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Current Research and Recent Results

I am interested in topics related to nanoscience, quantum magnetism, and uncon-
ventional superconductivity. My research group investigates microscopic models of in-
teracting electronic systems, using numerical techniques to study their phase diagrams,
thermodynamics, and excitation spectra. Recently, we have investigated field-induced
phase transitions in quantum spin liquids, developed optimization algorithms to design
nanoscale opto-electronic devices, and applied BCS theory to investigate the consequences
of unconventional superconductivity in strongly correlated materials. Our work is con-
nected to experiments in the fields of nano-photonics, quantum antiferromagnetism, and
high-temperature superconductivity. Our numerical codes include the Stochastic Series
Expansion Quantum Monte Carlo, which is based on a series expansion of the operator
exp (−βĤ), the Dynamical Density Matrix Renormalization Group, which is a power-
ful technique to extract finite-frequency correlation functions of quasi-1D systems, and
Genetic Optimization, which we have implemented on parallel computers to find broken-
symmetry configurations that enable target response functions in nanoscale devices.

Quantum Percolation:

Percolation is known to occur in a variety of contexts, ranging from blood vessel forma-
tion to clusters of atoms deposited on substrate surfaces. A fundamental question which
forms the basis of this project is whether the classical picture of permeating networks also
applies to systems whose behavior is dominated by strong quantum fluctuations. In this
respect, low-dimensional quantum magnets offer an ideal testing ground to investigate
the interplay between quantum fluctuations and geometric randomness. Systematic ex-
perimental and numerical studies have begun only recently to probe the physics of these
systems.

In this work we use the Stochastic Series Expansion Quantum Monte Carlo method
to investigate quantum phase transitions in the spin-1/2 Heisenberg antiferromagnet on
square lattices with inhomogeneous bond dilution. Recently, we demonstrated that quan-
tum fluctuations can be continuously tuned by inhomogeneous bond dilution, eventually
leading to the destruction of long-range magnetic order on the percolating cluster. Two
multicritical points were identified at which the magnetic transition separates from the
percolation transition, introducing a novel quantum phase transition. Beyond these mul-
ticritical points a new quantum-disordered phase appears, characterized by an infinite
percolating cluster with short ranged antiferromagnetic order. In this phase, the low-
temperature uniform susceptibility was found to diverge algebraically with non-universal
exponents. This is a signature that the novel quantum-disordered phase is a quantum
Griffiths phase, as it was also directly confirmed by the statistical distribution of local
gaps. This study thus presented first evidence of a genuine quantum Griffiths phenomenon
in a two-dimensional Heisenberg antiferromagnet.



Adaptive Quantum Design:

In the near future, it will be possible to control the precise spatial positions of atoms
and molecules using the experimental techniques now being developed by nanoscience. To
utilize these emerging capabilities we are creating new sets of theoretical tools to assist in
the exploration of a potentially vast number of atom configurations and a corresponding
enormous range of physical properties. In particular, we are developing adaptive quantum
design algorithms to identify the best broken-symmetry spatial configurations of nanoscale
building blocks such as atoms and molecules that enable desired target function responses.
Recently, we have applied these techniques to tailor the quasiparticle density of states
in atomic clusters, to achieve specific transmission profiles in dielectric structures for
photonics, and to engineer many-body wave functions in quantum wells which can be
used as excitonic modulators.

Properties of Unconventional Superconductors:

Many recently discovered strongly correlated systems, such as the high-Tc cuprates,
the organic conductors, and the heavy fermion compounds, display signatures of uncon-
ventional ground states. These include nodal superconductivity, unconventional density
wave order, and in some instances coexistence phases. We have developed a generalized
BCS mean field theory to investigate these anisotropic states. Over the past years, I
have collaborated with Manfred Sigrist and Kazumi Maki on several projects concerning
the properties of unconventional superconductors. These works focus on ways to identify
the superconducting order parameter of novel compounds, such as CeCoIn5, MgB2, and
Sr2RuO4. Furthermore, we have extended the BCS formalism for anisotropic supercon-
ductors to the case of unconventional density wave states.

Magnetic Field Induced 3D Ordering in Antiferromagnets

We have studied magnetic field induced three-dimensional ordering transitions in
weakly coupled low-dimensional quantum spin liquids, such as antiferromagnetic spin-
1/2 Heisenberg dimers and ladders. Using stochastic series expansion quantum Monte
Carlo simulations, we obtained their thermodynamic response functions down to ultra-
low temperatures. Moreover, we extracted the critical scaling exponents which dictate the
power-law dependence of the transition temperature on the applied magnetic field. These
can be compared with recent experiments on candidate materials and with predictions for
the Bose-Einstein condensation of magnons obtained in mean-field theory. We found that
the critical exponents deviate from isotropic mean-field theory and also exhibit different
scaling behavior at the lower and upper critical magnetic fields.



Teaching and Outreach Activities

Teaching, both on the graduate and the undergraduate level, is to me a most attractive
aspect of being a faculty member at a major research university. A good balance between
research and teaching is the basis of a rich and gratifying academic life.

At the present, I enjoy the opportunity to teach on both levels. On the undergraduate
level, I have been teaching a conceptual physics course for majors in non-technical fields
and a calculus based introductory mechanics and thermodynamics course for engineering
and science majors. These classes have typical sizes of 150 - 200 students. My main
objective is to keep the students involved. Therefore, demonstrations, such as the bed
of nails and less dramatic ones, are extremely effective. Furthermore, components from
Mazur’s Peer Instruction, student led problem solving, physics “game shows”, and physlet
software resources are used in the lecture. This interactive learning environment is highly
appreciated by the students who have in their evaluations rated the instructor 4.8 on a
scale of 5. In 2001, I received the USC Raubenheimer award for the most outstanding
junior faculty in research and teaching, and a general education teaching award by the
College of Letters, Arts, and Sciences at USC.

For the graduate curriculum, I have developed and taught a new course on computa-
tional physics. The objective of this class is to furnish our physics graduate students with
computational techniques needed for their research, such as programming, data analysis,
and use of scientific software. Furthermore, it provides numerical skills which are useful
in today’s academic job market as well as in industry and the world of finance. This
course has consistently had the highest ratings of all graduate classes which are offered
in our department. Besides homework and a final project, the students are actively in-
volved by giving presentations on special topics, such as Graphics and Animations or
Programming with Numerical Recipes. I also invite colleagues from other related fields
to give in-class presentations on topics such as brain imaging and financial forecasting.
The course website is at http://physics.usc.edu/∼shaas/516/ .

With younger research collaborators, such as my postdoc, five graduate students,
and two advanced undergraduate students, I have always found it beneficial to view
them as equal colleagues. They enjoy research more, thus producing better results, when
participating in setting the course of a project rather than merely executing detailed
instructions. The students engaged in my field require a solid background in statistical
mechanics and condensed matter physics, most of which is picked up while participating
in the projects. Some of the less challenging numerical aspects of my work are within
the grasp of advanced undergraduates and beginning graduates with good computational
skills, and provide them with a broad background of methods for their future career.

Besides these activities, I have organized the departmental colloquium for 2 semesters,
and the condensed matter seminar for the past 5 years. My aim is to ensure that the



talks are kept on a level accessible to our graduate students. I am currently the director
of graduate studies of our department. Here, my main focus is the aggressive recruitment
of top students, and the reform of our present graduate curriculum in order to offer a
wider spectrum of research oriented courses to our current students. In addition, I advice
several undergraduate physics majors. I am giving lectures for the USC Orientation Fac-
ulty Showcase, at the Summer Bridge Program for Underrepresented Freshmen, and for
the USC Science Day. Moreover, I am organizing an annual summer workshop for high
school physics teachers in Los Angeles, and represent our department at the LAPTAG
(Los Angeles Physics Teachers Alliance Group). This is a group of committed high school
physics teachers who meet every other month to exchange ideas, plan common research
projects for students, such as the Los Angeles Seismology Project. In this project, the
propagation of shock waves, triggered by small controlled explosions, is measured at sev-
eral points (high schools locations) within the greater Los Angeles area. We also regularly
invite these teachers to USC to discuss and design new in-class demonstrations.


