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ABSTRACT

Density Functional Theory (DFT) has become a fundamental principle of con-
temporary materials research, providing a quantum mechanical framework for the
examination of matter at the electronic level. By changing the many-body prob-
lem into electron density, DFT makes it possible to make precise predictions of
structural, electronic, and catalytic properties based on basic principles. Because it
can make predictions, it has sped up the discovery of semiconductors, catalysts,
and energy storage materials, which means we don't have to rely on expensive
experiments as much. At the same time, projects like the Materials Project show
how important it is for high-throughput computational design. Even if there are
problems with the cost of processing and the accuracy of the results, new devel-
opments like hybrid methods, machine learning integration, and new quantum
computing technologies keep making it more useful. So, DFT is not only a basic
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inadequate for dealing with the complexity of modern technology.
Experimental search is slow, expensive, and limited, especially in

1. Introduction

The discovery and development of new materials
have powered technological revolutions throughout human history.
Each period of civilisation has been marked by the materials that it
controlled, from stone and bronze to steel, plastics, and semicon-
ductors [1]. Today, the development of functional materials is cru-
cial for new revolutions in renewable energy, microelectronics,
biotechnology, and quantum information systems [2]. As society is
fighting to combat serious international issues like climate change,
energy security, and sustainable development, the demand for ma-
terials possessing specific properties has increased exponentially.
Traditionally, scientists discovered materials by trial and error,
intuition, or serendipity through experimental approaches [3].
While this method was good enough in the past, it is progressively

light of the enormous range of possible material composition, struc-
ture, and chemical environment. In response, materials science is
undergoing a fundamental change, which involves the incorpora-
tion of computational modelling and quantum mechanical tools in
the process of discovery and design [4],[5],[6].

At the helm of this computational era is Density Functional
Theory (DFT), a quantum mechanical theory that allows the explo-
ration of materials at the electronic level. In contrast to convention-
al theories of macroscopic approximation, DFT offers insight into
the governing interactions behind material behaviour, e.g., bonding,
magnetism, and charge transport. This makes DFT a powerful ma-
terial property prediction, experimental design, and innovation-
acceleration tool [6]. The importance of DFT is not limited to the
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scientific community. It is the computational foundation of the
"Materials Genome Initiative," an international effort to accelerate
materials discovery and development by applying computational
screening and high-throughput design. By reducing the need for
expensive and time-consuming experiments, DFT is now essential
to industries such as semiconductors, catalysis, and energy storage.
The ability to predict the electronic structure and material proper-
ties before synthesis in the lab is a revolutionary step away from
the conventional way science and engineering go about discovering
materials [7],[8].

The article is concerned with the use of DFT as a quantum
mechanical approach to designing new materials. The article begins
by presenting the theoretical framework and development history
of DFT before proceeding to examine its use in materials science. It
then goes on to discuss applications of DFT in the prediction and
design of new materials, as well as challenges and limitations. It
then looks at where research with DFT is headed in the future, in-
cluding its combination with machine learning and hybrid compu-
tational strategies. Through this journey, it is apparent that DFT not
only enhances our knowledge of materials at the atomic scale but
also helps in forming technologies of the future.

2. Background on Density Functional Theory
(DFT)

Density Functional Theory finds its origin in the broader
branch of quantum mechanics, which emerged in the early twenti-
eth century to explain matter's behaviour at atomic and subatomic
levels [9],[10]. Quantum mechanics' greatest challenge is to solve
the Schrodinger equation for many-electron systems. Although
there are exact solutions for small atoms such as hydrogen, the
intricacy of real materials with more than one interacting electron
makes direct solutions impossible. In the middle of the twentieth
century, profound theoretical breakthroughs made DFT applicable
in practice. In 1964, Pierre Hohenberg and Walter Kohn proved
that a many-electron system's ground-state behaviour depends only
on its electron density, not upon the many-body wavefunction [11].
This insight, formalised in the Hohenberg—Kohn theorems, had
greatly reduced the computational intensity of quantum mechanical
calculations because electron density depends on only three spatial
coordinates, compared to numerous coordinates needed for a com-
plete wavefunction. Utilising the ground state density, we can pre-
cisely compute every observable, including the energy of a station-
ary quantum mechanical system. The observable characteristics of
the quantum mechanical categorisation of stationary states can be
elucidated as a function of density in the ground state. The ground
density can be computed using the variation technique that solely
incorporates density. The Hohenberg-Kohn theorem pertains to
time-independent ground states; however, it has recently been ex-
tended to encompass time-dependent potentials and excited states
[12].

By expanding on this idea, Kohn and Sham in 1965 intro-
duced the Kohn—Sham equations, rendering DFT a matter of com-
putational feasibility. Their approach replaced the complex many-
body problem with an idealised system of non-interacting electrons
with the same electron density as the real system. The electron—
electron interaction problem was embodied in the exchange-
correlation functional, still one of the most crucial DFT approxima-
tions. Choice and quality of this function are critical to the preci-
sion of DFT calculations. Years of uninterrupted advancement wit-
nessed the emergence of improved exchange-correlation function-
als like the Local Density Approximation (LDA) and the General-
ised Gradient Approximation (GGA), and much more refined hy-
brid functionals that combine the virtues of DFT with the strengths
of Hartree—Fock theory. Alongside the accelerating growth in com-

puting facilities, DFT was quickly no longer a theoretical entity but
had evolved into an everyday tool in physics, chemistry, and mate-
rials science. DFT now forms the basis of much computational
materials science. Its flexibility covers a range of operations, from
the calculation of crystal structure stability to catalysis on surfaces
and interfaces. Crucially, DFT bridges basic quantum mechanics to
material design, a level of prediction that is both rigorous and com-
putationally tractable. The development of DFT provides an exam-
ple of how profound theoretical understanding can lead to revolu-
tionary technological instruments that transform whole fields.

3. Importance of DFT in Materials Science

The use of DFT in the field of materials science has signifi-
cantly changed the research and innovation landscape. Its im-
portance is based on its ability to link microscopic quantum me-
chanical descriptions to macroscopic material properties [13]. Un-
like empirical models that depend on the fitting of experimental
data, DFT gives first-principles calculations capable of predicting
the material's behaviour without adjustable parameters. This predic-
tive capability enables researchers to study new materials before
they are synthesised, such that the most promising candidates can
be identified and fewer costly trial-and-error experiments are re-
quired [14]. One of DFT's most important contributions lies in the
prediction of electronic properties. Designing semiconductor, su-
perconducting, and photovoltaic materials relies heavily on
knowledge of electronic band structure and band gaps
[15],[16],[17]. DFT offers a method of calculating these properties
precisely and thereby informs experimental synthesis. For example,
for renewable energy, DFT has played a key role in finding novel
perovskite materials with tunable band gaps for high-efficiency
solar cells. DFT also plays an important role in catalysis. The func-
tioning of a catalyst depends on its electronic structure and the ad-
sorption energies of reactants at active sites. DFT allows scientists
to simulate reaction paths, find transition states, and predict catalyt-
ic efficiency. This has played a crucial role in designing catalysts
for applications ranging from fuel cells to carbon dioxide reduction.
The Nobel Prize-winning work of the surface scientists in hetero-
geneous catalysis has predominantly depended upon DFT studies,
reflecting its usefulness [18]. In energy storage and conversion,
DFT facilitates the exploration of new battery, supercapacitor, and
hydrogen storage materials [19],[20],[21],[22]. In lithium-ion bat-
teries, DFT is employed to assess ion diffusion barriers, voltage
profiles, and electrode material stability. For example, Xiaojun
Zhao et al. studied the various MXenes as anode material. They
used only the DFT simulations to predict all the important charac-
teristics. This ability to predict has hastened the search for next-
generation solid electrolytes and high-capacity electrode materials,
which are key to sustainable energy technology.

Besides, the relevance of DFT to structural and mechanical
properties is also important [23],[24]. Calculations of phonon spec-
tra, elastic constants, and defect energetics are used to determine
how materials respond under stress, temperature, and impurities
[25],[26],[27],[28],[29]. Such studies are important for the devel-
opment of high-strength, long-lasting, and thermal-stability materi-
als for use in aerospace, automobiles, and construction industries.
Perhaps most importantly, DFT has enabled high-throughput mate-
rials discovery, where researchers are able to computationally
screen vast libraries of theoretical compounds for desired proper-
ties. Initiatives like the Materials Project and Open Quantum Mate-
rials Database (OQMD) rely heavily on DFT calculations to con-
struct predictive databases, enabling researchers worldwide to find
candidates of interest for experimental investigation. Essentially,
the contribution of DFT to materials science transcends its explana-
tory value and is still more significant as a predictive and guiding
tool. By linking quantum mechanics with material applications in
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the real world, DFT has become a cornerstone of modern science,
accelerating breakthroughs and formulating emerging technologies.

4. Theoretical Framework of DFT

The strength of Density Functional Theory (DFT) is its solid
basis on the principles of quantum mechanics. Whereas standard
quantum methods attempt to solve the many-body wavefunction
directly, DFT reformulates the problem in terms of electron densi-
ty. The problem, so simplified, is computationally manageable
while maintaining essential physics. To understand this construct, it
is necessary to start with the basic principles of quantum mechanics
before venturing into the technical theory of DFT.

4.1. Entanglement

Quantum mechanics, developed in the early twentieth centu-
ry, is the basic theoretical framework employed to describe matter
behaviour at the atomic and subatomic levels. The Schrodinger
equation forms the core of quantum mechanics and dictates the
evolution of a system's wavefunction. For a single particle, the
time-independent Schrédinger equation can be written as in Equa-
tion 1 [30].

Hy(r) = EY(r) 1)

Here, H is the Hamiltonian operator, ¥(r) is the wavefunc-

tion, and E is its corresponding energy eigenvalue. All information
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tum system, including the spatial probability distribution of parti-
cles, is housed in the wavefunction. Applied to many-electron sys-
tems, i.e., atoms, molecules, or solids, the Schrédinger equation is
extremely complex as in Equation 2. Each electron feels not only
the positively charged nuclei but also any other electron due to
Coulombic repulsion as represented in Equation 3. This leads to the
many-body problem, where complexity increases exponentially
with particle number. Direct solutions are only feasible for highly
idealised systems, e.g., hydrogen or helium atoms
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Equation 4 represents electron—nucleus attraction (external)
potential in a many-electron Hamiltonian. To overcome this, vari-
ous approximations and reformulations have been proposed. Meth-
ods like Hartree—Fock theory provided initial frameworks for ap-
proximating many-electron systems but generally failed to provide
an accurate description of electron correlation effects. DFT has
emerged as a different methodology that avoids the explicit many-
body wavefunction dependence in favour of thinking about a sim-
pler yet equally complete quantity: the electron density.

4.2. Theoretical Foundations of DFT

Theoretical breakthrough of DFT is founded on Hohenberg—
Kohn theorems (1964), which established a solid ground for the use
of electron density as the central variable [31]. The first theorem
states that the ground-state properties of a many-electron system
are uniquely determined by its electron density. This means there is
a one-to-one correspondence between the external potential felt by
the electrons (and thus the entire Hamiltonian) and electron density.
In brief, knowledge of electron density is sufficient to explain all
physical properties of a system. The second theorem says that the
ground-state energy can be obtained by a variational principle in

the electron density. Specifically, the exact ground-state density is
obtained when the total energy functional is minimised. These con-
sist of the kinetic energy functional, T[p], electron—nucleus interac-
tion energy, Vne[p], classical electron—electron repulsion, Vee|p],
and the exchange-correlation functional, which accounts for all the
remaining quantum mechanical effects, including the exchange and
correlation interactions. In 1965, Kohn and Sham discovered an
implementable scheme to use these ideas by developing a system of
auxiliary non-interacting electrons whose density is identical with
that of the true interacting system. They then derived the Kohn—
Sham equations, a set of self-consistent equations which are solved
iteratively until convergence as shown in Figure 1. The computa-
tional efficiency of this scheme and developments in exchange-
correlation functionals made DFT a pillar in computational material
science. The Kohn-Sham equation is formulated as an eigenvalue
equation analogous to the Schrédinger equation as in Equation 5:

hZ
(‘ %Vz + Verr (7”)> @;(r) = g@;(r) 5)
The term v,(r) in equation (5) is Kohn-Sham potential,
which can be represented as in Equation 6:
Vorr (1) = Vexe () + €2 [ L dr’ + uge (1) (6)

V., (1) and vy (1) are the external and exchange-correlation
potentials for a many-body system.
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Figure 1: Schematic representation of self-consistent solution of the
Kohn-Sham equations and optimised system configuration.

Over the years, numerous approximations to the exchange-
correlation functional have been developed. This advancement is a
testament to DFT's flexibility in balancing accuracy and cost. By
expressing quantum mechanics in terms of electron density, DFT
brings together theoretical underpinnings and application and is
thus essential to material design.

5. Theoretical Framework of DFT

The utility of DFT in practice is best demonstrated through
its myriad applications in the development of materials
[32],[33],[34]. DFT not only explains experimental data by predict-
ing chemical, electronic, and physical properties (See Figure 2), but
it also facilitates the design of novel materials with specified func-
tionalities. Two of the most important applications include material
property prediction and the design of novel materials.
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Figure 2: A range of properties predicted with DFT simulations.

5.1. Theoretical Foundations of DFT

One of the principal applications of DFT in the near term is
that it is capable of predicting intrinsic material properties from
first principles [35],[36]. These include a broad array of useful
electronic properties relevant to condensed matter physics, chemis-
try, and engineering in general: DFT enables one to compute band
structures, density of states, and effective masses of charge carriers.
They are of extreme significance in the context of photovoltaics,
semiconductors, and optoelectronic devices. DFT calculations, for
example, have been used to predict perovskite solar cell material
band gaps and the possibility of their tuning, along with their effi-
ciency. Solid-state electronic spin structure of ferromagnets, anti-
ferromagnets, and spintronic materials can be explored by spin-
polarised DFT. This has been particularly helpful in magnetic stor-
age devices and spin-based quantum computing devices. Further-
more, the elastic behaviour, phonon dispersions, and defect ener-
gies can be determined in order to comprehend material stability
and the way in which it responds to external stress. To illustrate,
DFT has been used to investigate the strength and flexibility of
two-dimensional materials like graphene and transition-metal
dichalcogenides. Phase diagrams, formation energies of defects,
and defect chemistry can be predicted with the use of DFT. It has
proved useful in materials screening for high-temperature or corro-
sive environments, e.g., applications in nuclear reactors. In energy
storage, DFT has been used to predict the barriers to diffusion of
hydrogen, sodium, and lithium ions in solid electrolytes. These
predictions are useful towards the goal of creating high-
performance future fuel cells and batteries. With such predictive
capabilities, DFT creates a close connection between microscopic
interactions and macroscopic material behaviour. It allows re-
searchers to interpret experimental observations and even predict
material performance under circumstances that could be very chal-
lenging, if not impossible, to reproduce in the laboratory.

5.2. Design of New Materials

Besides prediction, DFT is a design platform for synthesising
materials with known functionalities. Supported by computational
screening and high-throughput pipelines, researchers are able to
scan broad compositional and structural spaces, excluding candi-
dates of interest before synthesis. DFT has been the primary tool in
discovering novel semiconductor alloys and 2D materials with en-
gineered band gaps for applications in solar cells, light-emitting
diodes, and photodetectors. Calculations of electronic and optical
properties of layer materials like MoS, and WS, by DFT motivated
the discovery of such materials. DFT has been applied to heteroge-
neous catalysis for active site identification, reaction intermediate
prediction, and the proposal of novel catalytic mechanisms. DFT

computations, for instance, have influenced the development of
CO- reduction and hydrogen evolution reaction catalysts, which are
both critical to renewable energy technologies. DFT calculations
facilitated the optimisation of electrolytes and electrodes for lithi-
um-ion as well as for future batteries. Redox potential, barrier to
diffusion, and stability can be computed and utilised for designing
materials that have greater energy density and safety. DFT has
helped in the quest for novel families of superconducting materials,
such as iron-based superconductors and high-pressure hydride su-
perconductors. While it is challenging to predict critical tempera-
tures, DFT helps in narrowing down possible candidates. The dis-
covery of graphene spurred the research into other 2D materials,
most of which were first researched using DFT. Theoretical band
structure predictions, topological properties, and excitonic proper-
ties paved the way for experimental verification.

With the inclusion of DFT in the design, researchers can
move away from serendipitous to rational design and accelerate
innovation at a lower cost. DFT-based design has already achieved
improvements in photovoltaics, catalysis, and energy storage and is
entering new fields such as quantum computing and nanomedicine.

6. Challenges and Limitations of DFT

While Density Functional Theory has emerged as one of the
most universal and widely applicable techniques in materials sci-
ence, it is not without fault [37]. Its success is undeniable, yet as
with any theory, it has limitations caused by approximations, com-
putational requirements, and methodological concerns. It is of val-
ue to recognise these limitations both to interpret DFT results and
to guide ongoing efforts to make it more accurate and useful.

6.1. Computational Limitations

One of the primary challenges of DFT is that it is computa-
tionally costly, particularly for large and complex systems. Alt-
hough DFT is considerably less computationally costly than wave-
function-based methods like Coupled Cluster (CC) theory or Con-
figuration Interaction (CI), it still scales approximately with the
cube of the number of electrons in a system [38],[39]. This renders
it computationally intensive for systems that consist of thousands of
atoms, such as polymers, biomolecules, or realistic material inter-
faces. Besides, simulations of big systems like crystal defects, sur-
faces, and interfaces normally involve very big simulation cells and
reciprocal space dense sampling. Such demands can result in com-
putational requirements beyond the capability of typical desktop or
mid-scale cluster capacity. Even on supercomputers, compromises
have to be made between accuracy, computational feasibility, and
simulation size. An additional computational challenge arises if
time-dependent properties are needed. Standard DFT is a ground-
state theory, and while there are extensions such as Time-
Dependent DFT (TD-DFT), these are considerably more computa-
tionally intensive. Similarly, the description of excited states,
strong correlations, and non-equilibrium processes remains chal-
lenging, especially for systems with strongly localised d or f elec-
trons, such as transition metal oxides or rare earth compounds. Ac-
cordingly, although DFT is a very effective predictive method,
researchers will always be aware of its associated computational
problems and choose wisely the order of approximation and system
size they can realistically compute.

6.2. Accuracy and Reliability Problems

Probably the most debated limitation of DFT is the accuracy
of exchange-correlation (XC) functionals, the base of the theory.
The exact function is not known, and all practical DFT calculations
are based on approximations. The LDA works surprisingly well in
small metal systems and gives good structural properties; it yields
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too narrow band gaps and overbinds molecules. However, the func-
tionals like GGA with PBE improve the prediction of structures
and energetics, but still underestimates electronic band gaps, in
certain cases up to 50%. Incorporating a percentage of Hartree—
Fock exchange improves band gap prediction and reaction energet-
ics at a much higher computational expense. Furthermore, the ma-
terials containing localised electrons (e.g., transition metal oxides,
Mott insulators), standard DFT completely breaks down, predicting
metallic instead of insulating behaviours. DFT+U or Dynamical
Mean Field Theory (DMFT) are some of the tools required to cor-
rect such breakdowns. Yet another problem is the absence of uni-
versal correctness for various property predictions. A good func-
tional for a structural property can be a failure for electronic excita-
tions and vice versa. Such a lack of consistency complicates the use
of one functional for all tasks, and scientists must choose and vali-
date the functional suitable for their system of interest. Extremely
important, but not to account for van der Waals interactions, which
reign supreme in layered compounds, molecular crystals, and bio-
logical compounds. To correct for this, special vdW corrected func-
tionals or dispersion corrections must be used, which add com-
plexity with a degree of uncertainty. Collectively, these lay out that
whilst DFT is a very useful tool, it should never be used as a black
box. Results should be subjected to critical scrutiny, referenced
against experimental data whenever possible, and supplemented by
higher-level techniques where necessary.

7. Future Directions in DFT Research

Notwithstanding its limitations, the future holds much prom-
ise for DFT studies with ongoing progress in algorithms in compu-
tation, function development, and hybridisation with emerging
technologies. These will increase DFT scope, accuracy, and lower
the computational intensity, making it an even more vital tool for
discovering new materials. Time-dependent density functional the-
ory (TDDFT) extends ground-state DFT to study the time evolution
of electron density in many-electron systems. Based on the Runge-
Gross theorem, TDDFT maps the complex interacting system to a
simpler non-interacting Kohn-Sham system with the same time-
dependent density. It is widely used to calculate electronic excita-
tions and optical properties through linear response methods. The
exact form of the time-dependent Kohn-Sham potential is unknown
and typically approximated. TDDFT offers a computationally effi-
cient way to analyse dynamic quantum phenomena beyond static
ground states.

7.1. Integration with Machine Learning

It is also the leading edge of advanced studies in the interfac-
ing of machine learning (ML) and DFT through training ML algo-
rithms on massive collections of DFT calculations. Surrogate mod-
els predicting material properties at a fraction of a percentage of the
computational effort can be built [40],[41]. This opens the way:

e High-Throughput Screening: With ML-enhanced pre-
dictions, virtual millions of compounds are screened for
worthwhile properties, a number many orders beyond the
capability of conventional DFT cycles.

e Improved Functionals: Machine learning is utilised to
create data-driven exchange-correlation functionals that
better represent electron correlation effects than current
approximations.

e  Multiscale Modelling: ML models can bridge the gap be-
tween atomistic DFT simulations and continuum-level
material models, enabling predictions of material perfor-
mance under realistic device and environmental condi-
tions.

All these endeavours, like the Materials Project,
AFLOWLIB, and Open Quantum Materials Database (OQMD) are
already employing ML together with DFT datasets to accelerate
materials discovery, from new catalysts to superconductors. The
hybrid combination of DFT and ML is a paradigm shift toward
data-driven materials design.

8. New Horizons: Quantum Computing and
Beyond

Looking to the future, quantum computing can revolutionise
computational materials science, starting with DFT [42]. Quantum
algorithms can perhaps, in the future, directly address many-body
problems in a manner that the need for approximate functionals is
significantly reduced. While this is a vision still in its early stages,
work on quantum algorithms for electronic structure has already
started, looking forward to a time when quantum-enhanced DFT is
possible. Yet another emerging trend is incorporating time-
dependent and non-equilibrium effects. Extensions like Time-
Dependent DFT (TD-DFT) already permit calculations of excited
states and optical properties, but more robust models need to be
formulated to compute ultrafast dynamics, electron transport, and
photo-induced effects. Finally, the synergy between experimental
input and computation is gaining speed. Automated labs, coupled
with DFT and ML predictions, can be the closed-loop systems for
autonomous materials discovery as illustrated in Figure a. DFT
adds the quantum mechanical accuracy needed to ensure that there
will be credible predictions, while experiments validate as well as
correct computational results.

Data Feature
generation engineering
Intricate system
Result
an 1Iysi<;

Model
predlctlon
il
Training PTM“S Promising Materials
Training
and testing

Figure 3: A schematic illustration of the DFT-based and ML-
accelerated method for the discovery of promising materials in intri-
cate systems. The blue-dotted box means the procedure is optional.

DFT calculations

9. Conclusion

Our results demonstrate that neutrosophic logic provides a
fundamentally new language for describing quantum systems, one
that directly encodes ontological indeterminacy rather than reduc-
ing it to ignorance or vagueness. By applying neutrosophy to su-
perposition, entanglement, and wavefunction collapse, we establish
a framework that complements Hilbert space formalism while ex-
tending its interpretive power. This perspective has implications not
only for the foundations of quantum theory but also for the design
of algorithms, error correction, and decision-making in quantum
information science. Future integration of neutrosophic models
with experimental platforms such as weak measurements and quan-
tum tomography could yield testable predictions that distinguish
neutrosophic representations from classical probabilistic approach-
es. More broadly, embracing indeterminacy as an explicit dimen-
sion may reshape how uncertainty is modelled across physics,
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