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Soft x-ray: 250 eV ~ a few keV

Interaction of photons with matter:

Photoelectric effect

Photoabsorption

Scattering/diffraction

e |attice structure: arrangement of atoms

e electronic states

* magnetic order

e excitations (electronic states or phonons)
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Absorption

corelevel ;o Photon energy

Solid L{

/ Band resonance +
atomic multiplet

Absorption

atomic
background
core level | Photon energy 5

Photo-absorption Z—g o ZK\Pf.‘A-P\l}li}r 5(E,—E —hv)
If k-r <<1, Dipole approximation: e*" ~1+ik-r~1
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Dipole transition
Absorption probability: 1/ = 277[‘Mij‘zé'(if?a)—Ef +E) Mij oc <f‘8 . f"i>

¢-T=e sinfcosg+e, sinfsing+e, cosd
t = (sin @ cos ¢, sin Asin ¢, cos A)

cosO=\*2Y,,(0,4)  sin@-e =F,[Y,,(6,¢)

e i " <‘//I',m“Yl,i1 '//I,m>¢0
g&-1= V4T”( :/E - Yl,l + X\/E\ Yl;l +ng1,0) when
Dipole allowed transition 2p = 3d: Am=m'-m =zl
Al=l"-1=1
5 n+l 6 n
M, o (2p3d 2p°3d")
L. circularly polarized: R. circularly polarized:
Am=+1(." 1, Am=-1(C."Y )

Dipole allowed transitions :

IS - np K-edge XAS can be accurately

described with single-particle E
methods. ;

%=.=.=.=.=.= 3Py, 312
M, —@0— 35
2p—3d L-edge XAS: the single-particle M’\"'\,\
approximation breaks down and L, oo P12
the pre-edge structure is affected
by the core hole wave function. The
multiplet effect exists.
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XAS

XAS

*Two absorption “peaks” from 2p = 3d:
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0.4+ g -t eAbsorption cross section is proportional
to numbers of d holes and density of
0.2 < states in the core level.
0ol __J | *L-edge XAS provides information
' | | | on the chemical state, orbital
) ) ) ) symmetry, and spin state of
700 720 740 materials.
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Each element has specific absorption energies.
“finger print” > element specific spectroscopy



In transition-metal oxides

Unoccupied
Valence-band

* soft x-ray absorption &

scattering:
(o] ied
\Ialecr?:eiz:fand TM: 2p - 3d
hv
0’.
", » direct, element-specific
* . .
‘A o probing of electronic
Eaf—— s
Narrow structure of TMO
core-levels

(long lifetime) m 2

Experimental Setup



Measurement of Soft X-ray Absorption
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Photoexcitation and Relaxation

Photoelectric Fluorescent x-ray Auger electron
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Auger electrons
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Photoabsorption
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Kinetic energy

Measurement of Soft X-ray Absorption

total electrons
Incident light (40 ~ 50 A)
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L-edge XAS provides information on the
chemical state, orbital symmetry, and spin
state of materials.

Magnetic Circular Dichroism
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Polarization of Synchrotron Radiation

_ ) Left-handed
Linearly polarized circularly polarized

Right-handed
circularly polarized

19

Soft X-Ray Magnetic Circular Dichroism in Absorption

$ ¢
For 2p,,,~>3d R L —>3d
Right-handed circularly For spin up,
polarized light ) 3d
preferentially excites
spin-down electrons. left-handed 5/3
right-handed
LEFT-handed RIGHT-handed
circularly polarized circularly polarized

X ray K ray
Left-handed circularly For spin down
polarized light A >
preferentially excites g ¢ d

in- lect . Py, &8 e

spin-up electrons ":: -0t left-handed . 3/5

right-handed
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Soft X-Ray Magnetic Circular Dichroism in Absorption

W T T T T 7T

¢4 E
For 2p,,,~>3d § 8
Right-handed circularly =
polarized light ) 3d £
preferentially excites -Té 1
spin-down electrons. 8
2
. 760
cimlah‘::xrni!:: Eil::Tl;:la]n::l‘lri:ul Orbltal moment oc (A'B)
X ray X ray .
Left-handed circularly Spin moment o (A+2B)
polarized light Xes > E u ]
preferentially excites “ d £ : - _jﬁ 1
spin-up electrons. 2, AL g r ]
—i— —] A -
" ' ® MCD=o, -g_
. . . 8 1
is defined as the in g 5[ ]
absorption intensity of magnetic ﬁ al
systems excited by left- and right- o T e
handed circularly polarized light. Photon Energy (ell)

Soft X-Ray Magnetic Circular Dichroism in Absorption

Soft X-ray MCD in absorption provides a unique
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.

22
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Element-Specific Magnetic Hysteresis Measurements
A New Technique for Studying Interlayer Magnetic Coupling

hv L 7
Chen et al.,
PRB 48, 642 (1993)

Tri-layer
system

Conventional Hysteresis (
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Ferromagnetism in one-dimensional

monatomic metal chains

I’ ‘Gambardella*, A. Dallmeyert, K.lﬁiﬂ"‘ M. C. Malagolit,
4 K Kern*s & C.

Nature 416, 301 (2001)

Two-dimensional systems, such as ultrathin epitaxial films and
! display gr properties distinct from bulk
materials', A challenging aim of current research in magnetism
I! : to explore structures of still lower dimensionality*™*. As the
lity of a physical system is reduced ic ordering
tends to decrease as fluctuations 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 prohibiti -
netic order at a finite temperature™”, T|||.M. ||md=|b. however, do
not take into account kinetic barriers to reaching equilibrium or
interactions with the substrates that support the one-dimensional
nanestructures. Here we demonstrate the existence of bulh short-
and long-range fer ic order for di ional mona-
tomic chains of Co constructed ona Pt substrate, We find evidence
that the monatomic chains consist of thermally Mluctuating seg-
ments of ferromagnetically coupled atoms which, below a thres-
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Figure 1 STM topographs of the Pt997) surface. a. Perlodic step structure (each white
ling represents a single step). The surface has a 6.45° miscut angle relative to the (111)

heold temperature, evolve into a fi I

ordered state owing to the presence of anisotropy bnrnrrs The
Co chains are characterized by largc Incallr.cd orbital moments
and correspondingly large Py ies com-
pared 1o two-dimensional flllm and bulk Co.

direction; repulsive step interactions resultin a namow 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 (UHV).
The chains are linearly aligned and have a spacing equal to the terrace wigith.
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Figure 2 Co X-ray absorption spectra for parallel (.} and antiparallel {w_) direction of
light polarization and field-induced magnetization. The dichroism signal (p, — w_}Is
obtainedby 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 variable-temperature insert that could be rotated with the
respect to the direction of the external magnetic field applied parallel to the incident
phaton beam. Spectra were recorded in the electron-yield mode at T = 10K and

2. Resonant Soft X-ray Scattering

Introduction
Basic of resonant X-ray scattering

25

26
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Spin, Charge, and orbital ordering
of correlated electron systems

La, sSr; sMnO,

@09 Mo
G M

Murakami et al.
(1998)

Moritomo et al. Sternlieb et al.
(1995) (1996)

C. H. Chen et al. (1998)

La, ¢.Nd, ,Sr,Cu0,

000000088 000008 modulation vector k = 2w/A
SRRISIBES (1 lel 1.1
ol lol el lol le] S8088®
1 SRR RES (1 lel T 1 ]
444 Small valence

L@O@OQO@O@ 880888 CHS

S98988888 SS0OSSSOS® disproportionation !
S85988888 SSOSSSOS
J. Tranquda et al. (1995) AQ/QtotaI <<1 27

Elastic x-ray scattering

momentum transfer

hq = hk'— hk

q =2ksin@

=4—ﬂsin0
A

scattering form factor

3— -
Avolume element d°T at I wil contribute an = _ =\ IO,
amount to the scattering field with a phase factor e|q~r . fq = Zp(rj )e
i
do oc f 2 Fourier transform of
dQ q charge distribution.

28

14



Resonant scattering

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

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

{g dispersion corrections
f '

2 2 2
o (0" - o))

@ —ay +(ary
A 1 - o’ ol
: - (@ —w})* +(al)?
J \
R S—— Absorption 4
ha)o Photon energy o= _TIm(f)

29

Advantage of Resonant Soft X-ray Scattering

= oaik'F = epikT
f Z<‘P2p‘g- X ) (P | & e W)
res :
ho—-(E,,—E, —IT
Ano) 3d ( 3d 2p )
“I’3d> —_— momentum transfer
Unoccupied > A : — —
Valence-band § ¢ : q — k LU k
Occupied i, —_ § ; —
Valence-band : H ' &
e k’ 80 : : k » € 5 modulation vector

v,,) N 2

MNarrow
uéﬁ;"i.'é“‘?n'?e.{:—?izp * With 70 =Eg4 —E,, fi is enhanced
dramatically and ordering of ¥, is focused.

30
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Resonant X-ray magnetic scattering

electric dipole transitions
Hannon et al., PRL(1988)

res . 3/1 * A
l T \fmag:_l_(8 XSO)'Z(FI,I_E,—I)

< Am, = =1 Amy =1 A —

As a result of spin-orbit and exchange interactions,
magnetic ordering manifests itself in resonant scattering.

Resonant soft x-ray magnetic scattering:

*Cross section comparable to that of neutron
scattering.

*Good ( resolution (Aq < 0.0005 A1)
*Spectroscopic information.

sLimited to a small k space, less bulk sensitive.

32



Setup of Soft X-ray Scattering

UHV two-circle
diffractometer

33

Examples:
Magnetic Transition of a Quantum Multiferroic LiCu,0,

34
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Magnetism: ordering of spins

T
bEEEE p4ded

Magnetization can be induced by H field

Ferroelectricity: polar arrangement of charges

> TTIT i+

.\"/ [ D I 1 I 1 Electric polarization can
/j HEEE 111} beinduced by E field
s D T

35

Magnetoelectric effect

Induction of magnetization by an electric field;
induction of polarization by a magnetic field.

- first presumed to exist by Pierre Curie in 1894
on the basis of symmetry considerations

Multiferroics: materials exhibiting ME coupling
Cr,0,
BiMnO,

) However, the effects are typically too
BiFeO,

small to be useful in applications!

36
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Two contrasting order parameters

Magnetization: time-reversal symmetry broken

= -t M=-M
P — P v o

Polarization: inversion symmetry broken

F=>-7: P=>-P, M =M
P=g7F

37

Recently discovery in the and
of antiferromagnetism and ferroelectricity
in frustrated spin systems such RMnO; and RMn, 0.

(R=Tb, Ho ’ "') TbMnO,: Kimura et al., Nature 426, 55, (2003)
TbMn,O.: Hur et al., Nature 429, 392 (2004)

ﬂﬂ::> revived interest in “multiferroicity”

Magnetism and ferroelectricity coexist in
materials called “multiferroics.”

*T . <Ty
 Ferroelectricity is induced magnetism.

38
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Electric polarization reversal and
memory in a multiferroic material
induced by magnetic fields

N. Hur, S. Park, P. A. Sharma, J. S. Ahn*, S. Guha & S-W. Cheong w

TbMn,O;  Nature, 429, 392 (2004)

¢ 3 transitions on cooling.

2

P (nC/cm )

1 1 1
0 1,000 2,000 3,000 4,000
Time (s}

30F
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1 kHZ
warming
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1T
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7T
9T

E, //+b :
H//a (ZFC) &

0
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T (K)

Quantum multiferroic magnet LiCu,0,

Qausi-1D spin % chain:
eCharacterization of the ground state?

*Multiferroicity
(Park et al. PRL98, 057601; Seki et al., PRL (2008); cond-mat 0810.2533

orthorhombic, Pnma
a=5.734 A,
b=2.856 A,
c=12.415 A

40
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(0.5,1-£,0) intensity (arb. u.)

@ @ ® @

POC eX(Sn XSnH)
along the a axis ?
Masuda et al., PRL (2004)
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C (J/mol K)
S

s

0 10 7 20 30

Two transitions ?

Masuda et al., PRL (2004)

._
0174 o s
Yo7zl G= (1/255,‘(;}

8 Ui, LiCu,0,

6+ T =22.3(0.6) K
200 : :
=1 q=(0.5.k,0)
44 Z1s0f T=2x 2
g [
8 100 I
2 j |
2% s0 &
2 | et b :
0.78 Uﬁﬂ(rl E;ﬁt 0.80

0w|w\--l;l

0 5 10 15 20 25 30
T(K)

q=(1/2,¢,0)

in units of (2£,2%,2L)

b0 e
41
f =3 5 . r r 3 =}
x107] T T x10
' | L (¢) LiCu,0, I !
it g
= :
(=] =
£ E
= £
5 o S
N~ L =
1+ >
| 05T =
oL ® . [,
sk D g, = ras0kvim
I 9.05
—
E 49.00
U 0 -
3 /_. 1w
n: : _/_,/ _895
-5:— E_=-450kV/m orT -890
i 1 i L i
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Temperature (K)
Seki et al., PRL (2008)
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S T LiCu,0, (100)
W single crystal

Intensity (arb. units)

Resonant soft x-ray
magnetic scattering

0497 0500 0503 0172 0174 930 eV :
q¢.(2n/a) 4,(27/b) ANANANAAE

Correlation length & = 1/HWHM
T=10K: & =690A &, ,=2100A

43

0505 T
d, (2p/a) U.SUU;—D—"——D--—OMTEGJ@ -

QAR & o pryerer 6 6 0 5k 5 N BB @ el

"' non-zero scattering
intensity above T

§=1/2.5.0)

0.173

0.172
q, (2p/b) 7t 1
0.170F
0.169 1 !
10 15 20 25 30

Temperature (K)

Masuda et al.,
PRL (2004)

OI5'1O'15'2O'25'3O
T(K) 44



Intensity (arb. units)

'.|h(A]

]

(A)

e

S LI W_ on.set of tffe long-range
at ] {1 spin ordering and
Jf 9=W@aD) N\ ] induced P
I : H A -
ol | mtenSITy I i : et |
1600f 4_,,./" '——— transition temperature
108 [l - of the precursor phase
800f &,,:in-plane -
400F correlation length i ’
0: Lo e @ gy g e p B g by 7 I
SB0OF T~ T T T vy 7T r 7T v o
700/ .
eoor lation length 1 : iy
: correlation len R Bt G
20 Eiongthe c-axis ¢ 1 70 e
40k v o ooy ooy .. '8 ] cleaved LiCu,0,(001)
10 15 20
Temperature (K) SW Huang et al., PRL (2008)
5x10° ' T ' | — T T T I
() (b)
4 L 4 | = T=2425K i
_ | fitting sum |
22 ]\ X 1200 ....... j_‘i[[u]g _l
3 r o N fitting 2

Intensity (arb. units)

0

0.64 0.66 0.68 0.65 0.66 0.67 0.68
_ -1
Dan (A l) Jab (A )
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Intensity (arb. units)

Correlation Length (A)

q.(2m/c)
0.98 1.00 1.02

T T T ¥ T ¥
24.25K

24.5K

1 G=(4,,.)

*There is an in-plane
short-range AFM
ordering above T,

eextension of the
zero-temperature
AFM ordering

| espin coupling
along the c axis is
essential for

Mw—w
s At A P A
PR | | v | 1 | L | —— 1
0.49 050 0.51 0.52 0.53
(JIL‘(A_]] qnh{A_l)
T(K)
25.0 26.3 27.8 294
100 F— : . . 5
SF .
aF
aF \

[¥]

10k ® correlation length ()
g — fit, Efa = Ee™"

oF £, =0.00129, p=3.199 Ll
p =IS(S+1), with S=1/2, == J=4.25 meV $
2k 1 1 1 1 H
40x10° 38 36I 34 32
T (K

0.64 0.65 0.66 0.67 0.68 0.69 inducing P.

47

Above T, in-plane
correlation

g(T) oc eZﬁpS/kBT
2D renormalized
classical behavior

average
J~4.25 meV

*The spin coupling along the c axis is essential for

inducing P.

48
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Thank you!

49

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, N 2
<l,m,|£-r‘],mj>

O oC

3d m, - For left-handed circular light
1

-2

2
&, -

\/Eigy L |j ’ mf>

o, < R(r)z : <Y;m
o _=5/ 6 radial part

c,=25/18 !

2P, b STy Left-handed circularly
S polarized light preferentially

excites spin-up electrons.
For light-handed circular light

. 2
+1&

g\' v . m, = _ _
oo ROY (T |= = Y| fom ) ‘2 L0
Right-handed circularly V] W
polarized light preferentially 0,=5/6 1

excites spin-down electrons.
P L — = = = c_=g(§/18
3/2

my= 32 12 -2 -
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o (l,ml|s-f|j,mj>‘2
r= (sianos @,sin @sin @, cos 0)

g-T=e sinfcosg+e, sinfsing+e. cosd

cos@=/4Y,,(0,4) sinf-e =3[V, (0.4)

4 —&,HiE, £ +HE,
=55 5 hately)

(,m

o, < R(ry -

2
oc <l,ml|s-r

jom;)

A [ag mEcHiE, £ e,
g&r= \/Tﬂ( NG Y1,1 + NA Yl,—l +ngl,0)

g Fig, .
O, x R(r)z ’ <Y;m T}Yl,il J’mj>
. 2
£ —ig )
o «(1, TyY],1|J =3.m; :_71> =3

(VY= 2my =) = E Y YY) =8
Y1,1Y1,0 = £Y2,1+ .....

& +l€

7 hali=tm =3)
<Y2ﬁl ‘Ylﬁl ‘ i= %’ m; = %l> = \/g<Y2,—1 ‘Yl,—l ‘Yl,0> = \/%

Y Yo =AY, e

L,

J=3/2

m;= 32 172 -12 -32

=) B
[3:3)= 3% 1)+ 37 )
[3:3)= V1 T+ 310 )
Clesbsch-Gordan coefficients

Y,= Z(llmIZZmZ [Lm)Y Y 1,

mym,
L+l

YI,m, lzmz Z(Z ml 2N, |lm)Ylm
1= -1

Y1,1Y1,1 :Yz,z Yl,—lYI,l = \/%%2,0”‘ ~~~~~

m, = 2 1 0 -1 22
<
| o o ]
.-° .
L3 o ‘. ”
17184 1/3 1"
.". -‘. ¢

3.8 =2 %0 1)+ H 7, 4)

3,59 =A% D)+ 4)

Clesbsch-Gordan coefficients
Y,= Z:(llmllzm2 |L,m)Y,,Y,

mym,
L+l
Yllm, lym, Z(Z ml m2 |lm)Ylm
=41
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mp= 2 1 0 -1 22
13 [ 118 ' 13 \13 \1/6
L3
J=3/2 J=3/2

m;= 3/2 1/2 1/2 3/2 my= 32 12 -2 32

R 518 Y. |j,m
o, < R(r)* (Y, l-g‘/i 11|J > X 11.4)=x, 1) 12,2) =% 4)
o e Bl =g Rl =dom =3 =Ly ey
(Vo |¥, | =2m; =3) = (¥, | %, |¥,) =1 At
. 2 13.3)= Mo
& —i€
O-+OC<Y2,1 - lel|]:%’mj:%> :%
2 Clesbsch-Gordan coefficients
(G| Kl i =3om; =) =5 (0] Y Vo) =5
R o Y= > (mbm, |[Lm)Y, Y,
1L 2 N mym,
. 2 14l
O-+ o <Y2,0 x\/lgy 1,1|j:%’mj :%1> :% YI,m, lzmz i(zml m2 |lm)Ylm
=41
(Voo B =30m; =4) =5 (0o ¥, |1 2) =
Y;,IYI,—] :\/%Yz,o"' ..... Y Y, =Y,, Y_Y, =\/%¥32,o+ ~~~~~

X-ray magnetic scattering

kinetic energy mB SO
/ N7 oA h
Ho =55 ZA(r) +mCZA P ZmCZs VXA—;; Zs (7XA)
Non-resonant l l
o'oc—< ‘H >| Blume, J. Appl. Phys. (1985)
h int
27 (27hc® e ) igr (o, . . ho 0 1\ ’
" h | Vo mc (FI2e™ i) & cz<f|zj:e s;[i)-e'%e
J
ENh_a)z~lof3 %’\/10—6
Resonant fcharge mc o,
<f|H >< |H >| for hw ~ 600 eV
int int E—E
B LG
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