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' Magpnetic cross section

d’o kp, m |2 ) 2
m = k_i(27rh2) Z p(oi)p(n()) ‘ <kf0’f7L1|\ \/|kmm()> | 5(61 — €0 — ﬁw)
0i,0f
no, N1

= My X pleplno) | (ogmlo Mo (@lono) [ 6er — o — i)

Oi, O'f
no, N1

magnetic selection rule

M (Q) = Qx(MQ)xQ) = MQ)-(MQ) Q) Q

FT of the magnetization (operator) density

M(Q) = /d3r Q" M (r).
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#  Unpolarized neutrons
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= — S(Q,w) dynamic scattering function
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#  Dynamic scattering function

oS}

Sn(Q.w) = Zp(m])glﬁ / dt e ( no| N*(Q,0)N(Q, 1) | no)

no -

_ 1 3 i(Qr—wt)
= 5 d’rdt e ( N(0,0)N(r,t) )7

e}

dt e™™" (ng| M (Q,0)M.(Q,t) | no)

Su(Quw) = Wofzp(”“)ﬁlh/

1 1(Qr—w
= (77«0)2% /d3rdte<Q (M, (0,0)M, (v,t) )r

S(Q,w) is the space-time FT
of the nuclear-positional resp. magnetic
time-dependent pair correlation function.
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A separating phonons and:magnonsia 0
Coherent 1-phonon _scattering function

3r 1
S(Q,w) = Z—

w
s=1%s

L
I exp (=) exp (iQd,; S(k; — ke —
;\/;\—jj_e\p( )exp (iQ )Q/E a( 1= Q)

_— [+ 1) 8w — we) + {nhr 6w +w,) |
FT of a point »/

periodic in Q (for simple positions d;) increases with Q2

Coherent 1-magnon_scattering function (T<<T)
2

S(Q7 = Z Zf/ eLJaQq“)s) 6(k1_kf_Q)
s=1| j=1""—~—
[ {ns + D1 6(w — ws) + (ns)r 6w + ws) ]
FT of unpaired-electron shell periodic in Q ( depending on d;)

falls off for large Q
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Dynamic scattering function

SP(Quw) = (M™(Q)M’(Q) )1w

= L[t e (—Q,0)MP(Q, 1)y
27

1 .
= 5 / dBr dt Q=) (M(0,0)M® (r, 1))
T P _

time dependent magnetic pair correlation function
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t — oo limit of pair correlations

1

B'r‘agg(Q? ) = % dt e_th tll)rgo< A[a(in())A{S(Qat) >
1 .
= o [t e W (M (-Q,0)MP(Q, )
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t — oo limit of pair correlations

1

B'ragg(Q’ ) = % dt e_th tlgrgo< A[a(7Q70>A{3(Qat)>
= o e Q00 (M (@, 0))
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t — oo limit of pair correlations

1

B'ragg(Q’ ) = % dt e_th tlgrgo< A[a(7Q70>A{3(Qat)>
= o [ e Q0) (MP(@0))
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t — oo limit of pair correlations

S5 0(@uw) = o= [dte ™ lim (MO(-QOM(Q.1))

2T t—o00

= d(w) (M°*(Q,0)) (M"(Q.0))

Bragg scattering

Q,w=0) Q,w)

statlc( d|ff(
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Bragg and diffuse/inelastic scattering
(M**(Q,0)M"(Q, 1)1
= (M**(Q,0)) (M"(Q,0))... }—Bragg, time independent

o ((MOH(Q,0) — (M(Q,0))(M7(Q, 1) — (M?(Q,0))) )1

correlation of fluctuations

SPQ.w) = Spragy(@:w) + 55 (Q.w)
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Dynamic susceptibility
Linear response to a space and time varying magnetic field:
(M*(r,t)) = (M*(r,t))|

H=0

+Z/d37" dt’ xP(r — vt —t)HP (v, ')
B

(M*(Q,w)) = (M*(Q,w))],_ O+Zx”‘5 Q.w)H’(Qw)
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Dynamic susceptibility
Linear response to a space and time varying magnetic field:
(M*(r,t)) = (M*(r,t))|

H=0

+Z/d37" dt’ X“’B(r—r’,t—t')Hﬁ(r’,t’)
B
(M*(Q,w)) = (M¥(Q,w)|,_ O+Zx“5Qw)H5(Q, )

“Squid-Susceptibility” - w = 0, integrated over space

/d% dt (MO(r,1)) = (M*(Q = 0,w = 0))

= X'*Q =0,w=0)H"
= X""(Q=0,w=0)H"
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Diffuse/inel. scattering function and dynam. susceptibility

dsz(Qv ) = Saﬂ(Qv ) Bragg(Qa )

h 1 1

- - Lo *
- Fl_e_k};wT 22 ( (Q7 ) X (Q?w))
h
5 Q) = —2 — L gy @Q.uw)

T 1—¢ FBT

(© Mechthild Enderle



Diffuse/inel. scattering function and dynam. susceptibility

SH(Quw) = SP(Quw) — S5 0s(Q.w)

= (R Q)
S%‘}f(QM) = —Z 161_I€;;L;T X"aa(QM)
Saiff(Q,w) = —E%

> (ap—Q°Q%) % (X"*(Q,w) + X" (Q,w) )
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Neutron response and Squid-susceptibility

Kramers-Kronig relation

X/aa(Q’w> = 71'/ o
X/aa(Q,O) — 1/dw X’/Otoc(Q7(/J)
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Neutron response and Squid-susceptibility

Kramers-Kronig relation

e 1 X//Oca(ij/)

X/aa(Q,O) — i/dw XOlOé(QaW)

w—20
_hw
I aa > lL—e *57T aq
X Q,w=0) = — dw Tsdiff(Qaw)
hw
laa > 1—e F8T aq
X “Q=0,w=0) = —/ dw Tsdiff(Q:()?w)
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Neutron response and Squid-susceptibility

Kramers-Kronig relation

1 "o /
X/aa(Q,W) — /dw/ X /(Qaw)
s w —w
1 X//aa(Q w)
| No7e% 0 — - d 9
X(Q,0) W/ W
, Weutoff 1—e k)}ng
C@u=0) = - [ " T si5,@u)
—kB
, Weutoff 176_%
—kB
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Detailed balance

Generally valid

Xaﬁ(Qaw) = QB*( Q,—O.))

dsz(Qv w) = ngo};(QaW)
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Detailed balance

Generally valid

X (Q,w) = X (-Q, —w)
dsz(Qv w) = ng};(Q,w)
dsz(Qv w) = kBT Sf;c}f( Q,—w)
Saifr(Q,w) = eFT Saiff(—Q, —w)

Detailed balance
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Detailed balance for centrosymmetry

Centrosymmetric crystals and isotropic media

X/QB(Q7W) = X/aﬁ(Qa —UJ)
X”aB(Q,w) — _X//aﬁ(Qa _w)
Suff(@w) = "7 Sup(Q-w)

Detailed balance for centrosymmetry
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Example detailed balance

S(Q,w) at different T
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Example dynamic susceptibility

Gap or no gap ?

5(Q,w) X' (Q,w)

0.8 0.8

x"(Q,0) =0l (Q)/(>+I?)

0 1 2 3 4
h® (meV) hw (meV)
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Sum Rule for magnetic scattering

total magnetic scattering

/de dw SBraqq Q7 +Z S,(]‘,;/ (2 ”") = NZ<( Sa )2>T

afd «

generally valid NS(S+1)

classical complete order, for T'— 0 = NS?>+ NS
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Scattering a neutron wave

Conservation of

incident/ final neutron wave sample
Momentum ki —ky = Q
Energy E,—E; = hw
n2k2  hPkG
2my,  2mn = Jw

Q, hw
fixes k; - () and k- Q)

o
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Triple Axis Spectrometer
select k; = %\—7: and ky = i—: via Bragg reflection
nAy = 2dsinf; n\; = 2dsin 6;

Detector Analyser Monochromator Input sl
Filter

(*
Beam stop Sample foble Diophragm
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Triple Axis Spectrometer
select k; = 2}\—7: and ky = i—: via Bragg reflection
nAy = 2dsinf; n\; = 2dsin 6;

Input sit

Defector ~~ [Analyser Monochromator

Filter
Diaphragm
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Monochromator /Analyser
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Time Of Flight Spectrometer — IN4/IN6

monochromator n\; = 2d sin 0; = k; = 2/\—7; E;, = %k?
Fermi chopper = pulse structure of the neutron beam
Time of flight t = 11 + t5 < =14 = Ly
1 _ mn L 2
k= pmava = 32 Ef = ook}
Background choppers Curved monedhromator | | Deleter
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Time Of Flight Spectrometer — IN5

2 Disk choppers, relative phase ¢ and velocity €2 define t; = %

2
v; = é = hk; = mpv;, E; = Jn—nkf
Time of flight t = t1 + to = ty = 6_21 = LiliZjn
1 _ mn L _ Rh% 12
kf = 3MpU2 = mT t—; Ef - mkf
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Time Of Flight Spectrometer
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TAS multidetectors: FlatCone

Top view Side view

31 channels
75° angular range

k=3A1 k=15A"
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TAS versus TOF

TAS
highest continuous flux at sample

single analyser-detector
1 Ef

single crystal > 5mm?

TOF
pulsed structure

highest detected solid angle
continuous coverage of I

single crystal > 1cm?
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TAS versus TOF

TAS
highest continuous flux at sample

single analyser-detector
1B

Flatcone - multianalyser/detector
Camea - several Ey

single crystal > 5mm?

TOF
pulsed structure

highest detected solid angle
continuous coverage of E

focused guide/monochromator
bispectral TOF

single crystal > 1cm3
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Coherent dynamics

Crystal — periodic array of atoms / magnetic moments

Coherent dynamics Brownian motion

atoms/magnetic moments

move " correlated” ("ballet™) uncorrelated, diffusive motion

Snapshot: "random walk”

periodic pattern — wave disordered
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Collective motion — coherent dynamics — " ballet”

phonons

ATATAY. AVAVAVAY AVAVAY AVAVAVAY AVAVAVAY AVAVAVAY
. iy 'ur W ‘f 'J'I t!r i '\H\aﬂ'.f l"U i "Jl \u' (LAY 1 \UI W ‘\* \vr l".f
I\ |

| | I | |
/
-~

A

magnons

P LTI

wavelength A

2

wave vector () = <
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Local Excitations — infinitely weak "springs”

Coherent excitation = isolated/local excitation

atom/ion/molecule

Spectroscopy of an individual _ )
spin / small group of spins

6

I 55
‘\7 .
&

E 5
=

I o5

4 4

2
Qin 27/d
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Local Excitations — infinitely weak "springs”

Coherent excitation = isolated/local excitation

atom/ion/molecule

Spectroscopy of an individual _ )
spin / small group of spins

‘ * 55
A |
5
I 1 45
' 4 1 2 3 4

Qin 27/d

Energy w
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Local spin flip between Zeeman-split states

Energy (meV)

0.4r Cu, isolated spin 1/2
0.2r

0.0

-0.2

04l local Zeeman transition

O 1 2 3 4 5
Magnetic field (T)

M. Mourigal, M.E. et al.

CuS04.5D50
0.8
; CU2
Q
E os
8
w)
& 04p M
>
20
2 02
[NN)
0.0

0123456
Magnetic field (T)
Nat. Phys. 9 435 (2013).
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Local transitions: Crystal Field Splitting

TbyTigO7
Th3+:
"Fg { i::; } J=6 Merlin E; = 150meV

powder, T' = 7K

1500

1000

Energy (meV)

10
[T QA

A. J. Princep et al. PRB 91 224430 (2015).
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Local transitions: Crystal Field Splitting
powder, T=17K TbgTiQO'y

1500
120

100

41000

o0
o
T

(2]
o
T

Energy (meV)

500

.
o
T

20 5

- 5 10 15
QA

A. J. Princep et al. PRB 91 224430 (2015).
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Local transitions: Crystal Field Splitting

_ k ok
H= Z Bq C’q
q,k
TbyTisO7: 6 Bg to be determined: use energies and intensities !

Ao
dw d)

k
= N (o) 2 1@ ™ 3 pil(f1 L]0} 6(uy — wi—w)
(2 i,(f

1500

1000

Q (A

A. J. Princep et al. PRB 91 224430 g2015
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Local transitions: Crystal Field Splitting

CePtSn: 2 CF-levels, 8 B(’;’.

Polarized neutrons (TAS)

+ single crystal

2 orthogonal @

P [(f]Tali)|?
I”;F_ I‘;F } = [{fIli)
’ [(f]Teli) 2

Counts (per 10k MON)

Counts (per 10k MON)

-
[=3
o

]

8!
(@) £ @=(32500) |

k=a41A"

[=3

100 |

[=]

A

1 1{1{’%"

a=(o 035)

‘ ]
\_& o |SFSF

SF_, SF
\ s 1, 5P
v

?{L%iéiﬁ
T

15 20

B. Janousova et al. PRB 69 220412 (2004).

25 30 35 40
E (meV)
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#  Polarized neutrons - Simple dipole rule
& k ;
dam, = w0t X P | orml g M@)o [ der — o —
Ti,0f
no, N1

G';BAIJ_.T + O'y]\f_l_y + O'ZA"[_LZ

Pauli-matrices
> o, leaves its own eigenstates

1 0
o, = ( 0 -1 ) ( (1) >,< (1) ) unchanged
- (01 1
Oz = 10 > o, flip the state ( 0 ) (0. =+1)
0 — 0 .
oy = ( i 0 ) to < 1 ) (0> = —1) and vice versa.

b =y
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Local transitions: Molecular magnets

Mn-[3x3]

0. Waldmann APS-lecture 2006.
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Local transitions: Molecular magnets

energy transfer (meV)

; (
05 10

15 20 15

momentum transfer Q (A) intensity (a.u.)

0. Waldmann et al. PRB 03, PRB 05.

(© Mechthild Enderle



Local transitions: Molecular magnets

Néel vector rotation and spin waves

E vs. total spin S AF Spin-Wave Theory

quasi- —
1 continuum

N

L M|

3 4 quantized rotation of Néel vector

0. Waldmann APS-lecture 2006.
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Local transitions: Molecular magnets

Néel vector rotation

A%

$ =

-1 0

0. Waldmann APS-lecture 2006.

i 444
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Local transitions: Molecular magnets

Néel vector tunneling

e

0. Waldmann APS-lecture 2006.

449
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Local transitions: Molecular magnets

Néel vector rotation

<x¥ S=3 vy 5.65
NN o &%
oo N - ¢ Len
P S -
[0} 1 S VI
5 £
@ 5 3.35
(%2} Foy ..g
2| 5 — 2.75
9 :"17 ek . > %
o 111
® s g ° Y 1.3
7 - B S=1 11 |
g & & 8 &8 0.5
o o o o o _ I
(syun -qJe) Aysusyul S - 0

O. Waldmann APS-lecture 2006.
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Local transitions

» energy independent of Q

» intensity: form factor |f(Q)|?
magnetic structure factor of local cluster (MM)

» powder measurement often sufficient
> integrate large Q-areas
» subtract phonons via nonmagnetic " blank”

» details (intensity pattern, transition matrix element):
single crystal, polarized neutrons !

|deal with TOF
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Collective excitations of the lattice: phonons

Energy

-/d 0 /d WWO”W

k=2m/A

INSTITUT MAX VON LAUE - PAUL LANGEVIN d MECHTHILD ENDERLE
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Collective excitations of the lattice: phonons

Energy

k = 2n/4d = w/2d

-/d 0 v 0@

k=21/A

INSTITUT MAX VON LAUE - PAUL LANGEVIN d MECHTHILD ENDERLE
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Collective excitations of the lattice: phonons

Function of interaction,M

k=mn/"d

0000
e

- >
=

Energy

k=2m4d=m2d
AL Jai e

>
i ?\=4_d i i

/d 0 Vi OO e @@
’

i i
[nE—

INSTITUT MAX VON LAUE - PAUL LANGEVIN d MECHTHILD ENDERLE
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Collective excitations of the ferromagnet: magnons
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Magnons in the "classical” antiferromagnet

hw(q) =4S |] | |sin(qa)|

k
/d
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Magnon dispersion reveals microscopic interactions

Ferromagnet Fully saturated antiferromagnet
H > Hgat

H
4

441141114 4114114411

Spin wave Spin wave

- = * = T g A 7

V\y/ V/{P’(; S %MYI{LJ o

/» /
ferromagnet fully polarized antiferromagnet
1 1
2
0.8 0.8
2 06 2
B, 51 0.6
[ [
5 0.4 S 04
0.2 0.2
0
0 0

0 0.5 1
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Magnon dispersion reveals microscopic interactions

CuS04.5D20

o

o
~

Energy [meV]

o
o

0.5
Q [rlu]

)

antiferromagnetic exchange

H > Hsat

no long range order >0.1K
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Magnon dispersion reveals microscopic interactions

CuS04.5D50 fully saturated H > Hgt
5T 5T
= 08¢} F -
% i r\Q,
E o6} >
5 §
5 04 &
= &
& g
o r—eo—o o —9
g 02r -eCu -
L
—— Cu2
ool———
0 /4 /2 0 /2 1
Ch,=1/2,-1/2) (1/2, -k, —k)

M. Mourigal, M.E. et al. Nat. Phys. 9 435 (2013).
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Magnetic dispersion reveals microscopic interactions

... but we need a theory !
Long-range ordered structures: " Classical” Spin Wave Theory

J. Jensen (2011) PRB 84, 104405

Energy (meV)

DI.E OI.E 0‘.7 DI.S [Il. ] 1.0
(qo6)
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Magnetic dispersion reveals microscopic interactions

periodically ordered spin sites with a local magnetic moment

interaction between the spins (e.g. visible in x (7))

no long-range ordered magnetic moment

Collective excitations ?
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