as a versatile and powerful tool for drawing
Bravais lattices in both two and three dimensions. By leveraging Python libraries viz Matplotlib and Pyplot,
the authors present an approach that is not only accurate and efficient but also user-friendly for a broad
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spectrum of users. Transitioning from hand drawing to computational visualization offers several benefits,
including improved accuracy, ease of use, and the ability to manage complex structures effortlessly.

o
a=12.0,b=12.0,c=80 ?
a =90.0% B = 90.0°, y = 90.0°

Number of Atoms Per Unit Cell = 8 * (1/8) = 1.0 Atoms Number of Atoms Per Unit Cell = 8 * (1/8) + 1 = 2.0 Atoms
Primitive Tetragonal Body-Centered Tetragonal

Fig.-8: 3D Crystal Lattice of Tetragonal

x a
5
a=8.0,b=8.0,c=13.0 8 8
a = 90.0°, p = 90.0°, y = 120.0°
Number of Atoms Per Unit Cell = 12 # (1/6) + 2* (1/2) + 3 = 6.0 Atoms
Hexagonal

Fig.-9: 3D Crystal Lattice of Hexagonal

With the introduction of Python as a computational / theoretical tool at the undergraduate level, this paper
would enhance students' learning experiences by providing practical programming skills in crystallography
alongside fundamental scientific knowledge. By simplifying the process of visualizing and understanding
the crystal structures, this integration promotes a deeper understanding of the concepts. Alongside this,
Python's adaptability and user-friendly nature make it an excellent alternative to conventional methods of
creating Bravais lattices. By incorporating these tools in educational settings, advanced computational
resources can be made more widely accessible to students and researchers, equipping them with the skills
needed to succeed in the fields of material science and chemistry. The authors also aim to apply symmetry
elements to these lattices to generate 32-point groups and 230 space groups. This paper highlights Python's
potential to revolutionize the teaching and analysis of crystallographic structures, paving the way for
enhanced scientific visualization via computational chemistry.
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