Neutron and x-ray spectroscopy

B. Keimer

Max-Planck-Institute for Solid State Research

outline 1. self-contained introduction
e neutron scattering and spectroscopy

e X-ray scattering and spectroscopy

2. application to correlated-electron materials
e bulk

e interfaces
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Neutron scattering

neutron

—> excitation: E= E,-E;
E. a5 4=4,-q,

interaction

strong (nuclear) interaction
elastic lattice structure
inelastic lattice dynamics

magnetic (dipole-dipole) interaction
elastic magnetic structure
inelastic magnetic excitations
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Neutron sources

example research reactor

BU+n—>»>A+B=23n

FRM-II
Garching, Germany

spectrum neutron
flux

Maxwellian
profile

~ 30 meV energy

fiar Festkirperforschung



Elastic neutron scattering

basic quantity: differential cross-section j—g

| detector

AQ  solid angle element covered by detector

\VA%

# of heutrons

incident neutron beam, flux ¢ = _
area - time

j—g = # of neutrons scattered into solid angle element 4Q per unit time,

normalized to incident flux.

. . | do
dimensions: = = alrea
[dﬂ]

dimensionless
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Elastic neutron scattering

calculation of j—; through Fermi's Golden Rule:

_ 2
transition rate (# of transitions per unit time): W:%ka V|k; >| pr(E)
—
Density of
final states
1 . )
|'z"f> N \/E ¢ incident neutron flux: velcjn:lty — Mg
Lo plane waves L m, L
k)= \/L—Eejk"'r k; =k, for elastic scattering
N 3 "2 - 7
L dk dk,. =k . dk,.dQ
orE)= (] e .
o (£)=] = J e dQ—( L) "5 g
gtear;gg};nof Pri®)= 27 ) 7 dE ox) #
k-space

_ do w
dQ  incident flux 2;-;?»12

(Zﬁﬁz}

"Born approximation”

with
d

2
dE _ Ik,

m,
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Elastic nuclear neutron scattering

For short range strong force, use approximate interaction potential

2xh’ _ 5
V(7 )— (7 —R) scattering length b ~ size of nucleus ~ 10-1> m
,t position of nucleus

"scattering length"”

3

d
for single nucleus: do _ bl total cross section: o = j—g dQ = 4xb’
dQ dQ)
2?1'1‘%2 _ 5 . -
lattice of nuclei: V( ) Zb 6(?" R) by : scattering length of nucleus at lattice site R
d 5| ;| o N(er
a9 _ IdFZbRJ(F—ﬁ)eEQF 3 ZbReIQR =b* ZS(@ ff)
dQ R R G
\

Bragg peaks
: . _ _ at reciprocal lattice vectors K
for unit cell with several atoms, basis vector d

d
dZ_N( )Zég K‘FV ‘

Fy (K) =>e iQd b5 “nuclear structure factor”

d
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Neutron radiography

X-rays thermal neutrons fast neutrons
mmm Rontgenstrahlung @ Thermische Meutronen m Schnelle Neutronen
(120 kV) (25 meV) (1,9 MeV)
l 10° = & 0
x 7o
—> Jm ) Wasserstoff
~—" hydrogen o
Iy ! . &
>t >
1 D'I — - - ——

rren

L
|
LS

Massenschwichungskoeffizient (cm®/g)
L
RRAL

/ ~ J-[_H.- Pg )x 5
Iy \ b
§8 -
mass attenuation § -
coefficient 2% 10'=
= -
3: "] o
~ Aluminium Al ” u
1021 | | 1 | 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 80 100
Kernladungszahi -

nuclear charge



Neutron radiography

Courtesy L. Greim, GKSS, Forschungszentrumjged
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Elastic magnetic neutron scattering

eh

2m

a

f, ==2pp5, With pp =

i =—g 1,5, =—yuyG With g1, :;—h and y :%:1.913
.’?i‘n

2

(ot

= 5 with H_ =—j -H,
dQ) \ 2xh
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Elastic magnetic neutron scattering

7 = Mo BXT M i, oL collect all prefactors:

&

A7 73| ax 7| .\ YR P
' B 2y, 1t — | (47
gg:ﬁxgeziim(ﬂexvg} (2@:] (2712125 {4;&_)( ) @
w

7]
2

J‘ dp o P :ZﬁTd‘ﬁ‘ Jl‘eflﬁl IFICDSB'@?(COS@) :2n]9d\ﬁ Siu_“ﬁ_‘ﬁ‘ = 2‘?_?2 p auxiliary variable
b o o Bl 1
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Elastic magnetic neutron scattering

one electron

do 2

a0 ro 1=2.8x107° A “classical electron radius”
dQ

= (71 )’

(rnflﬁ'-EeJm;)

Soy fm,=m,

<mf‘5‘-§eL‘r??j>zseL<mf|o'z|m,_.> :{{} therise non-spin-flip > average for

unpolarized beam

0,— 0,0, spin-flip (not possible for nuclear scattering)
do 2 2 L A~ _
10 (775)" 5. Se1 4 QX(SE X Q) projection of the electron spin perpendicular to O
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Elastic magnetic neutron scattering

one atom
approximated as magnetized sphere, magnetization density M(r)

elastic scattering: |k|=|¥'

7| < ‘ﬁ"
phase difference between wave scattered
at0andat 7 (k-%')-7=Q-r

do width of form factor

97— () 1-(a-0) | |7(0) prlo) e
= size of atom
J (Q) _ L [ M(7) 9" magnetic form factor
21y
M(F ) = M(F )zﬁ magnetic dipole moment density

oV



Elastic magnetic neutron scattering

generalization for collinear magnets

2

—_— = )2 - S = .!l,'_jﬁ
aa ) ! (7 Q) | |§(i)fﬂ(g)e Bragg peaks
[ . A2 27) N S
=(rn)"| 1-(7-0) N(;) 2|7 (Kar ) 6(0- )
- - 0 M
! -
polarization factor Fy (Q):g(i)fg(é) e’ magnetic structure factor

K,, magnetic reciprocal lattice vectors
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Neutron diffractometer

powder single crystal

Reactor 60m Monochromator




Example one-dimensional ferromagnet

X

: : : : 2 :
nuclear and magnetic unit cells identical = K,, = K,, =—n, n integer.

a
N 5
[d_ﬂ'J A o IR Iz‘f(Q)‘
W0 (E} l
M rnn_‘
27 4 61 0 2r dx 67 0
a a a a a a

use interference between nuclear and magnetic scattering
to create spin-polarized neutrons

do _ ‘b‘z +‘,ﬂ2 +bh (up to prefactors)

dQ
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Example one-dimensional antiferromagnet

R

: : : : T 2
magnetic unit cell twice as large as nuclear unitcell = K,, =—n=K,, =—n
a o

Al =7 () ri=e®[ =alr (0)f sm - {m@) for 1 odd

0 for n even
d M ‘f(Q)‘z
o A . .
o (fCF -‘-"“-.___‘ )
(dﬁlf (EJ Hl‘%n
M H““[~~H
2T 4 o1 O 37 S Q

fiar Festkirperforschung



Example vortex lattice in type-II superconductor

m/ flux line H A

\C 5——%2? screening current
C S s+
C 5 AP

L
N\
W_

-

D h

a~,|—2 Dy=—

H 2e
small-angle neutron scattering a~5004 for H=IT

CHRNE 30 METER SANS INSTRUMENT

D DETEC

FRE-5AHPLE FLIGHT PATH | POST-54FPLE FUGHT PATH
#H—Y% I3 H—
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Example vortex lattice in type-II superconductor

[ Luli;B,C H || a 2 KT
0.01F

0.0t QL

ay (A1) o000} ay (&) 0.0} ay (A1) 0.0}

-0.0Lp -0.01F -0.01 F

3.5 kOe

i i L L L i 1 :
-0.01 0.00 0.01 -0.01 0.00 0.01 -0.01 0.00 0.01

gy (A1)

structural phase transition in vortex lattice
H ~ H,: electrodynamic interaction between flux lines
H ~ H,,: vortex cores overlap
structure depends on superconducting coherence length
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Inelastic neutron scattering

do _ # of neutrons scattered into dQ
dQ (unit time) e (incident flux)

elastic cross section

do _ # of neutrons scattered into dQ
dEdQ (unit time)e(incident flux)e(energy)

inelastic cross section

inelastic nuclear neutron scattering

d;—ijE if g;ﬁzb b / ZPM <)\ ‘e 1QR; (0) iQR; t)‘)\ —wtdt
is

[X:) | As) initial, final state of sample

21.2 212
fiw = ki Ry E\, — E\; energy of excitation created by neutron in sample
2My, 2m, ; -

pn = exp(—E\B)/Z Z =3, exp(—E\,3) partition function
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Inelastic nuclear neutron scattering

d*a kg 1 Ocon *
- _J4__ _con —1QR 4 (0) -;QR s
dQQdE k; 2rh 4w Z; /_ - )E}Ep( iwt) dt

3

(eve”) = Sopy, (Neve|);) thermal average Ooon = 4m(D)?

|2) characterized by population n, of phonons of energy #w, (k) in branch s

Debye-Waller factor due to thermal lattice vibrations
do ’/

_ Ocoh kf (2m)? o Q es)?
dQOdE 4w kv ZM WZZ
{(ns +1)§(w —ws)6(Q — q - K) +(ﬂs)5(w‘ +ws)6(Q +q- K)}

| |

phonon creation phonon annihilaion
neutron energy loss neutron energy gain
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Triple-axis spectrometer

analyzer

N\ J

detector

monochromator sample




Triple-axis spectrometer

TRISP at FRM-II




Example Cg,

lattice structure typical inelastic nuclear scattering scans

with a triple-axis spectrometer

-J
o

counts / 4 min

500 p)| 1500 ¢)]

counts / 3 min
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E (meV)

E (meV)

(AT -

M

Example Cg,

o »~

=2}

295K

4 At e
200 K :
0.5 05 0.5
A £ A

fcc lattice at room temperature
molecules rotate freely

molecules “lock in"™ at low temperatures
unit cell becomes larger
new optical phonon modes appear
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Inelastic magnetic neutron scattering

d’ Sk
Tap = (T BN IFQF e 3" (8 — QuQs)S7(Q.)

a3
™ polarlzatlon factor

spin-spin correlation function

Heisenberg antiferromagnet, magnon creation

d*o

dQ)dE

3 ~
= P L IFQI e ™ 141077

Z Z <ﬂq,a + 1} 5(““’@,&- — w) 5(Q —q— Ky

a=0,1 g K,

itinerant electrons —» next lecture
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Example molecular magnetism

Mn,, acetate molecule energy levels inelastic magnetic neutron
scattering intensity
] )
i}
1 bl
£ =
? |
= = b = 15
o 1 |
st & ! —g .
g; 1) * +4 2 | !
, R
10 : i Wi l » ',‘
. W pih]
i 1 A A A \%*M
fi b 0 1§ i Y f ‘._: J‘:T‘-:: u f,-:.r 14 14

48, [10%n)

ety
P4

| &)

-
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X-ray sources: tube

setu X-rays anode (Cu, Mo, ...)
P - vacuum
//
-

Al
)

ilament

intensity

spectrum “

"characteristic radiation" due to fluorescence

Kp "bremsstrahlung” due to deceleration of
electrons in anode

/

| photon energy
I

~8 kel for Cu
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X-ray sources: synchrotron

"bending magnet” or l
"insertion device”

synchrotron

primary spectrum

iInsertion devices:
wiggler, undulator

"heamling”

brilliance

detector

| —— |
A

T spectrometer with sample

monochromatic beam
monochromator
continuous specrum

g, ~5GeV  me*=0.5MeV
y =—e_~10*
myc?

@, ~ w,y*~ 20 keV

>

side view:

.?‘nJJJr

photon energy

top view:

N

S

> AV AVAVAN.




X-ray sources: synchrotron

éﬁ Central Building
% ? I3 Ef ,Pss‘t‘?c'?@
L
z ;_&' g @;@@ éﬁ@@ A _I'bazmﬂﬁﬁﬁm ESRF
Py
% 3 S&F " Grenoble, France
: §§ Ty 102
AN N\amm /NG
12 -x_\_ --.\\‘.*.__.-"
% § S - %,
Lol
@ - = 9
X\ :
% ~ B Pubic beamines (operational) © 4%3.
™ Numbar of indepandent end-stations %
8, I |nsedion device ports for the machine - )
%, 2, 2 B CRG bsamines (operational) S ﬁ"'-':
%ﬂ B Free bending magnet ports - %
‘?ff;% & B Under construstion p % %—,
19 Biy, & Storage Ring ¢ 2
@ ) > g %
BM]'Q &y ‘\ E ﬁ
iD18 g 4 a = = -
a]
o7 18 N
) BM e
LSF'”“'EHCE we OO R
Rl
ta
o
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Interaction of x-rays with matter

— elastic scattering ’
(Thompson or Rayleigh r"'r?’ E—F
AAND &

scattering)

— inelastic scattering
(Compton scattering) r_r':” E'<E
AN\ @

— photoelectric AAAD > ¢
absorption I ®

— pair creation P > e

E ®e—>c
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Thompson scattering — one electron

]

V

X  observer

Electron is accelerated by incoming £-field.

a(t)=%=iEm(t) Cl:)

re-radiates E-field ("antenna")

—c , , , R |
ETM(RJ)ZJ,;{SDCZR a’m(t) t _t_; |
\ energy density o« E* contour plot of
angle-integrated energy density radiated intensity

independent of R
(energy conservation)
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Thompson scattering — one electron

apparent acceleration seen by observer:

€ . int
a,(t') =——FE,e " cos®
m
.wFR
e

=——0F8,, (t)egT cos®
m

Emd (R,f) . c? E;‘i:kR cos®
E,(0,t) 4re,me* R
—

dimension of length
= 1, ("classical electron radius”)

=28x10° A

differential cross section: one electron

do _# of photons detected  |E,4|" R
dQ) AQ (incident flux) - E

— 2 2
—="1,7c0os°0

z'n‘

L gt — ‘Emd‘z R°AQ

I.

in

/

‘Ein‘z Ao

Incident beam area 4,

(2

R { / AQ
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Thompson scattering — one atom

approximated as charged sphere, charge density p(r)

atomic form factor

do

—_—

dCl

ro IP(F)EiQ'Fd?: ‘2

= £(Q)

\

elastic scattering: |k|=|¥'

7| < ‘ﬁ"
phase difference between wave scattered
at0andat 7 (k-%')-7=Q-r

\ F(Q)

width of form factor
1

size of atom

—

oV

X (polarization factor)
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Thompson scattering — crystal lattice

dCF iO.R —~|2 —\[2 Ol Ry —R B
E:rﬂ2<zegﬂnf(g)‘ > =?ﬂ2|f(Q) ZEQ(ROm ROn]<€:Q[uM n“}>
equilibrium positions thermal vibrations
-2 o (27) _
expansion of (... =72/ (0) e , >5(0-K) +..
[N
Debye-Waller Bragg reflections
factor at reciprocal lattice vectors K
do N E A
10 T-0 dQ >0
"0 N A 7 O

thermal diffuse scattering
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Inelastic x-ray scattering

photon energy ~ 10 keV
— resolution AE/E < 1077 required

phonon energy ~ 10 meV

triple-axis spectrometer

Detectors
Multilayer .
Monochromatic Mirror iph:rlcal
nalyzers
Backscattering beam y
Monoch t
onochromator Collim.
< Q Be lens
o A\
< g\
Mirror  Fremonochromatic High Heat Load White beam Undulator
beam pre-monch. source

A
5

75m 70m 65m 60m 5m 50m 45m 40m 35m 30m 0 m
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Inelastic x-ray scattering
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Example MgB,

B vibration

- modulates Fermi surface
- drives superconductivity (T, = 39 K)

Miﬂ UDl)
100
\/\(ii 0 0”
50 \
\.—(\(z_l_iﬂ -
uiﬂox]
ulo\{fl)
\,.,(2\31 U Um) o i ; 7 |
ke

a0 100
Energy Transfer (meV)

| XS data

%

%E

Intensity (arb. units)

40 1

Energy (meV)

%%

E




X-ray absorption

iInteraction Hamiltonian

)
H:HQ+H,,M:%+HM P>p-ed=

i > 47 - i T 7
H:p_JerJr EA.J@JFEA A=¢ (ﬂ;e_*k"+nkelk")
2m m 2m 2eVor A
/ '\ annihilation operator

r:ihotnn creation
absorption scattering
photon annihilated photon number conserved

absorption cross section

P(Ef) Mﬁ:<f|Hint

)
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X-ray absorption

\ . N
) P

| I
| | | l
| ! | | |
X-ray source monochromator | sample |
! detedtor
::féﬂz?t; r?dlatlon monitor fluordscence intensity /
0 detector
X
-
I [
> > :I
sample

mass absorption
coefficient
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X-ray absorption edges

?‘ / 25
S=ESSS -
ete 32 Em.. “r
Ky L fk f‘”\ f“’”\ —2p 32 s
— T 2p 112 wk
~2s

K(s-p) L (p-d) M (@d-1

100 L =—Actinide = 1 107
r G
Lanthanide -E- 19
5“ - - B % 10° p
% - F Actinide ﬂ-é‘ 107 é_
10 F I JP—!‘E ] ER ;I"" [ﬂ"' ;.
a I Actinide ___| ' "EE w0 ?ﬁ
- W
Lanthanide | 1L . -
1+ _ 1T 1 10 100
{ Transition D ] Energy (keV)




Example K-edge

absorption cross section

%a :En W= —=|Ms[" p(E;) Mﬁ:<f‘Hmt|f>

1 57
transitions into continuum  |)=[/) ion | Detectron =lo)—=e”

A 1. : o o hi= s
1) =11) poton | D etecrron = 1) F100 (F) with —=Ve™ =hg (photoelectron momentum)
| (72 !
with Y100 (7)= —[—J e %' as eh h —iGF (n =\ kT _
M, = dre g-q)e" ", ()
V7 ap. T mv 260(0'[ (£-2) 100
efi oL zZ"?
- (‘S ' f}') 2
mV \ 2e,0 { Oa 2 1
=8\ 4+Z
o N ( 2 J |
Fourier tfans?orm of ¥ypp
with O=k—7
« Z 0™"* for ho > E,,
o,
Elﬂﬂ
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Example Fe L-edge

chemical analysis

example TbFeCo alloy

0.5
(b)

Th

Normalized electron yield

i I L H L H L

600 800 1000 12006

Photon ¢cnergy (eV)

1400

valence state

example Fe thin film

(d)

707 709 711 713

Photon ¢cnergy (eV}
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X-ray radiography

dual-energy
X-ray radiography

discriminate between
carbohydrates and metals
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X-ray absorption fine structure

absorption
transition into S— —
unoccupied
bound state
Ya¥av% 4
0.6 -
Plot of a raw data set
0.55 (from HASYLAB, X1)
3 05|
S,
c
2 045
=
8 - > < >
2 0.4 fpre-edge post-edge
-« >
035 f —1 EXAFS
XANES
0.3 : -
11500 12000 12500 13000

Photon Energy [eV]

transition into
continuum
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Example K-edge

|I) - |f)phamn |f>efgcm:rn — |1}1P1CID (F)

~ 32
with W, (7) = L[EJ ~Zrlay

\/; dp

transition into unoccupied excited state

|f> = |f>phofon ‘f>gfecn'on - | ﬂ) "Pr;fm {F)

é’h h ik-7 -
Mﬁ:fm \‘ 2e,V o <~O‘Hk_f‘ )ﬂg jdﬂP (e Ek 1.;.{;.(?"}

|

electric dipole matrix element

selection rules
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Example vanadium K-edge

XANES at V K-edge

—_—
]

=
o

o
=

o
o

Normalised absorption (ux)

o I T L

5440 5480 5520
X-ray energy (eV)

1.2

0.8

0.4

0.0

nearly octahedral coordination

Centrosymmetry, no pd mixing,
only quadrupole transitions

nearly tetrahedral coordination

Strong pd-mixing, dipole transitions
contribute to pre-edge structure

fiar Festkirperforschung



Magnetic circular dichroism

example single atom

J=0 A my=20
my=20
AE Icp lep
\
J=1 my=0,+1
my=+1 0 —1
magnetic field B=0 B+0
electric dipole selection rules
m;, =+1—-0 N _ right | _
transitions induced by = circularly polarized light

m,=-1->0 left
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Magnetic circular dichroism

1 y Heep — Hiep

| ~, ~
| -~ -

AE photon energy AE photon energy
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Magnetic circular dichroism

classical calculation for bound electron
analogous to Thompson scattering

. _ eF, _..
x+1"x+ruﬂzxz——ﬂe et
m
e { R
E}'ﬂﬂr = 2 .T (r__)
4reyRe C
2 E
B € w €L o1 IR
- 2 2 2 .
dreRe” w, —o —iwl m
0 b 2( 2 2
_ | , oo -0
‘rad o’ EIH_ (o) ™ S = 2 22 22
=T 3 > . =flo)n (m -, ) + o’ T
E, o —o, +iol’ R R
3
v -’ T
J" = 2 232 242
(m — @y ) +oT
' ,
f A —fn

:

o) | o]
0N @y
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Magnetic circular dichroism

circular dichroism

H Hrep — Hiep _ .
/N e i N absorption coefficient
po f
| > >
AE photon energy AE photon energy
circular birefringence
n Mrep — Mep . :
A A index of refraction
no f’
Meep Miep
~ | ~
/ - | =
photon energy \/ AE \/ photon energy
Kerr effect

rotation of plane of polarization by ¢ = E(nmp 0, ) x after distance x
A Faraday effect



X-ray magnetic circular dichroism (XMCD)

L-absorption edge
of ferromagnet

Yield

n

cobalt L-edge

eclro

Normalized El

Col,, XMCD Spectra

L2
3.0 - L3 I ﬂ
40 - (\ 1
3.0 {) L.y 1

= r‘| - -1
s A
10} -
00— Ty

760 180 80O
Photen Energy (eV)

Intensity Difference

o
on
o

I
—
u -

|
m & Oy
o O O
T T T T YT T«
/_’_le
-ﬂ:_____ "

0 | .

4

=2.00 ! A 1 1 ]
760 /780 800

Photon Energy {eV)
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Example GMR device

Magnetic
Memory Cell

Size <1lUm

Current

Kortright et al., JMMM 207, 7 (1999)
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Example GMR device

NiygFeq
Cu
Co

XMCD amplitude

high
resistance

low
resistance
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XMCD microscopy

(8] Scanning X-ray Microscopy (b) imaging Transmission X-ray Microscopy (¢) Imaging X-Ray Photoelectron Microsoopy
e i o

i =

Fholoslectrons & | $ Monochromalic

ARay
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XMCD microscopy

-y

'IIIIIiIII!I|lIIlIIIIIIIIlITII

Al layer

" R T

_lllllllli

MM,
L] IQ

o
I'IIIIIIIIIIFIIIIIIITI

-1.0 : 1 Pixel = 13.76 atn

'_I|IIIIlIIIllllilIIillllllllIlltllﬂI

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
H (kOe)
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Resonant x-ray scattering

Thompson scattering resonant (or “anomalous”) scattering

A
{

(]
Moy 7 T W~

form factor

f(Q,m):@+f’(g,m)+if"(Q,m)

contribution of electrons with
characteristic frequencies

different from @y
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