()

hppovf, mapeapeyl wegouphS binlog
B DR

XSTEMRNTIEF TRAEARALE A >E  Fi-2014

XANESTTE N A
FDMNESHM43

F14 4

i EFHEHEE B2

¢ DEEREEDIETMREH (IFED)
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FERR

= XANESitEfE T
= FDMNES /"
= FDMNES{£H

n R SR

s BRI
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FERR

s XANESITEfEIT

X R & B E % (AA7S)H D W, R, 201411



~ TRALERDROIRUR

Institute of High Energy Physics
Chinese Academy of Sciences

] & JN4A AR FEXANES?

Y P4 7 /L
ZnuCoORME SR Co- 22 E &6 —
MS sim 30% V_
x=0.04
 ooila @) |(b)_ —_ ~——
Y 2 8|z z FMS sim 10% V|
=0.02 s o= ‘=
_ ) _; % %‘ : FMS sim 0% "»":_.I
[=] 3 i ﬂ
=00 2 g2 : \
= g 3 ~ x =0.04 (a) El|c
2| 9§z w2
s| i3 o = x=0.04 E|
0.3 54 N S S x0.04 =z PRI )
5 006 N’ /:l‘tm.{ma Ellc
-4 0 4 20 40 60 80 = //\: Elle n
H (kOe) 20 (deg) N e
o~
XANES =
ERITH Z | '

XANéS ﬂ. ﬂ&i&ﬁ? ?-?;:}D 7720 7740 7760 7780 7800
S B - {LFIRE Energy (eV)
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B dNqA] i EXANES?
e b BT XANESHY IR RN E b FERITHERE TTHISE 5

3 4 (FermiZE & H M)
p o< T |2
3d (\\\{v\;u,
e-r+i( -1k 1)
‘l, T 1
| BARERER  TRIEHEEER
L X-ray
o SHIIBEFHA: HFZENE, FAT
L 20— REBTE
Ly 20 —4—1—4 «EBFIZETEE: DFT, EATT RELES
' ® ZHFIZFFIRL: TDDFT, BSHEESE

X R & B E % (AA7S)H D W, R, 201411
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FERR

s FDMNESTfE 4}
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FEL FDMNES

institut

Finite Difference Method Near Edge Structure

L ﬁ—‘lﬁﬁ‘iﬂﬁ'ﬁ o
TREONERSH
%ﬁ’%u%%ﬂi&*ﬂ*ﬁ@ia

XANES, XMCD, EELS, RXD, RXS,
DAFS, DANES...

& BT
“%_t, B_6...
* FiR¥H
Al LAWindowsfILinux T 11T

Website: http://www.neel.cnrs.fr/fdmnes

O. Bunau and Y. Joly
"Self-consistent aspects of x-ray absorption calculations"
J. Phys.. Condens. Matter 21, 345501 (2009).

X R & B E % (AA7S)H D W, R, 201411

Iron K edge i magnetite
4 caleulated by FDMNES
k3 T

(}UTII..) T T T

(1,4,4) with
sclf absotbtion

€
.S
i
v
<
S
g
£
<
o
Cl
2
<
=
3
=
2
51
=
=
3
=
=
k|
—
.
=
=

7080 7120 7160 T200
Photon encrgy (¢V)
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e TRHSUL LB MR A

FDMNESH&&
¢ itHLE
R E 2B (DFT)-BEiE B e & EIL 4L (LSDA)
£MENIRITE , BENEMEEEA
BRESDFHE (FDM)FZEHSFEIL (MST)
BFEHBERITTE
FERZERITE
X TR A
* ZREA
v FRheEFERITEE : B (E1), WKk (E2) ALK (E3) , B
B (M1), UEREMHR X (E1E1, E1E2, E2E2, E1E3, M1M1,
E1M1,..)
¢ ZHBFHMN
v" Hubbard{&1E (LSDA + U)
v EREEZE (TD-DFT)
& HiRSTH
v HIREIEHIRM, @5 ITE
¢ SRR MMAL

AN NI NI N NI

X R & B E % (AA7S)H D W, R, 201411
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= VTRHALULR G MR A

FDMNESitH RE
ZE RS EIR (multiple scattering theory)

R =
ARy 5 Muffin-Tin Fadius
b
7 ™ i for Atom Blue

Fnpy

Use Green’s functions not wave functions! 7~ Eﬁ" p P
Quasi-particle final states 1 ¢-with core hole {{ | (L ferent: i S o |
! Vool S F Total Spherically .
" TP [ MUl K i Aweraged Potential |
[_A + Vcoul, + Z(E)]lrbf = Eflrbf ‘\\\_ /Ff’:\u__ _dr,/' i for!—‘atfm Gr;ent '
Final state rule V.,.;;" = Voot + Veore—hole _ e —

Modern
Physics

Non-hermitian  Self-energy }.(E) = iGW
Inelastic Mean free paths )\ = E/|ImZ(E)| ~5—20 A

Fermi golden rule via Green’s functions
G=I(E-h-2)
Theorem: —iIm G(r/, 1, E) = 4| f)6(E—Ey){ f|

w(E) ~ —XIm (i|é - ' G(r/,r,E) € - r [i) J. J. Rehr & R.C. Albers
Rev. Mod. Phys. 72, 621 (2000).

X R & B E % (AA7S)H D W, R, 201411
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FDMNES it 3 RE
BRZE9 A% (finite difference method)
Fermi Golden rule for XAS u(w)
uw)~ Ty |H' ;) 6 (Ef — E; — ho)
Schrodinger equation for y
(—A+V —E)XY =0
The “discretized” version of SE
(—A +V,— E)lpi + Z?eighbors_Alpj -0

where the Laplacian A is

1 4 e 1 ce 15
Ay == GLje¥ — 52V —5 W

R F

[ X1
X152

Free potential shape !
Time-consuming!

Y. Joly, Phys. Rev. B 63,

where ¥, and ¥, are neighboring wave functions. 126120 (2001).

X R & B E % (AA7S)H D W, R, 201411
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0.22 |

0.12

XANES (Mbarn)

0.12

0.02

A]B: AT AIEAFDM?

0.02 |

0.22 |

Rutile-TiO- Carbonmonoxy-myoglobin protein
: _
0.03
J I 0le2
kgymﬁm¢4m
(e.x) = ([001],[110]) — B
— . g 0.00
N\ 3
o 0.03
c
-
DM L 1— oM™
— MT 0.01 — MT
(ex) = ([1-101,[110]) [— Expt. — Expt.
0.00
4970 4980 4990 5000 5010 0 10 20 30 40 50

Energy (eV) Energy (eV)
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FERR
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e TRHSUL R BN F

ITHEE

e RAM : 4256 Mb

e X% : Linux and Windows

o Y®1¥E5 : Fortran 90 & LAPACK

o EFNAIMANBE , XERESRE

EFRaEaFTEELREIFHFHIAHNITER ( Windows
XPFHILINUX 64 bits )

o AILAFITITE ( MPIEEREESEE )

[
S

X R & B E % (AA7S)H D W, R, 201411
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g T (e
o fdmnes.exe: Windows T~ AT 1T+

e fdmnes_linux64: Linux N AJ# 4T (chomd 755 fdmnes_linux64)
o fdmfile.txt: indata3 {4

e Xxsect.dat, spacegroup.txt: J&R 15 E M Z= 6] &
o I#%

o prog: @EFTEM FEF(main.f, general.f...)F1"mpif.h"
o Sim: —LEEKINEER Hi A SUHFRYfll £

L

X R & B E % (AA7S)H D W, R, 201411
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fdmnes.exe (Windows)=}

fdmnes_linux64 (Linux)

|
I fdmfile.txt xsect.dat spacegroup.txt o —
1 =B | @ X=4X
| mEitEaswraaansy | DO AE N G
: BT, BB Y %‘; .
| E D RXHFEREER , TEE ! | s
I FEAERRE

fdm_input.txt
SR, BB MEHRRMERNAASH
X BXHE T JMMEEER !

X R & B E % (AA7S)H D W, R, 201411
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e TRALERDROIRUR

T B AN
1. fdmfile.txt ZEMIU ITE TSN BIENS BRI HSR, W
| Indata file for fdmnes «— FRIT

1 <« WMITTTEFEFZSHNIEK
example/cu < ZHXHH

AEE  fdmfiletxt T EBER R F, B4 Efdmnes [ ITRRFER —KET |

2. cuinpixt BEIH, B SHEBAXANESERMER NG S K

I Fdmnes indata file RAERSEH —> | Crystal
I Calculation for the copper K- 3.610 3.610 3.610 90. 90. 90.
edge in copper cubic face center 29 0.0 0.0 00
Filout 29 0.5 05 0.0
example/cu/cu_out <« PEXHR(FERR) 29 0.5 0.0 05
Range - 29 0.0 05 05

-10. 0.2 0. 0.5 10. 1. 40. ## —> | Convolution
Radius Efermi

3.0 <«—— ClusterX/ -6.

End

X R & B E % (AA7S)H D W, R, 201411
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FERWH XA

1. Bl 3048 B Nfdmnes_out, Z BT A LAE X filoutS B& X

2. T B fE SRV B H S

_bav.txt <« TTEMATHF
txt «— RATEENXH

Jitxt, jixt... <— BEAEFENMUK

_conv.txt <« ZABFAMNE
_sda.txt «— BREEREFfaLtlNSEE

_atoma.txt «— HENNBaLtREFMITELER

_tddft.txt
_tddft_scan.txt <—— TDDFT#E><i X4
_tddft_conv.txt

X R & B E % (AA7S)H D W, R, 201411



FDMNES Il program, Revision 19 September 2014
Date = 21 10 2006
Time=21h13mn22s

range
radlus

EASH

Filout: BaTiO3
Titanium K1 edge

r_ seIf
crystal

E_edge = 4966.00 eV, WorkF = 3.95 eV

Number of lat |vaIent bsorbing atom 3
Absorptio < ; 'E 1UA nb. of
Fermi energy n C us 4.50 A, nb. o

(Oh )

Point grou % *Dﬁ
At L

Point group : m3m

ia Z ch_val ch_core ch_total ch_out Atom cha
122 3283 17.912 21.195 0.001 0.805

2 56 5.508 47.642 53.150 0.113 2.850

3 8 5174 1998 7.172 0.004 0.828

Cycle 1, Fermi Energy = -6.512 eV, Cluster Energy_K§

Popul val gbsorb,= o
ia : E%KQ%Q ;Lptr%n | Rad

122 -17.175 2643 0.889 2 1.30209
256 -69.236 3.419 0.067 0 1.32494
3 8 -94984 0.026 4.251 1 0.91202

Cycle 22, Fermi Energy = -7.998 eV, Cluster Energy_KS = -345.999 eV

Level val absorb = -9f

ia Z Energy_KS CH
122 -27.782 1.
2 56 -80.047 3.
3 8 -79390 0.5

Total Cluster energy
Delta_energ = 4.9

Point group : m3m (O

Point group used : mmm

Z charge ch_ion Vmf]
22*% 21.989 3.094 -23.
22 21.910 3.167 -23.4
56 56.454 1.694 -23.(
8 7.879 -1.620 -23.08

VmoyF = -12.899 eV,
VmoyF_out = -13.089 e\

Arctangent model

Gamma_max = 15.00, Ecent = 30.00, Elarg = 30.00
Gamma| =Hl3, Efermi = -9.52 eV

}

E_(eV) Width_(eV)lambda_(A)
-50.000 0.927 0.000
-10.000 0.927 0.000

-9.500 0927 2.631
-9.000 0930 8.673
-8.500 0.937 247.765

0.000 1.864 12.486

10.000 4.939 4.259

20.000 8305 2.869

30.000 10.194 2.647
40.000 11.252 2.660

50.000 11941 2.733
60.000 12.438 2.826
70.000 12.820 2.925
80.000 13.125  3.025
90.000 13.375 3.126
100.000 13.585  3.225

Epsii used = 4866.221 eV
Number of Energies = 181

Energy, g ——
soos g d:dly L 25 [
-49.00074114 OE N

-48.000 2.7312140E-09
-47.000 7.1847003E-07
-46.000 1.5997269E-08

Total Cluster energy = -95117.947 eV

X R & B E % (AA7S)H D W, R, 201411
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B ELER A
Sfehr 2L + - >
e e LB T R AR 3
keyword - . HEFEREARTRRALE
value — =mew B , ¥ &E“fdmnes_error.txt” 3X 4
(A& — AN EXHRIIN T S BERF HER
. — HHAFE

o BAFHEEANE LS s mmEmEE s R
® ZETERLLY | "FFA M ITREIRIT “fdmnes_error.txt" X #F &t , R K
ARERENFRE , EREats
® WFZ B ZERERE PR & R“stacking fault”o LB AT L
) ] & F“Memory_save’ R B LR E

o PR Tab .

X R & B E % (AA7S)H D W, R, 201411
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FDMNES i+ # s

/\
FEES L, i Aindatasz 4 )
AR F A 4R l
MBS

¥ cluster

l
I
| B
l
I

l
l
\ it EXANES | — 4
URl4:3 S | g%ta?i;?
EiRS% ] Fermigg 4y
e z&;\|: I%‘ﬂ | [ MFermiss® |
T—' l' f— m—— el e |
EXKE R | HEABHE :
| B !
. § @R
T B &4 XANESE |
¥ || HERBRS, :
| | RESEES
3 N -
REE A XANESE

X R & B E % (AA7S)H D W, R, 201411
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EK%&&
1) MELEER (HEE! )
i KEBMERIKRA), AEBMERNEE),
a. miRgER

f511: fcc Cu

(Crystal ™\

3.610 3.610 3.610 90. 90. 90.| «—— a b, ¢, q, B, Y
29 00 00 0.0

20 05 05 0.0 € RS Fr 3

29 05 00 05

29 00 05 05 y

RERMME, IAEAZRBENTFENRF

f512: FesOas (ERE4LTE)
/" Spgroup )

Fd-3m:1 = 227:1

Crystal :

8.394 8.394 8.39490.0 90.0 90.0 ,

26 6250 .6250 .6250 !Fe 16d <t— <

26 .0000 .0000 .0000 !Fe 8a (-_Tif_'\ﬁ"l’“
\_8 3800 3800 .3800 !O 32 T EEFR FesOs

Fe2+ (6 Bifi), Fe3+ (4&6HEL )

X R & B E % (AA7S)H D W, R, 201411
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EXSHIRE
b. 5 F

I3 FeOs/\E 6
/ Molecule \

1.900 1.900 1.900 90. 90. 90.
26 00 00 0.0
8 10 00 0.0
8 -1.0 0.0 00
8 00 10 0.0
8 00 -10 0.0 FeOs/\ [ &
8 00 00 1.0
\8 00 00 -1.0 /

|4 F 54 55 B S HE
Crystal_t ( or Molecule_t)

8.285 4.320 5.410 90. 119.94 90
3205 00 00 074 <«—NE74%
3205 05 00 026 < R E26%
32 0.16 0.521 0.977 1.0
8 0.054 0.243 0.651 1.0
8 0.721 0.242 0.186 1.0
\8 0.387 0.237 0.66 1.0

“ c : P2
TR EAAA G LA7S) D, B, 2004, (Il
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EXSHRE

2) IR F
BRANBERT, RATESHERRRFE-—RERFAEILIFMNMUKN

S TR 1. B AN ER A", RRENNRFXINIER,
HA Rt R — SRR EHMLE LT B

épgroup \ o
Fd-3m:2 5% 227:2 |
Crystal
8.3940 8.3940 8.3940 90.0 90.0 90.0f
Fe1st 26 .5000 .5000 5000 !Fe 16d
Fe 2st 26 1250 1250 1250 !Fe 8a
8 2573 2573 2573 10 32e

Absorber

\2 J

' Fe3O4
Fe2+ (6 Bifx), Fe3+ (4&6HL{z)

Calc. total

Calc. Fe_16d

Calc. Fe_8a

Normalized Xu(E)

T I T I T
7100 7150 7200 7250
Energy (eV)

X R & B E % (AA7S)H D W, R, 201411
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EXSHRE

3) Wi k&
HRIA=K, & AiTEL1, L2, L3, M1...
Nomenclature for Core Level Spectra
L1
Orbital* Labelt E* (Ni)
B ZiLEITE Is K 8333
25 L 1008
Edge 1
123 2pys L, 870
2pys L, 853
(E: ARE RN, | 3 M, 11
3pus M, 68
3pss M, 66
3d,, M, \Y
3ds, M; V
* Orbital notation.
" Spectroscopic names (Barkla notation).

X R & B E % (AA7S)H D W, R, 201411



e YRAEUEREHURH

Institute of High Energy Physics

Chinese Academy of Sciences

B EREEp,, '
EXSHiRE / fiond \

<
>J
4) BEHBIER RS f#Schrodinger 5 12
HKIANBRTREEREBEIFermisEM Hep, = E¢y,
B, RAEELERM EBITEXAFS
49 M EEE
WMRERFERRS, N Mt A B B Dy
_ ERE,
No_fermi
BB AT Hcluserk /) |
_se BREBE ), Moo BE
3.0 ﬁﬂgpmix
ﬁﬁ{ﬁﬁ%)ﬂ?& Pmix = Pin + AIM(poyt +pin)
N_self
20

OB BERA LA k No ﬂ@ /
P_self
0.05 = "‘béﬁ
BEE WSS H: AE < Ny X AE ony ermlﬁt:/ Fermi
’_Delta_E_conv] ‘ 5 ﬁlﬁ% % \
XAF Sit#®

2.

S

X R & B E % (AA7S)H D W, R, 201411
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e TRALERDROIRUR

EXSHRE

5) Cluster K/ ( #FRE ! 1)
Radius ]
3.5 < HELASAEcluster

S AN, BRPE
IS5 5itH

e ———— A
- -
- =~

XANES (Mbarn)

il

| rrrrr il
N L S itn O NN
o BaNbwNND
OR WS OOND
I I - PaJone Toue TnJou-Tone

)
(FR /O IR MR )

155 B R -
a. EBK, EEITEIL
WeamIE (BNETR )
b. RA[gE/
(RTF&BESEIZIR)

0.4

0.2

0.1

Before convolution

L 7.66 A
L 7.22 A

- 6.76 A
- 6.26 A

- 5.71A
- 511 A
- 4.43 A

- 3.62 A
L 2,56 A

u

After convolution

8985 9000 9015
Energy (eV)

X R & B E % (AA7S)H D W, R, 201411
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0.12 , : , . ,

xrsman -

N j— £ 0.08 - -
6) FEESEE (XN FermipERE KWL S) g
BATK: 5 008- .
Range E ]
-20.0 o 5 60. 2 0.04 1 Cu .
g | _
\L Step 002 1 .

Emin Emax

. _ I T | T | T
EE%/I\ZF'& Q 50 100
Range Energy (eV)

[-20. 0.1 10. 0.5 20. 1. 60.00]

* 1.0 4
Step ‘l‘
Einter SR
S BN LR BRI Fermite R :
MER, MRFLERLEER AL S

FeEE , WA A ERSE:
energpho

fm—

T T T T T T T T
8970 9000 9030 9060 909
Energy (eV)

)
\

N

U

O
N
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40— 11—

BEXSHRE L [T
7) tEER

BRIANFDMEER, A S EHSER, &k 3
B 55 B B8 muffin-tin®s ]
Green E
g 1.0 4 N
E 0.5 4 _
Cu GreenF EZEFDMZE S, ]
B HIE !

I ! I ! I ! I ! 1
8970 9000 9030 9060 9090 0 50 100 150 200 250

neray (e Cluster size (N)

X R & B E % (AA7S)H D W, R, 201411
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BEEXSHRE
8) IR EREY
ERIABY B £ Hedin-Lundqvist-Von Barth#, EIRTE AJ %32 89 B Xalpha
FPerdew-Wang#

Xalpha
| 0.3333 ) 0.12 -

Perdew <
©
o
= 0.08- _
.5 Hedin-Lundqvist-Von Barth
E Perdew
e Xalpha
&
5 0.04 - |

0.00 ! I ! I ! | ! |
0 30 60 90

Energy (eV)

X R & B E % (AA7S)H D W, R, 201411
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e YRAE U BHME R

EXSHRE
0) Bt it HHIX B

BEERILITTE

Magnetism

Spinorbite

[ TEFHSERER !
511 Fcc2ENi (BkHH)

AMINZEE BE-PERS

ZEBRE-HERE, MRt E,
B “Magnetism” S 4 2 B

AR ANEAAETTER, FERE atom irE P is &
HRFHBEFAL, BIZHE L BLEMD L85 M B LE

Magnetism \

Atom NiFE FH B FEARR:

ész I325. 4. 40 0505 € 3951 HEAIAE
rysta )

352387 3.52387 3.52387 90. 90. 90. e £, 4~3d B B[]
1 0.0 0.0 0.0 T:0.5M4sBFEME L,
1 0.5 0.5 0.0 0.5M4sBEEE T

105 0.0 0.5

\1 0.0 0.5 0.5

J

X R & B E % (AA7S)H D W, R, 201411
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EXSHIRE
10) Bt i EHIX SR

VIR B FAN
2333220 401.1. 410505 A: 3d*4s%4p*, O
8 2201.1.212.2. REFHEBEFAS

Crystal : > 4
7.255 5.002 5.548 90.0 96.75 90.@ jj 2s 2p

1 0.34380 0.00080 0.29910 V8
1 0.65620 0.99920 0.70090 V6
1 0.84380 0.99920 0.29910 V3
1 0.15620 0.00080 0.70090 V7

-170.84380 0.50080 0.79910 V4 E;ﬁ*ﬁ}ig
-1 0.15620 0.49920 0.20090 V5 _
“— RAZENE

-1 0.34380 0.49920 0.79910 V2
- s =
1 0.65620 0.50080 0.20090 V1 % Bl i]l]”-”"? '

2 0.40700 0.84500 0.65200 O 1 8f
2 0.09300 0.84500 0.34800 O 2 8f
2 0.59300 0.15500 0.34800 O 38f
2 0.90700 0.15500 0.65200 O 4 8f
2 0.90700 0.34500 0.15200 OS5 8f
2 0.59300 0.34500 0.84800 O 6 8f
2 0.09300 0.65500 0.84800 O7 8f
2 0.40700 0.65500 0.15200 O 8 8f
2 0.25000 0.19100 0.00000 O 14e
2 0.75000 0.80900 0.00000 O24e
2 0.75000 0.69100 0.50000 O 34e
2 0.25000 0.30900 0.50000 O 44e

X R & B E % (AA7S)H D W, R, 201411
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BRSHRE
11) Hubbard{& IE
AT BiEay (358 < BR) W d Ffee F 3B

[Hubbard I NiO (a Mott-Hubbard insulator)

5. HubbardZ#(U-J), #{veV. EAT : ,
“crystal” H‘molecule” S atom™#; AFM ordering of Ni (111) planes

ETTHWE-—NMRIFMHRNBENE

| Imalew) | EgpeV)

LSDA 1.55 0.44
LSDA+U 1.71 3.38
(U=8, J=0.95)
Expt. 1.64-1.70 4.0-4.3

X R & B E % (AA7S)H D W, R, 201411
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