@ National Synchrotron Radiation Research Center

Soft X-ray Absorption and
Resonant Scattering

Di-Jing Huang djhuang@nsrrc.org.tw

Nat'l Synchrotron Radiation Research Center, Taiwan
Dept. of Physics, Nat'l Tsing Hua University, Taiwan

Electromagnetic Spectrum

- Jtae ane

Taipei 101 Mall  People Bulterfly Cell Virus Alom Nucleus
1007 10" 1 107 102 10° 10% 105 107 107 107 1072 10
{1 km) (1m) {1 emj(1 mm} {1nm) (1 4) (m)
_------------------
wavelength
]
Visible Light
| RadioWawes  Micro-waves Infrared  Ullra-violet Soft Xerays Hard X-rays  Gamma Rays
Photon energy
—— L A [ —" — L [ R e ) s I [ ) ) R
10* 107 10% 10% 10° 0" 1 10 10? 10° 10° 107 (eV)
(1 nev) (1 pev) (1 meV) (1aV) (1 keV) (1 MeV)
Source Radio Microwave Light Bulbs Radicactive
Tube Synchrotron Light Source Elements

Soft x-ray: 250 eV ~ a few keV




Interaction of photons with matter:

Photoelectric effect Radiatio : i
Photoabsorption %

Scattering/diffraction

ion
absorpftion)
e |attice structure: arrangement of atoms
e electronic states
e magnetic order

= excitations (electronic states or phonons),
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X-rays scattered by an atom

Momentum transfer (in units of h)
— 1,
eiq'r elastic scattering |k| = |k '| =k

Jof =k~ k[
q* =k*> —2kk'cos 20+ k*
=2k*(1—cos26)
=4k”sin” 0

q =2ksinf

A volume element d3r at I will contribute an amount —7%2(r)d’r to the

scattered field with a phase factor e’q'r

X-rays scattering
Scattering ampltude: ""0_‘- p(T)e""dt = —r, £°(d)
omic seatering facor /(@) = [ p()e " dF

q— 0, fo((‘D — 7, (the number of electrons in the atom)

All of the different volume elements scatter in phase;
each electron contributes -r, to the scattered field.

[V is independent on photon energy /i ; it is the
scattering amplitude in units of —r,.

f0is the Fourier transform of the charge distribution.

Optical theorem 4
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How does the scattering amplitude f change if the
photon energy approaches an absorption edge?

The forced charge oscillator: a classical model of an electron bound in an atom.
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Resonant scattering

As the photon energy i@ approaches the binding energy of one
of the core-level electrons,

f(@.ho)= 1(q)+ [ '(ho)+i [ "(ho)

dispersion corrections
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Each element has specific absorption energies.
“finger print” 2 element specific spectroscopy
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Measurement of Soft X-ray absorption
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Photoexcitation and Relaxation
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Kinetic energy
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Measurement of Soft X-ray absorption

total electrons
(40 ~ 50 A)

Incident light \\ ‘ //

N\

electrometer —

K

transmitted light

Auger electrons

(20 A)
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Unoccupied
Valence-band

Occupied
Valence-band

Narrow
core-levels
(long lifetime)

e O 1S

:; ™ 2p

In transition-metal oxides

soft x-ray absorption
& scattering

TM: 2p > 3d

direct, element-specific

probing of electronic
structure of TMO
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L-edge XAS provides information on
the chemical state, orbital symmetry,
and spin state of materials.
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hole doping:  wmn* > mn*
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L-edge XAS provides information on
the chemical state, orbital symmetry,
and spin state of materials.
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High Temperature Superconducting Cu oxides

La,CuO,
(Cu?* : 3d°)
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Orbital Characters of Doped Holes in La, Sr,CuO,

CuD, PLANES
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? Chen ef al. PRL 68, 2543¢1992)
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O 1s X-Ray Absorption on TMO

Spectral weight transfer:
In a cluster appro ~ a fingerprint of strong
electron correlations

‘dn>_)dn+l>

(neglecting 1s core hole)

La,,Sr,CuO, N,

Chen et al.,
PRL (1991)
B:d9 9d10 R 5:|30L L .554
upper Hubbard band Photon Energy (eV) “7
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Magnetic materials:

In some solids, individual ions have non vanishing average vector moments below
a critical temperature. Such solids are called magnetically ordered.

If a solid exhibits a spontaneous magnetization, its ordered state is described as
ferromagnetic or ferrimagnetic. A solid with magnetic ordering has no
spontaneous called antiferromagnetic.

Pttt teted  peded
PEtet  edete  etetd
Pttt teted  teded

ferromagnetism (FM) anti-ferromagnetism (AFM) ferrimagnetism
31
Fe Cu
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Density of states Density of states
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Polarization of Synchrotron Radiation

Left-handed
circularly polarized

Linearly polarized

Right-handed
circularly polarized

33

Soft X-Ray Magnetic Circular Dichroism in Absorption

n (3 — 1 =T T I L | T
© E L : 5 1
‘ ~ -
For 2p,,~>3d B oyl i L, Right |
Parz s P
Right-handed Ep = st T | .
circularly polarized 3d H i 2
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excites spin-down E‘ Fe
electrons. B EF ]
=
. s I.EI‘T~II|a|1‘dc= IIJBII'Il-hIadu: . .l“ 700 ' I1ll I ‘.‘!Jl ' HII ' T;I 3 I';I i 760
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circularly polarize AUF = E i ]
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excites spin-up 2, 4L a3 ' -
electrons. 2, —oo— = 4L ]
E -2 L A .
g L MCD = o, —0_
MCD is defined as the difference in € L[
absorption intensity of magnetic systems = . T T YT, 1
excited by left and right circularly polarized 850 700 710 720 730 740 750 760
light. Photon Energy (el)
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MCD sum rules

4 [(uy-p)do
e e e
3 [ +pda 07

I3+lp

Morb
A= [(u-p)

XMCD Signal
b b b A L e o=
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L3 La+ip

S [y +poydoo

Ly+ly

-1
x(lO—n;d)x(l-rw)

2(s:)

1 B=[(u-w)

Photon Energy

* Orhital Magnetic Moment

— Thole et al, PRL 68, 1943 (1992) m,, < (A+B)
P. Carra et al., PRL 70, 694 (1993)
* Spin Magnetic Moment

Myyip + My o (A-2B)

Experimental confirmation:
Chen et al., PRL 75, 152 (1995)
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Soft X-Ray Magnetic Circular Dichroism in Absorption

Soft X-ray MCD in absorption provides
a unigue means to probe:

element-specific magnetic hysteresis
orbital and spin moments
magnetic coupling.

There are two ways to obtain a MCD spectrum:

1) Fixing M, measure XAS with left and right
circular lights.

2) Fixing the helicity of light, measure XAS with
two opposite directions of M.

36

18



d
Am, =1
Z_:o Ls M
+ L, —®&—— 2p
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MCD in K-edge or L,-edge XAS is )
not sensitive to spin magnetic MCD in L-edge XAS measures

moments. Instead. the MCD both spin and orbital magnetic
measures orbital moments. moments because of the spin-orbit
(H. W.) interaction in the core levels.
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Element-Specific Magnetic Hysteresis Measurements
A New Technique for Studying Interlayer Magnetic Coupling

SXMCD Hysteresis Curves

Chen et al.,
T | T T T
PRB 48, 642 (1993) g o ! ._ oi
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Ferromagnetism in one-dimensional

monatomic metal chains

P. Gambardella*, A. Dallmeyer, K. Maitii, M. C. Malagoli*,
W. Eberhardt i, K. Kern*$ & €. Garbone+|

Nature 416, 301 (2001)

Two-dimensional systems, such as ultrathin epitaxial films and

P display magnetic properties distinct from bulk
materials', A challenging aim of current rescarch in magnetism
is to explore structures of still lower dimensionality’. As the
dimensionality of a physical system is reduced, magnetic ordering
tends te decrease as flucluations become relatively more
important”. Spin lattice models predict that an infinite one-
dimensional linear chain with short-range magnetic interactions
spontancously breaks up into segments with different orientation
of the magnetization, thereby praol ting long-range ferromag-
netic order at a finite temperature™, These models, however, do
not take into account kinetic barriers to reaching equilibrium or
interactions with the substrates that support the one-dimensional
nanostructures, Here we demonstrate the existence of both short-
and long-range fer gnetic order for di ional mona-
Lomic ¢

s of Co constructed on a Psubstrate. We find evidence
that the monatomic ns consist of thermally fluctuating seg-
ments of ferromagnetically coupled atoms which, below a thres-
hold temperature, evolve into a ferromagnetic long-range-
ordered state owing to the presence of anisotropy barriers. The
Co chains are characterized by large localized orbital moments
and correspondingly large magneti isol
pared 1o two-dimensional films and bulk Co.

PY energics com-

Co atoms Pt terrace

Figure 1 STM topographs of the Pt{997) surface. a, Periodic step structure (each while
line represents a single step). The surface has a 6.45° miscut angle relative to the (111)
direction; repulsive step interactions resultin a narrow terrace width distribution centred
at 20.2 A with 2.9 A standard deviation. b, Co monatomic chains decorating the Pt
step edges (the vertical dimension is enhanced for better contrasty. The manatomic chaing
are obtained by evaporating 0.13 monalayers of Co onto the substrate held at T = 260 K
and previously cleaned by ion sputtering and annealing cycles In ultrahigh vacuum (UHY).
The chalns are linearly aligned and have a spacing equal to the terrace width.

chains
il

HAS @a.u)

a Monatomic b 1 monolayer

770 780 790 800 810770 78O0
Photon energy (g%} Photon energy (eV) Phaoton energy (eY)

790 8O0 810770 780 790 800 &10

Figure 2 Co X-ray absorption spectra for parallel (g ) and antiparalle! (u_} direction of
light polarization and field-induced magnetization. The dichroism signal (w, — ) is
obtained by subtraction of the absorption spectra ineach panel and normalization to the Ly
peak. a, Monatomic chains; b, one monolayer; e, thick Co film on Pt{997). The sample
was mounted onto a UHV varlable-ternperature insert that could be rotated with the
respect to the direction of the external magnetic field applied parallel to the incident
photon beamn. Spectra were recorded in the electron-yield mode at T = 10K and

40
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Soft X-ray Absorption and Resonant Scattering

1. Basics of x-ray scattering and absorption

2. Soft X-ray Absorption
Experimental Setup
Applications
- Chemical analysis
- Orbital polarization
- Magnetic Circular Dichroisn

3. Resonant Soft X-ray Scattering
Basics
Examples
- Verwey transition of Fe;0,
- Charge-Orbital ordering and Quasi-2D
magnetic ordering of La, ;Sr; sMnO,
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Correlated-Electron Materials

* Variety of fascinating macroscopic phenomena
* Tunable electronic and magnetic properties

B=0
R R R
B=15T
T T T
igh Temperature etal-to-/nsulator olossal
uperConductivity ransition agneto-Resistance

42
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charge ordering: spatial

ry localization of the charge
: carriers on certain sites
@ e
R/ v., 30 @ O
y A

spin ordering: long
range ordering of
local magnetic

moments @ﬂ @/ @ﬂ
s b
z &L

orbital ordering:
periodic arrangement
of specific electron

orbitals QJ@Q %

fw 0

Charge-orbital ordering in correlated electron systems

Lag sSry sMNnO,, PIEEERY La,/3Ca,,,MN0O;
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o e
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& O-@ O p «:}\Q:_; "»'\x ,r.}\’}'\.ll
< 3 ) -y@w¢'¢§@yyy
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(1995) (1996)

C. H. Chen et al. (1998)
La, . «Ndg ,Sr,CuO,
858888088 (11 ]

®
®
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J. Tranquda et al. (1995)

Small valence
disproportionation !

AQ/ Qi << 1
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Advantage of Resonant Soft X-ray Scattering

= ik = =aikeT
. ~Z<\P2p‘g-re W) (Wi |2, -7 |5, )
R ho—(Ey — E2p —il)
Unoccupied |‘P3d> —_— momentum transfer

Occupied
Valence-band

g=k'-k

- modulation vector

Narrow
u:z;"ﬁ?:.?r':,,{ =z *With hw=E; —E,, f. enhanced

dramatically and ordering of ¥,, focused.

Elastic X-ray scattering

1—(~' elastic scattering ‘/g‘ = ‘l;"
momentum transfer
hq = hk'— ik
q= 2ksin0:4—”sin6’
A
A volume element d3f at T wil

contribute an amount to the scattering
field with a phase factor g'd" .

scattering S = Z S(r. )e'q'rj Fourier transform of spin
form factor k ] : distribution.
Bragg condition:
d_O' o ‘S ‘2 g = modulation vector of
do q charge, spin, or orbital order
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X-ray magnetic scattering

kinetic energy

m-B

SO

/

int ch

N
ZA(r) +mCZA P —szZS Vx A—

Non-resonant l l

eh
mc

>ZS<

~
%XA)

o= 7 EIf[H, [ Blume, J. Appl. Phys. (1985)
2 27hc? e Y i ’
_h£ Vo mczj ‘ f‘zj“elq.rjsimf'xg
fmag ha)z -3 Gml 10 6
Resonant fcharge mc o,
for i ~ 600 eV
z<f‘Hml >< ‘Hml >| 5(E—E )
T h & E+he-g, |

47

Resonant X-ray magnetic scattering

electric dipole transitions
Hannon et al., PRL(1988)
.fmag = _lg(g ><8()).Z(F;l F;q—l)

As a result of spin-orbit and exchange interactions,
magnetic ordering manifests itself in resonant scattering.
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Resonant Soft X-ray Scattering

Charge-orbital ordering in manganite and magnetite
« Wilkins et al., PRL (2003)

e Thomas et al., PRL (2004)

* Dhesi et al., PRL (2004)

e Huang et al., PRL (2006)

CDW or charge stripes in cuprate and nickelate

® Abbamonte et al., Nature (2004)
« Abbamonte et al., Nature Physics (2005)
* SchuBler-Langeheine et al., PRL (2005)

Antiferromagnetic ordering of manganite
* Wilkins et al., PRL (2003)
* Okamoto et al., PRL(2007) 49

Soft X-ray Absorption and Resonant Scattering

1. Basics of x-ray scattering and absorption
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Applications
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3. Resonant Soft X-ray Scattering
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- Verwey transition of Fe;0,
- Charge-Orbital ordering and Quasi-2D
magnetic ordering AFM of La, ;Sr; sMnO,
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The Verwey transition of magnetite (Fe;O,)

B-site e=—414
Fe \v" 3
» Inverted spinel structure (cubic)

1/3: tetrahedral (A-site) Fe3*
2/3: octahedral (B-site) Fe3*, Fe2+

1st order
Fe;0, is believed to be a classic o' -
example of charge ordering. T

i 1 L 1 i L I L
80 100 120 140 160 180

Temperature (K)

Refinement of x-ray and neutron diffraction
c i e Charge ordering deduced
P ’f from the Fe-O distance.
o!?
—e—_¢ - Valence of B-site Fe:
A EQ 2.4 & 2.6 (rather than 2 & 3)
2a \ o
b : @ - (00 1);and (00 1/2),
v ¥ charge modulation along
o ® i the c-axis
Ol o ® 4
()
D) e S » _ _ _
— F Wright, Attfield, and Radaelli,
\L/// PRL (2001), PRB (2002)
B-site @ Fe2* @ Fe3+ 52
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LDA+U calculations: charge-orbital ordering
Jeng, Guo, and Huang, PRL (2004)

Leonov et al., PRL (2004)
® B Fex Fe3* Fe3+

@® B Fe* (6]
Fe3*

Fes3+

electron-poor Fe,O, cube
(3 B-Fe3*and 1 B-Fe?")

e, _“‘_H'.
T4 Breakdown of
. Fe2* ‘e ~ritar
N Anderson’s criterion
Bla can be explained by

the existence of
orbital ordering.

electron-rich Fe,O, cube
(3 B-Fe?*and 1 B-Fe3*)

(0 0 ¥2), resonant scattering at O K-edge of Fe;O,

Fe 3d (= O 2p
‘JJ" T I T I T I T
ré L hv=529 eV :
£  (00L) —O0— O 1s
2 + T The change in the structure factor
g with g=(0 0 ¥%), around O K-edge
E r is negligible:
= L. 1 |
0.496 0.500 0.504 iqer; iqery 2
| (free it foe )|
L (2x/c) 2, ~1

Correlation length £€=1/T = 900 A

| E_,{f.vr-f-"q'r-" +R-foe'"I)|2

R s the factor accounting for the
enhancement of the form factor due
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(0 0 ¥2), resonant scattering at O K-edge of Fe;O,
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Evidence for the ordering of
electronic states associated with
the Verwey transition. 55

Huang et al., PRL (2004)

Soft X-ray Absorption and Resonant Scattering

1. Basics of x-ray scattering and absorption

2. Soft X-ray Absorption
Experimental Setup
Applications
- Chemical analysis
- Orbital polarization
- Magnetic Circular Dichroisn

3. Resonant Soft X-ray Scattering
Basics
Examples
- Verwey transition of Fe;0,
- Charge-Orbital ordering and Quasi-2D
magnetic ordering of La, ;Sr; sMnO,
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Low-dimensional guantum magnetism

T

Mermin-Wagner (1966):
Pure 2D magnetic order
only exists at T=0.

2D quantum Heisenberg
antiferromagnet on a
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spin correlation
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Half-doped single-layered manganite
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Appendix: Basic of Magnetic Circular Dichroism in X-ray Absorption
Considering L-edge 2p,,=> 3d absorption, and ignoring the spin-orbit interaction
in the 3d bands, al . 2
o oc <l,m,|£-r‘],mj>‘
3d m 5 J 0 . 2 For left-handed circular light
]
1 & —ie. ?
o, < R(r) (Y, | —==Y, | j.m,
G,=2518 ! = Haliom)
c =5/6 radial part
L, :
2p = P Left-handed circularly
32 my= 3 iz 32 polarized light preferentially
excites spin-up electrons.
For light-handed circular light
. 2
£ +ic
o o R(r)*-|(Y,, ¥Yl,l|j,mj> m,= 2 1 0 -1 -2
2 '
Right-handed circularly 13\ 173
ized light preferentiall c,=5/6
polarized light preferentially + g I
excites spin-down electrons. L 18
m- 32 12 a2 o.=%

2

Al . m,; 2
O'OC‘(l,ml|8'r|j,mj> .
t = (sin O cos ¢, sin Osin @, cos H) L,
g-f=e sinfcosg+e sinfsing+e cosd =3

) m;= 3/2 E =12 -3/2
cos0=\[%7,,(0.) sin0-¢ =3[¥¥,,(0.9) N R )
£.3)= % D+ 4T, )

A [ag o EctiE &, tie,
e-r —\/T”( NG r,+ 72 Y +ng1,0)

—_ 2
o, < R(r)’- <Ylm %Ym J,mj> 13 =Ara D)+ E T )
. 2 2
o, < <Y22 é‘szlgy YLI |j :%’mj :%> :% Clesbsch-Gordan coefficients

. . . : Y,= Z(llmllzmz |[Lm)Y,.Y, .,

<Y22 ‘Yll‘ J=7.m; = E> = \/;<Y2.2 ‘Yll‘ Y11> = \/; mymy
. 2 L+,
& 18, Y, Y, = Lm,Lm, | Im)Y

O o« <Y2,0‘ \/5 = Yl 7]‘] = %,m/ = %> — # Limy * Lmy /:%2(‘ [y Eym, | m) Im

Yl,lYl,l :Yz,z Y1,71Y1,1 = \/%&2,0"' ~~~~~




2
am‘<l,m,|s~f|j,mj>

A fag o EctiE &, tie,
er= 55N +—7F Y.+l

2.<
Im

£ —ig,

NG

o, < R(r)

(1,

i
\/_

Y, |i=gm =)

o, o«

N < 21|Y11|J_% :;1>:\E<Yz,1|Y1,1|Y1,0>:\/§

Y Yo =37 e

2 1 0 1 2
|
ey
)RR

)=VE%e D+il% L)

A=V )

Clesbsch-Gordan coefficients

Y,

Lim,

Z(Z mll m, |l m)Yllm, Lymy

mym,
L+l

lmz Z(lm l m2 |lm)Ylm

1=l 1y

Tﬁg o o

my= 32 12 -2

O'OCR(’”) <_igx\;§ 11|j: >
o, x <Y22 TYM Jj=3.m; :%> =1
<Yzz|Y;1| % _%>:<YZI|YI,1|YII>:1
2
&, —ie, )
oo =t =] <

"'<21|Y11| % :;>:\/%<Y2,1|Y1,1|Y1,0>

Y Yo =AY, e

-

& —lig

Tyx,1|j:%amj:?l>
Yoo ¥l j=3.m, =1 = 5 (¥, | ¥, [ %) =&
=

o, <

2,0

M

m; 3/2

li
22
éi
22

=1

if
22

172 -1/2 -3/2
SR N B )
= 3% D)+ A7)

= VA D)+ L)

Clesbsch-Gordan coefficients

Y,= Z(llmllzmz |l’m)Y11m,Y

Lymy
iy
L+l
Yllml lmz Z(Z m l m2 |lm)Ylm
I=| 1|
— — 1
VG =Ya, Y Y= e

33



