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Resonant magnetic small angle X-ray scattering
(MSAXS) of magnetic domain patterns

2.) Interaction of polarized photons with matter
- Recap: Charge and Spin X-ray Scattering by a single electron
- Recap classical concept of Resonant Absorption & Scattering (forced oscillator)

- Resonant Absorption and Scattering (QM concept, Fermi’s Golden rule)

- Interactions of photons with ferromagnetic materials = XMCD effect
(- XMLinearD and X-ray Natural Dichroism)
3.) Resonant magnetic SAXS of magnetic domain patterns
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Part 1l

Magnetism — Magnetic Thin Films

:attering pattern

by André Philippi-Kobs (AP)

[23.5.] Magnetic small angle scattering of magnetic domain patterns

e Introduction of magnetism in thin films IR laser

Beamstop

e Resonant scattering & X-ray magnetic circular dichroism (XMCD),

[30.5.] Imaging of magnetic domains
B. Pfau et al., Nature Communications, Vol. 3, 11; DOl:doi: 10.1038/ncomms2108 (2012)
L.Mulleret al., Rev. Sci. Instrum. 84, 013906 (2013)

e Fourier transform holography (FTH)

Time delay
e Scanning transmission X-ray microscopy (STXM) 1,0
e Coherent diffraction imaging (CDI), Ptychography 8 ool
§ ¥
[1.6.] Femtomagnetism S 08t =
= S
-]
- =1
e Introduction of ultrafast magnetization dynamics o7 8
ﬁ =]
e  Pump-probe experiments of nano-scale magnetic domain patterns E .6l - .
2 )
[136] Related aspects 0,5}¢ " E. Beaurepaire et al.,
) . ) . PRL 76 (1996) 4250
o ) ) _ 0 5 10 15
e Determination of coherence via magnetic domain patterns At (ps)
e Magnetic XRD of antiferromagnets and chiral systems Time-resolved MOKE (Ni 120 fs)

e Further electronic inhomogeneities probed by X-rays (charge density wave; Abrikosov
vortices in superconductors)

Methoden Moderner Rontgenphysik Il - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,
SoSe 2017, A. Philippi-Kobs




niversitat Hamburg
NG

Interaction of polarized photons with matter

> Recap: Interaction of X-rays with matter (consider also light’s polarization ¢)

n(w,€) =1—-6(w, ) +iB(w,€) Refractive index (classical refraction theory)

flqw,€)=f°%q + f'(w,€) —if"(w,€) Atomic scattering factor (scattering theory)

T \ )
Y\ Anomalous scattering factors

Atomic form factor

~ Z for forward scattering (or soft X-rays)  (electrons are bound in a solid
=>» “resonances” at atomic transitions)

- Equivalence between scattering and refraction picture (lecture 4)

1 2 T }\2
1 - n(w,) =~ —pf(w,e) §(w,€) = ——

N 21

p(ZHf'(w, )

Atomic density ro)?
_ 12
plw,e) =——p f'(we)
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> Polarization € dependent effects in transmission qeometrv

Interaction of polarized photons with matter

« The dependence of § on € is called
birefringence (Doppelbrechung)

The change of polarization € is called optical rotation
(Faraday effect in case of magnetic materials)

B auberorde ndicher Strahl

ardentlicher Skl

Faraday-active crystal

Faraday
rotation

linearly
polarized
light

Magnetic field

« The dependence of B on € is called Dicroism (Zweifarbigkeit)
- X-ray Natural (charge) linear dicroism (XNLD)
- X-ray Natural (charge) circular dicroism (XNCD)

- X-ray magnetic linear dicroism (XMLD)
- X-ray magnetic circular dicroism (XMCD)
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Interaction of polarized photons with matter

> Scattering of X-rays by a single electron (also consider spin of electron)

Incoming plane wave o B
g p E(T‘,t} _ EEI_‘}E wt—k-r)

1 .
B(r,t) = < (ko x €)Eo e i) m
>t
Electric dipole moment (charge movement) oscillates along E w
82
|

p(t] _ . ED e—iwt
mel

Spin of electron precesses around magnetic field

according to + N S ' @ s
| Asfd _ _e S, x B(+) s
o+ e g-factor S,
v
With definition of magnetic moment m = —2upsq

Magnet dipole moment (spin movement) oscillates in the direction perpendicular
to B and s (initial spin direction)

2
e“hpu ,
—iwt
m(t) =1 58 x Bg e
wimn
LS
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Interaction of polarized photons with matter

_ _ ] ) lectric dipole scatterin
> Scattering by a single electron (also consider Spin of electrong P J

Electric fields radiated by

- electric dipole (Jackson text book): Charge scattering
» - Phase shiftof = 6\/
w? et Ik ()] x k Conservation of e
E'(t) = 0 X x k| )
(t) Amepc? 1 o P 0 polarization k &°
) 2 elk'r ) ) e
E() Oﬁlrrﬂ:; mec? T o Eé)] :'k z, |(l< ‘ Magnetic dipole scattering
- magnetic dipole (Jackson text book): Magnetic (Spin) scattering
- Phase shift of% E
, w2 eik'r , - Rotation of polarization i g {
E't) = —— —— ko xm(t)] - Amplitude ‘reduced’ 0,/ g

by factor *

®
eik'*r' )
‘(1) _Qmﬂ mecg — [s x (ko x E(1))] x kg
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Interaction of polarized photons with matter

> Scattering by a single electron (also consider Spin of electron)

. . . ) Te—ik’-r o
Polarization dependent scattering lengths: f(e,e)=— 7 E" €
! 1 82 ! ! ! . hw ! !
fe(e €)= pr— €-€ =rg €€ fs(e, €)= —irg . s- (ko x€)x (kyxe€)

Remember: Polariazion factor P = sin@ (lecture 2)

' ' - .. do "2 dV' 1 1
Differential scattering cross-section: 10" | f(e, €)] ' = £ PO ‘[.r[‘

A

2302 s, T
Total cross-section: ([, = f [£ (£¢') | dN ‘-*‘2{0 NSO J'\90(9/0°l‘(

8
o = ; r2 = 0.665 x 10725 m? = 0.665 barn

8t 1 fiw \2 5 Os hw \2
T —— — — r« —
T3 4 \muc? 07 4 \mac?

E=10keV=> Z = 0.0004 Only weak spin-scattering signal
(o}

e
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Interaction of polarized photons with matter

> Scattering by a single electron (also consider Spin of electron)

Example: magnetic XRD of antiferromagnetic NiO

Volume 39A, number 2 PHYSICS LETTERS

OBSERVATION OF MAGNETIC SUPERLATTICE PEAKS BY X-RAY DIFFRACTION
ON AN ANTIFERROMAGNETIC NiO CRYSTAL

F. De BERGEVIN and M. BRUNEL
Laboratoire de rayons-X, Cédex 166, 38—Grenoble-Gare, France

Received 14 February 1972

24 April 1972

. We have searched
and measured in the zone {hhh} the first two super-
lattice magnetic reflections (3 +4) and (3  £) and the
first ordinary reflection (111), If an equal amount v'o N
of all possible magnetic domains or twins is supposed l

to form the crystal, the formula (1) applied to these
reflections gives a ratio R between magnetic and or-
dinary (111) intensities, approximately equal to

4 X 107®. Such a small value obliges to take an un-
usual care of obtaining a maximum intensity and a

o forok

minimum background, qlq Q
- \ ls
Lasrc e , . | V- l
4000 i Tarsc Izsc T 2e0c]
S o ™ (m)
"‘fr e —— -—-‘I&L‘ T -E " tm :'l T amg"®
P et " =thalt 4000 e O J -
2 e . T © 35001 t.\ ‘AJJ“N'
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T . 135001 290°C L
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Fig. 1. Intensity /,(¢) near the ( § ;) position at ¢ = 25° C and

275° C in counts{225 min. The hump which cover the interval and 290°C in counts/225 min.
could be due to some impurity.
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Interaction of polarized photons with matter

> Recap from lecture 8: Absorption and Resonant Scattering (classical concept)

Picture: Electrons are bound to atoms
=» Forced oscillator model with resonances w, and damping I" to describe
equation of motion of electrons

= =To

Ew(R1Y) W’ (exelikR})
Ein (LUJS - Uf"' in) R

S —

atomic scattering length E (in units of —ro) for bound electron
note: f, > 1 (w >>wy)

total cross-section: o7 = (81/3) r,2 (free electron)
4
81T 2
Or = (—- Li lo (scattering cross-section)
3 (W= ws)? +(wlh) 2
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Interaction of polarized photons with matter

> Recap from lecture 8: Absorption and Resonant Scattering (classical concept)

f7 =_(k/d1T) o. (E) (optical theorem
WA 0 (5) s = po

2

ws I
(W — ws) +(wr)

Oas(W) = 4TI C

Dispersion corrections

Measure absorption cross-section in experiment

Use Kramers-Kronig relations to obtain f

. 'X) 113
% g p flw) = - P f FW)  qu
.I: ) = (;.)S (UJAA_ wS) : T (w‘ - w)
(W — ws) +(wl) |
2 r +00
T wWs W , N ‘
f . z Sz 2 2 f(w) = - .;I— P f f(w) dw
(W= Wws) +(wl) T (W — w)
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

Motivation: Understand polarization dependent 2p =» 3d transition in ferromagnets,
i.e., XMCD effect L.. 2
3, 3y

(2,01—I'-’3.~d1 electroﬁtransition} e

Excitation _10%]
o E =
— £95 F
82 10°
TS ¢
O @ L
w
- 2 10%;
fi { %E c
10 e} -
A ° 3df 5% 10°
2 3d [
c O w 2]
g é«:gw;
[&]
s 10']
E 2p3"|2 % N\ ]
L 2 ® Electron : \ ]
p1!2 1 I|IIII|IIII|IIII|IIII|IIII|IIII|I

680 690 700 710 720 730 740
Photon energy (eV)
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

- Time-dependent pertubation theory (up to second order) = ,Fermi’s Golden rule”

(F [Himt ) (o i |3 |

Ei —€n

2
Tif = 5 (fIHine 1) + Z d(ei—es)pley)

M
T

Tir:  transition rate from state i to f; [T;f] = s 1;
i and f are initial and final states of the
combined electron and photon system

p(&f): density of final states 1)

g,:  energy of all possible intermediate states n

New hw ha

- Total cross-section given by o = Ly |,-:LLLLL"\, T,L;LL. X |f)

Dy
/ First order Second order

(a) X-Ray absorption (b) Resonant scattering

1m

Incident photon flux
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

- Time-dependent pertubation theory (up to second order)

2
(fIHine D) + Z (f|Hint|n) (n|Hins|7)

2
Tif =+ o o(ei—ey)pley)

- Interaction Hamiltonian
(derivation again via force on “atom in electric and magnetic field®)

2
int _ € p: momentum of electrons
He™ = m, ¥ A +X A: vector potential

(a) Photoelectric absorption (b) Thomson scattering (c) Resonant scattering

2nd order:
a) e @) @)
m
Lw,w )& e
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

- Time-dependent pertubation theory (up to second order)
2

Ty = 20| (5 iy + 32 VOt D 5y

- Interaction Hamiltonian
(derivation again via force on “atom in electric and magnetic field®)

it 2 A p: momentum of electrons
HM = P

A: vector potential

- Consider only the much stronger impact of electric field component of EM wave on
electrons (begin of lecture: Charge scattering >> Spin scattering)
>

E = - %“? wi ik e(qwc w/eLe lay 16>
> > 'I:; A s LT / :t;‘
L:(r)‘-i(:,e/ J’(:(ﬁlf)-gg lay
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)
Matrix elements for atomic transitions between states a and b
M= (b|p-ee®a)
Dipole-Approximation el ey 4 ‘:~04/¢w&~u 4 WM
Expasiio~ 0} ei‘w = A4 kF - (":"_f-)l+
Nite 04 ¢ -Rakar : )5 = 0.4 A /or F— core p\L

Jq’“‘ )(“"“'r Eyé Abev 5 N\ 2 Aaw
“2|’2_‘: ¢ Nod w1
PN
JR(IF] ¢ 00l <A = ez
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

Matrix elements for atomic transitions between states a and b

M= (blp-€la) » FEL l.“)
Reformulation of Matrix-elements P ( ’e“f\ 0/ vsler
via Comimqil L'o\ Mgg‘,§ = 'F_‘__

M = <,6-lf-€(«5= sl <'('l["3C ~J&|a>

h*((,{rl”‘a(-ril‘*t)-(/C-Ir‘?Cilﬁ)) [8,4']"0

C ¢, +]<0
ni( €y <AIF Zla> - Ea <L 7€ la>)
ta

\

]

o~ (E,b-’é'a) CAITE(a> = kmiw <L |F.E |a>
h

Absorption cross-section in dipole approximation

b 2 e?
o = A7

= 2 PR —
47TE[|.?:£-C hl'.J |<b| € T‘lﬁ',)| ﬁ[ﬁw (EE' Eﬂ)] p(Eb)
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

Polarization dependent Dipole Operator P=¢€r
Electron position vector or length operator I = Ire; + ye, + ze,
: : : 0o_ _ _ o_ _ _ o_ . _
Linear polarized light €, = € = €y €, = €y = €y €, —€; =€,
o = . '
?% = £ 2 =rco ; O Linearly polarized

("

y 7T
j‘z’s‘ Y i
'r ] Aco /\
lﬁ ': /

y{(,,, el e ik \JKU/ \/

A f Wertell harwmoares

E
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

Polarization dependent Dipole Operator P=¢€r

Circular polarized light ( e I\ f)

= 1 2 s : ‘“/z)
i 2 =_ﬁ €X t A £7 (“ =e (a) RCP (b) LCP

k I\ i‘ k
Definition of Helicity
(photon angular momentum or spin L, , || 2):

|Lph,z| =x q h

“+”: g = +1 right circularly polarized light (RCP)

“ o9,

-".q = -1 left circularly polarized light (LCP)
(“0”: g =0 lin. pol. Light)
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

=» Polarization dependent Dipole Operator for circularly polarized light:
-3 t o

T _ A , .
P 1 T = :]ﬁ? (>< T. 7,) - j; 4 AN O e ﬁ'
Yo ¢(¢"‘&
— -\
= 4 ] /4,t/1

Racah’s spherical tensor operators are defined as [181],

47 *
O =\5rrg Yim@0) . (OR) =(ymal,

' °—: (4) .
'D‘(“( .(vxLor ' P%+ :CO \/O\ ,‘D(
C ~x ¢ ReP()  Lcr ()

(+4)
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Interaction of polarized photons with matter

> Absorption (gm concept, Fermi’s Golden rule)

=» Transition-Matrix-Elements with atomic wave functions (non-relativistic approx.)

[a> = 'R.ﬂ“(r);l‘b\(}.r‘ s
| o~y = [ R et (F) ;,C‘

, e ff', -y
L /6'( P?:q'l ad = S (“"J("‘J') < e-.:p(r)l«r‘ K._‘“(r) -
s Tadkat (1)

/ '
o‘(‘ L. . Ml‘h""<z .“'IA, lC’ l/(‘t”)
ppl,: ehechon ot olireelis a2 Conona =y

.rn'o,\"L'- tra i S ‘“‘""‘J‘L' : Z( - YA 0\"7 Cows loed en Ao chme
L) r’k ) e A\"kw lyr Y74 "‘rQ‘—l/O.S'vqj zf.\] (

3%

21 Methoden Moderner Réntgenphysik Il - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,
SoSe 2017, A. Philippi-Kobs



UH
idi |
M| Universitdt Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

Interaction of polarized photons with matter

(a) Simplified energy level diagram

> Absorption (gm concept, Fermi's Golden rule) o
2p, =1
y @ @
Non-vanishing matrix elements (use in today's excercise) 2 (=0 —o—@
Table 1 Nonvanishing angular momentum dipole matrix elements (L, M |C,£1}| Am=1
I,m). The matrix elements are real, so that (L, M|Cs"|l,m)* = (L,M|C" |1, m) N
= [—l}q{l,m|c{_1;|L,M}. Nonlisted matrix elements are zero.” v e
Ty e— RCP
(1) _ —
(LmlCrlbm) =\ ey @+ Lin. pol
- (1) . EE — m
(I=Lm| G ll,m) = \/[2:_1 )20+ 1)
(l4+m4+2)(1+m4+1)
(I+1,m+1|CM I, m) = —o0—o0— 1
1 {Eﬂ{ﬂi -;{?Hm-l_li] RCP S — ||1,0§
I—1,m+1/cM L, =—\/ LA e ot
(1-1,m+1]Cy" |I,m) 20— 1)(2+1) i e e 0>
B (1) o [I—m+2}£—m+l]
(t+1m—1C_{|l,m) = \/ 220+ 3)(20 + 1) L Am=—1
11 1™ - (I+m)(l+m—1) LCP 0.05
(I=1m—1C |l,m) = 22 —1)(2+ 1) ’
LCP
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Interaction of polarized photons with matter

> Absorption (gm concept, Fermi’s Golden rule)

Dipole selection rules (for states of the form [ « N QNS ANy )
A «Z = Z'- ;‘ = T /’

A“_'l :M:(—lhl_ = ? =O't/f
K Nelnst
AJ = J"f =0

A,MJ: '\J"V\J:o
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Interaction of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

Motivation: Understand polarization dependent 2p =» 3d transition in ferromagnets,
i.e., XMCD effect

(2p1—h 3d’ electroﬁ transition)

Excitation

—>

cross-sections (barn/atom)
-
o
w -

Absorption and scattering

A ho 3d

= ——

= 3d :

T 107,

< :

E 2Py, o

== ® Electron i R :
W [— 2,01_,-2 Il b b b b

680 690 700 710 720 730 740
. ) Photon energy (eV)
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Interaction of polarized photons with matter

> Absorption (gm concept, Fermi’s Golden rule)

Atomic core shell states are split due to spin-orbit split interaction (use in today’s lecture)
=>» Clebsch-Gordon coefficients C

|E}S,j,mj> = Z Cm;,maqj,mj |E$S:~mhms>

my,me Table 2
I, s, 7,m;) basis |l,my, s, ms) basis
2p J T 1‘rl“}-,i'l'bz Xi
3/2 -
& =)
% +% \%{—Yl.na-+ﬁ}’1,+1 ."-‘T} n A"
|®=
2p —1 w%{_ﬂ}rl,—lﬂ‘i‘yl,ﬂ.ﬂj
— P~ 15 ev % +% Y11.|_1 a3
+3 \%{ﬁ}ﬁ,ﬂﬂ +Y1,41 )
—3 VITE{YL—l a+v2Y103)
—% Yi..1 8
y
—e 2p.,
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Interactlon of polarized photons with matter

> Absorption & Resonant scattering (gm concept, Fermi’'s Golden rule)

Motivation: Understand polarization dependent 2p =» 3d transition in ferromagnets,
i.e., XMCD effect

[2p1—h 3d’ electroﬁ transition)

Excitation .
o £
— £9
c o
=
» S
-U‘\-u_/
52
A he c O
= — _9"5
= 39
: <5
([&]
= 10"
E 2Py, :
m 2 ® Electron - ) ]
p‘l!z 1II|IIII|IIII|IIII|IIII|IIII|IIII|II

680 690 700 710 720 730 740
0{ l Photon energy (eV)
Ak JOI MVLT‘"‘ Al bt Crp tL ‘,,,(,{ G
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> Absorption (gm concept, Fermi’s Golden rule)

ltinerant d-states are split due to crystal field

(can be neglected to a good approximation as splitting is small

=» use atomic wave functions without SOC; today's lecture)

Energie

d-Orbitale

27

de dx:y

entartete
d-Orbitale

Methoden Moderner Rontgenphysik Il - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,

10 Dq = A,

Crrh-i/u'tu
Al Lt A-nkin

Interactlon of polarized photons with matter

>5@$9@
%» 5@

’ z.“& D /6~./.';

- 15 xy

o =\ Ime
15 zz

d::z - -
\,I' 47 72

1oyz

4w r2

d _ 15 [mi B y2) _
Tﬂ_yﬂ — m —
5 r?)

2
/ (322 —

da —
82%—r? 167 r2

(Yz —2 — Y2 19)
(Y21 — Y2, 41)

(Y21 4+ Y2 11)

-l Sl

(Y2,_2 + Y2 12)

&

e
=
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Interaction of polarized photons with matter

> X-ray magnetic circular dicroism (XMCD) effect

- Strong ferromagnet:

Crystal-field-split-d-states _ _
one subband is completely filled

Polarization dependent p to d(1) transition intensities

A o S S —|,.  -Spinin conserved during transition
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Interaction of polarized photons with matter

> X-ray magnetic circular dicroism (XMCD) effect

Polarization dependent p to d(}) transition intensities

}ﬁh ey
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Strong ferromagnet:
One subband is
Completely filled
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Crystal-field-split-d-states
=2:1,

Same results for I, ...: 1L, orw
AIL3,1:otal: AILz,total =1.-1
when using atomic d-states (w/o SOC); today's lecture
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Interaction of polarized photons with matter

> X-ray magnetic circular dicroism (XMCD) effect

What is happening in a paramagnet? >
g st 7
o Ok m

> No XMCD 1 —G—<D .
o s S
=
a >
Photon energy

What is happening w/o Spin-Orbit-Coupling for the p-states?
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Photon energy
30 Methoden Moderner Rontgenphysik Il - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,
SoSe 2017, A. Philippi-Kobs




niversitat Hamburg
Ji ] N

Interaction of polarized photons with matter

> X-ray magnetic circular dicroism (XMCD) effect

* * é _ Fe metal
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(sketch in textbooks can be misleading!)
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Interaction of polarized photons with matter

1 —1 0 1
> (Orientation averaged) Sumrules  (I) =3 (I3 + I+ 17) (a=2)
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Interaction of polarized photons with matter

> (Orientation averaged) Sum rules Xthcd an

(a) d-Orbital occupation  (b) Spin moment (c) Orbital moment A
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Interaction of polarized photons with matter
> History of XMCD

1846 - M. Faraday: polarisation of visible light changes when trasmitted by a magnetic
material

1975 - Erskine and Stern - first theoretical formulation of XMCD effect
excitation from a core state to a valence state for the M, ; edge of Ni.

1987 - G. Schiitz et al. - first experimental demonstration of the XMCD at the K-edge
of Fe

A' ru e~ abrs ,{.., Koo /,(‘\J | Cxanpte J. Appl. Phys. 87 (9), 1 May 1880
DORIS ITat HASYLAB, DESY, Hamburg.

Spin-dependent x-ray absorption in Co/Pt multilayers and Cog, Ptg, ~" - [
G. Schiitz, R. Wienke, and W. Wilheim °r L Ge(f E ¥ = An . J bel/

Fuak. £ Physik, TU Minchen, D-8046 Garching, Federal Republic of Germany
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Philips Research Laboratories, P.O. Box 80.000, 5600 JA Eindhoven, The Netherlands

H. Ebert
Siemens AG, ZFE ME TPH 11, Postfach 3220, D-8520 Erlangen, Federal Republic of Germany

K. Spor!
Institut fiir Angew. Physik, University of Regensburg, Federal Republic of Germany

The spin dependence of L ,, absorption in 54 atoms oriented in a ferromagnetic matrix
contains information on the spin density of the empty d-projected states of the absorbing
atom. Spin-dependent absorption spectroscopy using circularly polarized synchrotron
radiation was applied to study the polarization of the Pt atoms in the binary alioy CosPisg
and Pt/Co layered structures, which are promising candidates for magneto-optical recording.
The spin-dependent absorption signals for vapor-deposited 250(4 ACo+ 1BAPt) and
250(6 A Co + 18 A Pt) multilayers indicate a ferromagnetic coupling on Pt and Co atoms
with a significant Pt polarization. This is reduced on average by about 60% with respect to the

‘“:"Jln_ = 0,0(,'a(.l“‘.
CO(PI- 4\!14“‘

Pt polarization in the Cog, Pty alloy. The experimental results are discussed on the basis of
spin-polarized band-structure calculations,
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