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THE ELECTROMAGNET
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Light sources and spectra
SEIFLHREDPORETDIHDANY MLt

20
10 (Wr>>al—#%
(A.=6cm. N=60.0.31T)
10 (M) BT 1 55—

|
(B FEIERE .'”| ’} ‘\ “ (A .=12cm.N=26.1.5T)
(1 /1Al
10'° '

(WEEY 1455+
104

—» i

10'°
10"
N O Koo 10 10° 10° 10° 10° 10°  PdK-edge
, N, O K-edge VI RNE—[EFRHE
g 24 I RILF—[BFHRIL K] 23 keV
250-600 eV Fe, Co, Ni... L-edge ...Fe, Co, Ni,... K-edge

650-900 eV
BRXHR (Soft x-ray)

4-10 keV
TEXHR (Hard x-ray)



Beamlines
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XAFS

XAFS: X-ray Absorption Fine Structure, X$R I N A8 &

EUXER PRI :~200-2000 eV «—— BB EZEHME
(Soft x-ray) (~108 Pa)

XAS (X-ray Absorption Spectroscopy) EHE D

[l

FEXER B ~2 keV - ECETH
(Hard x-ray) ~42 keV (at PF-AR NW10A)
~60 keV, 113 keV (at SPring-8 BLO1B1)

~2 keV — 4 keV: Hard x-rayMD P Tl "Soft” LFEIX NS



Normalized Intnsity
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NEXAFS: Near Edge X-ray Absorption Fine Structure
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XMCD: X-ray Magnetic Circular Dichroism
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Near-Edge X-ray Absorption Fine Structure (NEXAFS)

1FE
TTHRERYE
(RET)1MLUTORFEEEMIZEATES
BFrES FOEREBENRZS (RALKEEND)
BEfrEFEEMNR X5 (unoccupied states)

XPS NEXAFS
% photoelectron

>

=2

Continuum States o

L

< c

L =

o

K

o

d

Vacuum Level

=

)
1

Absorbance g




N-K NEXAFS of NO: NO/Fe/Cu(001)
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large m* peak for Normal incidence (NI)

NO molecules: nearly perpendicular to the plane
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What is XMCD?

 Normal one photon absorption (NEXAFS)
* Absorption spectroscopy with circularly polarized light
* Take the difference of the “+” and “-” XAS

|
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s v > > PY = &-F = ———(x+iy) = rq|—Y' :Right
F=xe, +ye, +ze, ! 5 () = ry 7Y, g

— + ; (1) — ; — [ 1 M
| /2 y -1 \/72( }) y ‘\/ 3 ! f

selection rules:
orbital angular momentum quantum number: A/ = £1

magnetic quantum number: /m, = +1(Right), -1 (Left)

XMCD signal intensity Al=1(+) - 1)

I(+): XAS with photon spin parallel to majority spin
I(-): XAS with photon spin antiparallel to majority spin




XAS(+) - XAS(-) = XMCD

X-ray Absorption Spectrum

X-ray Magnetic Circular Dichroism
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XMCD spectra and magnetization direction

Normal incidence (90° ) Grazing incidence (30° )

V

Perpendicular
magnetization
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magnetization
No peak here Yes, here



XMCD: d orbitals without s-o interaction

Spin-up Spin-down
t |
m2 1 0 -1 -2 2 1 0 -1 -2
N A3 = | A2
L )\
2Ds5
m, 32 U2 ‘U2 32 | 32 \12-1/2 -3/2 L,
- | - 4Dy
m, 12 -1/2 12 -1/2
Am, +1 -1

d orbitals without spin-orbit interaction Symmetric shape of XMCD

Quenched orbital magnetic moment I:> The same XMCD intensities
both at L, edge and L, edge



XMCD: d orbitals with s-o interaction

Spin-up Spin-down

t |
m; 5/2 3/2 1/2 -1/2 -3/2 | 3/2 1/2 -1/2 -3/2 -5/2

3d
| AL3] > | AL2|
L3 ,/\
A 2D55 | Lz
m. 3/2 12 -1/2 -3/2 | 3/2 N2 -1/2 -3/2
- 2pl/2 -
m, 1/2 -1/2 | 1/2 -1/2
Amj +1 -1

d orbitals with spin-orbit interaction

|:> Asymmetric shape of XMCD
Survived orbital magnetic moment



Sum rules: XMCD spectra and magnetic moments

Sum Rules *N,; hole number

L, M) Spin magnetic moment
— w() b2 )
= [ mS = 2NhIJB
*E‘J 2 XAS M
Photon Energy Orbital magnetic moment

'M-

N

difference between L;and L,

m, = 4/3N, ug —73

Intensity

Orbital magnetic moment

Photon Energy B. T. Thole, et al., Phys. Rev. Lett. 68, 1943 (1992)
P. Carra, et al., Phys. Rev. Lett. 70, 694 (1993)




XMCD intensity
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NEXAFS, XMCDThHMN B &
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Element specific emission: Fluorescent x-ray

PN Element Ko Ko,
hV%\ 22 Ti 451084 450486
| hV' 23V 495220 4944.64
Incident x-ray| € T ® ﬂluo ra 24 Cr 541472 5.405.509
-@- +> - xray 25 Mn 5898.75  5,887.65
-0 - 26 Fe 640384  6,390.84
27 Co 693032  6,915.30
‘ =\ 28 Ni 7.478.15  7,460.89
x> =N 29 Cu 8,047.78  8,027.83
. e 30 Zn 863886 861578
— ;| ‘; =
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XRFE{FST-TFZEH: ZHDASX

Archaeological analysis of Roman glass
excavated from Zadar, Croatia, by a newly
developed portable XRF spectrometer for glass

K. Tantrakarn,® N. Kato,? A. Hokura,? I. Nakai,2* Y. Fujiib and S. Gluscevié©
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X-ray Spectrometry 38, 121 (2009)
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Table 3. Glass types and their average chemical compositions
Glass
Bell-shaped flask Depression flask Square jug Cinerary umn ingot
Mn Mn Mn Mn Sb 0.0
decolorizers Sb decolorizers decolorizers Sb decolorizers decolorizers Sb decolorizers decolorizers decolorizers 4
N=40 N=8 N=15 N=4 N=4 N=3 N=5 N=1 N=1 :fadtf(TCRolll)
Na2O (wt%) 146+45  11.5+63  164+06  249+55  200£32  196£39 187458 9.2 148 4 Saduilln (Bure) o 03
MgO (wt%) 0.60 £ 0.06 0.65 £+ 0.05 0.59 £+0.02 0.66 £ 0.02 0.49+0.24 0.094+0.03 0.16 :0.24 0.02 0.06 S Aemr}a
Al,O3 (wt%) 1.28£0.19 1.214£0.33 1.98 +0.69 1.73+0.17 1.26 £0.17 1.10£0.05 1.10+£0.13 1.30 1 ::::::
K> 0O (wt2) 0.19+0.06 0.20 £+ 0.06 0.23+0.11 0.27 £0.02 0.26 +0.08 0.26 = 0.04 0.19+0.06 0.22 0.15 4 Dugopolje -
Ca0 (wt%) 4.25 +0.50 3.58+0.53 3.96 +0.33 4.64+0.04 4.16+0.44 3.68+0.22 3.854+0.54 3.22 3.32 : ‘E:q:m 04
MnO (wt%) 1.10£0.15 1.05+0.18 1.00+0.12 1.05+0.10 0.70 £ 0.09 0.80 +0.05 0.15+0.01 0.15 0.82 2 ;‘:"}l’l“ml") 08
Fe,03 (wt%) 0.29 +0.05 0.32+0.05 0.30+0.05 0.39+0.01 0.3240.08 0.34+0.01 0.27 £ 0.06 0.30 0.24
PbO (ppm) 100 &+ 30 360 £ 100 190 £ 70 470 +30 200 4 190 1620 £ 360 250 £+ 230 1000 90
SrO (ppm) 680 + 90 580 + 80 690 + 20 700 £ 30 635+ 85 560 £+ 40 580 £ 50 530 550
CuO (ppm) 1100 + 240 1220 + 300 1410+ 120 1640 £ 40 1480 £ 800 2070 £+ 400 1640 £ 1320 1740 1020
Zr (ppm) 3580 + 220 3520 4370 3800 + 60 3840 + 160 3630 + 280 3560 + 70 3550 += 100 3700 3510
Sb;03 (ppm) 1650 £ 1270 26300 +9800 2560+ 1790 22500 +6300 2200+ 1090 23500+ 1900 279042240 22000 1390 o 00
Sb,0, 00 01 02 03 04 05 06 07 08 03 10 MnO




U-XRFZ{FE-> TR IvE YT D

Chemical Speciation of
Arsenic-Accumulating Mineral in a
Sedimentary Iron Deposit by
Synchrotron Radiation Multiple X-ray
Analytical Techniques

SATOSHI ENDO," YASUKO TERADA,?
YASUHIRO KATO,® AND IZUMI NAKAI*'

Brown layer
goethite
jarosite
strengite

! Yellow layer
jarosite

Brown layer
goethite
jarosite
strengite

1932

Environ. Sci. Technol. 42, 7152 (2008)
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X-ray Absorption Fine Structure
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XANES tells us what your sample is.

Normalized absorption

Cl K-edge XANES

ZnClz

—f_\ MgCl, _

]

/\f\—— —

‘f\/\/ prlz
ﬂ

/_/-\_’ FeCI2'4H20

/\_/-\/\/ Uk

L —

Photon energy/ eV

All these are metal chlorides.

But you can see some specific
features in each spectrum.

So you would recognize what
your sample is.

2815 2825 2835 2845 2855

F. Zhu, et al., Environ. Sci. Technol. 42, 3932 (2008)
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Absorption Intensity (Arb. Unit)

Kx(K)

How to Obtain Bond Length by EXAFS

_ i “RDF-like” function
- [ Back traction...
! ackground subtraction (Radius Distribution Function)
2 iXaxis: [P A R U DR B IR
2 | Photon energy => Wave number = 8F E
> 1
- > 6F -
) 3 g a4t i
7000 72(;2 7400 7600 = 2k i
oton Energy (eV) ; - I
Eo sl ) et T S B
0 1 2: 3 4 5 6
EXAFS function Distance (A)
T TS foyrier Transform :
: ] Nearest neighbor atomic distance
: ] + phase shift
3 ] Bond length
| 1 ] 1 ] Lovaa lvvn i ] 1 | e
2 4 6 8 1012 Peak area

Wave number (A™)

b Coordination number



Simple things XAFS spectra give us

 XANES gives us... with element specificity
— Valence state
* We can determine our sample as a certain molecule or material.
— Symmetry

* EXAFS gives us...

— Bond length

* A local structure is given.

* Crystallinity, or long range order is not required.
— Coordination number (CN)

e Simply, the number of atoms around the atom.
* CN enables us to estimate sizes of nano clusters.



XAFS

v’ X-ray Absorption Fine Structure(XAFS)
v'XANES(X-ray Absorption Near Edge Structure)
v EXAFS(Extended X-ray Absorption Fine Structure)

XANES EXAFS (40-1000 eV) Photoelectron
W x Ekln
EF ----------------------- pooe
2 o
= T, Vi
o é i’ H > EB
2 3 | X-ra /2230 X-ray
£ 2 Bl
9 _ _ <\ : /N
‘; m=In (IO/I) /;,’z/:)\ 1= \/\;\:L\\\\ . v 15’ 2p
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Picture of the wave function of final state in EXAFS

photoelectron k o (E—Eo)'” 2

/\/\/\}/\/\f\/ | EXAFS E’
Ll /\ : N\ ~, 7
continuum | [ \ / N\ - XANES |

“Photoelectron (wave)” emitted

¥

scattered by the surrounding atoms

/‘/I/]/ ||

T core-level

Absorbing Atom

Absorption Probability

\ 4

Wave function of the final state

pictured by “quantum theory of
scattering”



Scattering of electron and interference

K : wave vector
h2k2 71 : Plank Const.

E:Photon energy
E,: threshold (edge)

M- o 0e

Enhancement suppression




Bond length and Coordination number

Wt/ arb. unit

IR

Photon energy/ eV

Higher frequency

(Shorter Period of Oscillation)

Longer Bond Length

4

Wt/ arb. unit

Photon energy/ eV

Larger Amplitude

U

Larger Coordination Number

Vv




The EXAFS equation

1. leaving the absorbing atom

2. scattering from the neighbor atom APscrbingaton

3. returning to the absorbing atom

Scattering atgm

XAFS oscillation Absorbance  Smooth backgroun

L

(k) = wE)-u(E) _ o E NF, (k) -2

o (E) "4

Edge-jump /

2
ki,

Outgoing Photoelectron

' sin(2kj+ ¢, (k)

Theorptically or empirically derived
Parameters

F; : Backscattering amblitude

* e_z”i [ A(k;)

¢; : Phase shift

k =+2m,(E - Ey)/h

Curve-Fitting Parameters
N; Coordination number
o/ DWfactor

E, energy shift

r distance




Fermi’s Golden Rule to express u of XAFS

i Born-Oppenheimer approximation

velocity of nuclear motion << that of electronic motion
(due to the high ratio between nuclear and electronic masses)

 Time-dependent Perturbation theory

Fermi’s Golden Rule
o ZK%‘H“P>

. vector potential of X-ray

25(Ef - F —ha)) (1)

| e
H = ——A(l’) * Pe— momentum of electron

mc
1 o unit vector of electric field
A ik-r «—— position of electron
A(r) =eA,e"

wave number vector of X-ray



One-electron approx. & Dipole approx.

o Z‘<‘Pf‘H"qti>z

One-electron approx.: <‘IJ

S(E, -E -hw) -

HW )=y |1 )
All-electron wave function => One-electron wave function

Dipole approx.: 7" =1 for k-7 <<1

fundamental equation to express XAFS



Assumptions to depict EXAFS eq.
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Eq. of single scattering EXAFS

Amplitude
|

O

scillation (phase)
|

=_SE

Isolated atom

=

Atom with neighbor

Oscillation
E —»

\

“Round trip” of the wave

Outgoing Photoelectron

/’—_- ~
// N
/ S7T TS S7TTN \\
oo > N
I 4 I
oA , 1 Scattered
\ N ’ ’
N Z__+ Photoelectron
~
A ety /
’ P ~ \
A Y
ll ll \ \l
[N ;1
\ N VIR RN v, ’
\ Sa =" \yz S .~ Vi
N N 4
\\\ —’/ w\~ —’/

|

( 202k )sm(ZkR +20,,(k) + (pj(k))

Phase shift

of absorbing atom

of scattering atom

Fourier Transform...

v

Bond length R;, etc.,

(Parameters high-lightened by yellow are fitting parameters.)



de Broglie wave as a Ruler

A particle with the momentum of p
having the wave character described by the below Eq.

as for Electron

I h considering a bond length of ~2.5 A
A=— = 72 100 eV: 1.226 A 2 waves
% (2m eV) 200 eV: 0.867 A 3 waves
c 500 eV: 0.548 A 4-5 waves
EXAF P |
S 3x10 " W\/\/Wm j

We use de Broglie wave of
electron as a Ruler, in order to
measure bond length

N
T

—_
TTT T[T I

Absorption Intensity (Arb. Unit)

:

......... e U e b b I 1
7000 7200 7400 7600
Photon Energy (eV)




Software for XAFS analyses

Athena, Artemis (lfeffit) REX2000
by a group at U. Chicago by RIGAKU corp.
http://cars9.uchicago.edu/ifeffit/Ifeffit http://www.rigaku.co.jp/products/p/xdxa0020/

800 Ifeffit - IFEFFIT 800 XAFSBATHAY 7 h o7 [UH2]
[ <] > | [+ [Phuep: //carss.uchicago.eduyifefftieffic ¢ J(Q- Google ) [« [ > J [+ [ R nutp:/ jwww.rigaku.co.jp/products/p/xdxa0020/ ¢l c )
& m Yahoo! Japan Google Y77 #@I5v =a—X (222)v Sciencev Sportsv Lifer Musicv & m Yahoo! Japan Google 7y7 HRUEv —a—X (222)v Sciencev Sportsv Lifev Musicy
arq> [ —
- GlobalSite »7k—A » BMUADE > ¥4 Ty T (Bx)
IFEFFIT Rigalkw e
Teffit HARA 7797 SHRA =2 0
IFEFFIT is a suite of interactive programs for XAFS analysis, combining high-quality and well-tested XAFS analysis algorithms, tools -
Downloads for general data manipulation, and graphical display of data. ORenNEBI
Documentation «  What is IFEFFIT? and IFEFFIT Overview
Mailing_Li ! y H—4 > HFIURBNREAR > XBEHE o a
o T « Frequently Asked Questions: Questions about IFEFFIT, XAFS, etc. *=b>n7d > XBEHERKRD) > Y7 b7 > XAFSREREY 7 D27 REX2000
XALES * IFEFFIT Software, and other information on Ifeffit + friends
o . :nrae: Ather\a, Artemis, Hephaestus software, including example Projects. SPICT . AFAUBINERA
« How to help: What you (yes, you!) can do to help IFEFFIT.
s + User Pages: pages created and managed by specific users. XAFSRH#EHSY 7 b £ 7 REX2000
v
. More information on XAFS can be found at XAFS.ORG e
w77
EDRDF I3V s This web site is a collaborative site or wiki, which means the pages here can be edited on-line. Contributions are welcome! o . .
peg REX2000(2. YA/ WXAFSHEXRBTRAEE N
Unfortunately, due to heavy spamming, content on this site can be edited only by people who are both logged in and listed on the EditorGroup page. If —== = . QPrinaRFr I, v
you would like to edit any of these pages or add content about Ifeffit or related programs, please contact MattNewville, and I'll add you to this list. ?‘AFST 7. P_f SPring 8{;&0)&&&1%&!?&?
For informati now & this site, try these link MEENAXAFST—% %, WindowsIREDPCLT
or information on how to use this site, try these links: -
BT BHNTOIFLTT.
. HanoUseTMsW\}(l A quick introduction to this Wiki i XANESﬁﬁ?_aﬂ\ ‘5 [Fe:] e‘]i#@{b&&ﬁ (m
« RecentChanges Find out what pages have changed recently - ’ )
« HelpForBeginners A gentle introduction to MoinMoin ] . BFRAE) (CBIT HMHMAL. EXAFSTRELT 5
« HelpContents Learn all about the MoinMoin Wiki software PHIREMTRAY ORFME EAM. RFHE
&) (BT AMEMSEONET,
[ Get Ifeffit | Ifeffit Overview | Ifeffit License | Documentation | Mailing List | Frequently Asked Questions ]
feffit (#HEFTE 2011-01-18 18:37:52 EHTH MattNewvilie) X XRF
credits CARS  xafs.org MoinMoin Powered  Python Powered  GPL licensed  Valid HTML 4.01 g
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Of course, there are many other softwares, and you can use what you’d like to.
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XRF + XANES study

Arsenic distribution and speciation in an arsenic
hyperaccumulator fern
by X-ray spectrometry utilizing a synchrotron radiation
source

Akiko Hokura, Ryoko Omuma, Yasuko Terada, Nobuyuki Kitajima, Tomoko Abe,
Hiroyuki Saito, Shigeo Yoshida and Izumi Nakai

Journal of Analytical Atomic Spectrometry, 2006, DOI: 10.1039/b512792k



Arsenic hyper accumulator:
Chinese brake fern (Pteris vittata L.)

It contains large amounts of arsenic (As: ca.
22,000 ug g* dry weight) when grown on
contaminated soil (L.Q. Ma, et al., Nature

Recycle of heavy
metals

Absorption of Harvestry Incineration
heavy metal and Recovery



Elemental distribution in fern’s pinna obtained by XRF
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X-ray Energy : 16.5 keV
Step number : 125 points x 36 points
. Measurement time : 3 s/point
SR facility BL-4A, PF, KEK

Storage ring, Current range
Monochromator

Focusing optics

Beam size

Detector

Atmosphere

2.5 GeV, 300-420 mA
Si (111) double crystal
Spherical mirror coated with Rh for vertical focusing

200 pm x 200 ym

Si(Li) SSD detector
Air




<+— pseudo-indusium
ooy sporangium

paraphysis

lamina

High levels of arsenic accumulate at the base of
sporangium with lamina of pinnae

SR facility
Monochromator
Focusing optics
Beam size
Detector
Atmosphere

BL-4A, PF, KEK

W/B4C double multilayer
K-B mirror coated with Rh
3.5 um x 5.5 um

Si(Li) SSD detector

Air

X-ray Energy : 14.2 keV
Step number : 180 points x 125 points
Measurement time : 1 s/point



in vivo As K-edge XANES analysis

SR facility BL-12C, PF, KEK

Storage ring 2.5 GeV

Current range 300-420 mA

Monochromator Si (111) double crystal

Focusing mirror Bent cylindrical mirror

Beam size ca. 1T mmx 1 mm

Fluorescence X-ray detector 19-element Ge solid-state detector

Atmosphere Air

19-element Ge
solid- state




Normalized intensity (a.u.)
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As K edge XANES spectra of Chinese
brake fern.

(V) is then partially reduced to As(lll) within the
plant.

The arsenic finally accumulating as As(lll) in a specific
area of the pinna.



Take-home massage
XAFS : XANES + EXAFS CYANES TEXARS

o XANES gives us... = A

N

— Valence state . L
with element specificity
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Absorption Intensity (Arb. Unit)

— Symmetry :
of —
7000 7200 7400 7600
* EXAFS gives us... rhoton Eneray €4
The ruler is de Broglie wave of electron!!
— Bond length

* A local structure is given.

* Crystallinity, or long range order is not required.
— Coordination number (CN)

e Simply, the number of atoms around the atom.

* CN enables us to estimate sizes of nano clusters.



