Ø Understanding real materials of technological relevance (T, Fu)
The research focus in Fu group is to investigate and understand real materials of technological
importance by using solid state theory and first-principles density functional calculations. Perspective
REU students can choose to participate in any research activity in the following areas, depending on
their interests.
(I) Ferroelectric (FE) nanostructures of perovskite oxides: These ferroelectric or piezoelectric
perovskites distinguish themselves from other classes of materials, by possessing spontaneous
polarization under zero electric field and by being able to efficiently convert electricity into mechanical
energy or vice versa. They are widely utilized in energy-conversion devices such as transducers and
actuators, robotics, and MEMS1. These materials have also been ubiquitously used in ultrasonic
imaging for human health, arrays for telecommunications, and military sensors for national security.2
Furthermore, ferroelectrics often have high dielectric susceptibility, and have been heavily used for
energy storages and microelectronics,2 as well as for nonvolatile random access memories.3 Our active
researches involve the studies of new phase transitions in FE nanoparticles4, one-dimensional wires5,
symmetry-breaking phase transformation path between two phases of entirely different order
parameters6, vortex switching7, defect physics in ferroelectrics8, rigorous definition and computing of
LO/TO splitting9, as well as new morphotropic phase boundary and ultrahigh electromechanical
responses10. The REU students will use the density-functional theory to calculate the relative phase
stabilities of different ferroelectric structures, the magnitudes of atomic off-center displacements, as
well as the size of spontaneous polarization using the modern theory of polarization. The REU
participants will gain important knowledge on first-principle density functional theory, spontaneous
polarization, and ferroelectric physics.
(II) The second area of research is to investigate, understand, and attempt to improve the desirable
properties of semiconductor-based organic-inorganic hybrid materials that may yield next generation of
solar electric devices (with much improved efficiency) for clean energy, as well as being able to
generate new ideas on microelectronics and optoelectronics. Semiconductor-based hybrid materials,
synthesized as super-structures with alternating organic and inorganic constituents, combine the
advantages of inorganic semiconductors and organic polymers, which are two major types of materials
of interest. Purely-organic devices are mechanically flexible, but often suffer low carrier mobility
because of weak Van der Waals interaction between molecules. By contrast, inorganic components in
hybrid materials overcome this limitation and provide many superior features such as high carriermobility in thin-film field effect transistors,11 enhanced electron-hole recombination rate in
optoelectronic diodes,12 and possible doping of spin electrons in magnetic devices13,14. The organic
components, which serve as the building “glue” to connect the inorganic blocks, provide great
flexibility in structure design, and enable the future generation of electronic devices made of hybrid
materials to be folded into a very small volume. These hybrid composites can potentially make the
dream of “plastic semiconductors” a reality. The research activities in our group include the studies of
optical and electronic properties in hybrid single crystal15,16 ZnSe(C2H8N2)1/2, influence of
mechanical pressure on the electron properties17, unusual zero thermal expansion18, etc. The
participating REU students will determine the structure as well as electronic properties of the hybrid
materials by using density functional calculations. Students will gain knowledge on the key differences
in the physical properties of organic, inorganic, and hybrid solids, and will be exposed to a new field of
hybrid materials.
(III) Semiconductors: Semiconductors are the prototypical materials for examining new ideas and
theories. New semiconductor technologies prefer to have multi-functional materials that are suitable for
multi-purposes and with better performances. For example, seeking the same material that can be used
simultaneously for high speed electronics,19,20 sensitive infrared sensors,21 solid-lighting
optoelectronics,22,23 as well as spin transport in spintronics24 is of great fundamental and technological
relevance. Our research activities include electromechanical response25 in GaN, crystallographic
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orientation dependent electronic properties in InP nanowires26, polar-to-nonpolar transition27 in ZnO,
giant Rashba spin splitting28 in BiTeI, δ-doping29 in SrTiO3, etc. The REU students will calculate the
atomic geometry, band structure, optical transition probability, and effects of spin-orbit interaction in
semiconductors. Those students will gain essential knowledge on semiconductor physics, atom-atom
interaction, spin physics, and density functional calculations.
Fu has experience working with more than ten undergraduate students, REU students in summer,
and high-school teacher.

1. Uchino, K. Piezoelectric actuators and ultrasonic motors (Kluwer Academic, Boston, 1996).
2. Lines, M. E., Glass, A.M. Principles and applications of ferroelectrics and related materials
(Clarendon, Oxford, 1979).
3. Scott, J. F. Ferroelectric memories (Springer Verlag, 2000).
4. Naumov, I., Bellaiche, L. & Fu, H. Unusual phase transitions in ferroelectric nanodisks. Nature 432,
737-740 (2004).
5. Naumov, I. and Fu, H. Spontaneous polarization in one-dimensional Pb(ZrTi)O3 nanowires,
Phys. Rev. Lett. 95, 247602 (2005).
6. Naumov, I. and Fu, H. Vortex-to-polarization phase transformation path in ferroelectric
Pb(ZrTi)O3 nanoparticles, Phys. Rev. Lett. 98, 077603 (2007).
7. Naumov, I. and Fu, H. Cooperative response of Pb(ZrTi)O3 nanoparticles to curled electric
Fields, Phys. Rev. Lett. 101, 197601 (2008).
8. Raeliarijaona, A. & Fu, H. Persistence of strong and switchable ferroelectricity despite
vacancies, Sci. Rep. 7, 41301 (2017).
9. Raeliarijaona A. & Fu, H. Mode sequence, frequency change of nonsoft phonons, and LOTO splitting in strained tetragonal BaTiO3, Phys. Rev. B 92, 094303 (2015).
10. Fu, X, Naumov, I, and Fu, H. Collective dipole behavior and unusual morphotropic phase
boundary in ferroelectric Pb(ZrTi)O3 nanowires, Nano. Lett. 13, 491 (2013).
11. Kagan, C. K., Mitzi, D. B. & Dimitrakopoulos, C. D. Organic-inorganic hybrid materials as
semiconducting channels in thin-film field-effect transistors. Science 286, 945-947 (1999).
12. Colvin, V. L., Schlamp, M. C. & Alivisatos, A. P. Light-emitting diodes made from cadmium
selenide nanocrystals and a semiconducting polymers. Nature 370, 354-356 (1994).
13. Onho, Y. et al. Electrical spin injection in a ferromagnetic semiconductor heterostructure. Nature
402, 790 (1999).
14. Fiederling, R. et al. Injection and detection of a spin-polarized current in a light-emitting diode.
Nature 402, 787 (1999).
15. Fu, H. & Li, J. Density-functional study of organic-inorganic hybrid single crystal
ZnSe(C2H8N2)1/2. J. Chem. Phys. 120, 6721-6725 (2004).
16. Huang, X., Li, J. & Fu, H. The First Covalent Organic-Inorganic Networks of Hybrid
Chalcogenides: Structures That May Lead to a New Type of Quantum Wells. Journal of the
American Chemical Society 122, 8789-8790 (2000).
17. Nazzal, A. & Fu, H. Organic-inorganic hybrid semiconductor ZnSe(C2H8N2)1/2 under hydrostatic
pressure, Phys. Rev. B 72, 075202 (2005).
18. Zhang, Y. et al. Zero thermal expansion in a nanostructured inorganic-organic hybrid crystal, Phys.
Rev. Lett. 99, 215901 (2007).
19. Huang, Y. et al. Logic gates and computation from assembled nanowire building blocks. Science
294, 1313-1317 (2001).
20. Lieber, C. M. The incredible shrinking circuit. Scientific American 285, 58-64 (2001).
21. Asahi, H., Zhou, Y.-K., Kanamura, M., Okumura, S. & Asami, K. Mid-infrared sensor-memory
characteristics in MnInAsSb/InSb heterostructures. IPAP Conference Series 2, 265-267 (2001).

2

22. Alivisatos, A. P. Semiconductor clusters, nanocrystals, and quantum dots. Science 271, 933-7
(1996).
23. Hu, J. et al. Linearly polarized emission from colloidal semiconductor quantum rods. Science 292,
2060-3 (2001).
24. Malajovich, I., Berry, J. J., Samarth, N. & Awschalom, D. D. Persistent sourcing of coherent spins
for multifunctional semiconductor spintronics. Nature 411, 770-772 (2001).
25. Fu, H & Bellaiche, L. First-principles determination of electromechanical response of solids under
finite electric fields, Phys. Rev. Lett. 91, 057601 (2003).
26. Karanth, D. & Fu, H. Polarization ratio and effective mass in InP nanowires: effect of
crystallographic axis, Phys. Rev. B 74, 155312 (2006).
27. Alahmed, Z. & Fu, H. Polar semiconductor ZnO under inplane tensile strain, Phys. Rev. B 77,
045213 (2008).
28. Fu, H. Tunability of giant Rashba spin splitting in BiTeI, Phys. Rev. B 87, 075139 (2013).
29. Adhikari, R. & Fu, H. Structural and electronic properties of LaO δ-doped SrTiO3 caused by
biaxial strain, J. Appl. Phys. 116, 123712 (2014).

3

