Exchange integral J,
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Super-exchange interaction Review

MnO: Anti-Ferromagnetism

A o Mn?2*: d® configuration

Mn2+ o* Mn2+
1. p electron is transferred to atom A.
_ m Sign depends on d number in A.
- 2. Exchange interaction
T~ between oxygen and atom B.
it fHe (JB) XA Jg depends on hybridization.

L\JQ) t 3. J,g can be estimated
f ‘ by 3" order perturbation.
\"H—___-v-//
T (__) Goodenough-Kanmori rule
AB Progr. Theoret. Phys. 30, 275-89 (1963).
p Py A-B 180° 90°
‘T d3-d®  AF (weak) AF or F
2R AN v 00° d5-d5  AF AF (weak)
() | case dé-d8  AF (strong) F
J Jg Is 7 bonding. d3-d®@  AF (weak) AF or F
2" ds-d8  AF (strong) F (weak)
d3-d° F (weak) AF (weak)

Q5: Summarize about superexchange interaction.




Density of States(States/Ry/spin)

Band structures of transition metals Review

LDA calculation [—iﬁf— Zf%—f,o(?y) 1‘_ a’rj—(%p(ﬁ))”ﬁ] oa(r:) = Exdi(r:)

2 (4 Vi
Not ferromagnetic Ferromagnetic
chromium Cr iron Fe g, nickel Ni g,
=TT a & 3l [ & & T 1 <10 e e e e T e 1 [ T 50IIIIIII':|IIT
E, g |
g % |
40 | | - N | - 40+ -
: <5 |
i Ny
|
30 | . s 30 . 30 F -
i &
20 1 E 20t y 20 )
wn
, %
/ ;//\ I _ -? 7l _ ol | |
= z |
| ] i
i i i | A I = € g gk T 0 L1 |im
%.2 04 06 08 1.0 1.2 1. %‘0 02 04 06 08 1.0 1.2 -0.2 00 0.2 04 06 08 1.0
Energy(Ry) Energy(Ry) Energy(Ry)

E¢ position changes with increasing electron filling. (Rigid band picture)



From molecular orbitals to band structures

[Pd(dmit),]°

-
l-"'-'*
- -
-
--‘—
-
— -
[If ey
-y

HOMO

[Pd(dmit)z]g_ {E%EE

S iy _"-H—'_r'\-\.-l-ﬁ—l'i'-:—_ L et ( %:nb E-E )
Pd

o s A i "*w'r"i"""‘—-'d::_‘__“_l
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Ligand-field theory

Coulomb interaction vs. Ligand field energy 10Dq

, H = H{] + ”Repulsion + HS'D + IILigimds
Hund’s rule
) Wv:  zet e’ - z €
Maximum S states are stable. = 2 = i +z —+ 1L-S+2 n
] , m r: = I r
Maximum L states are stable. i ' i>j Y " n
d’case: [,C,=45, 3F<ID<3P<IG<IS
Hﬂfpulsim}HLiglndﬁ}Hfiﬂ Hngde}HR:pulsiun‘}Hﬂﬂ
Weak field Strong field
PinTy; (d®inop) y
’
‘ 15 _h' 1‘41 1E
T T, (1)? 20Dq
1 T,
G —» |2 37,
1,41 17
> 2
o | 3p —» O7 T, () (e)! — 100qg
Q
LI(—] 7, °T;
1D —_— - 3]'2
1A
T Nk 0
2
34, %A,
-
10Dq

Q11: Describe 45 cases in d? configuration with term symbol.




Term symbol 25*1L,

3® 8.7 4 EFRECENTH T AMALIRNE
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0

4
3 | (2+,1%)
2 | (2+,0)

1| @ —19)(@, 00)

0 | (2t —2+)(1+ —1+)

(e+,27)

(2-,1%)(2+,17)

(27, 0)(2+,0-)(1%,17)
(1_r0+)(2~! _1+)(2+: _1-)
(1+,07)

(1=, —1*)(2-, —2%)

l (2+: —2F)(1+! -—1')(0_, 0+)

(2-,17)

(2,07

(2, —1-)(1-,0°)
(2_! _2_)(1-! _1')

(Mr=—1~—4 {ZD\TIiZE)



intensity (arbitrary)

NH4V(S04)2*12H20
L I | 1 1 | 1 1
10 14 18 22 26 30 34 38x103
absorption (cm'1)
&
— e/ e =15

(1ecm™1 = 0.124meV)

d2 B =860 cm™1, y=4.42 (V(v))

. —=-me . 28
Tanabe-Sugano (H3iJ - &%) diagram
Analysis of absorption spectrum
to deduce Coulomb interaction and ligand field strength
from multiplet calculation
1. Estimate energy peak ratio E1/E2.
2. Find the Dq position using TS diagram.
g : T, — °Ty,
5 : ', — ', Dg=28B
3. Estimate the energies from diagram.
&/B=259=17200 (cm™)Y/B — B=665cm™
4. Calculate Dg. x10° x 108
2A2
Dg=2.8B = 1860 cm™ 40 T, 4o
0| *Aq
= 2F T,
W 20 o7
#* o,
H 2q 2g
K TESD o
HEim
qu
aE 0 | . ] | I 0
Tanabe and Sugano, J. Phys. Soc. Jap. 9, 766 (1954). ] 10,000 20,000 10 5 0

10Dg (em™ ')

A FRM (cm™)



Tanabe-Sugano diagrams for d? — d8

d3 d4

90 — e T |

i SAZQ

mim
4]
=1

@|m

3 : : i S—
0 10 20 30 40
5
B: Racah parameter (Coulomb)
A I gand f|e|d Strength Tanabe and Sugano, J. Phys. Soc. Jap. 9, 766 (1954).



Ligand field theory

30

Wave length (10%nm)

10765 43

[Cr(NHp)el"
_ Wave length (102nm)
e 10765 4
TU (t2g)2(e;}3‘_(t2g 3 5 .:;+(d :I n21.{d5j
g 2 | Tag=Agy Tog—"Agg ‘
e /\ 0 " -
E N
® W 2 A . Vi)
2 WRURES e st
2oL || ofikE S
— T
E' |
200 400 600 800 i
(50000cm™)  (25000cm™)  (17000cm™") (12500 cm - R ()
A/nm © '
S 5l
TS diagram for d2 system §
(&]
70r- “A; S c10f
o
S
a8  5F
<

0 20
Wave number (10%m™ ')

1020 30
Wave number (10°%m™")

Q12: Estimate Racah parameter B and ligand field splitting A.




What is synchrotron radiation ?

Storage ring Synchrotron radiation
Bright

Polarized

Tunable photon energy

Electron beam orbits are bent
by magnetic field.

)

Generation of synchrotron radiation

SPring-8

A % p :.
A t o i
¥ il Sl

| ' Q13: Summarize the principle of synchrotron radiation.
KEK Photon Factory

31
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Research Center for Spectrochemistry (RCS),
The University of Tokyo

RCS has a beam line at Photon Factory in KEK.

BL-7A: Bending magnet is used. Energy ranges of hv=50-1300 eV are obtained.

Suitable for K-edge absorption for C, N, and O, L-edge absorption for transition
metals, and high-resolution core-level photoemission spectroscopy

—T 7oruen | B-7C
/”ﬁm; BL-78

S S s ===_==_=:_::::::::::::::::::::: S s | I I
LMo M1 R e
1m T BL-7A
- = .
M2+G S2 Wi
07 Wos
Top view 28 __ 48 40 04 35 10 OTgm
R m -
___.--""--.- 0.5 HLS Gr'atil'IQE Mf Plana
~ 87 S0 Plane _ B0
; MO M1 S1 150, 300, S0 ymm 1072192 886
Cylindrical ~ Cylindrical 174.5 88.0
L 87.7 88.4 - - -
Side view P M
— T M 52
- Spherical Plane

BR.S 88.5-75.0




Synchrotron Radiation

Synchrotron radiation derived from the ‘relativity theory’.

2 2
jgocd r‘ sin® g y = E __ 1 =1957E [GeV]

Radiation theory 2

dt’ ‘ mc 1- 3°

Lorentz transformation

tan @' = 1 sing
y COSO+ [
————

Undulator

1 GeV -> 3=99.99999 % -> broadening 1/y i
b
J

CircuIEOrOﬁ@ ) ﬁ

polarized

8 GeV ->y=15660, 0.1 mrad

polarized



hv

AdJaug]

FEvae

Principle of photoemission spectroscopy

Photoemission Spectrum

L D
1_) hv
I Valence Band
En
Core level
P N(E)
Density of State (DOS)

34

hv =Eg+ E, + ¢

Eg; Binding energy
E..; Kinetic energy of
photoelectron
¢; Work function
(Energy difference between

Fermi level and vacuum level)

Photoemission spectroscopy ;
Electrons with various kinetic
energies are collected.

. !

Density of states (DOS)
Band structures
Energy of molecular orbital



X-ray photoemission spectroscopy (XPS)

instrument

analyzer

UHV chamber

X-ray tube
Mg ka hv=1253.6 eV
Al koo hv=1486.6 eV

Magnetically shielding in chamber
(earth: 350 X 107 Tesla)

For valence-band measurements,

He sources (hv=21.2 eV, and 40.8 eV) are used.

Principles of channeltron
-
f.:kiﬂ@i ]

HiFR RS

e

/

The counts of secondary electrons
are enhanced.

35

Fermi’s Golden rule
2
|(w)ocz<qan*1|ak|\PN*1> S(w—(E)

L S

Matrix element

[ N> initial state
[¥N-1> : final state
a : dipole moment

—E, "+ )

Channeltron

Electric lens

1. Magnified by the electric lens

sample
(tuning the detection area)

2. Electron velocity is related to the pass energy.

3. Electrons possessing the pass energy pass the
analyzer.

4. Electron counts are detected by Channeltron.

Q14: Prove the Fermi’s golden rule.




energy

Energy diagram in photoemission spectroscopy

Energy conservation

sample analyzer
L ]
E, hv =Ez+E;, +¢
Ekin
—>
hv IEp'l' eVR'l' ¢a= IEkin. + (I)s
A eV @, depends on the instrument
¢ v condition (baking).
fy
% Energy calibration is required.
1=

Binding Energy (eV)

Kinetic Energy



Spin-orbit interaction

Motion of electrons around the nucleus induce the magnetic field.
Spin-orbit interaction splits to two states of j=1+1/2, j=I-1/2.
Intensity ratio is 1+1 : | , which is related to the degeneracy of 2j+1.

orbital quantum number ratio
| J
i 0 1/2
Heo=5(1 + 5)= §/2(%-1%-5?) 11
j=1+1/2; E(1+1/2) = 1/2 £hel 1 3/2 2
j=1-1/2; E(1-1/2) = -1/2 ¢h?(1+1) / / / / d 2 3/2 2
2 5/2 3
f 3 5/2 3
degeneracy 3 712 4
j=1+1/2 2142 (2)+1)
2(2]+1) Tl/ZChZI 7 S| 2p 2p3/2
J:|'1/2 2' (2J+1) l_llzg h2(|+1) 0.6-] 2p1/2

C:O Q#O 0.4+ L
Q15: Prove H, from Biot-Savart’s law. 106 104 102 100 98
Binding Energy (eV)

Q16: Prove H¢, from Dirac equation.
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How gquantum mechanics is modified ?

e Schrodinger equation (non-relativity)

p° L op(r) R,
&E=—" > h =——V
2m | A 2m v(r)
g <> ih— p<«< —-ihv
e Relativity formulation
(p’ + P, + )~ ()P = —m*c’ | = ?
C [
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Chemical shift of core-level spectra

Origin of the chemical shift
AE=kAq + AV - AE,
g : charge

V=2q/R; :
Madelung potential

(Sum of the static potentials)

E, : relaxation energy
(by core hole screening )

Li - Li,O case

Y

Fe compound cases

Binding Energy

]

0686V

?19.'8 eV

{ i H i i

760

740 730 720 710 700
Binding Energy

Peak position depends on the valence states, electron number,
and the response in photoelectron emission. Therefore, the “chemical shift”
gives us the information about the chemical bonding nature.

Q17: Summarize the principle of photoemission spectroscopy.




(b) (a) (c) 40

XPS of Polyethylene terephthalate (PET)

nCIjHQ—(leQ + nHOOC COOH H—O>
—112
OH OH
O O
E—— \C C// CH
—H,0 O// \ /
O_CH2 n
N, plasma/PET C—C(C—H) Cls N, plasma ,\‘/ cC—0—C Ols
— Untreated — Untreated
..... 5 min — 500 W 10 min

— 10 min

A\
7

1

*_.,
=,

PET

= e -~

1 I I I |
A
204 200 200 288 286 - ™~ 540 538 536 | 5'34 532 | 530 528 526
Binding energy (eV) Binding energy (eV)

J. Adhesion Sci. Technol., Vol. 14, No. 12, pp. 1485-1498 (2000)
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Chemical shifts in XPS

-
0 H H S2p
F I [ [
F—C—C—0—C—C—H
F L
H H
i z
2
w
= z
]
iy
z
0 —— : i . ; . h . : _j 0 I —
e¥Y 10 8 6 EM !.SHIFTZ 0 Eg=291.2eV CHEMSHIFT  CHEM.SHIFT
CH .

Figure 18. The carbon Is electron lines in ethyl triflucroacetate. Figure 19. The superimposed sulphur 2piz. 3,2 lines from thiophene and carbonyl sulphide.

U. GELIUS, E. BASILIER, 5. SVENSSON, T. BERGMARK and K. SIEGBAHN_

Journal of Electron Spectroscopy and Related Phenomena, 2 (1974) 405434

Q18: Explain the origin of chemical shift in XPS. |
Q19: Draw the C 1s XPS line shape in CH;,COOCH; and CH3-CHCI-CHI-CH,-CHs. |




Core-level Absorption Spectroscopy

42

Interband transition
— not neglecting
band dispersion

M3
M2

L3
L2

Auger electron (total electron yield)

Core-level transition
— atomic information

—_

Fluorescence yield

Auger electron spectroscopy
by constant kinetic energy

uuuuuuuuuuuuuuuuu
...........

09 |

0.8

0.7

05

0.4 |

0.3 |

Fluorescence ratio

|||||||||||||||||||

0
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 ©f

Atom number Z

Q20: Explain the peak shift of Auger structure when changing photon energy.




X-ray Absorption Fine Structure (XAFS)

XAFS: X-ray absorption near-edge structure (XANES) and

Extended XAFS (EXAFS
( ) Interference between atoms

. B

o Oscillation in absorption spectra

. B

Oscillation period depend on
the lattice structure.

L i

INPy 4ASy 6
As L-edge absorption

\J 300K
1 1 1

1 I 1 1 1 1 l 1 1 1 1 I
12.0 12.5 13.0

Energy (keV)
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EXAFS

>
[F(r)]

In —»

InAs

@

K (A1) ) r (A)
Fourier transformation
EXAFS reveals the nearest neighbor distance.

Y. Kuwahara et al. Jpn. J. Appl. Phys. 33, 5631 (1994).



Fe(py),Ni(CN), complex

0 O

_N— —N_ Au

_N— —N_

©/ /O Q//

—N_! N — Z_N—

A A

2D layer consisted by Fe and Ni bridged by CN

Spin-crossover phenomena

=2

[F%)

- Fe(py),Ni(CN),

N
I

AT (emu K mol-1> x10
[

. T

| s 1 |
50 100 150 200 250 300
Temperature (K)

o

T (%)

J. Okabayashi et al, 2015

velocity/mm s
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. -t
T arnu K ol %19

N
x

Transmission (arb. units)

EXAFS of Fe(py),Ni(CN), complex

=
=)

Fed+ |
Fe(py),Ni(CN),
Fe K —edge XAFS

7120

7140 7160 7180

Photon Energy (eV)

= - h w
T T T T

Felpy),N(CN),

I . n
50 100 150 200 250 300
Temperature K}

3|
o
o

@[ .
‘E Fe(py),Ni(CN),

g— Ni K —edge XAFS -
|

i e
8300 8320 8340 8360 8380 8400

Ph

oton Energy (eV)

EXAFS function k %(k)

-3
Faurier transform (A7)

d

---- fit (300 K)
- ft(12K)

k&Y R(A)
Temp. HS population R (A) LS population R (A)
300 K 1 2.161 - -
160 K 0.41 2.15 0.59 1.941
60 K - - 1 1.940
12 K - - 1 1.942

-Fe K-edge XAFS spectra can be explained by the

summation of HS and LS states.

-Bonding distance between Fe-py and Fe-CN becomes

equal, which is comparable to
that obtained by XRD.

46



a7

Mossbauer Spectrometry

Co°(270 day) 1961, Nobel prize
\ )
32 <
12 2
1=3/2 A N2
¥ ‘12 £
@ y y -3/2 g
L ¢ -
‘ 1=1/2 -1/ 2
=12 —Y S—
57Fe 1/2
Isomer shift Quadrupole _ o
y-ray (EHEARITR)  splitting Magnetic splitting :
(PUHEF 5 BY) (ERAR) T — T
0
Analyser Dopplar velocity (mm/s)
-ray | e
y-ray
tor. 57 )
Co sample

Ja1uno

Mossbauer Spectroscopy: Local electronic and magnetic structures around Fe

@ Isomer shift (IS): Fe Dl %k % I i
@ Quadrupole splitting (QS): FeE B D E 15 4 Bl % I B
@ Sextet peak: FeD R FZ KR



Maossbauer Spectrometry

Image for “recoil” effect

e

BEEH R —

ARG T =AY (T T +41)
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ERE (%)

Maossbauer Spectrometry

. Fe** (A) +Fe’* (B)

T T T T . "
— T T d Fez""h'(B) 100311 [
100 = ot e, e, greiea, R _
o Y i B s 00,4
96+ :_'Fea.ooo.‘ - E
~
92 % 94,7
W a9
.h
100 fr= ,7‘“" e P A N
h i AN , G
9%+ .
":Fez.ssOJ 4
92+
100 & frah R v S AT o
i ¥ _ f../ - -“'\.' :_:-w'.-..‘ ._e«.,". 5 .4“
oo 2 E L.
96 . : ‘ Fez.s:04
92r ’
100 ‘-‘_rzl _ /‘_'ﬁ-'u-"«‘_". ;,‘J."—."-'""“‘. ll«"*':"_\l -W"-"‘.‘a_.a‘_. Et ".'.'\\ =
" ¥ooN g
9% : Fez.6:04
(’}’ -Fe:0 :1)
92+
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—8 —6

—4

=2

0 2 4
@ (mm/s)

6 8

TN L ]

Q19: Explain the principle of Mossbauer spectrometry.

BARSAFR

BRI =31 ARNGT—HHFE EE



J-PARC (Japan Proton Accelerator Research Complex) @Tokai

e —

J-PARC (KEK/JAEA)

Neutrin
.| Beams (
Kamioka

. Hadron
| Experiment

'\ @ HEE R

Y @

T BFE—LOAS

G hiEFE—LOIMEL
iy
13 q’ﬁ?f.ﬁﬁ @, b FEEE

EFL—4—
(HBER S AR

0 EF @ PiEF

Bk
(AR L+ §%)

Target Nucleus Pion (m) =

o ¢ nopy

Neutron (n) O

* Anti Proton (p)

Proton (p)

o

Proton (p)
3 GeV, 50 GeV

Offesron o)

Need to have high-power
proton beams

IMaterials & Life Science from RCS

— MW-class proton accelerator

Nuclear & Particle Physics from MR m—t

{current frontier is about 0.1 MW)

R&D toward Transmutation from LINAC

O KEBEDGFE—LEKBI—7 VMBI 5,

QBFAKEBORFHZREFREL, EDEE RFREBRL TV -HEFATETRULT

Q@ RUMASPUFERFATRSIIL. ETL—4—I2EDHS,

@ FHEFIFETL—EF—HNDKFEHEEZYIRL, LEWISEENTHA->TLK,

O RRICRBEL"EEDENHEFLLY, RBREECEEHIND,

Web page of J-PARC



Neutron diffraction

Powerful technique to investigate magnetic structure and crystal structure of hydrogen.

MnO: Antiferromagnetic

a=4.43A NaCl-type structure, T =122 K

100

60
40+
20

0 — - ——m— 2 > s
100
80
6oL 293K

¢ (311

s [T/ min]

ao=4.43A

40

“r k& A
O — B - .
10 20 30 40° 50°

ol oA

A =1.06 A Neutron F(hkt’) _ 5[1  pTilhtR) | amilktD) emum]]

a

Q18: Prove F(hkl) for fcc-type crystal.
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