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Top: Energy dispersive x-ray analysis showing the distribution of Cu, Ag and Se elements in
the synthesized CuAgSe nano platelets obtained from Cu,«Se nano platelets through Ag” ion
exchange reaction at 300K: (a) original crystal, (b) Cu-K, (c) Se-K, (d) Ag-K. Nanoscale 7
(21), 9452 (2015). (Courtesy: P. Ferdinand Poudeu, University of Michigan)

Right Middle: Scanning transmission electron micrograph of a PNNL MBE-grown, all
perovskite pn junction consisting of p-Srp 12Lap8sCrOz on n-SrTiO3(001). Adv. Mat. 27, 5191
(2015). (Courtesy: Scott Chambers, Pacific Northwest National Laboratory)

Left Middle: Arrays of semiconducting heterojunctions — the building blocks of ultrathin
device electronics — were formed for the first time within a two-dimensional crystalline
monolayer by lithographic patterning and pulsed laser deposition of sulfur. Sulfur atoms
(green) replace selenium atoms (red) to convert MoSe, to MoS; in lithographically exposed
regions (top) as shown by Raman spectroscopic mapping (bottom) of an actual MoSe,/MoS;
crystal. Nature Commun. 6, 7749 (2015). (Courtesy: David Geohegan, Oak Ridge National
Laboratory)

Bottom: From left to right, STEM image of a defect-free InGaN nanorod, and mapping
images of element constituents in the InGaN nanorod. The colors of red, green, and purple
represent In, N, and Ga respectively. Nanotechnology 25, 225602 (2014). (Courtesy: Jung
Han, Yale University)

This document was produced under contract number DE-AC05-060R23100 between the U.S.
Department of Energy and Oak Ridge Associated Universities.

The research grants and contracts described in this document are supported by the U.S. DOE Office
of Science, Office of Basic Energy Sciences, Materials Sciences and Engineering Division.
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FOREWORD

This abstract book comprises the scientific content of the 2015 Synthesis and Processing Science
Principal Investigators’ Meeting sponsored by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, Materials Sciences and Engineering (MSE) division. The meeting,
held on November 2—4, 2015, at the Washington D.C. North/Gaithersburg Hilton, Gaithersburg,
Maryland, is the fifth principal investigators’ meeting on this topic and is one among a series of
research theme-based principal investigators’ meetings being held by the MSE division.

The purpose of this principal investigators’ meeting is to bring together all of the researchers funded
in the Synthesis and Processing Science core research activity so they can get a firsthand look at the
broad range of materials science research that is being supported in this important research area. The
meeting will serve as a forum for the discussion of new results and research highlights, thus fostering
a greater awareness of significant new advances in the field and the research of others in the
program. The confidential and collegial meeting environment is intended to provide unique
opportunities to develop new collaborations among Pls, and new ideas. In addition, the meeting
affords BES program managers an opportunity to assess the state of the entire program at one time on
a periodic basis, in order to chart future directions and identify new programmatic needs.

This year’s meeting focuses on four topics within the Synthesis and Processing Science portfolio:
non-idealities in materials, systems far from equilibrium, computational materials modeling, and
hierarchical material structures. In addition, a crosscutting fifth topic is on instrumentation for better
synthesis. While this is one way of organizing and presenting the research within this broad portfolio,
there are many other synergies that could be highlighted and will be considered at future meetings.

Let me take this opportunity to express my thanks to all the meeting attendees, for their active
participation and sharing their ideas and new research results. Special thanks are given to the
Meeting Chairs, P. Ferdinand Poudeu and Scott Chambers, for their dedicated efforts and invaluable
assistance towards organizing this meeting. Finally, this meeting would not be possible without the
logistical support from Teresa Crockett at DOE-MSE as well as Linda Severs at Oak Ridge Institute
for Science and Education (ORISE).

Bonnie Gersten

Program Manager, Synthesis and Processing Science
Materials Sciences and Engineering Division

Office of Basic Energy Sciences

Office of Science

U.S. Department of Energy
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2015 DOE BES MSE Synthesis and Processing Science Principal Investigators’ Meeting

The four topical sessions into which abstracts will be partitioned, and some crosscutting issues we
want to explore, are:

I.  Non-idealities in materials: Can we more deeply characterize and understand the
non-idealities that inevitably occur during synthetic processes for model materials?
How can we effectively utilize these defects to engineer useful structures, and
thereby strengthen our ability to deal with the complexities of systems operating
under more realistic conditions?

Il.  Systems far from equilibrium: Can experiment and theory be bridged to construct
accurate models of the evolution of materials away from equilibrium, and thus pave
the way for new states of matter?

I1l.  Computational materials modeling - predicting synthesis and properties: What
new opportunities do advances in computer science and technology offer for
reaching the next level of rigor in materials modeling, predicting the properties of
realistic materials, and revealing new pathways for experimental materials
synthesis and processing?

IV. Hierarchical material structures: How can advanced synthetic, characterization,
and modeling tools be harnessed to enable the fabrication and understanding of
artificially structured materials with hierarchical arrangements of matter and the
attendant novel functionalities?

Non-idealities in materials:

Materials design and computational materials modeling often start with the assumption of ideal
composition (i.e., the targeted stoichiometry with no impurities) and perfect structure (all the atoms
right where we want them and their sites are well defined). Following synthetic efforts, materials
characterization is carried out at some level and functional properties are measured. The results are
then often interpreted in terms of the idealized model. This approach is the most straightforward and
least time consuming to pursue because defects are sometimes rather hard to detect, characterize, and
model. However, this zeroth-order approach can be seriously misleading because, depending on the
concentrations and relative influences of the defects that are present, the resulting structure-
composition-property relationships may be at least partially, if not completely, incorrect. Some
defects are the result of experimental design inadequacies and can be eliminated relatively easily.
However, others are inevitable outcomes dictated by the laws of thermodynamics, particularly for
more complex systems. Having the ability to detect, fundamentally understand, and predict non-
idealities of all kinds would position investigators to harness these entities to advantage. As the
astronomically large numbers of combinations of the more than 110 elements on the periodic chart
are explored in the search for novel functionalities, having a robust strategy for detecting and dealing
with non-idealities is essential.
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Systems far from equilibrium:

The tendency of materials systems to move in the direction of thermodynamic equilibrium can
sometimes alter system properties relative to what is sought in designing them. An example is an
atomically abrupt epitaxial heterojunction between two dissimilar materials. If a heterojunction is
given enough thermal energy to promote layer-by-layer epitaxial growth, entropic effects will often
cause atoms at the solid/solid interfaces to diffuse across the junction, resulting in a mixed interfacial
region. The properties of such a junction may or may not be what was hoped for. Accordingly, a
grand challenge in materials science is to devise novel methods that harness such entropic effects. In
many classes of materials, novel compositions, crystallographic orientations and morphologies can
in principle be stabilized by synthesizing and/or processing under conditions far from equilibrium.
However, there are significant gaps in our understanding of how and why systems far from
equilibrium evolve as they do. Additionally, the influence of barriers which may trap the system in a
non-equilibrium state is largely unknown. Modeling has the potential in fill in experimental
knowledge gaps that defy our current suite of characterization tools. As a result, bridging theories
across many length, time, and energy scales in order to elucidate organizing principles of systems
away from equilibrium is a grand challenge.

Computational materials modeling - predicting synthesis and properties:

With the advent of massively parallel computers and the potential of exascale computing, materials
modeling can be carried out with unprecedented levels of complexity and accuracy. Are these
advances sufficient to turn computational modeling into a predictive synthesis tool? The new
horizons include not only predicting the properties of complex material systems at equilibrium at
levels of accuracy beyond DFT, but also understanding the dynamics of synthesis and phase
transitions, both near to and far from equilibrium, and predicting those novel syntheses and
processing pathways that would ultimately lead to new materials. Additionally, can one actually
predict the structure of novel functional materials starting from a combination of elements in the
desired chemical composition and stoichiometry or from the integration of elementary building
blocks derived from simple crystal structures? What are challenges and opportunities for
computational modeling from the perspective of practitioners?

Hierarchical material structures:

Learning to assemble hierarchical materials creates unique opportunities to explore the properties
of matter at a fundamentally new level. Nanoscale crystallization from the vapor phase and in
electrochemical cells, self-assembly of optoplasmonic molecules, focused electron beam induced
deposition, and reactions within metal organic framework materials are some of the novel
synthetic methods being explored to generate a variety of interesting and potentially useful
materials structures that could impact several different technologies. At a fundamental level, our
ability to design and control synthetic pathways determines final structural forms. Control of the
synthesis process in turn depends in large part on the extent to which the hierarchical system of
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interest can be characterized in real time. Likewise, the ability to rationally design useful synthetic
pathways requires significant predictive power from modeling.

Informal discussions:

We will hold two informal evening discussions Monday and Tuesday before dinner with the goal
of identifying grand challenges in materials modeling that might be achievable with new hardware
and software resulting from the DOE Exascale Computing Initiative
(http://www.exascaleinitiative.org/). The question is, what kinds of calculations would you like to
see done if ~100x more computer horsepower was available for computational materials
modeling? Each evening we will limit the scope of the discussion to the subject areas of the day
(i.e., non-idealities in materials and systems far from equilibrium on Monday, and hierarchical material
structures on Tuesday).

Our challenge this week:

This meeting brings together a diverse group of investigators with the potential to make significant
progress in these four areas of importance to BES, and to stimulate the broader scientific
community worldwide. Our goal for this meeting is to foster discussions and collaborations that
will lead to advances in these arenas.
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Project Title: Digital Synthesis: A Pathway to New Materials at Interfaces of Complex
Oxides

Principle Investigator: Anand Bhattacharya

Address: Materials Science Division, Bldg. 223, 9700 S. Cass Ave., Argonne National
Laboratory, Argonne, IL 60657.

email: anand@anl.gov

Program Scope:

In our program, we seek to create, characterize and understand superlattices and heterostructures
of complex oxides with novel electronic and magnetic states. We synthesize these materials
using oxide molecular beam epitaxy (MBE). This allows us to tailor chemically precise
interfaces with roughness comparable to or less than the length scales for interfacial charge
transfer and exchange interactions.

The complex oxides host a very diverse range of collective states of condensed matter. The
richness of observed phenomena in these materials, which have also presented some of the
greatest challenges to our understanding, are due to their strongly interacting degrees of freedom.
Surfaces and interfaces between complex oxides provide a unique environment where these
degrees of freedom may ‘reconstruct’ and lead to new properties that are qualitatively different
from those of their bulk constituents. More specifically, we seek to discover and explore states
with novel responses to external electric fields, thermal gradients and magnetic fields. We
explore novel magnetic structures that arise as a result of charge transfer, electronic states that
arise as a result of strong spin-orbit coupling, multiferroic heterostructures and non-collinear
interfacial magnetic structures. We seek to explore materials that are known to have interesting
phases where the atoms have been ‘re-arranged’ in simple ways — for example by layering the
cations in a manner such that the effects of disorder have been engineered away — to reveal new
properties. We create these materials systems using ozone-assisted oxide MBE at Argonne, and
characterize them using the major DOE facilities for neutron and photon scattering, and at the
DOE Nanoscale Science Research Centers.

Recent Progress (since 2013):
1. Tailoring magnetic and electronic states via charge transfer at interfaces

In conventional semiconductors and metals, a mismatch between the chemical potential for
charge carriers at an interface leads to charge transfer, interfacial electric fields and
consequences such as band bending and Schottky barriers. In narrow band correlated insulators
and metals derived from them, this charge transfer can have profound consequences. We
investigated the interface between two very dissimilar perovskites, LaMnO3z and LaNiOs.
LaMnQOg is an antiferromagnetic orbital-ordered Mott insulator and LaNiOs is a paramagnetic
metal. In superlattices of (LaMnO3),/(LaNiOg3),, we demonstrated that charge transfer at the
interface leads to a metal-insulator transition and changes in the magnetic properties as n is
varied (J. Hoffman et al., Phys. Rev. B 2013). The mechanism behind the metal insulator
transition, which involves a transfer of spectral weight away from the Drude peak, was further
elucidated in measurements of optical conductivity of these superlattices by our collaborators (P.
Di Pietro et al., Phys. Rev. Lett. 2015). Charge transfer can also have a profound influence on
properties of superlattices where both constituents are metals, due to the relatively large Thomas
Fermi  screening length in the 3d perovskite oxides. In superlattices of


mailto:anand@anl.gov�

(Lag/3Sr13Mn0O3)e/(LaNiOs), where both constituent materials are metals, we used neutron
scattering and x-ray absorption spectroscopy to show that interfacial charge transfer leads to a
non-collinear magnetic structure. Our data are consistent with the development of a spin-spiral
within the LaNiOj3 layers. (J. Hoffman et al., arXiv:1411:4344). Measurements of the angular
dependence of Nernst effect combined with anisotropic magnetoresistance data confirm the non-
collinear magnetic structure measured using neutron scattering on the same samples. We also
have ongoing collaboration with Prof. Jian-Min Zuo’s group (UIUC) and with Dr. Albina
Borisevich (ORNL) to understand how charge transfer might affect local electronic properties
near these interfaces using transmission electron microscopy (STEM EELS).

2. Tailoring polarity in a two-dimensional nickelate with single atomic layer control

Many of the 3d transition metal oxides share a common structural MOg building unit—a central
transition metal (TM) cation octahedrally coordinated with oxygen nearest neighbors. The
electronic states in these materials can be modified by tailoring the M-O bonds, which typically

include the application of epitaxial strain in thin
A films, or pressure and isovalent cation
substitution in bulk samples. We have found a
new route to tailor the M-O bonds without
changes to the strain state or stoichiometry in
two-dimensional perovskite nickelate (n =1 in
the Ruddlesden Popper (RP) series). We do this
by tailoring the dipolar electrostatic interactions
at the unit cell level in nominally non-polar

fil
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2 e T T LaSrNiO, via single atomic layer-by-layer

A ] synthesis using oxide-MBE. We can reconstruct

! SETRSL s the response of the crystal lattice to the induced
Brodbiidy iy éi’@iﬁ " polarity using an x-ray phase retrieval technique

i S N 3 (COBRA). We find that the response of the O

2 45 eightniteels) anions to the resulting local electric fields
distorts the M-O bonds, being largest for the

Fig. 1: (a) LaSrNiO, was grown as an artificially apical oxygens (Op). It also alters the Ni
polar material by layering the cations as LaO** + valence. This structural control strategy has

(NiO,)*+ SrO”, using MBE. (b) The cation layering  broad implications for tailoring electronic
is verified with x-ray phase retrieval techniques. (c) properties in oxides that are sensitive to the M-
The Ni-O apical bonds (upper in blue, lower in red) O.. bond B. B. Nel ch
distort to partially screen the electrostatic dipole ap bond geometry (B. B. Nelson-Cheeseman et

imposed by the polar cation ordering. al., Adv. Funct. Mater. 2014).

3. Spin Seebeck Effect in Paramagnets and Antiferromagnets

We have developed a new approach for generating spin currents in patterned magnetic
heterostructures via the Spin Seebeck effect (SSE). By using a microscale on-chip local heater,
we are able to generate a large thermal gradient confined to the chip surface without a large
increase in the total sample temperature (S. Wu et al., Appl. Phys. Lett. 2014; J. Appl. Phys.
2015). This approach allows the study of the Spin Seebeck effect at very low temperatures (even
less than 1K), as the total heat load from the patterned heater wire can be readily handled by
standard cryostats. Using this approach, we discovered a large spin Seebeck effect in



paramagnetic oxide insulators Gds;GasOi1; (GGG)
and DyScO3; (DSO), where the signal grows strongly

Fester H . .
'VT //;/vv\* in magnitude below ~ 20K. (S. Wu et al., Phys. Rev.
: x{\,}/\ ' Lett. 2015) and also in antiferromagnetic insulators

5 (S. Wu et al., arXiv:1509.00439). GGG is a classical
spin liquid at low temperatures (<300 mK), and we
have carried out SSE experiments in this regime as
well, where we now have a complete picture of how
the SSE evolves in high magnetic fields (ugB >> kT)
in a paramagnetic insulator. The techniques
developed here can readily be extended to other
geometrically frustrated spin systems.

Future Plans:

= . < a) Tailoring M-O4, bond lengths: Motivated by our

~ B,(0 0>  results in the past few years, we have plans to create

| —5kK and explore a number of materials systems using the

A )y synthesis approach that has been outlined earlier. In

BF —15K o~ 4 the cuprates, we will tailor the Cu-Ogica bond

AT D | length * in a systematic way using dipoles and

90 -60 -30 0 30 60 90 electrostatics and explore changes in properties

Magnetic Field (kOe) including possible changes in Te. In insulating single

layer RP aluminates, there is a prediction® of a very

Fig. 2 Spin Seebeck effect measurement large (>200%) change in the optical bandgap in

geometry (top panel). Spin current is detected polar cation ordered analogs where the Al-O,, bond
via the inverse spin Hall effect (lower panel) length, which we plan to explore.

for GdsGas0;,, an insulating paramagnet. The
green dotted line is the Brillouin function. b) Interfacial Charge Transfer in ‘Mott’ materials:

Fermi-level mismatch and charge transfer should
occur for a broad range of oxides, beyond the nickelate/manganite interfaces that we are
currently exploring. A general understanding of what happens at such interfaces is lacking
because the 3d transition metal oxides have narrow bands where the charge carriers are strongly
correlated and the ideas of ‘band bending’ have to be considered in light of the dynamic nature
of the bands, i.e. the sensitivity of the band structure to filling. More specific to our recent
findings, we are interested in creating nanowires of LaNiOs and of Lay;3SrisMnOs/LaNiO3
bilayers where the spin-density wave like insta