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Local crystal structure, crystal orientation, and crystal deformation can all be probed by
Laue diffraction using a submicron x-ray beam. This technique, employed at a synchrotron
facility, is particularly suitable for fast mapping the mechanical and microstructural properties
of inhomogeneous multiphase polycrystalline samples, as well as imperfect epitaxial films or
crystals. As synchrotron Laue x-ray microdiffraction enters its 20th year of existence and new
synchrotron nanoprobe facilities are being built and commissioned around the world, we take
the opportunity to overview current capabilities as well as the latest technical developments.
Fast data collection provided by state-of-the-art area detectors and fully automated pattern
indexing algorithms optimized for speed make it possible to map large portions of a sample
with fine step size and obtain quantitative images of its microstructure in near real time.
We extrapolate how the technique is anticipated to evolve in the near future and its potential

emerging applications at a free-electron laser facility.

Introduction
Since its discovery in 1912 by Max von Laue, Paul Knipping,
and Walter Friedrich,' the now more than a century old tech-
nique of x-ray diffraction has become the inescapable tool of
choice for probing atomic arrangements in crystalline mate-
rials. The formulation of Bragg’s law by William Lawrence
Bragg and William Henry Bragg in 1913,> which elegantly
explains the formation on photographic plates of discrete sets
of reflections emanating from the x-ray illuminated crystal,
led to the possibility of solving the atomic structure of crystal-
line compounds and the invention of x-ray crystallography.
X-ray diffraction is used today in many forms to character-
ize materials, including single crystal x-ray diffraction,’ x-ray
powder diffraction,* and grazing incidence diffraction.’ It is
worth noting that all of these techniques use a monochroma-
tized incident x-ray beam, since knowledge of the x-ray wave-
length is necessary to obtain the interatomic spacing.
Polychromatic x-ray diffraction, better known as white beam
Laue diffraction, although the first to be achieved, turned out to
be more difficult to interpret and was, until recently, solely
used to orient crystals before their mounting in a diffractometer

for monochromatic x-ray study. Laue x-ray diffraction went
through a revival in the 1990s along two different directions.
First, it was seen as a viable alternative for solving large-unit-
cell crystal structures in time-resolved studies. While conven-
tional crystallography requires the collection of hundreds of
diffraction patterns as the crystal is rotated to get a usable set
of reflections, the same set can be obtained in a single shot
with Laue diffraction, as the Bragg condition is simultane-
ously satisfied for a range of wavelengths.®” With a method of
determining the wavelength of each reflection or “calibrating”
the size of the crystal unit cell, Laue diffraction can be suc-
cessfully used, for instance, to solve the structure of ephem-
eral macromolecular configurations.®® Second, it was realized
that fast recording of Laue patterns can be used for mapping
crystal orientations'® and strain'' in materials. This technique
is called x-ray Laue microdiffraction or micro-Laue diffraction
when the x-ray beam size is on the order of 1 pm.

A small beam on the order of or smaller than 1 um is useful for
arange of common materials science problems. These include
identifying minute amounts of materials in heterogeneous
matrices,'> mapping deformation and phase transformations
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around a crack tip,'"* or following plastic deformation in small
devices such as a metal interconnect line during electromigra-
tion (EM).!* X-ray microdiffraction is generally employed to
complement other spatially resolving and imaging tech-
niques, as it offers information that is not easily obtainable from
other characterization tools. Electron microscopy achieves
high spatial resolution, but requires the sample to be in a vacuum
and necessitates careful sample preparation.'* None of these
restrictions apply to x-ray microdiffraction, as “hard” x-rays
(x-rays with wavelength below 4 A) are highly penetrating
(from a few micrometers to hundreds of micrometers in depth
depending on the material and x-ray energy range) and samples
can, in principle, be measured “as is” without any sample prep-
aration. X-rays can probe buried surfaces such as metal inter-
connects under a thick layer of dielectric' in a variety of sample
environments.

In this article, we first present the instrument settings,
including the apparatus and equipment used for Laue x-ray
microdiffraction experiments. Next, we describe two fields of
applications of the technique for structural characterization.
Finally, we present current and expected future developments
of the technique.

Synchrotron x-ray Laue microdiffraction
Instrumental setup
An x-ray microdiffraction experiment is preferentially per-
formed on a dedicated instrument at a synchrotron radiation
facility (a beamline end station). Small x-ray beams are
generated by efficient brightness-preserving x-ray focusing
optics, and many different types of such optics have been
developed over the years. The most popular are Fresnel
zone plates,'*" compound refractive lenses (CRLs),?* > and
Kirkpatrick-Baez (KB) mirrors.” However, diffractive optics,
such as zone plates, and refractive optics, such as CRLs,
typically show chromatic aberration, which makes them
unsuitable for focusing polychromatic radiation. The optics of
choice for white beam applications are therefore achromatic
reflective optics, such as KB mirrors. Below a certain critical
grazing angle, x-rays are totally reflected by a smooth, reflec-
tive surface. If the surface is bent to a concave elliptical shape,
the reflected x-rays converge to a focal point. KB mirrors
employ two orthogonal ultrasmooth surfaces coated with a
reflective metal layer to focus the beam both horizontally and
vertically, and can achieve spot sizes well below 100 nm.>*?
A recent development is nested (or Montel) mirrors, where the
two mirrors, instead of being separate as in the KB configura-
tion, are combined, resulting in a more compact design.*®
However, even highly efficient optics such as KB mirrors
have limited acceptance (maximum incident beam size that
can be accepted by the optics) on the order of a few hundred
micrometers. This is why micrometer-to submicrometer-sized
x-ray beams can only be achieved at synchrotron radiation
facilities, where the x-ray beam is both intense and highly col-
limated. The low divergence of the synchrotron x-ray beam,
together with a small angular source size, makes it possible
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to achieve high demagnification. Since synchrotron x-rays
are orders of magnitude brighter than those generated with
laboratory sources, photon flux can be “traded” for spot size.
Another advantage of synchrotron radiation is its energy
tunability, which permits spectroscopic applications. X-ray
microdiffraction instruments are often combined with micro-
spectroscopic techniques.

Laue x-ray microdiffraction is best performed with an
x-ray synchrotron source, such as a bending magnet (dipole
magnet) or a wiggler (periodic structure of dipole magnets)
that can provide a continuous spectrum. There are several
dedicated x-ray microdiffraction facilities around the world,
but only a few have Laue microdiffraction capabilities: the
Advanced Photon Source (at Argonne National Laboratory)
undulator beamline ID-34 is historically the oldest of this
kind still in operation.”” The superconducting magnet beam-
line 12.3.2 at the Advanced Light Source facility*® (ALS, at
Lawrence Berkeley National Laboratory) was moved in 2008
from an older station on beamline 7.3.3.% The European
Synchrotron Radiation facility in Grenoble, France has a
Laue microdiffraction setup on beamline BM32,** as does
the Pohang Light Source (at Pohang Accelerator Laboratory
in Pohang, Korea) on beamline 1B2,*! and the Canadian Light
Source (at Saskatoon, Canada) on the VESPERS (very sen-
sitive elemental and structural probe employing radiation
from a synchrotron) beamline.?> Laue x-ray microdiffraction
is also performed occasionally at the Swiss Light Source
(at the Paul Scherrer Institute in Switzerland) on the microXAS
beamline®™ and the Diamond B16 beamline.** In the construc-
tion, commissioning, or planning stage, are the Taiwan Photon
Source (TPS), (at the National Synchrotron Radiation Research
Center in Hsinchu, Taiwan) nanodiffraction beamline 21A,%
the Laue microdiffraction projects at the Shanghai Synchrotron
Research Facility (in Shanghai, China),* and the Australian
Synchrotron (near Melbourne, Australia).’” We will describe
two of these beamlines, the ALS beamline 12.3.2 and the new
nanodiffraction beamline at TPS, in more detail.

Figure 1 shows an outline of the 12.3.2 x-ray microdif-
fraction beamline at the Advanced Light Source.?®*® The x-ray
source for this beamline is a superconducting magnet pro-
viding a continuous energy spectrum with a critical energy
around 12 keV. The first optical element encountered by the
x-ray beam is a toroidal mirror, which refocuses the beam at
the entrance of the experimental hutch. A pair of slits makes
it possible to adjust the source size and thus to vary the x-ray
spot size on the sample. A four-bounce monochromator made
of two identical silicon (111)channel cuts can be inserted to
obtain a monochromatic instead of a polychromatic beam.
The four-bounce design ensures that the polychromatic and
monochromatic beams follow the same path to the focusing
optics and sample, allowing the same spot on the sample to be
interrogated by both types of radiation. Final x-ray focusing is
provided by a pair of elliptically bent KB mirrors,** giving a
routine spot size of 1 um on the sample in both the horizontal
and vertical directions.
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Figure 1. Outline of the x-ray microdiffraction beamline (12.3.2) at the Advanced Light
Source, Lawrence Berkeley National Laboratory. The synchrotron x-ray beam is focused to
submicron size via a pair of Kirkpatrick-Baez (KB) mirrors onto the sample. A four-bounce
monochromator can be inserted into the beam path to switch between polychromatic and
monochromatic radiation. An area detector and a solid-state detector are used to collect
diffraction patterns and x-ray fluorescence, respectively.?®

The sample is mounted on high-precision stages to adjust
sample position in three directions and at an angle with respect
to the beam, allowing high flexibility in the sample positioning
and navigation. The x-ray detectors include a

adds new capabilities to this old technique.
Samples can be raster scanned under the focused
x-ray beam while Laue patterns are taken at
each step. Similar to the indexing of arrays of
Kikuchi patterns in electron backscatter diffrac-
tion, the indexing of the arrays of Laue patterns
provides an orientation map of the sample.'%4>%
The use of a large-area detector with one
or more megapixels resolution also allows for
the possibility of measuring subtle changes
in the diffraction peak positions and shapes.
From the relative shifts of the Laue spots from
their “ideal” positions, as expected from an
unstrained crystal, the deformation of the unit
cell can be calculated and the full deviatoric
(or distortional) strain tensor derived.! Scanning
x-ray Laue microdiffraction can therefore pro-
vide the distribution of the elastic strains in
a material. The shape of the Laue spots also
contains information about crystal mosaicity
as well as plastic deformation. Streaking of
reflections along certain directions are gener-
ated by geometrically necessary dislocations,*
while splitting of these same reflections reveals

the existence of small-angle grain boundaries. Laue x-ray micro-
diffraction is therefore ideally suited for spatially resolved
studies of mechanical properties of materials.

Pilatus 1 M detector to collect diffraction pat-
terns and a Vortex silicon-drift detector to col-
lect x-ray fluorescence (XRF) signals.

The TPS nanodiffraction beamline 21A
follows a similar design, but will offer a wider
range of sample-probing capabilities.*’ Figure 2
shows a schematic of the future focus x-rays
for the microstructure analysis (FORMOSA)
end station. FORMOSA provides an all-in-one
solution, including differential aperture x-ray
microscopy (DAXM), XRF, x-ray excited opti-
cal luminescence/Raman/photoluminescence,
nanoscale x-ray absorption spectroscopy, scan-
ning probe microscopy, and an indenter to
perform in situ and in operando measurements
for structural, elemental, optical, electrical, and
mechanical properties. The built-in scanning

Pilatus 6M
DAXM

STM;I-V

Microscopy

electron microscope and secondary electron
detector provide real-time images for sample
navigation and positioning. Nominal expected
spot size on the sample is 100 nm, provided by
fixed-shaped KB mirrors.

Figure 2. An inside view of the future FORMOSA (focus x-rays for microstructure analysis)
end station at the Taiwan Photon Source in Taiwan. Note: XEOL, x-ray excited optical

luminescence; DAXM, differential aperture x-ray microscopy; SDD, silicon-drift detector;
SEM, scanning electron microscope; SED, secondary electron detector; UHV, ultrahigh
vacuum; HV, high vacuum; STM, |-V, scanning tunneling microscope, current-voltage; HFM,
horizontal focusing mirror; VFM, vertical focusing mirror; VT-stage, ScientaOmicron Inc. VT
series stage.

Data collection

Back-reflection Laue is used extensively to
determine single-crystal orientation.*! Spatial
resolution provided by x-ray-focusing optics
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A further development of scanning Laue x-ray microdif-
fraction is the addition of depth resolution, which transforms
the instrument from a two-dimensional (2D) mapping tool
into a three-dimensional (3D) reconstruction tool. DAXM#*6
uses a scanning metal wire as a knife-edge to ray-trace back
the origin of the diffracted x-ray beams inside the material.
A Laue pattern collected at a single location is a composite
of all Laue diffractions occurring along the path of the inci-
dent x-ray beam, which can penetrate several tens of micro-
meters into the sample. DAXM deconvolutes the Laue patterns
from different depths inside the sample, giving access to the
third dimension. The analysis of a DAXM scan produces a
volumetric map of crystal orientation and elastic strain in the
sample.¥’

Applications of Laue x-ray microdiffraction

With its high sensitivity to crystal orientation, elastic strain,
and plastic deformation, Laue x-ray microdiffraction has
been widely used to study the microstructure and mechanical
properties of small devices such as microelectronic compo-
nents. It can also be used to completely characterize structural
changes during a phase transformation in situ.

orientation (Figure 3). The material undergoes a martensitic
transformation from cubic (lattice parameter a, = 6.1606 A)
to monoclinic (lattice parameters a = 4.458 A, b =5.768 A,
c=40.698 A, and B = 86.8°) at —40°C.>> When the sample
is in the pure austenitic phase at —10°C, a strong diffrac-
tion peak due to the cubic (206) plane is visible (Figure 3a).
Upon cooling through the transition temperature, this dif-
fraction spot splits into three weaker reflections while several
other reflections appear. This indicates that the cubic sym-
metry is breaking down, and the original interplanar distance
of (206) is changing. Using the austenite structure to index the
Laue pattern in Figure 3b, the center diffraction spot marked
by the white box is still found to be the (206) plane. However,
other reflections seen during the transitional stage of the phase
transformation cannot be indexed either with cubic or mono-
clinic symmetry. Upon further cooling, these metastable reflec-
tions disappear, and new peaks belonging to the monoclinic
symmetry of martensite appear, indicating that the phase trans-
formation is complete.

The change in lattice orientation during the phase trans-
formation reveals the average movement of atoms from one

This section describes some recent applica- @
tions of the technique in these two areas.

In situ investigation of martensitic
transformations by Laue x-ray
microdiffraction

Martensitic transformation is a solid—solid
phase transformation occurring reversibly
between two crystal structures with different
symmetries. Materials undergoing a marten-
sitic transformation exhibit shape-memory
effects and superelasticity, which are widely
exploited for medical devices,* microelectronic
sensors,”* and energy-conversion devices.”*
A major problem with these materials is the
lack of phase reversibility upon cyclic loading.
Two recent discoveries in ZnAuCu and NiTiCu
shape-memory alloys®3 have revealed a strong
microstructure—property correlation (i.e., when
the lattice parameters of the material satisfy a
set of compatibility conditions);>” both thermal
and mechanical behaviors become completely
reversible even after tens of millions of trans-
formation cycles and lead to the formation of
rich microstructural morphologies.

Using a thermal stage to quasistatically heat/
cool the sample through its phase transition
temperature while continuously collecting Laue
patterns, the phase transformation pathway from
austenite to martensite was tracked for the
shape-memory alloy Zn,;Au;,Cu,s*® by moni-
toring the spatial variations of specific (hkl)
planes as well as the overall change in lattice

(5]

Figure 3. Change in Laue patterns of Zn,;Au,,Cu,; from (a) pure austenite phase
(cubic, Fm3m) at —10°C, through (b) a transition phase to (c) a pure martensite phase
(monoclinic, P21) at -50°C. (d) Stereographic projections of crystallographic planes of
the pure austenite phase (red dots), the transition phase (blue dots), and the martensite
planes (black boxes).%®
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crystal structure to the other (i.e., the transformation path-
way). Figure 3d shows the stereographic projections of the
reciprocal lattices of austenite (red dots), transitional phase
(blue dots), and martensite (black boxes) with respect to
the rolling (X), transverse (Y), and normal directions (Z) of
the sample stage. The sets of red and blue dots in Figure 3d
are related by a rotation about the (111) axis that maps the
reciprocal lattice vectors from austenite to the transitional
phase. Due to the structural change, the set of reciprocal
lattice vectors of martensite (i.e., the black boxes in Figure 3d)
display a combination of stretch and rotation deformation

moving electrons and metal ions and is a significant reliabil-
ity problem for integrated circuits, as the resulting voids can
cause the circuit to fail.®* In both Al and Cu interconnect
lines, Laue x-ray microdiffraction showed that EM-induced
plastic deformation in the metal lines manifested as streak-
ing, broadening, and splitting of the Laue reflections.!*6!-64
It was also found that the occurrence of plastic deformation
could be correlated to the availability of (112) crystal direc-
tions in the direction of electron flow along the interconnect
lines. When the dislocations generated by plastic deformation

from the cubic-structured austenite. For a mar-

are aligned from grain to grain along the interconnect line,

tensitic phase transformation, the set of aus-
tenite lattice vectors is assumed to be deformed
into the primitive lattice vectors of martens-
ite by a macroscopic deformation gradient F
such that:

FE,L=E, @)
where E, and E,, are the primitive lattice vec-
tors of austenite and martensite, respectively,
and L is the lattice correspondence matrix. E,
and E,; are directly measured by x-ray Laue
microdiffraction, while two solutions for LL can
be computed, from which two possible ori-
entation relationships between austenite and
martensite are derived:

(2,0,6),11 (2,0,9),, or (2,0,11),,
(0,0,1) 1/ (1,0,9),, or (1,0,10),,
(1,1,9),11 (5,1,36),, or (5,1,41),,
(2,1,5),11(7.2,27),, 0r (7,2,34),,.

Here, (h,,k.,0))4l|(725k0,00) OF (P3,k5,05), means
that the plane with Miller indices %,,k,,/, of the
austenite is either parallel to the plane of Miller
indices h,,k,,1, or hy,k;,l; of the martensite.

Application of Laue x-ray
microdiffraction in microelectronic
materials

In the field of microelectronics, new materials
and the corresponding design and processes
are constantly being developed for improved
chip performance. With its unique capabilities,
white beam Laue x-ray microdiffraction has
proven to be a powerful tool to investigate a
wide range of microelectronics-related materi-
als and structures in situ and in operando.

One of the early applications of Laue x-ray
microdiffraction in microelectronics was to
study EM of metal interconnect lines.* EM is
a diffusion-controlled mass-transport phenom-
enon driven by momentum transfer between
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Figure 4. (a) Deviatoric stress mapping of through-Si vias (TSVs) during (top) and after
(bottom) annealing at 200°C for 1 h, and grain orientation mapping after annealing,
indicating thermomechanical effects. The numbers below each stress map represent the
average deviatoric stress components over the sampled area in MPa.®® (b) (i) Average peak
width (APW) map for a Cu via shows local plasticity near the top of the TSV, with (i) the
broadening of a Cu 024 Laue diffraction shown. (jiii) Out-of-plane orientation (A¢p) map for
Si surrounding the via indicates lattice bending around the TSV.%® Note: 6}, G}y, G4, Gyy,
C,, and o,,, deviatoric stress components in the sample coordinate system.
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they provide an additional diffusion path, further degrading
EM performance.®

Laue microdiffraction has also been applied to study the
response of Sn-based (Pb-free) solders under EM testing.
B-Sn has a body-centered tetragonal crystal structure (a =
b =584 A, c=3.19 A) and is highly anisotropic. Under EM
testing, Sn grains were found to rotate to realign the a-axis
with the direction of the electron flow and lower the effective
resistance.” However, unlike interconnect lines, little to no
plastic deformation was detected in the solder joints. Instead,
a buildup of compressive hydrostatic stress was observed at
the anode end due to material accumulation transported by the
high-density current.®®

More recently, Laue microdiffraction has been used to
investigate the materials and structures in 3D integrated circuits
(3DICs). Three-dimensional integrated circuits utilize vertical
integration of two or more dies in order to overcome the basic
material and processing challenges in Moore’s Law scaling.®” In
a typical 3DIC, Cu through-silicon vias (TSVs) are used in con-
junction with Cu-Sn microbumps to form the vertical connec-
tion between stacked dies.®” For a TSV structure, the mismatch of
coefficient of thermal expansion between Cu and Si generates a
considerable amount of thermal stress in and around the Cu TSV,
causing serious thermomechanical reliability issues.®

In one study, a set of TSVs was annealed at 200°C for 1 h,
and Laue microdiffraction was carried out during and after
annealing. The thermal stress in Cu, plotted in Figure 4a,
shows a strong temperature dependence, which could be
related to the microstructure evolution of Cu.® Further stud-
ies observed local plasticity near the top of the

sample in a reasonable amount of time. For example, the
MAR133 charge-coupled device detector, in service on the
ALS beamline 12.3.2 until 2008, had a readout time of approxi-
mately 5 s, so it took about 4 h to collect a 50 x 50 pm? area
of the sample using a 1-pum step size (2500 points) and a 1 s
exposure. Today, with the Pilatus 1M hybrid pixel detector,
which has virtually no readout time, it takes only 45 min to
scan the same area.

As detector technology progresses toward smaller pixels
and higher efficiency and x-ray sources become brighter,
data-collection time will decrease even further. Scans of
large portions of a sample result in a “big data” problem,
shifting the bottleneck from data collection to data processing.
Laue microdiffraction facilities increasingly rely on the avail-
ability of large data storage and high computational speeds.
The ALS, for instance, is collaborating with the National
Energy Research Scientific Computing Center (at the Lawrence
Berkeley National Laboratory) for real-time processing of
Laue diffraction data on multicore machines.”

The combination of fast data collection and speedy data
analysis drives the transition of Laue microdiffraction from a
scanning x-ray microdiffraction mapping tool toward a real-
time quantitative imaging technique for texture, strain, and
defect density. Figure 5 gives an example of data acquired
on the ALS beamline 12.3.2, showing the transition in a por-
tion of a single-crystalline nickel-based superalloy repaired
by laser-assisted 3D printing, from epitaxial grains growing as
columnar dendrites to a “stray” grains polycrystalline region
with random crystal orientations.”® The 20,000 Laue patterns

Cu vias after thermal cycling, which could be
correlated to the height of via extrusion, and
thus provided experimental evidence to verify
the underlying plastic deformation mechanism
of via extrusion (Figure 4b).”° In Si, stress-
induced lattice rotation was observed near
the wafer surface and surrounding the TSV.”!
This near-surface stress directly affects the
mobility of the transistors, requiring defin-
ing a “device keep-away zone” around the
TSV.% To quantitatively interpret the stress in
Si, a modeling approach was developed that
took into consideration the penetration depth of
the high-energy x-ray radiation.”” For TSVs of 100
different diameters, the stress was found to
decrease with reduced via diameters.” Laue
x-ray microdiffraction also verified that a thick
polymeric liner could act as a stress buffer to
reduce stress and the driving force of interfa- 11
cial delamination compared to a conventional
SiO, dielectric liner.”

Current and future developments
With the development of fast area detectors,

Orientation

[ 60° 0° 29
T s -
High-angle Low-angle
Grain Grain
Boundary Boundary
110 Gz c

Disorientation Stress

Figure 5. Laue microdiffraction maps of a laser-assisted 3D printed Ni-based superalloy
showing the transition from a columnar dendritic region to a polycrystalline region. From
left to right, crystal orientation, high-angle grain boundaries, low-angle grain boundaries,
and deviatoric diagonal stress component maps.” Note: 6y, 6},, and 6%, deviatoric
stress components in the sample coordinate system.

it is now possible to scan large portions of a
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collected on that sample were analyzed on a 48 nodes Linux
cluster in around 2 h.

Two other emerging areas derived from the x-ray Laue
microdiffraction technique are structure solution of inorganic
compounds with a broad bandpass beam (“pink” beam) and
serial crystallography with a few percent energy bandpass at
Free Electron Laser (FEL) facilities, both taking advantage
of fast data collection, offered by a nonmonochromatic x-ray
beam, as described.

Structure solution of inorganic compounds with
Laue microdiffraction

As new materials become increasingly sophisticated and com-
plex, their structural characterization becomes more difficult.
For example, crystals may not be of sufficient quality for con-
ventional single-crystal data collection. They may be embed-
ded in a heterogeneous matrix or in a constrained environment
(e.g., a high-pressure cell). Laue diffraction experiments are
an attractive alternative to conventional monochromatic sin-
gle-crystal structure analysis because they not only take full
advantage of the synchrotron x-ray energy spectrum, but
also do not require controlled rotation of the crystal in the
small x-ray beam. By using a broad-bandpass x-ray source, a
large number of reflections can be recorded simultaneously
in a single exposure (Figure 6a).

However, determining the structure factors from the reflec-
tion measured intensities, as is required for structure analy-
sis, is not straightforward. In order to properly interpret the
intensities, various issues such as the deconvolution of har-
monics, the correction for energy-dependent factors (such as
absorption and a geometrical wavelength-dependent factor
called the Lorentz correction), and the precise determination
of the effective incident spectrum have to be addressed. For
small molecule and inorganic samples, the use of precorrected
Lorentz and polarization factors, combined with the “reverse
method” based on the use of a single Laue pattern of a well-
known crystal, has been devised (Figure 6b).”

Using the described methodology, the crystal structure of an
indigo/silicalite organic/inorganic hybrid, an analog of the
ancient Maya Blue pigment used in pre-Columbian Mesoamerica,
has been determined by combining Laue microdiffraction with
powder diffraction.” In particular, Laue microdiffraction was
used to map the indigo distribution within a single crystal. By fol-
lowing the Laue intensity evolution of relevant reflections, both
empty monoclinic domains and indigo-induced orthorhombic
domains were identified. The Laue diffraction data further indi-
cated that the most probable space group of the orthorhombic
domains was Pnma, rather than P2,2,2, (Figure 6c). Structure
solution and refinement using Laue microdiffraction data were
also carried out for three model samples (sanidine, potassium
titanyl phosphate, and ZSM-5 [Zeolite Socony Mobil-5 zeolite]),
using a serial snapshot crystallography approach.” This shows
that Laue microdiffraction can be a good alternative to solve and
refine the structure of micron-to-submicron crystals when classic
crystallography methods cannot be used.
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Figure 6. (a) Ewald construction for Laue mode (5-24 keV),
monochromatic mode (12 keV), and 4% bandpass mode
(average energy E = 12 keV). Accessible reflections fall into
the shaded areas. (b) Incident flux curve (red, convoluted
with the detector response), determined from a single Laue
pattern of calcite. The theoretical calculated incident white
beam flux is also displayed for comparison.” (c) Distribution
of the ratio between the intensity of the (4186) reflection of

the orthorhombic phase to the intensity of the (819) of the
monoclinic phase, /(416)//(819), over an indigo-doped
silicalite single crystal. The increase in the intensity ratio from
the orthorhombic to the monoclinic domain is consistent
with the space group Pnma.” Note: E,..,, maximum energy;
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