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About this course

“To explain the physics underlying the production and
exploitation of X-rays with emphasis on application in
condensed matter and materials physics”

1. Sources of X-rays
2. X-rays and their interaction with matter: scattering
3. Refraction and absorption of X-rays

4. X-ray imaging



X-rays and their interaction with matter
About this lecture

Scattering amplitude
IS a tensor

A=¢€"f"¢

f=">T,exp(iQ - r).

1. Cross-sections and scattering lengths
2. Semi-classical description of elastic scattering
« Thomson scattering
« Resonant scattering
« Relationship between scattering, refraction and absorption
3. Compton scattering
« Kinematics
« Klein-Nishina cross-section
4. Quantum mechanical treatment
* Non-resonant magnetic scattering
« Resonant scattering from multipoles



X-ray Magnetic Scattering

(1972) X-ray Magnetic Scattering

Tupe source: Counts per 4 hours!
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NiO, de Bergevin and Brunel (1972)

(1985) First Synchrotron Studies

Holmium, Gibbs et al. (1985)
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(1985) First Resonant Scattering

Nickel, Namikawa (1985)
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Scattering Cross-sections

I
/ I scattered beam intensity [particles/s]

4 AQ
Incident beam flux

AQ element of solid angle [(Area)/(distance)?]
®=I,/(Beam Area)

vy

w

Al

Target

Quite generally we expect

[, =®, x AQ X Scattering efficiency factor = @ x AL X [j—g}

This defines the Differential Cross - section

Ne

Incident Flux x Detector solid Angle - D AQ

dQ

The Total Cross - section is obtained by integrating over all solid angle

= j[j—gJ dQ

This Partial Differential Cross - section

( do j _ Number of particles scattered per second into detector [

( do ] _ Particles scattered per second into detector in energy window dE ;

d2E, Incident Flux x Detector solid Angle X dE,



Photons: Basic Properties and Interactions

Photon Neutron
Charge: 0 0
Mass: 0 1.675 x 10?7 Kg
Spin: 1 V2
Magnetic Moment: 0 -1.913
Scattering lengths:
Sensitivity to r,=2.82 x 105 A b~r,
Structure: (E field photon and e) (Short range nuclear forces)
Sensitivity to ro,(hw/mc?) Bmag ~ To
Magnetism: (E, H field photon and e and pg ) (Mn-Baipp)
Resonant 5
Scattering: 100 r,! r = 1 e - =2.82x10"m

dre, mc



Scattering of an electromagnetic wave
Semi-classical treatment

Number density

o< ‘Er-adlz /h.w'

Poynting Vector: S=—EXB = S=c€0E2 o o
H, T o

Units: Energy/s/unit area I c

o I x ¢ (R?AQ) |Braal® /T

iif_ . -Isc - |Erad'2R2
d$) (I)()AQ IEi'n |2

‘ .‘ / :

____-4 .

Scattering
®y x ¢ |Ep|* /hw Object




Radiation from an accelerating charge
Electric dipole radiation

( a) E rad

o _?fax(t’)sin‘P N %ax(t’)(é‘ &) wheret’=t—R/c

The acceleration of the charge is given by

—eEe ™ —e_ | —e_ y
a,(t)=—=2 =—E, " =—E, " whereE, =E e
m m m
E (Rt e’ \e™ .
rad( ) oc | — (8 8/)
E, m) R
(b) eikR o
—_ ’
=-r 7 |8 -€’|  from exact treatment

4re mc’

2
n = [e—] =2.82%10 " m




Thomson cross-section

Scattering from the charge of a single, unbound electron

Scattering length: L
_

phase shift of 7 on scattering (refractive index, n <1)

Q

. k
Polarization dependence:

dG e 2 e \\
E:r0|8'8 =nP \g
with 4,—"“'"
o | | [IZ ]
667 =1 Synchrotron: vertical scattering
A Ap2 ' .
p=|é-& 2 |m-'| =cos’(26)  Synchrotron: horizontal scattering

1
5(1 +cos*(20)) Unpolarised source

Total scattering cross-section:

2> = 47rr02%

o, = Z—gdg =4z (|&-&




Diffraction: Two point scatterers
Definition of the scattering vector

Elastic scattering

incident % scattered
plane wave plane wave
k=27/\ K>=27/\
r
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" Total path length difference: /, +1,

L,

Total phase difference: 2775 (1+L)=k-K')r=Q-r

Scattering vector Q=k-k’



Diffraction: Two point scatterers
Amplitude and intensity of scattered beam

Scattered wave from origin: v, (x) = Ae™ ™
Scattered wave fromr: W, (X) = YK X QT

Total amplitude: v, = v, (X)+y,(x) = 4e™ ™ + 4™ "

. 2 * 2
Intensity: [ = ‘l//t‘ =y, =24"(1+cos(Q-r))
Scattering triangle
incident scattered
plane wave plane wave
k=2n/A \/ K’=2m1/A

\‘~
-~
‘*

Q=47ﬂsin(¢)/2)



Scattering from an atom

unbound electrons

Discrete system: scattering amplitude A(Q) =-— ”02 o2

J

Continuous system: AQ) =— roj p(r)dr Q" p(r) : number density of scatterers
X-rays
Atomic form factor defined by  f °(Q) = j p(r)dr 0T

Q) - Z asQ =0
Q) =0 asQ — oo
Formally, the atomic form factor is the Fourier transform of the atomic electron density
Example: 1s hydrogenic wave function
1 -rla 0 1
v, (r)=——e = [,(Q)=
1 /71'613 1 (1+ (Q7)2)2
2
Neutrons
For neutrons  p(r)=0(r) and j5(r)dr e =1

Witha:aO/Z

X-ray charge scattering: decrease of scattering intensity with increasing Q
Neutron nuclear scattering: no decrease



Atomic form factor of Hydrogen-Like Atom

Is Wavefunction Form factor

Wavevector transfer an



Scattering cross-section from a crystal
Laue condition

lattice

. ‘O-R .
For lattice sum: 2 e’ ¥ large number of terms means cancellation unless
Rl’l

special condition 1s fulfilled where they all add up. This condition requires that
Q-R, =27 Xinteger

This condition 1s met if Q =G a reciprocal lattice vector since

R, =na, +n,a, +na, and G = ha, + ka, +/a; where the primitive reciprocal

lattice vectors are defined by a, -aj. =270, = G-R, =27n(hn +kn, + In,)

All unit cells therefore scatter in phase when

Q=G Laue condition
2
lattice
Can show that 2 et =N V:Z 0(Q-G)
R, G
dG Crystal )
Thus [dﬂ) =NvY, |FQ) 6(Q-G)
G

unit cell , unit cell _
Unit cell structure factor F™Q)=r, 2 Pf.(Q) gl Fremon () = 2 b, 0"

I r;



X-ray Resonant Scattering

Dispersion corrections
From electrons bound in atoms expect:

fQo)=f Q)+ f(w)+if"(w)

Forced, damped oscillator model

) . » _ [eE)) i [ e Eoe_i“”
¥ +Ix+tox=—-— e =x(®)=|-—— > >
m m (a)o -0 — ia)F)

2 2 2 2
, o (W —w)) , — ol
fs_ 0 0 f: 0

(@ - @) (@ - wl) + (@)

10° o' L0’
Photon energy [keV]

Dispersion corrections

O/ i
s —405 7 2
10 L0 10

Dispersion corrections Photon enctgy [keV]



Resonant scattering in crystallography
Breakdown of Friedel’s Law

Non-resonant (a) (b)
AQ)= 0+ 12
— [(Q) — (f10)2 +(f'20)2 +2]p10](‘20 COS(Q)C) k -,.,..‘.:‘"E ;:.:._; k
L 1(Q)=1(-0)
Resonant = -; OB S |
\K“/ —»

fo=f+f +if =re® S
A(Q) =re” +r,e”e™™
= 1(Q)= 17 +r; +21 1, cos(Ox—¢, +¢,) K
cos(Ox — @, +¢,) # cos(=Ox — @, +¢,)
S 1(Q) #1(=0)

Dispersion corrections reveal absolute atomic configurations:
route to solution of phase problem, enables MAD, SAD, etc.



Relationship between scattering and refraction

Electric field E(¢)=> P(¢) (electric dipole/V)
P(t)=¢e,xE()=(e—¢,)E()

where

P(t) =

—Nex(t) _ ( e j E,e
= — [)y=— —_—
1% pex(t)==—pe (a)g —w’ - ia)F)

m
2@:8—802(621)J 1
E(t) m )(w? - @* - iol)

The refractive index is defined by

,» _C _ &
n - — - -
LN 10
’ 1
—Sn =1+ ¢p ; :
E,m (a)o -0 — ia)F)
-6
For X-rays, o > w, > T s
1 ? 2
nzl——[ e pzjzl_ n;z)ro
2\ g,mo k e
10
n=1-06+if Since p = p_f(0)
-10 ' ! ,
e 5 10 15 20 25
5= 2mp, 1, (f0 (0)+ f’(ha))) = 2np, 1, [ (ho) Photon energy [keV]

k’ k’



Relationship between scattering and refraction

Resonant scattering

f(Q.hw) = f2(Q) + f(ho) +if (ho)

op [8wr2/3]

Rayleigh scattering

Total scattering cross-section

Visible light

Refractive index

n=1-06+ip

[—

Real part of
refractive index, »

27tpar0

S=(f )+ 1)

ﬁ f{znparoj

Imaginary part of
refractive index, n

10" 10 0
Photon energy [w /fwo]

(c)

Thomson scattering
X-rays

Scattering and refraction: different ways of understanding the same phenomena



Relationship scattﬁring, refraction and absorption

eikz e'i’nks = ei(l_d)k 6—,81(3
>-
Amplitude: e #*/?
Intensity: e #7
>
n=1 n=l1-0+if : o= ap=L
n— _ g _ 2 ot
21p, (") + f)r 2mp f7r
n:1—5+lﬂ 6: pa(f() f)O ﬂ:_ L
k* E

Absorption coefficient u defined by 7 = 1 ¢ and
absorption cross-section o =/ p,

2
f/l - _ k H - _ k G
2np 1, | 2k drr, ) ©

Absorption is proportional to the imaginary part of
the forward scattering amplitude (Optical Theorem)




Compton scattering
Kinematics

~

ol ospEEEE

Scattering angle 1



Compton scattering
Klein-Nishina Cross-section

2 ’
) [(1+coszl//)+g_f

dQQ 2\ &

mc

do 1 (5'

(1-cos l//):| unpolarized source

1000 keV

50 100 150

Sacttering angle, ¢ [Deg.]

When & <« mc® (=& —E)
or ¥ — 0 we recover the

Thomson scattering formula

do 1’ 5
— =—(1+cos
PR V)



X-rays and their interaction with matter

(a) Electric Dipole —
Electric Dipole

(b) Electric Dipole —

Magnetic Quadrupole

(c) Magnetic Quadrupole —
Electric Dipole

(d) Magnetic Dipole —
Magnetic Dipole

(e) Electric Dipole —
Electric Dipole

(f) Lorentz Force

Adapted from de Bergevin and Brunel, 1981



Quantum mechanical description of scattering
Theoretical Framework

Task is to determine the differential cross-section: / Iy
do | _ Number of particles scattered per second into detector AQ
dQ Incident Flux X Detector solid Angle

__W
D, (AQ)

"L y vy

The transition rate probability W to 2nd order

2
LS ULAULDY J I(c/‘*i Eg ) ple)
Interaction Hamiltonian /7 : describes interaction between radiation and target
Density of final states //

p(Sf)de =p(kf)dkf
Box normalisation implies
— 2
p(é'f)dgf —p(kf) k;AQdk
dk
Y eafs

p(Ef):(znf 17 de,

To first order

do _ 1 K> dk Vol V
( j_ Kf‘HM o7 K dgf olume




Quantum mechanical description of scattering
Theoretical Framework

do) 1 2« 12
(92 )= o 2ol f o

For photons, ® = c¢/V and E =Tfick
d V2
)=

do vY & ,
(M]:(Zn) e (7l

which for elastic scattering becomes

d v o1
93] =[x ety
elastic




Quantizing the Radiation Field

Classical energy of electromagnetic field (free space)

_ dA
5ad-eOJE-Edr with E =—="

Most general form for Vector potential A 1s as a Fourier series, of which
one term 1s:

A(}",t) = Aoé[akei(k-r—wt) + aze-i(k.r_wt)]
Therefore

h
2e,0V

E =2ew’Ala,aV =hwaa, if A =
c.f. Harmonic Oscillator

&

sho

=hw(ala, + %)

Suggests radiation field is quantised like an harmonic oscillator with

ak‘n>:\/ﬁ‘n—l> and aﬁ‘n>:\/n+l‘n+l>

A(}" t) ZZ 28 wV |:Cl el(k r-ot) 4 Cl e l(k-r—(ut):|

Vector potential is LINEAR in photon annihilation and creation operators




X-ray Scattering: Interaction Hamiltonian

Single Electron in an electromagnetic field (ignore magnetic degrees of freedom to start with) :
2

H= +v

O 2m

Canonical momentump — p+eA with B=VxAandE=-V¢—- A

A‘ 2A2 2
H —H +=L° = |H =| — [A>+| = |A-p
m 2m 2m m
%/_/
H Hz

1

Non-magnetic, Non-resonant scattering

Ist order : W=2%<f‘Hl‘i>‘2p(5f)

e’ e
H =| S a2+ 4 |a
! [ij (m] P

Initial Final
la: k. o> la: K. >



Thomson (Charge) Scattering
’ ¢’ 2 ’ ¢’ 2 e’h A A
<a;k ,,B[szA a;k,(x>=<k ,,B[zm]A k’a>:(2meOVa)] €, k8.

Charge
o __ W __ s
dQ D, (AQ)

Differential cross-section for an array of atoms
2

do oA 0.
[dﬂj:”oz(g -€) g,fso(Q) e’
£2(Q) is the atomic form factor and r0=[ e J= 2.82 x10°A
47[801116

U

Polarization factor refers to E field may

be written as \ 4

£ =0 §=m

<

(&€ —

™M>
= >
Il
Q

~
~N

1
0 cos 20

™M>
1
S|



Interaction Hamiltonian
X-ray Magnetic Scattering

Single Electron in an electromagnetic field :
2

H=L +v

O 2m
Canonical momentump — p+eA with B=VxAandE=-V¢- A
+

Zeeman Interaction :
h
H, = g/,lBs-B=%s-V><A

+

Spin - Orbit Interaction :

1 1 E xv eh eh

H =——m-B=— S - — s-EXp=

SO 2 2gl'lB CZ 2m2C2 p (2m2 2
e’h :
x—(zmzcz s-(AxA)
H = i Al + E A-p+ ﬁ s-VXA- ¢h s-(AxA)
! 2m m p m 2m*c?
—_ ~~ / ~ - ~ _
H1 Hz H3 H4




Non-resonant Magnetic Scattering

2 A2
tstorder : W ==L((r|m[i) (&)
2
wo2mis L )l
2nd order : W—;Zﬂl E_E p(f!f)
Initial Final
la: k. > la; k™. B>
Ist order:
H = i A+ — |A-p+ eh s-VXA- e’h S (AXA)
! m m m 2m’c?
2nd order:




Summary: 1st Order Scattering Processes
e’ e’h .
H, =) s (lixa)
Thomson scattering 2m 2m’c

e’ 2 e’ 2 e’h A A
a,k’,Bl| — |A — A7 k,o) = E &,
< B(Zm 2m > 2me Vo ok Pk

Charge
do =_W =r’|& &
dQ D, (AQ) 0
Magnetic scattering

<a;k’,ﬁ—( e?zjs.(AxA)

2m’c

a:k,0) = (k.

2

. n? A A
R b IR
0

Magnetic 2
do L[ hw 2/ \2
@) =eme)ld

*Magnetic scattering is weaker than charge by (4 w/mc?)?2 ~0.0001 at 10 keV
«Scattering cross-section is proportional to <s>? => Magnetic crystallography
*Magnetic scattering has a distinctive polarization dependence

&' X E




Total non-resonant magnetic cross-section
Unique ability to separate spin and orbital moments

M agnetic scattering lengh
ho

S0 =ir, [—2 )[l L(0)- A"+ S(0)- B}
mc 2

L(Q) and §(Q) are Fourier transforms
of the atomic and spin magnetization densities

A” and B contain the dependence on k, k', and €’

FrEQ)=in, (h—“’) %
mc

\4
A A U
£ =0 g =m 3
g sin 20, ~2sin’ O[ (L, + S, )cos 6 — S, sin 6 |

& | 2sin’ 6 [(L1 +.S, )cos 0 — S, sin 0] sin 26 [2 sin® L, + Sz}

Blume and Gibbs, PRB 1988



Example: scattering from a magnetic spiral

Assume for clarity that
<L>=0 and S=S(cos(qga’), sin(qar))

and that experiment is done with o polarized light and no analyser

E =0 éH =7
FQ) = iro( hwz );Ze’@iqw X & | =*isin20  —2sin’Ocos6
mc >
éﬁ 2sin* O cosb +isin 260

Magnetic 2 2
[jgj = roz( ha’Q] % sin” 26(1 + sin” 9)(?]25(Q—Gicn

mc

l !

-q +q

1
Wave-vector transfer(2rt/a)

Intensity
-
N




Experimental considerations

mslations
*High flux beamline

*Tunable photon energy, 1-15 keV
*Well defined incident polarization
*Versatile diffractometer
*Azimuthal degree of freedom
*Polarization analysis




First Synchrotron Radiation Studies of Magnetism

Non-Resonant Magnetic scattering from Holmium
Gibbs, Moncton, D’ Amico, Bohr and Grier (1985)

Synchrotron Source: Counts per 20s

1000 40K e - \v‘_'-»':) CTY T
] '*/“‘ : }\ &, > T ~ 7
900F I R I )
| AN 4 Co O

800} 245K ||I /B g G0 (D
g7t || Wi e
5 T D O oo
Seoor | l 60K K.T.) \I_,J peiiieg
Ssoob | gox 2/ 575 (O OO
= ' | o 20K<T<I32K T<20K
Z400 | I|

300} j" } /100K

200k Y ; _'J w I3OK

100}

41800 4,|9oo 42000 42100 4_2200 4.2300 4.2400 4.2500 4.260"0 427’00 4.2800 42500
L(UNITS OF C*)

Advantages of Non-resonant X-ray Magnetic Scattering

*High-resolution technique (Phase transitions)
eSeparation of orbital and spin magnetization densities
*Highly focussed beams (Small samples)



Non-resonant X-ray magnetic scattering study of
non-collinear order using circularly polarized X-rays

Imaging the electric field control of magnetism
in multiferroic TOMnO,

week ending

PRL 102, 237205 (2009) PHYSICAL REVIEW LETTERS 12 JUNE 2009

Circularly Polarized X Rays as a Probe of Noncollinear Magnetic Order in Multiferroic ThMnO;

F. Fabrizi,'* H. C. Walker,"** L. Paolasini,' F. de Bergevin,' A.T. Bootln‘oyd,3 D. Prabhakaran,” and D. E. McMorrow”



Magnetization

(uy poeer formuala wnmit)

oK)

Modulstion wavenumbsas

Magnetic Control of Ferroelectric Polarization
Kimura et al. Nature (2004)

TbMnO,

&

§

MEd LI

(unite of &%

S P 3s Y
(S S,
o o -~ «
v TT T3 7
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3 N

o

o
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Normalized Intensity
{arb. units)

Dielectric constant, &
<] e
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1.2%

68
06

C axis

0.2}

Magnetic inversion symmetry breaking

and ferroelectricity in ToMnO,
Kenzelmann et al. PRL (2005)

(@ T<TNI=4IK

—— e — - 4

04z
0.2%

S-S - * — -

1 05 0 05 1
b axis

() T<TN2= 28K

Caxis

Neutron Scattering

dum=(0 q 1) A-type Fourier
components

[';: m;[Mn] =(0.0 2.9 0.0)pg
m,[Tb] =(0.00.0 0.0) ug

I';: m3[Mn] =(03.90) pg I',: my[Mn] =(00 2.8) pg
m;[Tb] =(0 0 0) g m,[Tb] =(1.2 0 0) pg

Phase between b and ¢ components not fixed by
experiment

Ferroelectricity from magnetic Frustration!



Production of circularly polarized X-rays
Perfect diamond crystals can act as 1/4 wave phase retarder
producing circularly polarised light

) Batterman PRB (1992)

source

12— 200

E, 150 @
" ~ unrotated > R
A S s 100 M
/ . ) B electric field = _ 2
— - 2 o)
X = 50
[Fi

curcular right / « ' F:
o)
cuenlar 1° =

et phase plate ; ) T TS 50

1 2 3
E¢ n

circularly polarised
electric field

e=7.5 keV: diamond thickness = 1200 mm, Circular polarisation ~ 98%

e=6.15 keV: diamond thickness = 700 mm, Circular polarisation ~ 99%

Handedness of circularly polarised light couples to handedness of chiral spin structures



Diffraction in Applied E&H fields

a) Sample _ (010) Light Diamond
polarizations phase plate
Cleetric field T ks
e R T .. &
26, W :
Rk i »./\&?ﬁo\
(110)
Detector ’(4.44-',—1 )

I

-~ k*
n=0" (1 £} Analyzer (400) g
@ \ g (4-1~1)
=180

. (4v°Ta+l .

?j)90" ) Scattering vectors

n

Non-resonant magnetic scattering length:

for x SMiearSM _ig~ST
fir (cjﬁ)(SbT+LZ)+i(cS,;“+ajS;")
selects sign of T

+1:
+1: selects sign of |
+1: selects rcp or Icp

a
B=
V:



Polarization analysis of the scattered beam

Beam polarization characterised by Stokes
Parameters(P,, P,, P5)
Experiment determines linear parameters P, and P,

I(n) = 1+P,cos(2n)+P,sin(2n)=1+P’cos(2(n-n,))

Scattered light polarisations
b

e,
%

>

Q%

Elliptical Circular ~Linear

(] (] - - - -
m»m ®W = N & O O N
T

____________________________________________________________

Photon Intensity (arb.umts)

o o
NoR

o

| 1 1 1
u} 20 40 60 80 100 120 140 160 180
eta (deg) Mo



Circularly polarized light and cycloidal domains

LINEAR LIGHT : Same scattering cross-section for the two cycloidal domains

CIRCULAR LIGHT : Coupling between chirality of the magnetic structure and
handedness of the circular light = possible to discriminate

MD Intensity due to geometrical factor
T T T T

ex. : simple magnetic structure ; non resonant scattering ous

/// I circular right, * o

or €l \ A / mOHOChlI‘al “ ngE; ______ _______ ------- ------- _______ _______
‘ / domaln DD Zi] 4;0 BED BED 1UED 12ED 11;10 1;0 180
/ \IL = T [)l'Ol)agation eta (degrees)

vector

. P1=-00000 ; P2=06411
411 ; Pp®=04109 ; etal (deg) = 45.000

MD Intensity due to geometrical factor
T

0.05

No — No + 90°
ﬁ @ s o

' g I““ circular left,
Moments monochiral ﬁ 002

magneric
0.015
i

o

P

0.0

domain

0

0 20 40 60 80 100 120 140 160 180
eta (degrees)

const=003 ; P1=00000 ; P2=-06411
06411 ; Pp®= 04109 ; etad (dey) = 135.000

Reversing the polarisation =exchanging domains



Domain populations - A-type peak

160 - . . S
T=15Kie.IinFE 120 el :” ¢ -1 ‘ (4,+7,-1)
phase, field 20 R
cooling -700 V 40
E=7.5 keV 4

A-type star of
wave-vectors
Measured in 11

channel 032 -03 -028 026 024 024 026 028 03 032
k (rlu)

80

40

Photons counts (200 mAmp, 10 s/pt)

All 4 intensities similar for linear polarization (11-1T)

l(e.+-11')# (e, -1T'), complementary behaviour depending
on =T

Demonstrates imbalance of cycloidal domains



Stokes scans to demonstrate domain reversibility for tE
Comparison with Kenzelmann model

Integrated intensities (arb. units)

Integrated intensities (arb. units)

E>0

4 (i, S S
| (4+-t-1) ® ;( R g B (x1/2) 5 (4+1,-1) |
X105 o . A - T e s
2x10-5 . pit
- » G e mLp. Gm 8 B » L e
O';:_'@"rr-~c—-—'3'-----'-“"'*";jjl :::‘F‘: Sl oS - -o—>4::1
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Integrated intensities (arb. units)

Integrated intensities (arb. units)
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Cycloidal domains

Projection of domains in bc plane with newly determined
longitudinal component of Tb moment

E>0 field cooling — 96+3 % Domain 1
E<O field cooling — 93+2 % Domain 2
Absolute measurement of sense of rotation (chirality)



X-ray absorption edges

Absorption cross-section scales as
-3 74
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Absorption is proportional to imaginary part of the forward scattering amplitude




X-ray Resonant Magnetic Scattering

’Interesting magnetic effects might occur near an absorption
edge’’Blume (1985)

X-ray Resonant Magnetic Scattering from Nickel
Namikawa (1985)

R,

1.0
X103

0.5¢ : 22&)
T 50 100

AE (eV)

(1985) First Resonant Scattering from a Ferromagnet



Large enhancement of XMRS at L edges of Holmium

Gibbs, Harshman, Isaacs, McWhan, Mills
and Vettier (1988)

S M »100 fold increase when tuned to the L, edge

(pem™!)
r
(o)
(o}
o

*Two distinct types of transition are observed:
one above and one below the edge

ABSORPTION COEFFICIENT

White Line
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*Higher order satellites up to 4th order
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*Polarization state changes with order
1+: rotated, o->1r
1-: unrotated, , 0->0’

Signal disappears at T
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*Peaks arise from transitions to bound states
1+:2p -> 5d Dipole
o e 11 2p -> 4f Quadrupole
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XRMS from Actinides

Resonant Scattering Study of UAs

1012 MCVYh

108 /

INTEGRATED INTENSITY x g (COUNTS)

8 i

an. Vettier, Isaacs et aI.,I (1 9910)

30x 108

o)

6| O ]
15 x 10 E@ﬂ%

Antiferromagnetic
(0 0 5/2) Peak

3.8

4 42 44 46 48 5

ENERGY {keV)

107 fold increase when
tuned to the M, edge of U

*Magnetic peak ~1% of
Charge peak!

*Fit to sum of three coherent
dipole oscillators

Single Dipole transition at
each edge: 3d->5f

*Polarization analysis:
rotated O->TT’



X-ray Dichroism

Preferential absorption of one of two orthogonal photon polarization state

(a) Simplified energy level diagram
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