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EXAFS Spectroscopy Laboratory
http://www.dragon.lv/edaca
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MD-EXAFS approach: Concept

EDACA code:
A. Kuzmin and R.A. Evarestov, J. Phys.: Condens. Matter 21 (2009) 055401.    
A. Kuzmin, A. Anspoks, A. Kalinko, J. Timoshenko, Z. Phys. Chem. 230 (2016) 537-549. 

Molecular 
Dynamics 

(LAMMPS, GULP, …)

EDACA
(EDAMD+EDACA+STDEV)

+
FEFF8-Lite

(feff.exe)

VESTA

Databases
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VESTA a 3D visualization program for structural 
models, volumetric data such as electron or 
nuclear densities, and crystal morphologies.

http://jp-minerals.org/vesta/en/

OVITO is a scientific visualization and data analysis 
solution for atomistic and other particle-
based models.

https://www.ovito.org/

Structure visualization
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Databases of interatomic potentials

https://gulp.curtin.edu.au/gulp/models.cfm

https://www.ucl.ac.uk/klmc/Potentials/

https://www.ctcms.nist.gov/potentials/

https://openkim.org/
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GULP - the General Utility Lattice Program.

https://gulp.curtin.edu.au/gulp/

LAMMPS - a Large-scale Atomic/Molecular Massively Parallel Simulator.

https://www.lammps.org/

DL_POLY - a general purpose serial and parallel molecular dynamics simulation
package.

https://www.scd.stfc.ac.uk/Pages/DL_POLY.aspx

CP2K - a program to perform atomistic and molecular simulations of solid
state, liquid, molecular, and biological systems. (also ab initio)

https://www.cp2k.org/

Molecular Dynamics Programs
https://en.wikipedia.org/wiki/Comparison_of_software_for_molecular_mechanics_modeling

Important: MD trajectory must be saved as *.XYZ file with a specific structure.
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Molecular Dynamics Program - GULP
https://gulp.curtin.edu.au/gulp/

The program GULP is available free 
of charge to academics!
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Molecular Dynamics Program - LAMMPS
https://www.lammps.org/

LAMMPS-64bit-latest.exehttps://packages.lammps.org/windows.html

lammps-stable.tar.gz
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EXAFS engine: FEFF8-Lite

FEFF8-Lite is a free version of the FEFF8 code, restricted to EXAFS calculations.

https://feff.phys.washington.edu/feffproject-feff-download.html

FEFF85L.exe feff.exe
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runedaca.bat
edaca.exe
edamd.exe
stdev.exe
feff.exe

*.xyz

feff.dat
pot.dat

feff.bin
phase.bin
pot.bin
xsect.bin

Minimum requirements for EDACA run

EDACA + FEFF

Coordinates of atoms from the MD simulation

Results of potential calculations by FEFF

Files required to create FEFF.inp
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MD-EXAFS simulation related parameters 

• Equilibration time 

• Proper averaging (number of configurations (>1000) & time step)

• The simulation box size must be large enough to avoid boundary condition artifacts such as, for example, 
artificial correlations (simulation box size > 2Rmax)

• Multiple-scattering series truncation problem in FEFF8.5L:

NLEG = 8 default 8 order  (bond length 2-3 Å) / 2 = 8-12 Å 

• Criteria to limit the number of paths:

CRITERIA 4.0  2.5 default    critcw=4.0%   critpw=2.5%  
CRITERIA  0  0 use all paths, if possible (cw and pw criteria turned off)

• A “configuration” average over the spectra of multiple absorbing atoms (for nanoparticles)

CFAVERAGE iphabs nabs rclabs

iphabs potential index for the type of absorbing atoms over which to make the configuration average
nabs the configuration average is made over the first nabs absorbers in the `feff.inp' file of type iphabs
rclabs radius to make a small atom list from a bigger one allowed in `feff.inp'
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How many configurations to average?
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List of EDACA applications to different materials 
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LAMMPS simulation of bcc Fe

Prerequisites:
in_Fe LAMMPS input file with all commands for MD
Fe_2.eam.fs EAM potential for Fe 

M.I. Mendelev, S. Han, D.J. Srolovitz, G.J. Ackland, D.Y. Sun, M. Asta, Phil. Mag. A, 83, 3977-3994 (2003).

lmp.exe LAMMPS code 

MD run:
set OMP_NUM_THREADS=2
lmp.exe -sf omp -in in_Fe > in_Fe.out

Result:
in_Fe.out Run-time information
log.lammps Run-time information

Fe_bcc_300K_MD.xyz Main result with atomic coordinates 

optional
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Format of *.XYZ file with all atomic configurations

250
bcc-Fe 
Fe -0.003171981        -0.006046713         0.005888966
Fe -0.011223222         0.012783375         2.871724065
Fe -0.006298499         0.004336602         5.734868344
Fe 0.000943344         0.009443672         8.593349402
Fe -0.001532700         2.870304695        -0.000738247
Fe -0.000804552         2.867348425         2.880470514
Fe 0.006914872         2.882055839         5.755811660
Fe 0.003875439         2.880648336         8.594442865
Fe 0.000164260         5.746693888        -0.004734108
Fe 0.004873029         5.751540760         2.857146517
Fe 0.015511055         5.755458620         5.745901262
Fe 0.016529552         5.733253295         8.614467435
Fe 0.005988304         8.601091974         0.003687874
Fe 0.001261002         8.623239717         2.864929427
Fe 0.009947805         8.595233783         5.731019979
Fe 0.008693730         8.592584189         8.610273059
Fe 2.856966745        -0.009030214         0.007767937
Fe 2.871853523         0.011577101         2.871955369
Fe 2.865793288        -0.008288564         5.756744263
Fe 2.866463241         0.003235423         8.600038492
Fe 2.866765098         2.859385056        -0.010228880
Fe 2.859892361         2.866509006         2.867922683
Fe 2.880929537         2.884695489         5.740121875
Fe 2.853719466         2.860682618         8.608663985
Fe 2.858700691         5.756342390         0.005668939

…

X (Å)          Y (Å)         Z (Å)

bcc Fe (Im-3m)

a0=2.87 Å

Fe (0,0,0)

Supercell 555

https://en.wikipedia.org/wiki/XYZ_file_format
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EDACA simulation of bcc Fe

Additional required codes:
1) feff.exe EXAFS engine (FEFF8x, FEFF9x)

Input files:
1) Fe_bcc_300K_MD.xyz XYZ file with coordinates of atoms after MD simulation 
2) pot.dat File describing the correspondence between MD and FEFF potentials
3) feff.dat FEFF input file with ALL required commands but without coordinates (up to ATOMS)
4) *.bin and other files required by FEFFx (output files after FEFF8 & FEFF9 calculation for static configuration),

if potentials will not be recalculated for each configuration (recommended)
Output files:
1) conf.dat Includes a list of filenames of all atomic configurations produced by edamd
2) g2_tot.txt, g2_FE-FE.txt Total and partial radial distribution functions (RDFs) g(R) (atoms/Å), N=g(r)dr

3) xt_tot.txt, mu_tot.txt Configuration averaged EXAFS                      and 

4) stdevav.txt, stdevm.txt, Different standard deviations (see slide 12)
stdevx.txt, stdevxav.txt

5) xt_av.txt Configuration averaged EXAFS 

edamd.exe Fe_bcc_300K_MD.xyz 0 12 8.0 Fe 0
edaca.exe
stdev.exe

runedaca.bat

𝜒
ca
𝑙 (𝑘)𝒌𝟐
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EDACA simulation of bcc Fe
edamd.exe Fe_bcc_300K_MD.xyz 0 12 8.0 Fe 0
edaca.exe
stdev.exe

runedaca.bat

edamd.exe filename_xyz SkipFirst Skip Rmax atom1 absorber_number atom2 atom3 ...

edamd.exe Fe_bcc_300K_MD.xyz 0 12 8.0 Fe 0

filename_xyz The name of XYZ file with atomic coordinates from GULP (DL_POLY, LAMMPS, ...)

SkipFirst A number of configurations to skip from the beginning, default SkipFirst=0 

Skip A number of configurations to skip (e.g., skip=0 means to read all configurations, Skip=1 means to read each second

configuration, Skip=1 means to read each third configuration, etc).

Rmax The radius (in Å) of the small cluster around the absorber used in the EDACA calculations and generated from the

large XYZ file. Rmax must be larger than the maximum distance (RPATH) specified in the feff.dat file.

atom1 the absorber

absorber_number = 0 default automatic mode: the absorber located at the MD box center, >0 equals to the absorber number in

the list of atoms, <0 then |Absorber_number| is equal to a number of possible absorbers from the beginning of

the XYZ file: this option is required to calculate configuration averaged EXAFS for a part of atoms, e.g. in

the central box of MD or RMC simulation.

atomX next atom in the compound (if present), those potential is mentioned in the pot.dat file.
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EDACA simulation of bcc Fe
edamd.exe Fe_bcc_300K_MD.xyz 0 12 8.0 Fe 0
edaca.exe
stdev.exe

runedaca.bat

feff.dat file (created from feff.inp): 

TITLE   Fe metal bcc a=2.866 Å
EDGE      K  
S02       1.0   

*                pot xsph fms paths genfmt ff2chi 
CONTROL   0      0     0     1     1      1 
PRINT     1      0     0     0     0      0   
*          r_scf [ l_scf n_scf ca ] 
SCF       3.0   0      30     0.1   
*                   ixc [ Vr Vi ] 
EXCHANGE  0      0   0   

EXAFS  20.0 
RPATH    6.5 

CRITERIA  0.0 1.5     

POTENTIALS 
*   ipot z [ label l_scmt l_fms stoichiometry ]       

0 26    Fe -1      -1       0       
1 26    Fe -1      -1       1   

ATOMS 

conf.dat file: 

Fe_bcc_300K_MD_13.xyz
Fe_bcc_300K_MD_26.xyz
Fe_bcc_300K_MD_39.xyz
Fe_bcc_300K_MD_52.xyz
….
Fe_bcc_300K_MD_49998.xyz

pot.dat file:

# potential potential
#  in XYZ in feff.inp (0=Fe*, 1=Fe)  

0   0
1   1
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EDACA simulation of bcc Fe

pot.dat file:

# potential potential
#  in XYZ in feff.inp (0=Fe*, 1=Fe)  

0 0
1 1

Fe_bcc_300K_MD_13.xyz file:

# Cluster: 13. Atoms. Timestep: 12
1 8.43699999999998E-0002 -5.61688000000000E+0000 -5.61410000000000E+0000
1 -2.80043000000000E+0000 -2.83183000000000E+0000 -5.75195000000000E+0000
1 -2.92000000000048E-0003 -2.79186000000000E+0000 -5.62604000000000E+0000
…
1 -1.35530000000000E+0000 -1.45886000000000E+0000 -1.58075000000000E+0000
0 0.00000000000000E+0000  0.00000000000000E+0000 0.00000000000000E+0000
1 1.49455000000000E+0000 -1.33926000000000E+0000 -1.35191000000000E+0000
…
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Dependence of MD-EXAFS results
on the number of atomic configurations for bcc Fe
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fcc Cu (Fm-3m)

a0=3.615 Å

Cu (0,0,0)

Supercell 555

Metallic fcc Cu

Prerequisites:
in_Cu LAMMPS input file with all commands for MD
Cu1.eam.fs EAM potential for Cu 

M.I. Mendelev,  M.J. Kramer,  C.A. Becker, M. Asta, Phil. Mag. 88, 1723 - 1750 (2008).

lmp.exe LAMMPS code 

MD run:

lmp.exe -pk omp 2 -sf gpu -in in_Cu > in_Cu.out

Result:
in_Cu.out Run-time information
log.lammps Run-time information

Cu_fcc_300K_MD.xyz Main result with atomic coordinates 

optional
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EDACA simulation of fcc Cu
edamd.exe Cu_fcc_300K_MD.xyz 0 10 8.0 Cu 0
edaca.exe
stdev.exe

runedaca.bat

feff.dat file (created from feff.inp): 

TITLE   Cu  metal  fcc a=3.61 Å
EDGE      K  
S02       1.0   

*                pot xsph fms paths genfmt ff2chi 
CONTROL   0      0     0     1     1      1 
PRINT     1      0     0     0     0      0   
*          r_scf [ l_scf n_scf ca ] 
SCF       4.0   0      30     0.1   
*                   ixc [ Vr Vi ] 
EXCHANGE  0      0   0   

EXAFS  20.0 
RPATH    6.5 

CRITERIA  0.0 1.5     

POTENTIALS 
*   ipot z [ label l_scmt l_fms stoichiometry ]       

0 29    Cu     -1      -1       0       
1 29    Cu     -1      -1       1   

ATOMS 

conf.dat file: 

Cu_fcc_300K_MD_11.xyz
Cu_fcc_300K_MD_22.xyz
Cu_fcc_300K_MD_33.xyz
Cu_fcc_300K_MD_44.xyz
….
Cu_fcc_300K_MD_39996.xyz

pot.dat file:

# potential potential
#  in XYZ in feff.inp (0=Cu*, 1=Cu)  

0   0
1   1
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EDACA simulation of fcc Cu

pot.dat file:

# potential potential
#  in XYZ in feff.inp (0=Cu*, 1=Cu)  

0 0
1 1

Cu_fcc_300K_MD_11.xyz file:

# Cluster: 11. Atoms. Timestep: 10
1 -1.72207000000000E+0000 -1.97202000000000E+0000 -7.31328000000000E+0000
1 1.82420000000000E+0000 -1.98565000000000E+0000 -7.25988000000000E+0000
1 -1.17989999999998E-0001 -1.28280000000000E-0001 -7.22041000000000E+0000
…
1 -2.95799999999993E-0002  1.77308000000000E+0000 -1.85481000000000E+0000
0 0.00000000000000E+0000  0.00000000000000E+0000 0.00000000000000E+0000
1 -1.87484000000000E+0000  1.79132000000000E+0000 -4.60099999999990E-0002
…
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xt_tot.txt

g2_tot.txt, g2_CU-CU.txt



XAFS 2023 - Short Course on X-ray Absorption Fine Structure: Advanced topics in data analysis and modeling, BNL, November 1–3, 2023 26

MD-EXAFS results for cubic perovskite SrTiO3

Cubic SrTiO3 (Pm-3m)

a0=3.905 Å

Sr
Ti
O

Prerequisites:
srtio3_555_TMB_md.gin GULP input file with all 

commands for MD and 
potentials from

B. S. Thomas, N. A. Marks, B.D. Begg, 

Nucl. Instrum. Meth. B 228 (2005) 288.

Result:
output Run-time information

SrTiO3_555_TMB_300K.xyz Main result with atomic coordinates 

Sr (0,0,0)
Ti (0.5,0.5,0.5)
O (0,0.5,0.5)

Supercell 555
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EDACA simulation of cubic perovskite SrTiO3

edamd.exe SrTiO3_555_TMB_300K.xyz 0 0 8.0 Ti 0 Sr O 
edaca.exe
stdev.exe

runedaca.bat

feff.dat file (created from feff.inp): 

TITLE cubic SrTiO3 a=3.905 Å
EDGE      K  
S02       1.0   

*                pot xsph fms paths genfmt ff2chi 
CONTROL   0      0     0     1     1      1 
PRINT     1      0     0     0     0      0   
*          r_scf [ l_scf n_scf ca ] 
SCF       4.0   0      30     0.1   
*                   ixc [ Vr Vi ] 
EXCHANGE  0      0   0   

EXAFS  20.0 
RPATH    6.5 
CRITERIA 2.0  2.5 

POTENTIALS 
*   ipot z [ label l_scmt l_fms stoichiometry ]       
0 22    Ti     -1      -1       0       
1 8    O      -1      -1       3        
2 38    Sr     -1      -1       1        
3 22    Ti     -1      -1       1

ATOMS 

conf.dat file: 

SrTiO3_555_TMB_300K_1.xyz
SrTiO3_555_TMB_300K_2.xyz
SrTiO3_555_TMB_300K_3.xyz
SrTiO3_555_TMB_300K_4.xyz
….
SrTiO3_555_TMB_300K_2000.xyz

pot.dat file:

# potential potential
#  in XYZ in feff.inp (0=Ti*, 1=O, 2=Sr 3=Ti)  

0   0
2   2
1   3
3   1
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SrTiO3_555_TMB_300K_1.xyz file:

# Cluster: 1. SCF Done -9251.24551535
2 -5.6638366219999998E+000 -1.9345635749999994E+000 -1.8965811260000001E+000
2 -5.8161227160000006E+000 -1.9902422660000001E+000  2.0225423609999993E+000
2 -5.8223570030000005E+000  1.7646858830000003E+000 -1.9921332800000000E+000
…
2 5.9074305330000003E+000  2.0739280749999995E+000  1.9143412239999993E+000
1 -7.7015225640000002E+000  9.8370500000006800E-003 -7.4649180000001536E-003
1 -3.8341469420000003E+000 -3.8993493439999996E+000 -3.9374565160000001E+000
1 -3.8725798060000005E+000 -3.9208021269999995E+000 -3.0967081000000007E-002
…
1 6.5886389000000101E-002  2.7292039000000656E-002 -3.9367556619999999E+000
0 0.0000000000000000E+000  0.0000000000000000E+000 0.0000000000000000E+000
1 -4.0397950000006233E-003  1.0309552800000077E-001  3.7966132160000008E+000
…
3 -5.7877681580000004E+000 -3.8631761129999997E+000  1.2871437000000263E-002
3 -5.8439203129999999E+000  2.2320960000001833E-003 -3.9290554370000002E+000
3 -5.8210508980000002E+000 -4.3372319999999576E-002 -3.8712526000000302E-002
…

EDACA simulation of cubic perovskite SrTiO3

pot.dat file:

# potential potential
#  in XYZ in feff.inp (0=Ti*, 1=O, 2=Sr 3=Ti)  

0 0
2 2
1 3
3 1
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MD-EXAFS results for cubic perovskite SrTiO3
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MD-EXAFS simulations of XANES
EDACA code can use two ab initio real-space full-multiple-scattering codes

 FEFF8x/9x code [1-3] and

 FDMNES [4,5]

to calculate XANES for each atomic configuration (“snapshot”).

The FEFF8x/FEFF9x code can be obtained from

https://feff.phys.washington.edu/feffproject-feff-download.html.

The FDMNES code is available from

https://fdmnes.neel.cnrs.fr/.

1. J. J. Rehr and R. C. Albers, Rev. Mod. Phys. 72 (2000) 621.

2. A. L. Ankudinov, B. Ravel, J. J. Rehr, S. D. Conradson, Phys. Rev. B 58 (1998) 7565.

3. J.J. Rehr, J.J. Kas, F.D. Vila, M.P. Prange, K. Jorissen, Phys. Chem. Chem. Phys. 12 (2010) 5503.

4. Y. Joly, Phys. Rev. B 63 (2001) 125120.

5. O. Bunau and Y. Joly, J. Phys.: Condens. Matter 21 (2009) 345501.

Files required:
1) feff.exe + feff.dat

or
2) fdmnes.exe + fdmnes.dat

https://feff.phys.washington.edu/feffproject-feff-download.html
https://fdmnes.neel.cnrs.fr/
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MD-EXAFS simulations of XANES with the FEFF code
Note that since the calculation of cluster potential is a time-consuming part of the calculation, one can perform it
only once at the beginning for some average atomic structure.

The minimum set of FEFF commands in the feff.dat file relevant to the MD-XANES simulations are:

 XANES calculations up to kmax=4.0 Å-1 with the steps k=0.05 Å-1 and E=0.2 eV:
XANES 4.0 0.05 0.2

 Compute full multiple scattering within a sphere of radius 8.0 Å:
FMS 8.0

 A “configuration” average over the spectra of multiple absorbing atoms (for nanoparticles):
CFAVERAGE iphabs nabs rclabs

iphabs potential index for the type of absorbing atoms over which to make the configuration
average
nabs the configuration average is made over the first nabs absorbers in the `feff.inp' file of type
iphabs
rclabs radius to make a small atom list from a bigger one allowed in `feff.inp'
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MD-EXAFS simulations of XANES with the FDMNES code (I)

FDMNES code calculates XANES using two techniques:
(i) the Green function formalism (multiple-scattering) on a muffin-tin potential and
(ii) the Finite Difference Method (FDM) to solve the Schrödinger equation.

The first approach is much faster but less accurate.

Besides, the calculations can be performed using self-consistent (SCF) and non-self-consistent
potential as well as different multipolar expansions (dipole, quadrupole, etc).

There are many advanced possibilities implemented in the FDMNES code, so please consult the
documentation.
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MD-EXAFS simulations of XANES with the FDMNES code (II)

The minimum set of FDMNES commands in the fdmnes.dat file relevant to the MD-XANES simulations are:

 The energy range (in eV) relative to the Fermi level (Emin, step, Emax, …):
Range
-20.0   1.0    -10.0   0.2   0.0   0.2   15.0   0.5   20.0   1.0   40.0   2.0   100.0

 The Green function formalism (multiple-scattering) on a muffin-tin potential:
Green

 The absorption edge (K, L1, L2, L3, M1, …):
Edge
K

 Cluster radius for XANES calculations:
Radius
8.0

 Cluster structure followed by the unit cell parameters (the atom positions will be automatically added from
XYZ file below these lines) :

Molecule
1.0 1.0 1.0 90. 90. 90. = a, b, c, alpha, beta, gamma



XAFS 2023 - Short Course on X-ray Absorption Fine Structure: Advanced topics in data analysis and modeling, BNL, November 1–3, 2023 34

Summary

The accuracy of configuration-averaged EXAFS calculations (MD-EXAFS approach) is
limited mainly by the accuracy of molecular dynamics simulations (interatomic
potentials).

Good choice of equilibration time, proper averaging (number of configurations (>1000) &
time step) and simulation box size in MD simulations is crucial.

EXAFS calculations for each atomic configuration are based on the FEFF code, therefore all
possible problems related to it should be taken into account.

EDACA code is under continuous development, so check for new possibilities at

http://www.dragon.lv/edaca
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Thank you for your attention!


