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Welcome to the 2009 Highlights Issue
For the Magnet Lab, 2009 was a year of change and progress –
change in some of our operational procedures and progress in our
own and our users’ research. The highlights of 2009’s breakthrough
science are included in this issue of Mag Lab Reports, which can be
found along with past issues at www.magnet.fsu.edu/mediacenter/
publications/. The selections in this issue showcase outstanding
research that is representative of the quality, creativity and breadth
of the lab’s scientific user program. The selection criteria also favor
research that is published and/or advances a new technique for user
research in high magnetic fields.
After combing through 416 submitted research reports from 17
categories representing condensed matter physics, magnet science
and technology, chemistry and the life sciences, the lab’s Science
Council made recommendations to the Director (that’s me), resulting
in the 38 highlights included in this issue. 
ä This year, submitted research reports are up to 416, roughly a 10-percent increase.
ä 26 percent of the research activities (82 reports) were already published in 2009 or are accepted for
publication this year, many in prominent journals.
ä An additional 10 percent were submitted for publication; and 35 percent have manuscripts
in preparation.
What presently is the most rapidly growing research topic in high magnetic field research? In a word (and
in a single or bi- layer): Graphene. During this past year at the Mag Lab, graphene research blossomed from
an exciting new field involving just a few user groups to a major research program with 17 different visiting
user groups. We are particularly pleased that six of the 17 groups are headed by new principal investigators
at the Magnet Lab, a testimony to the vibrancy (and accessibility!) of high magnetic field research in our user
program. (Check out pages 8-14 for a representative sampling of recent graphene research.)
A new principal investigator is defined as any scientist performing his or her first experiment at the Mag
Lab as a principal investigator. In 2009, fully one-third of the PIs in our user program were, thusly defined,
new. The Magnet Lab reported 118 new PIs: 28 in the Pulsed Field Program, 23 in the DC Field Program, 21
in Ion Cyclotron Resonance (ICR), 20 in Electron Magnetic Resonance (EMR), 15 in the Advanced Magnetic
Resonance Imaging and Spectroscopy Program (AMRIS), and 11 in the Nuclear Magnetic Resonance (NMR). 
To complement this growth, the lab launched a streamlined User Portal for users of any of the Mag Lab
facilities to apply for magnet time (https://users.magnet.fsu.edu/). The User Portal is accessible in one click
from the Magnet Lab home page, and includes all of the Magnet Lab’s user policies and procedures, as well
as the NSF Cooperative Agreement that governs user operations.
In March of 2009, the Magnet Lab’s largest user program, the DC Field Program, rolled out “flextime”
for its users. Magnet shifts were extended by 2.5 hours each, providing each experiment with 33 percent
more magnet time. Under flextime, each user is allocated an energy budget and is free to best use the
megawatt-hours for his experiment. DC magnet users also will welcome – though they perhaps will not even
notice – a multi-million-dollar replacement of the Mag Lab’s cryogenic infrastructure, begun in 2009 and
continuing over the next two years. If we were not able to address this “nuts-and-bolts” issue, the decrepit
system would have reached a crisis state sooner rather than later. 
The Mag Lab director – speaking of decrepit – turned 50 in 2009.
The Pulsed Field Facility initiated the first set of user experiments in the 85-tesla multi-shot magnet. 
Six proposals were selected for magnet time with four backup proposals also selected. This unique magnet
system has already produced papers in Physica B, Physical Review Letters and Proceedings of the National
Academy of Sciences. 
The High B/T Facility at the University of Florida commissioned a fast-turnaround dilution refrigerator
annex adjacent to the Microkelvin Laboratory. This 10-tesla, 10-mK system allows users to test samples and
debug new low-temperature experimental techniques. Once everything is working, the experiment can be
transferred to the high-field nuclear-demagnetization cryostats, in which High B/T experiments can take
weeks or even months to perform. 
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The EMR program was enhanced in the summer of 2009 with extended frequency coverage to 1 THz
and the addition of Mössbauer spectroscopy. In addition, Steve Hill, director of the EMR user program since
his arrival at FSU in 2008, commissioned the fruits of his FSU start-up package: a second EMR lab at the Mag
Lab, featuring two new multi-high-frequency (8-700 GHz) heterodyne instruments for high-field
EMR measurements. 
Probe development in our NMR program continued to set the standard in 2009. Magic angle spinning
(MAS) triple-resonance probes were successfully tested to operate at 17,000 revolutions per second on one
of the 600-MHz instruments, laying the groundwork for development of a new suite of MAS and aligned
triple-resonance probes at 400, 600, and 900 MHz in 2010.
By combining National Institutes of Health and American Recovery and Reinvestment Act (“Stimulus”)
funds, AMRIS contracted in 2009 for a new console and gradients for the 11.1-T/40-cm imaging magnet and
a new animal MRI system at 4.7 T/33 cm with an actively shielded magnet. The new equipment will allow
AMRIS users to capitalize on state-of-the-art digital technology for pulse sequence generation and data
acquisition. The addition of animal imaging and spectroscopy specialist Huadong Zeng, who joined AMRIS 
in late 2009, will help users get the most out of the upgraded systems.
The ICR user program continued to improve the resolution for mass spectroscopy of small molecules
by adding an additional pumping stage to its 14.5-T, 104-mm bore system. But the biggest news by far for
our ICR user program was the late December award by the National Science Foundation of $15 million to
purchase a state-of-the-art, 21-T superconducting magnet system. Onward to higher resolution, higher
sensitivity, and higher all-things-that-are-good.
Other 2009 facts:
ä The Magnet Lab User Collaboration Grants Program, or UGCP, (viewable here: www.magnet.fsu.
edu/usershub/funding/index.html) supported 41 of the 416 research activities in 2009. The UCGP
promotes bold but risky research and technique development at the Mag Lab by encouraging
collaborations among internal and external investigators and providing initial seed money for
new research programs. UCGP grants are our primary ”bottoms up” mechanism for enhancing
our measurement capabilities and are responsible for many publications in high-impact journals,
including three articles in Nature, 16 in Physical Review Letters, and six in the Journal of the American
Chemical Society in 2009. 
ä The majority of user research projects in 2009 were funded by the U.S. National Science Foundation
(just over 50 percent, including the Mag Lab’s UCGP grants), the U.S. Department of Energy
(approximately 13 percent), and the U.S. National Institutes of Health (10 percent). Other funding
organizations included: American Heart Association, Burroughs Wellcome, Danish National Research
Foundation, the Deutsche Forschungsgemeinschaft (Germany), Electric Power Research Institute,
Agence Nationale de la Recherche (France), Iketani Science and Technology Foundation (Japan),
Japan Society for the Promotion of Science, Keck Foundation, Korea National Research Foundation,
NASA, National Sciences and Engineering Research Council (Canada), U.S. Air Force Office of Scientific
Research, U.S. Army, U.S. Navy, U.S. Department of Agriculture, and numerous universities. 
As always, our primary thanks go to our users, who provide the compelling and varied stuff that fills
each annual highlights issue. Great stuff.  Special thanks to Science Council Chair Albert Migliori and Science
Council members Rafael Brüschweiler, Mark Emmett, Lev Gor’kov, Stephen Hill, David Larbalestier, Denis
Markiewicz, Dragana Popovic and Glenn Walter, the scientific breadth that works with Kathy Hedick, the
organizational brawn, to drive the selection of these highlights.

Rock and roll,

GREGORY S. BOEBINGER
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EDUCATION, OUTREACH AND DIVERSITY 
Cutting-edge science is the Magnet Lab’s core mission, but it won’t be effective if future generations don't
understand and support it. The Magnet Lab has become increasingly creative in its approach to reaching
students, teachers, and the public, and in recruiting populations traditionally underrepresented in the sciences.
Susan Ray (Mag Lab-FSU)

Education
The Lab’s Center for Integrating Research & Learning (CIRL) expanded its nontraditional outreach with
the launch of “Doing Science Together” in 2009. Doing Science Together offers both kids and adults opportunities to learn about their world with hands-on activities. CIRL partnered with Barnes & Noble booksellers for
a series of Doing Science Together nights, reaching 750 students and parents. 

· “ Traditional” outreach was provided to 8,104 K-12 students in 2009: 7,155 in classroom visits and 949
who visited the Magnet Lab in Tallahassee from six counties in Florida and Georgia: Calhoun, Columbia,
Leon and Wakulla counties in Florida, and Decatur and Thomas counties in Georgia. 
· The Research Experiences for Undergraduates program hosted 21 undergraduate students from 13
different colleges and universities around the United States.
· The Research Experiences for Teachers program hosted 13 teachers from South Florida to northern
Utah.
· Partnering with several other organizations, CIRL continued its immersive summer programming for
girls, called SciGirls.

Magnet Lab K-12 Education Outreach
Coordinator Carlos Villa hosted nearly
950 students at the Mag Lab in 2009.
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Diversity
The Magnet Lab aspires to become a nationally recognized leader in the diversity of its scientific,
technical, and engineering staff, much the same way it is already recognized for its education and outreach. 
With this goal in mind, the lab in 2009 continued its recruiting policies of including at least one member
of the Magnet Lab Diversity Committee on each search committee for scientific and technical staff, and
advertised job openings in venues that target women and minorities. 
Following the recommendation from the 2008 NSF Site Visit report, the lab explored ways to establish
the Dependent Care Travel Grant Program, which seeks to assist and advance the careers of underrepresented groups including women by providing grants for travel-related expenses for dependents. The
Diversity Committee developed the initial proposal, and further discussions are under way with the FSU
Office of Research. Also in 2009, the FSU Office of Diversity & Equal Opportunity conducted a training
program at the Magnet Lab.

Outreach
Over the past few years, the lab has increasingly looked for ways to engage the public by giving them
more opportunities to visit the lab. On June 17, 2009, the lab launched standing public tours the third
Wednesday of every month from 11:30 a.m. to 12:30 p.m. More than 90 people attended the first standing
tour. Visitors are not required to call ahead or RSVP; they just show up. Previously, tours were only available
for pre-scheduled groups of eight or greater.
Open House 2009 continued the trend of record-breaking attendance with 5,573 visitors (see figure 1). 
New for 2009 was a partnership with America’s Second Harvest Food Bank of the Big Bend. Open House
guests were asked to bring a canned good or other non-perishable food item as the unofficial price of
admission. In all, the Magnet Lab collected more than 2,000 pounds of food. The 2009 Open House also
marked the debut of the wildly popular Kids Zone, which featured demonstrations and activities for children
for pre-K through 5th grade and opportunities for kids to connect with lab’s educational programming.

Mag Lab Open House 2009 by the numbers
Number of visitors

5,573

Pounds of food collected for Second Harvest Food Bank

2,021

Cups of cornstarch used in oobleck (a non-Newtonian fluid!)

1,440

Number of spectrum glasses given out for visitors to see rainbows

1,000

Number of balloons blown up in atmospheric pressure demonstration

200

Number of Peeps blown up in atmospheric pressure demonstration

150

Pounds of potatoes fired in potato cannon

100

Number of participatory science activities

75

Number of comets cooked in comet-making demonstration

35

Number of quarters shrunk in shrinking quarter machine

25

Number of Community Classroom Consortium partners participating

14

Figure 1.
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U

nderstanding of the novel quantum Hall effect in graphene, especially the behavior at the charge
neutral point where the density of states vanishes at zero field, remains an active area of research. 
Earlier transport studies in single layer graphene have shown that high magnetic fields lift the unusual
fourfold degeneracy of the zero-energy Landau level (LL) and lead to the formation of a gapped state. In
bilayer graphene, on the other hand, the zero-energy LL has an eightfold degeneracy. This report describes
transport measurements on bilayer graphene on a SiO2 substrate, which demonstrate that high magnetic
fields completely lift the degeneracy and lead to the insulating behavior at the charge neutral point, similar
to the results on single layer graphene. Although the data suggest that electron-electron interactions might
be responsible for the lifting of the degeneracy, the origin of this symmetry breaking in bilayer graphene is
still unknown and more studies are sure to follow.
• This work was published in Phys. Rev. Lett., 104, 066801 (2010).

Symmetry Breaking of the Zero Energy Landau Level
in Bilayer Graphene
Y. Zhao (Columbia University, Physics); P. Cadden-Zimansky (Columbia University, Physics & Magnet
Lab); Z. Jiang (Georgia Institute of Technology, Physics); and P. Kim (Columbia University, Physics)

Introduction
Its hybrid linear-parabolic band structure and the associated 2π Berry phase of its charge carriers make
the physics of bilayer graphene as distinct from monolayer graphene as the latter is from conventional
two-dimensional electron systems. In particular, these properties lead to the formation of an unprecedented
eightfold degenerate Landau level (LL) that forms at the charge neutral crossover point under sufficiently
high magnetic fields. This degeneracy has previously been detected by observing the formation of
successive quantum Hall plateaus at ν=-4 and ν=4 filling factors.

Experiment Results
By subjecting high mobility bilayer graphene (lower inset Figure 1) to magnetic fields in excess of 25
tesla (T), the complete lifting of this eightfold degenerate LL can be observed1. As shown in Figure 1, the Hall
conductance at the lowest field displays the ν=-4 and ν=4 filling factors that mark the initial degeneracy. As
the field is increased, new plateaus emerge as successive symmetries are broken, with plateaus eventually
appearing at each filling factor.

Figure 1

Figure 2

These new filling factors also can be detected through the measurement of new resistance minima in
the longitudinal resistance. By examining the behavior of these minima as the magnitude and direction of
the applied field is changed, information about the origin of the symmetry breaking that underlies each
new plateau can be gained. In particular, the sensitivity of the minima at ν=2 & 3 to the perpendicular
component of the applied field rather than to the total field (Figure 2) indicates that these states are not
formed by conventional Zeeman splitting.
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L

ow-energy electronic structure of bilayer graphene is made of two Fermi points with quadratic dispersions. 
Using renormalization group (RG) theory to study low-energy properties, we find that the two quadratic
Fermi points spontaneously split into four Dirac points at zero temperature. This results in a nematic state
that spontaneously breaks the sixfold lattice rotation symmetry into a twofold one, with a finite transition
temperature. Critical properties of the transition and effects of trigonal warping are also discussed.
• This work was published in Phys. Rev. B Rapid Commun., 81 (4), 041401 R (2010).

Many-body Instability of Coulomb Interacting
Bilayer Graphene
Oskar Vafek, Kun Yang (FSU/Magnet Lab)

Introduction
Low-energy electronic structure of (unbiased) bilayer graphene is made of two Fermi points with
quadratic dispersions, if trigonal-warping and other high order contributions are ignored. We show that
as a result of this qualitative difference from single-layer graphene, short-range (or screened Coulomb)
interactions are marginally relevant. We use RG to study their effects on low-energy properties of the system,
and show that the two quadratic Fermi points spontaneously split into four Dirac points at zero temperature. 
This results in a nematic state that spontaneously breaks the sixfold lattice rotation symmetry (combined
with layer permutation) down to a twofold one, with a finite transition temperature. Critical properties of the
transition and effects of trigonal warping are also discussed.

Results and Discussion
In this work we apply the RG method to the bilayer graphene with Bernal stacking. While in general, the
motion of the non-interacting electrons in such potential does not lead to diverging susceptibilities since
the energy spectrum has two sets of four Dirac points in the corners of the Brillouin zone (due to trigonal
warping), if only nearest neighbor hopping is considered, each set of four Dirac points merges into a single
degenerate point with parabolic dispersion. As the nearest neighbor hopping amplitudes are the largest, the
latter is the natural starting point of theoretical analysis.
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Next, we develop the effective theory for the low energy degrees of freedom, finding that if we start
with the interaction in the density-density channel only, two additional coupling constants are generated. 
We therefore track the RG flow of the three coupling constants to find that they all diverge at a specific
energy scale, which we associate with the transition temperature. While all three couplings diverge, their
ratios flow to non-trivial (universal) numbers shown in the figure below. 
The solution of the RG flow equations allows us to analyze the flow of the susceptibilities toward various
broken symmetry states. We find the susceptibilities in 15 particle-hole channels and 16 particle-particle
channels to find that the most divergent one is the nematic channel.

Conclusions
This leads us to the interesting conclusion that at low enough temperature, the Coulomb interactions
lead to the electronic nematic state via a continuous phase transition. This state breaks the threefold
rotational symmetry, but does not break the (lattice) translational symmetry, making it distinct from stripes. 
Moreover, while in the continuum approximation the transition would be of Kostrelitz-Thouless type (infinite
order) the presence of the threefold symmetry allows for a third-order order parameter invariant. This puts
the transition in the universality class of the 3-state Potts model, i.e. the transition remains continuous
despite being first order within the mean-field approximation.
References
1. Vafek, O. and Yang, K., Phys. Rev. B Rapid Commun., 81 (4), 041401 R (2010).

T

he remarkable properties of epitaxial graphene (EG) grown on silicon carbide have made it a promising
platform for graphene-based electronics. An interesting question that remained to be addressed is
whether the electrical properties of epitaxial graphene on SiC are essentially the same as those in exfoliated
graphene films, where the observation of the quantum Hall effect (QHE) was pivotal for graphene research. 
The group from Purdue examined gated, few-layer EG films grown on the Si-face of 4H SiC substrates. 
They observed well-defined QHE that reproduces the unique features exhibited by exfoliated single-layer
graphene, including a Berry phase of π. The electrical properties of films were retained after gate stack
formation without significant degradation. The user group from Georgia Tech studied a high-mobility
single graphene layer grown on the C-face of the same substrate. The mobility was comparable to the
best exfoliated graphene flakes and an order of magnitude larger than Si-face EG monolayers. The group
demonstrated the characteristic QHE with a Berry phase of π. The researchers have also shown that QHE
is insensitive to processing induced disorder. These important experiments bring epitaxial graphene yet a
step closer to becoming a scalable platform for graphene-based electronics.

Pronounced Half-Integer Quantum Hall Effect
on Epitaxial Graphene up to 70 K
Tian Shen, Adam T. Neal, Jiangjiang Gu, Min Xu, Yanqing Wu, Mike Bolen, Michael A. Capano, and
Peide D. Ye (Purdue University, Electrical and Computer Engineering); Lloyd Engel (MagnetLab)

Introduction
Recent reports of large-area epitaxial graphene by thermal decomposition of SiC wafers have provided
the missing pathway to a viable electronics technology.1-5 An interesting question that remains to be
addressed is whether the electrical properties of epitaxial graphene on SiC are essentially same as those
in exfoliated graphene films.5-7 For example, the well-known quantum Hall effect (QHE), a distinguishing
feature of a two-dimensional electronic material system, is just beginning to be discovered in epitaxial
graphene.8-10 We report on the observation of the QHE in gated epitaxial graphene films on SiC (0001),
along with pronounced Shubnikov-de Haas (SdH) oscillations in magneto-transport. The last QH plateau is
especially pronounced, even at temperatures as high as 70 K, reaching the temperature limit of the present
experimental setup. 
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Results and Discussion

Figure 1

Figure 2

Figure 1 shows the Hall resistance and magnetoresistance measured at T=0.8 K with floating gate
bias. The horizontal dashed lines correspond to
h/(4n+2)e2 values. The QHE of the electron gas in
epitaxial graphene shows one quantized plateau
and two developing plateau in Rxy, with vanishing
Rxx in the corresponding magnetic field regime. 
Figure 2 shows the temperature dependence of
Rxx at Vg= -5V. Pronounced SdH minimum remain
up to 70 K. Figure 3 shows the temperature
dependence of Rxy at Vg=-5V. A pronounced n=0
QH plateau remains up to 70 K. Experiments
were performed using SCM-2 at the Magnet Lab’s
Tallahassee, FL, headquarters.
Figure 3

Conclusions
In conclusion, a high-k gate stack on epitaxial graphene is realized by inserting a fully oxidized
nanometer thin aluminum film as a seeding layer followed by an atomic-layer deposition process. The
electrical properties of epitaxial graphene films are sustained after gate stack formation without significant
degradation. At low temperatures, the QHE is observed in epitaxial graphene on SiC (0001), along with
pronounced SdH oscillations. This quantum experiment confirms that epitaxial graphene on SiC (0001)
shares the same relativistic physics as the exfoliated graphene. 
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Half Integer Quantum Hall Effect in High Mobility Single
Layer Epitaxial Graphene
Xiasong Wu (Georgia Tech), Yike Hu (Georgia Tech), Claire Berger (CNRS & Georgia Tech),
Walt de Heer (Georgia Tech)

Introduction
The remarkable properties of epitaxial graphene (EG) grown on silicon carbide, like its high mobility
and graphene electronic structure1 and the fact that it can be patterned, have made it a promising platform
for graphene-based electronics2. However, the quantum Hall effect (QHE) was elusive. The observation
of the anomalous QHE in microscopic exfoliated graphene flakes that were deposited on silicon oxide
substrates3 was pivotal for graphene research. Its absence in EG led to speculations about the quality of EG
and the effect of the silicon carbide substrate on transport. The demonstration of the QHE in the present
experiment4 in patterned EG is an important milestone in graphene science.  

Experimental
An EG monolayer was grown on a semi-insulating silicon carbide substrate2 and characterized by
atomic force microscopy, ellipsometry and Raman spectroscopy. The EG layer was electron-beam patterned
to produce a Hall bar structure and metal contact pads were applied. The SCM2 facility at the Magnet Lab
was used. Transport (longitudinal and transverse – Hall - resistance) measurements were performed up to
18 tesla (T) at 4 K. The charge density was controlled by adjusting the exposure to humidity as well as by
exposure to ambient light.

Results and Discussion
From the transport data, the mobility of the sample is 20,000 cm2 /V·s. The high-field experiment shows
a well resolved QHE (see Figure): quantum Hall plateaus are observed in the magnetic field dependence of
the Hall resistance. The Hall plateaus correspond to transverse resistances ρxy=(h/4e2) / (n+1/2) for n=0 to
3, where n is the Landau level index, which establishes the nontrivial Berry’s phase of π. The longitudinal
resistivity ρxx shows the characteristic Shubnikov-de Haas oscillations, in which Landau levels from n=0 up to
n=7 are easily recognized. The oscillations develop into the QHE in high fields, manifested by characteristic
zero resistance minima and Hall plateaus. Despite the fact that the graphene is draped over several SiC steps,
is heavily contaminated and has pleats (see AFM image in the figure inset), the mobility is high and the
anomalous QHE is unambiguously observed. 

Figure 1.
Quantum Hall effect in single layer
epitaxial graphene. Inset AFM
image of the patterned graphene
draping over the SiC steps.
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Conclusions
The quantum Hall effect, with a Berry’s phase of π is demonstrated for the first time on a single
graphene layer grown on the C-face of 4H silicon carbide. The mobility (20,000 cm2 /V·s at 4 K) is comparable
to the best exfoliated graphene flakes on SiO2 and an order of magnitude larger than Si-face epitaxial
graphene monolayers. We have also shown that QHE is insensitive to processing induced disorder. These
results and other properties indicate that C-face epitaxial graphene is an ideal platform for graphene-based
electronics.
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H

igh magnetic fields lift the fourfold degeneracy of the zero-energy Landau level (LL) in single layer
graphene and lead to the formation of a gapped state. The precise mechanism has been a subject of
intense theoretical study, with electron-electron interactions expected to play a critical role. Since transport
measurements are not suitable for detailed studies of a gapped state, the authors of this report have
utilized infrared magnetospectroscopy to investigate the zero-energy LL in monolayer graphene on a SiO2
substrate. This technique is sensitive to the cyclotron orbits of charge carriers that form throughout the
entire graphene sheet. Unexpected and sizable shifts in the cyclotron resonance (CR) transition energies are
observed as a function of the LL filling factor and applied field. The shifts are attributed to electron-electron
interactions that nucleate a gap in the n = 0 LL, thereby affecting the energies of CR transitions to and from
this level.
4. X. Wu,
et al.,
Physics
Letters,
223108
(2009)
• This work
wasApplied
published
in Phys.
Rev.95,
Lett.,
104 (6),
067404 (2010). 

Cyclotron Resonance at the Charge Neutral Point of
Graphene
E. A. Henriksen (Columbia University, Physics), P. Cadden-Zimansky (Columbia University, Physics
& Magnet Lab), Z. Jiang (Georgia Institute of Technology, Physics), Z. Q. Li (Columbia University),
L.-C. Tung (Magnet Lab), M. E. Schwartz (Columbia University, Physics), M. Takita (Barnard College,
Physics), Y.-J. Wang (Magnet Lab), P. Kim (Columbia University, Physics), and H. L. Stormer (Columbia
University, Physics & Applied Physics & Alcatel-Lucent)

Introduction
One of the central problems of graphene is gaining an understanding of its electronic behavior at
the charge neutral point (CNP), where the density of states vanishes at zero field, a unique particle-hole
symmetric LL forms at moderate fields, and a divergent longitudinal resistance is observed at high fields. 
The divergent resistance precludes a conventional characterization of the unique “n=0” LL using standard
transport techniques, but this level is amenable to study through CR transitions into and out of it that are
observed by infrared (IR) spectroscopy.

Experimental Results
By examining IR absorption of graphene at high fields while its Fermi level is tuned through the CNP, the
energy of the CR transitions into and out of the n=0 LL can be seen directly. While a single-electron picture
of transitions between degenerate LLs predicts a constant CR energy, large shifts upward, as high as 20 meV,
are invariably seen in the resonance energy at the CNP1. The field dependence of these shifts, and the lack
of such shifts in the interband CR transitions that do not involve the n=0 LL, suggest that a high-field energy
gap may form at the CNP (Figure 1). As the novel linear dispersion relation of the charge carriers in graphene
renders Kohn’s theorem (which states that CR is insensitive to electron-electron interactions) inapplicable,
detailed mapping of these shifts (Figure 2) has the potential to reveal underlying many body effects. 
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Figure 1

Figure 2
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T

wo noteworthy reports come from one and the same group of the authors using the contactless
conductivity method for observation of quantum oscillations (QO). Among the findings are: the shape
of the Fermi surface as deduced from the angular dependence of the QO-oscillation frequency; the angular
variation of the effective mass; and the LIfshitz-Kosevitch form of the oscillations. Results from P. Goddard et
al. include the observation of corrugations of the Fermi surface (FS) cylinder caused by the perpendicularto-plane tunneling. Additional analysis of data by S. Sebastian et al. shows the applicability of the Landau
Fermi liquid concept.

What Can We Learn from the Angle-dependence of
Quantum Oscillations in YBa2Cu3O6+x?
P. A. Goddard (University of Oxford); Suchitra Sebastian (University of Cambridge); N. Harrison
(Magnet Lab-LANL) M. M. Altarawneh (Magnet Lab-LANL); C. H. Mielke (Magnet Lab-LANL); Ruixing
Liang (University of British Columbia); D. A. Bonn (University of British Columbia); W. N. Hardy
(University of British Columbia) and G. G. Lonzarich (University of Cambridge)
Two-axis rotation in fixed magnetic fields is a powerful tool for investigating the topology of
low-dimensional Fermi surfaces. In particular, for highly anisotropic materials, measuring the resistivity while
rotating the sample in an applied magnetic field is often the only technique that can deliver information on
the Fermi surface (FS) shape and the nature of the inter-plane transport in the bulk of the material. 
In low-dimensional metallic systems the FS is usually made up of quasi-one-dimensional (Q1D) sheets
and/or quasi-two-dimensional (Q2D) cylinders with a slight warping due to the interlayer electronic transfer. 
Magnetic quantum oscillations (QOs) are sensitive to closed quasiparticle orbits on the Q2D FS sections and
can be used to determine the cross-sectional area of these pockets perpendicular to the applied magnetic
field, as well as providing information regarding the effective masses and scattering rates1. However, when
the warping of the FS is very small it is difficult, sometimes impossible, to extract information regarding
the shape of the pockets from an angle-dependence of the QOs. This is because the change in frequency
of the QOs on rotation will be determined solely by the cosine of the angle between the cylinder axis and
the magnetic field, no matter what shape the footprint of the Q2D FS might be. These restrictions are
relaxed when the warping of the FS is larger in magnitude than the separation between Landau levels. At
the fields at which this is true, it should, in principle, be possible not only to resolve separate QOs for the
so-called neck and belly orbits (originating from the narrowest and widest cross-sections of the FS), but also
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to deduce information regarding the in-plane footprint of the FS from the deviations of the QOs from the
simple cosine angular-dependence2,3. We have attempted to look for signatures of such warping in a number
of unconventional superconductors. Here we present preliminary data for YBa2Cu3O6+x for two compositions:
x = 0.54 and 0.56.
The samples were prepared at the University of British Columbia. The QOs were detected using the
contactless conductivity method, which is sensitive to changes in skin depth via changes (Df) in frequency of
a resonant circuit4. These studies take place at low temperatures in order to maximize the amplitude of the
QOs. High fields are required to overcome the robust superconductivity displayed by the materials and allow
the QOs to be seen. Fixed fields are necessary for continuous angular rotation. For these reasons the 45-tesla
hybrid magnet at the Magnet Lab in Tallahassee is the only place in the world that experiments like these
can be performed.

The figure shows angle-dependent quantum-oscillation data in YBa2Cu3O6.56 taken in the hybrid magnet
at a field of 45 T and a temperature of 1.5 K and after a background has been subtracted. θ is the angle
between the c-axis and the magnetic field. ф is the azimuthal angle of rotation and runs in 15° steps from
-54° to 154° (bottom to top). A complete angle-dependence was undertaken. The gaps in the data result
from a correction for a sample misalignment of ~7°. Because of the size of the interlayer transfer, the effect
we are looking for in YBa2Cu3O6+x is subtle, but a preliminary analysis of the angle-dependent data suggest
that at least one Q2D FS section is detected that has a small but measurable warping and a footprint that
deviates from simple circular symmetry. These results have been accepted for publication as an Editors’
Suggestion in Physical Review B.
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Landau Level Physics in an Underdoped High
Temperature Superconductor YBa2Cu3O6.56
Suchitra E. Sebastian, G. G. Lonzarich (U. of Cambridge), Moaz Altarawneh, Chuck Mielke,
Neil Harrison (Magnet Lab-LANL), D. A. Bonn, Ruixing Liang, W. N. Hardy (U. of British Columbia)

Introduction
For the two decades since the discovery of high Tc cuprate, physicists have been perplexed as to the
mechanism of superconductivity that’s unconventional in its origin and in its surprisingly high value. It is
believed that the strange properties of the “normal” state out of which superconductivity originates may
hold the key to this mystery. Indeed, experiments such as photoemission and transport have probed the
high-energy and high-temperature properties of the quasiparticles that precede Cooper pairing in high Tc
cuprates, yielding peculiar properties that do not correspond to those of a conventional Fermi liquid.
For the first time, quantum-oscillation measurements in ultra-high magnetic fields have been able to
probe the low energy properties of normal quasiparticles in cuprate superconductors by suppressing the
superconducting dome. We are able to probe these low-energy properties and compare them with conventional Landau quasiparticles to understand whether in fact the Fermi liquid picture completely breaks
down in underdoped cuprates. Here we present results of low temperature dependent quantum-oscillation
amplitude measurements in a portable dilution fridge in the 45 tesla (T) hybrid magnet, and angulardependent quantum-oscillation frequency and effective mass measurements in order to compare these
with conventional Fermi metal behavior.

Experimental
The quantum-oscillation amplitude we measure down to temperatures of 100 mK (figure on right) at
45 T is seen to saturate at the lowest temperatures as expected for standard Fermi liquid behavior, in which
the Lifshitz-Kosevich form is obeyed. Remarkably we find that this strongly correlated system YBa2Cu3O6.56,
instead of contravening Fermi Dirac statistics, in fact obeys them exactly as expected. 

The predominant quantum-oscillation frequency and effective mass are shown as a function of the
angle of inclination of the magnetic field to the crystalline c-axis (θ) in the figure on the left. Here too we
see that exactly as expected for the extremal Fermi surface orbits in a conventional layered system, a Cosine
dependence (green line) is followed both by the frequency and effective mass of a single orbit.

Results and Discussion
Low-temperature measurements in ultra-high magnetic fields enabled at the Magnet Lab have begun
to overturn conventional wisdom in the underdoped cuprates that has perhaps stalled progress in this field
for almost two decades. These quantum-oscillation measurements may indeed pave the way to the ultimate
breakthrough in understanding unconventional superconductivity in these materials.
References
1. Sebastian, S. E., et al., http://arxiv.org/abs/0912.3022 (2009).
2. Sebastian, S. E., et al., Phys. Rev. Lett., 103, 256405 (2009).
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T

he report of S. Riggs et al. features the first ever measurements of the specific heat of underdoped
YBCO6.55 in high magnetic fields up to 45 tesla (T) and T~10 K that showed the remarkable square-root
dependence of the magnetic specific heat, B1/2, on the magnetic field.  G. Volovik predicted this specific
behavior for a system of vortices in superconductors with a d-wave order parameter in 1993. The authors
claim that the dependence survives above Tc giving support to the idea of pre-formed pairs.  Quantum
oscillations for the specific heat are seen for the first time in the presence of this background and interpreted
qualitatively in the framework of the Lifshitz-Kosevich theory.

High Field Specific Heat of Ultraclean YBCO6.55:
Coexisting Fermi Liquid and d-wave
Superconducting Gap
Scott Riggs (FSU, Mag Lab); Oskar Vafek (FSU, Mag Lab); Jon Kemper (FSU, Mag Lab); Greg Boebinger
(FSU, Mag Lab); Jon Betts (LANL, Mag Lab); Albert Migliori (LANL, Mag Lab); Doug Bonn (UBC); Walter
Hardy (UBC); Ruixing Liang (UBC)

Introduction
The true nature of the magnetic-field-induced resistive normal state in high temperature superconductivity (HTc) remains a mystery. There are two prominent schools of thought. One is that the application
of magnetic field destroys the d-wave superconducting gap to uncover a competing state with low energy
Fermionic degrees of freedom. The other is that an applied magnetic field destroys long-range phase
coherence but local superconductivity survives. By measuring the specific heat, a bulk thermodynamic
probe on ultra-clean YBaCuO6.55 we determine the field evolution of the quasi-particle density of states well
into the magnetic-field-induced normal state and find co-existence of both phases. At high fields the specific
heat as a function of temperature follows the conventional form expected for a Fermi Liquid; CT = gT + bT3
On the other hand the field evolution of the electronic quasi-particle density of states follows a sqrt(H)
behavior through the entire magnetic field range measured, evidencing a fully developed d-wave gap. From
the very small value of the specific heat in the zero-temperature limit, we conclude that the Fermi liquid
phenomena arise from a single pocket of carriers that coexists with d-wave superconductivity in the copperoxygen planes. The d-wave superconducting gap persists to at least 45 T magnetic fields, which is twice the
magnetic field, Hirr, at which the resistive transition occurs. 

Figure 1.
Left hand panel plots the specific heat divided by temperature as a function of K 2 for 0T (yellow circles) and 45T (blue triangles).  Both
field values follow the normal Fermi liquid form and give the same slope value for the phonons, establishing b as a field independent
quantity. The right hand panel plots the electronic contribution to the specific heat of YBCO6.55 as a function of magnetic field. The
data show quantum oscillations (red) consistent with a Fermi liquid (blue oscillations are a fit to the data). The data also show a sqrt(H)
dependence up to the highest fields measured, establishing the persistence of a fully developed superconducting d-wave gap up to
our highest fields measured.
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I

n 2009 there were numerous studies of the iron pnictides, recently discovered materials with rather high Tc
(up to 50 K in some materials). The report of A. Coldea et al. deserves recognition: the non-superconducting
material CaFe2P2 has the crystalline parameters close to the ones of the so-called collapsed tetragonal (CT)
phase of CaFe2As2 that sets in under high pressure. The dHvA  experiments revealed the strongly threedimensional Fermi surface in CaFe2P2. The outcome is that nesting features/congruency between the twodimensional electron and hole Fermi surfaces seem to play the essential role in the magnetic, structural and
superconducting properties of most of the HTcS iron pnictides.
• This work was published in Phys. Rev. Lett., 103, 026404 (2009).

Topological Change of the Fermi Surface in Ternary Iron
Pnictides with Reduced c/a Ratio: A de Haas–van Alphen
Study of CaFe2P2
Amalia I. Coldea, C. M. Andrew, A. F. Bangura, A. Carrington (Bristol University, UK); J. G. Analytis, J.-H.
Chu, I. R. Fisher (Stanford University); R. D. McDonald (Magnet Lab-LANL)
The superconductivity in iron pnictides can be induced either by doping, applied pressure or isoelectronic substitution. The isoelectric substitution of pnictogen (As with P) does not change the number of Fe
3d electrons but acts like applying chemical pressure, which is equivalent to applied hydrostatic pressure. 
This is for example the case of CaFe2P2, which is a very close structural analogue of the collapsed tetragonal
phase (CT) phase of CaFe2As2, which occurs on applying pressure1. Yildirim has argued that the CT phase
of CaFe2As2 occurs when, by reducing the Fe moment, the Fe-As bonding weakens and the (inter and
intraplanar) As-As bonding gets stronger causing the significant strong reduction in the c axis2. Similarly,
in nonmagnetic phosphides, the reduction in the c axis (or the c/a ratio) results in an increase P-P hybridization between pnictogen ions along the c direction (close to the single bond distance). Consequently the
interlayer P-P distance approaches the molecular bond length, just as the As-As distance does in the CT 
phase. The spacer between the iron layers (Sr or Ba) limits the degree of this hybridization between layers
and such a state with strong pnictogen bonding is unlikely to occur. This state of reduced c/a ratio has a
different Fermi surface topology compared to LaFePO[3] or SrFe2P2[4] .
We have experimentally measured the Fermi surface of CaFe2P2 using low-temperature torque
magnetometry up to 45 tesla (T). We find the Fermi surface of CaFe2P2 to differ from other related ternary
phosphides in that its topology is highly dispersive in the c axis, being three dimensional in character and
composed of a large hole sheet in the form of a flat pillow at the top of the zone whereas the electron
sheets are strongly distorted quasi-two dimensional cylinders centered on the zone corners. The mass
enhancement is identical on both electron and hole pockets (~1.5) being mainly determined by electronphonon interaction. Our results suggest that when the bonding between pnictogen layers becomes
important nesting conditions are not fulfilled and may explain why the superconductivity is absent in such a
state. These results have been published in Physical Review Letters5.

Figure 1.
a) Quantum
oscillations in CaFe2P2
obtained using torque
magnetometry. b) The
angular dependence
of the fundamental
frequencies (related to
the extremal areas of
the Fermi surface). The
resulting Fermi surface
of CaFe2P2. 
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T

ogether with users from Italy, M. Putti et al. report high-field specific-heat measurements on the Sm and
Ce members of the rare-earth (RE) family REFeAsO, the parent compounds of the now famous Fe-based
oxypnictide high-Tc superconductors. In contrast to the other RE members (Ce, Pr, Nd), the low-temperature
antiferromagnetic phase associated with the Sm compound is extremely robust against the application of
large magnetic fields. This property is attributed to the uniaxial anisotropy of the Sm3+ ion, which is also
unique to this family.
• This work was published in Phys. Rev. B, 80, 214404 (2009).

Magnetic Ordering of the RE lattice in REFeAsO: The
Odd Case of Sm. A Specific Heat Investigation in High
Magnetic Field
M. Putti (University of Genova, Italy); S. Riggs, C. Tarantini, J. Jaroszynski, A. Gurevich (Magnet Lab);
A. Palenzona, T. Duc Nguyen, M. Affronte (University of Modena and Reggio Emilia, Italy)

Introduction
A sharp peak in the specific heat data of SmFeAsO was found at 5.4 K related to the antiferromagnetic
(AFM) ordering of Sm3+. Preliminary measurements showed that this peak is rather independent of the
applied magnetic field, differently from the cases of CeFeAsO and PrFeAsO that exhibit similar AFM transition
related to the ordering of the rare earth. Due to the field resilience, the study of the AFM ordering of Sm3+
requires a high-field investigation.

Results and discussion

Figure 1.
Specific heat versus T of SmFeAsO up to 35 T.

Figure 2.
Specific heat versus T of CeFeAsO up to 7 T.

Specific-heat measurements were performed in SmFeAsO in temperature range around the AFM
transition up to 16 tesla (T) in a PPMS system and from 20 T to 35 T at the Magnet Lab and in CeFeAsO in
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a PPMS system up to 7 T. Figure 1 shows a sharp peak of SmFeAsO at TN=5.4 K corresponding with AFM
transition. The anomaly remains very sharp up to 16 T and becomes rounded with little shift in temperature
at higher fields. The initial slope of the ordering critical field dBc/dT is 160T/K with Bc(T) defined at the peak
of the specific heat anomaly1. The insensitivity to the application of an external magnetic field is unique to
Sm and is not observed in CeFeAsO whose anomaly shifts with initial slope dBc/dT=5.7T/K (see Figure 2). We
argue that SmFeAsO presents an unprecedented case of spin reorientation at the AFM transition. Recent
neutron diffraction scattering measurements2 show that Sm3+ has uni-axial order parallel to the c-axis, with
FM ordering in the ab-planes, ordered AFM along the c-axis, which is also unique in the family of REFeAsO
oxypnictides where  Ce3+, Pr3+ and Nd3+ order AFM with the spins along the ab-planes.

Conclusions
We have performed specific-heat measurements on SmFeAsO sample up to 35 T in order to investigate
the magnetic transition involving the Sm sublattice. The specific-heat anomaly in SmFeAsO reveals a
surprising insensitivity to the application of strong magnetic fields. Comparing our results to CeFeAsO we
argue that the peculiarity of the SmFeAsO is related to the uniaxial magnetic anisotropy. 
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U

sers from Slovakia report magnetic susceptibility measurements on the antiferromagnetic compound,
Cu(tn)Cl2, at the high B/T facility in Gainesville. This material had been identified as a potential model
system for studying effects of spin frustration on a two-dimensional (2D) triangular lattice, i.e.  the spins
cannot satisfy all near-neighbor interactions simultaneously in this geometry. However, a magnetic phase
transformation is observed, which is reminiscent of the so-called Berezinskii-Kosterlitz-Thouless (BKT)
transition expected for a truly 2D antiferromagnet.
• This work was published in Phys. Rev. B, 80, 144418 (2009).

Interplay of Frustration and Magnetic Field for the 2D
Quantum Antiferromagnetic Cu(tn)Cl2
A. Orendáčová, E. Čižmár, L. Sedláková, J. Hanko, M. Kajňaková, M. Orendáč, V. Zeleňák, A. Feher
(P. J. Šafárik University, Košice, Slovakia); J. S. Xia, L. Yin, D. M. Pajerowski, M. W. Meisel (UF Physics
and Magnet Lab); S. Zvyagin, J. Wosnitza (Hochfeld-Magnetlabor Dresden, Germany)

Introduction
In 2006, the 2D quantum antiferromagnet Cu(tn)Cl2 (tn = 1,3-diaminopropane = C3H10N2) was identified
as a potential model system for the realization of the spatially anisotropic triangular lattice from the collinear
Néel phase1. In zero field (B = 0), no evidence for long-range magnetic order was observed down to 60 mK,
and the data suggested nearest-neighbor (J/kB = 3 K), frustrating next-nearest-neighbor (0 < J’/J < 0.6), and
interlayer (|J’’/J| = 10-3) interactions. The motivation of the present work2 was to explore the response of
Cu(tn)Cl2 in B > 0, especially at T << J/kB.

Experimental Details
The magnetic susceptibility studies were performed in the Williamson Hall Annex (Room 123) of the
High B/T Facility of the Magnet Lab in Gainesville, FL. The ac (232 Hz) mutual inductance coils were mounted
on a dilution refrigerator equipped with a 10 tesla (T) magnet. The sample was bathed in pure 3He, which
provided intimate thermal contact with the mixing chamber, and the in-phase and out-of-phase signals of
the susceptibility were recorded by a two channel lock-in amplifier. The data were obtained by isothermal
field sweeps at a rate of 50 mT/min and were independent of the direction of the field sweep.

Results and Discussion
The results of isothermal ac susceptibility studies are shown in Figure 1, where the low field response
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(B < 1 T) is dominated by a background effect. The “shoulder” signature observed above 6 T is associated
with the saturation magnetic field Bsat (T→ 0) = 6.6 T. These data resolved a crucial boundary of the magnetic
phase diagram2.

Figure 1.
Magnetic field
dependence of
the isothermal ac
susceptibility of
Cu(tn)Cl2. Inset:
Magnetic field
dependence of
the normalized
magnetization at
40 mK.

Conclusions
The analysis of all of the data allows the construction of the magnetic phase diagram2, which is
remarkably consistent with the one predicted for a BKT phase on a square lattice without a frustrating
interaction3, except that Bsat is shifted to values lower than expected.
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U

ranium goes through a series of lattice changes while cooling (T ~ 43, 37 and 23 K), resulting in a charge
density wave (CDW) state at low temperatures. It had been previously assumed that to observe quantum
oscillations the CDW state must be suppressed by applied pressure. Reported here are observations of de
Haas van Alphen (dHvA) oscillations in α-uranium at ambient pressure, indicating a density of electronic
states at the Fermi energy, in conflict with a simple CDW picture.
• This work was published in Physical Review B, 80, 241101(R) (2009).

Magnetization Measurements of a-Uranium Using a
Piezoresistive Cantilever in Pulsed Magnetic Fields
D. Graf, R. Stillwell, R. D. McDonald, C. M. Mielke, F. F. Bakariev, S. W. Tozer (Magnet Lab)

Introduction
The alpha phase of uranium (a-U) provides a unique setting to understand the role of f-electrons in the
actinides. a-U undergoes three low-temperature charge density wave (CDW) transitions at temperatures
of 43, 37, and 23 K, resulting in the volume of the unit cell below 23 K growing by a factor of 72 to 6000 Å3. 
Observing the Fermi surface of this element without first suppressing the complex structure created by the
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CDW transition was previously considered unlikely. High quality single crystals have been refined through
annealing to produce unprecedented residual resistivity ratios as high as 570. Improved magnetic torque
measurement techniques in pulsed fields1 have allowed the observation of quantum oscillations in a-U 2.

Experimental
The magnetization of a-U was measured with a sample attached with silicon grease to the
measurement arm of a piezoresistive cantilever. The cantilever was mounted on a rotation probe and
centered in a 65 tesla (T) short-pulse magnet. Cantilever resistance changes created by torque from the
sample were monitored by incorporating the cantilever into a Wheatstone bridge. The measurement
temperatures are far below the lowest CDW transition at 23 K, so the lattice distortions leave the sample in
the complex “a3” state. 

Results and Discussion
In figure 1, magnetization measurements from field pulses up to 65 T are shown. Only the data from
the magnetic field downsweeps are shown and offset for clarity. Clear quantum oscillations are observed
up to the maximum field and the fast Fourier transforms are shown in the figure inset. The measured orbit
frequency (F ~ 570 T) agrees well with DC field measurements with the applied magnetic field aligned
between the a and c-axes.

Figure 1.
PRC measurements of the dHvA effect
for a-uranium. Inset: Fast Fourier
transform of the shown magnetization
results.

Conclusions
Measuring the Fermi surface (FS) of a-U at ambient pressure is a significant step forward but leads
to the question, how do the CDWs affect the FS topology? Schirber and Arko measured the FS of a-U
under pressures above 8 kbar almost 30 years ago3, allowing for comparison between higher and ambient
pressure results. So far, little agreement has been found between the orbits found under pressure (Ref. 3,
F ~ 1300 – 2400 T) and in the present measurements (80 – 1500 T). In addition to pressure, high magnetic
fields can be used to suppress CDW states but so far, we have not observed any signature in magnetization
measurements that suggest a phase transition from the CDW state.
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or trigonal-axis magnetic fields in bismuth, the last Landau level is expected at B=9 tesla (T). However,
recent experimental studies uncover a number of enigmatic effects beyond this quantum limit.  For
Nernst measurements in bismuth up to 45 T, we find evidence for unidentified electronic instabilities beyond
the scope of a simple band-structure model. To understand these effects, theory must include electronic
interactions, to date neglected, and to become significant above the quantum limit.
• This work was published in the New Journal of Physics, 11, 113012 (2009).

An Electronic Instability in Bismuth Far Beyond the
Quantum Limit
Benoît Fauqué and Kamran Behnia (ESPCI, Paris, France)

Introduction
When the field is applied along the trigonal axis of a bismuth crystal, no more crossing of the chemical
potential by any known Landau level is expected for B >9 T. However, recent experimental studies of various
physical properties of bismuth uncover a number of enigmatic field scales beyond this quantum limit1-3. We
have extended the field range of the Nernst measurements in bismuth up to 45 T and uncovered a new field
scale pointing to an unidentified electronic instability4. 

Experimental
Nernst effect was measured by a miniature one-heater-two-thermometer set-up specially designed to
work in the 45-T hybrid magnet. The Nernst data were complemented with resistivity measurements up to
55 T in a pulsed field performed in Toulouse.

Results and Discussion
Figure 1 presents the transverse voltage generated by a constant thermal gradient at T=1.2 K as a
function of magnetic field. The main new finding is the detection of a Nernst peak at B = 37 T, almost as
drastic as the change caused by the crossing of the quantum limit at 9 T and much larger than previously
detected1 ultraquantum Nernst anomalies.

Figure 1.
a. Nernst signal as a function of the
magnetic field. The new peak at 38
T (red arrow) is much larger than
previously resolved peaks (black
arrows); b, c: same data as a function
of B-1. Quantum oscillations are visible
below the quantum limit (QL) marked
by a blue vertical line. The field scales
beyond this limit are caused by
unidentified many-particle effects.
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Our finding constitutes the most solid experimental evidence for a field-induced electronic instability
beyond the scope of the band picture. The explanation of this field scale implies an appropriate treatment of
the electronic interactions, which are neglected in this picture and are expected to become significant as the
quantum limit is crossed.
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B

y combining pulsed electrically detected magnetic resonance (EDMR) and electron nuclear double
resonance, researchers have realized a significant breakthrough in electrical readout of coherently
controlled nuclear spins. For the first time, EDMR experiments were performed at high magnetic fields with
devices patterned by electron beam lithography to have nanoscale contacts: just 50 nm × 50 nm

Electrical Readout of 31P Spin Qubits in Crystalline Silicon
at High Magnetic Fields
C. Boehme, D. R. McCamey (University of Utah, Physics); G. W. Morley, P. Studer, N. J. Curson
(University College London and London Centre for Nanotechnology); G. A. C. Jones, D. Anderson
(University of Cambridge, Physics); J. van Tol (Magnet Lab)

Introduction
Phosphorus (31P) doped silicon (Si:P) is a technologically important material with possible uses in
spintronic and quantum information processing devices. The goal of the work described in the following
was to carry out pulsed EDMR experiments at high magnetic fields in order to (i) understand the sensitivity
limitations of electrical spin measurements on 31P and (ii) demonstrate electrically detected nuclear
magnetic resonance by combination of pulsed EDMR and electron nuclear double resonance.

Improving the sensitivity of pulsed EDMR
EDMR was measured in Si:P devices with contacts patterned with electron beam lithography to have
active areas of 50 nm × 50 nm. These measurements generally reproduced the features described in our
previous research on devices with larger active areas1-3, and used the same spectrometer4,5.

Figure 1.
Continuous-wave EDMR at a temperature of 3 K with a bias
current of 1.6 nA. Two Gaussians were used to fit the data.

Figure 2.
Conventionally detected (black) and electrically detected (red)
pulsed ENDOR of 31P donors in Si. The inset shows the pulse
sequence used to measure the electrical signal. The top row is
the GHz radiation resonant with the 31P electron and the bottom
the RF radiation whose frequency was swept through the 31P
nuclear resonance.
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Figure 1 shows a spectrum recorded with a device having a thickness of 500 mm and a phosphorus
concentration of 1-3 × 1015 cm-3. The two resonances are due to the two possible states of the phosphorus
nuclear spin. The observation that one is larger than the other reproduces our previous finding that the
application of white light polarizes these nuclear spins in a magnetic field of 8.5 T and a temperature of less
than 3 K. High-field EDMR has not previously been demonstrated with contacts smaller than 10 micrometers
so it is important to quantify the effect of scaling the contact sizes down. Previous scaling studies of low-field
EDMR experiments with Si:P found that the signal-to-noise was approximately independent of the device
size6. To scale down further we will use a silicon-on-insulator (SOI) wafer with a device thickness of 100-300 nm. 

Electrical nuclear spin detection
We have also demonstrated pulsed, electrically detected electron nuclear double resonance
(pEDENDOR) on Si:P. Figure 2 shows both a conventionally detected and electrically detected signal
obtained from a pulsed ENDOR experiment. A resonance is seen at ~206.7 MHz in both cases. pEDENDOR 
of the 29Si nuclear spins in the naturally abundant silicon host also were observed. Neither signal has the
expected Gaussian lineshape. This is due to the extremely long nuclear spin lifetimes (>minutes) of the 31P
donors, which lead to passage effects even at very slow sweep rates. Our proof-of-principle demonstration
of electrical readout of coherently controlled nuclear spins at high fields provides a pathway towards the
electrical readout of nuclear spin qubits. This technique also will be of wider use as a tool for investigating
nuclear spins in macroscopic electrical devices, which are usually too small to be investigated with conventional resonance techniques. 
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T

he Read-Rezayi states – a sequence of two-dimensional (2D) topologically ordered states – may describe
experimentally observed fractional quantum Hall effects and may also potentially be realized in rotating
Bose gases. These are among the prime candidates for realizing non-Abelian anyons, which, in principle,
can be used for topological quantum computation. The present work generalizes our earlier work by
finding braiding patterns for topological quantum computation and by showing precisely how one would
construct quantum gates to make realistic estimates of the resources required to carry out topological
quantum computation using these exotic states of matter.
• This work was published in Phys. Rev. Lett., 103, 160501 (2009).

Topological Quantum Computing
with Read-Rezayi States
L. Hormozi (NIST), S.H. Simon (Oxford), N.E. Bonesteel (FSU, Physics)

Introduction
The Read-Rezayi states are sequence of 2D topologically ordered states labeled by integer index k
that may describe the experimentally observed n = 5/2 (k=2) and n = 12/5 (k=3) fractional quantum Hall
effects. Read-Rezayi states may also potentially be realized in rotating Bose gases and are among the prime
candidates for realizing non-Abelian anyons, which, in principle, can be used for topological quantum
computation. In this work we have found a prescription for efficiently finding braids that can be used
to carry out a universal set of quantum gates on encoded qubits based on anyons of the Read-Rezayi
states with k = 3, k > 4. This work extends previous results1,2,which only applied to the case k = 3 (the
so-called Fibonacci anyons) and clarifies why, in that case, gate constructions are simpler than for a generic
Read-Rezayi state.
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Results and Discussion
Although there are formal mathematical proofs that universal quantum computation is possible using
the Read-Rezayi states with k > 4, our recent work3 is the first to show precisely how one would translate a
given quantum algorithm into a braiding pattern using them. Figure 1 shows one of the braiding patterns
we have found that indicates how a controlled-Phase gate between two qubits encoded using four anyons
each would be carried out for the k=5 Read-Rezayi state3. 

Figure 1.
Braiding pattern taken from [3] that can be used to realize a controlled-Phase gate for non-Abelian anyons described by SU(2)5
Chern-Simons theory (the appropriate mathematical description of anyons in the k=5 Read-Rezayi state). Qubits are encoded using
quadruplets of anyons and time flows from left to right. (For details of the notation used, see [3]).

Conclusions
The present work generalizes our earlier work on finding braiding patterns for topological quantum
computation, which only applied to a single type of anyon (k=3), to an infinite class of anyons (all integer k
> 4). By showing precisely how one would carry out quantum gates by braiding these anyons it becomes
possible to make realistic estimates of the (demanding) resources that will be required to carry out
topological quantum computation using these exotic states of matter. 
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U

sers at the High B/T facility performed nuclear magnetic resonance (NMR) studies to probe the local
dynamics of very dilute 3He impurities in solid 4He, with the goal of testing for changes in the local
motions near the temperatures for which non-classical rotational inertia fractions may point to macroscopic
supersolid flow. Previous experiments confirmed that the 3He impurities diffuse by quantum mechanical
tunneling. This work is designed to test whether 3He atoms become localized at dislocations or other defect
sites in the “supersolid” region. The findings show that nanodroplets, rather than a solution of liquid 3He, are
formed at these low concentrations. 

Nanodroplet Formation in Solid Solutions of Very Dilute
3
He in Solid 4He
S. S. Kim (UF, Physics), C. Huan (UF, Physics), L. Yin (UF, Physics), J. S. Xia (UF, Physics), N. S. Sullivan
(UF, Physics); D. Candela (Physics, Univ. of Mass.)

Introduction
NMR studies have been carried out to probe the local dynamics of very dilute 3He impurities in solid
He. The goal of the experiment has been to test for changes in the local motions near the temperatures
for which non-classical rotational inertia fractions have been observed1. It is thought that these fractions
point to macroscopic supersolid flow. Addition of 3He impurities has been shown by others2 to suppress the
so-called “supersolid” effects and our previous experiments3 have confirmed that the 3He impurities (at least
for concentrations down to 250 ppm) diffuse by quantum mechanical tunneling4. The NMR experiments are
designed to observe the motions down to approximately 10 ppm and to test whether 3He atoms become
localized at dislocations or other defect sites in the “supersolid” region.
4
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Experimental
Two challenges had to be overcome to carry out the experiments. First, because of the weak thermal
relaxation processes for the nuclear spins, we needed to carry out the experiments at low Larmor
frequencies in order to keep the estimated relaxation rates below the order of 104 s. at low temperatures. 
Second, because of the low concentration and low magnetization due to the required low Larmor frequency,
we developed a special low temperature preamplifier that could be placed adjacent to the NMR coil to
significantly improve the NMR signal to noise5. Furthermore an ultra-quiet radio frequency (RF) environment
was needed necessitating the use of the High B/T Facility, which is specially equipped for RF shielding.

Results and Discussion
The amplitudes of the NMR signal (as measured by the amplitude of a solid echo) are shown in Figure 1. 
Above 120 mK a typical Curie law (T-1) dependence is observed as expected for the paramagnetic behavior
of the nuclear spins. Below 120 mK (at a temperature that varies with 3He concentration) one observes
a sharp change with a flat temperature independent behavior at low temperatures. This temperature
independence is understood in terms of the formation of nanodroplets of liquid 3He. Hysteresis is observed
on cycling through the phase separation temperature.

Figure 1.
3
He in solid 4He. Temperature
dependence of NMR echo amplitude
showing phase separation and
formation of 3He nanoclusters below
150mK.

Conclusions
Careful NMR studies of 3He impurities in solid 4He have shown the formation of droplets of liquid 3He in
solid 4He for very dilute solutions of 3He in solid 4He. 

Acknowledgements
The research was supported by the Magnet Lab through the award from the User Collaboration Grants
Program.
References
1. Kim, E., et al., Nature, 427, 225 (2004).
2. Kim, E., et al., Phys. Rev. Lett., 100, 065301 (2008).
3. Kim, S. S., et al., J. Low Temp. Phys., 158, 584-589 (2010).
4. Richard, M. G., et al., J. Low Temp. Phys., 47, 289 (1982).

27

Condensed matter physics

SPECIAL EDITION

Condensed matter physics

28

VOLUME 17 · No. 2

SPECIAL EDITION

T

hermal expansion is a fundamental thermodynamic quantity.  Its accurate measurement in confined
spaces coupled with low temperatures and rapidly changing high magnetic fields suggests a new
sensitive millimeter-scale dilatometer that has little or no temperature and field dependence. The authors
designed an ultra compact dilatometer using an atomic force microscope (AFM) piezoresistive cantilever
(PRC) as the sensing element and demonstrated its versatility by studying the charge density waves (CDWs)
in alpha uranium to high magnetic fields up to 31 tesla (T).
• This work was published in Rev. Sci. Instrum., 80, 116101, 2009.

High Resolution Miniature Dilatometer Based on AFM
Piezocantilever
J.-H. Park, D. Graf, T.P. Murphy, S.W. Tozer (Magnet Lab); G.M. Schmiedeshoff (Occidental College, Physics)

Introduction
Thermal expansion, or dilation of a material, is closely related to the specific heat, and provides useful
information regarding material properties. The accurate measurement of dilation in confined spaces
coupled with other limiting environments such as low temperatures and rapidly changing high magnetic
fields requires a new sensitive millimeter scale dilatometer that has little or no temperature and field
dependence. We have designed an ultra compact dilatometer using an AFM PRC as the sensing element
and demonstrated its versatility by studying the charge density waves (CDWs) in alpha uranium to high
magnetic fields up to 31 T1.

DESIGN AND OPERATION
The principle of operation is to measure the change in resistance of an AFM PRC when the sample
dimensions change. As schematically shown in Figure 1 (left panel), for a z-direction dilation measurement,
the sample and PRC are glued to a substrate. The tip of the PRC gently rests on the sample with the AFM
tip facing up such that a 1% change in nominal resistance is generated thereby assuring that the tip and
sample will not separate as the sample contracts upon cooling. The resistances of the piezo element and the
reference piezo element then can be monitored using a Wheatstone bridge configuration. Using this PRC,
charge density wave transitions of depleted alpha uranium (thickness 0.04 mm) were measured in the 31-T 
resistive magnet (cell 9, DC facility, Magnet Lab) and the result (Figure 1, right panel) shows three distinct
CDW transitions (denoted as α1,α2, and α3) and proves the capability of this new dilatometer.

Figure 1.
Schematic diagram of piezoresistive
cantilever dilatometer (left) and
charge density wave transitions
in alpha-uranium probed by
piezoresisitive dilatometer (right).
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he ability to measure specific heat at very high magnetic fields represents a long-standing objective of
Mag Lab user programs. Until now, such measurements have not been possible in the shorter pulsed
high-field magnets. The report by Y. Kohama et al. describes a new AC specific heat measurement technique
and its successful implementation to detect a field induced phase transition above 30 tesla (T) in the spindimer compound Sr3Cr2O8.

First AC Heat Capacity Measurement in Capacitor-BankDriven Pulsed Fields
Yoshimitsu Kohama (Magnet Lab-LANL), Christophe Marcenat (CEA-Grenoble, Institut Nanosciences
et Cryogenie, SPSMS-LATEQS), Marcelo Jaime (Magnet Lab-LANL)

Introduction
Specific heat (Cp) at high fields is one of the fundamental techniques for understanding the mechanisms
and physics at play in correlated electron and magnetic materials. So far, a number of specific heat
measurements in very high DC and long pulsed magnetic fields have been reported. Here, applying an AC-Cp
technique running in the kHz range, we report the development of a new calorimeter for measurement in
mid (250 msec) pulsed magnetic fields.1

Experimental
We used RuO2 bare chips (State of the Art Inc.) as thermometers for mid-pulsed magnetic fields, which
show a monotonic 6-7% magnetoresistance. The RuO2 thermometer was glued to a Si plate with GE7031
varnish. The sample was mounted on the RuO2 thermometer and glued with silver paint. A NiCr film heater
with a thickness of 10 nm, ~10 kohm, was directly deposited on the sample. By applying AC current at a
frequency of ~1 kHz to the heater, we could detect the second harmonic oscillation with an in-house digital
lock-in system. As a test sample, we choose Sr3Cr2O8 and Si single crystals. While Si shows no phase transition
in magnetic fields up to 50 T, Sr3Cr2O8 shows a magnetic ordered state between Hc1 ≈ 30.4 and Hc2 ≈ 62 T.2

Results and Discussion
Figure 1 shows the resulting AC-Cp data in Sr3Cr2O8 and Si single crystal samples. Sr3Cr2O8 shows a
sharp peak at H ≈ Hc1, while theSi single crystal does not show any anomaly. In the figure inset, the peak
also shows temperature dependence, which is consistent with the previous magnetocaloric effect (MCE)
studies.1 Although it is difficult to compare the shape of peak with the data taken in DC fields (red curve) due
to the temperature difference, the DC field data also show peak as a function field. A similar temperaturesuppression of the anomaly in Cp(H) was recently observed in NiCl2-4SC(NH2)2.3

Figure 1.
Cp(H) measured in Sr3Cr2O8
with a new AC calorimeter for
mid-pulsed magnets.
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A new calorimeter was built for AC-Cp measurement in a 50 T capacitor-bank-driven mid-pulsed magnet. 
Initial results are consistent with previous DC measurements. Additional tests are underway. 
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K

.  Koyama et al.  report high temperature (> 350o C) differential thermal analysis (DTA) measurements
on the technologically important ferromagnetic binary alloy MnBi in the 45 tesla (T) hybrid magnet. 
A remarkable field dependence of the temperature (Tt) at which the alloy decomposes into a mixture of
paramagnetic and liquid phases is reported; ΔTt = 80o C at 45 T. The observed behavior is mainly attributed
the field-induced magnetic moment of the ferromagnetic phase.

Decomposition Temperature of MnBi to 45 Tesla
K. Koyama (Tohoku U, Institute for Materials Research); Y. Mitsui (Tohoku U, IMR); E.S. Choi (FSU,
Magnet Lab); Y. Ikehara (Tohoku U, IMR); K. Watanabe (Tohoku U, IMR); E. Palm (FSU, Magnet Lab)

Introduction
Scientists all over the world use steady, high-field magnets to study the effects of high magnetic fields
on magnetic phase transitions, chemical reactions, physical processes, and solidifications. In order to study
these phenomena, thermal analysis under high magnetic fields is one of the most important experiments. 
Recently, Koyama et al. observed that the decomposition temperature Tt (=355o C, 628 K at a zero magnetic
field) of MnBi increases linearly with increasing magnetic fields up to 14 T at the rate of ~ 2 o C/T1. This result
indicates that the equilibrium diagram of the Mn-Bi binary system is affected and controlled by a high
magnetic field. The purpose of this study is to perform a high-field DTA experiment for ferromagnetic MnBi
in high magnetic fields and high temperatures by combining DTA and the 45-T hybrid magnet (the world’s
highest steady magnet field) to get the first data on magnetic field effects on decomposition process and a
corresponding phase diagram. 
Figure 1.
Typical results of DTA curves of MnBi under various magnetic
fields up to 45 T.

Figure 2.
Phase diagram of MnBi. The red solid circles indicate Tt
determined by DTA. The dashed lines are eye guides.
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Experimental
A DTA signal was measured for powder MnBi (~100mg) in magnetic fields up to 45 T using the
45T-hybrid magnet in the temperature range of 20-500o C (293-773 K). The measurement was performed in
the heating process at the rate of ~5.o C/min. 

Results and Discussion
Figures 1 and 2 show the typical results of DTA curves of MnBi under various magnetic fields up to 45 T 
and the phase diagram, respectively. The melting point of Bi (TBi) is not changed by magnetic field. On the
other hand, the decomposition temperature Tt (MnBi à Mn1.08Bi + Liq. Bi) increases linearly with increasing
B up to ~ 20 T, but the data over 20 T deviate from the straight line (~2o C/T). In addition, we found that the
peritetic temperature Tm increases with increasing B, which is clearly observed over 40 T. These phenomena
(the deviation of Tt from the straight line and the increase of Tm) are probably due to the field-induced
magnetic moment of Mn1.08Bi. We are now calculating the equilibrium diagram of the Mn-Bi binary system in
a high magnetic field to check the obtained experimental results.

Conclusions
The HF-DTA experiment was performed in high magnetic fields up to 45 T for the first time. The obtained
results clearly show that the decomposition temperature and peritectic temperature of Mn-Bi increase with
increasing magnetic field.
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his work reports both the first truly epitaxial pnictide films and bicrystals that enable the properties
of grain boundaries to be measured. Sadly a similar depression of superconducting properties to that
found in the cuprates is seen, suggesting that this property is intrinsic to superconductors formed by doping
carriers into a parent non-superconducting state.
• This work was published in Appl. Phys. Lett., 95, 21/212505 (2009).

Current Transport at Grain Boundaries in
Superconducting Ba(Fe1-xCox)2As2 Bicrystals
J. Jiang, J. D. Weiss, C. Tarantini, A. Xu, D. Abraimov, A. Polyanskii, A. Yamamoto, F. Kametani,
E. E. Hellstrom, A. Gurevich, D. C. Larbalestier (Mag Lab-FSU); S. Lee, C. M. Folkman, C. W. Bark,
S. H. Baek, H. W. Jang, C. B. Eom (U. of Wisconsin); C. T. Nelson, Y. Zhang, X. Q. Pan (U. of Michigan)

Introduction
Grain boundaries (GBs) transparent to current are intrinsic to Nb-Ti, Nb3Sn and MgB2. The ferropnictide
superconductors have important application properties, namely Tc up to 55 K, Hc2 of 100 tesla (T) or more,
strong vortex pinning, moderate anisotropy, and Hirr close to Hc2, leaving open only the key question
whether GBs can transmit current. Here we report the explicit study of this vital property, using extensive
transport, magneto-optical (MO), low-temperature laser scanning microscopy (LTLSM), and high resolution
transmission electron microcopy (HRTEM) investigations of Ba(Fe1-xCox)2As2 (Ba-122) epitaxial thin film
bicrystals.

Figure 1.
Depressed superconductivity at the
grain boundary (GB) adds dissipation. 
(a) LTLSM image of the local electric
field developed at 6° GB. (b) Magnetooptical image and the current stream
lines turning due to the blocking effect
of 9° GB

Figure 2.
Dependence of the critical current
density Jc (12 K, 0.5 T, H perpendicular
to the film) as a function of the GB
misorientation angle theta. The insert
shows summary data for YBCO GBs. 
The rapid drop in Jgb (θ) with increasing
theta in the Ba-122 bicrystals exhibits a
similar qualitative dependence on the
misorientation angle θ.
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Experimental
Epitaxial ~350 nm thick Ba-122 thin films were grown in-situ on [001] tilt (100) SrTiO3 bicrystal substrates. 
Four-circle X-ray diffraction showed excellent epitaxy with cube-on-cube, in-plane epitaxial relationship with
the substrates. We performed detailed studies of the grain and GB critical current densities Jc (T,B) and Jgb
(T,B) for the bicrystals.

Results
Shown in Figure 1 are representative LTLSM and MO images of 6o and 9o bicrystals, which demonstrate
the significant current-blocking effect of even low-angle GBs. The MO image in Figure 1b shows that the 9o
[001] tilt GB can transmit only about 10% of the intragrain critical current. Figure 2 shows that Jgb (12K, 0.5T)
falls off by an order of magnitude as q increases from 3 to 24o. This qualitative behavior is similar to Jgb (q) for
[001] tilt GBs in YBCO. The 3o GB in Ba(Fe1-xCox)2As2 does not obstruct supercurrent, while at higher angles Jgb
(q) becomes much smaller than the grain Jc. 

Conclusion
We have developed a process for growing pnictide Ba-122 single crystal thin films. Jgb across [001] tilt
GBs of thin film Ba(Fe1-xCox)2As2 bicrystals is strongly depressed, similar to high-Tc cuprates. Our results raise
the question as to whether weak-linked GBs are characteristic of high-Tc superconducting compounds
developed from parent non-superconducting states with competing orders, low carrier density, and
unconventional pairing symmetry.
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I

t is now clear that YBCO can be used not just for magnets of great strength at 4 K, but also to make
magnets that generate more usual fields of 5 to15 tesla (T) in the temperature range up to 65 K or more.  
The limits to operation are set by the irreversibility field at which the critical current density goes to zero. 
In this recent Applied Physics Letter, it is shown that the very strong pinning centers that now can be put
into YBCO coated conductors enhance the irreversibility field over a broad angular range, the effects being
largest at higher temperatures where they are of greatest practical use.
• This work was published in Appl. Phys. Lett., 96, 072506 (2010).

Vortex Liquid-glass Transition Up to 60 T in Nanoengineered Coated Conductors
M. Miura (Japan Society for the Promotion of Science; Superconductivity Research LaboratoryInternational Superconductivity Technology Center, Japan; MPA-STC, LANL); S.A. Baily, B. Maiorov,
L. Civale, J.O. Willis, K. Marken (MPA-STC, LANL); T. Izumi, K. Tanabe, Y. Shiohara (SRL-ISTEC)

Introduction
Higher irreversibility fields (Hirr) increase the upper bound for applications of high Tc superconductors and could expand their market penetration1. We performed the first pulsed-field studies of the
resistive transition in superconducting films on flexible metal substrates, known as coated conductors
(CC). We investigated the effect of disorder on Hirr and the upper critical field (Hc2) at different orientations
of the magnetic field (H) for YBa2Cu3Oy (YBCO) and BaZrO3-nanoparticle dispersed Y0.77Gd0.23Ba2Cu3Oy
(YGdBCO+BZO).

Experimental
The two samples used in this study are bridges of 0.5 mm-thick CC of YBCO and YGdBCO+BZO grown
by a trifluoroacetate metal organic deposition process on IBAD metal templates2. A low AC current density
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J ~ 400 A/cm2 was applied along the bridge. In the DC field studies (up to 15 T) a rotating stage was used to
rotate the CC with respect to H. Sixty-five T pulsed-field measurements were performed while maintaining
the sample at fixed angles. In all cases J^H (maximum Lorentz force). The Hc2 and Hirr were determined using
0.9rn and 0.01rn criteria respectively, where rn is the normal state resistivity.

Figure 1
Temperature dependence of (a) Hc2
and (b) Hirr with H||c, H||ab, and H||45°
for YBCO and YGdBCO+BZO CCs. (c)
Normalized resistivity vs. magnetic
field at H||c for YBCO CC using both
pulsed (lines) and DC fields (circles). (d)
Temperature dependence of g, for YBCO
(open symbols) and YGdBCO+BZO (solid
symbols) CCs, calculated using Habc2 , Hc2c
(diamonds) & H45c2 , Hc2c (stars).

Results and Discussion
Since these films are grown on metal substrates, eddy current heating in pulsed fields was a concern. 
By comparing results obtained using pulses of various magnitudes and DC fields, heating was found to be
negligible (Figure 1c). The electronic mass anisotropy (g) of both samples was calculated from the Hc2 values
at 3 angles (Figure 1d)3, and is consistent with the expected values for compounds of the YBCO family.
Introducing BZO nanoparticles has little effect on Hc2 (Figure 1a), but enhances Hirr especially at 45°
(Figure 1b), probably due to a combination of two-dimensional and three-dimensional disorder resulting
in characteristic glassy phases at H||c and H||45° up to 60 T. For H||45° the smaller critical exponent s in
r=(H-Hm)s obtained for YGdBCO+BZO is indicative of a Bose-glass-like pinning landscape. Understanding
mixed pinning landscapes is critical to improving Hirr4. We find that CCs have similar or better high field
properties than films grown on single crystals3,5. This result indicates that nano-engineered coated
conductors are an enabling technology for high field applications.
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he principal barrier to applications of the cuprates has been the tendency of grain boundaries (GBs)
to lose superconductivity. This work shows that adding carriers to the GBs really does improve the GB
properties in the most preferred geometry of a round wire, multifilament conductor.
• This work was published in Appl. Phys. Lett., 95,152516 (2009).

Development of High Critical Current Density in
Multifilamentary Round-wire Bi2Sr2CaCu2O8+δ
by Strong Overdoping
T. Shen, J. Jiang, U.P. Trociewitz, E. E. Hellstrom and D.C. Larbalestier (Magnet Lab-ASC, FSU)

Introduction
A major obstacle to the applications of cuprate high-temperature superconductors is the tendency of
cuprate grain boundaries (GBs) with misorientation angle θ>3-4º to have depressed critical current density,
Jc, due to local GB suppression of the carrier density and the superconducting order parameter. Surprisingly,
Bi2Sr2CaCu2Ox can be made into a high Jc, round-wire conductor with little macroscopic texture, in contrast
to other cuprates (e.g. (Bi,Pb)2Sr2Ca2Cu3Ox, YBa2Cu3O7-δ), which all require sophisticated crystallographic
texture fabrication processes to eliminate all but low angle grain boundaries to develop high Jc in tape/
thin film form. Since the cuprate GB problem is widely believed to be intrinsic to its small carrier density
and proximity to a parent, antiferromagnetic insulating state, understanding the remarkable properties
of round-wire, Ag-sheathed Bi-2212 conductor has quite general importance. This report addresses the
important final step that greatly enhances the cuprate’s Jc and ties it to oxygenation treatments that
overdope the Bi-2212 phase in ways that are generally not possible in Bi-2223 or YBCO.

Experimental
We quenched 4 cm long sections of an
Ag-sheathed Bi-2212 multifilament round wire
fabricated by Oxford Superconducting Technology
at multiple points in the process using brine as the
quench medium (Figure 1 inset). Microstructures
were carefully examined and phase chemistry
was determined using a field emission scanning
electron microscope. The important point is that
no observable change in the phase state occurred
below the highest temperature examined here, 836
°C. Tc was evaluated from zero-field-cooled magnetic
moments measured in a SQUID magnetometer on
5 mm long samples with the wire axis parallel to H. 
The irreversibility field Hirr was approximated by linear
extrapolation of the Kramer function ∆M0.5H0.25 to
zero, defining HK. The inter- and intra-grain contributions to the hysteretic moment ∆M were deduced
from the remnant moment mR(Ha), determined in the
SQUID magnetometer[1].

Figure 1.
Significant increases in 4.2 K transport Jc of Bi-2212 round wire
in the final state of the partial-melt process (inset).

Results and Discussion
Our central result is that low temperature
oxygenation of a macroscopically untextured, round
wire multifilamentary Bi-2212 conductor produces a
more than twofold enhancement of in-field Jc. These
treatments enable the high Jc values for high-field
magnets. The oxygen pick up overdopes Bi-2212
phases, decreasing Tc from 92 to 80 K (Figure. 2), but
in all other aspects enhancing the superconducting
properties (increased pinning shown in Figure 3 and
enhanced connectivity in Figure 4).

Figure 2.
Zero-field-cooled magnetic moments of Ag-sheathed Bi-2212
multifilament round wire indicates that significant oxygen
overdoping occurs during the final cooling to room temperature.
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Figure 3.
Kramer irreversibility field as a function of temperature for Q836C,
Q650C, Q330C, FP, and Q836C+PA. (Q836C means quenching
from 836 °C). Inset shows our method of determining HK.

Figure 4.
Dependence of the remanent magnetic moment mR (inset)
and its derivative for the Bi-2212 round wires as measured for
increasingly fields applied parallel to the wire axis at 5 K.
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G

rain boundaries can be engineered by high magnetic field, and the engineered boundaries can provide
unique material properties. The users from Aachen University measured the absolute mobilities of
different asymmetric <1010> tilt grain boundaries of high-purity zinc in high-field magnets. The data will
lead to a deeper understanding of the mechanisms of grain-boundary migration and offer us new tools to
engineer the grain boundaries by high field magnets.

In-situ Measurements of Magnetically Driven Motion of
Specific Individual Grain Boundaries in Zn with a High
Field Magnet Microscopy Probe
Ch. Günster, D.A. Molodov (RWTH Aachen University, Inst. of Physical Metallurgy and Metal Physics)

Introduction
Experiments with a space-resolving high magnetic field polarization microscopy probe were
conducted1. This high-field probe represents a unique means to collect data about grain boundary kinetics
and energy by continuously tracking the position and the shape of a grain boundary in magnetically
anisotropic, crystalline materials. 

Experimental
Samples of 99.995% pure zinc bicrystals containing <1010> grain boundaries were annealed with
sample axis perpendicular to the magnetic field. Bicrystals containing either tilt or twist boundaries with
misorientation angles in the range between 55° and 88° were examined. One of the two grains in the
samples had its c-axis aligned parallel to the field, while the c-axis in the other grain was inclined to field
direction. Due to the different alignment of c-axes in adjacent grains with respect to the magnetic field, a
driving force for grain boundary motion is induced, which is caused by different magnetic susceptibilities
parallel and perpendicular to the c-axis in Zn. The grains with c-axis perpendicular to the field are energetically favored, which allows them to grow at the expense of grains with energetically disfavored orientations.

Results
During experiments at the Magnet Lab, the kinetics of individual <1010> tilt boundaries in high purity
zinc were addressed. The absolute mobilities of different asymmetric tilt grain boundaries were measured
in the range between 340 and 410° C and their activation parameters determined (Figure 2). Comparing our
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data to that obtained by Sursaeva et al.3, who investigated symmetrical, curvature driven boundaries in Zn,
our results show higher activation parameter values for asymmetric boundaries. This discrepancy between
activation parameters for symmetric and asymmetric boundaries corresponds to results from experiments
by Molodov et al. with Bi in 19982, in which the kinetics of both symmetric and asymmetric 90°<112>
boundaries were addressed. Further experiments with <1010> twist and <1120> tilt boundaries are
necessary to obtain a larger set of kinetics data and confirm the results obtained thus far. The misorientation
dependence of grain boundary mobility then can be determined and compared for boundaries with twist
and tilt character, which will lead to a better understanding of the mechanisms of grain boundary migration.

Figure 1.
Macro image of a 76°<1010> bicrystal.

20mm

Figure 2.
Absolute mobilities of different tilt
boundaries recorded in 2009.
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t is very challenging but essential to measure the distribution of infinitesimal amounts of water adsorbed
to a solid sample in various applications. A team of scientists in the Magnet Lab and NASA demonstrated
a unique potential of the recently upgraded ultra-wide-bore (UWB) 900 MHz MRI scanner to detect water
adsorbed in paper. The experiments pave the way for further exploration in this direction. 

MRI Evaluation of Adsorbed Water in Solids at 21.1 Tesla
J. Fesmire (NASA/KSC); S. W. Van Sciver, M. Vanderlaan, M. Barrios (Mag Lab/FSU, Mech. Eng.);
V.D. Schepkin (Mag Lab/FSU, NMR)

Introduction
In a number of practical situations there is a critical need to evaluate the distribution of small amounts
of water adsorbed throughout a solid sample. One of these pertains to Solid Foam Insulation (SOFI), a
thermal insulation material used on liquid hydrogen and oxygen tanks on the Space Shuttle. The high
MRI sensitivity of the Magnet Lab’s 21.1 tesla (T) magnet and the ability to examine large volume samples
represents a unique opportunity to perform this evaluation. There are, however, two problems with this task. 
First, the amount of water can be infinitesimal, which adds to the difficulties in performing the analysis. The
other problem involves the inevitable water binding, which leads to subsequent short echo times (TE). It
is well known that a typical MRI can provide a distribution map of free or slightly bound water having long
echo times TE ≥ 1 ms. By contrast, in the case of strong water binding, the needed TE times are dramatically
less (~ 200 µs). The standard MRI technique in this case is not suitable as it will yield a zero signal. The recent
upgrade of the UWB 900 MHz MRI scanner (May 2009) allows for ultra-short TE two-dimensional MRI (UTE)
performance. The present report demonstrates its unique potentials and current pitfalls.

Experimental
MR imaging was achieved using the vertical 21.1 T magnet equipped with a Bruker Avance III console
operated by ParaVision 5.0. Actively shielded gradient coil (Mini-0.75, ID = 57 mm) was used during
experiments together with a specifically designed radio frequency (RF) proton probe (900 MHz). The low
moisture sample filled the entire volume of the RF coil (ID 33 mm) and was made of paper (Kimwipes
Napkins) containing a small amount of water (~ 10 % of sample weight). MR images were acquired using
new Bruker 2D UTE pulse sequence with an echo time TE ~ 100 µs and SW = 70 kHz. The test MR images
were taken as a projection along the RF coil, without slice selection, usually taking a few minutes to acquire. 

A

C

B

D

Figure 1.
MR proton spectra of water adsorbed in paper (A,
scale ± 20 ppm) and empty RF coil (C, scale ± 200
ppm), RF pulse = 5 µs. UTE MR images (FOV=80 mm)
of adsorbed water (B) and empty RF coil (D). 
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Results and Discussion
The level of water binding inside paper can be evaluated from the line width of the proton spectrum ~
3 kHz (Figure 1A). The UTE MR image (Figure 1B) visualizes this type of bound water throughout the sample. 
For comparison, in water saturated SOFI, the line width is 2.6 kHz. Thus, a distribution of adsorbed water
in this material can be detected. However, bound water in our trial experiment gives a strong MR signal. 
The ability of the UWB 900 MHz MRI scanner to detect a minute amount of water is limited now, as can be
seen from an MR spectrum of the empty RF coil (Figure 1C, NA = 4). A wide line proton spectrum (~ 42 kHz)
represents the RF coil manufacturing materials. The corresponding UTE MR image of the empty coil (Figure
1D) shows a background signal throughout FOV. 

Conclusions
The ability to perform MRI of bound water with a line width of up to 3 kHz (T2 ~ 0.9 ms) was
demonstrated at 21.1 T. The current ultra short echo time MRI with TE ~ 100 µs is expanding the area of
imaging analysis that can be performed at the Magnet Lab. However, the first experiments also demonstrate
that the residual signals from the RF coil materials can be comparable with a small amount of bound water
in the samples. The creation of a new type of RF coil without background signals is a tricky but important
step for future experiments in this area.
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T

he 25-tesla (T) split magnet will provide a significant enhancement to the high-field user facility of the
Magnet Lab. A split magnet provides access to the central field region radially through the magnet in
addition to the conventional access down the bore, providing a large viewing angle for the sample region
in the bore and making the magnet particularly suitable for photon scattering experiments. The magnet
project now enters the next phase of construction, with a user available system projected for 2011.
• This work has been submitted to IEEE Trans. Appl. Supercond.

Design of the Magnet Lab Split Resistive User Magnet
for Scattering
J. Toth, M.D. Bird, S. Bole, J. O’Reilly (Magnet Lab)

Introduction
The Magnet Lab has completed the design of all major components of a high-field split resistive magnet
for use in far-infrared photon scattering experiments. The magnet includes four large scattering ports of
elliptical shape at the mid-plane. Such a magnet configuration results in unique design challenges being
especially severe for the windings in the mid-plane region of the innermost coils. Consequently, the Magnet
Lab incorporated its newly developed technology called Split Florida-Helix previously tested at the lab with
diverse working models1. The user magnet, to be operated at the DC Field Facility in Tallahassee, will consist
of five resistive coils consuming a total of less than 28 megawatts of DC power and providing a flux-density
of at least 25 T available at the center of the user space. All coils employ axial current grading for field optimization and stress management. Advanced finite element analysis (FEA) served as the essential tool guiding
the design optimization of the overall system and the various components. This report summarizes the work
presented in much more detail in reference 2.

Results and Discussion
The user magnet requires a traditional bore tube as well as four large scattering ports of elliptical shape
to provide adequate experimental space at the mid-plane (each with an opening angle: horizontal=45°/
vertical=11.4°). The magnet consists of five coils, with the two innermost coils (A1+A2) electrically in parallel
and all other coils (B, C, D) electrically in series. The Split Florida-Helix is employed near the mid-plane (zones
1-3) of the two innermost coils, a less complicated split mid-plate (with elliptical shaped ports) is used at the
mid-plane (zone 1) of all other coils and state-of-the-art Florida-Bitter technology elsewhere except the most
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outer coil (D). To save tooling costs the significantly lower stressed (<200MPa) most outer coil (D) shares the
traditional Bitter disc geometry of an existing lab magnet (B-coil of the Large Bore Magnet). As in most of
our other high-performance solenoids, we incorporated axial current grading including a different cooling
hole pattern (with elliptical cooling holes) for the end turns (last zone of each coil).

Figure. 1.
3-D CAD model of the A/B-Coil Assembly
of the Split user magnet (bottom half
view cut at mid-plane for illustration).

Conclusions
The Magnet Lab completed the design of all major components of a large split user magnet suitable
for use in far-infrared photon scattering experiments. The magnet is designed to provide a high magnetic
field above 25 T consuming up to 28 MW of power. Next, the Magnet Lab plans to order materials and start
fabrication in 2010 aiming to have the complete system available to users in the beginning of 2011. 
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W

hereas the solid state nuclear magnetic resonance (NMR) spectrum of low-γ quadrupolar nuclei
has previously been shown to be a sensitive probe of metallocene structure and dynamics, these
quadrupolar nuclei tend to exhibit poor sensitivity and very broad spectral line widths. To overcome these
sensitivity issues, Mag Lab scientists in collaboration with Paul Ellis from the Northwest National Laboratory
determined whether the 25 tesla (T) Keck resistive magnet could be used for NMR investigation of metalbearing proteins, typically characterized by poor sensitivity and very broad spectral line widths. They report
that the field inhomogeneity and instability of resistive magnets do not interfere with the acquisition of
broad 35Cl quadrupolar patterns recorded from metallocene dichloride samples using a combination of a
quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) signal enhancement experiment and field stepping.
• This work published in Solid State Nucl. Mag. Reson., 36, 159-163 (2009).

High-field QCPMG NMR of Large Quadrupolar Patterns
Using Resistive Magnets
Ivan Hung, Kiran K. Shetty, William W. Brey, Zhehong Gan (Magnet Lab); Paul D. Ellis (Pacific
Northwest National Laboratory)

Introduction
Metallocene compounds have been of great interest as both homogeneous and heterogeneous
catalysts for olefin polymerization processes due to their single-site nature, which allows rational modification of their molecular structure in order to enhance catalytic performance or product selectivity. Many
aspects of the catalytic processes that involve metallocenes remain poorly understood. Recent studies
have shown that solid state NMR of low-γ quadrupolar nuclei provides a sensitive probe of metallocene
structure and dynamics.1  However, these quadrupolar nuclei tend to exhibit poor sensitivity and very
broad spectral line widths. The successful application of high external magnetic fields with field stepping
and the quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) signal enhancement experiment is shown. This
combination of methods also has great potential for the investigation of metal-bearing proteins, which also
exhibit poor sensitivity and very broad spectral line widths.
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Measurements were performed in the Keck 25 T, 52-mm bore resistive magnet at the Magnet Lab using
a Tecmag Discovery console and a 19.6 T narrow bore superconducting magnet equipped with a Bruker DRX
console. Field or frequency stepping in combination with the QCPMG pulse sequence was used to record
the full breadth of the spectra.

Results and Discussion
Solid-state NMR of low-γ quadrupolar nuclei suffers from intrinsic low signal sensitivity. Increasing
the B0 magnetic field can enhance spectral sensitivity dramatically and narrow the spectra of quadrupolar
nuclei. The QCPMG experiment can provide further signal enhancement and counteract the effects of field
fluctuation on the signal. Figure 1 (left) shows that the overall decay of the signal (T2) is largely unaffected
by field instability (a). A slight decay of the echoes is observed only upon longer averaging of the signal (b). 
This effect only becomes severe when the field is varied over a range of at least ~33 kHz (c). The 35Cl NMR 
spectra of four metallocene dichloride samples acquired at 19.6 and 25 T are shown in Figure 2 (right). The
spectra acquired using the 25 T resistive magnet show good agreement with those acquired using a 19.6 T 
superconducting magnet. A reduction in breadth of approximately 20%-25% is consistent with the decrease
in second-order quadrupolar broadening due to the increase in field.

Conclusions
The field inhomogeneity and instability of resistive magnets do not interfere with the acquisition of
broad quadrupolar patterns using a combination of the QCPMG experiment and field stepping. This holds
much potential for the study of compounds with quadrupolar nuclei that reside in highly non-symmetric
atomic sites.
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T

o take full advantage of the increased signal-to-noise associated with high magnetic fields, the radio
frequency (RF) technology needs to be matched optimally to the static field, which can be problematic
with the specialized RF coils that are used for high-resolution imaging. For instance, magnetic resonance
(MR) microscopy requires the use of small coils that at higher frequencies tend to have lossy components
that interact with each other in restricted dimensions.  In this report, external collaborators from the
Pennsylvania State University tested the ability of ceramic dielectric resonators to work as ultra-high-field
MR imaging coils. They found that ceramic dielectric resonators provide: (a) a more uniform magnetic field
that excludes the electric field from the sample; (b) high Q values from the low dielectric loss of ceramics;
and (c) increases in signal-to-noise ratio (SNR) when compared to more conventional but similarly sized
copper resonators and over a range of sample loads.

MR Microimaging with a Cylindrical Ceramic Dielectric
Resonator at 21.1 T 
K. Haines (PSU, ECE); J.A. Muniz; I.S. Masad (FSU, Biomedical Engineering); E. Semouchkina
(PSU, Mat Sci); M. Lanagan (PSU, Mat Sci); A.G.Webb (PSU, BioE); S.C. Grant (FSU-Magnet Lab,
Biomedical Engineering)

Introduction
The recent development of high magnetic fields for both nuclear magnetic resonance (NMR) and
MRI offers improvements in SNR, spatial resolution and image acquisition time for clinical/pre-clinical
applications. MR microscopy requires small coils that at higher frequencies tend to have lossy components
that may interact with each other in restricted dimensions. Previous work with dielectric resonators have
shown relatively high Q values, good B1 homogeneity, and increases in SNR in both electron paramagnetic
resonance (EPR) and MRI1,2. In this study, a ceramic dielectric resonator design is evaluated at 21.1 tesla (T).
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Experimental
Imaging was performed on a 21.1-T, 105-mm ultra-wide-bore vertical magnet equipped with Bruker
Avance III console and Micro2.5 microimaging gradients. The ceramic dielectric resonator (DR) was
compared to Alderman-Grant (AG) and loop-gap (LG) coil configurations built with equal physical lengths
and diameters (~4.5 mm). Calcium titanate (CaTiO3, er = 156) was chosen as the ceramic because of its high
relative permittivity and low loss properties2. Furthermore, this ceramic shows improvements in sample size,
B1 homogeneity, and ease of construction for MR microimaging over a previous design ((BaSr)TiO3, εr = 323)2. 
The samples were placed in a hole cored through the center of a cylindrical disk with dimensions specified
to produce a resonant frequency of ~900 MHz. Biologically relevant samples with different loads, including
deionized water (DI, 0-mM NaCl), phosphate buffered saline (1xPBS, 140-mM NaCl) and artificial seawater
(ASW, 460-mM NaCl), were tested. Bench Q measurements, SNR and B1 flip angle maps (indirect measure of
the B1+ field homogeneity through double-angle methods) were used to evaluate performance at 900 MHz
and for comparison between coils.

Figure 1.
Bench Q-Measurements of the different coils.

Figure 2.
(A, B, C) Flip angle maps of 1xPBS in DR, AG, & LG coils,
respectively; (D) 20μm isotropic 3D-FLASH image of excitied
rat soleus muscle using dielectric resonator. 

Results and Discussion
Q measurements (Figure 1) agree with values seen in a similar ceramic design at 600 MHz (14.1 T)1 and
only slightly decrease with heavier loads. The Q values for the DR are approximately fivefold higher than
the AG and LG coils. Flip angle maps seen in Figure 2 validate the superior homogeneity of the DR. SNR 
data (not shown) indicate similar values of SNR in comparison to the other two coils, indicating that SNR 
improvements were not realized. However, when sample loading was increased, the SNR of the DR was
consistent (in much the same fashion as the Q values) for all samples unlike the other coils, which displayed
a drop in SNR with sample loading. Figure 2D shows a 3D image of an excised rat soleus muscle at 20 μm.

Conclusions
In order to reap the benefits of high-field MRI, coil design must be optimized to overcome electrical and
sample effects present at higher frequencies. Ceramic dielectric resonators show promise by providing: (a)
a more uniform magnetic field that excludes the electric field from the sample; (b) high Q values from the
low dielectric loss of ceramics; and (c) increases in SNR when compared to more conventional but similarly
sized copper resonators and over a range of sample loads. The work presented here shows an increase
in DR performance compared to the previous design using the (BaSr)TiO3 ceramic (Q~600 at 21.1 T and
Q~500) at 14.1 T2. This increase can be attributed to the higher operating frequencies at 21.1 T (900 MHz). 
High-resolution 3D muscle tissue imaging at 20 μm (Figure 2D) displays a uniform distribution in signal
without the appearance of any “hot spots.” This homogeneity agrees with the uniform distribution in B1 field
seen in flip angle maps.

Acknowledgements
Funding provided by the Magnet Lab through a User Collaboration Grant Program award to SCG.
References
1. Haines, K., et al. J. Magn. Reson., 200, 2 (2009).
2. Neuberger, T,. et al. Conc. in MR, 33B, 2 (2008).

43

chemistry

SPECIAL EDITION

chemistry

44

VOLUME 17 · No. 2

SPECIAL EDITION

T

his work presents a cleverly designed tuning method for sodium imaging that takes full advantage
of the unique opportunities the 900-MHz, ultra-wide-bore, 21.1-tesla (T) magnet provides MRI user
community. The double-resonance birdcage coil for low-γ MRI maximizes sensitivity and radio frequency
(RF) homogeneity over the range of sample loads, and minimizes trap losses for successful imaging of
large rodents.

Efficient Double-Resonance Coil for Low-γ MRI of Large
Rodent Brains at 21.1 Tesla
C. Qian (Magnet Lab); I. S. Masad (Magnet Lab and FSU Chemical and Biomedical Eng.); S. C. Grant
(Magnet Lab and FSU Chemical and Biomedical Eng.); P. L. Gor’kov (Magnet Lab)

Introduction
The unique 900-MHz, ultra-wide-bore, 21.1-T magnet at the Magnet Lab provides great opportunities
to the MRI community. Its high field is conducive to imaging of less sensitive low-gamma nuclei, such as
sodium. Sodium imaging applications often require a 2-channel RF coil tuned to low 23Na and high 1H Larmor
frequencies so that proton images can be co-registered with lower resolution sodium images to correlate
structural and functional information. The emphasis in such coils is placed on maximizing sensitivity of the
low-γ channel, RF homogeneity over the range of sample loads, and channel isolation while minimizing trap
losses. We present a double-resonance birdcage coil with well insulated, efficient and homogeneous 23Na and
1
H channels, designed for head-imaging of large rodents, such as rats or hamsters (ID = 33 mm).

Figure 1.
The sliding ring coil for 1H/23Na MRI at 21 T. 

Sliding-ring coil, 16 legs
Mineral Oil
PEG/D2O/NaCl

H axial

Fixed-element coil, 8 legs
Mineral Oil
PEG/D2O/NaCl

1

H coronal

1

Figure 2.
(above): The fast spin-echo (gray) and the tip angle map (color).
Figure 3.
(right): The ex vivo rat head image obtained by multi-slice fast spin-echo
from 1H channel and 3D gradient refocused echo from 23Na channel.

Na axial

23

Na coronal
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Methods and Results
Conventional birdcage coils are often tuned with a trimmer capacitor across one leg. This convenient
scheme, however, can disturb B1 homogeneity at high 1H frequencies as shown in Figure 2, especially if the
coil is used with vastly different sample loads. To maintain azimuthal symmetry of 1H B1 fields, we used a
sliding metal ring to vary the overlapping capacitance between the ring and the legs. Figure 2 shows image
comparison for different samples in single-resonance 1H coils. To achieve impedance matching for both
samples, a conventional fixed-element coil of the same size cannot have more than 8 legs. The tuning range
of a sliding-ring coil actually increases with the higher number of legs; it also yields more homogeneous
images. 
Figure 1 shows the physical implementation of the double-resonant sliding-ring birdcage coil. The coil is
modified from a single-resonance 23Na birdcage with the second resonance mode introduced by the capacitively coupled inner rings. A sliding ring (green) inserted inside the coil former is used as a symmetric 1H 
frequency tuner that maintains B1 homogeneity over a broader range of samples. The coil is driven capacitively at the 1H frequency and inductively at the 23Na frequency, achieving good isolation without the need
for extra circuits (baluns or LC traps). A similar sliding-ring approach is used in our single-resonance 1H coil. 
Figure 3 shows the multi-nuclei ex vivo images obtained from an adult rat head. The 1H images have
an in-plane resolution of 115 x 115 μm2 (5-minute acquisition time), which is sufficient to discern detailed
anatomical structure. The sodium images have an isotropic resolution of 1 mm (9.5-minute acquisition time). 
When compared to the single-resonance birdcages, this double-resonance coil retains > 95% of sensitivity in
the sodium channel and same sensitivity of the proton channel (the FOV of the proton channel is 70% that
of a single-resonance 1H coil). These favorable properties can facilitate the unambiguous co-registration of
multi-nuclei images.

Conclusions
We constructed an efficient double-resonant 1H–23Na coil for neuroimaging in large rodents. We expect
this user facility instrumentation to enhance low-γ imaging capability at the Magnet Lab and exploit the
advantages of high-field spectrometers for the MRI community. This work was highlighted by the Young
Investigator Award in the 9th International Conference in Magnetic Resonance Microscopy in 2009.
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U

sing high field electron paramagnetic resonance (EPR), structural models were predicted for the
complexation of Pb(II) in humic acids (river sediment). Knowing the complexation of Pb(II) in sediments
could prove important in the tracking of Pb in the environmental flora and fauna. Knowing the complexation
may also prove to be vital to the removal of these compounds in polluted environments.
• This work was published in J. Phys. Chem. A, 113, 14115-14122 (2009).

Influence of Pb(II) Ions on the EPR Properties of the
Semiquinone Radicals of Humic Acids and Model
Compounds: High Field EPR and Relativistic DFT Studies
M. Witwicki, J. Jezierska, M. Jerzykiewicz, A. R. Jaszewski (Wroclaw University, Chemistry);
A. Ozarowski (Magnet Lab)

Introduction
The interaction of humic acids (HAs) with metal ions is particularly important as HAs together with clays
and metal oxides are a key factor determining the metal binding in soils1. Significant changes in the free
radicals concentration resulting from the interaction of HAs with metal ions were observed, e. g. with Mg2+,
Cu2+, Ca2+, Zn2+, or Cd2+. However, a completely different effect is observed for Pb2+ ions. The complexation
of Pb2+ with HA macromolecules leads to formation of a new kind of stable radical species characterized by
unusually low g values (g ≈ 2.001)2,3.
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High-field and frequency EPR spectra (416.00 GHz) were recorded on the transmission instrument at the
Magnet Lab EMR facility. All computations were performed by using the ADF suite of programs4 as described
in ref. 5.
Figure 1.
High-field EPR spectrum of model 34dhb radical and its Pb(II)
complex at 10 K. The arrows indicate the hyperfine splitting due
to 207Pb

Figure 2.
Proposed model of the 34dhb-Pb(II) system, showing the
spin density.

Results and Discussion
The formation of Pb(II) complexes with the model radicals derived from 3,4-dihydroxybenzoic acid
(34dhb) was accompanied by a significant decrease of g as compared to the parent radicals. The Density
Functional Theory calculations, including prediction of the g-tensors, were carried out for complexes with
different forms of model radical ligands (L2-•, HL-•, and H2L•) representing various ligation schemes and
protonation states. It was shown that the structures with a significant accumulation of spin population on
the Pb atom cannot explain the experimentally observed g-tensor component shifts. 

Conclusions
The determination of the g-tensor components for model systems was possible only from
high-frequency and high-field EPR measurements (Figure 1) at low temperatures. Formation of two
complexes was revealed by two different high-field EPR spectra characterized by dissimilar g-tensor
patterns. For one of them, the splitting due to an anisotropic hyperfine interaction with the 207Pb nucleus
(71.6 G) was observed. The comparison of the computed and experimental g-tensor components indicates
that only the decrease of spin population on all oxygen atoms accompanied by a corresponding spin
population increase on the carbon atoms of the benzoic ring can reproduce the experimental results (Figure
2), thus supporting strongly the prediction of the Pb(II) complex geometry.5
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opper(I) and copper(II) perfluorocarboxylates are volatile, which makes them potentially useful in the
chemical vapor deposition technique to produce thin metallic copper layers.  Determination of the
nuclearity of such complexes is very important for consistent deposition. The use of high-field electron
paramagnetic resonance (EPR) spectroscopy has enabled studies of some unprecedented solid-state
transformations of dimeric and tetrameric complexes of copper(II) perfluorocarboxylates. In one example,
an antiferromagnetic dimer converts reversibly to a tetramer; in a second example, an irreversible solidstate conversion of a ferromagnetic tetramer into an antiferromagnetic tetramer is seen. These systems
exhibited the largest zero-field splitting ever observed in a polynuclear copper complex, which is why they
could only be studied thanks to the remarkably high frequencies (up to 1 THz; 432 GHz in this case) and
magnetic fields available at the Magnet Lab.
• This work was published in J. Am. Chem. Soc., 131, 10279-10292 (2009).

High-Field EPR and Magnetic Susceptibility Studies
on Tetranuclear Ferromagnetic Quinoline Adducts of
Copper(II) Trifluoroacetate
I. B. Szymańska, T. Muzioł (Nicolaus Copernicus U., Chemistry); J. Jezierska (Wrocław U., Chemistry);
A. Ozarowski (Magnet Lab)

Introduction
While dimeric “paddlewheel” structures are very conspicuous among copper(II) complexes of formic
acid and its homologues, such arrangements are much less numerous in the case of the perfluorinated
carboxylic acids, which tend to form either monomeric copper complexes or extended chains.1 Copper(I)
and copper(II) perfluorocarboxylates are volatile which makes them potentially useful in the chemical vapor
deposition technique to produce thin metallic copper layers,2 and from that viewpoint the determination of
nuclearity of such complexes is very important. In this work, magnetic properties and high-field EPR spectra
of three previously unknown tetranuclear quinoline adducts of copper(II) trifluoroacetate were studied and
their X-ray structures were determined. 

Figure 1.
EPR spectra of the toluene (bottom) and benzene (top) solvate of
Cu4O(CF3COO)6(quinoline)4 at 15 K and 324 GHz. Both compounds
exhibited identical g values gx = 2.168, gy = 2.173, gz = 2.066, but
differed in zero-field splitting parameters D = -0.827, E = -0.114
and D = -0.875, E = -0.049 cm-1 for the toluene and benzene
solvate, respectively.

Figure 2.
Experimental (blue) and calculated (red) magnetic moment of
Cu4O(CF3COO)6(quin)4. The inset shows energies of the spin states:
red: S = 2, blue: S = 1, black: S = 0.

Experimental
High-field and frequency EPR spectra were recorded on the 15 /17 tesla (T) transmission instrument at
the Magnet Lab EMR facility at microwave frequencies 52-432 GHz and magnetic fields up to 15 T. Magnetic
susceptibility data of powdered samples were measured with a SQUID magnetometer (Quantum Design
MPMSXL-5) over the temperature range 1.8–300 K.
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Results and Discussion
Very well resolved EPR spectra due to a quintet (S = 2) spin state were observed for the tetrameric
complexes (Figure 1). The magnetic properties (Figure 2) were interpreted by using the Heisenberg-DiracVan Vleck Hamiltonian
H = J1(S1 S2 + S3 S4) + J2(S1 S3 + S1 S4 + S2 S3 + S2 S4)   [1]
J1 = -102 cm-1, J2 = -39 cm-1 were found.  

Conclusions
Terms describing the Zeeman and zero-field splitting, which were derived from the high-field EPR 
spectra (Figure 1), had to be added to properly reproduce the magnetic susceptibility at the lowest temperatures. “Broken symmetry” Density Functional Theory (DFT) calculations3 were performed to estimate the
exchange integrals resulting in J1 = -115 cm-1 and J2 = -56 cm-1, in a surprisingly good agreement with
experimental results. The results of this work were published in the Journal of the American Chemical Society.4
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S

odium and calcium naphthenate formation in crude oil production can badly foul oil/water separators
and refinery plumbing and result in unplanned shut downs. High-resolution Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR  MS) directly identifies and speciates the compounds
responsible for calcium and sodium naphthenate deposits. This novel high-resolution methodology has
enabled the development of crude oil screening assays to test for potential naphthenate deposition issues
prior to crude-oil production.
• This work was published in Energy & Fuels, 23, 349-355 (2009).

Chemical Speciation of Calcium and Sodium
Naphthenate Deposits by Electrospray Ionization
FT-ICR Mass Spectrometry
M. M. Mapolelo (FSU, Chemistry), L. A. Stanford (FSU, Chemistry); R. P. Rodgers (FSU, Magnet Lab,
Chemistry); A. T. Yen (Baker Hughes, Sugar Land, TX); J. D. Debord (Baker Hughes, Sugar Land, TX);
S. Asomaning (Baker Hughes, Sugar Land, TX); A. G. Marshall (FSU, Magnet Lab, Chemistry)

Introduction
Calcium and sodium naphthenates are solid deposits and emulsions formed by the interaction of
naphthenic acids with divalent (Ca2+, Mg2+) or monovalent (Na+, K+) ions in produced waters.  Calcium
naphthenate formation, an interfacial phenomenon, is thought to depend largely on tetraprotic naphthenic
acids known as “ARN” acids (~ C80) in the crude oil, whereas sodium naphthenates originate from lower
molecular weight (C15 – C35) monoprotic naphthenic acids. We have produced detailed chemical heteroatom
class composition analyses of calcium and sodium naphthenates from the field based on ultra-highresolution FT-ICR MS.  In all cases, calcium naphthenate deposits consist predominately of tetraprotic
acids with a C80 hydrocarbon skeleton, whereas sodium naphthenate emulsions consist mainly of specific
monoprotic saturated carboxylic acids. Furthermore, low molecular weight tetraprotic (ARN) acids with C60-77
hydrocarbon skeletons were identified in the calcium naphthenate deposit.  The high resolution and mass
accuracy of FT-ICR MS provide detailed acidic speciation for the analyzed deposits and emulsions.

VOLUME 17 · No. 2

Experimental
Electrospray ionization mass spectra were acquired with the Magnet Lab 9.4 tesla (T) custom-built
FT-ICR mass spectrometer. The figure clearly shows that sodium naphthenates are saturated alkyl carboxylic
acids (the only double bond to carbon is the carbonyl).
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A

sharply improved two-dimensional separation produces rapid (one-hour), reproducible, robust
fractionation of proteins prior to top-down mass spectrometry (i.e., starting from an intact gas-phase
protein, so that all chemical modifications may be identified by collision-induced fragmentation).  Ultrahigh-resolution, high-field Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR  MS)
provides unambiguous identification of the nature and site(s) of chemical modifications that tune the
function of a protein. This powerful approach is demonstrated for phosphorylation of 5 – 25 kDa proteins
in M phase arrested HeLa cells with nanocapillary liquid chromatography (LC) MS/MS. Single injections give
~40 detectable proteins, about half which yield automated (ProSight) identifications.  
• This work was published in J. Am. Soc. Mass Spectrom., 20, 2183-2191 (2009).

A Robust Two-Dimensional Separation for Top-Down
Tandem Mass Spectrometry of the Low Mass Proteome
J. E. Lee (U. Illinois Urbana, Chemistry); J. F. Kellie (U. Illinois); J. C. Tran (U. Illinois); J. D. Tipton
(Magnet Lab); A. C. Catherman (U. Illinois); H. M. Thomas (U. Illinois); D. R. Ahlf (U. Illinois); K. R. Durbin
(U. Illinois); A. Vellaichamy (U. Illinois); I. Ntai (U. Illinois); A.G. Marshall (FSU, Magnet Lab, Chemistry);
N. L. Kelleher (U. Illinois)

Introduction
For fractionation of intact proteins by molecular weight, a sharply improved two-dimensional (2D)
separation is presented to drive reproducible, robust fractionation prior to top-down mass spectrometry of
complex mixtures. The approach is implemented by use of tris-glycine and tris-tricine gel systems applied to
human cytosolic and nuclear extracts from HeLa S3 cells to achieve a molecular weight-based fractionation
of proteins from 5 to >100 kDa in one hour.  For top-down MS/MS of the low mass proteome (5-25 kDa),
between five and eight gel elution (GE) fractions are sampled by nanocapillary-LC-MS/MS with 12 T or
14.5 T FT-ICR mass spectrometers.  Single injections give ~40 detectable proteins, about half which yield
automated ProSight identifications. Reproducibility metrics of the system are presented in Ref. 1, along with
comparative analysis of protein targets in mitotic vs. asynchronous cells.

Experimental

VOLUME 17 · No. 2

Electrospray ionization mass spectra were acquired with the 12 T ThermoFisher (UI) and 14.5 T (Magnet
Lab) custom-built linear quadrupole trap/ FT-ICR mass spectrometers. The figure shows differences
in phosphorylation for proteins identified in asynchronous and M phase arrested HeLa cells.  In A,
asynchronous HeLa proteins are identified with the phosphorylations designated in red. In panel B, M phase
arrested HeLa proteins are identified, again with phosphorylations designated in red. Dynamic changes in
phosphorylation between asynchronous and M phase arrest HeLa cells are clearly apparent. Panel C shows a
fragment map for the doubly phosphorylated 60S acidic ribosomal protein (phosphorylation sites in red).
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T

he hydrochloride salts (HCl) of many pharmaceuticals are essential for solubility and biological absorption
of the active compound. High-field (900 MHz) nuclear magnetic resonance (NMR) shows increased
resolution and isolation of quadrupolar and chemical shielding parameters in HCl pharmaceuticals. 
The application of high-field NMR  is advantageous for the determination of compound purity for HCl
pharmaceuticals especially when standard methods, such as X-ray diffraction, fail.

Solid-State 35Cl NMR Spectroscopy of a Variety
of Hydrochloride Pharmaceuticals
H. Hamaed (University of Windsor [UW], Windsor, Canada), M. Laschuk (UW), Riqiang Fu (Magnet Lab),
and R. W. Schurko (UW)

Introduction
Hydrochloride drugs constitute more than 50% of pharmaceutical salts and chlorine is present in
approximately 25% of drugs. The abundance of chlorine in many pharmaceuticals makes 35Cl solid-state
nuclear magnetic resonance (SSNMR) a very useful probe for structural characterization of a variety of
Cl-containing drugs. In our previous publication,1 we demonstrated that 35Cl SSNMR spectroscopy is a
powerful complimentary technique to powder X-ray diffraction (XRD) and 13C SSNMR experiments for the
study of pharmaceutical polymorphs. It provides clear information on the number of chlorine sites and
shows great utility for identifying sites in non-crystalline, disordered or even impurity phases, especially in
cases where the solid-state 13C NMR spectra or powder XRD data are unable to differentiate polymorphs. Our
previous work also has shown that the use of ultra-high-field NMR spectrometers is crucial for the success
of this research, for both fast acquisition of high signal-to-noise ratio NMR spectra and accurate determination of anisotropic quadrupolar and chemical shift parameters. The sensitivity of the 35Cl chemical shift
(CS) and electric field gradient (EFG) tensors to subtle changes in the chlorine environments is reflected
in the 35Cl SSNMR powder patterns. The 35Cl NMR data can be analyzed to obtain NMR parameters such as
the quadrupolar coupling constant and asymmetry parameters, as well as the anisotropic chemical shift
parameters. These parameters can be modeled via first principles calculations to lend insight into the local Cl
environments. Due to the usefulness of the 35Cl SSNMR in identifying different polymorphs and in characterization of chlorine-containing drugs, we are extending this research to include a variety of HCl pharmaceuticals. We hope to demonstrate that 35Cl SSNMR experiments can act as accurate and rapid probes of chlorine
ion environments in a variety of pharmaceuticals, particularly where crystal structures are unavailable. We
also hope to make SSNMR a primary technique for examining different classes of pharmaceuticals, as well as
acting as a rapid fingerprinting tool during drug processing and manufacture.

Experimental
Cl SSNMR experiments were carried out on a Varian Infinity Plus spectrometer with an Oxford 9.4 tesla
(T) wide-bore magnet using 5 mm HX static probe at the University of Windsor. High-field 35Cl NMR data
were collected on an ultra-wide-bore 900 MHz (21.1 T) magnet (Magnet Lab) using a 3.2 mm magic angle
spinning (MAS) HX probe and flat coil HX static probe.
35

Figure 1.
35
Cl MAS and static NMR spectra and
simulations of Adiphenine HCl at two
different fields.
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Results and Discussion
The 35Cl NMR spectra of adiphenine HCl (AH) (Figure 1) reveal a single chlorine site, in agreement with
the crystal structure. Experiments at 21.1 T are crucial for (i) obtaining high-resolution MAS NMR patterns
and (ii) isolating anisotropic CS parameters. Simulations reveal quadrupolar coupling constants, CQ, of 5.94
MHz, and asymmetry parameter, ηQ, of 0.18. These parameters are consistent with a chlorine site involved in
a single H-bond contact. 

Conclusions
The sensitivity of the 35Cl EFG and CS tensor parameters to the chlorine environments holds much
promise for application to a wide variety of HCl pharmaceuticals and this technique should be very useful,
particularly in the case of non-crystalline or amorphous samples where XRD cannot be applied.
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T

he majority of active therapeutic compounds are of biological origin. The marine environment has
produced many active compounds, such as bryostatins isolated form brown algae, which are synergistic
anticancer agents. Thus, there is a precedent to search other marine life for potential therapeutics. NMR has
a great advantage for discovery of these compounds because it can provide potential structural information
for the medicinal chemist. This preliminary work suggests 10 biologically active compounds from marine
cyanobacteria.
• This work was published in four different journals. See references for a full list.

Exploiting Marine Cyanobacteria for Drug Discovery
J. C. Kwan (UF, Medicinal Chemistry); K. Taori (UF, Medicinal Chemistry); S. Matthew (UF, Medicinal
Chemistry); V. J. Paul (Smithsonian Marine Station); H. Luesch (UF, Medicinal Chemistry)

Introduction
Marine cyanobacteria are known to produce a variety of novel bioactive compounds, for the purpose
of defense against herbivores. Our research is focused on discovering new bioactive cyanobacterial
metabolites that could serve as novel drug leads. We extensively use samples collected in Florida, because
the state has unparalleled marine biodiversity in the United States, and samples from other tropical areas,
such as Guam.

Experimental
1
H, 13C, and two-dimensional nuclear magnetic resonance (NMR) spectra were recorded on Bruker
Avance NMR spectrometers (500 MHz , 2.5 mm probe; 600 MHz , 5 mm probe) or a Bruker Avance II 600 MHz
spectrometer (1 mm HTS cryogenic probe or 5 mm TXI cryogenic probe).

Results and Discussion
Samples of various marine cyanobacteria were collected from sites off the coast of Florida and from
Guam. Lyngbya confervoides collected off Grassy Key, FL yielded grassystatins A-C, which were shown to
selectively and potently inhibit the proteolytic enzyme cathepsin E and to reduce antigen presentation by
human dendritic cells (Figure 1).1 A separate collection of L. confervoides off Fort Lauderdale was found to
contain tiglicamides A-C, inhibitors of porcine pancreatic elastase.2 Other elastase inhibitors, lyngbyastatins
8-10, were found in a sample of L. semiplena collected in Guam.3 Finally, a sample of Symploca sp. collected
off Key Largo afforded symplostatin 4, a cytotoxic microtubule disrupter that synergizes with largazole (see
2008 report).4

Conclusions
We continue to discover novel bioactive metabolites from marine cyanobacteria.
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Figure 1.
Structures of grassystatins
A-C, tiglicamides A-C,
lyngbyastatins 8-10 and
symplostatin 4.
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igh field ion cyclotron resonance (ICR) enabled this multidisciplinary collaborative effort to determine a
novel structural and enzymologic explanation for the resistance profile observed with the KIT inhibitors
(imatinib and sunitinib) used to treat gastrointestinal stromal tumors (GISTs). Many GIST patients become
resistant to imatinib and sunitinib through a mutation of the KIT kinase. Hydrogen/deuterium exchange
(HDX) with high-resolution Fourier transform-ICR mass spectrometry analysis defined the conformational
change of the mutant KIT  kinase, which explained the drug resistance and aids in the design of more
effective drugs to treat GIST patients. Moreover, HDX with high-resolution FT-ICR analysis established no
change in the conformation of wild-type kinase and that of the wild-type kinase with deletion of the 60
amino acid kinetic insertion domain (KID). KID deletion was necessary to obtain crystals for X-ray diffraction
analysis. The HDX data thus validated the X-ray diffraction results in the enzyme with the KID deletion.
• This work was published in the Proc. Natl. Acad. Sci. U.S.A., 106, 1542-1547 (2009).

KIT Kinase Mutants Show Novel Mechanisms of Drug
Resistance to Imatinib and Sunitinib in Gastrointestinal
Stromal Tumor Patients
K. S. Gajiwala, J. C. Wu, J. Christensen, G. D. Deshmukh, W. Diehl; J. P. DiNitto, J. M. English, M. J. Greig,
Y.-A. He, S. L. Jacques, E. A. Lunney, M. McTigue, D. Molina, T. Quenzer, P. A. Wells, X. Yu, Y. Zhang,
and A. Zou (Pfizer); M. R. Emmett, A. G. Marshall (Magnet Lab-FSU, Chemistry); H.-M. Zhang (FSU
Molecular Biophysics); G. D. Demetria (Dana-Farber/Harvard Cancer Center)Introduction
Most gastrointestinal stromal tumors (GISTs) exhibit aberrant activation of the receptor tyrosine kinase
(RTK) KIT. The efficacy of the inhibitors imatinib mesylate and sunitinib malate in GIST patients has been
linked to their inhibition of these mutant KIT proteins. However, patients on imatinib can acquire secondary
KIT mutations that render the protein insensitive to the inhibitor. Sunitinib has shown efficacy against
certain imatinib-resistant mutants, although a subset that resides in the activation loop, including D816H/V,
remains resistant. Biochemical and structural studies were undertaken to determine the molecular basis of
sunitinib resistance. Our results show that sunitinib targets the auto-inhibited conformation of wild-type KIT 
and that the D816H mutant undergoes a shift in conformational equilibrium toward the active state. These
findings provide a novel structural and enzymologic explanation for the resistance profile observed with the
KIT inhibitors. Prospectively, they have implications for understanding oncogenic kinase mutants and for
circumventing drug resistance.
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Electrospray ionization mass spectra were acquired with the Magnet Lab 14.5-tesla (T) custom-built
linear trap quadrupole (LTQ) FT-ICR mass spectrometer. A key result was the demonstration that the conformations (as evidenced by hydrogen/deuterium exchange profiles, see Figure) of essential structural regions
of the wild-type kinase are unaffected by deletion of the kinetic insertion domain (KID), thereby validating
deletion of that domain to obtain crystals suitable for X-ray diffraction analysis. 
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T

his work highlights some of the recent in vivo results published in Magnetic Resonance Imaging by
Victor Schepkin et al.  Magnet Lab scientists constructed and tested 1H  and 23Na imaging probes for
the high-resolution imaging of sodium and anatomical brain structures at 21.1 tesla (T) within the brains
of large rodents. They found that there was not a field dependence in T1 relaxation times but there was
an approximately threefold increase in 23Na sensitivity when compared to images acquired at 9.4 T. This
publication indicates that novel MR imaging capabilities are especially advantageous for non-proton nuclei,
where the gains in sensitivity are much higher than that for protons. This increase in sensitivity can be
traded for either increased resolution or temporal information, both of which are particularly important
for sodium imaging. Changes in sodium content and kinetics can be used to noninvasively detect cellular
function and pathophysiology, due to the cells direct dependence on sodium for biologically important
functions such as the regulation of membrane potentials and osmotic pressures. 
• This work was published in Magnet. Reson. Imaging, 28, 400-407 (2010).

In vivo Sodium and Proton MR Imaging of Large Rodents
at 21.1 T
V.D. Schepkin (Magnet Lab-FSU), C.W. Levenson (FSU, College of Medicine), F.F. Calixto-Bejarano (FSU,
College of Human Sciences), W.W. Brey (Magnet Lab-FSU), P.L. Gor’kov (Magnet Lab-FSU)

Introduction
High magnetic fields expand our capability to observe and investigate in vivo biomedical processes via
magnetic resonance of protons and particularly sodium and other nuclei. Enhanced sensitivity and high
resolution are especially attractive for many time-limited in vivo MRI studies. The ultra-high-field MR imaging
at the Magnet Lab was attained utilizing multiple steps in developing the essential experimental design. The
increased resonance frequency combined with the size needed to accommodate in vivo large rodents makes
the radio frequency (RF) coil design a technically demanding project. Here it was demonstrated that volume
coils can be used to achieve high-quality images at 900 MHz.

Experimental
The vertical 21.1 T magnet with warm bore of 105 mm was used in these experiments. The magnet is
equipped with a Bruker Avance III console operated by ParaVision 5.0. For in vivo experiments with large
rodents, Fisher rats (~ 175 g) were chosen. Rat MR imaging was achieved using the Bruker Micro-0.75
actively shielded gradient coil (ID = 57 mm). The specifically designed RF probe could accommodate
a rodent having a weight of up to ~ 300 g. Physiological monitoring of the animal was continuously
performed by Small Animal Monitoring and Gating System (Model 1025). No physiological triggering was
used during MRI scans. Animals were anesthetized during MR scanning using 1.5 % isoflurane mixed with
oxygen. Animal experiments were conducted according to the protocols approved by the FSU Animal Care
and Use Committee.

Results and Discussion
The rat three-dimensional proton MR images were acquired using multi-slice acquisition mode (Figure
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1 A, B). The images demonstrate the capability of high-resolution imaging as can be seen by the presence of
multiple small blood vessels detected as dark spots throughout the brain. Rat sodium MRI was performed
with a resolution of ~0.5x0.5x0.5 mm (Figure 1C). Additionally, sodium T1 relaxation times determined at
9.4 T and 21.1 T showed practically no changes for saline, as well as for in vivo sodium. The absence of field
dependence in T1 relaxation time can often be found in situations when the relaxation mechanism is based
on the modulation of quadrupolar interactions. The high-field gain in proton sensitivity relative to 9.4 T 
was 2.1, which is slightly less than expected (2.25) from a linear gain with field strength. The corresponding
sensitivity gains for rat sodium in vivo MRI were well within the expected range (~3.1) and close to the power
of 2 relative to 9.4 T.

Figure 1.
In vivo 3D proton (A, B) and sodium (C) MRI of rat head at 21.1 T.

Conclusions
The high-resolution in vivo MR images demonstrate the advanced sensitivity and resolution that can
be achieved within limited time that is a valuable advantage for many in vivo studies. The novel MR imaging
capabilities are especially advantageous for non-proton nuclei, where the gains in sensitivity are much
higher than for protons. The results were presented at the recent ISMRM Meeting1 and published in Magnetic
Resonance Imagining2.
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his work is a continuation of magnetic resonance (MR) microimaging work being performed at the
Magnet Lab on fixed tissue sections, and is the first published result using the 21.1 tesla (T) magnet to
perform such measures. This is a case study comparing brain slices from a healthy subject to a 92-year-old
female patient who showed steady cognitive decline with agitation and intermittent delusion (no seizures)
over an 8-year period. MR microscopy on tissue slices revealed that the control tissue displayed strong cell
layer delineation, with hippocampal regions. Images from the individual showed sclerotic regions with the
lack hippocampal definition and displayed significantly reduced volume and cell layer compression. 
• This work was published in Neurology, 74, 1654 (2010).

A Novel Approach to Dementia: High Resolution 1H MRI
of the Human Hippocampus at 21.1 T
K.J. Schweitzer (Mayo Clinic FL, Neurology); P. Foroutan (Magnet Lab-FSU, Chem. and Biomed. Eng.);
D.W. Dickson (Mayo Clinic FL, Neuroscience); D.F. Broderick (Mayo Clinic FL, Radiology); U. Klose (U.
Hospital Tuebingen, Germany, Radiology); D. Berg (U. Tuebingen, Germany, Hertie Inst.); Z.K. Wszolek
(Mayo Clinic FL, Neurology); S.C. Grant (Magnet Lab-FSU, Chem. and Biomed. Eng.)

Introduction
Demonstrating the first high-resolution MR images of human hippocampal brain sections acquired at
21.1 T (900 MHz), this case comparison presents hippocampal sections: a control (1a) versus a specimen with
hippocampal sclerosis (1b)1,2. The 92-year-old female patient showed steady cognitive decline with agitation
and intermittent delusion (no seizures) over an 8-year period. Family history was positive for dementia. 
Despite marked dementia (MMSE 12/30), neurologic examination was negative. 

Experimental
Prior to imaging, fixed postmortem human samples were washed in phosphate buffered saline (PBS)
and immersed in Fluorinert (3M Corp). All MR data were acquired using a 21.1-T magnet equipped with a
Bruker Avance console and Mini0.75 gradients. Utilizing a 33-mm birdcage coil, high resolution 3D 1H Fast
Low Angle Shot (FLASH) scans (TE/TR=12/50ms) were acquired over 4.3 hrs at 50-mm resolution.

Results and Discussion
Control images display strong cell layer delineation, with hippocampal regions (CA 1-3) clearly visible. 
Sclerotic images lack hippocampal definition and display significantly reduced volume and cell layer
compression.

Healthy HC

Sclerotic HC

Figure 1.
3D FLASH MRI magnitude partitions of (a) a healthy hippocampal section compared to (b) hippocampal sclerosis acquired at 21.1 T.
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Conclusions
This ultra-high-field strength provides sensitivity and contrast based on differences in the magnetic
susceptibility between tissue types and pathologies that allows for disease determination. 
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T

he Blackband group, in a strong collaboration with scientists at Bruker Biospin and Aarhus University,
recently obtained the first true single-cell image in mammalian tissue based on differences in basic
contrast mechanisms. In this work, they have continued to used diffusion tensor imaging (DTI) in combination
with fiber tracking to track individual nerve fibers to their cell bodies located within the rat spinal cord. 
Microimaging of tissue samples in combination with ultra-high-resolution DTI will provide a way to validate
methodologies for tractography in magnetic resonance (MR) tissue that until now has been impractical.
• This work was published in Neuroimage, 46, 1037-1040 (2009).

MR Microscopy of Nerve Fiber Structure at the Cellular
Level; Validation of Tractography
J.J. Flint (UF, Neuroscience); M. Fey and Daniel Schmidig (Bruker Biospin); B. Hansen and P.
Vestergaard-Poulson (Aarhus University, Denmark); S.J. Blackband (UF, Neuroscience, Magnet Lab)

Introduction
Over the last two years we have reported the utility of new microcoils developed by Bruker Instruments
at high-magnetic-field strengths in order to improve the signal-to-noise ratio (SNR) in magnetic resonance
microscopy (MRM). We reported the highest resolution images in mammalian (rat) brain tissue to date
(4.7x4.7x4.7 microns)1 and visualized for the first time rat neurons in brain tissue1. In the last report we
presented the first diffusion tractography at the cellular level, where individual nerve fibers were tracked
in relation to the cell bodies in the tissue. However these data have an additional important function in
that they provide a way to validate methodologies for tractography in MR tissue that until now has been
previously impractical directly2. 

Experimental
MR data were collected as described previously1 using a 500µm microcoil interfaced to a 600 MHz
spectrometer in the Advanced Magnetic Resonance Imaging  and Spectroscopy facility at the University
of Florida. Samples were prepared from rat spinal cord. Diffusion data were collected using a 21 direction
encoding procedure, but then reconstructed using either 21 or only 6 directions from that data set.
Figure 1.
Fiber track maps
(green lines)
overlying cell
positions (red dots)
generated using
just 6 (left) or 21
directions (right). 
Note the more
robust fitting in the
21-direction data
set, for example
within the blue
circle and at the
blue arrow.
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These data illustrate how MRM tractography at the cellular level can validate MR techniques through
direct correlative histology. Although the 21 direction methodology appears more robust, the data takes
longer to collect, providing a way to evaluate the important trade-off between imaging time and accuracy. 
This data, in the future, will provide a way of evaluating different imaging techniques and analysis.

Acknowledgements
Funding provided by the NSF through the National High Magnetic Field Laboratory, the McKnight
Brain Institute, the KTI (Switzerland, CTI project 6364.1 KTS-NM), the Danish National Research Foundation
(95093538- 2458, project 100297), the Denmark-America Foundation, Dagmar Marshall’s Foundation, Julie
von Müllen’s Foundation and the Oticon Foundation. 
References
1. Flint, J.J., et al., Neuroimage, 46, 1037-1040 (2009).
2. Hubbard, P.L., Parker, G.J.M., Validation of Tractography. In: Diffusion MRI: From Quantitative Measurement to In-vivo Neuroanatomy. Johansen-Berg H., Behrens, T.E.J., (Eds.). Academic Press (2009)

Volume 17 · No. 2

People

Mark Bird

The Florida State University Council on Research & Creativity has selected
Mark Bird, director of Magnet Science and Technology, as one of just three
Distinguished University Scholar Award winners for 2009-2010. The award
recognizes outstanding performance by non-tenure-track seeking employees
who have longstanding track records of research at the university, and who
hold senior level positions. Bird, a scholar/scientist at FSU, has been with the
Magnet Lab since 1992 and was part of the young Magnet Lab engineering team
responsible for creating “Florida Bitter” technology, which took resistive magnets
to new highs. Bird has led the MS&T group since 2007. The award was presented
in April at the university’s Faculty Awards program, and comes with a one-time
award of $10,000.

Timothy A. Cross, the Earl Frieden Professor of Chemistry and Biochemistry
at Florida State and director of the Mag Lab’s Nuclear Magnetic Resonance
Program, has been selected to receive the 2010 Florida Award by the Florida
Local Section of the American Chemical Society. The award, which covers not just
Florida but also the Southeast, recognizes leadership and contributions toward
the advancement of the profession of chemistry. For winning the award, Cross
received a plaque and $500 and was the Florida Local Section's Annual Meeting
and Exposition (held May 13-16) plenary speaker. 
Timothy A. Cross

FSU’s Office of Research recognized two Magnet Lab scientists for making strides to commercialize
their research and creative activity at the 2009-2010 Florida State University Innovators reception. Associate
in Research Michael Davidson was recognized for
licensing various photomicrograph libraries, and Associate
Principal investigators who submitted an
Scholar/Scientist Ryan Rodgers was recognized for the
invention or work disclosure, had a U.S. patent
development of crude-oil analysis technology. Kirby
application filed, and/or had a U.S. patent issued
Kemper, vice president for research, presented the
during the 2009 fiscal year also were formally
innovators with Newton’s Cradles as token of appreciation.
recognized at the reception:
The paper “Nonpolor Speciation of Athabasca Bitumen
by Atmospheric Pressure Photoionization FT-ICR Mass
Spectrometry” has won the Richard A. Glenn Award for
the best paper presented before the Division of Fueld
Chemistry at the 237ty American Chemical Society National
Meeting, held in Salt Lake City in March. The primary author
is Amy M. McKenna, now an assistant scholar-scientist in
Magnet Lab’s ICR Program. Her co-authors are Jeremiah
M. Purcell (now at Shell in Houston), Ryan P. Rodgers,
Parviz Rahimi (National Centre for Upgrading Technology,
Canada), and Alan G. Marshall.  The award is accompanied
by a certificate and $500. 
Magnet Lab affiliate Krista Vandenborne, an associate
dean for research and planning at the University of Florida
College of Public Health and Health Professions and chair of
the department of physical therapy, is the lead investigator
on a $7.5 million new NIH grant to study Duchenne
muscular dystrophy. Researchers will assess whether MRI
technology can be used as a precise, noninvasive measure
of muscle tissue in children with Duchenne muscular
dystrophy. (To learn more about Vandenborne’s research,
read Mag Lab Reports Vol. 14, No. 4, available online).

U.S. Issued Patents: Tom Painter, Magnetic
Shimming Configuration with Optimized Turn
Geometry and Electrical Circuitry, U.S. Patent No.
7427,908.
Patent Applications: Mark Bird, Conical
Florida-Bitter Magnet, U.S. Patent Application
No. 12/287,278 (filed 10/8/2008). Tim Cross,
Divisional Patent Applications for Solid-State
NMR Method For Screening Cell Membrane
Protein Binding Drug Candidates, U.S. Patent
Application Nos. 12/366,173 and 12/366,190.
Disclosures: William Brey, Cylindrical
Configuration of Superconductive RF Coils for
NMR. Mark Emmett, Quantification of Cellular
Sphingolipids by Metabolic Labeling with
Isotope-labeled Serine and Serine Inhibitors.
Denis Markiewicz, Inside Crossover for Pancake
Wound Superconducting Tape Magnet. Tom
Painter, Zero Delta Temperature (ZDT) Thermal
Link Florida Solderless Joint Technology; Bi2212
High Temperature Superconducting Wire.
Chunqi Qian (affiliated with NMR program),
Impedence Matching in NMR Probe with an
Adjustable Segmented Transmission Line.
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This issue's highlighted user program: High B/T
The High B/T (magnetic field /
temperature) Program in Gainesville
is operated as part of the Microkelvin
Laboratory, which is located in the
Physics Department at the University of
Florida. The facility is designed to meet
the needs of users who wish to conduct
experiments in high magnetic fields (up
to 15 T) and at very low temperatures
(down to 0.4 mK) simultaneously. Faculty
members in the facility work with users in
the design of experiments where needed. 
Instrumentation is available for studies of:
· magnetization
· thermodynamic quantities
· transport properties
· magnetic resonance
· viscosity
· diffusion
· ultrasound propagation
· superfluid density
· capacitance
· pressure.

Magnet Systems and Instrumentation
Equipment

Features

Supported Research

15.5 T SC magnet, 25
mm diameter experimental volume

Temperatures down to
0.4 mK

Instrumentation available for studies of
magnetization, thermodynamic quantities,
transport measurements, NMR, viscosity,
diffusion, ultrasound, torsion pendulum
measurements, capacitance and pressure

20+ T SC magnet, 25
mm diameter experimental volume

Additional high Tc insert
capable of bringing full
field above 25 T with
a 12.5 mm diameter
experimental space

Under development

10 T SC magnet, 25
mm diameter experimental volume

Temperatures down to
10 mK

Precise measurements of magnetic
susceptibilities in weak magnetic systems,
transport measurements in semiconductor hetero-structures

Miniature sample
rotator in liquid 3He

Below 5.0 mK,
1-100 degrees

QHE, FQHE, and metal-insulator transition

Sub-femto ampere
current source

Ultra high accuracy,
low noise

High resistance, low density samples

AC magnetic
susceptometer

Below 1.0 mK

Magnetic materials
and superconductors

Pulsed NMR 
spectrometer

Up to 1600 MHz

Diffusion, magnetic ordering,
phase transitions

Access to all Magnet Lab user programs is open to scientists via a competitive proposal process. To apply for magnet time,
go to www.magnet.fsu.edu and click on request magnet time.˝ For more information about the High B/T program, contact
Program Director Neil Sullivan, (352) 846-3137, sullivan@phys.ufl.edu

The Magnet Lab is continually accepting proposals from interested potential users.
Explore our user programs virtually at http://www.magnet.fsu.edu/usershub/
The National High Magnetic Field Laboratory is a national resource that centralizes the country’s
greatest magnet-related research tools, resources, and expertise. This approach is efficient and cost-effective,
and encourages fruitful, collaborative research — across disciplines — at the highest level. The Magnet
Lab’s flagship magnets, designed and built in-house, are unrivaled anywhere in the world, and lab engineers
are constantly striving to push fields higher still. But it’s not only the magnets that pull in upwards of 1,000
researchers each year; it’s also the world-class scientific support available at the Magnet Lab. The lab’s
scientists and technicians develop the experimental instrumentation and techniques. 

To learn more about a specific program of interest, contact one of the following:
Advanced Magnetic Resonance
Imaging and Spectroscopy
Gainesville
Joanna Long
jrlong@mbi.ufl.edu

High B/T
Gainesville
Neil Sullivan
sullivan@phys.ufl.edu

Ion Cyclotron Resonance
Tallahassee
Alan Marshall
marshall@magnet.fsu.edu

DC Field
Tallahassee
Eric Palm
palm@magnet.fsu.edu

Electron Magnetic Resonance

Nuclear
Magnetic Resonance

Tallahassee
Stephen Hill
hill@phys.ufl.edu

Tallahassee
Tim Cross
cross@magnet.fsu.edu

Pulsed Field
Los Alamos
Jonathan Betts
jbbetts@lanl.gov
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Now hiring:
OPERATIONS MANAGER (Project Director)

n engineering manager with experience developing new high-performance technology
is sought by the National High Magnetic Field Laboratory in Tallahassee, FL to work in the
Magnet Science and Technology Division as the Operations Manager.
Education:   B.S. or equivalent in Engineering or Physics required. Masters degree in Business
Administration or advanced degree in engineering or physics preferred.
Experience: 10 years of experience in development of high-technology systems required:
5 years in engineering design and 5 years experience in management. 
Knowledge of project planning, performance tracking and budgeting of
complex systems required. Experience in design, fabrication, and/or testing of
superconducting magnet or cryogenic systems preferred. 
The Magnet Science and Technology division of the NHMFL designs, develops, constructs and
tests high-performance resistive and superconducting magnets and related equipment for inhouse use and for delivery to clients worldwide. It includes about 40 engineers, scientists and
technicians and operates on an annual budget of ~$14M coming from numerous sources. The
Operations Manager will report to the MS&T Director and will 1) play a lead role in developing
and monitoring the division’s annual budget, 2) assist the project leaders to develop budgets
for their individual projects, 3) track delivery schedule and actual costs, 4) assist supervisors
in personnel assignments, 5) manage project purchase activities and participate in contract
negotiations, 6) implement quality assurance procedures for magnet development projects,
7) develop proposals for novel magnet systems, 8) improve the division’s administration
processes and handle additional assignments as needed and appropriate. This person will
be the supervisor of the Administrative Group within MS&T that presently includes 3 people. 
Some domestic and foreign travel might be required.
Candidates shall include with their resume the names, job titles, addresses, telephone
numbers and mailing addresses of three people familiar with their work to serve as references. 
The Florida State University is an Equal Opportunity, Affirmative Action employer, committed
to diversity in hiring, and a Public Records Agency. 
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