
MATERIAL PROPERTIES 

X-rays Go Where Neutrons 
Fear to Tread 
M o v e  over, neutrons: The x-rays are in 
town. Ever since the German physicist Max 
von Laue's 1913 insight that x-rays could 
be used to unravel crystal structure, they 
have been an essential tool for the study of 
matter. Some neighborhoods, however, have 
been off limits to x-rays, such as materials' 
fine-scale magnetic structure and the fleet- 
ing molecular alliances within disordered 
materials such as liquids and glasses. Those 
have been the domains of neutron beams 
since the first research reactors were built 
in the 1950s. With the advent of third- 
generation synchrotron sources, however, 
x-ray scattering is making inroads into 
neutron territory. 

"The special points [of the new sources] 
are very high brightness, good-quality po- 
larization, and very high energy x-rays," 
says Hiroshi Kawata of the Photon Factory 
at the KEK high-energy physics lab in To- 
kyo. Because of these properties, "you can 
start thinkine about ex~eriments it would " 
not have been possible to do a few years 
before," says physicist Michael Krisch of 
the European Synchrotron Radiation Fa- 
cility (ESRF) inGrenoble, France, the first 
of the new machines. Already, the third- 
generation sources are teasing out infor- 
mation about magnetic properties and dis- 
ordered materials that neutrons could not 
reveal. Because of the beams' exquisite po- 
larization, says ESRF's Pekka Suortti, re- 
searchers are beginning to answer such 
questions as "What is the real nature of the 
magnetization: Is it local [to an atom] or is 
it itinerant?" And the x-rays' brightness 
and tightly controlled energy have opened 
the way to studies of disordered materials 
that capture, for example, a high-speed form 
of sound in water. 

Those results are only the first in what is 
expected to be a torrent, says David Laundy, 
an ESRF user from Britain's University of 
Warwick, because "x-rays give different in- 
formation from [that of] neutrons." Neu- 
trons are sensitive to magnetism. for ex- 
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ample, because they are scattered not only 
bv collisions with atomic nuclei, but also 
by magnetic interactions with atoms as a 
whole. (Neutrons, although they lack charge, 
nevertheless have their own magnetic field.) 
But neutrons cannot distinguish the two 
contributions to an atom's magnetic field, 
which come from the inherent spin of its 
electrons and from the magnetic effect of 
those electrons orbiting the nucleus. "In 
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the case of neutrons . . . you see the com- 
bined magnetic effect, which includes both 
the spin and orbital contributions," says 
Suortti. Separating out the spin and orbital 
parts "really lies at the heart of understand- 
ing magnetic properties," he says, because 
while the orbital component is always as- 
sociated with the atom, the spin compo- 
nent can become "delocalized" and give 
rise to a "sea" of magnetism like that in 
metals such as iron. 

X-rays offer a way to untangle these two 
effects. Scattered by an atom's electrons, 
x-rays respond mainly to the electrons' elec- 
tric charge, but the magnetic part of the 

ing," says Laundy. In short, adds Suortti, "By 
[using] x-rays, you can separate the orbital 
and spin contributions." 

X-rays offer other advantages over neu- 
trons. "X-rays don't penetrate very far into 
materials compared to neutrons, so they 
tend to be more sensitive to the surface of 
the material than neutrons," according to 
Laundy, who adds that surface magnetism 
is of great interest in the world of magnetic 
recording devices. Laundy also sees a fu- 
ture for x-rays in studying exotic magnetic 
structure-for example, those in which the 
orientation of the magnetism spirals inside 
the material. "X-rays offer high resolution 
compared to neutrons for studying these 
materials," he says. 

X-rays are also flexing their muscles in 
another domain that was once the preserve 
of neutrons-so-called inelastic scattering. 
Most structural studies carried out with 
neutrons and x-rays rely on elastic scatter- 
ing, in which the scattering does not change - - 

the energy of the probe 
  article. Such studies vield 

s - 
a still image of the inner 
material world. Probing the 
dynamics of that world re- 
quires inelastic scattering, 
in which the probe par- 
ticle ~rovokes a n  excita- 
tion, such as a lattice vi- 
bration, as it strikes the 
sample, then continues on 
its way with reduced en- 
ergy. Careful analysis of the 
energy and momentum of 
the particle before and af- 
ter scattering allows re- 

New attractions. Intense x-ray beams have allowed researchers searchers find Out what 
at ESRF to build a magnetic scattering beamline, shown above. Sort of excitations are Pas- 

sible in the material. 
photon's electromagnetic wave also inter- Inelastic scattering studies with neutrons 
acts feebly with the electrons' magnetic field have unraveled the dynamics of a wide range 
if they are aligned advantageously. This is of systems, from liquids to metallic glasses. 
possible with the new x-ray sources, because But neutron studies often require samples to 
they have beams whose polarization-the be made from rare isotopes, rather than the 
alignment of their electric and magnetic common ones. Water, for example, has to 
fields-can be controlled. "With x-rays . . . contain deuterium rather than hydrogen for 
magnetic and charge-scattering amplitudes neutron studies. Neutron beams are also 
have a different polarization dependence," dim, and their energy range is limited. And, 
explains ESRF's Christian Vettier. "If we like police who can't catch up with villains 
measure this, we can tell whether the scatter- in sports cars, neutrons can't trace excita- 
ing is magnetic in origin or not." With a tions that propagate faster than about 1000 
weak x-ray beam, this magnetic scattering meters per second, roughly the speed of the 
is little more than a curiosity, but with a neutron itself. 
bright beam, it can become a tool for study- ESRF's x-rays, however, have a wide 
ing magnetic structure. range of energies and momenta, enabling 

And it turns out that x-rays are also semi- Francesco Sette and his colleagues to study 
tive to the two different components of just this type of fast excitation process. "We 
magnetism. "If you do two different experi- are interested in determining the dynamical 
ments in two different geometries," with the properties of disordered materials in a re- 
sample in different orientations relative to gion that was not accessible before," says 
the incoming x-rays, "you get different pro- Sette, who has a special interest in liquids. 
portions of spin scattering to orbital scatter- At  large scales, liquids are shifting and cha- 
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otic; at the smallest scales they consist of 
individual particles. Somewhere in be- 
tween, liquid molecules interact fleetingly 
with their neighbors, arranging themselves 
into structures that are gone again in a flash. 
For brief moments, the water may even ap- 
pear to be a solid. These transitory get- 
togethers by molecules are called collective 
excitations, and they may affect everyday 
properties of a liquid, such as chemical reac- 
tions, thermal properties, and the way sound 
waves propagate. 

Collective excitations are also thought to 
be responsible for the phenomenon of "fast 
sound" in water. Sound usually travels at 
about 1400 meters per second in water, but 
about 4000 meters per second in ice. Com- 
puter simulations predict that collective ex- 
citations in water allow a second, faster 
form of sound to travel at 3200 meters Der 
second. Paris-based physicist Jose Teixeira 
and his colleagues first glimpsed fast sound 
in 1985 using neutron scattering, although 
further neutron studies a decade later cast 
doubt on their findings. 

However, Sette and colleagues from ESRF 
and from the Universitv of L'Aauila in 
Italy confirmed the effect by setting off fast 
sound waves in water with inelastically scat- 
tered x-rays. "We were able to show that 
vou can have in a liauid a transition to 
properties characteristic of the solid when 
vou consider time and leneth scales which " 
are short and small [enough]," says Sette, 
who reported the result in the 1 July 1996 
issue of Physical Review Letters. 

Solid but disordered materials such as 
glass are also coming under the gaze of in- 
elastic x-ray scattering. Glass is remarkably 
good at absorbing heat, for example, and 
Sette led scattering experiments at ESRF 
showing that some of this abilitv "must come u 

from high-frequency acoustic waves." He 
notes that he and his colleaeues "were able " 
to observe and to measure and to character- 
ize [these waves] in a glass, and this was not 
possible before." 

Despite their newfound abilities, x-rays 
are not about to replace neutrons as a tool for 
studying matter. Laundy describes the two as 
complementary, a sentiment echoed by Sette. 
When it is possible to use them, "neutrons 
are by far.. . the best technique to look at the 
dynamics," he says. And even though x-rays 
can probe magnetism in ways neutrons can- 
not in many situations, "neutrons are still the 
 robe of choice to determine a magnetic 

u 

structure," says Vettier, because their mag- 
netic scattering is so much stronger. But re- 
searchers at the new synchrotron sources are 
learning fast, and x-rays may not remain the 
underdog for long. 

-Andrew Watson 

Andrew Watson is a wrivnter in Norwich, U.K. 

Brightness Speeds Search for 
Structures Great and Small 
T o  Eva Pebav-Pevroula and other x-rav crvs- , , > ,  

tallographers, bacteriorhodopsin has brought 
20 years of frustration. Beginning in the mid- 
1970s, researchers managed to coax this large 
protein (which helps convert sunlight to 
chemical energy in bacteria) into crystals, the 
starting point for x-ray experiments that they 
hoped would determine the protein's three- 
dimensional (3D) atomic structure and re- 
veal how it does its job. But while other ex- 
periments have unraveled a good deal of the 
molecule's structure, the x-ray studies never 
panned out. The crystals were either too small 
or too disorderly to be useful, making the 
atomic pictures come out fuzzy at best. 

Last winter. however. Pebav-Pevroula. a , , 
crystallographer at the university of ~ r e k -  
oble in France, finally triumphed over the 
elusive protein. Together with crystal grow- 
ers Ehud Landau and Jurg Rosenbusch of the 
University of Base1 in Switzerland, Pebay- 
Peyroula took a newly grown batch of pin- 
head-sized crystals-no bigger than the ones 
that had failed in earlier studies-to a new 
ultrafine x-ray beam at the European Syn- 
chrotron Radiation Facility (ESRF) in Gren- 
oble. They walked away with the first high- 
resolution x-ray picture of the molecule, the 
details of which she  resented at last month's 
European Biophysics Congress in Orleans, 
France. The new structure not onlv reveals 
new aspects of how the water molecules at 
the core of bacteriorhodopsin help pump 
protons across cell membranes to help gener- 
ate chemical energy; it also highlights the 
new frontier of molecular biology being 
made possible at the latest generation of syn- 
chrotrons. "It's a really big success that could 
only have been done on this beamline," says 
S t e ~ h e n  Cusack. a crvstalloera~her at the u L 

~ u r ' o ~ e a n  ~o lecu la r  ~iblogy Laboratory's fa- 
cilitv in Grenoble. 

~ R F ,  which has been up and running 
since 1994. is one of three so-called "third- 
generation" synchrotron sources that turn out 
highly energetic, or hard, x-rays; the other two 
are just starting operations in the United 
States and Japan. The main advantage of 
these stadium-sized machines, which generate 
radiation by accelerating charged particles to 
high energies and sending them along tightly 
curving paths, is that "their beams are fantasti- 
cally bright compared with other sources," says 
Wayne Hendrickson, a biochemist at Colum- 
bia Universitv in New York Citv. Thev are at 
least 100 times as bright, in fact:thanks to the 
high energies of the particles, as well as the 

addition of specialized instruments designed 
to enhance and focus the beams. That puts 
them "head and shoulders above other ma- 
chines," says Edwin Westbrook, a crystallog- 
rapher who heads a structural biology col- 
laboration at the Advanced Photon Source 
(APS), the United States' third-generation 
synchrotron, which officially opened for 
business in May 1996. 

That brightness, according to Westbrook, 
Hendrickson, and others, will allow research- 
ers to study biomolecules as never before. For 
the first time, the ultrasmall crystals of pro- 
teins such as bacteriorhodopsin are yielding 
enough data for researchers to determine their 
structures. The intense beams are lighting up 
the atomic landscapes of protein complexes, 
such as viruses. that are too large to be stud- 
ied with fainter beams. Theyuare speeding 
discoveries by turning out, in just seconds, 
the amount of data that previous machines 
reauired minutes or hours to amass. That 
spe'ed is also helping researchers make high- 

Connect the dots. Spots produced by a beam 
of x-rays diffracted from a protein crystal. 

speed movies of proteins as they undergo 
shape changes (Science, 27 June, p. 1986). 
Moreover, because the beams are so bright, 
they can reveal details hidden in partially 
ordered samples, such as the molecular 
events responsible for muscle contractions. 

Starting small. While synchrotrons got 
their start as scientific toys for physicists, chem- 
ists, and materials researchers, today biologists 
make up the fastest growing set of users, up 
from 5% just 10 years ago to 30% today. The 
reason: The machines' hair-thin x-ray beams 
are ideal for determining the 3D structure of 
proteins. While such structures can be deter- 
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