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RESEARCH STATEMENT

Jianwei Sun (jianweisun@temple.edu)

Executive Summary

Due to its efficiency and useful accuracy, density functional theory (DFT), along with its extensions
(e.g., the time-dependent or TD DFT), is one of the most widely used electronic structure theories in
condensed matter physics and quantum chemistry. DFT is exact for the ground state energy and elec-
tron density in principle, but its exchange-correlation energy (E,.) needs to be approximated in practice.
My research interests are to understand fundamental properties of E,. (or the exchange-correlation po-
tential V. and kernel f,. in case of TDDFT), to use such understanding to derive accurate and/or
efficient approximations, and to apply the derived approximations to predict properties and behaviors
of materials as well as to computationally design materials that are scientifically, technologically, or
economically important.

In the past several years, I was focusing on the development of semilocal meta-generalized gradient
approximation (meta-GGA) to E,.. I have demonstrated that meta-GGA is more accurate than the
current dominant semilocal approximations with comparable computational cost [1]. T have designed
a way to construct metaGGAs [2]. I have shown that metaGGAs can recognize different chemical
bonds (covalent, metallic, and even weak bonds) and treat them accordingly with different GGAs [3].
I have constructed the strongly-constrained and appropriately-normed (SCAN) metaGGA [4] that
predicts accurate structures and energies with improved band gaps for materials and provides the
description of the intermediate-range van der Waals (vdW) interaction. By adding the long-range
vdW correction, SCAN+ vdW-correction emerges as a promising functional [5] for molecules, layered
solids, and non-layered solids, where vdW may or may not be important. I have applied SCAN to
study the intercalation of copper in the birnessite manganese oxide for water splitting. Besides the
work on metaGGAs, I have found a cheap and reliable way to screen for minima of the reaction space
of water oxidation with manganese oxide clusters [6], which can be extended to study mechanisms of
chemical reactions and to screen for new catalysts.

Next, with the understanding from SCAN, I will develop nonlocal corrections to SCAN for strongly-
correlated electron systems and a metaGGA for accurate band gaps. In the application side at the
near future, I will use SCAN and SCAN-based nonlocal functionals (including SCAN+vdW-correction)
to study systems and properties important to the energy and health issues. I will keep working on
applying the cheap and reliable way to study catalytic problems and to screen for new catalysts.

Background and Challenges of Density Functional Theory

Modern society has been benefitting from developments of technology (e.g., cars, cell phones, com-
puters, etc), which however demand enormous resources from our planet, the Earth, and change our
environment dramatically (e.g., climate change). To advance technologies that are environmentally
friendly, one of the keys is to develop and control the underlying materials. The real-world materials
are collections of atoms, which in turn consist of nuclei surrounded by much lighter electrons. The
behavior of electrons is governed by quantum mechanics and largely determines properties of materials.
Therefore, the grand challenge becomes how to understand and control materials processes at the level
of electrons.

DFT is one of the most widely used approaches to calculate electronic structures of materials
due to its efficiency and useful accuracy. DFT in the Kohn-Sham (KS) scheme (in the following
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discussions, “DFT” means KS-DFT unless stated otherwise) simplifies a many-electron wavefunction
problem to an auxiliary one-electron problem, delivering the ground-state energy and electron density
in principle. But, in practice, its exchange-correlation part carrying the many-electron effect needs to be
approximated. DFT with the local spin density approximation (LSDA) became popular in condensed
matter physics, and then in quantum chemistry after generalized gradient approximations (GGAs)
and hybrid GGAs were introduced. However, along with its success come the challenges to DFT (or
TDDEFT) [7], which include:

1. Estimation of fundamental band gaps (defined as I — A, where I is the ionization potential and
A is the electron affinity) of semiconductors and insulators [7], and description for strongly-
correlated electron systems [8] (e.g., Mott insulators), which are directly related to the derivative
discontinuity of Ez. [8, 9].

2. Weak interactions (hydrogen bonds and van der Waals interactions), which are important for
biological systems and soft condensed matter physics.

3. Applications of DF'T to large or high-temperature systems, e.g., molecular dynamics simulations
of liquids or warm dense matter.

4. Description for some excited states (e.g., Rydberg states, charge transfer states, double excita-
tions, and conical intersection), and thus the calculation of spectroscopic observables of materials.

Many materials processes are closely related to these challenges. To illustrate this relation, I present
here several examples that I am interested in. First is the carbon capture which requires finding
materials that can selectively bind carbon dioxide molecules weakly such that CO2 can be released
easily and economically to be stored later. The Mg-MOF74 metal organic framework is one such
material, in which CO2 binds to the MOF by the van der Waals interaction. The second example
is the cathodic materials for lithium-ion batteries that are important for the information technology
industry and the energy storage. The cathodic materials usually consist of transition metal oxides
where d electrons are localized around transition metal ions and strongly correlated. Also, many
cathodic materials are layered and bonded by weak interactions between layers. Another example is
photovoltaic materials which are required to efficiently absorb light by having a band gap matching
well the light spectrum, and to efficiently separate photoexcited electrons and holes.

While I am interested in the developments to tackle all these challenges, my current focuses are on
the first two challenges and related applications, by starting from my work on meta-GGAs.

Advantages of Meta-GGAs

Meta-GGAs belong to a promising type of exchange-correlation approximations, that are potentially
more accurate than GGAs but with comparable computational efficiency [1, 3], and thus are of special
interest for large molecules, surfaces, and solids. Compared to GGAs, which use the electron density
and its gradient as inputs, meta-GGAs add the kinetic energy density. Due to the semilocal feature of
the kinetic energy density in computation, meta-GGAs are comparable to GGAs in terms of efficiency.
Meanwhile, the inclusion of the electron kinetic energy density enables metaGGAs to recognize and
accordingly treat different chemical bonds (e.g., covalent, metallic, and even weak bonds) that include
the intermediate van der Waals interaction [1, 2, 3, 4]. Such performance cannot be obtained by a
GGA [1, 3]. Meta-GGA could also serve as a better base for nonlocal functionals.
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Developments and Applications of DFT (TDDFT) for Materials Re-
search — A Research Agenda

1. Development of a Meta-GGA for Band Gaps of Solids

Band gap is a fundamental property of materials that is of significant importance to other proper-
ties and their applications (e.g., topological insulating phases and the utilization of solar energy).
However, the Kohn-Sham band gaps (defined as the energy difference of the lowest unoccupied
orbital and the highest occupied orbital) of conventional semilocal density functionals are usually
too small. Actually, even the exact exchange correlation functional would underestimate the KS
band gap due to the existence of the derivative discontinuity of the exact V... Nonlocal hybrid
functionals that mix the nonlocal exact exchange with semilocal density functionals can improve
the predictions, but with a dramatic sacrifice of the efficiency and thus not suitable for large
systems. Many body perturbation theory can often provide more accurate and reliable predic-
tions for band gaps, but it is even more computationally expensive than the hybrid functionals.
Surprisingly, the SCAN band gaps are considerably larger than those from conventional semilo-
cal density functionals. One of the reasons for the improvement is that metaGGAs are usually
implemented in the manner of optimal variational effective potential, i.e., the total energies are
optimized with respect to the orbitals, and therefore steps out the Kohn-Sham theorem. In
view of the tremendous advantage in efficiency, it is very attractive to design a metaGGA for
band gaps of solids. There have been studies trying to obtain accurate band gaps from semilocal
functionals [10, 11]. Some encouraging progress has been made at the GGA level, but with a
sacrifice of good description for total energies[11]. Since meta-GGAs have one more ingredient
than GGAs, there is much room left for improvement of meta-GGAs.

2. Development of Meta-GGA-based Nonlocal Functionals for Strongly-Correlated Electron Systems

Compounds involving transition metals are widely used in modern technologies due to their rich
chemical and physical properties (e.g., catalytic, magnetic, and ferroelectric properties). How-
ever, theoretical descriptions of these compounds are usually difficult due to the near-degeneracy
developed from the partially filled d subshells and the near-degenerate (n+1)s and nd subshells.
The multi-reference feature resulted from the near-degeneracy makes inadequate wavefunction
methods based on a single reference in quantum chemistry and the many body perturbation the-
ory in condensed matter physics. DFT with semilocal approximations, on the other hand, does
much better work on such systems. However, the performance of conventional semilocal approxi-
mations on transition metal compounds is usually not as good as that on the sp bonded systems,
due to the presence of the nonlocal strong correlation originated from the near-degeneracy. Inter-
estingly, from the preliminary results we have, SCAN improves the formation energies of solids
with and without transiton metals significantly over the standard Perdew-Burke-Ernzehof (PBE)
GGA.. However, to fully address the strong correlation, nonlocal corrections have to be developed.
Two approaches will be adopted.

e Apply the Fermi-Orbital (FO) Perdew-Zunger (PZ) self-interaction correction (SIC) to
meta-GGAs. The Perdew-Zunger self-interaction correction to GGAs usually improves
performance on strongly-correlated (e.g., d- and f-electron) systems and band gaps, but
worsens thermochemical properties of sp bonds. The FO-SIC on SCAN could solve this
dilemma. This work will be conducted in collaboration with Profs. John Perdew and Mark
Pederson.



4/5

e In the spirit of MGGA-MS and SCANJ2, 4] — which constructs a GGA for all 1- and 2-
electron systems, and a GGA for slowly-varying densities, then interpolates between them
through the right dimensionless parameter built from the kinetic energy density [3] — we
replace the GGA with a nonlocal functional (e.g., one including exact exchange) for all 1-
and 2-electron systems. Yang and his collaborators attributed many failures of DFT to the
inability of the exchange-correlation approximations to treat accurately the stretched Ho
and HJ molecules (one- and two-electron systems) simultaneously [8].

3. Applications of DFT

With the excellent performance of SCAN and SCAN+vdW-correction, I will continue applying
them to study the fundamental properties of 2D and layered materials as well as their applica-
tions for energy applications, which has been funded by the EFRC grant. Besides that, I am
also interested in applying them to systems including (but not limited to) thermoelectric and
ferroelectric materials as well as molecular crystals. The current priority will be given to the
EFRC projects and the study on molecular crystals.

e Mechanical, electronic, optical, and magnetic properties of the pristine and functionalized
layered materials, and their potential applications for energy applications, will be studied
theoretically and experimentally through the collaborations between the principal investi-
gators of the DoE Energy Frontier Research Center (EFRC): Center for the Computational
Design of Functional Layered Materials.

e Molecular crystals play an important role in many areas of science ranging from mechanics
and electronics to biology and medicine. They are crystalline solids that are composed
of molecules bound together by relatively weak intermolecular interactions, typically con-
sisting of vdW interactions and/or hydrogen bonds. A large amount of effort has been
dedicated to understanding their structure and properties. Among them, an outstanding
problem is polymorphism, which can have enormous effect on other properties of a crystal
and is an active research area for pharmaceuticals, high energy materials, and dyes and pig-
ments. Although the pair-wise vdW corrected conventional semilocal density functionals
are reasonably accurate and widely applied for molecular crystals, distinguishing different
polymorphs of a molecular crystal is still a difficult task. However, SCAN predicts the
right energetic orders for the 4 water hexamer clusters and 7 ice polymorphs, which no
previous density functional can do. This can be ascribed to the intermediate-range vdW
interaction captured by SCAN, which is a true many-body effect missing in the pair-wise
vdW corrected conventional semilocal approximations and is likely important in terms of
distinguishing different polymorphs. Therefore, after adding the needed long-range vdW in-
teraction, SCAN+vdW-correction can be useful for the study of polymorphism of molecular
crystals.

4. Screening for Minima of Reaction Space

In chemical reactions, identifications of reactants and products are of critical importance for
thermodynamic and kinetic properties, with which the transition states between them can also
be determined. We have devised a cheap way to screen for minima of reaction space of a molecular
system, using the classical Coulomb energy of the system modeled by a collection of charged point
ions to map out the ab initio potential energy surface determined by density functional theory.
The method is reliable in identifying low-energy states of a manganese oxide cluster decorated
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by water. I will extend this method to study catalytic problems, e.g., water splitting, methane
oxidation, carbon monoxide oxidation, and hydrogenation and dehydrogenation using transition
metal nanoparticles.
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TEACHING STATEMENT

Jianwei Sun (jianweisun@temple.edu)

Teaching is an important part of my graduate training. I served as the Teaching Assistant for the
course ”Introductory Physics I Lab” for the 2008 academic year. This Teaching Assistant experience
taught me the importance of being patient and responsible for students and how to be so. After the
birth of my daughter on March 2011, the importance of these two characteristics become even clearer
to me because great patience and responsibility are needed to teach a toddler who doesn’t even know
how to speak. As it turned out in that academic year, my teaching was successful and I was awarded
2008 Outstanding Teaching Assistant of the Year from American Association of Physics Teachers.

As a senior graduate student and postdoc fellow at Tulane University, I had opportunity to do sub-
stitute teaching on courses for graduate students, including Quantum Mechanics, Solid State Physics,
and Atomic and Molecular Physics. Also, I was given an opportunity by Dr. James McGuire to teach
undergraduate students for the first time as a guest lecturer in his class of “Introductory Physics” in
Fall 2012. Kindly, the students gave honest and helpful advice for my teaching in cards after the class.
This made me think that students are people, and teaching should be conducted in a respectful way.
Constructive communication between teachers and students could result in resonance that benefits
both.

After I moved to the Physics Department of Temple University as a Research Assistant Professor, I
had a chance to teach a recitation of “elementary classical physics I” for about 120 students in 4 sections
in Fall 2013. Unlike the previous experience, this class brought me more interactions with students
and more thoughts about teaching. Generally, I think successful teaching involves three interacting
components: knowledge by teaching new materials, critical thinking by asking questions about
learned knowledge, and curiosity by questioning the limitations of learned knowledge which then
drives them to acquire additional knowledge. However, the weight of each component should change
according to the mission of a class and the background of the students in the class. In my recitation
where students came for solutions of problems to test their knowledge, I put the priority on “critical
thinking” and redelivering “knowledge”. Since teaching is an interactive process, I also believe that
a teacher needs to be confident in the class and accessible after class. A way to gain such confidence
is by preparing classes carefully. Although the recitation only required me to solve the homework
problems that were relatively easy, I went over the materials that the homework problems covered each
time.

The courses I can teach at the undergraduate level include Introductory Physics (algebra-based),
General Physics (calculus-based), Classical Mechanics, Modern Physics, Thermodynamics, Chemical
Physics, and Computational Physics (or Computational Chemistry). At the graduate level, I can teach
Quantum Mechanics, Solid State Physics/Chemistry, Atomic and Molecular Physics, and Molecular

Quantum Mechanics. I am willing to learn to teach other subjects when needed.





