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1. Diffraction
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Diffraction

Incident neutrons
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FUNDAMENTAL FORMULAS 1 & 2

_ iQry, —Wy Strong interaction with nuclei
Fy(Q) = E by €' e
¢
F s (Q) — E Sﬂgiqrf e~ We The spin of the neutron interacts
y with the dipolar field created by the

spin (and orbital motion) of
unpaired electrons



2. Can we learn more ?




Can we learn more ?

Incident beam Scattered beam

Bragg law

/ \9 A= 2dsin 6

.
d \)J ¢/ Diffraction is an
elastic process...




Can we learn more ?

Incident beam Scattered beam

However ...

Depending on the
interaction with the
sample, neutrons can
gain or loose energy
(hence rainbow colors)




Can we learn more ?

Incident beam Scattered beam

E;




Can we learn more ?

Incident beam Scattered beam

Ey

E;




Can we learn more ?

Incident beam Scattered beam

Energy is conserved

Ex+Ei=FEx + Ly

Energy is transferred

E:hw:Ei—Ef:E,v—El\




Can we learn more ?

Incident beam Scattered beam

Ey

E;
Sample gains energy
(neutrons loose energy)

E ="hw >0

Sample looses energy
(neutrons gain energy)

E =Thw <0



Example 1 : Mn12-acetate

Mn12-acetate : a molecular nanomagnet

A- N |
Each molecule is a —
‘ guantum object
characterized by a —
discrete spectrum

GS

S Mn* ¢ Mn* - O
S=2  §=3/2

o The ground state is actually a
ferrimagnetic arrangement

o Possible magnetization reversal by
thermal effects, but also by quantum
effects



Example 1 : Mn12-acetate

T=0 (in the ground state) :




Example 1 : Mn12-acetate

T=0 (in the ground state) :

* Gets excited by
populating an excited
E; state with energy E




Example 1 : Mn12-acetate

T=0 (in the ground state) :

* Gets excited by
populating an excited
state with energy E

* The outgoing neutron
has less energy

E=flw=E; — E;




Example 1 : Mn12-acetate

T=5K
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Example 1 : Mn12-acetate

exp —F, /kgT

At finite T, excited states are populated up to Boltzmann factor
> exp—FEy,/kpT

E; E;

GS



Example 1 : Mn12-acetate

exp —F, /kgT
> exp—FEy,/kpT

Ez\ / Ey
E=hw >0

(

At finite T, excited states are populated up to Boltzmann factor

GS



Example 1 : Mn12-acetate

T=10K
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Example 1 : Mn12-acetate

exp —F, /kgT

At finite T, excited states are populated up to Boltzmann factor
> exp—FEy,/kpT

F; Ey 3.0 meV

2.3 meV

E=hw <0

1.2 meV

GS
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Example 1 : Mn12-acetate

T=10K

Bragg + Incoherent
scattering
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E=hw <0
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Example 1 : Mn12-acetate

Neutrons induce transitions from a given quantum
state to another:

o The energy of such a transition is the energy
difference between two quantum levels

o W.ith increasing T, more and more levels get

populated, hence more and more transitions
become visible.

exp —FE, /kgT
> o exp—FEy,/kpT

3.0 meV

2.3 meV

1.2 meV

GS



Example 2 : Phonons

—

* Gets excited by
creating a phonon
with energy E and
momentum Q




Example 2 : Phonons

g Transverse

p AT Longitudinal



Monoatomic chain

d?
M@Hm

Fourier Transfrom

~Mw? =

Example 2 : Phonons

r (um—i—l + Up—1 — Zum)

T (Eika 14 E—ika o 2)

w(k) = 211,!' % sink%;

Dispersion relation

Force constant between atoms

| w(k)

~ Brillouin zone boundary

1 1
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Example 2 : Phonons

Di-atomic chain ow-@ v -QwWw- @ W Q- @AW -Q

M M, r Y
dﬂ
M .o Wi — F m,2 — Um m— —
Vagz (um,2 = um,1) + 7 (Um—1,2 = Um,1) Force constants
d’ between atoms
Mzwumg = I (Um1—Uma) + 7 (Unt11 — Um2)

Fourier transform: for each k, eigenvalue problem

. w(k) CE)pticaI modefe
Out of phase Vibrations

2 FH F—l—‘TE_ikﬂ
e v Mo VMiu o\ _
el v Maus

Acoustic mode/'

In phase Vibrations T ; o .k




Single crystal

* Gets excited by
creating an excitation
with energy E and
momentum Q

e (Qis avector

* single crystal sample




Single crystal

Gets excited by
creating an excitation
with energy E and
momentum Q

Q is a vector

single crystal sample




Single crystal

* Rotate the sample to
select the
components of Q with
respect to the
sample’s lattice




Single crystal

* Rotate the sample to
select the
components of Q with
respect to the
sample’s lattice




Single crystal

—

* Rotate the sample to
select the
. components of Q with
® Ef kf respect to the
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Single crystal

* Rotate the sample to
select the
components of Q with
respect to the
sample’s lattice




Single crystal

—

* Rotate the sample to
select the
components of Q with
respect to the
sample’s lattice




Phonons

PbTe

()
o

—
(&)
T

Direct observation of the phonon
dispersion in (Q,®) space !!

Energy (meV)
o

Q is a vector

(&)
T
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Phonons

SrCu0,, Sr,Cu0;, Ca,Cul,

N
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Compare to DFT calculations and study the structure of materials



Energy (mmev)

YMnO,
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Direct observation of the spin wave
dispersion in (Q,®) space !!

Determine magnetic exchange and
anisotropies




3. Cross sections




Phonons

Inelastic scattering by phonons

0? k
BT = o SOIFQ = T (1) e ) 4 1) 6+ )
Creation Annihilation
o Phonons are bosons Bose-Einstein
1
o « detailed balance » n(we,s) = hwg o

o Dynamical structure factor




w(k) is periodic. It suffices to study it in a single Brillouin zone

1 = S
FQ=1+k) Zbg Q.2

v My wy
6 ' These points are equivalent

regarding the dispersion

— relation (same k), but have
different neutron cross
sections (different Q)

T

7= Brillouin zone node = Bragg peak position
k = wavevector within the Brillouin zone

O >

Phonons



Q=7+k

T k

@ s - U’

Q

Brillouin zone center

Longitudinal phonon propagating along x :



- 1 N
FJQ=1+4+k)= Zbe QT =W ( -nge))
¢

O O O

Brillouin
zone
center

O o—

Transverse phonon propagating along x



Spin waves

Inelastic scattering by spin waves

9%a
HOHE! Z As [(1+n(wgs)) 0w —wqs) + n(wg,s) 0w+ wq,s)]

/ /

/ /

Creation Annihilation

o Spin waves are bosons

o « detailed balance »




How to perform INS ?

4. TOF




How to perform INS ?

Neutrons can gain (up to about kgT) or loose part of their energy (up to E,)

Ej

Incident neutrons

detector

How to determine E;?




Incident neutrons

Choppers

Slow
neutrons

Select the final energy by time of

Elastic response
flight over a distance d d P

- \/2E¢/my  Fastneutrons



GREAT !! Meaures all 20s (hence |Q]) at the same time

Incident neutrons
[

Choppers

Slow
neutrons

Select the final energy by time to

Elastic response
travel a distance d d P

T
\/2E¢/my  Fastneutrons




BUT Frame overlap ...

— | Incident neutrons
[ ||

Choppers




BUT Frame overlap, chop the beam (reduce the flux)

Incident neutrons
||

Choppers




Incident neutrons
A

~ Q

Choppers

Sample rotation : for a given 20, at time t (hence given final energy),
the scattering is due to different Qs (modulus and components)



Incident neutrons

Choppers

Ly

Sample rotation : for a given 20, at time t (hence given final energy),
the scattering is due to different Qs (modulus and components)



Incident neutrons

Choppers

Sample rotation : for a given 20, different (Qs, E;) are probed, as a
function of time of flight: it is necessary to repeat for a number of
orientations of the sample



Time of flight spectrometer
IN4, IN5, IN6-Sharp @ ILL
FOCUS @ PSI

Background choppers Monochromator Defector

000
Oo

Diaphragm|  |Sapphire filter

Fermi chopper
Monitor
Diaphragm




Triple axes spectrometer

5. TAS




E;

Incident neutrons

Selects a unique
final energy in the
scattered beam

Mono

detector



E;

Incident neutrons

Mono Selects a unique

final energy in the
scattered beam

Energy conservation E\ + E; = E\ + E¢

Energy transfer £ = hw = E; — Ey = Ey — E)

detector



Changing the incident energy ...

Changes the energy transfer

E =lw=EFE; — E;



Changing the incident energy ...

Changes the energy transfer

E =lw=EFE; — E;




Changing the incident energy ...

Changes the energy transfer

E=hw=EFE;— Ef detector



Changing the incident energy ...

-
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Changes the energy transfer detec’tof

E =lw=EFE; — E;



Changing the
final energy ...

Changes also the energy transfer

E =lw=EFE; — E;

detector



Changing the
final energy ...

Changes also the energy transfer

E =lw=EFE; — E;

detector



Changing 26

Changes |Q] detecto
,

Scattered wavevector () = k; — ky

Q° = ki+ k?‘ — 2kiky cos 26



Ef
Changing 26

Changes | Q]

detector
) =k — ks

ttered wavevector Q

Sca

20
< — 2kiky cos
Q° = ki+ki—2



Changing 26

Changes |Q]

Scattered wavevector () = k; — ky

Q° = ki+ k?‘ — 2kiky cos 26



Changing 26

Changes |Q]

Scattered wavevector () = k; — ky

Q° = ki+ k?‘ — 2kiky cos 26



Changes

Q

Rotating the sample




Changes

Q

Rotating the sample




Changes

Q

Rotating the sample




Changes

Q

Rotating the sample




. \\\ Time consumming ....

Rotating the sample




Triple axes spectrometer
(IN8, IN20, IN12, IN22 @ ILL)

Neutron Guide Monochromator

Monitor

(ollimator
Diophragms

(ollimator







Polarized neutrons

6. What about the neutron spin ?
s it possible to manipulate it?




Polarized neutrons

Depending on the spin direction wrt
Q, new correlation functions appear

M = M#+MY
and
MY M2 M,

IFT o IN|* + |M;]? + R,
N2+ |M?|? - R,




Polarized neutrons

Incident neutrons

Q—" —

Neutron spin // Q (« x »)




Polarized neutrons

Incident neutrons

Q"‘ —

Neutron spin perpendicular to Q within the
scattering plane (« y »)




Polarized neutrons

Incident neutrons

Neutron spin perpendicularto Qand to
the scattering plane (« z »)




Incoming neutron spin

Mono
Heussler



Incoming neutron spin

Q

* Mezei flipper




Scattered neutron spin

Incident neutrons

The analyzer selects the final polarization.
Projects onto a given direction (fixed by set up
of the instrument)




Scattered neutron spin

Incident neutrons

The analyzer selects the final polarization.
Projects onto a given direction (fixed by set up
of the instrument)




Polarized neutrons

Process I,




Polarized neutrons

Process I,







Target
. Wave packet
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Target Wave packet

Detectors

-
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Linac

A

100 m !




Target

Wave packet

Detectors

Linac

A

100 m !

At t, a first diffractogram appears on the
detector, characterized by incident energy E,
(or wavelength A, )



Cible

Linac

i ]]
.

A

Paquet d’'onde
étalé

100 m !

At t, a first diffractogram appears on the
detector, characterized by incident energy E,
(or wavelength A, )

At,=t, + dt, a new one forms, characterized by
incident energy E, (wavelength A, )

Detectors



Target

Wave packet

Linac

A

100 m !

At t, a first diffractogram appears on the
detector, characterized by incident energy E,
(or wavelength A, )

At,=t, + dt, a new one forms, characterized by
incident energy E, (wavelength A, )

... and so on for E; all in the wave packet.

Detectors



Target Wave packet

Linac

At t, a first diffractogram appears on the
detector, characterized by incident energy E,
(or wavelength A, )

At,=t, + dt, a new one forms, characterized by
incident energy E, (wavelength A, )

During the pulse, for a given 20, Q (and its
coordinates) are changing continuously.

... and so on for E; all in the wave packet.

ISSUE = DATA REDUCTION

Detectors



Target « sub-pulse »

Detectors

Linac

The wave packet is chopped with « sub pulses » at t;,
t,, ... hence different incident energies E, E, , ...
(wave length A, A, ...)

Similar to a standard TOF

ofe
&eu“oﬂ,s wa® wiro™

aCC’e\e( 6’ ’e(\e‘



Target

Linac Wave packet

Analyzers

A series of analyzers selects a given
final energy E, but the incident energy
E.depends on time.

Detectors




Target

Linac

A series of analyzers selects a given

final energy E; but the incident energy
E; depends on time.

For a given 20, (Q, E) are changing as a
function of time.

Wave packet

Analyzers

Detectors




Target

Linac

A series of analyzers selects a given

final energy E; but the incident energy
E; depends on time.

For a given 20, (Q, E) are changing as a
function of time.

Wave packet

W

f//J Detectors




Target

Linac

A series of analyzers selects a given
final energy E, but the incident energy
E.depends on time.

For a given 20, (Q, E) are changing as a
function of time.

Several analyzers can be put on the
same scattererd beam to perform the
same operation for several E;

Wave packet

“ Analyzers

Detectors




IN12
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Mono

REGLAGE :

Ei=Ef with vanadium
(elastic incoherent scatterer)

Ex : A5, A6 when Ef = Ei ? => reference




Tutorial

Sample Il for tutorial : Nd,Fe,,B

Space group : P4,/mnm  Z=4

Atom X y z
Nd(4f) 0268 0.268 0.0
Nd(4g) 0.140 -0.140 0.0
0.223 0.567 0.127
Fel(16k.) 0.037 0360 0.176
Fe(8j,)  0.098 0.098 0.204
Fe(8j,) 0317 0.317 0.246
Fe(de) 05 05 0.114
Fe(4c) 00 05 00
Bl4ag) 0371 -0371 0.0

Magnetic ordering below T, .. =~ 585 K

Curie

Ferromagnetic m//c down to 135 K

MOMENT (g /t.u.)
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Mono

ALIGN THE SAMPLE
= finding the relation

angles A3, A4 -> (h,k,I,E)

Ex : what 20 for (200) et (002) ?
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Mono

ALIGN THE SAMPLE
= finding the relation

angles A3, A4 -> (h,k,I,E)

Ex :

what 20 (A4) for (200) et (002) ?
What sample rotation (A3) ?




Tutorial

PHYSICAL REVIEW B 102, 014443 (2020)

Anisotropy and temperature dependence of the spin-wave stiffness in Nd,Fe4B:
An inelastic neutron scattering investigation

H. Naser®,! C. Rado,! G. Lapertot.” and S. Raymond*-"
YCEA, LITEN, Université Grenoble Alpes, 38000 Grenoble, France
2Université Grenoble Alpes, CEA, IRIG, PHELIQS, IMAPEC, 38000 Grenoble, France
3Université Grenoble Alpes, CEA, IRIG, MEM, MDN, 38000 Grenoble, France

Determine E’ 50 025 000 025 050
the spin wave dispersion relation — Q, (rlu.)
=1 )]
5
s
84

propagating along (q,,0 0)
and stemming from the zone
center (002).

D q,%law ?

S0 025 0.00 025  0.50
Q,(rlu.)






Elastic and Inelastic

Lattice dynamics Spin dynamics

Atomic force constants Magnetic exchange

THANK YOU FOR YOUR ATTENTION






Crystal field

NDq gLA(p 4ZR5 07
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Triangular lattice

YMnO3 YYbMnO3 T=1.5K
9 T 1000 7 T T T T T T T {00
7t 800 .| -
= 6t 700 o
g e 500
g 5t 600 g 4t
YMnO3 N 500 o 400 YanO3
g 40 g 3
E N 400 g 300
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0 05 1 15 2 0 05 1 15 2
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Pyrochlore ferromagnet Yb, 11,0,

QUANTUM EXCITATIONS IN QUANTUM SPIN ICE PHYS. REV. X 1, 021002 (2011)

&» O n E-N

n

lg-_-&-gg-»-
o

N v tad 2
" i

= 0

4

| 5 2

0 > 0
05005115 -2 1 0 1 -2 1 0 1 0 1 2 0 1 2
HHH (r.L.u.) 11L (rlu.) 220 (rlu.) HHO (rlu)  HH1 (rlu.)

FIG. 1. The measured S(Q, @) at T = 30 mK, sliced along various directions in the HHL plane, for both H = 5 T (first row) and
H =2 T (third row). The second and fourth rows show the calculated spectrum for these two field strengths, based on an anisotropic
exchange model with five free parameters (see text) that were extracted by fitting to the 5 T data set. For a realistic comparison to the
data, the calculated S(Q, w) is convoluted with a Gaussian of full-width 0.09 meV. Both the 2 T and 5 T data sets, composed of spin
wave dispersions along five different directions, are described extremely well by the same parameters. (Note that r.l.u. stands for
reciprocal lattice units.)



Pyrochlore antiferromagnet Er,Ti,0,

week ending

PRL 109, 167201 (2012) PHYSICAL REVIEW LETTERS 19 OCTOBER 2012

Order by Quantum Disorder in Er,Ti,04

Eos
w
4012 3-2 4 01 20051 152 0
(HHH) (OOL) (22L) (HH2) (-H+1, -H+1, H+2) (-2H, H+1, H-1)  (H-1, 2, -H- 1)

FIG. 1 (color). The measured S(Q, ) at T = 30 mK, H = 3 T sliced along several directions. The first five columns show S(Q, @)
in the HHL plane, with the field applied along [110], while the last two columns show S(Q, @) for the field along [111]. Top row:
measured S(Q, w). Bottom row: calculated S(Q, @), based on an anisotropic exchange model with six free parameters (see text) that

were extracted by fitting to the measured dispersions.



Quantum magnets

Spin waves fractionalize into spinons (also called deconfined excitations)

energy meV
[2}

Spinons

; 3 06 0.8 1 1.2 14 1.6 1.8 2
wavevector (r.l.u.)
Cartoon by F. Mila



Quantum magnets

0 0.4 0.8

123 (1/meV)

< (a) Experiment 6K (b) Bethe Ansatz
2 100
3 " .
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> 90
s S -
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Wave vector k Wave vector &
KCuF;, Lake et al, Nature Materials 2005
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0 2
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Momentum transfer (h, =1/2,1/2) m;-mxn S W, i ooss scton ikl L A2 r-_:u.r-m.n::'gx
! T-0Kby qatin (1).The 1 the MAPS time-of-Tight atis, oo 13

CuSO, 5D,0 Mourigal et al, Nature Physics 2013
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100 |

80

Energy o (meV)

HngRir g

Spin correlations decay as power law
Spin % particles : continuum
gapless

S=1 Y,BaNiOs

80

60

10

h ®(meV)

0.0 0.5 10 1.3

Spin correlations decay exponentially
Spin 1 excitation : well defined mode
(Haldane) Gapped spectrum



The susceptibility (hence the correlations) are sensitive to
nesting properties of the Fermi surface

Figure 10. Left: sketch of the nesting feature between o and f bands of Sr,RuQO,. Right: (H, K) map of the
magnetic excitations in Sr,RuOy at 10 K for an energy transfer of 4.1 meV [21].

Metals




Metals

Interactions may create a bound state (spin exciton)
Resonance peak in High Tc superconductors and heavy fermions ?

ﬁH—q,o’* - ﬁi,a

€ktqo — €ko — N + i€

f0(q. ) = =2u% >
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70(4: ) s Zk: ( Ex Exiq Exiqo — Exo — ho +ie

_ sl YBa;Cu;y 044, G:=0/21252) _
c . !
= s T=5K r1.-91K cime 1
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< o =200
E

0

0 10 20 30 0 50



Example 2 : Phonons

Di-atomic chain ow-@ v -QwWw- @ W Q- @AW -Q

M M, r Y
dﬂ
M .o Wi — F m,2 — Um m— —
Vagz (um,2 = um,1) + 7 (Um—1,2 = Um,1) Force constants
d’ between atoms
Mzwumg = I (Um1—Uma) + 7 (Unt11 — Um2)

Fourier transform: for each k, eigenvalue problem

. w(k) CE)pticaI modefe
Out of phase Vibrations

2 FH F—l—‘TE_ikﬂ
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Example 2 : Phonons

In real material :
o 3N branches (3 acoustic)
o periodic dispersion (Brillouin zone, lattice invariance)
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Example 2 : Phonons

In real material :
o 3N branches (3 acoustic)
o periodic dispersion (Brillouin zone, lattice invariance)
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Example 2 : Phonons

In real material :
o 3N branches (3 acoustic)
o periodic dispersion (Brillouin zone, lattice invariance)
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Example 2 : Phonons

In real material :
o 3N branches (3 acoustic)
o periodic dispersion (Brillouin zone, lattice invariance)
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o YNiO; powder sample

T=200K

o Not much to see,

except the elastic line

Change color-scale !!

o Enveloppes
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YNiO,

Because of the powder average, different phonon states with different
k’s but same modulus of Q are summed together,
I leading to a partial density of states

~ @ O
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Example 3 : AgCrSe,

Why this example ? because the lattice dynamics is remarkable

CrS¢ or CrSe, compact layers, perfect
triangular lattice

L

Ag* layers

Ag atoms (grey) have
tunnel-like trajectories
bridging two sites, even

as low as 150 K.




Example 3 : AgCrSe,

And also because AgCrSe2 is magnetic and thus hosts magnetic excitations
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Example 3 : AgCrSe,

Again, not much to see, except the elastic line : change color-scale !!
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Example 3 : AgCrSe,

Again, not much to see, except the elastic line : change color-scale !!
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Example 3

15 T T . _ 7:7 T 15 T T _ . T 15 T T T T OC

0.

<10 10 10 0.
(0]
£

NG 0.
S

g5 5 5 0.C

X X 5x

0 0 0 0

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
QAT QAT QA
. 1
Intrinsic temperature dependence (phonons are bOSOhS) 1+
expE/kpT — 1

Anomalous low energy band at about 3 meV due to
Ag jumps



Example 3 : AgCrSe,
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Example 3 : AgCrSe,

As for phonons, this is the partial density of states of magnetic excitations

15 0.C

0.C

910 0.C
()
E

> 0.C
>
2

w 5 0.C

5x

0 0
0 1 2 3 4 5
Q (A

Determine exchange interactions between spins



Example 3 : AgCrSe,

. | || oc Change Ei to modify energy range and energy
0 resolution
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Back to YNiO,

Correct for the Bose factor
30 30 o
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> > 1+expE/kBT—1
@0 | 220 0.c
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Example 4 : LaMnO;,

Tomorrows’ practical :
see the magnetic
transition by diffraction

But what about the
values of Jc and Jab ?

JC
H = J(l‘i—l‘j)si-sj,
(i)
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