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White microbeam diffraction from distorted crystals
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We present a general description of white-beam~Laue! scattering from grains with dislocations.
This approach is applied to examples with equal numbers of positive and negative Burger’s vectors
~paired! and with unpaired dislocations of one sign~geometrically necessary!. We find that streaking
of the Laue reflections is sensitive to both long-range geometrical rotations introduced by unpaired
edge dislocations and to local rotation fluctuations introduced by the total number of dislocations
~paired and unpaired!. We demonstrate the technique by analyzing the dislocation distribution in a
nanoindented Cu single crystal.@DOI: 10.1063/1.1389321#
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The development of ultrabrilliant third-generation sy
chrotron x-ray sources1,2 and recent progress in x-ray optic3

has led to intense x-ray beams with submicron spatial re
lution. Together with new instrumentation4 it is now possible
to use the Laue method to quantitatively determine ela
strain and local orientation~texture! distributions in indi-
vidual grains or subgrains.5,6 Here, we show from the genera
kinematic treatment of x-ray scattering by dislocations, h
the dislocation structure of crystals can be measured w
white beam microdiffraction.

A general kinematic treatment of x-ray scattering
crystals with dislocations was developed by Darwi7

Krivoglaz,8 Warren,9 Wilkens et al.,10 and Thomsonet al.11

This approach is widely used for the analysis of dislocat
density from powder diffraction measurements~Ungar
et al.!12 and is similarly applied to the analysis of dislocatio
substructure in single crystals by means of rock
curves.13–15 The main disadvantage of the rocking cur
technique is the need to rotate the sample; rotations introd
uncertainties in the real space coordinates of the scatte
volume.16 Laue white beam measurements however are
formed with fixed sample orientation. Moreover with th
Laue method, the intensity distributions near a large num
of different reflections can be simultaneously analyzed fr
the same subgrain.

The precise shape of each Laue spot depends form
on the orientation of the grain/subgrain, the spectral distri
tion near the Bragg energy of the reflection, and the dis
bution of elastic and plastic deformation in the gra
subgrain. The momentum transfer corresponding to a Bra
Laue reflectionGhkl we define askhkl2k0, where uk0u
5ukhklu5k. Here,k0 is the incident wave vector andkhkl is
the scattered wave vector that satisfies the Bragg/Laue
ditions. The diffuse scattering intensity depends on the
viation q5Q2Ghkl5k2khkl between the diffraction vecto
Q5k2k0, and the momentum transferGhkl for the Laue
reflection~Fig. 1!. With Laue diffraction the measured inten
sity I L is a function of a vectorm5 k̂2 k̂hkl because of the
radial integration through reciprocal space. The vectorm is
the difference between the unit vectorsk̂5k/k and k̂hkl
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5khkl /khkl , that are defined by the direction of propagati
of the scattered radiation. Here,k is the wave vector of the
scattered intensity close tokhkl . To compare with Laue mea
surements, it is necessary to integrate the intensity distr
tion, I (q) over the radiation wavelengths and to transfo
the reciprocal-space intensity distribution into its real-spa
projection at the charge coupled device~CCD! plane. The
resulting intensity distribution can be written as:

I L~m!5AE I 0~k!I ~q!dk, ~1!

q5ukhklum1DkG/ukhklu; Dk5uku2ukhklu. ~2!

HereI 0(k) is the intensity distribution of the white spectrum
ukhklu is the radius of the Ewald sphere that passes thro
Ghkl , and A is a constant. Equation~2! is valid when
Dk/uk0u!1. The intensity distributionI (q) of x-ray ~or neu-
tron! scattering due to dislocations can be computed from
expression.

I ~Q!5U(
i

f i exp@ iQ3~Ri
01ui !#U2

, u5(
i

ctui t . ~3!

Here, f i is the scattering factor from an individual atomi,
with relaxed coordinatesRi5Ri

01ui due to the presence o

FIG. 1. For each wavelength, the center of the Ewald sphere~C! and the
origin in reciprocal space~O! are separated by the distance 1/l. This dis-
tance is different for each reflectionhkl and corresponds to different Ewal
spheres.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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and is sensitive to dislocation density. WithL, the penetration
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defects,ui is a total displacement from the equilibrium pos
tionsRi

0 corresponding to the crystal before deformation, a
ct is the random number.

Consider the set of edge dislocations illustrated in Fig
All dislocations from this set have Burger’s vectors,bi , par-
allel to the x axis and dislocations lines,t parallel to theZ
axis. The total displacement of thisith cell ui due to all
dislocations is defined by Eq.~3!.

For an equal number of random ‘‘1b’ ’ and ‘‘ 2b’ ’
dislocations@Fig. 2~a!#, the average deformation tensor
negligible and broadening of the diffuse scattering is indu
by random local fluctuations in the unit cell orientations a
d spacing that tend to cancel out over long length sca
Coherence is not changed along the direction of disloca
lines t, and the diffuse intensity in this direction is the sam
as for crystals without dislocations. Perpendicular tot, the
diffuse distribution is roughly symmetric with a character
tic half width dependent on the total dislocation densityn;
2d}An.8,14

For excess dislocations@Fig. 2~b!#, the dislocation den-
sity tensor can be written in terms of the antisymmet
Levi–Civita tensor of third rank«t lm and a dislocation den
sity tensor of second rankrtn .2,17–18

FIG. 2. Real and reciprocal space for crystals with:~a! an almost equal
number of1b and 2b dislocations and~b! an excess~geometrically nec-
essary! 1b dislocations are shown.
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D52rtn . ~4!

From Eq. ~4!, it follows that there are only two nonzer
components of the mean deformation tensor:vxy52vyx

5n1bx. This distortion field represents a pure rotation abo
the Z axis that increases with displacement inx.

The unpaired-dislocation-induced diffuse scattering n
a Laue spot can be qualitatively understood along three c
acteristic directions. In the radial direction, x-ray scattering
primarily sensitive to dilatational changes in the lattice. L
cal strain fields around dislocations can introduce su
changes, but Laue diffraction is inherently insensitive
scattering variations in the radial direction; energy scans
needed to probe these changes. In the transverse direc
we define two natural axesj andn. The axisj is defined as
perpendicular to both the radial direction,g5Ghkl /Ghkl , and
to the axist. The second axisn is defined as perpendicular t
the j axis and tog. With this coordinate system, the diffus
scattering is strongly elongated in thej direction, and de-
pends on the relative orientation between the active dislo
tion system, the momentum transfer unit vectorg, and the
penetration depthL.

To illustrate the dependence of the Laue intensity dis
bution on the penetration depth~L! covered by the beam
passing through the sample, we simulated Laue con
maps for different values ofL keeping a constant total valu
of excess dislocations in the whole scattering region~Fig. 3!.
The simulations show that this dislocation system results
rod-like intensity distribution~Fig. 3! around the~222! re-
flection. The major axis is located in the plane~111! parallel
to the directionj5@213̄#. The character of the intensity dis
tributions along thej, and n axes is different as expecte
@Fig. 3~b!#. The intensity distribution along thej axis has a
flat-top shape with a huge full width at half maximu
~FWHM!. Along then axis, it is a narrow Gaussian functio
th
FIG. 3. ~Color! Contour maps around the reflection~222! for L* n15constant andL2550 L1 ~a!, intensity distributions along the axisj ~1! andn ~2! ~b!,
FWHM alongj andn directions with their ratio~insert! as a function ofL ~c!, and experimental~left-hand side! and simulated~right-hand side! Laue images
of the ~222! reflection in the CCD plane for a nanoindented Cu single crystal~red point—position of the beam on the indentation! ~d! are shown. The
orientation of the dislocation system in this simulation corresponds to Burger’s vector parallel to@01̄1̄#, a dislocation line parallel to@21̄1#, and total
dislocation densityn5231011 cm22 with an excess dislocations densityn150.5 n. To model the vertical~red! part of the image, a second slip system wi
Burger’s vector parallel to@1̄01̄# and dislocation line parallel to@12̄1̄# was required.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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length in interatomic spacings, the FWHM along thej direc-
tions @Fig. 3~c! red# is insensitive toL if total number of
excess dislocations along theL is constant, L* n1

5constant@0.1An. In the n direction @Fig. 3~c! green#, the
FWHM decreases~as the dislocation density decreases!. This
means that the total dislocation density can be determ
from the intensity distribution along then direction, while
the total number of excess dislocations, can be obtained f
the intensity distribution along thej direction.

Microbeam-Laue measurements of deformation in
nanoindented Cu single crystal are used to illustrate the
plication of the x-ray micro-Laue technique for the analy
of dislocation structure. The Cu single crystal surface norm
was parallel to@111#. The corresponding coordinate ax
around the indentation are shown in Fig. 3~d!. Laue images
were taken at various positions in the pyramidal indentati
One experimental image~pink! reveals long streaks with dis
tinctive orientations relatively to the indentation. The
streaks have been qualitatively discussed previously.4 We
have simulated the Laue contour maps corresponding to
ferent arrangements of the primary excess dislocations.
plastic response of a material, subjected to indentation ca
understood by the formation of excess or ‘‘geometrica
necessary’’ dislocations that appear in the material to acc
modate the indentor.19 Deformation changes character as t
beam penetrates the sample. A comparison to the experim
tal data is shown in the black field of Fig. 3~d!. The elonga-
tion direction can be modeled with one system in the we
tail but requires two systems near the intensive~red! portion
of the streak. This portion of the Laue streak might also
formed due to dislocations with Burger’s vector@110# in the
slip plane~001!. However, an analysis of the FWHM in th
direction perpendicular to the central portion of the stre
favors the previously discussed two dislocation syste
Comparison to experimental data makes it possible to de
mine the orientation of the dislocation linet, the Burger’s
vectorsb, and the normal to the slip plane of the prima
dislocation set.
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In summary, we developed a formalism for calculati
white-beam Laue diffraction patterns for distributions of d
locations in crystals and we have shown that such calc
tions can be used to obtain quantitative information on ac
dislocation systems in deformed materials.
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