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Abstract. Quantum materials research is a rapidly growing domain of
materials research, seeking novel compounds whose electronic properties
are born from the uniquely quantum aspects of their constituent electrons.
The data from this rapidly evolving area of quantum materials requires a
new community-driven approach for collaboration and sharing the data
from the end-to-end quantum material process. This paper describes
the quantum material science process in the NSF Quantum Foundry
with an overarching example, and introduces the Quantum Data Hub, a
platform to amplify the value of the Foundry data through data science
and facilitation of: (4) storing and parsing the metadata that exposes
programmatic access to the quantum material research lifecycle; (i)
FAIR data search and access interfaces; (i) collaborative analysis using
Jupyter Hub on top of scalable cyberinfrastructure resources; and (iv)
web-based workflow management to log the metadata for the material
synthesis and experimentation process.
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1 Introduction

Quantum materials research is a rapidly growing domain of materials research,
seeking for novel compounds whose electronic properties are born from the
uniquely quantum aspects of their constituent electrons. Electronic states whose
order can be defined locally, such as superconductivity and collective magnetism,
emerge in quantum materials as well as electronic states forming non-local order,
such as topologically nontrivial band structures and many-body entangled states.
These and other states are sought to form the basis of the coming revolution in
quantum-based electronics and can allow quantum information to be harnessed
for next-generation computing and sensing applications.

Although there are material research data facilities built around generation,
ingestion and sharing of data, the data from this rapidly evolving area of quantum
materials require a community-driven approach for collaboration and sharing the
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data from the end-to-end quantum material process. It is critical to establish
a community network and a collaborative data management and analytical
ecosystem to couple data to theory to materials development and to complement
the growing number of theory-forward materials prediction databases in the field.
UC Santa Barbara’s NSF Quantum FoundryEI7 funded by the National Science
Foundation, is a next generation materials foundry that develops materials and
interfaces hosting the coherent quantum states needed to power the coming age
of quantum-based electronics. Its mission is to develop materials hosting unprece-
dented quantum coherence, train the next generation quantum workforce, and to
partner with industry to accelerate the development of quantum technologies.
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Fig. 1: The conceptual data pipeline for the Quantum Data Hub.

Devices

Scalable

This paper describes the quantum material science process with an overar-
ching example from the Quantum Foundry, and introduces the Quantum Data
Hub (QDH), a platform to amplify the value of the Foundry data through
data science. As depicted in Figure [1} the QDH collects, curates and manages
the experimental and theoretical scientific data, often not in a searchable and
queriable form until now. The data, which includes large amounts of physical
objects (e.g. samples/devices), characterization data, and growth and material
parameters serves as a backbone of our efforts, to aid the data-driven discovery
and development of new materials with engineered functionalities. The data is
made readily searchable for analysis using advanced cyberinfrastructure tools
for automated workflows, machine learning, and statistical analysis. The QDH
enables data cleaning to provide users with FAIR [I9] views over it. The data
collected is served through RESTful APIs that can serve the raw, cleaned and
versions of analytical data products in a scalable fashion. This scalable approach
allows for the simultaneous availability of such data to many processing modules.

Contributions. In this paper, we present the data and analysis components
of the Quantum Data Hub to facilitate: (i) storing and parsing the metadata that
exposes programmatic access to the quantum material research lifecycle involving
experimentation and synthesis; (i7) FAIR data search and access interfaces with
access control; (1) collaborative analysis using Jupyter Hub on top of dynamic
cyberinfrastructure resources; and (iv) web-based workflow management to log

3 Quantum Foundry Website: https://quantumfoundry.ucsb.edu/
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the metadata for the material synthesis and experimentation process. We also
present a case study for powder synthesis and measurement process.

Outline. The rest of this paper is organized as follows. In Section 2, we
describe the quantum material research process and a case study for powder
synthesis. Section 3 introduces the Quantum Data Hub architecture and its main
components. We review related work in Section 4 and conclude in Section 5.

2 Quantum Material Research Process and Data Model

2.1 Quantum Material Research Process

The past 15 years have witnessed a revolution in the computational modeling
and theoretical prediction of quantum materials with tailored electronic proper-
ties. Experimental assessment of these predictions however proceeds at a much
slower pace due to the bottleneck of the laborious and often iterative process
of experimentally synthesizing newly predicted materials. Due to the difficulty
in predicting and modeling inorganic reaction pathways, diffusion, and grain
growth at elevated high temperatures, the materials growth synthesis process
in the quantum materials domain remains dominated by chemically informed
starting points followed by onerous trial and error iteration.

The research process itself starts with a prediction of a new material with
desired functional properties. This is followed by developing a plan to synthe-
size the new compound, and starting points are typically chosen based off of
a researcher’s prior experience synthesizing related materials or via reported
synthesis conditions of similar compounds. A starting point for the reaction
conditions/processing space is chosen which involves the choice of the starting
reagents, a thermal profile for reacting the reagents, and the choice of the correct
processing space for the reaction to occur (e.g., what gas environment should be
used; what type of furnace/heating source; what type of reaction vessel; etc.).

Once the initial conditions are chosen, the experiment is executed and then
the product is analyzed via a number of experimental probes to ascertain what
material was created. This typically involves x-ray structural analysis, various
forms of chemical fingerprinting such as energy dispersive spectroscopy, and
composition analysis via electron microscopy. Once the composition of the created
material is ascertained, then the original conditions of the reaction are modified
to push toward the reaction toward the desired result. In quantum materials
research, the most common goal is to create a high purity, single phase sample of
the desired compound for follow on study.

Once the desired compound is created with the requisite purity, then the elec-
tronic properties of the compound are explored via a number of complementary
probes. This can include bulk measurements of electrical resistivity, the mag-
netic susceptibility, heat capacity, more advanced characterization with optical
spectoscopy, angle-resolved photoemission, and scanning tunneling microscopy.
Depending on the hypothesis being tested and the experiments needed, the form
factor for a sample may need to be a macroscopic, single crystal of the new com-
pound, rather than a multigrain powder (a collection of microscopic crystallites).
Developing the necessary parameters for achieving crystal growth of a given com-
pound then requires further experiment design and iterative growth/testing steps.
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We also note here that quantum materials are also heavily explored in thin film
form, which entails additional complexities (substrate type, growth orientation,
etc.) beyond the broad overview of “bulk” materials synthesis detailed above.

Once a high enough purity sample is created in the appropriate form factor
(e.g., power, single crystal, thin film), the lifecycle of experimental exploration can
be long. Measurement by multiple complementary probes is common, and many
materials are tuned chemically following their initial measurement in order to test
new hypothesis formed from the characterization data. Changing the composition
of the starting material to address these hypothesis begins the iterative synthesis
process again, which feeds into the theory, synthesis, characterization loop. The
synthesis step in this loop is a major bottleneck for the field.

Powder Synthesis Workflow

(a) (b)
Fig. 2: Powder synthesis and measurement process for the chemical GaNb,Seg:
(a) An excerpt from a lab notebook outlining the process. (b)The Quantum Data
Hub representation of the workflow for the process outlined in the lab notebook.

2.2 Example: Powder Synthesis and Measurement Process

An example use case of the synthesis and measurement of the chemical GaNbgSeg
is illustrated in Figure 2. The preparation of GalNbySeg involves several steps
involving multiple instruments and processes before the figure of merit of the
sample, its chemical purity, is confirmed using X-ray powder diffraction. This
measurement step is common to many solid-state chemical reactions and serves as
a node where the user then decides whether to proceed with other measurement
processes, represented by magnetometry and synchrotron diffraction in Figure 2.
The Quantum Data Hub (QDH) provides a number of features to make such an
analysis simpler and streamlined within the quantum material research process.
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