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X-ray Linear Dichroism Microscopy

H. Ade* and B. Hsiao

Chemical-specific x-ray linear dichroism was observed in an x-ray microscope as evidenced
by changes in relative contrast upon azimuthal rotation of the sample. As a demonstration, thin
sections of a partially ordered polymer fiber were examined with a transmission x-ray micro-
scope near the carbon K-shell absorption edge to provide chemical-specific imaging at 50-
nanometer spatial resolution. The observed dichroism and change in contrast upon rotation
arise from the polarization dependence of the near-edge x-ray absorption cross sectionand can
be used to image the orientation of specific chemical bonds.

The structural, morphological, and chemical
characterization of multiphase polymers, lig-
uid crystalline polymers, fibers, and compos-
ites is critical to our understanding of the
mechanical and chemical properties of these
materials. A variety of characterization tech-
niques have been used, ranging from electron
microscopy to neutron scattering (1, 2). None
of these techniques can, however, provide
information about the orientation of specific
chemical bonds in nonisotropic samples at
suboptical spatial resolution. We present a
technique, x-ray linear dichroism microscopy,
that can acquire such information at 50-nm
spatial resolution. Another kind of dichroism
microscopy, x-tay circular dichroism micros-
copy, has recently been developed by Stohr et
al. (3). It provides element-specific magneti-
zation contrast between magnetic domains at
a spatial resolution of about 1 wm and address-
es a set of applications different from those
addressed by the technique presented here.
To demonstrate x-ray linear dichroism mi-
croscopy, we used the scanning transmission
x-ray microscope (STXM) at the National
Synchrotron Light Source (NSLS). Soft
x-rays generated by the X1 undulator at NSLS
were used, and the microscope’s imaging char-
acteristics and performance have been de-
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scribed previously (4). We added an azimuth-
ally rotatable sample stage to the microscope
(5). We also made use of the linear polariza-
tion of the undulator output, which is a
characteristic of synchrotron radiation so far
unexploited in x-ray microscopy. We imaged
thin sections of poly(p-phenylene tereph-
thalamide) (PPTA) fibers (Kevlar) with a
spatial resolution of 50 nm at photon energies
that are sensitive to the carbonyl and the
aromatic groups of the fiber polymer. Three
types of Kevlar fibers were chosen: Kevlar 29,
49, and 149, which differ from each other in
the degree of crystallinity (Kevlar 149 is the
most and Kevlar 29 is theleast crystalline)
and the crystalline orientation along the fiber
axis (6).

We observed x-ray linear dichroism at
high spatial resolution in all samples. This is
to be expected for a partially oriented and
ordered sample such as Kevlar because the
near edge x-ray absorption fine structure
(NEXAFS) is not only chemically sensitive,
but the near edge cross sections strongly de-
pend on the geometric orientation of the
chemical bond relative to the electric field
vector (7). We observed butterfly-like pat-
terns for all of these fibers, consistent with
radially symmetric models of the fiber struc-
ture. In addition, some thin films of similar
Kevlar fibers, prepared separately, exhibited a
one-dimensional anisotropy, presumably in-
troduced by the stress during sectioning.
These films showed pronounced contrast
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changes upon rotation and features predomi-
nantly oriented perpendicular to the cutting
direction.

A small-area spectrum of a Kevlar 49 thin
film (0.1 wm thick) cut at 45° relative to the
fiber axis as acquired with the STXM is shown
in Fig. 1. The most prominent peaks are
associated with aromatic (285.5 and 286.3
eV) and carbonyl (288.3 eV) groups. The
photon energy can be selectively tuned to
these characteristic energies to achieve chem-
ical sensitivity during imaging (8); owing to
the polarization dependence of NEXAFS, the
strong peak at 285.5 eV, for example, would
actually disappear if all the aromatic groups
were lying in a single plane and the electric
field vector of a 100% polarized x-ray beam
was also lying in the same plane. The physics
of this process is well understood. The inten-
sity observed is proportional to cos®0, where 8
is the angle between the electric field vector
and the direction of the orbital excited during
absorption, which for a  orbital is perpen-
dicular to the aromatic plane (7).

The radially symmetric structural model of
Kevlar fibers predicts the observation of a
butterfly-like pattern in an x-ray linear dichro-
ism image of thin films of the fiber cut at 45°
with respect to the fiber axis (9). The planes
of the two different aromatic groups of the
fiber are not the same. They are estimated to
be at an angle of 68° with respect to each
other (6), with the average aromatic ring
plane pointing essentially radially outward.
Thus, the maximum observable contrast in an
image acquired at 285.5 eV is reduced signif-
icantly compared with that achievable in a
sample having a single aromatic plane. This
results in about 15% contrast, which is further
reduced by orientational disorder and the
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Fig. 1. The NEXAFS spectrum of 0.1 pm? of a
0.1-pm-thick section of Kevlar 49 fiber (inset
structure) cut at 45° as acquired with the STXM.
The prominent spectral features at 285.5,
286.7, and 288.3 eV are w* resonances asso-
ciated with unsaturated bonding in the aromatic
and carbonyl groups. The energies are charac-
teristic, providing the means for bond-selective
imaging, whereas the intensity depends on
polarization and the geometrical orientation of
the bonds. The broader feature at 295 eV is a o*
resonance of the C—-C bonds. Total acquisition
time was 40 s (13).
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pleated structure observed and proposed by
Dobbs et al. (10). Despite this reduction in
contrast to the several-percent level, we suc-
cessfully observed butterfly patterns. The pat-
terns, indicating an overall radial orientation
of the aromatic groups in the fiber, are readily
observable if we reverse the contrast in images
with the electric vector rotated by about 90°
relative to each other (Fig. 2). The blue
regions of the image correspond to high ab-
sorption, consistent with the structural model
and the average aromatic plane pointing out-

wards. The roughly parallel features overlying
the butterfly pattern are thickness variations
caused by the sectioning and are perpendicu-
lar to the cutting direction.

We also acquired sets of images of several
Kevlar 149 fibers from a different batch of
sections at 285.5 and 288.3 eV, rotated in
increments of about /8 radians over a total of
1 radians (Fig. 3). Again, relative contrast
changes reflecting x-ray linear dichroism are
evident in most areas of the fibers for the two
orientations shown. In contrast to Fig. 2, the

2um  e——

Fig. 2. Images of an embedded and sectioned (0.2 um thick) Kevlar 149 fiber acquired at a photon
energy of 285.5 eV. The electric field vector is in the left-right (A) and up-down (B) direction.
Butterfly-like patterns are observable in both images, and the pattern rotates with the rotation of the
electric field vector. This is consistent with the expected x-ray dichroism of a radially symmetric
structure. The radial feature in the upper left part is a crack in the fiber. The sample’s shape appears
to differ in the two images because of different distortions. The transition from black to blue, light
blue, pink, red, orange, and yellow is from high to low absorption.

_Spm

Fig. 3. Images of several embedded and sectioned (0.1 wm thick) Kevlar 149 fibers acquired at the
carbony! absorption peak at 288.3 eV, with the electric field vector in the (A) left-right and (B)
up-down direction. The cutting direction is close to the up-down direction and hence approximately
parallel (B) and perpendicular (A) to the field vector. Features with the largest relative contrast
change, which appear dark in (A) and bright in (B), have the carbonyl group predominantly aligned
in the up-down direction, whereas features bright in (A) and dark in (B) have the carbonyl group
predominantly aligned in the left-right direction. Note that all fibers have cracks. Owing to different
magnifications in the two images, the sample area imaged is slightly different in these micrographs
(400 pixels by 400 pixels, 5-ms dwell).
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features in these images exhibit high contrast
and a pronounced preferential orientation.
We believe the observed structures to be
anisotropies induced by the stress present dur-
ing sectioning (11). Owing to their high
contrast, they overshadow the underlying
low-contrast butterfly pattern that is just bare-
ly noticeable in some of the fibers. Although
the overall orientation of the bonds as a
function of location is complex in these al-
tered samples, qualitative analysis of the data
does show, for example, that the projected
carbonyl bonds are predominantly oriented in
the left-right direction in areas that have the
highest relative contrast change and are bright
in Fig. 3A and dark in Fig 3B. Because the
image formation of our technique uses absorp-
tion contrast, just as regular imaging with the
STXM, the spatial resolution achievable in
images containing orientational information
remains unchanged by our extension of the
STXM capabilities. The present Rayleigh res-
olution limit is about 50 nm, which corre-
sponds to a visibility limit of 30 nm (4, 12).

With regard to the spatial resolution, one
of the most fundamental parameters of a
microscope, the STXM holds an intermediate
position. Its resolution exceeds visible and
infrared microscopes by about an order of
magnitude but falls short of the very high
resolution offered by electron and scanning
probe microscopes (12). However, x-ray mi-
croscopy has unique contrast mechanisms,
and the general advantages of NEXAFS im-
aging, such as chemical sensitivity and low
beam damage, have recently been demon-
strated and discussed by Ade et al. (8). In
particular, the directional and chemical sen-
sitivity can to some extent only be provided
by infrared dichroism, albeit at a much re-
duced spatial resolution of a few micrometers.
Dark-field imaging in electron microscopes
requires crystallographic order and lacks
chemical sensitivity. Electron energy loss
spectroscopy (EELS) imaging has chemical,
but in general not orientational, sensitivity
and imparts a heavy radiation dose to the
sample (1, 8). Visible light microscopy with
crossed polars has been used extensively as a
characterization tool to assess directional or-
der through birefringence, but it generally
lacks chemical sensitivity and has reduced
spatial resolution when compared with x-ray
microscopy (1). In addition, the detection of
the Auger, secondary electron, and fluores-
cent yield could be incorporated into an x-ray
microscope without loss of chemical and ori-
entational sensitivity. The NEXAFS imaging
technique would be capable of adjusting the
surface sensitivity from 0.5 nm (Auger yield)
to 0.2 wm (fluorescent yield) for carbon NEX-
AFS imaging (7). This would prevent the
need for the preparation of thin samples, as is
necessary for many types of microscopes, and
would provide a means for the investigation of
the chemical and orientational characteristics



of thick samples, such as fracture surfaces,
directly.

We anticipate that applications of this
technique will comprise the characterization
of phase-separated and -oriented polymeric
alloys and their interfaces, composites, dia-
mond-like carbon films, other carbon-con-
taining advanced materials, as well as coal
and coke. Absorption edges of elements other
than carbon, particularly those of nitrogen
and oxygen, could also be explored.
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Refuge Theory and Biological Control

Bradford A. Hawkins,* Matthew B. Thomas, Michael E. Hochberg

An important question in ecology is the extent to which populations and communities are
governed by general rules. Recent developments in population dynamics theory have shown
that hosts’ refuges from their insect parasitoids predict parasitoid community richness patterns.
Here, the refuge theory is extended to biological control, in which parasitoids are imported for
the control of insect pests. Theory predicts, and data confirm, that the success of biological
control is inversely related to the proportion of insects protected from parasitoid attack. Refuges
therefore provide a general mechanism for interpreting ecological patterns at both the com-
munity level (their species diversity) and population level (their dynamics).

The practice of introducing parasitoids,
those insects that parasitize and kill their
arthropod hosts, for the biological control
of insect pests has contributed much to
ecological theory. Unfortunately, the con-
verse is not true (1), because analytical
parasitoid-host models that have been ap-
plied to biological control (2) have not
identified simply measured, unambiguous
parameters that actually improve the
chances of successful pest control. Conse-
quently, the practice of biological control
through the introduction of natural ene-
mies remains largely empirical and based on
trial and error, in spite of the need to
improve its scientific basis (3, 4).

We propose that theory recently devel-
oped to account for variability in the spe-
cies richness of parasitoid communities of-
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fers a simple methodology to evaluate the
extent to which a parasitoid introduction
will control a pest population. The model
formalizing the theory (5, 6) identifies pro-
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beam. We have since upgraded the electronics,
and a 40-s spectrum with similar energy resolu-
tion would have almost 10 times the number of
counts and therefore improved statistics and
reduced noise.
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portional refuges from parasitism [defined as
a fixed proportion of the host population
immune to attack (7)] as a key constraint
on the number of parasitoid species that can
persist on a host (5). As a result of its
population-dynamic structure, the model
further quantifies the extent that parasitoids
will depress host populations below the
densities hosts would achieve in the ab-
sence of parasitoids (6).

It is this second property of the model
that is relevant to biological control, the
goal of which is to reduce and maintain pest
populations below some critical density de-
fined as their economic threshold. Basical-
ly, refuge theory predicts that hosts that
occupy small refuges (that is, a low propor-
tion of their population is in the refuges)
will be highly exploitable by parasitoids,
and as a result the host populations will be

Fig. 1. Relation between maxi-
mum percentage parasitism (in
two cases including host mortality
from host feeding by the parasi-
toid) and the outcome of parasi-
toid introductions for classical bi-
ological control. Multiple cases
are denoted by larger circles.
Blackened symbols represent fail-
ures and partial successes attrib-
uted to climatically related fac-
tors. The regression line illustrat-
ed is based on a logistic regres-
sion when partial successes have
been excluded (logity = —2.880
+0.057x,x2=28.48,n=64,P <
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0.0000001). Regressions based
on an economic evaluation of suc- 0
cess (less than full control consid-
ered a failure) and a dynamic
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evaluation of success (full and partial successes taken as equal evidence of the ability of
parasitoids to reduce pest densities) produced similar statistics (logity = —2.957 + 0.048x, x? =
23.76, n = 74, P = 0.0000011 and logity = —2.669 + 0.058x, x2 = 29.67, P < 0.0000001,

respectively).
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