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Introduction & History

The Center for Nanoscale Science exploits 
unique capabilities at Penn State and partner 
institutions in materials synthesis, fabrication,  
and assembly, physical property measure-
ments, computation and theory to make and 
organize nano-materials in configurations that 
can attain new regimes of properties and 
functionality. Interdisciplinary teams attack 
problems in strain and layer enabled multifer-
roics, powered nano-scale motion, ordered 
nanoscale metalattices, and the control of 
light in nanostructures,  Center activities 
overall involve approximately fifty students 
and post-doctoral fellows, faculty from seven 
academic departments, and a number of ex-
ternal academic and industrial partners. 
The Center was established in 2000 as a sin-
gle Interdisciplinary Research Group, Center 
for Collective Phenomena in Restricted 
Geometries (DMR 0080019). In 2002, the 
Center merged with a new MRSEC, Center 
for Molecular Nanofabrication and Devices 
(DMR 0213623) comprising two IRGs: 
Chemically Advanced Nano-lithography 
(IRG1) and Nanoscale Motors (IRG2). The 
two MRSECs then merged. In 2004–05, the 
original IRG phased out its effort in fluids 
and polymers and split into IRG3 (Electrons 
in Confined Geometries) and IRG4 (Electro-
magnetically Coupled Nano-structures). In 
2007, a new IRG on Strain Enabled Multifer-
roics, which grew from a seed project, was 
added as IRG5. In 2008,  the Center was 
competitively renewed as a four-IRG MRSEC 

IRG1, Designing Functionality into Lay-
ered Ferroics, explores diverse structure, 
connectivities, chemistries and tuning pa-
rameters such as strain in layered complex 
oxides to design multifunctionality. The 
IRG creates unusual states of matter with 
phase competition and coexistence of con-
tra-indicative properties by design, such as 
optically transparent correlated metals, 
polar metals, digital relaxors, vortex, 
skyrmionic and other polar phases on 
mesoscale, ferroelectric ferromagnetism. 
Recent accomplishments include atomic-
scale imaging of competing polar states in 
layered oxides through aberration-correct-
ed scanning transmission electron mi-
croscopy with sub-Ångstrom resolution, 
high-throughput data-based materials de-
sign of functional materials without inver-
sion symmetry through the interplay of 
oxygen octahedral rotation patterns and 
ordered cation arrangements, the theory of 
strain phase separation and strain spinodal 
decomposition in ferroelastics and ferro-
electrics to guide the design of multi-do-
main/multi-phase structures during phase 
transitions, polar vortex lattices in ferro-
electric superlattices as a novel mesoscale 
state through competition of long-range 
electrostatic, elastic, and short-range po-
larization gradient interactions, and the 
generation of polar oxides without inver-
sion symmetry enabled by vacancy and 
chemical order with properties markedly 
different from their constituents. The 
team’s expertise spans first principles and 
phase-field modeling of new materials and 
phenomena, synthesis with unit-cell level 
precision, structural electrical, magnetic, 
and optical characterization, and prototype 
device demonstrations. 



Executive Summary 

(DMR 0820404), in which Chemically Ad-
vanced Nanolithography phased out and 
Strain Enabled Multiferroics became the new 
IRG1. In 2014, the Center renewed again, 
with a new focus to IRG1 (layer tuning of fer-
roic properties), a rejuventated IRG2, a new 
IRG3 focused on three-dimensional ordered 
nanoscale metalattices (produced using meth-
ods pioneered in the fiber efforts of the prior 
IRG4) and a new IRG4 focused on multicom-
ponent assemblies designed for collective 
(and reconfigurable) electronic and/or optical 
functionality. 

The four IRGs investigate emergent behavior 
of nanoscale systems with common themes of 
new materials synthesis and nanofabrication, 
theory-led design, and length scale-dependent 
physical phenomena. The scientific programs 
of the IRGs are complemented by a highly 
competitive Seed program. The Seed program 
has played a major role in the scientific evo-
lution of the Center, supporting junior faculty 
and high risk projects.  Seed grants typically 
support 1 to 3 graduate students over ~18 
months. The Seed program leverages funding 
from the Penn State Materials Research Insti-
tute (MRI) the Huck Institutes for the Life 
Sciences, and the Penn State Institutes for 
Energy and the Environment. 

Education & Outreach

During the past year, the MRSEC has contin-
ued to offer a range of educational outreach 
activities at the elementary, high school, col-
lege, and post-college levels, and has institut-
ed new outreach teams and a graduate/post-
doc advisory committee to enhance leadership 
opportunities for our membership. The major-
ity of MRSEC faculty and graduate students 
have participated in at least one educational 
outreach program within the last year. These 
programs have reached approximately 3,500 
K-12 students, dozens of K-12 teachers, 20–

IRG2, Powered Motion at the Nanoscale, 
designs, fabricates, measures and models 
molecular and nanoscale motors to master 
energy transduction and information in 
active matter, both in terms of directing 
motion and designing synthetic systems 
that self-organize—based on signals from 
each other and from their environment—
and thereby perform complex, coordinat-
ed tasks. Recently, the IRG team has es-
tablished that exothermicity is not neces-
sary for enhanced diffusion of enzymes, 
and generated a new model based on the 
roles of substrate binding and unbinding 
on fluctuation–induced contributions to 
the effective diffusion coefficient using a 
fluorescent zinc porphyrin and small hete-
rocyclic amines and confirming that 
catalysis is not a requirement for chemo-
taxis. The team also discovered and ex-
plained regimes in which the  transduction 
of the chemical energy into mechanical 
fluid flow in enzyme pumps reverses in 
time and space. Two two new kinds of 
photochemically powered micromotors, 
both incorporating semiconductor (Cu2O 
or amorphous silicon) light absorbers 
were design and fabricated, both of which 
exhibit novel forms of collective motion. 
Models of acoustic motors have been im-
proved to incorporate oscillatory vertical 
movement of the bimetallic particles, to 
account for the IRG’s experimental ob-
servations of the importance of the densi-
ty the metal, regardless of concavity/con-
vexity of the motor ends. Further model-
ing work has established a novel quasi-
inertial regime for finite Peclet number 
motors, and explicated the mechanism 
behind complex collective oscillatory be-
havior in the recently examined experi-
mental systems. 
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30 undergraduates, and ~100,000 visitors to 
science museums over the past year. The Cen-
ter’s K-12 programs increase interest in sci-
ence and build confidence, with special atten-

tion towards including women at all career 
stages and under-represented minority high 
school students.   
Following our series of very successful 
hands-on materials kits developed in partner-
ship with the Franklin Institute and dis-
tributed to dozens of science museums na-
tionwide, a new online resource for hands-on 
materials kits is being developed that will 
scale to ever larger audiences and impacts. 
The MRSEC serves as a hub K-12 outreach 
activities at Penn State. Center members en-
gaged in numerous outreach activities to K-12 
students, teachers, and members of the gener-
al public, including NanoDays (>200 children 
and adults), Kids Day for the Central Pa Fes-
tival of the Arts (9 booths, ~1800 kids and 
adults), and after school programs with 
hands-on activities to elementary and middle 
school at-risk youth from the local Centre 
County region. MRSEC volunteers also also 
presented at multiple local elementary schools 
and a nanotechnology teacher workshop and 
piloted the first offering of an innovative 
summer program for blind and low vision 
students.  
Center volunteers hosted a diverse group of 
14 high school aged youth at the Science 
Leadership Camp, a weeklong residential ex-
perience created by MRSEC for the Science-
U summer camps at Penn State, giving them a 
snapshot of research in microfluidic devices 
and graphene and networking in a “scientist 
mixer”, which has become a camp highlight. 
The Center continues to foster active in-
volvement of undergraduates and high school 
teachers through its REU/RET site, which 
was jointly run with the Penn State Physics 
Department. Representation from women and 
minorities in the REU and RET programs 
continues to be strong. Through its Diversity 
Committee, the Center joins forces with rele-

IRG 3 synthesizes, characterizes, and 
models metalattices, artificial 3D solids 
periodic on a scale of 1–100 nm with an 
ordered, highly interconnected surface or 
interface that interweaves their structure. 
This periodic structure can interact with 
physical processes and order parameters 
that have similar length scales, including 
electronic processes, magnetic length 
scales, scattering length scales, supercon-
ductivity etc. We have pioneered high 
pressure confined chemical vapor deposi-
tion (HPcCVD), which allows us to fabri-
cate quantum confined semiconductor 
metalattices and other semiconductor 
structures by infiltration into nanoscale 
templates. The templates define the semi-
conductor size and structure, in contrast to 
the usual approaches of assembly of quan-
tum confined structures nucleated and 
grown in gas or liquid phases or top-down 
fabrication. Highlights for the year in-
clude synthesis and characterization of 
magnetic metalattices, 3D imaging of 
metalattices by TEM tomography, demon-
stration via electron energy loss spec-
troscopy of quantum confinement in sili-
con metalattices that also have connectivi-
ty that facilitates electrical conduction, an 
improved theoretical understanding of the 
potential for very low thermal conductivi-
ty in semiconductor metalattices, A new 
theoretical methodology for handling sys-
tems with mixed reciprocal and real space 
electronic variability, and advances to-
wards compound semiconductor metalat-
tices.
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vant departments, colleges, and minority-fo-
cused organizations at Penn State in fostering 
exchange of faculty and recruiting graduate 
students from minority-serving institutions. 
Initiatives this year include the continuation 
of the the STEM Open House (initiated by the 
MRSEC) and the Different Science, Different 
People, Working Together workshop at a 
campus-wide joint REU picnic, a partnership 
with the Millennium Scholar program with 
MRSEC labs hosting first-year summer re-
search experiences and the MRSEC-initiated 
Women in STEM Mixer. Programs continue 
to be actively evaluated. The MRSEC also 
saw the successful launch of our two new 
PREM partnerships, with productive summer 
experiences, peer mentoring, and sustained 
research connections during the academic 
year. Science communication was also a 
strong theme this year. 
The Center employs a number of postdoctoral 
fellows as researchers whose activities span 
several projects within the IRGs, and also as 
coordinators of education and outreach activi-
ties. The education-outreach postdocs are 
supported in multifaceted career-development 
activities. 

Knowledge Transfer & In-
ternational Collaborations

The outreach and knowledge transfer of the 
Center is driven primarily through research 
collaborations between its members with sci-
entists and engineers in industry and national 
laboratories.  One of the important vehicles 
for collaboration with industry is the MR-
SEC’s Industrial Affiliates Program, now in 
its ninth year, with corporate members who 
jointly support the work of students in the 
Center. Further research is supported by in-
dustrial consortia or in partnership with start-
up companies. In addition to research collabo-
rations, MRSEC faculty play a leading role at 

IRG4, Multicomponent Assemblies for 
Collective Function, pursues collective 
function in metal-insulator nanoparticle 
arrays, emergent optical properties of 
nanocylinder assemblies, particle assem-
blies with tunable disorder for nonlinear 
photonics, and illumination-directed as-
sembly of photoresponsive particles. The 
IRG has achieved strain-tuning of solu-
tion-grown VO2 nanostructures based on 
seeding VO2 growth using TiO2 particles, 
assembling the results via positive dielec-
trophoresis over a wide frequency range. 
New models of the complex phase behav-
ior of VO2 predict a metastable metallic 
monoclinic phase can be stabilized in a 
VO2-VO2–δ bilayer heterostructure via 
interfacial coupling, as confirmed by ex-
periment. A proof-of-concept reconfig-
urable nanowire lattice polarizer has been 
extended to titania nanowires and seg-
mented metal/dielectric particles that re-
orient is coplanar electrode designs. The 
team has solved particle aggregation chal-
lenges to achieve field-driven TiO2 
nanosphere assembly in laser dye solu-
tions, and is proceeding to control the rel-
ative distributions of gain and scattering 
centers and to control random lasing spec-
tral purity by structured pumping exhibit-
ing PT-like symmetry. Illumination-tuning 
of the Claussius-Mossotti factor requires 
control of surface charge mobility, which 
is now being pursued through organosi-
lane functionalization. The field response 
of segmented metal/dielectric particles is 
being revealed through a close combina-
tion of electrorotation experiment and 
theory. The team has also shown that pat-
terned vdW interactions can direct assem-
bly in the absence of applied fields with 
strong length quantization effects.
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Penn State in organizing industrial work-
shops, making presentations at workshops 
and conferences, and participating in industri-
al fellowships and internships. The MRSEC 
also hosts a number of visiting scientists and 
is a strong component of the overall industri-
al/technology transfer infrastructure of the 
University. There is also strong international 
component to collaborative research and out-
reach activities of the Center. 

Management

The management structure centers around the 
Executive Committee, Director, Associate 
Director and the IRG leaders with well-de-
fined responsibilities as outlined in later sec-
tions. The Director reports to the Executive 
Committee and the Vice President for Re-
search, and consults with the directors of the 
Penn State Institutes (MRI, PSIEE, Huck). 
The Executive Committee meets after the 
Monday lunch seminars to discuss scientific 
progress of the various projects, review re-
quests for substantial resource allocation, and 
discuss optimal strategies to maintain con-
stant growth and renewal of our research and 
outreach missions.  The Executive Committee 
is paying special attention to the run-up to the 
next renewal cycle, particularly how to posi-
tion the MRSEC to align to an anticipated 
constraint of no more than three IRGs in the 
next cycle. A full global review of all four 
IRGs and potential new seed IRGs is antici-
pated in Fall 2017, guided in part by a recon-
stituted external advisory board.    

Central Facilities Laboratory 

The MRSEC maintains a Central Facilities 
Laboratory, centrally located for easy access 
to all members of Center. The CFL has ac-
quired instrumentation to serve the research 
needs of the four IRGs, and its facilities dove-
tail with the extensive facilities of the Penn 
State Materials Characterization Laboratory 

(MCL). Among other acquisitions, a MRSEC 
contribution to a probe station provides a key 
capability of impact to the materials commu-
nity and facilitates particularly work in IRGs 
1 and 3. 
The Center supports a faculty fellow program 
that are intended to increase the participation 
of faculty and students from predominantly 
undergraduate and minority-serving institu-
tions in the region. These activities leverage 
the full suite of characterization and fabrica-
tion tools available in the CFL and MCL.



2. List of Center Participants 
          
Bioengineering (other engineering)        
(i) Receiving Center Support     (iii) User of shared facilities  

none  
(ii)Affiliated, not receiving Center Support      

Peter Butler; Full Professor     yes   
 
Chemical Engineering 
(i) Receiving Center Support 

 Ali Borhan; Full Professor yes   
Kristen Fichthorn; Full Professor    no 
Darrell Velegol; Full Professor    yes 

(ii) Affiliated, not receiving Center Support  
 none   
 
Chemistry 
(i) Receiving Center Support 

John Badding; Full Professor     yes 
Paul Cremer; Full Professor     yes 
Christine Keating; Full Professor    yes 
Thomas Mallouk; Full Professor    yes 
Ayusman Sen; Full Professor     yes 
Raymond Schaak; Full Professor    yes 

(ii) Affiliated, not receiving Center Support 
none 

     
Electrical Engineering   
(i) Receiving Center Support 

Chris (Noel) Giebink; Asst. Professor    yes 
Zhiwen Liu; Full Professor     yes 
Douglas Werner; Full Professor    yes 

(ii) Affiliated, not receiving Center Support 
none 

 
Materials Science and Engineering 
(i) Receiving Center Support     (iii) User of shared facilities 

Nasim Alem; Asst. Professor     yes 
Long-Qing Chen; Full Professor    yes   
Ismaila Dabo; Asst. Professor     yes    
Roman Engel-Herbert; Asst. Professor   yes  
Venkatraman Gopalan; Full Professor   yes  
Suzanne Mohney; Full Professor    yes   



Ramesh Ramamoorthy; Full Professor   no 
Joan Redwing; Full Professor     yes    
James Rondinelli; Asst. Professor    no 
Darrell Schlom; Full Professor    no 
Susan Trolier-McKinstry; Full Professor   yes 

 (ii) Affiliated, not receiving Center Support 
Joshua Robinson; Assoc. Professor    no   

 
Physics  
(i) Receiving Center Support 

Demetrios Christodoulides; Full Professor   no 
Vincent Crespi; Full Professor    no 
Craig Fennie; Asst. Professor     no 
Henry Kapteyn; Full Professor    no 
Ying Liu; Full Professor     yes 
Margaret Murnane; Full Professor    no 
Xiao-qing Pan; Full Professor     no 
Mikael Rechtsman; Assistant Professor   yes 
Jun Zhu; Assoc. Professor     yes 

(ii) Affiliated, not receiving Center Support 
Eric Hudson; Assoc. Professor    yes 
Nitin Samarth; Full Professor     yes 
Jorge Sofo; Full Professor     no 

 
Other Science 
(i) Receiving Center Support 

Jayatri Das; Non-Tenured Education Staff/Chief Scientist no 
Franklin Institute (Education Outreach)  

(ii) Affiliated; not receiving Center Support 
none 



3. List of Center Collaborators 
 
 

Collaborator Institution E-mail Field of Expertise 
IRG 
Association 

Shared 
Facilities 
User  

Timothy 
Bunning 

Air Force Research 
Laboratory 

Timothy.bunning@wpafb.af.mil Polymer IRG 2 No 

Ye Cao 
Oak Ridge National 
Laboratory 

caoy@ornl.gov 
Ionic/Electronic 
Modeling 

IRG 1 No 

Sang-Wook 
Cheong 

Rutgers University sangc@physics.rutgers.edu Single Crystal Growth IRG 1 No 

Ying-Hao Eddie 
Chu 

National Chiao Tung 
University 

yhc@nctu.edu.tw Thin Film Growth IRG 1 No 

Sandy Cochran University of Dundee s.Cochran@dundee.ac.uk Acoustics IRG 2 No 
Ulbaldo M. 
Cordova-
Figueroa 

University of Puerto 
Rico-Mayaguez 

ubaldom.cordova@upr.edu Modeling IRG 2 No 

Ming Dao MIT mingdao@mit.edu Nanomechanics and 
Cell Mechanics 

IRG 2 No 

Lucas M. Eng 
University of 
Technology Dresden 

eng@iapp.de 
Electrical and Optical 
Measurements 

IRG 1 No 

Chang-Beom 
Eom 

University of 
Wisconsin-Madison eom@engr.wisc.edu 

Epitaxial Growth of 
Thin Films IRG 4 No 

Nicholas Fang MIT nicfang@mit.edu Nanophontonics IRG 2 No 
Jarrod French SUNY Stony Brook Jarrod.french@stonybrook.edu Structural Biology IRG 2 No 

      
Ramin 
Golestanian 

University of Oxford Ramin.golestanian@physics.ox.
ac.uk 

Nanomotor Theory IRG 2 No 

David Gidley 
University of 
Michigan 

Gidley@umich.edu 
Positron Annihilation 
Spectroscopy 

IRG 3 
No 
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Collaborator Institution E-mail Field of Expertise 
IRG 
Association 

Shared 
Facilities 
User  

Alexei 
Gruverman 

University of 
Nebraska-Lincoln 

Agruverman2@unl.edu Atomic Force 
Microscopy 

IRG 1 No 

Taewok Heo 
Lawrence Livermore 
National Laboratory 

Heo1@llnl.gov 
Ionic Transport 
Modeling 

IRG 1 No 

Henry Hess Columbia University hhess@columbia.edu Modeling IRG 2  No 

Martin Holt Argonne National Lab mvholt@anl.gov 
Nanoscale X-ray 
Imaging  

IRG 1 No 

Mauricio Hoyos ESPCI (Paris Tech) hoyos@pmmh.espci.fr Acoustic Motors IRG 2 Yes 
Jiamian Hu Tsinghua University hjm08mails.tsinghua.edu.en Phase Field Modeling IRG 1 No 

Jon Ihlefeld 
Sandia National 
Laboratory 

jihlefe@sandia.gov 
Thermal Transport and 
Domain Structure 
Modeling 

IRG 1 No 

Stanislav 
Kamba 

Academy of Sciences, 
Czech Republic kamba@fzu.cz Optical Spectroscopy IRG 1 No 

Henry Kapteyn 
University of 
Colorado  

henry.kapteyn@colorado.edu 
High Harmonic 
Generation/Hollow 
Waveguides 

IRG 3 No 

Sergei V. 
Kalinin 

Oakridge National 
Lab 

sergei2@ornl.gov 
Piezoelectric Force 
Microscopy 

IRG 1 No 

Mercedeh 
Khajavikhan 

University of Central 
Florida 

mercedh@creol.ucf.edu Optics/Photonics IRG 4 No 

Keji Lai University of Texas, 
Austin 

kejilai@gmail.com Microwave Microscopy IRG 1 No 

Jiachan Lee 
Sungkyunk-wan 
University 

jclee@skku.edu 
First Principles 
Simulations 

IRG 4 No 

Stewart Levine National Heart, Lung, 
and Blood Institute 

levines@nhlbi.nih.gov Asthma research IRG 2 No 

Yongmin Liu Northeastern y.liu@neu.edu Nanophotonics IRG 2 No 
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IRG 
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University 

Xiuliang Ma 
Institute of Metal 
Research, Chinese 
Academy of Sciences 

xlma@imr.ac.cn TEM Measurement IRG 1 No 

Lamar Mair NIST lamar.mair@nist.gov Acoustic motors IRG 2 Yes 
Petro 
Maksymovych  

Oak Ridge National 
Laboratory 

5nm@ornl.gov 
Ionic/Electronic 
Modeling 

IRG 1 No 

Lane Martin 
University of 
California, Berkeley 

lwmartin@berkeley.edu 
Thin Film Growth and 
Measurements 

IRG 1 No 

J. Philip McCoy 
National Heart, Lung, 
and Blood Institute 

Mccoyj@nhlb.nih.gov 
Cell detection and 
sorting 

IRG 2 No 

Jessia 
McChesney 

Advanced Photon 
Source 

jmcchesn@aps.anl.gov ARPES IRG 3 No 

Anna 
Morozovska 

National Academy of 
Sciences, Ukraine 

anna.n.morozovska@gmail.com Theory IRG 1 No 

      
Anna 
Morzovska 

National Academy of 
Sciences, Ukraine 

anna.n.morozovska@gmail.com Theory IRG 1 No 

Margaret 
Murnane 

University of 
Colorado  

margaret.murnane@colorado.e
du 

High Harmonic 
Generation/Hollow 
Waveguides 

IRG 3 No 

Tae Won Noh 
Seoul National 
University 

twnoh@snu.ac.kr Atomic Scale Epitaxy IRG 1 No 

Xingjie Ni Penn State xingjie@psu.edu Chiral Metasurfaces IRG 4 Yes 
Fraser McNeil-
Watson Malvern Instruments 

Fraser.mcneil-
watson@malvern.com Bioinstrumentation  IRG 2 No 

Mario Pantoja 
University of Ganada, 
Spain 

mario@ugr.es 
Computational 
Electromagnetics 

IRG 4 No 

mailto:xlma@imr.ac.cn
mailto:5nm@ornl.gov
mailto:lwmartin@berkeley.edu
mailto:Mccoyj@nhlb.nih.gov
mailto:jmcchesn@aps.anl.gov
mailto:anna.n.morozovska@gmail.com
mailto:anna.n.morozovska@gmail.com
mailto:margaret.murnane@colorado.edu
mailto:margaret.murnane@colorado.edu
mailto:twnoh@snu.ac.kr
mailto:xingjie@psu.edu
mailto:Fraser.mcneil-watson@malvern.com
mailto:Fraser.mcneil-watson@malvern.com
mailto:mario@ugr.es


Collaborator Institution E-mail Field of Expertise 
IRG 
Association 

Shared 
Facilities 
User  

Anna Peacock University of 
Southampton 

acp@orc.soton.ac.uk Nonlinear Photonics IRG 3 No 

James 
Rondinelli 

Drexel University jrondinelli@coe.drexel.edu First Principles Theory IRG 1 No 

Phillip Ryan Argonne National Lab pryan@aps.anl.gov Xray Diffraction  IRG 1 No 

Pier Sazio 
University of 
Southampton 

pjas@orc.sonton.ac.uk 
Nanocapillary and 
Semiconductor Physics 

IRG 3 No 

Nicola Spaldin ETH Zurich nicola.spaldin@mat.ethz.ch First Principles Theory IRG 1 No 

Fraser Stoddart Northwestern 
University 

stoddart@northwestern.edu 
Mechanosterochemistr
y, Supramolecular 
Chemistry 

IRG 2 No 

Subra Suresh 
Carnegie Mellon 
University 

suresh@andrew.cmu.edu 
Nanomechanics and 
Cell Mechanics 

IRG 2 No 

Xiaoli Tan Iowa State University xtan@iastate.edu TEM Measurement IRG 1 No 
Nagarajan 
Valanoor 

Universiy of New 
South Wales 

nagarajan@unsw.edu.au 
Thin Film Growth and 
Measurement 

IRG 1 No 

Wei Wang 
Harbin Institute of 
Tech. Shenzhen Weiwang_chem@126.com Catalytic Nanomotors IRG 2 Yes 

Haidan Wen 
Argonne National 
Laboratory 

wen@aps.anl.gov 
Ultrafast Optical 
Measurements 

IRG 1 No 

Brandon Wood 
Lawrence Livermore 
National Laboratory 

brandonwood@llnl.gov 
Ionic Transport 
Modeling 

IRG 1 No 

Jinxing Zhang 
Beijing Normal 
University 

jxzhang@bnu.edu.cn Thin Film Growth IRG 1 No 

Hua Zhou Argonne National Lab hzhou@anl.gov Xray COBRA Imaging IRG 1 No 
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Strategic Plan

4.  Strategic Plan 

Development of Center Vision and Mission:  Nanoscale science is a rich field that is transforming 
materials science, not only by providing materials with enhanced properties for traditional 
applications but also by providing access to wholly new, transformational physical phenomena. 
Over the next decade, nano-materials are expected to play an increasingly important role in 
energy conversion, electronics, biology, environmental technology and other fields. In large 
measure the success of these applications depends on innovation in materials discovery and 
assembly, and especially on understanding of new physics that is unique to the nanoscale.  
Recognizing the importance of the connection between emerging science and societal benefit, the 
mission of the Center is to design and discover materials with fundamentally new physical 
properties and functions, focusing especially on phenomena that are unique to nanoscale 
dimensions. Success in this effort requires the participation of multi-disciplinary teams that 
combine expertise in materials synthesis, fabrication, theory and computation, physical property 
measurements and device engineering.  Projects in the Center are expected to be at the forefront 
of their field scientifically, to be intrinsically interdisciplinary and in appropriate cases to 
transition to practical technology. Considering the scale of the Center, the projects should assume 
greater risk and ambition than a typical single-investigator effort. Renewal of the Center’s 
scientific focus is driven by new discoveries in the interdisciplinary research groups, and by a 
robust seed program that draws on talent from a large pool of materials researchers at Penn State 
and collaborating institutions. Periodic internal review of all programs is an important factor in 
maintaining the high quality and productivity of Center research. Center research is integrated 
with educational and industrial outreach that is designed to engage all its members and leverages 
the expertise and distribution networks of several partner organizations: these efforts are seen as 
valuable not only for the recipients (the public, students, industry) but also for the participants, as 
career development experience in communicating and translating research towards larger societal 
needs. The Center supports the career development of young scientists and those from under-
represented groups through its seed program, internships, partnerships, coordination with 
departmental admissions committees, research experiences, participation in the materials 
facilities network, support of a science exposition for graduate-school-bound seniors, and 
outreach activities. This management philosophy and strategic plan for the Center has been 
developed jointly by the members of the IRGs, who meet weekly for seminars and informal 
discussions, by the past and present Center directors, and by the Executive Committee.  It is 
expected that the future vision for the Center will continue to evolve with bottom-up input from 
its creative and energetic membership. 

Research Goals:  Transformed by the injection of new ideas and new participants, the topical 
emphasis of the IRGs has changed substantially since the Center’s establishment. The core 
research goals of the Center were re-defined in the competitive renewal process of 2014. The 
IRG portfolio was renewed through a robust internal competitive review, followed by successful 
transit through the NSF renewal competition. This process yielded two new IRGs and substantial 
redirection of two existing IRGs. The following provides a picture of the Center’s current 
activities. 

IRG1 focuses on new phenomena in complex oxides in which two or more ferroic (ferroelectric, 
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ferroelastic, magnetic) order parameters exist within a single material.  The intricate coupling 
between spin-charge-and-lattice degrees of freedom give rise to a rich spectrum of new 
phenomena and cross-coupled properties with fundamental scientific merits on their own, as well 
as potential applications in highly tunable electronic and optical properties, and electrical control 
of magnetism. Predictive theory closely coupled to experiment plays a crucial role in these 
studies. The exploitation of the layering degree of freedom is providing compelling opportunities 
to exploit novel mechanisms to couple spin, charge and lattice degrees of freedom. 

IRG2 has focused its efforts onto catalytic nano/microscale motors that employ catalytically 
driven ion flow, hydrolysis, and acoustic energy, spanning the full range from design, to 
fabrication and modeling, inspired by the dynamic interplay of nanomachines that comprise 
living systems. This research advances the fundamental understanding of nanomotor design to 
enable applications in the dynamical organization of nanomaterials and nanosystems, 
separations, sensing, actuation and active matter. Particular focus has been placed on collective 
interactions between motors, and the extension of motor functionality by incorporation of 
internal state variables. International collaborations bring in expertise in modeling and advanced 
acoustics. 

IRG3 aims to establish a new field of ordered three-dimensional metalattices formed by high-
pressure chemical fluid deposition into ordered templates. This new effort exploits unique 
synthetic capabilities developed in the MRSEC (in the prior IRG4) and couples to unique high-
harmonic coherent x-ray characterization techniques being brought into the MRSEC. As a 
pioneering effort in a novel class of materials, this effort is well underway in establishing key 
capabilities to produce high-quality materials and is now at a stage to generate a wealth of results 
on the resulting novel properties, including new theory tools and insights into this novel physical 
regime. 

IRG4 focuses on the assembly of complex, functional nanoparticle arrays with controlled degree 
of order and disorder for novel applications based on collective function, including coupled 
oscillator arrays, disordered photonics, and gradient optics. This effort exploits strong particle 
synthetic capabilities (including optical modulation of particle polarizability and design of 
“assembly-ready” hybrid particles with specific optical functionality) with innovative assembly 
methodologies, and takes advantage of capabilities in electromagnetic design developed within 
the MRSEC in the prior award period. This effort likewise has now established key fabrication 
and assembly capabilities and is advancing strongly towards its innovative property goals. 

The seed grant program continue to be an important avenue for promoting new research ideas, 
particularly high-risk projects proposed by both early-career and established faculty, as described 
earlier. Historically, the seed program has been an important engine of innovation in the Center; 
for example, it led to the establishment of a new IRG (now IRG1) in the prior renewal. With the 
new constraint to not more than 3 IRGs in a MRSEC, the Center will in Fall 2017 perform a 
rigorous top-to-bottom review and assessment of all four existing IRGs, with the goal of 
releasing resources sufficient to start two new seed IRGs to enable a very robust competition to 
enter the next renewal cycle. 

Metrics:  The Center’s metrics for success include the number of collaborative publications, 



Strategic Plan

particularly those in high-profile journals and with multi-point collaboration, the degrees, 
training, outcomes and further career development of a diverse body of participants, numbers of 
patents, development of industrial and international collaborations, industrial co-sponsorship of 
research, and transfer of technology developed in the Center.   

Educational and Diversity Goals:  The Center maximizes its educational impact by coupling the 
expertise and enthusiasm of all of its members with our partners' expertise in reaching large 
audiences. The Science-U summer camps, offered across grades 3–11, continue to develop 
content on topics that resonate with the public. In partnership with The Franklin Institute (TFI), 
new museum shows will be created for distribution to a national network of science museums, 
reaching an audience of hundreds of thousands, plus a new effort in online educational resources. 
We recruit at the high school level students both locally and from underrepresented groups in the 
Philadelphia area for the Science Leadership summer camp. A broad range of high schools and 
middle schools are reached through teacher training workshops and research experiences, and a 
diverse group of students are mentored in the REU program, recruited through partnerships with 
minority-serving institutions. All major outreach programs are regularly assessed for efficacy and 
impact. Center outreach activities will continue to be integrated into the Center’s ongoing 
research activities through outreach showcases embedded into the MRSEC seminar series, 
participation across all levels in education and outreach activities, and the involvement of 
outreach staff in regular IRG research meetings and activities. The STEM Open House continues 
to grow and facilitate the entry of undergraduates from underrepresented groups into graduate-
level research. MRSEC also hosts Millennium Scholar undergraduate researchers in our labs, and 
will provide opportunities and support for these students through their entire undergraduate 
career. The University has recently substantially expanded the Millennium Scholars program, 
which is a gratifying recognition of the MRSEC’s early support for the launch of this effort. 

The Center recruits students and postdocs from under-represented groups through ongoing 
collaborations with partner institutions, through the MRSEC facilities network, and by 
cultivating faculty contacts with minority-serving institutions. Our overriding goals are to 
nucleate institutional change through new programs such as the STEM Open House, and to 
consistently exceed minority representation in member departments. By coordinating with 
diversity-focused recruiting efforts across the campus through our Diversity Committee, the 
Center serves as a model and an agent for positive change in developing a diverse, 
interdisciplinary scientific workforce. The MRSEC also sees our two relatively new PREM 
partnerships as playing a key role in both diversity and scientific goals, and puts substantial 
attention towards fostering deep research interactions that extent from the intense summer period 
throughout the academic year.



IRG1: DESIGNING FUNCTIONALITY INTO LAYERED FERROICS (DMR-1420620). V. Gopalan (IRG 
leader), N. Alem, L.Q. Chen, R. Engel-Herbert (all PSU), C. Fennie (Cornell), T. Mallouk (PSU), X.Q. Pan 
(UC, Irvine), R. Ramesh (UC Berkeley), J. Rondinelli (Northwestern), D.G. Schlom (Cornell), S. Trolier-
McKinstry (PSU). 

Students and Postdocs 
Graduated or Prior Support: (Ph.D & Postdocs): A. Sen Gupta, R. Haislmaier, R. Keech, M. Wallace, Y. 
Gu, M. Strayer, F. Xue, C. Eaton, L. Zhang, Charles Brooks, Benjamin Winchester, Che-Hui Lee, B. 
VanLeeuwen, June Hyuk Lee (all Penn State),  L. Li (U. Michigan-Ann Arbor), Jacob R. Jokisaari (Ph.D., 
UCI), Helen He, Robert Zeches, Di Yi (Berkeley), Alison Hatt (UCSB), Carl-Johan Eklund (Rutgers), Amit 
Kumar (Penn State), Eftihia Vlahos (Penn State), Chris Nelson, Qing He (Berkeley), Alexander Melville 
(Cornell). (MS): Jessica Leung, J. Young (Northwestern). (Postdocs): Xianglin Ke, Rajiv Misra, J. Moyer, 
Sava Denev, Tom T. A. Lummen, Gregory Stone, H. Akamatsu (all Penn State), Anil Kumar (Rutgers), 
Qibin Zhou (Rutgers), Raegan Johnson-Wilke (Penn State), Charles Brooks (Cornell), Hena Das, Turan 
Birol, Hari Nair (Cornell). 

Current: J. Lapano, S. Lei, D. Mukherjee, H. 
Padmanabhan, S. Shetty, R. Uppuluri, Bo Wang, Y. 
Yuan, H. Zhang (all graduate students Penn State), A. 
Sen Gupta (Postdoc, Penn State), Shanglin Hsu 
(Berkeley), Eva Helena Smith (Cornell), Xuezheng Lu 
(Northwestern). 

Summary of Accomplishments, IRG1 (DMR-
1420620):  In this partial reporting period (06/2016-
04/2017), this team has 42 peer-reviewed publications, 
including npj journals, Advanced Materials and its 
sister journals, Phys. Rev. journals, and others. The 
IRG also graduated 6 Ph.D and 1 postdoc in this 
period.  

Goal: The IRG explores the richness of control knobs 
such as diverse structure, connectivities, chemistries 
and tuning parameters such as strain in layered 
complex oxides in order to design multifunctionality.  
In particular, we want to create unusual states of 
matter where phase competition and coexistence of 
contra-indicative properties is created by design, such 
as optically transparent correlated metals, polar 
metals, digital relaxors, vortex, skyrmionic and other 
polar phases on mesoscale, ferroelectric 
ferromagnetism and the control of correlated 
phenomena with an electric field through the control 
of a built-in polarization. Since creating a built-in 
polarization is a common theme for electric field 
control of these functionalities, we propose new 
mechanisms in perovskite superlattices (PS) that 
create strong ferroic functionalities from otherwise 

Figure 1| Picometer Metrology of Layered 
Oxides: Colorized sub-Angstrom scanning 
transmission electron microscope image clearly 
shows individual atomic columns of strontium 
(green), titanium (blue), and oxygen (red). A 
simulated image is overlaid showing close 
agreement between theory and experiment. The 
brick and mortar structure is visible. 



non-polar and highly distorted ABO3 perovskites, thus vastly expanding the compositions available.  The 
team’s expertise spans first principles and phase-field modeling predictions of new materials and 
phenomena, synthesis with unit-cell level precision, structural electrical, magnetic, and optical 
characterization, and prototype device demonstrations.  

IRG1 RESEARCH HIGHLIGHTS FROM 06/2016-04/2017: 

Atomic Scale Imaging of Competing Polar States in a Ruddlesden–Popper Layered Oxide  
(doi: 10.1038/ncomms12572 ) 
Layered complex oxides offer an unusually rich materials platform for emergent phenomena through 
many built-in design knobs such as varied topologies, chemical ordering schemes and geometric tuning 

of the structure. A multitude of polar phases are 
predicted to compete in Ruddlesden–Popper (RP), 
An+1BnO3n+1, thin films by tuning layer dimension (n) 
and strain; however, direct atomic-scale evidence 
for such competing states is currently absent. Using 
aberration-corrected scanning transmission electron 
microscopy with sub-Ångstrom resolution in 
Srn+1TinO3n+1 thin films (Figure 1), we demonstrate 
the coexistence of antiferroelectric, ferroelectric and 
new ordered and low-symmetry phases. We also 
directly image the atomic rumpling of the rock salt 
layer, a critical feature in RP structures that is 
responsible for the competing phases; exceptional 
quantitative agreement between electron 
microscopy and density functional theory is 
demonstrated down to 5pm length scales, (about 
1/10th the size of a hydrogen atom). The study 
shows that layered topologies can enable 
multifunctionality through highly competitive 
phases exhibiting diverse phenomena in a single 
structure.  

Learning from Data to Design Functional 
Materials without Inversion Symmetry  
(doi: 10.1038/ncomms14282) 
Accelerating the search for functional materials is a 
challenging problem. We have developed an 
informatics-guided ab initio approach to accelerate 
the design and discovery of noncentrosymmetric 
materials. The workflow integrates group theory, 
informatics and density-functional theory to 
uncover design guidelines for predicting 
noncentrosymmetric compounds, which we apply 
to layered Ruddlesden-Popper oxides. Group 

theory identifies how configurations of oxygen octahedral rotation patterns, ordered cation arrangements 
and their interplay break inversion symmetry, while informatics tools learn from available data to select 
candidate compositions that fulfill the group-theoretical postulates. Our key outcome is the identification 
of 242 compositions after screening ~3,200 that show potential for noncentrosymmetric structures, a 25-

Table 1 | A combination of applied group 
theory, materials informatics, and density 
functional theory resulted in a large number of 
new noncentrosymmetric compounds. 



fold increase in the projected number of known noncentrosymmetric Ruddlesden-Popper oxides (Table 
1). We validated our predictions for 19 compounds using phonon calculations, among which 17 have 
noncentrosymmetric ground states including two potential multiferroics. Our approach enables rational 
design of materials with targeted crystal symmetries and functionalities. Furthermore, we demonstrated 
the use of the SMOTE algorithm for the first time in materials design problems; recently, a number of 
new algorithms have been developed for addressing class-imbalance problems, which are ubiquitous in 
materials design and remains an unchartered territory in materials informatics. Our methodology can be 
extended to explore NCS structures in Dion–Jacobson, Aurivillius, Brownmillerite or any crystal family. 
In principle, our strategy could also guide the search for materials with intriguing functionalities such as 
ferroaxiality. The key component to realize such predictions will be the database construction process 
and more importantly, the nature of available data (including features) would determine the type of 
questions that can be addressed.  

Theory of Strain Phase Separation and Strain Spinodal: Application to Ferroelastics and Ferroelectrics 
(doi: http://dx.doi.org/10.1016/j.actamat.2017.05.028; doi: 10.1103/PhysRevB.94.220101) 

In the well-known phase decomposition process, a phase with a homogeneous composition separates into 
two phases with different local compositions that can be geometrically determined by the common 
tangent construction on the molar free energy versus composition curves. Here we consider an analo- 
gous phase destrain process in which a phase with a homogeneous strain separates into two phases with 
different local strains that can be geometrically determined by the common tangent construction on the 
volume free energy density versus strain curves. There is also a complete analogy between compositional 
and strain spinodals. Within the phase destrain model, we provide a general thermodynamic formulation 

for the phase rule, lever rule, 
equilibrium conditions of 
chemical potential, and 
coherent/incoherent strain 
spinodals. Using the cubic to 
tetragonal ferroelastic / 
ferroelectric transition as an 
example, we study the possible 
strain phase separation and 
spinodal phenomena, and 
calculate the strain-strain and 
strain-temperature phase 
diagrams for the first-order 
proper, first-order improper, 
and second-order improper 
ferroelastic transitions (Figure 
2). The proposed phase 

destrain theory complements the existing compositional phase separation theory and can serve as 
guidance for the analysis and design of multi- domain/multi-phase structures during any phase 
transitions associated with structural changes  

Polar Vortex Lattices in Ferroelectric Superlattices  
(DOI: 10.1021/acs.nanolett.6b04875; doi:10.1038/nature16463 ) 

Figure 2| Strain-strain domain diagram (a) for a proper ferroelastic 
transition at 200 K. (b) Energy surfaces of a1, a2, and c domains. The 
green triangle represents the common tangent plane of the three 
energy surfaces.  



A novel mesoscale state comprising of an ordered 
polar vortex lattice has been demonstrated in 
ferroelectric superlattices of PbTiO3/SrTiO3. We 
employed phase-field simulations, analytical 
theory, and experimental observations to evaluate 
thermodynamic conditions and geometric length 
scales that are critical for the formation of such 
exotic vortex states. We show that the stability of 
these vortex lattices (Figure 3) involves an intimate 
competition between long- range electrostatic, long-
range elastic, and short-range polarization 
gradient-related interactions leading to both an 
upper and a lower bound to the length scale at 
which these states can be observed. These 
competing interactions lead to a transition from 
a1/a2 twin polar states, to vortex lattice, and 
eventually to flux- closure lattices with increasing 
superlattice periodicity. We found that the critical 
length is related to the intrinsic domain wall width, 
which could serve as a simple intuitive design rule 
for the discovery of novel ultrafine topological 
structures in ferroic systems.  The calculated phase 
diagrams with various phases further suggest the 
possibility to switch between vortex and other 
phases under external stimuli, which might be of 
great importance in the design of next-generation 
electronic devices. 

Polar Oxides without Inversion Symmetry through Vacancy and Chemical Order  
(DOI: 10.1021/jacs.6b10697 )
One synthetic modality for materials discovery proceeds by forming mixtures of two or more 

compounds. In transition metal oxides (TMOs), 
chemical substitution often obeys Vegard’s 
principle, and the resulting structure and 
properties of the derived phase follow from 
its components. A change in the assembly of the 
components into a digital nanostructure, 
however, can stabilize new polymorphs and 
properties not observed in the constituents. Here 
we formulate and demonstrate a crystal-
 chemistry design approach for realizing digital 
TMOs without inversion symmetry by 
combining two centrosymmetric compounds, 
utilizing periodic anion-vacancy order to 
generate multiple polyhedra that together with 
cation order produce a polar structure. We next 

apply this strategy to two brownmillerite-structured TMOs known to display centrosymmetric crystal 
structures in their bulk, Ca2Fe2O5 and Sr2Fe2O5. We then realize epitaxial (SrFeO2.5)1/(CaFeO2.5)1 thin film 

Fig. 3|Phase diagram and total energy density 
for the (PbTiO3)n/ (SrTiO3)n superlattice grown 
on the DyScO3 substrate, as calculated by the 
phase-field simulations (SIM) and verified 
experimentally (TEM). Insets: The top left shows 
the simulation and planar TEM result of in-plane 
view of a1a2 twin-domain structure for n = 6. The 
middle left and right are the vortex structure for 
n = 10 from simulation and experimental TEM 
mapping, respectively. The bottom left and right 
insets are the cross sections of flux-closure 
structure for n = 50 from phase-field simulation 
and experimental TEM vector mapping.  

Figure 4| A combination of vacancy and chemical 
ordering can break inversion symmetry in layered 
oxides. 



superlattices possessing both anion-vacancy order and Sr and Ca chemical order at the subnanometer 
scale, confirmed through synchrotron-based diffraction and aberration corrected electron microscopy 
(Figure 4). Through a detailed symmetry analysis and density functional theory calculations, we show 
that A-site cation ordering lifts inversion symmetry in the superlattice and produces a polar compound. 
Our results demonstrate how control of anion and cation order at the nanoscale can be utilized to 
produce acentric structures markedly different than their constituents and open a path toward novel 
structure-based property design.  

Competing Oxygen Octahedral Rotations Inducing Noncentrosymmetricity and Layer Sliding 
Retaining Centrosymmetricity in Ruddlesden−Popper Derivatives HRTiO4 (R = Rare Earths) 
(doi: 10.1021/acs.chemmater.6b04103 ) 

We report the observation of noncentrosym-
 metricity in the family of HRTiO4 (R = Eu, 

Gd, Dy) layered oxides possessing a 
Ruddlesden−Popper derivative structure, by 
second harmonic generation and synchrotron 
X-ray diffraction with the support of density 
functional theory calculations. These oxides 
were previously thought to 
possess inversion symmetry. Here, inversion 
symmetry is lifted by rotations of the 
oxygen-coordinated octahedral (Figure 5), a
mechanism that is not active in simple
perovskites. We observe a competition 

between rotations of the oxygen octahedra and sliding of a combined unit of 
perovskite−rocksalt−perovskite blocks at the proton layers. For the smaller rare earth ions, R = Eu, Gd, 
and Dy, which favor the octahedral rotations, noncentrosymmetricity is present but the sliding is absent. 
For the larger rare earth ions, R = Nd and Sm, the octahedral rotations are absent, but the sliding at the 
proton layers is present to optimize the length and direction of hydrogen bonding in the crystal structure. 
The study reveals a new mechanism for inducing noncentrosymmetricity in layered oxides, and 
chemical− structural effects related to rare earth ion size and hydrogen bonding that can turn this 
mechanism on and off. We construct a phase diagram of temperature versus rare earth ionic radius for 
the HRTiO4 family. 

An Efficient ab-initio Quasiharmonic Approach for the Thermodynamics of Solids 
(doi: http://dx.doi.org/10.1016/j.commatsci.2016.04.012 ) 

We formulated a first-principles approach called the self-consistent quasiharmonic approximation (SC-
QHA) method to calculate the thermal expansion, thermomechanics, and thermodynamic functions of 
solids at finite temperatures with both high efficiency and accuracy. The SC-QHA method requires fewer 
phonon calculations than the conventional QHA method, and also facilitates the convenient analysis of 
the microscopic origins of macroscopic thermal phenomena. The thermal expansion and 
thermomechanics of Ca3Ti2O7, which is a recently discovered important ferroelectric ceramic with a 
complex crystal structure that is computationally challenging for the conventional QHA method, are also 
calculated using the formulated SC-QHA method. It is anticipated that the algorithm will be useful for a 
variety of fields, including oxidation, corrosion, high-pressure physics, ferroelectrics, and high- 
throughput structure screening when temperature effects are required to accurately describe realistic 

Figure 5| A new family of Noncentrosymmetric  
layered oxides: HRTiO4 (R = Rare Earths)	



properties. 



IRG2: POWERED MOTION AT THE NANOSCALE (DMR-1420620). A. Sen (IRG leader), A. Borhan, P. 
Butler, P. Cremer, V. Crespi, R. Golestanian, T. Huang, T. Mallouk, S. Trolier-McKinstry, D. Velegol (all 
Penn State). 
 
Students and Postdocs 
Graduated or Prior Support: (Ph.D & Postdocs) S. Ahmed, S. Das, A. Garg, F. Guo, P.-H. Huang, F. 
Wong, and X. Zhao (all Penn State).  
 
Current: J. Albert, A. Altemose, R. Baker, E. Jewell, F. Mohajerani, L. Ren, M. Sanchez, A. Sendecki, B. 
Tansi, and X. Zhao, P. Illien (Postdoc, Penn State). 
 
Self-propelled particles and molecules that catalyze reactions to generate motion are an important class of 
active matter. One critical challenge is in directing the motion of such nano and micromotors. A second is 
to design synthetic systems that self-organize—based on signals from each other and from their 
environment—and thereby perform complex, coordinated tasks. 
 
Molecular Motors and Pumps. IRG2 has previously shown that, when catalyzing reactions, the diffusion 
of enzymes increase with increasing reaction rate. However, the origin of the enhanced diffusion has 
remained elusive. It had been suggested that the diffusion enhancement is correlated with reaction 
exothermicity. The IRG has performed experiments on the relatively slow and endothermic enzyme 
aldolase and discovered that it exhibits the same phenomenon. Therefore, our experimental observations 
led the IRG to reconsider the theoretical paradigm around this physical phenomenon. Assume that the 
protein exists in two different states, namely a free state and a bound state, in which a reactant molecule 
is present in the active site (see Figure 5.1). In line with previous studies of prototypical low Reynolds 
number swimmers, the team reduced the complex geometry of the enzyme to a simple model swimmer 
taking the form of a generalized dumbbell, made of two subunits whose shapes reproduce the molecular 
structure of the enzyme, and whose positions and orientations fluctuate. The role of substrate binding 
and unbinding on the fluctuations of the enzyme was then examined. Substrate binding generically 
hampers the fluctuations of the modular structure, and therefore reduces the fluctuation–induced 
contribution to the effective diffusion coefficient. Since the fluctuation–induced contribution is invariably 
negative, one finds that this leads to a relative enhancement of the diffusion coefficient with a generic 
Michaelis-Menten-like dependence on the substrate concentration. Realistic quantitative estimates of the 
magnitude of these conformational modifications successfully reproduce the experimental 
measurements. 
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Figure 5.1:  Left: Relative enhancement of the diffusion coefficient of aldolase molecules, as measured by FCS, and as 
a function of substrate concentration. The solid line is the fit provided by our theoretical approach. Right: Simple 
two-state model for the catalytic cycle of the enzyme, which switches randomly between a free state and a bound 
state. 
 
The study of the diffusion properties of aldolase establish a new physical paradigm for enhanced 
diffusion of enzyme molecules, whose generality can be probed in future work. The minimal model 
proposed by the IRG to account for the modular structure of the enzyme and the changes of 
conformational fluctuations due to substrate binding/unbinding will allow study of the behaviour of the 
enzyme in more complex environments.  
 
One way of directing the motion of molecular motors is through chemotaxis. IRG2 has previously shown 
that enzymes move up a gradient of reactant concentration, but the question remains as to whether 
catalytic turnover is necessary for chemotaxis. To this end, the team employed a system that only 
involves binding interactions and no catalysis, using a fluorescent zinc porphyrin (ZnTSPP) and small 
heterocyclic amines, such as imidazole (Figure 5.2). The binding interaction is well established, involving 
labile axial ligation at the zinc center. Using a three-inlet microfluidic device, ZnTSPP is introduced into 
the center inlet, with buffer added on both sides. Due to Brownian diffusion, the fluorescence profile of 
ZnTSPP remains symmetrical as it passes through the channel (black linescan). However, when 
imidazole is introduced into one side of the channel, the ZnTSPP chemotaxes towards that side (red 
linescan). 
 

 
Figure 5.2: Chemotaxis can be induced by binding interactions. Fluorescent ZnTSPP is introduced into the center 
of the channel, buffer is introduced on the left, and imidazole is introduced on the right. When imidazole is present, 
the linescan of the fluorescence profile (taken at the dashed blue line) indicates the movement of ZnTSPP towards 
the imidazole. 
 
The experimental data were modeled with a cross-diffusion model proposed independently by Will Noid 

and Henry Hess.  The flux of the probe molecule, , can be expressed in terms of the spatial gradient of 
the probe and ligand concentrations as: 
 



 
 
Here KA is the equilibrium constant for probe-ligand association.  The model assumes that the 
association-dissociation equilibrium is fast and that any chemotaxis of the ligand in the gradient of probe 
molecule concentration can be ignored because the ligand is present in large excess.  The numerical 
results matched the experimental data closely, confirming that catalysis is not a requirement for 
chemotaxis. 
 
IRG2 has studied surface-bound enzymes and other catalysts which act as pumps in the presence of their 
specific reactants or promoters, driving large scale fluid flows. Thus, catalysis provides an intrinsic 
energy source for fluid movement, and can be harnessed for “on demand” pumping in nano- and micro-
fluidic devices. However, the mechanisms that control pumping had not been well understood. One 
possible mechanism that was suggested involves thermal buoyancy effects: the exothermic reaction 
catalyzed by the enzyme lowers the solution density, causing fluid to be drawn in and rise above the 
pump (inward pumping) (Figure 3a). However, in several instances, the thermal input from the 
enzymatic reaction is far lower than that required to generate the observed pumping velocity. Even more 
remarkable is the observation that urease-based pumps generate flows that are in the opposite direction 
to that expected for thermally-driven movement (outward pumping). One possible explanation involves 
a reaction-induced net increase in solution density, through changes in the solutal composition, rather 
than a net decrease due to heat release (Figure 3b). 

 
 
Figure 5.3: Possible mechanisms of fluid convection in enzyme-powered micropumps. The fluid flow 
observed in enzyme-powered micropumps in the presence of a reactant has been attributed to a combination of two 
factors: (a) thermal buoyancy and (b) solutal buoyancy. Exothermic enzymatic reactions heat the fluid, lowering the 
solution density and causing fluid to be drawn in and rise above the pump (inward pumping) (a). Solutal buoyancy 
effects arise from the differences in density between the reactants and the products of an enzymatic reaction. The net 
effect of converting reactants to products can either be a decrease in the density of the solution at the pattern surface, 
which will drive flows similar to those observed with thermal buoyancy, or a density increase, which drives 
convective flow in the opposite direction (outward pumping) (b). 
 
By combining experiments and modeling, the IRG examined the transduction of the chemical energy into 
mechanical fluid flow in enzyme pumps. We examined in detail the anomalous flow pattern in urease 
pumps, and found that the flow direction is sensitive to the amount of enzyme present and can even 
change over time as the reaction progresses. Under certain experimental conditions, a flow reversal was 
observed. At low enzyme coverage and low reaction rate, there was inward motion close to the pump at 
earlier times, while further away a region of outward pumping was observed. With time, the region of 
inward pumping gradually extended further away from the pump. 
 



This flow reversal was predicted by our theoretical model, which considered buoyancy effects due to the 
solution containing non-uniform concentrations of reactant (substrate) and product. This model found 
that the qualitative features of the flow depend on the ratios of diffusivities SP DD /=d  and expansion 

coefficients SP bbb /=  of the reaction substrate (S) and product (P). When bd > , an unexpected 

phenomenon arises: the flow direction reverses with time and distance from the pump. The experimental 
results are in close agreement with the model and show that both the speed and direction of fluid 
pumping: (a) depend on the enzyme activity and coverage, (b) varies with the distance from the pump, 
and (c) evolves with time. These findings are significant because they permit the rational design of 
enzymatic pumps that can operate without external power sources to accurately control the direction and 
speed of fluid flow for different applications.  

 
In another study involving catalytic pumps, the IRG team considered a system where reagents diffuse 
from a gel reservoir and react with the catalyst-coated surface. Asymmetric flow fields are produced by 
the introduction of reagents at one end of the microchamber generating density variations within the 
fluid along the length of the chamber, leading to directed transport. The consumption of the reagent and 
the sedimentation of the suspended particles, led to localized surface deposition (Figure 5.4). A powerful 
feature of the system is that the flow profile, and hence the location at which the particles are 
concentrated, can be tuned by altering the catalytic turnover rate and the concentration of the added 
reagent. 
 
Particle Motors. IRG2 has designed and studied two new kinds of photochemically powered 
micromotors, both incorporating semiconductor (Cu2O or amorphous silicon) light absorbers (Figure 5.5). 
Cu2O/Au and Si/Au Janus particles were made by evaporating Au onto Cu2O microspheres, and by 
sequentially evaporating Si and Au onto polymer microbeads, as shown below. 

 
Figure 5.5: Left:  (a) SEM image of the as-
synthesized Cu2O particles. (b) SEM image of the 
Cu2O-Au particles after Au coating. (c) – (e) EDS 
images of the Cu, Au and O elemental distribution 
on the Janus particles. (f) Diffuse-reflectance spectra 
of the Cu2O particles confirming their visible light 
absorption. (g) XRD pattern of the Cu2O particles. 
Below:  Sequential evaporation of Si and Au onto 
microbeads to make Si/Au micromotors. EDS, XRD, 
and UV-visible absorption spectra show that the 
conical Si section is amorphous, and the gold cap is 
fcc Au. 

Figure 5.4: Particles transported along 
a channel by chemically-driven fluid 
flow. The flow is generated by reagent 
entering at one end of the channel (A) 
and reacting at the enzyme covered 
surface. The cargo is deposited at 
position B, which can be controlled by 
varying the reaction rate. 



 
 
 

 
 
These particles show interesting individual and collective motion in H2O2 and pure water solutions.  The 
Cu2O/Au motors are propelled by a bipolar electrochemical mechanism in H2O2 solutions, and the main 
effect of visible light is to make the Cu2O particles photoconductive.  In contrast, the Si/Au motors move 
fastest in fuel-free H2O under visible illumination. We hypothesize that in this case the cathode reaction is 
reduction of water to H2, and the anode reaction is oxidation of the silicon surface to SiO2. Interestingly, at 
high concentrations of particles these motors show collective “fireworks” behavior, akin to that observed 
with silver halide particles. 
 
Acoustic motors.  IRG2 has carried out a new study of acoustic motor propulsion to better understand 
the propulsion mechanism.  An acoustic streaming mechanism proposed by Nadal and Lauga correctly 
predicts the direction of motion of axisymmetric rods under MHz excitation, but does not adequately 
explain all the phenomena observed in the levitation plane:  the faster movement of asymmetric nanorods 
made of lighter metals, the slow movement of polymeric rods of similar size and shape, and the 
consistent movement of bimetallic rods towards the end containing the lower density metal, regardless of 
whether that end is concave or convex.  The IRG has quantified these behaviors through systematic 
experiments illustrated in Figure 5.6 below.  Building on the results of our study, Nadal and Lauga have 
modified their theory to include the oscillatory vertical movement of bimetallic particles. Their new 
theory explains the behavior observed in the IRG and predicts an optimum specific gravity for acoustic 
motors, somewhere around the value of Si or Au. 
 

Figure 5.6: Left:  Axisymmetric metallic rods 
and their direction of autonomous movement 
with acoustic propulsion.  Below:  Shape-
asymmetric rods designed for acoustic 
rheotaxis experiments. 

 
 
An interesting consequence of the 

density effect on motor direction is the possibility of designing acoustic motors that swim up- or 
downstream in flows (rheotaxis).  Towards this end, the IRG team has developed a method for making 
bimetallic rods with “fat” and “skinny” ends that can be oriented by shear force near a solid wall (Figure 
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5.6).  Experiments are currently underway to study this effect in microfluidic devices under acoustic 
excitation.  Transducer arrays are being designed that will focus acoustic power and propel objects that 
are farther than one wavelength from the transducer surface. The work is being conducted in 
collaboration with the University of Glasgow (the group of Sandy Cochran).  Array transducers allow for 
beam steering and focusing of the acoustic beam by timing the firing of individual elements.  Figure 5.7 
shows schematics of the layout of the acoustic arrays currently being prepared.  The geometries are 
designed to enable flexural motion of diaphragm transducer elements, using analytical models to 
estimate the resonance frequencies. 

Further modeling work is examining the unique behaviors obtained in systems of finite Peclet number in 
which the diffusing chemical species associated with propulsion traverse characteristic motor dimensions 
in times not negligible compared to the propulsive transport across the same distance. In this regime, 
memory effects matter and motor behavior acquires rudiments of quasi-inertial phenomena even though 
they are at low Reynolds number. New phenomena observed here in simulation include novel dimer 
bound states, collective “Newton’s cradle” like behavior in dissipative systems, induction of nonlinear 
oscillations, and collective effects. Analysis in close collaboration with experiment on oscillating chemical 
clustering systems is also proceeding, with detailed modeling of non-linear reaction kinetics and 
identification of novel induction of oscillation through interaction.  

5	 	
Figure 5.7:  One and two dimensional array transducers.   The purple arrays contain 
micromachined piezoelectric diaphragms, which can be accessed by the pink top electrode 
pads.  Parasitic capacitances are reduced by the introduction of a low permittivity layer 
(light blue) between the lead zirconate titanate film and the contact pads.  The green 
denotes the bottom electrode. 



IRG 3: HIGH-PRESSURE ENABLED ELECTRONIC METALATTICES 
John V. Badding (leader), Nasim Alem, Ali Borhan, Vincent H. Crespi, Ismaila Dabo, Venkatraman Go-
palan, Noel C. Giebink, Ying Liu, Thomas E. Mallouk, Suzanne E. Mohney, Margaret M. Murnane 

Graduate Students and Postdocs:  I. Campbell, H-Y. Cheng, W. Chen, Y. Chen, A. Grede, X. Ji,  S. 
Kempinger, B. Laubacker, Y. Liu, A. Molina, P. Moradifar, J. Russel, D. Talreday, V. Xiong, S-Y. Yu 

Collaborators: David W. Gidley, Henry C. Kapteyn 

IRG 3 synthesizes, characterizes, and models metalat-
tices, artificial 3D solids periodic on a scale of 1–100 nm 
with an ordered, highly interconnected surface or inter-
face that interweaves their structure. This periodic struc-
ture can interact with physical processes and order pa-
rameters that have similar length scales, including elec-
tronic processes, magnetic length scales, scattering length 
scales, superconductivity etc. We have pioneered high 
pressure confined chemical vapor deposition (HPcCVD), 
which allows us to fabricate quantum confined semicon-
ductor metalattices and other semiconductor structures 
by infiltration into nanoscale templates. The templates 
define the semiconductor size and structure, in contrast 
to the usual approaches of assembly of quantum confined 
structures nucleated and grown in gas or liquid phases or 
top-down fabrication. Highlights for the year include 
synthesis and characterization of magnetic metalattices, 
3D imaging of metalattices by TEM tomography, demon-
stration via electron energy loss spectroscopy of quantum 
confinement in silicon metalattices that also have connec-
tivity that facilitates electrical conduction, an improved 
theoretical understanding of the potential for very low 
thermal conductivity in semiconductor metalattices, A 
new theoretical methodology for handling systems with 
mixed reciprocal and real space electronic variability, and advances towards compound semiconductor 
metalattices. 

Magnetic metal metalattices could exhibit unusual complex, topologically distinct, stable, spin states, 
including spirals, hedgehogs, streams etc.  Using HPcCVD we synthesized platinum, palladium, and 
magnetic nickel metalattices with periodicities from 14 nm to 100 nm. SEM and TEM confirm the infiltra-
tion of the metals into the tortuous voids of self-assembled silica sphere templates to form an intercon-
nected metalattice of magnetic “meta-atoms” connected by “meta-bonds” (Fig. 1, top) that facilitate direct 
magnetic exchange. Without reactor confinement no infiltration occurs.  Magnetization measurements 
suggest that the properties of these nickel metalattices differ from those expected for a 3D array of isolat-
ed metal nanoparticles and that the metabonds facilitate exchange.  

We are furthermore developing silver and gold metalattices to investigate their plasmonic properties, 
including the possibility of tuning these properties with molecular and solid state infiltrants.  Infiltration 
with gain media, for example, may allow for structures that overcome the most significant difficulty with 
plasmonic devices, their high optical loss. We acquired electron energy loss (EELs) spectra using scanning 
transmission electron microscopy of the nickel metalattices (Fig. 1, bottom) to characterize their surface 

Figure 1.  Top) High resolution TEM im-
ages of well-ordered nickel metal metalat-
tices infiltrated into 30 nm (left) and 100 
nm (right) silica sphere templates. Bot-
tom) Low-loss EELS spectrum acquired 
from an interstitial site of this Ni metalat-
tice (inset). Surface plasmon modes and a 
bulk plasmon are evident.	



plasmons, which we will compare with simulations. 
An ongoing synthetic challenge is to continue to fabricate 

increasingly smaller colloids for assembled silica sphere tem-
plates that enable synthesis of metalattices with even smaller 
periodicities. We synthesized colloids of £10 nm; but these re-
quire further work to improve stability during deposition. We 
can also produce high quality colloidal crystal films of various 
periodicities up to at least 1 cm2 using carefully controlled 
temperature and humidity conditions during film growth.  

HPcCVD allows for infiltration of semiconductors and 
metals into interconnected voids in templates that are much 
smaller than previously possible. We used positronium annihi-
lation lifetime spectroscopy (PALS) to show that the infiltration 
of silicon into 30 nm sphere templates is essentially void free 
because the analysis shows no features larger than 0.5 nm.  
Thus, a complete, topologically connected silicon metalattice 

forms in the template. 
We have infiltrated the compound semicon-

ductor zinc selenide, which has superior light 
emission properties, into the top layers of a 30 nm 
silica sphere template (Fig. 2).  The dimethyl zinc 
precursor infiltrates the entire template more easily 
than the dimethyl selenide precursor, so we are 
investigating alternative precursor chemistries to 
enable infiltration throughout the template.  None-
theless, we can begin to characterize the optoelec-
tronic properties of the compound semiconductor 
metalattice formed at the top of the template. 

To expand the range of metalattices with 
smaller periodicities and different symmetry, we 
evaluated metal-organic frameworks (MOFs) and 
mesoporous silica as templates for HPcCVD.  We 
investigated many different templates with, for 
example, different metal compositions. We found 
that the that the zinc MOF ZIF-8, the zirconium 
MOF UiO-66, and the mesoporous silica MCM-48, 
were stable under the highly reducing conditions 
used for HPcCVD of germanium. After germani-
um infiltration, the diffraction and Raman patterns 
for the ZIF-8 MOF remained the same, indicating 
good stability of the template during semiconduc-
tor deposition. 

Figure 2. High angle annular dark 
field TEM image of 30 nm zinc sele-
nide metalattice. 

Figure 3.  Top) Strong enhancement of the ther-
mal scattering cross section in silicon metalattic-
es.  The pores are separated by 3.3 nm and r is 
the diameter of the pores; the x axis is the geo-
metric cross section. The geometric scattering 
limit (grey) is smaller than extracted from mo-
lecular dynamics simulations (blue). Bottom) 
Thermal conductivity of 30 nm silicon metalat-
tices. 
	



Previously we reported an extreme reduction 
in the thermal conductivity of silicon metalattices 
compared to that of bulk silicon, which is remark-
ably pronounced in the limit of low porosity.  We 
plan to exploit this effect to achieve record-low 
thermal conductivities in single- and multi-
component semiconductor metalattices.  The focus 
is on understanding the scattering of lattice vibra-
tions in the critical regime where the size of the 
cavities is comparable to the wavelengths of the 
thermally activated vibrations.  In particular, we 
are exploring the possibility of mutual enhance-
ment between the scattering arising from wave 
interference due the periodicity ℓ of the metalat-
tice (the Raleigh regime) and that arising from 
individual cavities in the limit where the size of 
the pores becomes comparable to the diameter 𝑑 

of the cavities (the geometric regime).  While theoretical calculations based on perturbation theory have 
been widely applied to estimate scattering cross sections in a crystal having mass disorder or exhibiting 
fluctuations in bond stiffness, the scattering cross sections should approach infinity in the limit of touch-
ing pores (𝑑 ≥ ℓ), implying that the perturbative analysis is inherently limited in its ability to describe 
phonon scattering for large cavities.   Instead, our spectral analysis of the phonons shows a considerable 
broadening of the spectral peaks that appears to not depend significantly on the diameter 𝑑, demonstrat-
ing that geometric scattering remains operative in metalattices even when the size of the cavities is  much 
less than the dominant heat-carrying wavelength.  Further quantitative analysis shows a surprisingly 
strong enhancement of the scattering cross sections compared to perturbative predictions, a phenomenon 
unique to metalattices (Fig. 3, top).  We have also developed a computational protocol based on continu-
um simulations to calculate electron–phonon coupling and the low-frequency Raman spectrum of met-
alattices (Fig. 4).  These simulations help interpret Raman experimental measurements for probing pho-
non confinement in metalattices by facilitating the identification of the Raman active modes and the de-
termination of their spectroscopic cross-sections. Experimental spectra match these predictions. In further 

theory work on electronic property modulation by met-
alattice confinement, we have developed several new 
computational tools to enable analysis of these systems 
which combine both real-space variations in confinement 
and reciprocal-space periodicity, i.e. strengths of both 
bandstructure and local density of states methods. We 
have identified key physical features of confinement 
within complex bandstructures in a manner that will ena-
ble the team to extract properties that govern charge 
transport over experimental length and timescales. Fur-
ther development has yielded extremely efficient tight 
binding approaches to calculate confinement effects up to 
experimentally achieved metalattice constants for doped 
and alloy systems, and analyzed key surface and interfa-
cial states that may control properties of real systems. 

Using the 3ω method, we characterized the thermal 
conductivity of a 30 nm silicon metalattice, which was 

Figure 4.  Raman spectrum of 30 nm Si metalat-
tices. The shape of the vibrational deformations 
associated with certain modes is also shown.	

Figure 5. Extracted bandgap with tempera-
ture for 14 nm template infiltrated with sili-
con. A simple temperature dependence mod-
el would have a similar trend to silicon with 
an offset due to confinement. 



1.57W/m-K, very close to that of silica, 1.3W/m-K, as expected because a metalattice is composed of 76% 
of silica spheres and 24% of silicon by volume. The thermal conductivity decreased to 0.456W/m-K when 
the silica spheres were removed as the conductivity of air is lower than that of silica. The large reduction 
in conductivity relative to that expected from a simple mixing model indicates a significant contribution 
of interfacial resistance to thermal transport. 

Temperature dependent thermal conductivity measurements performed on the 30 nm silicon metalat-
tice show a decreasing trend similar to a silica film (320nm thick) from 300K to 100K with values ranging 
from 1.57W/m-K to 0.919W/m-K (Fig. 3, bottom). But a slight increase in thermal conductivity is observed 
below that at 80K with a value of 0.928W/m-K which is in contrast to a silica film whose values monoton-
ically decrease from 1.099W/m-K to 0.426W/m-K from 300K to 80K as shown in Fig 2a. We are investigat-
ing the origin of this upturn. 

Metalattices offer the possibility of combining electrical transport through their extended semicon-
ductor structure with quantum confinement. Semiconductor metalattices fabricated from 14 nm sphere 
templates have octahedral and tetrahedral meta-atoms of 6 nm and 3 nm in diameter, respectively, well 
into the quantum confined regime for silicon and germanium. Previously we used photoluminescence to 
probe confinement effects in these systems; however, we find, at least in the case of Si, that strong surface 
state emission obscures any confinement-related shifts in emission energy that we might observe. We 
therefore shifted to extracting the bandgap in metalattice samples directly from optical absorption. Be-
cause scattering and the small thickness of the metalattice films limits the sensitivity of traditional trans-
mission measurements, we take advantage of their interconnected nature and use photoconductivity as a 
highly sensitive proxy for absorption.  

We find that the absorption edge blue-shifts with decreasing temperature and is qualitatively con-
sistent with the temperature dependence of the silicon bandgap. The bandgap trend extracted from from 
the absorption data, (Fig. 5) differs significantly from a simple model of quantum confinement given by: 

𝐸% 𝑇 = 𝐸%,) −
𝛼𝑇,

𝛽 + 𝑇
+
ℏ,𝜋,

2𝑑,
1
𝑚4

+
1
𝑚5

where 𝐸%,) is the bandgap at T=0 K, 𝛼 and 𝛽 are empirical parameters for a given semiconductor, 𝑑 is the 
diameter of a semiconductor sphere commensurate with the metalattice length scale, and 𝑚4 and 𝑚5 are 
the electron and hole effective masses, respectively. It is evident that the data exhibit a much stronger 
temperature dependence than that predicted by the model. We do not yet understand the origin of this 
discrepancy, though it may be related to the strong temperature-dependence of the trap-dominated 
charge carrier transport in these materials. Similar measurements conducted on a range of different met-
alattice sizes should help answer this question.  



We investigated the electrical transport properties of phosphorus-doped Si metalattices, focusing on 
the consequences of geometrical constraints on quantum transport and the metal-insulator transition in 
this system. We prepared Hall bar samples of doped Si metalattices with Al electrical leads by photoli-
thography. So far the resistivity as a function of temperature shows variable-range-hopping behavior.  

We performed 3D volume reconstructions of silicon metalattices infiltrated into 30 nm silica sphere 
templates using scanning transmission electron tomography, confirming their face centered cubic sym-
metry (Figure 6). Furthermore, the results confirmed that the silicon metalattices are well ordered and 
interconnected structures with symmetry defined by the silica sphere template, which it infiltrates with 
no voids despite its very small dimensions and tortuoisity, in agreement with PALS measurements. 

We collected core-loss collected electron energy loss 
(EELS) spectra to obtain local electronic structure  infor-
mation (Figure 7) at three different locations in the Si met-
alattice using the Si L2,3 edge near 100 eV. The measured 
value for bulk Si was 99.5 eV. As we moved the electron 
beam to different positions in the metalattice there was a 
slight blue shift that reaches a maximum of 0.55 eV at the 
narrow metabonds. Moreover, the shape of the L2,3 edge 
changes compared to that of bulk silicon, and it is similar 
to that observed in Si nanocrystals with diameters below 5 
nm. The blue shift can be explained by a simple effective 
mass theory that predicts that the conduction band energy 
shifts shift upward as feature size decreases. The results 
indicate that meta-atoms and meta-bonds are small 
enough to show quantum confinement to varying degrees 

according to their size, even when they are interconnected with each other in the metalattice.  
 Ptychographic coherent diffractive imaging with extreme UV and soft X-ray light from table top high 

harmonic sources can image metalattices in three dimensions to provide information about grain bound-
aries, defects, dislocations etc. Furthermore, by harnessing the chemical, elemental and spin specificity of 
high harmonic sources, we will develop functional imaging of metalattices to characterize their magnetic, 
electronic, and thermal properties with fs temporal resolution and nanoscale spatial resolution. As a first 
step, we imaged monolayers of silica spheres of 123±3nm in diameter with a 13nm EUV beam. We ob-
tained robust and quantitative reconstructions of the periodically arranged spheres (Figure 8). 

Figure 6. (a) HAADF images and corresponding FFTs at tilt angles of 1°, -34° and -41°.  (b) Trail of tilt-
ing series during acquisition of 2D projections. The stereogram is constructed on the Wulff net to show 
the angular relationships between the different zone axes. (c) Volume rendering of Si metalattices and 
(d) octahedral and (e) tetrahedral interstitial sites cropped from the metalattices. 

Figure 7. STEM-EELS of the silicon met-
alattices probed at different positions. 



 We investigated the kinetics of high-pressure silane pyrolysis in a continuous-flow high-pressure re-
actor. We found the overall reaction rate to be first-order with respect to silane concentration with activa-
tion energy 52.3 kcal/mol. The results suggest that hydrogen desorption from the surface to produce new 
dangling bonds is the rate-limiting step in high-pressure silicon deposition within micron-size confined 

geometries, such as are found in HPcCVD. 
We performed reactive MD simulations 

of silane pyrolysis at high-pressure to check 
whether silane decomposition occurs pre-
dominantly through a heterogeneous reac-
tion pathway.  The simulation results indi-
cate that silane decomposes rapidly at the c-
Si surface in the presence of surface dangling 
bonds, and stops when all surface sites are 
occupied by surface reaction byproducts (i.e. 
tri- and di- hydrides).  

We performed CFD simulations for flow 
of a precursor within an FCC packing of 
spheres as an idealized model for the pore 

structure within an opal. The simulation results showed that the highly connected nature of the 
macropores within the opal allow continuous loading of the precursor into the void space by convection. 
These results suggest that blockage of the throats and mesopores in the entry region of the template is 
avoided at high pressure. Establishing gas flow with superficial velocity of about 100 m/s (similar to that 
for HPCVD in a microcapillary) within the pore structure of an opal with spheres of diameter d = 50 nm 
requires imposed pressure gradients on the order of 30 MPa/cm, with the required pressure gradient ex-
pected to scale like 1/d2.  Hence, high pressure is essential for achieving complete infiltration of the opal. 

Figure 8. Preliminary full field EUV imaging of self-
assembled opal templates. Left) SEM image. Center) 
reconstructed amplitude. Right) reconstructed phase of 
the sample. The scale bar of 500nm is common to all the 
images. 
	



 

IRG4: MULTICOMPONENT ASSEMBLIES FOR COLLECTIVE FUNCTION (DMR-1420620). C. Keat-
ing (IRG leader),  L-Q Chen, K. Fichthorn, Z. Liu, T. Mayer, M. Rechtsman, R. Schaak, D. Werner, (all 
Penn State) D. Christodoulides (UCF) 

Students and Postdocs 
Graduated or Prior Support: (Ph.D & Postdocs): M. Jerry, D. Kirby, L. Lan, S. Boehm, (all Penn State) 

Current: M. Bull (TA), P. Donahue, X. Kong, X. Li, Y. Shi, J. Miller (PSU fellowship), J. Noh, Taiwei Yue; 
R. Tang (partial), C. Zhang (partial), N. Famularo -NSF grad fellowship (all Penn State), N. Nye (UCF), 
Postdocs: N. Burrows (Postdoc, Penn State) L. Kang (Postdoc, Penn State) Undergraduate Students: K. 
Agueda Lopez (PREM REU), M. Ramirez (PREM REU). 

In the current reporting period, IRG4 has continued work and acquired exciting new results in each of the 
four main project areas: (P1) Collective function in metal-insulator transition nanoparticle arrays; (P2) 
Emergent optical properties of nanocylinder assemblies; (P3) Particle assemblies with tunable disorder 
for linear and nonlinear photonics; and (P4) Particle assembly. Highlights from these areas are introduced 
below. 

P1. Collective function in insulator-to-metal transition (IMT) nanoparticle arrays (Schaak, Chen, May-
er, Liu). VO2 is a prototype strongly correlated oxide with intriguing physics and superior functional 
properties. Near room temperature, VO2 shows two coupled phase transitions: rutile to monoclinic struc-
tural transition and metallic to insulating transition. IRG4 aims to produce coupled VO2 nanostructures 
by directed assembly of solution-synthesized nanoparticles; such structures should support synchronous 
oscillatory behavior. This year we have focused on expanding our simulations of VO2 phase behavior to 
include not only nanoparticle size but also the impact of applied electrical fields. We have developed a 
strategy for strain-tuning of solution-grown VO2 nanostructures based on seeding VO2 growth using TiO2 
particles. Both VO2 and VO2/TiO2 nanowires have been assembled via dielectrophoresis and found to ex-
hibit positive DEP response over a wide frequency range. 

Decoupling metal-insulator transition and structural transition in VO2. To describe the complicated 
phase transitions in VO2, the IRG team has constructed a Landau potential with two sets of order parame-
ters ηEC and ηS, which describes the electron spin density correlation and the dimerization of the V atoms, 
respectively. Based on the Landau potential, VO2 exhibits a metastable metallic monoclinic phase in addi-
tion to the stable insulating monoclinic phase (Fig. 5.1A), which may be induced by hole doping. Phase-
field simulations demonstrate that the metastable metallic monoclinic phase can be stabilized in a VO2-
VO2–δ bilayer heterostructure via the interfacial coupling (Fig. 5.1C-D), which is confirmed by experi-
mental observations1. In particular, we predict that there is a critical thickness for the VO2 layer tc, above 
which the insulating monoclinic phase is stable in the VO2 layer (Fig. 5.1B). Next the IRG will incorporate 
the free electron-hole free energy into the Landau potential, which will enable us to better describe the 

Figure 5.1.   (A) Free energy landscape below the transition temperature. A metallic monoclinic metastable ap-
pears. (B) Total free energy as a function of thickness. (C-D) Order parameter profile for different thickness. The 
top (red) layer is VO2–δ, and the bottom layer is VO2. (E) Bilayer geometry used in DFT+U calculation. (F) Density 
of states at various positions of the slab calculated by Jaichan Lee’s group. 
 



metal-insulator transition and examine the influ-
ence of electron and hole doping on VO2 phase 
transition. It will also lead to a natural way to in-
corporate the applied electric potential. A manu-
script on this work has been submitted [Lee, Chung, 
Shi, Song, Campbell, Xue, Kim, Choi, Podkaminer, 
Kim, Ryan, Kim, Paudel, Kang, Tenne, Tsymbal, 
Rzchowski, L. Q. Chen, Lee & Eom, Isostructural 
metal-insulator transition. submitted to Science.] 

Strain-tuning of insulator-to-metal transition in 
solution-synthesized VO2 nanoparticles. Previous-
ly we achieved the solution-phase synthesis of VO2 
particles of various morphologies and sizes. The VO2 particles adopted the insulating M1 phase, exhibit-
ed the expected IMT behavior based on bulk calorimetry measurements, and could be positioned and 
contacted to enable single-particle measurements. However, rigorously controlling particle dimensions, 
and therefore achieving size-dependent IMT behavior, remains difficult for VO2 that nucleates and grows 
directly in solution. To overcome this challenge, the team began to approach the solution synthesis of 
size-controlled VO2 by seeding its growth off of colloidal TiO2 nanorods. For planar thin films made using 
MBE, TiO2 is often used as a substrate for growing VO2, since TiO2 and VO2 both adopt a rutile structure 
and their lattice constants are closely matched. Fig. 5.2 shows that VO2 caps can now be grown in solution 
on the tips of colloidal TiO2 nanorods, and the lengths of the VO2 domains can be tuned by modulating 
the growth conditions that impact reagent delivery and growth rate. The VO2 domains of the resulting 
VO2-TiO2-VO2 heterostructures exhibit IMT transition temperatures that vary based on the size and inter-
facial strain. Going forward, IRG4 will continue to improve synthetic capabilities for VO2 and VO2-based 
heterostructures to tune size, morphology, and interfacial strain, striving to achieve nanoparticles com-
plementary to those for which VO2 phase behavior can be simulated and to provide assembly-capable 
nanostructures for reconfigurable optical and electronic applications. IRG4 is also synthesizing thin-film 
VO2/SiO2 nanocomposites to enable new VO2 integrated photonic metamaterials (see P2). 

PREM Collaboration. IRG4 hosted two undergraduate physics majors from North Carolina Central Uni-
versity in summer 2016. Both students were co-advised IRG4 faculty Schaak and Keating. They received 
training in nanofabrication, nanostructure characterization, and particle assembly and used their new 
skills to assemble 1D TiO2-VO2 heterostructures and solid VO2 nanowires between coplanar electrodes 
using positive dielectrophoresis. Both students have applied to graduate programs in Physics/Materials 
Science programs for the coming year.  

P2. Emergent optical properties of nanocylinder assemblies (Werner, Keating, Liu, Schaak). Project 2 
studies the assembly and novel optical properties of dynamically reconfigurable electro-optic devices. 
Designs are led by theory: simulations are used to identify structures that could be both exciting for opti-
cal applications and potentially achievable by DSA. For nearly all identified target structures, some de-
gree of reconfigurability in structure and hence real-time control over functional performance should be 
possible. This represents an important departure from other work in nanophotonics based on static struc-
tures such as those produced by top-down fabrication methods. 

Field-directed Nanowire Assembly Enabled Reconfigurable Polarizer. The IRG introduced preliminary 
results for reconfigurable nanowire-based broadband IR polarizers in last year’s report, and this past year 
the team has completed and published that work [Boehm et al., Adv. Funct. Mater. 2017]. Au nanowire 
lattices formed by e-field directed assembly were reconfigured between two different functional states, in 
the form of broadband polarizers. Nanowires were reoriented by activating orthogonal electrode pairs 
patterned on the top and bottom, respectively, of a thin liquid cell. This “stacked” electrode design gave 
much better nanowire organization when the bottom electrodes were activated –due to the proximity of 
the wires to the bottom of the 30-µm thick sample cell. Fortunately, while orientation is critical for device 
performance lattice ordering is not. The demonstrated proof-of-concept nanowire lattice polarizer pro-
vides potential for electrically reconfigurable photonic devices such as ultra-compact polarization com-

Figure 5.2. Calorimetry data and STEM-EDS maps for dis-
tinct classes of solution-synthesized TiO2-VO2 nanoparticles 
having VO2  IMT temperatures that depend on size and in-
terfacial strain. Scale bars = 20 nm. 



ponents, electro-optic switches, and on-chip modulators. 
Our basic assembly platform can also be used with some 
modification for controlling the orientation of other aniso-
tropic particles. The IRG has demonstrated reorientation of 
titania nanowires and segmented metal/dielectric particles. 
For both of these particle compositions, unlike the Au nan-
owire system, it is possible to switch between positive and 
negative dielectrophoresis (PDEP and NDEP) by changing 
the frequency of the ac electric field. We have taken ad-
vantage of this to reorient nanowires by 90° using coplanar 
electrode designs, which may prove superior to the stacked 
electrode system used in the Au nanowire assemblies since 
it allows application of the field gradients from the bottom 
of the sample cell in all configurations. Preliminary reorien-
tation results are shown in Fig. 5.3; simulations indicate that 
increasing the Au-Au spacing will shift the frequency re-
sponse. 

Towards wrapped metasurfaces: Reconfigurable positioning 
of vertically-oriented nanowires around lithographic fea-
tures. As a step towards reconfigurable wrapped metasurfaces, the team has developed strategies for ver-
tically-oriented gold nanowire assemblies formed around lithographically patterned cylindrical posts in 
AC electric fields. DEP aligns the nanowires parallel to the field lines, standing perpendicular to the sub-
strate surface. The patterned features act as electric field gradient hot spots, causing particles to assemble 
around the post perimeters. Electric field profile simulations confirm high field gradients along the cir-
cumference of the posts and low field gradients in the regions between posts. These nanowire assemblies 
can be reconfigured in two distinct ways: (1) turning the field on/off switched the nanowires between 
standing and laying orientations and (2) switching between high and low applied frequency organized 
vertical wires around the patterned posts via DEP or in between posts via electrohydrodynamic flow, 
where field gradients are weakest (Fig. 5.4a). A manuscript is in preparation; future efforts will aim to 
experimentally demonstrate wrapped metasurface optical cloaks and vortex emitters for which simula-
tions were shown in prior reports. The IRG will employ segmented metal/dielectric particles akin to those 
in Fig. 5.3 in several of these wrapped metasurface designs; thus far we have observed substantial differ-
ences between the assembly behavior of certain Au/dielectric wires as compared to solid Au in dielectric 
post assemblies (Fig. 5.4b). Efforts are underway to understand the response of such designer particles 

(see P4 below). 

Phase transition of VO2 nanoparticle-enabled tunable met-
amaterials. Phase change material–integrated metamaterials 
open exciting possibilities to develop dynamically tunable 
metadevices. The IRG recently demonstrated a VO2 thin film 
integrated metamaterial for manipulation of mid-IR light. To 
further exploit the ultrafast field-induced transition in VO2, we 
propose to integrate VO2 nanoparticles (NPs) with self-
sufficient metamaterials for field effect triggered active 
metadevices (Fig. 5.5). VO2 NPs are first dispersed in certain 
low loss dielectric matrix and then the composite will be intro-
duced as the spacer layer of the system. Full-wave simulations 

Figure 5.4. Assemblies for wrapped metasurfac-
es. (A) Au wires orient vertically and, at high f, 
collect around posts. (B) Segmented 
Au/dielectric particles orient perpendicular to 
the field at low f and as f is raised re-orient verti-
cally before collecting atop posts. 
 

Figure 5.3. Expanding reconfigurable polarizer 
platform to complex particles. (A) Segmented 
metal/dielectric particles with five 150-nm Au 
segments separated by dielectric assemble be-
tween coplanar electrodes; particle long axis reor-
ients with changing applied frequency. (B) Simu-
lations (top) and preliminary measurements (bot-
tom; f = 2 MHz) indicate polarization selectivity. 

Figure 5.5. VO2 NPs integrated electrically 
active metamaterials. (A) Schematic of the 
unit cell of the structure. VO2 NPs are intro-
duced into the nanometer-thick spacer of the 
system to facilitate field-induced phase transi-
tion. (B) Simulated results indicate the strong 
reflectance modulation due to the insulator-
to-metal transition (IMT) in VO2 NPs. 



show that phase transition of VO2 NPs (volume faction: 10%) may lead to a strong reflection modulation 
at the resonance wavelength. This optical response modulation can be electrically regulated in a reversi-
ble and ultrafast manner. 

P3. Particle assemblies with tunable disorder for linear and nonlinear photonics (Liu, Christodoulides, 
Fichthorn, Rechtsman, Keating, Schaak, Mayer). P3 investigates the interplay between gain, loss, scatter-
ing, and nonlinearity in disordered photonic assemblies, leveraging dynamically reconfigurable struc-
ture-property relationships for photonics. This year’s efforts have focused on collective particle resona-
tors, where the particle assemblies trap photons through scattering and thus behave as resonators for re-
configurable/adaptive lasing.  

Controlling scattering mean free path for real-time control over random lasing. The IRG team has solved 
particle aggregation challenges to achieve field-driven TiO2 nanosphere assembly in laser dye solutions, 
and found that detection of random lasing in our system was impaired by the presence of high scatterer 
densities due to a mismatch in the sample volume responsible for lasing and that in which particle as-
sembly was well-controlled by the applied fields. This can be overcome in two ways: (1) incorporating 
both scattering and gain in the particles themselves. In preparation for those experiments we invested in 
tripling optics for our laser, which will enable us switch to ZnO scatterer/gain particles in future. A se-
cond, more immediate solution is (2) replacing spherical scatterers 
with higher surface area/volume particles that maximize scattering 
but displace less dye solution. The team has had good success already 
with TiO2 nanowires. Controlling nanowire orientation using applied 
ac electric fields enables us to control the scattering mean free path in 
samples of TiO2 nanowires suspended in gain medium (laser dye in 
ethylene glycol). Calculated scattering cross-sections and far-field 
plots indicate better scattering efficiency when the electric field is 
aligned with the axis of a TiO2 nanowire  (Fig. 5.6a,b). The experi-
mental setup combines a Nd:YAG pulsed laser with a Nikon inverted 
microscope and liquid sample cell for ac field-driven particle assem-
bly. Imaging and random laser excitation/collection can be performed 
simultaneously. We have studied emission of rhodamine B in eth-
ylene glycol solution with TiO2 nanowires under conditions of no 
field (nanowires oriented randomly), and with applied fields that orient the nanowires. Lasing can be 
turned on/off by controlling nanowire orientation (Fig. 5.6b,c); investigations of random lasing properties 
as a function of wire alignment continue. Efforts are underway to determine the effect of wire orientation 
on emission polarization and directionality. This simple experimental setup will facilitate incorporation 
of additional types of scatterering particles (e.g., 2D materials, in-situ produced chains, or IRG2’s active 
particles), and functionalities (e.g. nonlinear optical activity, gain/loss tuning).  

Improved spectral purity via “PT-symmetry-like” structured pumping. By analogy to our prior work tun-
ing the modes in coupled ring resonators by partity-time (PT) symmetry, the IRG has now also begun to 
apply these principles to our particle-based random lasers. We achieve structured pumping by partially 

Figure 5.6. Reconfigurable random lasing. Simulations illlustrating the difference in scattering for nanowires aligned parallel (A) 
and perpendicular (B) to the direction of incident light propogation; here, B corresponds to assembled state, while unassembled 
wires are randomly oriented. A 2.24-fold increase in scattering cross section is predicted with reorientation. (C) Sample cell setup for 
ac field-driven nanowire scatterer orientation in laser dye solution. (D) Initial fluorescence response in absence of applied e-field 
(black trace), and onset of lasing upon nanowire orientation in applied field (red trace). 

Figure 5.7. Disordered passive PT-
symmetric waveguide array to be fabri-
cated in the SOI platform. Disorder is 
present in the waveguide width, separa-
tions, and degree of loss. Our simula-
tions show that as a result of PT-
symmetry, Anderson localization is 
suppressed due to effective long-range 
interactions between waveguides. 



blocking the pump beam with a mask to introduce both loss and gain in the sample volume of interest. 
The average number of lasing modes decreases from 8.4 to 1.3 when ½ of the pump beam area is physi-
cally blocked before reaching the sample (e.g., the left ½ of the beam). These preliminary studies indicate 
the potential to control random lasing spectral purity by structured pumping exhibiting PT-like sym-
metry. Furthermore, we are currently engaged in a top-down fabrication based approach in a silicon-on-
insulator (SOI) platform (Fig. 5.7) to observe the effect of PT symmetry on Anderson localization in dis-
ordered systems.  Our system is composed of coupled nanowire waveguides where each of the nan-
owires has a random amount of loss (and yet the system as a whole exhibits passive PT symmetry).  Since 
disorder is a key element of any reconfigurable particle assembly, this work will act as a guide for under-
standing how to use PT symmetry to control lasing mode behavior in the presence of strong disorder. 

P4. Assembly incubator (Keating, Fichthorn, Mayer, Schaak). P4 develops new directed self-assembly 
(DSA) approaches and studies the forces that drive the assembly process. These new approaches ulti-
mately migrate into P1-P3 where they are used to produce functional targets.  

Illumination-modulated particle assembly. Last year, we described illumination-tuning of Claussius-
Mossotti (CM) Factor with Ehv > Eg for Si particles. The CM factor, which determines the direction and 
magnitude of response to applied AC fields, changes with charge carrier density. This effect should apply 
broadly to photoresponsive particles, however many particle types that we have tested already exhibit 
positive DEP even without illumination (e.g. VO2 and TiO2-VO2 wires mentioned above), indicating high 
surface charge mobility. Surface functionalization can alter the mobility of the charges associated with the 
particle surface electrical double-layer and we are in the process of developing surface chemistries that 
will be applicable across a range of particle types of interest. Organosilane functionalization is our chem-
istry of choice due to its versatility and wide range of terminal groups; these efforts will expand our li-
brary of illumination-responsive particles by controlling the particle-solution interface. 

Field response of segmented metal/dielectric particles. Segmentation patterns designed for metasurface 
functionality also influence e-field response and assembly behavior (see above & Fig. 5.4). Predicting as-
sembly outcomes is difficult because no analytical solutions for DEP response are available for these 
complex particle compositions, and estimates based on simplifying assumptions (e.g. weighted averages 
of their components) lead to wildly incorrect predictions. We have tested a number of particle designs to 
determine which segmentation patterns lead to a crossover between PDEP (expected for metallic particles 
or for dielectrics at high ac frequency) and NDEP (expected for dielectrics at low frequency). Fig. 5.8a 
shows six particle segmentation patterns including four with Au segments separated by solvent-filled 
segments and the two extreme cases of silica-coated Au discs and silica shells, and our findings for each. 
It is not the absolute amount of Au that matters, but rather its distribution. Currently electrorotation ex-
periments are being performed to determine the effective permittivity and conductivity of these particles, 
to enable accurate simulations and development of a predictive model for their assembly. Fig. 8b shows 
the quadropole electrode setup for electrorotation experiments. 

Patterned van der Waals’ surfaces for particle assembly. The IRG has demonstrated that patterned van 
der Waals’ (vdW) interactions can direct assembly in the absence of applied fields. Experimental results 
indicate that gold nanowires preferentially assemble onto gold patterns on a SiO2 substrate, adopting ori-
entations that maximize their interactions with the patterns. In last year’s effort, coarse-grained potentials 
were derived to describe wire-wire and wire-pad vdW and electrostatic interactions and assembly was 
simulated using Metropolis Monte Carlo. This model came close to describing several experimental sce-
narios (e.g., wire ordering at various lengths relative to substrate feature dimensions), but was unable to 

Figure 5.8. Segmentation of metal/dielectric particles dictates frequency response of dielectrophoretic assembly behavior. (A) 
TEM images of particles we have assembled to determine whether a transition from PDEP to NDEP was observable; outcome is 
noted in each image. (B) Electrorotation experiments are underway to determine particle effective permittivity & conductivity. 



reach equilibrium for high particle densities, where configurations became frustrated and final states de-
pended on initial states. The team has now developed a Monte Carlo algorithm with multiple-particle 
moves and are implementing it to attain equilibrium in our simulations. We also demonstrated that nan-
owire organization on the gold patterns is highly sensitive to the pattern feature width due to quantiza-
tion of the nanowire lengths and widths in ordering. For example, by adjusting the aspect ratio of a rec-
tangular gold vdW pad, we can achieve ordering in which the wire axes lie parallel, perpendicular, or at 
an angle to the pad axis, with ordering in single or bundled stacks. Thus, we predict that a rich ordering 
and phase behavior of the wires can be observed that may be exploitable. A manuscript is in preparation 
and the scaling of this approach with particle size and shape is being evaluated on the path to incorporat-
ing these designs into P2 and P3. The vdW “assembly pads” should be compatible with other tools such 
as field-driven assembly annealing and photoillumination-responsive photoconductor assemblies. 



6.  Education and Human Resources  

In the prior reporting period, the Center for Nanoscale Science expanded its portfolio of outreach 
and education activities in several novel directions designed to empower and contribute to the 
leadership development of students and postdocs, while capturing new ideas to further strengthen 
the MRSEC across all areas of research and education. The recently implemented MRSEC Outreach 
Team structure and Graduate & Postdoc Advisory Committee provides new leadership 
opportunities and student-initiated project ideas. A professional development theme of “science 
communication” tapped expertise from the College of Arts & Architecture. The Center’s 
longstanding affiliation with Science U summer camps provided the institutional framework 
needed to initiate a STEM program for college-bound students who are blind and visually 
impaired, as well as the development of a brand new high school camp for summer 2017 called 
Make it Matter. Student-centered activities were also implemented to strengthen the foundation of 
the new PREMs with North Carolina Central University (NCCU) and California State University, 
Los Angeles (CSULA).  And finally, the Center’s partnership with the Franklin Institute continued 
progress on creating an online platform for its next museum kit.   

Kristin Dreyer, Program Director for Education and Outreach, serves as Co-chair of the MRSEC 
Education Directors Network for 2016-2017, with the goal of coordinating a stronger network-wide 
MRSEC effort to support DMR’s visibility efforts, as well as explore possible connections with the 
Materials Research Society (MRS) while MRSEC  member Susan Trolier-McKinstry serves as 
President of the organization. 

Center Participation: Engagement in Center-sponsored non-research activities is highly valued by 
Center leadership, as all members are expected to contribute a minimum of 12 hours per year to 
MRSEC-specific education and outreach activities. To better document this effort, online logs are 
currently being piloted for grad and postdocs to self-report their contributions to Team activities.  
Such records provide helpful info for later use (e.g. CV’s, fellowship applications, scholarships, 
letters of recommendation, etc.) as well as confirmation of engagement to Center leadership.  The 
information will also be used to recognize outstanding contributors, and has already been a helpful 
identifier of unresponsive students, who usually are in need of retention support or personal 
encouragement to get involved.   

The MRSEC Outreach Team structure is proving to be an effective way to organize and 
communicate with members, as well as strengthen interpersonal connections across all IRGs.  
Interested grads were invited to apply for Team Leader positions. Postdocs were given the 
opportunity to join one of the Teams, or propose an outreach project of their own.  Grad students 
and postdocs themselves are an important target audience for education and outreach activities.  
Therefore, capturing the impact on them in a systematic manner is an intended evaluation project 
for the near future. Faculty members typically engage in outreach activities via event, program, or 
expertise specific needs and opportunities. These include REU, RET, and PREM mentorship, 
museum kit development, guest speakers or panelists, engagement with industry, etc.  

Evaluation: Assessment efforts to gauge the impact and effectiveness of outreach and education 
activities are part of almost every MRSEC initiative.  Metrics and tools are designed uniquely for 
each program, depending upon particular goals and desired outcomes.  Many are reused and 
compared year after year, with the results utilized internally.  Methods include participant and 



volunteer surveys, team-based inquiry, behavioral observations of attendees, instruments utilized 
within activities, formal and informal interviews, etc.  Information is reviewed during post-
program wrap-up efforts and scrutinized to confirm desired impact on participants and identify 
needed changes. As mentioned above, capturing the graduate student experience and professional 
development impact is of particular interest for the coming year. In addition, a grad student from 
the College of Education has been tasked to design and implement an evaluation plan for the new 
Summer Academy STEM Extension program. 

Programs and Events 
While initiatives were added to the portfolio, Team Leader positions yielded even greater member 
engagement, allowing the Center to continue engaging in all of its customary activities.  Without 
the existence of the MRSEC at Penn State, many of these activities would not occur or would be 
greatly diminished in scope and scale.  Some of these were created and are led by the Center itself, 
while others are led by partners with strong MRSEC involvement and participation.  

These activities include Exploration U State College and Bellefonte, Expanding Your Horizons, Higher 
Achievement, Summer Experience in the Eberly College of Science (SEECoS) & College of Earth & Mineral 
Sciences (SEEMS), Science Leadership Camp – Scientist Mixer & Research Snapshots, Penn State’s STEM 
Open House, school visits, and campus-wide joint REU activities. However, only those that are brand 
new, uniquely led by the Center, or chosen as a key Outreach Team effort during the last year are 
described in detail below: 

Public Outreach Team - Science at the Central Pennsylvania Festival of the Arts – Children 
&Youth Day:  (July 13th) “Kids Day” precedes the largest four-day arts festival in the country, and 
the Public Outreach Team capitalized on the annual event by hosting 9 science activity booths 
which engaged over 1800 children and adults. MRSEC-affiliated graduate students, faculty, and 
staff (25 volunteers in total) led teams which included 37 REU students and 35 Upward Bound Math 
and Science (UBMS) high school students.  Although the visitor experience in front of the table is a 
primary focus, creating positive vertical mentorship behind the table is an equally important true 
goal of the event.  New debrief sessions in 2016 collected information about this volunteer 
experience, as well as visitor data and suggestions for the future improvement of activities.  

MRI Tour Guide Team - Tours of the MSC: The Millennium Science Complex (MSC), home to Penn 
State’s Materials Research Institute (MRI) and its user facilities, frequently receives tour requests 
from school groups, REU programs, campus visitors, community groups, teachers, interested 
alumni, etc.  The MRI Tour Guide Team now trains its members to lead and assist these tours, 
providing opportunity to practice communication skills and educate visitors about materials 
science and nanotechnology. Almost 300 individuals were hosted by MRSEC guides over the last 
year.  New efforts are being made to provide feedback to guides about their performance. Faculty 
in the College of Arts & Architecture gave a communication workshop to all interested MRSEC 
grads and is currently engaged discussions to potentially create a certificate program that 
demonstrates science communication competencies.  

Education Team - Nanotechnology Teacher Workshop: (April 11th)  Team members presented 
“Research Rotation Stations” to 22 Pennsylvania middle and high school educators (12 males, 10 
females, 6 returners) who attended the “nano science meets outer space” themed workshop.  The 
featured research stories involved devices with nano-scale features that capture and analyze faint 



Xray signals needed by astrophysicists to learn about the universe. Other activities included 
research presentations, a tour by the MRI Tour Guide Team, remote access control of a scanning 
electron microscope (SEM), an inquiry-based classroom-ready lesson, and information about post-
secondary education and career opportunities in nano-related fields.  Evaluation surveys indicated 
an extremely high value rating for this one-day experience, citing interactions with researchers as 
the most impactful part of the experience.  

Recruitment & Retention Team - PREM Penn Pals: (June – August)  Team members joined 
Millennium Scholars to serve as peer mentors to the undergraduate and masters students from 
NCCU and CSULA who spent the inaugural summer of the partnership program at Penn State.  
Three evening activities provided the base structure for interactions, but individuals made 
additional efforts to connect personally. In addition, the entire group participated in the annual 
Science Leadership Camp - Scientist Mixer event to meet and encourage high school participants to 
pursue STEM majors in college.   

In February, the Team also requested input from the Grad and Postdoc Advisory Committee to 
create a student-selected external speaker series for Monday MRSEC Seminars and initiate an 
online communication platform for current members and alumni (which resulted in a membership 
survey to collect desired input). The group is also interested in hosting a Welcome Mixer for new 
incoming grads in Fall 2017. 

Summer Academy – STEM Pilot Program:  (July 23rd) A new partnership was explored with the 
Pennsylvania Bureau of Blind & Visual Services (BBVS), Office of Vocational Rehabilitation (OVR) 
and the Pa Training and Technical Assistance Network (PaTTAN) via their transition-to-college 
Summer Academy program for high school students who are blind or visually impaired.  Interested 
MRSEC grad volunteers participated in a 3-hour training session and a half-day pilot program with 
25 students to complete a forensics crime scene investigation.  The effort led to a successful 
supplement proposal which will fund a full week STEM Extension program in July 2017 for up to 15 
Summer Academy students who are specifically interested in STEM fields. 

Science U Summer Camps:  The MRSEC continued its support of the Science Leadership Camp 
Scholarship program, selecting 14 (9 female, 8 URM) recipients for 2016.  Post-program evaluation 
data again confirmed that this experience provides strong exposure to college STEM programs and 
empowers students to pursue them, but long-term tracking is not yet in place.  Regardless, the 
strong diversity created by the scholarship effort has created a consistent pipeline of URM 
applicants from several sources, and helped to encourage a new commitment by the Bayer 
Corporation in Pittsburgh, PA to also select and sponsor 10 campers (majority URM or low 
income/first generation college-bound students) from their local Upward Bound program for 
summer 2017.  Development has also started on a brand new high school camp called Make it 
Matter, a materials science focused program that explores the engineering design process from idea 
conception through development to the marketplace. 

Museum Show Partnership with the Franklin Institute* 

The Franklin Institute (a science museum in Philadelphia) and the Center have a longtime 
partnership that has resulted in the creation of five cart-based demonstration kits for museum-



based informal science education around the country. For this next phase, TFI and the MRSEC have 
been developing an interactive, mobile device-friendly website with DIY hands-on activities 
targeted to 8–13 year old children, as well as their families and teachers. Eight activities, adapted 
from previous museum kits and MRSEC outreach activities, present the central idea that “materials 
have unexpected behaviors that lead to new, innovative technologies.” Using simple, everyday 
materials, the activities are designed to facilitate self-directed learning around the concepts of 
control (materials can be given tasks and made to move in ways that we can manipulate), building 
processes (how you make materials can determine their properties), and ingredients (the building 
blocks of materials, and how they fit together, determine how materials behave). The team is 
working with Masterminds, a Philadelphia-based web design company, to produce and launch the 
website in 2017. 

Research Experiences for Undergraduates and Teachers 

Research Experiences for Undergraduates (REU):  The Center continued its partnership with the 
Physics Department to recruit 30 NSF-funded participants for the Interdisciplinary Materials & 
Physics REU program (DMR-1460920). Of these, 11 were funded directly through the Center 
(including 2 Millennium Scholars from Penn State and 4 PREM students), 7 were funded by NCCU 
and CSULA PREM partnerships (including 4 masters students), and 12 were funded via the REU 
site grant. MRSEC faculty served as mentors for all MRSEC and PREM students, and 8 of the 12 
students funded by the site grant.     

The recruitment, application, and selection process is a strategic effort throughout the year.  Faculty 
were given materials to share in their travels; and recruitment activities took place annually at 
UMBC’s Meyerhoff Scholars program, campuses within the University of Puerto Rico system, the 
Penn State STEM Open House, and the Penn State Millennium Scholars Program.  Further, PREM 
institutions provided another new pipeline of participants.  All applicants completed an online 
process which included transcripts, letters of recommendation, and descriptions of materials 
research interests and future career plans. Selection involved competitive criteria, a down-select 
process, and faculty match considerations.  

The 14 MRSEC and PREM selected and funded undergraduates were: 

REU Student College/University Faculty Mentor Research Project Title 

Kleyser Agueda 
Lopez PREM 

North Carolina Central 
University 

Christine Keating / 
Raymond Shaak 

Characterization of TiO2 @VO2 and Assembly 
using Fabricated Gold Interdigitated Electrodes 

Eddy Arriaga PREM California State 
University Los Angeles 

Roman Engel-Herbert Growth of SrVO3 Thin Films Through the Use of 
Hybrid Molecular Beam Epitaxy 

Brian Carvajal MS Pennsylvania State 
University 

Nitin Samarth Mapping-out the Coupling Interactions between 
NV and P1 Centers 

Abdoulaye Diallo MS Pennsylvania State 
University 

Joshua Robinson Characterization of WSe2 

Sarah Featherstone Kansas State University Venkatraman Gopalan Synthesis and Characterization of Non-
centrosymmetric H2SrTa2O7 and H2SrNb2O7 



Maggie Kingsland University of South 
Florida 

Venkatraman Gopalan Crystallographic Groups in Space and Time - 
Listing and Applications 

Louis Kirkley The University of Texas 
at Austin 

Suzanne Mohney Preparation of Rhenium-Doped 2D MoS2 

Byron Lara PREM California State 
University Los Angeles 

Venkatraman Gopalan Probing Ferroelectricity Using Second Harmonic 
Generation 

Sina Lewis The Ohio State 
University 

Ismaila Dabo Computational Study into the Electronic 
Properties of Block Copolymer Molecules for use 
in Organic Photovoltaics 

Anthony Lopez de 
Santa Ana PREM 

California State 
University Los Angeles 

Thomas Mallouk Electrochemical Reduction of CO2 by Various 
Catalysts 

Eric Mulero University of Puerto 
Rico Mayaguez Campus 

Mauricio Terrones Adsorption of Nitrobenzene on Graphene  

Mizrain Ramirez PREM North Carolina Central 
University 

Christine Keating / 
Raymond Shaak 

The Characterization and Assembly of Pure VO2 

Aleaha Schenck PREM North Carolina Central 
University 

Mauricio Terrones Graphene: Synthesis, Doping, and 
Functionalization 

Bo Truong PREM California State 
University Los Angeles 

Susan Trolier-McKinstry Failure Mechanisms Investigation of Lead 
Zirconate Titanate Thin Film 

Non-research activities included weekly seminars on technical and professional development 
topics, safety trainings, and outreach activities (including a trip to the Franklin Institute and Arts 
Fest Kids Day).  Students also participated in campus-wide joint REU programs (organized by the 
MRSEC with funding from PPG) that included diversity and inclusion activities, a science 
communication seminar, and a non-academic PhD career path exploration panel.  A Summer 
Research Symposium, with ~120 talks and posters in a professional conference style setting, served 
as the grand finale of the experience.  PREM participants also attended several additional activities 
that focused specifically on their needs and interests. 

In addition to undergraduates, the 4 PREM masters students joined many of the summer research 
program activities.  However, these students were very intentionally identified and recognized 
separately, often serving as leaders and mentors.  They are listed here: 

PREM Masters Student College/University Faculty Mentor Research Project Title 

Selina Arrington-Boyd 
North Carolina Central 
University Mauricio Terrones 

Soluble and Responsive 2D Nanosheets 
Enabled by Surface Grafted Smart Polymer 

Grenalynn Ilacas 
California State University 
Los Angeles Ayusman Sen  

Analysis of Glucose Oxidase Reactivity via 
Enzymatic Micropumps 

Marcus Lucas 
California State University 
Los Angeles Long-Qing Chen 

Automatic Generation of Polarization Domains 
in Perovskite Supercell Structures 



Nicole Sciortino 
North Carolina Central 
University Thomas Mallouk 

Synthesis and Characterization of Graphene 
Oxide Complexes 

 

Interdisciplinary Research Experience for Teachers Program (RET):  Also working in partnership 
with the Department of Physics (DMR-1460920), the MRSEC recruited eight teachers for summer 
2016. MRSEC postdoctoral fellow for education and outreach, Dr. Sydney Chamberlin, coordinated 
the entire program, including faculty participation, professional development activities, and 
administration of all financial details for teachers and program materials.  Of the eight teachers, 1 
was directly funded through the MRSEC, 3 were funded through the REU site grant, and 3 were 
funded on supplementary NSF grants from Center faculty.  Seven of the eight teachers for 2016 
were mentored by MRSEC faculty: 

Teacher School Faculty Mentor Research Project Title 

John Clark 
Deltona High School 
(Florida) 

Mike Lanagan/ 
Thomas Neuberger 

Construction of a Birdcage Antenna for 
Imaging in a 14 Tesla Magnetic Field 

Martha Dombroski St. Rose of Lima School Christine Keating The Science of Soap 

Lillian Eason 
Moshannon Valley High 
School 

Ayusman Sen/ Thomas 
Mallouk 

Salad Motors 

Kristen Gormley Tyrone Area Middle School Christine Keating Good, Clean Science 

Maria Kuba 
Bald Eagle Area 
Middle/High School 

John Badding/ Thomas 
Mallouk 

Nanochemistry and Coffee 

Cheri McNeely 
Garner Middle School 
(Texas) 

Nasim Alem 
Let it Glow: The Unique Symbiosis of 
Vibrio fischeri and Euprymna scolopes 

Christine Scanlon Wooster School (Connecticut) Paul Cremer Salting Out of Theroresponsive Polymers 

Mark Yeckley Glendale School District Christine Keating 
STEM Meteorology: How Clean is Your 
Air? 

The six-week RET program strives to provide participating STEM teachers with direct experience 
conducting materials science and nanotechnology research under the supervision of a faculty 
mentor, and to incorporate elements of materials science and nanotechnology into their curricula.  
Non-research activities included safety trainings, weekly seminars (technical research talks, 
materials science career info, 3-D printing), and nano facilities and instrumentation workshops. 
Teachers concluded the program with talks and posters at the Summer Research Symposium. Mark 
Yekely received a MRSEC mini-grant award to purchase needed supplies to implement resulting 
activities within the rural school he teaches. 

 

 



Postdoctoral Mentoring Plan

7. Postdoctoral Mentoring Plan 

The MRSEC hosts postdoctoral researchers in two distinct types of positions: research-focussed 
postdoctoral fellows and also education/outreach postdoctoral officers. These two positions have 
a distinct character, but share many common mentoring goals. We begin by describing the ele-
ments in common to both types, and then describe the elements that are unique to each.  
Each postdoctoral fellow, working in conjunction with appropriate lead faculty members (faculty 
research mentors, IRG leaders, and/or the Associate Director in charge of outreach), is expected 
to develop an Individual Development Plan (IDP). The IDP outlines long-term career goals and 
short-term objectives, identifies areas for specialized training, and facilitates effective communi-
cation of expectations between postdoc and mentors. The mentors provide the postdoctoral fel-
low with counseling tailored to his/her career goals in academia, industry or government. These 
plans are based on published best practices as presented in the National Postdoctoral Society 
mentoring toolkit. Depending on their interests and goals, the postdoctoral scholar is offered 
training opportunities ranging from research training to formal workshops, seminars, informal 
mentoring, opportunities to supervise more junior researchers, research presentations. Key com-
ponents of a mentoring plan include: 

• Introduction to the local environment and campus-wide resources available to support their 
research, teaching, outreach and professional development. 

• Optional leadership roles in MRSEC outreach activities, and participation in the Graduate & 
Postdoc Advisory Committee.  

• Participation in MRSEC-sponsored science communication workshops. 
• Participation in the Scholarship and Research Integrity program at Penn State to provide 

comprehensive training in the responsible conduct of research.  
• Participating in a brown-bag lunch series (sponsored by the Penn State Postdoctoral Society) 

where speakers discuss leadership, professional ethics, work-life balance, conflict resolution, 
career paths in and outside of academia, entrepreneurship, applying for positions and negoti-
ating start-up packages.  

• Presentations in MRSEC seminars to develop communication and presentation skills. 
• Guidance with regards to a journal club organized by the Penn State Graduate School to pro-

vide guidance on writing scholarly publications. 
• Travel to at least one professional conference each year to present the results of research, de-

velop professional relationships and network with colleagues. 
• Networking with leaders in academia and industry by meeting with them during campus vis-

its and at professional meetings. 
• Attending seminars and workshops on how to identify funding opportunities and write com-

petitive grant proposals that are offered by the Office of Postdoctoral Studies. Involvement in 
MRSEC-oriented proposal preparations at the Seed level and also related proposals (PREM, 
REU, etc.) 
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• Participating in seminars on improving teaching effectiveness offered by the Schreyer Insti-
tute for Teaching Excellence. Examples include “Understanding and Engaging Today’s Uni-
versity Student” and “The Future of Textbooks in the Digital Age.” Postdoctoral scholars 
who intend to pursue academic positions are encouraged to teach at least one undergraduate 
course in their academic discipline during their time in the Center, and to obtain formal eval-
uations from their students. This is a particular focus for the postdoctoral education/outreach 
officers (as described below) but the opportunity is available to all.  

In addition, research-focussed postdoctoral fellows participate in regular IRG-level and smaller-
scale research meetings to present and discuss results, brainstorm future directions, and plan pub-
lications. Research postdocs are intended to act as “glue” within an IRG, interacting across indi-
vidual research groups and thereby obtaining broad, interdisciplinary perspective and capabili-
ties. Through the sharing of problem solving strategies, the postdoctoral researchers gain experi-
ence in making sensible short and long term decisions to get the most out of a research project, 
including the unique considerations behind successfully managing synthesis/experiment/theory 
projects. Since all post-docs come with different skill set, strengths and weaknesses, career plan 
and personality, it is necessary to tailor a mentoring plan to best fit each individual, with particu-
lar focus on communication skills, specific research expertise, academic versus industrial versus 
teaching goals, etc. The MRSEC has had good success in the next stages in postdocs’ career 
paths; for example, out of a set of 21 postdocs from the past award period across a wide range of 
research topics, twelve obtained faculty positions, eight are currently working as research scien-
tists or administrators in universities, national laboratories and private industry, one is teaching 
high school and one is a post-doc in a national lab. The most recent postdoctoral researchers have 
encountered comparable success to this cohort. 
Education/outreach postdoctoral fellows typically have a distinct set of career goals, and our 
mentoring plan reflects these so that each postdoc can develop a compelling, balanced portfolio 
of experiences and accomplishments that cover the range of capabilities – teaching, grant writ-
ing, outreach, and research. To ensure that adequate mentoring is provided in in teaching, we tar-
get co-teaching environments, either as one lecture section in a multi-track introductory course or 
as one of two instructors co-teaching an upper-level undergraduate course. Further mentoring is 
provided in the joint preparation of grant proposals: one prior outreach postdoc successfully ob-
tained an NSF Discovery Corp fellowship; another led the effort to prepare and submit a success-
ful REU site proposal. Future opportunities along these lines may include the PREM, I-Corps, 
REU (renewal) programs and other venues. We also provide opportunities for education/outreach 
postdocs to maintain a research arm to their activities, hosted in a MRSEC lab. In this manner, 
they can build a compelling CV that demonstrates success in teaching, securing grant resources, 
publishing, and a portfolio of outreach efforts that span from museum/academia partnerships to 
designing curricula for summer camps, working with high school teachers, etc. In addition, all 
postdocs are encouraged and supported to attend disciplinary and professional development con-
ferences and workshops. As a measure of success, four recent education/outreach postdocs have 
secured permanent teaching positions, and our prior instructor-level education/outreach manager 
moves to an associate dean position. The main Education/Outreach postdoctoral fellow from this 
reporting period, Sydney Chamberlain, has a strong background in gravity wave physics in addi-



Postdoctoral Mentoring Plan

tion to signature strengths in science communication – she is taking advantage of the recent high-
profile gravity wave discoveries of LIGO to more full-time into that area, and the MRSEC has 
recruited an excellent new postdoctoral fellow with a strong materials research background to 
spearhead summer 2017 outreach program and beyond. Dr. Chamberlain established a strong 
record of independent teaching and secured several tenure-track faculty position interviews in the 
current reporting period, and we anticipate a further positive career trajectory. Education/Out-
reach postdoctoral fellow mentoring is the primary responsibility of the Associate Director for 
Outreach, but other faculty participate as well as appropriate. 
This mentoring program is assessed by discussion and feedback on each IDP as well as by the 
success in achieving career goals both during and following the postdoctoral fellowship. The 
Center Director consults on an annual basis with the primary faculty mentors of each postdoc to 
monitor career progress and ensure that each postdoctoral fellow has a comprehensively support-
ive environment for career development. Outcomes from these meetings include renewed focus 
on enhancement of spoken and written English skills by giving the postdoctoral researcher re-
sponsibility to lead regular project meetings, opportunity to develop new experimental skills 
through collaboration on electron microcopy and independent development of laser systems, 
guided experience in proposal writing, additional opportunities to present at conferences, and 
combined collaborative opportunities in both first-principles theory and experiment with multiple 
groups. 



8. Center Diversity – Progress and Plans 

Diversity Strategy Overview:  The Center’s approach to diversity continues to be guided by the 
following four principles:  

1. Seek to recruit and engage underrepresented individuals as participants in all Center 
activities and programs;  

2. Maintain a balanced portfolio of diversity-focused initiatives that target audiences at 
multiple academic levels and incorporate vertical mentorship whenever possible;  

3. Connect outreach and educational efforts with direct involvement in Center research 
activities, or a pathway towards potential future Center membership; and  

4. Build and utilize collaborative partnerships to produce greater results and reach 
stronger target audiences than can be accomplished or reached otherwise.  

Applying these principles to the graduate admissions processes of member departments is a 
particular focus, along with recruitment and retention efforts that support it. It is well known 
that complex factors attract and retain underrepresented students and faculty, and these can be 
challenging to identify and surmount. As a result, Center staff and faculty are building strong 
working relationships with the Director of the Millennium Scholars program (Starlette Sharp 
M.S.), the Senior Director of the Office of Graduate Educational Equity Programs (OGEEP, Dr. 
Stephanie Preston), member department Diversity Chairs, and the college-level multicultural 
officers.  A Diversity Committee (comprised of Center leadership and faculty, outreach staff, 
partner program representatives, member department representatives, and multicultural 
officers) oversees and assists with the implementation of diversity initiatives. 

 
Current Status and Progress of Center Participation:  The following tables summarize the 
current status of diversity engagement efforts in research activities.  

 

Table 1:  Summary of 2016-17 participants by category of Women and Underrepresented Minorities (URM) 

  Consistent annual recruitment efforts and the PREM partnerships  yielded the highest level of 
diversity in the REU program to date.  An inclusive climate and sense of community are created 
for this student experience with the intent to influence the positive growth of graduate student 
URM numbers in future years, although the REU pipeline extends well beyond the Center. 

MRSEC Participants 
June 2016 – April 2017 

 
Total 

Women 
Underrepresented 

Minorities  
(URM) 

Faculty 36 9 (25%) 1 (3%) 

Postdocs 7 1 (14%) 0 

Graduate Students 50 17 (34%) 4 (8%) 

REU 
(Undergraduates) 11 6 (54%) 5 (45%) 

RET 8 6 (75%) 0 



PSU	Penn	Pals	with	NCCU	and	CSULA	PREM	
undergrad	and	masters	students.	

Efforts to promote the fall STEM Open House as a vital departmental recruitment tool are 
starting to gain traction as the event reputation builds and attracts stronger applicants. 
Recruitment efforts continue for the MRSEC Sloan Scholar. 

Research Experiences for Undergraduates (REU) and Teachers (RET): The table above confirms 
that efforts to recruit a diverse group of undergraduate students for Penn State’s Interdisciplinary 
Materials & Physics REU were successful.  Of the 38 total program participants, 30 (15 female, 16 
URM) were funded by NSF as follows: 11 by MRSEC (including 2 Millennium Scholars from 
Penn State and 4 PREM students), 7 by NCCU and CSULA PREM partners (including 4 masters 
students), and 12 via the REU site grant.  Recruitment efforts took place at UMBC’s Meyerhoff 
Scholars program, campuses within the University of Puerto Rico system, and the Penn State 
STEM Open House.  The Penn State Millennium Scholars program, modeled after Meyerhoff, is 
now in its fourth year and continues to direct several first year students towards MRSEC faculty 
advisers and the REU program for a strong start on their thesis project.  

The MRSEC-coordinated professional development series titled Different Science, Different 

People, Working Together continued in 2016 with 130 total students from 9 summer research 
programs, each with a distinct research focus. This umbrella effort included a welcome 
orientation with diversity and inclusion training, community-building activities, and a clear 
message about the importance of personal and professional diversity in STEM fields, as well as 
growing trends towards interdisciplinary research.  In addition, there were two large seminars, 
Science Communication with Dr. Lara Fowler (Penn State), and Beyond the PhD: Career Pathways 
Ahead with a panel of industry representatives.  PPG funding sponsored all events, and 
program coordinators continue to enthusiastically require their undergrads to attend because 
survey data and their own observations indicate its value. 

RET applicants were recruited through partnerships with Center for Science and the Schools 
(CSATS) and the Nanotechnology Teacher Workshop, the Eberly College of Science Outreach 
Office, and the local AAUW State College Branch STEM Committee.  Selected participants often 
serve local rural schools.  Future recruitment ideas include building upon the Upward Bound 
partnership to reach teachers in the underserved districts that their students attend.  

Partnerships for Research & Education in Materials (PREM):  The Center’s two PREM 
partnerships with North Carolina Central University (NCCU) and California State University 
Los Angeles (CSULA) were each established by many small and large efforts by individual 
people at all three institutions (e.g. in-person faculty 
visits, large and small group conference calls, individual 
correspondences between faculty, in-person meetings 
with students, etc.).  The key focus of the 
communications revolved around the educational 
research experience of the initial cohort of undergrad 
and masters students who spent the summer here in 
2016.  All students participated in the Interdisciplinary 



Materials & Physics REU, which included many professional development opportunities, as well 
as additional PREM-only activities with MRSEC grad students and Millennium Scholars as part 
of the “Penn Pal” peer-mentoring support effort. 

Successful coordination and integration of the research and educational experiences was a key 
goal.  Strong communication between individual faculty members prior to student arrival 
ensured a strong start to each students’ efforts. Faculty visits to Penn State were key to 
establishing a strong research partnership, and visits by Penn State faculty to NCCU and 
CSULA were equally important in order to establish rapport and initial understanding of each 
partner’s strengths and needs. These connections are deepening and expanding in new 
directions, with more visits planned for 2017.  

• Kizhanipuram Vinodgopal (NCCU) conducted characterization research at PSU multiple times. 
• Vincent Crespi and Kristin Dreyer attended the first annual retreat at CSULA in July 2016. 
• PSU MIP sponsored Graphene and Beyond conference invited Kizhanipuram Vinodgopal (NCCU) 

to attend in 2016; Marvin Wu (NCCU) and Radi Jishi (CSULA) accepted an invitation for 2017. 
• Vincent Crespi, Eric Hudson, and Mauricio Terrones engaged in informal research talks with 

faculty and a  meeting with summer 2017 students following the NCCU NSF site visit in April. 
• Ismaila Dabo’s expertise in Density Functional Theory is of interest to Jose Rodriguez; Dabo 

gave an invited talk at CSULA in April; Rodriguez will visit PSU in summer 2017. 

Graduate Recruitment: The 2016 STEM Open House (initiated at a 2013 MRSEC Diversity 
Committee meeting with MRSEC support for three years, and now held annually with direct 
MRSEC participation on the planning committee) was held October 13–16th .  Attendees 
included more than 60 underrepresented and underserved minority undergraduate and female 
students in their junior or senior year, as well as post-graduate master’s students. The event 
provides a preview of Penn State STEM graduate programs well before the application 
deadline, a common best-practice by universities and colleges who have strong and successful 
track records for attracting and retaining diverse student populations at the graduate level. 
MRSEC faculty hosted students for departmental visits, attended meals, gave presentations, 
and served as panelists.  Institutional support has increased broadly and remained strong.  
Application, offer, acceptance, and retention data for the first four events is being compiled to 
demonstrate the program’s effectiveness and future potential.  

Diversity in K-12 Programs: MRSEC initiative and leadership in diversity-focused recruitment 
efforts for summer science camps has set a precedent that others are now following.  
Scholarships were awarded to 14 (9 female, 8 URM) recipients to attend a unique weeklong 
residential experience at Penn State’s Science Leadership Camp. Applicants were recruited 
through an expanding number of pipelines, as new connections are established with schools 
and Trio programs that serve minority and economically disadvantaged communities.  The 
program helped to inspire a new commitment by the Bayer Corporation in Pittsburgh, PA to 
also select and sponsor 10 campers from their local Upward Bound program for summer 2017.  



A new partnership with the Summer Academy program (See Section 6) has created the 
opportunity to expand the meaning of STEM accessibility, inclusion, and diversity to college-
bound high school students who are blind and visually impaired.  After a successful pilot 
program in July 2016, planning is currently taking place for a week long program in summer 
2017.  Additional target audiences for desired impact include the Penn State instructional 
faculty, MRSEC graduate students, and Teachers of the Visually Impaired.  The intent is that 
these individuals will be better prepared to accommodate and advocate for such students in any 
STEM academic setting. 

Two MRSEC faculty hosted six Upward Bound Math & Science (UBMS) students in the Summer 

Experience in the Eberly College of Science (SEECoS) and Earth & Mineral Sciences (SEEMS) 

programs to do research project in their labs.  All UBMS students were also placed in multi-
level teams with Physics/MRSEC REU and MRSEC graduate students for a full day of science 
outreach at the annual local Arts Festival Kids Day event.  

Plans for the next reporting period:  The Center will continue its consistent efforts to develop 
and grow its seedling diversity initiatives.  (1) Identify eligible candidates to apply for a 
MRSEC-Sloan Scholarship to bring new minority and/or female graduate scholars into Center 
research activities, (2) Successfully implement the proposed MRFN Faculty Speaker Series to 
engage MSI faculty (perhaps via the Recruitment & Retention Team’s new external speaker 
initiative), (3) Further strengthen PREM partnerships with NCCU and CSULA to achieve 
tangible research results and evidence of student academic success and acceptance into 
graduate school programs.  These initiatives are intended to increase the diversity of Center 
research participants, support institutional level graduate student recruitment efforts, and 
create, as well as strengthen, relationships with new and existing MSI partners. We will also 
contiunue to pursue opportunities to interact synergistically with the 2D Crystal Consortium’s 
own professional outreach efforts in the area of synthesis and growth in terms of outreach to 
MSI and PUI institutions. 



10. International Activities 

S. Trolier-McKinstry is currently hosting a student from the Technical University of Darmstadt 
working on IRG1 activities. J. Rondinelli is collaborating with Professsors Sverre Selbach an 
Thomas Tybell, both of Norwegian University of Science and Technology (NTNU), Trondheim, 
Norway, also on IRG1-related activities. Mallouk and Huang continue to collaborate with 
Mauricio Hoyos (Paris Tech) on acoustic motors and their applications in IRG2.  Mallouk visited 
Hoyos in January 2017, and Hoyos visited Penn State in March 2017.  Hoyos and his colleagues 
have also started a company in France (Aentis) that is developing acoustic propulsion methods 
for separation of blood components; the company is exploring possible collaborations with 
Tony Huang’s start-up company. Mallouk is also continuing to collaborate with former students 
Wei Wang and Dekai Zhou at the Harbin Institute on chemically and photochemically powered 
nanomotors.  Wang is organizing an international conference on nanomotors in Wuhan, China, 
in August 2017, which Mallouk will attend. Trolier-McKinstry hosted Holly Lab (post-doctoral 
scholar with Sandy Cochran) for one week this winter to help establish acoustic testing facilities 
for single elements at Penn State on work in IRG2. IRG3 continues a long-term collaboration 
with Southhampton. 
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11. Shared Experimental and Computational Facilities  
The MRSEC is closely integrated with the facilities of the Penn State Materials Research 
Institute (MRI), which include the Penn State Nanofab, the Materials Characterization 
Laboratory (MCL) and Materials Computation Center (MCC). This integration and coordination 
ensure that MRSEC’s investments in fabrication, characterization and computation have 
maximal institutional impact.  The MRSEC works closely with the management of the MCL 
particularly as regards the MFRN effort and in the acquisition of major new equipment. The 
synergistic relationship among the MRSEC and these three user facilities also ensures that the 
strategic directions and investments of the core facilities are mutually beneficial and beneficial to 
the MRSEC research and educational missions. The MRSEC Central Facility Laboratory (CFL) 
dovetails with the MRI facilities, providing specialized instrumentation that primarily serves the 
research needs of the Center.  All three user facilities are not only integral to the MRSEC 
research programs, but are also integrated into the MRSEC Summer REU/RET, the Materials 
Research Facilities Network, as well as other outreach programs that serve middle school girls, 
teacher workshops, and at-risk youth. 

Both the Nanofab and MCL are cost recoverable user facilities with rates defined on the basis of 
maintenance, repair and staffing in accordance with federal cost-accounting procedures and are 
reviewed annually by the Office of the Corporate Controller.  Both facilities are operated by 
professional full-time staff, who coordinate numerous educational and training activities which 
are highly integrated into formal courses offered by Penn State faculty. Beyond providing 
administrative leadership, MRSEC investigators play key roles in transferring cutting-edge 
research techniques to these widely accessible user facilities.  MRSEC faculty provide input into 
strategic planning for the fabrication and characterization facilities through faculty steering 
committees and focus groups centered around specific types of instrumentation or processes (e.g. 
optical spectroscopy, lithography, electron microscopy). 

The MRSEC also helps to support the Materials Computation Center (MCC), a University-wide 
facility providing education, support and research activities to help users incorporate simulation 
into their research programs, through contributions towards computational hardware. The MCC 
sponsors short courses and workshops on simulation/modeling software on a regular basis. The 
MCC also hosts user group meetings organized around particular types of simulation, including, 
the Density Functional Theory User Group. 

The MRSEC Central Facilities Laboratory (CFL) is comprised of several laboratories that 
contain instruments for advanced electrical and optical characterization and sample preparation.  
The low-temperature characterization facility is a unique user facility in the MRSEC network 
and houses a physical properties measurement system (PPMS) that allows for electrical transport 
and heat capacity measurements from 400 K down to 50 mK and under fields as high as 9 T, a 
3He-4He dilution refrigerator (12 mK to 400K, up to 9T), and a micromanipulated probe station 
(4-450 K; up to 3T). CFL facilities are available to other internal and external users, and are 
managed by the MRSEC. Key results have been obtained on these systems on innovative 
superconducting 2D systems, for example, by users external to the MRSEC. Moses Chan 
provided overall coordination of the CFL. The Executive Committee reviews the CFL operating 
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policies and budget on a regular basis. The MRSEC Executive Committee also reviews and 
prioritizes equipment requests from the IRGs on an ongoing basis.  

MRSEC equipment acquisitions in the current reporting period have focussed on key resources 
needed to meet the needs of the constituent IRGs and also positively impact the larger materials 
research community. A modest MRSEC contribution towards upgrading the computer control 
system of an MOCVD system of use in the Seed program helped facilitate synergistic 
connections to the 2DCC Materials Innovation Platform. A contribution towards a gas 
chromatogrph w/TCD and chem station data facilitates research in IRGs 1 and 3, while a more 
substantial investment in a probe station enabled key measurements of new transparent 
conductors and other systems in IRG1 and beyond (with broad impact at the university). Finally, 
an actuator of use to the optical measurements in IRG4 (and potentially IRGs 1 and 3) was 
acquired. 

The MRSEC partners with the Materials Research Institute to deliver the MRFN Faculty 
Fellowship Program summer program. This program is targeted towards establishing 
relationships between the MRFN and faculty from Primarily Undergraduate Institutions.  The 
program bolsters faculty research programs by providing the resources necessary to utilize 
advanced materials characterization facilities at Penn State. The 2016 MRFN Faculty Fellows, 
and their projects, are given below.  

Niklas Hellegren – Messiah College  
Growth of Smooth ZnSe Thin Films  
Professor Hellegran has been working to better understand how to prepare the surface of bulk 
ZnSe substrates for functionalization with self-assembled monolayers (SAMs). While he has 
significantly improved our understanding of both how to correctly interpret XPS spectra of ZnSe, 
and how surface treatments (various etches, UVOC, aging, etc.) affect the surface, the bulk 
substrates are not ideal due mainly to high roughness. Therefore, his group has started depositing 
smooth ZnSe films on Si substrates using resources provided through MRFN and has been able 
to grow films with rms roughness down to ~2 nm (compared to 20-30 nm for the bulk 
substrates).  
Growth of CNx thin films for fuel cell applications 
Hellegren has worked with a colleague in their Chemistry department to perform cyclic 
voltammetry measurements on previously deposited CNx samples, to evaluate their usefulness as 
a catalyst for oxygen reduction reactions. The initial results were promising, and they will soon 
start growing and characterizing these films. 

Kate Plass – Franklin & Marshall College 
Effect of mixed cation composition on cation exchange 
Plass' group has discovered that the rate of cation exchange of mixed copper iron sulfide 
nanoparticles is modulated by incorporation of iron. In particular, cation exchange with Zn2+ 
results in Cu+  and Fe3+-doped ZnS with Cu/Fe ratios that show that when Fe3+ is present, Cu+ 
is more difficult to exchange. The mapping and imaging capabilities of the Talos TEM in MCL 
have been indispensable for showing how the composition changes upon cation exchange and for 
monitoring the homogeneity of iron distribution. 
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Surface chemistry of metal sulfide nanoparticles altered using diazonium salts 
Plass is exploring the process by which aryl radicals are attached to metal sulfide nanoparticles 
via reaction with diazonium salts. This alternative surface functionalization process may provide 
different stabilities or selectivity of attachment. Characterization of such surface layers is 
difficult and will require extensive use of MCL facilities. Initially, Plass has used the Talos TEM 
to characterize new particles and are preparing functionalized samples that will be characterized 
by XPS to determine the new surface composition and layer thickness. On the basis of this idea 
and availability of MCL instruments, a proposal was submitted to the SEED program of the 
Research Corporation.  
Effect of iron sulfide phase on the adsorption of molybdenum species 
Despite the widespread use of molybdenum adsorbed to iron sulfide sediments as a marker for 
past ocean conditions, the sedimentation process is not well understood. In particular, there are 
multiple iron sulfide phases that form en route to the thermodynamically preferred pyrite state 
that could affect how molybdenum species adsorb. This effort seeks to compare the adsorption 
capacity of various iron sulfide phases for molybdenum species. Raman spectroscopy is 
diagnostic of the various iron sulfide phases under study. X-ray photoelectron spectroscopy is 
necessary to understand the mechanism and extent of molybdenum surface attachment.  This 
project is a new collaboration between Katherine Plass and Franklin & Marshall College 
colleague Jennifer Morford and would not be possible without the MCL facilities. It has resulted 
in submission of a collaborative ACS-PRF grant.   

Alison Noble – Messiah College 
Characterization of Self-Assembled Monolayers on Zinc Selenide 
This work focuses primarily on the functionalization of zinc selenide with self-assembled 
monolayers (SAMs).  Noble is interested in both the fundamental chemistry of the SAM-ZnSe 
interface as well as potential applications of the functionalized surface.  The two main areas of 
application being investigated are functionalizing the ZnSe-supported SAMs with biomolecules 
towards sensor applications and development of an electro-optical device employing liquid 
crystals.  Over the last year, Noble’s research students and herself have utilized instrumentation 
and facilities at the MRI in X-ray Photoelectron Spectroscopy, FTIR, and the nanofabrication 
laboratory.   
X-ray Photoelectron Spectroscopy: Previous work has demonstrated the formation of thiolate 
SAMs on ZnSe, but the chemistry of this process is not well understood.  In addition, while 
Noble’s group was successful in forming thiolate SAMs, they encountered difficulty in attempts 
to adsorb carboxylate SAMs on ZnSe.  Through XPS analysis, they have been investigating the 
chemistry of the ZnSe surface, in particular, the presence of selenium and zinc oxides.  They 
suspect that the presence of selenium oxide at least partially inhibits the adsorption of 
carboxylate monolayers and have been investigating the use of a chemical etch to remove surface 
oxides and promote monolayer formation. Three different etches have been tested for efficacy in 
removing surface oxide. One treatment in particular, an ethanol/ammonium wet etch, both 
removes the surface oxide and passivates the surface. XPS has been integral to understanding the 
effects of the wet etch process and developing a more robust process for formation of 
carboxylate SAMs on ZnSe.  
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Nanofab: Investigating the electro-optical dynamics of SAM-supported liquid crystals on ZnSe 
requires the fabrication of an interdigitated electrode array directly onto the substrate. To this 
end, the group has utilized a variety of instruments in the MRI nanofab: the wet chemistry 
benches, the spin benches, the mask contact aligner, the develop benches, and the metal 
deposition equipment. Once fabricated, subsequent experimentation with the electrode arrays 
leads to eventual degradation of the optical cell. They thus have an ongoing need to fabricate 
electrode-bearing ZnSe substrates.  In the summer and fall of 2016, they fabricated three 
interdigitated electrode arrays directly onto polished ZnSe substrates.  These arrays are used in 
FTIR studies of the orientation and relaxation of SAM-supported liquid crystalline thin films. 
FTIR: The group use FTIR both to characterize SAMs formed on the ZnSe surface as well as for 
electrooptical studies of SAM-supported liquid crystalline thin films.  Because ZnSe is IR 
transparent, they are able to collect data in single-pass transmission mode for both of these 
applications. The signal from a single layer of molecules, however, is quite low.  Similarly, the 
studies involving liquid crystals also tend to have low signal because the liquid crystalline thin 
films are confined to nanoscale cavities so as to probe surface rather than bulk properties of the 
film.  While the FTIR spectrophotometer at our home institution is excellent for teaching 
purposes, it does not have the S/N ratio of the instruments at the MCL. The group does all the 
preliminary work at their home institution, but the FTIR at MCL has been very important for 
acquiring high-quality infrared spectra. 

Luke Thompson – Gettysburg College 
Plasmonic Nanoparticles 
For nanoscale materials, the modification of surface chemistry has broad implications in 
determining interactions, transport, and fate of the particles.  A variety of methods exist for 
making these surface alterations; however, layer-by-layer (LbL) coating using polyelectrolytes 
has distinct advantages due to its ease of assembly and wide array of suitable substrates.  Despite 
the body of research, which utilizes polyelectrolyte thin films in some manner, it is still not fully 
understood how polyelectrolyte polymers coat nanoparticle surfaces.  LbL coating of 
polyelectrolytes onto gold nanoparticles (GNPs) was introduced in the early 2000s as an 
electrostatically based method to modify particle surface chemistry.  Thompson’s work has 
focused on quantitatively determining the number of 70 kDa polystyrene sulfonate (PSS) chains 
that are adsorbed to each cetyltrimethylammonium bromide (CTAB) capped gold nanoparticle.  
They have utilized the MRFN program to measure the atomic composition of this system via 
XPS as a function of the purification process. Their initial results have indicated that the 
elements representative of the CTAB (N and Br) show diminished concentrations with increased 
purification.  This data is helping the group answer important questions about the fate of the 
CTAB on the gold nanoparticles which has implications in better understanding the toxicology of 
CTAB capped gold nanoparticles. 
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12. Administration and Management 
The organizational structure of the Center is outlined in the chart at right. Daily operations are 
managed by the Director, Vincent Crespi, who reports directly to the Senior Vice President for 
Research. Center policy is 
developed by consultation of 
the full membership and is 
implemented by its Executive 
Committee. The committee 
currently consists of the Di-
rector Crespi, the Associate 
Directors Mallouk and 
Gopalan, the IRG leaders 
(Gopalan, Sen, Badding and 
Keating), the Penn State Ma-
terials Research Institute 
(MRI) Director Clive Ran-
dall, Outreach Director Drey-
er, Mohney, Central Facility Lab director Chan, and ARL representative Donnellan. Mallouk 
oversees the outreach portfolio. The Executive Committee is well connected to University ad-
ministration in materials research through Randall and Trolier-McKinstry (who is also co-Direc-
tor of the Penn State Nanofabrication Facility and also a member of the executive committee), 
and all members of the Executive Committee are also active in the research and/or outreach ac-
tivities of the Center. Mallouk serves on the MRI advisory board, further connecting the leader-
ship of the Center and MRI. The Executive Committee typically meets after the weekly MRSEC 
Seminar (or sometimes electronically). While the scientific direction of the Center grows in a 
“bottom up” way by soliciting the most compelling research ideas from the full membership, the 
Executive Committee plays an important role in coordinating the review of new proposals and 
existing projects and ensuring that the research portfolio undergoes continual renewal. The Ex-
ecutive Committee is also charged with deciding resource allocation for facilities, coordinating 
the response of the Center to new initiatives from NSF and within the University, and guiding 
major initiatives in industrial outreach, educational outreach and international programs. The 
MRSEC is now turning attention to the run-up to the next renewal cycle, and in particular is en-
gaging in a rigorous in-depth assessment of each IRG, and potential new IRG efforts, in Fall 
2017 to adapt the program to an anticipated constraint of a maximum of three IRGs in the next 
renewal cycle. This may involve a rationalization of current efforts to better align with this con-
straint, and the initiation of one or more new proto-IRGs to further maximize the quality and 
scope of potential IRGs entering the renewal submission. 

The full membership of the MRSEC meets weekly on Mondays at the MRSEC Seminar.  These 
well-attended lunch seminars are a regular forum for reviewing scientific progress, introducing 
new ideas and new members, advertising outreach opportunities, performing career development 
activities with students and postdocs, and forming collaborations with visitors.  They are also a 
natural place to communicate issues that are discussed in the Executive Committee with the 
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members of the Center. In addition to these seminars, the students, postdocs and faculty in each 
IRG meet approximately bi-weekly to discuss their current research progress and challenges in 
more detail. Usually, at least one member of the Executive Committee is engaged in the research  
project and is present at those meetings. 

The Center has a strong commitment to diversity, and successfully includes women at all levels. 
The MRSEC Diversity Committee, which includes the directors of diversity-focused initiatives 
in several Colleges, helps to coordinate recruitment at campus-wide. Members of the Diversity 
Committee include Eric Hudson (Chair), Mallouk (Associate Director), Ron Redwing, Kristin 
Dreyer (Educational Outreach Manager), Hank McCoullum (Diversity Coordinator for the Eber-
ly College of Science – to be replaced following his impending retirement with the new occupant 
of this position), Catherine Lyons (Associate Dean of Educational Equity for the College of 
Earth and Mineral Sciences), Mary Beth Williams (Graduate Admissions chair, Department of 
Chemistry), and Joan Redwing (MRSEC faculty and Graduate Admissions chair, Department of 
Material Science and Engineering). The diversity committee is now placing particular focus on 
further deepening the two new PREM partnerships. 

The External Advisory Committee comprehensively reviews our programs and provides a vital 
mechanism of frank, critical, external feedback. A new iteration of this committee will be instan-
tiated in Fall 2017 to provide input in to the IRG rationalization and redirection efforts outlines 
above.  

The Graduate & Postdoc Advisory Committee is proving to be a strong resource for innovative 
new areas and empowerment of the student and postdoc membership of the MRSEC. For exam-
ple, students with select, invite, and host a select set of external MRSEC seminar speakers in the 
next year, and will schedule these visits to include substantial interaction of high-profile senior 
speakers with students and postdocs in the MRSEC and beyond.  

The Executive Committee oversees the IRGs and Seed projects of the Center, and through a 
competitive review process decides on how support will be allocated.  Resources for research 
are allocated in a manner that is intended to maximize innovation, productivity, and collabora-
tion. Within IRGs, funds are not distributed to individual faculty, but instead support students 
and postdocs who work on multi-investigator projects. This organizational scheme is reflected in 
the internal accounting in that cost centers are not allocated to individual faculty, but instead to 
IRGs as a whole with centralized appointment of students. A similar policy is applied to projects 
within IRGs and Seed projects: in a sense, every project in the MRSEC is a Seed.  Students are 
often jointly advised by faculty. Postdocs, who typically number 1 or 2 per IRG, are expected to 
play a broader collaborative role than graduate students, acting as a scientific “glue” across an 
IRG. Faculty (with the exception of the Director and Associate Directors) receive no salary sup-
port from the Center, although some are granted release time by their Departments.  Faculty who 
are not the official thesis advisors of students on a particular project typically collaborate and of-
ten co-advise them. The regular IRG meetings (and smaller ad hoc meetings of individual 
projects) promote these kinds of interactions. When projects are phased out of the MRSEC, care 
is taken to minimize the impact on the students involved to facilitate optimal career develop-
ment. Because this system does not allocate funds to any particular faculty member, there is rela-
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tively little inertia to impede the inclusion of new faculty or the support of particularly promising 
new ideas in the IRGs. This flexibility has helped the IRGs change their course in response to 
new findings and challenges – historically, several IRGs have entirely renewed their research 
agenda via incorporation of especially successful Seed projects, for example. Several faculty are 
members of more than one IRG, and this confers synergy to the research projects. The next re-
view cycle will have a more global character, as it will align to the run-up to the next renewal 
cycle and the anticipated constraints in total number of IRGs. 

The Center has a collaborative role with three Institutes at Penn State (MRI, the Huck Institutes 
for the Life Sciences, and the Penn State Institutes for Energy and the Environment) in reviewing 
and supporting Seed Projects.  The Institute directors (Carlo Pantano, Peter Hudson, and Tom 
Richard, respectively) participate in the review process, and the Institutes co-fund appropriate 
projects of mutual interest and high intellectual merit.  The Executive Committee and Institute 
directors provide written reviews and if necessary meet as a panel to select projects for support. 
This is a win-win arrangement for the Institutes and the Center. The Center is able to leverage 
substantial additional support for new projects and obtain review input from outside experts. The 
Institutes benefit from the broad competitive proposal solicitation and review, which historically 
has attracted 15 to 20 collaborative proposals from the Penn State materials research community. 
Projects selected in this process have generally been very successful, either as future IRG 
projects or as the beginning of multi-investigator collaborations that later become independently 
funded as a group collaboration. 

Educational outreach is a strong unifying theme in the Center. Participation is expected of all 
students and postdocs and is encouraged from all faculty. Our educational activities are overseen 
by Associate Director Tom Mallouk. Kristin Dreyer is Outreach Director. Postdoctoral fellow 
Sydney Chamberlain was an educational outreach coordinator in the Center for most of the re-
porting period, specializing in the RET/REU program. Kristin Dreyer is the administrative point 
of contact for our collaborations with the Franklin Institute.   

Industrial outreach, including workshops, personnel exchange, and joint support of students is 
overseen by Randall, together with David Fecko, who oversees industrial outreach within the 
Materials Research Institute and reports directly to Randall. 

Center operations, including budgets, subcontracts, reports, site visits, seminars, website mainte-
nance, and appointment of personnel are managed by full-time administrative staff, Denise Pat-
ton. Financial reports and budgets are coordinated with the Grants Office in the Eberly College 
of Science and with the University Office of Sponsored Programs.   



13. Ph.D students who graduated 

Sarah Boehm, PhD in Chemistry, current position: BASF, Ph.D Professional Development Program 
Construction Chemicals. 

Ryan Haislmaier, PhD in Materials Science, current position as a postdoc at the University of Minnesota. 

Shaun Mills, PhD in Physics, he joined Intel as a process engineer.  

Arnab Sen Gupta, PhD in Materials Science, current position as a postdoc at the Pennsylvania State 
University.  

Margeaux Wallace, PhD in Materials Science, current position at General Electric. 

Lei Zhang successfully defended the PhD in Materials Science in May 2017.  

Postdocs who finished 

Ryan Keech, PhD in Materials Science, current position at Intel. 

Zhihao Jiang, current position is a Professor at Southeast University, Nanjing, China. 
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Huang, Experimental and Numerical Studies on Standing Surface Acoustic Wave
Microfluidics”, Lab chip, 2016, 16, 515. DOI: 10.1039/C5LC00707K.

56. Isamar Ortiz-Rivera, Henry Shum, Arjun Agrawal, Ayusman Sen, and Anna C.
Balazs, “Convective Flow Reversal in Self-powered Enzyme Micropumps,” Proc.
Nat. Acad. Sci. USA, 2016, 113, 2585-2590.

57. Garg, Astha; Cartier, Charles A.; Bishop, Kyle J.M.; Velegol, Darrell.  “Particle Zeta
Potentials Remain Finite in Saturated Salt Solutions,” Langmuir, 32, 11837-11844
(2016).

IRG 3 

Primary 

58. G.D. Mahan, N. Poilvert and V.H. Crespi, “Thermoelectric Propertis of Inverse
Opals”, Journal of Applied Physics 119, 075101; doi: 10.1063/1.4941784 (2016)
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Partial 

59. E. R. Shanblatt,  C. L. Porter, D. F. Gardner, G. F. Mancini, R. M. Karl Jr., M. D.
Tanksalvala, C. S. Bevis, V. Vartanian, H. C. Kapteyn, D. E. Adams, and M. M.
Murnane, "Quantitative Chemically-Specific Coherent Diffractive Imaging of
Reactions at Buried Interfaces with Few Nanometer Precision" Nano Lett. 16, 5444–
5450 (2016).

IRG 4 

Primary 

60. S. J. Boehm, L.; Kang, D. H. Werner, C. D. Keating, “Field-Switchable Broadband
Polarizer Based on Reconfigurable Nanowire Assemblies,” Advanced Functional
Materials 2017, 27, 1604703. DOI: 10.1002/adfm.201604703

61. X. Li, and R. E. Schaak, Reactive AgAuS and Ag3AuS2 Synthons Enable the
Sequential Transformation of Spherical Nanocrystals into Asymmetric Multi-
Component Hybrid Nanoparticles. Chemistry of Materials 2017, 29, 4153-
4160. DOI: 10.1021/acs.chemmater.7b01449

62. Z. H. Jiang and D. H. Werner, "Dispersion Engineering of Metasurfaces for Dual-
frequency Quasi-Three-Dimensional Cloaking of Microwave Radiators," Optics
Express, Vol. 24, No. 9, pp. 9629-9644. doi: 10.1364/OE.24.009629

Partial 

63. N. Nye, A. Elhalawany, A. Bakry, M. Razvi, A. Alsharie, M. Khajavikhan, and D.
Christodoulides, “Passive PT-Symmetric Metasurfaces with Directional Field
Scattering Characteristics” IEEE Journal of Selected Topics in Quantum Electronics,
2016, 22, 5000608. (Sept-Oct 2016).

64. D. Ma, C. M. Lee, Y. Chen, N. Mehta, S. H. Kim, and Z. Liu. Vibrational sum
frequency generation digital holography. Applied Physics Letters 2017, 110(25),
251601. doi: 10.1063/1.4986451

65. L. Liu, L. Kang, T. S. Mayer, D. H. Werner, “Hybrid Metamaterials for Electrically
Triggered Multifunctional Control.” Nature Communications 2016, 7, 13236 (doi:
10.1038/ncomms13236).
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66. J. Noh, S. Huang, D. Leykam, Y. D. Chong, K. P. Chen, and M. C. Rechtsman.
“Experimental Observation of Optical Weyl Points and Fermi Arc-like Surface
States,” Nature Physics 2017, 13, 611-617 (published online March 2017;
DOI:10.1038/nphys4072).

67. S. Weimann, M. Kremer, Y. Plotnik, Y. Lumer, S. Nolte, K. G. Makris, M. Segev, M.
C. Rechtsman, and A. Szameit, “Topologically Protected Bound States in Photonic
Parity–Time-Symmetric Crystals,” 2017, 16, 433-438. Nature Materials (published
online Dec 2016; DOI: 10.1038/NMAT4811).

68. B. Q. Lu, J. Nagar, J., T. Yue, M. F. Pantoja, D. H. Werner, “Closed-Form Expressions
for the Radiation Properties of Nanoloops in the Terahertz, Infrared and Optical
Regimes” IEEE Transactions of Antennas and Propagation,” 2017, 65, 121-133. (Jan.
2017) 

69. F. A. Namin, D. H. Werner, “An Exact Method to Determine the Photonic
Resonances of Quasicrystals Based on Discrete Fourier Harmonics of Higher-
Dimensional Atomic Surfaces” Crystals 2016, 6, 93.

70. L. Kang, Q. Ren, D. H. Werner, “Leveraging superchiral light for manipulation of
optical chirality in the near-field of plasmonic metamaterials” ACS Photonics 2017, 4,
1298-1305. DOI: 10.1021/acsphotonics.7b00057

71. M. F. Pantoja, J. Nagar, B. Lu, D. H. Werner, “Existence of Superdirective Radiation
Modes in Thin-Wire Nanoloops,” ACS Photonics 2017, 4, 509-516. DOI:
10.1021/acsphotonics.6b00486

72. D. D. Deng, Z. Lin, A. L. Elías, N. Perea-Lopez, J. Li, C. Zhou, K. Zhang, S. Feng, H.
Terrones, J. S. Mayer, J. A. Robinson, M. Terrones, T. S. Mayer, “Electric-Field-
Assisted Directed Assembly of Transition Metal Dichalcogenide Monolayer Sheets,”
ACS Nano 2016, 10 (5), pp 5006–5014.

73. Q. Ren, J. Nagar, L. Kang, Y. Bian, P. Werner, and D. H. Werner, "Efficient
Wideband Numerical Simulations for Nanostructures Employing a Drude-Critical
Points (DCP) Dispersive Model," Scientific Reports, Vol. 7, pp. 2126/1-10.
doi:10.1038/s41598-017-02194-1
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15. Biographical Information for New Investigators 

none 



 

16. Honors and Awards 

Zak Al Balushi in 2017 received Electrochemical Society Summer Fellowship; Caltech’s 
Young Investigator Lecturer in Engineering and Applied Science; Alumni Association 
Dissertation Award, Pennsylvania State University. In 2016 Zak received ICCGE-18 
Interantional Union of Crystallography (IUCr) Young Scientist Award; 16th 
International Summer School on Crystal Growth Excellent Poster Award, Shiga, Japan; 
Robert E. Newnham Award for Research Excellence, Pennsylvania State University; 3M 
Graduate Fellowship in Materials Science and Engineering from 2015 – 2017. 

Alicia Altemose received Honorable Metion, National Science Foundation Graduate 
Fellowship. 

Allan Brooks received the National Science Foundation Graduate Fellowship. 

Christopher Cheng received the National Science Foundation Graduate Fellowship. 

Jayatri Das of The Franklin Institute Honored With 2016 Nancy Hanks 
AwardARLINGTON, VA – Jayatri Das, Chief Bioscientist at The Franklin Institute 
Museum in Philadelphia, is the recipient of the 2016 Nancy Hanks Memorial Award for 
Professional Excellence, honoring a museum professional with less than 10 years’ 
experience in the field.  

Jayatri Das also is the recipient of a prestigious Penn State alumni award. 

Nicole Famularo, was awarded the 2016 National Science Foundation Graduate 
Research Fellowship. 

Xiaoyu Ji placed 1st in 2017 at the 15th Annual Materials Science and Engineering 
Graduate Poster Competition; received 3rd place at the 2016 MRS Fall Meeting; in 2017 
was awarded a department travel award for CLEO conference. 

Christine Keating, 2017 Penn State Faculty Scholar Medal. 

Jen Miller, first year graduate student was awarded the 2017 National Science 
Foundation Graduate Research Fellowship. 

Margaret M. Murnane received in 2017 the Frederic Ives Medal/Jarus W. Quinn Prize. 



Mikael Rechtsman, Alfred P. Sloan Fellowship and Kavli Fellow of the National 
Academy of Sciences. 

James Rondinelli received the 2017 MRS Young Investigator Award.  

Raymond Schaak, 2016 ACS Inorganic Nanoscience Award. 

Darrell Schlom was elected to the National Academy of Engineering. 

Ayusman Sen was elected Fellow, Royal Society of Chemistry. 

Susan Trolier-McKinstry was named an MRS Fellow. Susan has also been elected as the 
2016 Vice President and 2017 President of MRS.  

Susan Trolier-McKinstry received the International Award of the Ferroelectric Materials 
and Their Applications. 

Susan Trolier-McKinstry received in 2016 the IEEE Robert E. Newnham Ferroelectrics 
Award for Structure-Property Relations. 

Susan Trolier-McKinstry received the John Jeppson award of the American Ceramic 
Society.  



National Science Foundation DMR-1420620 and DMR-1454688; Los Alamos National Laboratory LDRD 20140013DR 

Prasanna V. Balachandran1, Joshua Young2, Turan Lookman1, James M. Rondinelli2      1Los Alamos National Laboratory  2Northwestern University

Nature Communications 8,14282 (2017). 10.1038/ncomms14282 

New acentric and polar material classes predicted by an integration of 
group theory, materials informatics and ab initio electronic structure.

MRSEC researchers have developed an informatics-guided ab initio approach to accelerate the design and 
discovery of noncentrosymmetric materials, integrating group theory, informatics and density-functional 
theory to uncover new design guidelines for layered Ruddlesden-Popper oxides. Group theory identifies how 
the interplay of oxygen octahedral rotation patterns and ordered cation arrangements break inversion 
symmetry, while informatics tools learn from available data to select candidate compositions that fulfill the 
group-theoretical postulates. 242 compositions have been identified after screening ~3,200 candidates, 25 
times more than the number of known noncentrosymmetric Ruddlesden-Popper oxides. Predictions were 
validated for 19 compounds using phonon calculations, among which 17 have noncentrosymmetric ground 
states, including two potential multiferroics. This approach enables rational design of materials with targeted 
crystal symmetries and functionalities. 

Learning from Data to Design Acentric Materials

⋮



Nature Communications 7, 12572 (2016). 10.1038/ncomms12572 

Layered complex oxides offer an unusually rich materials 
platform for emergent phenomena through many built-in 
design knobs such as varied topologies, chemical ordering 
schemes and geometric tuning of the structure. A multitude 
of polar phases are predicted to compete in Ruddlesden–
Popper An+1BnO3n+1 thin films by tuning layer dimension 
and strain. Using aberration-corrected scanning 
transmission electron microscopy with sub-Ångstrom 
resolution in Srn+1TinO3n+1 thin films, the IRG team 
demonstrated the coexistence of antiferroelectric, 
ferroelectric and new ordered and low-symmetry phases. 
The atomic rumpling of the rock salt layer, a critical feature 
in RP structures that is responsible for the competing 
phases, was directly imaged with exceptional quantitative 
agreement between electron microscopy and density 
functional theory down to 5pm (about 1/10th the size of a 
hydrogen atom). Such sub-atomic metrology can be 
transformative in bringing theory and experiments together 
for materials design at large.

NSF DMR-1420620, DMR-1210588, and DMR-1056441; Molecular Foundary, DOE DE-AC02-05CH11231 

Greg Stone1, Colin Ophus2, Turan Birol3, Jim Ciston,2 Che-Hui Lee1, Ke Wang1, Craig Fennie3, Darrell Schlom3, Nasim Alem1, Venkat Gopalan1 

1Penn State, 2Molecular Foundry, Lawrence Berkeley National Lab, 3Cornell University 

Subatomic microscopy as a key to materials design

Colorized sub-Angstrom 
scanning transmission 
electron microscope 
image clearly shows 
individual columns of 
atoms in the brick-and-
mortar structure of 
Ruddlesden-Popper 
Sr7Ti6O19. Overlaid 
simulated image shows 
close agreement between 
theory and experiment. 



Lead Zirconate Titanate MEMS Ultrasound Arrays
Penn State MRSEC DMR-1420620:  C. Y. Cheng, Y. Qiu, S. Cochran, T. Mallouk, and S. Trolier-McKinstry 

Acoustics arrays can be used for imaging, directing the motion of particles, and (at 
high intensities) therapeutic applications. Current methods of producing transducer 
arrays begin with bulk piezoelectric ceramics, complicating fabrication of high 
frequency arrays and necessitating large drive voltages. However, thin-film 
piezoelectrics such as lead zirconate titanate enable piezoelectric micromachined 
ultrasound transducers to be readily fabricated and driven a low voltages. The higher 
frequency ranges enabled allow much higher resolution medical imaging than is 
currently feasible, while retaining the ability to focus and steer the acoustic beam.  
MRSEC researchers have fabricated a first generation of these devices, and are 
examining their utility for medical imaging and fundamental studies of micromotors 
and nanomotors in randomized acoustic fields.



Enhanced diffusion of enzymes induced 
by changes in conformational fluctuations

These findings are quantitatively supported by the team’s experiments on the endothermic 
and relatively slow enzyme aldolase, giving rise to a new paradigm for this phenomenon. 

These findings reveal that the exothermicity of the catalyzed reaction is not a necessary 
condition for enhanced diffusion. A better understanding of enhanced diffusion may transform 
our understanding of the scope of function possible for enzymes in biology.

The diffusivity of enzymes is enhanced 
when they are catalytically active, and it 
was suggested that this enhancement 
could be correlated to their exothermicity. 


A MRSEC team shows that the diffusion 
coefficient of a model enzyme 
hydrodynamically coupled to its 
environment increases significantly when 
undergoing changes in conformational 
fluctuations in a substrate-dependent 
manner, and is independent of the overall 
turnover rate of the underlying enzymatic 
reaction. 

P. Illien1,2, X. Zhao2, K. K. Dey2, P. J. Butler2, A. Sen2, R. Golestanian1

1Rudolf Peierls Centre for Theoretical Physics, Oxford, 2Penn State

MRSEC DMR-1420620

bound statefree state

G3P + DHAP



Well-ordered Colloid “Compounds”  
Jennfer L. Russell, Grace H. Noel, Joseph M. Warren, Ngoc-Lan L. Tran, Thomas E. Mallouk

Russell	et.	al.	Chemistry	of	Materials,	under	review

We	have	synthesized		large	area,	well	ordered	binary	crystals	composed	of	two	different	sizes	
of	silica	colloid	spheres		as	small	as	20	nm	in	diameter.	These	binary	colloid	crystal	films	serve	
as	templates		for	new	types	of	“metalattices”		formed	by	void-free	infiltration	of	materials	into	
them.	Now	we	can	study	the	interactions		between		the	periodicities	and	symmetries		of	the	
new	metalattices		and	the	intrinsic		electronic,	vibrational,		optical,	and	magnetic		processes	in	
semiconductors,		insulators,		metals.	
Penn	State	MRSEC	DMR-1420620



Nanowire Assembly Enables Switchable Broadband Polarizers
Penn State MRSEC DMR-1420620: S. J. Boehm, L. Kang, D. H. Werner and C. D. Keating, Field-Switchable Broadband Polarizer 
Based on Reconfigurable Nanowire Assemblies, Advanced Functional Materials, 27, 1604703 (2017).

Gold nanowire lattices were formed by electric field directed assembly and reconfigured on-demand 
between two different functional states, in the form of broadband polarizers. By selectively switching the 
electric field between two orthogonal electrode pairs, a maximum transmission contrast of ca. 50% is 
observed in the near-infrared regime. Moreover, the reconfigurable transmission spectra, which are highly 
dependent on the nanowire size and electric field conditions, are reversible. The demonstrated proof-of-
concept nanowire lattice polarizer provides potential for electrically reconfigurable photonic devices such as 
ultra-compact polarization components, electro-optic switches, and on-chip modulators. 



The Penn State MRSEC partnered with Science-U summer camps to pilot a half-day STEM 
program for college-bound high school students who are blind or visually impaired. Students are 
participants in Summer Academy, a college transition program hosted by Pennsylvania’s Bureau 
of Blindness and Visual Services, Office of Vocational Rehabilitation, and the Bureau of Special 
Education's Pennsylvania Training and Technical Assistance Network.

Using a forensic science theme, MRSEC graduate students mentored participants in their efforts 
to collect evidence, analyze it, compare the data to police records, and solve the crime.  
Mentors received three hours of training by BBVS staff prior to the event. 

Program video: youtube.com/watch?v=y6SQ9zKUfB0 

DMR-1420620

Science Camps for Blind and Low-vision Students

https://www.youtube.com/watch?v=y6SQ9zKUfB0
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