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Grazing incidence neutron scattering
from magnetic nanostructures

. Examples of nano-systems under studies with neutrons
. Coherence length and time in neutron experiment

. Born approximation and Born series

. Specular reflection of polarized neutrons (PNR)

. Distorted wave Born approximation (DWBA)

. Off-specular Bragg diffraction and diffuse scattering

. Small angle scattering at grazing incidence (GISANS)

. AC reflectometry

. Inelastic reflection
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Handmade nano-materials for electronics
under routine investigations with neutrons

a) Exchange coupled
bi-layers and superlattice with
antiferromagnetic ordering
(GMR and TMR systems)

é

oy 00 4

Ga,,Mn,As

GaAs

b) Dilute magnetic
semiconductors as
spin-injectors

in semiconductor
heterostructures

=2A,. K- pinned

c) Laterally patterned
magnetic films, nano-wires

d) Ferromagnetic films

on antiferromagnetic
substrates with

Exchange bias

through common interfaces

H

e) Spring magnets:

soft magnetic layer exchange
coupled to a magnetically hard
layer (spin valves)

B.P. Toperverg, PNPI Winter School, 14/03/2009



2D lateral patterns: bars, discs etc.

Cobalt bars on Si wafer (10 microns) NiFe Ellipse arrays:
- - thickness 20nm

Cobalt discs

A
A 4

3.0um
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To-day spintronics application:
Magnetic Random Access Memory (MRAM)

— “read-write” 2D arrays of spin valves
« Writing with weak magnetic field
« Reading with electric current

'

Hard magnetic layer

Contacting metal bars
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Forthcoming to-morrow? Review: 11 APRIL 2008 VOL 320 SCIENCE

Magnetic Domain-Wall
Racetrack Memory

Stuart S. P. Parkin,* Masamitsu Hayashi, Luc Thomas

Domain propagation
IN nano-wires:

New challenge for
neutrons

Exploiting 3D:
Books versus
one sheet newspapers?

——

Racetrack

Vertical racetrack )WM storage array

3 g’ z—
‘JM_- i -

Horizontal racetrack
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Review: 11 APRIL 2008 VOL 320 SCIENCE Magne“c Domain-Wall

Racetrack Memory
1um

Stuart S. P. Parkin,* Masamitsu Hayashi, Luc Thomas
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BN °© Domain propagation in
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New challenge for neutrons
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What do we want and can
learn from neutron scattering at grazing incidence?

1. Specular reflectometry:

a) Distribution of materials and magnetization across the multilayer stack
(layer-by-layer vector magnetometry)
b) Properties of interfaces (interdiffusion, roughness, e.g. magnetic, etc.)

2. Off specular scattering:

a) Lateral parameters of microstructures
b) In- and out-of-plane distribution of magnetization vector,
e.g. over lateral magnetic domains

3. Small angle scattering at grazing incidence (GISANS) and diffraction (GID):
nano and atomic scale structural parameters

4. Time resolved and inelastic PNR: re-magnetization times, domain wall
nucleation, velocity and relaxation, spin excitations spectrum
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General scattering kinematics at grazing incidence

Incident wave vector: Outgoing wave vector: Wave vector transfer:

V//4
m " " /4 /4 /4

Q=k,—k =10",0,07}
Q) =K, —K,

X

X
N =K, —K,

X Q7 =ksiny zZTﬂt//

QZ:pf_pi

Sk’ =2me,

d%kfz ~2me,(1+w/2¢;)

Q- =k,sma,+k;sma, ~—(a,+a,)

u

Q" =k,cosa, cosy —k, cosa, (a; —a/ -y’ -w/e)<< Q"0
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GISANS for Co multilayer of Co nano- particles (Bochum, D22 ILL)

SELF-ORDERING OF NANOPARTICLES IN MAGNETO-...

Spin asymmetry Reflectivity [arb.units]
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y % 4B,

PNR signal is integrated over |Q” = ksiny
Py

$ 9 2D Wave vector transfer: Q — {Q" , QZ}

Zz

»

Transverse component:

. 27
0 :pf_pizT(af_i_ai)

7T z
Lateral transfer: Q" = p, + p, = I(af, —al+w/eg)<< Q

specular reflection at: 0" =0—=a, =a,  Snell's law: zero order Bragg diffraction

off-specular scattering: O* # 0, «a, # «,  from lateral structure
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Formalism of DWBA (stationary case)

{—ﬁvz +U,(2) + AU(I:”) E}|‘P(;:”)> =

2m

m \P
Schrodinger equation for spinor | \W(r)) = [\{;]

n ”m . ”m . ”m . 2
Ur)=U,a()+U 0 (r); U ﬂ—gg Nb (scattering length density - SLD)
m

nucl —

(} AII n ”i E ')Z E ')x l E ')y ’I\II ’I\II t t. t
= uB(r) = u ; u = uo (neutron magnetic momen
magn () () B +iB, - B ( s )

m

U o(z ) <U (r )> is mean potential averaged over /) coh

m m

AU (r) U (r)— {VU (r)> is perturbatlon

m

Solution:  [(r)) =| ¥, ()™ +|'¥, () )

“P (z)> is the reference spinor (reflection, birefringence, transmission)

m

“Ps (r) > correction (off - specular scattering)
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Reference solution

EPE PR

if Uy(z)=U, then |¥,(z))=7e?” +7e™ with

p= \/ po—p>  is the matrix of refracted wave numbers;
po =Qnr/A)sina; L po =2mE - Sk’
Cp2 =2mU,  + /;B) is the matrix of total reflection numbers

{ = té)is the transmittance, and 7 = ré he reflectance matrix

In vacuum |¥,(z)) = %W +Re }‘Pl>

R = R(GA) 1s the matrix of reflection amplitudes
0o . 2 . < th

0 S(al.)‘<‘lfl. |R“Pf >‘ o(a; —a,);, S(a;) isthearea
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Birefringence in mean magnetic field

Magnetic (effective) film

Reflected

P, =k,smma ;

Incident

Reflection potential "+”
for “spin up” neutrons

N

Substrate

P
«

B=4n(M)

Two refracted (birefringence)
wave numbers:

2 2 2
pi = po _pci
p... =4x(Nb £ Nb )

] Nb  muB A
sina_, = A + =
. \/ r 2n°% A,

critical angle of total reflection

. mean magnetization

co

Ri :| RJ_r |6Xp(i)(i )

are eigenvalues of 2x2
reflectance matrix:

Reflection potential ™-"
for spin “"down”

')

R = R(6)
X+ Phase shifts due to, e.q.
- film thickness d
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General form for polarization dependency

mnrom m m

2_:2 =3, +(B)+(Z, P+, PP,

where P, P”,P? are Cartesian projections of polarization vectors

zo= [R P +IR ]

5oz, 2[R -1k ]

SH =X b b +%Re@+*R_I$”‘V —b*b" )%Im@j}a_)wﬁbg,

where b 1s the unit vector in the direction of magnetic induction

averaged o ver the co herence ra nge
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R = %‘R+ (1—cosy)+R_(1+cos ;/)‘2

Averaging over large

R* = i [| R, [ +|R_[))(A+(cos’y)+2( R, " =| R_ [*){cosy)+2| R,R_|cosy, (sin*y)]

R™ =i[| R, [ +|R [)(1+(cos’y))=2( R, " =|R_[*)cosy)+2|R,R |cosy, (sin*y)]

1 e
R = Z‘R+ (1+cosy)+ R_(1—cos 7,)‘2 Non-spin-flip (NSF)

From 1D PNR
sense of the

Non-spin-flip (NSF) magnetization

e e 1 2 2
R =R —5|R+—R_| S Spin-flip (SF)

domains:

tilt cannot be
determined!

R™=R™ = [R P +IR P -21RR Jcosy, Jsin*7)

Reflectivities are determined 2 functions: | R, |= R(p..) |

and 2 constants: mean values < COS y >

and

<sin2 7/> =1 —<0032 7/>

, phase shift y, =x. —

X_
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Example of domain structure

SF and NSF reflectionn

Off-specular




Scattering amplitude matrix in DWBA

—_ /

\\\‘~«A”’

m

The wave at the scatterer position |, (r)) = e™*S,(2)

Vo)

is transmitted through the medium by the S = (fe” + Pe ™) — matrix
mr ikr

The scattering wave function ‘ Y (r )> _C 7

¥,)

m "m

where F = F(p ;. p,»0) == [dre S, (:)AU (. p)S,(2)
T

is the DWBA scattering amplitude matrix :

m m

F=F(o)=F,+(Fo)
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General structure of off-specular scattering cross section

mnrom ({4 ({4

2_;2 =X, +(EP)+(E,P)+Z, PP,

1s determined by one scalar, two vectors and one 3D tensor

({4

2= (ol +IFI)

gl- = Re<FO*I;”> + %Im<[1;”* X F]>
gf = R6<F oF > —%Im<[1;”* x F]>
2,0 = %<| Fy [ - 1;”|2>5”” +Re<F”‘*FV>—%Im<FO*FY>g“W
) ) . do\ "~ B da\~"
Reciprocity principle: (dﬂ)?f — (dﬂ)ﬁ
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Logics of Distorted Wave Born Approximation (DWBA)

specular

— substrate @
"€ <Nb(x)>
substrate @
ANb (x) Q, —Zm"a
e O
iz a1

deviations from mean potential

Coherent ellipsoids

(AND) =0

coh
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Exchange bias
stripe & hyper
Domains.
Phys. Rev. B73
(2006);

New Journ. Phys.

(2008)

Reflectivity [arb. units]

1E-4,

1E-5,

0,01]
1e-3]
1E-4]

1E-5;

0.02

o [A7]

0.021 0.04 -
p A"
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Reflectivity on striped multilayer

[Cr/Co/Cr/Fe]lg A=16 nm
Stripe period: 6 um

Intensity [a.u.]
N

N
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Off-specular scattering map for multilayered stripes

4.0

Off-specular diffraction map calculated for 5 um period laterally
patterned [Cr(30)Co(40)Fe(30)Cr(30)],,Cr(600)MgO multilayer.
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Off-specular scattering map for laterally random, but correlated through

o degree

multilayer domains

Off-specular scattering map from 5 pm domains correlated through
[Cr(30)Co(40)Fe(30)Cr(30)]  Cr(600)MgO multilayer.
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yi o AC PNR —real time reflectometry
(s 5
| 14 Bo)
/ | . PNR signal is integrated over @
] Dy (:)
o v 2D Wave vector transfer:

0={0".0"}

-
-
-
-
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/ 1V U H LT D PO Y L e
s
-e
~ ws
- 2
v
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Transverse component: O~ = T(a s ta;)

l;"h o« A/Aqa| Transverse coherence length

moving domain wall

/ Lateral transfer: o~ ~ l(a; —a’)<< O°
ﬂ/ 1

[ oc A/ aAo = 12" /o >> [ Lateral coherence length

specular reflection: R=R(t)

off-specular scattering: Q" #0,=> a, #«, from small domains, etc.
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PNR from MBE grown 100 nm iron film in 60 Oe AC field
(Zhernenkov et al, ADAM, fall of 2008)

Frequency f=0.3 MHz, H_=25 Oe, H =60 Oe

R++
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Specular reflection and off specular scattering from Fe film
(Zhernenkov et al, ADAM 2008)
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alpha f, mrad

Alpha f, mRad

0.03500

0.02327

0.01548

0.01029

0.006843
0.004550
0.003026
0.002012
0.001338
8.897E-4
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3.934E-4
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1.739E-4
1.157E-4
7.692E-5
5.115E-5
3.401E-5
2.262E-5
1.504E-5

Specular reflection

and off-specular scattering

from 100 nm Fe film
in saturation

alpha f, mrad
o
1
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Inelastic off-specular reflection on dynamic homogeneous
deviations AU(t)=U(t)-U

Kf ] ]
Qz inelastic

/

AU(t)

Qz elastic

Dynamical fluctuations with size greater coherence length
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field

SLD depth profile variation via reflectivity: R = R(q_,1,Q2) 0<Q < GHz

field
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! @ ‘Q

Lateral instabilities caused by AC transverse field
- — v
displacements 7 (7) oc jdt)( i -0)E (1)

§(qz N ZT, Q) Is non-linear function of field 0<Q<GHz
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Elementary scattering theory: amplitude

V/(4 V{4 ”m V//(4 ”m

f(@.0) < [dr'dt{y (.U Oy, (1))

V [/ 4

f _ ikir' _—ig;t' r o - —ikf’" il
‘Wi(’” ,t)>—e € plane waves i <Wi(7” ,t)‘—e e
/4 /4 I - T T
_ k, '
=&, —& P 0 q_kf_ki
J//4 /4 m e,
' ' WL o T,
frequency transfer pl= r(t ) + 5 k wave vector transfer
(/{4 m

r(')y=r+vt

V({4 ”m

V [/ /4

Hgine e om0

for hard sphere: U@',t'): U, (&' —r,)

" [sin(gr,) - (gr,)cos(gr,)] ..~
f(q)oc[ (g7) ~ (q0) (qO)]e’q"S(a)—vq) 7, is radius of sphere

(qro)3
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Hard sphere autocorrelator

V(&) o [dE9(E|—r)I( E+E | —r,)
is volume of self-intersection:

VEY=V(0){1-25x+2x> —0.5x’}] with Xx= %

0

and asymptotics V(0) = gW03 V(ro ): 0

V(«;) = j dée"gg V(E) o W

For many spheres
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Scattering cross section

82 /4 |
b - 9 @)
s S(g,0) = |f (9, )|
”nr 1 - - moomr ” ,”' : ”," 77 T
S(q,CO) oC ?J.dt'dt"e io(t'-t )J.drvdrneZQ(r r )U(év,tv)U(é ",t")
r'=r+viss',  r'mrvtEc”

WA gn r'—-r'=&+vrt =c'-&" = t'—"
g \\é 5 :g'_ " 5 é é é T t t

cross section via correlator

({4

V//4
”m ”m

Fod \ \ [rrg  S@.0)x [duge % k(£ 1)

for hard sphere  K(&,7)oc V(E)I(r, —|7|) with T.=21,/v

mnrrmr mnrrmr
m m T, m V(4

S(@,q) < V(q) dee o=l 2y (g)Alw —gqv,]  Alo —qv,]= o(w —qv,)
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. Scattering from Brownian diffusion

short time: autocorrelations long time: hetero-correlations

O
J

coherence volume

” ”

S g g i E
q l m m q

iq(R;'=R;" -Dq’z]

and

eSS

after long random walk < e

S(@ m‘i)ocF( ) Dy’
e 4 a_)2+D2q4

with @ ~ qu <<vg
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Scattering from particles
in small oscillating field

m m

SJ(a,q,fl) . J’dz_e—iﬁreiqaocosQTF(q)

a<r, is amplitude of particle displacements

m m

it ga<<l S(@,4:1) - S(0,q,)
”m i mnrrmr 1
oC F(q)j dre™°" (ga,)[icos(Q1) — —cos’ (Qr) +....]

oc (ga)[6(@ — Q)+ (@ + Q)]+ (ga,)’ S(@ —2Q) +....
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AC field induced off specular scattering

specular

m m

< 5(0_),q,fl)_§(09qafl) >qy,5

m

o< (q,a,)’ >[8(a,” —a,” —4Q/w)+5(a,” —a,” +4Q/w,).]

a’ ~af2 ~1078 Q ~ GHz

l
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Scattering kinematics: far-field-limit

Basic parameters:

Partial source  Chop 1, " m.e..m Det.
Slits, etc ... |h<<ln |l 7|
V//4 V//4 Y/ ”w "
: vt h r—r Lo 7y
p - t, m
Ql.(kl.,gl.) o " , Interaction potential

Source amplitude
Ulnt,) = 2U, (&1,

V///

S, =h=n
" " " V//4 V//4 V//4
m=1;/{7;| ny=ryl|r|
V//4 V//4 V///{{4 V////{/{4 mnr nm V/{/{{4 V/{ /{4

Basic approximations

2 2
|1+ er A —(hn, ) 2, |7 —=r [rr—rn+En,, ) /2,
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Incident wave function:

n
n n n

Y. (r,t)= Ia’giG(r1 +r,8)e O (k. g.)

is a superposition of plane waves with spherical wave amplitudes:

m

eikiﬁ e_igi(tl_ti)Qi (ki : 81')

/4 i kl_ 7

Y. (r,t) < jdgi -

v,

l

Finally scattered w.f. is:

(/4
(/4 (/4

1 i r— i(k.r—e:t:
LPf (r,l‘) oC _J-dgfdgie (ks g‘ft)U(q,a))e (7, 8ltl)Q(kiagi)
Vily
with scattering amplitude

”i

”m ”m

U(g,o) = drdte” ™"y 1)

Fourier transform in space and time
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Incident wave field:

”m ”m

Wz' (Rl 9 zLl ') - IdTS 'da)i ' G(Rz 9 a)i )e_iwi(tl'_ts'+rs ')Qz' (Ts ')

iS a superposition

({4 ({4

vV, (Riﬁtl) — J‘da)iG(Riﬁa)i )e_iwi(tl_tS)Qi (a)i — Q) )’901 '_ts ')

of spherical waves

m m

nm nm
. ] ]
ik;|Ry+1,'—r,"|

G(Rl , a)) oc R ~ eiki(rz'—l’s ) G(RO :
0

approximated with plane waves with spherical wave amplitude

k. = & k. is incident wave vector
1 R 1
0
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Link back to direct space

Probability flux density:

m

**
J(1) = ;—O%{(V‘P W - (VP))! = 2—hm(V -V )Y *(r)Y(r') where
”m ”m ”m ”m *** .
W, () = [dr [ d6,G(r 1,1 -1)0, (51 with
Q. (r,t)=U((r,t)¥Y (r,t) is the secondary source amplitude and
n n o " ”’]t 0 *** )
i re—rl|,t—
¥, (r ,t)mjdrljdtljdgfe RO (rL,t) with
the phase: @, =k, |[r—rn|—€, (t—1)>>1 generally very large

¥, (r,0) Poc [drdrdndt,' [ de de ¢ 00 (1,40, (1'.4,")
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Wave field correlation range

”m

Partial sourcq gl?top 1, Qf(kfﬂgf) Det.
- 1/l4

”m ”m

v+ r=n

”m

[ r

V//4
|
r—r,
V//4 V//4 V//4
o |
p=(n-1r)

coordinate conjugated to
the wave vector transfer

n=0+n")/2

Mean incident wave vector Mean coordinate

" of interaction” Mean final wave vector

" m m

K. =(k +k'")/2
" | III( l”/ l ) " - Kf :(kf +kf')/2
n, =r,/|r | Mean incident direction n, =r/|r| Mean outcome direction

B.P. Toperverg, PNPI Winter School, 26/02/2008



Group velocity and neutron path

the principle contribution into the integral: jdgfdgf'ei@"_q)f") is due to minimum of

m m m m

A(D:(Df _q)f':[kf |7 —n |_kf'|r_rl'|]_[8f(t_tl)_gf'(t_tlv)]g1

Introducing variables:

m m o

“moment” of time and “coordinate” of interaction: #, =(t, +t,')/2 and r=(s+r')/2

" m ”

mean neutron energy and wave vector: g, =(e,+&,")/2 and K; =(k,+k,')/2
One approximates the phase shift AD= o, [(t 1) 1:”—171 |/v, 1-[g,7— I;,;;I)”] <1
where V. =K,/m s group velocity, and 7=(f,—¢") ,(,)”z (I:;,—I::,')

Integration over @, =(&, —¢,") ’ finally yields:m .

|dz di """ =2 de &S\t 1) ~|r 7| /7))

B.P. Toperverg, PNPI Winter School, 26/02/2008



Tracing along neutron path

* —  —i(@;T-Kksp) ~ io,(t-t-5,/V;)
Gf Gfocfda)fe Idmfe

. — v s —i(0 ;7K p) Outgoing trace
—Ida)f27r5(t—tl—sf/vf)e goIng

G G oc[dws(t—7 —5 /v, )e' @ xP) Incoming trace

m ”m

m

s, = r.+n|=r, isflight path from source, Ef =r—r |=r isflight path from the target

”m

m ”m nrom

Ji(rat) o Idfidzldafda)i5(t_zl _‘§f /‘_}f)g(aaq;?l’zl)5(zl _Zi _‘§i /‘_’i) | Qi(Kiva)i) |2

”m

| ~_ 7 P S . SN
with  §(@.7:7.0)) = [dpdze UG + L5+ U =L =)

After integration over @, and @, atfixed ¢ and f —f,

” mnrm

Jl.(r,t)OC(S’;(E,q;171,21»&1&1 where now ® =0, —®,

=2 . o
, _Mv so v =5, /t-t) v.=s5./(f —#) Classical velocities before
with <%0, = 7 s 1 ©T T and after scattering event

B.P. Toperverg, Nonlinear response, etc. ILL, 11/01.06



Homogeneity, ergodicity, equilibrium & linearity

B 1 N 1 N - ”m . ”m
J=—=2, JB)e—D S(0.q:1)=S.9)

N~ N
S(w,q)={dodo'e ) [de ™ U(w)U(a,")
o (|U(@)[*) @, = A

”m ”m

here U(q,a))z Idte ia)tethU(q)e—th
In equilibrium  S(w,q)= Y. p, U, (@) (E,—E, —@) Expansion over exact
- states of the Hamiltonian
%k X XXk o kk

Example: U (q*, w)=1S, m*L (q*, @) (magnetic interaction)
S(w,q) < (m®(q,0)m”(—q,-~»)) is pair correlation function
S(w,9) < —n(-0)x.;"(q,0) via FDT related to:

Xop (1) = —i{[m"” (O)m” (0)=m? (0)m® (t)])9(¢) | linear response function

B.P. Toperverg, Nonlinear response, etc. ILL, 11/01.06



Higher harmonics: non-linear response for external field
m(t) o {cos(Qy1) ' (€2) +sin(Qy1) 1" ()} B,
m, (t) oc {cosRQ ) x,' (29,) +sinRQ 1) x," (29, }B%0

m, (¢) oc {cos(3Q,1) x,'(BQ,) +sin(3Q,1) x," (3Q,)} B

Harmonic analysis of scattering in ac field:

AJ(Q,,@,1) oc {cos(Q) x;' (@ -y, +Q,) +sin(Q1) y," (0—Q,,0+Q)} B, +...

Higher order correlations

(U(0)U()) o< {my (@)my (—o))S(@— ") +{my (@)m, (0 +Q)ym, (0 X)) B, +...

Frequency mixing via incident flux modulation

B.P. Toperverg, Nonlinear response, etc. ILL, 11/01.06



Reflection and GID in ac field?

1. Circling along hysteresis loop. Nonlinear response.

2. Larmor precession of magnetization of finite elements
in the dc field normal to the surface.

3. Doppler scan of domain walls propagation in films.

4. Excitations in lateral structures.

B.P. Toperverg, Nonlinear response, etc. ILL, 11/01.06



J(@O) 2] dtrdo,dodt—t' —s, 1v,)S(w,t )5 ~t,—s,/v,)cosQt;
I A

Each pulse “/" is labeled by its own frequency Ql. if Ql.A >> ]

A s the pulse width J(t) o< ; { dt'S (00, —®,,t, )cosQLt!
=2 2 =2 2
where o%ﬁzmvfz mS_f xmvzz fnSi
T2 2(t-1)? 2 2t -1
t_l — [ = <ti1> — I is the value fixing incoming velocity 3,

l

Intensity at fixed arriving time is asum  J(¢) < ZJ.(¢,9))

B.P. Toperverg, Nonlinear response, etc. ILL, 11/01.06



Correlation of flux fluctuations:

”m

G(7) = %f dtJ(t+7)J(t) c(S(w,q;7)S(@,¢:0)),

Fourier transform:

GO =]dw™ G(r) o U@+Qq) | U(@—29) )

Fluctuations - differential effect AG o« G(Q)—G(0)
AG(EY) o ([|U(w+£, Q) < U(a, Q) DI U(0-, Q) < U(a, Q) D)

Four point correlation function:

(m“(q,0+Q)ym’ (-q,—0 + Q)m’” (g, 0 — Q)ym’ (-q,—w — Q))

IS expressed via non-linear susceptibility

B.P. Toperverg, Nonlinear response, etc. ILL, 11/01.06



Non-linear response for ac field

Scattering on system under external ac field. ~ Hamiltonian ~ H,_(?)

m m

ﬁ(q, t) = j—l (HU (q, t)SA’(t) where U(t) = o it Heisenberg representation:

Hamiltonian with no field
S-matrix:  S(6)=Texp il dif, (0)y=1-i | diH, ()] di, | doH, ()H,(1,)+...
with ﬁ(t) = U(t)_i_j dt{H,, ()U@)-U@)H,, ()} +... and

H_(t)=€e""H _(t)e""  externalfield in the “interaction” representation

ext

Example: H, (t)=m,B(t) = myB, cos(Qt)
H,, (1) = my () B(t) = my () B, cos(€2,7) where m, () =e" " 'moe "

<l7(t)ﬁ(t')> oc (my (H)my (1)) _i<idt1 @ —t)my (&) —my () 3o (8, =) H By (8) +...

Xo(@)=—=i[m,(t)m,(0)—m,(0)m,(¢)]3(¢) is retarded commutator

B.P. Toperverg, Nonlinear response, etc. ILL, 11/01.06






Doppler shift from hard sphere moving with constant speed

”m m T r " ”m mnrrm

S@.q) < V(q) [dre™” " =27V (q)A[@ - qv,)

V({4{{4 mnrrmr

A[a_) — qv,] — 5(0_) — qvl) Accounts for moving center of mass

14

is sphere
form-factor

m

”m

Ingeneral  3(r, —v|S |) is particle shape function with 1y =1,(t,n)

-6 2 4 1M !
ry ~107cmvy ~107cm/ 5,7y ~107s,qv=0~10"s B.P. Toperverg, PNPI Winter School, 14/03/2009



GISANS from block co-polymer nano-composite
multilayers (D22 ILL )

V. Lauter-Pasyuk (TU Munich)

B. Toperverg (PNPI St. Petersburg
and ILL)

M. Jernenkov and H. Lauter (ILL)

1108

"D..'D-'H L] ui T ¥ - l\ . T X T
04 008 o.00 ooz 004
o, o, rad




Grazing incidence kinematics

V({4 m

S(a_)a q;t—z) o dee_iar - eiqx(xl'_xl") > eiqyacosQrF(q)

A —Z 2 2 _ )
_ . al‘ —a a -
o pect 17 ) i i R PO
.............. m C 2 ) 2
z %
q z_E‘i_i'O‘f]
C
L X
q’ z£¢ and
C
INEACETDNG S o] N | where
e ~ 0(q Q —a. 0 /o,
(/4 mrmr (/4
(= .7 —ioT i Q .
S(w,q;t)) = jdfe e ' [{g) with

B.P. Toperverg, PNPI Winter School, 14/03/2009



Specular reflection an off-specular scattering

« Specular:
Energy+lateral momentum are conserved, transverse not conserved
« Off-specular: Lateral momentum is not conserved
Ki
Ewald sphere
k i
Po;
a;




Scattering kinematics: far-field-limit

nm
”m V({4

7
Partial emitter,, _ _ ﬂ
Hierarchy of basic parameters: | 5 |<<| 7 |<<| R | Y
V//4 - ./.
! " m ”m V/{4 /
rs / V({4 ' ' Rf /
R =R, +r'-r, y
V4 .
> R, Partial
~ 7 _
N / receiver
%k %k ~ /4 s m
* ~ \
' '
0C.t) SN R, R,
~
Source amplitude N o mom
Example: %Uz (R, +&,,1))
**

Interaction potential

0(&.1,)= 5(5 )elm

F<<g20~1018—1020S_1 m m o mom
~R,+n,(r'-r'
RN102_103cm i ~ 0 O(l S )
r~10"" =107 cm n,=R,/| R, |

4 -8
¢ ~10" —10"cm B.P. Toperverg, PNPI Winter School, 14/03/2009



Wave equation with source

includes initial and boundary conditions

m ”m nm ”m m

Formal solution: W (r,f) = Id’”'dl"G(l” —r',t—=1)O(r',t')  integral form of the W.E.

m m

where the retarded Green function G(7,t) = J.dSG(r,g)e_iaS(t)

obeys W.E. with point-like instant source ~ Q(7,t) = 0(r)0(t) is a superposition

| | ”m elkr
of divergent spherical waves G(r,g) o —

r

with wave numbers due to d%kz =2m Q%

B.P. Toperverg, PNPI Winter School, 14/03/2009



Far field limit R, >>r,r, =

nr nr
nm nm 1//4 1//4 1//4 1//4

= JR +(r'—1.") + 2R, (11"

Partial souroe ‘Ro + (I"l '—I"S ')
V//4 V//4

nm 7 nm

~R, +n,(r,'—r." )+ ()"~ ) /2R, +.....

nm

R, . .
n. = — IS a unit vector
R

nrom

(r,ng) =0

determines coherence
ellipsoid (resolution)

Incident wave field:
V//4

Wi(Riatl) ~ _[da)i'eikirl'e_iwi(tl_tS)G(Ro9wi')Qi (a)z‘ '_a)o )S(tl o ts)

B.P. Toperverg, PNPI Winter School, 14/03/2009



' ' ik ”'1 —io,'(t;'=1;' ' '
v, (Rt =)= [do,'Q, (0, )G(R,,0, e e 31, 71,")

/4
/4 " m m 5 d
d /4 et.

The same as incoming wave
reversed in space, but not in time

m

V{/4

Transition
amplitude in BA:

td mw ”m ”m mw ”m ”m

[dtydry (R, = Ry.t; —t)U @t W (R, + Ry

t

A

N

B.P. Toperverg, PNPI Winter School, 14/03/2009



Observable

Flux density is bi-linear combination of W.F

nm

(VY - (VYP)}

2m

I

Ak
r,t)=

(4

J(

Partial source

1{{4

|
R +r

IIIIIIIII>

”m

outgoing W.F.
(R, —n'st, 1))

Wy

o
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*
*
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e
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Incident wave field correlator

qji (tv)qji*(tn) oC J.da)i'da)i"e_i(q)i'_q)i")QS (a)iv)QS*(a)in)

m
m ”m ”m

with (huge!) phases  @.'=w.(t,'t, — R /c)— k' D."=w."(t,"t,—R /c)—kr"
t, =(t,'+t,")/2  mean time of propagation T=(¢,"-1,") time shift

o, =(o,'+0,")/2 mean frequency o=(o'-0") frequency shift

V(O (") o« [dae e W (@,,0,— 1) with

”m

W.(k;w,,t,) o« Id@e_ia(f’_Rs/c)Qi (o, + 5/2)Ql.*(67)l. —®/2) ray tracing function

(t-R /o)< ~1,

B.P. Toperverg, PNPI Winter School, 14/03/2009



Ray tracing function example:

X * %k
X X

*
Example: Ql.(c_fs,fs) =5(§S)ei%rse_rs/ro

_ (o — f{, — R/
W, hs0.7) o Wk, 0y M@~ @)l — R 1),

— —2(t_—RS/C)/‘L'019(ZT_RS /C)
(0 — @)

t~R/c~10""=10")s Speckles in time

({—R /c)<2t,~107° =107

W(@,.0) = 6~ R,/ )6(@, - @,)

Smeared over range:

@ —w,|<E-R,/c)' <1,

B.P. Toperverg, PNPI Winter School, 14/03/2009



Wave field correlations in space and time

t'#t," t'=t +71,/2 t"=t,—1,/2

Partial source Moving scattering Potential

v
o
R
D
*a
e
»
“u
u
*u
e
»
“u
“
*u
v
v
0
LY

m ”nr

T
oy
.
.
y
0
.
.
'.
2,
L
L
e
*
v
v
L2
.
.
L)
L
'.
L
‘e,
‘e
e,

”m "

s 0L - Interaction range
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Intermediate scattering function via correlator

(/4 (/4 (/4 m m

Nl e e e

m /4 /4 m

where: (1)=p'(")+&'  7'@)=p"E)+E"  and ="

”m ”m
" m i m

S(@,q;1,) = [dre ™" K (q,T5E)  K(g.si,) = [dee K(E,mT,)

K(E'-E",131,) = jdé“U(i'Jz')U(i 1" is autocorrelation function
averaged over

m m

¢ =(5+5,")/2 and depending on the difference E=E&'-&" Z:(tl'+tl")/2
expanding  7'~r(6)+v,'c/2 and  5"~r(@)-v"7/2 then  r'"=vz

m

v, is velocity

B.P. Toperverg, PNPI Winter School, 14/03/2009



Probability via intermediate scattering function

m

1(t) o« | di,do doW, (@)1, ~ 1, — R, 1 0)S(@,q:4, W, (@)AE, —t, R, / ¢)

m I/

w=0,—, is frequency shift qg=k,—k  is wave vector transfer

where

Neglecting smearing over uncertainties t < T, ,’L'd) and time of interaction

and time-of-flight functions:

t, =t +R /c

~

with spectral weight functions

B.P. Toperverg, PNPI Winter School, 14/03/2009



Way to reciprocal world

({4 ”i

4 * Xk
Scattered wave function ¥ (r,7) = _[drljdth(r — 1, t—t U@t Y. (r,,t,)

nm ({4 ({4

m m m m

. —ic o (t—1ty)
with G(r—rl,t—tl)zjdng(r—rl,gf)e rl=h

is a superposition of plane waves with spherical wave amplitudes

m o m ik o|r—n| ik o7
—ik ;1
G(r—rl,gf)oc mwoom o 1
|r—n | 4
wave vectors — kf = _nfkf space (not time!) inversed
. 2
and frequencies due to °%2kf =2m%,

B.P. Toperverg, PNPI Winter School, 26/02/2008



Off-specular scattering map for uncorrelated domains in multilayer

o degree

Off-specular scattering map from uncorrelated 5 pm domains in
4 O[Cr(30)Co(4O)Fe(:B.O)Cr(30)]SOCr(600)MgO multilayer.

1.000
0.2512

3.5-
3.0-
25]
20
151
1.0-
0.5-
ool

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

o, degree

0.06310
0.01585
0.003981
1E-3
2.512E-4
6.31E-5
1.585E-5

3.981E-6
1E-6
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