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Outline

» Reminder: Nuclear scattering
scattering amplitude, Fourier transform

» Magnetic scattering
scattering potential, directional dependence

» Magnetic structures
Ferro, antiferro, cycloids, helices, ...

» Scattering from a unit cell
Magnetic structure factor, interaction vector

» Experimental procedure
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Conventions for this lecture

Wave vector and scattering vector

k; : initial wavevector

k 1 final wavevector

k : momentum transfer, scattering vector

G : reciprocal lattice vector

Elastic scattering: |k;| = |ky| =k
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Nuclear scattering

Scattering cross section

Number of neutrons n detected in solid angle ()

dn = & - dQ -0(0,p)
<~ — =~

—1 -2 _—1 1
ns ncm S cm2

¢ has the unit of a surface

ds2

usually in barns = 10-24 cm?2
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Nuclear scattering

Scattering cross section

The wave function at a spatial position r = sum of transmitted and scattered spherical wave function.

ezk:r

o () = € 4 (0, 0)

only fx(8,¢) depends on the scattering
potential V().
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Nuclear scattering

Scattering cross section

» mediated by strong force, short ranged (fm = 10-15 m)

—p

v(r) A
» neutron wavelength much larger (10-10 m)
— cannot probe internal structure
— scattering is isotropic

» the interaction between the neutron and the atomic nucleus is - — — — — —

represented by the Fermi pseudo-potential, a scalar field that is O 2 h2

except very close to the nucleus my,

advantage: neutron senses atomic position and not the electron cloud (bonds)
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Nuclear scattering

Scattering cross section

The scattering amplitude is related to the Fourier transform of the potential function.

L 2p —ikr ;3
fe(0,0) = TIn 72 V(r)em"™d’r
) . . . 27h? 3
With the Fermi pseudo potential for neutron scattering from a nucleus V (r) = bo° (r)
mp

Neutron scattering from a nucleus is isotropic!

b is in the order of 10-12 cm
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Nuclear scattering

Comparison to X-rays

The amplitude of the scattered wave (the Fourier transform of the potential function) is called the
atomic form factor f (X-rays) or scattering length b (neutrons).

Nucleus

f(k)“ ~10-15 m b

Electron shell
k ~10-10m k

\/

\/

advantage with neutrons: scattered intensity does not drop with increasing scattering angle
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Nuclear scattering

Comparison to X-rays

Scattering lengths (analog to X-ray form factor)

. ° H Li C @) S Mn Zr Cs
_ 10 cl | . =
3 1 it T §a " °°°°o
"§a 90 ; of"ooo“’o"v ; joo o . . Y &) . ‘ ‘
2] [eReoftil ™ =% |
£ Ae\le | o ° X-rays
§ .° 6°K Ie
g 04 °
NI Q- 900 ‘ @
® S8 neutrons
54
o 1 2 % 4 s s 70
atomic number
superposition of resonance scattering advantages: contrast between neighbouring elements
with slowly increasing potential light elements can be measured easily

scattering due to atomic weight isotope effect (bh=-3.7, bp=6.8)
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Nuclear scattering

Comparison to X-rays

Scattering lengths (analog to X-ray form factor)

- a I s o Example KCI:

i ':oqfoo_ : = Soass | scattering lengths of K and Cl are
L very different — strong contrast

coherent scattering length (fm)

: X-rays would see a primitive cell
g™ ¥4 with half the lattice constant
T o % e % w7
atomic number
superposition of resonance scattering advantages: contrast between neighbouring elements
with slowly increasing potential light elements can be measured easily

scattering due to atomic weight isotope effect (bh=-3.7, bp=6.8)
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Magnetic scattering

Electron magnetic moment

Magnetic dipole moment in classical electrodynamics

@
A —e - Ve 5 —€- —e

3 = re = r= MULT = eL
\_) - 27r = 2 - 2m < 2m

Gyromagnetic ratio y: ratio between magnetic dipole moment and total angular momentum

e B eh

’Y:—%:—? with B = o,

This works well for the electron’s orbital momentum, but its intrinsic spin momentum cannot be
explained in the classical approach — correction by g-factor

KB
’7:_96? (go.=1,9gs=2)
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Magnetic scattering

Electron magnetic moment

Angular momenta are quantised in units of & (L = ...,—2h,—h,0, h, 2A, ...)
KB
VZ—QeF (g.=1,9gs=2)

——p The magnetic moment of en electron is quantised in UB

e L
Ky =7 . UB 3 orbital moment (1up per h)
. . _ _ 3 1 1 3
Spin momenta are quantised in units of 1/2h (S=..— 571, —h, —571, 0, 571, h, §h’ o)
e S
Hg =7S = - S = _Q,MBﬁ spin moment (1 43 per electron spin)

J
Total moment due to LS coupling J =L + S: n; = _gJ,UB%
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Magnetic scattering

Neutron magnetic moment

Protons, neutrons and many nuclei carry a nuclear spin.
y y P Electron: 1.76-105 MHz/T

Gyromagnetic ratios of common spin-1/2 particles: Proton: 267 MHz/T
Neutron: 183 MHz/T

Neutron moment is around 960 times smaller than the electron moment.

proton neutron
eh
Nuclear magnetons: AN = 5 — pp =2.793 uny  pn = —1.913 un
P
For neutrons: w, = YUNO with 7 = —1.913
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Magnetic scattering

Magnetic scattering potential

Magnetic scattering: interaction of the neutron spin with the magnetic field of an unpaired electron

gyromagnetic ratio v7=—-1091
neutron spin operator: (1 = o
pin op H = YUN MefiB
nuclear magneton UN =
mTL
. L i . Pauli spin operator 5
The interaction is described by the potential: P P U
—p-H=—yuné -H
Magnetic scattering length proportional to electron radius e2/mec2:
ve?
Yro = 5 = —0.04- 1072 cm —» comparable to nuclear scattering

MeC
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Magnetic scattering

Magnetic scattering potential

Magnetic field due to a single electron moving with velocity Ve:

Mo X R —eve, X R (from S. W. Lovesey,
H = curl I T ™3 Theory of Neutron Scattering from
IR c |R| Condensed Matter, Volume 2)

The scattering cross section between the neutron and the electron becomes (after 2 pages):

> (Sap — kaks)

ap

In comparison to nuclear scattering the magnetic cross section has a directional dependence!
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Magnetic scattering

Magnetic scattering potential

Like for nuclear scattering the Born approximation holds and the scattered amplitude is the Fourier
transformation of the potential function (atomic magnetisation density), the magnetic form factor.

f(k)

A

700 = [ plr) expike)ds
which is defined by:

f(k) = gfj()(k) + % oK) + ja (k)]

g, du, gs: g-factors
Jjn: spherical Bessel functions
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Magnetic scattering

Magnetic scattering potential

Like for nuclear scattering the Born approximation holds and the scattered amplitude is the Fourier
transformation of the potential function (atomic magnetisation density), the magnetic form factor.

f(k)

A

700 = [ plr) expike)ds
which is defined by:

f(k) = %Sjo(k) + % oK) + ja (k)]

g, du, gs: g-factors
Jjn: spherical Bessel functions

analytical approximation:  Jjo(s) = Aexp(—as?) + Bexp(—bs?) + C exp(—cs?) + D sin 0
ja(s) = [Aexp(—as®) + Bexp(—bs®) + Cexp(—cs®) + D] - s° A

coefficients a, A, b, B, ¢, C, D tabulated on http://www.ill.eu/sites/ccsl/html/ccsldoc.html) '.ll
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Magnetic structures

Ordered magnetic state

electrons (transition metals, rare-earths).

Hund'’s rule favors a state with maximum S and L. The
ions possess a localised magnetic moment.

)// l E;; = —Ji;S: - S;

7 /'—’/" LN
N TR Yy T Yy .
Exchange interactions (direct, superexc_:r_lange, double R % R % R<

exchange, RKKY, dipolar, ...) often stabilize a long-range

magnetic order M R % R %ﬁ
V7 /4
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In some crystals, some of the atoms/ions have unpaired Ké [%
f o
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Magnetic structures

Propagation vector

The magnetic structure does not necessarily have the same periodicity and symmetry as the underlying
crystal structure. The relation between one and another is expressed by the propagation or wave vector.

a
G
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Magnetic structures

Propagation vector

The magnetic structure does not necessarily have the same periodicity and symmetry as the underlying
crystal structure. The relation between one and another is expressed by the propagation or wave vector.

ferromagnetic

a

SN IE
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Magnetic structures

Propagation vector

The magnetic structure does not necessarily have the same periodicity and symmetry as the underlying
crystal structure. The relation between one and another is expressed by the propagation or wave vector.

antiferromagnetic

a

I
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Magnetic structures

Propagation vector

The magnetic structure does not necessarily have the same periodicity and symmetry as the underlying
crystal structure. The relation between one and another is expressed by the propagation or wave vector.

commensurate antiferromagnetic

magnetic periodicity = 2 x nuclear periodicity — q = (1/200)
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Magnetic structures

Propagation vector

The magnetic structure does not necessarily have the same periodicity and symmetry as the underlying
crystal structure. The relation between one and another is expressed by the propagation or wave vector.

commensurate antiferromagnetic

magnetic periodicity = x times nuclear periodicity — q = (1/z 0 0)
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Magnetic structures

Propagation vector

Magnetic Bragg reflections can be found at k = G £ q

superposition for q =0 Magnetic satellites for q # 0
b* b* b*
i @ @ @ I o ¢ o o o o I e @ oo oo @
@ @ (@) 0 ® © o o @ o0 o @ o0 @ oo o0 @
(] @ (€] ® o290 @ o o @ oo'@ leo oo @
G G G
‘ ' O_’CL* a* a*
ferromagnetic commensurate AF incommensurate AF
q=(1/200) q=(1/2—-000)
/4
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Magnetic structures

Fourier expansion of magnetic moments

One usually describes magnetic structures with Fourier components of the magnetic moments:

1 ‘
pr)=—38, e
nq p

which for a single propagation vector becomes:

1 , .
p(r) = §(Sq eS8 g ')

S, is a complex vector made of linear combinations of basis vectors according to one or more
irreducible representations.

Since p(r) is a real vector, one must impose the condition S* , =S,

M 16th Oxford School on Neutron Scattering | Navid Qureshi
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Magnetic structures

Types of magnetic structures

g=0 ferromagnetic q=(100) antiferromagnetic (centered cells)

=ttt ==t

—v

—>
—&>
—>

—>

real Fourier components
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Magnetic structures

Types of magnetic structures

antiferromagnetic, q=1/2G (at the border of the 1st Brillouin zone)

1 —qr iqr T
u(r):§(Sq-e T+8_g-e)=8,- (1)

real Fourier components
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Magnetic structures

Types of magnetic structures

amplitude-modulated antiferromagnetic, g<1/2G (at the interior of the 1st Brillouin zone)

==ty

W1 | 1]
L’/J & ? o *

S, = piie " p(r) = plicos [2m(qr + ¢4)]

imaginary Fourier components (real and imaginary parts parallel)
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Magnetic structures

Types of magnetic structures

antiferromagnetic spirals, q<1/2G (at the interior of the 1st Brillouin zone)

SR e fé N G e e . s s—"
-9 o % il
o ® —0+
D
@
helicoidal cycloidal
Sy = (ptufl + ip1,9) €~ p(r) = pticos [2m(qr + ¢g)] + ¥ sin 27 (qr + ¢,)

Imaginary Fourier components (real and imaginary parts perpendicular)
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Magnetic structures

Types of magnetic structures

multi-g structures, e.g. conical (ferromagnetic =0 component + helix)

treatment of every component separately
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Scattering from a unit cell

Reminder: Nuclear structure factor

imagine two scattering potentials (atoms), the first at O, the second at r

The path difference is:

Therefore, the phase difference is:

A
cp(r):27778 =k-As=(ky—k;)) - r=G-r
Sum up phase differences over atoms in unit cell: /
k; ks
F(hkl) = bjexp(iGr;) = » b;exp [2mi(hx; + ky; + 12;)] —E ky
J J

Structure factor F(hkl) is the Fourier transform of the unit cell scattering potential. '.ll
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Scattering from a unit cell
Magnetic structure factor

The magnetic structure factor is obtained in the same way, but it is also proportional to the magnetic moment
of the involved atoms — directional dependence, Fw is a vector

M (hkl) Z 1 f; (k) exp(ikr;) Z w; fi(k) exp [2mi(ha; + ky; + 125)]

Only the component of Fu which is perpendicular to k contributes to magnetic scattering:

k

QM:RX(FMXR) FM

(hkl)  Qum

Equivalent: Projection of Fm onto (hkl) plane
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16th Oxford School on Neutron Scattering | Navid Qureshi THE EUROPEAN NEUTRON SOURCE E‘gﬁg&?&?




Scattering from a unit cell

Example: Ferromagnetic structure

M (hkl) Z w; f; (k) exp(ikr;) Z e fi(k) exp [2mi(ha; + ky; + 12;5)]

< (100) 0 _S,
— > 0 — B O
& i Fp(100) = | o | f(k) - N i Fp(010) = | o | f(k)
> " 0 = b 0
o _ Qur(100) = F1(100) v Q7(010) =0
. R N 0 . S (110) L 0
1 Ik‘“" T Fy(001) = (u f(k) o i Far(110) = (g) fik)
o, - : b 0 B N N b
n Q2,(001) = F;(001) 8 Q1 (110) = Fp,(110) sin o

[ 4
| 4
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Experimental procedure

Basic diffractometer (constant wavelength)

sample

source l

collimators

N =

polychromatic monochromatic
beam

beam

detector

I

monochromator

/(4
16th Oxford School on Neutron Scattering | Navid Qureshi THE EUROPEAN NEUTRON SOURCE 2‘5&&?&?



Experimental procedure

Basic diffractometer (constant wavelength)

sample

source l

collimators

collimator
detector defines the beam shape and divergence
Soller collimators, slits

collimator

polychromatic monochromatic
beam beam

monochromator
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Experimental procedure

Basic diffractometer (constant wavelength)

sample

source l

collimators

N ¥

e N
polychromatic
beam

collimator
detector

onochromatic
beam

monochromator

M 16th Oxford School on Neutron Scattering | Navid Qureshi

W~
% -
L
b!' ,ﬁ
VU |

monochromator
(assembly of) high quality single crystals
choice of wavelength and resolution
typically Cu, Ge, HOPG, Si
diffracts also higher harmonics A/2, /3, ...

nA = 2dsin 6
V7§
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Experimental procedure

Basic diffractometer (constant wavelength)

sample

source l

collimators

N

e

polychromatic
beam

collimator
detector

monochromatic
beam

I

monochromator

M 16th Oxford School on Neutron Scattering | Navid Qureshi

w>

2
filter
diffracts shorter A out of the beam

M 2dFiter=>1

typically PG, Be, no A/2 filter needed for Si, Ge

(111) is used, because (222) is forbidden
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Experimental procedure

Basic diffractometer (constant wavelength)

sample

source

collimators
\\/ \/ collimatar / sample environment
\ / detector cryostat, cryomagnet,
" furnace, pressure cell, CryoPAD

monochromatic
beam

polychromatic
beam

I

monochromator
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Experimental procedure

Basic diffractometer (constant wavelength)

sample

source

collimators
\\/ \/ collimatar / sample environment
\ / detector cryostat, cryomagnet,
" furnace, pressure cell, CryoPAD

monochromatic
beam

polychromatic
beam

I

monochromator
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Experimental procedure

Basic diffractometer (constant wavelength)

sample

source l

collimators

N ¥

polychromatic
beam

collimator /
detector

AN

monochromatic
beam

I

monochromator

M 16th Oxford School on Neutron Scattering | Navid Qureshi

collimator
e.g. radial oscillating collimator
reduces background from sample environment
or another Soller collimator to
increase resolution
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Experimental procedure

Basic diffractometer (constant wavelength)

26 ; . L
sample S | . '
source l . =
collimators
\/ \/ , / :—)] detector
collimator

\ / detector gas cells in which an incoming neutron

N triggers a nuclear reaction producing a

Polychromatic monochromatic charged particle which then is detected

I typically 3He or BsF
monochromator
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Experimental procedure

Time-of-flight diffractometer (polychromatic)

sample

target==°.====_—_-_.g

choppers I \

polychromatic
bunches

\ 20 chopper
defines the wavelength band
avoids frame overlap

/

detector
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Experimental procedure

Time-of-flight diffractometer (polychromatic)

time of flight of the neutrons is
related to the their wavelength

sample

target==“====_-_._..\ t:%AL

choppers I
polychromatic
bunches

\\ o0 diffraction pattern is recorded at
constant scattering angle
s (close to 180° for best resolution, small At/t)
/ AN
detector T — AQM COt QM
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Experimental procedure :

Powder diffraction

D20 (high flux)

L .

1

¢ &

N
e

i v

sample in a vanadium container

V scatters only incoherently

V7 /4
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Experimental procedure =

Powder diffraction

V4
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Experimental procedure

Powder diffraction

Result: Diffraction pattern

@ 350} 1
c
>
§ 300+ N
2
£ 250 g
g
E 200+ 1

150+ R

100f R

50+ M
O L L L L L L L
0 20 40 60 80 100 120 140 160
26 (deg)
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Useful information lies in the
» position
» the intensity

» the shape and width

of the reflections.
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Experimental procedure

Powder diffraction

1. Position

monoclinic
Bragg’s law n\ = 2dsinf d— ( h? n k_2 n 1? B 2hl COSB) "
A B a?sin?f b 2sin?f acsin? B
b I
! orthorhombic
B2 R2 2\ 2
i-(L+5+5)
S |
>_.b I cubic
J J i\ d=a(h®+ k> +1?)2

with ¢ and A known — able to obtain lattice parameters and propagatlon vectors
Magnetic Bragg reflections can be foundat k=G +q — d=a[(h+q,)* + (k+q,)* + (I +¢.)’ .ll
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Experimental procedure

Powder diffraction .
magnetic form factor

oo
. 2
2. Intensity [~ F £09 = [ pragx) expliier)dr
— 0o
nuclear structure factor !
(interaction between neutron and core potential of nuclei)
) 2.8
. sin” 6
Fy(k) = zj: b; exp(ikr;) exp <—Bj T) )
e )4
magnetic structure factor
(interaction between neutron and electron’s magnetic field) 12
, sin?
FM(k) - Z IJ’Jf] (k) eXp('LkI'j) eXp _B\] )\2 0.2 04 06 038 T 12 14
J SinB/A
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Experimental procedure

Powder diffraction
3. Peak width and shape

source, monochromator, slits, collimators, sample strain,

stress, correlation length etc. have an influence on the peak
shape and the peak width

Caglioti formula

FWHM? = wtan?0 + vtanf + w

resolution function minimum at the take-off angle 26wm
(focussing effect)

M 16th Oxford School on Neutron Scattering | Navid Qureshi
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Experimental procedure

Powder diffraction

Thermodiffraction

Collection of diffraction patterns as a function of temperature.
Clearly reveals structural and magnetic phase transitions.

20 (deg)
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Experimental procedure

Single crystal diffraction - 4-circle geometry

single crystal on Al pin

by adjusting 26, w, y and ¢

the sample is put in reflection position

D10 (ILL)
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Experimental procedure

Single crystal diffraction - Normal beam geometry

cryomagnets, pressure cells, ...
cannot be tilted much

— confined to the scattering plane
e.g. only (hkO) reflections

— lifting counter
able to reach I=1, 2...

7/ §
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Experimental procedure

Single crystal diffraction - Laue method

polychromatic beam — every accessible hkl plane is in reflection position

for a particular wavelength '.ll
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Experimental procedure

Single crystal diffraction - Laue method

» quickly orient single crystals
» observe phase transitions

» magnetic satellites

» find propagation vectors

» structure analysis also possible
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Summary

Diffraction from magnetic materials

» magnetic scattering is comparable in intensity to nuclear scattering

» Only the component of the magnetic moment perpendicular to the scattering vector is measurable
» The magnetic form factor is the Fourier transform of the atomic magnetisation density

» The magnetic structure factor is the Fourier transform of the unit cell magnetisation density

» We measure [ ~ F? —» phase information is lost —»> models necessary

» How dow we get those models? See you tomorrow

/(4
16th Oxford School on Neutron Scattering | Navid Qureshi THE EUROPEAN NEUTRON SOURCE ?gﬁg&?ﬁ?




'llINSTITUT LAUE LANGEVIN

NEUTRONS
FOR SOCIETY

=7/\>

/(4

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY




