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HISTORY OF PEC
The 78th Physical Electronics Conference at the University of Hampshire follows in the
tradition of annual PEC meetings held on university campuses and research labs in
North America. This topical conference provides a yearly forum for the dissemination
and discussion of novel and fundamental theoretical and experimental research in the
physics, chemistry, biology, and engineering of surfaces and interfaces. It includes the
prestigious Nottingham Prize competition for best presentation based on doctoral
research. Over 75 years the emphases of the conference have changed, yet the
meeting remains centered in its basis of fundamental science at material interfaces.
Central themes now include the interfaces of metals, semiconductors, ionic conductors,
dielectrics, insulators, fluids, porous materials, and the wealth of biomaterials.
Physicists, chemists, and engineers, with interests in these fields, come together to
present and discuss experimental and theoretical research on exposed (gas-solid or
gas-liquid) surfaces, or buried (liquid-solid and solid-solid) interfaces. Representative
topics include (but are not limited to) electronic, chemical, magnetic, and structural
properties of interfaces; energetics, kinetics, and dynamics of physical and chemical
transformations at surfaces; formation, assembly, structural and electronic properties,
and modeling of nanoscale surface architectures; effects of electron correlation at
surfaces, and topological insulators; interfacial interactions of biological materials;
impacts of interface chirality; mechanisms of film growth and interface evolution;
and transfer of energy, electrons, or ions across materials interfaces. New
methods/techniques for interrogation of interfaces, novel devices or sensors, and new
applications for structurally and chemically tailored interfaces also fall within the scope
of this meeting.
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PREVIOUS PEC HOSTS
1966 Massachusetts Institute of Technology

1992 University of California - Irvine

1967 Massachusetts Institute of Technology

1993 Rensselaer Polytechnic Institute

1968 University of Minnesota

1994 University of Tennessee

1969 Yale University

1995 Arizona State University

1970 University of Wisconsin - Milwaukee

1996 Boston University

1971 National Bureau of Standards

1997 University of Oregon

1972 Sandia Laboratories

1998 Pennsylvania State University

1973 University of California - Berkeley

1999 University of California - Berkeley

1974 Bell Laboratories

2000 Louisiana State University

1975 Pennsylvania State University

2001 Sandia National Laboratories

1976 University of Wisconsin-Madison

2002 Georgia Institute of Technology

1977 Stanford University

2003 Cornell University

1978 Oak Ridge National Laboratory

2004 University of California - Davis

1979 University of Maryland

2005 University of Wisconsin - Madison

1980 Cornell University

2006 Princeton University

1981 Montana State University

2007 University of Illinois, Urbana-Champaign

1982 Georgia Institute of Technology

2008 University of California - Riverside

1983 Sandia National Laboratories

2009 Rutgers University

1984 Princeton University

2010 University of Wisconsin - Milwaukee

1985 University of Wisconsin - Milwaukee

2011 University at Albany

1986 University of Texas - Austin

2012 University of Texas - Dallas

1987 IBM Almaden Research

2013 North Carolina State University

1988 Brookhaven National Laboratory

2014 University of Wisconsin - La Crosse

1989 University of Washington

2015 Rutgers University - New Brunswick

1990 National Institute of Standards

2016 University of Arkansas - Fayetteville

1991 Rutgers University – Piscataway

2017 Portland State University
2018 University of New Hampshire
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NOTTINGHAM PRIZE
The Nottingham Prize was originally established in 1966 from contributions given in
memory of Professor Wayne B. Nottingham of the Massachusetts Institute of
Technology by his many friends and associates. The prize, currently consisting of a
certificate and $1,500, is awarded to the best student paper presented at the
conference. This prize represents a seminal honor since many Nottingham winners
have gone on to become leaders in the field of surface science. In addition, you and
your advisor’s names are added to the Nottingham Wikipedia website.

PREVIOUS NOTTINGHAM WINNERS
Year

Winner

Institution

PI

1966

L. F. Cordes

University of Minnesota

W. T. Peria

1967

D. Steiner

Massachusetts Institute of Technology

E. P. Gyftopoulos

J.V. Hollweg

Massachusetts Institute of Technology

E. P. Gyftopoulos

1968

E. Ward Plummer

Cornell University

T. N. Rhodin

1969

John C. Tracy

Cornell University

J. M. Blakely

1970

J. M. Baker

Cornell University

J. M. Blakely

1971

D. P. Smith

University of Minnesota

W. T. Peria

1972

W. Henry Weinberg

University of California, Berkeley

R. Merrill

1973

J. R. Bower

Bartol Research Foundation

J. M. Chen

1974

N. J. Dionne

Cornell University

T. N. Rhodin

T. Gustafsson

Chalmers University of Technology

P. O. Nillson

1975

L. C. Isett

Cornell University

J. M. Blakely

1976

J. A. Knapp

Montana State University

G. A. Lapeyre

1977

S.-L. Weng

University of Pennsylvania

E. W. Plummer

1978

Gwo-Ching Wang

University of Wisconsin, Madison

M. G. Lagally

1979

Wilson Ho

University of Pennsylvania

E. W. Plummer

1980

R. Di Foggio

University of Chicago

R. Gomer
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Harry J. Levinson

University of Pennsylvania

E. W. Plummer

1981

Ruud M. Tromp

FOM Institute for Atomic & Molecular
Physics

F. W. Saris

1982

P. O. Hahn

University of Hanover

M. Henzler

1983

R. Raue

University of Köln (Cologne) and KFA
Jülich

G. Güntherodt & M.
Campagna

1984

M. Onellion

Rice University

G. K. Walters

1985

K. Gibson

University of Chicago

S. J. Sibener

J. W. M. Frenken

FOM Institute for Atomic & Molecular
Physics

J. F. van der Veen

1986

S. M. Yalisove

University of Pennsylvania

W. R. Graham

1987

John D. Beckerle

Massachusetts Institute of Technology

S. T. Ceyer

1988

Lee J. Richter

Cornell University

W. Ho

1989

J.-K. Zuo

Rensselaer Polytechnic Institute

C.-C. Wang

1990

Y.-W. Mo

University of Wisconsin, Madison

M. G. Lagally

1991

B. Swartzentruber

University of Wisconsin, Madison

M. B. Webb

1992

Thomas Michely

KFA Jülich

G. Comsa

1993

A. K. Swan

Boston University

M. El-Batanouny

1994

G. Rosenfeld

KFA Jülich

G. Comsa

1995

Marcus K. Weldon

Harvard University

C. Friend

1996

J. Carpinelli

University of Tennessee

E. W. Plummer

B. Kohler

Fritz Haber Institute

M. Scheffler

1997

D. Gragson

University of Oregon

G. Richmond

1998

Barry C. Stipe

Cornell University

W. Ho

M. S. Hoogeman

FOM Institute & Leiden Univ.

J. W. M. Frenken

1999

K. Pelhos

Rutgers University

T. E. Madey

2000

Lincoln Lauhon

Cornell University

W. Ho

2001

Gayle Thayer

University of California, Davis & Sandia
Livermore

S. Chiang & R.
Hwang

2002

Denis Potapenko

Rutgers University

B. J. Hinch
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2003

John Pierce

University of Tennessee

E. W. Plummer & J.
Shen

2004

Peter Wahl

Max Planck Inst. for Solid-State Physics

K. Kern

2005

Nathan Guisinger

Northwestern University

M. Hersam

2006

Mustafa M. Ozer

University of Tennessee-Knoxville

J. R. Thompson & H.
H. Weitering

Paul C. Snijders

Delft University of Technology

H. H. Weitering & T.
M. Klapwijk

2007

P. Maksymovych

University of Pittsburgh

J. T. Yates, Jr.

2008

Brett Goldsmith

University of California, Irvine

P. G. Collins

2009

Alpha T. N' Diaye

University of Köln (Cologne)

T. Michely

2010

Heather Tierney

Tufts University

C. Sykes

2011

Tanza Lewis

University of California, Irvine

J. Hemminger & B.
Winter

2012

Daniel Schwarz

University of Twente

B. Poelsema

2013

Benjamin A. Gray

University of Arkansas - Fayetteville

J. Chakhalian

2014

Donna A. Kunkel

University of Nebraska - Lincoln

A. Enders

2015

Christoph Große
Amanda Larson

Max Planck Inst. for Solid State Physics
University of New Hampshire

K. Kern
K. Pohl

2016

Charlotte Herbig

University of Köln (Cologne)

T. Michely

2017

Erik S. Skibinski

Cornell University

M. A. Hines
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PROGRAM SUMMARY
MONDAY
4:00 – 6:00 pm

Check in

Mills Residence Hall

5:00 – 8:00 pm

Welcome reception

The Terrace at Three
Chimneys Inn

7:15 – 8:30 am

Breakfast, registration, and setup of
posters and exhibits

DeMeritt Hall Atrium

8:30 – 8:40 am

Opening remarks and Welcome

8:40 – 10:00 am

Oral presentations

10:00 – 10:20 am

Coffee break

10:20 – 11:00 am

Keynote presentation: The Multi-Faceted Nature of Crystal Growth
Kristen Fichthorn, Departments of Chemical Engineering and Physics, The
Pennsylvania State University

11:00 – 12:00 pm

Oral presentations

12:00 – 1:40 pm

Lunch

1:40 – 2:20 pm

Keynote presentation: Materials Challenges for AI Hardware
Accelerators
James B. Hannon, IBM Research Division, Yorktown Heights, NY

2:20 – 3:40 pm

Oral presentations

3:40 – 4:00 pm

Coffee break

4:00 – 6:00 pm

Poster session & Vendor Exhibit

DeMeritt Hall Atrium

6:00 – 8:00 pm

Picnic

DeMeritt Hall Lawn

8:00 – 9:30 pm

Annual PEC General Committee Meeting

DeMeritt Hall 239

TUESDAY

Holloway Commons “HoCo”
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WEDNESDAY
7:15 – 8:20 am

Breakfast

DeMeritt Hall Atrium

8:20 – 10:00 am

Nottingham Prize presentations

10:00 – 10:20 am

Coffee break

10:20 – 12:00 pm

Nottingham Prize presentations

12:00 – 1:40 pm

Lunch

1:40 – 3:20 pm

Nottingham Prize presentations

3:20 – 3:40 pm

Coffee break

3:40 – 4:20 pm

Nottingham Prize presentations

4:20 – 6:30 pm

Break before banquet, time for additional poster viewing

6:30 – 8:30 pm

Banquet

Huddleston Ballroom

8:30 – 10:30 pm

Nottingham Prize Celebration

Hop + Grind Pub

6:30 – 8:30 am

Check out (store luggage in DeMeritt Hall 238)

Mills Residence Hall

7:15 – 8:20 am

Breakfast

DeMeritt Hall Atrium

8:20 – 9:20 am

Oral presentations

9:20 – 10:00 am

Keynote presentation: Applying Spin Polarized Electron Beams to Image
Chiral Magnetization Structures
Andreas Schmid, Molecular Foundry, Lawrence Berkeley National Lab, CA

10:00 – 10:20 am

Coffee break

10:20 – 10:40 am

Oral presentations

11:00 – 11:45 am

Closing remarks

11:45– 12:30 pm

Box lunch

Holloway Commons “HoCo”

THURSDAY

DeMeritt Hall Atrium
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CONFERENCE AGENDA
MONDAY
4:00 – 6:00 pm

Check in

Mills Residence Hall

5:00 – 8:00 pm

Welcome reception

The Terrace at Three
Chimneys Inn

7:15 – 8:30 am

Breakfast, registration, and setup of
posters and exhibits

DeMeritt Hall Atrium

8:30 – 8:40 am

Opening remarks and Welcome

8:40 – 10:00 am

Session 1: Seth King, Univ. of Wisconsin – La Crosse

TUESDAY

8:40 am O.1.

In situ Structure Activity Relationship for Low Alcohol Oxidation on Au(110), Fang Wu

9:00 am O.2.

Dynamic Disorder in the C60 Monolayer on Au(111), Sara Pazoki

9:20 am O.3.

Ultrathin-film oxides as an inspiration and template for HDN model catalysis on thin-film
molybdenum nitrides, William Kaden

9:40 am O.4.

Comparing the Atomic Structure of Two-Dimensional Amorphous Network Formers: Silica
and Germania, Kristen Burson

10:00 – 10:20 am

Coffee break

10:20 – 11:00 am

Keynote presentation: The Multi-Faceted Nature of Crystal Growth
Kristen Fichthorn, Departments of Chemical Engineering and Physics, The
Pennsylvania State University

11:00 – 12:00 pm

Session 2: Shawna Hollen, UNH

11:00 am O.5.

Pulling Apart 1:1 Chiral Complexes: Imaging the Molecular Origins of Symmetry
Breaking, Amada Larson

11:20 am O.6.

Patterns of Organics on Substrates with Metallic Surface States: Origins and Impact, Ted
Einstein

11:40 am O.7.

The Impact of Electrical Contacts on Morphology and Charge Transport in Ultrathin C8BTBT Transistors, Dan Dougherty

12:00 – 1:40 pm

Lunch

Holloway Commons “HoCo”

1:40 – 2:20 pm

Keynote presentation: Materials Challenges for AI Hardware
Accelerators
James B. Hannon, IBM Research Division, Yorktown Heights, NY
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2:20 – 3:40 pm

Session 3: Brian Swartzentruber, CINT/Sandia Nat’l Labs

2:20 pm O.8.

Novel Approach to Strain Engineering 2D Materials Using MEMS Electrothermal
Microactuators, Mounika Vutukuru

2:40 pm O.9.

Intrinsic Point Defects in Ultrathin 1T-PtSe2, Chenggang Tao

3:00 pm O.10.

Atomic- to device-scale studies of 2D material defects and interfaces, Shawna Hollen

3:20 pm O.11.

Liquid Phase Exfoliated Niobium Diselenide (NbSe2) for Electrochemical Energy Storage
Applications, Sujoy Ghosh

3:40 – 4:00 pm

Coffee break

4:00 – 6:00 pm

Poster session

DeMeritt Hall Atrium

6:00 – 8:00 pm

Picnic

DeMeritt Hall Lawn

8:00 – 9:30 pm

Annual PEC General Committee Meeting

DeMeritt Hall 239

WEDNESDAY
7:15 – 8:20 am

Breakfast

DeMeritt Hall Atrium

8:20 – 10:00 am

Nottingham presentations: Carl Ventrice, SUNY Polytech

8:20 am N.1.

Surface Electron Dynamics for Intercalated Graphene on a Metal Template, Yi Lin

8:40 am N.2.

Visualizing Spin Exchange Interactions Between Two Single-Molecule Magnets in Three
Dimensional Space, Greg Czap

9:00 am N.3.

Chiral-Induced Spin Selectivity in Electron Transfer and Transmission through
Biomolecular Assemblies, John Abendroth

9:20 am N.4.

When intrinsic impurities give rise to a new Moiré pattern: New phase of h-BN/Rh(111),
Zahra Hooshmand

9:40 am N.5.

Hydrogen retention in lithium and lithium oxide films, Yuxin Yang

10:00 – 10:20 am

Coffee break

10:20 – 12:00 pm

Nottingham presentations: Chenggang Tao, Virginia Tech

10:20 am N.6.

Deep Learning in Surface Science, Artem Maksov

10:40 am N.7.

Graphene intercalation: A pathway towards stabilizing new two-dimensional crystals,
Zakaria Al Balushi

11:00 am N.8.

Growth of Epitaxial Graphene on Single Crystal Copper Surfaces by Chemical Vapor
Deposition, Tyler Mowll

11:20 am N.9.

Nanoconfined Interfaces: From artificial ion channel to nanofluidic battery, Sylvia Xin Li

11:40 am N.10.

Quantitative Probing of Vacancies and Ions Dynamics in Electroactive Oxide Materials,
Jiaxin Zhu
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12:00 – 1:40 pm

Lunch

Holloway Commons “HoCo”

1:40 – 3:20 pm

Nottingham presentations: Jiadong Zang, UNH

1:40 pm N.11.

State-resolved measurements of methane dissociation on nickel single crystal catalysts,
Eric High

2:00 pm N.12.

Acetic acid adsorption on Ni(110) for developing improved hydrodeoxygenation catalysts,
Emanuel Scoullos

2:20 am N.13.

Disentangling transport in topological insulator thin films down to the nanoscale, Felix
Lüpke

2:40 pm N.14.

Investigating the Effects of Surface Ligand Concentration on the Magnetic Properties of
Semiconductor Nanocrystals, Alex Khammang

3:00 pm N.15.

Surface and Interface Engineering of Borophene, Xialong Liu

3:20 – 3:40 pm

Coffee break

3:40 – 4:20 pm

Nottingham presentations: Robert Meulenberg, Univ. of Maine

3:40pm N.16.

State-resolved measurements of methane dissociation on nickel single crystal catalysts,
Matthew Darby

4:00 pm N.17.

Hydrogenation of CO on Ni(110) by Energetic Deuterium, Michelle Hofman

4:20 – 6:30 pm

Break before banquet, time for additional poster viewing

6:30 – 8:30 pm

Banquet

Huddleston Ballroom

8:30 – 10:30 pm

Nottingham Prize Celebration

Hop + Grind Pub

6:30 – 8:30 am

Check out (store luggage in DeMeritt Hall 238)

Mills Residence Hall

7:15 – 8:20 am

Breakfast

DeMeritt Hall Atrium

8:20 – 9:20 am

Session 4: Dan Dougherty, NC State

THURSDAY

8:20 am O.12.

Real-Time Simulation of Molecular Spin Plasmon Dynamics, Craig Chapman

8:40 am O.13.

Ultrafast and Ultrasmall: Domain Walls and Skyrmions in a Compensated Ferrimagnet,
Lucas Caretta

9:00 am O.14.

Symmetry Principles in Interfacial Magnetism, Jiadong Zang

9:20 – 10:00 am

Keynote presentation: Applying Spin Polarized Electron Beams to Image
Chiral Magnetization Structures
Andreas Schmid, Molecular Foundry, Lawrence Berkeley Nat’l Lab, CA
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10:00 – 10:20 am

Coffee break

10:20 – 11:40 am

Session 5: Karsten Pohl, UNH

10:20 am O.15.

Precise integration of colloidal giant quantum dots and 3D nanoantenna substrates by
dip-pen nanolithography, Jun Wang

10:40 am O.16.

Proton Conduction in 2D Aza-Fused Covalent-Organic Frameworks, Zheng Meng

11:00 am O.17.

A new method for quantifying low-energy electron emission from clinically relevant
nanoparticles, Laura Cramer

11:20 am O.18.

Mirror-Image Porphyrin Nanoassemblies Templated by ssDNA, Milan Balaz

11:40 – 11:45 am

Closing remarks

11:45 – 12:30 pm

Box lunch

DeMeritt Hall Atrium
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ABSTRACT BOOK
KEYNOTE PRESENTATIONS

Pages K.1 – K.3
NOTTINGHAM PRIZE PRESENTATIONS

Pages N.1 – N.17
ORAL PRESENTATIONS

Pages O.1 – O.18
POSTER PRESENTATIONS

Pages P.1 – P.16
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POSTER GUIDE

P.1
P.2

Dominico Andreoli Jr.
S. Arias

P.3

T. A. Balema

P.4

H. L. Bell

P.5

Z. Dai

P.6

S. M. Huston

P.7

J. Lake

P.8

L. Levintov

P.9

C. Liu

P.10 C. Liu

P.11 A. Mahdavi-Shakib
P.12 Mohammadjavad
Mohammadi
P.13 Xiaoqiang Shan
P.14 M. Small
P.15 Jie-Xiang Yu
P.16 Peipei Huang

Electrons scattering off Skyrmions
Scanned probe microscopy studies of MoS2 Catalysis
on insulating substrates: investigating the impact of
substrate, strain, and defects
Atomic-scale studies of two new molecular rotors,
from controlling single molecule rotation to complex
rotor dynamics
Black phosphorus quantum dots as a photosensitizer
in photocatalytic hydrogen production
Local surface crystal structure of 2D materials
characterized by dynamical µLEED-IV/LEEM analysis
Temperature dependent self-assembly of 9,10dibromo-anthracene on Ag(111)
Creep and hysteresis correction for atomic-precision
STM tip positioning
Atomistic simulation studies of DNA-Porphyrin
nanoassemblies
Exploration of factors influencing polymerization
induced phase separation in seeded emulsion
polymerization
Quantitative measurements of the interfacial region
and extent of phase separation between polymers
during and after polymerization
Implication of electron scavenging character of
sulfated titania in photocatalysis
Diffusion networks of CO in FeFe Hydrogenase
Bivalence Mn5O8 with hydroxylated interphase for
high-voltage aqueous sodium-ion storage
Photovoltaic application of silicon nanowire P-N
junctions
Magnetic anisotropy in low-dimensional system
Exploring the synergy between semiconductor
surfaces and molecular catalysts for efficient solar
CO2 reduction
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KEYNOTE

The Multi-Faceted Nature of Crystal Growth
Kristen Fichthorn
Departments of Chemical Engineering and Physics, The Pennsylvania State University, 37
Greenberg Complex, University Park, PA, 16802, USA
Email: fichthorn@psu.edu
Achieving the controlled synthesis of colloidal nanomaterials with selected shapes and sizes is an
important goal for a variety of applications that can exploit their unique properties (e.g., optical,
catalytic, magnetic, etc.). In the past decade, a number of promising solution-phase synthesis
techniques have been developed to fabricate various nanostructures. A deep, fundamental
understanding of the phenomena that promote selective growth and assembly in these syntheses
would enable tight control of nanostructure morphologies in next-generation techniques. I will
present several aspects of our efforts to understand how shape-selective growth occurs in these
syntheses.
First, I will discuss how PVP, a structure-directing polymer, facilitates the formation of {100}faceted Ag nanocubes. In these studies, we use first-principles density-functional theory (DFT)
to characterize the binding of PVP repeat units to Ag(100) and Ag(111) surfaces. These studies
indicate a binding preference of PVP to Ag(100) that is consistent with experimental
observations. To understand the solution-phase binding of PVP to these Ag surfaces, we develop
a new metal-organic many-body (MOMB) force field with high fidelity to DFT. We implement
this force field in molecular-dynamics (MD) simulations to characterize the potential of mean
force and the mean first-passage times for solution-phase Ag atoms to reach PVP covered Ag
facets. Using these mean first- passage times, we predict kinetic Wulﬀ shapes of large Ag
nanocrystals (around 100 nm) and show that these should be {100}-faceted cubes. We also use
MD simulations to characterize the interfacial free energies of PVP-covered Ag facets in
solution. The thermodynamic Wulﬀ shapes that we predict in these calculations exhibit {111}
facets. These findings are consistent with experimental observations that suﬃciently small Ag
nanocrystals with sizes ≤ 20 nm are not {100}-faceted and larger nanocrystals become {100}faceted in the presence of PVP.
In experimental studies, Cl- is often added in the synthesis of Ag nanocubes to achieve “pointy”
corners. We use ab initio thermodynamics to characterize the surface energies of various Cl
covered surfaces as a function of the solution-phase Cl- chemical potential. Our studies indicate
that Cl adsorption can enhance the thermodynamic tendency for {100}-faceted Ag nanocubes, in
agreement with our experimental collaborators.

K.1

KEYNOTE

Materials Challenges for AI Hardware Accelerators
James B. Hannon
IBM Research Division, T.J. Watson Research Center, Yorktown Heights, NY, USA
Email: jbhannon@us.ibm.com
The growth of artificial intelligence (AI) workloads presents a serious challenge to highperformance computing.
These computationally-intensive applications include image
classification, speech recognition, and anomaly/fraud detection. In typical applications, neural
networks with tens of millions of free parameters are “trained” using huge labeled datasets.
Training of sophisticated networks can take weeks, even in state-of-the-art data centers. Analysis
of the algorithms shows that a large fraction of the training time is spent performing matrix
operations. These tasks are amenable to hardware acceleration, and the use of graphical processing
units (GPUs) to accelerate training is now common. In this talk, I will describe a new class of
exotic hardware accelerators based on analog computing. These accelerators employ cross point
arrays in which the conductance of each cross-point element can be individually tuned. By
applying voltage to the rows, and summing the currents in the columns, matrix multiplications can
be efficiently performed. In principle, this scheme can be used to accelerate AI workloads by
many thousands of times compared to conventional GPUs. The requirements of the training
algorithms place serious constraints on the materials properties of the cross-point elements [1].
While many materials have been proposed, and implemented, none completely satisfy the needed
requirements. I will review the materials requirements in detail and describe results from recent
implementations using phase change materials.
References:
[1] T. Gokmen and Y. Vlasov, Front. Neurosci. 10, 333 (2016).

K.2

KEYNOTE

Applying spin polarized electron beams to image chiral
magnetization textures
G. Chen1, and A.K. Schmid2
1

2

Department of Physics, University of California, Davis, CA, 95616, USA
Molecular Foundry, Lawrence Berkeley National Lab, Berkeley, CA 94720, USA
Email: akschmid@lbl.gov

Spin polarized electron beams can be applied in low energy electron microscopy to map the
orientation of the 3D magnetization vector at high spatial and angular resolution. This
application offers uniquely powerful opportunities to investigate the rich physics of chiral
magnetism in films and multilayers. This magnetic chirality is fundamentally interesting holds
potential for logic and memory applications [1,2]. Using spin-polarized low-energy electron
microscopy (SPLEEM), we recently observed chiral domain walls in thin films [3]. We
developed a way to tailor and amplify the Dzyaloshinskii-Moriya interaction, which drives the
chirality, by interface engineering [4]. We also demonstrate an experimental approach to
stabilize skyrmions in magnetic multilayers without external magnetic field, by exchangecoupling homochiral magnetic films to buried layers with perpendicular magnetization [5]; and
we demonstrate that chiral spin textures are induced at graphene/ferromagnetic metal interfaces,
via a new type of Dzyaloshinskii-Moriya interaction due to a Rashba effect [6]. This work was
done in collaboration with T.P. Ma, A.T. N’diaye, S.P. Kang, H.Y. Kwon, C. Won, Z.Q. Qiu,
Y.Z. Wu, A. Mascaraque, H. Yang, A.A.C. Cotta, S.A. Nikolaev, E.A. Soares, W.A.A. Macedo,
K. Liu, A. Fert and M. Chshiev.

Figure. 1 (a) SPLEEM image of skyrmions in magnetic multilayer designed to stabilize ambienttemperature skyrmion phase [5]. Magnetization vector orientation rendered in color according to
color-wheel. (b) Single skyrmion image, 3D vector array shows magnetization at image pixels.
References
[1] A. Fert et al., Nature Nanotechnol. 8, 152 (2013).
[2] N. Nagaosa et al. Nature Nanotechnol. 8, 899 (2013).
[3] G. Chen, et al. Phys. Rev. Lett. 110, 177204 (2013).
[4] G. Chen, et al. Nat. Commun. 4, 2671 (2013).
[5] G. Chen, et al. Appl. Phys. Lett. 106, 242404 (2015).
[6] H. Yang, et al., Nature Materials, online https://doi.org/10.1038/s41563-018-0079-4

K.3

NOTTINGHAM | 1
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In this student paper, I report my thesis work on studying the surface electron dynamics
induced by intercalated oxygen sub-lattice in graphene/Ir(111) (Gr/Ir) interface by using both
experimental and theoretical methods. Two novel surface electronic phenomena were observed
and understood by decoupling and analyzing the in- and out-of-plane chemical and structural
modulations generated by the presence of oxygen intercalants.
The first phenomenon we discovered was an experimental observation of strongly excited
image potential state (IPS) in a well-defined quasi-free-standing graphene (QFG) via oxygenintercalated Gr/Ir interface. Specifically, monitored by low-energy-electron-microscopy and
diffraction, we synthesized and characterized Gr/Ir and further obtained QFG (Gr/O/Ir) by
oxygen intercalation into Gr/Ir interface and then succeed in exciting image potential state (IPS)
on both interfaces by two-photon-photoemission. We observed IPSs for both Gr/Ir and Gr/O/Ir
interfaces and we quantified an increased IPS binding energy of 0.17 eV following the oxygen
intercalation. IPS is known as a sensitive probe for surface modulations especially normal to the
surface, therefore I tried to understand the energy shift by an approximation considering only the
out-of-plane chemical and structural modulations from oxygen intercalation. We proposed a
theoretical model based on density-functional-theory (DFT) and effective potential models to
simulate the complex behavior of surface potential in the presence of the intercalated oxygen and
its influence on IPSs. The results of the model is in strong agreement with the measured IPS
band structure variations. The agreement attributes the IPS binding energy shift to two interfacial
potential modulations: a deepened and widened surface potential well due to the presence of
oxygen intercalants and an increased graphene-Ir interfacial distance.
The second phenomenon we discovered is a new non-dispersive unoccupied electronic
state at Brillouin Zone (BZ) center observed only for Gr/O/Ir but not for Gr/Ir interface. The
unoccupied state is approximately 2.6 eV above Fermi energy and was discovered by angleresolved two-photon-photoemission. The existence of the non-dispersive band has inspired a
careful examination of the in-plane structural modulation induced by the oxygen intercalants.
While oxygen intercalants produce QFG, low-energy-electron-diffraction confirms an in-plane
2×2 periodicity of the intercalated oxygen, which can provide periodic perturbation to QFG and
generate the flat unoccupied state due to zone folding from the graphene bands near the BZ edge.
Direct evidence of this zone-folding mechanism is supported further by results from angleresolved photoemission measurements and from rigorous density-functional-theory-based
calculations. Our results demonstrate unambiguously the control of large-wavevector-scale zonefolding in graphene by ordered intercalants to provide new pathways for selective optical
excitations in a two-dimensional interface.
N.1
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Magnetic single atoms and molecules represent the ultimate spatial limit in magnetic
storage and fundamental studies of spin-spin interactions. Due to recent breakthroughs in
improving the excited spin state lifetime in these systems, they are now also being considered as
platforms for spin-based quantum computation. There is a pressing need to develop new
techniques capable of exploring how these one-dimensional spin systems interact with their local
environment.
Over the last decade, scanning probe microscope tips functionalized by single molecules
have been shown to provide unprecedented spatial resolution. In these schemes, the single
molecule at the tip apex behaves as a highly localized sensing device, capable of detecting e.g.
short range intermolecular forces or electrostatic fields generated by other nano-objects. The
ability to use magnetic molecule tips as sensors of local magnetic fields and spin interactions has
yet to be demonstrated.
Here we probe and visualize spin-spin interactions between an S = 1 spin triplet
nickelocene molecule attached to a scanning tunneling microscope tip and another nickelocene
molecule adsorbed on a Ag(110) surface. By performing inelastic electron tunneling
spectroscopy measurements of spin-flip excitations as a function of intermolecular separation
(Z), spin-spin coupling is observed and shown to originate primarily from exchange interactions
which act across the vacuum tunneling gap between the molecules. We further demonstrate spinprobe imaging by acquiring a series of spectroscopic images which provide direct visualization
of the exchange interaction strength in the lateral (XY) plane.
Our results herald the development of a new class of scanning probe sensors based on
single molecule magnets. Analogous to the force-sensing capabilities of carbon monoxideterminated tips which have now become standard in the imaging of chemical structures on
surfaces, we anticipate spin-sensing molecule probes will similarly become widely adopted.
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Recent observations of spin-dependent and enantioselective interactions between electrons and
chiral molecules have inspired studies to elucidate the roles of spin and chirality in charge transfer
at metal-molecule interfaces. We investigated spin filtering in DNA-mediated charge transfer at
room temperature within patterned self-assembled monolayers on ferromagnetic substrates. Using
fluorescence microscopy, quenching of photoexcited dye molecules precisely bound within DNA
helices was used to analyze substrate magnetization-dependent charge transfer to the surface. Our
results suggested that electron spin is preferentially aligned parallel to its propagation direction
within this charge-transport regime through right-handed helical DNA duplexes.
Yet, while we and others have demonstrated that chiral molecules can polarize electrons,
unifying mechanisms remain elusive. This is due, in part, to a lack of experimental analyses on the
relative energy barriers to spin-dependent transmission of electrons through chiral molecules.
Thus, we designed experiments using ultraviolet photoelectron spectroscopy to measure the work
function of ferromagnetic surfaces functionalized with chiral oligopeptides and proteins.
Photoelectrons from ferromagnetic surfaces are spin polarized, while adsorbed chiral molecules
act as spin filters. We measured work function differences of tens of millielectron volts that depend
on substrate magnetization orientation and the handedness of chiral molecule films.
Moving forward, elucidating the mechanistic contributions to spin filtering from adsorbed
chiral species, ferromagnetic materials, and metal-molecule interfaces will be critical to assess
practicality of chiral organic materials for spintronics applications.
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When intrinsic impurities give rise to a new Moiré pattern: New
phase of h-BN/Rh(111)
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Hexagonal boron nitride (h-BN) monolayer, an insulating layer of sp2 hybridized structure
between B and N, when grown on Rh(111) forms a Moiré pattern with elevated (rim) and
depressed (valley) areas. The valleys are circular dipole rings which act as trapping centers for the
adsorption of nanoparticles and molecules [1]. The presence of the native carbon impurities in Rh
potentially gives rise to the formation of hexagonal carbon rings under every other rim area as
suggested by recent experiments [2] and could lead to new structures and novel chemistry. Here,
on the basis of Density Functional Theory (DFT) simulations with dispersion corrections, we show
that these carbon rings tend to grow in a manner in which the center of each ring is placed on top
of a Rh atom. These rings grow next to each other and form islands which are separated from each
other by an equal distance while the BN monolayer remains untouched, i.e. there is no C-B or CN bond formed. Our calculations show that while no broken bonds between B and N were
observed, the increase in the concentration of carbon impurities will enhance the height
modulations among different regions of BN Moiré pattern leaving the former valleys unchanged
while decreasing their area. The new higher elevated regions show strong accumulation of charge
and the lower elevated regions display depletion of charge. This gives rise to modification of the
electronic structure of the dipole rings and results in altered adsorption sites for pentacene on hBN. Our simulations of Scanning Tunneling Microscope (STM) images for this structure, are in
good agreement with experimental data when we include 3 to 5 carbon rings. Furthermore, our
analysis of the spatial density of electronic states shows that in the presence of islands of 5
hexagonal carbon rings the band gap of h-BN in the higher elevated regions vanishes and for
islands with 3 or 4 rings there is only a reduction of the band gap. The local variations of work
function (Fig. 1) shows that by growth of islands the work function reduces on the lower elevated
regions in new phase while the whole rim areas had the same work function in h-BN/Rh(111).
These results also help establish that it is the changes in the local environment induced by trapping
of the carbon rings and subsequent modifications in surrounding bond lengths and geometrical
arrangement that lead to electronic structural changes
and hence to novel local chemical properties.
References:
[1] H. Dil et al., Science, 2008, 319, 1824-1826.
Fig. 1. Local variations of work function of (a) hBN/Rh(111) and (b) new phase with 5 carbon rings at each
corner of red triangle. The distinct modification in work
function are obtained when C accumulated under rim areas.

[2] Koslowski et al. Private communication.
Preference: Oral
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Lithium (Li) conditioning of plasma facing components (PFCs) in magnetic fusion devices has
improved plasma performance and lowered hydrogen (H) recycling partly due to the efficiency
of Li in binding H isotopes. In current fusion experiments, the presence of impurities inevitably
creates Li-O compounds. Unraveling the fundamental mechanisms for H retention and its postexposure time dependence for these Li compounds is crucial for the application of Li as a PFC.
The present experiments are performed under UHV conditions on thin Li films deposited on a
Ni(110) substrate to avoid effects due to grain boundaries, intrinsic defects, and impurities
diffusing to the surface. A H2+ ion beam was generated in a differentially pumped ion gun in the
energy range of 400-1200 eV. Li-O compounds were formed by dosing background O2 on pure
Li films at various surface temperatures. Temperature programmed desorption (TPD) and Auger
electron spectroscopy (AES) were used to measure D retention at different substrate
temperatures and after different post H exposure times.
Experiments showed that upon oxidation, Li thermal stability increased by 350 K. A drop of
60% in total H retention as the temperature varied from 90 K to 520 K was observed in both
pure Li and Li2O and confirmed by molecular dynamics (MD) simulations. Additionally, H
retention measurements in Li and Li2O films showed that they retain similar H amounts. These
findings support the possibility that low H recycling can be achieved if Li2O is formed under
fusion reactor conditions. The amount of H retained in clean Li film and Li-O films is constant
for post H exposure times up to 1 hour, but decreases to half of the original amount after 20
hours for both films.
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The classical synthesis-characterization-theory approach has shown to be unable to keep up with
the needs of materials manufacturing, requiring 20 or more years to move a material from
discovery to market. The connection between structure of the materials and their desired
functionalities is not well understood, and thus the pathways to synthesize such materials are not
obvious.
In the past decade, Artificial Intelligence (AI) methods have started to transform the world around
us, enabling big data collection and analysis from internet activity, autonomous vehicles, facial
and voice recognition, with Deep Learning (DL) being the state-of-the-art method in the industry.
We demonstrate that coupling of experiment and theory via synergy of imaging, simulation, and
AI can achieve the following goals:
1. Provide insight into structure property relationship of materials and lead to better
theoretical understanding.
2. Achieve physically meaningful results through introduction of physical constraints into DL
models.
3. Create a pathway towards automated fabrication of materials on the atomic scale.
In particular, we show how DL models can be applied to both scanning tunneling and scanning
transmission electron microscopies, allowing identification, extraction, classification, and tracking
in time of relevant physical features (atoms, molecules, defects). [1, 2, 3]
References:
[1] A. Maksov, et al, arXiv preprint arXiv:1803.05381
[2] M. Ziatdinov, O. Dyck, A. Maksov, et al, ACS Nano, 2017, 11 (12), pp 12742–12752
[3] Ziatdinov M, Maksov A, Kalinin SV, npj Computational Materials. 2017, 3(1), 31.
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Graphene intercalation: A pathway towards stabilizing new twodimensional crystals
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The development of wide bandgap group-III nitrides (AlN, GaN, and InN) thin films and device
structures by metalorganic vapor phase epitaxy, is an area of continuing research. These compound
semiconductors were key to the realization of efficient light emitters (visible and UV), robust high
frequency power electronics and other disruptive technologies that now have become truly
ubiquitous. In order to shape next generation technologies, innovative research must be undertaken
to extend the properties of such materials beyond what is currently possible. This “extension” may
be realized through extreme confinement of these materials in two-dimension, leading to massive
changes in electronic bandstructure with as-yet unpredicted properties. To accomplish this, an
alternative growth scheme was developed to realize two-dimensional forms of conventional bulk
semiconductors, utilizing the mechanism of adatom intercalation from the vapor phase in the
growth environment into the interfacial region of graphene formed on SiC. This synthesis process,
referred to as “Migration Enhanced Encapsulated Growth” (MEEG)1, establishes an entirely new
platform to potentially realize novel optoelectronics that may frame next-generation technology.
Here we elucidate the mechanism of 2D GaN formation, which exhibits unique structural, optical
and electrical properties from that of bulk material. We discuss the ability of the interface of quasifree standing epitaxial graphene (QFEG) in providing sufficient thermodynamic stabilization of
the (direct Eg ~5 eV) 2D buckled structure of GaN (R3m space group symmetry). In the case of
2D GaN, a layer of gallium intercalates between the hydrogenated QFEG and the SiC substrate.
The intercalated bilayer of gallium is converted to a quintuple monolayer of 2D GaN via nitrogen
intercalation from decomposed NH3. Our density functional theory (DFT) calculations suggest that
the atomic structure in 2D nitrides considerably impacts the stability and bandstructure. We verify
the atomic structure by directly resolving the nitrogen and gallium atomic columns in 2D GaN
using aberration corrected scanning TEM (STEM) in annular bright field (ABF) mode with
supported ABF-STEM simulations. Our DFT calculations predict an energy Eg for 2D GaN in the
range of 4.79-4.89 eV which correlates well with experimental results from UV-visible reflectance,
absorption coefficient and low loss EELS measurements. Vertical transport measurements suggest
2D GaN acts as a Schottky barrier between graphene and SiC. High resolution x-ray photoelectron
spectroscopy demonstrates that 2D GaN is stable in air for at least 24 hours after removal of the
graphene cap. Recognizing the impact of 2D nitrides, it can be expected that the addition of 2D
GaN will enable new avenues for scientific exploration and electronic device development.
References:
[1] Zakaria Y. Al Balushi et al. Nature Materials 15, 1166–1171 (2016).
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Graphene is of significant interest due to its unique properties, such as high carrier mobility,
mechanical strength, and thermal conductivity. The research presented here addresses
unresolved questions regarding the nucleation and growth of graphene by chemical vapor
deposition (CVD) on the low index surfaces of copper single crystals. In this research project,
CVD growth of graphene on Cu(100) and Cu(111) crystals polished on-axis to within 0.1°,
Cu(111) polished off-axis by 5°, and Cu(110) polished on-axis to within 0.5° are compared. In
addition, a detailed study of the graphene growth kinetics on the Cu(100) crystal polished to
within 0.1° has been performed. To control for issues of surface contamination and ensure
repeatability of the experiments, all growths were performed in an ultra-high vacuum chamber
and characterized with in-situ low energy electron diffraction. In addition, ex-situ scanning
electron microscopy and X-ray photoelectron spectroscopy was performed. It was found that
well-ordered single-domain epitaxial growth is possible on the Cu(111) surfaces and that wellordered two-domain epitaxial growth is possible on the Cu(100) surface. Although two-domain
epitaxy was also possible on the Cu(110) surface, it had considerable rotational disorder.
Furthermore, it was found that the reactivity of the Cu(111) off-axis crystal toward the catalytic
decomposition of the ethylene precursor was the greatest, followed by Cu(110), then Cu(100)
on-axis, then finally Cu(111) on-axis. This indicates that step edges have the highest catalytic
activity and that the catalytic activity of the terrace sites increased as the surface density of
copper atoms decreased: (111) followed by (100) and (110). For growth on the Cu(111) on-axis
surface, the reactivity was so low that competition between copper sublimation and graphene
growth was important. An argon overpressure was needed to suppress copper sublimation to
achieve the growth of epitaxial graphene overlayers. The graphene growth experiments
performed on the Cu(100) surface showed that the decomposition of the ethylene precursor is
initiated at about 700°C but that to achieve well-ordered epitaxial growth, a temperature of
approximately 900 °C is needed. The precursor pressure also had a strong affect on the ordering
of the graphene. For precursor pressures of 5 mTorr or less, well-ordered two-domain epitaxy
was achieved. At higher precursor pressures, the graphene showed considerable rotational
disorder. At 50 mTorr, the in-phase epitaxy was lost.
a
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Solid-fluid interfaces under nanoscale confinement have
received tremendous research attention in recent years, with
a wide range of applications such as artificial ion channels,
water desalination, and energy storage systems. A key
challenge lies in building distinct, well-controlled model
systems, where interfaces are accurately defined. Utilizing
precise nanofabrication techniques and atomic layer
deposition (ALD), we overcome this challenge by
constructing versatile nanofluidic devices with well-defined
geometries and highly controllable materials. [1, 2] Extreme
confinement of fluids is achieved from tens of nanometers to
sub-3 nanometers (shown in Fig. 1b) via a sacrificial etching
method. In a nanofluidic device with artificial ion channels
(Fig. 1a), we observe divalent ion charge inversion—a
counterintuitive over-screening effect. [1] Moreover, we
apply our nanofluidic platforms to the study of lithium
storage batteries. We disclose unexpected improvement of
electrochemical performance in a nanofluidic battery. [2] In
addition, we develop theoretical models that elucidate the
mechanisms of our experimental findings.
References:
[1] S. X. Li et al., “Direct observation of charge inversion in
divalent nanofluidic devices.” Nano Lett. 15 (8), 5046-5051
(2015).
[2] S. X. Li et al., “Nanofluidic battery with extreme
electrolyte confinement.” Nat. Nanotechnol. under review.
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a

b

Fig. 1 a) Schematic of a
nanofluidic device, where a
nanochannel is connected to
two reservoirs cis and trans,
and a gating voltage VS can be
applied.
b)
Transmission
electron microscopy of a
nanofluidic
device
crosssection with sacrificial layer of
ALD Al2O3, which is 2.9nm
thick and defines the extreme
confinement length of fluids.
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The redox kinetics and defect chemistry of functional oxide materials remain critical to
understanding the key factors that affect the performance of energy conversion applications and
all-oxide electronics. Here the ions/oxygen vacancies interaction along SOC electrode/electrolyte
interfaces are probed then converted into quantitative oxygen vacancy concentration profiles in
complex oxide heterostructures at temperatures as high as 600 °C using a homemade miniature
environmental chamber. Surface potential analysis yields the local charge
accumulation/depletion, ionic conductivity variation, and local activation energy for ion
transportation in SOC to inform the design of new electroactive materials and materials
processing methods. This study shows that the spatial distribution of oxygen vacancies within the
interfacial region of strontium titanate/yttria-stabilized zirconia STO/YSZ heterostructures
indicate that the growing films significantly scavenge oxygen from the underlying Nb:STO
substrate during pulsed laser deposition, initially resulting in significant reduction of Nb:STO
which is then partially reoxidized in an oxygen-rich environment during cooling to yield a large
depletion region of oxygen vacancies. Considering that memristor, oxide electronics (2DEG),
and electrochemical applications typically comprise substrate-supported thin films either in
metal-insulator-metal or complex oxide heterostructure configurations, our results demonstrating
the ability to profile interfacial vacancy distributions pose significant implications for dissimilar
oxide interfaces that display unique electrochemical and physiochemical phenomena.
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State-resolved molecular beam experiments are used to study the reactivity of methane on
transition metal surfaces due to the significance of C-H bond cleavage as the rate-limiting step in
industrial steam reforming. Non-statistical bond-selectivity and mode-specificity resulting from
eigenstate selective excitation of CH4 and its isotopologues have established the impact of
vibrationally excited molecules on the overall reactivity. Additionally, researchers have utilized
the reactive gas-molecules with well-defined energetic coordinates afforded by this experimental
method to demonstrate the importance of surface atom motion in C-H bond cleavage [1]. These
studies continue to provide detailed mechanistic insight into this industrially significant reaction.
We utilized state-resolved beam-surface scattering
measurements to quantify the initial sticking probability (S0) for
symmetric (ν1 ) and antisymmetric (ν6 ) stretch excited CH2D2 on
a 90 K Ni(111) surface to investigate the degree of intramolecular
vibrational energy redistribution (IVR) in this reaction. Previous
studies have indicated a strong system dependent preference for
symmetric over antisymmetric stretch excitation. As shown in Fig.
1, we found the reactivity of the two stretching states to be identical
within experimental error. These findings are consistent with
theoretical modeling performed by our collaborators based on the
Reaction Path Hamiltonian (RPH) which found extensive mixing
of the stretching fundamentals early in the entrance channel.
Fig. 1. Experimentally
We also studied the reactivity of antisymmetric (ν3 ) stretch
𝜈
𝜈
measured values of 𝑆0 1 , 𝑆0 6
excited
CH4 impacting on hot Ni(111) and Ni(997) surfaces. The
and 𝑆0LaserOff are plotted as a flat surface displayed modest Arrhenius dependence on surface
function
of
incident temperature, while the stepped crystal demonstrated surface
translational energy.
temperature independence over the entire range studied (TS = 500
to 1000 K). Most interestingly, at the highest surface temperatures, the reactivity on Ni(111) was
found to be higher than that on the Ni(997) crystal. These results are at least qualitatively consistent
with published barriers for terrace sites on flat and stepped Pt surfaces [2].
References:
[1] V.L. Campbell et al., J. Phys. Chem. 2015, A119 (12434).
[2] H. Chadwick et al., J. Chem. Phys. 2018, 148 (014701).
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Increased consumption of petroleum-based fuels and chemicals has driven research into the
sustainable production of energy feedstocks from renewable sources. Lignocellulosic biomass is
an attractive and renewable alternative for transportation fuels once converted by methods such as
fast pyrolysis.[1] Acetic acid (CH3COOH) is a major product from the pyrolysis of biomass such
as alfalfa and switchgrass and contributes to the corrosive nature of pyrolysis oils.[2] The high
oxygen content of pyrolysis oils hinders its direct usage as a fuel and further upgrading via
hydrodeoxygenation (HDO) is required to increase the energy density, stability, and volatility of
the resulting fuel.[3] Currently, HDO of pyrolysis oils leads to rapid coking and deactivation of
the catalysts employed, such as sulfided Co-Mo or Ni-Mo supported catalysts.[4] In order to
advance the development of improved HDO catalysts, it is helpful to improve our fundamental
understanding of the chemistry of oxygenates on bimetallic surfaces. By employing ultra-high
vacuum (UHV) surface science techniques, we can elucidate important aspects of the adsorption
and decomposition of target molecules on model catalyst surfaces. In this study, we explored the
surface chemistry of acetic acid on Ni(100) and Sn/Ni(110) surfaces using temperature
programmed desorption (TPD) and infrared reflection-absorption spectroscopy (IRAS).
Acetic acid dissociatively adsorbs on Ni(110) at 90 K forming an η1(O)-acetate species. Increasing
coverages lead to the formation of two different phases of condensed acetic acid, dimers and
catemers. Upon heating, η1(O)-acetate either desorbs recombinatively at 220 K, forms η2(O,O)acetate species, or thermally decomposes. At higher temperatures, decomposition of η2(O,O)acetate species leads to the autocatalytic desorption of CO2 and H2, and leaves residual carbon on
the surface.
References
[1]
G.W. Huber, et al., Chem. Rev. 106 4044–4098 (2006).
[2]
C.A. Mullen, et al., Energy and Fuels. 22 2104–2109 (2008).
[3]
E. Furimsky, Appl. Catal. A Gen. 199 147–190 (2000).
[4]
A. Centeno, et al., J. Catal. 154 288–298 (1995).
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Three-dimensional topological insulators (TIs) are prime candidate materials for application in
future electronic devices due to the unique electronic properties of their two-dimensional
topological surface states (TSS). In epitaxial TI thin films there are several parallel conduction
channels which all can contribute to the charge transport through the sample and which are difficult
to disentangle in transport experiments (Fig. 1). In the present study, we use multi-tip scanning
tunneling microscopy to systematically analyze the charge transport properties of a pristine
epitaxial BiSbTe3 thin film under ultra-high vacuum conditions and down to the nanoscale.
We first determine the detailed structure and charge
transport properties of the TI/substrate interface. We
then disentangle the transport through the
conduction channels of the BiSbTe3 thin film, by
gate-dependent four-probe measurements in
combination with photoemission spectroscopy.
From this experiment, we find that ~90% of the
lateral current is transmitted by the TSS at the
sample surface. To further analyze the charge
transport through the TSS on the nanoscale, we use
scanning tunneling potentiometry, which we
implemented into the present multi-tip setup. In this
experiment, we observe the largest localized voltage
drop at domain boundaries, corresponding to a
resistivity about four times higher than that of a step
edge. In addition, we resolve resistivity dipoles at
void defects in the sample surface with a typical
diameter of 5 nm. We find that the observed defects
in total contribute 44% of the resistance of the TSS.
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Fig. 1. Schematic of the experimental setup.
The colored lines indicate the current
through each of the parallel transport
channels of the epitaxial BiSbTe3 thin film
sample.
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Semiconducting nanocrystals (NCs) have been utilized in optoelectronic devices like solar
cells and laser emitting diodes and semiconductor materials have biomedical applications such as
biological markers.1,2,3 These types of materials typically consist of an inorganic core, which
dictates most of the physical properties, and an organic layer on the surface, which helps dictate
chemical stability. Recent reports have suggested that the surface layer does much more, including
effecting photoluminescence (PL) quantum yields,4 PL lifetimes,4 and electrical properties.5 Quite
remarkably, the surface layer even has shown to convert nominally non-magnetic materials, such
as CdSe and ZnO, into “magnetic NCs”.6,7 This result is curious, as the bulk state of these materials
exhibit diamagnetic properties. These exciting results suggest that is may be possible to pair these
induced magnetic properties with the inherent PL properties of these materials. This multifunctionalization of CdSe and ZnO semiconducting magnets can lead to better biomedical
applications like targeted drug delivery, targeted organelle extraction, and magnetic hyperthermia
treatments.8,9 To gain further insight on to how the surface layer affects the magnetic properties,
this work alters the surface chemistry by controllably varying the surface ligand concentrations
and by systematically varying the types of ligands (i.e. headgroup) on the surface of spherical NCs.
In addition, we will study how the NC shape and interface can affect the magnetic properties by
examining materials like nanowires and core/shell materials. This study will provide detailed
information on how the surface ligands and interfacial layers in a NC can lead to unique magnetic
properties.
1

D. Panda and T.-Y. Tseng, J. Mater. Sci. 48, 6849 (2013).
Q. Peng, Y. Dong, Z. Deng, and Y. Li, Inorg. Chem. 41, 5249 (2002).
3
N. Sahu, N. Brahme, and R. Sharma, Luminescence 31, 1400 (2016).
4
E. Busby, N.C. Anderson, J.S. Owen, and M.Y. Sfeir, J. Phys. Chem. C 119, 27797 (2015).
5
A.P. Kumar, B.T. Huy, B.P. Kumar, J.H. Kim, V.-D. Dao, H.-S. Choi, and Y.-I. Lee, J. Mater.
Chem. C 3, 1957 (2015).
6
M.A. Boles, D. Ling, T. Hyeon, and D. V Talapin, Nat. Mater. 15, 364 (2016).
7
N. Kameyama, M. Suda, and Y. Einaga, Phys. Status Solidi Appl. Mater. Sci. 206, 2851 (2009).
8
F. Abbas, T. Jan, J. Iqbal, I. Ahmad, M.S.H. Naqvi, and M. Malik, Appl. Surf. Sci. 357, 931 (2015).
9
J. Singh, J. Im, J.E. Whitten, J.W. Soares, and D.M. Steeves, Chem. Phys. Lett. 497, 196 (2010).
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Following theoretical predictions, two-dimensional (2D) boron (i.e., borophene) was
experimentally realized two years ago via molecular beam epitaxy on noble metal substrates,
showing intriguing properties such as high in-plane anisotropy. As a synthetic 2D material on
Ag(111) substrates, its structural properties cannot be deduced from bulk boron, implying that the
intrinsic defects of borophene remain unexplored. While any realistic applications of borophene
would require the integration of borophene with other materials, so far borophene has only been
studied in isolation. Given the dominant role of structural defects in 2D systems and the knowledge
gap in borophene surface chemistry, we perform an atomically-resolved study of borophene
structures and chemical functionalization using ultra-high vacuum scanning tunneling microscopy.
Borophene phases corresponding to the v1/6 and v1/5 models are found to coexist and intermix under
suitable growth conditions. In each phase, we identify parallel line defects with atomic structures
that correspond to the constituent units of the other phase. Furthermore, these line defects
energetically prefer periodic self-assemblies, giving rise to new borophene phases. Therefore, the
distinction between borophene crystals and defects is blurred by the fact that line defects become
building blocks of new phases with a single tuning parameter being the mixing ratio of the v1/6 and
v1/5 rows. In addition, using non-covalent chemical functionalization, electronically abrupt lateral
heterostructures are formed with borophene via molecular self-assembly due to the low adsorption
enthalpy on borophene. Finally, this work explores the growth of borophene on Au(111), which
unveils a qualitatively different growth mechanism of borophene, where boron diffuses into Au at
elevated temperatures and segregates to the surface to form borophene as the substrate cools.
Overall, our work informs both fundamental studies of borophene material properties and
emerging efforts in realizing borophene-based nanoelectronics.

N.15

NOTTINGHAM | 16

Lonely Atoms with Special Gifts:
Understanding the Chemical Properties of
Single Atom Alloys for the Design of Superior Catalysts
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Abstract
Doping isolated single atoms of a platinum group metal into the surface of a noble metal host is
sufficient to dramatically improve the activity of the unreactive host yet also facilitates the
retention of the host’s high reaction selectivity in numerous catalytic reactions.[1,2] The
atomically dispersed highly active sites in these Single Atom Alloy (SAA) materials are capable
of performing facile bond activations allowing for the uptake of species onto the surface, and the
subsequent spillover of adspecies onto the noble host material, where selective catalysis can be
performed. For example, SAAs have been shown to activate C-H bonds at low temperatures
without coke formation, as well as selectively hydrogenating unsaturated hydrocarbons with
excellent activity [1,2]. However to date, only a small subset of SAAs has been synthesized
experimentally and it is unclear which metallic combinations may best catalyze which chemical
reactions. To shed light on this issue, we have performed a wide-spread screening study using
density functional theory to elucidate the fundamental adsorptive and catalytic properties of 12
SAAs (Ni-, Pd-, Pt- and Rh-doped Cu(111), Ag(111) and Au(111)). We considered the
interaction of these SAAs with a variety of adsorbates often found in catalysis, and computed
reaction mechanisms for the activation of several catalytically relevant species (H2, CH4, NH3,
CH3OH and CO2) by SAAs. Finally, we discuss the applicability of thermochemical linear
scaling and the Brønsted-Evans-Polanyi relationship to SAA systems, demonstrating that SAAs
combine weak binding with low activation energies to give enhanced catalytic behavior over
their monometallic counterparts. This work will ultimately facilitate the discovery and
development of SAAs, serving as a guide to experimentalists and theoreticians alike.
References
[1] G. Kyriakou, M. B. Boucher, A. D. Jewell, E. A. Lewis, T. J. Lawton, A. E. Baber, H. L.
Tierney, M. Flytzani-Stephanopoulos and E. C. H. Sykes, Science, 335 (6073), 1209-1212
(2012).
[2] M. D. Marcinkowski, M. T. Darby, J. Liu, J. M. Wimble, F. R. Lucci, S. Lee, A. Michaelides,
M. Flytzani-Stephanopoulos, M. Stamatakis and E. C. H. Sykes, Nature Chemistry, 10,
325 (2018).
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Hydrogenation of CO on Ni(110) by Energetic Deuterium
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The presence of energetic hydrogen species in a plasma-enhanced catalysis reactor for
hydrocarbon reforming may lead to different hydrogenation mechanisms for surface adsorbates,
such as CO. Hydrogenation of CO on Ni(110) at 100 K under ultrahigh vacuum (UHV)
conditions has been studied using surface deuterium (D), subsurface D, and incident D atoms and
D2+ ions. Surface D adatoms did not react with coadsorbed CO to form reaction products in
temperature programmed desorption (TPD) measurements. In contrast, subsurface D formed by
incident D atoms did hydrogenate post-adsorbed CO in subsequent TPD measurements to form
formaldehyde (CD2O) and methanol (CD3OD) in characteristic reaction rate-limited thermal
desorption peaks at 170 K. Subsurface D formed by 400 eV D2+ ions also produces CD2O and
CD3OD, but in peaks at 240 K. D atoms from the gas phase incident on a CO-saturated Ni(110)
surface at 100 K formed CD2O in TPD measurements, while in a similar experiment using 100
eV D2+, both CD2O and CD3OD were formed in TPD measurements. Additionally, BornOppenheimer molecular dynamics (BOMD) simulations indicate that the direct impact of H
atoms on a clean Ni(110) surface does form subsurface hydrogen. On a partially CO-covered
Ni(110) surface, BOMD simulations show that the direct impact of H atoms does not
hydrogenate CO via an Eley-Rideal or hot-atom mechanism, which corroborates the role of
subsurface H in the hydrogenation of CO. Therefore, in environments where energetic H species
are incident on adsorbate-covered surfaces, one needs to include the important role of subsurface
H in reaction chemistry. These results will be helpful for a more comprehensive understanding of
the synergistic effects observed in plasma-enhanced catalysis over Ni-based catalysts.
Preference: oral
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on Au(110)
F. Xu,1 R. J. Madix,2 and C. M. Friend1,2
1

Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA 02138,
USA

2

John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138, USA
Email: fangxu@fas.harvard.edu

Methanol oxidation on oxygen pre-covered Au(110) surface was studied by in situ scanning
tunneling microscopy (STM) at low oxygen coverages (<0.1 monolayers) where the selectivity
towards methyl formate is high. Oxygen consumption is non-uniform with a preferred removal
along [11"0] direction, creating local regions completely devoid of oxygen. The structure can be
only found during reaction, and is attributed to 1) the weaker binding and higher reactivity of
terminal oxygen atoms in short chains and 2) the release of the strain due to O removal that lower
the stability of adjacent O. The generality of this phenomenon is illustrated by similar behavior for
reaction of 2-propanol with oxygen covered Au(110). Even at these low coverages, there is an
induction period for the reaction of methanol. Initial oxygen coverage influences the timescale of
both induction period and fast reaction period, which starts when oxygen coverage decreases to
~0.06 monolayer. These results demonstrate that both local and long range structure can affect
reactivity, and the active local structure towards a reaction is uniquely presented during the
reaction.

Fig. 1. A schematic of the non-uniform structure during methanol reaction with oxygen
covered Au(110) surface at room temperature.
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Dynamic and static disorder has a profound impact on the electrical properties of organic
semiconductors. Dynamic disorder, which is related to inter and intra-molecular vibrational
motion, contributes to a time dependence of the site energies and transfer integrals [1]. In some
cases, dynamic disorder can assist charge transport via
phonon-assisted tunneling of electrons between the
molecules [2]. However, it has also been observed that
dynamic disorder is sometimes a major factor limiting
charge transport [3]. The static disorder on the other
hand is related to chemical and physical defects in the
system. Therefore, it is important to understand the
role of each type of disorder in organic materials.
We have characterized dynamic disorder in a model
system of 1 ML C60 on Au(111). This close-packed of
C60 monolayer (Figure 1a) has negligible static
disorder. (figure 2). Nevertheless we observe abrupt
current fluctuations that we attribute to out of plane
motion of C60 molecules. Statistical analysis is
performed on the time dependent tunneling current to
provide a characterization of the expected effects of
dynamic disorder in fullerene materials. The time
constants characterizing the out of plane motion of C60
on Au(111) are calculated 75.49 ± 2.39 ms at T = 290
K and 25.38 ± 0.91 ms at T = 130 K.
References:
[1] N. R. Tummala et al, J. Phys. Chem. Lett., 6, 3657
(2015)
[2] V. Coropceanu et al, Chem. Rev., 107, 926 (2007)
[3] S. Illig et al, Nat. Commun., 7, 10736 (2016)
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Fig. 1. a) STM image of 1ML
C60/Au(111). Taken at 6 pA with 0.53 V; b) Tunneling current as a
function of time over one molecule
of C60 at V= 10 mV.
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Ultrathin-film oxides as an inspiration and template for HDN model
catalysis on thin-film molybdenum nitrides
W. E. Kaden
Department of Physics, University of Central Florida, 4111 Libra Drive, Orlando, FL, 32816,
USA
Email: William.kaden@ucf.edu
Hydrotreatment is a key first step in all current petroleum refinement approaches. Typically, the
focus in hydrotreatment research is on finding ways to improve hydrodesulfurization catalysts
since removal of sulfur tends to represent the overall rate limiting process compared to other
parallel reactions taking place during this step. Despite this, the need for hydrodesulfurization in
current refinement processes is entirely dependent on the presence of sulfur groups within crude
feedstocks. As fossil fuel reserves continue to dwindle and societies continue to shift toward more
renewable energy infrastructures, biomass based feedstocks could become more prevalent.
Depending on the type of feedstock being farmed, it is entirely possible to grow sulfur-free
materials. In these cases, however, nitrogen groups will still remain, and it would become
appropriate to shift the current hydrotreatment focal-point from HDS to HDN, which has gone
virtually unexamined in the scientific community by comparison.
Studies of single-crystalline oxide thin-films and oxide-supported
particles have become the status quo within the model-catalysis
surface-science community over the past few decades. By
extending upon personal experience with such studies (i.e.
supported SiO2 and MgO-based model-catalysts),1-3 I will
demonstrate the technical background and general approach that
my group will take to produce and characterize well-defined,
single-crystalline, molybdenum-nitride thin-films that we plan to
use as model-catalysts for HDN probe reactions focusing on the
pyridine, quinoline, acridine, and pyrrole, indole, carbazole
molecular families; a project recently funded by the American
Chemical Society Petroleum Research Fund. In addition to
previously published oxide results and postulated nitride film
growth approaches, we will also expect to have some early-stage
MoxNy film processing and characterization completed prior to the
meeting.
References:
[1] B. Yang, W.E. Kaden, et al., Phys. Chem. Chem. Phys. 14, 11344 (2012).
[2] F. Ringleb, Y. Fujimori, et al., Catalysis Today 240, 206 (2015).
[3] Y. Fujimori, W.E. Kaden, et al., J. Phys. Chem. C 118, 17717 (2014).
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Recently, new insight into the atomic-scale structural configurations of amorphous networks has
been established through the development of two-dimensional models of known glass formers. In
particular, scanning tunneling microscopy (STM) images of two-dimensional silica films verify
Zachariasen’s random network theory [1, 2]. Similar investigations of other known glass formers,
such as germania, are needed for to establish a more complete understanding of amorphous
network structures [3].
Here we present a study of two distinct amorphous network formers, silica and germania, using
high-resolution ultra-high vacuum STM. Both silicon oxide and germanium oxide films were
grown on Ru(0001) by physical vapor deposition and subsequent annealing in oxygen, yielding
either crystalline or amorphous structures depending on the monolayer coverage. STM images
reveal a hexagonal network with domain boundary structures in atomically flat monolayer films
for both glass formers. Germania films exhibit a greater variety of domain boundary structures
than silica films. Bilayer films provide for the development of amorphous structure. The bilayer
germania exhibits greater roughness compared to the bilayer silica due to presence of buckled
structures (Figure 1). Density functional theory calculations support the interpretation of these
structural differences.

References:
[1] W. H. Zachariasen, J. Am. Chem. Soc. 54, 3841 (1932).
[2] L. Lichtenstein et al. Angew. Chem. Int. Ed. 51, 404 (2012).
[3] A. Lewandowski et al. Phys. Rev. B. 97, 115406 (2018)
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Pulling Apart 1:1 Chiral Complexes: Imaging the
Molecular Origins of Symmetry Breaking
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Utilizing low temperature STM enables
an unprecedented level of detail in
studying enantioselective interactions
on surfaces. Enantioselectivity occurs
when one enantiomer of a chiral product
is formed in favor of another, thereby
breaking the inherent symmetry of the
chiral catalyst system. Often subtle and
difficult-to-control, enantioselectivity
can differentiate the reaction pathways
towards more effective chiral catalysis
desired by industrial and pharmaceutical
production. The model study of
Fig. 1. (a) Images of PO and Py docking and propylene (Py) and propylene oxide
separation with the STM tip. The surface-bound (PO) on Cu(111) demonstrates the high
orientation of the propene changes after degree of control necessary to visually
complexation. Scale bar = 1 nm. (b) PO and Py rotate determine selective interactions between
when separate, and are stationary in complex at 5 K.
molecules and surfaces. The chirality
and orientation of PO and Py molecules,
individually and in 1:1 complexes, can be determined and manipulated by STM, Figure 1. The
relative populations of the diastereomer complexes show a preference towards heterochiral pairing
between the chiral PO molecule and the surface-bound chirality of the Py molecule, demonstrating
the effect of 1:1 pairing enantioselectivity. At 5 K temperatures, PO and Py are molecular rotors
with distinguishable orientations dependent on intrinsic or surface-induced chirality. Py molecules
introduced into the PO system congregate around dispersed PO molecules inhibiting their rotation
and forming chiral complexes. The dynamics of these molecules and the chiral complexes formed
on copper are explored and characterized. Instrumental to determining possibly selective
interactions, the geometry of individual Py and PO molecules can be determined within the
complexes. This approach allows atomic scale insight into the fundamental symmetry breaking
processes central to chiral control in catalysis and intermolecular recognition between adsorbed
molecules.
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Patterns of Organics on Substrates with Metallic Surface States:
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We discuss the origins and the implications of the
rich variety of structures that organic molecules form on
surfaces, particularly on those with metallic surface
states (SS’s). Lateral van der Waals and SS-mediated
interactions can explain simple patterns of benzene on
Cu(111), but more intricate patterns require more
sophisticated analyses. We emphasize the quintessential
giant honeycomb network formed by anthraquinone Fig. 1: STM images of regular AQ
(AQ) [and less robustly by pentaquinone (PQ)] on
Cu(111), with regular pores far larger than those formed (a,b) and PQ (d) networks and
models
(c,e),
by a variety of other organic adsorbates. Viewing the corresponding
pores as closed-shell 2D “atoms” with orbitals populated superposed in (f). While the
by electrons from the SS [1,2] better explains the pattern periodicities of the AQ and PQ
than SS-mediated interactions. SS-energy shifts due to a networks differ substantially, their
perpendicular electric field—calculated with DFT [3] and pore sizes are the same. From [2]
measured with photoemission—are needed in the
argument [2]. The pores can host small molecules; the net of cells provides the equivalent of
parallel computing for studies of configurations and reactions of these small adsorbates. Recent
experiments show that on Au(111) the overlayer structures of AQ are remarkably different,
consistent with sensitivity to details of the SS’s [4]. Most other honeycomb systems have smaller
pores and do not self-select a particular multiple of admolecules on each side.
On graphene such effects are unlikely due to the small to vanishing Fermi wavevector. On
materials with Fermi arcs, RKKY-type interactions only occur for ultrathin samples. In general
it is not clear how topological surface states might promote patterning of organic adsorbates.
However, ordered organic overlayers can break the sublattice symmetry of graphene,
potentially opening a gap, similar to the calculated effect of adsorption on h-BN. In conjunction
with experiments at Maryland involving Freon-13 and trimesic acid (TMA), we performed DFT
calculations of patterns of these molecules on single and bi-layer graphene using VASP. In
particular, electrical detection of CF3Cl phase transitions on graphene shows the existence of a
commensurate ordered phase [5]. We explore which patterns—and their coverages, adsorption
sites and orientations—lead to gap opening and estimate their expected magnitude.
*In collaboration also with authors of the references and M. Groce, K. Kim, A. Pimpinelli,
M. Polak, E. Rotenberg; supported in part by NSF Grants CHE 13-05892 and 13-06969.
[1] Z. Cheng et al., Phys. Rev. Lett. 105, 066104 (2010).
[2] J. Wyrick et al., Nano Lett. 11, 2944 (2011).
[3] K. Berland, T.L. Einstein, and P. Hyldgaard, Phys. Rev. B, 85, 035427 (2012).
[4] A.S. DeLoach, B.R.Conrad, T.L.Einstein, D.B.Dougherty, J. Chem. Phys. 147, 184701 (2017).
[5] Y. Wang, W. Bao, S. Xiao, M.S. Fuhrer, J. Reutt-Robey, Ap. Phys. Lett. 103, 201606 (2013).
[6] T.L. Einstein, L. Bartels, J.R. Morales-Cifuentes, e-J. Surf. Sci. & Nanotech. (2018), in press.
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The Impact of Electrical Contacts on Morphology and Charge
Transport in Ultrathin C8-BTBT Transistors
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In the last decade, it has been shown that organic field effect transistor (OFET) devices can
operate even in the monolayer limit, with practical applications in integrated circuit creation [1].
This is important in considering how to integrate organic electronic materials within the broader
2D materials paradigm. Furthermore, it pushes our
understanding of charge transport processes into an
extreme limit that can be used to test
phenomenological transport models [2]. Among 2D
OFET’s, remarkably high carrier mobilities of ~ 30
cm2/Vs have been reported for the small molecule
material
2,7-dioctyl[1]benzothieno[3,2b][1]benzothiophene, (called C8-BTBT, Figure 1 top)
along with a band-like temperature dependence of
mobility in the first monolayer [3]. However, it is
also evident that there are complex and thickness
dependent contact resistance effects in the ultra-thin
devices.
We report observations of contact related
phenomena in C8-BTBT OFET’s created by organic
molecular beam deposition. We find a very strong
dependence of mobility on C8-BTBT film thickness Figure 1. Top: C8-BTBT molecule;
which is difficult to reconcile with the known fact that Bottom: Bottom contact device
transport occurs in the first 1-3 layers of an OFET showing discontinuities in film
channel. We have found that bottom contact OFET’s morphology at the channel-contact
using standard Au/Cr source drain materials almost interface.
never work for our devices. Inspection by Atomic
Force Microscopy shows dramatic morphological discontinuities and the channel-contact
boundaries (Figure 1, bottom). This effect can be overcome by treating the electrodes with a thiol
self-assembled monolayer prior to C8-BTBT deposition. Most surprisingly, we also find that Au
top-contacts “sink” beneath pre-deposited C8-BTBT channel films without any evident damage to
the molecular film morphology. This is the origin of the unexpected thickness dependence of
carrier mobility and suggests that contact engineering is the decisive factor in the performance of
ultra-thin C8-BTBT devices.
[1] Smits et al., Nature 455, 956 (2008).
[2] Brondjik et al., Phys. Rev. Lett 109, 10736 (2012).
[3] He et al., Sci. Adv. 3, e1701186 (2017).

O.7

ORAL | 8

Novel Approach to Strain Engineering 2D Materials Using MEMS
Electrothermal Microactuators
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References:
[1] M.Vutukuru, J. Christopher, C. Pollock, D. J. Bishop,
A. 2K. Swan, “Modeling and thermal modeling metrology
of MEMS chevron actuators optimized for strain
engineering.” (in preparation)
[2] J. W. Christopher, M. Vutukuru, D. Lloyd, J. S.
Bunch, D. J. Bishop, A. K. Swan, “Monolayer MoS2
strained to 1.3% with a Microelectromechanical System.”
(https://arxiv.org/pdf/1803.02787.pdf)
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We present the integration of 2D materials with
microelectromechanical systems (MEMS) to apply strain
and access their unique strain-dependent electronic,
optical and thermal properties. Designed for optimal
output force, displacement and temperature management,
MEMS Chevron actuators provide an ideal platform for
strain engineering of 2D materials in a way that can readily
be integrated in novel electronic devices [1]. We report on
the use of MEMS to strain a single layer of MoS2 to greater
than 1% strain for the first time, a value confirmed through
both micro-Raman and Photoluminescence spectroscopy
[2]. We overcome a major hurdle of anchoring the 2D
material to avoid slipping through the development of a
specialized polymer-assisted 2D material transfer
technique, and apply micro-riveting to anchor the 2D
material in place. Our successful integration opens the
doors for investigation of different strain-dependent
phenomena such as pseudomagnetic field generation in
graphene, with great potential for novel electronic
properties.
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Intrinsic Point Defects in Ultrathin 1T-PtSe2
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Two-dimensional (2D) transition metal dichalcogenides (TMDs) have revealed interesting
electronic, optical, and magnetic properties which can be used for promising device applications.
These properties are usually governed by atomic point defects and interfaces in 2D materials,
including edges and domain boundaries 1-2. Investigation of the defect and interface structures,
therefore, is essential for rational design and optimization of 2D materials.
In this talk, I will present our recent scanning tunneling
microscopy and spectroscopy (STM/STS) studies of atomic
point defects in few-layer 1T-PtSe2. Among 2D TMDs, PtSe2
stands at a unique place in the sense that it undergoes a phase
transition from semimetal to indirect-gap semiconductor as
thickness decreases. So far, there are no studies of defects in
2D 1T-PtSe2. We investigate intrinsic point defects in fewlayer 1T-PtSe2 on mica grown through the chemical vapor
transport (CVT) method by using STM/STS. We found five
distinct point defects from STM topography images and
obtained the local density of states of the defects. We identify
the types and characteristics of these defects by combining the
STM results with the first-principles calculations, finding
good agreement between experiment and theory. Our work
will stimulate studies and engineering of defects in this new
group VIII 2D TMDs.

Figure 1. Atomically resolved
STM images of typical point
defects in ultrathin 1T-PtSe2.

References:
1.
Zheng, H. S.; Valtierra, S.; Ofori-Opoku, N.; Chen, C. H.; Sun, L. F.; Yuan, S. S.; Jiao, L.
Y.; Bevan, K. H.; Tao, C. G., Electrical Stressing Induced Monolayer Vacancy Island Growth on
TiSe2. Nano Lett 2018, 18, 2179.
2.
Zhang, F.; Lu, Z.; Choi, Y.; Liu, H.; Zheng, H.; Xie, L.; Park, K.; Jiao, L.; Tao, C.,
Atomically Resolved Observation of Continuous Interfaces between an As-Grown MoS2
Monolayer and a WS2/MoS2 Heterobilayer on SiO2. ACS Applied Nano Materials 2018, 1, 2041.
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Atomic- to device-scale studies of 2D material defects and interfaces
J. V. Riffle,1 B. St. Laurent1, C. Flynn1, C. A. Ayotte2, S. Subramanian3, D. Deng3, J. A.
Robinson,3 C. A. Caputo2, and S. M. Hollen1
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Two-dimensional crystals are receiving significant
attention for their promise of a wide range of applications, and
as a platform to study fundamentally new physics. Towards
new applications, black phosphorus is a particularly exciting
material because of its direct and tunable bandgap from 0.41.5 eV and high mobility carriers. However, samples degrade
rapidly in air and are mysteriously p-doped. Here I will briefly
present our recent work using scanning tunneling microscopy
(STM) to show the prevalence of atomic vacancies in
commercial black phosphorus crystals—the likely root of pdoping. [1] Now, vacancies appear to be more important to
control than impurities. Using 2D crystals, we also have a dI/dV map of a single vacancy in a black
phosphorus crystal surface representing the
unique opportunity to correlate changes in atomic-scale local density of states.
structure and the importance of defects and interfaces [2] to
device-scale transport. I will present how we are combining STM and transport studies to better
understand the relationship between atomic structure and device performance, using tools in our
own lab at UNH as well as a newly installed user facility at the 2D Crystal Consortium Materials
Innovation Platform at Pennsylvania State University. Finally, I will show preliminary work
towards using this combination of techniques to improve our fundamental understanding of
quantum phase transitions.
References:
[1] J. V. Riffle, C. Flynn, B. St. Laurent, C. A. Ayotte, C. A. Caputo, and S. M. Hollen. “Impact
of vacancies on electronic properties of black phosphorus probed by STM.” J. Appl. Phys. 123,
044301 (2018).
[2] S. Subramanian, D. D. Deng, N. Simonson, K. Wang, K. Zhang, J. Li, R. Feenstra, S. K.
Fullerton-Shirey, and J. A. Robinson. “Properties of synthetic epitaxial graphene/molybdenum
disulfide lateral heterostructures.” Carbon, 125, 551-556 (2017).
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Liquid Phase Exfoliated Niobium Diselenide (NbSe2) for
Electrochemical Energy Storage Applications
Sujoy Ghosh,1,2 Gaurab Dutta,1 Habib Ahmad1, Alec G. Maddaus1 and Edward Song1,2
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One of the most significant challenges
in modern supercapacitor technology is
improving upon energy density beside
having high power capability and faster
charge discharge rate. Such limitation
has been improved by using 2D
transition
metal
dichalcogenides
(TMDs) which has broadened the scope
of supercapacitor coupled energy
storage devices [1]. A monolayer of
TMDs exhibits superconductivity at
low temperature. Among TMDs NbSe2
exhibits
anisotropic
electrical
properties
(comparatively
high
conductivity), chemical inertness with
heterogenous trapping states, which are
favorable
characteristics
for
supercapacitor energy storage devices
[2]. Here we demonstrate liquid phase
exfoliated NbSe2 nanosheets showing
excellent redox chemistry resulting in
specific capacitance of 123.73±22.8%
mF.cm-2 with increased ion transport
demonstrating supercapacitor-coupled
enhanced charge storage capability over
other TMD materials [2].
References:

Fig: 1 Electrochemical assessment of liquid phase exfoliated NbSe2 using
1M H2SO4 and BMIMPF6. (A) Cyclic voltammograms (CVs) with scan
rate 1000mVs-1 showing trends of better specific capacitance and
improved charge storage capability. (B) XPS confirms NbSe2 surface
consists of phases enhancing ion transport. (C) TEM image shows
transparent NbSe2 flakes. (D) Charge discharge profile shows more
pseudo plateau behavior. (E) Optical image of different concentrations
(5mg/mL−wine color; 0.5mg/ mL−light brown color). (F) UV vis spectra
shows dominant metallic behavior with no absorbance peak. (H)
Electrochemical Impedance Spectra (EIS) shows two electrochemically
distinct phases.

[1] N. Chowdhary, ACS Nano. 10, 10726–10735 (2016).
[2] X. Chia, J Mater. Chem. A. 4, 14241 (2016).
Preference: oral
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Real-Time Simulation of Molecular Spin Plasmon Dynamics
Craig T. Chapman1
1
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Plasmons are collective electronic oscillations typically found in large metallic nanostructures and
on metallic surfaces. Recently, several experimental and theoretical2 studies have provided
evidence for the existence of plasmons in non-traditional systems, including single organic
molecules. Here we present real-time electronic dynamics simulations of photoinduced plasmonic
oscillations in a series of polycyclic aromatic hydrocarbons. In the neutral molecules the
photoexcited α and β spin densities oscillate in phase, while in the radical ionic species the α and
β spin densities oscillate completely out of phase, creating a spin-plasmon despite low spin-orbit
coupling. These phenomena can be exploited to increase spin-polarized exciton injection into
materials used in spintronic devices such as organic spin valves.

References:
[1] Grant J. Stec, Adam Lauchner, Yao Cui, Peter Nordlander, and
Naomi J. Halas, ACS Nano 11, 3254 (2017).
[2] Stephan Bernadotte, Ferdinand Evers, and Christoph R. Jacob,
J. Phys. Chem. C 117, 1863 (2013).

Fig. 1. Time-dependent
dipole moments for α and β
spin densities. Coronene
(top)
and
anthracene
(bottom) both exhibit outof-phase oscillations.
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Ultrafast and Ultrasmall: Domain Walls and Skyrmions in a
Compensated Ferrimagnet
L. Caretta1, M. Mann1, F. Büttner1, K. Ueda1, B. Pfau2, C.M. Günther2, P. Hessing2, A.
Churikova1, C. Klose2, M. Schneider2, D. Engel2, C. Marcus1, D. Bono1, K. Bagschick3, S.
Eisebitt2, G.S.D. Beach1
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Spintronics is a research field geared toward understanding and controlling spins on the nanoscale,
enabling next generation data storage and manipulation. The technological and scientific challenge
is to stabilize ultrasmall spin textures and to move them efficiently with ultrahigh velocities.
Inspired by hard disk materials, research so far has focused on ferromagnetic materials, but these
materials show fundamental limits for speed1 and size2, calling for radically different ideas. Here,
we demonstrate that compensated ferrimagnets are not affected by these limits. Near angular
momentum compensation (TA), the spins align with the magnetic field without any precession and
a driving force immediately leads to acceleration in the direction of force3, making spin texture
motion (DWs and skyrmions) extremely efficient near TA. Near magnetization compensation
(TM), stray fields become negligible and spin textures are stabilized by the competition of
exchange, anisotropy, and Dzyaloshinskii-Moriya interaction, DMI, thus sustaining zero field
skyrmions with less than 15 nm in diameter at room temperature2. Using ferrimagnetic Pt/GdCo/Ta
with sizable DMI, we realize a current-driven domain wall velocity of 1.3 km/s and roomtemperature stable <15 nm diameter skyrmions near TA and TM, respectively. Theoretically, we
explain that our observations are universal and that high speed, high density spintronic devices can
only be realized using materials where TA and TM are close together.

Fig 1: Hc, MS, and vDW as a function of
temperature. Divergence of Hc and
Ms minimum occur at TM (orange line).
vDW of 1.3km/s occurs near TA (green line).

Fig 2: X-ray holography images of skyrmions
in GdCo (left). Line scan across four
skrymions (right) illustrating 30, 16, 20, and
12 nm skyrmions, respectively

[1] Martinez, E. et al. Current-driven dynamics of Dzyaloshinskii domain walls in the presence
of in-plane fields. J. Appl. Phys. 115, 213909 (2014).
[2] Buttner, F., Lemesh, I. & Beach, G. S. D. Theory of isolated magnetic skyrmions: From
fundamentals to room temperature applications. Adv. Online Publ. (2018).
[3] Tchernyshyov, O. Conserved momenta of a ... Ann. Phys. (N. Y). 363, 98–113 (2015).
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Symmetry Principles in Interfacial Magnetism
Jiadong Zang,1 Jie-Xiang Yu,1 Gen Yin2, and Kang L. Wang2
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Symmetry is a key to unlock exotic phenomena in condensed matter physics. Particularly in
magnetic systems, the symmetry analysis enables deep understanding of magnetic ordering and
electron transports. In this talk, I will give two examples showing the power of symmetry. First, I
will show the prediction of giant perpendicular magnetic anisotropy (PMA) in iron monolayer on
top of III-V nitride substrates. The magnitude of PMA is up to 50 meV, in contrast to 1meV in
conventional Fe-based thin films [1]. Second, the electron transport in MnTe thin films will be
discussed. A zero-field planar Hall effect was experimentally observed in antiferromagnetic MnTe.
I will show how time reversal and its combined symmetries are broken in this material, and
construct an effective Hamiltonian successfully describing all transport signatures.
References:
[1] J. X. Yu, J. Zang, Science Advances 4, eaar7814 (2018).
[2] G. Yin, J. X. Yu, Y. Liu, R. K. Lake, J. Zang, K. L Wang, arXiv: 1805.12200.
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Precise integration of colloidal giant quantum dots and 3D
nanoantenna substrates by dip-pen nanolithography
Jun Wang,1 Farah Dawood1,2 and Jennifer A. Hollingsworth1
1

Materials Physics and Application Division, Center for Integrated Nanotechnologies,
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2
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Colloidal semiconducting nanocrystals, or quantum dots (QDs), when coupled to subwavelength
nanophotonic structures, such as optical nanoantenna and nanoscale resonators, can have
enhanced emission properties – enhancement of the radiative rate by the well-known Purcell
effect, improved excitation efficiency, and control over the direction and polarization of emitted
light. Here, we report the integration by dip-pen nanolithography (DPN) of ultra-photostable
giant QDs (gQDs) and three-dimensional (3D) nanoantennas as a prototype hybrid system for
realizing such enhanced light-emission properties. DPN is a scanning probe-based alternative
lithography technique that uses an atomic force microscope tip to precisely “write” liquid “ink”
onto diverse solid substrates. We report a comprehensive
investigation of factors controlling DPN of complex liquid inks
comprising a non-aqueous carrier solvent and suspended gQDs.
Two different sized gQDs were used, and with different colloidal
stability of the suspension, a very different DPN inking/writing
behavior was observed. We also studied key DPN experimental
parameters and their relationship to deposition rate, including dwell
time, surface-ink interactions (surface hydrophilicity/phobicity
effects) and volume of ink on the writing tip. We further advanced a
three-step reading-inking-writing approach using DPN to precisely
Fig. 1. A schematic diagram
place gQDs onto the nanoantennas, realizing for the first time
deposition targeted to 3D sub-micron substrate features. Overall, the for direct placement of
nanocrystals onto 3D
new understanding of ink-substrate interactions and the parameters
nanostructured substrates to
controlling bulk fluid flow from nano-tip to substrate lays the
fabricate quantum dotgroundwork for the expanded use of DPN for integration of multinanoantenna hybrid
component nanostructures, comprising “soft” and “hard”
assemblies by scanning
constituents, that would be challenging or impossible to create using
probe technologies.
traditional lithographic techniques.
References:
[1] F. Dawood, J. Wang, P. A. Schulze, C. J. Sheehan, M. R. Buck, A. M. Dennis, S. Majumder,
S. Krishnamurthy, M. Ticknor, I. Staude, I. Brener, P. M. Goodwin, N. A. Amro, J. A.
Hollingsworth, Small 2018, 1801503, DOI:10.1002/smll.201801503
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A new method for quantifying low-energy electron emission from
clinically relevant nanoparticles
L. Cramer,1 B. Coughlin,1 S Kunjachan,2 O. Tillement,3 R. Berbeco,2 and C. Sykes1
1
2
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Low-energy electrons (LEEs), defined as having energy in the 3-20 eV range, have been shown to
induce DNA damage. This damage remains localized due to the short mean free path of LEEs,
around 1-10 nm in solution. It is thought that emission of LEEs from radio sensitization
nanoparticles (NPs) accounts for their therapeutic effect. [1] Herein we present a new method for
quantifying and measuring the energy distribution of LEEs from NP samples using a modified Xray photoelectron spectroscopy (XPS) system. To date, our measurements have been performed
on small NPs shown in Fig 1a. [2] These NPs are composed mostly of polysiloxane and have been
investigated with different chelated metals (Gd, Bi, and Na) to study the effect of LEE emission
as a function of the chelated metal. We have
reproducibly
measured
the
energy
distribution and peak for these clinically
relevant nanoparticles using the sample plate
shown in Fig 1b. Results from these studies
will aid in the development of a universal tool
to quantify and measure LEE emission from
NPs. In turn this will provide a deeper
understanding of the mechanism of their
action and aid in the development of new
therapeutic NPs. Further refinement of the
technique will allow for rapid testing of
clinically relevant NPs.
References:
[1] E. Alizadeh, T. M. Orlando, and L. Sanche, Annu. Rev. Phys. Chem 66, 379 (2015).
[2] A. Detappe, S. Kunjachan, J. Rottmann, J. Robar, P. Tsiamas, H. Korideck, O. Tillement,
and R. Berbeco, Cancer Nanotechnol. 6, 4 (2015).
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Mirror-Image Porphyrin Nanoassemblies Templated by
ssDNA
M. Balaz,1* S. Tannir,2 L. Levintov,3 M. A. Townley,4 B. M. Leonard,2 J. Kubelka,2 H.
Vashisth,3 K. Varga5*
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Templated assembly is frequently used in nature to arrange molecular components into highly
complex hierarchical nanostructures that play key roles in intracellular processes, including light
harvesting, energy transfer or signal transduction. Given the complexity and extraordinary
functionalities of biological architectures, scientists have attempted to reproduce nature’s
strategies in order to obtain new structures and properties. Templated supramolecular selfassemblies use non-covalent interactions (e.g., hydrogen bonding, π–π stacking, electrostatic and
van der Waals forces) between multifaceted template and molecular building blocks to form
highly ordered programmed nano-sized architectures. Porphyrins and their derivatives possess
favorable combination of electronic, spectroscopic and structural properties for construction of
functional nanomaterials, i.e., high molar absorptivities in the visible region, high chemical,
electrochemical, thermal and photochemical stability, well-explored synthetic methodologies and
strong affinity for self-organization. The controlled supramolecular assembly of achiral
chromophores into chiral architectures is a common strategy to increase the dissymmetry of
molecular systems while increasing their robustness. We will present the formation of
conformational diastereomers of supramolecular porphyrin nanoassemblies with opposite
helicities and mirror-image chiroptical properties that are assembled via hydrogen-bonds
between two strands of non-self-complementary ssDNA template of a single chirality.
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Electrons Scattering Off Skyrmions
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A magnetic skyrmion is a topological spin texture recently observed. Magnetic moments in each
skyrmion swirl around each unit sphere and resemble a magnetic monopole [Fig.1]. Topology of
the skyrmion is characterized by its integer-valued winding number, which grants the skyrmion
the extra stability against weak disorders. Decades after its theoretical prediction, the magnetic
skyrmion was experimentally observed in chiral magnets, in which the broken inversion symmetry
induced Dzyaloshinskii-Moriya interaction plays a significant role. Magnetic skyrmions were later
observed in other materials especially magnetic multilayers. It was recently indicated that the
skyrmion can even exist on the surface of magnetically doped topological insulator.
In this presentation, a basic introduction to skyrmions is presented.
The role of the Dzyaloshinskii-Moriya interaction in competing
with exchange and Zeeman coupling will be presented. I will further
present out ongoing research of electrons scattering off skyrmions
on the surface of a topological insulator. The topological insulator
owns nontrivial topology in the reciprocal space, while the
skyrmion has nontrivial topology in the real space. Topologies in
these two conjugate spaces are intertwined and lead to novel
transport properties for an electron traversing the skyrmion.
Particularly, the Hall effect is identified numerically and analyzed
by calculating the scattering cross section.

P.1

Fig. 1. A Skyrmion with
Orientation = 1, Winding
Number = 1, and Helicity =
!/2.
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Scanned probe microscopy studies of MoS2 catalysis on insulating
substrates: investigating the impact of substrate, strain, and defects
S. Arias,1 T. Dao,1 and S. Hollen1
1Department
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Molybdenum Disulfide (MoS2) is one of the most commonly used commercial
hydrodesulfurization (HDS) catalysts, but a microscopic understanding of the active sites and
reaction mechanisms has been difﬁcult to develop. Understanding these reactions on an atomic
scale will provide guidance to catalyst design, which aims to make more efﬁcient use of our
limited petroleum reserves, reduce pollutants, and meet increasingly stringent fuel regulations.
Previous work from STM experiments used MoS2 nano-islands grown on Au(111) substrates in
ultra-high vacuum .[1] These experiments revealed the role of the catalytically active MoS2
edges and the relative unimportance of S vacancies at these edges. From these results came a
proposed catalytic mechanism that relies on the formation of 1D metallic edge states, [2]
therefore any electronic interaction of the catalyst with the
substrate will play an important role. Improving HDS catalyst
design will rely on our knowledge of the catalyst on industrially
relevant, insulating substrates.
We perform scanning tunneling microscopy (STM) and non-contact
atomic force microscopy (NC-AFM) experiments on two novel
experimental systems: exfoliated MoS2 flakes on SiO2 and anodized
aluminum oxide (AAO) see Fig 1. Uniquely, AAO has nanometer- Figure 1: SPM MoS 2 catalysis
scale holes and undulations that will introduce suspended and experiment overview
strained regions in a supported MoS2 sheet. These strained and
unstrained MoS2-on-insulator systems will provide the ﬁrst
opportunities for atomic scale catalysis studies on industrially-relevant substrates. Thiophene will
be introduced as a test molecule for determining active sites for HDS by adsorption. These studies
will determine the importance of the substrate, the nature of the edge states on insulating substrates,
and the role of strain and defects on the catalytic activity of MoS2.
References:
[1] J. Lauritsen and F. Besenbacher, “Atom-resolved scanning tunneling microscopy
investigations of molecular adsorption on MoS2 and CoMoS hydrodesulfurization catalysts.”
Journal of Catalysis, vol. 328, pp. 49–58, 2015.
[2] J. V. Lauritsen, M. Nyberg, J. K. Nørskov, B. S. Clausen, H. Topsøe, E. Lægsgaard, and F.
Besenbacher, “Hydrodesulfurization reaction pathways on MoS2 nanoclusters revealed by
scanning tunneling microscopy.” Journal of Catalysis, vol. 224, no. 1, pp. 94–106, 2004.
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Atomic-scale studies of two new molecular rotors, from controlling
single molecule rotation to complex rotor dynamics in 2D arrays
T. A. Balema1, Y. Liu2, N. A. Wasio1, D. P. Slough1, Z. Smith1, C. J. Ivimey1, S. W. Thomas
III1, Y. Lin1 & E. C. H. Sykes1
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Molecular devices are capable of performing a number of functions from mechanical motion to
simple computation. Two molecular rotors will be presented: altitudinal phenyl-ethyl and
azimuthal amine rotors (see Fig 1 for an example). The altitudinal rotor, where the rotor is the
ethyl tail and its axis of rotation is parallel to the metal surface, is the product of spontaneously
formed organometallic arrays via the Ullmann coupling reaction of precursor molecules with a
metal surface. The molecular azimuthal rotors, however is the product of metal-substrate bond
formation solely through a central atom. Concerning the altitudinal rotor by altering the
constituents of a given halo-aryl, at the intermediate stages of the Ullmann coupling reaction
various structural behaviors were observed within the arrays. Beyond imaging these arrays,
scanning tunneling microscopy allows individual molecules to be
switched and in turn trigger neighboring molecules in the array
through tip manipulation. Our results demonstrate the influences
of the rotor tail structure and 2D crystal structure on switching
behavior.
Concerning the azimuthal rotor, thioethers on gold surfaces
constitute a simple, robust system with the metal-substrate bond
forming at the central sulfur atom. Single-molecule experiments in
the past indicated that they act as thermally and electrically
activated molecular rotors. Continuing on this trajectory, amines
can form robust metal-nitrogen bonds and thus could potentially
demonstrate similar rotational behaviors as thioether rotors. By
using time-resolved measurements we were able to record the
dynamics of individual amine molecular rotors as a function of
rotor chemistry and electrical excitation conditions. Our results
demonstrate that altering amine rotor tails both in terms of length
and symmetry directly influences the rate and directionality of
electrically driven rotation.
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Fig. 1. STM image of a
diethylamine
azimuthal
molecular rotor. Imaging
Conditions: Vtip = 0.01 V, I =
10 pA, temp = 5 K, scale bar
= 0.5 nm.
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Black Phosphorus Quantum Dots as a Photosensitizer in
Photocatalytic Hydrogen Production
H. L. Bell,1 C. A. Ayotte1, C. A. Caputo1
1

Department of Chemistry, University of New Hampshire, 23 Academic Way, Durham, NH,
03824, USA
Email: hlb1024@wildcats.unh.edu

Black phosphorus, a two-dimensional (2D) layered semiconducting material, has attracted
increasing attention due to its thickness-dependent direct band gap ranging from 0.3 – 2.0 eV as
well as its high carrier mobility1,2. Here, we present the synthesis, characterization, and application
of few-layered black phosphorus, also called black phosphorus quantum dots (BPQDs). Through
the exploration of synthesis conditions, both probe sonication and bath sonication were determined
integral steps for the liquid exfoliation of BPQDs to produce smaller rather than larger
nanoparticles. Characterization via SEM and AFM showed decreased particle size with increased
sonication times.
As renewable energy sources, like solar energy, grow in popularity, a common problem is faced.
There is an existing gap between when the energy is available and when we want to use it.
Capturing the solar energy to produce fuel is an attractive solution. BPQDs will act as a
photosensitizer, or light absorber, to excite an electron that will transfer to a reduction catalyst to
carry out the desired chemical reaction3. We have achieved liquid exfoliation, isolation, and
characterization of BPQDs in both NMP and water. Our progress towards the use of BPQDs in
photocatalytic systems with and without co-catalysts will be presented.

Fig. 1. The puckered structure of BP.

Fig. 2. An SEM image of a BPQD.

References:
[1] Tran, V.; Soklaski, R.; Liang, Y.; Yang, L.; Phys. Rev. B. 2014, 89, 235319.
[2] Li, L.; Yu, Y.; Ye, G., Ou, X.; Wu, H.; Feng, D.; Chen X.; Zhang, Y.; Nat. Nanotechnol. 2014,
9, 372-377.
[3] Rahman, M. Z; Kwong, C.W.; Davey, K.; Qiao, S.Z.; Energ. Environ. Sci. 2016, 9, 709-728.
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Local Surface Crystal Structure of 2D materials Characterized by
Dynamical µLEED-IV/LEEM Analysis
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Two-dimensional (2D) materials have attracted much attention as an emerging category of
materials over the past decade due to their novel mechanical, optical and electronic properties with
many potential applications in photovoltaics, photo-catalysts, and modern electronics. However,
the detailed atomic structural information has been rarely experimentally investigated due to the
following difficulties: (i) the limited sample size of 2D materials prepared through mechanical
exfoliation of a few µm, and (ii) the easy oxidation and surface instability of various 2D materials
under high energy probing techniques. Selected area low-energy electron diffraction analysis
(µLEED-IV) performed in a low-energy electron microscopy (LEEM) system, is a modern surface
sensitive and non-intrusive surface characterization technique, which has the advantage of µm
sampling size selectivity. I present, for the first time, detailed experimental characterizations of
atomic crystal structures of a series of technologically promising 2D materials: MoS2 [1], black
phosphorus (BP) [2] and the topological crystalline insulator (TCI) SnSe [3]. We find a slight
asymmetry of the relaxation of the interlayer spacing of a suspended single S-Mo-S sandwich layer,
which is most likely caused by a small amount of warping or strain. In the case of both bulk BP
and exfoliated few layer phosphorene (FLP), with a thickness of about 10 nm, we find that the
surface undergoes a significant distortion in the form of buckling of 0.2 Å, an order of magnitude
larger than two previously reported theoretical values. Using first-principles calculations, we
propose a vacancy defect driven mechanism as cause of this surface distortion. The topological
properties of the rock-salt TCI SnSe is strongly related to its surface structure. The Sn-terminated
surface and Se-terminated surface have been previously shown to have distinctively different
electronic properties. We show that our SnSe (111) thin films have a Sn-terminated surface without
surface reconstruction. Furthermore, we reveal an oscillatory, contraction-expansion-contraction
pattern for the structural relaxation in the top few layers of SnSe. We show that µLEED-IV is a
powerful tool for study of atomic crystal structure of 2D materials. We believe the detailed surface
structural information is of fundamental importance and provides crucial input for better
understanding the intriguing electronic properties of various 2D materials and a more solid
guidance for engineering 2D materials based devices.
References:
[1] Z. Dai, W. Jin, M. Grady, J. Sadowski, J. Dadap and R. Osgood et al., Surf. Sci. 660, 16 (2017).
[2] Z. Dai, W. Jin, J. Yu, M. Grady, and J. Sadowski et al., Phys. Rev. Materials. 1, 074003 (2017).
[3] W. Jin, S. Vishwanath, J. Liu, L. Kong, R. Lou and Z. Dai et al., Phys. Rev. X 7, 041020 (2017)
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Temperature Dependent Self-Assembly of 9,10-dibromo-anthracene
on Ag(111)
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Thin film growth of 9,10-dibromo-anthracene (DBA) on Ag(111) up to a full monolayer has
been studied via UHV scanning tunneling microscopy (STM). Prior studies of thin film growth
for deposition of this molecule on the same substrate while at room temperature has
demonstrated debromination of the molecule followed by self-assembly of a chain-like structure
mediated by Ag adatoms [1]. However, our results show no debromination and instead a
honeycomb network is formed. The reason for this discrepancy is still under investigation, with
present studies focused on accurately cataloguing substrate temperature during film growth. We
note that other STM studies of brominated organic molecules grown at reduced substrate
temperatures have shown debromination of those molecules only upon subsequent annealing of
the film [2]. A molecular model of our film growth will be presented, with the organization of
the film most likely driven by weak Br···Br bonding between
adjacent molecules.
References:
[1] J. Park, K.Y. Kim, K.-H. Chung, J.K. Yoon, H. Kim, S. Han,
and S.-. Kahng, J. Phys. Chem. C 115, 14835 (2011).
[2] J. Liu, Q. Chen, Q. He, Y. Zhang, X. Fu, Y. Wang, D. Zhao,
W. Chen, G.Q. Xu, and K. Wu, Phys. Chem. Chem. Phys. 20,
11081 (2018).
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Fig.
1.
Molecular
resolution
image
of
submonolayer DBA film
growth on Ag(111) with
overlaying
molecular
model.
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Creep and Hysteresis Correction for Atomic-Precision STM Tip
Positioning
J. Lake, J. H. G. Owen, E. Fuchs and J. N. Randall
Zyvex Labs, 1301 N Plano Rd., Richardson, TX, 75081, USA
Email: jlake@zyvexlabs.com
Creep and hysteresis errors are a universal issue in all piezo driven Scanning Tunneling
Microscopy (STM) operations. These errors affect everything from basic image quality to the
ability to perform accurate IV measurements for spectroscopy applications. In this work, we
present the results of the development of a real-time correction system for overcoming these

Fig. 1. Sample STM images with uncorrected and corrected creep and hysteresis.
In both images the arrows represent 500 nm steps.
persistent tip control issues allowing for atomically precise tip movement and placement.
Piezo creep results in an undershoot of real position vs. desired position by about 10% of the
expected motion. Over time, the tip will drift the last 10%, taking about 10,000s to settle
completely. The actual position of the tip at any given moment is therefore path and velocitydependent. Realtime creep correction is necessary to compensate for each motion as it occurs. Our
solution is to apply a voltage overshoot to correct the position undershoot. The applied overshoot
voltage is set to decay with time to match the expected creep, keeping the tip at the correct real
position. Hysteresis errors are quadratic with the size of the step, and do not decay with time. For
a typical piezo tube scanner, hysteresis errors are about 30 nm for a 1 um jump, and around 750
nm for a 5 um jump. A similar process of applying voltage corrections to maintain the desired tip
position is used. Observed hysteresis errors can be reduced to single nm for 1um jumps, and to
around 10 nm for 5 um jumps. Hysteresis also affects the size of creep errors, so the two must be
corrected together.
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Atomistic simulation studies of DNA-Porphyrin nanoassemblies
L. Levintov,1 H. Vashisth,1 K. Varga,2 and M. Balaz3
1
Department of Chemical Engineering, University of New Hampshire, 105 Main Street, Durham,
NH, 03824, USA
2
Department of Molecular, Cellular, and Biomedical Sciences, 105 Main Street, Durham, NH,
03824, USA
3
Underwood International College, Integrated Science and Engineering Division, Yonsei
University, Seoul, 03722, Republic of Korea
Email: lqh5@wildcats.unh.edu
Chiral supramolecular nanoassemblies are potentially useful in applications involving biological
sensing, optical communication, and data storage. These complex and biologically-inspired
systems are highly-ordered and governed by a network of non-covalent interactions (hydrogen
bonding, π-π stacking, van der Waals interactions). Specifically, porphyrins and their derivatives
have been shown to form these nanostructures due to stacking interactions. Single stranded
nucleic acids (ssRNA/ssDNA) can further stabilize and assist in templated fabrication of
porphyrin nanostructures owing to interactions between porphyrins and DNA nucleobases. One
of these systems is known to consist of two single stranded DNA molecules between which are
organized several porphyrin-derivatives. While spectroscopic techniques provide some insights
into the overall organization of these self-assemblies, molecular-scale details on their structural
features and underlying dynamics are poorly resolved. In this work, results from atomistic
simulation studies of several variations of porphyrin/DNA systems with different molecular
compositions will be presented with a focus on revealing the dynamics of assemblies in atomic
detail.
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Exploration of Factors Influencing Polymerization Induced Phase
Separation (PIPS) in Seeded Emulsion Polymerization
C. Liu, P. Zhang, and J. Tsavalas
Department of Chemistry, University of New Hampshire
23 Academic Way, Parsons Hall N222, Durham, NH, 03824, USA
cl1089@wildcats.unh.edu
Complex morphological structures of composite polymer nanoparticles are designed so as to affect
the physical properties of the final product those particles are applied in. These complex structures
between multiple polymer phases are formed through the competition of polymerization reaction
kinetics and the polymer phase separation process (when the two phases are incompatible)
occurring simultaneously during an emulsion polymerization. Different reaction conditions and
post-reaction processes will lead to various particle composite structures. The purpose of this work
has been to investigate these dynamic processes within latex particles during emulsion
polymerization and determine the key relevant parameters influencing polymerization induced
phase separation (PIPS), specifically in an emulsion environment. Carefully designed
experimental matrixes were developed to obtain quantitative assessment of the degree of phase
mixing, as a function of both reaction chemistry and process conditions, to build an understanding
of the connection between particle morphology development, chemical composition, as well as
reaction conditions. The overall message in this study was to explore how polymer chains from
each composition in the particles could diffuse over the reaction timeframe. Their diffusion sets
how far they can translate, while the Gibbs free energy of mixing and the miscibility gap sets the
driving force for phase separated domains to form in the first place. This combination is critical to
understanding particle morphology development, and those factors are dynamically changing
throughout the course of the reaction. Here we show that the degree of interphase mixing from
several series of conditions (where either the driving force is varied while diffusional ability is
held constant, the driving force is held constant while diffusional ability varies, or both are varied
at the same time) can be mapped into a trend that results in a “master curve”. We discuss the
relevance of this master curve toward understanding PIPS during an emulsion polymerization.
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Quantitative Measurements of the Interfacial Region and Extent of
Phase Separation Between Polymers During and After
Polymerization
C. Liu, A. Tripathi, and J. Tsavalas
Department of Chemistry, University of New Hampshire
23 Academic Way, Parsons Hall N222, Durham, NH, 03824, USA
cl1089@wildcats.unh.edu
In multistep emulsion polymerization, the development of morphology within composite polymer
nanoparticles occurs during the polymerization reaction. The morphologies are a result of a
complex interplay of the system driving towards thermodynamic equilibrium but limited by
kinetics and diffusion. Polymer (in)compatibilities, interfacial tension differences across polymerpolymer and polymer-water interfaces encourage phase separation, yet the highly viscous
environment within the polymer nanoparticles slows diffusion of chains; the degree of phase
separation possible over the time frame allotted is often incomplete. To be conclusive regarding
the resulting particle morphology, more than one set of analytical data is necessary. While electron
microscopy is traditionally used, here we demonstrate utilization of differential scanning
calorimetry (DSC) for particle morphology characterization via quantitative assessment of the
degree of phase mixing in polymer particles. The thermal transition of a polymer composite
contains signals for all mixed polymers which can be resolved to quantify this information. Here
it is necessary to properly assess the baseline through the entire thermal transition and to accurately
describe the shape of the “peaks” representing pure and mixed materials. We have found that the
full thermal transition (as viewed through the derivative of the reversing heat capacity versus
temperature profile) is not symmetrical about the glass transition temperature and can be very
closely represented by Gaussian and Cauchy distribution functions in the rubbery and the glassy
regions, respectively. With this technique, the amount of each polymer existing in the interphase
region can be quantitatively determined, yet confirmation of location still needs to be corroborated
with electron microscopy. The two techniques together provide a sound assessment of multi-phase
particle morphology.
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Implication of Electron Scavenging Character of Sulfated Titania in
Photocatalysis
1,2,3

A. Mahdavi-Shakib,

T. J. Schwartz,

1,2,4

5

R. N. Austin, and B. G. Frederick

1,2,3

1

Laboratory for Surface Science and Technology (LASST), 2Forest Bioproducts Research Institute
(FBRI), 3Dept. of Chemistry, 4Dept. of Chemical and Biomedical Engineering, University of
5
Maine, Orono, ME 04469. Dept. of Chemistry, Barnard College, Columbia University, New
York, NY 10027
Email: akbar.mahdavi@maine.edu
Knowledge of the electronic structure of photocatalysts is of immense importance in understanding
and enhancing photocatalytic reactions. Here, we used in-situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) during the reaction of TiO2 with H2 to reveal information about
the electronic structure of TiO2 as a function of crystal structure and chemical impurities. TiO2 is
n-doped upon H2 dissociation [1] and the corresponding electrons can be detected with FTIR if
they are in either the conduction band or shallow trap states. [2] However, electrons are not
observed in the IR region when they occupy deep traps. Our results are consistent with sulfate
impurities in anatase creating deep trap states that scavenge electrons. These results provide
support for a model of improved photocatalyst activity in which trapping the electrons increases
the hole lifetime and increases the efficiency of oxidation reactions. [3]
We present adsorption of H2 and D2 on pyrogenic
titania (P90), rutile, several commercial anatase
samples [Sigma Aldrich (SA), US Research
Nanomaterials (USR), and Alfa Aesar (AA)] for
which sulfate was detected, and our synthesized
sulfate-free anatase. We observed the formation
of surface hydroxyls and occupation of shallow
traps by electrons for P90, rutile, and sulfate-free Figure 1. Schematic diagram of IR probe of
anatase. However, when sulfate is present on the electrons added to trap states of TiO after
2
TiO2 surface, we continued to observe the H dissociation to form surface hydroxyls.
2
formation of surface hydroxyls, but failed to
observe electronic effects in the IR spectra. We ascribe the latter phenomenon to electrons being
trapped in states deeper than the ~1eV range of mid-IR spectroscopy.
References:
[1] B. Han and Y. H. Hu, Nanotechnology 28 (2017) 304001
[2] D. A. Panayotov, S. P. Burrows, and J. R. Morris, J. Phys. Chem. C. 116 (2012) 4535
[3] X. H. Lin, X. J. Yin, J. Y. Liu, S. F. Y. Li, Appl. Catal. B: Environ. 203 (2017) 731
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Diffusion
Networks of CO in FeFe
Hydrogenase 1
1
1

Yong Liu, Mohammadjavad Mohammadi, and Harish Vashisth
1

Department of Chemical Engineering, University of New Hampshire, 33 Academic way,
Durham, NH, 03824-2619, USA
Email: mm14@wildcats.unh.edu

The production of hydrogen (H2) draws a lot of attention due to increasing needs for renewable
and pollution-free fuels. FeFe hydrogenase, a hydrogen-producing enzyme, has been proposed as
a viable source of hydrogen as a clean fuel. However, the catalytic activity of FeFe hydrogenase
is limited by its high sensitivity to other gases such as oxygen (O2) and carbon monoxide (CO)
that work as inhibitors of its hydrogen producing activity. Therefore, it is of great importance to
find the diffusion pathways of CO, and its commonality with O2. Herein, we have employed
multidimensional molecular dynamics (MD) simulation based methodologies using which we
have resolved details of such pathways and thermodynamics of gas diffusion along those
pathways. We suggest potential amino acids lining these pathways, the mutations of which could
lead to inhibitor-tolerant hydrogenase enzymes for sustainable production of hydrogen.
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Bivalence Mn5O8 with Hydroxylated Interphase for High-Voltage
Aqueous Sodium-Ion Storage
Xiaoqiang Shan,1 Daniel S. Charles,1 Yinkai Lei,2 Ruimin Qiao,3 Guofeng Wang,2
WanliYang,3 Mikhail Feygenson,4 Dong Su,5 and Xiaowei Teng1
1

Department of Chemical Engineering, University of New Hampshire, 33 Academic Way,
Durham, NH, 03824, USA

2

Department of Mechanical Engineering and Materials Science, University of Pittsburgh,
Pittsburgh, PA, 15261, USA

3

Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA

4

Chemical and Engineering Materials Division, Spallation Neutron Source, Oak Ridge National
Laboratory, Oak Ridge, TN, 37831, USA
5

Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York,
11973, USA
Email: xs1@wildcats.unh.edu

Aqueous electrochemical energy storage devices have attracted significant attention owing to their
high safety, low cost and environmental friendliness. However, their applications have been
limited by a narrow potential window (∼1.23 V), beyond which the hydrogen and oxygen
evolution reactions occur. Here we report the formation of layered Mn5O8 pseudocapacitor
electrode material with a well-ordered hydroxylated interphase.[1,2] A symmetric full cell using
such electrodes demonstrates a stable potential window of 3.0 V in an aqueous electrolyte, as well
as high energy and power performance, nearly 100% coulombic efficiency and 85% energy
efficiency after 25,000 charge–discharge cycles. The interplay between hydroxylated interphase
on the surface and the unique bivalence structure of Mn5O8 suppresses the gas evolution reactions,
offers a two-electron charge transfer via Mn2+/Mn4+ redox couple, and provides facile pathway for
Na-ion transport via intra-/inter-layer defects of Mn5O8. This work shows that an unprecedented
potential window of 3.0 V in aqueous Na-ion system can be achieved through the use of surface
hydroxylated Mn5O8 electrodes, which offers an alternative energy storage approach to nonaqueous Li-ion batteries.
References:
[1] Shan, X. et al, Nat. Commun. 7, 13370 (2016).
[2] Shan, X. et al, Front. Energy 11, 383 (2017).

P.13

POSTER | 14

Photovoltaic Application of Silicon Nanowire P-N Junctions
1

2

M. Small, S. D. Collins, and R. L. Smith
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2

Department of Chemistry, University of Maine, Orono, ME, 04469, USA
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Department of Electrical and Computer Engineering, University of Maine, Orono, ME, 04469,
USA
Email: michael.small@maine.edu

The goal of this project is to design and develop a fabrication process for a silicon photovoltaic
device which incorporates a vertical array of nanowire p-n junctions (Figure 1). The silicon
nanowires are etched into a silicon wafer, comprising an epitaxial p-layer on n-substrate, via metalassisted chemical etching (MACE) [1, 2]. The resulting nanowires contain p-n junctions that lie
along the length of the vertical nanowires. This construct has the potential to increase the optical
bandwidth of a silicon photovoltaic device by allowing a greater amount of short wavelength light
to reach the junction. In addition, the MACE method of nanofabrication has the potential for
decreasing the manufacturing complexity and related costs by eliminating the need for
photolithographic patterning.
The fabrication procedure is presented,
along with cross-sectional SEM images of
the resulting nanowire arrays. Device
fabrication considerations include internanowire material, ohmic electrical
contacts, and device passivation. Current
vs voltage characteristics of the nanowire
device are presented and compared to its
planar analog. Of particular interest is the
difference in short wavelength (UV) light
response between nanowire and planar
devices.

Figure 1. Schematic cross-section of
silicon nanowire p-n junction device.

[1] Z. R. Smith, R. L. Smith, S. D. Collins, Mechanism of nanowire formation in metal assisted
chemical etching, Electrochimica Acta 92, 139-147 (2013).
[2] R. Liu, F. Zhang, C. Con, B. Cui, B. Sun, Lithography-free fabrication of silicon nanowire and
nanohole arrays by metal-assisted chemical etching, Nanoscale Research Letters, 8:155 (2013).
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Magnetic Anisotropy in Low-Dimensional System
Jie-Xiang. Yu,1 Jiadong. Zang1
1

Department of Physics and Materials Science Program, University of New Hampshire, Durham,
New Hampshire 03824, USA
Email: jiexiang.yu@unh.edu

Magnetic anisotropy originating from spin-orbit coupling is the major mechanism to
stabilize the magnetism in both ferromagnets and antiferromagnets. It plays a key role in
spintronics for both industrial applications and basic research discoveries.
Here, I will introduce our recent studies on
magnetic anisotropy. As a special case of uniaxial
magnetic anisotropy, perpendicular magnetic
anisotropy (PMA) in magnetic thin films meets the
requirements for both current and future magnetic
storage, such as higher storage density, thermal
stability and ultrafast read and write capability.
Based on first-principles calculations and
symmetry analysis, we predicted giant PMA in
Fe/III-V nitride thin films [Fig. 1]. The magnitude
of PMA is up to 50 meV per Fe atom which is over
one order larger than any other materials reported. FIG. 1. (left) the atomic structure of one
mono-layer (1ML) Fe on III-V nitride XN
[1]
On the other hand, the realization of substrate. (right) The relative total energy
antiferromagnetic spintronics have greatly per unit cell of Fe/III-V nitride thin film as
advanced the possibility to control magnetism in a function of the direction of spin
antiferromagnet (AFM). In an AFM with easy- moments.
plane magnetic anisotropy, the Neel vector can be
flipped and detected by spin transfer torque and planar Hall effect (PHE) respectively. Our first
principles and transport study based on MnTe thin films, a rare example of easy-plane AFM
semiconductor, indicates that the zero-field PHE percentage up to 31% is independent of spinpolarized scattering, and is fundamentally determined by the valence-band anisotropy induced by
spin-orbit coupling. [2]
References:
[1] J.-X. Yu and J. Zang, Science advances 4, eaar7814 (2018).
[2] G. Yin, J.-X. Yu, Y. Liu, R. K. Lake, J. Zang and K. L. Wang, arXiv:1805.12200.
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Exploring the Synergy between Semiconductor Surfaces and
Molecular Catalysts for Efficient Solar CO2 Reduction
Peipei Huang, Sebastian Pantovich, Ethan Jarvis, Shaochen Xu, Christine Caputo, and
Gonghu Li
Department of Chemistry, University of New Hampshire, Durham, NH 03824, USA
Email: peipei.huang@unh.edu
A variety of hybrid photocatalysts have been reported using highly active molecular catalysts
and robust surfaces. These hybrid systems demonstrated excellent properties in solar fuel
production via water splitting and CO2 reduction. Our project
is focused on solar CO2 reduction using macrocyclic
complexes grafted on light-harvesting semiconductor surfaces.
We collaborate with Dr. Tijana Rajh of Argonne National Lab
to investigate structural features of such hybrid systems that
are key to achieving efficient photocatalysis. We hypothesize
that rationally designed covalent linkages promote optimized
interfacial electron transfer from the surface to molecular Figure 1. Design of hybrid photocatalysts
for solar CO2 reduction.
catalysts for fuel-producing reactions (Figure 1).
In our research, TiO2 is employed as the model support for a macrocyclic Co(III) complex for
use in solar CO2 reduction in the presence of a sacrificial electron donor. The orientation of the
surface Co(III) site has been adjusted to establish correlation between the linkage structure and
its photocatalytic performance. We have also synthesized nitrogen-doped tantalum oxide (NTa2O5, bandgap 2.4 eV) and graphitic carbon nitride (C3N4, bandgap 2.7 eV) as the
semiconductor support for use in visible-light CO2 reduction. The photocatalysts on C3N4
demonstrated interesting activity and excellent selectivity towards CO2 reduction under visible
light. The highest activity was observed using a photocatalyst containing the lowest amount of
Co, in which the Co sites are molecularly coordinated.
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