NOTES on LaueTools indexing,
strain refinement and simulation

q is the normal vector to lattice planes h,k,l (for a given structure defined by a*,b* and c*)
expressed in lauetools frame.

LaueTools frame: X is parallel to incoming beam, Z is perpendicular to X such as XZ contains the
normal of Laue pattern camera detector, Y is ZAX.

q=UB B0 G* where G* = ha*+kb*+Ic*, and B0 is 3x3 matrix triangumar up matrix whose
columns are a*,b* and c* vectors components along X, Y, Z.

After refinement, we obtain UBi.sinedthat corresponds to the best UB that fits qex, to g=UB B0 G*
for a given set of hkl Laue spots (least square minimization pixel distances in LaueTools fitorient.py
module). UBiefinea is in principles the product of a pure rotation U and a distorsion matrix B.
However this decomposition is not unique! (U is a pure rotation if detU=1 and U.U" =Id)

Note: norms of q, a*,b*,c* are expressed in crystallography units in A™. When calculating the
corresponding energy of q, inverse distance are converted to energy by using the factor 12.398
keV/A.

Use of UB matrix

QR or polar decomposition
Given UB = UBrefined

UB.BO can be decomposed into:
- QR with Q (pure rotation) and R (triangular up)
- or UP with U (purerotation) and P symmetric matrix

R or P can be used to express a*,b*,c* (columns) in lauetools frame provided that M= Qor U is a
rotation (det M = 1 and M M" = Id) and the axis are not swapped! So check if UB and M are close
elementwise.

P is the deformation full tensor of the reciprocal space which is the opposite of the deformation full
tensor of the real space.



To express the deviatoric tensor, one must substract to the diagonal components the mean value of
the full tensor (non diagonal terms of the full tensor express already the shear componentd due to
angular changes between unit cell vectors)

deviatoricstrain = fullstrain - 1/3 * tr(fullstrain)*Id (where tr() is the trace)

LaueTools (crystalparameters.py)

In LaueTools we calculate all lattice parameters (in direct and reciprocal spaces) and then derive the
strain according to the reference structure (the one generally use for the indexing and defining BO
matrix).

From UBrefined.BO a*,b* and c* are calculated. Consequenly the 6 scalars a*,b*,c*, alpha*, beta*,
gamma*.

Direct (real) space unit cell basis vectors and lattice parameters are then computed : a, b and ¢ and
the 6 lattice paremeters a,b,c, alpha, beta, gamma

Initially we had the triangular up matrix :
A0 = (a0, bOcosgamma0, ...),
(0,bOsingamma0, ...)
(0,0,...)

which is a matrix expressing a0, b0 and c0 in the associated ortho norm frame. In the same frame,
now we have for a, b and c and then the triangular up matrix:

A = (a, bcosy, ...),

(0,bsiny, ...)

(0,0,...)
To go from A0 to A, we define the transformation T such as
A=TA; soT=A Ay"

such way that columns of T are a*, b*, c* expressed in a0*, b0*, cO

For small deformation (small change of ratio and angles) we may express approximately the relative
change of mutual components

fullstrain = 0.5*(T+ Tt) — Id

deviatoricstrain = fullstrain - 1/3 * tr(fullstrain)*Id (where tr() is the trace)



in LaueTools we can go from one frame to an other

from deviatoric strain in lauetools frame to crystal associated ortho norm frame
straindevcrystalframe = np.linalg.inv(UB).dot(straindev_lauetoolsframe.dot(UB))
from deviatoric strain in sample frame to lauetools frame
DictLT.RotY40.dot(straindev_sampleframe.dot(DictLT.RotYm40))

from deviatoric strain in lauetools frame to sample frame

DictLT.RotYm40.dot(straindev_sampleframe.dot(DictLT.RotY40))

Comparison of final unit cell vectors to reference ones can be approximated for small change by the
strain tensor so that to rapidly compare the relative change of lengthes or the changes in angle. In
any case the highest accuracy is obtained by dealing directly with the unit cell vectors.

For non cubic unit cell:

strain is crystal frame is comparing a,b,c and a0,b0, cO even the angle between angles between
a,b,c are not 90! Deviatoric strain diagonal can still be directly exploited as relative change of
length, or change of angles.

Example: indexing and refining

We are going to index a test strucure (triclinic rather close to the hexagonal structure)
["GaN_strained_test", [3.185, 3.2, 5.17, 90.2, 89.85, 120.3], "wurtzite"],
with a reference strucure of

"GaN": ["GaN", [3.189, 3.189, 5.185, 90, 90, 120], "wurtzite"],

File: Ganstrainedtest_mat213.cor 5—22 keV orientation matrix (pure rotation)

"mat213": [[ 0.270617537982782, -0.52444594132329 , -0.807293380850893],
[ 0.267261241912424, 0.846547751617515, -0.460356745147455],
[ 0.924844623008409, -0.091177622588318, 0.369254741921585

indexation with mat213

Ganstrainedtest_mat213.cor 125/125 spots
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Refinement

REFINEMENT RESULTS

Filename: Ganstrainedtest_mat213.cor Date: Tue Jul 9 15:04:23 2024 PlotRefineGUI.py
iMean Pixel Deviation: 0.000
Number of refined Laue spots: 113

Initial Lattice Parameters Refined Lattice Parameters

a 3.189000 a 3.189000
| b 3.189000 b 3.204019

C 5.185000 C 5.176493

alpha 90.000000 alpha 90.199998

beta 90.000000 beta 89.850005
gamma 120.000000 gamma 120.300001
UB matrix in g = UB BO G* B0 matrix inq=UB B0 G*
[[0.27061747,-0.51973046, -0.80826041], [[0.36208860, 0.18104430, -0.00000000],
[0.26726121, 0.84069203, -0.45702676], [0.00000000, 0.31357792, -0.00000000],
[0.92484465,-0.08816883, 0.36750380]] [0.00000000, 0.00000000, 0.19286403]]

Deviatoric Strain (10-3 units) in crystal frame (direct space) |Deviatoric Strain (10-3 units) insample frame (tilt=40deq)

0.053 -3.998 1.311 1.834 -3.697 1.640
l3.998 1.717 -1.258 -3.645 -0.279 -1.775
1.311 -1.258 -1.770 1.655 -1.808 -1.555

HKL frame coordinates
x=[100]_LT: [0.379,-0.400, -1.000]
y=[010]_LT: [-0.232, 1.000,-0.877]
z=[001]_LT: [1.000,-0.110, 0.709]
%s=[100]_LTsample: [1.000,-0.499,-0.670]
ys=[010]_LTsample: [-0.232, 1.000,-0.877]
z5=[001]_LTsample: [0.253, 0.204, 1.000]

Absolute lattice parameters from model refinement (except one legnth)

We found back the proper angles directly alpha beta gamma of GaN_strained_test

For a,b,c, we set a to a0 = 3.189 A (since there is one missing length). The obtained refined ratii are
b/a0 = 3.20402 and c/a0 = 5.17649

So if we suppose that a should be ay..= 3.185 A, then b and c would be consequently btrue =
b/a0*ague and Cgue = ¢/a0*agye, i€ byue= 3.200001 A and Cue = 5.1700004 A

To conlude this example, we can index by means of a close structure (unit cell shape and size), and
the refinement will provide the absolute ratii and angles of the unit cell. Indexing provides a
approximated orientation (and spots hkl assignment) for the structural model refinement.

NOTE on the indexing:



without any guess about orientation, we can use the classical way to index from scratch using the
GaN unstrained structure as a reference. We obtain 12 different possible ways to index with an

hexagonal structure, as expected.

Ganstrainedtest_mat213.cor 125 spots
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L] 13 34 164 20.73 0.14
L] 14 34 164 20.73 0.14

Then for the some solutions, we could look at the final unit cell differently (with angle 119.6 instead

of 120.3 and 89.8 89.9 instead of 90.1 90.2, b and c are shorter)

Filename: Ganstrainedtest_mat213.cor

Mean Pixel Deviation: 0.000
Mumber of refined Laue spots: 125

Date: Tue Jul 917:20:45 2024

PlotRefineGUI.py

matrix0:

Initial Lattice Parameters
a 3.185000
a b 3.185000
C 5.185000
alpha 90.000000
Bbeta 90.000000
gamma 120.000000

2UB matrix inq =UB B0 G*
[[0.31647809, 0.49687550, -0.81259197],
1[-0.86630920, -0.18990328, -0.45947604],
[-0.38813488, 0.84955188, 0.36947330]]

Deviatoric Strain (10-3 units) in crystal frame (direct space)
1-2.131 2.725 0.444
2.725 3.893 1.752
20.444 1.752 -1.762

Refined Lattice Parameters
a 3.185000

b 3.195985

C 5.187831

alpha 89.850001

beta 89.948946
gamma 119.615446

BO matrix in q=UB B0 G*

[[0.36208860, 0.18104430, -0.00000000],
[0.00000000, 0.31357792, -0.00000000],
[0.00000000, 0.00000000, 0.19286403]]

Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)
1.811 -3.685 1.618
-3.634 -0.249 -1.764
1.633 -1.797 -1.562



matrix11: other solutions

Filename: Ganstrainedtest_mat213.cor Date: Tue Jul 9 17:27:05 2024 PlotRefineGUI.py
Mean Pixel Deviation: 0.000
Number of refined Laue spots: 121

Initial Lattice Parameters Refined Lattice Parameters

a 3.189000 a 3.189000

b 3.189000 b 3.167115

C 5.185000 C 5.152228

alpha 90.000000 alpha 90.051053

beta 90.000000 beta 89.800000

gamma 120.000000 gamma 120.084554

UB matrix inq = UB BO G* BO matrixinq =UB B0 G*

[[0.58?19465, -0.02558140, -0.81 07264(}], [[0.36208860, 0.18104430, —0.000DDDDO],
[—0.59624368, 0.65378962, -0.458421 13], [0.00000000, 0.31357792, -0.00000000],
[0.54042249, 0.75916362, 0.36862506]] [0.00000000, 0.00000000, 0.19286403]]
Deviatoric Strain (10-3 units) in crystal frame (direct Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)
space) 1.819 -3.693 1.626

4,758 1.254 1.742 -3.641 -0.255 -1.767

1.254 -2.989 0.495 1.641 -1.800 -1.564

1.742 0.495 -1.769

HKL frame coordinates
x=[100] LT: [0.400,-0.021,-1.000]
y=[010] LT: [-1.000, 0.768, -0.877]
z=[001] LT: [0.123, 1.000, 0.796]
xs=[100] LTsample: [0.746, 0.747,-1.000]

@00, 0.768, -0.877
ake graphical screenshot ha 0.457 1 000]]

Notes on indexing: equivalent matrices

Due to crystal symmetry, laue spots hkl are not unique. Several UB matrices found by the indexing
procedure can index Laue spots correctly. We call them equivalent matrices. Either by setting the
hkl of one spots (h#k and h#] and k#l) or findind the configuration of a*,b* and c* with lowest
angles to lauetools frame, we can choose the representative orientation matrix.

For instance, for cubic structure, we have 24 ways to index (permutation and sign change of hkl).
For hexagonal, 12 ways...

Notes2: 4 indices hexagonal structure. LaueTools considers only 3 Miller indices. Equivalent hkl
can be obtained by the 4 indices rules: given hk il withi=-(h+k),hkil,ihklandkihl are
equivalent (corresponding orientation matrix are misoriented by 120 degrees)



POLYGRAIN SIMULATION BOARD

GENERAL TRANSFORM - STRAIN- ROTATION
SIMULATION

In LaueToolsGUI / Simulation, one can simulate the Laue Pattern produced by any number of
crystal given for each the structure (lattice parameters) and the orientation matrix. In addition we
can apply some usual unit cell transformation (rotation, twin rotation, stretching or compression
along a given direction, and a general 3D operator).

Operator frame[A] is defined by a frame which is a letter (‘a’,’c’,or ‘s’ resp. corresponding to
absolute lauetools frame, crystal frame, or sample frame) and 3x3 matrix operator (that can depend
on the variable t). This operator operates on reciprocal space vectors (a*,b* and c* and of course
any combinations of them)!

In ‘a’ frame a[A] acts on direction and lengthes according to Lauetools frame directions.

Be careful there will be as many grains as the number of t values defined by ‘varying t range:
[0,10,nbgrains]’

If frame is ‘a’ absolute Lauetools frame: a[A], the operator is placed to the left of UB.
then @ = A UB B0 G*
Example: if A= (1.01 00,

010,

001)

=> gx = 1.1gx => Agyx/qx = 0.1 (dilatation in reciprocal space along x direction) => contraction of
real space distance unit cell along x direction.
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Blue initial (no strain), red final (after transformation)
red final indexing (tolerance angles 1 deg 1 deg manual indexation in lauetoolsGUI for instance)

ub= [[0.23734939, 0.00094423, -1.06832660],
[0.01430278, 0.99477561, 0.00405686],



[0.97110121, -0.01484221, 0.21573569]]

Laue diffraction is only sensitive to shear strain and tetragonal strain (or both at the same time).

From deviatoric strain, shear components (non diagonal term) are related to angle change, whereas
diagonal components to relative length change.

For illustration, for a shear transform in 2D :
T= (1, sintheta,)

(0 costheta)
For small angle

~ (1 theta),

01)

so the strain ¢ = 0.5*%(T+T") - Id (for small deformation only)
(To go from T to the symetric strain tensor, the former formula is approximate (linearisation))
e = (0 theta/2),

(theta/2 0)
so the deviatoric strain e*=¢ — 1/. tr(e) * [

Similarly in 3D the symetric full deviatoric tensor shows the shear components that relates direcly
to the angles aprroximately (small deformation approx)

epsdev = (_ epsab’ epsac’),
(_ _ epshc),
(- - _)

alpha = pi/2 — 2*epsbc’
beta = pi/2 -2*ebsac’

gamma = pi/2 -2 epsab’

so the deviatoric strain is

with a the mean value of ab ¢, = 1/3*(a’+b’+c’) and Z/2=7

between b’ and b0 =

for instance half of the angle

rod

Frame ‘c’
c[[1,0,01,[0,1,01,[0,0,1.001]]



mat213 = np.array([[ 0.270617537982782, -0.52444594132329 , -0.807293380850893],
[ 0.267261241912424, 0.846547751617515, -0.460356745147455],
[ 0.924844623008409, -0.091177622588318, 0.369254741921585]])

It is a pure rotation to put the 213 reflection (in cubic structure) at 2theta= 80 deg and chi =0,
(there is also a random rotation around the direction213) see generaltools. Proposematrix...())

results:

Indexing from scratch spot1 is 222, central 6 4 2

Deviatoric Strain (10-3 units) in crystal frame (direct space)

-0.667 0.000 0.000
0.000 0.333 -0.000
0.000 -0.000 0.333
Indexing from scratch spotl is -22-2, central -2 6 -4

Deviatoric Strain (10-3 units) in crystal frame (direct space)

0.333 -0.000 -0.000
-0.000 -0.666 0.000
-0.000 0.000 0.333
Indexing from mat213 spotl is 222, central 426

Deviatoric Strain (10-3 units) in crystal frame (direct space)

0.333 -0.000 0.000
-0.000 0.333 -0.000
0.000 -0.000 -0.666
NB: Again operator acts on reciprocal space vectors so 1.001 change along zsample means 0.001

compression in real space
NB: meanings tested only in cubic structure where unit cell basis vectors are both orthogonal
c[C] is transformed to LT absolute frame such way : UB C UB™

NB: since UB obtained after refinement or indexing is not pure rotation, orientation of directions are
not accurate

Frame ‘s’
s[[1,0,0],[0,1,0],[0,0,1.001]]
results:

indexing using mat213

Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)

0.334 -0.001 0.002
-0.001 0.334 0.002
0.002 0.002 -0.668
or indexing from scratch (and setting spotl =1 11or-111or-11-1

Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)



0.333 0.001 0.000
0.001 0.332 -0.001
0.000 -0.001 -0.666
Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)

0.332 -0.001 -0.002
-0.001 0.334 -0.001
-0.002 -0.001 -0.666
Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)

0.334 -0.001 0.002
-0.001 0.334 0.002
0.002 0.002 -0.668
so numerical precision with the small strain approximation leads to 10-6 strain resolution for strain

level of about 10-3

NB:again operator acts on reciprocal space vectors so 1.001 change along zsample means 0.001
compression in real space

Frame ‘d’

to confirm

ROTATION

One finds back a zero strained structure
Example: Mat301pure

[[-0.368352023970314, 0.061998465737465 ,-0.927616826433832],
[-0.025593340559726, 0.996719523833028, 0.076780021679179],
[ 0.929334045086032, 0.052022889733864, -0.365556906086824]]
GaN waurtzite (hexagonal)

a[1,-7,0] 0.1 deg = GaN_alm70_Opldeg.cor
Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)

0.000 0.000 -0.000
0.000 0.000 -0.000
-0.000 -0.000 -0.000

s[0,-7,1] 0.1 deg = GaN_sOm71_0Opldeg.cor
Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)

0.000 0.000 -0.000
0.000 0.000 -0.000
-0.000 -0.000 -0.000

c[1,0,-7] 0.1 deg = GaN_cl0m7_Opldeg.cor
Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)

0.000 0.000 -0.000



0.000 0.000 -0.000
-0.000 -0.000 -0.000

STRAIN

Composition of 3 stretching or compression can be performed sequentially (without any neither
poisson effect nor volume conservation: it is a pure tetragonalisation transform of the unit cell). For

€qd €x) ¢

each of them, one needs to set the direction (expressed in ‘a’, ‘s’, ‘c’ frame) and the relative change
of component of any vector along this direction.

S[0,0,1] factor = 1.00+0.01 means expansion of 1% of vectors component along the direction
zsample.

NB: the final operator will act on reciprocal space vectors, so expansion of 1% on reciprocal space
vector leads to 1% of compression in real space.

Frame a

Frame s

Example: Cugrain_mat213_strain_s001_1percent.cor

s[0,0,1] along zech=zsample factor 1.01 (ie 1 %)

with mat213: Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)
-3.299 0.056 0.005

0.056 -3.384 -0.055

0.005 -0.054 6.683

so non diagonal term should be zero and exx =-3.33333 eyy=-3.33333 ezz = 6.666666
with an other matrix

Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)

-3.355 -0.066 -0.053

-0.066 -3.312 -0.014

-0.052 -0.014 6.667

mat013

Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)



-3.415 -0.061 -0.074
-0.061 -3.265 -0.026
-0.073 -0.026 6.680

mat301

Deviatoric Strain (10-3 units) in sample frame (tilt=40deg)
-3.313 0.000 0.015
0.000 -3.309 -0.001
0.015 -0.001 6.622

Frame c
todo

Notes

We can define 3D operators

uu’

P = proj,(x) = Px where P = T
u -

Reflection to surface normal u

Dilation along u only, with a factor of expansion «

D=1+ (a- 1);?;;;;?
|2

in tensile_along_u() in generaltools, we take 1/a because it will modify reciprocal space vectors



