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DIRECTOR’S DESK by Gregory Boebinger
advertise a few of the recent advances in
experimental capabilities developed for
user research in high magnetic fields. So
here are the 2010 highlights!

ABOVE Greg, greeting 4,500 visitors at the Mag
Lab’s 2011 Open House. Once you’ve tie-dyed
the T-shirt, and worn the rainbow top hat, what
else can you do?

The 2011 Science Highlights issue of
Mag Lab Reports! Once again, it’s that enjoyable time of year when I get to review
the very best of our users’ research. One
might say its nigh near festive, although
this is the first time I’ve actually tie-dyed
the beard.
Admittedly, by the time I get the
list of reports recommended by the lab’s
Science Council, they’ve done most of the
work. The Science Council pores over
hundreds of research reports (precisely 417
this year) and down-selects to an e-stack
of about 50 (precisely 54 this year). Even
still, I find it an enviable— though difficult— chore to select which to feature in
the Highlights issue…which is why I resist
setting a firm number of highlights for the
issue. Why pick “the top 25” when there
are 31? Or 43? (Or precisely 40 this year.)
How to decide? First, I want the highlights issue to be representative of the Mag
Lab’s User Program writ large. I look for
work that showcases the impact, creativity
and breadth of the research that utilizes
the lab’s seven user facilities. Second, I
want the highlights to be recognized as
outstanding by more than just one guy
in a funny hat (see photo), which is why
the selection criteria favor research that
is published. Third, I want this issue to
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Research reports rundown
In 2010, 417 research reports were received in 18 categories, representing the life
sciences, chemistry, magnet science and
technology, and condensed matter science.
• 22% of the research activities (92
reports) were already published in 2010,
many in prominent journals.
• 18 reports were accepted for publication;
49 were submitted for publication; and
155 have manuscripts in preparation.
• The majority of research projects were
funded by the U.S. National Science Foundation. The U.S. Department of Energy,
and the U.S. National Institutes of Health
were the next two largest funders of user
research at the Mag Lab.
• Additional funding organizations represented in our user community included:
American Heart Association, Electric
Power Research Institute, International
Thermonuclear Experimental Reactor, National Aeronautics and Space Administration, National Oceanic and Atmospheric

Administration, U.S. Air Force Office of
Scientific Research, U.S. Army, U.S. Navy,
and numerous universities.
• The Magnet Lab User Collaboration
Grants Program supported 43 of the 418
research activities and was the primary
support for 17 projects.
• International support for users included
science federations, ministries, and universities in countries around the world
including Canada, Brazil, the United Kingdom, Germany, Denmark, Poland, Russia,
Slovenia, Greece, the European Union,
Israel, India, Japan, Korea and China.
The research future
A quick Director’s Desk reminder
that we continue to collect user input to
the Mag Lab’s renewal proposal, to be
submitted in August 2011. You’ll find
instructions on page 50 for including your
opinions and perspectives in the development of the proposal. This NSF grant will
fund your 2013-2017 research opportunities, so let us know what you think!

Science Council
Composed of distinguished research scientists representing all three sites
of the Magnet Lab, the Science Council is responsible for, among other
things, recommending each year’s research highlights. Members are:
Albert Migliori, LANL Fellow and Pulsed Magnet User Program
Art Edison, Professor of Biochemistry and AMRIS User Program
Gail Fanucci, Assistant Professor, AMRIS User Program
Zhehong Gan, Scholar-Scientist, NMR User Program
Lev Gor’kov, Program Director, Professor, Condensed Matter Science/Theory
Stephen Hill, Director, EMR Program User Program
Jurek Krzystek, Scholar-Scientist, EMR User Program
David Larbalestier, Director, Applied Superconductivity Center
Dragana Popovic, Scholar-Scientist, Condensed Matter Science/Experimental
Ryan Rodgers, Associate Scholar-Scientist, ICR User Program
Theo Siegrist, Professor, Condensed Matter Science/Experimental
Glenn Walter, Associate Professor, AMRIS User Program
Huub Weijers, Engineer, Magnet Science & Technology
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The Center for Integrating Research
and Learning (CIRL) continues to identify
ways to engage students, teachers, and
the general public in science – the process
of science, the nature of science, and the
scientific endeavor. CIRL’s ever-growing
suite of outreach programming encourages K12 students, undergraduates, and
graduate students to pursue careers in
science, technology, engineering and
mathematics (STEM) fields.
The past year saw the launch of
CIRL’s Science Café, a monthly lecture
headquartered in a local bar. The goal of
the Café is to spark conversations about
science in daily life. The series, facilitated
by CIRL postdoctoral researcher Roxanne
Hughes with support from Public Affairs,
enjoys standing-room-only crowds on the
first Tuesday of each month. Topics have
ranged from applied subjects (alternative
energy, the Deepwater Horizon oil spill)
to more esoteric ones (the physics of time).
Kids and their families get nontraditional access to lab outreach (and grad
students, the opportunity to conduct it)
during Science Nights, which take place
at local schools and can attract up to 250
parents and students.

The lab’s REU and RET programs remain an established success, with 22 undergraduates and 14 K-12 teachers gaining
valuable hands-on lab experience in 2010.
An initiative to track past REUs via social
networking approaches has measured
the program’s influence and kept those
students connected to both CIRL and to
each other.
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Local and regional schools continue
to utilize CIRL’s classroom outreach
offerings in droves. In 2010, classroom
outreach was conducted for 9,099 students
from 11 counties in North Florida and
South Georgia; 970 students came to the
Magnet Lab for field trips and tours.
Middle school mentorship and
and SciGirls I and II camps for middle
and high school girls ensured that the
lab provides attention-getting, immersive programming at the very age many
children begin losing interest in science.
Thirteen middle school students participated in the mentorship program, and 32
young women learned about everything
from Magnet Science to animal surgery
through SciGirls.

This document is available in
alternate formats upon request.
Contact Amy Mast for assistance.
If you would like to be added to
our mailing list, please write us
at the address shown above,
call 1(850) 644-1933,or e-mail
winters@magnet.fsu.edu.
The MagLab is supported by the
National Science Foundation and
the State of Florida.
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Technique Development
YbAgGe is a stoichiometric heavy-fermion compound that has attracted the attention of the correlated-electron-system
community since its discovery by Bud’ko et al. in 2004 because of its frustrated antiferromagnetic ground state. While a
number of phase boundaries have been discussed as a function of magnetic field, temperature and pressure — Tokiwa et
al. (2006) and Kubo et al. (2010) — Schmiedeshoff et al. here report unprecedented details of the (H,T) phase boundaries
that could help to further develop a global theory for heavy-fermion compounds.
• Accepted for publication as a Rapid Communication in Physical Review B.

Magnetostriction as a Phase Diagram Probe for Quantum
Criticality of YbAgGe
G.M. Schmiedeshoff (Occidental College);
E.C. Palm, S.T. Hannahs, J.–H. Park, T.P. Murphy (Magnet Lab, Florida State University);
S.L. Bud’ko and P.C. Canfield (Ames Laboratory and Iowa State University)

YbAgGe is a stoichiometric
heavy-fermion antiferromagnet
exhibiting non-Fermi liquid (nFL)
behavior attributed to a field-induced
quantum critical point (QCP) near
4.5 T1. Thermal-expansion measurements (made at Occidental College)
and magnetostriction measurements
(made at the Magnet Lab/Tallahassee,
see Figure 1) made with capacitive
dilatometers2 reveal a phase diagram
of YbAgGe studied with unprecedented detail in the regions near 4.5 T
(labeled “c” and “d” in Figure 2). The
phase transition at 4.5 T, labeled H3
in Figure 1, has a first-order character
that is not consistent with the existence of a QCP (which are generally
continuous phase transitions). We
suggest that this is a metamagnetic
transition and that YbAgGe is close
to a quantum critical end-point at 4.5
T. The phase transition on the high
field side of the d-phase (labeled H5
in Fig 1.), however, is continuous and
we suggest that a QCP at H5 =7.2 T
is responsible for the observed nFL
behavior nearby.
Recent theoretical work characterizing several quantum critical
materials on a global phase diagram
incorporating Kondo coupling and
degree of magnetic frustration [3] suggests that YbAgGe may evolve from
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AF order (d-phase) through a spinliquid phase (e-phase) before a Fermi
liquid (FL) phase (f-phase) is recovered. FL behavior has been observed
above 12 T [1] and the large magnetostriction we observe in the e-phase is
consistent with spin-liquid behavior
[4]. More details on these measurements and the arguments underlying
our proposals and interpretation will
appear elsewhere [5].
Acknowledgements
This work was supported by the
National Science Foundation under
Grant No. DMR-1006118 and by the
U.S. Department of Energy, Basic
Energy Sciences, under Contract
No. DE-AC02-07CH11358. We also
acknowledge support through the
Magnet Lab’s User Collaboration
Grant Program (UGCP).
REFERENCES
1. S.L. Bud’ko, S.L., and Canfield, P.C.,
Physica B 403, 1230-1231 (2008).
2. Schmiedeshoff, G.M. et al., Rev. Sci.
Instrum. 77, 123907 (2006).
3. Si, Q., Phy. St. Sol. B 247, 476 (2010).
4. Ruff, J.P.C. et al., Phys. Rev. Lett.
105, 077203 (2010)
5. Schmiedeshoff, G.M. et al., to appear
in Phys. Rev. B Rapid Communications.
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FIGURE 1. Typical magnetostriction data with H applied in
the basal plane.

FIGURE 2. Phase diagram of YbAgGe from dilation measurements. The solid lines represent earlier measurements of thermodynamic phase boundaries, the dashed
lines represent features in the Hall resistivity.

Technique Development
Here the authors report a significant improvement to the capabilities offered in the DC Field Facility, with the implementation of new brushless motors to rotating probes in DC superconducting magnets. The probes furbished with the new motors show unprecedented signal-to-noise levels, resolution and versatility, and will certainly have a big impact in the quality
of the data acquired at the facility. These noise-free rotating probes will be particularly valuable for users researching anisotropic metals and molecular magnets in the soon-to-be-commissioned split magnet.

Improvement of the Rotating Probes at the Mag Lab
DC Field Facility
A. Suslov; T. Murphy; S. Hannahs (Magnet Lab, FSU)
Introduction
Currently stepper motors1 are installed on the rotating probes2 at all systems of the Magnet Lab’s DC Field Facility.
These motors allow researchers to perform
measurements in tilted magnetic fields and
to achieve precise orientation of a sample
with respect of the field when required. At
the same time, it is known that these motors produce strong electrical noise, thus
decreasing the signal-to-noise ratio and
even compromising temperature stabilization at dilution refrigerator temperatures.
Nowadays, compact brushless motors are
available3. We performed extensive tests
to understand if installation of brushless
motors is beneficial in comparison with the
currently used stepper motors.
Experimental Results, Discussion
and Conclusions
A brushless motor was installed at
the rotating probe used for the 18 tesla (T)
magnet with Variable Temperature Insert
(VTI) and/or 3He cryostat (SCM2). Software allowing control of the brushless motor was designed and incorporated into the
data-acquisition soft ware used at the entire
DC Field Facility. We tested the ability of
the motor to perform proper operations
while the experiments were conducted in
magnetic field and at a temperature down
to 0.3K. The tests were repeated at various
parameters, i.e. rotation speed, rotation
distance/step, proportional-integral-derivative (PID) coefficients, maximal acceleration/deceleration, etc. Soft ware bugs were
found and fi xed during the tests.
For the testing, we simultaneously

measured longitudinal and Hall voltage
of a two-dimensional system in a Si/SiGe
heterostructure. The results of 48-hour
continuous rotation [Figure 1(a)] show the
suitability of the motor for long time measurements. Several runs (note red curves)
were performed at the same field values to
test reproducibility of the sample position.
Note that due to the design of the probe, 90
degrees of the sample rotation corresponds
to about 10,000 degrees of the motor rotation. Also, measurements were performed
on the same sample using our standard
stepper motor and the new brushless motor. The motors were exchanged at the top
of the probe without unloading the sample
from the cryostat. Thus, the same experimental conditions, i.e., the field values, the
temperature value, and the angle position,
were assured. The results of these measurements are presented in Figure 1(b) and
show that the brushless motor significantly
reduces noise in the transport measurement compared to the stepper motor. Our
tests confirm that brushless motors are a
good replacement for the stepper motors.
We are installing brushless motors and
testing them on other DC Field systems
including dilution refrigerators.
REFERENCES
1. Intelligent Motion Systems, 370 N. Main
Street, Marlborough, CT 06447;
URL: http://www.imshome.com.
2. E. C. Palm and T. P. Murphy, Rev. Sci. Instrum. 70, 237 (1999).
3. Applied Motion Products, 404 Westridge
Drive, Watsonville, CA 95076;
URL: http://www.applied-motion.com.

a.

b.

FIGURE 1.
a. Hall voltage dependence on the tilt angle
measured on a Si/SiGe Hall bar at various
magnetic fields of up to 18 T and temperature
1.7 K. Field step 0.4 T.
b. Longitudinal magnetoresistance measured
on the same Hall bar using a stepper motor
(green) and a brushless motor (red).
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Technique Development
This is a beautiful set of skin-depth results that show clean quantum oscillations in the pressure-induced metallic state of
the title compound. The data, taken as a function of field and angle, reveal an anisotropic Fermi surface displaying a single
fundamental frequency, as well as other features that suggest magnetic breakdown in small pockets. This report illustrates
an elegant example of the use of a contactless tunnel diode oscillator (TDO) technique in a pressure cell for high magnetic
field Fermi surface investigations to 3He temperatures.

Quantum Oscillations in EtMe3P[Pd(dmit)2]2 Under Pressure
D. Graf, T. M. Murphy, E. C. Palm, R. L. Stillwell, J.-H. Park, S. W. Tozer (Magnet Lab, FSU);
R. Kato, H. B. Cui (Condensed Molecular Materials Laboratory RIKEN, Saitama, Japan)

ducting state at Tc ~ 5 K1. Here we report
on contactless skin-depth measurements
undertaken in a miniature non-metallic
diamond anvil cell.
Experimental
Skin-depth measurements were
performed at the Magnet Lab’s DC Field
Facility in a 35-tesla DC magnet using
“System D” (sorb pumped He-3). The ~
400 μm diameter sample was wrapped
with a coil of wire and placed in the gasket
of a diamond anvil cell. An oil medium
was used for quasi-hydrostatic pressure
and the pressure was calibrated at the
experimental temperature using the fluorescence peak of a small chip of ruby.
FIGURE 1. Skin-depth measurements of
EtMe3P[Pd(dmit)2]2 at T ~ 350 mK and 2.3 kbar.
A 3 term polynomial was subtracted from the
background. Inset: Fast Fourier transforms of
the data.

Introduction
The quasi-two-dimensional (Q2D)
organic compound EtMe3P[Pd(dmit)2]2
contains conduction layers composed
of [Pd(dmit)2] molecules and insulating layers containing EtMe3P. Dimers of
[Pd(dmit)2] contain one electron each and
have a Coulomb repulsion larger than
the bandwidth leading to a Mott insulator. When cooled below ~ 25 K, a lattice
distortion allows for the formation of an
insulating valence bond solid (VBS) state.
Previous transport measurements under 2
kbar of pressure have shown the suppression of the VBS, revealing resistivities as
low as 100 mΩ cm preceding a supercon-
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Results and Discussion
The TDO frequency was amplified, mixed and recorded as the field was
swept (Figure 1). Fast Fourier transforms
(FFT) of each trace were taken, finding
a fundamental frequency of Fα ~ 4600T
(Inset of Figure 1). The behavior of the
frequencies deviates slightly from the F/
cos(θ) dependence expected from a 2D
Fermi surface cylinder where we observed
a number of closely spaced peaks near
θ ~ 0°. In this orientation, a set of three
peaks occurs near ~ 4600 T with another peak at Fβ ~ 180 T. This is reminiscent of another M(dmit)2 compound,
Et2Me2N[Ni(dmit)2]2, where similar frequencies were found but pressure was not
required2. The FFT peaks suggest magnetic breakdown orbits, where we observe
the Fα-β, Fα and Fα+β frequencies.
A warped Fermi surface topology

MAG LAB REPORTS Volume 18 No. 2

may explain the sharp increase in oscillation amplitude observed at θ ~ 19°,
where the grey trace shows the unchanged
amplitude. With a warped Q2D Fermi
surface tilted into a specific orientation
with respect to the applied field, all of the
carriers at the highest Landau level contribute to the same sized orbit, rather than
different sizes from necks and bellies, and
a single dominant oscillation frequency
emerges.
Conclusions
Skin-depth measurements have
confirmed that the insulating VBS state
of EtMe3P[Pd(dmit)2]2 is suppressed by
moderate pressures of ~ 2 kbar. At low
temperatures an anisotropic Fermi surface
is revealed with a fundamental frequency
of Fα ~ 4600T, and features suggesting the
possibility of magnetic breakdown with
small pockets.
Acknowledgements
This work was funded by the DOE/
NNSA under DE-FG52-06NA26193.
HBC and RK acknowledge support from
a Grant-in-Aid for Scientific Research on
Innovative Areas (20110003).
REFERENCES
1. Shimizu, Y. et al., Phys. Rev. Lett. 99,
256403 (2007).
2. Tajima, H. et al., Solid State Commun. 88,
605 (1993).

Graphene
The nature of the electronic states at the zero-energy (N=0) Landau level (LL) has not been well understood. This report describes magnetotransport experiments in single-layer graphene that have allowed the mapping of the low-temperature (B, ns)
phase diagram of the electronic states at the N=0 level. The metal-insulator transition (MIT) from the quantum Hall effect plateau
state to an insulating phase is identified, reconciling at the same time various conflicting data reported earlier by other groups.
•Published in Physical Review Letters 105, 046804 (2010).

Metal to Insulator Transition on the N=0 Landau Level in Graphene
L. Zhang, Tonica Valla, I. A. Zaliznyak (Brookhaven National Laboratory, Condensed Matter Physics and Materials Science Department);
Y. Zhang, E. Mendez (State University of New York, Physics)

FIGURE 1. a., b. & c. A well-defined insulating region is seen in resistivity ρXX(ns, B),conductivity σxx(ns, B),and the derivative of the Hall conductivity, dσxy/dnS.
FIGURE 2. a., b. & c. ρxx(ns), σxx(ns) and σ xy(ns) at different temperatures for B = 18 T. Broken vertical lines bound insulator region at low charge density, ns.
FIGURE 3. a., b. & c. Schematics of the Landau levels and the proposed phase diagram for graphene system.

Introduction
Graphene has remarkable electronic
properties. In a perpendicular magnetic
field B, where electron states are quantized Landau levels (LL), it develops an
anomalous semi-integer quantum Hall
effect (QHE). At the N=0 LL, the nature
of the electronic states is still unclear. The
primary goal of this portion of our program is to investigate the quantum Hall
transport in graphene samples under high
magnetic field with the goal to improve
our understanding of the local structure
of quantum Hall states in graphene.
Experimental
We used the cell-12 system (He-3
system, magnetic field up to 35 T) and
the He-3 system in SCM2 (T down to
0.3 K, B up to 18 T). The sample preparation and device fabrication was done at
the Brookhaven Center for Functional
Nanomaterials. We carried out a series of
measurements of magnetoresistance in

graphene devices aimed at exploring and
quantifying the insulator behavior emerging in strong magnetic field in samples
with high mobility (above 5,000 cm2/Vs).
Results and Discussion
Figure 1 illustrates the breakdown of
the N = 0 quantum Hall state and the appearance of the insulating behavior in our
graphene sample in high magnetic field
and at low temperature. A clear feature
corresponding to quantum phase transition is observed near ns=0. The temperature dependence in Figure 2 is completely
consistent with Figure 1. Here the metalinsulator transition is also clearly revealed
by the crossing of ρxx(ns) curves measured
at different T.
Conclusions
We thus establish a phase diagram
of the metal-insulator transition at the N
=0 LL for graphene. MIT occurs in the
regime of the dissipative transport, where

Rxx>R K/2, and at ρxx≈R K/2. It is surprisingly similar to the plateau insulator
transition in a two-dimensional electron
gas. The main difference is clearly seen in
the low-field part of the phase diagram of
Figure 3, where Klein tunneling of Dirac
electrons in graphene impedes the low
density insulating phases.
Acknowledgements
We thank J.-H. Park, T. Murphy and
E. Palm for help with the measurements.
This work was supported by the U.S.
DOE under the Contract No. DE-AC0298CH10886. Work at the Magnet Lab is
supported by the NSF through Grant No.
DMR-0084173 and by the state of Florida.
REFERENCES
1. Zhang, L.Y. et al., Physical Review B 80
(24), 241412 (20 09).
2. Zhang, L.Y. et al., Physical Review Letters
105 (4), 046804 (2010).
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Graphene
This report describes two-terminal magnetoconductance measurements on suspended graphene samples. The results
represent the first evidence for the fractional quantum Hall effect in bilayer graphene, as well as the first observation of the
quantum Hall effect of any kind in trilayer-graphene devices.
•Published in Physical Review Letters 105, 246601 (2010).

Evidence for Fractional Quantum Hall States in Suspended
Bilayer and Trilayer Graphene
C.N. (Jeanie) Lau, W. Bao, J. Velasco Jr., L. Jing, Z. Zhao (U. California, Riverside, Physics);
D. Smirnov (Magnet Lab, FSU, Physics)
Introduction
Graphene, with its anomalous “halfinteger” quantum Hall effect (QHE), has
emerged as a new platform for physics in
low dimensions and special symmetry
groups such as SU(4). Bilayer graphene
and trilayer graphene have attracted
significant attention, as their charge
carriers are massive Dirac fermions with
many predicted novel phenomena, such as
tunable band gap, tunable excitons with
possibility of condensation, and unusual
flavor symmetry.
Experiment Results
Using low-temperature transport
measurements, we experimentally
investigated magnetoconductance on
suspended bilayer graphene and trilayer
graphene devices with mobilities up to
270 000 cm2/V s1. For bilayer devices, we
observe clear resolution of all integer QH
states with 0 ≥ ν ≥ -8, indicating lifting
of the degeneracies for the zeroth, first
and second Landau levels (LL). At higher
magnetic fields up to 31 tesla (T), we observe the n=1/3 fractional QH state, which
disappears at ~ 2-5 K (Figure 1a). For the
trilayer devices, we observe QH features at
fi lling factors -4, -2, -1 and 0, as well as a
feature at fi lling factor ν~0.5 that persists
up to 5 K, which may correspond to the
ν =1/2 or 2/5 state in the SLG-like branch
of the trilayer’s energy spectrum. This is
the first time that QH features of any kind
have been observed in trilayer devices.

FIGURE 1.
a. Bilayer device: conductance G vs. gate voltage Vg and magnetic field B at 300 mK.
Inset: SEM image of a suspended graphene device.
b. Trilayer device: G(Vg) and G(ν) at B=2.2, 2.5, 3.0, 3.5, 3.8 T.

Acknowledgements
We acknowledge the support of NSF
CAREER DMR/0748910, NSF/ECCS
0926056, ONR N00014-09-1-0724, and
FENA Focus Center. D.S. acknowledges
the support by NHMFL UCGP #5068.
REFERENCES
1. Bao, W. et al., Phys. Rev. Lett. 105,
246601 (2010).
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Graphene
This report describes the observation of the fractional quantum Hall effect (FQHE) in high-mobility, multi-terminal singlelayer graphene devices fabricated on a single-crystal boron nitride substrate. The observed FQHE states exhibit an unusual
hierarchy, which is attributed to the special symmetry of graphene.

Fractional Quantum Hall Effect in Graphene on Boron Nitride
C. R. Dean (Columbia University, Electrical Engineering and Mechanical Engineering);
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Introduction
The fabrication of graphene
devices on single-crystal boron
nitride (BN) substrates has lead to
an order-of-magnitude improvement in sample quality over previous devices fabricated on silicon
substrates. This improvement has
enabled the first transport measurements of high-mobility graphene in
a multi-terminal Hall bar geometry
over a wide range electron densities.
Unambiguous signatures of the fractional quantum Hall effect (FQHE)
were observed in both the lowest
and first excited Landau levels (LL).
Experimental
Graphene/BN heterostructures were fabricated by mechanically exfoliating graphene and BN
separately onto Si/SiO2 substrates.
Graphene flakes were then mechanically transferred onto BN, patterned
into a Hall bar using conventional
electron beam lithography techniques, and contacted with electrical
leads consisting of a Cr/Au metal
stack. Four-terminal transport
measurements were performed using standard low-frequency lock-in
techniques. All measurements were
performed in a 35 tesla (T) resistive
magnet with the sample mounted
in a 3He cryostat (sample in vapor)
at an approximate 300 mK base
temperature.

Results and Discussion
At 35 T our samples show clear
evidence of the FQHE (Figure 1).
Signatures of the ν = 1/3 and ν = 2/3
states, previously detected only in
two-terminal measurements of suspended graphene samples, are found,
with the best developed fraction appearing at ν = 4/3. The FQHE is also
observed at several filling fractions
in the second Landau level with the
gaps measured by thermal activation (Figure 2) to be approximately
10 times larger than those reported
for the best GaAs samples, despite
our graphene sample possessing an
order-of-magnitude lower mobility.
In the lowest LL, an unexpected hierarchy of the FQHE states is found,
which we ascribe to the approximate
SU(4) symmetry of the quantum
states expected for graphene.
REFERENCES
1. Dean, C.R. et al., Nature Physics (in
press, 2010).
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Magnetism & Magnetic Materials
In the complex material Co3V2O with competing magnetic interactions, an external magnetic field influences the cobalt atoms and their local bonds to oxygen atoms. It was found that the cobalt atoms locally distort their enviroment and change
their vibration frequency. This gives rise to a large magnetoelastic response of the material.
•Published in Physical Review B. 81, 012403 (2010).

Magneto-elastic Coupling in Magnetically Frustrated Co3V2O8
J.L. Musfeldt, L.I. Vergara, J. Cao (University of Tennessee);
L.-C. Tung, Y.J. Wang (Magnet Lab, FSU);
F. Yen, Y.Q. Wang, B. Lorenz (University of Houston);
N. Rogado, R.J. Cava (Princeton University)
Introduction
Competition between charge,
structure and magnetism forms the basis
for many properties of novel materials. Recent investigations reveal strong
evidence for lattice flexibility in coupled
systems although the microscopic aspects
of these interactions and the effect of
magnetic field on local structure are not
well established. This is because direct
observation of field-dependent phonons
is rare, and there are few physical systems
with which to evaluate specific changes
in bond lengths and angles that accompany magnetic transitions. As a candidate
for a frustrated solid that can exhibit
substantial magnetoelastic coupling, we
considered the Kagome staircase material
Co3V2O8 and employed high-field vibrational spectroscopy to evaluate magneticordering-induced local lattice distortions.
Results and Discussion
Specifically, we measured the magneto-infrared response of Co3V2O8 from
the weakly ferromagnetic phase to the
high-field paramagnetic phase (Figure 1).1
Three vibrational modes (b4, b11, and c8)
are sensitive to the series of field-induced
transitions; changes in b4 are substantial and involve Co center displacement,
mainly along the direction perpendicular
to the buckled Kagome planes. Combining field-induced frequency shifts and
area changes with calculated displacement patterns, we evaluated the local lattice distortion (Figure 1). The field-driven
transition from the weak ferromagnetic
to the paramagnetic state involves Co

FIGURE 1. a. Schematic phase diagram. b. Absolute absorption spectra at low frequency. C. Absorption difference spectra calculated from data shown in b. d. Close-up view of the absorption difference spectra near 280 cm-1. The data are shown for 1.5, 3, 5, 6.5, 8, 10, 12, 14, 16, and 18 T. e.
Integrated area in arbitrary units, the solid straight lines show trend changes. f. Close-up view of the
b4 absorption for 0 and 18 T. g. Frequency shift of the b4 peak in the absolute absorption spectra
as a function of applied magnetic field. In (e) and (g), the grey vertical lines highlight positions of
magnetic phase boundaries. h. Schematic displacement pattern of the b4 mode. i. Diagram of local
structure changes, specifically Co center displacement, through the field driven transition to the
paramagnetic state.

center displacements and “squashing” of
the octahedron, local structure changes
that modify superexchange interactions
and dovetail with thermal expansion
studies1. This result is important for
understanding the microscopic aspects of
magnetically driven transitions in functional oxides.
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Magnetism & Magnetic Materials
This report describes the magnetic-field-induced quantum phase transition from a gapped quantum phase that has no magnetic long-range order into a gapless phase in the spin-1/2 ladder compound bis(2,3-dimethylpyridinium) tetrabromocuprate
(DIMPY). At temperatures below about 1 K, the specific heat in the gapless phase attains an asymptotic linear temperature
dependence, characteristic of a Tomonaga-Luttinger liquid.
•Published in Physical Review Letters 105, 137207 (2010).

Field-Induced Tomonaga-Luttinger Liquid Phase of a Two-Leg
Spin-1/2 Ladder with Strong Leg Interactions
T. Hong (Oak Ridge National Lab); Y. H. Kim, Y. Takano (University of Florida, Physics); C. Hotta (Kyoto Sangyo University, Physics);
C. Broholm (Johns Hopkins University, Physics); M. M. Turnbull, C. P. Landee (Clark University, Chemistry and Physics)
Introduction
A novel S=1/2 organo-metallic compound (2,3-dimethylpyridinium)2CuBr4
(DIMPY) was recently revealed. Based on
the material structure, bulk measurements1
and inelastic neutron scattering measurements2, it is concluded to be a Heisenberg
antiferromagnetic (AFM) two-legged spin
ladder with a spin energy gap Δ=0.32(3)
meV. In finite-field neutron-scattering
measurements, it eventually closes and the
system appears to be in a gapless phase for
applied fields above a critical field Hc=3.0(3)
T. At H=5.0 T, the low-energy feature in
the gapless phase is much broader than the
experimental resolution, suggesting that it
arises from a two-spinon continuum, not
from one-particle excitations.
Experimental
To augment the neutron scattering results, we performed specific-heat,
magnetocaloric and magnetic-torque
measurements of DIMPY at the Mag Lab’s
DC-Field Facility using SCM1, at magnetic field up to 18 tesla (T) and temperature
down to 150 mK.
Results and Discussion
At zero field and 2 T, exponentially
activated behavior is found, providing
additional clear evidence for a spin gap
below Hc. Above Hc, the specific heat
shows remarkable behavior. There is no
λ-like peak, indicative of a phase transition, at temperatures down to 300 mK
and magnetic fields up to 18 T. Figure 1
shows the magnetic specific heat divided

FIGURE 1. Magnetic specific heat Cm/T of DIMPY as a function of temperature T for H > Hc
after subtracting the nuclear-quadrupole contribution. The arrow indicates the upper limit
of the T-linear region.

by temperature, Cm/T, at 5, 8, and 18 T.
As temperature decreases, Cm reaches an
asymptotic T-linear limit, characteristic of
Tomonaga-Luttinger liquid (TLL).
Conclusions
DIMPY undergoes a quantum phase
transition at Hc =3.0(3) T from a gapped
phase to a TLL. The experiments yielding
the exchange constants with consistency
and in excellent agreement with theory
establish DIMPY unambiguously as the
first ideal realization of an S=1/2 AFM
two-leg ladder in the strong-leg regime,

thus opening up an avenue for investigating the properties of such a ladder in this
poorly explored regime.
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Magnetism & Magnetic Materials
Di-valent copper in unusual oxygen environments is expected to show interesting magnetic properties. The novel polyanion
[Cu2Pd22P12O60(OH)8]20- shows copper in a rare eight-fold oxo-coordination. First electron paramagnetic resonance (EPR)
studies found the so-far largest gz factor for di-valent copper, indicating that the Cu2+ is dominated by the dx2-y2 orbital.
•Published in Angew. Chem. Int. Ed. 50, 2639 (2011).

EPR Study on a Di-Copper(II) Containing 22-Palladate(II),
[CuII2PdII22PV12O60(OH)8]20Maria Barsukova-Stuckart, Natalya V. Izarova, Ulrich Kortz (School of Engineering & Science, Jacobs U., Germany);
Geoffrey B. Jameson (Institute of Fundamental Sciences, Massey U., New Zealand);
Vasanth Ramachandran, Zhenxing Wang, Johan van Tol, Naresh S. Dalal (Chemistry & Biochemistry, FSU and Magnet Lab);
Rosa Ngo Biboum, Bineta Keita, Louis Nadjo (Laboratoire de Chimie Physique, Université Paris-Sud, France)

FIGURE 1. Experimental and simulated powder EPR spectra at 240 GHz and 3.7 K. Inset: The {CuO8} unit is shown with three principal directions.
FIGURE 2. Molecular structure of the Pd22Cu2P12 polyanion.
FIGURE 3. Powder EPR spectrum at 9.67 GHz (X-band) and 5 K. Inset: Magnified low-field part showing a simulation of the hyperfine splitting.

Introduction
[CuII2PdII22PV12O60(OH)8]20
(Pd 22Cu2P12) is a novel double-cuboidshaped copper(II)-containing polyanion that contains the largest number of
palladium ions yet found in polyoxopalladate chemistry. The two CuII ions (7.6
Å apart) present in Pd 22Cu 2P12 exhibit a
very rare eight-fold oxo-coordination. It
is synthesized and isolated as a hydrated
sodium salt Na 20[CuII2PdII22PV12O60(O
H)8]•58H2O, (Na-Pd 22Cu 2P12). To study
the magnetism of CuII and to verify the
magnetic susceptibility results, EPR of
Na-Pd 22Cu2P12 is studied at X-band (9.6
GHz) and 240 GHz.
Experimental
Magnetic susceptibility measurements on Na-Pd22Cu 2P12 powder were

measured over 1.8 – 280 K using a
Quantum Design SQUID MPMS at FSU
Chemistry. X-band (9.6 GHz) EPR at 5 K
and 240 GHz EPR at 3.7 K were measured
using the spectrometers available at the
National High Magnetic Field Laboratory.
The magnetic susceptibility (χ) of
Na-Pd 22Cu2P12 goes through a maximum at about 2.4 K providing direct
evidence for a significant antiferromagnetic interaction [J = -4.0(1) K (~ -2.8(1)
cm-1)] between the two CuII ions within
the polyanion. Figure 3 shows a typical
powder EPR spectrum at X-band (9.67
GHz) of Na-Pd22Cu2P12. The low-field
part of the spectrum provides an accurate
measure of g|| as well as hyperfine structure from the two coupled CuII nuclei: a
1:2:3:4:3:2:1 septet. Computer simulation
yielded a hyperfine coupling of 3.9 mT.
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Conclusions
This work reports the first EPR of a
CuII ion in an eight-fold coordination. A
gz value as high as 2.4674 exhibited by
Na-Pd22Cu2P12 has not been reported for
any CuII complex. The fact that g|| > g⊥
indicates that the CuII ion is clearly dominated by the d x 2-y2 orbital.
Acknowledgements
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Magnetism & Magnetic Materials
Skyrmions are stable topological defects, or spin textures (particle-like knots) that have been observed in several ferromagnetic metals, where they form a periodic skyrmion lattice. Isolated skyrmions, on the other hand, have been predicted to
emerge in lightly doped antiferromagnetic insulators, but they have remained elusive until now. The experiment described in
this report provides the first experimental support for the existence of isolated skyrmions in antiferromagnetic insulators.
•Accepted to Physical Review Letters

Evidence for Quantum Skyrmions in a Doped Antiferromagnet
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E. S. Choi (FSU, NHMFL);
T. Sasagawa (Materials and Structures Laboratory, Tokyo Institute of Technology)
Introduction
A remarkable manifestation of
complexity in magnetic systems is the
emergence of topologically non-trivial arrangements of spins, such as skyrmions.
These are “knots” in an otherwise ordered
spin texture, which behave as excitations
with particle-like properties. Skyrmions
have been observed in various ferromagnetic (FM) metals. They have been
predicted to emerge also in the ground
state of doped antiferromagnetic (AF)
insulators, such as La 2CuO4 lightly doped
with Li (Li-LCO)1, but the identification
of such isolated skyrmions has been a
challenge. It turns out that in Li-LCO, the
magnetoresistance (MR) is a key probe to
identify such spin textures.
Experimental
The magnetization and the in-plane
MR were measured on a single crystal
of La 2Cu0.97Li0.03O4 over a wide range
of temperatures T, magnetic fields B,
and field orientations. Some of the MR
measurements were performed in SCM2
with a 3He system (0.300 < T (K) < 70 K)
up to 18 T.
Results and Discussion
The magnetic properties of Li-LCO
resemble very much those of Sr- and Odoped La 2CuO4 where skyrmions cannot
form. The general mechanism of the MR
in the insulating La-based cuprates is well

understood theoretically, and the effect
of the magnetic structure on the MR is
widely recognized. The behavior of the
MR in Li-LCO is similar to that of other
La-based cuprates. For example, when the
applied B is parallel to the c axis, the MR
exhibits a step-like decrease at the critical
field where the first-order, weak FM transition occurs. The increase of the step size
with decreasing T is also well understood.
However, at even lower T, this behavior is reversed in Li-LCO, i.e. the step
size exhibits a striking non-monotonic
T-dependence (Figure 1). We show that
the experimental data are described very
well by including the effect of skyrmions
within the existing theoretical framework for the MR. The combination of the
magnetization and the MR data rule out
all other known mechanisms as a possible
explanation.
Conclusions
The low-T magnetic and transport properties of the AF La 2Cu1−x Li xO4 provide
the first experimental support 2 for the
predictions of quantum skyrmions in AF
insulators. The interpretation of this extensive set of data in terms of skyrmions
is consistent with all previous measurements on Li-LCO and similar compounds
and with previous theory. Our work may
offer new insights into the mechanisms
that can stabilize or suppress topological
excitations in complex magnetic systems.

FIGURE 1. The non-monotonic T-dependence of
the MR step size.
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Magnetism & Magnetic Materials
In this report, the coupling between the magnetic and electric degrees of freedom in a multiferroic material is exploited in
order to use magnetocapacitance (dielectric) measurements to expose a magnetic-field-induced quantum phase transition
in Ba2CoGe2O7. Studies performed in the 45-tesla (T) hybrid magnet reveal a quantum critical point separating T = 0 K
antiferromagnetic and paramagnetic phases at 37 T.

Investigation of a Quantum Critical Point in Multiferroic Ba2CoGe2O7
Jae Wook Kim, Seung Hyun Khim, Sae Hwan Chun, Kee Hoon Kim (Seoul National University); E. Choi, Y. Jo, L. Balicas, N. Harrison
(Magnet Lab); H. Yi, S.-W. Cheong (Rutgers University); Jung Hoon Han (Sungkyunkwan University); C. D. Batista (Los Alamos National Laboratory)
Introduction
Magnetoelectric multiferroics are attractive in both physical and applications
aspects due to its functionality in magnetic
and electric degree of freedom. Strong
coupling between magnetism and dielectric properties makes it possible to study
phase transition in a completely new manner. In this study, a magnetic quantum
phase transition in a multiferroic Ba2CoGe2O7 is observed under high magnetic
fields. Antiferromagnetic order is continuously suppressed to T=0 by applying longitudinal magnetic field and approaches
a quantum critical point (QCP). Above
the QCP, a gapped paramagnetic state is
observed.1 All phase transition features
could be observed by dielectric constant
measurements and suggests a new route to
study phase transition in multiferroics.
Experimental
A capacitance bridge was used for dielectric constant (ε) measurement. Electric
polarization was obtained by integrating
current while sweeping temperature or
magnetic field using an electrometer. Magnetic torque was measured using a capacitive torque magnetometer. Static magnetic
fields were applied using a resistive or
hybrid magnet at the Mag Lab. A pickupcoil magnetometer was used to measure
magnetization in a pulse magnet in at the
lab’s Pulsed Field Facility. Magnetic field
applied along the c-axis and ε was measured along the a-axis of the sample.
Results & Discussion
Large peak in ε is observed in temperature-sweep measurements (Figure 1a, also
in magnetic-field sweeps). The peak posi-

tion shifts to lower temperature as magnetic field is increased to 37 T, which is the
full saturation point of magnetization (i.e.
no antiferromagnetic order). These peak
positions coincide with the minimum
point in temperature-dependent torque
signals (Figure 1b), which indicates the
magnetic ordering temperature.
Above the saturation magnetization,
where spins are fully aligned to the applied
magnetic field, unexpected anomalies were
observed in dielectric constant (Figure 1c).
Above 41.5 T, an anomaly in ε is found ~4
K. At higher magnetic fields, this anomaly
shifts to higher temperatures. It seems
that this feature is extended from T=0 K
at 37 T, though it is hidden by strong peak
intensities below 40 T.

a.

Conclusions
Our overall investigations strongly
suggest that there exists a field-induced antiferromagnetic to paramagnetic quantum
phase transition. A unique feature of this
work is that two distinct ground states of a
quantum-phase transition are observed in
dielectric properties.

c.
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FIGURE 1. Temperature-dependent ε at magnetic
fields below (a.) and above (c.) the saturation magnetic field. b. Torque signal as a function of temperature. d. Contour plot of ε in T-H phase space.

Magnetism & Magnetic Materials
Daou et al. report exceptionally sensitive strain measurements performed on a small crystal of SrCu2(BO3)2 at the Pulsed
Field Facility in Los Alamos. SrCu2(BO3)2 is a well known model antiferromagnetic system for studying the interplay between
geometrical frustration and quantum fluctuations. These strain measurements reveal that the lattice is strongly coupled to
the spins on the Cu-dimers, and responds closely to anomalies observed in magnetic measurements.

Study of Spin-Lattice Coupling in SrCu2(BO3)2 with
Magnetostriction to 65 T
R. Daou, F. Weickert, F. Steglich (Max-Planck Institute.);
M. Jaime, S. Crooker (Magnet Lab, Los Alamos);
H. Dabkowska, B. Gaulin (McMaster University)
Introduction
SrCu2(BO3)2 is a quasi-two dimensional spin system with a singlet dimer
ground state. It is a realization of the
Shastry-Sutherland model1, and exhibits
a sequence of magnetization plateaus at
high magnetic fields H2 as shown in Figure1. The unique behavior of this quantum spin liquid results from the interplay
between two different fascinating aspects
of strongly correlated spin systems: geometrical frustration and strong quantum
fluctuations. The magnetization plateaus
at μ0H·(g///2) ~30 T, ~38 T, and ~45 T,
observed when H // c-axis, are a direct
consequence of spin superstructures
forming at triplet concentrations 1/8, 1/4,
and 1/3, respectively.
Experimental
We measured the magnetostriction
over 50 tesla in SrCu2(BO3)2 parallel and
perpendicular to the Cu-dimer planes using a new high-resolution technique suitable for cryogenic temperatures in pulsed
high magnetic fields. In our setup optical
fiber strain gauges based on fiber Bragg
gratings are used to measure the strain in
small (~1 mm) samples, with a resolution
in the order of 10-7 with a full bandwidth
of 47 kHz. [3]
Results and Discussion
We have succeeded in measuring
the magnetostriction (ΔL/L) with excellent resolution for the longitudinal
orientations: H //ΔL // c-axis, and H //ΔL

⊥ c-axis. We have some information on

the magnetostriction in the transverse
orientations: Δa/a with H//c, Δc/c with
H//a. The resolution allows us to identify
several features at the same fields as the
steps and plateaux seen in magnetization.
For H //ΔL // c-axis, the magnetostriction
resembles the magnetization closely, with
an increase in the sample length for most
of the magnetization steps. For H //ΔL ⊥
c-axis, however, while the magnetization
is qualitatively unchanged, the magnetostriction has opposite sign with changes in
both senses at the magnetization steps.
Conclusions
Magnetostriction measurements in
pulsed fields to 65 T were carried out with
unprecedented sensitivity in single crystal
samples of SrCu2(BO3)2. Our results show
that the lattice is strongly coupled to the
spins in Cu-dimers, and responds closely
to the observed magnetization plateaus.
REFERENCES
1. Shastry, B.S., Sutherland, B., Physica B&C
108B, 1069 (1981).
2. Kageyama, H. et al., Phys. Rev. Lett. 82,
3168 (1999).
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a.

FIGURE 1. Magnetization vs. field scaled by the
g//-factor measured at constant temperature
shows plateaus at 1/8, 1/4, and 1/3 of saturation magnetization Ms. a. Magnetic susceptibility vs. temperature shows gapped ground state.

FIGURE 2. Magnetostriction ΔL/L vs. magnetic
field measured parallel (red) and perpendicular (black) to the crystallographic c-axis. The
magnetic field axis was scaled by anisotropic
g-factor with g⊥ = 2.05 and g// = 2.28 4. The
fields at which magnetization steps are observed are indicated with dashed lines.
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Topological Insulators
The detection of a metallic surface state in topological insulators using transport techniques has been a challenge so far,
since the conductivity is dominated by the bulk. This report describes an experiment where first the samples have been
specially prepared such that the bulk conductivity is reduced considerably. Sufficiently high magnetic fields are then applied
to reveal quantum oscillations in the magnetotransport that arise from the two-dimensional (2D) surface state.
•Published in Nature Physics 6, 960 (2010).

High Magnetic Field Studies of Topological Insulators
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Ross D. McDonald (Magnet Lab, Los Alamos); Scott C. Riggs, G. S. Boebinger (Magnet Lab, FSU, Physics)
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FIGURE 1. a. b. Rxx (a) and Rxy (b) data traces as a function
of magnetic field for indicated angles for a single crystal with
n~4×1016 cm−3 (sample Σ1). The Rxx traces are offset for
clarity. The deviation from linearity of the low-field Rxy indicates
the 3D quantum limit (B~4 T), which does not vary with angle.
Beyond this limit, additional features in both Rxy and Rxx
move smoothly up in field as the tilt angle θ is increased. θ=0
is defined to be when the field is perpendicular to the surface
(parallel to the trigonal c axis). c. A smooth second–third order
polynomial can be fitted as background and subtracted from
the raw Rxx, revealing oscillations that grow with field. d. e.
−d2Rxx/dB2 (d) and dRxy/dB (e) as a function of 1/B⊥, where
B⊥ = Bcosθ aligns all features associated with the 2D surface
state. The vertical lines in c–e indicate the first three Landau
levels N=1,2,3 of the 2D state.
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Introduction
The topological insulator is
a unique state of matter that possesses a metallic surface state of
massless particles known as Dirac
fermions, which have coupled
spin and momentum quantum
numbers. We have systematically
reduced the number of bulk carriers in Bi2Se3 to the point where
a magnetic field can collapse
them to their lowest Landau level.
Beyond this field, known as the
three-dimensional (3D) “quantum limit,” the signature of the
2D surface state can be seen1.
Experimental
Magnetoresistance and Hall
effect measurements were carried
out at the National High Magnetic Field Laboratory Pulsed Field
Facility in the short-pulse (~10 ms
rise time) 55-tesla (T) magnet.
Results and Discussion
In Figure 1a,b we illustrate
the longitudinal and transverse
(Hall) resistances, Rxx and Rxy
respectively, taken at 1.5 K on
sample Σ1 with n~4×1016 cm−3.
Strong features appear in Rxy and
Rxx at similar fields in the bulk
ultra-quantum limit. To investigate the dimensionality of these
features, we rotate the crystal
in the field. For the 2D surface
state of a topological insulator,

quantum oscillatory phenomena
depend only on the perpendicular
component of the field B⊥ and
are periodic in 1/B. Pronounced
dips that are periodic align at all
angles, providing unambiguous
evidence that the plateau-like
features in the Hall and minima
in the SdHOs originate from a 2D
metallic state.
Conclusions
Experimental access to the
transport of the surface state of Bi
(1−xSbx)2Se3 provides a new laboratory for studying topologically
non-trivial quantum matter and
perhaps the effects of correlations
among Dirac fermions, too.
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Topological Insulators
In this remarkable piece of work, Qu et al. show the first quantum oscillations originated in surface states of the threedimensional (3D) topological insulator Bi2Te3. Shubnikov de Hass oscillations are found to be a function of cos θ, where θ
is the field-tilt angle, which is proof of a two-dimensional (2D) nature. Additionally, the authors obtained preliminary thermoelectric power data that confirms the presence of quantum oscillations with 1/H periodicity. The data allowed an estimate
of the surface mobility of 10,000 cm2/Vs.These experiments are some of the best examples of utilization of high-field
capabilities at the cutting edge of materials science.
•Published in Science 329, 821 (2010).

High-field Transport Experiments on the Topological
Insulator Bi2Te3
Dong Xia Qu, Jun Xiong and N. P. Ong (Princeton University, Department of Physics)
Introduction
The surface states in 3D topological insulators are predicted to
be massless Dirac states in which
backscattering is suppressed because
the spin is locked transverse to the
momentum. While these states have
been observed by surface spectroscopy experiments (Angle-resolved
photoemission spectroscopy and
scanning tunneling microscopy),
transport studies have been difficult
because of the large bulk conductance present in most crystals.
Recently, we finally succeeded in
measuring the surface mobility using
high-field measurements on nonmetallic crystals of Bi2Te31. In addition, we made preliminary high-field
measurements of the thermopower
of the surface states.
Experimental
We used the 35-tesla DC magnet
in all experiments reported here.
Results and Discussion
In non-metallic crystals of
Bi2Te3, we detected1 weak Shubnikov
de Haas (SdH) oscillations in the Hall
resistivity ρyx, despite the large bulk
resistivity ρxx (~10 mΩcm). By varying the tilt angle θ of the magnetic
field H, we showed that the SdH
period depends only on cos θ (Sample
Q1 in Figure 1A, C). By contrast, in a

metallic sample N1, the period deviates from the 2D form (Figure 1B, D).
By analyzing the SdH amplitudes, we
inferred a surface mobility μ ~10,000
cm2/Vs. This value was confirmed by
analysis of a distinctive Hall anomaly
observed in weak H.
In a second experiment, we
observed pronounced oscillations in
the thermopower S vs. H in nonmetallic Bi2Te3. The thermopower
displays peaks when the chemical potential lies between Landau
Levels (solid line, Figure 2). These
preliminary results suggest that S
may provide a powerful probe for
Landau levels in topological insulators. Also, results from a previous
project in which high-field torque
magnetometry was used to measure
the magnetization curves in several
cuprate families were published this
year2.

FIGURE 1. Shubnikov de Haas oscillations in Bi2Te3 at
selected field-tilt angles q. In the non-metallic crystal
Q1, the period scales as 1/cos q whereas in the metallic
sample N1, it deviates from the 2D form.
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FIGURE 2. The thermopower vs. 1/H in Bi2Te3 at temperatures 3.5, 5, and 7 K. Two peaks (“a”, “b”) emerge
when H exceeds 25 T.
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Topological Insulators
The authors effectively utilize high-frequency radio-frequency (rf) and microwave conductivity measurements to selectively
probe the surface state of this topological insulator. The combination of reduced skin depth at high frequency, and rotation
with respect to the applied magnetic field, enabled the observation of two-dimensional (2D) cyclotron resonance from a material whose bulk Fermi-surface is three dimensional (3D). Moreover the frequency-magnetic-field scaling of this resonance
is inconsistent with the bulk effective mass, indicating substantial many-body renormalization of the surface state.
•Submitted to Phys. Rev. Lett.

The Surface-state of the Topological Insulator Bi2Se3 Revealed by
Cyclotron Resonance Using Pulsed Field Facilities at NHMFL-LANL
O.E. Ayala-Valenzuela, M.M. Altarawneh, R.D. McDonald (Magnet Lab, Los Alamos);
J.G. Analytis, J.-H. Chu, I. R. Fisher (Stanford University, SLAC)
Introduction
Transport measurements of topological
insulators are dominated by the conductivity of the bulk, leading to substantial
difficulties in resolving the properties of the
surface. To this end, we use high magnetic
field, rf- and microwave-spectroscopy to selectively couple to the surface conductivity
of Bi2Se3 at high frequency. In the frequency
range of a few GHz we observe a crossover
from quantum oscillations indicative of a
small 3D Fermi surface, to cyclotron resonance indicative of a 2D surface state.
Experimental
The conductivity at microwave frequencies was measured using a cavity perturbation technique, whereby the change
in cavity transmission at resonance reflects
the field-induced changes in the complex
conductivity of the sample. Two microwave
cavities were used, one a fixed-angle multimoded cylindrical cavity in the frequency
range of 10-40 GHz, the other a monomoded cavity resonating at 71 GHz that
can be rotated with respect to the applied
magnetic field at cryogenic temperatures.
Both were measured using an MVNA spectrometer manufactured by AB-mm. For
71 GHz the bulk conductivity yields a skin
depth of 2 μm, only 50 times the thickness
of the depletion region estimated for this
carrier concentration1. It should be further
noted that these estimates do not account
for the possible screening effect of a high
mobility surface state. For both microwave
cavity geometries the sample is located with

a.

b.

FIGURE 1. a. Magnetic field dependence of the
cavity transmission for a selection of frequencies, top to bottom: 36.3, 27.1, 18.2, 15.1,
11.4 GHz, offset for clarity. b. The corresponding
frequency vs. magnetic field for the two main
cyclotron resonances observed in the field range
10 to 40 GHz. It should be noted that the two
resonances observed do not have a simple
harmonic relation leading us to believe they originate from opposite sample surfaces. The factor
of ~2 variation in ωC and hence EF between
surfaces is consistent with the ARPES results
from this growth reported in reference 1.

the oscillating magnetic field in the plane
of the (001) surface so induces screening
currents both in and perpendicular to this
plane. Magnetic fields were provided by
both superconducting solenoids (up to 17
T). Standard 4He techniques were employed
to regulate temperature down to 1.5 K.
Results and Discussion
Figure 1a plots the microwave transmission measured at different microwave
frequencies, indicating that this is a resonant phenomenon with linear frequency
field scaling. This linear frequency scaling
as opposed to the square root of field scaling
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observed in other Dirac materials is consistent with the Fermi energy relative to the
Dirac point being large in comparison to
the temperature and measurement frequency. However, unlike the case for massive
quasi-particles, where resonant condition is
determined solely by the effective mass, in
this case it is determined by both the Fermi
velocity and Fermi energy and is hence dependent upon the filling of the Dirac cone.
Conclusions
By probing the conductivity at
reduced skin depths, we have observed
a 2D cyclotron resonance from a material whose bulk Fermi-surface is 3D. The
frequency-magnetic field scaling of this
resonance is inconsistent with the bulk effective mass, but more consistent with the
dispersion and band fi lling of a Dirac-like
surface state as observed by angle-resolved
photoemission spectroscopy1, with substantial many-body renormalization.
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Quantum Fluids & Solids
An intriguing peak in the temperature dependence of the nuclear-spin-lattice relaxation time observed for 20ppm concentration of 3He impurities in 4He is interpreted as originating in the supersolid phase of 4He host. These first results might
need confirmation and cross checking, but could be a significant breakthrough as they uncover a method to identify and
characterize exotic states of matter with nuclear magnetic resonance (NMR) probes.
•Published in Journal of Low Temperature Physics 158, 584 (2010).

NMR Studies of Microscopic Dynamics of the Proposed
“Supersolid” Phase of Solid 4He
S. S. Kim, C. Huan, L. Yin, J. S. Xia, N. S. Sullivan (University of Florida, Physics);
D. Candela (Physics, University of Massachusetts)

Introduction
NMR measurements are particularly
useful for probing the dynamics of solids
at low temperatures. As a result of the
motions the nuclear spin-spin interactions
become time dependent and the Fourier
transform of these dipolar fluctuations,
known as the spectral density, determine
the nuclear spin relaxation rates. The
spectral densities at the Larmor frequency
ωL and at 2ωL determine the spin-lattice
relaxation rate T1-1, while the component
at zero frequency determines the spinspin lattice relaxation rate T2-1. We used
these properties to probe the local dynamics of very dilute 3He impurities in solid
4He in order test for changes in the quantum tunneling of the 3He impurities near
the temperatures for which non-classical
rotational inertia fractions (NCRIFs) have
been observed1. It is thought that these
fractions signal the existence of macroscopic supersolid flow. Addition of 3He
impurities has been shown by others2 to
suppress the so-called “supersolid” effects
and previous experiments3 have confirmed that the 3He impurities (at least for
concentrations down to 250 ppm) diff use
by quantum mechanical tunneling4.
Experimental
The experiments are particularly
challenging because of (i) the low signalto-noise from the dilute samples and (ii)
the need to restrict the measurements
to low Larmor frequencies to keep the
spin-lattice relaxations times below a few

hours. These two challenges had to be
addressed to carry out successful experiments. In order to overcome the weak
signal-to-noise ratios we developed a
special low-temperature preamplifier that
could be operated at dilution-refrigerator
temperatures and in an applied magnetic
field5. Standard radio frequency (rf) pulse
techniques were used to measure the
relaxation times.
Results and Discussion
The temperature dependence of the
nuclear-spin-lattice relaxation times are
shown in Figure 1. A pronounced peak in
T1 is observed at the same temperatures (~
170 mK) as those for which anomalies in
the NCRIFs and shear modulus6 are observed. After the peak in T1 a sharp drop
in T1 is observed at about 90 mK corresponding to the phase separation in which
the 3He atoms form nanoscale droplets
of Fermi liquid. Changes in T2 are also
observed at 170 mK but the features are
less clear and it must be remembered that
other effects such as wall collisions and interactions with dislocations can affect the
spectral density at very low frequencies.
Conclusions
NMR studies have shown unequivocally that there is a pronounced change
in the dynamics of solid 4He in a narrow
temperature range close to that for which
NCRIF anomalies have been reported by
other workers.

FIGURE 1. Temperature dependence of the
nuclear spin-lattice relaxation time observed for
3He impurities in solid 4He.
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Qubits & Quantum Entanglement
Bismuth dopants in silicon are shown to have long spin coherence times, and are therefore well suited for storing quantum
information. The spin flip time is of the order of 13ns, about 105 times shorter than the T2 time of 2ms. Thus, bismuth
dopants in silicon may be used in a similar way to store quantum information as phosphorus dopants in silicon, while providing a 20-dimensional Hilbert space, in contrast to the four-dimensional Hilbert space available for phosphorus.
•Published in Nature Materials 9, 725 (2010).

The Initialization and Manipulation of Quantum Information
Stored in Silicon by Bismuth Dopants
Gavin W Morley, Marc Warner, A. Marshall Stoneham, P. Thornton Greenland (University College London, Physics and London Centre for
Christopher W. M. Kay (University College London, London Centre for Nanotechnology and
Aeppli (University College London, Physics and London Centre for Nanotechnology)

Nanotechnology); Johan van Tol (Magnet Lab, FSU);
Institute of Structural and Molecular Biology); Gabriel

Introduction
High magnetic fields can
be used to polarize spin qubits,
initializing them for a quantum computation1-4. Phosphorus dopants in silicon (Si:P)
are a leading candidate for
these applications, but heavier
impurities such as bismuth in
silicon (Si:Bi) could be used
in conjunction with Si:P for
quantum information proposals that require two separately
addressable spin species 5,6. We
have found that such schemes
are indeed feasible as the electron spin coherence time (T2)
of Si:Bi is at least 2 ms, which
is longer than for Si:P with
non-isotopically purified silicon7,8. Si:Bi also presents novel
opportunities for quantum
information processing at low
magnetic fields9.
Experimental
We used the pulsed
electron magnetic resonance
(EMR) spectrometer developed at the Mag Lab10,11, as
well as a Bruker E580 in UCL.
Results and Discussion
Figure 1 shows that the
209Bi nuclear spin can be
hyperpolarized at 3 K with a
high magnetic field of 8.6 T, in

the presence of white light. We
also demonstrated pulsed manipulation (not shown) of this
nucleus at 8.6 T with electronnuclear double resonance
(ENDOR)7.
Conclusions
We have found that
bismuth atoms in silicon have
long electron spin coherence times and we used high
magnetic fields to polarize the
electronic and nuclear spins of
these qubits.
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FIGURE 1. EMR spectra of Si:Bi at 240 GHz with simulations
based on the energy levels shown. Adapted from reference [7].
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Semiconductors
The two-dimensional electron gas (2DEG) formed at the interface between two perovskites is a subject of intense scientific interest, both for its intriguing origin and properties and for potential applications in spintronics. This report describes
magnetotransport studies of this 2DEG at low temperatures, where it finds itself in a superconducting ground state. The
experimental results point to the presence of multiple bands, and to the existence of a strong spin-orbit interaction, which
may be tuned by an applied electric field (gate voltage). This study suggests that oxide interfaces may indeed offer a new
path to controlling the orbital motion of electrons by acting on their spins, a necessary feature of spin-based electronics.
•Published in Physical Review Letters 104, 126802 (2010) and Phys. Rev. Lett. 105, 206401 (2010).

Magneto-transport Properties of SrTiO3\LaAlO3 Interfaces
Y. Dagan, M. Ben Shalom, A. Ron (Physics, Tel Aviv University, Israel)

a.

FIGURE 1. Sheet resistance vs. the magnetic field applied parallel to
the interface and current for various charge densities.
(Adapted from reference No. 1)

Introduction
It has been demonstrated that the interface between SrTiO3 (STO) and LaAlO3
(LAO) has the properties of a 2DEG with a
gate tunable superconducting ground state.
In the reported research we measured the
magnetotransport properties of this 2DEG
at low temperatures and high field.
Experimental
The two main experiments were done
on LAO\STO bridges fabricated at Tel
Aviv University. The first experiment was
conducted at 20 mK and a field of up to 18
T. The MR was measured as a function of
field orientation at 20 mK. In the second
experiment we used a 32-tesla magnet and
an He3 refrigerator.

b.

FIGURE 2. SdH signal (a) at 0.4 K for various gate voltages, dashed line
is a fit to the SdH theory. b. Temperature dependence. (Adapted from
reference No. 2)

Results and Discussion
At low temperatures we were able
to tune the superconducting transition.
Hc2 is found to be strongly anisotropic.
Hc2 for parallel field exceeds the Clogston
limit (see Figure 1). The parallel field MR
is explained by the existence of magnetic
scattering and strong spin-orbit interaction. At high magnetic fields Shubnikovde Haas (SdH) effect is observed (See
Figure 2). The SdH frequency corresponds
to a carrier concentration of ~2×1011 cm-2
from the temperature dependence we find
an effective mass m*=2.1±0.4 me.1,2
Conclusions
Strong, tunable, spin-orbit interaction
takes place at the STO/LAO interface. The

large Hc2 for parallel field and the behavior of the MR can be explained using this
interaction. The discrepancy between the
frequency of the SdH and the Hall coefficient suggests the existence of multiple
bands.
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Semiconductors
This report describes magnetoresistance measurements on a two-dimensional (2D) electron system in AlAs quantum wells,
where strain is used to tune the relative occupation of two conduction band valleys. The valley polarization energies for composite fermion states around the filling factors 1/2 and 3/2 are found to be different, contrary to theoretical expectations and thus
pointing to the particle-hole symmetry breaking in the AlAs 2D system. The origin of this symmetry breaking is not understood.
•Published as a Brief Report in Physical Review B 81, 113301 (2010).

Composite Fermion Valley Polarization Energies:
Evidence for Particle-hole Asymmetry
Medini Padmanabhan, T. Gokmen, and M. Shayegan (Department of Electrical Engineering, Princeton University)
Introduction
The influence of discrete
degrees of freedom such as
spin and valley on the fractional quantum Hall effect
(FQHE) is of fundamental
importance1-3. Here we report
our studies on electrons confined to AlAs quantum wells
in which there are two equivalent conduction band minima
(valleys). We compare the energies required to completely
valley-polarize the composite
fermions (CFs) around Landau
level fi lling factors, ν = 1/2
and 3/2 and find that the CFs
around ν = 1/2 need smaller
energies to completely valleypolarize.
Experimental
We perform our studies in AlAs two-dimensional
electron systems (2DESs) with
tunable density (n). Our measurements were done in SCM1
(18 T, 20 mK), SCM2 (18T ,
300 mK) and resistive magnet (33T , 300 mK). We apply
strain (ε) to tune the relative
occupation of the two valleys.
Results and Discussion
Figure 1 shows magnetoresistance traces taken around
ν = 1/2 at different ε. Note
that the strength of the vari-

ous FQH minima vary with
varying strain2. In Figures 2a..
and 2c., we follow the strength
h
of the FQH states as a function of strain. The x-axis is
the valley splitting energy
(Ev = εE2, where E2 = 5.8eV
is the deformation potential
for AlAs) normalized to the
Coulomb energy, VC. Comparring the shape of these traces to
o
a simple fan diagram drawn
for single-spin, two-valley CFs,
s,
we find that the outermost
peaks signify complete valley
polarization2.
In an ideal theoretical
picture, the FQH states around
ν = 1/2 are the particle-hole
conjugate states of the FQH
states around ν = 3/2 for a
two-valley, single-spin system.
Hence, the normalized valley polarization energies are
expected to be the same for
both cases. To verify this conjecture, we plot in panels 2b.
and 2d. the strain evolution
of the FQH states at ν = 4/3
and 7/5 which are the conjugate states of ν = 2/3 and 3/5
respectively. Surprisingly, we
find that the states around ν =
1/2 require much less energy
to valley polarize. The trend is
also followed by the compressible states at ν = 1/2 and 3/2 as
shown in Figures 2e. and 2f.

24 MAG LAB REPORTS Volume 18 No. 2

FIGURE 1. Magnetoresistance around ν = 1/2 for different ε.
FIGURE 2. Resistance at various ν’s as a function of normalized valleysplitting energy. Corresponding CF electron densities (n) and filling factors
(p) are also shown.

where the valley polarization
energies are denoted by the
arrows2.
Conclusions
We compare the valley
polarization energies for CF
states around ν = 1/2 and 3/2.
In an ideal case, these states
are supposed to be related by
particle-hole symmetry and
hence expected to have identical valley-polarization energies. However, we find that
their energies are very different, pointing toward particlehole symmetry breaking in
our system. Influences of Landau level mixing and Fermi

contour anisotropy need to be
investigated theoretically before we can understand these
observations2.
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Superconductivity/Basic
There are the two interesting results in this report by A.M. Mounce et al. Although the physics addressed in the first part
of the report is not in the forefront of the HTc studies in cuprates, still, the observed effect is rather elegant. Namely, as
known, onset of superconductivity slightly shifts the chemical potential. In cuprates where the Levanyuk-Ginsburg parameter is considerably larger than in most ordinary superconductors, the shift would result in a small but reasonable charge
located in the vortex core. Its presence was observed by A.M. Mounce et al. by 17O NMR in the overdoped single crystal of
Bi2Sr2CaCu2O8+x where the Fermi liquid description becomes restored. In this material the pronounced layered structure
manifests itself in the two-dimensional vortices whose cores consist of “pancakes” on each conducting layer and weakly
coupled along the c-axis. The magnetic field tends to organize the pancakes into the 3D-vortex line. However, with the field
increase when vortices begin to overlap, the role of the magnetic attractive interaction decreases and the Coulomb repulsion
between the charges on the pancakes in the adjacent planes results in the new pattern for the pancakes’ organization.
Another result seems to be a rather important one; it concerns the elaboration of the new nuclear magnetic resonance
(NMR) technique with high contrast and spatial resolution by the use of which the authors revealed the antiferromagnetic
order (in Bi2212) emerging in the vicinity and on the background of an individual vortex.
•Published in Nature Physics 7, 125-128 (2011).

Charged Vortices & Vortex Structure Instability in Bi2Sr2CaCu2O8+δ
A.M. Mounce, S. Oh, S. Mukhopadhyay and W.P. Halperin (Northwestern University);
A.P. Reyes and P.L. Kuhns (Magnet Lab, FSU), H. Takagi and S. Uchida (University of Tokyo)
Introduction
Pancake vortices in highly anisotropic Bi2Sr2CaCu2O8+δ (BSCCO), are
only weakly coupled between layers in
a two-dimensional vortex solid at low
temperatures1. If there is electrical charge
accumulation in the vortex core, as has
been theoretically predicted2, pancakes
on adjacent planes will repel one another overcoming the attractive magnetic
interaction between vortex supercurrents. At sufficiently high magnetic field,
the Abrikosov configuration of vortices
will become unstable, an effect we have
observed in NMR measurements of the
vortex magnetic field distribution.3
Experimental
Our samples for 17O NMR are overdoped (Tc = 75, 82 K) crystals prepared
with 17O exchange and annealed with the
c-axis parallel to the field. We performed
measurements of the spectrum from H =
4 to 30 T at temperatures of 4.2 K, in cell 7
of the DC Field Facility at the Magnet Lab,
and in superconducting magnets at the
Mag Lab and at Northwestern University.
Results and Discussion
Measurements of the NMR spectra

in the mixed state show a collapse of the
second moment of the magnetic-field distribution with increasing applied magnetic
fields ≈10 T. This phenomenon is inconsistent with expectations from GinzburgLandau theory1,3. However, our calculations of the effect of charge on the vortex
core give a phase diagram for a predicted
instability of the Abrikosov configuration,
which could account for the observations
with the charge per pancake of ≈ 2 x 10-3 of
an electronic charge. In Figure 1 we show
the NMR measurements compared with a
calculation of the total energy for the displacement of a plane of vortex pancakes,
relative to others on adjacent planes, as a
function of magnetic field. In our calculation the charge on the vortex core is adjusted such that the minimum energy matches
the minimum in the local field distribution
giving a vortex charge that decreases with
increasing doping, similar to theoretical
expectations2. At higher magnetic fields an
increase in the NMR linewidth, Figure 1, is
evidence for a spin-density wave associated
with the vortex core4.
Conclusions
There is evidence for vortex core charge
and spin-density modulations associated with

FIGURE 1. Second moment of the NMR line
and energy of vortex pancakes.

vortices in the highly anisotropic high-temperature superconductor, Bi2Sr2CaCu2O8+δ.
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Superconductivity/Basic
In this report by S.E. Sebastian et al., quantum oscillations (QO) were measured in underdoped YBCO in the high fields up to 85
tesla (T). The emphasis was on studying the angular dependence of QO, which in the quasi-two-dimensional YBCO may, in principle, shed some light on the origin of the recently discovered (in high fields) metallic pockets in these HTc superconductors.
Angles up to 71° were measured for the first time in underdoped YBCO, enabled by the development of a new worm-drive
rotator capable of precise rotation in the 85 T pulse magnet. The extensive angular study enabled an unambiguous disentanglement of spin and orbital degrees of freedom, by the detection of special ‘spin zero’ angles, when the amplitude
of oscillations crosses zero, and the phase of the oscillations invert by 180°. Whilst earlier reports in a limited angular
range either reported no phase inversion (S. E. Sebastian et al., Phys. Rev. B, 81, 214524 (2010)), or a single phase
inversion (B. J. Ramshaw et al., Nature Phys., 7, 234 (2011)), this resulted in some ambiguity as to the extracted value of
m*g*, the rigorous determination of which requires the observation of at least two spin zero angles.
The current measurements up to 71° have been successful in locating two spin zeros at 53° and 65° (for 25 T < B < 28
T), thereby unambiguously identifying the value of m*g* ≈ 2.7.

Angular Dependence of Quantum Oscillations in Underdoped YBCO up to 85 T
S. E. Sebastian, G. G. Lonzarich (University of Cambridge),
N. Harrison, M. A. Altarawneh, F. F. Balakirev (Magnet Lab, Los Alamos),
Ruixing Liang, W. N. Hardy, D. A. Bonn (University of British Columbia)
Summary
An important clue to the nature of
order associated with the electronic structure in underdoped YBCO is provided by
the angular dependence of the measured
quantum oscillations. The spin and orbital
degrees of freedom may be disentangled by
this method, since only the latter varies with
angle. Previous studies have traced the angular dependence up to ≈57° in magnetic fields
of ≈60 T 1,2. Here, we use a recently developed high-precision rotator capable of use in
conjunction with the 85 T multi-shot pulsed
magnet to extend the measured angular
range of quantum oscillations in YBCO. Two
spin zeros (i.e. angle where an inversion in
oscillatory phase and vanishing amplitude)
are observed (Figure 1).
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FIGURE 1. Quantum oscillations measured
as a function of angle in the 65 T and 85 T
(angles labeled in blue) pulsed magnets. The
oscillations are seen to undergo a minimum
in amplitude accompanied by an inversion
in phase in the angular regime 53°– 56°,
and at a second spin zero in the angular
regime 64°– 65° (shown in inset). The phase
remains uninverted in the remaining angular
regime. Precise in-situ calibration by means
of a projection coil affixed under the sample
is performed.

Superconductivity/Basic
R.R. Urbano et al. studied the sequence of the structural and magnetic (spin-density wave) phase transitions in underdoped
ferropnictide BaFe2As2 (Ba0.84K0.16Fe2As2). Although driven by the SDW order parameter, the transition turns about to be
of the first order. In most experiments it is claimed that the orthorhombic and magnetic order appear below TNeel simultaneously. While the first-order character of the transition is expected to be caused by strong quadratic magnetostriction coupling, the theory, however, seems to be unable to resolve the details of this phase transition. In fine 75As nuclear magnetic
resonance experiments, it was shown that the transition realizes as the sequence of the two phase transitions: the tetragonal-to-orthorhombic structural transition at Tstr ≈ 110 K is then followed by the magnetic transition below TSDW ≈ 102 K.
An unexpected strong magnetic anisotropy is found for the staggered magnetization. The latter parameter grows remarkably with the in-plane field H increase above a threshold ~5 T. Another important finding is that below Tc=20 K the emerging
superconductivity coexists microscopically with magnetism. Both results await an explanation.
•Published in Physical Review Letters 105, 107001 (2010).

High Field Dependence and Ordered Moment Anisotropy in
Underdoped Ba1-xKxFe2As2
R. R. Urbano, E. L. Green, W. G. Moulton, P. L. Kuhns, A. P. Reyes (Magnet Lab, FSU);
E. M. Bittar, C. Adriano, P. G. Pagliuso (Unicamp)
Introduction
The surprising discovery of superconductivity (SC) in layered iron-based materials, with transition temperatures as high
as 56 K, has led to an avalanche of publications on this subject
and naturally raised comparisons with the high-Tc copper oxides
over the past two years. The antagonistic relationship between
SC and magnetism has previously led researchers to avoid using
magnetic elements as potential building blocks of new SC materials. Because elemental iron is strongly magnetic, the discovery
of Fe-based superconductors with high Tc values was completely
unexpected. This has opened a new avenue of research driven
by the necessity of our better understanding of the origins of
unconventional SC. Although there is general consensus on the
nature of the SC state of these materials, many crucial questions
still remain — including the role of magnetism, the nature of
chemical and structural tuning, and the resultant pairing symmetry. It is clear that the search for universal underlying physical
properties still continues.
FIGURE 1. Ordered moment 〈M〉 of Ba0.84K0.16Fe2As2 for various magnetic fields with H⊥c and H//c at 4.2 K.

Experimental, Results and Discussion
Here we report 75As NMR measurements in an underdoped
Ba0.84K0.16Fe2As2, single crystal under high magnetic fields up
to 45 T. The high-H experiments were carried out at the Magnet
Lab using the Hybrid magnet.
In contrast with the simultaneous structural and magnetic
first-order transition T0 previously reported for Ba-122, our
investigation revealed that the transitions are not concomitant1.
The tetragonal (τ) - orthorhombic (ϑ) structural transition oc-

curs at TS ~ = 110 K, followed by a long-range antiferromagnetic
(AFM) transition at TN ~ = 102 K. Our data also show that SC
develops in the ϑ phase below Tc = 20 K coexisting microscopically with AFM. This new observation firmly establishes another
similarity between the hole-doped BaFe2As2 and other ironarsenide superconductors1. Furthermore, the ordered Fe moment
〈M〉H→0 is reduced upon K-doping suggesting that the addition of
“holes” into the electronic system dramatically changes the local
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FIGURE 2. H-x-T phase diagram of Ba1-xK xFe2As2.

charge distribution associated with the hybridization of the Fe3d and As-4p orbitals. Surprisingly, when H⊥c >> 0, we observe
a strong anisotropy with 〈M〉 enhanced by the applied magnetic
field. Thus, as inferred from Figure 1, the material recovers
the value of 0.87μ B/Fe when H ~ 40 T — the same value of 〈M〉
reported for the undoped Ba-122 compound. In addition, the fact
that the SC is fully suppressed with fields around 40 T suggests
this field is the Hc2(T→ 0) for our underdoped Ba-122. We therefore
conclude that the magnetic field may be considered as another
control parameter that, in contrast to the chemical doping and
pressure, tunes the system towards the AFM state along with
increased localization of the electrons2. Our recent findings shed
new light on the underlying physics of this novel class of materials and might establish a new window to explore the effects of
magnetic field on the Fermi surface of BaFe2As2 as an alternative
tuning parameter.
Work at Magnet Lab was performed under the auspices of
the NSF (DMR-0654118) and the state of Florida. R. Urbano
thanks the Jack. E. Crow Fellowship. Work at Unicamp was supported by Fapesp, CNPq and Capes.
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Engineering Materials
Because of their unique diffusive properties, mesoporous materials have attracted tremendous interest as catalysis, materials
for separations, and for the selective adsorption and immobilization of biomolecules. In this report, researchers use pulsed
field gradient (PFG) and tracer zero length column (TZLC) nuclear magnetic resonance (NMR) techniques to study the diffusion
of small molecules in a prototypical mesoporous material (Mesoporous Silica; SBA-15). NMR studies were carried out using
a high gradient strength probe at 750 MHz in the Advanced Magnetic Resonance Imaging and Spectroscopy facility. Menjoge
et. al. determined the self-diffusion of toluene under conditions in which toluene completely filled all the meso- and micropores
of the SBA-15 particles. Discrepancies in diffusivities were detected when these measurements were made using either PFG
or TZLC techniques. TZLC measurements indicated the presence of long, string-like aggregates of primary SBA-15 particles.
On the other hand, PFG experiments captured the much faster sorbate transport. These results demonstrate that both microscopic and macroscopic diffusion can be measured in mesoporous materials at 750 MHz using strong diffusion gradients.
•Published in the Journal of Physical Chemistry C 114, 16298–16308 (2010).

Combined Application of Pulsed Field Gradient (PFG) NMR
and Tracer Zero Length Column (TZLC) Technique for
Studies of Diffusion of Small Sorbate Molecules in Mesoporous Silica SBA-15
Amrish R. Menjoge, Sergey Vasenkov (University of Florida, Chemical Engineering);
Qinglin Huang, Mladen Eic (University of New Brunswick, Chem. Eng.);
Serge Kaliaguine (Université Laval, Chem. Eng.)
Introduction
Mesoporous silica SBA-15 attracts significant interest of the
research community due to the possibility to use this type of
mesoporous material in catalysis and separations as well as for
selective adsorption and immobilization of biomolecules.
Experimental
PFG NMR technique was applied to study self-diff usion of
toluene in SBA-15 samples. The measurements were performed
by proton PFG NMR using a wide-bore 17.6 tesla (T) Bruker
BioSpin spectrometer located at AMRIS, University of Florida.
Magnetic-field gradients were generated using diff60 diff usion
probe and Great60 gradient amplifier (Bruker BioSpin). PFG
NMR studies were carried out for different diff usion times using
the PFG NMR stimulated echo sequence with the longitudinal
eddy-current delay. TZLC technique was used to measure toluene diff usivity in SBA-15 by monitoring the rate of desorption of
deuterated toluene from the SBA-15 samples.
Results and Discussion
TZLC and PFG NMR techniques were employed to study
self-diff usion of toluene in two SBA-15 samples under the conditions when toluene completely fills all meso- and micropores of
SBA-15 particles. For diff usion inside pore systems of SBA-15
particles the estimates of toluene diff usivities obtained by TZLC
were found to be several orders of magnitude smaller than

FIGURE 1. Schematic presentation of the channel system of SBA-15 aggregates and of the typical trajectories of sorbate molecules contributing
to the PFG NMR and TZLC data.

the corresponding diff usivities measured by PFG NMR. This
discrepancy is attributed to the presence of long, string-like aggregates of primary SBA-15 particles (Figure 1).
Formation of such aggregates leads to the possibility of the
existence of mesoporous channels, which are as long as the aggregate lengths (∼30 μm). These long channels are likely to have
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transport resistances at the points of the connections of channels
of individual SBA-15 particles forming the aggregates. TZLC is
expected to be especially sensitive for detecting sorbate diff usion
in such long channels where the diff usivity can be significantly
reduced by the transport resistances. At the same time, such slow
diff usion is bound to remain undetected by PFG NMR because
the T2 NMR relaxation times of slowly diff using sorbate molecules are too short for detection of this sorbate fraction.
In contrast to the slow diff usion in long channels with defects, much faster sorbate transport in shorter (∼1 μm) channels
with no or insignificant defects can be (and was) recorded by
PFG NMR. Such data are not only of fundamental interest, but
also of interest for applications of SBA-15 materials. In particular, knowledge of intrachannel diff usivities in SBA-15 can be
important for understanding catalysis on active sites introduced
on the pore walls of the main mesoporous channels because
these diff usivities determine the frequencies of visits of such sites
by guest molecules.
Conclusions
Microscopic and macroscopic diff usion measurements performed, respectively, by PFG NMR and TZLC provide complementary information on different types of sorbate transport in
SBA-15 materials.
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Magnet Technology
The 32-tesla (T) magnet will be transformative to the field of superconducting magnets through the use of Rare-earth-BCO
high-temperature superconductors. Quench protection using active heaters is one of several key enabling technological
developments underway.

YBCO Pancake Wound Test Coil for 32-T Magnet Development
W.D. Markiewicz, P.D. Noyes, A.J. Voran, W.R. Sheppard, K.W. Pickard, J. Lu (Magnet Lab, FSU)

FIGURE 2. Coil response to protection heater showing rapid formation of induced quench.

FIGURE 1. Double pancake coil on test probe.

Introduction
A project is underway at the Magnet
Lab for the development and fabrication
of a 32-T all superconducting magnet to be
installed in the Millikelvin user facility. As
part of the general development activity, a
double pancake coil was designed, fabricated and tested. The double pancake coil
uses component designs and fabrication
processes intended for use in the 32-T magnet. The coil, with inner and outer winding
diameter of 84 mm and 124 mm respectively, was wound with YBCO conductor
and includes stainless steel co-winding for
reinforcement. The coil assembly also includes quench-protection heaters.

Experimental
The YBCO double pancake coil
(Figure. 1) on the test probe was tested
in the DC Field Facility, making use of
the unique large bore resistive magnet
to provide a background field of 20 T.
A high-speed data-acquisition system
was employed to monitor coil ramping
and quench performance. The coil was
ramped to progressively higher currents,
with many ramps to the design operating
current of the 32-T magnet, where a series
of quenches were induced by the embedded protection heaters to study the coil
response as a part of quench-protection
development. The coil was then ramped
to high current to simulate and exceed the
maximum stress that will be incurred in
the 32-T magnet.

Results and Discussion
The YBCO coil generally performed
well, ramping numerous times to intermediate currents and subjected to numerous
heater-induced quenches as indicated in
Figure 2. The basic coil-design concept was
confirmed and the coil-fabrication process
demonstrated to give reliable performance.
The coil was ramped progressively to a
maximum current of 300 A with a maximum stress of 500 MPa. At a current of
275 A, some damage was incurred at one
of the terminals resulting in an increase in
coil voltage, and suggesting further design
changes in the terminal joint.
Acknowledgements
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Superconductivity/Applied
Pnictides can accept a very high density of nanoscale, pillar defects that produce very strong vortex pinning and high Hirr
without degrading the superconducting properties of the matrix. The nanopillars are almost perfectly sized, being 2 coherence lengths in diameter at a density of about 10 tesla.
•Published in Applied Physics Letters 96, 142510 (2010).

Strong Vortex Pinning in Co-doped BaFe2As2 Single
Crystal Thin Films
C. Tarantini, J. Jiang, J. D. Weiss, A. Polyanskii, A. Gurevich, E. E. Hellstrom, D. C. Larbalestier (Magnet Lab, FSU);
S. Lee, C. W. Bark, H. W. Jang, C. M. Folkman, S. H. Baek, C. B. Eom (U. of Wisconsin);
Y. Zhang, T. Nelson, X. Q. Pan (U. of Michigan)
Introduction
In the high-temperature superconductors a strong effort was made in the
last years to reduce the intrinsic material
anisotropy. In YBCO, for instance, the
increase of the critical current density Jc
when the field is along the c-axis is possible but only at low field. On the contrary
we were able to strongly increase Jc in
cobalt-doped BaFe2As2 thin fi lms up to
high field and in a wide angular range.
Experimental
We characterized Ba122 thin fi lms
by high-resolution transmission electron
microscopy (TEM) to study the defect
structure. We also performed Jc(H,θ)
measurements to verify how those defects
affect the superconducting properties.
Results
The TEM images in Figure 1 reveal
the film has a high density of nanocolumns. Their diameter is about 5 nm and
they grow up from the buffer layer through
the whole sample. Figure 2 shows that Jc is
then only weakly field dependent and that
it has a strong and broad c-axis peak.
Conclusions
These nanocolumnar defects have
sizes comparable to 2ξ (the superconducting coherence length) making them extremely effective in increasing the critical
current density without compromising the
primary superconducting properties. The
c-axis peak is so intense as to affect the

FIGURE 1. Planar view TEM of a Ba122 thin film
showing a high density of randomly distributed
defects. In the inset the cross section reveals
the nanocolumns are vertically aligned.

whole angular Jc up to high fields and to
invert the natural material anisotropy1-3.
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FIGURE 2. (a.) Field and (b.) angular dependence of Jc in a Ba122 thin film showing a
strong increase of the critical current when H is
parallel to the c-axis.
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Superconductivity/Applied
Extensive characterization of REBCO-coated conductors provides a technological and scientific underpinning for understanding
the field and angular dependence of the critical current density of coated conductors to be used in 30+ tesla (T) magnets,
showing, rather surprisingly, that correlated pinning centers like BaZrO3 reduce the anisotropy of the current density at 4 K.
•Published in Superconductor Science and Technology 24, 035001 (2011).

Properties of Recent IBAD-MOCVD Coated Conductors
Relevant to Their High Field, Low Temperature Magnet Use
V. Braccini, A. Xu, J. Jaroszynski, D. C. Larbalestier (Magnet Lab, FSU);
Y. Chen, G. Carota, J. Dackow (SuperPower Inc.);
I. Kesgin, Y. Yao, A. Guevara, T. Shi, V. Selvamanickam (University of Houston)
Introduction
YBCO is now the prime choice for
superconducting magnet technology to go
to 30 T and beyond. Thus characterization
of the angular critical current Ic(θ,H) at
4.2 K of YBCO coated conductors (CCs)
is important for magnet design as well as
to understand pinning. We performed
detailed angular studies of Ic in different
CCs from SuperPower Inc. focusing on
the effect of Zr doping, which produces
BaZrO3 (BZO) precipitates.
Experimental
We measured Ic(θ,H) at 4.2 K with θ
varying between -20° and 110° in several
CCs at 4.2 K with a home-built, 500 A
rotator probe in the 31-T, 52-mm warm
bore, Bitter magnet, fitted with a 3-8mm
bore He cryostat by means of four probe
transport using high current (up to 500 A)
rotator.
Results and Discussion
Figure 1 shows Ic as a function of H
at 4.2 K and with H perpendicular to ab
for several CCs. Power law dependence on
field Ic ∝ H -α: is clearly seen for all samples with α approximately 0.5 and 0.7 for
undoped and Zr doped samples, respectively. Figure 2 shows angular dependence
of four samples at 5, 10, 20 and 25 T, after
normalizing Ic to its value perpendicular
to the ab plane. Notably, Zr doping widens
the maxima, leading to a higher current
5°-20° off the ab plane where it is valuable
for magnet construction1.

FIGURE 1. Ic vs. H at 4.2 K and H perpendicular to the ab plane in different CCs from
SuperPower Inc. and from UT Houston. Open/solid symbols are for samples without/with
BZO additions.
FIGURE 2. Ic vs. angle at 4.2 K at different magnetic fields in four CCs. It is clearly seen
that samples with BZO (solid symbols) have wider maxima around ab plane.

Conclusions
We found that Zr doping substantially modifies the Ic(θ,H) angular dependency at 4.2 K. In particular, it widens the
cusp-like Ic maxima around the CC plane.
Thus BZO-doped CCs are more suitable
for magnet construction than undoped
CCs, despite their faster decrease of Ic
with increasing magnetic field in the offplane configuration.
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Superconductivity/Applied
Phenomena at the grain boundaries are one of the key factors that determine the overall current carrying capability of
high-temperature superconductors, and thereby their usefulness in, for example, magnets and electronics applications.
This work increases our understanding of these phenomena by providing a link between the theory of superconductivity and
experimentally observed properties.

Modeling High-Temperature Superconductor Grain Boundaries
P.J. Hirschfeld (University of Florida), S. Graser, T. Kopp, and J. Mannhart (U. Augsburg)
Introduction
We present a proposed solution to a
longstanding and important problem of
cuprate superconductivity, namely the
exponential suppression of the critical
current Jc in the cuprates as a function of
the misorientation angle θ between two
superconducting grains. This effect is
held to be responsible for the fact that it is
difficult to enhance the critical current in
HTS wires and tapes, and has been understood and recognized as very important
since the late 1980s1. Using a hierarchical
approach, we succeeded in reproducing
the exponential dependence of Jc on θ, and
its statistical scatter with grain-boundary
type, and showed that it depends only
weakly on the symmetry of the superconducting order2.
Results and Discussion
The reconstruction algorithm, based
on earlier work on homogeneous crystals,
successfully reproduced the statistical
distribution of structural units occurring
near actual YBCO brain boundaries (GBs)
seen in transmission electron microscope
experiments. Positions of atoms in this
layer were then assumed to determine the
local charging and distribution of effective
hoppings for a two-dimensional, tightbinding Bogoliubov-de Gennes model,
whose critical current was then calculated
using standard techniques.
Conclusions
Exponential dependence on misorientation angle in HTS GBs arises from the
complexity of the oxide interface and the
angle-dependent effective charge barrier,
and is only weakly related to the order
parameter symmetry.

FIGURE 1.
a. Reconstruction of a (410) grain boundary of YBCO by molecular dynamics; b. charging
of Cu and O atoms in CuO2 plane; c. Average charge distribution as function of distance
to boundary (x=0) averaged over grain boundary length; d. critical current calculated from
Bogoliubov-de Gennes equations compared with experiment 2.
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Inorganic/Organometallic Chemistry
As published in Angew. Chem. Int. Ed., this constitutes the first High Frequency Electron Paramagnetic Resonance (HFEPR)
report in the literature on a strongly reduced oxidation state of vanadium, V(II). A broader significance lies in the magnetic
characterization of catalytically active complexes of vanadium.
•Published in Angew. Chem. Int. Ed. 49, 9871–9875 (2010).

HFEPR Studies of a Three-Coordinate Organometallic
Vanadium(II) Complex
B. L. Tran, M. Singhal, H. Park, M. Pink, D. J. Mindiola (Indiana University, Chemistry); J. Krzystek, A. Ozarowski (Magnet Lab, FSU);
J. Telser (Roosevelt U., Chemistry); O. P. Lam, K. Meyer (Erlangen U., Germany, Chemistry)
Introduction
Vanadium can access a wide range
of oxidation states, many of which are
paramagnetic. These include V(IV) (3d1, S
=1/2), well-studied by EPR, as well as states
with multiple unpaired electrons such as
V(III) (3d2, S =1), which has been studied
by HFEPR at Magnet Lab1, and V(II) (3d3,
S =3/2), hitherto unstudied by HFEPR.
V(II) is best known in vanadocene, Cp2V
(Cp = cyclopentadiene monoanion),
but recent synthetic work has led to the
preparation of V(II) complexes with a
wider variety of ligands, such as nacnac,
the β-diketiminato ligand2. Mindiola and
co-workers have prepared a “masked”
three-coordinate vanadium(II) complex, [(nacnac)V(Ntol2)], where nacnac =
RN=C(CH3)CH=C(CH3)NR monoanion,
with R = 2,6-diisopropylphenyl, and tol =
tolyl (CH3C6H4).

FIGURE 1. Molecular structure of [(nacnac)V(N(tol)2]. Atoms coordinated to V(II) are labeled.
FIGURE 2. HFEPR spectra of polycrystalline [(nacnac)V(Ntol2)] recorded at 10 K and 208 GHz (black
trace). Simulated traces are given above and below: S = 3/2, |D| = 2.99, |E| = 0.11 cm –1, giso =
1.98, ΔBiso = 250 G; for the upper (blue) trace, (D, E) < 0 was used; for the lower (red) trace, (D, E)
> 0 was used. The asterisk indicates a minor V(IV) impurity which is not simulated.

Experimental
The Magnet Lab EMR Facility with
the superconducting 17-tesla magnet was
used to study [(nacnac)V(Ntol2)] both as
a polycrystalline sample and in frozen
toluene solution.

toluene solution. A representative spectrum is shown in Figure 2. The pattern is
that of a nearly axial spin quartet with axial
zero-field splitting, D = 3.0 cm–1, unusually
high for a 3d3 (4A2) system, in particular
compared to values reported for typical
V(II) coordination complexes3, for which
|D| < ~0.2 cm–1.

Results and Discussion
The structure of [(nacnac)V(Ntol2)] is
shown in Figure 1. In addition to coordination by the two imino N atoms of the
nacnac ligand and the amido nitrogen of
[N(tol)2]–, there is an interaction with one
of the tolyl rings, which “masks” the V(II)
center. This unusual coordination geometry is reflected in the HFEPR spectrum of
the complex, both as a solid and in frozen

Conclusions
This study represents the first application of HFEPR to V(II) and is a rare
application of this technique to an organometallic complex. It is hoped that the
observation of a large magnitude zero-field
splitting for V(II) in this case will stimulate
computational investigations as well as
spectroscopic studies on related d3 complexes. These include “true” three-coordi-

nate V(II) complexes (recently prepared in
the Mindiola group) since this will allow us
to understand the effect of the “masking”
arene moiety in the electronic structure of
these low-valent metal ions.
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Chemistry
As published in J. Natural Products, this report identifies novel structurally diverse natural products from marine cyanobacteria with different potencies of cytotoxicity to cancer cells.
•Published in Journal of Natural Products 73, 1544-1552 (2010); Vol. 73, 1606-1609 (2010).

New Cytotoxic Macrolides and Modified Peptides from
Marine Cyanobacteria
L.A. Salvador, S. Matthew, H. Luesch (UF, Medicinal Chemistry);
P.J. Schupp (University of Guam Marine Laboratory); V.J. Paul (Smithsonian Marine Station)

FIGURE 1. New natural products from marine cyanobacteria L. bouillonii (1−7) and Phormidium spp. (8).

Introduction
Marine cyanobacteria have been a
source of bioactive secondary metabolites,
the majority of which are modified peptides
and depsipeptides, peptide−polyketide
hybrids, and polyketides. We aim to find
new classes of compounds from marine
cyanobacteria through either a bioactivitydirected or nuclear magnetic resonance
(NMR)-guided purification method.
Experimental
1H and two-dimensional NMR spectra were recorded on a Bruker Avance II
600-MHz spectrometer equipped with a
1-mm HTS cryogenic probe or 5-mm TXI
cryogenic probe using residual solvent
signals as internal standards.

Results and Discussion
Collections of Lyngbya bouillonii
from Guam yielded new glycosidic macrolides (2-epi-lyngbyaloside, 18E- and
18Z-lyngbyaloside C), members of the
actin depolymerizing lyngbyabellins
(27-deoxylyngbyabellin A and lyngbyabellin J), a macrolide with enamide and
t-butyl functionalities (laingolide B), and
a linear modified peptide (lyngbyapeptin
D).1 A collection of Phormidium spp.
from Florida afforded the macrolactone
caylobolide B with contiguous 1,3- and
1,5-diol moieties.2 The majority of these
compounds are halogenated, a hallmark
of marine-derived compounds. These
natural products have weak to moderate
cytotoxic activity against cancer cells.
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Conclusions
We identified new secondary metabolites with activity against cancer cells
from marine cyanobacteria.
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Analytical Chemistry
This work published in Energy and Fuels is the second installment of a five-part series on the evolution of petroleum composition as a function of boiling point. The work validates a 20-year-old hypothesis on the composition of heavy petroleum
and resolves a decades-old dispute on the nature of petroleum heavy ends.
•Published in Energy & Fuels 24, 2939-2946 (2010).

Heavy Petroleum Composition 2. Progression of the
Boduszynski Model to the Limit of Distillation by Ultrahigh
Resolution FT-ICR Mass Spectrometry
A. G. Marshall, A. M. McKenna, R. P. Rodgers (FSU, Mag Lab, Chemistry);
G. T. Blakney (Mag Lab, Chemistry);
F. Xian (FSU, Chemistry);
P. B. Glaser (General Electric Global Research, Chemistry)
Results and Discussion
Heavy petroleum fractions are structurally and compositionally complex mixtures that defy characterization by traditional analytical techniques. Here, we provide detailed characterization of a Middle Eastern heavy crude oil distillation series in
further support of the Boduszynski model: namely, that petroleum is a continuum in composition, molecular weight, aromaticity, and heteroatom content as a function of boiling point.
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) provides ultrahigh resolving power and mass accuracy and thereby allows for elemental assignment for each of the
tens of thousands of peaks in a single crude-oil sample. Part 1 of
our five part series established the validity of the Boduszynski
model for heavy vacuum gas oil (HVGO) distillation series. Here,
we extend our analysis to fractions from a Middle Eastern heavy
crude with cut temperatures including and beyond the middle
distillate range. Collectively, the detailed compositional results
for all heteroatom classes strongly support the continuity model.
Interestingly, extrapolation of distillable compositional space to
high carbon number (up to 1 MDa — see Figure 1) cannot account for the bulk H:C ratio ≈ 1.2 of nondistillable (asphaltenic)
species. As we later show, those species are absent from the MS
samples due to aggregation.

Extrapolation of S1 Class Compositional Space
into the Nondistillables (Asphaltenes)

FIGURE 1. Composite isoabundance contoured plot of DBE vs. carbon
number for the species containing hydrogen, carbon, and one sulfur, for
Middle Eastern heavy crude oil distillation series and residue.
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Analytical Chemistry
Published in Analytical Chemistry, the report describes the use of a one-step chromatographic pre-treatment of dissolved
organic matter (Fulvic acids) that can be used to sufficiently simplify the complex mixture to allow for MS/MS structural
analysis of components. The report combines the detailed compositional analysis afforded by Fourier transform ion cyclotron MS (FT-ICR MS) with the structural information provided by tandem (MS/MS) mass spectrometry.
•Published in Analytical Chemistry 82, 8194-8202 (2010).

Chromatographic Reduction of Isobaric and Isomeric
Complexity of Fulvic Acids To Enable Multistage Tandem
Mass Spectral Characterization
E. N. Capley (U. South Alabama, Chemistry); A. C. Stenson (U. South Alabama);
J. D. Tipton (Magnet Lab, Biochemistry); A. G. Marshall (FSU, Magnet Lab, Chemistry)

Results and Discussion
Humic substances and related material commonly denoted
natural organic matter (NOM) are of interest in fields ranging
from marine and geochemistry to industry, agriculture, and
pharmacology. High-field FT-ICR MS enables resolution and
identification of elemental compositions of up to thousands of
components from a single mass spectrum. Here, we introduce an
offline pre-fractionation to reduce the number of species of the
same nominal (nearest-integer) mass, allowing for isolation of
ions of one or a few m/z values, from which structural information can be obtained by low-resolution multistage tandem mass
spectrometry (MSn). Alternatively, pre-characterized fractions
can be generated for other types of analysis. As an example, we
demonstrate significant reduction of isomeric and isobaric complexity for Suwannee River fulvic acid (SRFA). The combined MS
and MSn analyses support the hypothesis that early eluting material comprises older, highly oxidized SRFA, whereas later-eluting
material is younger, retaining some similarity with precursor
material.
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FIGURE 1. Top: Fragment ion relative abundances, grouped according to
common neutral losses: e.g., methyl (-15 Da), water (-18, -36, -62 Da, etc.);
carbonyl (-28, -72 Da, etc.), and carboxyl (-44, -88 Da, etc.). Bottom: Fragment
ion relative abundances for each of three different elution stages, grouped
according to their ratio of oxygens with exchangeable hydrogens to oxygens
without. Because the listed elemental compositions include only CcHhOo
species, the maximum number of deuteriums (Dmax) defines the number of
oxygens with exchangeable hydrogens. The number of oxygens without exchangeable hydrogens is calculated by difference (i.e., O - Dmax). The error
in Dmax can be ~1-2, given that low-abundance ions with high Dmax may fall
below the specified abundance threshold of 3%.

Inorganic Chemistry
This is the first high frequency electron paramagnetic resonance (HFEPR) work in the literature on a mononuclear
rhenium(IV) complex. Re(IV) is a 5d row transition metal ion and its complexes are becoming ever more used as building
blocks in nanomagnets.
•Published in Journal of the American Chemical Society 132, 3980-3988 (2010).

High-Field EPR Study of a [ReCl4(CN)2]2− Magnetic
Molecular Building Block
T. D. Harris, J. R. Long (UC Berkeley, Chemistry); J. Liu (Magnet Lab, University of Florida, Physics); S. Hill (Magnet Lab, FSU, Physics)

Introduction
Slow magnetic relaxation has been reported in
the (DMF)4MReCl4(CN)2
(M = Mn, Fe, Co, Ni) singlechain magnets (SCM) at
low temperature1. To better
understand the origin of the
relaxation barrier, crystals of
a [ReCl4(CN)2]2- (1) building
block were synthesized in order to assess the contribution
to the anisotropy from the Re
ion (5d3).
Experimental
Electron Paramagnetic
Resonance (EPR) measurements were first carried out
in a 7-tesla (T) superconducting magnet prior to high-field
studies in a 36-T resistive
magnet. A Millimeter Vector
Network Analyzer and several
different multipliers were used
as a microwave source and
detector.
Results and Discussion
The high-field spectra
display one sharp peak at low
field and two broader peaks
at high field. Temperature
dependent measurements (Figure 1) indicate that all three
transitions originate from the
ground state; the low-field
peak occurs within the lowest

Kramers doublet (note that S =
3/2) while the high-field peaks
are inter-Kramers transitions,
which can explain the difference in linewidth. Figure 2
displays the frequency versus
field plot at 1 K. The data have
been fit to the following spin
Hamiltonian:

The fit yields the following
parameters: D = +9.93 cm-1, E
= ±2.17 cm-1 and g = 1.44.
Conclusions
Surprisingly, these EPR
studies clearly indicate that 1
possesses an easy-plane type
(D > 0) anisotropy, and should
not show slow magnetic relaxation by itself. A theoretical
model is currently under development to understand the
slow magnetization dynamics
in the coupled SCM systems.

FIGURE 1. Temperature dependence of the spectra at 126 GHz.
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Work submitted for publication employs the links between the lithium isotope ratio of seawater and the same ratio preserved in marine foraminifera calcite shells over the past 68 million years to track changes in continental and seafloor
silicate rock weathering processes. A unique Quadrupole ICP-MS method is used to measure 7Li/6Li isotope ratios. An
observed rise in 7Li/6Li of seawater (δ7Li)sw is attributed to massive increases in silicate weathering and/or dramatic
changes in aluminosilicate (clay) formation (likely both) over the past 60 million years.

Lithium Isotope Evolution of Cenozoic Seawater –
A New Proxy for Silicate Weathering
S. Misra and P. N. Froelich (Magnet Lab; FSU, Department of Earth, Ocean and Atmospheric Sciences)
introduction
The lithium isotope ratio of seawater
(7Li/6Li) is intricately linked to the global
silicate weathering and reverse weathering cycles. Calcite shells of marine planktonic foraminifera preserve the seawater
7 Li/6Li ratio (δ7 Li
SW), providing a record
of δ7LiSW through geologic time. The
modern day δ7LiSW is in balance with its
input sources via chemical weathering of
the silicate continents (erosion and river
fluxes), hydrothermal weathering of seafloor silicate basalts (hot spring fluxes),
recycled lithium flux associated with fluid
expulsion at the convergent continental
margins, and lithium removal by low
temperature reverse weathering reactions like authigenic aluminosilicate clay
sediment formation and low temperature
seafloor basalt alteration. Each of these
silicate sources and sinks to/from the
ocean carries distinct 7Li/6Li signatures
with very large fractionation factors,
providing a unique time tracer of changes
in the global silica cycle that is diagnostic of long-term variations in seawater
chemistry. We present the first long-term
(68 Ma), high-resolution lithium isotope
record of seawater constructed from
analyses of chemically cleaned planktonic
foraminifera. We argue that these variations in paleo-δ7LiSW reflect tectonics
and climate-driven perturbations in the
global silicate weathering cycle leading to
imbalances in both magnitude and isotopic composition of lithium mass fluxes in
and out of the ocean system.

Experimental
An improved method for δ7LiSW determinations by Quadrupole-ICP-MS was
created. The key features of this method
are low total lithium consumption
(< 0.2 ng-Li / analysis), high column yields
(> 99.98%), high isotope ratio precision
(< ±0.8‰, 2s), and low blanks (1.0 ± 0.5
pg). Species-specific and bulk sample
7Li/6Li analyses of chemically cleaned
core-top foraminifera and down-core
forams (0-68 Ma) were done to reconstruct the lithium isotopic composition of
seawater across the Cenozoic.
Results and Discussion
Seawater 7Li/6Li history reconstructed from planktonic forams records
an 8-9‰ increase over the past 60 Ma.
Unlike the seawater Sr isotope history the
lithium isotope composition of Cenozoic
seawater does not exhibit a monotonic
increasing trend. The last 60 Ma history
of δ7LiSW can be divided into periods of
quasi-linear rise and periods of steady
state. Most significantly the periods
between 52 - 47 Ma, 35 - 31 Ma, and 14 - 6
Ma records an average rate of increase
in δ7LiSW (Δδ7LiSW / Δt) of ~ 0.4 ± 0.1
‰ / Ma (3s). The net result is a total ~
9‰ rise in δ7LiSW in the last 60 Ma. This
enormous 8-9‰ rise between the 60 Ma
low-stand (22‰) to modern-day highstand (30.5‰) requires massive increases
in either silicate weathering fluxes and
weathering intensity, or dramatic changes
in the lithium sink (aluminosilicate formation), or both, suggesting an increase
in [Li]ocean and τLi during the Cenozoic.
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FIGURE 1. Cenozoic seawater history of
7Li/6Li (δ7Li ) from forams. The 87Sr/86Sr and
sw
187Os/186Os records are from the literature.
The three records all point toward increased
continental weathering during the past 60 million years, but δ7Lisw is uniquely hosted only in
rock silicates.

Conclusions
Seawater 7Li/6Li rose dramatically by
8-9‰ during the Cenozoic (66-0 Ma).
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Magnetic Resonance Technique Development
Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool to investigate local structure in materials and metalloproteins, as examples. Many transient radicals generated in proteins have very narrow and sharp signals. Determination of
exact spectral parameters is critical for full structural elucidation of such spin centers. The Angerhofer group is developing
encapsulated hydrogen atoms as “rulers” to measure the exact magnetic field as standards for biological EPR spectroscopy.
•Published in Journal of Magnetic Resonance 207, 158-163 (2010).

Atomic Hydrogen as High-precision Field Standard for High-field EPR
S. Stoll, R. David Britt (University of California, Davis);
A. Ozarowski (Magnet Lab, FSU);
Alexander Angerhofer (University of Florida, Gainesville)

a.

high-precision NMR teslameter (Bruker
ER036TM) for field calibration.

b.

Results and Discussion
Figure 1A shows the structure of the
compound H@iBuT8. Surprisingly, it is
stable at room temperature and below.
Figure 1B shows its 416 GHz EPR spectrum, together with the spectra of two
other common field standards, LiF:Li (Li
nanoclusters in LiF host) and MgO:Mn2+
(Mn2+ doped into MgO host). From EPR
at 9 and 35 GHz (not shown), we obtain a
temperature-independent isotropic g factor
of 2.00294(3) and a hyperfine coupling
constant of 1416.8(2) MHz below 70 K,
decreasing to 1413.7(1) MHz at room temperature.
FIGURE 1. a. Structure of H@iBuT8, hydrogen trapped in octaisobutylsilsequioxane.
b. 416 GHz EPR spectrum of a mixture of three common field standards, at 60 K.

Introduction
Many important spin centers, such as
organic radicals in proteins, feature narrow EPR spectra with g values very close
to g = 2. The g values are valuable reporters on the radical type, protonation state,
and the local environment. However,
their accurate determination via highfield EPR is hampered by the problem of
accurately measuring the magnetic field
axis. For this, secondary field standards
– compounds with precisely known
magnetic parameters – are used. The ones
commonly in use have disadvantages:
their spectra overlap with the spectra of
organic radicals (MgO:Mn2+), or they
feature only one line (LiF:Li) that does

not allow calibration of a field range. We
introduce a new superior spin-1/2 field
standard based on atomic hydrogen.
Experimental
Encapsulated hydrogen atoms were
generated by irradiating a solution of
octabutylsilsequioxane iBuT8 in a 60Co
chamber.1 MgO:Mn2+ was obtained
commercially, and LiF:Li samples were
kind gifts of Roger Isaacson (UCSD) and
Andre Stesmans (Leuven). 400 GHz/15-T
EPR spectra were measured at the EMR
facility of the Magnet Lab using a broadband transmission spectrometer. 9 GHz
and 35 GHz EPR spectra were measured
at the CalEPR center at UC Davis, using a

Conclusions
Atomic hydrogen trapped in a substituted silsesquioxane nanocage is an
excellent field standard, as its spectrum
consists of two lines that frame the field
region of organic radical spectra without
overlap. Also, the temperature dependence of the g value and the hyperfine
coupling has been accurately determined.
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Magnetic Resonance Technique Development
Spectral sensitivity and resolution are of paramount importance for nuclear magnetic resonance (NMR) applications to macro-biomolecules. The report by Gor’kov et al. of the Magnet Lab and Polenova’s group at the University of Delaware describes
an innovative triple-resonance magic-angle-spinning (MAS) probe — essential equipment for biological solid-state NMR. The
probe features an extended detection coil, a loop-gap resonator (LGR) for decoupling that generates very little heating to
fragile protein samples, and an efficient electronic circuit. The probe benefits not just Polenova’s group, but other users as
well (see report No. 303 at magnet.fsu.edu) and is now available for use in the 900-MHz wide-bore magnet system.

Efficient Triple-resonant 1H/X/Y Low-E MAS Probe for
Biological Applications
Peter L. Gor’kov, Ivan Hung, Chunqi Qian, Jason A. Kitchen, William W. Brey, Zhehong Gan (Magnet Lab, FSU);
Guangjin Hou, Yun Han, Tatyana Polenova (University of Delaware)
For concentration-limited samples,
NMR sensitivity can be improved by increasing the amount of sample. Unfortunately, in solid-state MAS NMR, switching
to a larger sample rotor generally weakens
the applied B1 fields, slows the spinning
rate, and increases frictional heating. To
avoid these drawbacks, we propose to
extend the coil and sample only along the
spinning axis, leaving the spinning properties essentially unchanged but increasing
the sensitivity. To test this approach, we
developed and tested an efficient 3.2-mm
1H/13C/15N 600 MHz MAS probe based
on a custom stator from Revolution NMR
(Fort Collins, CO). The probe, used for
studies of dilute protein systems, shows
that excellent results can be achieved by
extending the sample length.
The probe employs independent,
orthogonal resonators to produce the 1H
decoupling field (an outer loop-gap resonator) and lower X/Y frequency channels (the
inner double-tuned solenoid). Separating the high- and low-frequency circuits
benefits the probe in three ways1-4: a) use
of 1H LGR drastically reduces decouplinginduced sample heating; b) elimination of
1H-tuned traps reduces low-frequency loss;
and c) a longer coil can be wound since the
1H wavelength does not impose restrictions on number of turns. All of the probe’s
three channels are electrically balanced,
which leads to better resistance to arcing
and improved B1 homogeneity across the
sample. Balancing the mid-frequency Xchannel in triple-resonance circuits can be

challenging and is often omitted. However,
we find that in addition to improving homogeneity and reducing voltages, electrical balancing of the X-channel can also
improve efficiency by a notable amount.
The probe can be easily switched between
double- and triple-resonance modes by
means of removable elements.
In its 13C-optimized 1H/13C/15N circuit configuration, the 13C channel reached
100 kHz at 165 W in triple- and at 110 W
in double-resonance mode. Maximum
13C B was measured to be 160 kHz (4 ms
1
pulse every 1 s with full-strength decoupling). For Y=15N, power efficiency was 55
kHz at 262 W with maximum 15N B1 of
at least 85 kHz (4 ms pulse every 1 s with
full-strength decoupling). The maximum
achievable B1 fields for the 1H channel were
160 kHz (45 ms pulse every 1s); power efficiency was 100 kHz at 190 W. B1 homogeneity across a 22 μL, 6.7mm-long sample:
A810°/A90° was 0.86 for 13C and >0.95 for
1H. The 13C S/N (glycine) in this 3.2-mm
probe was similar to S/N in a Bruker 4.0mm single-solenoid probe. A thin-wall
rotor further raises signal-to-noise by 55%.
Figure 1 shows 13C DARR and NCA
spectra of a U-13C,15N enriched dynein
light chain (DLC8) sample acquired using
this probe on a 600 MHz Bruker Avance
spectrometer. The sensitivity in both the
homo- and heteronuclear experiments is
increased by 50 percent compared with
that of the spectra acquired on the same
sample using a commercial 3.2-mm singlesolenoid MAS probe at UD. The outstand-
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FIGURE 1. 13C DARR
and N-Ca spectra of
enriched DLC8.

ing performance of this probe shows that
extending the sample length along the
spinning axis is important for structural
studies of large proteins and assemblies.
Acknowledgements
This work was supported by UCGP.
REFERENCES
1. Doty, F.D. et al., J. Magn. Reson., 182, 239
(2006).
2. Gor’kov, P.L. et al., J. Magn. Reson., 185, 77
(2007).
3. McNeill, S.A. et al., Magn. Reson. Chem.,
45, S209 (2007).
4. McNeill, S.A. et al., J. Magn. Reson., 197,
135 (2009).

LIFE SCIENCES

Biochemistry
About 60 percent of drug-targeted proteins are membrane bound and the structure and functional studies in their native membrane environment are challenging. This report presents a joint work of three research groups (Cross/FSU, Zhou/FSU and
Busath/BYU) on a M2 proton channel protein in Influenza A virus. They used high-field solid-state nuclear magnetic resonance
(NMR) spectroscopy and molecular dynamics simulations to determine the three-dimensional structure of the channel and
revealed the details of proton conducting mechanism.
•Published in Science 330, 509 (2010).

Insight Into the Mechanism of the Influenza A Proton
Channel from a Structure in a Lipid Bilayer
H. Qin, M. Sharma (FSU, Chemistry and Biochemistry);
T.A. Cross (Magnet Lab, FSU, Chemistry and Biochemistry);
H. Dong, M. Yi, H.X. Zhou (FSU, Physics);
David D. Busath, E. Peterson (Brigham Young University)
Introduction
The Influenza A drug target M2
proton channel has been the subject of
extensive structural and functional studies accelerated by the recent dominance of
the S31N mutation that induces resistance
to the flu drugs amantadine and rimantadine. We have determined the threedimensional structure of the conductance
domain of M2, residue (22-62) using static
solid-state NMR spectroscopy1.
Experimental
Structural restraints were collected
using static solid-state NMR spectroscopy
on amino acid specific 15N labeled M2(2262) reconstituted in DOPC:PE(4:1) lipid
bilayer, an environment in which M2(2262) mimics the proton conductance
characteristics of full-length M2 protein.
The tetramer structure was calculated
and refined in vacuum using simulated
annealing and re-refined in explicit lipid
bilayer using restrained molecular dynamics simulations. The His37-Trp41 side
chains orientations were optimized using
quantum mechanical calculations. All
NMR data were acquired on the 600-MHz
wide-bore NMR spectrometer and the
ultra-wide-bore 900-MHz spectrometer
equipped with a low-E double resonance
probe with a flat coil.

Results and Discussion
The structure (Figure 1A) displays the
defining features of the native protein that
have not been attainable from previous
structures solubilized by detergents. We
propose that the tetrameric His37-Trp41
cluster guides protons through the channel by forming and breaking hydrogen
bonds between adjacent pairs of histidines
and specific interactions with the tryptophan gate. This mechanism explains the
main observations for M2 proton conductance.
Acknowledgements
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FIGURE 1. Three dimensional structure of
M2(22-62) in lipid bilayer and conduction
mechanism involving His37-Trp41 cluster.
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Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool to determine structures of proteins and other biomolecules. Structure determination relies on the internuclear distances, torsion angles and chemical shifts that are measured
by NMR experiments, and the force fields among the atoms that are usually predetermined by other methods. The report by
Li and Brüschweiler presents a novel approach to the optimization of the force field itself from NMR data.
•Published in Angew. Chem. Int. Ed. 19, 6778-6780 (2010).

NMR-Based Protein Force Field
D.-W. Li and R. Brüschweiler (Magnet Lab and FSU Department of Chemistry and Biochemistry)
Introduction
Molecular dynamics (MD)
computer simulations fulfi ll an
important complementary role
with respect to experiment.
The quality of molecular mechanics force fields is vital for
the accurate characterization
of proteins in silico. However,
the development of better force
fields has been a complex,
labor-intensive and time-consuming task. In the past, all
modern force fields have been
parameterized based on both
extensive quantum-chemical
calculations and experimental
data. Because of the complexity associated with the fitting
of well over 100 force-field
parameters, previous work has
focused on fitting data of small
molecules and peptides in gas
phase.
Experimental
Our approach1 starts with
the calculation of NMR chemical shifts of all carbon nuclei
for each snapshot of the parent
MD trajectory, which are
stored for subsequent analysis. Time-averaged chemical
shifts are calculated with equal
weights for all snapshots and
compared with the experimental chemical shifts by means of
the root mean square deviation (RMSD) in ppm. We then
reweight a parent trajectory
performed with the original

force field for a new test force
field by using Boltzmann’s
relationship. The force field is
iteratively revised using a minimization algorithm, which
in turn changes the weight of
each snapshot and thereby allows a systematic improvement
of the agreement between
the experimental chemical
shifts and the back-calculated
average shifts from the new
weights, i.e. a decrease in the
average RMSD. This approach
leads to a 105-fold speed-up
over other approaches.
Results and Discussion
We demonstrate the
method by deriving the new
force field ff 99SBnmr1 starting
from ff 99SB by modifying
the backbone dihedral angle
potential using the MD trajectories of four trial proteins.
We then cross-validate the
performance of ff 99SBnmr1
for additional 18 proteins. The
result (Figure 1) demonstrates
both the improved performance of the new force field
and its transferability to other
protein systems.
Conclusions
In the past, development
of force fields relied mostly
on small peptides in the gas
phase. The approach reported
here opens an entirely new
angle to this problem: the
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FIGURE 1. Cross-validation of new force field ff99SBnmr1 by comparison
with parent force field ff99SB. Back-calculated Cα, Cβ and C’ chemical
shift RMSDs for 18 proteins (filled circles) and the four trial proteins (open
circles) for trajectories with ff99SBnmr1 vs. ff99SB. Points on the diagonal
indicate identical performance whereas points on the lower half indicate
improved performance of ff99SBnmr1 over its parent potential ff99SB.

confluence of an efficient
algorithm, powerful computer
hardware, and large protein
structural and NMR databases
make the development of force
fields on fully intact proteins
in their native environment
reality.
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Biochemistry
Robinette and Edison report on a computational/statistical approach to analyze complex nuclear magnetic resonance (NMR)
data. They developed a two-dimensional peak alignment algorithm for the Hierarchical Alignment of Two-Dimensional Spectra
(HATS), enabling pattern recognition (PR) using full-resolution 2D spectra. The HATS-PR methodology is demonstrated using
multiple 2D total correlation spectroscopy (TOCSY) spectra from two nematode species. HATS-PR was able to determine the
degree to which each resonance cross peak contributed to the observed differences between species. HATS-PR is a new analytical analysis simplifying the complicated results commonly obtained during metabolomic studies.
•Published in Analytical Chemistry 83 (5), 1649-1657 (2011).

Alignment & Statistical Analysis of 2D NMR Spectra of Mixtures
Arthur S. Edison and Steven L. Robinette (UF, Biochemistry)

FIGURE 1. Spectral back-projection of PC1 loadings. Here, contours are
defined by the back-projected intensities, while colors are defined by the
unit variance-scaled loading coefficients. Crosspeaks with positive loading coefficients (red) represent compounds overexpressed by P. redivivus
relative to P. paciﬁcus. Blue crosspeaks represent negative loading coefficients indicating P. paciﬁcus overexpressed compounds.

Introduction
Nuclear Magnetic
Resonance (NMR) is the most
widely used nondestructive technique in analytical
chemistry. In recent years it
has been applied to metabolic
profi ling due to its high reproducibility, capacity for relative
and absolute quantification,
atomic resolution, and ability
to detect a broad range of compounds in an untargeted manner. While one-dimensional
(1D) 1H NMR experiments are
popular in metabolic profi ling
due to their simplicity and fast
acquisition times, two-dimen-

sional (2D) NMR spectra offer
increased spectral resolution
as well as atomic correlations,
which aid in the assignment
of known small molecules and
the structural elucidation of
novel compounds. Given the
small number of statistical
analysis methods for 2D NMR
spectra, we present here a new
approach for the analysis, information recovery and display
of 2D NMR spectral data.
Experimental
We developed a native
2D peak alignment algorithm
we term HATS, for Hierar-

chical Alignment of TwoDimensional Spectra, enabling
pattern recognition (PR)
using full-resolution spectra.
Principle Component Analysis (PCA) and Partial Least
Squares (PLS) regression of
full resolution TOCSY spectra
greatly aid the assignment and
interpretation of statistical
pattern recognition results by
producing back-scaled loading
plots that look like traditional
TOCSY spectra but incorporate qualitative and quantitative biological information of
the resonances. The HATS-PR
methodology is demonstrated
here using multiple 2D TOCSY spectra of the exudates
from two nematode species:
Pristionchus pacificus and Panagrellus redivivus. We show
the utility of this integrated
approach with the rapid, semiautomated assignment of small
molecules differentiating the
two species and the identification of spectral regions
suggesting the presence of
species-specific compounds.
These results demonstrate that
the combination of 2D NMR
spectra with full-resolution
statistical analysis provides
a platform for chemical and
biological studies in cellular
biochemistry, metabolomics,
and chemical ecology.

Results and Discussion
We aligned and statistically analyzed 10 different
TOCSY spectra from independent sample preparations from
the two species of nematode.
HATS-PR was able to generate a loadings plot from PCA
that indicate how much each
resonance cross peak contributes to observed differences
between the species. The NMR
for this work was done on the
600 MHz Bruker instrument
outfitted with a 5-mm cryogenic probe in the Advanced
Magnetic Resonance and Imaging & Spectroscopy Facility
at the University of Florida.
Conclusions
HATS-PR allows for efficient comparison of multiple
2D NMR datasets to obtain
detailed chemical differences
between different groups. This
is a new tool that will enhance
metabolomics efforts.
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The determination of protein fold, dynamics and accessible surface area are key components in modern day investigations
into proper protein function and often disease. Many extracellular proteins contain disulfide bonds that are critical components in stabilizing the three-dimensional protein fold. The Marshall lab is developing creative methods for applying hydrogen/deuterium exchange mass spectrometry methods that dramatically improve the sequence coverage and localization of
solvent exposed protein segments, which aids immensely in determining protein structure and local dynamics and possible
protein-protein interactions with insights into function.
•Published in Analytical Chemistry 82, 1450-1454 (2010).

Simultaneous Reduction and Digestion of Proteins
with Disulfide Bonds for Hydrogen/Deuterium Exchange
Monitored by Mass Spectrometry
A.G. Marshall, H.-M. Zhang (Magnet Lab, Chemistry);
M. R. Emmett (FSU, Magnet Lab, Biochemistry);
S. D. Frausto, H. Tang (FSU, Biology);
S. M. McLoughlin (Abbott Laboratories, Chemistry)
Results and Discussion
Proteolyzed peptides provide the basis for
mass-analyzed hydrogen/deuterium (H/D) exchange
for mapping solvent access to various segments of
solution-phase proteins. Aspergillus saitoi protease
type XIII and porcine pepsin can generate peptides of
overlapping sequences and high sequence coverage.
However, if disulfide bonds are present, proteolysis
can be severely limited, particularly in the vicinity
of the disulfide linkage(s). Disulfide bonds cannot be
reduced before or during the H/D exchange reaction
without affecting the protein higher-order structure. Here, we demonstrate simultaneous quench/
digestion/reduction following H/D exchange, for
subsequent mass analysis. Proteolysis is conducted
in the presence of TCEP·HCl (a disulfide reducing
agent) and urea (a denaturant), and all other steps of
the H/D exchange and analysis are maintained. This
method yields dramatically increased sequence coverage and localization of solvent exposed segments
for mass-analyzed solution-phase H/D exchange of
proteins containing disulfide bonds (see Figure 1).
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FIGURE 1. Proteolyzed peptides mapped onto the primary sequence of HCV wild-type
NS5A domain II by protease type XIII and pepsin, without or with added TCEP/urea.

Biology
Understanding the mechanism of how toxins enter and exit cells and interact with other proteins are key components in
rational development of treatments. Researchers at Magnet Lab in collaboration with R. John Collier at Harvard are utilizing
site-directed spin labeling (SDSL) electron paramagnetic resonance (EPR) methods to unravel the molecular details of how
anthrax toxin interacts with cell membranes and other proteins. To date, there is no crystal structure for the protein pore and
EPR methods are aimed at elucidating its structure.
•Accepted for publication in the Proceedings of the National Academy of Sciences

Probing Interactions Within Anthrax Toxin by Electron
Paramagnetic Resonance
Laura D. Jennings-Antipova, R. John Collier (Harvard University);
Likai Song (Magnet Lab, FSU)
Introduction
The protective antigen (PA) moiety
of anthrax toxin forms oligomeric pores
that translocate the enzymatic moieties of
the toxin — lethal factor (LF) and edema
factor (EF) — across the endosomal
membrane of mammalian cells (Figure
1A). Characterizing interactions between
membrane-inserted PA pore and LF has
been challenging. No crystal structure
of the pore exists, and the resolution of
electron micrograph images remains
low1. SDSL-EPR represents an attractive
approach to studying PA pore-LF interactions, as it allows molecular-level resolution of interactions and can be performed
with detergent-bound, or liposome-inserted forms of PA pore2.
Results and Discussion
Here we describe SDSL-EPR studies
that identify interactions of LF N-terminal
domain (LFN) with the PA pore (Figure
1A and 1B). EPR mobility and distance
measurements reveal a direct interaction
between the N terminus of LF (residues
2-5) and the Φ clamp, a structure within
the lumen of the pore that catalyzes
translocation (Figure 1A). Binding of LFN
spin-labeled residues G2 and G5 to the PA
pore induced a new and relatively immobilized state in the spectra, suggesting
direct interaction between these residues
and the pore (Figure 1 C). Also, both G2
and G5 interacted with PA residue S429
in the pore, with a spin-spin distance

FIGURE 1. LFN-PA interactions. An EM reconstruction of the PA pore with a cartoon representation of LFN (in blue) bound (a). Crystal structure of LFN with spin-labeled residues marked in red
(b). Interaction between PA pore and LFN residues G2 and G5 by EPR mobility (c) and distance (d)
measurements. LFN alone (Black); with PA (Red).

estimated to be 12-13 Å (Figure 1D). In
addition, consistent with a recent crystallographic model, we find that, upon binding of the translocation substrate to PA,
LF helix α1 separates from helices α2 and
α3 and binds in the α clamp of PA (not
shown). These interactions, together with
the binding of the globular C-terminal
domain of LF to domain 1’ of PA, indicate
that LF interacts with the PA pore at three
distinct sites. Our findings elucidate the
state from which translocation of LF and
EF proceeds through the PA pore. These
results have been accepted for publication
in PNAS.

1A). Our results exemplify the power of
SDSL-EPR as an adjunct to crystallography for defining interactions between
oligomeric membrane-spanning proteins
and their proteinaceous ligands.
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Conclusions
Collectively, our results show that
the PA-LFN binding interaction is more
complex than originally described and
consists of three sites within PA: the Φ
clamp, the α clamp, and domain 1’ (Figure
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MAGLAB NEWS BRIEFS
HONORS & AWARDS
Chris Hendrickson, a Scholar/Scientist in
the Ion Cyclotron Resonance group, was
selected to receive a 2011 Distinguished
University Scholar Award from Florida
State University. For the past 16 years,
Hendrickson has directed the worldleading instrumentation development for
the ICR Program. He holds primary responsibility for the design
and implementation of the recently funded $17.5M NSF grant to
design, construct, and apply a 21 T FT-ICR mass spectrometer.
This 21 T ICR magnet should extend and maintain the Magnet
Lab’s leadership in FT-ICR mass spectroscopy instrumentation for
the next decade.

COMING & GOING
DC Field CMS postdoc Prashant Jain is
completing a short-term position at MIT
before heading to Los Alamos National
Lab to accept a Director’s fellowship.
Jain is an author on upcoming papers in
Angewandte Chemie International Edition
and PNAS.

WORTH NOTING
Valeria Braccini and Andrea Malagoli,
both researchers at the SPIN Institute
of CNR in Genova, Italy, spent 1 year as
Visiting Scientists at the Magnet Lab’s
Applied Superconductivity Center. Braccini worked on the characterization of
the angular critical current Ic(θ,H) at 4.2
K up to 31 Tesla of IBAD-MOCVD Coated
Conductors (CCs). This research belongs
to a wide effort aimed at understanding
pinning mechanisms and designing very
high-field magnets based on CCs. Part of
her findings have been recently published
on V. Braccini et al., 2011 Supercond.
Sci. Technol. 24 035001. Malagoli worked on the characterization and development of Bi-2212 superconducting round wires
within the Very High Field Superconducting Magnet Collaboration. In particular, he highlighted the variations of the Bi-2212
mass density inside long wires after partial melt process and
its effects on the superconducting properties.
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Magnet Lab Los Alamos user Jamie
Manson’s work [Cu(HF2)2(pyrazine)]n: A
Rectangular Antiferromagnetic Lattice
with a Spin Exchange Path Made Up of
Two Different FHF – Bridges was featured
on the cover of the high-impact chemistry journal Angewandte Chemie. Manson,
of Eastern Washington University, studies design, synthesis
and detailed characterization of novel molecule-based quantum magnets that present interesting properties. For his
research, Manson uses one of LANL’s 65 T pulse magnets, as
well as the 50 T mid-pulse magnet.
Mag Lab alum and current Stanford
postdoc Scott Riggs was published in
the April 2011 issue of Nature Physics
— the same issue celebrating superconductivity’s 100th anniversary. The paper
was also twice cited in an editorial on
superconductivity (“A very cool birthday”)
in the same issue. The publication details work carried out
as part of Scott’s thesis with lab director Greg Boebinger on
specific heat measurements on a high temperature superconductor using the 45 T hybrid magnet. Riggs’ work showed that
in high magnetic fields, the superconducting gap survives or
persists to much higher fields than expected past the zero
resistance transition.

Magnet Lab User Executive Committee Chair Jan Musfeldt
and NSF Program Director Guebre X. Tessema catch up at the
National User Facility Organization (NUFO) User Science Exhibition. NUFO was invited by several members of Congress to
hold an exhibition on Capitol Hill to educate members and staff
about the research being conducted at national user facilities,
as well as the ultimate benefit of this research to the United
States. The event was held on April 7 in the Rayburn Foyer of
the storied Rayburn House Office Building, where members of
the US House of Representatives work while in Washington.

Electronic Properties of 2D Systems 19 /
Modulated Semiconductor Structures 15
JULY 2529, 2011 • TALLAHASSEE, FL
TOPICS FOR EP2DS WILL INCLUDE:
• Electronic, optical and magnetic
properties of low-dimensional systems
• Semiconductor heterostructures, superlattices,
quantum wires, and quantum dots
• Quantum Hall effects
• Physics of quantum information as applied to
limited dimensional electronic states
• Spin phenomena in nanostructures

The 19th international conference on Electronic
Properties of Two-Dimensional Systems (EP2DS19)
and the 15th conference on Modulated Semiconductor Structures (MSS 15) will be held together
in Tallahassee, Florida on July 25-29, 2011.

SCOPE OF CONFERENCES
EP2DS emphasizes the fundamental physics,
including transport and optical properties of electronic
states in low dimensional systems, which now include
graphene, nanotubes and dielectric interfaces.
MSS addresses the synthesis, processing and
applications of modulated materials, as well as novel
systems, the broader range of carbon-based, hybrid,
modulated organic, spintronic, and biologically based
modulated structures.

IMPORTANT DATES
Online registration open: April 25, 2011
Conference hotel reservations deadline: May 25, 2011
Early registration deadline: June 18, 2011
Registration cancellation deadline: June 25, 2011

• Novel low-dimensional systems, including
graphene, carbon nanotubes, and nanowires
• NEMS, biological and molecular structures
• Physics and devices for quantum information
processing
• Organic semiconductors
• Hybrid structures
• Metal-insulator transitions
• Novel probes, experimental techniques

TOPICS FOR MSS WILL INCLUDE:
• Advances in growth and processing for
modulated structures
• Nanowires and dots: electronic and optical
properties
• Nanophotonic structures
• Spintronics and spin-effects in nanostructures
• Physics and devices for quantum information
processing
• Heterostructures and superlattices
• Organic semiconductors and hybrid structures
• Novel modulated structures, including carbon
nanotubes, graphene, molecular structures,
NEMS, and bio-based structures
• Novel probing and fabrication techniques

Search for “ep2ds mss” on magnet.fsu.edu
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USER CENTER

ATTENTION USERS

Magnet Lab seeking input
for renewal proposal
Serving our growing user community is essential to
the Magnet Lab’s success; in fact, it’s our core mission.
We need user input to the renewal proposal to enable the
transformational research for which you need the Mag
Lab’s facilities. The members of the Mag Lab’s Science
Council, Users Committee and External Advisory Committee
are in the process of developing the 2013-2017 Renewal
Proposal. This proposal will articulate the science drivers
for high magnetic field research over the coming decade. It
will then detail the facilities, services and budget proposed
to respond to those science drivers.
To ensure we get this right, we want to hear from you
– our users from condensed matter physics, magnets and
materials research, and chemistry and biology. For your
convenience, we have posted second- or third-generation
drafts of the science drivers on a easily accessible website:

www.portal.magnet.fsu.edu/renewal
Username: ad\2013ScienceProposal
Password: MgLbRenwl!

Four Science Drivers
There are four major science drivers, and each has a
lead scientist or two responsible for developing the content
in coordination with Greg Boebinger, Albert Migliori and Art
Edison. They are:
• Quantum Matter: the broadly challenging manifestations
of quantum phenomena in materials properties, including
new superconductors, oxide and organic conductors,
graphene, topological insulators, low-dimensional
magnetic and electronic systems and nanoscale
coherence effects relevant to quantum computing.
Contact: Vlad Dobrosavljevic, vlad@magnet.fsu.edu
• Spin Coherence and Spin Control: the many methods
used to manipulate and detect electron and nuclear spins,
including pulse sequences (spin physics), coherence
effects relevant to quantum computing, uniquely sensitive
NMR and MRI probes, generation of MRI contrast through
selective spin dephasing, and the extraordinarily precise
mass spectroscopy from manipulation of charged
molecules using ion cyclotron resonance.
Contact: Stephen Hill, shill@magnet.fsu.edu

Do you have expertise in topological insulators or quantum oscillations? Molecular nanomagnets or spin control?
What about quadrupolar NMR, proteomics or petroleomics?
Energy transfer or storage? These are just a few of the
growing areas of user research planned for inclusion in the
renewal proposal. Please take a look in the folders and
send us your comments or recommendations — or even
your serious concerns.

• In vitro to in vivo: the biophysical studies of the structure
and dynamics of the macromolecular components of
life, studies spanning the length scales from molecules
to cells, using tools to measure in situ molecules and
image cellular substructure in tissues, as well as to
simultaneously identify the many small molecules
involved in metabolism of living organisms.
Contact: Glenn Walter, glennw@phys.med.ufl.edu

By late spring 2011, the scientific content of the renewal proposal will reach maturation. In early summer 2011,
we will be developing the renewal proposal budget. And by
late Summer 2011, we will submit the renewal proposal to
the National Science Foundation.

• Energy and Environment: the aspects of the national
imperative in energy production, conservation, and
use including crude-oil analysis and delivery-system
diagnostics, alternate fuels, efficient catalysis, batteries
and fuel-cell diagnostics.
Contact: Ryan Rodgers, rodgers@magnet.fsu.edu or
Neil Sullivan, sullivan@phys.ufl.edu
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Sample User Input
Fe-based superconductors (Gurevich)
Magneto-transport measurements of Fe-based
pnictide superconductors require the very high magnetic fields available only at the Magnet Lab (up to
80 tesla) to explore the extremely high values and
the anomalous temperature dependencies of the
upper critical field Hc2 (T), which are powerful probes
of the interplay between unconventional multiband
pairing symmetry and orbital and spin pairbreaking
mechanisms [1]. Bicrystal studies have shown for the
first time the weak-link behavior of grain boundaries
and a new possibility of nanoscale template engineering to improve current transport through grain
boundaries in pnictides [2]. Recent experiments of
irradiation of pnictides revealed the Kondo effect
induced by irradiation defects and a nontrivial robustness of the multiband pairing state to strong magnetic and nonmagnetic disorder [3].
1. F. Hunte et al., Nature 453, 903 (2008); J. Jaroszynski et al., Phys. Rev. B 78, 174523 (2008); A.
Gurevich. Phys. Rev. B 82, 184504 (2010).
2. S. Lee et al., Appl. Phys. Lett. 95, 212505 (2009);
Nature Mater. 9, 397 (2010).
3. C. Tarantini et al., Phys. Rev. Lett. 104, 087002
(2010).

Your input should contain:
• Compelling science (tell us why it’s compelling
and include citations).
• Clear need for the Mag Lab (tell us which high
field magnets and unique facilities).
• If known, whether new staffing or infrastructure
would be needed (what new resources and why
the Mag Lab would be the best or only place for
this work).

Email your input and comments to:
renewalinput@magnet.fsu.edu
Please put one of the following keywords in
the subject line so that your message can be
directly quickly to the appropriate person:
•
•
•
•
•

Subject: Quantum
Subject: Spins
Subject: In vitro
Subject: Energy
Subject: General

Do you have questions about offering input?
Contact User Programs Chief of Staff Kathy Hedick
at hedick@magnet.fsu.edu or (850) 644-6392.

Non-profit
Organization
U.S. Postage
PAID
Tallahassee, FL
Permit No. 55

1800 E. Paul Dirac Drive
Tallahassee, FL 32301-8350

www.magnet.fsu.edu

The MagLab is supported by the National Science Foundation and the State of Florida.
© 2011 National High Magnetic Field Laboratory • Florida State University • University of Florida • Los Alamos National Laboratory

