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WELGOME

Roger Falcone, ALS Director

The ALS is a very dynamic facility,
and the year 2006 continued a recent
period of transition. In September, I
moved from being an ALS user to
being the ALS director, taking over
from Janos Kirz. Janos served bril-
liantly as acting director, following
Daniel Chemla, who stepped down
from the directorship in July 2005.
Both Janos and Daniel made enor-
mous contributions to operations as
well as planning at the ALS, and I
look forward to building on their
work in creating a vision for renewal
of our light source. Fortunately, Janos
has agreed to continue serving users
of the ALS as our scientific advisor.

In August, we lost a dear friend
and colleague, Neville Smith, to can-
cer. Neville was the ALS scientific di-

rector and had been with the ALS
since 1994. His death was a shock,
not just to the synchrotron commu-
nity, but also to the larger scientific
community, which knew him both as
an authority in the field of photoemis-
sion and as a wise and warm col-
league. He will be greatly missed.

Neville, Daniel, and Janos worked
with users, ALS staff, and our advi-
sory committees to craft a roadmap—
a living document we call the ALS
Strategic Plan (http://www-als.lbl
.gov/als/ourorg/strategicplan.html).
We will be guided by that creative
plan, building on it as the needs of
the facility evolve and we develop the
financial and other resources neces-
sary to enact it.

Our 2006 Users' Meeting was a

great success in bringing together a
diverse community of scientists from
around the world, and I want to
thank the Users' Executive Commit-
tee and especially the program chairs,
Elke Arenholz and Hendrick Ohldag,
for an excellent job of organizing it
all. The meeting included 12 special
workshops, an evening public science
lecture, and a number of science high-
lights.

The future of the ALS includes the
renewal and expansion of our techni-
cal capabilities and scientific goals as
well as our physical environment. We
are making progress on plans for a
new user support building and a guest
house. Expanded support from Wash-
ington is enabling us to hire new
beamline scientists, as well as other
ALS staff, to assist our ever-growing
pool of users with their diverse stud-
ies, which range from understanding
the structure of proteins and
nanocrystals, to high-temperature su-
perconductors and magnetic storage
devices, to dust from space and
aerosols that blow across the ocean
and affect our weather. Plans have
been made for new beamlines—which
will, for example, probe electronic
structure and image at the
nanoscale—and for replacement of
aging optics, electronics, and other
hardware. We are moving forward
rapidly to keep the ALS at the scien-
tific frontier and serve the needs of
researchers in wide-ranging fields. We
are also augmenting our environmen-
tal, health, and safety activities, con-
sistent with our mission, which is to
"support users in doing outstanding
science in a safe environment.”
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Clemens Heske, UEC Chair

The ALS Users' Executive Commit-
tee (UEC) represents an ever-growing
number of ALS users, and it has been
my pleasure to serve as the 2006 UEC
chair. The UEC not only very closely
interacts with ALS management, but
also represents ALS users to external
visitors and reviewers and to various
groups on Capitol Hill. In all of these
capacities, the UEC addresses a large
variety of topics and issues, ranging
from facility access, safety regula-
tions, user housing, ALS upgrades and
parking to congressional support for
DOE facilities and the general percep-
tion of basic science as a driver for fu-
ture development in general.

And quite an eventful year it has
been!

Several developments are now well
underway that will significantly im-
prove the "quality of life” for users at
the ALS. In particular the User Guest
House and the User Support Building
are moving along nicely, thanks to the
tireless efforts of Ben Feinberg, Steve
Rossi, and especially Gary Krebs, who
sadly passed away shortly before this
report went to press in 2007. Safety
and safety regulations have been a big
topic in the past year, and the UEC
has worked very closely with ALS
management to ensure that the ALS
and its users continue to operate in a
safe and common-sense-based fash-
ion. Jim Floyd has done an excellent
job in implementing many improve-
ments, including a revision of the
safety training structure and many
other important procedural aspects.

2006 was also the year of the unex-
pected and sad passing of our friend
and colleague Neville Smith. He

worked very closely with the UEC
and had tremendous impact on all
areas of user involvement at the ALS.
At the 2006 Users' Meeting, "Bruce”
was remembered with a special sym-
posium and banquet session, and will
remain very close to our hearts and
thoughts.

The UEC-organized 2006 ALS
Users' Meeting, put together by Elke
Arenholz and Hendrik Ohldag with
the help of Jeff Troutman and his out-
standing team, was a great success,
with exciting plenary sessions and
jam-packed workshops.

2006 was also the year of change in
leadership at the ALS. On behalf of
the users at the ALS, I would like to
express my sincere gratitude to Janos
Kirz for his outstanding leadership at
the ALS, and would also like to
heartily welcome Roger Falcone as
the new director. Both Janos and
Roger have always surprised me with
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the intensity with which they were
seeking the input and opinions of the
users and the UEC.

Finally, 2006 was also the year of
significant budget changes for the Of-
fice of Science. The UEC has played a
humble, but active role in all of the
activities that surround such develop-
ments, through email requests, per-
sonal visits, and—new in 2006—the
installation of a permanent represen-
tative at the Synchrotron and Neutron
Users' Group (SNUG), which coordi-
nates group visits to Washington
(Corie Ralston, cyralston@sff.net).

At the end of my tenure as UEC
chair, I want to thank you for your
support and help and ask you to work
closely with Tony van Buuren (2007
UEC chair) and Hendrik Ohldag (2007
UEC vice chair) to ensure that the
ALS continues to be an outstanding
facility for synchrotron radiation sci-
ence worldwide.
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Cometary Clues to Solar

System Formation
S

Particles from Gomet
S1P/Wild 2 Viewed by
ALS Microscopes

Comets are widely believed to be the
repositories of the building blocks of
the Solar System. Astronomers theo-
rize that a presolar dust cloud, per-
haps after nudging by an outside
shockwave, gradually collapsed
under its own gravity to form a glow-
ing sfar surrounded by an accretion
disk, where protoplanets took shape.
In them the consfituents of the dust
were subjected to heat and pressure
and reactions with water, leading ulti-
mately to the formation of planets. But
comets that formed far from the Sun
were believed to have preserved the
original constituents of the Solar Sys-
fem in relatively unaltered form. In
January 20006, the sample-return cap-
sule from NASA's $200-million,
sevenyearlong Stardust mission to
Comet 81P/Wild 2 parachuted to
the Utah desert delivering the first
solid samples from space since the
1970s moon missions. Hundreds of
scienfists and dozens of experimental
fechniques in facilities around the
world contributed to the preliminary
examination of the first samples. Four



ALS beamlines and the researchers
using them confributed to many of the
findings that are shedding new light
on how the Solar System was formed.
The Stardust results show that the mix-
ing of materials throughout the disk
started earlier in this process and was
more extensive than previously thought.

Materials brought back from a
known extraterrestrial source, such as
the Apollo samples from the Moon in
the 1970s, provide critical clues to the
history of the Solar System and inter-
pretation of extraterrestrial samples
like meteorites and cosmic dust parti-
cles. When NASA's $200-million,
seven-year-long Stardust mission re-
turned to Earth thousands of tiny par-
ticles snagged from the coma of
comet 81P/Wild 2, four ALS beam-
lines and the researchers using them
were among the hundreds of scien-
tists and dozens of experimental tech-
niques in facilities around the world
that contributed to the preliminary
examination of the first samples.

Stardust's success depended on two
technical achievements, a trajectory
allowing it to pass within 240 km of
the comet’s nucleus at a speed of just
6 km/s (see sidebar, "NASA's Discov-
ery Mission Stardust”) and a special
low-density material called aerogel
molded into a collector grid (see side-
bar, "Aerogel Cushions the Comet Par-
ticle Impact”). Particles were brought
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Billows of exhaust fill Launch Pad 17-A, Cape Canaveral Air Station, as the Boeing
Delta Il rocket carrying the Stardust spacecraft launches at 4:04 pm. EST, February 7, 1999.

Image Credit: NASA.

to a standstill as they penetrated into
the aerogel with limited heating or al-
teration. Thousands of tiny particles
were trapped, most of them smaller
than 10 micrometers in size. The
trails of perhaps two dozen larger par-
ticles are visible to the unaided eye.
Stardust also collected interstellar
dust samples.

After its launch in 1999 (Figure 1),
Stardust reached the comet in 2004
(Figure 2), then returned its cargo to
Earth in a capsule on January 15,
2006. At NASA's Johnson Space Cen-
ter in Houston, a few of the captured
particles were quickly distributed for
inspection by multi-institutional pre-
liminary examination teams (PETs)
across the United States. Before any
of these high-powered tools could be
deployed, the samples had to be re-
moved from the aerogel. Wedges
called "keystones” containing com-
plete tracks and the terminal particles
at their tips were removed under a

Composite image taken by Star-
dust’s navigation camera during the close-
approach phase of the January 2, 2004,
flyby of comet Wild 2. Several large de-
pressed regions can be seen. Comet Wild 2
is about five kilometers (3.1 miles) in diame-
ter. To create this image, a short-exposure
image showing considerable surface detail
was overlaid on a long-exposure image
taken just 10 seconds later showing jets. To-
gether, the images show an intensely active
surface, jefting dust and gas streams into
space and leaving a trail millions of kilome-

ters long. Image Credit: NASA/JPL-Caltech.
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microscope with the help of computer-
driven micromanipulators that sliced
the aerogel with glass needles, a tech-
nique pioneered at UC Berkeley's
Space Sciences Laboratory (Figure 3).
In some cases, slices were cut through
the track at right angles.

Upon entering the aerogel, the par-
ticles typically excavated a carrot-
shaped track, bulbous at the top and
thinning to a point. The particles
themselves mostly came to rest at this
point, but on the way in, depending
on its makeup, a particle might shatter
and leave multiple tracks (Figure 4).
They also shed outer layers and—be-
cause the collision and deceleration
generated lots of heat—vaporized some
of their more volatile components.

Synchrotron radiation facilities
were major contributors to the find-
ings of the various PETs. These in-
cluded the four DOE light sources
(ALS, APS, NSLS, and SSRL), the Eu-
ropean Synchrotron Radiation Facility
(ESRF), and SPring-8 in Japan. At the
ALS, measurements were made at
four beamlines: 1.4.3, 5.3.2, 10.3.2,
and 11.0.2.

Minerals were the main target of
studies at Beamline 10.3.2. The team
used a combination of three spatially
resolved techniques for mapping the
bulk chemistry and mineralogy of the
Wild 2 samples. With the x-ray micro-
probe, one can observe the whole
track, still in the aerogel keystone,
and look for all elements simultane-
ously, everything from sulfur up to se-

Coarse-Grained Fraction

One of several ways scientists have
begun extracting comet particles from the
Stardust spacecraft’s collector. First, a parti-
cle and its track are cut out of the aerogel
collector material in a wedge-shaped slice
called a keystone. A specialized silicon
pickle fork is then used to remove the key-
stone from the remaining aerogel for further
analysis. Image credit: NASA/JPL-
Caltech/UC Berkeley.

Fine-Grained Fraction

Aerogel tfracks. When a particle hits the aerogel, it buries itself in the material, creat-
ing a carrotshaped track up to 200 times its own length as it slows down and comes to a rela-
tively gradual stop. Scientists use these tracks fo find the tiny particles. Image credit: S.

Sandford, NASA-Ames Research Center.

lenium that may be present at each
specific spot. Maps showing the spa-
tial distribution and concentration of
single elements (Figure 5) or multiple
elements (Figure 6) result from scan-
ning the probe over the sample sur-
face. It is important to be able to
distinguish which particles are from
the comet and which from the aero-
gel. In Figure 6, particle 2 contains
iron, calcium, titanium, and man-
ganese. Calcium and titanium are ele-
ments that tend to occur together in

the sort of high-temperature minerals
that have attracted interest because
their existence shows that material
from the inner Solar System became
incorporated into a comet formed in
the outer Solar System. The bright
blue spot (particle 3) contains calcium
and little or no manganese or tita-
nium; it is aerogel contaminant.

By means of x-ray absorption near-
edge spectroscopy (XANES) and the
related technique of extended x-ray
absorption fine structure (EXAFS)



X-ray microprobe image of iron in comet particle track. The solid line is the edge of
the aerogel collector. The diffuse-looking layer of iron-rich material consists of many nanosize
particles of metals and metal sulfides, mixed with melted aerogel, coating the hollow interior of
the track. The four particles in the trapezium are all of different compositions (see Figure 6).
The terminal particle is the remaining large chunk of particle. Image credit: S. Fakra and M.

Marcus, ALS.

spectroscopy, one can also determine
the atomic environment of specific el-
ements. For example, one mineral
found in the material brought back by
Stardust was olivine, a mixed iron-
magnesium silicate that is a primary
component of the green sand found
on some Hawaiian beaches. It is
among the most common minerals in
the universe, but scientists were sur-
prised to find it in cometary dust. The
Wild 2 samples also had other high-
temperature materials containing cal-
cium, aluminum, and titanium.

One form of mineral that chal-

lenged the mineralogy team at Beam-
line 10.3.2 took the form of calcium-
aluminum inclusions. The problem
was that many other calcium-rich par-
ticles were found in the aerogel by x-
ray microprobe mapping that were
not from the comet. These particles
could be distinguished from comet
particles by the chemical state of the
calcium they contained, as deter-
mined by XANES when using as spec-
tral references particles found outside
the tracks and therefore known to be
extraneous. (Figure 7).

Because XANES yields a distinctive
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The problem: Which spots from x-
ray microfluorescence maps are really from
the comet? In this close-up of the “trapez-
ium” region, titanium is mapped in red, man-
ganese in green, and calcium in blue.
Particle 2 in these pictures contains iron, cal-
cium, titanium, and manganese and comes
from the comet. The bright blue spot (particle
3) contains calcium and little or no man-
ganese or titanium; it is aerogel contami-
nant. Note that the vertical “wings” on the
brightest spots are artifacts of the micro-
probe. Image credit: S. Fakra and M. Mar-
cus, ALS.

spectral signature for each chemical
constituent in a sample, it is particu-
larly useful for identifying organic
compounds. At Beamlines 5.3.2 and
11.0.2, it was possible to combine this
technique with the scanning transmis-
sion x-ray microscope (STXM) to
image the spatial distribution of the
compounds with high resolution (Fig-
ure 8).

Once again, aerogel contamination
was a major issue, with carbon being
the bad actor in this case. The suppos-
edly pristine silica aerogel tiles had ei-
ther become contaminated during the
manufacturing process, or microtomed
slices of the particles themselves had
become contaminated with carbon
compounds from being embedded in
epoxy. The team had to sort out what
carbon came from the aerogel, what
came from epoxy, what came from
the comet.

The breakthrough came when team
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Calcium XANES bestit process applied to particle 1 in Figure 6. XANES spectra of
known contaminants, such as calcium hotspots in blank aerogel, can be used as fingerprints to
recognize XANES spectra of other contaminant spots. Such spectra are also needed for the

|!I

analysis of “rea
Marcus, ALS.

members were able to examine trans-
verse slices through the track, with
cometary fragments inside it and a
diffusion of volatile constituents into
the neighboring aerogel, and then dis-
tinguish these signals from the aero-
gel far outside the track. Since the
beamline can look at most elements,
including silicon, researchers were
able to correlate silicon with carbon
in the aerogel. Carbon in the samples
that wasn't correlated with silicon

calcium-bearing spots because the beam also hits aerogel. Image credit: M.

was not coming from the aerogel.
Infrared (IR) spectroscopy was ex-
pected to be useful for comparing the
Wild 2 particles to astronomical ob-
servations of comets and interstellar
dust, where minerals like crystalline
silicates and organic compounds have
been revealed using ground- and
space-based telescopes for IR spec-
troscopy. Initially it was planned to do
IR microspectroscopy at Beamline
1.4.3 only on the terminal particles.

Initial IR measurements made of
aerogels not used on Stardust had
shown organic residue from the aero-
gel fabrication, initially killing any
hope for detecting organics.

But after comparing those measure-
ments to Stardust aerogels that had
actually seen the comet, the IR team
noticed different types of carbon-hy-
drogen molecules present along some
of the particle tracks. Then, looking
not just at the terminal particle but in-
stead scanning the IR beam along the
whole length of the track in the aero-
gel wedges, they found the track
coated with different organics, left be-
hind when whatever was carrying
them—ice, for example—melted and
vaporized.

It was because the aerogel slowed
the particles relatively gently that
team members were able to capture
volatile organics along most of the
length of the track and do IR imaging
at each point. Building up a two-di-
mensional image of the different or-
ganics at different stages of entry
(Figure 9), they found the distribution
of organics to be nonuniform along
the tracks. Not every track showed or-
ganics, but all showed OH bonds:
oxygen-hydrogen bonds indicating
the former presence of ice.

Taken together, the early analyses
of the comet dust particles surprised
scientists, who have long thought of
comets as cold, billowing clouds of
ice, dust, and gases formed on the
edges of the Solar System. From the



February 7, 1999: Junuary 15, 2001: August-December 2002: January 2, 2004:

Launch Earth Gravity 2nd Interstellar Comet Wild 2 7
Assist Dust Collection Encounter
[ o e o o o ([ o Figure 1. Stardust timeline. Science
February-May 2000: April 18, 2002: November 2, 2002: January 15, 2006: . B
1st Interstellar Aphelion Asteroid Anne Earth Return Hi 9 hli 9 hts
Dust Collection (new distance Frank Flyby
record)

NASA’s Discovery
Mission Stardust

In the early 1990s, NASA established the Discovery program aimed at low-

cost Solar-System-exploration missions with highly focused science goals. é::t‘ry
Following on the heels of Mars Pathfinder, the Near Earth Asteroid Ren- Assist Comet Wild-2

01/15/01 Orbit

dezvous, and the Lunar Prospector, the Stardust mission was selected in late

1995 to be the fourth Discovery mission and was the first U.S. mission dedi- Launch
cated solely to a comet and the first fo return extraterrestrial material from )
outside the orbit of the Moon.
— Heliocentric Loops 1, 2, and 3

The Stardust spacecraft was launched on February 7, 1999, from Cape . a | Feb- 9001, Jul 03, -Jon 0

. . . . Wild-2 = Inersteller Particle Collection
Canaveral Air Station, Florida, aboard a Delta Il rocket. The primary goal of Er:)c]%l;;:]zer \‘ ob: Fob-May 00, Aug-Dec 02
Stardust was to collect dust and carbon-based samples during its closest en-  _4; /s~ \,

counter with Comet Wild 2 —pronounced “Vilt 2" after the name of its Swiss
discoverer—in a rendezvous scheduled to take place in January 2004, after
nearly four years of space travel (Figure 1). The Stardust spacecraft was also

AAAA

Intersteller Particle
Stream

to bring back samples of interstellar dust, including recently discovered dust
streaming into the Solar System from the direction of Sagittarius. Believed to

consist of ancient presolar interstellar grains that include remnants from the ) )
Figure 2. Trajectory of the Stardust

spacecraft. Image credit: NASA/JPL-Cal-
sights into the evolution of the Sun, its planets, and possibly even the origin of life itself. tech.

formation of the Solar System, interstellar dust samples were expected to yield important in-

During its voyage, the spacecraft made three loops around the Sun (Figure 2). The seven-
year, three-loop, Earth-gravity-assist trajectory was designed with four goals in mind: to fly
by Wild 2 at a low velocity, to maximize the time for favorable collection of interstellar
dust, to minimize the escape energy from Earth and trajectory correction requirements for
the mission so that a smaller launch vehicle could be used, and to have a low velocity rela-
tive to Earth upon return.

On the second loop, the spacecraft trajectory passed close to comet Wild 2. During the

meeting, Stardust recorded counts of comet particles encountered and made realtime “Stardust: Mission & —
araust: ISSION 1O a comer—mission
analyses of the compositions of these particles and volatiles. A collector array containing a overview,” www.nasa.gov,/mission

silica-based substance called aerogel enabled Stardust to capture samples and safely store pages/stardust/mission /index.himl and related
them for the long journey back to Earth. On January 15, 2006, Stardust executed a pre- links.

cise cargo return by parachuting a reentry capsule weighing approximately 125 pounds to “Stardust: NASAS comet sample refurn mis-

the Earth’s surface. sion—mission overview," stardust.jpl.

nasa.gov,/mission/index.html and related links.
Throughout the course of the entire mission up to that point, Stardust had flown a total of

5.2 billion kilometers (3.2 billion miles). In early 2007, however, communications were re- A. Chevront, “Stardust: MESSiO/” news —Stardust
. L . fa t,” nasa.

sumed with the spacecraft to determine its health for a follow-on mission to the comet Tem- sialus reporl, W nasa. gov.

mission_pages/stardust/news/stardust-

pel 1. After extracting all the recorded data from a year’s worth of space travel, including 20070201 himl.

a close approach to the sun and an encounter with a solar flare, NASA placed the space-

craft in hibernation until the final decision is made concerning a possible Stardust-NExT fol-

low-on mission, an encounter with the comet Tempel 1 in 2011 to image the crater made

by the Deep Impact mission.
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Figure 1. An aerogel tile of the type used
in the Stardust collector. Though having a
ghostly hologram-like appearance, aero-
gel is very solid. To the touch, it feels as

hard as styrofoam. Image credit: NASA.

Figure 2. Aerogel array. The Stardust parti-
cle collector consisted of 260 files of aero-
gel, 130 on each side of a tennis-racket-
shaped grid. One side was exposed during
Stardust's flight through the interstellar dust
stream between February and May 2000
and August and December 2002; the other
collected cometary particles during the
spacecraft’s flight through Wild 2’s coma on
January 2, 2004. Image credit: NASA.

A. Alexander, “Aerogel: The ‘frozen smoke’ that
made Stardust possible,” www.planetary.org/ pro-
grams/ projects/stardusiathome/aerogel.him!l (No-

vember 8, 2006).

"Aerogel: Catching comet dust,”
stardust.jpl.nasa.gov/tech/aerogel.himl (last updated
March 31, 2005).

A. Hunt and M. Ayers, “Hisfory of silica aerogels,”
eeld.|bl.gov/ECS/aerogels/sa-home.himl (last up-
dated April 2004).

Aerogel Cushions the
Comet Particle Impact

The Stardust mission captured both cometary samples and interstellar dust. To collect
the high-speed particles without damaging them, Stardust used an extraordinary sub-
stance called aerogel, a silicon-based solid with a porous, sponge-like structure that is
99.8 percent empty space. When a particle hits the aerogel, it buries itself in the mate-
rial, creating a carrotshaped track up to 200 times its own length as it slows down and
comes fo a relatively gradual stop. Scientists use these tracks to find the tiny particles.

It is often assumed that aerogels are recent products of modern technology. In reality,
the first aerogels were prepared in 1931. Of the many scientists who have worked
with aerogels since then, all of them owe a debt of gratitude to Samuel Stephens
Kistler, a scientist at the University of the Pacific who prepared the first aerogels and
spent decades studying their properties and uses.

Aerogel is not like conventional foams; it has extreme microporosity on a micron scale.
Individual features only a few nanometers in size are linked in a highly porous network-
like structure. Aerogel is up to 1,000 times less dense than glass, and it is nearly trans-
parent (unless deliberately dyed), with only a slight blue-grey tinge making it visible.

When held, it feels nearly weightless but unmistakably solid and unyielding (Figure 1).

This exotic substance has many unusual properties, notably low thermal conductivity,
in addition to its exceptional ability to capture fastmoving dust. Aerogel is made by

critical-point drying at high temperature and pressure a gel composed of colloidal sil-
ica filled with solvents. For Stardust, the aerogel was prepared and flight qualified at
the Jet Propulsion Laboratory (JPL).

For the Stardust mission, tiles of aerogel were fitted into a tennis-racket-shaped collector
that was unfolded from the protective sample-return capsule fo expose it during space
flight (Figure 2). One side of the collector turned to face the streams of inferstellar dust
encountered during the journey to Comet Wild 2, while the other faced towards the
cometary particles as the spacecraft passed through the coma surrounding the nucleus.

To capture both types of particles, JPL had to produce different types of aerogel for each
side of the collector: heavier and denser aerogel on the cometary side subject to bom-
bardment by relatively large grains, some even visible to the naked eye, and lighter,
more porous aerogel on the interstellar dust side, where the particles would be no
more than a few microns in diameter. Even more challenging, the aerogel tiles had to
be of varying density: very light and porous on the surface of the collector, but increas-
ingly dense towards the back.

When the Stardust spacecraft encountered Comet Wild 2, the impact velocity of the
particles was up fo six times the speed of a rifle bullet. This high-speed capture could
alter their shape and chemical composition—or even vaporize them entirely. But as
particles struck the collector, the aerogel absorbed them like a cushion of feathers and
brought them to a halt within the space of a few dozen microns (in the case of interstel-
lar dust), or just 1 or 2 centimeters (in the case of the cometary particles).



o b cdef 0.6r
_/\ ; Al

Tieschitz //\

L3.6 g

EET92042
(R2

’w
>M

¢
N
\
Atomic 0/C Ratio
>

0.2F

S S

0 IE'.
\,-«-/—l_—— 0 L L L L
0 0.05 0.1 0.15 0.2 0.25
\_ Atomic N/C Ratio

/ \ﬂ/‘\

:

Absorbance (arbitrary units)

N ¢

[t et S L i
280 285 290 295
Photon Energy (eV)

Left: Carbon XANES spectra of six thin-section samples (1 to 6) compared with spectra
of primitive (EET92042, CR2) and moderately processed (Tieschitz, L3.6) chondritic organic
matter. Samples represent various tracks and grains. Specific organic functional groups are
highlighted by dashed lines: a) C=C, b) C=C-O, c¢) C=0, d) N-C=0, e) O-C=0, and f) C-O.
Top right: Atomic oxygen/carbon and nitrogen/carbon ratios for samples 1 to 6 from C, N,
and O XANES analysis (red triangles) are compared with chondritic organic matter (green
squares), comet Halley particles (black star), and stratospheric interplanetary dust particles
(blue circle). Bottom right: High-resolution (40-nm pixel size) STXM optical density image (scale
bar = 1 pym) on the C 1s absorption edge for a thin section from sample 5. Image credit: D.
Kilcoyne, ALS.

-7050
125 um Off _7100

-7150
.S 7200

ion (um)

Posi

|
~
N
w
=}

-7300
-7350

Center of
the Track

| I | | | |
4000 3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm™)

9

Science
Highlights

100 200 300 400 500
Position (um)

IR microspectroscopy of some particle tracks (left) revealed shedding of organic compounds and their diffusion into the surrounding
aerogel. The spectra (center) show the intensities of a methylene group peak on the track and at various distances away. The methylene peak dis-
tribution is mapped in the false color image (right). The peak, which comes from organics, is most intense on the track (red is the most intense,
purple the least) and decreases as one moves away but is still detectable 100 pm from the track. Image credit: S. Bait, Lawrence Livermore Na-

tional Laboratory.
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Comet Wild 2 data, for example,
comets apparently are not composed
entirely of volatile rich materials but
rather are a mixture of materials
formed at all temperature ranges
(such as high- and low-temperature
minerals from olivine to low- and
high-calcium pyroxenes) at places
very near the early sun and at places
very remote from it.

One of the major discoveries from
the analysis of the comet samples was
finding particles rich in organic mat-
ter. Comets are believed to have
brought water and organic matter—
necessary ingredients for the origin of
life—to the early Earth. One of the
first analyses obtained on the Stardust
samples showed abundant hydrocar-
bons in many of the particles. The
comet organics collected by Stardust
are more "primitive” than those seen
in meteorites and may have formed
by processes in nebulae, either in
space clouds between the stars, or in
the disk-shaped cloud of gas and dust

from which our Solar System formed.
Though the Wild 2 samples proved
to be highly variable, the picture that
nonetheless emerged is of cometary
particles containing primarily silicate
materials formed within the Solar Sys-
tem, including some grains born in
the high temperatures existing only
close to the Sun. These particles then
were carried (perhaps by strong bipo-
lar gas jets coming out of the early
Sun) to the outer reaches of the accre-
tion disk where the planets of the
Solar System had their birth, corre-
sponding to the Kuiper belt region
outside Neptune's orbit, where they
were incorporated into Comet Wild 2
along with organic compounds and
other volatile materials. Added to re-
cent advances in cometary science
showing the important role played by
mixing of materials, the first round of
Stardust results suggests that the mix-
ing started earlier in the planetary for-
mation process and was more
extensive than previously thought.

Research conducted by members of the Stardust pre-
liminary examination team.

D. Brownlee et al., “Comet 8 1P/Wild2 under a mi-
croscope,” Science 314, 1711 (20006).

S.A. Sandford et al., “Organics captured from Comet
81P/Wild 2 by the Stardust spacecraft,” Science
314, 1720 (2006).

L.P. Keller et al., “Infrared spectroscopy of Comet
81P/Wild 2 samples refurned by Stardust,” Science
314, 1728 (2000).

GJ. Flynn ef al., “Elemental compositions of Comet
81P/Wild 2 samples collected by Stardust,” Science
314, 1731 (2000).

National Aeronautics and Space Administration and
other institutions supporting the members of the Star-
dust preliminary examination team.



FIRST DIRECT OBSERVATION OF SPINONS AND HOLONS

Just as the body and wheels of a car are thought to be intrinsic parts of the whole, incapable of separate and independ-

enf actions, i.e., the body goes right while the wheels go left, so, too, are electrical charge and spin intrinsic components

of an electron. Except, according to theory, in one-dimensional solids, where the collective excitation of a system of elec-

frons can lead to the emergence of two new quasiparticles called “spinons” and “holons.” A spinon carries information

about an electron’s spin and a holon independently carries information about its charge. The spliting of an electron’s

properties info spinons and holons in one-dimensional systems is expected to have an impact on spinfronics, where the

storage and movement of data is based on electron spin, rather than on charge alone. Another area in which spinons

and holons could play an important role is the development of nanowires, one-dimensional hollow tubes where electron

movement is so constrained that quantum effects dominate. And, central to many leading theories about hightemperature

superconductivily is the existence of spin—charge separation in one-dimensional systems. Beyond technological applico-

fions, the confirmation by Kim et al. of the idea of spin—charge separation is important because it reveals deep insights

into the quantum world—and the beauty and subtleties associated with it.

Spin and charge are inseparable
traits of an electron, but in one-di-
mensional solids, a 40-year-old theory
predicts their separation into “collec-
tive” modes—as independent excita-

tion quanta called spinons and holons.

Angle-resolved photoemission spec-
troscopy (ARPES) should provide the
most direct evidence of this spin-
charge separation, as the single quasi-
particle peak splits into a spinon-
holon two-peak structure. However,
despite extensive ARPES experiments,
the unambiguous observation of the
two-peak structure has remained elu-
sive. Working at the ALS, a team of
researchers from Korea, Japan, and
the U.S. has now observed electron
spin-charge separation in a one-di-

mensional solid. These results hold
implications for future developments
in several key areas of advanced tech-
nology, including high-temperature
superconductors, nanowires, and
spintronics.

The idea behind spin-charge sepa-
ration is that electrons behave differ-
ently when their range of motion is
restricted to a single dimension. Ordi-
narily, the removal of an electron
from a crystal creates a hole, a vacant
positively charged energy space. This
hole can move freely throughout the
crystal in two or three dimensions,
carrying with it information on both
the electron’s spin and charge, as ob-
served in a single peak of an ARPES
spectrum. When restricted to one di-

mension, however, it becomes theo-
retically possible for the hole (carry-
ing a positive charge) to propagate in
one direction while the spin propa-
gates in the opposite direction, or at a
different speed (Figure 1). If this
spin-charge separation occurs, the
hole is said to decay into a spinon and
a holon, and two peaks in the ARPES
spectrum would be observed.

ARPES is an excellent tool for ob-
serving spin-charge separation and
other collective effects involving elec-
trons. By measuring the energy and
momentum of emitted electrons,
ARPES provides a detailed picture of
the electron energy spectrum and im-
portant information about electron
dynamics, such as the speed of the
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Schematic view of electron removal in the case of a one-dimensional system with anti-
ferromagnetic correlation. Removal of a spin-up electron results in a positively charged hole
(holon) that moves along the chain as neighboring electrons fill the empty space. The “closing
up” of the initial hole leaves two spin-down electrons adjacent to each other. This magnetic dis-
order can be thought of as a quasiparticle (spinon) that propagates along the chain, independ-
ently of the holon, through the flipping of successive spins.
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Two discrete peaks in the ARPES data form the signature of a spin—charge separation
event. The raw data (black dots) are fitted with Gaussian peaks for the holon (blue) and the
spinon (red) with an integrated background (dashed line). The solid black line is the sum of the
two Gaussian peaks and the background. The inset compares the data with the calculated
spectral function, and the shaded green area indicates the exira intensity predicted by theory.
The red bar shows that the spinon peak is wider than the holon peak.

electrons and their effective mass.
However, despite extensive studies of
various one-dimensional systems, pre-
vious efforts to observe the two-peak
spectrum proved unsuccessful or am-
biguous. The materials in these earlier
studies were complex enough to allow
for alternative explanations for the
peaks, and independent estimates of
the spinon and holon energy scales—a
valuable check on the interpretation
of the data—were not available.

The current observations are direct
and the results are unambiguous be-
cause they were obtained from a sim-
ple material that left little room for
misinterpretation. The researchers ex-
amined the ARPES spectrum of
SrCuO,, which has a double Cu-O
chain structure but is an ideal one-di-
mensional compound because of very
weak interchain coupling. Further-
more, the values of its spinon and
holon energy scales can be estimated
from optical and neutron data as well
as band theory. The observations were
made at the Electronic Structure Fac-
tory endstation at ALS Beamline 7.0.1,
which is able to survey a relatively
large range of momentum and energy
values to locate the interesting corre-
lated effects. The data not only show
a clear separation of ARPES peaks
(Figure 2), but the spinon and holon
energy scales of ~0.43 and 1.3 eV, re-
spectively, are in quantitative agree-
ment with theoretical predictions. In
addition, deviation of the data from a
simple two-peak structure (shaded
green in figure) is also predicted by
theory.

The researchers credit their break-
through to the use of high photon en-
ergies that suppressed the effects of
the main valence band, whose spec-
tral "tail” obscured the holon peak in
previous efforts. The only aspect of
the data that remains unexplained is
the broadness of the peaks; one clue
may lie in the fact that the spinon
peak is wider than the holon peak.



The clear-cut nature of this landmark
study not only strengthens and deepens
our understanding of the collective

behavior of a system of particles, it also
points the way to future investigations.

B.J. Kim and S.-J. Oh (Seoul National University,
Korea), H. Koh and E. Rotenberg (ALS), H. Eisaki
(National Institute of Advanced Industrial Science and
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Technology, Japan), N. Motoyama and S. Uchida
[University of Tokyo, Japan), T. Tohyama (Tohoku Uni-
versity, Japan), S. Maekawa (Tohoku University and
Japan Science and Technology Agency), Z.X. Shen
[Stanford Synchrotron Radiation Laboratory), and C.
Kim (Yonsei University, Koreal.

B.J. Kim, H. Koh, E. Rotenberg, S.4. Oh, H. Eisaki,
N. Motoyama, S. Uchida, T. Tohyama, S.
Maekawa, Z.X. Shen, and C. Kim, “Distinct spinon

and holon dispersions in photoemission spectral func-
tions from one-dimensional SrCuO,," Nature Physics

2, 397 (2000).

Korea Science and Engineering Foundation and U.S.

DOE BES.

CONTROLLING GRAPHENE'S ELECTRONIC STRUGTURE

Craphene, a perfect two-dimensional structure, exisfs in our three-dimensional universe, despite the belief, based on the-

ory, tradition, and experiment, that it cannot. Two years ago, scientists isolated the material by repeated exfoliation (peel-

ing) of nanometer-scale pieces of graphite. This single layer of hexagonally arranged carbon atoms forms a

two-dimensional “chicken-wire” sheet and serves as the baseline system of many carbon-based materials, including

graphite (used in lead pencils), large fullerenes (also known as “buckyballs”), and carbon nanotubes, which can be cre-

ated by rolling single sheets of graphene into cylinders. The semiconductor industry is always looking for a material that

has superconductive properties. Carbon, with its ability to conduct electricity with almost no resistance, fits the bill. For a

while, it was thought that carbon nanotubes (CNTs) would be a natural next-generation material to replace silicon. How-

ever, it has been difficult to get CNTs of consistent sizes, with consistent electronic properties. WWhen working at the scales

required for electronic devices, this is a major problem. Graphene, however, has the advantages of CNTs but does not

appear fo have the problems of consistency. In addition, we already have the microelectronics manufacturing technology

that can be adapted for producing semiconductor graphene sheets.

Graphene, because of its unusual
electronic properties, reduced dimen-
sionality, and scale, has enormous po-
tential for use in ultrafast electronic
transistors. It exhibits high conductiv-
ity and an anomalous quantum Hall
effect (a phenomenon exhibited by
certain semiconductor devices at low
temperatures and high magnetic
fields). Among its novel properties,
graphene's electrical charge carriers
(electrons and holes) move with effec-
tively zero mass and constant velocity,
like photons. Graphene's intrinsically
low scattering rate from defects im-
plies the possibility of a new kind of
electronics based on the manipulation
of electrons as waves rather than par-
ticles. The primary technical difficulty

has been controlling the transport of
electrical charge carriers through the
sheet. This area of research is known
as band-gap engineering. While band-
gap engineering is the basis of semi-
conductor technology, it is only now
being applied to graphene. Using
angle-resolved photoemission spec-
troscopy (ARPES) at ALS Beamline
7.0.1, a team of scientists from the ALS
and Germany characterized the elec-
tronic band structure and successfully
controlled the gap between valence
and conduction bands in a bilayer of
graphene thin films deposited on a
substrate of silicon carbide. This was
done by doping one sheet with ad-
sorbed potassium atoms, creating an
asymmetry between the two layers.

Graphene's unique electronic
structure is characterized by conical
valence and conduction bands that
meet at a single point in momentum
space (the Dirac crossing energy). The
researchers demonstrated that
through selective control of the car-
rier concentration in the graphene
layers, the band structure can be eas-
ily tuned near the Dirac crossing (Fig-
ure 3). Similar control can be
achieved in principle by varying the
electric field across the bilayer film in
an atomic-scale switching device.

If undoped, a bilayer of graphene
sheets is considered a semimetal, a
material in which the conduction and
valence bands slightly overlap in en-
ergy. When the researchers first syn-
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Electronic structure of a single layer
(a), symmetric double layer (b), and asym-
metric double layer (c) of graphene. The en-
ergy bands depend only on in-plane
momentum because the electrons are re-
stricted to motion in a two-dimensional
plane. The Dirac crossing points are at en-

ergy Ep.

thesized their bilayer graphene films
onto the silicon carbide substrate, the
graphene became a weak n-type semi-
conductor, having a slight excess of
negatively charged electrons; the in-
terface layer acquired an excess of
conduction electrons from the sub-
strate, creating a small band gap.
Potassium atoms deposited onto
the graphene donated their lone va-
lence electrons to the graphene’s sur-
face layer, initially closing the band
gap. However, as the potassium depo-
sition continued, the band gap was re-
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Evolution of gap closing and reopening by changing the doping level by potassium
adsorption. Experimental and theoretical bands for an as-prepared graphene bilayer (a) and
with progressive adsorption of potassium (b, c) are shown. The number of doping electrons per
unit cell, estimated from the relative size of the Fermi surface, is indicated at the top of each

panel.

opened by the excess of electron
charge-carriers on the graphene's sur-
face layer (Figure 4). Progressive
potassium deposition further en-
hanced the n-type doping.

These results demonstrate that by
controlling the carrier density in a bi-
layer of graphene, the occupation of
electronic states near the Fermi level
(Ep) and the magnitude of the gap be-
tween the valence band and conduc-
tion band can be manipulated. This
control over the band structure sug-
gests the potential application of bi-
layer graphene to switching functions
in electronic devices with a thickness
of only two atomic layers.

This experiment was a tour de
force on multiple levels. In addition to
characterizing and controlling the
graphene band gap, the researchers
found the current capacity to be sur-
prisingly high. At a temperature of 30
K, cold enough to preclude any con-
duction through the substrate, they
were able to pass 400 mA through a
macroscopic sample. This corre-
sponded to a current of about 20 mil-
lion amps per square centimeter, the
same order of magnitude reported for
single-walled carbon nanotubes and
graphene multilayers.

The results of this experiment
showcase ARPES and the techniques

developed at Beamline 7.0.1. This
ability to obtain detailed information
about changes that occur on a small
scale in momentum space, and which
are induced by only a small, dis-
persed distribution of atoms, means
that useful information can be ob-
tained not only for electronic applica-
tions but also for chemical
applications (such as sensors). The re-
searchers are now focusing on com-
bining this capability with future
high-spatial-resolution photoemission
to derive useful information from
real-world devices.

T. Ohta (ALS and FritzHaber-Institut der Max-Planck-
Gesellschaft, Germany), A. Bostwick and E. Rotenberg
(ALS), K. Hormn (FritzHaberInstitut der Max-Planck-
Gesellschaft, Germany), and T. Seyller {Universitéit Er-
langen-Nimberg, Germany).

T. Ohta, A. Bostwick, T. Seyller, K. Horn, and E.
Rotenberg, “Controlling the electronic structure of bi-
layer graphene,” Science 313, 951 (2006).

U.S. DOE BES, Max Planck Society, and European
Science Foundation.
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FIRST DIRECT EVIDENGE OF DIRAC FERMIONS IN GRAPHITE

Why are scientists suddenly interested in graphite? It is, after all, a common utilitarian material used for centuries in that

humble invention, the pencil. And even in that application, it has been rendered practically obsolete by silicon, the signo-

ture material of the Information Age. It is our ability to manipulate electrons as they move through semiconductors such as

silicon that is at the heart of modern solid-state electronics. Recently, however, scientists have discovered remarkable con-

ducting properties in a two-dimensional form of graphite called graphene: here the electrons behave as though they are

massless; they also travel long distances without scattering and have been clocked at speeds about 300 times below the

speed of light in vacuum—much higher than the typical speed of electrons in semiconductors. Here, Zhou et al. show that

this unusual behavior is present in three-dimensional, multilayer graphite as well, a critical finding if realworld graphite-

based devices are to be realized. From a broader perspective, the work also demonstrates how graphite can be a con-

venient testing ground for studying exofic phenomena as we transition from two fo three dimensions.

The recent surge of interest in the
electronic properties of graphene—
that is, isolated layers of graphite just
one atomic layer thick—has largely
been driven by the discovery that
electron mobility in graphene is ten
times higher than in commercial-
grade silicon, raising the possibility of
high-efficiency, low-power, carbon-
based electronics. Scientists attribute
graphene's surprising current capacity
(as well as a number of even stranger
phenomena) to the presence of charge
carriers that behave as if they are
massless, "relativistic” quasiparticles
called Dirac fermions. Harnessing
these quasiparticles in real-world car-
bon-based devices, however, requires
a deeper knowledge of their behavior
under less-than-ideal circumstances,
such as around defects, at edges, or in
three dimensions—in other words, in
graphite. At the ALS, a team of re-
searchers using angle-resolved photoe-
mission spectroscopy (ARPES) have
now produced the first direct evidence
of massless Dirac fermions in graphite
coexisting with quasiparticles of finite
effective mass and defect-induced lo-
calized states.

An electron moving through a con-
ventional solid is often described as
having a small but finite effective mass
(m*) that takes into account the drag

on its momentum from the surround-
ing crystal lattice as well as from in-
teractions with other particles. The
energy (E) of such an electron depends
quadratically on its momentum (p), as
given by the equation E = p%2m*. In
graphene, however, it has been dis-
covered that electrons behave as if they
are massless, "relativistic” particles
(like photons traveling in free space at
the speed of light) that exhibit a linear
dispersion relationship given by the
equation E = vk, where the wavenum-
ber (k) represents momentum and the
Fermi velocity (v) stands in for the speed
of light. Because these electrons obey
the Dirac equation—a description of
fermions (e.g., electrons) that combines
quantum mechanics with special rela-
tivity—they are called Dirac fermions.
Dirac fermions have been invoked
recently to explain various peculiar
phenomena in condensed-matter
physics, including the novel quantum
Hall effect in graphene, the magnetic-
field-driven metal-insulator-like tran-
sition in graphite, superfluidity in
3He, and the exotic pseudogap phase
of high-temperature superconductors.
Despite their proposed key role in
these highly interesting systems, di-
rect experimental evidence of Dirac
fermions has been limited. Further-
more, although several experiments

have seemed to point to the existence
of these relativistic particles in
graphite, no direct observations have
previously been reported.

At ALS Beamlines 12.0.1 and 7.0.1,
researchers studied the nature of qua-
siparticles in single-crystal graphite by
performing high-resolution ARPES ex-
periments (Figure 5). ARPES is
unique in that it allows us to directly
probe electronic structure using both
energy and momentum information
not accessible through any other type
of measurement. The results provide
the first direct experimental proof
that Dirac fermions indeed exist in
the low-energy dynamics of graphite.
ARPES intensity maps taken near cor-
ner H of the Brillouin zone (BZ) show
the linear dispersion characteristic of
Dirac fermions (Figure 6). Near BZ
corner K, however, a parabolic disper-
sion indicates the coexistence of qua-
siparticles with finite effective mass,
probably due to interactions between
the different graphene layers.

The experiment also revealed the
presence of defect-induced localized
states in the proximity of zig-zag edge
structures (Figure 7), indicating that
graphite’s electronic structure is
strongly affected by the network
structure of sp? carbon, as is the case
for fullerenes and carbon nanotubes.
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Photoemission geometry and crys-
tallographic structure of two graphene layers.

This kind of information will be of
fundamental importance if we eventu-
ally hope to engineer graphite down
to the nanometer scale for possible
use in electronic devices.

Graphite is a unique system in
which three different types of excita-
tions—massless Dirac fermions, quasi-
particles with finite effective mass,
and defect states—coexist. These spe-
cial ingredients add an exotic flavor to
the low-energy electron dynamics of
this familiar yet surprising material
that combines the realms of nonrela-
tivistic condensed matter physics on
the one hand and relativistic particle
physics on the other.

S.Y. Zhou, C.D. Spataru, D.H. lee, S.G. louie, and
A. lanzara (UC Berkeley and Berkeley Lab); G.-H.
Gweon (UC Berkeley); J. Graf and A.V. Fedorov
(Berkeley Lab); R.D. Diehl (Pennsylvania State Univer-
sity); and Y. Kopelevich (Universidade Estadual de
Campinas, Brazil).

S.Y. Zhou, G.-H. Gweon, J. Graf, A.V. Fedorov, C.D.
Spataru, R.D. Diehl, Y. Kopelevich, D.-H. lee, S.G.
louie, and A. Lanzara, “First direct observation of
Dirac fermions in graphite,” Nature Physics 2, 595
[2006).
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Left: Diagram of the Brillouin zone of graphite. Center: Dirac fermions in momentum
space near corner H of the Brillouin zone are characterized by a sharply linear A-shaped dis-
persion relation, similar to that found in graphene. Right: As a result of interlayer interactions,
other regions of momentum space (near corner K) display a parabola-shaped dispersion, signi-
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Left: A typical graphite layer, in which honeycomb structures coexist with zig-zag
edge regions. Right: Intensity maps as a function of energy and momentum. The top map
shows the parabolic dispersion intrinsic to graphite. The bottom map, measured near a zig-zag
edge, shows a large electron pocket due to defectinduced states.

National Science Foundation, U.S. DOE BES, and

Berkeley Lab Laboratory Directed Research and De-

velopment program.
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NATURE AND ORIGIN OF THE CUPRATE PSEUDOGAP

Ever since the discovery of hightemperature superconductors [HTSCs), researchers have wrestled with not only theory, but

application. One of the main problems is critical temperature, the femperature below which electrons can move within a

material without resistance. The first HTSCs conducted electricity at 35 K. Researchers keep pushing this limit, and today

HTSCs can superconduct at 138 K. However, until a material is found that superconducts above 300 K, a cooling system

is required. Despite the temperature limitations, complexity of materials, and unanswered theoretical questions, many ap-

plications are being researched and developed for HTSCs. A significant area of focus is energy fransmission. Since

2000, several fransmission projects have used cryogenically cooled HTSC cable to provide electricity off of commercial
power grids. In 2001, 150,000 residents of Copenhagen, Denmark, began receiving electricity through HTSC cable.
That same year, three 400400t HTSC cables were installed for Detroit Edison af the Frisbie Substation that could deliver

100 million watts of power. Sumitomo Electric’s HTSC cable was connected to the Niagara Mohawk Power Corpora-

fion's power grid and since July 2006 has been supplying power to approximately 70,000 households. These successful

projects are proof that HTSC use in power transmission is a practical reality.

The workings of HTSC materials
are a mystery wrapped in an enigma.
However, a team of researchers from
the ALS, Brookhaven National Labo-
ratory, and Cornell University has
taken a major step in understanding
part of this mystery—the nature and
origin of the pseudogap. Using angle-
resolved photoemission spectroscopy
(ARPES) and scanning tunneling mi-
croscopy (STM), they have deter-
mined the electronic structure of
La, .Ba, CuO, (LBCO), a unique sys-
tem in which superconductivity is
strongly suppressed and static spin
and charge orders develop near a dop-
ing level of x = 1/8.

In conventional superconductors,
which operate at temperatures near
absolute zero, the appearance of an
energy gap in the electronic spectrum
indicates pairing of electrons into
Cooper pairs, global phase coherence,
and a simultaneous transition into a
macroscopic superconducting state.
This gap is known as the supercon-
ducting gap. In contrast, in HTSCs
(which have nonsuperconductive,
mixed, and superconductive matter
states), an energy gap is already pres-
ent at the Fermi surface in the nor-

mal, nonsuperconductive, state. This
is known as a pseudogap, and its ori-
gin and relationship to superconduc-
tivity is one of the most important
open issues in the physics of HTSCs
and represents the focal point of cur-
rent theoretical debate. According to
one view, this pseudogap is really a
pairing (superconducting) gap, reflect-
ing the existence of Cooper pairs
without global phase coherence. The
superconducting transition then oc-
curs at some lower temperature, when
phase coherence is established. In an
alternative view, the pseudogap repre-
sents another state of matter entirely
that competes with superconductivity.
However, the order associated with
such a competing state has never
been unambiguously detected.
Cuprates are well-known HTSCs,
but in the cuprate compound LBCO,
superconductivity is strongly sup-
pressed and static spin and charge or-
ders, or "stripes,” develop near a low
doping level of x = 1/8 (at a point
when one-eighth of the electrons have
been removed). Previous measure-
ments have shown that these stripes,
an alternating arrangement of elec-
trons about four atoms wide, somehow

inhibit superconductivity. This absence
of superconductivity at x = 1/8 en-
abled the researchers to "peek” into
the normal ground state of an HTSC
material for the first time.

The researchers measured the elec-
tronic excitations and detailed momen-
tum dependence of the single-particle
gap in the ordered state of LBCO (Fig-
ures 8, 9, and 10). Using ARPES at
ALS Beamline 12.0.1, they detected
an energy gap at the Fermi surface in
the nonsuperconducting LBCO that
looks the same as the energy gap at
the Fermi surface in superconducting
cuprates. This pseudogap, like the su-
perconducting gap, has a magnitude
consistent with d-wave symmetry (a
form of electron pairing in which the
electrons travel together in quantum
waves shaped like a four-leaf clover),
and vanishes at four nodal points on
the Fermi surface. Using STM at the
ultralow vibration laboratory of Cor-
nell University, they found that the
density of states DOS(E) « |E|, with
zero-DOS falling exactly at the Fermi
energy. Furthermore, the gap has a
surprising doping dependence, with a
maximum at x = 1/8, precisely where
T, has a local minimum and the
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Photoemission from LBCO at x = 1/8. Photoemission intensity from a narrow interval
around the Fermi level (w = 0 = 10 meV) as a function of the in-plane momentum. High inten-
sity represents the underlying Fermi surface. Lines represent fits to the positions of maxima in

spectral intensity at the Fermi level for LBCO (x = 0.125) (solid line) and LSCO (x = 0.07)
(dashed line).
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Top: Photoemission intensities from
LBCO sample as a function of binding en-
ergy along the two momentum lines 1 and 2
indicated in Figure 8 by arrows. Bottom: En-
ergy distribution curves of spectral intensity
integrated over a small interval ke + Ak for
lines 1 and 2. The arrow represents the shift
of the leading edge. The spectra were taken
in the charge-ordered state at T = 16 K.
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Left: Magnitude of single-particle gap for two LBCO samples (red and black trian-

gles) as a function of angle around the Fermi surface. The line represents a d-wave gap ampli-
tude, Ag|cos(2f)| with Ag = 20 meV. Right: Doping dependence of A in LBCO (red friangles)
and LSCO (blue circles). Red line represents doping dependence of T, for LBCO.



charge/spin order is established be-
tween two adjacent superconducting
domes. These findings reveal the pair-
ing origin of the pseudogap and imply
that the most strongly bound Cooper
pairs at x =~ 1/8 are most susceptible
to phase disorder and spatial order-
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form spin/charge-ordered structures
instead of becoming superconducting.
Although with both ARPES and
STM, low-energy electronic signatures
were the same in both states, it is not
yet clear how the superconducting
state relates to the striped state. How-

T. Valla and G.D. Gu (Brookhaven National Labora-
tory), A.V. Fedorov (ALS), and J. lee and J.C. Davis
(Cornell University).

T. Valla, A.V. Fedorov, |. Lee, J.C. Davis, and G.D.

Gu, "The ground state of the pseudogap in cuprate

ever, the fact remains that the same
superconductors,” Science 314, 1914 (2006).

materials in two very different states
appear to have identical energy-gap
structures.

ing. Thus, the nonsuperconducting,
"striped” state at x = 1/8 is consistent
with a phase incoherent d-wave su-

perconductor whose Cooper pairs U.S. DOE BES, Office of Naval Research, and Cor-

nell University.

UNTANGLING THE ELECTRONIC STRUGTURE OF BNGO/CCO
SUPERLATTICES

High-temperature superconductors exhibit complex electronic behavior and material structure. The mingling of these aftrib-
utes makes it difficult to defermine a mechanism for high-femperature superconductivity. High-T, superconductors start out
as insulating materials and ultimately become superconducting as they are doped with charge carriers—electrons and
holes (the positive vacancies in the valence-band electron population). However, the doping process by which high-tem-
perature superconductivity is achieved is sfill not well understood. Researchers at the ALS recently looked ot a cuprate
compound to understand how hole doping affects superconductivity. Pulsed-laserdeposited molecular beam epitaxy
(MBE) allowed them to independently fabricate the cuprate superlattices as well as their component superconducting and
nonsuperconducting planes as separate samples. The superconducting plane is known as the infinite layer. The adjacent
nonsuperconducting plane is known as the charge reservoir. It houses the charge carriers and controls the oxidation state
of the neighboring superconducting plane. Resonant inelastic xray scattering (RIXS) revealed the charge-doping mecha-
nism, showing evidence of charge transport from the charge reservoir layer to the infinite layer through a pyramid of hole-
doped oxides. This suggests a strong link between superconductivity and both the inferaction of the electrons (known as
electron correlation) and charge transfer within the superlattices.

disentangle the electronic structure of
a high-T, material by studying

[(Bay gNd, ;)CuOs,, 4],/[CaCuO,],
(BNCO/CCO) high-T, superlattices
(SLs) (Figure 11). The researchers ap-
plied x-ray absorption spectroscopy
(XAS) and x-ray emission spec-
troscopy (XES) at Beamline 7.0.1 to
compare independently fabricated

BNCO/CCO superlattice, CCO IL, and
BNCO CR samples, thereby attaining
the first direct observation of Zhang-
Rice singlets in artificial high-temper-
ature superconducting heteroepitaxial
structures.

The CCO IL and BNCO CR spectra
(Figure 12) show little band overlap,
confirming the insulating character of

Cuprate high-temperature super-
conductors have two functional
blocks: the charge reservoir (CR) stores
charge carriers and the infinite layer
(IL) contains the infinite-layer CuO,
planes. It is widely held that super-
conductivity occurs primarily within
this IL region. Recently, investigators
at the ALS used high-T, planarity to
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Schematic of the BNCO and CCO parent compounds (left) and unit cells for non-
superconducting (center) and superconducting (right) BNCO/CCO superlattices grown by
pulsed-aser-deposited MBE starting from the parent compounds.

the component materials. However,
the SL spectra show a substantial
band overlap, indicating metallicity.
Examination of the SL density of
states (DOS) spectra reveals a lower-
ing of the conduction band minimum,
meaning the top spectral feature of
the conduction bands develops at a
lower energy than similar CR and IL
features. Conduction-band lowering
indicates hole doping. SL formation in
the 2 x 2 geometry results in a hole-
doped oxide.

Using RIXS, the experimenters
compared electronic information in
all three materials. Directly tuning
synchrotron radiation to the O 1s x-
ray absorption edge yielded informa-
tion about the partial unoccupied
DOS and hole states. Both functional
blocks possess a two-band character
due to the O 2p main band and the O
2py y~Cu 3d hybridization band, but
clear differences are observable (Fig-
ure 13). The BNCO CR possesses res-

onant features assignable as dd elec-
tronic transitions and the charge
transfer (CT) transition (where an
electron transitions from the O 2p lev-
els to the Cu 3d band). The CT excita-
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— cT
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XES (solid lines) and XAS (dashed
lines) of the infinite layer (CCO), charge
reservoir (BNCO), and the superlattice (SL)
reflect occupied and unoccupied densities of
states near the Fermi level, respectively. Dis-
playing XAS and normal XES data on a pho-
ton energy scale shows the gap between the
valence and conduction bands.

tion is dramatically enhanced when
the upper Hubbard band is resonantly
excited, characteristic of high-temper-
ature superconductors. However, the
CCO IL sample contains low-energy
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RIXS spectra from the CR and IL recorded at selected excitation energies. Left: XES
spectra of BNCO thin film. Right: XES spectra of CCO thin film. The CT transition and dd en-
ergy loss excitation are observed in BNCO, and the Zhang-Rice singlet (ZRS) is observed in

the CCO film.



electronic excitations on the high-en-
ergy side of the O 2p main-band peak.
These features are the Zhang-Rice sin-
glet band—the coupled state of an O
2p hole and Cu 3d hole on a CuO,
plaquette (i.e., the ground state of a
CuO, plane to which a hole is added).

RIXS spectra of the SL show oxy-
gen main-band features and spectral
changes associated with the O 2p,
bands. In addition, ZRS-like spectral
weight undergoes a diminution com-
pared with ZRS features in the IL,
clearly indicating spectral weight
transfer.

The mechanism of charge transport
from the CR into the IL is based upon
the Jahn-Teller distortion of the octa-
hedral cage within the CR region.
There is no octahedral distortion for
the thin-film CR samples, explaining
the clear spectral difference between
the SL and CR. The high-T, SL has
two extra oxygen atoms (not pos-
sessed by the BNCO region of a non-
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superconducting SL) that are apical to
Cu in the CuO plane, accounting for
the in-plane CT feature in the SL.
These oxygen atoms are pyramidally
coordinated around Cu near the CR-
IL interface, and there is a distorted
octahedral cage around Cu within the
BNCO unit cell. The Jahn-Teller dis-
tortion of the CuOg4 octahedron gives
a d,2 character to doping holes on api-
cal oxygen atoms—i.e., the hole char-
acter of BNCO is different from that
of superlattice BNCO. As a result, the
BNCO CT excitation involving the
planar Cu d,2_,2 hole is delocalized as
the newly formed hole state couples
to the CCO region.

Hole doping proceeds from the CR
to the IL through the apical oxygens.
The researchers propose that these
holes are transported into the super-
conducting region, where they may
reduce the antiferromagnetic ordering
of the CuO, planes. The experimental
findings point to a possible mecha-

ELECTRONS IN A TRIANGULAR LATTIGE:
QUANTUM-COHERENGE-DRIVEN PHASE TRANSITIONS

For electrons, two isn't company and three is decidedly a crowd. Being of like charge, they like to keep their distance
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nism of high-T, superconductivity—
hole doping of an antiferromagnetic
insulator in which ZRS singlets are al-
ready present. The use of RIXS re-
veals the charge-doping mechanism
and relationship of the Zhang-Rice
singlets to doping.

B. Freelon and J.-H. Guo (ALS); A. Augustsson (Upp-
sala University); and P.G. Medaglia, A. Tebano, and
G. Balestrino (National Research Council-nstitute for
the Physics of Matter, lialy, and University of Rome,
Tor Vergata).

B. Freelon, A. Augustsson, J.-H. Guo, P.G.
Medaglia, A. Tebano, and G. Balestrino, “Electron
correlation and charge transfer in

[(Bag oNdg 11CuO4, 519/[CaCuOs]y superconduct
ing superlattices,” Phys. Rev. Lett. 96, 017003
[20006).

U.S. DOE BES and Swedish Research Council.

from one another, and when they must be neighbors, in a crystal laffice, for instance, they insist on having opposite spin

orienfations. In a lattice with rectangular symmetry, adjocent electrons can always have opposite spins, but in a triangular
lattice, two out of three neighbors in each friangle must share the same orientation. That's when “quantum spin frustration”
sefs in, as three electrons compete over two possible spin states. In sodium cobaltate (Na,CoO,), whose triangular lattice
sandwiches sodium ions between layers of CoO,, the combination of an ambivalent electronic state and strong coulom-
bic inferaction produces a wealth of unusual properties, including superconductivity, antiferromagnetism, and thermoelec-
fricity. In experiments on Beamlines 12.0.1 and 10.0.1, researchers from Princeton University, Berkeley Lab, and the
Chinese Academy of Sciences found a jump in thermopower in Na,CoO, at x = 1/2. This corresponded with a boost in
quasiparticles offen associated with superconductivity, raising the intriguing possibility of a material that is both supercon-
ducting and highly thermoelectric, a combination that has potential applications in spintronics, nanoscale cooling devices
for semiconductors, thermoelectric power, and compact energy supplies for spacecraft.
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Strong coulomb interaction be-
tween electrons, known as the Mott
phenomenon, is a well-known cause
of metal-to-insulator phase transitions
and can lead to unusual quantum me-
chanical effects, such as high-temper-
ature superconductivity, when the
underlying band is close to half-filled
(spin 1/2) and electron transport is
largely two-dimensional with square
lattice symmetry. Cobaltates, Na,CoO,,
are a recently discovered class of ma-
terials in which two of these conditions,
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spin 1/2 and two-dimensional trans-
port, are present on the cobalt-oxygen
layers. However, because the lattice
symmetry is triangular rather than
square, quantum spin frustration is
also a factor. As a result, cobaltates
exhibit not only superconductivity,
magnetic order, non-Fermi-liquid
transport, and charge order, but also
new phases such as spin-thermopower.
This rare combination of effects may
have potential applications in spin-
tronics, thermoelectric power, and en-

ergy-related compact device applica-
tions in spacecraft.

In Na,CoO,, thermopower exhibits
a jump at around x = 1/2, which is in
the vicinity of an unusual quantum
phase transition along the doping axis
(Figure 14). Considering the symmetry
of the lattice, x = 1/2 does not repre-
sent an electron density commensurate

with the triangular geometry, as would
x = 1/3 or 2/3. The researchers have
thoroughly investigated this unusual
phase of this thermoelectric material
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Left: Phase diagram of Na,CoO,. Doping values of x = 1/3 and x = 1/4 correspond to the boundaries of the supercomputing (SC)
state, and an insulating phase only appears at x = 1/2—not at the magic numbers of a triangular lattice, 1/3 or 2/3. Center: Resistivity profile
for x near 1/2. Right: Observation of a quasiparticle gap in ARPES experiements.

Gap Anisotropy
M

Energy Gap (meV)

Gap (meV)

Gap Quasiparticle Symmtrey
~ Opens Formation Breaking
N (Na Order)
b 1 A
(=4 0 X
L 100
T(K) ‘
_I L1 1 ol | T | I | T | I 11
0 100 200 300 400
Temperature (K)

Left: Anistropy of charge gap in the unusual low-temperature insulating phase. Right:
The insulating gap opens at close to 80 K, far below the sodium charge-ordering transition.
Quasiparticle spectral weight is observed below 200 K, and increases significantly as temper-

ature drops to the insulating state onset.



using angle-resolved photoemission
spectroscopy (ARPES) at ALS Beam-
lines 12.0.1 and 10.0.1.

They observed that the opening of
the gap occurs at a much lower tem-
perature than the onset of breaking of
symmetry related to charge ordering
or spin-stripe ordering (Figure 15).
Another key observation is that both
phase transitions are realized only at
temperatures that are low enough for
quasiparticles to have gained substan-
tial weight and become able to un-
dergo interference. The researchers
have measured the anisotropy of the
gap in the insulating phase of this ma-
terial. Such a gap structure cannot be
explained in a conventional Fermi
surface nesting picture; quasiparticle
coherence, sodium charge order, and
Fermi surface topology collectively
conspire to bring about such a unique
phenomenon. Results suggest that,
unlike most other cases in quantum
condensed matter physics, a broken
symmetry does not necessarily guar-
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antee a concomitant phase transition.
Electrons only undergo phase transi-
tions at a lower temperature when
they form waves. This is the first
strongly correlated material where
such an effect has been observed.

Photoemission data show that the
gap only appears below 80 K, roughly
300 degrees below the onset of sodium
order, thus ruling out the simplest
model of a reduced-periodicity Brillouin
zone. It therefore becomes significant
that the integrated spectral weight of the
quasiparticle in Na, sCo0O, is only ap-
parent below about 200 K and increases
at lower temperatures. Increased qua-
siparticle coherence at low temperature
has been associated with the appearance
of the superconducting gap in cuprates
and is thought to be caused by stabi-
lization through out-of-plane coupling.
In this case, it is exciting to consider
that the same physics can lead to both
the onset of some form of charge-den-
sity wave state and to a competing in-
stability, superconductivity.
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tates,” Phys. Rev. Left. 97, 186405 (2006).

National Science Foundation, Natural Science Foun-

dation of China, and U.S. DOE.

NEW QUANTUM PROPERTIES OF ELECTRONS NEAR THE
SURFAGE OF A SEMIGONDUCTOR

Semiconductor compounds made by mixing and matching elements from the periodic table’s groups Il (e.g., aluminum,

gallium, indium) and V (e.g., nitrogen, phosphorus, arsenic) have been the subject of infense scrutiny for many years be-

cause of their use in lightemitting diodes (LEDs) and other optoelectronic devices. Much recent attention has focused on

indium nitride, where, because of improved film-growth methods, the energy of the fundamental band gap underwent a

remarkable revision in the last five years from the previously accepted value of approximately 1.9 eV to the much lower

value of approximately 0.65 eV. The size of the band gap is what defermines the color of the light emitted (or absorbed,
in the case of solar cells). The unexpectedly small band gap gives device designers a great deal of flexibility, because by
gradudlly replacing the indium with gallium (and thus increasing the band gap), they can cover the spectrum from near-in-

frared to ultraviolet using a single material. Studies of electron behavior in such materials is important for progress,

whether toward a highly efficient solar cell that can absorb sunlight of many wavelengths or a next-generation video dis-

play covering the entire visible spectrum.
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Electron accumulation is a phe-
nomenon observed in certain semi-
conductors whereby a higher density
of electrons is observed in a layer
near the surface of the solid. The nar-
row-gap semiconductor indium ni-
tride (InN) is an unusual material in
that there is strong experimental evi-
dence for the existence of an intrinsic
electron accumulation layer near the
surface when in thin-film form. It is
postulated that the surface region has
a higher charge density than the bulk
due to donor states. This causes the
surface Fermi level (Eg) to lie in the
conduction band. Researchers have
now for the first time directly ob-
served an electron accumulation layer
near the surface of InN using high-
resolution angle-resolved photoemis-
sion spectroscopy (ARPES). They have
discovered that not only are electrons
observed far above the conduction band
minimum, but that they are quantized
perpendicular to the surface; that is,
the electrons in the accumulation
layer reside in quantum-well states.

Prior evidence for an accumulation
layer has come from high-resolution
electron-energy-loss spectroscopy
studies, which indicated a higher elec-
tron density within 80 A of the sur-
face than in the bulk. Further
evidence comes from sheet carrier
density measurements as a function
of film thickness, capacitance-voltage
measurements, a photoemission study
of defective InN coated with titanium,
and recent tunneling spectroscopy ex-
periments. Reported here is the direct
observation of electron accumulation
in InN using high-resolution ARPES at
the ALS (Beamline 12.0.1) and NSLS.
The thin-film samples were grown
using molecular-beam epitaxy at
Boston University.

Figure 16 presents an ARPES pho-
tocurrent intensity map of emission
from the states within 1.5 eV of Ej,
recorded with an incident photon en-
ergy of 69 eV, from a sample annealed

in ultrahigh vacuum (UHV) to 300°C
for 30 minutes. The sample was held
at 177 K during measurement. The
horizontal axis is the angle of emis-
sion, converted to momentum at each
point, while the vertical axis is the
binding energy. The intensity at any
given point reflects the photocurrent
for that particular combination of
binding energy and momentum. The
momentum direction is parallel to the
surface plane. Two well-resolved,
nested bands are clearly observed.
These states, although derived from
the conduction band, arise from the
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Constant-binding-energy contours extracted from ARPES data. Contours are for bind-
ing energies of 0, 0.2, 0.5, and 0.7 eV below the Fermi level, Er. A hexagonal structure ap-
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existence of a potential well perpendi-
cular to the film surface. Downward
band bending forms a one-dimen-
sional potential well, and the resulting
two-dimensional electron gas is quan-
tized along the direction normal to the
surface.

The researchers also examined con-
stant-binding-energy contours below
the Fermi level, Eg. Figure 17 presents
a series of constant-binding-energy
contours—horizontal slices taken at
various distances below Ez—extracted
from a data set similar to that in Fig-
ure 16. These Fermi surfaces were
found to consist of concentric, per-
fectly circular structures associated
with each of the two quantum-well
states, but as the binding energy gets
farther below Eg, a hexagonal struc-
ture appears, most clearly seen in Fig-
ure 17c. Although the researchers
note that the orientation of the hexag-
onal structure is identical to that of
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InN's measured low-energy electron
diffraction (LEED) pattern reflecting
the surface unit-cell symmetry, calcu-
lated constant-energy contours are re-
quired for further analysis.

The researchers also point out that
the Fermi level and the size of the
Fermi surface for these quantum-well
states could be controlled by varying
the method of surface preparation.
ARPES spectra taken from two differ-
ent samples showed fundamental dif-
ferences in the energies of the
subband minima. These differences
are directly related to the charge den-
sities in the conduction bands. The
sample surface in one case was pre-
pared by simply annealing in UHYV; in
the other case, the surface was pre-
pared by two cycles of N,* bombard-
ment and UHV annealing. Clearly,
the latter method of surface prepara-
tion led to a higher density of charge
donors, most likely N vacancies.

BEYOND THE LONE-PAIR MODEL

Perfect symmetry can be beautiful, but boring. In some materials, it is the slight imperfections found on the atomic scale

L. Colakerol, H.-K. Jeong, L. Plucinski, A. DeMasi, T.
learmonth, P-A. Glans, S. Wang, Y. Zhang, T.-C.
Chen, T.D. Moustakas, and K.E. Smith (Boston Uni-
versity); T.D. Veal, L.FJ. Piper, P.H. Jefferson, and C.F.
McConville (University of Warwick, UK); and A. Fe-
dorov (ALS).
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Chen, T.D. Moustakas, C.F. McConville, and K.E.
Smith, “Quantized electron accumulation states in in-
dium nitride studied by angle-resolved photoemission
spectroscopy,” Phys. Rev. left. 97, 237601 (20006).

National Science Foundation, Army Research Office,
and Air Force Office of Scientific Research.

that can lead to the most inferesting—and potentially valuable —macroscopic properties. In semiconductors, the infroduc-

tion of dopants provides the extra electrons or holes needed to conduct electricity. Ferromagnetism occurs when unpaired

electrons in incompletely filled shells are free to align their spins in a particular direction. And, as discussed below, ferro-

electricity arises in materials whose crystal structures are a bit out of alignment, creating an asymmetric charge distribution

(i.e., polarization) in the bulk material. The coupling of the latter two phenomena, ferromagnetism and ferroelectricity, in

composite materials or even in a single “multiferroic” material, offers the exciting prospect of devices in which electric po-

larization can be induced by a magnetic field and magnetization can be induced by an electric field—providing an extra

"degree of freedom” for device designers. As we get better at synthesizing complex nanostructures that mix and match

these properties, studies such as this one by Payne et al. become increasingly important in helping us to understand and

exploif the possibilities inherent in Nature's imperfections.

"Ferroelectricity,” by analogy to fer-
romagnetism, is defined as the pres-
ence of spontaneous electrical
polarization in a material, often aris-
ing from distortions in the material's

crystal structure. In oxides of the met-
als lead and bismuth, such distortions
were for many years attributed to the
existence of "lone pair” electrons:

pairs of chemically inert, nonbonding

valence electrons in hybrid orbitals
that leave noticeable voids in the crys-
tal structure. At the ALS, researchers
from the U.K., Ireland, and the U.S.
have now obtained definitive experi-
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Left: In the low-temperature phase of lead oxide (a-PbO), each lead atom (blue) forms a tetragon with four oxygen nearest neighbors
(red) on one side. Right: In monoclinic bismuth oxide (a-Bi,O3), the two distinct bismuth ions (blue) both have five oxygen near neighbors (red),
creating a distorted square pyramidal coordination geometry.

mental evidence that this lone-pair
model must be revised. High-resolu-
tion x-ray photoemission spectroscopy
(XPS) and soft x-ray emission spec-
troscopy (XES) have clarified the sub-
tle electronic origins of the
prototypical distortions in these crys-
tal structures. The results have impor-
tant implications for the tantalizing
possibility of spintronic or supercon-
ducting devices combining ferroelec-
tric and ferromagnetic properties.

The asymmetrical crystal struc-
tures of the metal oxides 0-PbO and
a-Bi,O; (Figure 18) were for many
years explained by the hybridization
of the metals' 6s and 6p orbitals,
which are occupied by metal 6s elec-
trons, assumed to lie close to the
Fermi energy (Eg) in the solid state.
This conventional “lone-pair” model,
however, has recently been called into
question on the basis of density func-
tional theory (DFT) calculations that
suggest that the majority of the 6s
population in a-PbO is in fact found

XPS I Total DOS

Energy (eV) Energy (eV)

XPS (top left) and XES (bottom left) spectra of a-PbO compared to DFT calculations of
the total density of states (DOS, top right) and partial density of states (PDOS, bottom right)
with the contributions from the various O and Pb states indicated. The XPS data correspond to
the total DOS while XES measures the O 2p PDOS. The spectra are all presented on a binding
energy scale referenced to the top of the valence band. (The results for a-Bi,O3 are similar.)



at the bottom of the main valence
band, about 10 eV below Ey. How-
ever, definitive experimental evidence
supporting this idea has been lacking.

In this study, the investigators
showed that consideration of the rela-
tive intensities of valence-band com-
ponents in O K-shell XES, obtained at
ALS Beamline 7.0.1, provides a sim-
ple but incisive experimental ap-
proach to investigating the nature of
lone-pair states in metal oxides, espe-
cially when compared with the inten-
sities of features in XPS obtained
from an aluminum Ko x-ray source.
Both XPS and XES spectra (and the
corresponding DFT calculations)
show a well-defined band (labeled III)
that lies about 10 eV below the top of
the valence band (Figure 19). How-
ever, this band diminishes dramati-
cally in the XES data. Since O K-shell
XES is governed by a very strict selec-
tion rule that allows only states of O
2p character to decay into the O 1s
core hole, the XES data directly meas-
ures the O 2p partial density of states
(PDOS).

The conclusion, fully supported by
DFT calculations, is that there can be
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little O 2p character in this band, and
by default, the associated electronic
states must have dominant metal 6s
character. These findings confirm that
the structural distortions in o-PbO and
a-Bi,O; should not be attributed to the
direct hybridization of metal orbitals
close to Eg, resulting in purely metal-
based 6s-6p lone pairs. Instead, the
dominant contribution to the metal 6s
PDOS is found at the bottom rather
than the top of the valence band, and
indirect mixing between 6s and 6p
states is mediated by hybridization
with oxygen 2p states at the top of the
valence band.

It follows that qualitative textbook
explanations of structural distortions
in many heavy post-transition-metal
compounds should be revised, with
important implications for under-
standing the structural physics of, for
example, magnetic ferroelectric mate-
rials such as BiMnO, and BiFeO,. The
results are also of general significance
in relation to the electronic structures
of ternary lead and bismuth oxides,
including the many high-temperature
superconducting phases that contain
these heavy cations. It has in the past

been assumed that the 6s states lie
close to Ey and therefore contribute
significantly to the states responsible
for conduction in metallic phases. The
present findings demonstrate that this
viewpoint is not correct. Again, this will
have an impact on our understanding
and tuning of the physical properties
of these and related materials.

D.J. Payne and R.G. Egdell (Oxford University); A.
Walsh and G.W. Watson (Trinity Collegel; J. Guo
(ALS); and P-A. Glans, T. learmonth, and K.E. Smith
(Boston University).

DJ. Payne, R.G. Egdell, A. Walsh, G.W. Watson, J.
Guo, P-A. Glans, T. Learmonth, and K.E. Smith,
"Electronic origins of structural distortions in postransi-
tion metal oxides: Experimental and theoretical evi-
dence for a revision of the lone pair model,” Phys.

Rev. Lett. 96, 157403 (20006).

UK. Engineering and Physical Sciences Research
Council, Higher Education Authority (Ireland), and
U.S. DOE BES.

ELEGTRON-STATE HYBRIDIZATION IN HEAVY-FERMION SYSTEMS

Anisofropy is a fancy word for a simple concept: dependence on direction. For example, you can get lost in a forest of

isofropic frees (they look the same in every direction), but not if you know that moss grows on them anisotropically (only

on the north side]. An even better method for getting your bearings is fo measure the directionality (anistropy) of the Earth’s

magnetic field (using a compass]. Modern technology is replefe with examples of anistropy at work. Polarized lenses in

sunglasses filter light waves that oscillate in a certain direction. Flatscreen televisions utilize liquid crystals whose mole-

cules line up under the influence of electric fields. High-performance read-write drives exploit the directionality of proper-

ties such as electrical conductivity and resistance. In this work, Molodtsov et al. examine the momentum dependence |i.e.,

the anisofropy) of elecfron-state hybridization in a heavyfermion compound containing the rare-earth element, yiterbium

(Yb). Their findings are of high importance for both the understanding and the tailoring of the anisofropic electronic, trans-

port, and magnetic properties of heavyfermion superconducting, thermoelectric, and ultrafast optomagnetic devices.
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Heavy-fermion systems are charac-
terized by electrons with extremely
large effective masses. The correspon-
ding heavy-electron "quasiparticle”
states are close to the Fermi energy
and govern the thermodynamic, trans-
port, and, in part, magnetic properties
of these materials. In the case of rare-
earth compounds, the quasiparticle
states arise from the interactions (hy-
bridization) of valence states with
strongly localized 4f states (Figure 20).
The question as to whether it is suffi-
cient to treat the f states as localized
impurities (single-impurity Anderson
model) or whether the periodic crys-
tal symmetry must be considered (pe-
riodic Anderson model) has been the
subject of extensive debate. An inter-
national team of researchers from
Germany, Ukraine, India, and the
U.S. has performed angle-resolved
photoemission spectroscopy (ARPES)
studies of the heavy-fermion system
YbIr,Si,. The results show a strong
momentum (directional) dependence
of the hybridization that clearly rules
out the single-impurity model in favor
of the lattice model.

The 14 "rare-earth” elements fol-
lowing lanthanum in the periodic
table are characterized by the succes-
sive filling of inner 4f states with elec-
trons while the number of valence
electrons remains almost constant.
Since the 4f shell lies relatively close
to the atomic core, the f orbitals do
not contribute to chemical bonding
and tend to retain their atomic-like
properties in solids. This holds partic-
ularly for their high magnetic mo-
ments. As a consequence, a number
of rare-earth compounds belong to the
strongest hard magnetic species fre-
quently used as permanent magnets
and magnetic storage materials. How-
ever, at temperatures below a critical
temperature (the Kondo temperature,
Tx), the 4f magnetic moments can be
fully screened by the spins of itiner-
ant electrons. This interaction retards
the itinerant electrons and greatly in-
creases their effective mass. Within
the Anderson model, the phenome-
non may be described by electron
hopping between the states.

Most direct experimental insight
into this problem may be expected

from ARPES, which reflects the mo-
mentum-resolved response of the elec-
tronic system (i.e., electron energy
dispersion). Expected features in the
spectrum of a heavy-fermion system
include a sharp virtual bound state
(below Ty, called the Kondo reso-
nance) and narrow, 4f-derived quasi-
particle bands near the Fermi level
(Eg). ARPES studies of heavy-fermion
narrow-band compounds are only
possible, however, under superior
conditions with high-photon-flux ex-
perimental equipment providing ultra-
high energy (several meV) and angle
resolution (a few tenths of a degree).
At ALS Beamline 10.0.1, ARPES
spectra of YbIr,Si, were taken at 20 K
(below Tx ~ 40 K) and 55-eV photon
energy for different emission angles
©. The results demonstrate for the
first time the strong angle (i.e., mo-
mentum) dependence of the hopping
interactions in a heavy-fermion system.
Two valence bands are visible, one of
which intersects with the Yb 4f sur-
face emission at 0.6-eV binding energy
(Figure 21). In the region of the inter-
action, the 4f state splits into two

Representation of the crystal structure of YblrySi, (the letter T represents a transition metal, in this case, Ir) and the shapes of the Yb 4f

and Ir 5d orbitals involved in hybridization.
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ARPES spectra of the heavy-fermion system Yblr,Si,
showing two parabola-shaped valence bands on the left, one

of which intersects the 4f surface emission of the rare-earth ele-
ment Yb. Signal in the region of E; reveals strongly anisotropic

behavior.

components separated by up to 0.25 eV.
At the same emission angles, further
peaks appear at lower binding energy,
including a signal in the region of the
Kondo resonance immediately at Eg.
Since a proper description of rare-
earth systems by means of conven-
tional approximations used in band
structure theory is not possible be-
cause of strong Coulomb repulsions
between the electrons in the relatively
compact 4f shells, the data were ana-
lyzed within the framework of a sim-
plified periodic Anderson model:
starting from valence bands obtained
from the calculation of an isostruc-

tural La/Ba compound and two Yb 4f
states close to Ep and at 0.6-eV bind-
ing energy, the 4f emission spectra
were obtained within the periodic An-
derson model assuming momentum
conservation upon electron hopping.
The calculated 4f ARPES spectra
nicely reproduce all 4f characteristic
features of the experiment (Figure
22). The results, obtained for the com-
pound YblIr,Si,, can readily be used to
understand the properties of other
heavy-fermion systems in which mo-
mentum-dependent anisotropies may
be of primary importance in future
electronic and magnetic applications.

ARPES spectra calculated on the basis of the periodic Anderson
model nicely reproduce all 4f characteristic features of the experiment.

S. Danzenbécher, C. laubschat, D.V. Vyalikh, and
S.L. Molodtsov (Dresden University of Technology); Y.
Kucherenko (Dresden University of Technology and
National Academy of Sciences of Ukrainel; Z. Hos-
sain (Max Planck Insfitute for Chemical Physics of
Solids and Indian Institute of Technology); C. Geibel
[Max Planck Institute for Chemical Physics of Solids);
XJ. Zhou, W.L. Yang, and N. Mannella (Stanford
University and ALS); Z. Hussain (ALS); and Z.-X. Shen
[Stanford University).

S. Danzenbdécher, Y. Kucherenko, C. laubschat, D.V.
Vyalikh, Z. Hossain, C. Geibel, XJ. Zhou, W. Yang,
N. Mannella, Z. Hussain, Z.-X. Shen, and S.L.
Molodtsov, “Energy dispersion of 4fderived emissions
in photoelectron spectra of the heavyfermion com-
pound YblrySip,” Phys. Rev. left. 96, 106402
[2006).

German Research Foundation, German Ministry for
Education and Research, U.S. DOE BES, National
Science Foundation, and Office of Naval Research.
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BRIDGING THE GAP BETWEEN MOMENTUM SPAGE AND

REAL SPAGE

The Heisenberg uncertainty principle tells us that it is possible to know either the momentum or the position of a quantum
mechanical state, but not both. Conventional solid stafe physics revolves around using the momentum of electrons to de-
scribe and derive material properties. In materials where very strong interactions interfere with this picture, the behavior of

electrons on the other side of the uncertainty principle becomes important. A high-emperature superconductor, in which
strong correlations drive the superconducting fransition temperature up to 150 K, is a good example of such a system in
which what happens spatially may have a strong impact on the material’s properties. A team of researchers has here in-

troduced a new technique that allows us to peer across the uncertainty principle from momentum space (where each point

in space represents a momentum value as opposed to a position value) into real space. This new approach allows us o

extract the elastic scattering susceptibility of a material and to predict what happens when disorder in the material scatters

electrons, a fundamental property for many materials.

In investigating materials such as
high-temperature superconductors,
two probes have proven invaluable:
angle-resolved photoemission spec-
troscopy (ARPES), which probes sys-
tems by their momentum properties,
and scanning tunneling microscopy
(STM), which probes systems by their
spatial properties. In the work de-
scribed here, a collaboration of re-
searchers from Berkeley and Japan
have introduced a new technique for
using the momentum-resolved probe
ARPES to peer across the uncertainty
principle into real space and predict
what happens when disorder scatters
electrons. They found excellent agree-
ment between the position-resolved
and momentum-resolved behaviors in
two samples of the high-temperature
superconductor, Bi2212, one sample
optimally doped and the other under-
doped. This result is encouraging
news for a novel tool that bridges the
momentum-position divide repre-
sented by Heisenberg's principle.

In recent work, real-space meas-
urements by STM have revealed a
great deal of complex structure in the
local density of states (a measure of
where electrons sit in a material from

atom to atom). These results can be
interpreted in a couple of ways: as in-
dications of a new state of matter in
which the real-space organization of
electrons plays a role or as the re-
sponse of wave-like electronic states
with well-defined momentum scatter-
ing off of defects in the crystal struc-
ture like ripples in a pond. Resolving
which aspects of these real-space pat-
terns result from the scattering of mo-
mentum states is crucial to solving
this mystery.

To make a direct comparison be-
tween the real- and momentum-space
properties of a high-temperature su-
perconductor, the researchers used
ARPES measurements of Bi2212
taken at the ALS (Beamlines 10.0.1
and 12.0.1) and SSRL. In ARPES,
high-energy photons are used to eject
electrons from the surface of a mate-
rial; the energy and angle distribution
of the electrons is then mapped out.
Using conservation laws, this data can
be converted into a map of the elec-
trons' energy and momentum distri-
bution while they were still in the
material, before the ejection. How-
ever, a way to relate this momentum
information to real-space measure-

ments is needed.

The momentum-space autocorrela-
tion (AC) is a mathematical transfor-
mation that takes an ARPES image
and searches it for regions where
there are many states off of which to
scatter. The transformation then re-
turns a map, in momentum space,
that shows the susceptibility of the
material (within a simple model) for
scattering a given momentum. For
this transformation to reproduce the
real-space STM results, the Bi2212
would have to be responding in a
rather traditional way, where single-
electron-like momentum states are
sufficient to describe the physics. In
fact, a comparison of the AC-ARPES
and STM data shows excellent agree-
ment (Figure 23). This indicates that
the low-energy electronic states of
these complex materials indeed be-
have in a traditional manner and that
STM and ARPES are consistent meas-
urements of the same underlying
physical phenomena.

In addition to being to consistent
with each other, the two spectro-
scopic probes are also complemen-
tary. One aspect of STM results that
has not been well characterized is the
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A comparison between the Fourier transform (FT) of the electronic structure of the
high-temperature superconductor Bi2212 as measured by (a) AC-ARPES and (b) FT-STM at =10
meV. Circles mark the peaks associated with a simple single-electron model. The correspon-
ding scattering vectors and Fermi surface are shown in (c).

so-called matrix element. The matrix
element governs which types of elec-
trons are visible to a given probe. In
STM it is something that is poorly un-
derstood and over which experi-
menters have little control. On the
other hand, ARPES has a well-under-
stood matrix element that can be con-
trolled by experimental geometry. By
comparing different ARPES geome-
tries with STM results, the approxi-
mate form of the matrix element can
be found. In general, this novel ana-
lytical technique also has broad appli-
cability to other materials, as it allows
us to map out the reaction that a ma-
terial will have to different types of
perturbations. Doing this can lead to
predictions for scattering and suscep-
tibility to particular interactions, by
relating the momentum space of a
material to its real-space response.

K. McElroy and J. Graf (Berkeley Lab), G.-H. Gweon
and S.Y. Zhou (UC Berkeley), S. Uchida (University of
Tokyo), H. Eisaki (National Institute of Advanced In-
dustrial Science and Technology, Japan), H. Takagi
[University of Tokyo, Japan Science and Technology
Agency, and Japan Institute of Physical and Chemical
Research), T. Sasagawa (University of Tokyo and
Japan Science and Technology Agency), and D.-H.
lee and A. Llanzara (Berkeley Lab and UC Berkeley).

K. McElroy, G.-H. Gweon, S.Y. Zhou, J. Crdf, S.
Uchida, H. Eisaki, H. Takagi, T. Sasagawa, D.-H.
lee, and A. lanzara, “Elastic scattering susceptibility
of the high temperature superconductor
BinSroCaCuyOg+g: A comparison befween real and
momentum space photoemission speciroscopies,”
Phys. Rev. left. 96, 067005 (2006).

U.S. DOE BES, National Science Foundation, and
Sloan Foundation.

31



32

MAGNETIC VORTEX CORE REVERSAL BY LOW-ENERGY

EXCITATIONS

The consumer electronics industry seems to have an endless supply of “musthave” products, and to sell, each new gizmo
Y PPty P 9

must be smaller, or faster, or have quadzuple the capacity of the old model. Is there a physical limit fo how far this process

can go? At the heart of each digital device is a way fo physically store data in binary form. For magnetic media, binary

digits (bifs) take the form of grains of magnetfic material in which the spins are aligned. As we increase the number of bits

in a finite area (areal density), a point is reached (the superparamagnetic limit] where thermal vibrations are no longer

negligible and can knock bits out of alignment. While advances in technology have forestalled this limit for now (areal

densities of up to 400 gigabits per square inch have been achieved in a laboratory setting), scientists are looking farther

down the road at completely new ways fo encode binary information. Magnetic vortex cores, being thermally stable and

measuring just 10 nm across, offer one tantalizing possibility. Not only are these structures useful for applications such as

dafa storage, they also form an interesting playground for fundamental studies of magnetfism on a microscopic level.

In micrometer-sized magnetic thin
films, the magnetization typically
adopts an in-plane, circular configura-
tion known as a magnetic vortex (Fig-
ure 1). At the vortex core, the
magnetization turns sharply out of the
plane, pointing either up or down.
Magnetic data storage based on this
binary phenomenon is an intriguing
concept, but it would require the abil-
ity to flip the vortex cores on demand.
Because these structures are highly
stable, very strong magnetic fields of
around half a tesla (approximately
one-third the field of the strongest
permanent magnet) were previously
thought to be necessary to accomplish
this. At the ALS, a team of re-
searchers from Germany, Belgium,

and the U.S. has used time-resolved
scanning transmission x-ray mi-
croscopy (STXM) to observe vortex
motion and demonstrate the feasibil-
ity of using weak magnetic fields as
low as 1.5 millitesla (mT) to reverse
the direction of a vortex core. The ob-
served switching mechanism, which
can be understood within the frame-
work of micromagnetic theory, gives
insights into basic magnetization dy-
namics and their possible application
to data storage technologies.

In magnetic thin films, magnetosta-
tic interactions usually force the mag-
netization to lie parallel to the film
plane. When further constrained to an
area of about a square micrometer or
less, the magnetic moments will form

Representation of a magnetic vortex.

rotationally symmetric patterns that
follow closed flux lines. At the center,
the tightly wound magnetization can-
not lie flat, because the short-range
exchange interaction favors a parallel



alignment of neighboring magnetic
moments. The direction of the out-of-
plane component is defined as the po-
larization of the vortex core.
Moreover, the vortex structure can be
set into gyrotropic motion by the ap-
plication of a small magnetic field,
and the sense of the gyration (clock-
wise or counterclockwise) is deter-
mined by the vortex core polarization.
Thus, a change in the sense of gyra-
tion unambiguously indicates a
change in the vortex core polarization.
In this experiment, the researchers
applied a small (0.1-mT) sinusoidal
magnetic field to induce gyrotropic
motion in a square Permalloy
(NigyFe,;) sample. The excitation fre-
quency was set at 250 MHz, close to
the resonance frequency of the sys-
tem (about 244 MHz) derived from
micromagnetic simulations. The exci-
tation field was synchronized with
flashes of circularly polarized x rays
from ALS Beamline 11.0.2 to produce
dynamic STXM images, with x-ray
magnetic circular dichroism (XMCD)
providing the contrast mechanism
(Figure 2). A short (4-ns) burst of 1.5
mT was applied, superimposed on the
weak alternating field. The results
show that the vortex core follows an
elliptical trajectory, and a change in
the sense of the gyration (and thus the
vortex core polarization) can be
clearly seen after the burst (Figure 3).
This vortex core switching, ob-
served experimentally for the first
time, was also reproduced by micro-
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Schematic of the sample setup. An alternating current |, generates an in-plane mag-
netic field Hg;,. Circularly polarized x-ray photons are selectively absorbed by the magnetic do-
mains of the sample. An example of the magnetic contrast is shown at the right. The yellow
arrows indicate the magnetization in the four domains.

magnetic simulations (Figure 4). The
simulations show that the burst dis-
torts the out-of-plane vortex structure
and creates a region of opposite out-
of-plane magnetization at the edge of
the original vortex core. This opposite
magnetization grows and eventually
splits into a vortex-antivortex pair
with equal polarizations. The newly
formed vortex and antivortex move
apart, and the antivortex moves to-
ward the original vortex. When the
antivortex meets the original vortex,
they annihilate each other, emitting
spin waves in the process, until only
one vortex, having a reversed polar-
ization, remains in the structure.
These results show that properly

tuned bursts of only 4 ns can be used
to switch the polarization of a vortex
core. Because the resonance fre-
quency of the gyrotropic mode scales
inversely with the lateral dimensions,
much shorter pulses should be suffi-
cient for switching the core polariza-
tion of smaller elements. Although
their practical realization is still far
off, data storage systems based on this
core-switching scheme could have
several advantages, including high
thermal stability, insensitivity to ex-
ternal static fields, and minimal
crosstalk between neighboring pat-
terns, all of which are indispensable
features for ultrahigh-density mag-
netic storage devices.
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Points on the sinusoidal magnetic field (green curve) correspond to x-ray flashes that
record individual frames of the vortex-core movie. When the frames are strung together, they
reveal the sense of gyration of the vortex core. Before the burst, the gyration is clockwise, cor-
responding fo a vortex core polarization pointing down. After the burst, the gyration is re-
versed, and the vortex core polarization points up.

Micromagnetic simulation of the reversal of the vortex core excited with a short mag-
netic field pulse. In the initial state, the vortex core is pointing down (a). Under influence of the
external field, a region forms with opposite magnetization (b) and reaches full amplitude (c)
before a double peak is created: a vortex-antivortex pair (d). The antivortex moves toward the
original vortex (e) and annihilation occurs, creating spin waves (f~h). A vortex core with oppo-
site polarization remains (i).

B. Van Waeyenberge (Max Planck Institute for Metals
Research and Ghent University, Belgium|; A. Puzic,
H. Stoll, K.W. Chou, M. Fahnle, and G. Schijtz
(Max Planck Institute for Metals Research); T.
Tyliszczak [ALS); R. Hertel (Research Centre Jilich,
Germany); H. Briickl, K. Rott, and G. Reiss (Bielefeld
University, Germany); and |. Neudecker, D. Weiss,
and C.H. Back [University of Regensburg, Germany).

B. Van Waeyenberge, A. Puzic, H. Stoll, K.W.
Chou, T. Tyliszczak, R. Hertel, M. Fahnle, H. Briickl,
K. Rott, G. Reiss, I. Neudecker, D. Weiss, C.H.
Back, and G. Schiiz, “Magnetic vortex core reversal
by excitation with short bursts of an alternating field,”

Nature 444, 461 (20006).

German Research Foundation.



ULTRAFAST MAGNETIC SWITGHING OF NANOELEMENTS WITH
SPIN GURRENTS

Spintronics is a word we will probably hear more often in the coming years. Already, hard drives incorporating spin valves
in giant magnetoresistance (GMR| read heads have become commonplace in such consumer electronics products as note-
book computers, smartphones, handhelds, and MP3 players. Spin-transfer structures, or “spin valves,” in these devices are
designed fo sense the external magnetic field on a hard drive. The next step is a magnetic random-access memory [MRAM)
device that stores the information magnetically without moving parts. Like flash memory, MRAMs would retain their state
without a power supply but would rival the performance of volatile RAM. Understanding the behavior of spin-polarized
currents af the nanoscale will be essential in developing practical MRAM and will pave the way

for a variety of future devices, such as allspintronic processors and hybrid optical-spin-

fronic devices.

X Rays

Time-resolved images of the mag-
netization switching process in a spin-
transfer structure, obtained by ultrafast
X-ray microscopy, reveal a complex
picture of how this switching works.
Instead of a coherent magnetization
reversal, researchers observed switch- <j\>

ing by lateral motion of a magnetic vor-

Sensor

Polarizer

tex across a nanoscale element. Their
measurements reveal the roles played
independently by charge and spin
currents in breaking the magnetic

symmetry on picosecond time scales.
In experiments at ALS Beamline
11.0.2, an unpolarized charge current
was sent through a lithographically
manufactured pillar containing two
magnetic layers (Figure 5). The polar-
izer creates a spin-polarized current
either in transmission or in reflection,
depending on the direction of current
flow through the pillar. The polarizer
is separated from a second ferromag-
netic (FM) layer, the sensor, by a non-
magnetic spacer layer. The goal is to
reliably switch the magnetization of

the sensor layer by reversing the di-

rection of current flow. FIGURE 5. Schematic of the pillar structure, showing the ferromagnetic layers in blue, an antifer-
romagnetic pinning layer in green, and copper leads and spacer layers in orange. The bottom
. e . two FM layers are coupled into a fixed antiferromagnetic arrangement by a ruthenium spacer

scanning transmission x-ray microscopy layer, and their magnetization direction is pinned by exchange coupling to the green antiferro-
(STXM) with a spatial resolution of magnet shown at the bottom.

X-ray images were recorded using
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about 30 nm. Circularly polarized x
rays from the beamline’s variable po-
larization undulator were incident at an
angle of 30° from the surface normal
of the sample. Images for two orthog-
onal azimuthal sample orientations
relative to the fixed x-ray direction
were the basis for arrow plots of the
in-plane magnetization directions in
the Co, gcFe, 14 sensor layer.

The switching process, and even
the final switched states, turn out to
be more complicated than can be ac-
counted for by spin injection alone.
Oersted fields, which accompany the
flow of a charge current, are present
inside and outside the pillar, with a
zero value at the center of the pillar
and maximum value at its periphery.
The curl associated with these fields
may be important in initiating the
spin injection switching process and
may result in nonuniform switching
and even a curled static magnetization
in the sensor—an undesirable out-
come, since curled states reduce or
even eliminate GMR.

A pump-probe technique allowed
isolation of the small magnetic signal
from the 4-nm-thick sensor layer. Op-
posite-polarity-current "pump” pulses
of 4-ns duration and separation were
synchronized with the x-ray pulses
from the storage ring. The x-ray
"probe” pulses of about 100 ps
FWHM were separated by 2 ns. For a
given sample position in the beam,
the transmitted x-ray intensity was
recorded separately for eight consecu-
tive x-ray probe pulses. This cycle
was repeated to accumulate adequate
signal-to-noise ratios. The sample was
then moved to a new position and the
procedure was repeated to produce a
complete set of magnetic images of
the sensor layer.

The results in Figure 6 indicate
that only the reset spin-injection pulse
leads to a uniform magnetization di-
rection. All other cases reveal a curled
state, caused by the Oersted field. The

4ns
>
abc
a) O ns b) 0.15 ns
d) 8.6 ns e) 9.0 ns
g)12.0 ns h)12.2 ns

c) 0.6ns

f) 9.6 ns

)13.2 ns

Top: Pulse sequence. Bottom: The uniform antiparallel configuration (a) is switched
into a C state with a parallel M, component (c). The switching process involves motion of a
magnetic vortex through the sensor later, visible in (b). The C state is metastable after the
falling edge of the pulse (d) and is reversed by the set pulse into another C state (f ). The
switching of one C state into another is caused by lateral vortex motion as well, leaving a uni-
formly magnetized area in the center of the sensor layer (e). The C state with its horizontal x
component antiparallel to the polarizer is unstable and relaxes into the uniform state (g)—{i).
This relaxation is deterministic but comparatively slow.

curled states observed during the set
pulse, shown in (c), and after the
pulse, shown in (d), are almost identi-
cal. This shows that the magnetization
remains in the same curled state
when the current is switched off.

Oersted fields clearly accompany
spin injection for samples of size near
100 nm. This is an unexpected result.
The Oersted fields have important
consequences. The curled Oersted
field breaks the mirror symmetry
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along the spin direction and creates a straighten out into a linear uniform

nonzer(? t01.rque. on the. sensor layer state. Elr}a}lly, the (')bse.rved nonth(?r- Y. Acremann, |.P. Srachan, V. Chembrolu, 5.0, An-

magnetization immediately after the mally initiated switching process is drews, T. Tliszczak, and J.A. Katine, MJ. Carey,

rising edge of the current pulse, so deterministic and therefore desirable B.M. Clemens, H.C. Siegmann, and J. Stshr, “Time-

that no thermal fluctuations are in switching applications. resolved imaging of spin fransfer switching: Beyond

needed to initiate switching. In re- the macrospin concept,” Phys. Rev. left. 96, 217202
' (2006).

sponse to the Oersted field, a C-state

is formed. The spin-polarized current Y. Acremann, B.H.C. Siegmann, and J. Stéhr (SSRL);

then for'ms and shifts the Vortex. cor.e J.P- Strachan, V. Chembrolu, S.D. Andrews, and M. U.S. DOE BES and Nafional Science Foundation.
to one side of the sample, resulting in Clemens (Stanford University); T. Tyliszezak (ALS); and
a preferred magnetic alignment direc- J.A. Katine and MJ. Core\/ ‘HHOCH Global Sroroge

tion. This curled state may persist or Technologies).

ELECTRONIC STRUGTURE AND MAGNETISM IN DILUTED
MAGNETIC SEMIGONDUCTORS

"When will this finally be as easy as switching on the lighte” many people ask themselves as they wait for their computer
operating system and programs to load from the hard drive into RAM. The answer might be “soon.” Currently, most infor-
mation is sfored in a nonvolatile way in magnetic bits on hard drives that use electrons’ spin (their orientation up or down),
while semiconductor devices like RAM operate by manipulating electron charge. But the ability fo manipulate electrons’ spin
and charge together could create new capabilities for computers—like eliminating the need for lengthy bootup times. This
is the topic of an exciting research field known as “spintronics.” Manipulating an electron’s magnetic state in a semicon-
ductor device is the key fo successful spintronics, and the simplest way fo do that is by using a semiconductor material such
as gallium arsenide (GoAs| that incorporates magnetic elements like manganese (Mn). A major obstacle is creating mag-
nefic semiconductor materials that work at room temperature. In their research, Edmonds et al. correlate the electronic and
magnetic characteristics of electrons in manganese-doped gallium arsenide. Their results are crucial for understanding and
further development of a new class of semiconductors —dilute magnetic semiconductors.

o ) , Nonmagnetic
The possibility of using electrons Semiconductor Paramagnetic Ferromagnetic
spins in addition to their charge in in- Crystal DMS DMS
formation technology has created
much enthusiasm for a new field of L Jol Jel ) 00000 [ JoL JeI )
electronics popularly known as “spin- C@O@®O  pddTMlons O dO QO Add Holes 0Q0® 8
. . . — —)

tronics.” An intensely studied ap- 00000 e0e0w OO0

inine spin-polari o] Jo] 1O 00000 e Jol 1)
proach to obtaining spin-polarized 00000 00000 00000
carriers for data-storage devices is the )
use of diluted magnetic semiconduc- e, IVl Materiol &9, IIIJI-V or
tors created by doping ions like Mn, Doped I1-VI
Fe, or Co having a net spin into a a b <
semiconducting host such as Gas, Three types of semiconductors: (a) nonmagnetic semiconductor, which contains no
ZnO, or GaN (Figure 7). The interac- magnetic ions; (b) diluted magnetic semiconductor (DMS), i.e., a cross between a nonmagnetic
tion among these spins leads to ferro- semiconductor and a magnetic transition-metal (TM) element, in a paramagnetic state; (c) DMS

magnetic order at low temperatures with ferromagnetic order mediated by charge carriers (holes).
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Top: Mn L, 5 absorption spectra for parallel and antiparallel alignment of polarization

and magnetization when the magnetization is aligned along the [001] (black) and [111]
(green) directions. Bottom: XMCD spectra for magnetization along [001] (black) and [111]
(green). The pronounced differences between the absorption spectra and the observed
anisotropy in the pre-edge features in the XMCD signal (shown in the inset) are most remark-

able.

which is necessary to create spin-po-
larized carriers. A research team
working at ALS Beamline 4.0.2 and

European Synchrotron Radiation Fa-
cility Beamline ID8 made a big leap
forward in clarifying the microscopic

picture of magnetism and anisotropy
in Mn-doped GaAs by resolving local-
ized and hybridized d states using
angle-dependent x-ray magnetic circu-
lar dichroism (XMCD) measurements.

Mn-doped GaAs, in which the Mn
dopant provides both a magnetic mo-
ment and a spin-polarized charge car-
rier, has attracted considerable
interest as a spintronics material.
However, the microscopic picture of
magnetism and magnetic anisotropy
(direction dependence of the magnetic
properties) in this system is still hotly
disputed. Are the Mn states localized,
strongly hybridized with the GaAs va-
lence band, or do they form a sepa-
rate impurity band? To further
understand this system, researchers
used x-ray absorption spectroscopy
(XAS) and XMCD to study (Ga,Mn)As
samples. XAS measures excitation
from the Mn 2p to 3d levels, thus
probing the unoccupied valence states
with Mn 3d character. XMCD meas-
ures the difference (dichroism) be-
tween absorption spectra obtained
with opposite alignments of the sam-
ple magnetization direction and x-ray
helicity vector.

XAS and XMCD spectra measured
along two directions—[111] and
[001]—show pronounced differences
(Figure 8). Detailed study of the angu-
lar dependence illustrates that almost
all spectral features, including pre-
edge feature peak A, exhibit cubic
symmetry about the crystalline axes.
Only the pre-edge feature peak B
shows a gradual increase going from
out-of-plane to in-plane magnetization
in both the (100) and (110) planes—
i.e., uniaxial symmetry.

In annealed (Ga,Mn)As, Mn occu-
pies Ga sites with tetrahedral symmetry.
However, the (Ga,Mn)As/GaAs(001)
films are placed under compressive
strain, breaking the symmetry be-
tween in-plane and out-of-plane direc-
tions. This leads to a large uniaxial
magnetic anisotropy. Thus, while al-



most all spectral features share the
cubic symmetry of the Mn site, peak
B reflects uniaxial symmetry of the
strain field.

To determine the origin of peak B,
the researchers compared experimen-
tal results to atomic multiplet calcula-
tions, which reproduce almost all of
the multiplet structure of the Mn L, 5
XMCD and correctly predict the an-
gular dependence of those features
(Figure 9), with one notable excep-
tion. The calculated spectra only
show a single peak in the pre-edge re-
gion, peak A. Peak B in the experi-
mental spectrum is not reproduced by
the atomic calculation, so it must be
of a different origin. Studying the size
of peak B versus hole concentration,
p, obtained from Hall measurements,
shows a clear correlation, with peak B
becoming more negative with increas-
ing p. The intensity of peak B is thus
dependent on the Fermi level position
(level of the least tightly held elec-
trons), indicating that this feature cor-
responds to transitions to states at or
just above Fermi energy (Eg).

The uniaxial anisotropy and the
correlation with hole density indicate
peak B is due to hybridization of Mn
d states with strain-split GaAs valence
states at Ep. The results are clear evi-
dence of a small, but finite, density of
unoccupied Mn d states close to Eg.
Thus, both localized atomic-like states
lying far above the Fermi level and
Mn 3d states strongly hybridized with
the valence bands of the GaAs host
are observed. The ability to separately
resolve localized and hybridized d
states makes angle-dependent XMCD
a powerful method for determining
the electronic structure of magnetic

semiconductors.
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Dependence of the XMCD signal of
spectral features A and B on the out-of-plane
(001) angle 6. Open circles represent the
angular dependence in the (110) plane,
solid symbols indicate the results for the
(100) plane. Dashed lines show the angular
dependence expected in cubic (uniaxial)
anisotropy. At the bottom is the dependence
of the pre-edge features in Mn L, 3 XMCD
spectra on the hole density obtained from
Hall measurements.
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K.W. Edmonds, A.A. Freeman, N.R.S. Farley, R.P.
Campion, C.T. Foxon, and B.L. Gallagher (University
of Nottingham, U.K.); G. van der Llaan and T.K. Johal
(Daresbury Laboratory, U.K.); and E. Arenholz (ALS).

K.W. Edmonds, G. van der Llaan, A.A. Freeman,
N.R.S. Farley, TK. Johal, R.P. Campion, C.T. Foxon,
B.L. Gallagher, and E. Arenholz, “Angle-dependent x-
ray magnefic circular dichroism from (Ga,Mn)As:
Anisotropy and identification of hybridized states,”
Phys. Rev. left. 96, 117207 (2006).

U.K. Engineering and Physical Sciences Research
Council, U.K. Council for the Central Laboratory of
the Research Councils, Royal Society, and U.S. DOE
BES.
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PARALLEL AND ANTIPARALLEL INTERFACIAL GOUPLING IN

AF—FM BILAYERS

Imagine getting up in the moming and finding that everything around you either is upside down or runs backwards—your
bed hangs from the ceiling or the sun is going down. You would be justifiably confused, and you would certainly demand
fo know what was going on. The perplexity you experience is very similar to what scientists must have thought when they

first studied magnetic interactions between thin layers of certain magnetic materials and found behavior upside down or
backwards relative to everything they had known up to then about the magnetic properties of so called “antiferromag-
netic—ferromagnetic exchange-coupled” systems. Because these systems are at the heart of many of today’s most modem

magnetic storage disk fechnologies, the bewilderment involved more than just pride. Ohldag ef al. have now provided di-

rect experimental evidence that supports a subsequently proposed explanation. Moreover, they have begun to unravel a

situation that is even more complex than imagined, showing that the magnetic properties at the boundary between an an-

tiferromagnet and ferromagnet are the result of complicated and competing processes.

Cooling an antiferromagnetic-fer-
romagnetic bilayer in a magnetic field
typically results in a remanent (zero-
field) magnetization in the ferromag-
net (FM) that is always in the
direction of the field during cooling
(positive M,.,). Strikingly, when FeF,
is the antiferromagnet (AF), cooling in
a field can lead to a remanent magne-
tization opposite to the field (negative
M, er) (Figure 10). A collaboration led
by researchers from the Stanford Syn-
chrotron Radiation Laboratory work-
ing at ALS elliptically polarizing
undulator Beamline 4.0.2 has verified
a proposed explanation involving a
small magnetic moment at the AF in-
terface, but in the process also found
both positive and negative moments
and a way to distinguish them.

To understand the occurrence of ei-
ther preferred direction, one has to
assume that the AF layer exhibits a
small magnetic moment at the inter-
face that can be aligned by the cool-
ing field. After cooling, this moment
will not change its direction, even
upon reversal of the external field,
since it is now strongly anchored
(pinned) in the magnetic system of
the AF. This very small moment at the

— > — >
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Interface —> Moined Interface —> Myinned
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“Typical” AF AF FeF,

Ideal hysteresis loops (magnetization vs. applied magnetic field) for the FM compo-
nent of “typical” field-cooled AF-FM bilayers with “positive” remanent magnetization (left) and
of FeF,—FM bilayers with “negative” remanent magnetization (right). The magnetizations in
each of the component layers and the interface are represented by the arrows in the diagrams.

interface then aligns the FM via an in- bias phenomenon is useful in modern
ternal magnetic field called magnetic magnetic devices.
exchange coupling. This exchange- Two years ago, the Stanford group
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Left: Element-specific cobalt (black) and iron (red) hysteresis loops (as measured by
XMCD) acquired at 300 K and 15 K after cooling in a weak field that only partially aligns the
surface moment. Right: Schematic of moments in the cobalt and at the interface.

was able to provide the first direct ex-
perimental evidence for the existence
of this small interfacial moment in the
AF by using Beamline 4.0.2. To ex-
plain the anomalous behavior with
FeF,, it has been postulated that the
coupling between the pinned moment
in FeF, and a FM layer is not parallel
but antiparallel and thus reverses the
favored direction of the FM. In the
new experiment, the researchers veri-
fied this proposition in a high-quality
2.5-nm FeF,-Co bilayer grown at West
Virginia University. They used x-ray
absorption dichroism spectroscopy, a
technique that can selectively detect
the magnetic properties of sites close
to the interface and distinguish be-
tween the magnetic properties of
cobalt and iron atoms.

Hysteresis loops (magnetization vs.

applied magnetic field) of the interfa-
cial iron spins and the FM cobalt
layer taken at 300 K (well above the
ordering temperature, Ty = 78 K) for
FeF, show that both loops are sym-
metric and the entire moment at the
FeF, interface follows the Co moment
(Figure 11). Since one would expect
the orientations of all iron moments
within the FeF, lattice to be in con-
stant motion above Ty, it is clear that
the magnetic moment of the cobalt
layer can be used to induce magnetic

order in the topmost layer of the FeF,.

At 15 K, the investigators observed
a partial shift in the cobalt hysteresis
loop indicating a positive remanent
magnetization. Most of the spins at
the interface simply seem to follow
the FM Co layer as they do above Ty,
and the overall shape of the interfa-
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cial hysteresis loop closely resembles
that of the cobalt layer. However, it
appears that the interfacial iron loop
shifts down towards negative magne-
tization. This shows that a small frac-
tion of the spins at the interface
generate a magnetic moment that al-
ways points opposite to the favored
magnetization of the FM.

In sum, the group found that a
small fraction of interfacial magnetic
moments tend to align the FM layer
opposite to their moment, which can
lead to a reversal of the preferred
magnetization direction of the FM
with respect to the cooling field.
These moments appear only below
the antiferromagnetic ordering tem-
perature. On the other hand, the FM
is able to align some of the moments
at the AF surface so that they point in
the same direction as the FM even
above Ty. All in all, the magnetic
properties at AF-FM interfaces are
the result of complicated and compet-
ing processes. The present results pro-
vide clear evidence to distinguish
between these two type of coupling
mechanisms.

H. Ohldag and J. Stéhr (SSRL), H. Shi and D. Leder-
man (West Virginia University), and E. Arenholz (ALS).

H. Ohldag, H. Shi, E. Arenholz, J. Stéhr, and D. led-
erman, “Parallel versus antiparallel inferfacial cou-
pling in exchange-biased Co/Fef, bilayers,” Phys.
Rev. lett. 96, 027203 (2006).

National Science Foundation and U.S. DOE BES.
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ANISOTROPY TRANSITION IN ANTIFERROMAGNETIC FILMS:
NiO/Fe(100)

Devices that use magnetic dafa storage, such as the read heads in computer hard drives, depend on antiferromagnetic
(AF) thin films in combination with ferromagnetic (FM) layers. When the read head passes over the spinning hard disk, it
senses the orientafion of magnetfic domains (bits of information) on the disk, causing the head’s electrical resistance to
change. Antiferromagnets act as magnetic references by pinning the magnetization direction of adjacent ferromagnetic
layers. This property, known as exchange bias or exchange anisotropy, is not fully understood. Precise characterization of
the magnetic structure between AF and FM layers—the inferface—is crucial for improved performance and efficiency in
future magnetic applications, such as magnetic RAM memory cells. The ALS photoemission electron microscope, PEEM?2,
can defermine the magnetic properties of individual layers in structures with multiple AF and FM layers. X rays or extreme
uliraviolet light can be tuned to knock large quantities of electrons out of a sample and info a phosphor screen so that @
PEEM2 CCD camera can acquire a visiblelight image for analysis. This is a high-resolution technique with the spatial res-

olution required to image nanometer- to micrometersized magnetic domains in AF thin films.

The study of magnetic instabilities
in antiferromagnetic (AF) thin films
interacting with ferromagnetic (FM)
substrates has led to advances in mag-
netic recording heads, novel perma-
nent magnets, spin valves, and
magnetic tunnel junctions for high-
density data storage in nonvolatile
magnetic memory cells. To further de-
velop the technological potential of
AF-FM systems, researchers from
Italy, the ALS, and UC Berkeley used
the ALS photoemission electron mi-
croscope, PEEM2, to increase under-
standing of magnetic orientations
when AF thin films interact with FM
substrates. The results demonstrated,
for the first time, a coupling transition
between AF and FM anisotropy axes
as the thickness of the AF layer was
changed.

Magnetic instabilities in the rota-
tion of the magnetic anisotropy axis
are well known for low-dimensional
FM systems and have been the sub-
ject of extensive research. The re-
duced coordination number at the FM
surface, the hybridization with the
substrate, and the presence of tensile

forces can drive such instabilities, in-
fluencing the interplay between the
exchange interaction, the magne-
tocrystal anisotropy, the magnetostric-
tion, and the dipolar magnetic field.
Magnetic instabilities in AF thin
films have received much less atten-
tion, and experimental evidence de-
scribing the occurrence of such
phenomena is very scarce, although
they might be important in defining
the magnetic properties of heteroge-
neous systems in which a FM mate-
rial interacts with an AF partner.
Thanks to studies performed at the
PEEM2 microscope on ALS Beamline
7.3.1.1, the researchers were able to
observe magnetic instabilities in NiO
thin films epitaxially grown on
Fe(001). In particular, thin NiO films
show a sudden phase transition from
an in-plane perpendicular (low NiO
thickness) to an in-plane collinear
(high NiO thickness) coupling be-
tween the NiO anisotropy axis and Fe
magnetization. (Although a subse-
quent study has found that the direc-
tion of the coupling is actually
reversed, this is not, by itself, relevant
to the conclusions of this experiment.)

The ALS PEEM apparatus can image
the electrons excited from the sample
upon absorption of linearly polarized
x rays. In fact, the absorption coeffi-
cient across a core threshold depends
on the relative orientation between
the light electric field and the direc-
tion of the local spins (x-ray magnetic
linear dichroism, or XMLD), thus pro-
viding a source of magnetic contrast
with chemical sensitivity both for FM
and AF materials.

Figure 12 displays asymmetry im-
ages obtained at the Ni and Fe L,
edges showing the magnetic contrast
in the NiO wedged thin film and in
the Fe(001) substrate. The asymmetry
images have been obtained in such a
way as to have dim areas correspon-
ding to local magnetic moments align-
ing collinear to the light electric field,
while bright areas indicate a perpen-
dicular alignment, both for NiO and
Fe. We conclude that the magnetiza-
tion of the dark domain (topmost) is
parallel to the [100] crystallographic
axis, while the bright domain (lower-
most) is magnetized parallel to the
[010] axis.

The observation of a magnetic con-
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>

Increasing Ni0 Thickness

PEEM images of XMLD asymmetry obtained at the Fe (top) and Ni (bottom) L, edge
on a NiO/Fe(001) wedged thin film. The indicated crystallographic directions refer to the Fe
substrate. The NiO thickness increases from the left side to the right side of the figure and
ranges between 12 and 24 A. In the upper panels, two different Fe magnetic domains are
clearly visible for the substrate, separated by a domain wall parallel to the [110] direction. The
Fe easy axes belong to the (100) family, while the Fe(001) substrates have a strong in-plane

magnetic shape anisotropy.

trast at the Ni L, edge proves that the
NiO overlayer develops uniaxial
anisotropy in the (001) plane. At very
low coverage, the NiO contrast is re-
versed with respect to Fe (see panels
on the left side of Figure 12, average

NiO thickness = 12 A), indicating
that the interfacial coupling between
the Fe substrate magnetization and
the NiO overlayer anisotropy axis is
perpendicular. Moving to higher NiO
thickness values (central panels in
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Figure 12, corresponding to a sample
region where the average NiO thick-
ness is about 18 A), the contrast dis-
appears. Moving the PEEM field of
view to a region where the NiO cover-
age is even higher (right-hand panels
in Figure 12, average NiO thickness

= 24 A), a magnetic contrast is clearly
retrieved on NiO. In this region, the
XMLD has the same sign for both Ni
and Fe, indicating that the NiO uniax-
ial anisotropy axis has rotated, and
the type of interfacial coupling has
turned from perpendicular to
collinear.

M. Finazzi, A. Brambilla, P. Biagioni, and L. Dud (Po-
litecnico di Milano, ltaly); J. Graf, G.-H. Gweon, and
A. lanzara (UC Berkeley); and A. Scholl (ALS).

M. Finazzi, A. Brambilla, P. Biagioni, J. Graf, G.-H.
Gweon, A. Scholl, A. lanzara, and L. Dud, “Interface
coupling fransition in a thin epitaxial antiferromag-
nefic film interacting with a ferromagnetic substrate,”

Phys. Rev. left. 97, 097202 (2006).

Fondo ltaliano per la Ricerca di Base, National Sci-
ence Foundation, and U.S. DOE BES.
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IMAGING MAGNETISM AT FUNDAMENTAL LENGTH AND TIME
SCALES WITH SOFT X RAYS

As in other areas of modermn solid stafe physics, small and fast are at the forefront of research on magnetism, with dis-
fances being measured in nanometers and times in femtoseconds (quadrillionths of a second). So-called nanomagnetism is
a scientifically rich and very attractive area because of novel magnetic phenomena occurring only in ultrasmall materials
(proximity and confinement effects) and the ability to tailor novel magnetic materials by controlling size and composition.
These features also make nanomagnetism the basis of magnetic recording and sensor devices used in modern information
technology. The shrinking size of a magnetic bit in which one unit of digital information is stored has reached a level
where both the reading and the writing of information are now limited by fundamental parameters, including the sizes of
the grains making up the magnetic media and the time it takes the magnetization representing the magnetic bit to change
orienfation. Kim et al. have exploited recent advances in x-ray opfics to demonstrate xray microscopy of a typical mag-
nefic alloy with a spatial resolution of 15 nm. Femtosecond time resolution awaits the availability of new ultrafast xray
sources.

Magnetic soft x-ray microscopy is
already a powerful analytical tool for
imaging nanomagnetism, and a clear
path toward spatial resolution below
10 nm and time resolution down to
femtoseconds promises an even
brighter future. Recent achievements
with Fresnel zone-plate technology at
Berkeley Lab’s Center for X-Ray Op-
tics (CXRO) have revealed a glimpse
of this future, yielding a spatial reso-
lution better than 15 nm at the full-

Condenser
field soft x-ray microscope XM-1 at p Zone Plate
Beamline 6.1.2 (Figure 13). This capa- Mior?oer '\?pplle;i
oqe . . n
bility has now been applied to studies cI;igelc(? ¢
of magnetization-reversal processes at ALS Bending Magnet
the nanoscale in a 50-nm-thick thin Pinhole
film of a nanogranular cobalt- .
chromium-platinum alloy. Storage Rin Mutual |ndgxmg
. ; . ge hing System with Sample  Micro
A detailed understanding of the mi- Kinematic Mounts Stage  Zone
croscopic origin of magnetization re- Plate Soft-X-Ray-
versal is still mostly lacking with no Sensitive
answers to such questions as: Is the CCD
nucleation of magnetic domains a sto- Visible-Light
chastic process? Does the system Microscope

show a memory effect for identical

applied external fields in a hysteresis Top: View of the full-field soft x-ray microscope XM-1 at Beamline 6.1.2. Bottom:

Schematic optical layout for magnetic imaging. Note the Fresnel micro zone plate primarily de-
try in the hysteresis loop? How does termines the spatial resolution, whereas the electron bunch length in the ALS storage rings de-

the system follow microscopically the termines the x-ray pulse length and hence the temporal resolution.

cycle? Is there a microscopic symme-
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virgin magnetization loop? By taking
advantage of recent experimental evi-
dence from high-resolution magnetic
microscopies, researchers are just
now starting to develop theoretical
models describing these scenarios.
Ilustrating the capability now be-
coming available, a team from CXRO
and two Korean institutions recorded 096 . . . . . .
images of the magnetic domain struc- ’ 0 20 40 60 80 100 120
ture of a nanogranular (CogsCry;)g,Pt;3 Distance (nm)
alloy thin film at the cobalt L; absorp-
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Left: Magnetic domains in a (CogsCry7)gPt 3 layer imaged af the cobalt L3 absorp-

tion edge at 777 eV using x-ray mag- tion edge (777 eV). Right: Intensity scan across a domain boundary (indicated by the white
netic circular dichroism (XMCD) as bar in the microscopy image) showing a 15-nm spatial resolution as derived from the distance
an element-specific magnetic-contrast over which there is a drop in intensity between the 90% and 10% levels.

mechanism. CoCrPt films exhibit a
strong perpendicular magnetic
anisotropy and are used in perpendi-
cular magnetic-storage technology.
The grain-size distribution obtained
from transmission electron mi-
croscopy analysis yielded an average

o

Magnetization (MM,)
LS oo
n o

O

grain size of about 20 nm. A 15-nm 8889888

. Lo . S O o S oS
spatial resolution in the x-ray mi- ° ¥ § ISR )
croscopy images therefore provides Magnetic Field (Oe)
insight into the nucleation process at {'

the granular level. A typical high-reso-
lution x-ray image (Figure 14) shows
an irregular magnetic-domain struc-
ture. An intensity scan across the do-
main structure clearly proves that a
15-nm spatial resolution was obtained
in this experiment.

Recording images in varying exter-
nal magnetic fields allowed a detailed
study of the magnetization-reversal
process. Interestingly, repetitive meas-
urements and careful analysis pro-
vided a strong indication of statistical
nucleation behavior. Since the XMCD
contrast scales with the projection of Top: Global hysteresis loop derived from averaging the intensity across the field of
the local magnetization onto the pho- view. Center: Evolution of the local magnetic domain pattern in varying applied magnetic

ton propagation direction, and the fields. Bottom: Zooming into the images allows the determination of local hysteresis behavior.
Each grid square corresponds to approximately 100 x 100 nm2 (15 x 15 pixels).

two were chosen to be parallel, the
nanoscale hysteresis behavior of the
specimen could be deduced from the
X-ray microscopy images by analyzing

the magnetic contrast in local areas of technology that becomes even more netic soft x-ray microscopy images
the sample (Figure 15). Technologi- important with increasing storage without ambiguity.
cally, the switching field distribution density. Such information can also be Apart from the ability to image

in media is a parameter in storage extracted from high-resolution mag- nanomagnetism with a spatial resolu-
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tion close to fundamental length scales,
soft x-ray microscopy can today achieve
a time resolution below 100 ps, thus
allowing us to image fast spin dynamics
with elemental sensitivity. The elec-
tron bunch length at the ALS is 70 ps,
which is adequate for precessional and
relaxation phenomena with GHz fre-
quencies as well as domain-wall prop-
agation in nanowires with velocities
around 100 m/s. However, the limited
number of photons per bunch requires
the use of a stroboscopic pump-probe
scheme and also poses the severe con-
straint of perfect repeatability in the
dynamic processes that are accessible.

- Science Highlights : : Magnetisim and Magnetic Materials

The spatial resolution will improve
with progress in x-ray optics. How-
ever, while current Fresnel zone-plate
designs already allow imaging with
short pulses down to the subfemtosec-
ond regime, achieving this time reso-
lution has been largely limited by the
time structure of soft x-ray sources.
But with the upcoming availability of
femtosecond sources (e.g., free-elec-
tron lasers), it is worth planning for
ultrafast, full-field, soft x-ray mi-
croscopy snapshot imaging of spin dy-
namics, such as fluctuations, at
fundamental (fs/as) time scales with
nanoscale spatial resolution.

P. Fischer, D.-H. Kim, M.-Y. Im, B.L. Mesler, W.
Chao, E.H. Anderson, J.A. liddle, and D.T. Attwood
(Berkeley Lab); S.-C. Shin (Korea Advanced Insfitute
of Science and Technologyl; and S.-B. Choe (Seoul
National University, Koreal.

P. Fischer, D.H. Kim, W. Chao, J.A. Liddle, E.H. An-
derson, and D.T. Attwood, “Soft x-ray microscopy of
nanomagnetism,” Materials Today 9, 26 (20006).

D.-H. Kim, P. Fischer, W. Chao, E. Anderson, M.-Y.
Im, S.-C. Shin, and S.-B. Choe, “Magnetic soft x-ray
microscopy at 15-nm resolution probing nanoscale
local magnetic hysteresis,” J. Appl. Phys. 99,
08H303 (20006).

U.S. DOE BES.
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NUGLEOBASE ORIENTATION AND ORDERING IN SINGLE-
STRANDED DNA ON GOLD

A simple test in the doctor’s office reveals what is making a patient sick and what drug treatment will work best. A similar
fest checks a suspicious powder for dangerous biowarfare agents. Science fiction2 Only because the latest biotech mar-
vel—the "DNA chip” —still needs a few years to become part of everyday life. DNA chips start with a piece of glass or
silicon (sometimes coated with gold) about the size of a digital camera’s lightsensitive chip. Instead of electronics, how-
ever, DNA chips are covered with up to half a million “pixels” of microscopic droplets of DNA. When the “probe DNA”
in each pixel recognizes a particular “target DNA," they combine to form the famous double helix (hybridization). For this
fo work, each strand of probe DNA must stand up on the surface while being firmly attached by one end tagged with a
"linker” chemical. Pefrovykh ef al. have found a way fo adapt methods normally used fo study clean, solid surfaces to ob-
fain information about how DNA strands atfach to DNA chips. This ability will become increasingly important for the de-

velopment of future generations of smaller and more complex chips and related devices.

DNA microarrays are small metal,
glass, or silicon chips covered with
patterns of short single-stranded DNA
(ssDNA) (Figure 1). These "DNA
chips” are revolutionizing biotechnol-
ogy, allowing scientists to identify and
count many DNA sequences simulta-
neously. They are the enabling tech-
nology for genomic-based medicine
and are a critical component of ad-
vanced diagnostic systems for medical
and homeland security applications.
Like digital chips, DNA chips are par-
allel, accurate, fast, and small. These
advantages, however, can only be re-
alized if the fragile biomolecules sur-
vive the attachment process intact.
Furthermore, biomolecules must be
properly oriented to perform their bi-

ological function. In other words, the
DNA literally must stand up to be
counted. Understanding both the at-
tachment and orientation of DNA on
gold surfaces was the goal of recent
experiments performed at ALS Beam-
line 8.0.1 by an international collabo-
ration of scientists.

The cornerstone of molecular biol-
ogy is the study of the structure and
function of biomolecules in solution.
Likewise, the modified behavior of
biomolecules on the surface of a chip
or nanoparticle is the foundation of
many areas of bio- and nanotechnol-
ogy. However, characterizing the in-
teractions between biomolecules and
surfaces requires new measurement
techniques, because most current bio-

analytical methods are hindered by
the inherently small number of mole-
cules bound to a surface. Complemen-
tary surface-sensitive spectroscopies
come to the rescue (Figure 2). X-ray
photoelectron spectroscopy (XPS) pro-
vides quantitative information about
elemental composition and surface
chemistry. Fourier-transform infrared
(FTIR) spectroscopy adds molecular
fingerprints and orientational infor-
mation. Near-edge x-ray absorption
fine-structure (NEXAFS) spectroscopy
probes electronic transitions between
core levels and valence orbitals.

Short strands of synthetic ssDNA
typically used in bio- and nanotech-
nology are called oligonucleotides or
oligos. Oligos with "trivial” sequences
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XPS and NEXAFS techniques use in-
cident x rays to probe the core levels of ni-
trogen atoms (blue) in nucleobases (thymine
shown). FTIR spectroscopy adds vibrational
fingerprints of submolecular structures such
as the C=0O groups. NEXAFS and FTIR use
linearly polarized incident photons and thus
are sensitive, via the dipole selection rule, to
the orientation of nitrogen * orbitals (yel-
low) and C=0 ligands, respectively.

- Science Highlights : : Organic Compounds and Biomolecules

Schematic of DNA structures in various conformations on a gold surface. Differences
in overall structure and orientation are emphasized by colorcoding of DNA structural ele-
ments: phosphate backbone (red), nitrogen (blue), oxygen (green), and sulfur linker (cyan). Up-
right orientation is required for efficient hybridization with a complementary strand from

solution.

composed of only one letter of the
DNA alphabet (A, C, G, or T) provide
simplified spectroscopic signatures
while maintaining realistic DNA
structure. Thymine (T) has the sim-
plest nucleobase structure and pro-
vides nitrogen atoms and carbonyl
groups suitable for complementary
measurements by XPS, FTIR, and
NEXAFS. Furthermore, features in
thymine spectra allow one to distin-
guish DNA strands lying down on the
surface from those standing up.

In excellent agreement, all three
techniques showed that strands of
five Ts (T5), synthesized without spe-
cial "linker” groups for surface attach-

ment, lay flat against the surface,
while strands modified with a thiol
(T5-SH and T25-SH) stood upright, an-
chored by strong sulfur-gold bonds.
Furthermore, signatures of internal
molecular (“secondary”) structure
could be observed by NEXAFS for the
upright T5-SH and T25-SH strands
(Figure 3). The nitrogen n* orbitals
within the T bases could be selec-
tively excited by photons with ener-
gies around the nitrogen absorption
edge. The polarization dependence of
the nitrogen nn* intensities then pro-
vided information about the orbital
orientations, from which the T-base
orientations could be deduced. Only



minimal preferential orientation was
observed for Ts in T25-SH films, con-
sistent with a random-coil-like sec-
ondary structure. The Ts in T5-SH,
however, showed a surprisingly strong
orientation parallel to the surface.
This result was corroborated by XPS
and FTIR.

The significance of these results
goes beyond the structure of a few

Science Highlights

DNA oligos. For DNA, RNA, and par-
ticularly proteins, secondary structure
strongly affects function and contains
valuable information about molecular
interactions. Therefore, the re-
searchers are already extending these
analysis methods to larger biomole-
cules, such as proteins, on surfaces.
The consistent structural informa-
tion from all three ex situ methods
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can be best understood if it reflects
the common initial in situ structure,
thus providing an affirmative answer
to the long-standing question, "Can ex
situ measurements provide relevant
information about biomolecules on
surfaces?” Furthermore, both FTIR
and NEXAFS with fluorescence detec-
tion (as used in this work) can be per-
formed in situ, opening the possibility
of studying biomolecules on surfaces
using a label-free method that pro-
vides a revolutionary combination of
chemically specific, structurally sensi-
tive, quantitative results.

D.Y. Petrovykh (University of Maryland and Naval Re-
search Laboratory); A. Opdahl, H. Kimura-Suda, and
MJ. Tarlov (National Institute of Standards and Tech-
nologyl; V. Pérez-Dieste and FJ. Himpsel (University of
Wisconsin); J.M. Sullivan (Northwesfern University
and Naval Research Laboratory); and LJ. VWhitman
[Naval Research Laboratory).

D.Y. Petrovykh, V. Pérez-Dieste, A. Opdahl, H.
Kimura-Suda, J.M. Sullivan, M. Tarlov, FJ. Himpsel,
and LJ. Whitman, “Nucleobase orientation and or
dering in films of single-stranded DNA on gold,” /.
Am. Chem. Soc. 128, 2 (2006).

Air Force Office of Scientific Research, Office of
Naval Research, National Research Council, U.S.
DOE BES.
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Fluorescence yield NEXAFS was used to determine the structure of DNA on gold sur-
faces. The changes in intensity of the nitrogen T* peaks as a function of the incident angle 6;
(inset) indicate strong preferential orientation of thymine bases in T5-SH monolayers but a
nearly random distribution of orientations in T25-SH monolayers. For thymine nucleotides
chemisorbed directly on gold—the dominant structure in T5 monolayers—the spectral features
are shifted to lower photon energies (dashed gold lines, dT-Au).
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PROBING ORGANIC TRANSISTORS WITH INFRARED BEAMS

Heeger, MacDiarmid, and Shirakawa shared the 2000 Nobel Prize in Chemistry for showing how plastic can be made
fo conduct electric current. They found that if electrons were removed from certain types of long polymer chains that make
up plastics, the “holes” left behind could act as positive charge carriers, increasing conductivity by a factor of up fo ten
million. The prospect of electronic devices incorporating lightweight, moldable, relatively cheap plastic has since stimu-
lated intensive research and development foward a wide variety of applications, including large-area flatscreen displays,
chemical and biological sensors, and environmentally friendly solar cells. Semiconducting organic polymers can also be
used in field-effect fransistors (FETs), solid-state electronic devices used to amplify wireless and other weak electromagnetic
signals. But the ability to do this depends upon the density of the charge carriers that can be introduced into the transis-
for's conducting channel. This channel is confined to a nanometer-hick layer at the inferface between the device's semi-
conducting and insulating layers, thus ifs infrinsic properties are very difficult o interrogate experimentally. Li et al. take @
novel approach fo probing the electronic characteristics of organic FETs, using infrared light to map the density of charge

carriers under various conditions.

Silicon-based transistors are well-
understood, basic components of con-
temporary electronic technology. In
contrast, there is growing need for the
development of electronic devices
based on organic polymer materials.
Organic FETs are ideal for special ap-
plications that require large areas,
light weight, and structural flexibility.
They also have the advantage of being
easy to mass produce at very low cost.
However, even though this class of
devices is finding a growing number
of applications, electronic processes in
organic materials are still not well un-
derstood. A group of researchers from
the University of California and the
ALS has succeeded in probing the in-
trinsic electronic properties of the
charge carriers in organic FETs using
infrared spectromicroscopy. The re-
sults of their study could help in the
future development of sensors, large-
area displays, and other plastic elec-
tronic components.

Arguably, one of the main chal-
lenges in achieving these goals is find-
ing a means of investigating the intrinsic
electronic properties of the charge
carriers in organic FETs without the
need for metallic contacts that could

interfere with the properties under
study. In FETs, the charge carriers are
confined to a nanometer-thick layer at
the semiconductor-insulator interface,
buried under several layers of the de-
vice (Figure 4). This makes it difficult
to experimentally study injected charge
carriers using some of the most in-
formative experimental techniques in
the arsenal of physicists and chemists,
including scanning tunneling micro-
scopy, photoemission spectroscopy;,
and inelastic x-ray and neutron scat-
tering.

In this research, the scientists in-
stead employed infrared light to study
the electronic processes in organic
FETs that are based on poly(3-hexyl-
thiophene), a semiconducting polymer
featuring exceptionally high charge-
carrier mobility. In such materials,
charge carriers can induce infrared
vibrations of the polymer chain. In
addition, when these charges are dis-
placed under the influence of an elec-
tric field, they drag the local polari-
zation cloud of the molecular chains
with them, forming so-called po-
larons. The scientists have been able
to employ infrared spectroscopy to di-
rectly probe the vibrational modes

and polarons in a functional organic
FET device (Figure 5). This informa-
tion is difficult or impossible to obtain
using other experimental techniques.

Furthermore, infrared spectromi-
croscopy can also be used to explore
the distribution of charges in the con-
ducting channel of the FETs with high
spatial resolution, made possible by
the exceptionally high brightness and
small focal-spot size of the infrared
beams at the ALS. Using the infrared
Beamline 1.4.3, the researchers were
able to acquire infrared spectra from
individual spots less than 10 microns
in diameter. By scanning the beam over
the conducting channel of the device
and measuring the infrared spectra in
different areas, they were able to map
out the density of the charge carriers
in different regions and examine its
evolution as the applied voltage is in-
creased (Figure 6). Comparisons were
made between FETs having insulating
layers of either SiO, or TiO,. The lat-
ter, having a high dielectric constant,
are much desired in FETs because
they allow for a much higher density
of charge carriers in their channels
than SiO,-based FETs.

However, the measurements re-
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Top left: A fragment of the cross section of a “grid-electrode” organic FET. The or-
ganic material in this study is poly(3-hexylthiophene) and the insulator is a high-dielectriccon-
stant material, TiO,. Bottom: A photograph of an actual device with dimensions 10 x 14 mmZ2.

Inset: Close-up of the area to be studied.

vealed severe restrictions of the
charge-carrier channel length for
TiO,-based devices, a significant de-
parture from the behavior expected
for an "ideal” FET, in which the
charge density increases linearly with
voltages and is uniform in the chan-
nel. This is particularly important if
one wants to use these insulators in
chemical or biological sensors. In gen-
eral, these experiments indicate that
infrared spectroscopy and spectromi-
croscopy offer researchers unique

tools to explore physical phenomena
at the nanoscale occurring at the
semiconductor-insulator interface in
organic FETs. The team hopes to em-
ploy the same techniques in the study
of other materials in FET devices, in-
cluding polymers, organic molecular
crystals, and transition-metal oxides.

Z.Q. i, N. Sai, M. Di Ventra, and D.N. Basov (UC
San Diegol; G.M. Wang, D. Moses, and A .
Heeger (UC Sant Barbara); and M.C. Martin (ALS).
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The voltage-induced infrared ab-
sorption spectra (Aad) of the device. Employ-
ing infrared spectroscopy, the researchers were
able to directly probe the electronic excita-
tions associated with the injected carriers in
a functional organic FET device: infrared ac-
tive vibrational modes of the polymer chain
(sharp resonances in the 1,000-1,500 cm™!
range) and polarons (broad absorption
band centered at 3,500 cm™1).
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The variation of carrier density away
from the injection contacts in the area shown
by the blue square in Figure 4, obtained by
spatially monitoring the spectroscopic finger-
prints of the injected charges using infrared
microspectroscopy.

Z.Q. li, G.M. Wang, N. Sai, D. Moses, M.C. Mar-
tin, M. Di Ventra, AJ. Heeger, and D.N. Basov, “In-
frared imaging of the nanometerthick accumulation

layer in organic field-effect transistors,” Nano Lefters

6, 224 (20006).

National Science Foundation, Petroleum Research
Fund, and U.S. DOE BES.
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MAPPING THE NANOSCALE LANDSCAPE

Fossil fuel is a form of stored solar energy. The energy of the sun is “captured” through photosynthesis, plants and animals
are converted over eons fo fossil fuel, then we extricate it from geologic deposits. However, fossil fuel use contributes to
increases in CO, emissions, leading to global warming. So why not go directly to the source? No messy exiraction, just
direct conversion of photons info electricity. Organic solar cells (OSCs) are the most promising new candidates for low-
cost photovoltaics. Presently, OSCs and LEDs based on blends of semiconducting polymer and fullerene derivatives ex-
hibit power conversion efficiencies of 3% under solar conditions and quantum efficiencies of up to 70%. The performance
of these devices involves a complex balance between charge generation and charge fransport. Studying the active layers
of OSCs logically follows upon the nanometer characterization of TFB/F8BTbased LED devices and will be critical to the
improvement of performance and energy efficiencies. Although just a third as efficient as fossil fuel, clean green OSCs
have the potential for large-area solar collection—on rooftops of buildings and other unused spaces. And every increase
in efficiency will reduce the amount of device space needed.

For the first time, researchers have O'O 0.0

successfully mapped the chemical O O N@n
structure of conjugated polymer blend l“ k

films with a spatial resolution of bet-
ter than 50 nm using scanning trans-

TFB

mission x-ray microscopy (STXM).

This is not just another application of
STXM. It is a breakthrough experi- x10*
ment on several levels. Correlating 1.9x10° -
local composition to electronic/optical
device characteristics will pave the
way to characterizing a whole new 1x10°
class of materials with STXM—multi-
component organic electronic devices
that have intrinsically nanoscale di-
mensions. Understanding where
charge transport and recombination
occur in these materials helps explain
the efficient performance of polymer-
based LEDs and will lead to a new av-
enue of research on organic electronic
devices, supporting emerging tech-
nologies such as molecular computing x10'
and promoting increased efficiencies
in existing organic technologies (or- ,.,_,.J
ganic LEDs and solar cells). 0.0 2;30 260 3[']0 3]'0 350
Conjugated polymer blends are Energy (V)

good candidates for low-cost optoelec-

tronic devices because of their stabil- Chemical structures of F8BT and TFB along with their NEXAFS spectra. Although TFB
ity, efficient electroluminescence, and and F8BT exhibit similar NEXAFS spectra above 287 eV, between 283 and 287 eV, the m*

hotovoltaic performance. Spin-coat- absorption peak of F8BT has a broader, weaker structure with a lower absorption onset, con-
P . p P sistent with the deeper lowest unoccupied molecular orbital of F8BT compared to TFB. (These
ing demixes the two polymers, pro- spectra analyses formed the basis for the observed chemical contrast in the STXM maps.)
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ducing a distributed heterojunction
structure with interfaces for charge
recombination (LEDs) or charge sepa-
ration (solar cells). These films, how-
ever, have a complex nonequilibrium
structure, making device function in-
terpretation difficult. To better under-
stand this structure, an international
group of scientists performed STXM
measurements at Beamline 5.3.2 at
the ALS on blend films of poly(9,9-
dioctylfluorene-co-N-(4-butylphenyl)
diphenylamine) (TFB) and poly(9,9'-
dioctylfluorene-co-benzothiadiazole)
(F8BT). STXM, in conjunction with
the chemical sensitivity of near-edge
x-ray absorption fine-structure (NEX-
AFS) spectroscopy, allows for quanti-
tative determination of submicron
polymer blend composition (Figure 7).

At a lateral resolution of 50 nm,
the researchers mapped three thick-
ness layers (65 nm, 95 nm, and 150
nm) of subsurface chemical structure
(Figure 8). Within the enclosed TFB
domains, there is little lateral varia-
tion in composition (e,h). In the F8BT
region, however, F8BT concentration
near the domain interface is high (d,g),
measuring 90% (although a TFB wet-
ting layer between blend and substrate
indicates this concentration is even
higher). F8BT concentration falls to
60% further from the interface and
into the domain. The domain inter-
face measures 200 nm, but may be
sharper due to additional three-di-
mensional structure. Such a large de-
crease in F8BT concentration is not
caused by the presence of a TFB sur-
face capping layer, since it would be
too thick. These features arise from
variations in bulk intermixing be-
tween F8BT and TFB.

These results will help clarify
nanoscale mechanisms of electrolumi-
nescence in LEDs based on these
blends. Previous studies showed that
injection of electrons from a cathode
is most efficient into an F8BT-rich do-
main near a domain interface not cov-

Science Highlights

53

: : Organic Compounds and Biomolecules —

a b c
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STXM composition maps (5 pm x 5 pm) of F8BT:TFB blend films (left and center). Com-
parative atomic-force microscopy (AFM) surface images (right) reveal micrometer-sized do-
mains in blend films deposited from xylene. Both AFM and STXM show similar coarse domain
sizes, 1 to 5 pm, confirming domain structures are columnar and round. The left column corre-
sponds fo F8BT weight % composition maps; the center to TFB weight % composition maps.

(a), (b), and (c) are of a 64-nm-thick film; (d), (e), and (f) are of a 95-nm-thick film; (g), (h), and
(i) are of @ 150-nm+thick film. The scale bar is 1 pm.

ered by a TFB capping layer. The in-
jection of holes in contrast is facili-
tated by a TFB wetting layer that covers
the entire anode, providing efficient
injection across the plane of the de-
vice. As demonstrated here, however,
the F8BT-rich domain is almost pure
near the domain boundary, thus the
efficient injection of electrons into the
near-domain F8BT-rich region is ac-
companied by efficient charge trans-
port through this almost pure bulk
region of the film. Charge capture is
then facilitated by charge recombina-
tion at either the interface between
the micrometer-sized domains or at
the horizontal interface between the
TFB-rich wetting layer and the nearly

pure near-domain F8BT-rich region.
As injection of electrons and electron
transport are efficient only near the
domain interface, both charge capture
mechanisms could explain why elec-
troluminescence is only observed
near the micrometer-sized domain in-
terface by optical microscopy.
Interfacial enrichment of F8BT,
which facilitates efficient charge
transport, and interface sharpness,
which promotes charge capture and
recombination, help explain the effi-
cient performance of TFB/F8BT-based
LEDs and demonstrate the exciting
potential for this technique to probe
the composition, morphology, and
electronic processes of polymer films.
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B. Watts, L. Thomsen, W.J. Belcher, and P.C. Dastoor
[University of Newcastle, Australia); C.R. McNeill
and N.C. Greenham (University of Cambridge,
U.K.); and A.LD. Kilcoyne (ALS).

C.R. McNeEill, B. Waitts, L. Thomsen, W.J. Belcher,
N.C. Greenham, and P.C. Dastoor, “Nano-scale
quantitative chemical mapping of conjugated poly-

mer blends,” Nano letters 6, 1202 {20006).

U.K. Engineering and Physical Sciences Research
Council, Australian Research Council, and Common-
wealth of Australia.

THE FIRST STEP IN REFORMING METHANE

Hydrogen is responsible for about 75% of the elemental mass in the universe. lronically, finding a cheap and clean way
fo extract hydrogen for bulk energy storage and fransport has been a challenge. Steam reforming of methane is the least
expensive and most commonly used commercial method, although costs are still high. However, there are three pluses to
steam-reforming technology that make it a viable near- and midterm energy solution: because 95% of the hydrogen pro-
duced in the U.S. is made via natural gas reforming in large central plants, a pipeline delivery infrasfructure already exists;
it is one of the most efficient (65%—75%) of the current commercially available production methods; and greenhouse gas
emissions in hydrogenfuel-cell-powered vehicles are lower than in gasoline-powered internal combustion engine vehicles.
Steam reforming also has possibilities as a hydrogen production/distribution technology for fuel-cell-powered vehicles. A
methanol tank and steam reforming unit could replace the bulky pressurized hydrogen tanks presently in use. Ostrém et al.

looked at the first step in steam reforming fo defermine how the chemical bonds changed when methane inferacted with

mefal. Understanding these inferactions could lead to lower costs and greater efficiencies in bulk hydrogen production.

A major challenge for our society is
how to handle the pollution problems
stemming from the use of fossil fuels,
such as climate changes, while at the
same time seeking alternative solu-
tions because of the shrinking avail-
ability of this form of energy. Using
angle-resolved x-ray absorption spec-
troscopy (XAS) at ALS Beamline 8.0.1,
a team of researchers from Sweden
and the U.S. looked at one alternative,
natural gas. This energy source has
been largely unused because of the
high cost of converting its main con-
stituent, gaseous methane, into com-
pounds that are cheaper to handle.
The researchers focused their atten-
tion on steam reforming of methane,

which is presently the least expensive
and most commonly used commercial
method for producing bulk hydrogen
and is used in several important
chemical processes, such as petro-
leum refining and the industrial syn-
thesis of ammonia for fertilizer. It is
also a promising method of fuel pro-
duction for hydrogen fuel cells.
Methane adsorption at single-crys-
tal metal surfaces has often been used
as a well-defined model system to
study this important reaction. To gain
knowledge about methane-metal in-
teractions, the team investigated the
metal-induced changes in the
methane electronic structure. Their
findings demonstrate unexpectedly

large chemical interactions and prepa-
ration for bond cleavage already oc-
curring at low temperatures before
dehydrogenation.

Steam reforming of methane occurs
at high temperatures in the presence
of a metal-based catalyst. The rate-
limiting step is the activated adsorp-
tion that leads to dehydrogenation at
transition-metal surfaces. The indus-
trial process takes place at tempera-
tures of up to 1000 °C and pressures
as high as 25-35 bar, where methane
can be efficiently dehydrogenated.
The challenge is to find effective cat-
alytic pathways that dehydrogenate
methane without leading to the for-
mation of atomic carbon, which poi-



sons the metal catalyst. To accomplish
this, a fundamental understanding of
every step in the process is important.
The researchers focused on the first
step, where the molecule is in a
weakly physisorbed state prior to the
dissociation process that leads to de-
hydrogenation.

The team performed XAS of ad-
sorbed methane at low temperature
and pressure, where no chemical in-
teraction was anticipated. This experi-
ment allowed them to monitor the
electronic structure of the intact mol-
ecule at the metal surface to see how
the chemical bonds changed when the
molecule interacted with the metal.
Mixing of electronic states between
the metal surface and methane mole-
cule was observed, indicating direct
chemical interaction, as well as a bro-
ken molecular symmetry (Figure 9).
With the aid of density functional the-
ory spectrum calculations, the data
were interpreted and a distortion of
the molecular geometry was found.
This distortion consisted of the
stretching of a C-H bond by as much
as 8% of the original bond length. The
interaction with the surface induced a
mixing between bonding and anti-
bonding C-H orbitals, causing a
charge polarization from the hydrogen
to the carbon, which was accompa-
nied by a weakening of the C-H
chemical bond (Figure 10).

No evidence was found of a cova-
lent chemical bond to the metal sur-
face. The electronic interaction was
instead driven by the minimization of
Pauli repulsion to optimize the condi-
tions for van der Waals bonding.
However, the results of this experi-
ment show that the methane mole-
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Angle-dependent XAS spectra of
adsorbed methane. The infensity in the re-
gion between 283 and 286 eV arises as a
consequence of orbital mixing between the
molecule and the metal. The molecular sym-
metry is broken at the surface, leading to the
appearance of the state at 287 eV, which
corresponds fo the symmetry-forbidden low-
est unoccupied molecular orbital of gas-
phase methane.

cule is already interacting chemically
with the surface at low temperature.
The C-H bond, which is already in
the weakly adsorbed state, can be
viewed as a precursor step to the dis-
sociation. The molecule is thereby
prepared for the dehydrogenation that
takes place under catalytic conditions.

H. Ostrom, L-A. Néaslund, and L.G.M. Pettersson
(Stockholm University); H. Ogasawara (SSRL); and
A. Nilsson (SSRL and Stockholm University).

H. Ostrém, H. Ogasawara, L-A. Néaslund, L.G.M.
Pettersson, and A. Nlilsson, “Physisorptioninduced C—
H bond elongation in methane,” Phys. Rev. Leff. 96,
146104 (2006).

Swedish Foundation for Strategic Research, Swedish
Natural Science Research Council, and U.S. DOE BES.
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Top: Computer charge-density dif-
ference plot shows electrons polarized to-
ward the carbon atom. This effect arises as
a consequence of the inferaction with the
metal surface and leads to the weakening of
the C-H bond. Solid lines in the plot denote
electron charge buildup and dashed lines
denote charge depletion. Bottom: Methane
molecules above row of first layer of Pt
atoms. Vertical line shows the cutting plane
of the two-dimensional charge-density differ-
ence plot.
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SUBSTRATE EFFECT ON THE GRYSTALLIZATION AND MELTING
OF POLYETHYLENE THIN FILMS

Low-density polyethylene—a strong, flexible form of plastic composed of linear chains of ethylene (C,H,) molecules—has
a wide range of commercial uses, from shrinkwrap packaging and plastic shopping bags to landfill caps and pond lin-
ers. It is mostly used in film or sheet form because of its tensile strength and impact and puncture resistance. Its behavior
on solid substrates has also been studied for decades because of its uses in adhesive, wearresistant, and lubricant coat-
ings. Recently, the properties of ultrathin (below 100-nm) polymer films in confined geometries have received a great deal
of attention because of potential uses in electronic components where miniaturization is becoming increasingly important.
Designing polymer thin films with specific surface properties requires a detailed understanding of the underlying physical
principles and the ability to control inferfacial inferaction parameters. This requires state-ofthe-art synthesis, characteriza-
fion, and imaging instrumentation capable of observing chemical and morphological variation on the nanometer scale. In
this work, Wang et al. bring to bear a number of tools, including xray microscopy af the ALS, to help explain the falling

melting point of ultrathin polyethylene films on various substrates.

The crystallization of thin polymer
films on solid substrates has been a
topic of intensive interest because
geometric confinement and interfacial
interaction can change the properties
of polymer films in comparison to the
bulk state. Numerous groups have
demonstrated that the rate of crystal-
lization, crystal orientation, and den-
sity of nucleation can be very different
for thin films versus the bulk mate-
rial. A previous study has shown that
thin (less than 100-nm) polyethylene
(PE) films melt at 5-38 °C lower than
the bulk material, depending on film
thickness. Since melting is a well-de-
fined first-order transition and an in-
trinsic property of a material, it is
important to obtain a fundamental
understanding at the molecular level
of the factors that affect this process.

In this work, researchers investi-
gated thin films of linear low- and
medium-density PE. Semicrystalline
PE films, with thicknesses from 160
to 15 nm, were produced by the spin-
casting of solutions of varying polymer
concentrations onto three substrates—
silicon (Si), aluminum (Al), and poly-
imide (PI). Calculated substrate-

N

50 100 pm

25.0 50.0 pm

Scanning probe microscopy images of PE thin films on Si. The crystals are highly or-
dered, with clear spherulitic structure in the thicker film, but with axial structures in the thinner
film. The friction images (insets) indicate that a transition from mainly edge-on to mainly flat-on
lamellar orientation may be occurring with decreasing film thickness.

polymer interfacial energies indicated
that silicon has the greatest degree of
interfacial interactions with PE.

The morphologies of the films were
measured by atomic force microscopy
(Figure 11). On the Si substrate, big
two-dimensional spherulites (crystal
aggregates with radial fibril structure)
were observed in the thicker film
(~160 nm). A detailed scan within the
spherulites revealed well-organized

lamellae (layered scale-like structures)
oriented edge-on. In the thinner film
(~15 nm), axial structures with flat-
on lamellae were observed. For the
films on the Al and PI substrates, the
crystallites were randomly ordered,
and the lamellae were edge-on regard-
less of film thickness.

The films on Si were also measured
using scanning transmission x-ray mi-
croscopy (STXM) at ALS Beamline
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NEXAFS chain-orientation measurements of PE thin films with thicknesses of ~60 nm
(top), and ~25 nm (bottom) from locations as indicated in the inset optical density images.

5.3.2. In this technique, the near-edge
x-ray absorption fine structure (NEX-
AFS) spectra were collected with the
x-ray beam linearly polarized in the
film plane. Because C-H absorption
at 288 eV is maximized for x-ray po-
larization perpendicular to the poly-
mer chain and C-C absorption at
290-295 eV is maximized for polariza-
tion parallel to the chain, the chain
orientation can be determined by
varying the x-ray polarization direc-
tion (Figure 12). For the thicker film,
spectra were taken from two fibrils of
the same spherulite. The results indi-
cated that the chains were oriented
parallel to the substrate and perpendi-
cular to the crystal fibril radiation di-
rection. For the thinner film, spectra
were taken at two spots within the

flat lamellae. Both showed a strong
C-H feature but a weak C-C feature,
indicating that the chains were ori-
ented perpendicular to the film plane.
Finally, the melting temperature
(T,,) of the films was measured with
shear modulus force microscopy. The
results (Figure 13) demonstrated a de-
pression in T, for the films on Si
below a certain critical thickness, and
the largest depression was ~38 °C.
For the films on Al or PI, T, depres-
sion was also observed, but with a
much more gradual tendency (22 °C
for films on Al and 12 °C for films on
PI). Given the greater degree of Si-PE
interfacial interactions, it would seem
that the substrate attraction force
tends to break the order of the chains
in the crystalline state by randomly
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Shear modulus force microscopy
curves for PE films with thicknesses below 20
nm on Si, Al, and Pl substrates. The tempera-
ture at which the amplitude increases
abruptly is the melting temperature.

adsorbing and pinning the chains.
This reduces the free energy of the
system, ultimately leading to a lower
melting temperature.

In summary, this study showed
how substrate interaction plays a cru-
cial role in affecting the morphology;,
chain orientation, and melting tem-
perature of polymer thin films, shed-
ding light on our ability to control
interfacial properties such as strength,
adhesion, and thermal stability. The
results will be useful in predicting the
properties of polymers on substrates
with known surface energies and in
properly choosing the right substrates
for prospective applications.

Y. Wang, M. Rafailovich, J. Sokolov, and D. Ger-
sappe (Stony Brook University); T. Araki, Y. Zou, and
H. Ade (North Carolina State University); A.L.D. Kil
coyne [ALS); Gad Marom (The Hebrew University of
Jerusalem); and Arnold Lustiger [ExxonMobil Research
and Engineering Company).

Y. Wang, M. Rafailovich, J. Sokolov, D. Gersappe,
T. Araki, Y. Zou, A.D.L. Kilcoyne, H. Ade, G.
Marom, and A. Lustiger, “Substrate effect on the melt-
ing temperature of thin polyethylene films,” Phys. Rev.
lett. 96, 028303 (20006).

National Science Foundation and U.S. DOE BES.
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STRUGTURE AND RECEPTOR SPECIFIGITY OF AN

AVIAN FLU ANTIGEN

The H5N1 avian influenza virus, commonly called “bird flu,” is a highly contagious and deadly pathogen in pouliry.
Since late 2003, H5N 1 has reached epizootic levels in domestic fowl in a number of Asian countries, including China,
Vietnam, Thailand, Korea, Indonesia, Jopan, and Cambodia, and has now spread to wild bird populations. More re-
cently, the HSN1 virus has spread fo bird populations across much of Europe and into Africa. Although its spread to the
human population has so far been limited, it has a high mortality rate, accounting for 191 deaths out of 315 documented
severe cases (as of June 25, 2007, according to the World Health Organization). In this work, Stevens et al. analyze the
structure of the hemagglutinin (HA) from a highly pathogenic Vietnamese H5N1 influenza virus. HA, the principal antigen
on the viral surface, is the primary farget for neutralizing antibodies and is responsible for viral binding fo host receptors,

enabling the virus fo enfer the host cell. As such, the HA is an important target for both drug and vaccine development.

To date, the H5N1 influenza
viruses, which are currently circulat-
ing in domestic and wild birds on
three continents, have only a limited
ability to infect humans. However,
with continued outbreaks of the virus
in poultry and wild birds, the poten-
tial for the emergence of a human-
adapted H5 virus, either by
reassortment (the mixing of genetic
material from similar viruses) or mu-
tation, is seen as a major threat to
public health worldwide. Of the three
influenza pandemics of the last cen-
tury, the 1957 (H2N2) and 1968
(H3N2) pandemic viruses were avian-
human reassortments in which three
and two of the eight avian gene seg-
ments, respectively, were reassorted
into an already circulating, human-

adapted virus. The origin of the genes
of the 1918 influenza virus (H1N1),
which killed about 50 million people
worldwide, is unknown.

Although a number of viral factors
can determine the host range restric-
tion and pathogenicity of influenza A
viruses, recent evidence suggests that
HA, the principal antigen on the viral
surface, is a critical factor for efficient
human-to-human transmission. The HA
homotrimer is responsible for viral
binding to host receptors containing
glycans (complex sugar chains) termi-
nated by sialic acids; avian viruses
preferentially bind to sugar receptors
with sialic acid in an a2-3 linkage,
whereas human-adapted viruses pre-
fer sialic acids in an a2-6 linkage.

The researchers utilized a number

of technologies to study the structure-
function relationship of an HA from a
highly pathogenic H5N1 influenza virus,
A/Vietnam/1203/2004 (Viet04). Func-
tional HA trimers were produced in a
baculovirus expression system, elimi-
nating the difficulty and hazard of ex-
tracting the HA from live influenza
viruses. Three hundred and eighty-
four crystallization conditions were
tested using less than 6 pL of protein
material. The most promising condi-
tion based on crystal quality was
translated to sitting drop conditions,
and subsequent optimization of these
conditions yielded diffraction-quality
crystals. The Viet04 HA structure was
then solved by molecular replacement
to 2.95-A resolution from data col-
lected at ALS Beamline 8.2.2 (Figure 1).



The resulting Viet04 HA trimer
structure is very similar to other
avian, human, and swine HAs, with a
globular head containing the receptor
binding domain and a vestigial es-
terase domain, and a membrane prox-
imal domain with its distinctive,
central alpha-helical stalk and
HA1/HA2 cleavage site. Comparison
of human, avian, and swine HA struc-
tures revealed that the Viet04 HA is
more closely related to human 1918
H1 HA than to the other HA struc-
tures, including a related 1997 duck
H5 HA (A/Duck/Singapore/3/1997).

The same HA protein can also be
used to analyze HA receptor speci-
ficity using a recently described tech-
nique involving a glycan microarray—
a glass slide imprinted with hundreds
of different glycan chains to systemat-
ically analyze their binding proper-
ties. Glycan microarray analysis of
Viet04 HA revealed a preference for
binding to avian a2-3 sialic acid re-
ceptors (Figure 2, top). The introduc-
tion of mutations that can convert H1
serotype HAs to human a2-6 receptor
specificity only enhanced or reduced
affinity for avian-type receptors. How-
ever, the introduction of mutations at
positions 226 and 228, which are
known to convert avian H2 and H3
HAs to human receptor specificity,
permitted binding to natural human
biantennary a2-6 glycans (Figure 2,
bottom).

Thus, these mutations on the H5
HA not only reduced avidity to avian

Receptor Binding Site

Ribbon diagram of the Viet04
trimer. The three monomers are colored blue,
green, and gray. The receptor binding site
on one monomer is highlighted.

sialosides, they increased specificity
for human 02-6-linked biantennary
N-linked glycans, which could serve
as receptors on lung epithelial cells.
These combined effects could allow
the Viet04 virus to escape entrapment
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Top: Glycan microarray analysis of
the wild-type VietO4 reveals avian prefer-
ence. Bottom: Mutations at positions 226
and 228 result in a reduction in preference
for avian receptor analogs and an increase
in human biantennary glycans.

by mucins in the lungs and increase
binding to susceptible human epithe-
lial cells. These mutations therefore
provide only one possible route by
which H5 viruses could gain a
foothold in the human population,
but other mutations are likely re-
quired to facilitate the complete
switch in receptor specificity that ap-
pears to be critical for human-to-
human transmission.
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J. Stevens, O. Blixt, J.C. Paulson, and I.A. Wilson
[The Scripps Research Insfitute); T.M. Tumpey (Centers
for Disease Control and Prevention); and J.K. Tauben-
berger (Armed Forces Institute of Pathology).

J. Stevens, O. Blixt, TM. Tumpey, J.K. Taubenberger,
J.C. Paulson, and I.A. Wilson, “Structure and recep-
tor specificity of the hemagglutinin from an H5N1 in-
fluenza virus,” Science 312, 404 (2006).

National Institutes of Health and Skaggs Institute for
Chemical Biology.

STRUCTURE OF THE GOMPLETE 70S RIBOSOME AT

3.7-A RESOLUTION

The ribosome is the largest asymmetric macromolecular complex for which an atomic structure has been determined. The

first all-atom structure of a ribosome was obtained by Cate and co-workers in 2005, using ALS data, for two different

conformations of vacant Escherichia coli 70S ribosomes at 3.5-A resolution. Comparison of the 3.7-A structure of the

RNA-containing 70S ribosome complex with that of the vacant ribosome provides insight into the structural changes that

occur upon binding iRNA. This has an important bearing on our understanding of the structural dynamics of the ribosome

and RNA during protein synthesis. Besides providing a sound structural foundation for attempting to understand the molec-

ular mechanisms of protein synthesis, the new sfructure of a functional ribosome complex, together with other structures of

70S ribosomes and ribosomal subunits, can be used to understand the molecular basis of action of the many antibiotics

that target bacterial ribosomes, leading fo rational design of novel antibiotics.

Ribosomes are RNA-based protein
factories found in all living cells, re-
sponsible for translating the genetic
information encoded in messenger
RNA (mRNA) into proteins. The first
x-ray structures of the complete 70S
ribosome were determined in 1999 at
7.8 A and in 2001 at 5.5 A, using dif-
fraction data collected at ALS Beam-
line 5.0.2. These structures showed
how the ribosomal RNA and the more
than 50 ribosomal proteins are organ-
ized to form the structure of the com-
plete ribosome and the positions of
the mRNA and transfer RNAs (tRNAs)
in the ribosome. Now, using data col-
lected at ALS Beamline 12.3.1, re-
searchers from UC Santa Cruz have
solved the structure of a Thermus ther-

X-ray crystal structure of a 70S ribosome functional complex at 3.7-A resolution. The
complex contains a defined mRNA (green) and two fRNAs, bound to the P and E sites (orange
and red) at the subunit interface. (a) The 30S subunit is shown on the left (16S rRNA in cyan,
30S proteins in dark blue) and the 50S subunit is on the right (23S rRNA in gray, 5S rRNA in
gray-blue, and 50S proteins in magenta). (b) The 30S subunit. (c) The 50S subunit.

mophilus 70S ribosome functional
complex at 3.7-A resolution (Figure 3).
Because of the large cell dimensions

of ribosome crystals, they diffract
weakly, and spots are crowded close
together in the diffraction patterns.
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Interactions of the anticodon stem loop of elongator tRNAPhe (orange) and mRNA
(green) with 16S rRNA (cyan) and small-subunit proteins (blue) in the 30S subunit P site.

Consequently, the high-flux beams,
sensitive large-area detectors, and
well-focused, compact beam cross
sections available at the ALS all
played a crucial role in this work. Re-
search in this area may lead to novel
antibiotics targeting bacterial ribo-
somes that have developed resistance
to current drugs.

The improved structure resolution
allows construction of the first all-
atom model of a ribosome functional
complex containing its mRNA and
tRNA substrates. This provided two
kinds of information crucial to the un-
derstanding of the protein synthesis
mechanism: (1) details of molecular
interactions between the ribosome
and its substrate RNAs, and (2) ways
in which the structures of both the ri-
bosome and the tRNAs are altered by
their functional interactions.

During protein synthesis, the ge-

netic code is used to translate the se-
quence of nucleotides in an mRNA
into the sequence of amino acids in
the protein. Groups of three nu-
cleotides (codons) in the mRNA are
read by base pairing with a comple-
mentary three-nucleotide sequence of
nucleotides (anticodon) in the tRNAs,
which carry the growing protein
chain during synthesis. There are
three binding sites for tRNA in the ri-
bosome, called the A (aminoacyl), P
(peptidyl) and E (exit) sites. In the
crystals that were used for the struc-
ture determination, tRNAP was
bound to the P site and noncognate
endogenous tRNA to the E site of the
ribosome in addition to a 10-nu-
cleotide mRNA fragment. The tRNA
is bound most tightly to the ribosomal
P site, which is responsible for main-
taining the translational reading
frame of the mRNA and for holding
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Structural changes in the peptidyl
transferase center. View of the T. ther-
mophilus 70S ribosomal complex containing
deacylated tfRNA bound to the P site (blue)
compared with the H. marismortui 50S sub-
unit model complex (magenta).

the growing protein chain in the ribo-
some via the peptidyl-tRNA. The
structure reveals a high density of
contacts between the tRNA and ribo-
somal RNA bases and backbone, as
well as ribosomal proteins, explaining
the high affinity of the P site for
tRNA (Figure 4). Catalysis of peptide
bond formation takes place on the 50S
subunit by a ribosomal activity called
peptidyl transferase. In the new struc-
ture, an intriguing structural re-
arrangement is observed in the
peptidyl transferase center (Figure 5).
In the course of protein synthesis,
tRNAs move through the ribosome,
coupled to movement of mRNA like
an assembly line, in a process called
translocation. Translocation of tRNA
from the P to the E site is crucial for
the energetics of this process, and re-
quires that the terminal nucleotide
A76 of tRNA is deacylated—i.e., no
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E-site tRNA interactions. (a) Interaction of the elbow of E-site tRNA (red) with 23S rRNA (blue) in the L1 stalk region, showing the large-
scale displacement of the stalk relative fo its position in the vacant ribosome, induced by tRNA binding. The blue arrow indicates the extreme
compression of the major groove of helix 76 of 23S rRNA that accompanies this movement. (b) Interactions of the CCA tail of E-site tRNA with

the large subunit.

longer contains a bound protein
chain, which is its chemical state fol-
lowing peptide bond formation. The
new structure explains this require-
ment, showing that binding of tRNA
to the E site requires hydrogen bond-
ing between the ribose moiety of A76
and C2394 of 23S rRNA (Figure 6);
the presence of a peptidyl, aminoacyl,

or even a methyl group bound to the
terminal ribose would thus prevent
these interactions.

Future ribosome structure studies
that include functional states may
eventually lead to an atomic-resolu-
tion three-dimensional "movie”"—the
ultimate description of the molecular
mechanism of protein synthesis.

A. Korostelev, S. Trakhanov, M. Laurberg, and H.F.
Noller (UC Santa Cruz).

A. Korostelev, S. Trakhanov, M. Laurberg, and H.F.
Noller, “Crystal structure of a 70S ribosome4RNA
complex reveals functional interactions and rearrange-

ments,” Cell 126, 1065 (2006).

National Insfitutes of Health and Agouron Insfitute.
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ROLE OF THE TRIGGER LOOP IN TRANSCRIPTION

Every cell of the human body contains the same DNA. The variation in cell types—such as blood, nerve, and liver cells—
comes from the selection of genes chosen fo be copied by RNA polymerase from DNA into messenger RNA. This tran-
scription process is the first step and the primary control point in gene expression, and the central enzyme involved in this

process for eukaryotic cells—such as human cells—is RNA polymerase Il (pol ll). The structure of the 12-subunit pol Il pro-

fein complex and its role in franscription regulation is the key to understanding the information flow from gene to protein.

A pol Il molecule slides along a DNA molecule, splitting the DNA helix as it goes, then synthesizes a complementary

strand of RNA and checks the accuracy of the copied information. Pol Il is capable of retracing its steps if it comes across

damaged DNA. The basis for this highly accurate transcription lies in a sfructure called the trigger loop, which selects the

correct RNA building blocks and places them in the right spot on the growing RNA strand, triggering a catalytic reaction.

If the process goes well, healthy cell growth and differentiation is the result.

Protein crystallography studies at
the ALS have helped researchers from
the Stanford University School of
Medicine identify how the RNA poly-
merase II (pol II) enzyme discrimi-
nates among potential RNA building
blocks to ensure an accurate tran-
scription process for turning DNA's
genetic blueprint into working pro-
teins. Pol II is the protein complex re-
sponsible for all messenger RNA
production in eukaryotic cells, but the
mechanism by which this enzyme
chooses specific nucleotides and cat-
alyzes the reaction that builds them
into a growing RNA strand has not
been understood until now. Working
at the ALS Macromolecular Crystal-
lography Facility (Beamlines 5.0.2 and
8.2.2), and SSRL (Beamlines 9-2 and
11-1), this team determined the struc-
ture and function of a trigger-loop
mechanism in the pol II enzyme that
couples nucleoside triphosphate
(NTP) recognition and catalysis to en-
sure accurate transcription.

The fundamental mechanism of
transcription is conserved among cel-
lular RNA polymerases. Common fea-
tures include an unwound region, or
"transcription bubble,” of about 15
base pairs of the DNA template and
some eight residues of the RNA tran-
script hybridized with the DNA in the

center of this bubble. Pol II is capable
of both forward and backward move-
ment on the DNA. Forward move-
ment is favored by the binding of
substrate—NTPs, in this case—while
backtracking occurs when the en-
zyme encounters an impediment,
such as damaged DNA. All NTPs can
bind the entry (E) site of pol II,
whereas only an NTP properly
matched to the DNA template can
enter the addition (A) site and be
added to the growing RNA chain.
The mechanism by which the cor-
rectly matched and positioned NTP is
recognized and leads to catalysis re-
mained unanswered by previous stud-
ies. The energies of base pairing and
stacking are insufficient for base se-
lectivity, and the question arose as to
why transient occupation of the A site
by either incorrect NTP or 2'-dNTP
substrates does not lead to erroneous
RNA synthesis. Genetic and biochem-
ical studies have implicated two con-
served polymerase domains, termed F
and G, in the transcription mecha-
nism. Protein x-ray crystallography
studies have identified these two do-
mains with elements adjacent to the
polymerase active site, now termed
the bridge helix (F) and trigger loop
(G). In the x-ray structures of tran-
scribing complexes, however, no con-

RNA Template
DNA

L1081

R1020

Trigger Loop
H1085

R766

K752

The pol Il trigger loop is a mobile
element, allowing entry of NTP info the E
and A sites and sealing off the A site in the
conformation reported here. When base,
sugar, and phosphates are all correct, a his-
tidine residue of the trigger loop is aligned
with the B-phosphate, facilitating nucle-
ophilic attack by the RNA 3-OH and phos-
phodiester bond formation. In this way, the
trigger loop couples nucleotide selection to
catalysis, reading out not only the chemical
nature of the NTP but also the parameters of

the DNA-RNA hybrid helix in the A site.

tact of these structural elements with
NTP in the A or E sites has been ob-
served. The present work describes a
series of pol II transcribing complex
structures that reveal such contacts
and suggest the roles of these do-
mains in the transcription mechanism
(Figure 7).
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Two further features of trigger-loop
interaction may be crucial for tran-
scription. First, the contact of His1085
with the NTP B-phosphate may be
key to catalysis. Second, trigger-loop
interaction with NTP in the A site is
evidently poised on the verge of sta-
bility, since the interaction could only
be detected with improved data qual-
ity and analysis. If any feature of the
NTP or its location is incorrect, the
interaction will be lost.

The trigger loop may therefore cou-
ple nucleotide recognition to catalysis.
In the presence of matched ribosomal

NTP in the A site, it will swing into
position and literally “trigger” phos-
phodiester bond formation. An incor-
rect NTP in the A site will not
support trigger-loop interaction and so
is unlikely to undergo catalysis. When
reaction with a correct NTP does
occur, the release of pyrophosphate
disrupts contact with His1085, likely
destabilizing trigger-loop interaction
and freeing the DNA-RNA hybrid for
translocation. Movement of the trig-
ger loop, coupled to that of the bridge
helix, may contribute to the transloca-
tion process.

D. Wang, D.A. Bushnell, K.D. Westover, C.D. Ka-
plan, and R.D. Kornberg (Stanford University).

D. Wang, D.A. Bushnell, K.D. Westover, C.D. Ka-
plan, and R.D. Kornberg, “Structural basis of tran-
scription: Role of the trigger loop in substrate
specificity and catalysis,” Cell 127, 941 (20006).

National Institutes of Health.

THE INITIATION OF BACTERIAL DNA REPLICATION

Billions of years ago, there were no plants, animals, or bacteria, just a “soup” of small free-floating molecules. The famous
1953 experiment by Miller and Urey, in which they made amino acids by applying sparks to hydrogen, methane, ammo-
nia, and water, led fo this “primordial soup” theory of life. Small molecules eventually came together and formed complex
molecules. Eventually the first cell was formed. It is uncertain how that first cellular life form came info being. However, af
the beginning was replication. And recently, scientists identified one of the first fools of replication, a helical substructure
within a superfamily of proteins called AAA+, which spans all three domains of life—Archaea, Bacteria, and Eukarya.
Studies of the bacteria Aquifex aeolicus and Escherichia coli, Drosophila melanogaster (the fruit fly), and earlier research
identifying AAA+ proteins in archaeal organisms indicate that DNA replication is highly conserved, i.e, it comes from the
last common ancestor of all extant life. Understanding replication in simpler life forms will help us understand such mecha-
nisms in higher life forms. It may also help us understand how these mechanisms have been conserved and bring us
closer to pinpointing how cells” ability to duplicate their genomes came into being.

ATP binds with DnaA, causing it to
change from a monomer to a large
oligomeric complex consisting of
DnaA monomers bound to a series of
DnaA "boxes” (9-base-pair sequences).
Although this DnaA-DnaA-box inter-
action is highly conserved in all bacte-
ria, the mechanism by which ATP
activates DnaA oligomerization has
been poorly understood. However,
UC Berkeley researchers using ALS
Beamline 8.3.1 have determined the
structure of ATP-bound DnaA from

will wrap coils of the DNA around its
exterior, causing the DNA double
helix to deform as a first step in the
separation and unwinding of its
strands. Eukaryotic and archaeal ini-
tiators also have the structural ele-
ments that promote open-helix
formation, indicating that a spiral,
open-ring AAA + assembly is a con-
served element from a common evo-
lutionary ancestor of Archaea,
Bacteria, and Eukarya.

At the beginning of replication,

For the first time, scientists have
determined the structure of the initia-
tor of bacterial DNA replication. It is
already known that such replication is
controlled by a protein known as
DnaA, a member of the AAA + super-
family of ATPases. What has now
been discovered is that the core of the
initiator is not the closed-ring struc-
ture expected for this system. Instead,
DnaA forms an open right-handed
helix. In addition, the architecture in-
dicates that this AAA + superhelix
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Structure of ATP-DnaA, which forms a righthanded helical filament with 81 symmetry. (a) Overlay of the four DnaA monomers in the
asymmetric unit. The AAA+ module is colored green and red (domains IllA and IlIB, respectively); domain IV, the DNA-binding element, is yel-
low. The ATP analog AMP-PCP is shown as black sticks. The helix-turn-helix (HTH) motif in domain IV and the N and C termini are labeled. Axial
(b) and side (c) views of four symmetry-related DnaA tetramers are shown. Monomers are colored by domain as in (a).

the bacterium Aquifex aeolicus. Using
data collected from a single crystal,
they assembled a high-resolution
model of an ATP-bound DnaA mole-
cule (Figure 8) using an ATP analog
(AMP-PCP). Each asymmetric unit
contains four structurally similar
DnaA molecules arranged in a head-
to-tail manner.

Several important pieces of infor-
mation came out of this study. First,
by comparing the ATP-DnaA binding

pocket to those of other AAA + as-
semblies, it was determined that the
ATP-DnaA active site is in a closed
configuration, which allows it to bind
nucleotides using conserved residues
from neighboring AAA + protomers.
The precise geometry of these con-
tacts depends on the subunit arrange-
ment arising from the ATP-DnaA
spiral, strongly supporting the physio-
logical relevance of the helical fila-
ment architecture.

The researchers also discovered
that a V-shaped a-helical steric wedge
protrudes away from the core AAA +
fold and reorients the AAA + inter-
face, preventing a flat-ring assembly
(Figure 9). This establishes the unique
DnaA superhelix. While the steric
wedge directs this helical architec-
ture, an ATP-specific conformational
change within the AAA + domain ac-
commodates and stabilizes subunit-
subunit interactions necessary to



66

Science Highlights : : Structural Biology

a b
ATP-DnaA Axis NSF Axis ATP-DnaA Axis

ATP-DnaA NSF

NSF Axis

The initiator helical insert drives filament formation. Comparison of ATP-DnaA helix
with a classic AAA+ protein such as NSF, which is a closed-ring assembly, reveals a novel

AAA+ assembly mode. The central symmetry axes of each assembly are depicted as rods. He-

lices a3 and a4 of DnaA (a) form a V-shaped steric wedge that blocks assembly of DnaA do-

mains into a closed, planar array like NSF (b).

a b
DnaA
Signature
Sequence

C d

E coli A. aeolicus
« €« 5> € > « e R
DUE DnaA Boxes DUE

The DnaA filament in the context of the nucleoprotein complex. (a) DNA engagement by
oligomerized DnaA requires a rotation of the DNA-binding domain (yellow) about the hinge at
the base of the connector helix from its position in the filament (gray). DNA is modeled onfo domain

DnaA Boxes

IV. (b) The outward rotation orients DNA on the outside of the helical assembly, as predicted
from electron microscope (EM) and DNA-protection studies. (c,d) Modulation of filament size
enables the engagement of origins of different lengths with highly diverse numbers of DnaA boxes

(shown in red; orientations indicated by arrows), exemplified by the E. coli and A. aeolicus origins.

support oligomer formation at replica-
tion origins. This rearrangement ad-
justs for internal incompatibility and
is crucial for filament creation.

The mechanism that allows DnaA
to render an origin competent for
replisome activity is the linker helix
in domain IV of ATP-DnaA (Figure
10). This helix is bent at a =40° angle,
and the ATPase and DNA binding do-
mains of DnaA are tethered but con-
formationally uncoupled, allowing the
origin DNA to wrap around the out-
side of a DnaA core (consistent with
previous E. coli modeling studies).

Understanding replisome initiation
allows us to start answering some
long-held questions and start asking
some new ones. Although the DnaA-
DnaA-box interaction is highly con-
served in all bacteria, the origins of
different bacteria vary greatly. How
does a conserved initiator protein ac-
commodate this origin heterogeneity?
A filamentous DnaA assembly pro-
vides a ready mechanism, as it could
grow or shrink at either end depend-
ing on the size and organization of the
origin.

The structural similarities of AAA +
in archaeal, eukaryotic, and bacterial
initiators further suggest these pro-
teins share substantial mechanistic
properties. A recent classification of
AAA + proteins reveals that all initia-
tors share a specific helical insert in
their ATPase cores. We must then ask,
do the AAA + domains of archaeal
and eukaryotic initiators assemble in
a manner similar to that of bacterial
ATP-DnaA? Recent EM reconstruc-
tions of the Drosophila melanogaster
origin recognition complex reveal a
helical feature within the initiator
that accommodates a five-subunit,
DnaA-like AAA + assembly. This find-
ing indicates that the DnaA oligomer
is a useful model to further our un-
derstanding of higher-order initiator
architecture and function.
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G. Harold and Leila Y. Mathers Charitable Founda-
tion and National Institutes of Health.

J.P. Erzberger and M.L. Mot (UC Berkeley) and J.M.
Berger (UC Berkeley and Berkeley Lab).

J.P. Erzberger, M.L. Mott, and J.M. Berger “Structural
basis for ATP-dependent DnaA assembly and replica-
tion-origin remodeling,” Nat. Struct. Mol. Biol. 13,
676 (2006).

FIRST MOLEGULAR MODEL OF THE EGFR TYROSINE
KINASE DOMAIN

Overactivation of epidermal growth factor receptors (EGFRs| is implicated in several forms of cancer, and EGFR inhibitors
are becoming a powerful treatment option. They have been approved in the U.S. and other countries for freatment of ad-
vanced non-small-cell lung cancer after failure of chemotherapy. Two such options inhibit EGFR tyrosine kinase activity by

competing with ATP for the ATP-binding site. Lapatinib, a broader-spectrum inhibitor, targets two EFGR family members,
known for their roles in lung and breast cancer. Determining more precisely how EGFR works will lead to the design of
better inhibitors. Researchers using information obtained from the ALS discovered that EGFR maintains itself in the “off”

state. When a receptor is activated, it pairs up with another receptor—symmetrically, and nothing happens; asymmetri-

cally, and one “pushes” an activation site in the other, sending signals that lead to cell growth. The researchers discov-

ered that if initial EGFR activation is by specialized extracellular ligands, growth can proceed normally. However, if a

mutation frequently found in lung cancer patients overactivates EGFR, it gets stuck in the “on” position. Their molecular

model will help researchers design new approaches that block activation sites, shutting down overexpressed EGFRs and

stopping rampant cell division.

Communication between individ-
ual cells is critical for the develop-
ment and well-being of multicellular
organisms. Intercellular communica-
tion in animals relies on antenna-like
receptor molecules present on the cell
surface. Small protein molecules spe-
cialized for signaling, such as insulin
and growth hormone, are produced
by one cell, then engage receptors on
another cell and affect that cell’s be-
havior through a process called signal
transduction. The EGFR is one such
receptor and is key in activating cell
growth. It consists of an extracellular
ligand-binding region, a single trans-
membrane segment, and an intracel-
lular tyrosine kinase domain (EGFR's
catalytic center). For the first time, a
group of researchers using the tools of

the ALS have constructed a detailed
molecular model of this catalytic center.
When EGFR is activated by extra-
cellular protein ligands, members of
the EGFR family pair up (dimerize),
which in turn activates the intracellu-
lar kinase domain. Activated EGFR
phosphorylates several tyrosine
residues in its C-terminal tail, trigger-
ing a series of downstream signaling
events. Such signals play critical roles
in regulating many important cellular
functions. However, uncontrolled acti-
vation of EGFR by mutation or over-
expression is associated with a variety
of human cancers. To date, more than
ten cancer drugs targeted to EGFR are
being tested or are in clinical use.
However, despite extensive studies,
how the EGFR kinase domain is kept

inactive prior to ligand engagement
and how it is activated upon ligand-in-
duced dimerization remained un-
known.

Using diffraction data collected at
ALS Beamlines 8.2.2, 8.3.1, and
12.3.1, a multi-institutional team
(from Berkeley Lab, Howard Hughes
Medical Institute, Johns Hopkins, and
Northern Illinois University) has an-
swered these questions by providing a
detailed molecular structure of the
EGFR switches at the kinase domain
level. Their results show that the ki-
nase domain is monomeric and pos-
sesses a low basal activity in solution.
Increasing the local concentration by
tethering the domain onto lipid vesi-
cles results in a ~15-fold increase of
kinase activity. A mutation (L834R)
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frequently found in human lung can-
cer increases the kinase activity by
~20-fold. These results establish that
the EGFR kinase domain is autoinhib-
ited (self-restrained), and that autoin-
hibition can be released by either
ligand-induced dimerization or the
L834R mutation.

Two crystal forms of the EGFR Kki-
nase domain had already been deter-
mined—the active conformation by
researchers at Genentech and the in-
active (complexed with lapatinib, a ki-
nase inhibitor) by researchers at
GlaxoSmithKline (Figure 11). The re-
search team solved two crystal struc-
tures of the kinase domain, both
having an active conformation identi-
cal to that seen in the Genentech ac-
tive crystal structure. The fact that
the kinase domain is inactive in solu-
tion but active in the crystallized form
(except in the presence of lapatinib)
suggests that the high concentration
of kinase in the crystals mimics the
high local concentration in dimerized
receptors, leading to the formation of
an activated dimer in the crystal lat-
tice. The lapatinib-bound structure is
likely to be trapped in an inactive
conformation because lapatinib is in-

Comparison of the inactive and active conformations of the EGFR kinase domain.

Comparison of the asymmetric dimer and the CDK2-cyclinA complex.

A general model of the activation mechanism for the EGFR family receptor tyrosine kinases. All the members in the family can act as
the cyclin-like activator for the kinase-active members (EGFR, ErbB2, and ErbB4) after the EGF ligand induces homo- or heterodimerization.



compatible with the active conforma-
tion.

The research team identified two
prominent intermolecular interactions
in the crystal lattice associated with
the active conformation—one corre-
sponding to a symmetric dimer, the
other to an asymmetric one. Extensive
mutational analysis showed that the
symmetric dimer is not relevant to
EGFR activation. However, in the
asymmetric dimer, the bottom of one
kinase domain docks onto the top of
the other, stabilizing the active confor-
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mation of the kinase domain (Figure
12). This activation mechanism
strongly resembles cyclin, a well-un-
derstood signaling switch, which acti-
vates the protein kinase function in
cyclin-dependent kinase (CDK), a cell-
cycle regulator. The EGFR activation
mechanism discovered here has one
receptor molecule acting as the “cy-
clin” for the other (Figure 13). One
important consequence of this work is
that it provides a potential route for
the inhibition of EGFR by blocking
the cyclin-like interfacial region.

FIRST DETAILED LOOK AT RNA DICER

RNA inferference is an ancient genetic process in which targefed genes—blueprints for producing cerfain profeins—can

X. Zhang and J. Gureasko (UC Berkeley and Howard
Hughes Medical Insfitute), L. Shen and P.A. Cole
(Johns Hopkins University), and J. Kuriyan (UC Berke-
ley, Howard Hughes Medical Insfitute, and Berkeley
Lab).

X. Zhang, J. Gureasko, K. Shen, PA. Cole, and J.
Kuriyan, “An allosteric mechanism for activation of the
kinase domain of epidermal growth factor receptor,”

Cell 125, 1137 (2000).

National Institutes of Health.

be “turned off.” It is therefore a necessary step in many fundamental biological events, including genome rearrangement,

stem-ell differentiation, brain development, and viral defense. The ability fo control gene expression with flexibility and

precision is a highly sought-after goal: by observing the effects of switching off a particular gene, scientists can infer the

gene's function. Such basic knowledge is invaluable in itself, but can also be put to practical use in treating diseases such

as cancer or improving the pestresistance of agricultural crops. The Dicer enzyme is known fo play a key role in RNA in-

ferference, but the details of how it functions have remained unclear. The Dicer structure solved by MacRae et al. not only

provides an explanation of how the enzyme measures out lengths of RNA for slicing, it also suggests the possibility of tai-

loring those lengths as desired.

Scientists have gotten their first de-
tailed look at the molecular structure
of an enzyme that Nature has been
using for eons to help silence un-
wanted genetic messages. A team of
researchers with Berkeley Lab and
UC Berkeley used x-ray crystallogra-
phy at ALS Beamlines 8.2.1 and 8.2.2
to determine the crystal structure of
Dicer, an enzyme that plays a critical
role in a process known as RNA inter-
ference. The Dicer enzyme is able to
snip a double-stranded form of RNA
into segments that can attach them-

selves to genes and block their activ-
ity. With this crystal structure, the re-
searchers learned that Dicer serves as
a molecular ruler, with a clamp at one
end and a cleaver at the other end a
set distance away, that produces RNA
fragments of an ideal size for gene-si-
lencing.

RNA-—ribonucleic acid—has long
been known as a multipurpose biolog-
ical workhorse, responsible for carry-
ing DNA's genetic messages out from
the nucleus of a living cell and using
those messages to make specific pro-

teins in a cell’s cytoplasm. In 1998,
however, scientists discovered that
RNA can also block the synthesis of
proteins from some of those genetic
messages. This gene-silencing process
is called RNA interference and it
starts when a double-stranded seg-
ment of RNA (dsRNA) encounters the
enzyme Dicer.

Dicer cleaves dsRNA into smaller
fragments called short interfering
RNAs (siRNAs) and microRNAs
(miRNAs). Dicer then helps load these
fragments into a large multiprotein
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Front view of a ribbon representation of Dicer. The enzyme resembles an axe with
the RNA clamp at the handle (the PAZ domain) and the cleaver at the blade (RNase llla and

lllb). A flat connector area measuring 65 A is the ruler portion that is used to measure out seg-

ments of 25 nucleotides (bases) in length. A segment of double-stranded RNA (blue) is shown
passing through the Dicer enzyme.

complex called RISC, for RNA-in-
duced silencing complex. RISC can
seek out and capture messenger RNA
(mRNA) molecules (the RNA that en-
codes the message of a gene) with a
base sequence complementary to that
of its siRNA or miRNA. This serves to
either destroy the genetic message
carried by the mRNA outright or else
block the subsequent synthesis of a
protein.

Until now, it has not been known
how Dicer is able to recognize dsRNA
and cleave those molecules into prod-
ucts with lengths that are exactly
what is needed to silence specific
genes. The Berkeley researchers were
able to purify and crystallize a Dicer
enzyme from Giardia intestinalis, a
one-celled microscopic parasite that
can infect the intestines of humans
and animals. This Dicer enzyme in
Giardia is identical to the core of a
Dicer enzyme in higher eukaryotes,
including humans, that cleaves
dsRNA into lengths of about 25 bases.

In this work, the researchers de-
scribe a front view of the structure as
looking like an axe (Figure 14). On the
handle end there is a domain that is
known to bind to small RNA prod-
ucts, and on the blade end there is a
domain that is able to cleave RNA.
Between the clamp and the cleaver is
a flat-surfaced region that carries a
positive electrical charge. The re-
searchers propose that this flat region
binds to the negatively charged
dsRNA like biological Velcro, enabling
Dicer to measure out and snip speci-
fied lengths of siRNA. When you put
the clamp, the flat area, and the
cleaver together, you get a pretty good
idea as to how Dicer works. The re-
search team is now using this struc-
tural model to design experiments
that might reveal what triggers Dicer
into action.

In addition, one size does not fit all
for Dicer: different forms of the Dicer
enzyme are known to produce differ-



ent lengths of siRNA, ranging from 21
to 30 base pairs in length or longer.
Having identified the flat-surfaced
positively charged region in Dicer as
the "ruler” portion of the enzyme, the
researchers speculate that it may be
possible to alter the length of a long
connector helix within this domain to
change the lengths of the resulting
siRNA products. The researchers

would like to see what happens when
you take a natural Dicer and change
the length of its helix.

I.J. MacRae and K. Zhou (UC Berkeley and Howard
Hughes Medical Institute); F. Li, A. Repic, A.N.
Brooks, and W.Z. Cande (UC Berkeley); P.D. Adams
(Berkeley Lab); and J.A. Doudna (UC Berkeley,
Howard Hughes Medical Institute, and Berkeley Lab).
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LOW-ENERGY NONDIPOLE EFFECTS IN MOLEGULAR
NITROGEN VALENGE-SHELL PHOTOIONIZATION

While quantum mechanics allows scientists fo write equations governing quite complex assemblies of electrons and afoms

in molecules, the inferactions among these particles make the equations too difficult to solve. As a result, theorists infro-

duce approximations expected fo be applicable to molecules and that make the equations solvable or amenable to nu-

merical modeling on a computer. The most widespread approach to the particular problem of the inferaction of light

(anything from microwaves to x rays) with electrons in the molecules is called the dipole approximation. Over the last forty

years, experimentalists have sought, and more recently been finding, discrepancies between the predictions calculated

using the dipole approximation, with the conclusion that such violations primarily occur at relatively short wavelengths in

the x-ray region of the spectrum. Hemmers et al. have now shown that violations of the dipole approximation also occur

at longer wavelengths down into the vacuum ultraviolet and are probably a widespread phenomenon that theorists will

have to take into account.

Measured angular distributions of
photoelectrons photoejected from
molecules and other atomic aggregates
have been commonly interpreted ac-
cording to the dipole or uniform-elec-
tric-field approximation for interactions
between radiation and matter. But
considerable recent evidence indi-
cates that this approximation can be
inadequate for interpretations of pho-
toelectron angular distributions at sur-
prisingly low photon energies. A
multi-institutional collaboration led
by researchers from the University of
Nevada, Las Vegas, has reported the
first observations of nondipole effects
in the valence-shell photoionization of
molecular nitrogen (N,). Significant
nondipole behavior was observed

over the entire spectral range studied
that is attributable to interference be-
tween electric-dipole (E1) and electric-
quadrupole-magnetic-dipole (E2, M1)
terms in the angular distributions.
Interest in measurements of the an-
gular-distribution patterns and their
spectral variations has continued over
the past four decades because they
are particularly sensitive to attributes
of the molecules studied and to the
dynamical aspects of the photoioniza-
tion process. The new results clearly
contradict a pervasive notion that
nondipole effects occur only at high
photon energy in atoms and mole-
cules. As molecular nitrogen serves as
a prototypical example, it can now be
expected that such considerations

should apply to atoms, molecules,
clusters, surfaces, and solids quite
generally.

The present investigation comple-
ments the group's earlier K-shell stud-
ies performed at higher photon
energy and momentum and provides
an opportunity to compare the nondi-
pole behavior of the more spatially
extended valence orbitals in N, with
those of the nearly degenerate com-
pact 10,/10, core orbitals. Two inde-
pendent sets of experiments were
carried out at the University of Wis-
consin’s Synchrotron Radiation Cen-
ter (SRC) and at the ALS.

The photon energy range from 26-
100 eV was studied at the SRC undu-
lator Beamline 071 with four
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100
Photon Energy (eV)

200

N, 3og, 11, and 20, nondipole
asymmetry parameters =Y + 38 measured
at the SRC (red circles) and the ALS (green
circles) compared with calculations (g, or-
ange curve; §, magenta curve; Y, purple
curve). The measured 117, and 20,-channel
data are also compared with experimental
2p and 2s neon values (blue triangles) and
with corresponding calculations (blue curve).

parallel-plate electron analyzers in a
vacuum chamber doubly shielded by
p-metal. The analyzers operated at
sufficient resolution to fully separate
the three outer-valence N, peaks.
Measurements over the photon en-
ergy range from 80-200 eV were
made at the ALS on undulator Beam-
line 8.0.1 over several periods of two-
bunch operation, which provide the
timing mode crucial to the time-of-
flight (TOF) method used. The endsta-
tion contains five electron-TOF
analyzers that can measure photoelec-
tron peaks at many kinetic energies
and at multiple emission angles simul-
taneously.

The experimental data for the three
valence channels in N, (Figure 1)
show that the nondipole angular-dis-
tribution parameter C has values close
to zero near threshold for all three va-
lence lines and range between values
of -0.2 and 0.2 over the photon en-
ergy range studied.

Theoretical studies have been per-
formed to verify the experimentally
determined nondipole parameters.
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The spectral variation of the meas-
ured and calculated 30, nondipole pa-
rameter is similar to that of the
previously reported K-shell (10, 10,)
nondipole parameter in N,, although
the peak magnitude for the K shell is
about a factor of five larger than that
of the 30, result. The difference in
peak heights is accounted for largely
by the ratio of the different values of
photon momenta.

In the absence of a theoretical de-
termination of the N, 1m,-channel
asymmetry parameter, a consequence
of the higher-symmetry waves re-
quired in this case, experimental and
previously reported theoretical neon
2p-channel parameters are used for

comparison. The N, 1m, molecular or-
bital, composed approximately of two
in-phase 2py atomic orbitals perpendi-
cular to the molecular axis, appar-
ently gives rise to a nondipole
asymmetry parameter that behaves
similarly to that of an atomic 2py, or-
bital at sufficiently high photon ener-
gies.

The 20,-channel results show gen-
eral accord between theory and ex-
periment. The negative values
observed at higher photon energies
are similar to the measured and calcu-
lated Ne 2s-channel asymmetry pa-
rameter, in agreement with the
largely 2s antibonding character of
the 20, orbital.

O. Hemmers, R. Guillemin, A. Wolska, and D.WV.
Lindle (University of Nevada, Las Vegas); D. Rolles
[ALS); E.P. Kanter, B. Kréssig, and S.H. Southworth
[Argonne National Laboratory); R. Wehlitz (University
of Wisconsin); B. Zimmermann and V. McKoy (Cali-
fornia Institute of Technology); and P.W. Langhoff (UC
San Diego.

O. Hemmers, R. Guillemin, D. Rolles, A. Wolska,
D.W. lindle, E.P. Kanter, B. Kréssig, S.H. Southworth,
R. Webhlitz, B. Zimmermann, V. McKoy, and P.W.
Langhoff, “Low-energy nondipole effects in molecular
nitrogen valence-shell photoionization,” Phys. Rev.

Lett. 97, 103006 (2006).

U.S. DOE BES and National Science Foundation.

VUV PHOTOIONIZATION STUDIES OF SMALL CARBON

CLUSTERS

Clusters are a sfafe of matter infermediafe between individual atoms or molecules in a gas and bulk solids. They are

found in the environment, inferstellar space, and around massive stars, and they serve as laboratories for investigating mo-
lecular structure and bonding. The first spectroscopic observation of a cluster of carbon atoms was reported more than a
century ago, when the amateur English astronomer Sir William Huggins investigated comets. Given their many roles, it is
surprising that one of the most fundamental properties of any molecule, the energy required to remove (ionize) an electron
from the outer or valence orbit, has never been directly measured for small carbon clusters, owing to the need to combine
spectroscopy in a wavelength region difficult for lasers and to a complex sample-preparation process that must be inte-
grafed into the measurement apparatus. Nicolas et al. have solved these problems with a unique apparatus and the use
of the ALS and applied it to the small carbon molecule C3. Their apparatus is already being used by others to study ion-

ization energies in many other molecules.

Given the importance of carbon measured for small carbon clusters. between the neutral and ionic ground

clusters in molecular, environmental,
and space science, it is surprising that
one of the most fundamental proper-
ties of a molecule, the ionization en-
ergy, has never been directly

This deficiency has now been reme-
died by a Berkeley-French group that
combined photoionization measure-
ments and calculations to determine
an ionization energy of 11.61 = 0.07 eV

states of the carbon trimer Cs.
Clusters have always been used as
a medium to understand the transi-
tion of chemical properties from the
gas phase to the bulk. Small carbon



clusters are ubiquitous in interstellar
space, around massive stars, and in
our own environment as critical inter-
mediates in flame chemistry and soot
formation. They have also been in-
voked as precursors of large carbon
molecules including aromatic species
and fullerenes, such as Cg,. On a
more fundamental level, carbon clus-
ters provide a broad and interesting
field from which molecular structure
and bonding can be studied. As the
size of the cluster increases, chain,
cyclic, and branched structures can
form, culminating in the three-dimen-
sional cages of fullerenes.

Located in the vacuum ultraviolet
(VUV) region, ionization energies are
typically difficult to access with tradi-
tional laboratory-based laser sources.
An added complication is that carbon
clusters have to be prepared by meth-
ods such as laser ablation of graphite
surfaces and subsequent cooling in
supersonic molecular-beam expan-
sions. Coupling sample preparation to
a synchrotron light source was an ex-
perimental challenge that the group
undertook in 2004.

The experiments were performed
on a laser-ablation apparatus (Figure
2) coupled to the output of a 3-m
monochromator on the Chemical Dy-
namics Beamline 9.0.2 at the ALS.
The use of different buffer gases al-
lowed better cooling of the electroni-
cally excited C; molecules that are
formed during the ablation process.
The ablation apparatus is now being
used by a number of outside groups
to measure ionization energies of
metal oxides and carbides, larger car-
bon clusters, and novel radical species
formed in reactions of carbon with
hydrocarbons.

Carbon clusters were photoionized
with tunable VUV radiation and the
ionized species separated and de-
tected in a time-of-flight mass spec-
trometer (Figure 3). Adding all the ion
counts at a single mass peak at each

%
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Schematic of the experiment showing (left to right) the cluster formation by laser abla-
tion, formation of a cooled cluster beam by supersonic expansion of a carrier gas containing

the clusters, and photoionization measurements by time-of-flight mass spectroscopy.
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A time-offlight mass spectrum of small carbon clusters photoionized at 12.5 eV. Peaks
occurring at different times correspond to ions of different mass, as indicated in the figure.
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A PIE curve for C3+ obtained by integrating the counts for C3+ in the mass spectra.
The energies of the three different C3+ states indicated were obtained from ab initio calcula-

tions.

photon energy, normalized by the
photon flux and by the number of
laser pulses used to form the cluster
species, yielded a photoionization effi-
ciency (PIE) curve. PIE curves for the
C; molecule were measured from 11.0
to 13.5 eV (Figure 4).

To help interpret the experimental
results, the investigators undertook
high-level ab initio calculations to
quantify the ionization energies and

the electronically excited states pres-
ent in the carbon clusters. For exam-
ple, the step structure in the PIE
curve, obtained with N, as the carrier
gas, suggests an effective cooling of
the neutral C; molecule into its linear
IZg* ground state. And the second
step in the PIE curve observed with
N, as the buffer gas could be the first
experimental evidence of the
C;"(*%,") excited state. This state cor-

relates to a stable ?A, state lying very
close in energy to the already known
“B, ionic ground state.

Using the experimental results,
complemented by the ab initio calcu-
lations, a state-to-state vertical ioniza-
tion energy of 11.70 = 0.05 eV
between the C4(X'S, ") and the
C,"(X?2,*) states was obtained. New
potential-energy surfaces with varying
C-C distances and bending angles
were also calculated for the doublet
states of the cation. The calculations
confirm the bent structure of C;* in
its ground state. Using these calcula-
tions in conjunction with our experi-
mental results, an ionization energy of
11.61 + 0.07 eV between the neutral
and ionic ground states of C; was de-
duced.

C. Nicolas, J. Shu, D.S. Peterka, L. Poisson, and M.
Ahmed (Berkeley Lab); M. Hochlaf (Université de
Marne la Vallée, France); and S.R. leone (UC Berke-
ley and Berkeley Lab).

C. Nicolas, J. Shu, D.S. Peterka, M. Hochlaf, L. Pois-
son, S.R. leone, and M. Ahmed, "Vacuum ultraviolet
photoionization of Cg," J. Am. Chem. Soc. 128,
220 (20006).

U.S. DOE BES and Office of Advanced Scientific

Computing Research.
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MICROFIELD EXTREME ULTRAVIOLET LITHOGRAPHY TOOL
FOR FUTURE 15-nm CRIPS

As applied fo the manufacture of computer chips, lithography refers to the process of fransferring a circuit pattern from a

mask to the surface of a silicon wafer, which after processing will be diced info tiny chips. In projection lithography, pat

fern fransfer takes place with the aid of a refractive lens to focus the image created when shining ultraviolet light through

the mask onfo the wafer, which is covered with a lightsensitive polymer film (a resist]. As the circuit features become ever

smaller, numerous challenges arise, including reducing the wavelength of the uliraviolet fo keep pace with the decreasing

feature size, developing optics fo image the finier patterns, constructing masks without pattern-destroying defects, and de-

vising resists that can retain with high fidelity the circuit pattern. The current feature-size frontier calls for the use of socalled

extreme ulfraviolet (EUV) light, whose wavelength is so short that conventional refractive optics no longer work. Naulleau

et al. describe an EUV “microfield exposure tool” that is being used as a fest bed for exploring these challenges.

Presently the nanoelectronics in-
dustry's state-of-the-art manufacturing
process for memory chips is at the 65-
nm level. As the industry eventually
pushes to feature sizes of 32 nm and
below, down to feature sizes as small
as 15 nm or even smaller, conven-
tional refractive lithography systems
(including immersion systems) will no
longer be feasible. EUV lithography;,
utilizing reflective optics and a wave-
length of approximately 13 nm, is the
leading candidate to meet the indus-
try’'s needs. Despite the ongoing com-
mercialization of this technology,
significant challenges remain in areas
including ultrahigh-resolution photo-
resists and defect-free masks. With
sub-20-nm resolution, the microfield
exposure tool using the unique beam

properties of the ALS and developed
by researchers at Berkeley Lab’s Cen-
ter for X-Ray Optics is arguably the
world's most advanced test bed for
studying these crucial issues.

The Berkeley tool is unique in that
it is the only EUV lithography tool in
the world to provide illumination with
lossless programmable coherence.
Programmability is important because
the degree of coherence for optimum
optical performance is not necessarily
the same for all imaging tasks. Pro-
grammability is made possible by the
use of intrinsically coherent radiation
produced by undulator Beamline 12.0.1
at the ALS. This capability allows the
Berkeley tool to support resolutions
down to 11 nm, whereas similar tools
with conventional illumination cannot

support resolutions below approxi-
mately 25 nm. Given that EUV resolu-
tion is presently resist limited, however,
it has not yet been possible to demon-
strate printing at the tool's resolution
limit, at least not with commercially
viable chemically amplified resists.

In the exposure tool (Figure 1), un-
dulator radiation is used to illuminate
a pair of high-speed angular scanning
mirrors that allow the phase-space of
the illumination to be controlled in
real time. A toroidal optic directs this
coherence-controlled illumination to
the lithographic mask. A 5x-reduced
image of the mask is then projected
onto a resist-coated silicon wafer by
means of a 0.3-numerical-aperture
EUYV optic. Figure 2 shows two repre-
sentative coherence functions as visu-
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Undulator Illumination

Mask

Programmable
Coherence
Controller

Projection Optic

Wafer

Schematic of the EUV microfield exposure tool at ALS Beamline 12.0.1.

alized in phase space at the pupil of
the imaging (projection) optic. The
yellow lines represent the physical ex-
tent of the imaging optic pupil. The
annular pattern is preferable for gen-
eral-purpose imaging whereas the
two-pole pattern is optimized for
printing horizontal and vertical lines
exclusively.

The Berkeley EUV exposure tool
has enabled significant progress in
EUV resists over the past few years.
The past year has brought about the
first demonstration of sub-30-nm
equal-line-space printing from a pro-
jection EUV lithography tool. Specifi-
cally, with two experimental resists,

resolutions down to 28-nm lines and
spaces (Figure 3) have been attained.
For both of these materials, the failure
mechanism appears to be pattern col-
lapse, a physical rather than a chemi-
cal failure, suggesting that the
intrinsic resolution limit of the resist
could support even finer lines and
spaces. In many cases, for example in
the manufacture of microprocessors,
the relevant resolution metric is not
equal lines and spaces, but rather
semi-isolated lines. By this metric, the
Berkeley tool has been used to
demonstrate resolution down to 22.5
nm in a resist with an exposure sensi-
tivity of 19 mJ/cm? (Figure 4).

Two representative coherence func-
tions as visualized in phase space at the
pupil of the projection optic.

The Berkeley EUV exposure tool
plays a crucial role in the advance-
ment of EUV resists. The unique pro-
grammable coherence properties of
this tool enable it to achieve higher
resolution than other EUV projection
tools. As presented here, over the past
year the tool has been used to demon-
strate resist resolutions of 28-nm
equal lines and spaces and 22.5-nm
semi-isolated. Moreover, because the
Berkeley tool is a true projection li-
thography tool, it also plays a crucial
role in advanced EUV mask research.
Examples of the work done in this
area include defect printability, mask
architecture, and phase-shift masks.



Rohm & Haas 27 mJ/cmz,' LER/LWR = ~3.2/4.8 nm
TOK 27 m)/cm’; LER/LWR = ~4.5/6.3 nm
80 72 64
Pitch (nm)
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Example of 22.5-nm semi-isolated
lines printed with the EUV microfield expo-
sure tool.

56

Results from two experimental resists (Rolm & Haas and TOK) at two exposure levels
demonstrating resolution down to 28-nm lines and spaces with current materials technology.

LER and LWR are line-edge and line-width roughness, respectively.

P. Naulleau, P. Denham, J. Chiu, K. Goldberg, B.
Hoef, and G. Jones (Berkeley Lab) and K. Dean (SE-
MATECH).

P. Naulleau, C. Anderson, B. la Fontaine, R. Kim, R.
Sandberg, and T. Wallow, “Characterization of ad-
vanced EUV resists at the Berkeley MET facility,” Pro-
ceedings of SEMICON Korea 200/, STS Volume 1,
27 (2007).

J. Cain, P. Naulleau, and C. Spanos, “Resistbased

measurement of the contrast transfer function in a 0.3-

numerical aperture exireme ultraviolet microfield

opfic,” J. Vac. Sci. Technol. B 24, 326 (2006).

P. Naulleau, C. Anderson, B. la Fontaine, R. Kim,
and T. Wallow, "Lithographic metrics for the determi-
nation of intrinsic resolution limits in EUV resists,” Proc

SPIE 6517 (o be published 2007).

SEMATECH, AMD, IBM, Intel, and Samsung.
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The electromagnetic spectrum. The scarcity of intense broadband sources of radiation
in the 1012 hertz (terahertz) frequency range leaves us blind to a wide range of inferesting

phenomena.

High-Power Coherent
Terahertz Radiation from
Laser-Modulated Electron
Beam

To “see” phenomena invisible fo the
noked eye—from galaxies to viruses
and afoms—scientists have the entire
electromagnetic spectrum at their dis-
posal: radio waves, microwaves, and
infrared light below the visible spec-
trum, and ultraviolet light, x rays, and
gamma rays above it. However, be-
tween the microwave and infrared re-
gions, where electromagnetic waves
oscillate af a frequency of 10'? hertz
[terahertz), we have a notficeable blind
spot (Figure 1). Terahertz radiation with
a wavelength from about 1 cm fo about
100 microns would provide access
fo an almost limitless array of inferest-
ing phenomena, including orbiting
electrons, rotating molecules, and vi-
brating proteins (see sidebar, “Llooking
at the World with TRay Vision”). The
reason for this “terahertz gap” has
been the scarcity of intense broad-
band sources of radiation in the tera-
hertz frequency range. New findings
by an ALS group could represent a
significant step toward satisfying the
need for powerful terahertz sources.

Terahertz waves, or "T-rays” as
some prefer, are nothing new, being
of the same late-nineteenth-century
vintage as Rontgen's "X-rays.” The
first reported observation of terahertz
rays is credited to Heinrich Rubens
and Ernest Fox Nichols at the Univer-
sity of Berlin in 1896. The importance
of Rubens’ careful measurements as
applied to the formulation of the law
of black-body radiation was acknowl-
edged by none other than Max Planck
himself. Since black-body radiation is
a broadband phenomenon that en-
compasses the terahertz regime, any
object that is a nominal source of
black-body radiation is also a source
of terahertz waves. These "thermal” T
rays, however, are very weak, and
much brighter beams are required in
order to mine the rich field of poten-
tial scientific and technological appli-
cations. Several desirable features of
such beams include pulses shorter
than 100 femtoseconds, synchroniza-
tion to another ultrafast source rang-
ing from infrared to x-ray wavelengths,
and the ability to shape the time en-
velope of the pulse. Among the prom-
ising technologies under study is the
relatively new development of coher-
ent synchrotron radiation (CSR) gen-
erated by electron storage rings.

In 1982, F. Curtis Michel of Rice
University published a paper in Physi-
cal Review Letters pointing out that
electron storage rings, which produce
incoherent short-wavelength (x-ray) ra-
diation, should be able to produce co-

herent long-wavelength (terahertz) ra-
diation, because the electron bunches
in storage rings are very short com-
pared to the wavelength of terahertz
radiation and can effectively act as a
macroparticle “point source,” emitting
many waves in phase (Figure 2).
Moreover, the coherence of the radia-
tion means that the waves interact
constructively, and their power in-
creases quadratically with the number
of electrons in the bunch. In 2002, re-
searchers at Jefferson Lab in Virginia
used relativistic electrons in a free-
electron laser (FEL) to produce tera-
hertz radiation 20,000 times brighter
than that generated from previously
existing sources. Shortly thereafter, re-
searchers at the BESSY synchrotron
in Berlin succeeded in producing sta-
ble coherent terahertz radiation from
an electron storage ring, where circu-
lating electron bunches provide for a
more stable beam with a higher sig-
nal-to-noise ratio.

This was all extremely encouraging
to researchers at the ALS who, for the
past several years, have also been ex-
ploring the ways coherent synchro-
tron radiation in the terahertz range is
generated in electron storage rings.
The group (Figure 3) includes J.M.
Byrd, D.S. Robin, F. Sannibale, A.A.
Zholents, and M.S. Zolotorev (Acceler-
ator and Fusion Research Division,
Berkeley Lab); Z. Hao and M.C. Mar-
tin (ALS); and R.W. Schoenlein (Mate-
rials Sciences Division [MSD],
Berkeley Lab). In their most recent
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Effect of electron bunch length on
coherence. When the bunch length is much
greater than the emitted wavelength, the out-
put radiation is out of phase. When the
bunch length is comparable to or shorter
than the wavelength, the emitted radiation is
coherent.

work, these researchers have demon-
strated a new method for generating
tunable, coherent, broadband tera-
hertz radiation at the ALS with
tremendous pulse-shape flexibility
through modulation by a femtosecond
laser pulse. They also presented a
physical model of how, under the
proper conditions, the laser seeds an
instability in the electron beam. Such
a mechanism makes it possible to con-
trol the instability onset and to exploit
its gain for the generation of pulses of
coherent terahertz radiation of un-
precedented power.

ALS terahertz CSR research team. Clockwise from lower left: Michael Martin, Alexan-
der Zholents, David Robin, Robert Schoenlein, Zhao Hao, John Byrd, Max Zolotorev, and Fer-

nando Sannibale.

In 2000, the demonstration of fem-
toslicing at the ALS as a source of ul-
trafast x rays showed that we can
manipulate the distribution of an elec-
tron beam using a short-pulse laser on
a time scale of several hundred fem-
toseconds. One of the by-products of
this technique is that femtoslicing can
create very short "holes” in the time
distribution of the electron bunch.
While short electron bunches can ra-
diate coherently, the researchers
found that these "holes” in the elec-
tron bunch can radiate coherently as
well, and that this technique could be
extended to create a novel source of
terahertz radiation. For example, by
shaping the slicing laser pulse, we can
tailor the shape of the hole that is
"sliced” in the bunch and thus shape
the electric field of the coherent tera-
hertz pulse. This would make the ter-
ahertz radiation tunable.

Femtoslicing works by modulating
the energy of electrons in the bunch
using a high-power laser pulse co-
propagating with the electrons in a
wiggler field. For example, the inter-
action of a 75-femtosecond laser pulse

with an electron bunch results in the
formation of "wings” in the bunch en-
ergy distribution (Figure 4). The pro-
jection of the distribution on the time
axis represents the relative variation
in the peak bunch current. As the
bunch passes through the accelerator,
the high- and low-energy "wings" of
the bunch energy distribution slip
backward and forward along the
bunch, creating a "hole” in the center
of the bunch that emits terahertz radi-
ation. As the bunch continues around
the storage ring, the "hole” quickly
spreads and fills with electrons. Be-
cause of the short laser pulses that are
used to slice the electron beam, the
emission spectrum initially extends
up to terahertz frequencies but shifts
to lower frequencies as the hole
spreads.

To observe these effects, the re-
searchers used a liquid-helium-cooled
bolometer sensitive to terahertz wave-
lengths and recorded bursts of coher-
ent signal coincident with the slicing,
which occurred at a 1-kHz repetition
rate (Figure 5). The measurements
were taken at Beamline 5.3.1, imme-



diately following the slicing, and at
Beamline 1.4, three-fourths of the
way around the ring. They also meas-
ured the spectrum of the coherent ra-
diation at both sites (Figure 6). Spectral
measurements are difficult at the ALS
because the vacuum chamber design
has very poor transmission of long-
wavelength radiation. Because the co-
herent signal is very sensitive to the
width and depth of the hole, it is cur-
rently used as the primary diagnostic
signal for optimizing slicing efficiency:.

Given the ability to slice holes in
the electron bunch, we can now con-
sider tailoring the terahertz signal to
the needs of a particular experiment.
Laser technology allows us to shape
the temporal profile of the laser pulse
and modulate the electron bunch with
a multitude of patterns. For example,
if we slice the beam with a train of
laser pulses, we can apply a periodic
modulation on the electron bunch,
generating a narrow-band terahertz
signal. This signal would be tunable
in frequency by varying the laser
pulse spacing.

Another phenomenon peculiar to
electron bunches as they radiate en-
ergy is an effect known as the mi-
crobunching instability (MBI). In a
storage ring, as in linac-based FELs,
the electromagnetic field associated
with the synchrotron radiation emit-
ted by a bunch passing through an in-
sertion device and/or a bending
magnet interacts with the electrons in
the same bunch, modulating their en-
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The effect of a co-propagating laser pulse on an electron bunch. The electron energy
distribution (blue band) shows that electrons gaining energy (AE > O) gather toward the back
of the bunch (because they follow a longer path), while those that lose energy (AE < O) gather
toward the front (because they follow a shorter path). The relative peak bunch current (superim-
posed white curve) shows a “hole” in the electron bunch that emits coherent terahertz radiation
(frequency spectrum shown in inset). As the bunch travels around the storage ring, the “hole”
quickly spreads and fills with electrons.
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Bolometer signal observed at Beamline 5.3.1 and Beamline 1.4 with slicing on.
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Schematic view of the interaction of an electron bunch with its own synchrotron radia-

tion. The curvature of the electron orbit allows the radiation field to interact with the electron.

ergy (Figure 7). Electrons in the front
of the bunch sense a longitudinal
component of the radiation field that
can either accelerate or decelerate the
electron, depending on its position.
Above a threshold current (number of
electrons per bunch) in storage rings,
the intensity becomes strong enough
to exponentially amplify modulations
in the bunch distribution, resulting in
the MBI. Such density modulations
have characteristic lengths smaller or
comparable to typical terahertz radia-
tion wavelengths and thus radiate
powerful CSR pulses in that fre-
quency range.

The gain process described above
can amplify either small fluctuations
(i.e., noise) in the electron-beam den-
sity or a small modulation in the den-
sity induced by interaction with a
laser beam (laser seeding). Until now,
the MBI was always observed in stor-
age rings as a stochastic process start-
ing from noise and associated with
the emission of powerful CSR bursts
with random repetition rates and
large fluctuations in amplitude. But
experiments performed at ALS Beam-
line 1.4.3 now show that by laser-in-
ducing a modulation on the electron
bunch above the MBI current thresh-
old, it is possible to seed the instabil-
ity in a controlled way (Figures 8 and
9). In this case, the CSR bursts be-
come synchronous with the modulat-
ing laser, and the instability gain can
be exploited for generating high-
power terahertz CSR pulses.




Looking at the World with
I-Ray Vision

Unless they're at a temperature of absolute
zero, all objects, animate and inanimate,
give off terahertz radiation, the heat from
molecular vibrations. This “black-body” ra-
diation is emitted at such low intensities—
typically less than a millionth of a watt per
square centimeter—that we're unaware of
it. We would need some pretty strong “T-ray
glasses” to be able to see objects with this
form of light. Thus, although the terahertz region of the electromagnetic spectrum is a fron-
tier area for research in physics, chemistry, biology, medicine, and materials sciences, with-
out the appropriate technology to generate and detect this type of radiation, science has for
a long time overlooked the many parts of the universe that are in tune with T-rays.

Terahertz radiation, which has a fundamental period of about 1 picosecond, is uniquely
suited to spectroscopic studies of systems of central importance: electrons in highly-excited
atomic Rydberg states orbit at terahertz frequencies; small molecules rotate at terahertz fre-
quencies; and collisions between gas-phase molecules at room temperature last about 1 ps.
Biologically-important collective modes of proteins vibrate at terahertz frequencies. Frus-
trated rotations and collective modes cause polar liquids (such as water) to absorb at tera-
hertz frequencies. Electrons in semiconductors and their nanostructures resonate at terahertz
frequencies. Superconducting energy gaps are found at terahertz frequencies. Gaseous and
solid-state plasmas oscillate at terahertz frequencies. The opportunities are limitless.

Terahertz radiation is also of great interest for nondestructive imaging applications in areas
such as medicine and security. Relatively low-energy T-rays can penetrate and distinguish be-
tween many types of materials, including living tissue, without causing the kind of damage
associated with ionizing radiation such as x rays. For example, T-rays might be used to di-
agnose the depth of a subcutaneous skin cancer lesion, replace or augment mammography,
or detect weaknesses in a tooth or bone. T-rays can also be used to screen people and ob-
jects for security: concealed firearms, packages containing chemical and biological
weapons, and buried explosives or land mines all yield their secrets under the glare of T-
rays. On a less menacing note, T-ray screening might also be used for industrial quality as-
surance processes—checking pharmaceuticals for coating thickness or ensuring the moisture
content of packaged goods, for example.

While sources of high-quality terahertz rays have been scarce, we have recently begun to fill
this gap with relatively low-power table-top sources based on ultrafast lasers and semicon-
ductors. More powerful, narrow-band-width sources are also being developed using free-
electron lasers or diodes. Accelerator-based sources offer both broad band width and high
power. As is often the case, new sources lead to new science in many areas, as scientists
begin fo become aware of the opportunities for research progress in their fields using tera-
hertz radiation.
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Above the current threshold for the microbunching instability (MBI), the slicing process
seeds the instability. Top: Random bursts of high-intensity, coherent synchrotron radiation (CSR)
associated with the MBI, as measured at the ALS. Bottom: When the slicing laser is turned on
at a 1-kHz repetition rate, the bursts become synchronous with the slicing laser, as the burst
onset positions match the vertical lines at 1-ms intervals on the horizontal scale.

These observations can be ex-
plained within the framework of MBI
theory. Quantitative comparison of
the MBI model with the ALS data
shows good agreement up to currents
of about 19 mA, thus indicating that
the model can account for the CSR
power growth (Figure 10). At higher
currents, a saturation effect takes con-
trol as the MBI goes into a nonlinear
regime where the theory breaks
down.

The laser-seeding phenomenon
could be the basis for a terahertz

source. Pump-probe and other experi-
ments not requiring shot-to-shot in-
tensity stability could benefit from
the several-orders-of-magnitude in-
crease in power that the seeded MBI
offers. In a more speculative scenario,
a fraction of the terahertz signal can
be brought back into the ring to co-
propagate in an insertion device or in
a bending magnet with a subsequent
electron bunch, modulating its energy
and seeding the MBI that generates a
new burst that is then used in the
loop for seeding a fresh bunch. By

this process, one can in principle
bring the CSR emission to a stable
high-power saturation regime where
all the bunches radiate coherently.

J.M. Byrd, D.S. Robin, F. Sannibale, R.W. Schoen-
lein, A.A. Zholents, and M.S. Zolotorev (Berkeley
Lab) and Z. Hao and M.C. Martin (ALS).

J.M. Byrd, Z. Hao, M.C. Martin, D.S. Robin, F. San-
nibale, R.W. Schoenlein, A.A. Zholents, and M.S.
Zolotorev, "Tailored terahertz pulses from a lasermod-
ulated electron beam,” Phys. Rev. left. 96, 164801
(2006).

J.M. Byrd, Z. Hao, M.C. Martin, D.S. Robin, F. San-
nibale, R.W. Schoenlein, A.A. Zholents, and M.S.
Zolotorev, "Laser seeding of the storage-ring mi-
crobunching instability for high-power coherent tera-

hertz radiation,” Phys. Rev. lett. 97, 074802 (2006).

U.S. DOE BES and Office of High Energy Physics.
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The bunch-current dependence of the terahertz detector’s Fourier (frequency) spectra shows two prominent features: the onset of the MBI
at around 15 mA and the match between the 1-kHz line and its harmonics with the laser repetition frequency. The inset shows two frequency
spectra for currents above the MBI threshold with the slicing laser on (red) and off (blue). The 1-kHz line and harmonics clearly disappear when

the laser is switched off.
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Above the MBI threshold (15 mA),
the total average CSR power (red) and the
power associated with the 1-kHz line (green)
both grow exponentially with the single-
bunch current, thanks to the gain process
that increases the number of electrons emit-
ting coherently. If the power at 1 kHz were
due only to the particles in the bunch that
were modulated in energy by the slicing
laser, then the current dependence would be
quadratic, as observed below the MBI
threshold. The dashed blue curves represent
theoretical calculations: the exponential
curve predicted by the MBI model in the top
graph and a quadratic comparison in the
bottom graph.
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David Robin, Division Deputy for Operations and Accelerator Development

The mission of the ALS is to support
users in doing outstanding science in
a safe environment. Critical to that
support is the delivery of high-quality
beam. Delivering beam according to
the published schedule, along with an
efficient, effective safety program, al-
lows ALS researchers to make maxi-
mum use of the limited beam time. In
2006, the ALS exceeded its availability
and reliability compared with any year
since operation began in October 1993
[fiscal year (FY) 1994].

More than 6000 scheduled hours
were delivered to users in FY 2006
(Table 1). Compared to 2005 (which
was one of the previous best years),
14% more beam was delivered. The
mean time between failures was 50
hours (25% improvement) and the
mean time to recovery was just more
than 1 hour. All told this accounted
for 97.5% availability in FY 2006.

As in years past, we look very care-
fully at different systems to determine
where to focus our resources to im-
prove reliability. Figure 1 shows the
"lost user-beam analysis” for 1999 to
2006. As the figure clearly shows, the
lost beam time in FY 2006 was fairly
evenly divided over the various cate-
gories—vacuum, rf, power supplies, etc.
No single category accounted for more
than 0.5% of the time scheduled. The
total lost beam time accounted for only
about 2.5% of the time scheduled,
which, as previously mentioned, made
FY 2006 the ALS's best year to date.

Improvement in Beam Availability

Scheduled user hours
Delivered user hours (in schedule)

Additional unscheduled hours delivered
Mean time between beam interruption (hours)

Mean time to recovery (minutes)

FY 2005
5521

5321
(96.4%)

N/A
40
72

FY 2006
6201

6045
(97.5%)

64
50
64

COMPARISON

12% more
14% more

N/A
25% more

10% less
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Lost beam time from FY 1999 through FY 2006.
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David Robin, Division Deputy for Operations and Accelerator Development / Christoph Steier, Deputy Leader, Operations and Accelerator Development

The Accelerator Physics Group
contributes in four principal ways to
achieving the ALS mission of support-
ing users in doing outstanding science
in a safe environment. The first and
foremost is to ensure the performance
and reliability of the ALS so that high-
quality beam is delivered to users. The
second is to strive to understand and
continually improve the performance
of the facility, keeping it at the fore-
front of synchrotron radiation sources.
The third is to ensure that machine
upgrades are implemented smoothly
with minimal adverse impact to users.
The fourth is to study potential up-
grades that will enhance the capabili-
ties and capacities of the ALS.

Below is a short summary of some
of the group's areas of work, as well
as achievements over the last year.
This is followed by longer sections
that describe in more detail some of
the highlights, including the ongoing
top-off upgrade, the higher-brightness
lattice study, and the Matlab Middle
Layer work.

The undulator-based femtoslicing
source, which has been described in
previous reports, started routine oper-
ation during the last year. It is a very

complex facility that combines a high-
average-power, short-pulse laser system;
two insertion devices (a wiggler as
modulator and an in-vacuum undulator
as radiator); complicated beam manip-
ulations between the insertion devices
using 12 local skew quadrupoles; and
two advanced photon beamlines.

All accelerator components of the
system work extremely well. The im-
pact of the reduction in vertical physi-
cal aperture (from more than 8 mm to
slightly more than 5 mm at the in-vac-
uum undulator) on the dynamic mo-
mentum aperture, and therefore the
Touschek lifetime, has been extremely
small. This was enabled by the so-
phisticated skew quadrupole scheme,
which provides for vertical dispersion
at the undulator to spatially separate
the sliced electron beam, but at the
same time provides zero global and
very small local coupling at the posi-
tion of the undulator.

Other systems that were imple-
mented in conjunction with this proj-
ect were vertical scrapers to localize
electron losses away from the undula-
tor, as well as a skew quadrupole feed-
forward system (with 20 individual
skew quadrupoles). The feedforward

system keeps the vertical emittance
constant while changes are made to
the photon wavelength (and therefore
to the field of the in-vacuum undula-
tor, at a position with significant verti-
cal design dispersion for the slicing
separation).

Initial studies were started to find
the fundamental limits of the ALS mag-
net arrangement. These studies identi-
fied several families of possible lattices
with smaller emittances or smaller mo-
mentum compaction factors than cur-
rently possible at the ALS. Some of the
lower-emittance lattices were studied
in more detail, and dynamic aperture
simulations confirmed that, with mod-
erate changes to magnets and some
additional power supplies (namely, the
addition of two more sextupole fami-
lies), a significant reduction in the nat-
ural horizontal emittance of the ALS
appears possible. These studies will
be pursued further in the coming year
and will hopefully lead to an upgrade
project that would allow the emittance
of the ALS to be reduced to values
similar to or smaller than the ones for
Diamond (one of the newest third-
generation light sources, currently being
commissioned in the United Kingdom).
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DYNAMIC MULTIPOLE SHIMMING OF ELLIPTICALLY
POLARIZING UNDULATORS

The ALS has added several APPLE
II-type elliptically polarizing undula-
tors (EPUs) over the years, capable of
generating high-brightness photon
beams with variable linear, elliptical,
or circular polarization characteristics.
The existing devices have a period of
50 mm. A 90-mm-period device is
currently being installed for the new
meV-resolution beamline (MERLIN).

Interaction of the existing devices
with the stored electron beam has been
intensely studied at the ALS. The
biggest concern is that beam-based
measurements and simulations show
that the transverse dynamic aperture
of the beam is reduced by the EPU
fields. The effect is both tuneshift- and
gap-dependent and is noticeable in ex-
isting ALS operations; it will become
intolerable with top-off operation, when
electrons will be injected with large
offsets with the EPUs in operation. It
is caused by “dynamic field integrals”
that result from the combination of
the undulating trajectories and the in-
trinsically fast transverse field roll-off
of the magnetic fields in EPUs.

For longer-period devices like the
MERLIN EPU, the effect can be so
strong that no beam could be stored
without mitigating the effects. As de-
scribed last year, the mitigation con-
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Measurement of the horizontal kick due to one of the 50-mm-period EPUs as a func-
tion of horizontal displacement. This measures the sum of the dynamic plus static field integrals.
In the case of the shimmed device, the kicks are strongly reduced and the nonlinearity of the

kick disappeared almost completely.

sists of small iron shims that are
placed such that static field integrals
with similar (but opposite polarity)
nonlinear behaviors are created. This
technique has been used successfully
during the last year on one of the ex-
isting EPUs with a 50-mm period.

After the shimming, the nonlinearities
in the horizontal kick as a function of
horizontal displacement in the device
have been nearly eliminated (Figure 1).
As a result, the dynamic momentum
aperture is no longer affected by the
shimmed EPU.
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TOP-OFF

Christoph Steier

To provide higher brightness and
better stability, the ALS is being up-
graded to top-off injection. A main
part of the top-off modification is an
upgrade of the booster, as well as ex-
traction and injection elements and
the transfer line, for full energy. Fur-
ther upgrades include new diagnos-
tics, an improved controls and timing
system, and new radiation safety sys-
tems (monitors and interlocks).

The ALS was one of the earliest
third-generation light sources, and
after operating for more than a
decade, it continues to generate fore-
front science in many areas. However,
storage rings currently being commis-
sioned will provide higher brightness
than has been achievable at the ALS.

The main possibilities for improv-
ing the brightness of the ALS are in-
creasing the time-averaged current,
reducing the beam size, and reducing
the insertion-device gaps. Currently,
those changes would result in (unac-
ceptably) short beam lifetimes. With
continuous injection (top-off), the im-
portance of this lifetime impediment
can be reduced significantly. Figure 2
shows a comparison of the brightness
of planned, new ALS insertion devices
with the upgraded beam parameters
(IU20) to the typical brightness of a
current ALS undulator (U50). It also
shows the brightness expected with
proposed insertion devices at newer
intermediate-energy light sources.
One can see that the upgraded ALS
will remain competitive, with the main
improvements coming from the smaller
vertical emittance and the smaller
physical gaps of the undulators.

The last year saw major progress
toward the realization of top-off at the
ALS. The major installation shutdown
to upgrade the complete injector sys-
tem for full-energy injection was com-
pleted. Furthermore, there was
tremendous progress in studying all
relevant radiation safety aspects, cul-
minating in a successful outside re-
view of the radiation safety tracking
studies and controls.

The fall/winter 2006 installation
shutdown was the longest since the

ALS began operations in 1993. The
focus of the shutdown was to com-
plete the installations necessary for
top-off injection. The many other sig-
nificant achievements included re-
placement of the front-end optics at
the protein crystallography beamlines
in Sector 5, installation of a higher-
order-mode damper in one of the stor-
age ring radio frequency (rf) cavities,
preparations for the installation of an
experimental "camshaft” bunch kicker,
replacement of 24 beam-position-
monitor button assemblies to prepare
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orbit feedback enhancements, shim-
ming of one EPU to correct for non-
linear dynamics effects, upgrades of
bend-magnet photon stop assemblies,
and annual maintenance of the cryo-
genic systems on the superconducting
bend magnets (superbends).

This long shutdown also afforded
tremendous progress on less glam-
orous maintenance items, such as the
replacement of the nearly four miles
of low-conductivity-water lines, re-
placement of less-reliable magnetic
limit switches on EPUs, and painting
of the beamline floor. Beamline staff
performed a variety of maintenance
and upgrade projects.

The most significant work, which
determined the duration of the shut-
down, was associated with the top-off
upgrade. It included a complete re-
placement of the booster rf transmitter
and waveguides, replacement of the
four booster-to-storage ring dipole
magnet power supplies, replacement
of the two booster quadrupole magnet
power supplies, replacement of the
booster dipole magnet power supply,
new pulsers and upgrades to the pulsed
magnet systems, additions to the tim-
ing system, a new control system for
the new equipment as well as many
existing power supplies, new interlock
systems, and new collimators for radi-
ation safety.

Generally the work went well and
was completed on time. However, to-
ward the end of the shutdown, there
was a serious failure in the new booster
dipole power supply. The failure oc-
curred during the last day of testing
by the power-supply vendor and just
before the recommissioning of the
booster synchrotron with beam was
to begin. The power supply is com-
posed of two separate units that work
in unison to supply the needed power.
Therefore contingency plans needed to
be developed; those were implemented
very successfully. However, the prob-
lem resulted in a loss of user operation
time and also meant slightly longer
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Result of radiation safety tracking studies for the ALS. The figure shows the trajectories
of backward-propagating particles launched inside the acceptance of one ALS beamline. The
results indicate that for a wide range of error conditions (including magnet shorts), no particles
can propagate backwards to a point close to injection. Therefore no injected particles can
travel down a beamline (if certain interlocks for beam and magnet currents and configuration

controls for aperture locations are in place).

refill times and lower stability because
the storage ring injection for several
months had to be done using just half
of the new power supply at 1.2 GeV
(instead of 1.5 GeV with the old equip-
ment). The plan is to finish the power
supply in summer 2007 and start full-
energy injection immediately thereafter.
With the completion of the 2006
shutdown and commissioning period,
the major hardware work for the top-
off upgrade was complete. Further
hardware work will be relatively lim-
ited, involving additional radiation
safety interlock systems and the gating
signal distribution chassis. These can
be installed without a major shutdown.
The main activity that needs to be
completed before top-off operation
can begin is a set of very extensive ra-

diation safety studies. There has been
good progress recently, culminating in
an outside peer review of the tracking
studies, demonstrating that injection
with the safety shutters open is safe,
given certain controls involving inter-
lock systems and verification of aper-
tures. Figure 3 shows the result of
backtracking studies for one ALS
beamline. Challenges include the un-
usual (very large) oscillation ampli-
tudes of the particles as well as the
extremely large number of parameter
combinations and initial phase-space
conditions to be studied. We plan to
start the process that leads to regula-
tory approval for top-off operation in
late summer 2007. We hope to receive
approval that fall and plan to start top-
off operation immediately thereafter.
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HIGHER-BRIGHTNESS LATTICE

Hiroshi Nishimura

Many experiments at the ALS
would benefit by increasing the hori-
zontal brightness. Horizontal bright-
ness is a function of many parameters:
it is proportional to flux and inversely
proportional to the beam size and beam
divergence. The emittance varies
strongly with horizontal tune (Nux)
and horizontal dispersion (eta). The
storage ring nominally operates at
tunes (Nux, Nuy) = (14.25, 9.20) and
eta = 0.06 m (dispersion at the center
of the long straight sections) with an
emittance of 6.8 x 10 m-rad at 1.9
GeV. The dependence of emittance on
Nux and eta is shown in Figure 4. Fig-
ure 4 shows that operating with a lat-
tice tuned to Nux of 16.25 m and a
dispersion of 0.15 m gives an emit-
tance of 2.2 x 10”° m-rad, which is
less than one-third of the nominal lat-
tice emittance.

The optics of one of the 12 cells in
the present ALS lattice and in the
low-emittance lattice are shown in
Figures 5 and 6, respectively. The
major quantitative changes are that
the dispersion and the horizontal beta
function are larger in the straight sec-
tions and smaller in the center bend.
Table 1 shows the major parameters
of these modes.

Comparing the parameters of the
two lattices in Table 1, one sees that
the new lattice has smaller beam sizes
than the nominal lattice. The compar-
ison is particularly good in the central
bend beamlines where the beam size
is about 2.5 times smaller. This would
directly translate into a 2.5-times im-
provement in brightness for these
beamlines.

Why can't the ALS just operate
with this new lattice? At present,
there are only two families of sex-
tupoles, SF and SD, located inside the
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Emittance of the ALS at 1.9 GeV as a function of horizontal tune and dispersion in the

straight section.

ALS cell arc (Figure 7). The existing
sextupoles are not sufficient to correct
the large chromaticities of the low-
emittance lattice. Operating with the
new lattice requires that an additional
two families of sextupoles be added to
the lattice on the ends of the straight
section. Because there is no additional
space in the straight section to install
magnets, the alternative would be to
include sextupole components in ex-
isting magnets. In this case, the two
options are to include sextupoles in
the OF and OD magnets by adding
additional windings, or to replace the

corrector magnets with combined-
function magnets. These possibilities
are currently being studied.

In preparation for either of these
possibilities, beam dynamics calcula-
tions have begun. The initial results
indicate that there is sufficient dy-
namic aperture for good lifetime and
injection efficiency. More detailed
simulations are in progress. If suc-
cessful, such a lattice modification
would allow for the possibility of sig-
nificantly increased brightness—thus
keeping the ALS at the forefront of
synchrotron light sources.
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Maijor Parameters: Nominal Mode vs Low-Emittance Mode

PARAMETER NOMINAL LOW EMITTANCE
Nux 14.25 16.25
Nuy 9.2 9.2
Dispersion* (m) 0.06/0.79 0.15/0.022
Beta H* (m) 13.85/0.79 22.39/0.31
Beta V (m) 2.26 2.07
Mom. compaction 1.37 x 103 8.72 x 104
Energy spread 9.77 x 10-4 9.57 x 104
Chromaticity H -27.02 -50.02
Chromaticity V -32.33 -35.06
Emittance 6.81 x 109 2.17 x 109
Beam size* (mm) 0.31/0.78 0.26/0.033
*Straight section/center bend
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Magnets in the ALS unit cell.
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A MATLAB MIDDLE LAYER (MML)

Gregory Portmann

The ability to build more-complex
and better-performing accelerators is
in part due to better computers and
software tools. Unfortunately, history
has shown that one of the most likely
deliverables to go over cost and
schedule, even with scope reduction,
is software. And the day it is deliv-
ered, there begins a "feature creep”
that only ends when the accelerator is
turned off. This increased demand for
software has outpaced most software
budgets as well.

One possible solution is collabora-
tion. At all levels of software effort,
laboratories around the world are
making large efforts to share resources
and burden. EPICS and TANGO are
two examples of large accelerator con-
trol systems running at multiple facili-
ties that were written by a group effort.
Accelerator tracking codes are another
example. High-level control of particle
accelerators has probably seen less
sharing of software, but that is rapidly
changing. SDDS from APS and XAL
from Oak Ridge National Laboratory
are examples of sharable high-level
software for doing accelerator physics.
In a joint effort between the ALS and
SPEARS3 at SLAC, a Matlab-based
high-level control software system has
been gaining popularity in the world.

Matlab has been used in particle
physics at many institutions for a long
time. It was first used at the ALS in
the early 1990s, shortly after commis-
sioning. In the beginning, it was pri-
marily used as a scripting language
for machine physics shifts but has
grown into a larger and more general
high-level control tool. The name

Matlab Middle Layer is no longer ap-
propriate, since it is much more than
a middle layer, but the MML acronym
stuck.

Matlab is a matrix manipulation
language originally developed to be a
convenient language for using and de-
veloping algorithms. Matlab does cost
money, but it comes with a huge and
ever-expanding function library. The
ever-expanding part also implies an
active worldwide developer base. An
advantage of using a commercial
product is that some of the feature
creep is done by a company and not
the laboratory. Actually, many more
features are added every year than we
need, but the incremental cost is very
small, and having room to grow is
practically required in a research and
development environment.

The software collaboration that
started with the ALS and SPEAR3 ex-
panded to the Canadian Light Source,
Pohang Light Source, the NSLS vac-
uum ultraviolet (VUV) and x-ray rings
at Brookhaven, and the Duke FEL.
The MML project has substantially
expanded in the past year, with the
three new light sources—Soleil, Dia-
mond, and the Australian Synchrotron
Project—making extensive use of the
MML software for commissioning and
operations. The next two light sources
in the world at Shanghai (SSRF) and
Barcelona (ALBA) are planning to join
the collaboration as well. Lastly, the
light source in Thailand (SPS) is
presently commissioning the MML
software.

The MML is very appealing for
countries where both funds and expe-
rience in particle physics are limited
because they can quickly come up to
speed and try algorithms used all
around the world. Since the MML

software uses the AT (accelerator tool-
box) simulator, one can also test algo-
rithms on any of the above
accelerators. In total, eleven accelera-
tors are presently using the MML
software and at least two more will be
using it in the next year.

Although the MML software was
designed to be a scripting tool for de-
signing and testing complex algo-
rithms predominantly during physics
shifts, it has also migrated into ma-
chine operations. This is quite a de-
parture from the more standard
programming languages used in the
control room. However, the reliability
and speed of Matlab have proven to
be more than adequate for machine
operations.

Typical uses in storage ring opera-
tions include lattice configuration
save/restore, energy ramp, global
orbit correction, slow orbit feedback,
and insertion-device compensation.
The core functionality of the MML
software is focused on accelerator
setup. This includes orbit control,
beam-based alighment, tune correc-
tion, chromaticity correction, re-
sponse matrix measurement, local
control (LOCO), insertion-device com-
pensation, photon-beam steering, and
general scripting for machine-physics
studies. As the complexity of accelera-
tors and the need for precision in-
creases, the need for more advanced
and flexible programming environ-
ments that can support a collaborative
effort increases. What makes Matlab
so appealing for accelerator physics is
the combination of a matrix-oriented
programming language, an active



workspace for system variables, pow-
erful graphics capability, built-in math
libraries, and platform independence.

The collaboration mentioned ear-
lier has produced three Matlab tool-
boxes written for accelerator
physics—MML, AT, and LOCO. All
three are well integrated and have
proven to be quite useful for machine
studies and control at several operat-
ing machines. The relatively user-
friendly software and almost
computer-independent programming
language (writing software in a com-
puter-independent way is more time
consuming, but the final product
tends to be better written and more
robust) have fostered a number of col-
laborations. Most scientists find the
syntax quite intuitive, making it possi-
ble for visitors to participate in ma-
chine development studies with
minimal training. Having multiple
laboratories use the same high-level
software has proven to be quite con-
venient. Not every laboratory has to
spend the resources to write the same
algorithms. For new laboratories, this
provides a very inexpensive and fast
way to acquire high-level control and
simulation software that has also been
thoroughly tested on other machines.
Software development is not only ex-
pensive from a labor point of view, it
is very expensive to test and commis-
sion new software from a beam-time
perspective.

Having the same software package
debugged at many laboratories has
also improved reliability. Thousands
of dedicated accelerator hours have
been spent testing, improving, debug-
ging, and exercising the MML, AT,

and LOCO software packages. As
with the EPICS collaboration, soft-
ware expansion, suggestions, and new
ideas come from a big pool of people.
The number of physicists and engi-
neers trained on the Middle Layer is
growing rapidly. Thus, visiting scien-
tists can work immediately on the
new accelerator with very little train-
ing. This is particularly useful during
the commissioning phase of an accel-
erator. Running the same code on dif-
ferent accelerators makes it easier to
find their similarities and differences.
This is very helpful when trying to
reach the design performance of an
accelerator. Finally, being able to
switch between so many different ac-
celerators in a simulated mode is very
informative when developing new al-
gorithms and testing designs for fu-
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ture accelerators.

Figure 8 shows the same beam-
based alignment algorithm run at the
Canadian Light Source and at
SPEAR3—different accelerators, same
software. It is also very helpful to
know ahead of time what the experi-
mental results should look like. A
good guess comes from running the
algorithm on the machine simulator
and comparing experimental data
with a similar type of accelerator.
Often the first time an online meas-
urement is attempted, the results are
not very clean, so having this infor-
mation greatly speeds up trou-
bleshooting. The ultimate goal of the
MML collaboration is to speed up the
implementation of known ideas so
that there is more time left to experi-
ment with new ones.

Beam-based alignment of a quadrupole magnet at the Canadian Light Source (left)

and SPEARS3 [right).
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Experimental Systems

The role of the Experimental
Systems Group (ESG) (Figure 1)
can be split into several categories:
(1) to design and build beamlines
and endstations based on the de-
mands of the user program, (2)
to conduct forefront research in

science and instrumentation that
will push the boundaries of the
application of synchrotron radia-
tion techniques, and (3) to give
support to existing user programs,
usually in areas of high technical
complexity. Approximately 50%

of the group’s activity is in this
latter area of direct user support.
This short report gives several
examples of work in the two for-
mer areas and summarizes our
group'’s activity over the broader
range of its work.

Row 1: Howard Padmore; Row 2: John Spence, Jonathan Kirschman, Yekaterina Opachich, Martin Kunz, Corin Michael Greaves,
Richard Kirian, and Sander Caldwell; Row 3: Anton Chakhmatov, Nobumichi Tamura, Anthony Young, Richard Celestre, Thornton Glover, Steve
Irick, and Philip Heimann; Row 4: Valeriy Yashchuk, Jamshed Patel, Emanuele Pedersoli, Dmytro Voronov, Wim Bras, Kyle Engelhorn, and
Philippe Goudeau.
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Row 1: Alberto Comin, Alexander Hexemer, Christopher Coleman-Smith, Deborah Smith, Eliot Gann, Eric Schaible, and Jamie Nasiatka; Row 2:
Tim Kellogg, Malcolm Howells, Jun Feng, Simon Clark, Alastair MacDowell, Wayne McKinney, and Matthew Marcus; Row 3: Andreas Bartelt,
Andreas Scholl, Andrew Doran, Gregory Morrison, James Glossinger, Matthew Church, and Anthony Warwick; Row 4: Jason Knight, Simon
Morton, Simon Teat, Sirine Fakra, Bob Batterman, Stefano Marchesini, and Bruce Rude.
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OPTICAL METROLOGY

The Optical Metrology Laboratory
(OML) at the ALS, under the leadership
of V. Yashchuk, is tasked with charac-
terizing, understanding, and develop-
ing synchrotron radiation optics. The
OML staff is actively working to im-
prove metrology instruments (Figure 2)
and to develop new measurement
techniques, with improved accuracy
and resolution, for characterization of
x-ray optics with surface slope errors
of less than 0.25 prad (rms). The need
for higher-precision metrology is driven
by a need to improve optics commen-
surate with the steady increase in
storage-ring performance over the last
few years and the increased emphasis
on experiments where coherence
preservation is required.

The long trace profiler (LTP) was
last upgraded about 10 years ago. At
that time, an optical reference channel
was added, allowing for monitoring
the LTP systematic error on the level
of ~1 prad. To incorporate the refer-
ence channel, a detector based on two
linear photodiode arrays was used.
Over the years, the detector and the
dedicated data acquisition system
have become the most unreliable parts
of the instrument. They became dated
and very difficult to replace and up-
grade. Because of detector failure, we
were forced to accelerate the modern-
ization of this LTP.

In just two months of extremely in-
tensive work, the LTP modernization
was successfully completed. This in-
cluded (1) reassembly and readjust-
ment of the LTP-II linear translation
stage to allow assured operation under
the National Instruments (NI) motion
control system, with the increased load
of a new detector; (2) a distance-mea-
suring interferometer, incorporated
into the system for precise positioning
of the LTP optical head; (3) develop-
ment of motion control and data ac-

LTP-Il Long Trace Profiler

Zygo™ GPI Interferometer

Maijor instruments at the OML: LTP-II
long trace profiler, Micmap™-570 interfero-
metric microscope, ZYGO™ GP! interferome-
ter, and a Polytec™ laser Doppler vibrometer.

quisition software based on the NI
LabView™ platform; (4) design and
fabrication of a new detector system
based on a high-resolution (7.4 x 7.4
num? pixel size) CCD camera (Figure 3);
(5) assembly and use of an efficient
experimental setup for precise, ~0.5%,
flat-field calibration of the camera
pixel-to-pixel photo-response nonuni-
formity; and (6) development of new
software for carrying out LTP meas-
urements and data analysis.

After the modernization and calibra-
tion and testing were completed, the
first metrology work with the upgraded
LTP was performed on a superpolished
grating substrate with a spherical ra-
dius of ~18.7 m, fabricated by InSync,

Micromap™-570

Polytec™ Vibrometer

Inc. for the MERLIN project. The rms
slope variation for the substrate was
specified to be < 0.5 prad. The meas-
urement performed at the OML indi-
cates a slope variation of < 0.37 prad
for the central part of the substrate
(Figure 4). Such measurements have
only been possible because of the up-
graded LTP. With further improve-
ments, we expect that the overall
accuracy of LTP measurements will
improve to the 0.1-prad level.

LTP metrology of this substrate be-
came possible because of the use of a
novel technique developed at the OML
for suppression and measurement of
the LTP systematic error. The technique
utilizes the new two-dimensional de-



Optical sensor of the upgraded LTP
with a new detector system based on a pre-
cisely calibrated CCD camera with home-
made active temperature stabilization. A
new laser-beam attenuator was designed to
simplify alignment of the instrument.

tector of the LTP. With this detector, it
is possible to perform repeated meas-
urements over the same trace on the
mirror surface, but at different sagittal
tilts of the mirror with respect to the
LTP. By averaging over these measure-
ments, the higher-spatial-frequency
systematic errors of the LTP optics are
significantly suppressed.

We still need a sophisticated cali-
bration system for precise calibration
and control for the lower-spatial-fre-
quency systematic errors of the up-
graded LTP. The current calibration,
extracted from the test measurement
of the 40-m curved "round robin" mir-
ror, provides only a one-point calibra-
tion and does not account for all of the
nonlinearity of LTP curvature meas-
urements. Ideas for a more sophisti-
cated technique for calibration of slope-
measuring instruments (based on a
universal test mirror to simulate a
mirror with a known shape) has been
developed at the OML and is being
fabricated in collaboration with a
worldwide collaboration of the ALS,
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strate with a spherical radius of ~18.7 m, fabricated by InSync, Inc. for the MERLIN project.
The slope variation of the central part of the substrate as measured with the modernized LTP is

less than 0.37 prad (rms).

BESSY, and the PTB (the German na-
tional standards institute).

A new generation of high-brightness
sources (LCLS, NSLS-II, ALS at low-
emittance top-off mode) is being de-
veloped in the United States to enable
nanofocusing applications and high-
coherence experiments including dif-
fraction imaging, scattering, and
speckle measurements. To deliver on
this potential, beamline optics of un-
precedented quality are required. The
corresponding metrology will be es-
sential in order to achieve high-effi-
ciency sub-100-nm focusing. The

beamline optics will have to have sub-
100-nrad slope error tolerances. This
is now the worldwide goal for manu-
facturing and metrology of x-ray optics.
The next generation of mirror-mea-
surement tools must achieve sensitivity
and accuracy well below these values.
It has become apparent that without a
concentrated nationwide research and
development effort in x-ray metrology,
costly increases in source brightness
may not translate into increased ex-
perimental capabilities because "if
you cannot measure, you cannot make
it, nor use it.”
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COSMIC AND MAESTRO AT SECTOR 7

Two large scientific proposals are
currently under consideration: COS-
MIC, a facility for coherent soft x-ray
imaging and scattering and MAES-
TRO, a facility for nanoscale angle-re-
solved photoemission (Figure 5).
Taken together, these will require the
rebuild of the undulator beam lines at
Sector 7, replacing one of the original
ALS spherical grating monochroma-
tors with a pair of modern beamlines
designed specifically for these two
programs.

The optical design of this dual fa-
cility was completed by the ESG in an
effort led by T. Warwick, and a suc-
cessful optical design review took
place with an international review
committee. The reviewers reported,
"We are unanimous in our belief that
these conceptual designs will be
turned into high-performance, robust
operation, highly productive beam-
lines.” Preliminary engineering stud-
ies will begin soon.

The key to a successful rebuild of
ALS Sector 7 is a properly scoped
project, carefully planned. At the de-
sign stage, this means that the beam-
lines should fit the floor space
available, taking careful account of
user space needs for future endstation
development and sample preparation.
The project will need ten or so state-
of-the-art reflecting optics, and the de-
sign calls for state-of-the-art
specifications for each of these, with
managed risk. Beamline performance
is optimized, and the performance re-
quirements are met with considera-
tion of the effects that could limit the
delivered flux and resolution. Optical
aberrations and thermal deformation
have been assessed, and consultation
is underway with the potential ven-
dors of the mirrors and gratings.

The COSMIC beamlines will be
served by a 34-mm-period EPU and

Depiction of the COSMIC and MAESTRO beamlines on the ALS floor at Sector 7.
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branch to serve two endstations. One
will be for coherent scattering and
speckle measurements from organic

and magnetic materials from 250 to
1800 eV. The other will be for lensless
diffractive imaging using phase re-
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trieval techniques from 500 eV to 3
keV (Figure 6). In each case, the facil-
ity will provide full polarization con-
trol and will be optimized for modest
spectral resolution (R < 1500) and
maximum coherent photon flux. The
reduced vertical brightness of the ALS
with top-off operation will be ex-
ploited and preserved in the beamline.

The MAESTRO beamlines will be
served by a 70-mm-period EPU and
branch to serve two endstations for
angle-resolved photoemission, from 60
to 600 eV with added range down to
20 eV and up to 1000 eV (Figure 7).
High spectral resolution is required
and the design promises 2-meV reso-
lution at 60 eV. One branch will gen-
erate a small spot on the order of 10 ym
and illuminate the currently operating
Electronic Structure Factory endsta-
tion. The second branch will be for a
zone-plate nanofocus for microscopic
studies using ARPES with an x-ray
spot on the order of 10 nm.

X-RAY MIGRODIFFRAGTION ON SUPERBEND BEAMLINE 12.3.2

The move of the successful x-ray
microdiffraction program from bend-
magnet Beamline 7.3.3 to the super-
bend Beamline 12.3.2 was made
possible by a funded NSF instrumen-
tation proposal submitted by E. Us-
tundag (Iowa State University)
together with support from the ALS.
This team effort was led by A. Mac-
Dowell, N. Tamura, and T. Warwick
together with R. Celestre, S. Fakra, M.
Church, and J. Glossinger. The move
stemmed from the need for a smaller
spot size and access to higher-energy
photons, to enable better strain/stress
sensitivity for more precise insights
into the micromechanics of engi-

neered samples and for development
of bulk-sensitive three-dimensional x-
ray microdiffraction techniques.

Beamline 12.3.2 was completed
early in 2007 and the hutch received
first light on April 17, 2007. Assembly
of the optical components inside the
hutch as well as initial commissioning
of parts being installed in the station
(Figure 8) were started soon after-
ward. The source for this beamline is
a 6-T peak field superconducting
bend magnet shared with the 12.3.1
SIBYLS beamline. The available en-
ergy range has been extended from 5-
12 keV (on regular bend magnet 7.3.3)
to 5-24 keV on the new superbend.

The nominal source size is 240 (h) x
40 (v) pm (FWHM). At 13 m from the
source lies a horizontally deflecting
0.7-m long silicon toroidal mirror
(M1) coated with a Pt-Rh bilayer that
refocuses the source at the entrance
of the experimental hutch, which is
situated a further 9.4 m downstream.
The working grazing incidence angle
is 3.5 mrad. Characterization of the
M1 mirror performance has been car-
ried out and shows that it behaves
close to expectations. Like the previ-
ous bend-magnet station, water-
cooled tungsten rotary slits placed at
the M1 focus just behind the entrance
to the hutch are used as a size-ad-
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New microdiffraction endstation
being assembled during the commissioning
of Beamline 12.3.2.

justable secondary source for the mi-
crofocus instrument inside the hutch.
This secondary source size is close to
the expected value of 175 (h) x 30 (v)
pm (FWHM).

Besides the M1 mirror, all the other
optical components of the beamline
are placed in the hutch inside a vac-
uum chamber. The Kirkpatrick-Baez
(K-B) mirror pairs (Figure 9) are
placed 2.13 m (horizontally focusing)
and 2.265 m (vertically focusing)
downstream of the rotary slits. They
are 100-mm-long, 12.5-mm-wide, and
4-mm-thick silicon mirrors coated
with rhodium. The focal point on the
sample is at 270 mm and 135 mm, re-
spectively, from the horizontal and
vertical focusing mirrors. Each mirror
has four degrees of freedom: transla-
tion in-out of the beam, pitch, and
two bends. The bending of the mir-
rors to the required elliptical shape is

New Kirkpatrick-Baez mirror assemblies for Beamline 12.3.2.

performed using flat flexure and tie
rods instead of weak leaf springs as in
the original 7.3.3 design in order to
minimize misalignment. The tie rods
are short to minimize thermal drift ef-
fects. The new set of K-B benders also
contains a more sensitive and stable
mirror detwist mechanism. The new
K-B system has been shaped in the
OML and installed at the beamline for
initial characterization and commis-
sioning. Measurements of the figure
errors and roughness indicate that the
new set of mirrors should provide a
beam size ~ 100 nm. Initial measure-
ments of spot size were around 1 mi-
cron before detailed optimization. An
air-conditioning system maintains the
temperature inside the hutch to
within +0.1 °C, while initial vibra-
tion measurements performed during
the shutdown indicate a system stabil-
ity of less than about 100 nm. The

beamline will work mostly in white-
beam mode, but a number of experi-
ments also require monochromatic
focused beam. This will be provided
by a four-bounce monochromator
consisting of two Si(111) channel cuts
mounted on encoded rotary stages
that would allow rapid switching be-
tween white and monochromatic
beam while illuminating the same
spot on the sample.

The sample stage has eight degrees
of motion. Three XYZ motors at the
base allow alignment of the stage’s
center of rotation with the focal posi-
tion of the x-ray beam. A chi cradle
can change the angle of incidence of
the beam onto the sample from 0 to
45 degrees, permitting both transmis-
sion and reflection experiments.
Three translations and a phi rotation
stage allow for the scanning of the
sample under the beam. The position



reproducibility of the upper stage is
50 nm. Diffraction patterns will be
collected by an x-ray CCD detector
mounted on a two-theta arm allowing
it to be positioned for transmission as
well as high-angle mode. The beam-
line is expected to become fully oper-
ational and available for users during
the summer of 2007. The in-house
code for analyzing the thousands of

diffraction patterns generated by a
single two-dimensional scan has been
adapted to run on a 24-dual-proces-
sor-node Linux cluster for fast real-
time processing of data to yield
strain/stress, deformation, orientation,
crystalline phase distribution maps of
the sample.

The microdiffraction program cov-
ers very diverse areas of science and
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has been a tremendous success. The
new combination of a high-energy su-
perbend beamline having enhanced
flux and high-energy coverage with
high-power computing, state-of-the-art
detectors, and 100-nm spatial resolu-
tion will be truly revolutionary, and
we are set for a very bright future in
applying the new system to the study
of materials microstructures.

SMALL- AND WIDE-ANGLE X-RAY SCATTERING (SAXS/WAXS)

The previous home of the x-ray mi-
crodiffraction facility described
above, Beamline 7.3.3, has been trans-
formed under a strategic Laboratory
Directed Research and Development
(LDRD)-funded program into a simul-
taneous small-angle and wide-angle x-
ray scattering (SAXS/WAXS) beamline
(Figure 10). This work has been
headed by A. Hexemer and H. Pad-
more, together with R. Kirian, A.
MacDowell, R. Celestre, M. Church,
E. Gann, J. Glossinger, and (ESRF col-
laborator) W. Bras.

Currently the beamline is in the
initial stages of commissioning. The
modification to Beamline 7.3.3 to ac-
commodate a SAXS/WAXS endstation
has been minor in comparison to con-
structing a completely new beamline.
A multilayer monochromator has
been installed in front of the M1 mir-
ror. The multilayer is made of 250 lay-
ers of Mo alternating with B,C each
with a d-spacing of 2.0 nm. The x-ray
energy in normal operation mode is
fixed at 10 keV and yields an x-ray
flux of 1.7 x 10" at the sample posi-

Layout of the SAXS/WAXS Beamline 7.3.3.

tion inside the hutch. Two sets of slits
have been installed to reduce the par-
asitic scattering. In addition, two
identical detectors, one for SAXS and
one for WAXS, have been mounted.
The detectors are on loan from the
Berkeley Center for Structural Biology
(BSCB) through the LDRD's co-princi-
pal investigator, P. Adams. They are
ADSC Quantum 4R CCD detectors
with an active area of 188 x 188 mm
(2304 x 2304 pixels) and a dynamic
range of 16 bits. The readout time
varies between 9 and 3 s depending
on imaging mode. The SAXS detector
is mounted on a rail system to easily
change the sample-detector distance
between 1 and 4.30 m (Figure 11).
The WAXS detector is suspended on a
five-axis mount providing a large de-
gree of freedom in positioning the de-
tector around the sample. With the
possibility of measuring SAXS and
WAXS at the same time, the total g-
range of the system is between 0.004
A and 8.7 A™!. In real space this cor-
responds to feature sizes between
1500 A and about 0.8 A.

A major focus during the design of
the SAXS/WAXS endstation was to ac-
commodate a wide variety of samples,
stages, and environments. In the be-
ginning, however, the focus will be on
three main research areas.
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SAXS detector with flight tube.

First, Beamline 7.3.3 will allow SAXS
measurements of proteins and protein
complexes. The value of protein SAXS
is illustrated by three problems with
standard protein crystallography: first,
certain proteins and complexes are
difficult or impossible to crystallize,
an issue that is avoided in SAXS since
proteins are measured in solution;
second, a protein's structure in a crys-
talline lattice may well differ in im-
portant respects from its structure in
physiologically relevant conditions; fi-
nally, large complexes typically exist in

a very large array of states in order to
perform their functions, and it is in-
conceivable that all these states and the
transition from one to another can be
followed with traditional crystallography.
The second research area will focus
on polymer systems and liquid crys-
tals. SAXS provides the primary means
of determining the nanophase structure
and disordering transitions in block
copolymers by the development of pe-
riodic features commensurate with mi-
crophase separation. Subtle changes in
structure, such as a nanometer increase
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SAXS pattern of a smectic liquid
crystal.

in domain spacing due to molecular
reorientation or changes from inter-
digitated to bilayer structures, can be
detected and explored as a function of
temperature. The first experiment at
Beamline 7.3.3 was in collaboration
with B. Freelon, a member of the UC
Berkeley group of R. Birgeneau. The
sample was a thermotropic liquid crys-
tal changing from an isotropic phase to
a nematic to a smectic phase as a func-
tion of temperature. The SAXS data was
taken in situ while the sample was
cooled from 80 to 45 °C. Figure 12
shows the collected SAXS pattern for
an exposure time of 20 s at 51 °C. The
liquid crystal is in a smectic phase at
this temperature.

The third focus area will be work
in nanoscience—for example, studies
of the growth kinetics of nanoparticle
complexes in solution.



OTHER AGTIVITIES

ESG staff members continue to
support other technically demanding
user programs. The photoemission
electron microscopy (PEEM) program
involves the continued operation of
Beamline 7.3.1 and the development
of PEEM3 at Beamline 11.0.1. A laser-
based subpicosecond magnetization
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dynamics program is under develop- femtosecond x-ray research. Lensless
ment at the same beamline. High- imaging is supported at Beamline
pressure diffraction is under 9.0.1. A dedicated small-molecule
continued development at Beamline crystallography station is operational
12.2.1. MicroXAFS and fluorescence at Beamline 11.3.1. Finally, an x-ray
analysis operates at Beamline 10.3.2. microtomography program is being
ESG staff support and develop Beam- developed on superbend Beamline
lines 6.0.1 and 6.0.2 for laser-sliced 8.3.2.
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INTRODUCTION

The primary mission of the Scien-
tific Support Group (SSG) (Figure 1) is
to support the efforts of researchers at
the ALS through scientific and techni-
cal collaboration and scientific outreach.
Working with the users, the SSG plays
an important role in developing novel
instrumentation that enables cutting-
edge science. Depending on the needs
of the user, the degree of collaboration
can range from technical assistance
with the beamline and instrumenta-
tion to full partnership in developing
new research programs.

The SSG strives to expand the sci-
entific program of the ALS and
broaden its user base through publica-
tions and presentations. The group or-
ganizes a variety of seminars,
including the weekly ALS/Center for
X-Ray Optics (CXRO) seminar series
and a targeted weekly SSG lecture se-
ries. The weekly lectures cover a wide
range of topics and are given by
world-renowned scientists. The group
also organizes the quarterly ALS Col-
loquium. This year, R. Birgeneau,

Left to right: Per-Anders Glans, Yulin Chen, Adriana Reza, Zhihui Pan, Cinthia Pia-
monteze, Shan Qiao, Jinghua Guo, Evelyn Cruz, Elke Arenholz, Zahid Hussain, Michael Mar-
tin, Wanli Yang, Eddie Red, Jonathan Spear, Tolek Tyliszczak, Jessica McChesney, Zhao Hao,
Matthew Brown, Simon Mun, Gennadi Lebedev, Geoffrey Gaines, Yi-De Chuang, and Aaron

Bostwick.

- Zahid Hussain, Division Deputy for Scientific Support / Eli Rotenberg, Deputy Leader, Scientific Support Group

Chancellor of UC Berkeley, also gave
one of the ALS Colloquia.

Working together with the UEC,
the SSG also helps to organize work-
shops exploring new scientific oppor-
tunities and needs for new beamlines
or experimental facilities. During the
2006 ALS Users' Meeting, ten such
workshops were heavily attended by
enthusiastic scientists, triggering
many fruitful discussions that should
spark further advances at the ALS.

The ALS offers two types of re-
search fellowships: the Doctoral Fel-
lowship in Residence and the newly
instituted Postdoctoral Fellowship.

The ALS Doctoral Fellowship in
Residence program, established in
2001, has been very popular among
doctoral students and has been re-
ceived with much appreciation. Doc-
toral fellowships enable students to
acquire hands-on scientific training
and develop professional maturity for
independent research. More details
are given at the ALS Web site (www-
als.Ibl.gov/als/fellowships/). A selec-
tion committee consisting of C. Heske
(chair, UEC), C. Larabell, Z. Hussain,
S. Bader (chair, Scientific Advisory
Committee), and N. Smith recom-
mended the following recipients for
doctoral fellowships for academic
year 2006 (Figure 2): Matthew Brown
(UC Irvine, ambient-pressure XPS);



From left to right: Zhihui Pan,
Xiaowei Yu, Eddie Red (E.O. Lawrence Post-
doctoral Fellow), Shuyun Zhou, and
Matthew Brown.

Ileana Dumitriu (Western Michigan
University, inner-shell photodetach-
ment of negative ions of Cg, and
nickel clusters Negative Ions); Mo-
hammed Hussain (University of
British Columbia, ARPES and XAS);
Zhiqgiang Li (UC San Diego, infrared
microscopy of charge injection in or-
ganic field-effect transistors); Zhihui
Pan (Boston College, photoemission
study of strongly correlated electron
systems); Cheng Wang (North Car-
olina State University, resonant scat-
tering); Jie Wu (UC Berkeley, nano-
magnetism with photoemission elec-
tron microscopy); Xiaowei Yu (Stanford
University, time-resolved imaging/
magnetic phase transitioning); Shuyun
Zhou (UC Berkeley, ARPES).

111

Facility Report : : Scientific Support

The purpose of the new ALS Post-
doctoral Fellowship program is to
identify outstanding individuals in new
and emerging scientific and engineering
research fields and provide advanced
training in synchrotron radiation sci-
ence. Fellows become integral mem-
bers of ALS research teams. Applicants
must have received a doctoral research
degree from an accredited academic
institution in an appropriate scientific
or engineering discipline within three
years of the appointment start date.
Applications are reviewed on a quar-
terly basis. Awards are initially for one
year with the possibility of renewal
for a second or third year, contingent
on satisfactory annual performance
reviews and funding availability.
Salary is competitive with current
ALS/Berkeley Lab postdoctoral fellows,
ranging from $60,000 to $66,000 per
year, depending on the number of
years since receipt of the doctoral de-
gree. Postdoctoral fellows are also eli-
gible for midlevel career benefits. More
details are given at the ALS Web site
(www-als.lbl.gov/als/fellowships/).

SSG members are responsible for
the operation, upgrade, and mainte-
nance of most of the facility beam-
lines and many of the permanent
endstations at the ALS. Each of the
undulator-based beamlines—4.0.2,
7.0.1, 8.0.1, 10.0.1, a photoemission

branchline on 12.0.1, and a coherent
science branchline 12.0.2—typically
have one or two SSG staff members
responsible for their continued opera-
tion. This year the SSG has also taken
responsibility for operation of Beam-
line 6.3.1 which was developed and
operated by CXRO. The group is also
playing an active role in the operation
of the molecular environmental sci-
ence Beamline 11.0.2 and the upgrade
of the chemical dynamics complex
(Beamline 9.0.2), which are operated
by Berkeley Lab’s Chemical Sciences
Division (CSD) under separate fund-
ing from DOE BES. Members of the
SSG put great emphasis on making
the development of novel instrumen-
tation more efficient and user
friendly. In 2006, working with the
Engineering group, the SSG has made
significant progress in the develop-
ment of MERLIN Beamline 4.0.3 (see
details below). The group has also de-
signed and developed several new ex-
perimental systems, some of which
are described below.

Staff scientists within SSG are ex-
pected to maintain scientific and tech-
nical excellence in areas of synchrotron
radiation research. Participation in ac-
tive scientific programs is essential for
such development, and all of the SSG
scientists are active members of re-
search programs at the ALS.
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CARBON ARRIVES AT THE ELEGTRONIC STRUGTURE FAGTORY

Graphene is a single layer of car-
bon atoms tiled in a honeycomb
array; it is the building block of car-
bon nanotubes, graphite, fullerenes,
and other exotic carbon-based materi-
als that have been widely studied in
the last two decades. Graphene-based
devices might very well address the
fundamental limitations of silicon-
based technology, expected to be
reached in the next decade or so.
These limitations are not only in the
size of devices, but also in power con-
sumption. The latter is especially im-
portant considering that the present
high rate of power consumption is
one of the most significant environ-
mental impacts of computers and
other electronic devices. Graphene
also has bizarre electronic properties:
the charge carriers have an effectively
zero mass and move through the ma-
terial at a constant speed, much as
massless photons have a constant
speed of light. This makes graphene
an unusual playground for studying
relativistic particle physics, and its
carriers are referred to as Dirac fermi-
ons, after the equation that describes
their motion.

The Electronic Structure Factory is
a high-resolution, high-throughput

UNBIASED

ARPES endstation, dedicated in part
to studies of complex materials grown
in situ at Beamline 7.0.1. Because of
these capabilities, this endstation is
well-situated to study the electronic
structure of in situ grown graphene-
based materials.

In a recent article in the journal
Science, a collaboration between the
ALS and two groups in Germany have
proved the feasibility of making a
unique electronic switch only two
graphene layers thick (see "Control-
ling Graphene's Electronic Structure”
in the Condensed Matter Physics sec-
tion of the Science Highlights). The
researchers verified theoretical pre-
dictions that upon controlling the
electronic charge in each layer, such a
bilayer can be readily switched from
being a metal to being an electrical in-
sulator. Furthermore, work by this
group and others has shown that the
current traveling through graphene
layers dissipates very little energy, so
a switch based on this effect would
work efficiently with less heat dissi-
pation than present electronic devices.

The change in the electrical con-
duction occurs upon application of an
electrical field across the bilayer
graphene sample as a consequence of

BIASED

Conduction

No Conduction

Left: When the graphene film has no net applied field, the symmetry of the film dic-
tates, and ARPES data confirm, that two electronic bands cross without an energy gap. Right:
Upon application of an electric field, the symmetry is broken and a gap is opened in the en-

ergy spectrum.

symmetry breaking. When there is no
net field perpendicular to the layers,
the individual graphene sheets are
identical, and calculations predict a
gapless, semimetallic band structure.
With a bias across the sample, the
graphene layers are no longer identical
and the electronic band structure ac-
quires an energy gap, which can be
clearly seen in the experiment (Figure
3). This control of the band structure
means that if the Fermi level is ad-
justed to be near the band crossing, a
semimetal-to-insulator transition can
be induced by applying an electric field.
While the experiments at the ALS
used alkali metal overlayers to control
the field, similar control in a device
could be readily achieved using stan-
dard voltage gating techniques.

In an article published in the jour-
nal Nature Physics, the same research
team showed for the first time the ef-
fect of plasmon scattering on the elec-
tronic lifetime in a single graphene
sheet. To probe the effect, the re-
searchers grew graphene layers doped
with a slight amount of excess charge,
amounting to about 1 electron per
1000 carbon atoms. While small, this
excess charge was sufficient to create
a dilute metal, which shows up in the
ARPES measurements as a tiny circu-
lar Fermi surface (Figure 4, left). The
underlying energy bands have a very
special character: they consist of two
bands that were predicted to cross
without any energy gaps where they
overlap (Figure 4, center). This can
easily be seen in the experiment.
What is strange is that at the crossing
point, also called the Dirac energy
(Ep), the bands are significantly
broadened, and furthermore, rather
than passing in a straight line, they
show a notable kink in their shape.
This is most easily seen for a specific
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Electronic structure of n-doped graphene. Left: The Fermi surface of graphene grown
on silicon carbide, for charge density n = 1.1 x 1013 electrons/cm2. Center, right: Energy
bands taken along horizontal and vertical directions through momentum space.

slice of momentum space in which
one of the two bands is suppressed by
a symmetry effect (Figure 4, right).
These effects can only be explained
by some many-body interaction,
namely the decay of the quasiparti-
cles by plasmon emission. This is the
first demonstration of such electron-
plasmon coupling and is significant
because such coupling might be a
new pairing mechanism for the super-
conductivity observed in carbon nan-

MERLIN

Beamline 4.0.3, the meV-resolution
beamline (MERLIN), is currently
under construction at Sector 4 of the
ALS. MERLIN is designed to have an
unsurpassed energy resolution, on the
order of 1 to 2 meV, for most of its op-
erating energies from 10 to 150 eV.
Besides high energy resolution, it will
provide full polarization control to
satisfy the experimental needs of
ARPES and resonant inelastic x-ray
scattering (RIXS) spectroscopies.

To provide full polarization control
with reduced contamination from the
high harmonics commonly seen in
low-energy beamlines, the MERLIN
undulator adopts a brand new quasi-

otubes. It is also significant because
strong electron-plasmon coupling is a
prerequisite for applications in plas-
monics, which is the technology of
confining and controlling light on a
length scale much smaller than the
light's wavelength. This is a relatively
new area and is expected to impact
not only information technology and
nanotechnology, but also biological
and medical science.

What is remarkable about both

periodic EPU (QEPU) design. It uses a
90-mm-period EPU to maximize
flux/brightness. The periodicity is
modified by properly shimming the
magnetic blocks (Figure 5, top) to
shift the anharmonic photon peaks to
noninteger multiples of the funda-
mental; these high harmonics can be
then be filtered out by the monochro-
mator. The calculated flux of the 90-
mm QEPU and regular EPU at 9-eV
photon energy is shown in Figure 5.
With the quasi-periodicity, the inten-
sity at integer multiples of the funda-
mental is greatly reduced.

The MERLIN beamline layout is
shown in Figure 6 It consists of two

113

Facility Report : : Scientific Support

these experiments is the high degree
of momentum resolution achieved.
The Fermi surface areas were less
than a tenth of a percent of the Bril-
louin zone area, which means that the
observed Fermi surfaces (e.g., Figure
4, left) are only about 1 degree wide.
In order to say anything meaningful
about the lifetime of states, it was
necessary to have an angular resolu-
tion at least 10 times higher. It also re-
quired fine control of the sample
motion: the polar scan shown in Fig-
ure 4 required scanning the polar
angle (vertical direction in the figure)
in steps of only 0.025 degrees.

A. Bostwick, T. Ohta, J.L. McChesney, and E. Rofen-
berg (ALS); K. Emtsev and T. Seyller (Universitét Erlan-
genNirnberg, Germany); and Karsten Horn (Fritz
Haber Institute, Germany).

T. Ohta et al., “Controlling the electronic structure of
bilayer graphene,” Science 313, 951 (2006).

A. Bostwick ef al., “Quasiparticle dynamics in
graphene,” Nat. Phys. 3, 36 (2007).

upstream mirrors, M301 and M302,
which deflect the beam away from
the storage ring and focus it vertically
at the entrance slit and horizontally at
the exit slit. The M302 pitch/yaw/roll
mechanisms are motorized and can be
used to establish a feedback loop with
the zero-order monitor right after the
grating to maintain the throughput at
the entrance slit. These two mirrors
also serve as a power filter to remove
unwanted heat from high harmonics,
preserving the figures of resolution-
determining optics.

The monochromator is a variable-
included-angle spherical grating
monochromator, with one plane mir-
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Top: Schematic showing the design of the QEPU. The quasi-

periodicity is achieved by shimming the magnetic
culated performance of 90-mm QEPU (red) versus

ror and two sets of spherical gratings
in a single tank. The mechanical
drawing of the monochromator is
shown in Figure 6 (mirror faces up
and gratings face down). Selection of
the grating is done by shuttling the
monochromator tank transverse to
the beam trajectory. The included
angle of the gratings can be varied by
changing the angle of the plane mir-
ror. By combing this capability with
the ability to translate the monochro-
mator tank 1.30 m along the beam
trajectory, the Rowland circle focus-
ing condition can be satisfied for most
of the photon energies without even
moving the entrance and exit slits.
This unique aspect preserves the

blocks. Bottom: Cal-
regular EPU (green).

throughput (tight focusing from
M302) at the entrance slit and source
image (the exit slit) of the down-
stream refocusing optics. Hence we
are able to design the tight refocusing
optics. The high-resolution gratings,
with line densities of 900, 1800, and
3600 line/mm on a single substrate,
will provide high energy resolution
that lives up to the name of the beam-
line. To satisfy photon-hungry RIXS
experiments with less demanding en-
ergy resolution, high-flux gratings
with 1/3 the line densities can be
used. With the options of selecting ei-
ther high energy resolution or high
photon flux, this beamline can meet
different demands for ARPES and

M302

Top: Schematic plot of MERLIN beamline layout. Bottom left:
Schematic plot showing the pitch/roll/yaw mechanism of M302. Bot-
tom right: Schematic plot showing the internal structure of the mono-
chromator. The beam direction is marked by yellow arrows.

RIXS experiments.

After the exit slit, a wedge-shaped
switchyard mirror is used to deflect
the beam into the ARPES and RIXS
branches. A refocus mirror set, with a
fixed-radius Si mirror and a 17-4PH
bendable mirror, will perform the re-
focusing. The Si mirror will deflect
the beam vertically and sagittally
focus the beam at the sample posi-
tion. The 17-4PH mirror, with proper
side profile designed to achieve the
desired elliptical shape, will produce
a nice Gaussian profile in the vertical
direction, which is critical for an en-
trance-slitless RIXS spectrometer.

To achieve the best performance of
the beamline, high-quality optics play
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(a) Image of HR grating taken at the OML at BESSY II. (b) Image of HF grating sub-
strate taken at the OML at the ALS. (c) Height variation of the substrates (from ideal sphere). (d)
Ray-tracing program (SHADOW) simulation showing the beam image at the exit slit with 10-pm
entrance slit setting. The energy difference is 1.3 meV for HF gratings and 0.6 meV for HR
gratings. The central energy is 60 eV.

7. The measured rms slope error is
around 0.25 prad for the HR substrate
and ~0.5 prad for the HF substrate.
The corresponding height variations
(deviation from ideal sphere, in nm)
along the central tangential line of
both substrates are shown in Figure
7c. The height variation is very small,
on the order of 10 nm for the HF sub-
strate and better than 5 nm for the
HR substrate. With height variation

important roles. This is a very chal-
lenging demand for optics vendors.
With extreme effort, we have ac-
quired high-quality grating substrates
for both high-resolution (HR) and
high-flux (HF) gratings. The HR sub-
strate was previously measured at the
OML at BESSY II and the HF sub-
strate was measured at the OML at
the ALS. Images of the HR and HF
grating substrates are shown in Figure
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information, we are able to simulate
the performance of these two grat-
ings. Here we use the high-density
rulings (1200 line/mm for HF and
3600 line/mm for HR) and the en-
trance slit is set to be 10 pm at 60 eV.
The energy difference is 1.3 meV for
HF and 0.6 meV for HR. As expected,
for ideal gratings, a beautiful step-like
image is observed at the exit location.
Inclusion of the surface error will pro-
duce tails beside the step and the full
width increases by 100% for the HF
grating and 50% for the HR grating.
Hence we will be expecting ~2.5-
meV energy resolution for the HF
grating and 0.9 meV for the HR grat-
ing at 60 eV, a conservative estimate
(in fact, the FWHM shows minute
change).

During the 2007 shutdown, front-
end components, M301 and M302
mirror tanks will be installed. The
monochromator assembly, entrance
and exit slits will be installed before
the end of 2007. By early 2008, the
rest of the optics are expected to be
installed and the commissioning
process will start.

The lead engineer for the MERLIN
project is N. Kelez, and the lead scien-
tist is the beamline scientist, Y.-D.
Chuang. J. Denlinger will be the sec-
ond beamline scientist, responsible
for photoemission activity at MERLIN
starting in the fall of 2007. Other sci-
entists actively involved in the project
are Z. Hasan (Princeton University),
A. Lanzara (MSD, Berkeley Lab), Z.-
X. Shen (Stanford University) and Z.
Hussain (ALS).



116

— Facility Report : : Scientific Support

ULTRARIGR-VACUUM (UHV) BENDABLE REFOGUS MIRRORS

A standardized design for UHV-
compatible, elliptically bent refocus
optics has been under development
since 2003 for use at various ALS
beamlines, including seven new refo-
cus mirrors as part of an upgrade to
the Beamline 8.0.1 optical layout. A
key motivation for the new design is
the desire for smaller refocus spots re-
quiring higher demagnification config-
urations of one mirror (or one K-B
pair) positioned close to each endsta-
tion as opposed to a single high-qual-
ity mirror pair servicing multiple
endstations. The close proximity of
the optics to the UHV endstation re-
quires that the optics assembly and
vessel also be UHV compatible. The
increased total number of optical ele-
ments needed, each with different de-
magnification requirements,
motivates the use of less-expensive
mirror flats in a standardized bending
mechanism for approximating a range
of elliptical curvatures.

The mirror assembly design (Figure
8) features standard Conflat mounting
flanges with 6- to 12-in. outer diame-
ters (ODs), accommodating mirror
lengths from 78 to 228 mm with a sin-
gle standardized external feedthrough
configuration for pitch and bending
control. Two external linear drive
feedthroughs (custom-designed for
forces greater than 50 1b) actuate leaf-
spring bending couples, and a single
bellows accommodates pitch motion
as well as an optional linear drive for
lateral translation of the mirror into
and out of the x-ray beam.

The need for mild baking of the op-
tics assembly (< 100 °C) to achieve
UHYV pressures precluded the use of
silicon mirror flats with glued end
mounts. Instead, metallic substrates of
nickel-coated Glidcop, polished to less
than 5-A rms roughness and < 1-prad

Linear Bending

Drives (2)
Pitch
Drive
Leaf Springs
& Flexures

Glidcop

Mirror
Bendable UHV refocus mirror de-

sign.

slope error (InSync, Inc.), were
mounted to the bending flexures with
a glueless end-clamping design.

In the fall 2006 shutdown, two 12-
in. OD Conflat mirror benders were
installed in a horizontal switchyard
tank (Figure 9) as the first phase in
the Beamline 8.0.1 optical upgrade.

Horizontal mirror switchyard for
Beamline 8.0.1.

The new switchyard provides more
rapid changeover between two
branchlines than the previous rotating
air-platform, which was dismantled
and retired after 10 years of service.
In combination with an 8-in. OD Con-
flat vertical mirror bender mounted
0.5 m from the new NanoNEXAFS
main chamber (see 2002 Activity Re-
port, p. 90), a focal spot of 100 x 15
microns was delivered for use by a
new entrance-slitless variable-line-
spacing (VLS) grating x-ray emission
spectrometer optimized for efficient
detection of the C, N, and O K edges.
The second-phase upgrade, planned
for 2007, involves the installation of
the remaining four 6-in. OD Conflat
mirror benders directly in front of dif-
ferent endstations for optimal demag-
nification. In addition, the UHV
bender standardized design has been
adopted for use at other beamlines at
the ALS.

ALS technical support included K.
Franck (main UHV bender design en-
gineer), T. Miller (high-force linear
feedthrough design) and D. MacGill
(bender assembly). The lead scientist
is the beamline scientist, J. Denlinger,
with help from W. Yang and J. Spear.



117

Facility Report : : Scientific Support —

HIGH-EFFIGIENCY X-RAY EMISSION SPECTROMETER

An advanced entrance-slitless VLS
grating soft x-ray emission spectrome-
ter project at the ALS, initiated in 2001,
has produced multiple instruments
for specific applications of RIXS at C,
N, and O K edges and transition-metal
L, ; and M, ; edges. The key compo-
nents of the emission spectrograph
(Figure 10) are a combination of a
spherical focusing premirror, a VLS
grating, and a back-illuminated CCD
for detection of the dispersed soft x
rays. To achieve high resolution, the
spectrometer utilizes a CCD with
small (13.5 micron) pixel size and, due
to the entrance-slitless design, a finely
focused x-ray beam spot in the disper-
sive direction (less than 30 microns).
The combination of smaller focal
spot, optimized grating blaze angles,

and a high-quantum efficiency CCD
detector gives a theoretical prediction
of significantly enhanced detection ef-
ficiency compared to standard x-ray
emission spectrograph designs.

The initial spectrograph prototype
was funded through LDRD funds (Z.
Hasan, Princeton University, and Z.
Hussain, principal investigators), and
subsequent spectrographs have been
co-funded by particular research
groups. The latest VLS spectrograph
construction was designed by O.
Fuchs and E. Umbach (University of
Wiirzburg, Germany) in collaboration
with L. Weinhardt and C. Heske (Uni-
versity of Nevada, Las Vegas). The de-
sign was optimized for the study of
biologically relevant systems in a lig-
uid-flow cell. Initial liquid-flow-cell

VLS grating spectrometer installed in the Beamline 8.0.1 NanoNEXAFS endstation.

experiments with the existing SXF
endstation, as well as commissioning
of the new VLS spectrometer, were
performed at Beamline 8.0.1. In the
new NanoNEXAFS endstation at
Beamline 8.0.1, which features a new,
high-demagnification UHV bendable
refocus optic, a less than 20-micron
vertical beam spot was achieved as
the source point for the entrance-slit-
less VLS spectrometer.

Ray tracing and optical specifica-
tion were performed by O. Fuchs
with assistance by W. McKinney.
CXRO assisted in fabrication, includ-
ing mechanical design by P. Batson
and grating efficiency measurements
by E. Gullikson. The spectrograph,
employing a single 600-line/mm VLS
grating manufactured by Zeiss, was
optimized for maximum efficiency
and resolution in the energy range of
120 to 540 eV. It covers the sulfur L
edge as well as the C, N, and O K
edges for the investigation of liquids
and organic systems. Since such a
wide energy range cannot be satisfac-
torily covered with a single grating,
the native energy range of the spec-
trometer is limited to 120 to 220 eV,
while the higher energies up to 540
eV are detected in the second, third,
and even fourth diffraction order. An
overall efficiency gain of approxi-
mately 10x (for S, N, and O) and up to
150x (for C) was found in comparison
to the existing SXF spectrometer at
Beamline 8.0.1 for an equivalent re-
solving power of E/AE = 1000.

The increased efficiency (and thus
rapid data acquisition) changes the ex-
perimental paradigm from the meas-
urement of a limited selection of
excitation energies at a particular ab-
sorption edge to the acquisition of a
complete RIXS map with a uniform
small step size for all edges of inter-
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Example of an x-ray emission map for highly ordered pyrolytic graphite (HOPG)

using the VLS spectrograph at Beamline 8.0.1.

est. Such map images (Figure 11) can
reveal a much richer structure of ef-
fects. In addition, with dwell times of
a few seconds, time-dependent beam-
damage studies are more feasible, al-
beit with a trade-off for the more
concentrated beam spot. Also, the
large energy-detection window (in-
cluding the higher orders) allows the
VLS spectrograph to simultaneously
monitor relative intensities of a wide
range of elements in a manner remi-
niscent of higher energy-dispersive
SiLi for Ge detectors.

SPIN-TOF: TIME-OF-FLIGHT ANALYZER FOR SPIN-RESOLVED

ARPES

Despite the large amount of activity
and discoveries in the field of ARPES,
propelled by enormous progress in in-
strumentation in the past decades, rapid
growth in spin-resolved ARPES has
remained largely elusive due to the
major difficulties of measuring electron
spin. Recent explosions of interest in
complex magnetic systems in particu-
lar have made this powerful tech-
nique even more compelling. The ALS
formed a diverse interdisciplinary col-
laboration spread through Berkeley
Lab and the UC Berkeley campus to
develop an entirely new time-of-flight
(TOF)-based instrument for highly ef-
ficient spin-resolved ARPES.

The ARPES technique was revolu-
tionized by the development of the
two-dimensional electrostatic hemi-
spherical analyzer used throughout
the ALS and the world. It allows effi-
cient simultaneous collection of data
in two dimensions (electron kinetic
energy and emission angle along one
direction) with high resolution. State-
of-the art spin detectors (so-called
"mini-Mott detectors”), however, are
single-channel instruments based on
the spin-orbit-induced spin-depen-
dent scattering of relativistic electrons
from a gold-foil target. This spin-re-
solving measurement itself involves a
large loss in count rates, mainly due

to the small cross sections at the greater
than 20-keV kinetic energies required.
When coupled to a standard hemi-
spherical analyzer, a time-consuming
zero-dimensional analyzer results.
The TOF spin-resolved ARPES
project attacks these problems with a
double-edged sword. First, the spin-
detection element is completely re-
designed to be based on low-kinetic-
energy exchange scattering from a
magnetic target, similar to Bertacco et
al. (Ref. 1). As opposed to the rela-
tivistic Mott detectors, photoelectrons
are retarded to less than 10 eV and
back-scattered from a ferromagnetic
target with approximately two orders
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of magnitude increased reflectivity.
The reflectivity is spin dependent,
and flipping the magnetization of the
scattering target allows efficient spin
resolution of incident photoelectrons.
In contrast to Bertacco, our design is
based on thin-film targets that have
negligible stray fields. We have char-
acterized the spin-resolving power of
such thin-film targets using the spin-
polarized low-energy electron micro-
scope (SPLEEM) at the Berkeley Lab'’s
National Center for Electron Mi-
croscopy (NCEM) and found that we
could indeed achieve efficiencies 100
times higher than the best mini-Mott
detectors (Ref. 2).

Secondly, instead of being based on
the ubiquitous hemispherical analyzer,
the energy analyzing element is based
on the TOF technique. Taking advan-
tage of the inherent pulsed nature of
the ALS and the growing number of
ultraviolet lasers, the instrument re-
solves photoelectron energy by precise
measurement of the time between an
incident light pulse and the arrival of
a photoelectron at the final high-speed
multichannel-plate (MCP) detector.
We have designed from scratch a
complete electrostatic lens system for
collecting photoelectrons and guiding
them to the final detectors at desired
drift energies with high efficiency and

energy resolution. Because photoelec-
tron energy is detected through tem-
poral dispersion, when our TOF lens
system is coupled to a single spatial
channel (multi-temporal channel) spin
detector, an efficient one-dimensional
analyzer results.

A schematic view of the full TOF
instrument including the spin detec-
tor is shown in Figure 12. Figure 13
shows a photo of the recently assem-
bled TOF lens system (without spin
detector), including a long input col-
umn, two shorter exit columns, and a
90-degree band-pass filter to couple
the entrance and second exit columns.
A single-column prototype was previ-
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View of the assembled TOF electrostatic lens system.

NANOSCALE METAMATERIALS

Recently, artificial metamaterials
have been reported to have a negative
index of refraction (Ref. 1), which al-
lows a flat slab of the material to be-
have as a "perfect” lens (Ref. 2),
possibly even creating subdiffraction-
limited focusing. These novel materi-
als have numerous potential

applications (Ref. 3), especially if their
behavior can be extended to the near-
infrared and visible region. The first
steps toward scaling the dimensions
of these metamaterials have recently
been taken with the fabrication of
structures showing magnetic reso-
nances at about 1 THz (Refs. 4-5) and

ously built and tested at Beamline
12.0.1 to evaluate the TOF technique
without spin resolution during a two-
bunch run. Polycrystalline gold spec-
tra were successfully taken, showing
instrumental energy resolutions near-
ing 10 meV, which will be further im-
proved in the final instrument.

Coupled together, the final spin-re-
solved TOF analyzer will be able to
perform spin-resolved ARPES experi-
ments with at least 100 times the effi-
ciency of current state-of-the-art instru-
ments, making way for a large leap in
the field. Electronics and software for
the final device, including the spin de-
tector, are currently being completed.
A 6-eV laser is presently coming on-line
and will be extensively used with the
spin-resolved TOF analyzer between
two-bunch runs at the ALS.

This effort is a collaboration be-
tween the ALS (Z. Hussain and G.
Lebedev) and MSD (A. Lanzara), form-
ing the Ph.D. project of C. Jozwiak
(UC Berkeley). Other collaborators in-
clude N. Andresen and ]J. Pepper (En-
gineering), J. Graf and A. Schmid
(MSD), and A. Belkacem (CSD).

1. R. Bertacco, D. Onofrio, and F. Ciccacci, Rev.
Sci. Instr. 70, 3572 (1999).

2.]). Graf, C. Jozwiak, A.K. Schmid, Z. Hussain, and
A. lanzara, Phys. Rev. B71, 144429 (2005).

100 THz (Ref. 6).

The primary goal of this LDRD-
funded project is to create fully left-
handed nanoscale metamaterials with
features small enough to resonate in
the near-infrared by taking advantage
of Berkeley Lab’s nanofabrication ex-
pertise within the CXRO and infrared



spectromicroscopy capabilities of the
ALS's infrared Beamlines 1.4.2, 1.4.3,
and 1.4.4. An example of an array of
double split-ring resonator (DSSR)
structures with scaled line widths and
lattice spacing dimensions are shown
in Figure 14. Each test structure has
feature widths between 20 and 100
nm and is written in a pattern cover-
ing a 100-square-micron SiN window,
with 2-mm spacing to the next test
sample.

FTIR spectromicroscopy measure-
ments were performed in transmis-
sion and reflection geometries as a
function of incident angle and polar-
ization angle. Examples of mid- and
near-infrared transmission data with
the light polarization along y and an
angle of incidence of 6 = 30° are
shown in Figure 15. Strong resonant
absorptions are observed consistent
with a negative magnetic permeability.

Ongoing work continues to explore
various split-ring resonator sample
geometries, lattice spacings, and mate-
rials to optimize performance at high
frequency. We aim to achieve full neg-
ative index of refraction structures at
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FIGURE 14. A nanofabricated array of DSSR metamaterials having varying line widths (w) from
20 to 100 nm and varying lattice spacing (ag) relative to the unit cell size (I). At right are two
example SEM photos and the optical measurement axes related to the DSRR structures.
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optical wavelengths. This research
was performed by Z. Hao and M.C.
Martin (ALS), B. Harteneck and S.
Cabrini (MSD), and A. Liddle and E.
Anderson (CXRO).
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UPGRADES AT THE PROTOEMISSION BRANCH OF BEAMLINE

12.0.1

The high-resolution angle-resolved
photoemission (HARP) station at
Beamline 12.0.1 has become an in-
strument very popular among re-
search groups studying strong
electron correlations in complex mate-
rials by means of photoelectron spec-
troscopy. Within the past three years,
data taken at the beamline have made
their way into eleven papers in Physi-

Efficiency

cal Review Letters, three in Nature, and
one in Science. The electron spectrom-
eter endlessly pumping out these data
is a Gammadata-Scienta SES 100.
Since its development circa 1999, the
company has taken steps toward im-
proving the throughput of its analyz-
ers. The latest product is the R3000
spectrometer, which shares the basic
layout of the SES 100 but is capable of
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collecting data in an angular window
almost four times greater. Upgrading
our SES 100 to the new R3000 is a
logical (and easy) step toward increas-
ing the productivity of the beamline.
The ALS has placed an order for one
new spectrometer, and delivery will
occur before the fall of 2007. We an-
ticipate completion of the installation
and commissioning by the following
December.

The performance of the beamline
itself was improved by installing two
new gratings. The 200-line/mm grat-
ing is optimized for low photon ener-
gies (~20-40 eV) while the 1200-line/
mm grating will have a good efficiency
above ~200 eV. The latter grating will
be also be used for experiments re-
quiring high energy resolution above
~100 eV, where the resolving power
of the existing gratings rapidly deteri-
orates. Figure 16 displays the meas-
ured efficiencies of both new gratings.
The lead scientist for this project is A.
Fedorov.
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FAST-SWITCHING SUPERGONDUGTING MAGNETS FOR SPEC-

TROSGOPY

It is the goal of this LDRD project
to develop the core technology for a
superconducting magnet providing a
peak field of about 5 T with arbitrary
field orientation and capable of full
field reversal in approximately 5 s.
Magnetic fields of this magnitude are
needed to align the magnetic mo-
ments along the hard magnetization
directions in many novel materials
such as molecular magnets, magnetic
nanoclusters, ferromagnetic semicon-
ductors, functional oxides, etc. Arbi-

He
Reservoir

Nested
6-Way
Cross

Design sketch of 6-T eight-pole magnet.

trary field directions will allow us to
take full advantage of the strengths of
combined soft x-ray magnetic linear
and circular dichroism measurements.
Rapid field ramping suitable for point-
by-point field reversal in spectroscopy
experiments will provide much im-
proved sensitivity, enabling new in-
sights into the properties of magnetic
nanostructures impossible today.
Based on a detailed magnetic
analysis to determine a) the impact of
conductor specifications on device

Yoke
Segment

Coil

performance, b) optimal geometric de-
sign parameters, and c) the impact of
cryogenic design/capacity on device
performance, a prototype magnet will
be fabricated. The thorough experi-
mental evaluation of the pole will test
our model calculations, both in terms
of peak operating field and allowable
switching rate. The design of the full
eight-pole system (Figure 17) will be
optimized to account for the results of
the prototype testing. The lead scientists
for this project are E. Arenholz (ALS)
and Soren Prestemon (Engineering).
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IN'SITU PHOTON-IN/PHOTON-QUT SOFT-X-RAY
SPECTROSCOPY AT BEAMLINE 7.0.1

Atmospheric corrosion, taking
place between metal surfaces and the
surrounding atmosphere, is ubiqui-
tous and generates enormous costs for
society (several percent of the gross
national product in industrialized
countries). It affects areas such as in-
formation technology, communication
technology, national defense, and cul-
tural heritage. Therefore, it is highly
desirable to find ways to avoid and re-
duce atmospheric corrosion, which
involves chemical, electrochemical,
and physical processes in three
phases (solid, liquid, and gas) and two
interfaces (solid-liquid and liquid-gas).

A user group from Uppsala, Swe-
den, led by L. Duda and J. Nordgren,
has constructed a versatile chamber,
an "atmospheric corrosion cell,” for
soft x-ray absorption/emission spec-
troscopy of metal surfaces in a corro-
sive atmosphere, allowing novel in

situ electronic structure studies. An
experiment, conducted on Beamline
7.0.1 by J. Forsberg, A. Olsson, T.
Schmitt, and J. Andersson, has pro-
vided initial results on the corrosion
of iron and copper surfaces in humid-
ified synthetic air.

A small, thin membrane (typically
0.25 x 1 mm? in area and 100 nm
thick) of silicon nitride or carbon sep-
arates the vacuum of the analysis
chamber from the reaction-cell envi-
ronment (Figure 18). The membrane
allows both the incoming and scat-
tered soft x rays to pass through, mak-
ing it possible to irradiate the sample
film and record an emission spec-
trum. These membranes have been
tested for pressure differences of up
to a few atmospheres, depending on
material, geometry, and area. A
quartz crystal microbalance (QCM) is
covered by a film of the metal to be
studied, in this case iron, deposited
by evaporation. NaCl is deposited on
the surface of the film, to act as a cor-

Atmosphere In

— QCM

9

Membrane

Soft X Rays

Atmosphere Out

Sample

—— X-Ring Seal

rosion-accelerating agent. This is typi-
cally done by dissolving the salt in
ethanol and applying a small drop of
the solution on the surface.

The frequency curve flattens out
toward the end of the sequence, indi-
cating that most of the iron film is
corroded. The total change in fre-
quency is 3000 Hz, which corresponds
to a mass change of approximately
13 pg/cm?. This is consistent with an
increase in mass corresponding to
complete corrosion of an approxi-
mately 100-nm-thick iron film into
FeOOH.

Soft x-ray measurements were con-
ducted at the beginning and end of
the process. Figure 19 displays iron L-
edge absorption and emission data
from the iron film made before the
corrosion (blue) and after several
hours of corrosion (red). A distinct en-
ergy shift is observed in the iron L-ab-
sorption spectra (inset), in agreement
with expectations that the onset of
iron L absorption will be shifted to
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Left: Conceptual sketch of the atmospheric corrosion cell. Right: Atmospheric corrosion of an iron film with NaCl, monitored by QCM
frequency (a measurement of small changes in mass) and humidity sensors. QCM frequency is displayed as difference from start value.



higher energies in oxidized iron due
to a chemical shift. The iron L-emis-
sion spectra, taken at several different
excitation energies, show even stronger
contrast between the two stages. It is
clear that the surface of the iron film
has gone through a chemical change.

Hydrogen storage is the most chal-
lenging task for a potential hydrogen
economy. Solid-state hydrogen storage
by chemisorption and/or physisorption
is attractive from a technology point
of view, but it has encountered
tremendous challenges in terms of
storage capacity and kinetics. Our
goal is to study the electronic proper-
ties of hydrogen storage materials to
gain insight into hydrogen adsorption

in metal and complex hydrides, dop-
ing- and defect-induced hydrogen ad-
sorption/desorption, combined chemi-
sorption and physisorption mechanisms
for hydrogen storage using metastable
nanoporous hydride materials and
carbon nanostructures, and new classes
of hydrogen storage materials—for ex-
ample, metal-organic frameworks
(MOFs). The challenge is to get the
hydrogen adsorption binding energy
within the desirable range of 20-60
kJ/mol, which would increase hydro-
gen uptake on MOF and carbon-based
materials at higher temperatures
(closer to room temperature) and in-
crease hydrogen release from chemi-
cal hydrides at lower temperatures
(also, closer to room temperature).
Interesting candidates for the dense
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storage of hydrogen include different
types of carbon-based nanomaterials:
single-walled carbon nanotubes
(SWNTs), multiwalled carbon nan-
otubes, and graphene layers. SWNTs
for hydrogen storage has become the
subject of active research. Different
mechanisms for the interaction of H,
and SWNTs have been reported.
HOPG has similarities with the car-
bon systems mentioned above. Pho-
ton-in/photon-out soft x-ray
spectroscopies are well suited for
measurements of the electronic struc-
ture of these materials under ambient
hydrogen pressure. XAS and XES
measurements have been performed
on SWNTs and HOPG under different
hydrogen pressures (Figure 20). The
lead scientist for this project is J. Guo.
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L-edge x-ray absorption (XAS, inset) and emission (XES) spec-
tra taken at different excitation energies.
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PORTABLE URV "MINIATURE"™ STXM

The ALS-designed scanning trans-
mission x-ray microscopes (STXMs) at
Beamlines 5.3.2 and 11.0.2 have been
very successful in enabling the research
of many users. These microscopes have
seen full operational functionality for
over four years. They are very versatile,
user-friendly instruments and exhibit
the best performance for their class of
microscopes. Other synchrotron light
sources are now adopting this proven
laser-controlled configuration to
achieve the same high performance.

The high demand for the ALS
STXMs as well as the need for new
functionality provided the impetus for
a new and innovative microscope. To
achieve this aim and enable the pursuit
of further novel and interesting re-
search, a number of new designs have
been evaluated and tested. The fore-
most goal is to achieve a UHV-com-

Test assembly of the new miniSTXM.

patible, high-precision, and high-sta-
bility instrument that can be readily
adapted to different beamlines. This
can be accomplished by the use of in-
novative "nanocube” stages from
nanoCube Systems.

The existing STXMs have a large
footprint and are positioned on a 700-
kg polymer concrete block for vibra-
tion isolation. The new "miniSTXM"
has a 6-cm? footprint and can be read-
ily inserted into a UHV chamber (Fig-
ure 21). With accessible ports, one can
readily adapt to additional configura-
tions, such as those required for mag-
netic domain and lab-on-a-chip studies.

The compact design of this micro-
scope allows it to be portable. It could
be placed on any beamline that deliv-
ers x rays with energies ranging from
100 eV to 3 keV and beam sizes of 200
to 1500 pm?. A portable optical table

50

provides the necessary vibration isola-
tion as well as a platform for precise
adjustment to the photon beam. The
positional registry of less than 40 nm
with respect to the orthogonal require-
ments of the photon beam (z), sample
(x,y) and zone-plate (z) stages is assured
by using differential interferometers
working in a feedback loop to control
the piezo scanners within the attocubes.
Figure 22 shows a 25-nm raster scan
of the sample. The vibrations are on
the order of 1 nm (rms). High precision,
low vibrations, UHV compatibility,
and portability should make this mi-
croscope a valuable addition to the al-
ready wide selection of x-ray micro-
scopes at the ALS. T. Tyliszczak and
D. Kilcoyne (ALS) and D. Shuh (CSD)
are finalizing construction of this new
miniSTXM. The lead scientist for this
project is T. Tyliszczak.
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Sample (blue) and zone plate (red) position during a 25-nm
test scan of the sample stages.
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The User Services Group mission is to provide a friendly and efficient interface to the ALS focusing on safety for users
and visitors. The group is made up of four sections: the User Services Office, Experimental Setup Coordination, Material
Management, and Communications. These groups work together to provide users with a wide range of services.

USER SERVIGES OFFICE

The goal of the User Services Of-
fice is to provide a seamless interface
between the user and the ALS and
Berkeley Lab while ensuring the high-
est safety standards. The User Services
Office is managed by Jeff Troutman
and includes Carmen Escobar, Sharon
Fujimura, Olga Poblete, Ken Winters,
and Valerie Wysinger (Figure 1). This
six-member team offers the following
administrative services to the users:

® Proposals and beam time alloca-
tion: General sciences user propos-
als are administered by the User
Services Office twice a year. The
Office also administers the protein
crystallography proposals, with re-
views on a bimonthly basis. Carmen
Escobar is the administrative con-
tact for proposals; she also admin-
isters the beam time allocation and
notification processes.

e Users' Meetings and Conferences:
Carmen is the lead for the annual
ALS Users' Meeting, with support
from the rest of the office.

® Guest Processing: When users first
come to the ALS, they are greeted in
the mezzanine by Sharon Fujimura
or Olga Poblete. They provide users

Clockwise from top: Jeff Troutman, Olga Poblete, Sharon Fujimura, Carmen Escobar,

and Ken Winters.

with assistance in registration,

badging, and basic safety training.

Olga also helps users through the
parking permit process.
® Apartments: Ken Winters is in
charge of the ALS apartments as
well as the publications database.
¢ Travel and Stipends: Valerie
Wysinger is in charge of stipends,

invitation letters for visas, and of-
fice space assignments.

¢ Administrative workforce manage-
ment and planning for the User
Services Office is the responsibility
of Jeff Troutman. He also works on
developing long-term running
schedules, planning for UEC meet-
ings, and DOE BES reporting.
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In addition, the User Services Of-
fice administers critical databases in
which users record their experiments
and publications:

end-of-run report.

® Publications: In addition, all publi-
cations resulting from experiments
or work done at the ALS are
recorded by the User Services Of-
fice for the DOE, after the user
adds his or her publication to the
database.

¢ End-of-Run Reports: Upon comple-
tion of every experiment, every ex-
perimenter must complete an

EXPERIMENTAL SETUP COORDINATION

The Experimental Setup Coordina-
tion group consists of Donna
Hamamoto and David Malone (Figure
2). They make early contact with ex-
perimenters to confirm the samples
and hardware for each experiment,
coordinate Experiment Safety Sheet
inspections for new and returning ex-
periments, and serve as the main point

Donna Hamamoto and David
Malone.

MATERIAL MANAGEMENT

The Material Management group is
managed by Gary Giangrasso and in-
cludes Todd Anderson, Derrick Crofoot,
and Jason De Ponte (Figure 3). This
section provides shipping, receiving,
gas-bottle ordering, refilling and serv-
icing of liquid nitrogen dewars, tempo-
rary storage, endstation setup services,
and movement/asembly of office and
lab equipment. The group maintains a
stockroom of parts and equipment, in-
cluding safety devices, commonly
needed by ALS users and technicians
(Figure 4). Stockroom supplies are ac-
cessible by key card 24 hours a day.
Another service provided is the gener-
ation of purchase requisitions for ALS

The ALS User Services Office, lo-
cated in the mezzanine of Building 6
(Room 2212), is open from 8 A.M. to
noon and 1 to 5 .M. Stop by, or contact
them by phone (510-486-7745) or email
(alsuser@lbl.gov). Other user resources
include the online User Guide (http://
www-als.lbl.gov/als/ quickguide/).

of contact for experiment-related needs.
The group also provides assistance with
the setup of toxic gases, ALS Chem-
istry Lab access, and waste disposal.
Users should contact Donna
(DJHamamoto@lbl.gov) or David
(DJMalone@lbl.gov) anytime regarding
the addition of new samples, equip-
ment, and people to their experiments.

Todd Anderson, Jason De Ponte, Derrick Crofoot, and Gary Giangrasso.



staff and users requesting new supplies
and equipment. Also, new barcode
system has been implemented for
tracking chemicals that arrive at the
ALS on a daily basis.

Material management is also in
charge of property management for
ALS Division. ALS now has imple-
mented a new property management
office adjacent to the warehouse to
handle property issues and questions
in regards to custodian and location

COMMUNIGATIONS

Led by Liz Moxon, the Communi-
cations group includes Julie McCul-
lough, Art Robinson, Lori Tamura, and
Greg Vierra (Figure 5). This group is
responsible for communicating about
the science, people, and events of the
ALS user community to scientists of
all disciplines, students, teachers, the
local community, Berkeley Lab staff,
members of Congress, DOE program
managers, and people who just love
science. If you have recently pub-
lished in a high-profile journal, need a
cover, have a newsworthy item for
ALSNews, lightsources.org, or a Lab
press release, contact us at alscommu-
nications@lbl.gov.

Here's how we get the word out:

e ALS Science Highlights: We work
with users to create profiles of re-
search conducted at the ALS. These
highlights are presented in several
ways: through the Activity Report,
ALSNews, the ALS Web site, posters,
and the ALS Science Bulletin, which
is emailed to the stakeholders at the
DOE and other government agencies.

Commonly needed parts and
equipment are kept in a user stock room
available 24 hours a day by key card.

changes for DOE assets. Also gener-
ated at the new office are property
passes for laptop computers and
equipment that will be taken off site
for business travel or home use.

® ALSNews: This Web-based monthly
e-newsletter turns the spotlight on
what's going on around the facility
(beamline upgrades, user services,
safety updates), in the news (budget
updates), and within the user com-
munity (awards and recognition).
ALS Web Site: We provide the latest
information for users and staff on

ALS scientific meetings, confer-
ences, and events.

Annual Activity Report: This tangi-
ble record is where we formally
document our high-profile research,
equipment and facility develop-
ments, and special events.

Posters, Displays, Technical Ilus-
trations, and Graphic Design: A
picture can be worth a thousand
words. We work with the re-
searchers to create original illustra-
tions and revise and enhance
existing ones. We provide art for
print and Web media, user events,
conferences, and open houses.

¢ Educational Outreach: We provide
tours and hands-on demonstrations
for students and the general public.
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Clockwise from top: Lori Tamura,
Art Robinson, Greg Vierra, Julie McCullough,

and Liz Moxon.
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USER DEMOGRAPHICS IN 2006

The User Services Group collects
user demographics and publication in-
formation, available in this Activity
Report as well as online (http://www-
als.Ibl.gov/als/publications/). As a na-
tional user facility, the ALS is required
to report these statistics annually to
the U.S. DOE. The ALS continued to

grow rapidly in 2006. Figure 6 shows
the growth in particular scientific
fields and the overall user growth
from 1998-2006. The breakdown of
different types of institutions that
make up our user base is shown in
Figure 7. The growth of the user com-
munity over the past 10 years is mir-

rored by the growth in beamlines and
publications, as shown in Figure 8. As
the number of beamlines approaches
the capacity of the storage ring, new
beamlines will be created by chican-
ing straight sections and revamping
some of the older bend-magnet beam-
lines.

2500 —
L] Geoscience & Ecology
O Applied Science
2000 — [0 Chemical Science
| Life Science
o M Physics
[0]
> 1500 ~ [J Materials Science
G
0
Q
£
=}
Zz
1000
500 —
\
0 T T T T T T T i
FYo8 FY99 FYOO FYO1 FYO2 FYO3 FY 04 FY 05 FY 06
652 804 1032 1163 1385 1662 1908 2003 2158

Bar graph showing growth in areas of science.



131

Facility Report : : User Services —

ALS User Insitutions
(2158 Total Users)
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VISITORS AND EVENTS

From opening new beamlines to
opening the doors of the ALS o visi-
tors from the U.S. and abroad, ALS
scientists and staff had a very busy
year. In August, hundreds of current
and former Berkeley Lab employees
toured the ALS as part of Founders’
Day, the 75th anniversary of the Lab.
At the end of the summer, more than
400 students attending the National
Student Leadership Conference on
Engineering at UC Berkeley were
shown around the ALS by scientist
volunteers.

In May, acting ALS Director Janos Kirz guided Clay
Sell, executive at the U.S. DOE and deputy to Secre-
tary Samuel Bodman, as he toured the ALS. Accom-
panied by Berkeley Lab Director Steve Chu, the tour
included a visit to Beamline 5.0.2 to view examples
of protein crystallography research and to the
planned site of the new User Support Building.
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Also in May, Neville Smith (left, standing) and Zahid Hussain
 (second from right, kneeling) welcomed Jefferson Fellows from
i the East-West Center to the ALS. The Jefferson Fellowship pro-

i gram exposes middle and senior journalists from throughout the |

i Asia-Pacific region to a wide range of research and education

i issues in the U.S. The group visiting the ALS was particularly in-

i terested in energy science and climate change. :
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Cutting the ribbon that officially opened
the new National Center for X-Ray To-
mography (NCXT) were (from leff) Roland
Hirsch (DOE), Allan Basbaum (UC San
Francisco), Carolyn Larabell (Berkeley
Lab), Barbara Alving (NIH), Amy Swain
(NIH), and Roger Falcone (ALS). NXCT
features the first soft x-ray transmission mi-
croscope fo be designed specifically for
biological and biomedical applications.
Among its many unique capabilities will
be “CAT scans” for biological cells.

The Stanford chapter of the Optical Society of America visited the ALS in November. Following an overview of the facility by
ALS Division Director Roger Falcone and beamline talks about lithography, the students posed for a photo under the dome.




) a
ALS USERS MEETING

This year's meeting featured a record
470 attendees, 12 workshops, scientific

UC Berkeley Chancellor Robert Birgeneau
welcomed a full house of users and staff
to the 2006 ALS Users’ Meeting. He was
followed by DOE BES Associate Director
of Science Pat Dehmer, who provided an
overview of U.S. light sources and tech-
niques, funding, and the rapid growth of
competing infernational facilities.

.

highlights, a well-attended public lecture,
the introduction of a new director, and a
special session dedicated to the scientific
contributions of ALS Scientific Director

Neville Smith.

Roger Falcone gave his first presentation as
ALS Division Director fo meeting aftendees.
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Invited speaker Andrew Westphal (Space
Sciences Laboratory, UC Berkeley) in-

trigued the audience with recent results in
his talk, “Synchrotron analysis of Stardust

samples.”

-r

i During the morning plenary session, keynote speaker Carolyn

i Bertozzi, director of the Molecular Foundry, described the excit-
i ing scientific opportunities in nanoscience at the new facility and
i future prospects for ALS-Molecular Foundry collaborations.




i The Halbach Award for innovative instru-
mentation was won by Carl Cork and
John Taylor (Physical Biosciences Divi-
sion); Robert Nordmeyer, Earl Cornell,
and Jim O’Neill (Engineering Division);
and Gyorgy Snell (Takeda San Diego) for
the development of automated crystal-
mounting robots for high-throughput
macromolecular crystallography. Carl

Cork presented the group’s work during
the plenary session.
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On the fist day of the meeting, ALS Scientific Ad-
i visor Janos Kirz hosted a session dedicated to

i Neville Smith. Collaborators past and present

i noted Neville’s immense scientific contributions to
photoemission science and the synchrotron com-
munity as well as his unique and outstanding
sense of humor. Speakers included Peter Johnson

(Brookhaven National Laboratory) Stephen Kevan

(University of Oregon), Z.Q. Qiu (UC Berkeley),
and (right) Z.X. Shen (Stanford University).
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i During the evening banquet, Peter John-
i son (right) chaired a special presentation
i dedicated fo the life of Neville as Betsy

i Smith (left) looked on. The event included
i a slide show and many stories of

i Neville's kindness and support of young
i scientists over the years.

The combination poster
session, student poster
competition, and recep-
tion for exhibitors again
attracted capacity
crowds to the tent and
ALS patio.

[

More than 25 entries vied for the student poster com-
petition awards this year. Standing with UEC Chair
Clemens Heske from right are firstplace student poster
award winner Rajesh Chopdekar (Cornell University),
second-place winner Regan Wilks (University of
Saskatchewan, Canada), and third-place recipient
Geza Szigethy (UC Berkeley).




The Shirley Award for scientific achievement went to
Andreas Scholl (ALS) and Hendrik Ohldag (SSRL) for
their outstanding work in using photoemission elec-
tron microscopy in the study of magnetic materials.
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! The Renner User Service Award went to
i Warren Byme for his exceptional efforts
i in providing the highest quality beam

i and assistance to ALS users.
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Following the conclusion of the formal meeting, 12 focused |
i workshops, six of which were held jointly with SSRL, were
! held around the Lab. Some of the topics discussed in-

i cluded ultrafast dynamics, inelastic x-ray scattering, tomog-
i raphy, angle-resolved photoemission, and advanced

i magnetic spectroscopy.
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ALS Staff

This is a cumulative list of all those who worked at the ALS during the 2006 calendar year. The list includes visi-

tors, students, as well as staff members from other divisions who were matrixed to the ALS.

Division Management
D. Chemlat

R. Falcone

J. Kirz

B. Feinberg

P. Oddone

N. Smith

Accelerator Physics

D. Robin, Group Leader
C. Steier, Deputy Leader
W. Byrne

A. Loftsdottir*

H. Nishimura

G. Portmann

H. Sannibale

T. Scarvie

W. Wan

W. Wittmer**

Administration
G. Flores

A. Reza

N. Sallee

D. Smith

J. Troutman

Budget
L. Griffin
J. Kekos
M. Lewis

Gomputer Protection
E. Williams

Controls

A. Biocca, Group Leader

C. Timossi, Deputy
Leader

T. Campbell

E. Domning

H. Huang

C. Ikami

S. Jacobson

T. Kellog

Y. Lou

B. Smith

R. Steele

M. Urashka

E. Williams

Electrical Engineering
W. Barry, Group Leader
G. Stover, Deputy Leader
B. Bailey

M. Balagot

K. Baptiste

M. Bell

R. Candelario

P. Casey

M. Chin

R. Colston

S. Cooper

P. Cull

J. Elkins

M. Fahmie

R. Gassaway

R. Gervasoni

L. Holzer

J. Julian

T. Kuneli
E. Lee

P. Molinari
R. Mueller
J. Nomura
F. Ottens
S. Rogoff
P. Rosado
M. Sawada
A. Sippio
R. Slater
G. Stover
M. Vinco
J. Weber
K. Woolfe

Environment, Safety,
and Health

R. Baker

R. Donahue
B. Fairchild
J. Floyd

M. Kritscher
T. Kuneli

G. Perdue
W. Thur

Experimental

Systems

H. Padmore, Group
Leader

A. Warwick, Deputy
Leader

R. Celestre

M. Church
S. Clark

A. Doran

S. Fakra

J. Feng

J. Glossinger
E. Glover

P. Heimann
M. Howells
S. Irick

T. Kellog

A. MacDowell
M. Marcus
W. McKinney
G. Morrison
S. Morton

J. Nasiatka
B. Rude

E. Schaible
A. Scholl

N. Tamura

S. Teat

V. Yashchuck
A. Young

Magnetic Systems

Engineering

R. Schlueter, Group
Leader

M. Coleman

J.-Y. Jung

S. Marks

P. Pipersky

S. Prestemon




Mechanical

Engineering
R. Duarte, Group Leader
N. Kelez, Deputy Leader
R. Beggs

D. Calais

A. Catalano
D. Colomb

C. Cummings
M. Decool

A. DeMello
S. Dimaggio
D. Ellis

J. Fischer

K. Franck

A. Gavidia

D. Gibson

F. Gicquel

C. Hernikl

C. Hopkins
D. Hull

D. Jones

S. Klingler
M. Kritscher
K. Krueger

R. Low

D. MacGill

P. McKean

H. Meyer

T. Miller

V. Moroz

G. Morrison
D. Munson
E. Palmerston
J. Pepper

K. Peterman
D. Plate

A. Rawlins

K. Sihler
A. Smith

T. Stevens
M. Thomas
W. Thur

E. Wong
D. Yegian
F. Zucca

Operations

R. Bloemhard, Group
Leader

W. Byrne, Deputy Leader

M. Beaudrow

D. Brothers

K. Osborne

A. Pearson
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Facts and Figures

USING THE ADVANCED LIGHT SOURGE

The ALS, a DOE national user facility, welcomes researchers from uni-
versities, industry, and government laboratories. Qualified users have access
as general users or as members of either a participating research team (PRT)
or approved program (AP). PRTs and APs (groups of researchers with re-
lated interests from one or more institutions) construct and operate beam-
lines and have primary responsibility for experiment endstation equipment.
The Scientific Advisory Committee awards the PRTs or APs a percentage of
their beamline’s operating time commensurate with the resources that they
have contributed to the beamline. Through the additional peer-review
process of the Proposal Study Panel, the remaining beam time is granted to
general user proposals. These users may provide their own endstation or
negotiate access to a PRT- or AP-owned endstation.

The ALS does not charge users for beam access if the research is nonpro-
prietary. Users performing proprietary research are charged a fee based on
full cost recovery. All users are responsible for the day-to-day costs of re-
search (e.g., supplies, phone calls, technical support).

The nominal operating energy of the ALS storage ring is 1.9 GeV, al-
though it can run from 1.0 to 1.9 GeV, allowing flexibility for user opera-
tions. At 1.9 GeV, the normal maximum operating current is 400 mA in
multibunch operation. The spectral range of undulator and wiggler beam-
lines extends from photon energies of roughly 5 eV to 21 keV; on superbend
beamlines the range is between 2.4 and 60 keV. Bend magnets produce radi-
ation from the infrared to about 20 keV.

The ALS is capable of accommodating approximately 50 beamlines and
more than 100 endstations. The first user beamlines began operation in Oc-
tober 1993, and there were 39 operating beamlines, with several more
under construction, by the end of 2006.
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ALS BEAMLINES 000

BEAMLINE SOURCE AREAS OF RESEARCH/TECHNIQUES MONOCHROMATOR ENERGY RANGE OPERATIONAL
1.43 Bend Infrared spectromicroscopy Interferometer 0.05-1.2 eV Now
(600-10,000 cm™)
1.4.4 Bend Infrared spectromicroscopy Interferometer 0.05-1.5 eV Now
(400-12,000 cm™)
2.1 Bend National Center for X-Ray Tomography (XM-2) Zone-plate linear 200 eV-7 keV Now
3.1 Bend Diagnostic beamline Mirror/filter 1-2 keV Now
3.2.1 Bend Commercial deep-etch x-ray lithography (LIGA) None 3-12 keV Now
BECAI Bend Deep-efch x-ray lithography (LIGA) None 3-12 keV Now
882 Bend Deep-etch x-ray lithography (LIGA) None 3-12 keV Now
4.0.1 EPU9 High-resolution spectroscopy of complex materials  Variable-included-angle SGM 10-150 eV 2008
(MERLIN)
4.0.2 EPUS Magnetic spectroscopy
Advanced photoelectron spectrometer/diffractometer  Variable-included-angle PGM 80-1900 eV Now
L-edge chamber with superconducting spectrometer  Variable-included-angle PGM 80-1900 eV Now
XMCD chamber (6 T, 2 K) Variable-included-angle PGM 80-1900 eV Now
Eight-pole electromagnet Variable-included-angle PGM 80-1900 eV Now
4.2.2 SB Multiple-wavelength anomalous diffraction (MAD) Double crystal 5-17 keV Now
and monochromatic protein crystallography
5.0.1 W11 Monochromatic protein crystallography Curved crystal 12.4 keV Now
5.0.2 W11 Multiple-wavelength anomalous diffraction (MAD) Double crystal 4-16 keV Now
and monochromatic protein crystallography
5.0.3 W11 Monochromatic protein crystallography Curved crystal 12.4 keV Now
5.3.1 Bend Femtosecond phenomena Double crystal 1.8-12 keV Now
53.2 Bend Polymer scanning transmission x-ray microscopy SGM 250-700 eV Now
6.0.1 u3 Femtosecond phenomena Double crystal 2-10 keV 2007
6.0.2 u3 Femtosecond phenomena VLS-PGM 200-1800 eV Now
6.1.2 Bend High-resolution zone-plate microscopy Zone-plate linear 300-1300 eV Now
6.3.1 Bend Magnetic spectroscopy VLS-PGM 300-2000 eV Now
6.3.2 Bend Calibration and standards; EUV optics testing; VLS-PGM 50-1300 eV Now
atomic, molecular, and materials science
7.0.1 us Surface and materials science, spectromicroscopy
Scanning photoemission microscope (SPEM) SGM 100-800 eV Now
Electronic Structure Factory (ESF) SGM 60-1200 eV Now
Advanced x-ray inelastic scattering (AXIS) SGM 80-1200 eV Now
7.2 Bend Diagnostic beamline Filter/none Far IR-17 keV Now
7.3.1 Bend Magnetic microscopy, spectromicroscopy SGM 175-1500 eV Now
733 Bend Small- and wide-angle xray scattering (SAXS/WAXS) Double multilayer 10 keV Now
8.0.1 us Surface and materials science, imaging photoelectron spectroscopy, soft x-ray fluorescence
Ellipsoidal-mirror electron energy analyzer (EMA)  SGM 65-1400 eV Now
Soft x-ray fluorescence spectrometer(SXF) SGM 65-1400 eV Now




BEAMLINE SOURCE AREAS OF RESEARCH/TECHNIQUES MONOCHROMATOR ENERGY RANGE OPERATIONAL

8.2.2 SB Multiple-wavelength anomalous diffraction (MAD) Double crystal 5-17 keV Now
and monochromatic protein crystallography

8.3.2 SB Tomography Double crystal, multilayer, white  5-60 keV Now
light
N & e T O S 3 o= 7 =2
9.0.2 u10 Chemical dynamics
Molecular-beam photoelectron/photoion imaging ~ White light, Off-plane Eagle 5-30 eV Now
and spectroscopy
Flame chamber White light, Off-plane Eagle 5-30 eV Now
Ablation chamber White light, Off-plane Eagle 5-30 eV Now
Aerosol chamber White light, Off-plane Eagle 5-30 eV Now
Kinetics machine White light, Off-plane Eagle 5-30 eV Now

9.3.2 Bend Chemical and materials science, circular dichroism, spin resolution
Advanced materials chamber (AMC) SGM 30-1400 eV Now
Ambient pressure photoemission SGM 30-1400 eV Now

10.3.1 Bend X-ray fluorescence microprobe White light, multilayer mirrors 3-20 keV Now

11.0.1 EPUS Magnetic microscopy, spectromicroscopy (PEEM3)  VLS-PGM 100-2000 eV 2007

continved
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ALS BEAMLINES &0%)..

BEAMLINE SOURCE AREAS OF RESEARCH/TECHNIQUES MONOCHROMATOR ENERGY RANGE OPERATIONAL
11.3.1 Bend Small-molecule crystallography Channel-cut Si(111) 6-17 keV Now
11.3.2 Bend Inspection of EUV lithography masks VLS-PGM 50-1000 eV Now
12.0.1 u8 EUV optics testing and interferometry, angle- and spin-resolved photoemission
Angle- and spin-resolved photoemission (12.0.1.1)  VLS-PGM 24-350 eV Now
EUV interferometer (12.0.1.2) VLS-PGM 60-320 eV Now
EUV inferferometer (12.0.1.3) VLS-PGM 60-320 eV Now
12.0.2 us Coherent soft xray science
Coherent optics VLS-PGM 200-1000 eV Now
Coherent scattering VLS-PGM 200-1000 eV Now
12.2.2 SB California High-Pressure Science Observatory (CALIPSO)
Nanoscience/materials chemistry Double crystal 6-40 keV Now
Solid-state physics/geoscience Double crystal 6-40 keV Now
12.3.1 SB Structurally Integrated Biology for Life Sciences Double crystal and double multi- ~ 5.5-17 keV Now
(SIBYLS) layer
12.3.2 SB X-ray microdiffraction White light and four crystal 6-22 keV 2007
BTF Linac Beam Test Facility None 50-MeV electrons Now
Bend = bend magnet
SB = superconducting bend magnet
EPUx = xcm-period EPU
Ux xcm-period undulator
Wx = xcm-period wiggler
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ALS INSERTION DEVIGE PARAMETERS 20

ENERGY RANGE ENERGY RANGE PERIOD NO. OF OPERATING GAP PEAK EFFECTIVE FIELD
DEVICE BEAMLINE STATUS AT 1.5 GeV (eV) AT 1.9 GeV (eV) (cm) PERIODS RANGE (cm) RANGE (T)
U3 6.0.2 Operational ~ 73-3100 eV 120-5000 3 50 0.55-2.7 1.5-0.13
4000-11000¢°
us 8.0.1 Operational ~ 50-1000 80-3000 5 89 1.4-4.5 0.85-0.10
us 7.0.1 Operational ~ 50-1000 80-3000 5 89 1.4-4.5 0.85-0.10
us 12.0.1 Operational ~ 18-1200 20-1900 8 55 2.47-8.3 0.80-0.07
u1o 9.0.1 Operational ~ 5-950 8-1500 10 43 2.27-11.6 0.98-0.05
uio 10.0.1 Operational ~ 8-950 12-1500 10 43 2.31-11.6 0.80-0.05
EPU5 4.0.2 Operational ~ 45-1000P 73-3000° 5 36.5 1.40-5.5 0.86-0.10¢
0.58-0.104d
EPU5 11.0.1 Operational ~ 47-1000P 75-3000° 5 36.5 1.43-5.5 0.86-0.10¢
0.58-0.10d
EPUS 11.0.2 Operational ~ 44-1000P 71-3000b 5 37 1.38-5.5 0.86-0.10¢
0.58-0.104
W11 5.0.2 Operational ~ 6000-13000 6-21¢ 11.4 29 1.25-18.0 1.94-0.03
2Wiggler mode bElliptical polarization mode <Vertical field dHorizontal field

ALS STORAGE RING PARAMETERS

PARAMETER VALUE PARAMETER VALUE AT 1.5 GeV VALUE AT 1.9 GeV

Beam particle Electron Beam lifetime

Beam energy 1.0-1.9 GeV multibunch mode® ~3.5 hours at 400 mA ~8.0 hours at 400 mA

Injection energy 1.0-1.5 GeV two-bunch mode not used ~60 min. at 40 mA

Beam current Horizontal emittance 4.2 nm-rad 6.3 nm-rad
Multibunch mode 400 mA Vertical emittanceP 0.2 nm-rad 0.13 nm-rad
Two-bunch mode 2 x 25 mA Energy spread (AE/E, rms) 8 x 104 1x10-3

Filling pattern (multibunch mode)

Bunch spacing
Multibunch mode
Two-bunch mode

Circumference

Number of straight sections

Current number of insertion devices

Radio frequency

Beam size in stroight sections, rms

(1.9-GeV multibunch mode)

276 to 320 bunches

possibility of 10-mA “camshaft”
bunch in filling gap

2 ns

328 ns

196.8 m

12

10

499.642 MHz

310 microns horiz. x 16 microns
vert.

aln multibunch mode, the storage ring is typically filled every eight hours at 1:00 A.m.,

9 AM., and 5 PM. For 1.5-GeV operation, injection occurs every four hours and in
two-bunch mode, every two hours.

bVertical emittance is deliberately increased to improve beam lifetime.
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PUBLICATIONS

Listed below are publications (e.g., journal articles, conference papers, theses, and book chapters) that were published in

calendar year 2006 and are based on data obtained in whole or in part at the ALS as well as publications containing

descriptions of experiment, beamline, or accelerator systems developed at the ALS.
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AGRONYMS AND ABBREVIATIONS

AC..... autocorrelation

AF ... .. antiferromagnet, antiferro-
magnetic

AFM . atomic-force microscopy

. . Advanced Light Source

AP ... .. approved program

. Advanced Photon Source

. angle-resolved photoelec-
tron spectroscopy

AT ... .. accelerator toolbox

ATP . adenosine triphosphate

BES . Basic Energy Sciences,
DOE Office of

BESSY . . Berliner Elektronenspe-
icherring-Gesellschaft fir
Synchrotronstrahlung

BCSB . . . Berkeley Center for Struc-
tural Biology

BNCO . . [(BaygNd,;)CuO,., ),

BZ ..... Brillouin zone

CCD. . .. charge-coupled device

CCO. ... [CaCuO,],

CNT. ... carbon nanotube

CR..... charge reservoir

CSD . Chemical Sciences Divi-
sion, Berkeley Lab

CSR . coherent synchrotron radia-
tion

CT..... charge transfer

CXRO .. Center for X-Ray Optics

DFT . ... density functional theory

DMS. . . . diluted magnetic semicon-
ductor

DNA ... deoxyribonucleic acid

DOE. . .. Department of Energy

DOS. ..
dsRNA . .
DSSR . ..
EGFR. ..

ESG .. ..
ESRF . ..

EUV...
EXAFS ..

F8BT ...

. density of states

double-stranded RNA
double split-ring resonator
epidermal growth factor re-
ceptor

electron microscope

. elliptically polarizing undu-

lator

Experimental Systems
Group

European Synchrotron Ra-
diation Facility

. extreme ultraviolet

extended x-ray absorption
fine structure
poly(9,9'-dioctylfluorene-co-
benzothiadiazole)

. free-electron laser
. field-effect transistor

ferromagnet, ferromagnetic
Fourier transform

. Fourier-transform infrared
. full width at half maximum

fiscal year

. giant magnetoresistance

hemagglutinin

. high-resolution angle-re-

solved photoemission
high-flux (grating)

. highly ordered pyrolytic

graphite
high-resolution (grating)

. helix-turn-helix (motif)
. high-temperature supercon-

ductor

LED. ..
LEED. ..

LER ...
LOCO ..
LSCO. ..
LTP ...
LWR. . ..
MBE. . ..
MBI . ...
MCP. ..
MERLIN.
miRNA. .
MML . ..
MOF ..
MRAM. .

mRNA . .
MSD. . .

NASA. ..
NCEM ..

NCXT. ..

infinite layer

infrared

Jet Propulsion Laboratory
Kirkpatrick-Baez

.. La, ,Ba,CuQO,
. Linac Coherent Light

Source

. Laboratory Directed Re-

search and Development

. light-emitting diode

low-energy electron diffrac-
tion

. line-edge roughness

local control
(La,.Sr,)CuO,

. long trace profiler

line-width roughness
molecular-beam epitaxy
microbunching instability

. multichannel plate

meV-resolution beamline
MicroRNA
Matlab Middle Layer

. metal-organic framework

magnetic random-access
memory
messenger RNA

. Materials Sciences Divi-

sion, Berkeley Lab
National Aeronautics and
Space Administration
National Center for Elec-
tron Microscopy

National Center for X-Ray
Tomography



NEXAFS.

near-edge x-ray absorption
fine-structure spectroscopy
National Instruments

. National Institutes of Health
. National Institute of Stan-

dards and Technology

. National Science Foundation
. National Synchrotron Light

Source

. nucleoside triphosphate

outer diameter

. Optical Metrology Labora-

tory

. organic solar cell
. partial density of states

polyethylene

. photoemission electron

microscopy

. preliminary examination

team

. plane grating monochro-

mator
polyimide
photoionization efficiency

. participating research team

personnel safety shutter

. Physikalisch-Technische

Bundesanstalt

. quartz crystal microbalance
. quasi-periodic elliptically

polarizing undulator

. random-access memory

radiofrequency

. RNA-induced silencing

complex

RIXS ...
rms . ...
RNA. ..
SAXS ...
SEM. ...

SGM. . ..

SPLEEM.

SPring-8 .

ssDNA . .
SSG ...
SSRF ...
SSRL ...
STM. ...
STXM. . .

SWCN ..

About the ALS
resonant inelastic x-ray SXF . ...
scattering TFB . ..

root-me an-square

. ribonucleic acid

small-angle x-ray scattering
scanning electron micro-
scope/microscopy

spherical grating monochro-
mator

. short interfering RNA

superlattice

. Stanford Linear Accelerator

Center

. Synchrotron and Neutron

Users' Group
spin-polarized low-energy
electron microscope
Super Photon ring, 8 GeV
(Large-Scale Synchrotron
Radiation Facility, Japan)
Siam Photon Source

. Synchrotron Radiation Cen-

ter, University of Wisconsin
single-stranded DNA

. Scientific Support Group

Shanghai Synchrotron Radi-
ation Facility

Stanford Synchrotron Radi-
ation Laboratory

scanning tunneling mi-
croscopy

scanning transmission x-ray
microscope/microscopy
single-walled (carbon)
nanotubes

XAS . ...

XES . ..

XMCD . .

XMLD .

XPS ...

ZRS . ...
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soft x-ray fluorescence

. poly(9,9-dioctylfluorene-co-

N-(4-butylphenyl)dipheny-
lamine)
transition metal

.. time of flight
. transfer RNA

University of California

. Users' Executive

Committee

. . ultrahigh vacuum

. . United Kingdom
. United States
. variable line spacing
. vacuum ultraviolet

wide-angle x-ray scattering
x-ray absorption fine struc-
ture

x-ray absorption near-edge
spectroscopy

x-ray absorption
spectra/spectroscopy

. X-ray emission spectra/spec-

troscopy
x-ray magnetic circular
dichroism

. X-ray magnetic linear

dichroism

. x-ray photoelectron spec-

troscopy
Zhang-Rice singlet
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