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This workshop will critically examine the state-of-the-art, envision the potential for far-reaching discoveries, and stimulate novel concepts
and proposals in the emerging frontier of ultrafast quantum materials science. In view of the significant recent breakthrough of femtosecond
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Report on ARO workshop on Non-equilibrium Quantum Matter Created by Strongly-
Correlated Ultrafast Excitations

Jigang Wang
lowa State University and Ames Laboratory

Overview: On December 11-12, 2014, a small group of leading experts, both experimental and
theoretical, from complementary ultrafast non-equilibrium physics areas participated in an ARO
workshop entitled “Non-equilibrium Quantum Matter Created by Strongly-Correlated Ultrafast
Excitations”. They were charged to critically examine the state-of-the-art, outstanding questions,
envision the potential for far-reaching discoveries, and stimulate novel concepts and proposals in
the emerging frontier of ultrafast quantum materials science. The bulk of the workshop was spent
in both invited presentations and discussion sessions. The scientific programs were exciting and
the discussions were intense and productive. Dr. Marc Ulrich from the Army Research Office
motivates the participants on identify the elements of the most compelling scientific concepts and
technical capabilities for the non-equilibrium quantum materials research. The workshop speakers
rose to the questions effectively, deliberated several bold schemes and identified stimulating
questions which will set the agenda for their own research in the years ahead. These will influence
the whole community through their work in the forefront of this new discipline. The new
opportunity in quantum phase discovery and understanding will also have a strong long-term
impact on Army fundamental research needs and some grand challenges. For example, the
recurring theme targets “probing and controlling unique phenomena, especially in the studies of
novel quantum phases of matter”, “information processing/communications”, “ultrafast
electronics, optoelectronics”, and “complex oxide heterostructures” which are all important thrusts
specifically identified in the ARO research profile. A list of outstanding questions are recorded
below which provides a framework for recommendations of compelling conceptual and technical
capabilities in the end.

Scientific background: Traditionally, exotic quantum phases in advanced materials have been
discovered and studied by thermodynamic tuning with chemical substitution, high pressure or
strong magnetic field. The order parameters of these equilibrium phases are a manifestation of
spontaneous coherence, e.g. between many-body states separated by the Mott—insulator energy
gap or pairing electrons with the off-diagonal long range order, mediated by some low energy
charge/spin fluctuations. In the ultrafast perturbation and/or coherent regime, one can expect to
generate forbidden mixtures of order parameters and hidden metastable phases since the system
does not have time to respond to the changes in the Hamiltonian and will depart from the
instantaneous ground state. This out-of-equilibrium spectroscopy approach provides a “time-
window of opportunity” for discovering exotic quantum phenomena and hidden quantum phases.
In parallel, ultrafast measurement techniques, which span an extraordinary dynamical range using
various complementary probes, both photons, from terahertz to x-ray spectral regions, and electron



beams, allows to simultaneously monitor various components and fluctuations of complex order
parameters.

Issues identified in non-equilibrium quantum matter: Some outstanding and cross-cutting
questions are listed below which provides a framework for recommendations of compelling
conceptual and technical capabilities next.

Is it possible to identify and characterize true broken symmetry phenomena in quantum
materials far from equilibrium?

Can one identify some nearly-closed, quantum correlated condensed matter systems that
are far from equilibrium?

Is it possible to manipulate quantum coherence and entanglement at the macroscopic level
and ultrafast time scales?

How does the hidden state in the quantum materials arise from a normal, equilibrium state
after ultrafast photoexcitations? What are the formation pathways?

What are the dynamical signatures at finite temperatures associated with quantum critical
points (they mark zero-temperature phase transitions driven by quantum fluctuations) in
iron pnictide superconductors?

How to manipulate spin, charge and orbital ordering in transition-metal oxides by mode-
selective excitations?

How to achieve ultrafast control of quantum magnetism and identity salient features of
non-adiabatic spin dynamics in model systems e.g., those exhibit spin-nematicity?

What is the structure, properties and function relationship in ultrafast laser-induced phase
transitions in strongly correlated metal-oxide systems, e.g., V-, Mn- and Co-...?

Compelling conceptual and technical capabilities recommended: The ultrafast non-
equilibrium approach becomes an excellent avenue for the investigation of the questions above
and complex materials. The process must be driven by the both new concepts and creative way of
using technical capabilities.

Develop quantum excitation protocols that enable creating long-lived metastable quantum
states and hidden orders, which provides a complementary way to conventional materials
fabrication/discovery.

Develop reliable and robust instrumentations with simultaneous space, energy and time
visualization, i.e., nanometer in space, femtosecond in time and THz in energy, at a single
quanta level (1-electron, 1-photon, 1-spin).

Combine the ultrafast instrumentations with the control knobs similar to those used by the
traditional condensed matter/materials physics community such as high magnetic field,
high pressure and ultra-low temperature, and, yet, to provide the addition of fs time
resolution.

Correlate various advanced, complementary techniques to study the same model systems,
e.g., THz pump/THz probe, ultrafast x-ray and electron spectroscopy techniques, ultrafast
magneto-optical techniques

Develop theoretical simulations of the actual experimental results and make further
predictions to guide the experiments.



Further expand the impacts of the workshop: The discussions and ideas initiated by in the
workshop help develop proposals, initiate collaborations and join papers.

The W.M. Keck Foundation recently awarded Dr. J. Wang a three-year grant to support

construction, commissioning and initial use of an ultrafast THz nanoscope.

The discussions in the workshop have partially helped two papers, one submitted and the

other in final preparation:

1. A. Patz, et al., Critical speeding-up of non-equilibrium electronic relaxation near
Nematic phase transition in unstrained Ba(Fe1.xC0x)2Asz, in review, Phys. Rev. B (2016)

2. L. Luo, etal., Non-thermal fs generation of hidden spin order in LaCoOs3, in preparation,
Phys. Rev. Lett (2016)

Proper acknowledgements to this grant have been included in these papers.



