Volume 21 No. 2 • Summer 2014

The 2013
Highlights Issue
The lab's most important user
research from last year PAGES 6-52

Worldwide User Map
Where do our 1,377 users come
from? PAGE 54

Contents
in every issue

04 Director’s Desk

by Gregory Boebinger
Catching Butterflies and Breakthrough Science in 2013

54 User Center
56 Around the lab
58 News
2013 User Map

2014 User Summer School

The lab’s newest members and biggest honors

research
	Condensed matter Science
06
Graphene, Kondo/Heavy Fermion Systems, Magnetism &

Magnetic Materials, Molecular Conductors, Other Condensed
Matter, Quantum Fluids & Solids, Qubits & Quantum Entanglement,
Semiconductors, Superconductivity – Basic, Topological Matter
And Condensed Matter Technique Development

06 Hofstadter’s Butterfly in Moiré Superlattices
07 Massive Dirac Fermions and Hofstadter’s
Butterfly in a Graphene-hBN Moiré
Superlattice

08 Realizing a Quantum Spin Hall State in Monolayer Graphene
09 Investigation of the Quantum Criticality of URu2Si2 and its Novel
Emergent Phases around 40 T: a High Field 29Si-NMR Study
11 Field-Induced Fermi Surface Reconstruction in CeRhIn5
12 Pressure and Magnetic Field Induced Fermi Surface Reconstruction
in Chromium
13 Quantum Oscillations of the Metallic Triangular-Lattice
Antiferromagnet PdCrO2
14 Evolution of Ferroelectricity in CuCrO2 up to 92 T
16 High-Field ESR Studies of Azurite
17 High Magnetic Field Phase Diagram of Tb2Ti2O7 along [111]
18 Composite Fermions with Tunable Fermi Contour Anisotropy
19 Quantum Oscillations in the High-Tc Superconductor YBa2Cu3O6+x
Near Optimal Doping
2

MAGLAB REPORTS Volume 21 No. 2

ON THE COVER:
Two research teams were able to see
evidence of Hofstadter’s butterfly by
combining the low temperatures and
high magnetic fields available at the
MagLab.

20 Magnetoresistivity of the Cuprate Superconductor Nd2-xCexCuO4-δ (NCCO)
21 Small and Nearly Isotropic Hole-Like Fermi Surfaces in LiFeAs Detected
Through the de Haas–van Alphen Effect
22 Jc Oscillations in the Hybrid Vortex State of SmFeAs(O,F)
23 Evidence for Massive Bulk Dirac Fermions in Pb1-xSnxSe from Themopower and
Nernst Experiments at High Fields
24 Investigation of Magnetic-Field Effect on Topological Insulators Surface States
26 Quantum Oscillations in Kondo Insulator SmB6
27 Large Volume High Pressure Cell for Pulsed Field Studies

& Magnet Materials
28 Magnets
Engineering Materials, Magnet Technology, Superconductivity – Applied
28 Performance of the First Prototype Coil for the 32 T
All-Superconducting Magnet
29 Design and Construction of the Conical Bore Resistive Insert for the SCH
30 Characterization of Powder-in-Tube Superconducting Nb3Sn Wires
32 Ic Study of MOCVD REBCO Coated Conductors for High Field
Magnet Applications
33 Critical Current Measurement at 4.2 K up to 15 T of High-Temperature
Superconducting Magnet Cables
34 Mechanochemical Synthesis of Pnictide Compounds

	Chemistry
35
Chemistry, Geochemistry, Magnetic Resonance Technique Development
35 Metallofullerene and Fullerene Formation from Condensing Carbon Gas under
Conditions of Stellar Outflows and Implication to Stardust
36 Solid-State 17O NMR of Pharmaceutical Compounds: Salicylic Acid and Aspirin
37 Heavy Petroleum Composition 3. Asphaltene Aggregation
38 Oil Spill Source Identification by Principal Component Analysis of Electrospray
Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectra
39 High-Frequency and -Field EPR Experiments on a Mononuclear Single-Molecule
Magnet Based on a Manganese(III) Complex
40 High-Field EPR Studies on a Novel Ferromagnetic Nickel(II) Cubane Complex
41 13C-optimized 1.5-mm NMR Probe Based on High Temperature Superconductors

42 Solid-State NMR Structural and Dynamics Studies of HIV-1 Protein Assemblies
44 Quantitative Analysis of Metabolic Mixtures by 2D 13C Constant-Time
TOCSY NMR Spectroscopy
45 Binding of MgtR, a Salmonella Transmembrane Regulatory Peptide, to MgtC, a
Mycobacterium Tuberculosis Virulence Factor: A Structural Study
46 EPR Analysis of a Membrane-Bound HIV Gp41 MPER Segment as a
Vaccine Candidate
47 Modular Strategies for Structure and Function Employed by Marine Cyanobacteria:
Characterization and Synthesis of Pitinoic Acids
48 Three-Dimensional MRM of the Drosophila Brain at High Resolution
49 Entropy as a Measure of Non-Gaussian Diffusion in Fixed Rat Brain Tissues
50 In vivo MR Imaging of Chloride and Sodium in Rat Brain at 21.1 T
51 Engineering Theranostic Nanovehicles to Target Cerebrovascular Amyloid Deposits

0

10

log(S/S0)

	Life Sciences
42
Biochemistry, Biology

−1

10

0

0.5
1
1.5
2
b−value (s/mm^2)

2.5

x 10

MAGLAB REPORTS

4

3

DIRECTOR’S DESK

by Gregory Boebinger

Catching Butterflies and
Breakthrough Science in 2013
The National High Magnetic Field Laboratory (MagLab) was
awarded its five-year renewal grant from the National Science
Foundation (NSF), making 2013 the first year of another exciting
grant cycle. And what a first year it has been: the 23rd year since
our initial grant began and the 19th year since the opening of our
international user program.
At our core, the MagLab is a user facility, and 2013 was another
record-breaking year with 1,377 users from around the world
conducting research at one or more of our seven user facilities across three campuses. The map on page 54 illustrates the
MagLab’s draw: from coast to coast and around the world,
including users from research institutions in proximity to other
magnet laboratories. Of our 415 principal investigators (PI) this
past year, more than 20 percent identified themselves as women
or minorities and nearly 20 percent were first-time PIs.

The Best of the Best
Our users are consistently producing the highest quality foundational research in the four main areas of quantum matter, spin
coherence and spin control, in vitro to in vivo and energy and
the environment, with 469 articles published in peer-reviewed
scientific and engineering journals throughout the year. Many
appeared in prominent scientific journals, including Nature,
Physical Review Letters, and Proceedings of the National Academy
of Sciences. (For a full list of user publications since 2000, see
www.magnet.fsu.edu/search/publications/search.aspx.)
At the end of each year, we ask our users to submit one-page
abstracts of their MagLab research endeavors from the previous
year. Of the 440 research reports submitted:
• 104 reports (24 percent) covered research already published
or accepted for publication in 2013;
• 29 reports (7 percent) summarized results
submitted for publication in 2013; and
• 178 reports (40 percent) have manuscripts in preparation
for publication.
Narrowing down the 440 research reports to the 40 highlights
contained in this issue is not for the faint of heart. The MagLab’s
Science Council does most of the heavy lifting, for which I am
extremely grateful! After reviewing all of the research reports
across 18 diverse categories – including condensed matter physics, materials science, magnet science and technology, chemistry
and life sciences – they recommend about 60 to be considered
as highlights. After that, it falls to me to make the final downselection to the highlights featured in this issue.
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What does it take to be a highlight? We look for a sampling of
the best research that:
• collectively illustrates the scientific range of our
multidisciplinary user program;
• features examples of research that required more than one
MagLab facility, to demonstrate the complementary
capabilities at our user facilities (see the “High Magnetic Field
Phase Diagram of Tb2Ti2O7” on page 17);
• showcases magnetic fields or instruments only available
at the MagLab, like our world-record 100 tesla pulsed magnet,
45 tesla hybrid magnet and 900 MHz NMR/MRI magnet (see
“Evolution of Ferroelectricity in CuCrO2 up to 92 T” on page
14 and “Solid-State NMR Structural and Dynamics Studies of
HIV-1 Protein Assemblies” on page 42); or
• announces breakthroughs or “firsts” that trailblaze new
areas of scientific research (see “Quantum Oscillations of the
Metallic Triangular-Lattice Antiferromagnet PdCrO2” on page
13 and “Oil Spill Source Identification by Principal Component
Analysis of Electrospray Ionization Fourier Transform Ion
Cyclotron Resonance Mass Spectra” on page 38).
One of our most significant “firsts” of 2013 occurred in May
when two independent teams of researchers simultaneously
published the discovery of “Hofstadter’s butterfly” in graphene
deposited on boron nitride. Graphene-related research continues to grow in the MagLab’s user program. We hosted more
than a dozen graphene research groups in 2013, whose output
draws increasing attention in mainstream media with recent
news coverage in Time and USA Today.
Nearly 40 years ago, Douglas Hofstadter theorized that the full
energy spectrum of an electron exposed to both a two-dimensional periodic lattice and a magnetic field is a complicated
fractal that has come to be known as “Hofstadter’s butterfly.” By
combining the low temperatures and high magnetic fields (up
to 45 T) available at the MagLab, two research teams were able
to see clear evidence of the long-elusive butterfly fractal (page 6
and page 7). The discovery of Hofstadter’s butterfly [1-3], which
includes a third experiment not performed at the MagLab, was
named a top 10 physics breakthroughs of the year by Physics
World magazine at the end of 2013.
Philip Kim, the head of one of research teams that made the
Hofstadter’s butterfly discovery and a frequent MagLab user,
was awarded the Oliver E. Buckley Condensed Matter Physics Prize for his discoveries of many unconventional electronic
properties of graphene. By my count, his research on the fundamental properties of Dirac electrons in graphene subjected to
intense magnetic fields has led to quite a collection of publications in recent years, a collection that includes six papers in
Physical Review Letters, three in Science, three in Nature Physics,
and one in Nature magazine.

Raymond Ashoori, the head of the other team reporting the Hofstadter’s butterfly, later reported the first realization of a quantum spin Hall state in monolayer
graphene (page 8). Using the MagLab’s 35 tesla resistive magnet, the researchers
controlled the transition from an insulating state to a conductive state with a
characteristic quantum Hall plateau. This research demonstrates macroscopic
and robust spin-filtered edge currents in graphene, which could have exciting implications for spin control and, ultimately, quantum computation using graphene.

Spending on Science
These 40 highlights, not to mention the other 400 research reports and the
469 refereed publications of the past year, were made possible by the funding
and support of the U.S. National Science Foundation and the State of Florida,
as well as the U.S. Department of Energy and the U.S. National Institutes of
Health. Other funding organizations supporting research performed at the
MagLab include NASA, U.S. Department of Defense, U.S. Air Force Office of
Scientific Research, U.S. Army, U.S. Navy, and numerous U.S. universities.
Research was also supported by science federations, ministries, and universities in countries around the world including: Canada, China, Denmark,
France, Germany, Israel, Japan, Russia, Slovakia, South Korea, Switzerland,
Taiwan and the United Kingdom.
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Graphene
Two research groups reported the observation of Hofstadter’s butterfly, a fractal energy pattern that was predicted a long
time ago for electrons in a periodic potential and a magnetic field. The observation was finally made possible by the combination of very high magnetic fields and graphene-on-hexagonal boron nitride structures.
Published in Nature 497, 598-602 (2013)

Hofstadter’s Butterfly in Moiré Superlattices

C.R. Dean (City College of New York, Physics); L. Wang, Y. Gao, J. Hone (Columbia U., Mechanical Engineering); P. Maher, C. Forsythe, F.
Ghahari, P. Kim (Columbia U., Physics); K.L. Shepard (Columbia U., Electrical Engineering); J. Katoch, M. Ishigami (UCF, Physics); P. Moon,
M. Koshino (Tohoku U., Physics); T. Taniguchi, K. Watanabe (National Institute for Materials Science)
Introduction
In 1976, Douglas Hofstadter predicted that electrons subject
to a periodic potential and a magnetic field display a complex
fractal energy structure. This remarkable energy structure is
expected to have dramatic signatures in electronic transport,
including unconventional non-monotonic sequences of quantum Hall plateaus.
Direct confirmation of these predictions has proved
challenging, due mainly to the requirement that the period
length of the potential be similar to the magnetic length. When
graphene is placed on hexagonal boron nitride, a moiré pattern
forms due to the slight mismatch between the two crystal lattices. This pattern acts as a periodic potential modulation, and
can have a length scale of up to 15 nm, depending on the relative
rotation of the crystals. This periodicity is an ideal size for observing Hofstadter physics, as the corresponding magnetic fields
are in the range of tens of tesla.
Experimental
Bilayer graphene on hexagonal boron nitride samples were
measured in the 31 tesla resistive magnet in cell 9 at the NHMFL
in a top loading sample-in-vapor He3 refrigerator.
Results and Discussion
Figure 1A shows the conductivity of the sample as a function of carrier density and magnetic field. At high magnetic
fields, we observe minima corresponding to gaps that do not
follow a simple ratio of carrier density to magnetic field. These
new gaps are accompanied by unconventional Hall plateaus,
plotted in Figure 1B top. Additionally, temperature dependence measurements (Figure 1B bottom) show that these new
gaps are much smaller than normal cyclotron gaps. By looking
at the line traced by the gap in density-field space, we are able
to label all of the gaps that we observe with two topological
numbers (noted in parentheses in Figure 1B bottom) corresponding to the line’s slope and intercept. Taken together these
measurements represent conclusive observation of the physics
of Hofstadter’s butterfly.
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Acknowledgments
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Graphene
Two research groups reported the observation of Hofstadter’s butterfly, a fractal energy pattern that was predicted a long
time ago for electrons in a periodic potential and a magnetic field. The observation was finally made possible by the combination of very high magnetic fields and graphene-on-hexagonal boron nitride structures.
Published in Science 340, 1427-1430 (2013)

Massive Dirac Fermions and Hofstadter’s
Butterfly in a Graphene-hBN Moiré Superlattice
B. Hunt, J.D. Sanchez-Yamagishi, A.F. Young (MIT Physics); M. Yankowitz, B.J. LeRoy (U. Arizona Physics);
K. Watanabe, T. Taniguchi (NIMS, Japan); P. Moon, M. Koshino (Tohoku U., Physics); P. Jarillo-Herrero, R.C. Ashoori (MIT Physics)
Introduction
The problem of electrons in a periodic potential and a
magnetic field (Fig. 1a) was famously solved by Hofstadter in 1976
and resulted in a fractal structure in the available energy states,
which resembled a butterfly [1]. The moiré pattern produced by
placing graphene on hexagonal boron nitride (hBN) acts as a
periodic potential, and its wavelength λ can be tuned by varying the
twist angle between the two 2D crystals. The Hofstadter spectrum
should appear when the length scale for cyclotron motion is of the
same order as the wavelength of the periodic potential.
Experimental
We used magnetoconductance and magnetocapacitance
measurements of a graphene-hBN transistor with a moiré
superlattice potential to study the Hofstadter problem. The 45T
Hybrid magnet, combined with the moiré potential (with λ~10
nm), provided us with just the right conditions to be able to
observe Hofstadter’s butterfly [2].
Results and Discussion
The conductance as a function of magnetic field and gate
voltage (i.e. electron/hole density) in Fig. 1c can be viewed as
a “Wannier spectrum” in which energy gaps in the Hofstadter
spectrum appear as straight lines described by two quantum
numbers, one related to the Landau level filling index (the slope)
and the other related to the Bloch “miniband” filling index (the
x-intercept). These minibands are due to the moiré periodic
potential, of which the lowest spans the range between about
-1.4 and +1.4 V at zero magnetic field (Fig. 1c). Applying a large
magnetic field reveals horizontal features when the magnetic flux
BA is a rational fraction 1/q of the flux quantum φ0=h/e (A is the
moiré unit cell area), and at about 29 Tesla, BA/ φ0 = 1. Above
this field we observed unambiguous signatures of the Hofstadter
butterfly in the lowest Landau level (white dashed box), which
appear as a non-monotonic sequence of quantum Hall plateaus in
the conductance with increasing electron/hole density.
As an additional interesting feature of the data, we observed
that the interaction between the graphene and the hBN opened up
a bandgap at the Dirac point in zero magnetic field, imparting the

normally massless carriers with a mass [2]. The size of this bandgap
was found to increase with the wavelength of the moiré pattern.
Conclusions
Using the moiré pattern produced by small twist angle
graphene on boron nitride as a periodic potential, we achieved,
for the first time in monolayer graphene, the regime of φ/φ0
> 1, and observed signatures of Hofstadter’s butterfly in the
magnetoconductance.
Acknowledgements
We acknowledge support from the Department of Energy
through grants DE-SC0001819 (PJH) and DE-FG02-08ER46514
(RCA), The Gordon and Betty Moore Foundation GBMF2931,
and the Pappalardo fellowship (AFY). Work at the NHMFL was
done under NSF Cooperative Agreement No. DMR-1157490, the
State of Florida, and the U.S. Department of Energy.
References
1. Hofstadter, D. R., Phys. Rev. B 14, 2239–2249 (1976).
2. Hunt, B., et al. Science 340, 1427-1430 (2013).

Figure 1A Schematic of an electron in a periodic potential and a magnetic
field B. Figure 1B STM topograph of moiré pattern of graphene on hBN.
Scale bar is 5 microns. The moiré unit cell A is the purple hexagon. Figure
1C Conductance G vs gate voltage and magnetic field for a graphene-hBN
transistor that exhibits a moiré pattern. Within the white dashed region,
above 29T, we observe signatures of Hofstadter’s butterfly in the lowest
Landau level (which is contained within the red plateaus at G=+/-2e2/h).
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Graphene
This work provides the first realization of a long-sought-after quantum spin Hall state in monolayer graphene. Unlike well-studied topological states that are protected by time-reversal symmetry, the state demonstrated here is protected by the symmetry of spin rotations in a plane perpendicular to a strong applied magnetic field that is angled with respect to the graphene
plane. High magnetic fields and low device disorder are required to overcome an antiferromagnetic instability that breaks the
spin symmetry and allows backscattering between counterpropagating spin-up and spin-down helical edge states.
Published in Nature 505, 528-532 (2014)

Realizing a Quantum Spin Hall State in
Monolayer Graphene
A. Young, J. Sanchez-Yamagishi, Ben Hunt, R. Ashoori, P. Jarillo-Herrero (MIT Physics)
Introduction
In monolayer graphene under a perpendicular magnetic
field a quantum spin Hall state is predicted at charge neutrality
for sufficiently large values of the Zeeman splitting [1]. However,
in normal graphene devices, short ranged electron-electron
interactions drive the system to an antiferromagnetic order
instead. We’ve engineered devices in which disorder is very
low, and electron interactions are partially screened, to make
observation of this state possible by driving the system to a
ferromagnetic state using large in-plane magnetic fields.

states. These results are consistently described by a transition
from an anti-ferromagnetic ground state to a ferromagnetic
ground state with in-plane field [3].

Experimental
We studied electronic transport in our graphene devices
in magnet cell 12. This consisted of measuring the 2-terminal
resistance of the graphene devices as a function of gate voltage
near charge neutrality. These measurements were repeated at
increasing values of the in-plane component of the magnetic field
while keeping the perpendicular component of the field constant.

Acknowledgements
B.H. and R.C.A. were funded by the BES Program of the
Office of Science of the US DOE, Contract No. FG02-08ER46514
and the Gordon and Betty Moore Foundation through Grant
GBMF2931. J.D.S-Y, and P.J-H. have been primarily supported
by the US DOE, BES Office, Division of Materials Sciences and
Engineering under Award DE-SC0001819. Work at the NHMFL
was under NSF Cooperative Agreement No. DMR-1157490, the
State of Florida, and the U.S. Department of Energy.

Results and Discussion
The primary dataset (Figure 1)[2] displays a clear transition
with in-plane magnetic field from an insulator to a conductor
with conductance ~ 2e2/h. Additional capacitance and nonlocal
resistance measurements confirm that the state at large in-plane
field is a quantum spin Hall state. At intermediate values of the
field we also observe a double peak structure which we interpret
as the conduction through gapped canted anti-ferromagnet edge
Figure 1. (lEFT) Graphene conductance measurements at a fixed perpendicular magnetic field
of 1.4T. With increasing in-plane magnetic field a
transition from an insulating state to a conductive
state is observed (black to red lines).
Right, Schematic of transition with increasing
Zeeman energy showing spin structure of ground
state and edge state band dispersion.
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Conclusions
This magnet time conclusively demonstrated the realization
of a quantum spin Hall state in monolayer graphene, a long
sought after goal. These results were a culmination of multiple
past trips to the NHMFL and were supported by the amazing staff
at the magnet lab. The results are currently awaiting publication.

References
1. Abanin, D.A., Phys. Rev. Lett. 96 176803-176807 (2006).
2. A. F. Young*, J. D. Sanchez-Yamagishi*, B. Hunt*, S. H. Choi,
K. Watanabe, T. Taniguchi, R. C. Ashoori, P. Jarillo-Herrero.
arXiv:1307.5104 (2013) (awaiting publication)
3. Kharitonov, M.Yu. Phys. Rev. B 86, 075450 (2012).
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Kondo / HF Systems
Two transitions driven at low temperature by the magnetic field, the one at H*~22 T inside the so-called “Hidden Order”
(HO) of URu2Si2, and the second one defining the critical field for HO phase Hc=35 T were observed so far only in transport
experiments. That is, H* as an anomaly in the Hall resistivity, Hc by means of resistivity. 29Si high field NMR studies in this
report provide much new information detailing the transitions. In particular, both features signify crucial changed in the
Fermi surface. As to the transition from HO to the field-induced state at Hc~35.6 T it is identified as the first order transition into the antiferromagnetic state of Ising-like localized moments on the U-sites.

Investigation of the Quantum Criticality of URu2Si2 and
its Novel Emergent Phases around 40 T: a High Field
29
Si-NMR Study

Experimental
The sample quality had been verified by means of resistivity
and low field NMR measurements. During our last high field
experiments at Cell 15, the measurements of NMR shift with
applied magnetic fields up to ~ 40 T were performed. The
29
Si-NMR spectra were obtained at constant T = 4.2 K, in the
magnetic phase just above the HO phase.
Results and Discussion
It is worth briefly mentioning few striking NMR results:
the low-T 29Si-NMR shift (K) anomaly around H* and the
critical increase of K towards Hc ~ 35.6 T. Both results must
be related to crucial changes in the Fermi surface of URu 2Si2.
Another remarkable result is the first observation of the 29SiNMR spectrum in the high-field paramagnetic (PM) phase
at 40 T as well as the complex 29Si-NMR spectrum in the
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Introduction
The so-called “hidden-order” (HO) phase transition in the
heavy-fermion compound URu 2Si2, at transition temperature
TO = 17.5 K, has posed a long-standing mystery. URu 2Si2
is also a very attractive material displaying intriguing T-H
phase diagrams (Fig. 1(b)) [1, 2] determined by the electronic
transport measurements such as resistivity and Hall effect. In
particular, an anomaly in the Hall resistivity around H*~22 T
has been reported within the HO phase [1]. It is also reported
that the critical field of the HO phase is about Hc = 35 T by
means of resistivity measurements [2]. High field NMR is a very
suitable microscopic technique to investigate these anomalies
in URu2Si2. The single crystals studied in this project were
enriched with 99.8% of 29Si isotope, a very suitable nucleus
(I = 1/2) for NMR measurements. It should be noted that the
natural abundance of 29Si is only 4.7 %, which is too diluted for
high field measurements.

Normalized Intensity
( arb. units )

H. Sakai (JAEA); Y. Tokunaga (JAEA); S. Kambe (JAEA); R.R. Urbano (NHMFL, Unicamp), P.L. Kuhns (NHMFL); A.P. Reyes (NHMFL);
F. Ronning (LANL); E.D. Bauer (LANL); J.D. Thompson (LANL)

40

Hex−Hint

Hex

Hex+Hint

Figure 1A 29Si-NMR spectrum in the PM and II phases, Figure 1B T-H
phase diagram for URu2Si2, and Figure 1C Schematic spin picture in the
II phase.

magnetic phase II displayed in Fig. 1(a). This spectral shape can
be understood by an antiferromagnetic ordering of Ising-type
localized spin arrays, as illustrated in Fig. 1(c). The ordered
moment of ∼ 0.6 μ B/U in phase II is estimated by considering
the hyperfine coupling constant Achf = 3.4 kOe/μ B obtained in
the PM and HO phases.
Conclusions
Our high field NMR results provide the first microscopic
evidence of the change in the magnetic susceptibility around
the anomaly observed at H*~ 22 T which, in turn, could not be
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unveiled by previous transport measurements. Furthermore,
based on our NMR data, the transition between the hidden
order and the novel field-induced phase at Hc ~ 35.6 T is found
to be of first order. The U localized moments with Ising-type
character suddenly emerge in the antiferromagnetic phase II
from the non-magnetic itinerant HO state and this behavior
may find some connection with a recent proposed theoretical
model [3]. For more detail, please refer to our publication [4].
Acknowledgements
This work was also partially supported by Reimei Research
Program of JAEA. Work at NHMFL was performed under NSF
(DMR-1157490) and the State of Florida. Work at LANL was
performed under the auspices of the U.S. DOE, Office of Basic
Energy Sciences.
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Kondo / HF Systems
The ground states of few low temperatures phases in Heavy Fermion CeRhIn5 are remarkably close in energy. So, at a
moderate pressure the antiferromagnetic (AFM) state cedes to superconductivity. Under discussion in the literature is the
question how to characterize a continuous quantum phase transition a.k.a the quantum critical point (QCP) driven at T=0
by an external (non-thermodynamic) parameter. Suppression of antiferromagnetism in CeRhIn5 in the magnetic field B{c0}
~50T gives the example of such QCPs. The general concept is that such continuous quantum transition can be identified as the QCP related to sharp changes in the Fermi surface. Two QCPs are found in 111 inside AFM phase: BM= 15 T
and B*= 31 T. BM signals onset of a metamagnetic transition, B* is seen as a sharp change in the Hall resisitivity . The
literature’s concept is confirmed by observation of the new oscillation frequency in the de Haas-van Alphen experiments
indicating the field-induced reconstruction of the Fermi surface in CeRhIn5.

Field-Induced Fermi Surface Reconstruction in CeRhIn5
L. Jiao, H.Q. Yuan (Department of Physics, Zhejiang U.); D. Graf (NHMFL); E. Bauer, J.D. Thompson (LANL)

Introduction
CeRhIn5 provides a prototype system for studying
unconventional superconductivity and quantum phase
transitions among the heavy fermion compounds. It has
been theoretically proposed that Fermi surface (FS) can act
as an important parameter to characterize and classify the
local and spin-density-wave (SDW)-type quantum critical
points (QCPs) [1]. A dramatic change of FS was previously
reported at the pressure-induced QCP when a sufficiently
large magnetic field is applied to suppress superconductivity
in CeRhIn5 [2], supporting a scenario of local QCP [1]. Our
recent measurements of dHvA effect and specific heat in a
pulsed magnetic field showed that the antiferromagnetic (AFM)
transition of CeRhIn5 can be eventually suppressed to zero
temperature by applying a magnetic field of about Bc0≈50 T [3].
A sharp change of FS was observed around B*=35 T, which is
well inside the AFM state [3]. These results suggest the existence
of multiple quantum phase transitions in CeRhIn5 which can
be indeed characterized by the measurements of FS. In order
to further confirm these important new findings and provide
extra evidence, further measurements are highly demanded.
Experimental
Measurements of the dHvA effect and Hall resistivity were
performed by using the facilities of 45 T DC magnet at NHMFLTallahassee. The dHvA effect was measured by a torque method
developed in NHMFL and the Hall resistivity was detected
by a standard 4-contact method. The single crystals for both
measurements showed very high sample quality with RRR~1000.

Results and Discussion
The dHvA measurements at very low temperatures showed
the appearance of new dHvA frequencies at high fields. As an
example, we plot the quantum oscillations at T=0.31 K in Fig.
1(a), from which a new dHvA frequency with f5=10619 T can
be clearly identified above B* ≈31 T. These results are highly
consistent with those we obtained in the pulsed magnetic
field [3], confirming the existence of a field-induced FS
reconstruction in CeRhIn5. Furthermore, the Hall resistivity
ρxy(B) undergoes a sudden jump around B* at temperatures
below 1.7 K, providing new evidence for a change of electronic
structure at B*. Our results are compatible with the scenario of
localized-itinerant transition at B* in CeRhIn5, providing new
inputs to the QCPs. Further measurements are still under way in
order to fully elucidate the nature of QCPs in this compound.
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Figure 1A The quantum oscillations and Figure 1B
Hall resistivity,ρxy (B) of CeRhIn5 measured in the 45 T
DC field. B* marks the changes of electronic structure
and the kinks around BM=15 T corresponds to a metamagnetic transition.
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As a precursor to studying the effects of charge-density-wave formation on the Fermi surface of depleted uranium, Stillwell
and collaborators have used the 45 T hybrid magnet with a top loading 3He system to study the effects of pressure and
magnetic field on the Fermi surface of chromium, which has both spin- and charge-density-waves. The measurements were
performed using a tunnel diode oscillator inside a miniaturized piston cylinder cell. A pressure-induced, first-order phase transition is observed which results in a Fermi surface reconstruction.

Pressure and Magnetic Field Induced Fermi
Surface Reconstruction in Chromium
R. Stillwell, D. Graf, W. Coniglio, T. Murphy, S. Tozer (FSU, NHMFL)
Introduction
In order to better understand the impact of charge density
wave formation on the Fermi surface of depleted uranium we
have studied elemental chromium, which has spin and charge
density waves.
Experimental
In our experiment we used the 45 Tesla magnet with a
top loading 3He system to study the effects of pressure and
magnetic fields on the Fermi surface of chromium. These
measurements were performed using a tunnel diode oscillator
circuit with the resonant inductor coil inside the miniaturized
piston cylinder pressure cell.

This pressure is above the spin-flip transition (PSF(2K)=0.93
GPa), but well below the antiferromagnetic transition
(PAFM(2K)=9.7 GPa), suggesting that this may be a previously
unseen structural distortion and/or magnetic phase transition.
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Conclusions
This data shows that there is a pressure-induced, first
order phase transition seen in chromium above P=0.73 GPa
that results in a reconstructed Fermi surface. The critical
field for this phase transition is angle dependent (fig. 1c), but
requires further investigation to establish a phase boundary.

Figure 1A Background subtracted TDO
frequency and Figure 1B FFT spectrum
of chromium at P=0.73 GPa and T=400
mK, showing angular dependence of the
Fermi surface in a [100] plane through
126o of rotation. Figure 1C Background
subtracted TDO frequency and Figure
1D FFT spectrum of chromium at P=1.22
GPa and T=400 mK, showing angular dependence of the Fermi surface in a [100]
plane through 98o of rotation. Graph a
shows two first order phase transitions
on initial upsweeps, “U1” and “U2”, and
graph b shows the loss of frequencies
and amplitude of certain frequencies
on the following downsweeps, “D1” and
“D2”.
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The delafossite compound PdCrO2 combing triangular magnetic Cr layers with conducting Pd layers, provides a rare example of metallic triangular antiferromagnets showing unconventional anomalous Hall effect (AHE). As shown by de Haas
– van Alphen oscillations below TN, the itinerant electrons from the Pd layers couple with the localized Cr spins that form
a 120˚degree helical structure, producing Fermi surface reconstruction. Considering the zero scalar spin chirality of 120o
helical ordering, our results suggest that the unconventional AHE in PdCrO2 can not be understood in terms of the spin
chirality mechanism only.

Quantum Oscillations of the Metallic TriangularLattice Antiferromagnet PdCrO2

J.S. Kim, J.M. Ok, K. Kim, B.I. Min (Postech, Physics); Y.J. Jo (Kyungpook National U.); T. Shishidou (Hiroshima U.); E.S. Choi (FSU,
NHMFL), H.-J. Noh (Chonnam National U.); T. Oguchi (Osaka U.)
Introduction
The two-dimensional triangular-lattice antiferromagnet
(TAFM) is one of the simplest frustrated magnets, but shows
complex magnetic phases due to geometrical frustration.
PdCrO2 is a rare example of metallic TAFMs showing an
unconventional anomalous Hall effects. PdCrO2 consists of
stacked layers of Pd and Cr triangular lattice in a delafossite
structure. The Pd layers with mostly Pd 4d9 states are
responsible for highly two-dimensional metallic conduction.
In the CrO2 layers, the localized S = 3/2 spins of Cr3+ ions
are antiferromagnetically ordered in a 120o helical magnetic
structure. The Fermi surface reconstruction of PdCrO2 single
crystal was observed in the de Haas-van Alphen (dHvA)
experiments under static magnetic fields up to 30 T. This
provides experimental evidence that itinerant electrons in
the Pd layers are significantly coupled to the underlying 120o
magnetic structure of the localized Cr spins.1
Experimental
The high-quality single crystals of PdCrO2 are used for the
torque magnetometry under high magnetic fields in a Bitter
magnet (35 T, 1.4 K).
Results and Discussion
Figure 1 (a) shows the oscillatory part of the toque signal
up to H = 30 T under different tilted magnetic fields from H
// [001] (θ = 0o) to H // [100] (θ = 90o) at 1.4 K. The fast Fourier
transform (FFT) for θ = 4o close to H // c is shown in Fig. 1 (b)(d). At all tilted angles, the spectrum is dominated by several
peaks at F ~ 0.8, ~33, ~10.5, and ~27.5 kT, which we denote
as α, β, γ, and δ, respectively [Fig 1(b)-(d)]. These FFT results
are in strong contrast to those of nonmagnetic isostructural
PdCoO2. Recent dHvA experiment on PdCoO2 reveals two
dHvA frequencies at F ~ 30 kT.2 Compared to those of PdCoO2,
the cyclotron orbits found in PdCrO2 are much smaller, except
the largest δ orbit with F ~ 27.5 kT. Considering that the dHvA
oscillations were taken below T N, this suggests that additional
Fermi surfaces (α, and γ) are introduced by the helical ordering
of the localized Cr spins [Fig. 1(e)]. These observations provided

clear experimental evidence for Fermi surface reconstruction
due to the antiferromagnetic ordering.

Conclusions
We obtained clear experimental evidence for Fermi surface
reconstruction due to the 120o helical spin structure with
√3 x √3 periodicity of Cr moments. These findings suggest
that unconventional anomalous Hall effects found in this
compound can not be understood in terms of the spin chirality
mechanism only, because the 120o helical ordering has a zero
scalar spin chirality.
Acknowledgements
This work supported by BSR (2010-0005669, 2012-013838),
SRC (2011-0030785), Max Plank POSTECH /KOREA Research
Initiative Program (2011-0031558) from the NRF and IBS.
References
1. Jong Mok Ok, et al., Physical Review Letters, 111, 176405 (2013).
2. C.W. Hicks et al., Physical Review Letters, 109, 116401 (2012).

Figure 1A The oscillatory part of the torque single as a function of applied
magnetic fields with different angles θ against the c axis at 1.4K. The fast
oscillations at high magnetic fields for θ = 1o is shown in the inset. The expanded view of the typical FFT spectra, for example, at θ = 4o are shown for
for the different frequencies, labeled as (b) α, (c) γ, (d) δ. (e) A triangular
Pd layer stacked with a triangular lattice of Cr with three different types of
spin directions. The crystal (magnetic) unit cell is indicated by the orange
(red) dotted lines. (f) A cross section of the reconstructed Fermi surface.
The \beta and \delta orbits are due to the magnetic breakdown.
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The triangular-lattice frustrated antiferromagnet CuCrO2 has been probed in the 100 T magnet, to investigate the evolution
of complex magnetic orders and their coupling to electric polarization. The electric polarization serves as a more sensitive
probe of spiral magnetic orders than the magnetization in this material. Extrapolation indicates that a field of the order of
270T is expected to produce full spin alignment, with loss of the magneto-electric effect.

Evolution of Ferroelectricity in CuCrO2 up to 92 T
E. D. Mun,* Jae-Wook Kim, (NHMFL-PFF, LANL), M. Frontzek (PSI, Switzerland), S. Barilo, S.V. Shiryaev (Institute of Solid State and
Semiconductor Physics, Belarus), V.S. Zapf (NHMFL-PFF, LANL) Theoretical work: Shizeng Lin, Kipton Barros, and Cristian Batista
(Theoretical Division, LANL) *Now at Simon Frazer University, Canada

Introduction
CuCrO2 offers insights into the different types of spiral
magnetic orderings that can form spontaneously due to
frustration. Rich magnetic field-temperature (H-T) phase
diagrams have previously been reported for triangular-lattice
antiferromagnets, showing series of commensurate and
incommensurate magnetic phases accessible by relatively small
changes in tuning parameters.[e.g., 1] For CuCrO2 is known
that at zero magnetic field a proper-screw spiral of the Cr S
= 3/2 spins forms that in turn induces electric polarization
with six possible orientations ab-plane [2]. Applied magnetic
fields in the ab-plane induce a transition to cycloidal spiral
magnetic order above 5.3 T in those domains that have spins
perpendicular to the applied magnetic field. We have previously
explored the phase diagram to 65 T for all the principle axes [3].
We observed a transition in the electric polarization near 45 T
at T = 4 K, followed by a series of steps and/or oscillations in
the electric polarization up to 65 T. [3] Since the magnetization
value at 60 T reaches ~0.7 μB/Cr, which is far below the
expected saturation value of 3 μB, a rich variety of magnetic and
ferroelectric phase and the coupling between these are expected
beyond the previously studied magnetic field range of 65 T.
Experimental Results and Discussion
In this work, electrical polarization measurements were
performed up to H = 92 T in the 100 Tesla multi-shot magnet.
The electric polarization P is plotted in the left figure at selected
temperatures T. We observe additional features in the electric
polarization up to 92 T, and a sweep-rate dependence of these
signatures both in comparing shots in the 65 T and the 100 T
magnets, and for shots in the same 100 T magnet experiment
with different sweep rates. In contrast, the magnetization
measurements reveal a quasi-linear isotropic magnetic field
dependence up to 92 T. Therefore, the evolution of complex
magnetic orders can be probed by the magnetically-induced
electric polarization. Quantum Monte Carlo simulations of
this material, based on magnetic parameters determined from
electron spin resonance and neutron diffraction measurements,
reveal a rich phase diagram with commensurate and
incommensurate spiral phases in applied fields. These predicted
phases, shown in the right figure, are in rough agreement with
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Figure 1 (TOP) Electric polarization measured in the 100 T magnet, showing oscillations through different phases, and sweep-rate dependence.
(BOTTOM) Predicted phase diagram for the Cr spin configuration in changing magnetic fields (not at equilibrium), showing incommensurate (IC) and
commensurate (C) phases including a “Y” configuration and an “umbrella”
(U) state.

our observations, including the observed metastability and
sweep-rate dependence. [3]

Conclusions
New oscillations or phase transitions are observed in
the electric polarization of CuCrO2 between 65 and 92 T.
These are roughly consistent with predictions for a series of
complex magnetic orders with increasing magnetic field due
to the magnetic frustration in this triangular-lattice system.

Condensed Matter SCIENCE

The extreme precision with which electric polarization can be
measured in pulsed magnetic fields, exceeding that of DC field
experiments, and the strong sensitivity of electric polarization
to symmetry-breaking in complex magnetic orders, makes it a
sensitive probe of the phase diagram of this frustrated magnetic
system. By a linear extrapolation of magnetization isotherms,
complete saturation of magnetization (and suppression of the
electric polarization) is expected by 270 T.
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Zvyagin et al., report oriented single-crystal, high-frequency (up to 350 GHz) Electron Spin Resonance (ESR) measurements
of the natural mineral azurite [Cu3(CO3)2(OH)2] in the 45 T hybrid magnet. This compound provides a rare realization of a spin1/2 distorted diamond chain comprised of alternating Cu2+ monomers and dimers. Two ESR modes have been observed
between 30 and 45 T that help shed light on the spin dynamics as the magnetization reaches saturation.

High-Field ESR Studies of Azurite
S.A. Zvyagin, M. Ozerov (Dresden High Magnetic Field Laboratory, HZDR, Germany); J. Krzystek (NHMFL); M. Shiddiq, S. Hill
(NHMFL & FSU, Physics)

Introduction
The natural mineral azurite, Cu 3(CO3)2(OH)2 , is the

best known realization of a distorted-diamond chain
system, in which the effect of frustration and reduced
dimensionality can be studied in detail. Its ground state orders
antiferromagnetically at TN = 1.9 K. One of the most prominent
features of this compound is a magnetization plateau at one
third of the saturation magnetization. For magnetic field
applied along the b axis, the presence of the plateau was revealed
between Hc1 = 16 T and Hc2 = 26 T, while the magnetization
becomes fully saturated at Hc3 = 32.5 T [1]. Such a behavior
can be explained by employing an alternating dimer-monomer
model. In spite of intensive experimental and theoretical
studies of azurite, relatively little is known about its high-field
spin dynamics [2]. The goal of this project was using high-field
electron spin resonance (ESR) to test the excitation spectrum in
azurite across different regions of its phase diagram.
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Experimental

Experiments were performed in magnetic field up to
45 T (hybrid magnet, cell 15) using the perturbation-cavity
ESR spectrometer (equipped with network analyzer), at
temperatures down to 1.4 K.

Results and Discussion
The ESR excitations were studied for three different
orientations of magnetic field. The frequency-field diagram
of magnetic excitations for H II [100] is presented in Fig.
1. The inset shows an example of the ESR spectrum taken
at a frequency of 292.49 GHz (T = 1.4 K). The modes B and
B’ correspond to magnetic excitations in the dimer lattice
below and above the saturation field, respectively. From the
extrapolation of the frequency-field dependences of the modes
B’ and B, critical fields for H II [100] can be extracted, Hc2
~ 31.1 T and Hc3 ~ 33.7 T. The difference between these two
critical fields corresponds to 2JDD (where JDD = 1.8 K is the
dimer-dimer exchange coupling [3]). Theoretical interpretation
of the observed high-field ESR excitation spectrum in azurite is
in progress.
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Figure 1 The frequency-field diagram of magnetic excitations in azurite
for H II [100], T = 1.4 K. The inset shows the ESR spectrum taken at a
frequency of 292.49 GHz.
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The possible ground states of this pyrochlore quantum magnet have been an important topic for more than two years. The
outstanding question: is the ground state a quantum spin ice. Measurements at both the High B/T Facility and the DC Facility over an envelope from 35T to 18mK establish that a quantum spin ice has been found.

High Magnetic Field Phase Diagram of
Tb2Ti2O7 along [111]
Q.J. Li, X.F. Sun (USTC, Physics); L. Yin, J.S. Xia, Y. Takano, N.S. Sullivan (UF, Physics); E.S. Choi (FSU, Physics)

Introduction

The possible ground states of the pyrochlore quantum
magnet Tb2Ti2O7 have been discussed for more than two
years. The most important outstanding question is whether
the ground state is a quantum spin ice with a “two-in twoout” configuration. One approach to determine the nature
of the spin ordering of the ground state is to measure the
magnetization or magnetic susceptibility along the [111]
direction, where the pyrochlore lattice can be seen as
alternating stacks of kagome and triangular layers. If the
ground state is a quantum spin ice, a series of magnetic
transitions will be observed from the quantum spin ice state, to
a quantum kagome ice and then to a “three-in one-out” state as
the applied magnetic field is increased
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Experimental

We carried out low-field ac magnetic susceptibility
measurements of single crystals of Tb2Ti 2O7 down to 18 mK
using the dilution refrigerator of the NHMFL High B/T
Facility. The magnetization measurements up to 35 T and
ac magnetic susceptibility measurements up to 18 T were
performed in the Milikelvin Laboratory of the NHMFL DC
Facility using a 3He cryostat.

Results and Discussion

The phase diagram inferred from the low-field ac magnetic
susceptibility measurements is shown in Fig. 1. Phase I is a
quantum spin ice, Phase II a quantum kagome ice, Phase III a
thermally disordered spin liquid and Phase IV a three-in oneout structure. Phase V and Phase VI were observed by highfield magnetization and magnetic susceptibility measurements.
Phase VI may tend to be a full-polarization in high magnetic
fields, while the mechanism responsible for Phase V is not
fully understood.

Figure 1 Phase diagram for Tb2Ti2O7

Conclusions

The magnetic field – temperature phase diagram for the [111]
direction of Tb2Ti2O7 has been completed up to 35 T. Direct
evidence for the existence of a quantum spin ice has been found.
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This report describes the first direct evidence that the Fermi contour of composite fermions (CFs) can be anisotropic. It also
demonstrates how this anisotropy can be tuned via the application of a strong parallel magnetic field. This experiment has
already stimulated theoretical efforts to generalize the well-known CF description of fractional quantum Hall states to the
anisotropic case, which may be potentially useful in analyzing anisotropic strongly correlated states in other systems.

Composite Fermions with Tunable Fermi
Contour Anisotropy
D. Kamburov, Y. Liu, M. Shayegan, L.N. Pfeiffer, K.W. West, K.W. Baldwin (Princeton U., Electrical Engineering)

Introduction

The composite fermion (CF) formalism elegantly describes
the properties of interacting particles at high magnetic
fields. In the CF picture, each carrier pairs up with an even
number of flux quanta to form quasi-particles, which at
even-denominator Landau level filling factors occupy a Fermi
sea with a well-defined Fermi contour. The existence of a CF
Fermi contour raises the question whether fermionization
preserves any low-field Fermi contour anisotropy. To answer
this fundamental question we determined, via measurements
of commensurability oscillations, the ν = ½ hole-flux CF Fermi
contour anisotropy induced by an in-plane magnetic field B||.

Experimental

We studied 2D holes confined to symmetric GaAs QWs
flanked on each side by undoped Al0.24Ga0.76As barrier layers
and C δ-doped layers. Each sample has two perpendicular Hall
bars covered with periodic gratings of negative electron-beam
resist which, through the piezoelectric effect in GaAs, induce a
periodic density modulation [1].

Conclusions

The strong quantitative dependence of the distortion on
B|| and on the QW width [3] implies that the origin of this
anisotropy is the coupling between B|| and the out-of-plane
motion of the CFs. It further suggests that besides its thickness,
other parameters of the quasi-2D carrier system, such as the
details of the band structure and effective mass, as well as the
character of the Landau level where the CFs are formed, play
important roles in determining the anisotropy of the CF Fermi
contour in a strong B||.
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Results and Discussion

The values of k*F along the two directions of the Hall bar,
deduced from the positions of the magnetoresistance minima
for each QW, reveal a severe CF Fermi contour distortion as
a result of B|| and indicate that the anisotropy depends on the
QW width. Furthermore, they indicate that the Fermi contour
areas remain nearly elliptical up to B|| = 25 T.
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Figure 1 Hole-flux CF
commensurability minima
near ν = ½ measured
along the two arms of an Lshaped Hall bar. B⊥* is the
effective magnetic field felt
by the CFs. As the sample
is tilted at an angle θ to
introduce B|| along [110],
the resistance minima for
the [110] Hall bar (a) move
away from ν = ½ while
those in the perpendicular
direction (b) move towards
ν = ½. (After Ref. 2.)
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Superconductivity – Basic
An important yet unresolved issue in the high Tc cuprates concerns the possible existence of a quantum critical point hidden
beneath the superconducting dome, which has remained unresolved mostly due to the very large magnetic fields required
to suppress superconductivity. The measurements presented below concern a recent breakthrough enabled by use of the
100 tesla magnet. Quantum oscillations provide the first thermodynamic evince of quantum criticality by way of a doping
dependent effective mass exhibiting divergent behavior.

Quantum Oscillations in the High-Tc Superconductor
YBa2Cu3O6+x Near Optimal Doping
B.J. Ramshaw (NHMFL-PFF); S.E. Sebastian (Cambridge University); Jon Betts (NHMFL-PFF); R.D. McDonald (NHMFL-PFF); J. Day (University
of British Columbia); B. Tan (Cambridge University); Z. Zhu (NHMFL-PFF); R. Liang, W.N. Hardy, D.A. Bonn (University of British Columbia);
N. Harrison (NHMFL-PFF)

Introduction

High temperature superconductivity in the cuprates is
maximum at an optimal doping of p=0.16, and it has been
suggested that the dome-like phase diagram originates from
an underlying quantum critical point (QCP). The cyclotron
effective mass, as measured in quantum oscillation experiments,
is a probe of the singular nature of electronic interactions at the
QCP (i.e. the breakdown of Fermi liquid theory) [1]. However,
to date the doping range over which quantum oscillations have
been seen in YBa2Cu3O6+x (YBCO) has been too limited to
address whether or not there is a signature of the QCP in the
effective mass [2]. Here we report Shubnikov-de Haas oscillation
measurements on YBCO at p=0.116, 0.132, 0.137, and 0.152,
doubling the range over which oscillations have been seen in
YBCO. The temperature dependence of the oscillations reveals
an enhancement of the effective mass by almost a factor of 3
across this range, pointing to a QCP at p=0.18.

Experimental

Single-crystal YBCO samples were prepared at the
University of British Columbia with evaporated gold-contacts
in a geometry for c-axis transport. These samples were screened
for sharp irreversibility-field transitions at the NHMFL-PFF in
a 65 T short pulse magnet. C-axis resistivity and contactless inplane transport (PDO) in fields up to 92 T were carried out on
the screened samples at the PFF.

most robust in field, suggesting an intimate connection between
quantum-critical fluctuations and high-Tc.

Conclusions

Using the ultra-high fields available at the PFF we have
expanded Fermi surface measurements in YBCO to nearoptimal doping. Given that the Fermi surface area remains
relatively unchanged across this range, it is unlikely that the
accompanying increase in effective mass is a band-structure
effect. Instead, it likely originates from the divergent electronic
correlations driven by quantum fluctuations at the QCP.

Acknowledgements

The authors acknowledge the US Department of Energy
BES ‘Science at 100 T’. This work was performed at the National
High Magnetic Field Laboratory, which is supported by National
Science Foundation Cooperative Agreement No. DMR-1157490,
the State of Florida, and the U.S. Department of Energy.
References
1. Shishido, H. et al., JPSJ, 74, 1103 (2005).
2. Vignolle, B. et al., Comptes Rendus Physique, 12, 446 (2011).
Figure 1

A

B

Results and Discussion

The Figure 1A shows Shubnikov-de Haas oscillations from
p=0.092 to 0.152. The small shift in the phase of the oscillations
indicates that the oscillation frequency, and thus the Fermi
surface area, changes by less than 10% while the doping changes
by 50%. In contrast, the Figure 1B shows the evolution of the
effective mass which increases by a factor of 2.5. Figure 1C plots
the inverse of the effective mass (orange diamonds, left axis) to
emphasize that the mass is diverging towards p=0.18 --- direct
evidence for a quantum critical point at this doping. The blue
contours are the superconducting Tc as a function of magnetic
field --- the mass is seen to diverge where superconductivity is

C
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Superconductivity – Basic
Existence of the Fermi liquid-like regime in underdoped (UD) cuprates is by now the well-established fact. Thus, the T2-resistivity is observed in a large area of temperatures and of holes’ concentrations in the (T, x)- phase diagram. Another FL signature is the H2-dependent magnetoresistance and the applicability of the Kohler’s rule in Hg1201. The main result in Report
196 is in the observation of the H2 -magneto-resistance in the electron-doped cuprates Nd2-xCexCuO4-δ, a counterpart of the
FL-behavior also in the resistivity. The origin of such similarity with hole-doped cuprates is unclear. Under discussion is the
role of the electronic pockets in NCCO. The latter are seen in ARPES and via QOs. Correspondingly, the question is whether
the Fermi liquid-like features in NCCO can be unambiguously related to these pockets.

Magnetoresistivity of the Cuprate Superconductor
Nd2-xCexCuO4-δ (NCCO)
Yangmu Li (UMN, Physics), Neven Barišić (TU Wien, Physics), Wojciech Tabis (UMN, Physics), Guichuan Yu
(UMN, Physics), Martin Greven (UMN, Physics)

Introduction

Understanding the enigmatic normal-state of the cuprates
is considered to be a key step toward the elucidation of their
superconductivity at unprecedentedly high temperatures. Our
recent quantitative planar dc-resistivity measurements in the
pseudogap phase of the model hole-doped cuprate compound
HgBa2CuO4+δ (Hg1201) revealed Fermi-liquid-like behavior
(ρ T2) [1]. This observation motivated optical conductivity
measurements that revealed in underdoped Hg1201 the
scattering rate exhibits the quadratic frequency dependence, and
the temperature-frequency scaling expected for a Fermi liquid
[2]. In the same regime magnetoresistivity studies revealed the
quadratic field dependence (Fig. 1) and the scaling between
the field and resistance characteristic for Fermi-liquids [3].
Motivated by the results obtained on the hole-doped side of
the phase diagram, we have conducted a quantitative study of
the transport properties of the electron-doped cuprates with
the final aim of fully understanding the nature or at least the
different aspects of the normal-sate.

Experimental

To measure the magnetoresistance of NCCO in broad
temperature range (2-300K) we have benefited from the large
static fields (up to 35T) available at Tallahassee, NHMFL.

normal state properties of the high-temperature superconductors
and provides key information not only about the normal
state properties but also about the topology changes of the
Fermi surface. Quadratic temperature and magnetic field
dependence of the dc-resistivity are established to be the
benchmarks of underdoped cuprates. The similarity between the
magnetoresistivities in electron- and hole-doped cuprate calls for
a continuation and deepening of the study of these compounds.

Acknowledgements

We acknowledge National Science Foundation NSF DMR1006617, NSF Cooperative Agreement No. DMR-1157490, the
State of Florida, and the U.S. Department of Energy (work on
Hg1201). N.B. acknowledges support though a Marie Curie
Fellowship and the European Research Council (Advanced Grant
Quantum Puzzle, no. 227378).”
References
1. N. Barišić, et al., Proc. Nat. Acad. Sci. US 110, 12235 (2013)
2. S. I. Mirzaei, et al., PNAS 110, 5774 (2013)
3. N. Barišić, et al., unpublished (2013); M. Chan et al.,
arXiv:1402.4472 (2014). (2013)
4. N. Barišić, et al., Nat. Phys. 9, 761 (2013)

Results and Discussion

The observation of the quadratic field dependencies in
both systems is rather intriguing indicating that perhaps the
origin of such a behavior could be the same. It is now well
documented that the transport in the hole-doped cuprates
can be well described within the Fermi-liquid picture. One
may wonder whether certain aspects of such behavior are
also present on the electron-doped side of the phase diagram.
Notably, in both systems pocket like structures are revealed by
magnetoresistivity in large magnetic fields [4].

Conclusions

Magnetoresistivity is a powerful tool to investigate the
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Figure 1 Magnetoresistance for under-doped Hg1201 and NCCO single
crystals. Isothermal field dependences of (a) the ab-plane transverse resistance for Tc=71 K Hg1201 and (b) the c-axis longitudinal resistance for
x=0.125 NCCO. Both hole-doped Hg1201 and electron-doped NCCO reveal,
at temperatures above Tc, a pure H2 dependencies.
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Superconductivity – Basic
Unlike in most FeAs-superconductors, no magnetic phase transition at higher temperatures has been observed in the stoichiometric LiFeAs, so that superconducting phase at lower temperatures grows directly from the paramagnetic state. Superconductivity being suppressed in strong magnetic fields, LiFeAs presents the unique opportunity of investigating the electronic structure in the paramagnetic phase not obscured by the reconstruction of the Fermi surface in the high temperature
SDW/CDW transition. The energy spectrum measured in Report 74 in de Haas-van Alphen experiment turned out consistent
with ARPES data. Most notable is the observation of few small and isotropic hole-like Fermi surface with low oscillation frequencies in a range of F = 0.14 – 0.45 kT. Some of the frequencies are observable at the fields’ values below H c2 , i.e. inside
the vortex phase. The spectrum consisting of coexisting the two- and three-dimensional Fermi surfaces poses numerous
interesting questions concerning the superconductivity mechanism and the symmetry of the order parameter.

Small and Nearly Isotropic Hole-Like Fermi Surfaces in
LiFeAs Detected Through the de Haas–van Alphen Effect
B. Zeng, Q.R. Zhang (NHMFL), G. Li, T. Besara, T. Siegrist, P. Goswami, L. Balicas (NHMFL), D. Watanabe (NHMFL and U. Kyoto), L.Y.
Xing (IP-Beijing), X.C. Wang (IP-Beijing), C.Q. Jin (IP-Beijing), M.D. Johannes (NRL)

Introduction

LiFeAs is unique among the arsenic based Fe-pnictide
superconductors because it is the only nearly stoichiometric
compound which does not exhibit magnetic order. This is
at odds with electronic structure calculations which find a
very stable magnetic state and predict cylindrical hole- and
electron-like Fermi surface sheets whose geometry suggests
spin fluctuations and a possible instability toward long-range
ordering at the nesting vector. In fact, a complex magnetic
phase diagram is indeed observed in the isostructural NaFeAs
compound. Previous angle-resolved photoemission (ARPES)
experiments revealed the existence of both hole and electronlike surfaces, but with rather distinct cross-sectional areas
and an absence of the nesting that is thought to underpin both
magnetic order and superconductivity in the pnictide family of
superconductors. These ARPES observations were challenged by
subsequent de Haas–van Alphen (dHvA) measurements which
detected a few, electron-like Fermi surface sheets in rough
agreement with the original band calculations. Here, we show
a detailed dHvA study unveiling additional, small and nearly

isotropic Fermi surface sheets in LiFeAs single crystals, which
ought to correspond to hole-like orbits, as previously observed
by ARPES.

Experimental

We used cell 12 (35 T resistive magnet) in conjunction with a
He system to measure magnetic torque in LiFeAs single-crystals.

3

Conclusions

Our detailed dHvA study unveiled additional, small and
nearly isotropic Fermi surface sheets in LiFeAs single crystals,
which ought to correspond to hole-like orbits, as previously
observed by ARPES. Therefore, our results reconcile the apparent
discrepancy between ARPES and the previous dHvA results.
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Figure 1 (a) Magnetic torque τ as a function of the magnetic field H for a
LiFeAs single crystal (crystal 1) at a temperature T = 0.3 K and an angle
θ ~ 1◦ between H and the interplanar c axis. Blue and magenta lines indicate increasing and decreasing field sweeps. Notice how the large (and
incomplete) hysteresis loop is followed at higher fields by a smaller one.
(b) Same as in (a) but for a second LiFeAs single crystal (crystal 2). (c) The
oscillatory component, or the de Haas–van Alphen effect, superimposed
onto the τ (H) trace shown in (a) after the subtraction of a polynomial fit,
and as a function of H. Vertical purple line indicates the irreversibility field.
Hence, the quantum oscillatory phenomena is observed deep inside the
irreversible superconducting region. (d) Same as in (c) but for the torque
data in (b). Notice how the irreversibility field is higher for sample 1 when
compared to 2, therefore indicating a higher sample quality.
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Superconductivity – Basic
A transition from well-pinned Abrikosov–type vortices to mobile Josephson–like vortices is observed in SmFeAs(O,F) (Tc
~55K) taking place at a cross-over temperature T*~41-42K for in-plane magnetic fields and electrical currents flowing along
the c-axis. The modulations of the critical current jc are explained as resulting from a commensurability effect between the
anisotropic vortex lattice parameter and the inter-layer distance. Having an electronic origin this effect reflects spatial modulations of the superconducting order parameter between the layers.

Jc Oscillations in the Hybrid Vortex State of SmFeAs(O,F)
P.J.W. Moll, N.D. Zhigadlo, J. Karpinski, B. Batlogg (ETH Zurich, Switzerland); L. Balicas (NHMFL)

Introduction

The superconducting order parameter in layered structures,
such as the iron-pnictides, may be strongly modulated within
the unit cell. In SmFeAs(O,F) (Tc~55K), these modulations
cause a transition from well-pinned Abrikosov-vortices to
highly mobile Josephson vortices at a cross-over temperature
T*~ 41-42K, despite its low electronic anisotropy[1]. The
unique combination of parameters in this material results in a
borderline Josephson-vortex like behavior at low temperatures,
leading to exotic, vortex related transport behavior in an
extended cross-over region around T*.

Experimental

We investigate the vortex system for fields applied along
the FeAs layers, and currents flowing perpendicular to them
(i.e. along the c-axis). In this configuration, the in-plane Lorentz
force induces an in-plane sliding motion of the vortices in
FIB-microsculptured single crystals[1,2]. By studying the I-V
characteristics for currents along the c-axis and by extracting
critical current values in fields up to 45 T using the hybrid magnet
in Tallahassee, we were able to investigate vortex configurations at
high densities (<3 unit cell inter-vortex distance).

Results and Discussion

in 1/√H. These jc maxima occur at magnetic fields Hn well
explained as a commensurability effect between an anisotropic
hexagonal vortex lattice and the FeAs inter-layer spacing
(see sketch). The layer potential dominates over the vortex
interactions even in the dense vortex regime at 43T (= 3 FeAs
layer spacing). These jc modulations are observed only for T
~ T*, thus we conclude that they are a characteristic feature
of hybrid vortices having properties akin to both Josephsonand Abrikosov-vortices. Increasing the interlayer spacing by
replacing Sm(O,F) with a thicker VSr2O3 layer leads to fully
developed Josephson behavior without these 1/√H oscillations,
highlighting the delicate balance between vortex interactions
and layer potential for the hybrid vortex matter of SmFeAs(O,F).
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The critical current jc(H) at T* shows a clear modulation,
with a pronounced enhancement of jc which becomes periodic
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Topological Matter
The rocksalt IV-VI semiconductors have been predicted to exhibit topological surface states that are protected by crystalline
mirror symmetry rather than by the time-reversal invariance that underlies the most widely studied topological insulators. The
rocksalt surface states are thought to arise from a “massive Dirac” energy-momentum relation of the bulk electrons. Here,
measurements of thermoelectric properties of Pb1-xSnxSe in high magnetic fields are interpreted as providing the first evidence for these massive Dirac bulk states.
Published in Nature Commun. 4:2696 doi: 10.1038/ncomms3696 (2013).

Evidence for Massive Bulk Dirac Fermions in Pb1-xSnxSe
from Themopower and Nernst Experiments at High Fields
N.P. Ong, T. Liang, J. Xiong, M.A. Hirschberger, Q. Gibson, S. P. Kodupayur, R. J. Cava (Princeton U., Physics and Chemistry)
Introduction
Topological surface states protected by mirror symmetry are
of interest for spintronic applications. Such states were predicted
to exist in the rocksalt IV–VI semiconductor Pb1-xSnxSe. An
underlying assumption in the theory is that the surface states
arise from bulk states describable as massive Dirac states, but this
assumption is untested. Massive Dirac fermions and Schrödinger
electrons differ by a distinctive feature in their Landau Level (LL)
spectrum that is robust against small perturbations. Generally, in
the spinful massive Dirac Hamiltonian, the lowest LL is predicted
to have a spin degeneracy of one, whereas all higher LLs are
doubly spin-degenerate. By contrast, all LLs are doubly degenerate
for the Schrödinger case. Here we show that the thermoelectric
response of the bulk states at high fields displays features specific
to the Dirac spectrum.

Experimental

bulk states in the gap-inverted phase of Pb1-xSn xSe are Dirac
fermions rather than Schrödinger electrons.
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The thermopower and Nernst signals, Sxx and Sxy, were
measured up to 35T at cell 12, 35T magnet at the National High
Magnetic Field Laboratory using standard DC measurement
technique.

Results and Discussion

As shown in Fig. a, oscillations in Sxx grow rapidly below 60
K. The most prominent feature in Sxx is the large step-decrease
at the field B_1 = 7.7 T at which chemical potential drops to
the N = 0 LL. From the slope of the index plot of quantum
oscillations, we infer a Fermi wavevector k F = 0.0134 Å-1 and
a carrier density (per valley) ne = 8.2×1016 cm−3. Together, B1
and ne suffice to determine the spin degeneracy of the N = 0 LL
to be nondegenerate [1]. The B-linear dependence of the N=0
LL smoothly extends through the region 22–28 T where the
transition (0,-) → (0, +) should have appeared if the system were
Schrödinger electrons (The interval 22–28 T is indicated by the
horizontal green bar). Thus, the thermopower signal at high
fields shown in Fig. b confirms the system to be Dirac fermions.

Conclusions

We reported Nernst and thermopower evidence that the
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Topological Matter
While topological surface states in three-dimensional topological insulators have received extensive study, the coupling of
top and bottom surface states in ultrathin samples is only now attracting attention. Here, magnetotransport measurements
reveal that such coupling opens an energy gap in the surface states of on (BixSb1-x)2Te3 at thicknesses below 6 nm. The
existence of the gap allows electrical tuning of the system between low-magnetic-field regimes of weak localization and weak
antilocalization (indicative of dissipative bulk and non-dissipative surface states). These gapped surface states show promise for future applications in dissipationless spintronics.
Nano Lett. 13, 48 (2013)

Investigation of Magnetic-Field Effect on Topological
Insulators Surface States
L. He, X. Kou, M. Lang, K.L. Wang (UCLA, Electrical Engineering); E.S. Choi (NHMFL, FSU)

Introduction

Topological insulators (TIs) have been predicted to have
metallic edge or surface states with a linear, Dirac-like dispersion
relation in addition to a normal bulk band structure. The most
remarkable characteristic is that these edge or surface states
remain robust against time reversal invariant disorders since the
directions of the spin and the momentum are locked due to the
strong spin-orbit interaction. Thus there are exciting opportunities
for constructing novel electronic and spintronic devices that
consume much less energy than the current CMOS technology.

Experimental

We have fabricated 3D topological insulators of
(Bi xSb1-x)2Te3 thin films with different doping concentration x
and film thickness, by molecular beam epitaxy (MBE). Standard
hall bar devices with top gate electrodes have been fabricated.
We then measured the low temperature longitudinal resistance
(R xx) and Hall resistance (R xy) as a function of two variables –
the perpendicular magnetic field and the top gate bias voltage.
We have used the superconductor magnet SCM2, and resistive
magnets at cell 8 and cell 12.

Results and Discussion

First of all, for all doping concentration x, we have revealed
an ambipolar effects in the longitudinal resistance (R xx) with
film thicknesses being fixed at 10 nm. And for Bi concentration
x = 0.53 sample gives the lowest carrier concentration of
1.3 × 1012 cm-2 and a high Hall mobility of 3100 cm2/Vs.
More importantly, on this sample Shibnikov-de Haas (SdH)
oscillations associated with the top and bottom surface states
have been observed. And they can be selectively tuned by gate
biases. The observation of the two surface states is an important
step towards the implementation of TIs in spintronics.
Second, when we reduce the films below a critical thickness
of 6 quintuple layers (QLs), the top and bottom surface states
start to hybridize and form gapped surface states. This gapped
surface state is evidenced through the observation of the
competition between weak antilocalization (WAL) effect and
weak localization (WL) effect at low magnetic field, when
tuning the Fermi level across the Dirac point. This behavior is
probably due to the change of the net Berry phase due to the
gap. Furthermore, when the Fermi level is inside the surface

Figure 1 (Left): Schematic diagram of (BixSb1-x)2Te3
on a highly resistive GaAs (111) top-gate Hall bar
device structure with measurement setup. Inset:
High resolution TEM picture indicates the five layer
structure of TI, and the Van der Waals gap. (Right):
Evolution of the Low field magneto-conductance as
a function of gate voltages. It shows a competition
between weak antilocalization (WAL) effect and weak
localization effect (indicative of dissipative bulk and
non-dissipative surface states).
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gap of the ultrathin films, the overall unitary behaviors are
revealed at higher magnetic fields, which are in contrast to the
pure WAL signals obtained in thicker films. Our findings show
an exotic phenomenon characterizing the gapped TI surface
states and point to the future realization of quantum spin Hall
effect, quantum anomalous Hall and dissipationless TI-based
applications.

Conclusions

Our results demonstrate the presence of top and bottom
surface states in 3D TI thin films, and their hybridization below
a critical thickness of 6 QLs. We also prove that these two
surface states can be separately tuned. With top and bottom
gated device structures based on our films, the quantum
anomalous hall and quantum spin Hall effect in 3D topological
insulators may be observed.
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Topological Matter
There is great interest in the possibility of topological states whose existence is contingent on strong many-body effects (in
contrast to the single-electron origins of the topological insulators discovered to date). Such a state has been predicted and
possibly seen in strongly correlated SmB6. Here, torque magnetometry on SmB6 in magnetic fields up to 45 T has for the first
time revealed the presence of two-dimensional metallic states on the (101) plane.

Quantum Oscillations in Kondo Insulator SmB6
Gang Li, Z. Xiang, Ben J. Lawson, T. Asaba, F. Yu, Lu Li (Univ. Michigan); Z. Fisk (Univ. Cal. Irvine.)

Introduction

The discovery of topological insulators and possible
topological superconductors opens a new area of study and brings
hope to more exciting applications such as topological quantum
computation [1,2]. Strong electronic interaction generally does
not favor topological states. However, on the surface of Kondo
insulator SmB6, a topologically protected surface state is predicted
to exist as a result of gap forming through the hybridization of the
local orbital and the mobile electrons [7]. The surface conductance
has been demonstrated with non-local experiments [8]. Our
group has recently observed the de Haas-van Alphen (dHvA)
effect in SmB6. The angular dependence of the oscillation period
shows that the observed Fermi surfaces are two-dimensional, and
exists on the (101) surface and the (100) surface [9].

Experimental

High-resolution torque magnetometry was used to measure
the magnetic moment of the samples [3-6]. Torque is measured as
the change of the capacitance between the metal cantilever and a
nearby metal plate.

Results and Discussion
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Figure 1

A

Fig. 1 (a) The oscillatory magnetization signal of Heavy
Fermion Kondo insulator SmB6. The magnetic moment is
normalized by the number of surface unit cells, and the gray scale
bar corresponds to M=0.5 μB per unit cell. The measurement used
the Hybrid magnet. (b) The angular dependence of the dominant
fast oscillation frequency in SmB6. The oscillation frequency is
determined from FFT from torque data up to18 T in SCM2. The
oscillatory frequency follows the inverse cosine function of tilt
angle, demonstrating the two-dimensionality of surface state.

Conclusions

Using torque magnetometry we observed Fermi-liquid-like
quantum oscillations from Kondo insulator SmB6. Three Fermi
surfaces are observed, and the angular dependence reveals
the two-dimensionality of the observed Fermi surfaces. Our
observation demonstrates a two-dimensional metallic surface
states along the (101) and the (100) cleavage planes.

Acknowledgements

The material is based on work supported by the start up
fund and the Mcubed project at the University of Michigan (low

26 MAGLAB REPORTS Volume 21 No. 2

B

Condensed Matter SCIENCE

Condensed Matter Technique Development
Pressure is a fundamental thermodynamic quantity that can tune smoothly energy scales in a material, making it possibe,
for example, to induce superconductivity, explore properties near quantum critical points, and develop a picture of the Fermi
surface. A large-volume (Ø2 mm x 1.5 mm) miniature piston-cylinder cell capable of 2 GPa was successfully tested in the
60T Long-pulse magnet. Even though the cell was metallic, eddy current heating was sufficiently delayed that successful
results were obtained before heating reached the specimen.

Large Volume High Pressure Cell for Pulsed Field Studies
W. Coniglio (NHMFL, TLH); D. Rickel, M. Pacheco (NHMFL, LANL); F. de Torres, J. Krehl, D.E. Graf, S.W. Tozer (NHMFL, TLH)

Introduction

Pressure studies add the capability to smoothly tune energy
scales in a material, allowing, for example, the scientist to induce
superconductivity, explore properties near quantum critical
points, and develop a picture of the Fermi surface.

Experimental

Our group has developed plastic diamond anvil cells (DAC)
capable of pressures to 3.5 GPa for use in pulsed magnetic fields,
but the small sample volume (Ø0.3 mm x 0.06 mm) makes the
experiment challenging. As part of a collaboration with NHMFL
LANL, we have successfully tested a large volume (Ø2 mm x 1.5
mm) miniature piston-cylinder cell capable of 2 GPa in the 60
T LP. Although metallic, modeling performed at LANL clearly
showed that there was sufficient thermal lag to acquire reliable
data in the 60 T long pulse magnet before the eddy current
heating of the cell reached the sample. Sophisticated electronics
and data analysis have also been developed to acquire SdH
quantum oscillations at He-3 temperatures using the tunnel diode
oscillator (TDO) technique. A rotator was recently added to the
probe so that complete fermiology studies could be carried out.
The pressure cell technology has been spun off to NHMFL LANL
so that they can support users.

Results and Discussion

several years ago, which holds great promise in providing access
to another thermodynamic variable.
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Data on Cr (Fig. 1) clearly shows no sample heating with
the amplitude of the quantum oscillations in Cr being the
same during the up and downsweep for the lowest achievable
temperatures. Although the signal to noise is better in
comparable data taken in a DAC, this is most likely due to the
compensated coil configuration used for the feasibility study of
the piston-cylinder cell.

Conclusions

This new capability provides the opportunity to explore P,
B, T phase space to 60 T with a clear design path to higher fields.
Up to six electrical leads can be introduced into the sample space
permitting dHvA, SdH via TDO or PDO, and transport studies
such as Hall Effect and magnetorestance. Optical access provided
by fiber optics make possible PL, PLE, photoconductivity, and
dilatometry via fiber Bragg grating studies, a project proposed

Figure 1 (A): Cr SdH data taken via TDO at T=1.2K and P=0.2 GPa in the
60 T long pulse magnet showing clear evidence that the sample temperature
remains constant throughout the pulse.Figure 1 (B): Miniature pistoncylinder cell (mini-me) used for the study. The body of the cell and the clamp
nut are made from MP35N and the piston is made from a nonmagnetic WC.
The Teflon cup and pressure medium provide the necessary thermal lag to
allow studies to 400 mK without eddy current heating from the body and nut
reaching the sample prior to completion of the pulse.
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Magnet Technology
Prototype testing is an essential and extensive part of superconducting magnet technology development. That certainly
applies to the 32 T project, which aims to transform high-field magnet technology by employing Low and High Temperature
Superconductors equally and provide an unprecedented increase in peak field available to users.

Performance of the First Prototype Coil for
the 32 T All-Superconducting Magnet
H.W. Weijers, W.D. Markiewicz, D.K. Hilton, J. Lu, H. Bai (FSU, NHMFL)

Introduction

The HTS part of the 32 T all-superconducting magnet
consists of two YBCO coated conductor coils. These nested coils
are composed of 20 and 36 double pancake modules each, with
quench protection heaters between the modules. A prototype
coil (see Fig.1.) was built with all essential features and
dimensions of the inner HTS coil, except for a reduced height,
being 6 modules tall [1].

Experimental

Testing of this first prototype took place in a 4.2 K helium
cryostat placed in the Large Bore resistive magnet in cell 4,
creating a background magnetic field of 15 T. Instrumentation
included many voltage taps, Hall-effect sensors to measure the
effect of screening currents on the axial and radial magnetic field
distribution, capacitive sensors to study the behavior of the helium
gas bubble that forms in the bore and windings when the field∙fieldgradient product exceeds -2100 T2/m and temperature sensors to
monitor the temperature of the gas and parts close to the windings.

Results and Discussion

Twenty-seven quench initiation runs (with dump resistor
protection) and 18 quench protection runs (without dump
resistor protection) using the quench heaters correlated heater
power with the time needed to create a large normal zone. Based
on this data, a design of the electric circuit for the 32 T quench
protection was developed. The Hall-data is used to develop
a numerical model to predict shielding currents in 32 T, and
develop field deviation mitigation strategies [2]. A helium gas
bubble developed as predicted, while the inherent although
limited thermal conductivity of the windings in combination
with a cooling disk near the windings succeed in keeping the
temperature of the windings stable [3]). Ramp-rate losses in the
windings, assessed via helium boil off mass flow measurements
appeared lower than expected, which is favorable, and the subject
of further study [4]. The coil was operated above design current 55
times without degradation. However, a limiting section in module
6 near a terminal, and possibly a latent defect in the conductor,
limited the peak current to 212 A and the peak stress to 281 MPa,
which is below 32 T design peak stress of 360 MPa. The limiting
module is being replaced and the terminal design reworked, so
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the prototype can be re-tested in 2014 together with a second
prototype representing the outer HTS coil.

Conclusions

Testing of the first prototype coil for the 32 T allsuperconducting magnet was largely successful and provides both
confidence and direction for the completion of this project.

Acknowledgements

This work was supported in part by the U.S. National
Science Foundation under Grant No. DMR-0654118, DMR1157490, DMR-0923070 and the State of Florida. A.J. Voran, S.R.
Gundlach, W.R. Sheppard, B. Jarvis, Z.L. Johnson, P.D. Noyes,
Hom Kandel, A.V. Gavrilin, Y.L. Viouchkov, D.C. Larbalestier and
D.V. Abraimov also made significant contributions to this project.
References
1. H.W. Weijers, IEEE Transactions on Applied Superconductivity,
10.1109/TASC.2013.2288919 (2013).
2. D.K. Hilton, MagLab research report (2013).
3. H. Bai, MagLab research report (2013).
4. J. Lu, MagLab research report (2013).
Figure 1: Picture of the prototype coil
with instrumentation.

1. Six double pancake modules with
spacers between pancakes and
heater spacers between modules
2. Top flange
3. Top terminal
4. Protection covers for the quench
heater wiring
5. Axial compression strap
6. Tension mechanism for axial strap
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Magnet Technology
Conical resistive magnets are quite an extension of the Florida-Bitter disk technology, and the first one away from cylindrical
solenoids. Together with the previously developed resistive Split Magnet technology, the NHMFL now has a suite of resistive
magnet technologies to serve both the traditional users and the neutron/X-ray scattering community.

Design and Construction of the Conical
Bore Resistive Insert for the SCH
J. Toth (NHMFL); M.D. Bird (NHMFL); S. Bole (NHMFL); J. O’Reilly (NHMFL)

Introduction

The NHMFL is developing two Series-Connected Hybrid
(SCH) magnets, each comprising a superconducting outsert
built with Nb3Sn cable-in-conduit conductor and a resistive
insert using Florida-Bitter technology. The first SCH, to be
installed and operated at the Helmholtz Center Berlin (HZB),
will be used for neutron-scattering experiments and will include
a conical warm bore with 30 degree opening angle at 25T central
field, a unique combination worldwide.

Results and Discussion

The resistive insert [1] includes two coils electrically in
series with a total power consumption of 4.4 MW. While the
outer coil is a regular state-of-the-art high field solenoid,
the inner one employs the novel technology called Conical
Florida Bitter Magnet including a stepped inner radius. This
conical configuration causes unique design challenges for the
complex hydraulics of the cooling water as well as the stress
management in the winding:
• Variation in inner diameter coupled with variation in turn 		
thickness and current-density concentrations at steps results
in very complicated stacking pattern.
• In order to meet required water gap in each step, stacking
pattern must be adjustable (in each region) to accommodate
sheet-metal thickness tolerances.
• Disk cooling hole pattern is optimized based on thermalelectric and stress calculations. Those coupled Finite-Element
Analyses were performed for all sections plus all transition
steps of each coil.

• While B coil is at modest field (19 T) its bore is large (246 mm)
resulting in large stress accommodated by using CuZr sheet
metal for the winding.
• Cooling water supply for 4.4 MW ~ 40 l/s is substantially
lower than typical NHMFL high field magnets with same
500 mm outer diameter. This required more stringent
water management resulting in pushing fabrication limits for
minimum cooling channel widths as well as clearance gaps
for assembly.

Conclusions

In 2010 the NHMFL was awarded a patent (US 7,825,760)
for the development of the concept of a conical magnet [2] and
since then has continued to pioneer resistive magnet technology.
The completion of the design and construction of the eventual
first user magnet incorporating this new technology represents a
remarkable additional milestone in NHMFL world leadership in
this field. The complete HZB SCH Magnet system is planned to
be operational in 2014.
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Figure 1: Left- General concept of conical Florida Bitter Magnet technology including a stepped inner radius to
create conical bore and a variation in turn thickness to balance current densities and manage structural stress.
Right- Cross section view of CAD Model of the Conical Bore Resistive Insert for the HZB-SCH including two coils.

Figure 2:Completed assembly of
first SCH-HZB A-coil (NHMFL Coil
#0229-Rev4) with conical bore.
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Nb3Sn, the first high field superconductor, may now be in its final optimization phase. The powder-in-tube (PIT) route is one
of the two leading contenders for use in the high luminosity upgrade of the LHC at CERN but understanding what are its reaction pathways and property limits is lacking. As a real conductor, optimization of the superconducting properties cannot be
pursued without maintaining high conductivity in the stabilizing Cu that surrounds the Nb3Sn. Detailed digital microscopy has
shown how degradation of the diffusion barriers that separate the Nb3Sn and the Cu occurs and how the formation reaction
for Nb3Sn from its starting NbSn2, Sn and Cu occurs.

Characterization of Powder-in-Tube
Superconducting Nb3Sn Wires
C. Segal (FSU, ASC, Mechanical Engineering); C. Tarantini (FSU, ASC); P.J. Lee (FSU, ASC); D.C. Larbalestier (FSU, ASC, Mechanical Engineering)

Introduction

Diffusion barrier integrity is crucial to magnet protection.
Our previous work has shown that modern PIT (and RRP)
conductors show filament shape degradation that increases
with radial position. With only a handful of diffusion barriers
in outer filament rings breaking, the RRR degradation can
rapidly drop to below 150. Here we quantify this behavior.
These Bruker-made PIT samples from CERN contain 192
Nb7.5wt.%Ta tube filaments of remarkable uniformity, but there
is measureable non-uniform filament deformation (Figure 1).

Experimental

Digital imaging using the NHMFL Zeiss EsB SEM coupled
with image analysis software allows rapid and accurate

evaluation of the positional variation, ring by ring allowing us
to clearly see a small filament ovalization that increases with
increasing radius. To determine how drastically the RRR is
affected by barrier breakthrough and Sn leaking into the Cu,
we employ an acid etching procedure and subsequent resistivity
measurements. First, 4 point contacts were made with silver
epoxy and an initial resistivity measurement is taken. Then the
silver epoxy was removed and the sample immersed in a dilute
nitric acid bath for 5-10 minutes. After etching, 4 point contacts
with silver epoxy were made again and the measurement
repeated, this time with an annulus of Cu removed. This acid
treatment was repeated 3 times giving a RRR distribution as a
function of the remaining Cu (Figure 2.)

Figure 1: Circular filament diameter is approximately 50um.
1) A typical inner ring filament has an aspect ratio close to
unity, uniform barrier thickness, very isotropic. 2) A typical
outer ring filament, aspect ratio up to 1.3, thinning of barrier
on one side with thickening on the other. 3) An outer ring
filament that has succumb to barrier breakthrough and subsequent Sn leak due to non-uniform deformation.

Figure 2
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Results and Discussion

Since the A15 reaction front occurs radially from the
filament centers, the deformation of the external filament leads
to breakthrough of the DB bringing the A15 into contact with
the stabilizer. This typically occurs in 2-3 filaments. Looking
at the aspect ratio versus ring number (numbered from inside
to out), filament aspect ratio increases almost linearly with
radial position. It is evident that the heat treatment (HT) has
a negligible impact on the deformation and if we color each
filament by aspect ratio this can be easily visualized (Figure 3.)

Conclusions

It is expected that the worst quality Cu to be around the
outer two rings where barrier breakthrough is most common.
Inversely, the best Cu should be furthest from the Sn sources,
namely the outermost Cu as well as Cu surrounding the core.
Results are plotted with an inset to the guide the eye in Figure 4.
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REBCO Coated conductors are the first HTS conductor for which the promise of excellent short-sample performance could be
translated to high-field coils with long lengths of conductor operating at current densities, well above the threshold that makes
compact high field magnets feasible. The short sample performance at high magnetic fields has increased significantly with
improved understanding of the physics and production methods involved, and the conductor shown has reached record flux
pinning levels. In longer lengths, this will enable more compact and/or stronger magnets, magnets operating at temperatures
at and above 4.2 K and higher current density REBCO magnet cables, which would all be welcome developments.

Ic Study of MOCVD REBCO Coated Conductors
for High Field Magnet Applications
A. Xu (UH, TcSUH); J. Jaroszynski (FSU, NHMFL); D.C. Larbalestier (FSU, NHMFL); V. Selvamanickam (UH, Mechanical Engineering)

Introduction

Our previous Ic(H, θ) characterization done at the NHMFL
has shown that the incorporation of BaZrO3 (BZO) nanorods
can substantially enhance Jc and effectively reduce Jc anisotropy
of REBCO coated conductors (CC) at 4.2 K [1]. Recently, aiming
to understand the pinning mechanism and further enhance Jc,
we conducted Ic(H//c) study on a REBCO CC containing higher
density of BZO nanorods.

Experimental

High-quality REBCO thin films were grown on
mechanically-strong Hastelloy substrates via metal-organic
chemical vapor deposition (MOCVD). BZO nanorods were selfassembled in the epitaxial REBCO film by 15 mol % Zr-doping
[2]. Ic(H//c) characterization was conducted at 4.2 K and H up to
31.2 T using 31 T Bitter magnet at the NHMFL.

Results and Discussion

Fig. 1 shows Jc(H//c) in (a) and Fp(H//c) in (b) at 4 K and H
up to 31.2 T. In comparison with 7.5% Zr-doped CC, the 15%
Zr-doped CC shows much higher α value for Jc ∝ H-α, α∼0.99
for 15% Zr-doped CC and 0.73 for 7.5% Zr-doped CC. Also,
the 15% CC exhibits ∼100% higher Jc than that of 7.5% CC
at all H. Another new finding in this experiment is that high

performance 15% Zr-added CC exhibits an ultra-high Fp ∼1.7
TN/m3 plateau extending from 8 T up to at least 32 T, as shown
in Fig. 1 (b). This is the first reported Fp surpassing 1 TN/m3.

Conclusions

We ascribe this excellent Jc to the huge weak uncorrelated
pinning associated with higher density of BZO nanorods. The
higher α value indicates a broader Jc(θ) in the vicinity of the
ab-plane and lower Jc anisotropy based on the Ginzburg-Landau
scaling. All these are highly beneficial for high field magnet
applications.
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Figure 1: (A) Jc(H//c) and (b) Fp(H//c) of a ∼1
μm thick, 15 % Zr-doped sample (spheres). A 7.5
% Zr-doped sample (stars) is also included for
comparison. The dashed lines in (a) represent
the field dependence of Jc defined by Jc ∝ H-α.
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Superconducting cables are vital if future large-scale superconducting magnet applications like 60 T Hybrids, 20 T whole
body MRI’s, particle accelerators and fusion machines are going to use HTS materials, just as is true today for LTS materials. HTS cables have been much more difficult than LTS cables, one reason being because of their tape, rather than round
shape. The Conductor-on-Round-Core design cleverly uses the tape shape of a coated conductor in a transposed design
(barber-pole wrap) that protects the brittle superconductor by placing it in compression and produces a round conductor
that is easy to wind.

Critical Current Measurement at 4.2 K up to 15 T of
High-Temperature Superconducting Magnet Cables
D.C. van der Laan (Advanced Conductor Technologies and the University of Colorado); H. Weijers (FSU-NHMFL); P. Noyes (FSU NHMFL); G. Miller
(FSU-NHMFL); G.P. Willering (CERN)

Introduction

The next generation of high-field magnets requires
operating fields exceeding 20 T and that cannot be reached
with low-temperature superconductors, such as NbTi or
Nb3Sn and high-temperature superconductors (HTS), such
as REBa2Cu3O7-δ (REBCO) coated conductors, are the only
option. We’ve introduced a new cabling method that enables the
construction of very flexible conductor on round core (CORC)
cables that meet the requirements for high-field magnets [1,2]
and performed cable tests at 4.2 K at magnetic fields up to 20 T
at the user facility of the NHMFL.

Experimental

Several REBCO coated conductors cables were constructed
using the method as outlined in Ref. [1]. One of the cables was
measured at two different cable-bending diameters to test its
flexibility. Figure 1a shows the cable wound in a 6-cm diameter
loop before testing at 15 T.
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Figure 1: a) CORC cable wound at a diameter of 6 cm. b) Voltage vs.
current at 4.2 K the CORC cable at 15 T.

A

Results and Discussion

The CORC cable shown in Fig. 1A had an Ic of about 4 kA in
a total field of 15 T when wound at a diameter of 11 cm and didn’t
show any degradation when wound into a bending diameter of 6
cm. The superconducting transition is shown in Fig. 1B.

Conclusions

We successfully performed several measurements on
CORC cables at a field of 15 T at different bending diameters.
The results show the feasibility of CORC cables for accelerator
magnets that require a cable-bending diameter of 6 cm.

B
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Modern superconductors are mostly complex, multi-component compounds that are often difficult to synthesize as singlephase polycrystals. This work describes careful synthesis of high-phase-purity polycrystals of (Ba0.6K0.4)Fe2As2 using exothermic reaction of the constituents at room temperature to drive the initial reaction. In this way high-density samples with very
high critical current densities have been obtained, in spite of the grain size being less than 200 nm. In this material, high
current density is NOT prevented by having a high density of randomly misoriented grain boundaries.

Mechanochemical Synthesis of Pnictide Compounds
J.D. Weiss, B.L. Hainsey, J. Jiang, A. Polyanskii, E.E. Hellstrom (ASC, NHMFL)

Introduction

Superconducting materials are needed in high-current
applications such as power transmission lines and high-field
magnets used in industry (e.g. MRIs in hospitals). Pnictide
superconductors - pnictogens are the elements in the N column
in the periodic table - show a lot of promise for applications,
but synthesis of the pure material needed to carry current is
difficult by traditional methods since the elements are volatile.
We have developed ways to synthesize pnictide compounds
from the elements using high-energy milling techniques to drive
chemical reactions.

Experimental

Ba, As, Fe, and K metals were combined in an argon-filled
glove box at the NHMFL. The mixture was then reacted using
high-energy ball milling. The reaction was monitored by a
thermocouple placed on the milling vial. X-ray diffraction
(XRD) was used to analyze the phases present before and after
reaction. The powders were then consolidated by heat treating
in a furnace or a hot isostatic press (HIP) to obtain a bulk
material. The bulk material phase purity was characterized by
XRD and SEM. Superconducting properties were characterized
at the Applied Superconductivity Center by SQuID
magnetometry, vibrating sample magnetometry, and magnetooptical imaging.

Results and Discussion

During milling distinct exothermic events occur as a
result of a chemical reactions taking place as seen in the figure.
XRD analysis before and after the reactions confirmed that
the intended compounds were obtained immediately after
the milling. After the HIP heat treatment, very high density
and purity were obtained. The high purity and density of the
material greatly improves the superconducting properties of
the Ba0.6K0.4Fe2As2 bulks. This technique has been used to
synthesize powders for wires that carry large currents [2].

Conclusions

When the elements are combined to make pnictide
compounds, they are at a very high energy state. Like
gunpowder, they can ignite during the handling and processing
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steps, which can be dangerous. Graduate student Jeremy Weiss,
undergraduate Ben Hainsey, and scientists at the Applied
Superconductivity Center have successfully exploited this
tendency for the elements to react by using mechanical impacts
to ignite the material in a controlled way. The resulting material
is easier to handle and results in high-quality samples that can be
put into wires that carry over 160,000 A/cm2 in self-field at 4.2 K.
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Milling vial temperature as a function of milling time for three different pnictide reactions and a baseline in which inert powder is milled and no reaction
occurs [1].
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Published in PNAS. Carbon-containing remnants of supernovae are known to contain anomalous amounts of 22Ne. The neon
is known to be the decay product of 22Na, which is formed by explosive nucleosynthesis. Thus, there must be a rapid, carbon
based, 22Na / 22Ne trapping mechanism inherent to the carbon condensation chemistry that occurs in supernova ejection.
Here, Na is shown to effectively nucleate Na@C60 and other metallofullerenes. The mechanism of formation is revealed and
should translate to those conditions in stellar environments.

Metallofullerene and Fullerene Formation from
Condensing Carbon Gas under Conditions of Stellar
Outflows and Implication to Stardust
P.W. Dunk (FSU, Chemistry); J.-J. Jean Adjizian (U. Nantes, France, Chemistry); N.K. Kaiser (NHMFL, Chemistry); J.P. Quinn (NHMFL, Chemistry);
G.T. Blakney (NHMFL, Chemistry); C.P. Ewels (U. Nantes, Chemistry); A.G. Marshall (FSU, NHMFL, Chemistry); H.W. Kroto (FSU, Chemistry)

Results and Discussion

Carbonaceous presolar grains of supernovae origin have
long been isolated and are determined to be the carrier of
anomalous 22Ne in ancient meteorites. That exotic 22Ne is the
decay product of relatively short-lived 22Na formed by explosive
nucleosynthesis, and therefore, a selective and rapid Na
physical trapping mechanism must take place during carbon
condensation in supernova ejecta. Elucidation of the processes
that trap Na and produce large carbon molecules should
yield insight into carbon stardust enrichment and formation.
Here, we demonstrate that Na effectively nucleates formation
of Na@C60 (see Figure 1) and other metallofullerenes during
carbon condensation under highly energetic conditions in
oxygen- and hydrogen-rich environments. The fundamental
carbon chemistry leading to trapping of Na is revealed, and
should be directly applicable to gas-phase chemistry involving
stellar environments, such as supernova ejecta. In addition,
gas-phase reactions of fullerenes with polycyclic aromatic
hydrocarbons (PAHs) are investigated to probe “build up” and
formation of carbon stardust, and provide insight into fullerene
astrochemistry.
We find that metallofullerenes form as readily as
empty cages and thus, like fullerenes, should be important
constituents of (circum)stellar/interstellar space. Element
trapping by metallofullerene formation is shown to be selective
and rapid, which can explain long-standing astrophysical
puzzles such as the anomalous element enrichment of stardust.
Infrared spectroscopic signatures of metallofullerenres
are simulated to provide a distinct observational test for
metallofullerenes in space.
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Figure 1: FT-ICR mass spectrum of cluster cations that spontaneously
form in condensing carbon vapor seeded with Na (10 psi He gas flow, ~35
mJ∙cm−2 fluence). The insets show Na@C60 clearly resolved from empty C62
and the relative abundance of Na@C2n species.
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Salicylic (SA) and o-acetylsalicylic (Aspirin) acids are important pharmaceutical carboxylic acids. They exhibit centrosymmetric hydrogen bonded structures when in a crystal lattice. Here, the temperature dependence of the proton dynamics
in hydrogen bonded dimers is studied by variable temperature Solid-State 17O NMR to determine the energy asymmetry
in the double well potential that results from dimer formation. It is shown that it is necessary to consider the concerted
double proton transfer in SA and Aspirin in order to compare experimental and computed 17O NMR tensors for hydrogenbonded carboxylic acid dimers.

Solid-State 17O NMR of Pharmaceutical Compounds:
Salicylic Acid and Aspirin
X. Kong, M. Shan (Queen’s U.); V. Terskikh (U. of Ottawa & Queen’s U.); I. Hung (NHMFL); Z. Gan (NHMFL); G. Wu (Queen’s U.)

Introduction

Salicylic acid (SA) and o-acteylsalicylic aicd (Aspirin)
are important pharmaceutical compounds. Similar to many
carboxylic acids, SA and Aspirin molecules form centrosymmetric hydrogen bonded dimers in the crystal lattice. In these
carboxylic acid dimers, the concerted double proton transfer
across two symmetry-related hydrogen bonds is usually associated with a double-well potential, which generally is asymmetric
due to crystal packing; see Fig. 1. While there have been intense
investigations of proton dynamics in carboxylic acid dimers [1],
solid-state 17O NMR has not been utilized in this area. In this
work, we used solid-state 17O NMR to determine the asymmetry
of the double-well potential in SA and Aspirin.

Experimental

[1,2-17O2]SA and [1,2-17O2]Aspirin were synthesized at the
O enrichment level of 20%. Variable-temperature (VT) 17O
MAS NMR spectra were obtained at 21.1 T (NHMFL) with a
900 MHz Bruker Avance console and a 3.2 mm home-built MAS
1
H-X transmission line probe. Sample temperatures under the
20-kHz MAS condition were calibrated using solid Pb(NO3)2 in
a temperature range of 140-360 K.
17

Results and Discussion

As seen from Fig. 2, while the spectra of SA exhibit very
little temperature dependence, those for Aspirin are highly
temperature dependent. In particular, as the temperature is
increased, the two peaks observed for Aspirin move gradually
towards each other. In addition, the 17O quadrupole coupling parameters for the two oxygens also change considerably as a function of temperature. Using the averaging procedure described in
the literature [2], together with the CASTEP computed 17O NMR
tensors for configurations A and B, we were able to analyze the
observed VT 17O MAS spectra and obtain an accurate value of
ΔE for Aspirin, 3.0 ± 0.5 kJ/mol. For SA, as no obvious temperature dependence was observed, only a lower limit for ΔE can be
estimated, ΔE > 10 kJ/mol. These ΔE values were in agreement
with the results of plane-wave DFT computations, ΔE = 3.7 and
17.8 kJ/mol for Aspirin and SA, respectively.
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Conclusions

We demonstrated that it is necessary to consider the
concerted double proton transfer in SA and Aspirin in order
to compare experimental and computed 17O NMR tensors for
hydrogen-bonded carboxylic acid dimers. We showed that a
careful analysis of VT 17O NMR spectra can provide an accurate
measure of the energy asymmetry in the double-well potential.
A complete account of this work has been published [3].
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Figure 1: Proton dynamics and
the associated double-well potential curve in SA and Aspirin
dimers.

Figure 2: VT 17O 20-kHz MAS
NMR spectra of (a) [1,2-17O2]SA
and (b) [1,2-17O2]Aspirin at 21.1
T (NHMFL).
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The argument over asphaltene composition and structure has raged for decades. In a collaborative effort, high resolution
FT-ICR MS and high molecular weight optimized Time-of-Flight (TOF) mass spectrometry are employed to reveal the presence
of asphaltene nanoaggregates at concentrations commonly employed by most analytical techniques. Thus, these techniques
are compromised by the presence of the nanoaggregates and do not reflect the attributes of purely monomeric species.

Heavy Petroleum Composition 3. Asphaltene Aggregation
A.M. McKenna (NHMFL, Chemistry); L.J. Donald (U. Manitoba, Chemistry); J.E. Fitzsimmons (FSU, Chemistry); P. Juyal (Nalco, Chemistry);
V. Spicer (U. Manitoba, Physics & Astronomy); K.G. Standing (U. Manitoba, Physics & Astronomy); A.G. Marshall (FSU, NHMFL, Chemistry);
R.P. Rodgers (FSU, NHMFL, Chemistry)

Results and Discussion

Molecular characterization of asphaltenes by conventional
analytical techniques is challenging due to their compositional
complexity, high heteroatom content, and asphaltene aggregate
formation at low concentration. Thus, most common
characterization techniques rely on bulk properties or solutionphase behavior (solubility). Proposed over 20 years ago, the
Boduszynski model proposes a continuous progression in
petroleum composition (molecular weight, structure, and
heteroatom content) as a function of atmospheric equivalent
boiling point. Asphaltenes, defined by their insolubility in
alkane solvents, accumulate in high boiling fractions and
form stable aggregate structures at low (ppb) concentrations,
far below the concentration required for most mass analyzers.
Here, we present direct mass spectral detection of stable
asphaltene aggregates (see Figure 1) at lower concentration
than previously published, and observe the onset of asphaltene
nanoaggregate formation by time-of-flight (TOF) mass
spectrometry. We conclude that a fraction of asphaltenes must
be present as nanoaggregates (not monomers) in all atmospheric
pressure and laser-based ionization methods. Thus, those
methods access a subset of the asphaltene continuum.
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Figure 1: Positive-ion electrospray ionization time-of-flight mass spectra
acquired with the Manitoba TOF instrument for a Middle Eastern heavy crude
oil complexed with silver triflate (50:50 toluene:MeOH).
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The manuscript was selected as a C&E News feature soon after its release. It is the first example of the use of FT-ICR
MS data to, not only identify the source of an oil spill, but identify those species that can be used to determine how long
the contaminant has been in the environment. Thus, the source and time period of exposure can be determined. The
PCA method employed captured in excess of 98% of the variance between samples in the first 2 principal components,
and more importantly, those components tie back to known variations in source fuel chemistry.

Oil Spill Source Identification by Principal Component
Analysis of Electrospray Ionization Fourier Transform
Ion Cyclotron Resonance Mass Spectra
Y.E. Corilo (NHMFL, Chemistry); D.C. Podgorski (NHMFL, Chemistry); A.M. McKenna (NHMFL, Chemistry); K.L. Lemkau (Woods Hole Oceanographic Institute, Marine Chemistry); C.M. Reddy (Woods Hole Oceanographic Institute, Marine Chemistry); A.G. Marshall (FSU, NHMFL, Chemistry);
R.P. Rodgers (FSU, NHMFL, Chemistry)

Results and Discussion

A fundamental challenge with either acute or chronic oil
spills is to identify the source, especially in highly polluted areas,
near natural oil seeps, when the source contains more than one
petroleum product, or when extensive weathering has occurred.
Here, we focus on heavy fuel oil that spilled when 58,000 gallons
from two suspected tanks were ruptured on the motor vessel
(M/V) Cosco Busan when it struck the San Francisco-Oakland
Bay Bridge in November 2007. Principal Component Analysis
(PCA) applied to thousands of elemental compositions obtained
from ultrahigh resolution Fourier transform ion cyclotron
resonance mass spectrometry of neat samples from both tanks
correctly identifies the source of environmental contamination
caused by the unintended release of heavy fuel oil (HFO). The
PCA components were based on double bond equivalents for
constituents of heteroatom elemental composition, CcHhN1S1.
To determine if the fidelity of our source identification was
affected by weathering, field samples were collected at various
intervals up to two years after the spill. Members of the NS class
persist for almost two years after the spill (see Figure 1). We
confidently identify that only one tank was the source of the
spilled oil: in fact, a single principal component could account
for 98% of the variance. Although identification is unaffected by
the presence of higher polarity, petrogenic oxidation products,
future studies may require removal of such species by anion
exchange chromatography prior to mass spectral analysis due to
their preferential ionization by ESI.
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Figure 1: Heteroatom class distribution for components of present at >1%
of the total sum of relative abundance from the N, NO, NS and O2 classes
identified by PCA as potential indicators for seven weathered samples collected from the same contaminated site associated with the M/V Cosco
Busan spill. Note the persistence of the NS class.
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This report constitutes and important step in investigating mononuclear single-molecule magnets (SMMs) also known as
single-ion magnets (SIMs). For the first time, a mononuclear complex of Mn(III) has been reported as a SIM. The results have
already been published in a high-impact journal, Angewandte Chemie.

High-Frequency and -Field EPR Experiments on a
Mononuclear Single-Molecule Magnet Based on a
Manganese(III) Complex
J. Vallejo, A. Pascual-Álvarez, J. Cano, I. Castro, R. Ruiz-García, M. Julve, F. Lloret, E. Pardo (U. of Valencia, Spain, Inorganic Chemistry and Institute for Molecular Science); J. Krzystek (NHMFL); G. De Munno, D. Armentano (U. of Calabria, Italy, Chemistry and Chemical
Technology); W. Wernsdorfer (Institut Néel, Grenoble, France)

Introduction

The past few years have seen a trend within the area of
single-molecule magnetism to shift from large polynuclear
complexes of metal ions with high S numbers to much simpler
mononuclear species. The first known examples of mononuclear
single-molecule magnet were complexes of lantanides and actinides, and within the transition metals, cobalt and iron [1]. In
this report we present HFEPR results on what is the first known
mononuclear Mn(III) complex that displays the properties of a
single-molecule magnet: Ph4P[Mn(opbaCl2)(py)2] (1) [H4opbaCl2
= N,N’-3,4-dichloro-o-phenylenebis(oxamic acid), py = pyridine, and Ph4P+ = tetraphenylphosphonium cation] (Fig. 1) [2].

Experimental

The EMR Facility of the NHMFL Tallahassee was used
including its 15/17 T superconducting magnet.

Results and Discussion

The magnetic properties of 1 were investigated in Valencia and Grenoble, and the complex showed slow relaxation as
detected via frequency-dependent ac susceptibility in magnetic
field, and a magnetic field hysteresis at low temperatures (not
shown). The crystal structure was solved in Calabria. The coordination sphere is represented by a distorted octahedron, with a
Jahn-Teller elongation. This geometry predisposes the complex to
have negative zero-field splitting (zfs), which in turns correlates
with its magnetic properties. The zfs parameters were very accurately determined from HFEPR spectra (Fig. 2) at both low (10
K) and high (280 K) temperatures, and were found to be at 10 K:
D = –3.421(2) cm–1, E = –0.152(2) cm–1 (|E/D| = 0.044), B40 = B42 =
0, B44 = 32(5) × 10–4 cm–1, with very slightly anisotropic g-tensor
[1.994(2), 1.997(2), 1.978(7)]. At 280 K the relevant parameters
are: D = –3.246(2) cm–1, E = −0.115(1) cm–1; (|E/D| = 0.035), B40 =
B42 = 0; B44 = 23(3) x 10–4 cm–1; g = [2.001(1), 2.000(1), 1.990(3)].

with the results of quantum-chemical calculations. In particular, the relaxation activation energy (12.7 cm–1) agrees with the
value of 4|D| = 13.7 cm–1.
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Figure 1: Perspective view of 1.

Figure 2: HFEPR spectrum
of a single crystal of 1 at 10
K and 203 GHz (black trace)
and its simulation using spin
Hamiltonian parameters as
text (red trace).

Conclusions

The magnetic properties of 1 as obtained via HFEPR correlate very well with those delivered by magnetometry, and also
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Cubane geometry is an important feature in many biological systems containing clusters of transition metal ions. In this
particular case, the cluster contains four magnetic (spin one) nickel(II) ions. Studying magnetic interactions between them
is important from the more general point of view of understanding magnetostructual correlations in biological cubanes.

High-Field EPR Studies on a Novel Ferromagnetic
Nickel(II) Cubane Complex
D.L. Reger, A. Pascui (U. of South Carolina, Chemistry); J. Jezierska (U. of Wrocław, Poland, Chemistry); A. Ozarowski (NHMFL)

Introduction

Our previous syntheses of metal complexes of m-bis[bis(1pyrazolyl)-methyl]benzene (L m) resulted in dinuclear systems in
which metal cations are single-atom bridged by anions – halides
[1] and hydroxide [2]. The same ligand produced with Ni2+ a tetrameric “cubane” complex [Ni4(μ-OH)4(μ-L m)2(DMF)4](ClO4)4,
shown in Fig. 1 (DMF = dimethylformamide), in which ferromagnetic exchange interactions are transmitted via the hydroxo
bridges [3].

Experimental
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Figure 1: Structure of the complex. The Ni
ions are labeled M1 through M4.

The compound has been characterized by X-ray crystallography (USC) and magnetic susceptibility measurements (UW).
High-field and frequency EPR spectra were recorded on the
transmission EPR instrument of the NHMFL EMR facility at
frequencies ca. 100-432 GHz.

Results and Discussion

The magnetic properties (Fig. 2) were interpreted using a
Heisenberg-Dirac-VanVleck Hamiltonian (HDVV) in the form
appropriate to the molecular pseudosymmetry,
ĤHDVV = - J1(Ŝ1Ŝ2 + Ŝ2Ŝ4 + Ŝ3Ŝ4) - J2(Ŝ1Ŝ3 + Ŝ1Ŝ4 + Ŝ2Ŝ3)

[1]

Figure 2: The effective
magnetic moment as a
function of temperature.
Circles: experimental, solid line: calculated.

to which terms expressing the zero-field splitting on the Ni2+ ions
as well as the Zeeman splitting had to be added to explain the
maximum of the effective magnetic moment (Fig. 2). J1 and J2 of
quite different magnitudes were found, ca. 9 cm-1 and ca. 2 cm-1,
respectively. S = 4 is the ground state of the tetranuclear molecule.
High-Field EPR spectra due to that state (Fig. 3), which were interpreted in terms of the standard “giant spin” Hamiltonian [2],
ĤS=4 = μ BB{g}Ŝ + D[Ŝz2 - S(S+1)/3] + E(Ŝx2- Ŝy2)

[2]

allowed determination of the magnitude and sign of the zerofield splitting (zfs) parameters, D = -0.299 cm-1, E = -0.036 cm-1.

Conclusions

Because of the different geometry of various Ni-O-Ni units,
the 6 possible exchange interactions in the tetrameric molecule
were divided into 2 groups of 3 equal interactions (see equation
[1]). “Broken symmetry” Density Functional Theory calculations were performed which confirmed the inequivalence of the
exchange pathways in the system.
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Figure 3: Experimental
and simulated EPR spectra recorded with the microwave frequency 328.8
GHz at 3 K and at 30 K.

CHEMISTRY

Magnetic Resonance Technique Development
Investigators from UF and NHMFL in collaboration with Agilent Technologies have recently developed a 13C-sensitive 1.5mm probe optimized for small molecule NMR at 14.1 T. The probe employs High Temperature Superconducting (HTS) coils
in order to maximize detection sensitivity. This work extends upon earlier accomplishments of developing HTS probes for
1
H detection. The 13C-sensitive probe will impact research areas targeting small molecule NMR such as the characterization and identification of natural products chemistry and metabolomic profiling. The probe is now available to the NHMFL
Users program.

C-optimized 1.5-mm NMR Probe Based on
High Temperature Superconductors

13

V. Ramaswamy, A.S. Edison (UF, NHMFL); J. Hooker, W.W. Brey (FSU, NHMFL); R.S. Withers (Agilent Technologies, Present Affiliation:
Maxim Integrated); R.E. Nast (Agilent Technologies, Present Affiliation: Out of the Fog Research)

Introduction

C NMR holds several advantages over 1H NMR studies
of small biomolecules, such as a large chemical shift dispersion
range and the ability to directly detect backbones. However, 13C
sensitivity is especially low due to its low gyromagnetic ratio
and low natural abundance. To mitigate this lack of intrinsic
sensitivity, we have recently developed a 13C-sensitive 1.5-mm
probe optimized for small molecule NMR at 14.1 T [1]. The
probe employs High Temperature Superconducting (HTS)
coils in order to maximize detection sensitivity. HTS probe
technology and its applications to small molecule NMR are
available in a recent review [2].
13
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Figure 1: Cross-section layout of the 13C-optimized probe.

Experimental

As shown in figure 1, this probe uses orthogonal nesting
of 4 pairs of planar HTS coils. The probe is optimized for
13
C detection by placing the 13C coils closest to the sample.
Placement of HTS coils in close proximity to the sample
presents technical challenges. Stray electric fields from the coil
fringing into the sample introduce a source of noise in the NMR
experiment. The 13C coils in this probe employ an innovative
counterwound spiral design, which confines the electric field
close to the substrate. The mass sensitivity of 13C detection on
this probe is 2x that available on the next best probe.

Figure 2: 13C-13C INADEQUATE spectrum of 1.1 mg histidine. The spectrum
was collected in 48 hours using the 13C-optimized probe. The same experiment would require nearly 2 weeks on any other probe.

Results

A 35-μL sample volume renders this probe ideal for
directly detected 13C-based natural products chemistry and
metabolomics applications. An INADEQUATE spectrum
showing direct 13C-13C coupling is highlighted in Figure 2 to
demonstrate the 13C sensitivity of this probe. The probe is now
available for use through the AMRIS user program.
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Tatyana Polenova’s group of U of Delaware using magic angle spinning NMR to study the dynamics and structural plasticity in functionally important loop regions associated with infectivity in HIV 1 capsid protein assemblies. Their study was
facilitated by the high magnetic field 900 MHz UWB magnet and the Low-E magic-angle spinning probe required for the
high salinity (1 M) in order to stabilize the tubular protein assembly.
Published in Anal Chem. 2013 Jul 2;85(13):6414-20. doi: 10.1021/ac400913m.

Solid-State NMR Structural and Dynamics Studies of
HIV-1 Protein Assemblies
Yun Han1,2‡, Guangjin Hou1,2‡, Christopher L. Suiter1,2, Jinwoo Ahn2,3, In-Ja L. Byeon2,3, Andrew S. Lipton4, Sarah Burton4, Ivan
Hung5, Peter L. Gor’kov5, Zhehong Gan5, William Brey5, David Rice6†, Angela M. Gronenborn2,3, and Tatyana Polenova1,2*
Department of Chemistry and Biochemistry, University of Delaware, Newark, DE 19716, United States; 2Pittsburgh Center for HIV Protein Interactions,
University of Pittsburgh School of Medicine, Pittsburgh, PA 15260, United States; 3Department of Structural Biology, University of Pittsburgh School of
Medicine, 3501 Fifth Ave., Pittsburgh, PA 15260, United States; 4Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory,
Richland, WA, 99352, United States; 5National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL, 32310, United States; 6Agilent
Technologies, Inc., 5301 Stevens Creek Boulevard, Santa Clara, CA 95051; United States.
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Introduction

Gag polyprotein from HIV-1 virus is responsible for
assembly of virions from infected cells. Gag and its two
products, capsid CA protein and capsid-spacer peptide 1 (CASP1), are the focus of this research. CA organizes and protects
the viral genome by assembling into conical capsids. Following
the viral entry into the host, CA disassembles to allow
release of the viral genetic material into the host cytoplasmic
compartment (uncoating). CA and the Gag processing
intermediate CA-SP1 have recently become attractive targets of
HIV-1 uncoating and capsid maturation inhibitors. Despite the
promise of targeting CA maturation and uncoating processes
by novel inhibitors, the current research is hampered by lack of
understanding of the molecular mechanisms of the maturation
and uncoating and of their temporal regulation, and detailed
atomic-resolution structural and dynamics information of the
assembled Gag, CA and CA-SP1 is still lacking. The objective
of our ongoing work is to gain atomic-level insight on structure
and dynamics of these HIV-1 protein assemblies and their
interactions with host proteins and small-molecule inhibitors,
through state-of-the-art solid-state NMR spectroscopy [1-3].

Experimental

MAS NMR spectra were acquired at 21.1 T (900 MHz) on
the ultra-wide bore 105 mm NMR magnet, outfitted with a 3.2
mm Low-E triple- resonance HXY probe developed and built
at NHMFL. 2D (DARR, INADEQUATE, NCA, and NCACX)
spectra were acquired on U-13C, 15N-labeled CA and CA-SP1
assemblies of tubular morphology. All spectra were processed in
NMRPipe and analyzed in Sparky.

Results and Discussion

We have analyzed the structure of HIV-1 CA and CA-
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(A)

(B)

(C)

(D)

Figure 1: From left to right: TEM (A) and confocal (B) images of CA A92E,
CA-SP1 A92E, CA WT and CA-SP1 WT tubular assemblies. (C) TEM image
of the CA-SP1 WT tubular assemblies acquired at higher magnification and
illustrating that highly regular hexameric lattice is clearly observed.
(D) Primary sequences of the HXB2 and NL4- 3 (A92E mutant) strains.

SP1 assemblies of tubular morphologies from two sequence
variants (Fig. 1). These assemblies yield unprecedented
high-resolution MAS NMR spectra at high magnetic fields,
permitting resonance assignments of these systems. We have
demonstrated that CA assemblies from two sequence variants
exhibit surprisingly large conformational differences in two
functionally important loops. Remarkably, we discovered

Life Sciences

that the SP1 peptide is dynamically disordered and exists in a
random coil conformation in the assembled CA- SP1 from both
constructs (Fig. 2). Our results published in JACS [3] provide
support for the hypothesis that capsid maturation proceed
via de novo reassembly and that the role of SP1 cleavage is to
mediate the disassembly of the immature lattice for maturation.
Our data highlight the importance of conformational plasticity
in HIV-1 capsid protein and call for atomic-level scrutiny of the
structures and dynamics of the maturation intermediates.

Conclusions

The current work sets the stage for mechanisms of HIV1 maturation and into evaluation the interactions of HIV-1
protein assemblies with maturation inhibitors at detailed
structural level. MAS NMR methods are envisioned to become
a central tool in these studies as they offer unprecedented
atomic-resolution insight into the structure and dynamics of the
various HIV-1 protein complexes.
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Figure 2: The superposition of the INADEQUATE spectra of the tubular assemblies of CA (orange) and CA-SP1 (black) HXB2 acquired at 21.1 T and
4 oC. A)-C) the aliphatic region; D) the Cβ−Cγ region of His residues; E) and
F) the Cα-C’ region.
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The number of organisms that can be fully 13C labeled is ever increasing. The complete labeling facilitates the direct
analysis of their metabolomes by high resolution 2D NMR. Known metabolites can be confirmed via database or novel
metabolites can be identified by reconstruction of their backbone carbon topology. However, quantitation of both types
of metabolites remains problematic. Here, 2D 13C – 13C CT-TOCSY spectra are collected for carbohydrate and amino
acid mixtures and are shown to be quantitative, overcoming the requirement of well resolved 1D resonances. Thus, the
technique holds promise for the direct quantification of metabolites in highly complex, real-world metabolic mixtures that
contain strongly overlapping peaks.

Quantitative Analysis of Metabolic Mixtures by 2D 13C
Constant-Time TOCSY NMR Spectroscopy
A.K. Bingol (FSU, Institute of Molecular Biophysics, NHMFL); F. Zhang (NHMFL); L. Bruschweiler-Li (FSU, Chemistry & Biochemistry, NHMFL);
R. Brüschweiler (FSU, Institute of Molecular Biophysics, Chemistry & Biochemistry, NHMFL)

Introduction

An increasing number of organisms can be fully
C-labeled, which has the advantage that their metabolomes
can be studied by high-resolution 2D NMR 13C-13C constanttime (CT) TOCSY experiments. Individual metabolites can
be identified via database searching or, in the case of novel
compounds, through the reconstruction of their backbonecarbon topology. Determination of quantitative metabolite
concentrations is another key task. Because significant
peak overlaps in 1D NMR spectra prevents straightforward
quantification through 1D peak integrals, we demonstrate here
the direct use of 2D 13C-13C CT-TOCSY spectra for metabolite
quantification. This is accomplished through the quantummechanical treatment of the TOCSY magnetization transfer
at short and long mixing times or by the use of analytical
approximations, which are solely based on the knowledge of the
carbon-backbone topologies. The methods are demonstrated for
carbohydrate and amino-acid mixtures [1].
13

Experimental

Uniformly 13C labeled carbohydrate and amino acid
mixtures were prepared. Quantitative 1D 13C NMR reference
spectra and 2D 13C-13C CT-TOCSY spectra at short (τm=4.7 ms)
and long mixing times (τm=47 ms) were recorded. The TOCSY
cross-peak volumes were computed by direct integration of the
Liouville-von Neumann equation describing the spin dynamics
in terms of quantum-mechanics during the 2D experiments.
By comparing the computed CT-TOCSY peak volumes with the
corresponding experimental volumes the relative concentrations
of the different compounds were determined [1].

Result and Discussion

The figure illustrates comparison of experimental and
simulated cross-peak integrals of fructose β-furanose, glucose
β-pyranose, isoleucine and lysine at long TOCSY mixingtime [1,2]. The peak integrals in the figure align well along
the diagonal with a correlation coefficient R > 0.95. At shorter
mixing times, the accuracy is slightly reduced because of the
smaller number of cross-peaks leading to larger statistical
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Figure 1: Quantitative comparison of experimental and simulated crosspeak integrals of 2D 13C-13C constant-time (CT) TOCSY acquired at long
mixing-time (τm = 47 ms). The molecules are (A) fructose β-furanose, (B)
glucose β-pyranose, (C) isoleucine and (D) lysine.

errors and distorted peak shapes caused by the presence of
zero-quantum effects. For the short time TOCSY experiments,
the numerical results were also approximated by analytical
relationships providing a rapid means for quantification [1].

Conclusion

The new techniques described here show that quantification
by 2D 13C-13C CT-TOCSY is feasible, overcoming the requirement
of well-resolved resonances in the 1D spectrum, which should
prove particularly useful for applications to highly complex
mixtures with strongly overlapping peaks as is typical for realworld metabolic samples.
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MgtC is a membrane protein and is important for the pathogenic activity of Mycobacterium tuberculosis in human macrophages. It has been shown to inhibit a very important ATPase in its human host. Salmonella contains an MgtC inhibitor, MgtR, that is absent in Mycobacterium tuberculosis. Thus, the non-native MgtR could be potentially used to inhibit
Mycobacterium tuberculosis protein if the binding and inhibition mechanism of MgtR on MgtC is understood. Here, the
Salmonella MgtR is shown to bind the Mycobacterial MgtC raising the hope that it could influence the function of the
Mycobacterial MgtC. Thus, peptides that mimic MgtR in the binding and inhibition of MgtC could be developed as a new
class of anti-TB drugs

Binding of MgtR, a Salmonella Transmembrane
Regulatory Peptide, to MgtC, a Mycobacterium
Tuberculosis Virulence Factor: A Structural Study
F.L. Jean-Francois (NHMFL); J. Dai (FSU, Physics, Inst. Molecular Biophysics); L. Yu (Univ. Science & Technology, China); A. Myrick, E. Rubin
(Harvard School of Public Health); P.G. Fajer (FSU, Inst. Molecular Biophysics, NHMFL); L. Song (NHMFL); H.-X. Zhou (FSU, Physics, Inst. Molecular
Biophysics); T.A. Cross (FSU, Chemistry and Biochemistry, NHMFL)

Introduction

MgtC is a membrane protein and an important virulence
factor for pathogens that replicate in human macrophages, such
as Mycobacterium tuberculosis (Mtb), the causative agent for TB.
MgtC has recently been shown to inhibit the all-important F1F0
ATPase that synthesizes ATP for the host. In Salmonella another
small membrane protein, MgtR inhibits MgtC, but MgtR is not
present in the genome of Mtb. Here, we describe the binding of
Salmonella MgtR to a transmembrane helix of the Mtb MgtC
using Oriented Sample Solid State NMR, Electron Paramagnetic
Resonance and Restrained Molecular Dynamics, potentially
opening a new approach for TB drug development [1].

Experiments

Peptides were chemically synthesized. Oriented Sample
solid state NMR spectra were acquired on 400 MHz NMR
spectrometer using an NHMFL Low-E triple-resonance biosolids
probe. Native cysteines in MgtR and MgtC were spin labeled
with MtSSL. All samples were prepared in DMPC lipid bilayers.
Continuous wave EPR measurements were performed on a
Bruker ELEXSYS E680 spectrometer at 150K and at the NHMFL.
Figure 1:
Superimposed OS
ssNMR spectra of
three specific site
isotopically labeled
MgtR samples in
liquid crystalline
lipid bilayers.

Results and Discussion

Fig. 1 shows the ssNMR spectra characterizing the MgtR
structure, additional ssNMR data was obtained for MgtC and
for the complex. Fig. 2 shows EPR spectra of the components
and complex providing a distance restraint between the two
peptides, while Fig. 3 shows the restrained molecular dynamics
refined structure.

Conclusions

Salmonella MgtR binds to Mtb MgtC. The active site of
MgtC is just a few residues from the N-terminus of the TM4 and
therefore MgtR is in an ideal position to influence the function
of MgtC raising the possibility that a peptide analog of MgtR
could be developed as a new class of anti-TB drugs.
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Figure 2: EPR
spectra of MgtR,
MgtC TM helix #4
and the combination of the two.
Red curves – spin
labeled; Black
curves – 30%
labeled peptides in
(a) and (b) and the
sum single labeled
peptides.

Figure 3: Molecular Dynamics refined
complex in DMPC bilayers showing the
inter-digitation of the sidechains
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Investigators from NHMFL and Harvard are using spin label electron paramagnetic resonance to characterize structural
changes in peptide fragments as potential vaccines against HIV-1 infection. Although current medications manage HIV-1
infection, drug resistance emerges and vaccines to prevent infection remain a target of high interest. Studies from these
investigators continue to focus on specific membrane bound orientations of potential protein targets in the viral fusion
process for development of antigentic vaccines.

EPR Analysis of a Membrane-Bound HIV Gp41 MPER
Segment as a Vaccine Candidate
L. Song (NHMFL); M. Kim, E.L. Reinherz (Dana-Farber Cancer Inst. & Harvard Med. School)

Introduction

A vaccine capable of stimulating anti-viral antibody
responses is needed to curtail the global Acquired
Immunodeficiency Syndrome (AIDS) epidemic caused by HIV-1.
A conserved membrane-proximal ectodomain region (MPER)
of the HIV-1 envelope protein gp41 is a target for vaccine
design to elicit protective anti-HIV antibodies (Fig. 1A). To
date, structural characterization of epitope-paratope pairs has
contributed to the understanding of antigenicity. By contrast,
few structural studies relate to immunogenicity, the process of
antigen-induced immune responses in vivo. Using a lipid-arrayed
MPER of HIV-1 gp41 as a model antigen, the influence of
physicochemical properties on immunogenicity was investigated
in relation to structural modifications of MPER/liposome
vaccines characterized by EPR spectroscopy.

Results and Discussion

First, we have used site-directed spin-labeling and EPR
spectroscopy to monitor conformational changes in the MPER
arrayed on the surface of liposomes or lipid-coated poly(lactideco-glycolide) (PLGA) nanoparticles. Immobilized components
of the spectra were evident in the PLGA particles preparation
compared to that of the liposomes (Fig. 1B). This reduced
mobility highlights an altered structural property of the MPER
peptides when it is arrayed on the lipid-coated nanoparticles.
Since an immobile feature is not characteristic of the MPER on
virus particles, liposomes were chosen as the vaccine delivery
vehicle. Next, EPR analysis was performed to assess changes in
Figure 1: EPR analyses of
MPER segments in liposome
vaccines. (A). MPER structure
on the membrane. (B). EPR
spectra of MPER peptides
bound to liposomes vs PLGA
nanomparticles. Arrows in the
latter highlight immobilization.
(C). Comparison of membrane
immersion depth values of
MPER and Npalm-7-MPER
peptides in the presence and
absence of 4E10 antibody.
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MPER orientation that were induced by a 7-residue linker and
lipid modification in Npalm-MPER, which will stabilize the
peptides in the lipids. The membrane immersion depths of spinlabeled L669R1 and W678R1 in Npalm-MPER were comparable
to those of L669R1 and W678R1 in the free MPER segment
adsorbed on the surface of the membrane (Fig. 1C). Consistent
with 4E10-induced depth change of L669R1 previously
observed, L669R1 was lifted out of membrane and exposed
to the aqueous phase upon 4E10 binding to Npalm-MPER,
suggesting that MPER orientation and antibody interaction is
preserved on the surface of Npalm-7-MPER (7 spacer)/liposome.
However, sequence modifications affected MPER membrane
orientation and antigenic residue accessibility, thereby altering
antibody responses (not shown).

Conclusions

The data provide fundamental insights for immunogen
design using structural properties, and have important
implications for HIV vaccine development. These results have
been published in J. Bio. Chem. [1]
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The authors of this report have investigated natural products produced by marine cyanobacteria for effects on Pseudomonas aeruginosa, a microbe known to cause serious opportunistic infections in humans. The results may offer important
inroads into drug development that would help limiting the effects of such infections.

Modular Strategies for Structure and Function
Employed by Marine Cyanobacteria: Characterization
and Synthesis of Pitinoic Acids
R. Montaser (UF, Medicinal Chemistry); V.J. Paul (Smithsonian Marine Station); H. Luesch (UF, Medicinal Chemistry)

Introduction

The Gram-negative bacterium Pseudomonas aeruginosa
causes serious opportunistic infections in different host tissues
and organs, such as cystic fibrosis infections in the lungs and
microbial keratitis in the eyes. Bacterial quorum sensing (QS)
has been shown to play a major role in bacterial pathogenesis,
where several QS-regulated virulence factors facilitate the
infection and tissue destruction. Tissue damage is also
aggravated by the host’s defense response, where the release of
pro-inflammatory mediators and the prolonged inflammatory
response are other contributors to tissue pathology. Accordingly,
inhibiting QS pathways in P. aeruginosa and simultaneously
controlling the associated inflammatory response is a promising
strategy for the treatment of infections caused by this organism.
In our continuous quest for drug discovery, we explored a
population of a marine cyanobacterium morphologically similar
to Lyngbya sp. collected from a channel at the north end of Piti
Bay at Guam, through NMR-guided fractionation, targeting
novel bioactive peptides and lipids.

Experimental

H and 2D NMR spectra were recorded on a Bruker Avance
II spectrometer (600 MHz, 5 mm TXI cryogenic probe).
1

Results and Discussion

acid A and the anti-inflammatory module pitinoic acid C.

Conclusions

Marine cyanobacteria utilize a clever modular strategy to
produce interesting bioactive secondary metabolites, such as
pitinoic acid B which represents a prodrug strategy to liberate dual
biological activity for the management of P. aeruginosa infections
and their associated inflammation. Accordingly, continuous
investigation of these organisms could lead to the discovery of
novel compounds with promising biomedical potential.
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Figure 1: Structures of pitinoic acids.

The cyanobacterial sample was extracted with organic
solvents. This organic extract was subjected to solvent
partitioning followed by NMR-guided fractionation to yield
the novel lipids pitinoic acid A (5-methylene decanoic acid)
and its chlorinated ester, pitinoic acid B. The planar structure
was elucidated using 1D/2D NMR and MS experiments.
Additionally, the structure of pitinoic acid B was confirmed by
synthesis, which also allowed for biological evaluation. Pitinoic
Acid A inhibits QS in P. aeruginosa, while the chlorinated ester
prevents the induction of pro-inflammatory cytokine expression
in LPS-induced THP-1 macrophages. In addition, we were able
to identify the presence of pitinoic acid C, the alcohol moiety in
pitinoic acid A, in one HPLC fraction, which also maintained
the anti-inflammatory effect detected for pitinoic acid B. Based
on this, pitinoic acid B appears to be a nature-designed prodrug
which could deliver two essential moieties with different
bioactivities upon hydrolysis, the QS-inhibitory module pitinoic

MAGLAB REPORTS 47

Life Sciences

Biology
MagLab scientists have pushed MR microscopy (MRM) to the level in which they can now image with high resolution in three
dimensions the entire fruit fly head at 10 micron isotropic resolution. Not only is the fruit fly brain an ideal model for genetic
manipulation but it is also ideal for developing non-invasive imaging technologies because it combines a small size (600 x 300
x 100 μm) with high complexity (105 neurons). Whereas previous MRM studies of the fruit fly head have been unsuccessful in
resolving microarchitecture of the Drosophila brain, the higher spatial resolution achieved in this study obtained using optimized
RF probes combined with diffusion and susceptibility weighting MRM resulted in the visualization of several microdomains.

Three-Dimensional MRM of the Drosophila Brain at
High Resolution
P. Fernandez-Funez (Neurology, UF); C.H. Lee (Neuroscience, UF); B. Hansen (Aarhus University, Denmark); S.J. Blackband (Neuroscience, UF)

Introduction

Here, we propose to push the limits of MR microscopy
(MRM) resolution using the Drosophila brain as a small,
but highly complex model system. For decades, the fruit fly
Drosophila melanogaster has proved a powerful model system
and has played a key role in our understanding of neuronal
specification and function [1]. The genetic tractability of
Drosophila has made this small fly a potent model for the
study of human diseases. Drosophila is also a powerful model
for understanding brain organization with the continuous
development of novel tools for neuronal tracing, which help
link circuits with behaviors. The fruit fly brain is an ideal model
for developing non-invasive imaging technologies because it
combines a small size (600 x 300 x 100 µm) with high complexity
(105 neurons). Two recent publications failed to reveal details
of the microarchitecture of the Drosophila brain using MRM
[2,3], hinting that this small brain was not accessible by MRM.
Thus, we undertook the challenge of demonstrating that
MRM can deliver enough resolution to dissect the well-known
microarchitecture of the Drosophila brain.

Experimental

We recently imaged a fixed Drosophila head at 10 µm
isotropic resolution using endogenous contrast with the
14.1 T AMRIS magnet. We collected data by two MRI
modalities, FLASH and DWI, on the same sample, resulting in
high contrast and the identification of several microdomains.

Results and Discussion

FLASH produced high signal of most internal head
structures, including the retina, the lamina, and the brain (Fig.
1B, F). However, the neuropil showed a fairly homogeneous
signal. Although the DWI signal was weak in the retina and
the lamina, the contrast within the neuropil was extraordinary,
allowing the identification of several known microdomains,
including the central complex, the pedunculus, the
suboesophageal ganglion, the medulla, and the lobula (Fig. 1C,
G). Remarkably, FLASH showed a brighter halo in the periphery
of the brain corresponding to the cortex containing the cell
bodies of the brain neurons (Fig. 1D-F, arrowheads). However,
DWI showed weaker signal in areas containing the cell bodies,
resulting in a pattern complementary to FLASH (Figs. 1G,
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arrowheads). The strong contrast of DWI allowed us to segment
the images and create a 3-dimensional reconstruction of the
Drosophila brain that closely reproduced the known spatial
distribution of its internal structures (Fig. 1H, I).

Conclusions

Overall, these images reflect the highest resolution and
contrast of the Drosophila brain by non-invasive microscopy
reported so far. We believe we can push for higher resolution
by taking advantage of the AMRIS facilities and apply these
advances to identify the early signatures of brain pathologies.
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Figure 1: The Drosophila
brain by MRM. A-C, The histological section exposes
the iterative organization of
retina and lamina. FLASH
imaging identifies both
structures, although the
lamina is stronger. DWI
is mostly hypointense in
these structures. D, E,
Comparative sections in a
fluorescent brain and in a
brain section. F, G, Same
brain imaged by FLASH and
DWI. The cortex (Cx, red
arrowheads) is hypointense
in DWI and hyperintense in
FLASH. C, 3D reconstruction of the brain using the
3D MRM images
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Investigators from the Department of Bioengineering at the University of Illinois at Chicago are working with MagLab
scientists on the AMRIS 750MHz MR system to analyze the unique properties of water diffusion in the brain. They used
continuous time random walk theory (CTRW) for Brownian motion to characterize the anomalous diffusion of water that
was observed in the isolated rodent brain determine by diffusion weighted MRI. From this analysis the authors have
identified new ways to characterize water diffusion in complex biological systems that allows for: a diffusing particle that
is sometimes trapped and sometimes free to jump, identification of specific forms of sub- and super-diffusion as natural
simplifications of the model, and finally the estimation of the entropy as a measure of system complexity. These new diffusion based parameters will help users to characterize changes in tissue microstructure. In this report the authors show
how two of these newly defined diffusion parameters can be used to visualize different regions of the brain.

Entropy as a Measure of Non-Gaussian Diffusion in
Fixed Rat Brain Tissues
R.L Magin (University of Illinois at Chicago, Bioengineering), C. Ingo (University of Illinois at Chicago, Bioengineering), L. Colon-Perez (University of
Florida, Gainesville, Physics), and T.H. Mareci (University of Florida, Gainesville, Biochemistry)

Introduction

Fractional-order dynamic models (e.g., systems of ordinary
and partial differential equations of non-integer order in
time and space) are becoming more popular for simulating
the behavior of complex systems (1). Recently, a stretched
exponential decay model has been fit to NMR measurements
of anomalous diffusion performed in solutions of dispersed
microbeads (2). Here, we extend this work via a new, generalized
diffusion model for the NMR propagator, p(q,Δ) and the spectral
entropy H(q,Δ).
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Results and Discussion

The signal decay plots for the ROIs selected in the corpus
callosum, thalamus, and cortex show clear divergence from the
mono-exponential decay on the linear-log scale (Fig. 1). The
MLF parameter, α, separated the central corpus callosum (0.42
± 0.04), the thalamus (0.57 ± 0.07), and the cerebral cortex (0.76
± 0.05) (Fig. 2a). The entropy, H(q,Δ), distinguished the central
corpus callosum (0.93 ± 0.01), the thalamus (0.86 ± 0.01), and the
cerebral cortex (0.81 ± 0.01) (Fig. 2b). We observed the best image
contrast in the constant Δ = 17.5 ms PGSTE DWI experiment, in
which q was arrayed over the largest range of gradient strengths.

log(S/S0)

In this study, we examined water diffusion in heterogenous
white matter (WM) and homogenous gray matter (GM) regions
of a fixed rat brain using a modified Pulsed Gradient Stimulated
Echo pulse sequence on a Bruker spectrometer (17.6 T, 750 MHz,
89 mm bore) located in the Advanced Magnetic Resonance
Imaging and Spectroscopy Facility of the National High
Magnetic Field Laboratory at the McKnight Brain Institute of the
University of Florida, Gainesville.

Figure 1: Signal plots and
Mittag-Leffler function (MLF)
fits for the corpus callosum
(red triangles), thalamus
(black squares), and cortex
(blue circles).
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Figure 2: Parameter maps
for a: α, and b: H(q,Δ) in an
axial slice through a fixed rat
brain.

Conclusions

We demonstrate that fractional order parameters and
entropy parameters can serve as biomarkers for morphology in
fixed neural tissue.
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Using the 900MHz and an optimized RF coil built for 35Cl detection in the live rat brain, Schepkin and colleagues were able
to demonstrate focal Cl and Na accumulation in brain tumors. In order to achieve the necessary sensitivity a customized
home-built quadrature birdcage coil was designed and constructed for in vivo 35Cl MRI at the NHMFL. The coil consisted
of independent tuning and matching trimmer capacitors that were implemented for in-phase and quadrature ports. The
coil was designed for use with a vertical in vivo probe frame developed at the NHMFL and was matched to a similar sized
custom-built sodium/proton coil. In addition, to quantify the MR signals from the short-lived Cl and Na signals, special
image analysis software was developed to analyze the data acquired using a modified 3D back projection MRI sequence.
The combination of specialized RF coils, ultrafast image acquisition sequences, and multiexponential analysis allowed for
the scientists to capture the Cl signal in vivo which is ~20 times less than sensitive than that of Na.

In vivo MR Imaging of Chloride and Sodium in Rat
Brain at 21.1 T
V.D. Schepkin (NHMFL); M. Elumalai (U. of Florida); J.A. Kitchen (NHMFL); C. Qian (NINDS/NIH); P.L. Gor’kov, W.W. Brey (NHMFL)

Introduction

Ultra high magnetic fields expand our capability to perform
MR imaging beyond commonly used proton imaging. The
importance of low gamma nuclei (low gyro-magnetic ratio)
for MRI remains practically unexplored, especially for in vivo
applications. The main difficulty for MR imaging of such nuclei
is the low intensity of their MR signals. Among such nuclei,
sodium and chlorine nuclei have important advantages that they
do not need to be added to living systems. The number of MRI
scanners with high magnetic fields is nowadays increasing and
sodium MRI is currently expanding its role as a unique tool for
in vivo research and applications. Imaging of chloride is more
challenging. Chloride has ~ 20 times less intensive MR signal
than sodium plus the augmented interaction with variety of in
vivo electric fields is leading to a more prominent bi-exponential
relaxation of its MR signals.

increased chloride concentration in glioma correlates with the
hypothesis stating a critical role of chloride for tumor progression.
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Experimental

The MRI experiments were conducted using a 21.1T
magnet (Tallahassee, FL), Bruker Avance III console (PV5.1
software) and gradient coil with ID = 64 mm (RR Inc.). The MR
resonance frequencies for chlorine and sodium were 88.15 MHz
and 237.5 MHz respectively. The 3D back-projection MRI pulse
sequence was a modified version of the ultra-short echo time 2D
pulse sequence provided by the Bruker PV 5.0 software.

Figure 1: In vivo sodium and chloride MRI of rat head. Chloride concentration is increased ~ 1.9 times in 9L glioma relative to a normal rat brain
and a corresponding value for sodium is 1.6 times. The increased chloride
concentration in glioma can be a precursor of tumor cell invasion.

Results and Discussion

The in vivo challenges of low sensitivity, short T2 relaxation
times and the small size of the acquisition matrix were evaluated
(Fig. 1 and Fig. 2). The concentration of chloride and sodium in
normal rat brain were found to be 33.2 mM and 44.4 mM [1].

Conclusion

The experiments in normal rat brain and glioma revealed:
chloride in vivo is as visible as the sodium MR signal. However,
the bi-exponential FID and limited sampling size dramatically
affect the quantification of MR images and needs to be corrected
according to the developed Matlab model. The finding of
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Figure 2: MR image intensities of sodium and chloride signals depend
on the object size due to a small acquisition matrix size and bi-exponential
relaxation of MR signals in vivo. The Matlab modeling of such dependence
demonstrates that these effects are much stronger for chloride than for
sodium and crucial for quantification of their MR images.
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Using the 900MHz, researchers tested the ability of a targeted, chitosan based nanoparticle containing Gadolinium to be
visualized by MRI. The nanoparticles were targeted to amyloid beta (Aβ) proteins within the walls of the cerebral vasculature of transgenic mice. Nanoparticles were also designed to carry an immunosuppressant drug/cargo intended to
reduce the underlying pathology caused by cerebrovascular inflammation in these animals. Nanoparticles generated MRI
contrast in both in cell phantoms and in an animal model of cerebral amyloid angiopathy (CAA). The CAA animal model is
characterized by the deposition of amyloid beta (Aβ) proteins within the walls of the cerebral vasculature with subsequent
aggressive vascular inflammation leading to recurrent hemorrhagic strokes and is a model of Alzheimer’s disease. Ex vivo
imaging of CAA rodent brains on the 900 reveled areas of decreased image contrast attributed to the targeting of these
amyloid plagues following the in vivo delivery of the targeted nanoparticle.

Engineering Theranostic Nanovehicles to Target
Cerebrovascular Amyloid Deposits
E. Agyare (Florida A&M U., Pharmaceutical Sciences); K.M. Jaruszewski (U. of Minnesota, Pharmaceutics); G.L. Curran (Mayo Clinic, Neurology);
J.T. Rosenberg (NHMFL); S.C. Grant (FSU, NHMFL); V.J. Lowe (Mayo Clinic, Radiology); S. Ramakrishnan (FSU, NHMFL); A. Paravastu (FSU,
Biomedical Engineering, NHMFL); J.F. Poduslo (Mayo Clinic, Neurology); K.K. Kamdimalla (U. of Minnesota, Pharmaceutics)

Introduction

Cerebral amyloid angiopathy (CAA) is characterized by
the deposition of amyloid beta (Aβ) proteins within the walls
of the cerebral vasculature with subsequent aggressive vascular
inflammation leading to recurrent hemorrhagic strokes. The
objective of this study was to develop theranostic nanovehicles
(TNVs) capable of a) targeting cerebovascular amyloid; b)
providing magnetic resonance imaging (MRI) contrast for
the early detection of CAA; and c) treating cerebrovascular
inflammation resulting from CAA. This work was published in
the Journal of Controlled Release (J. Control Release. 185: 121-9.
2014)

A

B

Experimental

The TNVs were comprised of a polymeric nanocore made
from Magnevist® (MRI contrast agent) conjugated chitosan.
The nanocore also was loaded with cyclophosphamide (CYC),
an immunosuppressant shown to reduce the cerebrovascular
inflammation in CAA. The putrescine modified F(ab’)2
fragment of the anti-amyloid antibody, IgG4.1 (pF(ab’)24.1),
was conjugated to the surface of the nanocore to target
cerebrovascular amyloid. The TNV was characterized with
regard to zeta potential, bindings to amyloid beta proteins,
uptake by cells using an in vitro CAA model and with an in vivo
animal model. The MRI contrast was characterized both with
solution phantoms and ex vivo using the 21.1-T ultra-wide bore
magnet at the NHMFL.

Results and Discussion

The average size of the control chitosan nanoparticles
(conjugated with albumin and devoid of Magnevist®, CYC,
and pF(ab’)24.1) was 164 ± 1.2 nm and that of the TNVs was
239 ± 4.1 nm. The zeta potential values of the control chitosan
nanoparticles and TNVs were 21.6 ± 1.7 mV and 11.9 ± 0.5
mV, respectively. The leakage of Magnevist® from the TNVs
was a modest 0.2% over 4 days, and the CYC release from the

Figure 1: A- T1 and T2 weighted MRI contrast and relaxivity measurements (table) of the TNV. B- High resolution ex vivo imaging of the CAA
animal model (yellow frame) showing its ability to target amyloid plaques
for detection with MRI.

TNVs followed Higuchi’s model that describe sustained drug
release from polymeric matrices. The in vitro and ex vivo model
demonstrated the ability of TNVs to target cerebrovascular
amyloid and provide MRI as well as single photon emission
computed tomography (SPECT) contrast.

Conclusions

Studies conducted with the in vitro model using human
microvascular endothelial cell as well as in mice in vivo have
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demonstrated the ability of TNVs to target cerebrovascular
amyloid. In addition, the TNVs provided contrast for imaging
cerebrovascular amyloid using MRI and SPECT. Moreover,
the TNVs were shown to reduce pro-inflammatory cytokine
production by the Aβ challenged blood brain barrier (BBB)
endothelium more effectively than the cyclophosphamide alone.
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save the date:

2015 Theory Winter School
January 5-9 at the MagLab in Tallahassee
This year, the lectures will focus on a subject of continuing
relevance in Condensed Matter and Materials Research Theory:

New Trends in Frustrated Magnetism
Ten distinguished speakers will make presentations throughout the week.
The goal of the Winter School is to bring together leading experts in this
active area of research. In addition to the talks, there will be a poster session
during which junior participants will have the opportunity for direct exchange
of ideas with their peers and with the lecturers. This program primarily
targets advanced theory graduate students and postdocs.
To learn more visit www.magnet.fsu.edu/winterschool
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Interested in applying for magnet time, but worried about the logistics of
child or adult dependent care? Trying to attend a meeting or conference, but
struggling to balance the trip with the demands of family life?
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user center

MagLab’s Worldwide User Community
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In 2013, the MagLab hosted 1,377 users from universities, government labs and
private companies – 126 in the United States and another 106 worldwide.
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2014 user
Summer School
F

rom May 19 to 23, the MagLab hosted a group of 28 graduate students, postdocs,
and early career scientists at the 2014 User Summer School. Participants came from 13
institutions to get practical measurement experience from condensed matter physics
experts. There were opportunities to learn over the week-long session, with participants
attending tutorials on measurement techniques, hands-on exercises, and lectures.

Participant demographics

57+3373L

78+22L
GENDER

79% Male
21% Female

100%

Race/
Ethnicity

56% White/
Non-Hispanic or Latino
33% Asian
7% Hispanic or Latino
4% Black or
African American

L
4
11
+
85
Education/
career
level

85% Graduate
students

11% Postdocs
4% undergraduate

of participants indicated that they would recommend
Summer School to their colleagues.
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“

“
“

I gained confidence in several
experimental techniques.

it will be greatly beneficial
“ Iforbelieve
my career.

“

“

The content in the lectures goes beyond
the content of my textbooks, and the
practicals give me a chance to see the
ideas applied to a real measurement.

“

“

I had high expectations, but the
experience was even better.
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MagLab News
HONORS & AWARDS
The NHMFL Coil Development Team – Todd Adkins, Eric
Arroyo, Justin Deterding, Iain Dixon, Lamar English,
Emsley Marks, Donald Richardson, and Robert Stanton won a Prudential Productivity Award. This award recognizes Florida
state workers who have developed and implemented innovative
solutions that lead to cost savings or efficiency gains.

Two videos featuring MagLab-affiliated staff won the NIH Common
Fund 10-year Commemoration Video Contest. “Some Cells Know
How to Keep Their Secrets” features Art Edison and explains
how the University of Florida (UF) Southeast Center for Integrated
Metabolomics looks inside cells for clues to solve the mysteries
of disease. “In Search of Treasures from the Sea” features the
work of Hendrik Leusch, UF researcher and Director of the
Center for Natural Products Drug Discovery and Development.
Leusch’s research focuses on collecting and studying marine
organisms with the potential for development into drug therapies
and disease prevention. Both videos are available online at commonfund.nih.gov/contests/videos.
		

Edison

Leusch

Fumitake Kametani, research faculty
in the MagLab’s Applied Superconductivity
Center (ASC), is the winner of the First
International Cryogenic Materials
Conference (ICMC) Young Investigator
award. This award will be given out at
the ICMC Conference.

MagLab Education Director Roxanne
Hughes was appointed to serve on the
Tallahassee-Leon County Commission on
the Status of Women and Girls through
2016. The 21-member commission
works to promote awareness on issues
pertaining to women and girls in the
community and serves in an advisory
role, providing input to the city and county commissions.
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Munir Humayun, Florida State
University professor and member of the
MagLab’s geochemistry department, has
been elected a Fellow of the Meteoritical
Society in recognition of his outstanding
contributions to the study of meteoritics.
The society has over 1,000 members in
52 countries, and fellows are elected
only in even-numbered years.
Yoonseok Lee, MagLab-affiliated
faculty at the University of Florida, has
been awarded a Colonel Allan R. and
Margaret G. Crow Term Professorship for
2014-15. Crow Professorships recognize
College of Liberal Arts & Sciences faculty
who have demonstrated excellence in
scholarship, teaching, and service.

Two members of the MagLab Diversity
Committee had chapters published in
books about diversifying the STEM fields.
Dragana Popovic’s chapter, “Recruiting Women STEM Faculty: Best Practices,”
was published in Alliances for Advancing
Academic Women: Guidelines for
Popovic
Collaborating in STEM Fields (edited by
P.J. Gilmer, B. Tansel and M. Hughes Miller). Additionally, Roxanne
Hughes authored a chapter titled “The Evolution of the Chilly
Climate for Women in Stem” in the new book Girls and Women in
Stem: A Never Ending Story (edited by Janice Koch, Barbara
Polnick, Beverly Irby).
On June 3 and 4, 2014, director of the MagLab’s Center for
Integrating Research and Learning (CIRL), Roxanne Hughes,
represented the lab at the National Academy of Sciences Outof-School STEM Learning Summit. She presented a poster that
highlighted the out-of-school STEM outreach that CIRL facilitates
at the lab. This poster also included information on the evaluation and research that CIRL staff conducts. The poster is available
online at http://sites.nationalacademies.org/DBASSE/BOSE/
DBASSE_088540.

COMING & GOING
After more than 16 years, Assistant to
the Director Diana DeBoer retired
from the MagLab on June 27th. Before
joining the MagLab team, she worked for
Florida State University’s Center for
Materials Research and Technology
(MARTECH) and was involved in the
initial proposal to bring the MagLab to
FSU. Over her time at the MagLab, Diana worked in a number of
user programs and for the lab’s initial director, Jack Crow.
Lezlee Richerson is the new assistant
to the director and joins the MagLab
from the FSU Office of Research.

Alan Marshall, director of the
MagLab’s Ion Cyclotron Resonance
Facility, gave the Sigma Lecture at Saint
Louis University in April 2014, and will be
presenting the Michael L. Gross Award
Lecture at the University of Nebraska in
October 2014. There was also a symposium, “Instrumentation: New Developments in High Resolution & Mass Accuracy,” to celebrate Alan
Marshall’s 70th birthday at the American Society for Mass Spectrometry Annual Conference in Baltimore in June 2014.
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