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Neutron Scattering at McMaster
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Home to McMaster Nuclear Reactor — Canada’s most powerful neutron source
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Neutron Scattering at McMaster

Home to McMaster Nuclear Reactor — Canada’s most powerful neutron source

« 5 MW open-pool reactor used for neutron scattering, medical isotopes, neutron radiography,
neutron activation/ irradiation studies, positron beams...

* Currently 2 neutron scattering beamlines: MAD and MacSANS (more coming soon)



Introduction to Magnetic Scattering

* One of the “killer applications” of neutron scattering

* Neutron scattering is an essential tool for the study of magnetic materials
e Elastic Scattering (diffraction) — magnetic structure, phase transitions

* Inelastic Scattering (spectroscopy) — magnetic dynamics, excitations, interactions
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What does magnetic

scattering with neutrons
look like?
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Magnetic Scattering with Neutrons

* Neutrons are spin % particles
* They carry no charge, but do carry a magnetic dipole moment:

[ Un = _V.UNO'J\
//' X (Pauli spin operator)

y = 1.913 R
(Gyromagnetic ratio) Uy

N 2m,
(Nuclear magneton)

* U, can interact with the electrons in a material via magnetic potentials
 Scattering from these potentials can be comparable in strength to nuclear scattering



MagnEtiC Materials H Transition Metals: : He
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* Magnetic moments arise on atoms which | [ P2 U MNp Pu Am Cm Bk Cf Es Fm Md No Lr

have unpaired electrons in partially filled Lanthanides/Rare Earths and Actinides:
electronic orbitals Up to 14 f-levels to fill

* Most common families of magnetic materials tend to be based on elements with
partially filled d- or f-shells (e.g. transition metals or rare earth/lanthanides)



Magnetic Materials

, _ , _ , e.g. Mn?* (3d°)
* Size of magnetic moments is determined by Hund’s Rules:

(s=5/2]
1

tog orbitals



Magnetic Materials

: . : . , e.g. Cu?* (3d?)
* Size of magnetic moments is determined by Hund’s Rules:

(s=1/2]

tog orbitals



Magnetic Interactions
Describe interactions by

* Direct exchange: a.n‘n‘n‘n.n‘”
a magnetic Hamiltonian:
* Superexchange: a‘t‘x.,‘ﬁ““’ eg. H =]zgl. - S;
/"
> X N = «— N X X (exchange parameter)
e RKKY exchange: v \@ J @ v @ >
X 5> 7« + 3 X v



Magnetic Order
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Magnetic Structures

... Or more complex

* Magnetically ordered structure that
develops in a material depends on nature
of underlying magnetic interactions

Structures can be relatively simple...
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Geometric Frustration

* We can also try to design magnetic materials which don’t order at all:

/

The Pyrochlore Lattice

* Geometrically frustrated magnets can display exotic quantum ground states at low
temperatures, e.g. quantum spin liquids, spin ices, spin glasses...




New Forms of Magnetism?

Altermagnetism: Initially proposed in 2019-2021 (Smejkal/Hayami/Yuan/Mazin et al)

Collinear
Magnet ic Materials

First experimental observations:

non-crystal symmetry crystal symmetry
compensated [ compensated | MnTe — J. Krempasky et al, Nature (2024)
P i i
Sl s g RuO, — O. Fedchenko et al, Sci. Adv. (2024)
110 SR AFM Exchange [ ITOYN) AM Exchange ls

E 3 90 é
g :
'—%% i 80 i é

k-vector k-vector k-vector 1 15 2

sox Q= (L.,L,3L) o Q= (L:L,3L) . Q_=_(_L..L,3L) o Q= (L,L,3L_) _
S. S. Fender et al, JACS (2025) Q. Sun et al, PRL (2025) — ARCS @ ORNL



Scattering from a Magnetically Ordered Crystal

* How can we detect magnetic order in a neutron scattering experiment?

Paramagnetic State (T > T,) Antiferromagnetic State (T < T,)
Crystal Lattice Crystal Lattice
@ @ *—@ & ® & & & TL_{f%f_{f
¢ o e @ 2] ® . \ ¢ ® ¢ \‘l’/ T\_J‘l‘/
& L 4 L 9 L J & - . 5 T
e o o LS o—¢ 2 2a

* Development of AF order increases size of unit cell - new magnetic Bragg peaks appear



First Observation: Magnetic Neutron Scattering from MnO

* Early neutron diffraction experiments at the ORNL X-10 Graphite Reactor:
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Fic. 4. Neutron diffiraction patterns for MnO taken at liquid
nitrogen and room temperatures. The patterns have been cor-
rected for the various forms of extraneous, diffuse scattering
mentioned in the text. Four extra antiferromagnetic reflections
are to be noticed in the low temperature pattern.

First direct evidence of antiferromagnetism

Shull, Strauser, and Wollan, Phys. Rev. 83, 333 (1951)



First Observation: Magnetic Neutron Scattering from MnO

* Early neutron diffraction experiments at the ORNL X-10 Graphite Reactor:

100}
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i 1 L L
40° 80° 120° 160° Fic. 4. Neutron diffraction patterns for MnO taken at liquid

Fic. 5. Antiferromagnetic structure existing in MnO below its :
[ . . ] - nitrogen and room temperatures. The patterns have been cor-
TEMPERATURE (°K) Curie temperature of 120°K.. The magnetic unit cell has twice the  rected for the various forms of extraneous, diffuse scattering

.. . linear t.iimensio_ns of the chemical unit cell. Only Mn ions are  mentioned in the text. Four extra antiferromagnetic reflections
Fic. 7. Temperature dependence of magnetic intensity for shown in the diagram. are to be noticed in the low temperature pattern.

MnO. The Curie temperatures suggested by specific heat and
magnetic susceptibility data are shown.

First direct evidence of antiferromagnetism

Peak Intensity « StaggerEd magnetization Shull, Strauser, and Wollan, Phys. Rev. 83, 333 (1951)

(More on magnetic order in MnO in Experiment N8 on HB-2A)



Magnetic Scattering Cross Section

* What fraction of neutrons will scatter off a sample with a particular change in energy
and momentum?

- Change in momentum: Q = k—k
: . _ h*k* hPRe?
Change in energy: AE = hw = — —

* Apply Fermi’s Golden Rule (15t order perturbation theory):

d?c . m \* ks 11 91 2
0 e g o 2 ={(:25) 2K o X lVinlk & D1 8(E — Eyr + hov)

(Kinematics) (Interaction Term) (Energy Conservation)



The Magnetic Potential

* |n order to evaluate the matrix element in the interaction term, we need to determine
the magnetic potential produced by all of the unpaired electrons in the material:

Vm = Un - BJ\
A (Magnetic Field Produced by

‘ Unpaired Electrons)

Field Lines

(Magnetic Potential)

(Magnetic Dipole Moment of Neutron)

Magnetic Magnetic

"~ Electron - mopent Must consider:
< .> Flectron B; = Magnetic field from orbital motion of an electron
Atomic Direct?on . . .
nucleus of spin B. = Magnetic field from spin of an electron

(@) (b)




Magnetic Scattering Cross Section

e Evaluating the interaction term |(k’ ¢’ A'|V,,|k o A)|* can be quite complicated.
* Jumping to the final result:

dZO. (yro)z kl 1 . 2 o
dQ dE’ k NHEQF (Q)I]ZB(5&B—Q05Q,8)

X Zl eia.ff <e—i6-ﬁ0(0)ei§-ﬁl(t)> <Sgt(0) Slﬁ (t)) e—iwtdt

Key features:

1. From constants — magnetic scattering comparable in strength to nuclear scattering (~1,2)

N\ 2
2. Proportional to square of magnetic form factor, F (Q)




Magnetic Scattering Cross Section

e Evaluating the interaction term |(k’ ¢’ A'|V,,|k o A)|* can be quite complicated.
* Jumping to the final result:

d?c | (yro)? |k [[1 T - A
dQ dE’ k Nﬂig’: (Q)”LZB(% _QaQﬁ)]

X Zl eia.ff <e—i6-ﬁ0(0)ei§-ﬁl(t)> <Sgt(0) Slﬁ (t)) e—ia)tdt

Key features:

3. Polarization factor — describes dependence on spin direction. Term vanishes if

components of spin are parallel to scattering vector 5 — only sensitiveto S L (_j




Magnetic Scattering Cross Section

e Evaluating the interaction term |(k’ ¢’ A'|V,,|k o A)|* can be quite complicated.

* Jumping to the final result:

d?c | (yro)? |k [[1 T - A
dQ dE’ k Nﬂig’: (Q)”LZB(% _QaQﬁ)]

x Y, eia-ff <e—i§-ﬁo(0)ei§-ﬁz(t)>[<5g(O) Slﬁ (t)>]e_iwtdt

Key features:

4. Dynamic spin pair correlation function — measures correlation between spin a at origin
and t = 0 and spin B at position / and time t. The Fourier transform of this term is the

dynamic structure factor, S (6, w)




Magnetic Form Factor

F (6) = Fourier transform of the spin distribution in real space | F (5) = fS(‘F’) elQ7 g3y

1 T

Lok — 1.0
Neutrons

ol Mt o8l
8 C S
Ee e L O8f F (Q) decreases faster as
3 o g _ |
2 o £ 04| wavefunctions become
§§ N * more spatially extended

0.2 0.2r

0 0 20 3.0 2.0 5.0 Oo
41r(§-i-'-‘-€) Scattering vector « A
A

Fic, 2. Magnetic amplitude form factor for Mu** ions. The @ Anglogous to chemical form factor for x-ray scattering

curve is that obtained from paramagnetic diffuse scattering with
estimated error as shown. The points represent values of the form
factor obtained from the low temperature antiferromagnetic re-

—
fections of MnO. * Typically drops off monotonically as Q increases
Shull, Strauser, and Wollan, Phys. Rev. 83, 333 (1951)




Elastic Magnetic Scattering

h2k?  n2k'°
* For elastic scattering (i.e. diffraction), we have: AE = hw = o T = 0

* What we measure is the time-independent structure factor, S((?)

= oy %’NEgF ] 2w Z(Saﬁ QaQﬁ)xZ O (s (sf)

|

Add up spins with a
phase factor of etQ

Debye-Waller Effect

Polarization Factor:
Only sensitiveto S L Q



Elastic Magnetic Scattering: Examples

* Magnetic order in High T cuprate superconductors (e.g. Nd, ,La, . Sr,CuO,)

~JAF (3D) 7™ La,CuO Nd, ,La, . . Sr.CuO
This paper
[ {N:j—LSC()) 2 4 0.4 1.6-x~" x 4
50 (32] (LBCO) M
[37] (Nd-LSCO) @
~ | [38] (Nd-LSCO) o’ | (200)
N L [55](Nd-LSCO) A ) O
= 40 [28,56](LBCO) ¥ [ L ®
g r Te(sO) [ ) )
o [39] (Nd-LSCO) A R o000 000
g 30F [44](]\;.d.LSL_“(:)] ) N o Cu2t () o
2. L [58](Nd-LSCO) ¢ e >)
E . . C \._. Q O 2- . . .
20k Spin Stripes (2D) ) C
= O La3 ® O
[ 0 000 o000
o ® o
10 J ) | .
[
| s 5c8 5 Flo o (030) o:o
. . I . L A T . - P
00005 01 0I5 02 1055 %/b (020)
Sr Concentration, x a

J. Tranquada et al, Phys. Rev. B (1996)
Q. Ma et al, Phys. Rev. Res. (2021)

* Undoped parent compound: commensurate antiferromagnetic order, Q. = (0.5,0.5,L)
* For x > 0.02: incommensurate “stripe” order, Q, = (0.5 %+ 6,0.5,L) and (0.5,0.5 + 6,L)



Elastic Magnetic Scattering: Examples

* Magnetic order in High T cuprate superconductors (e.g. Nd, ,La, . Sr,CuO,)

Nd, 4La, 6.5 CUO,

| | 2D T
L This paper
(Nd-JSCO)
50F I [32] H_ch n (100)
|  B71jaLsco) ¢ ® : ®
~ | (38] (Nd-LSCO) !
< 40 I ss)fNd-Lsco) A !
~ (28, iG](LBCO) - ¢
g § Tc(8C) |
[39] gNd-LSCO) A | _ _ .
E 30F [441l:d-LSL‘O) ° @- '(? -@
O e <=>
g L [58]|l\d LSCO) 4 6 ‘
o 20F :
T i
® ®
gl | (000) (010)
0 . r 1 1 1 L 1 ,¢_I | ‘.
0 0.05 0.1 0.15 0.2 p* 0.25

Sr Concentration, X

Q. Ma et al, Phys. Rev. Res. (2021)
SEQUOIA @ ORNL

Peaks at Q.= (0.5 + 6,0.5,L) imply
. "3« @l modulation of magnetic structure along
A [100] with period of n = 1/6 unit cells




Elastic Magnetic Scattering: Examples

La,CuO,

Well-defined Bragg peaks:
Long-range 3D magnetic order

Nd, 4La, ¢,Sr,Cu0,

Diffuse “rods” of magnetic scattering:
Quasi-2D magnetic order

La d , Sr,  Cu0 Q=4(038 05 1)
s Doped Samples 10 A ~ gm0 et TuTea0, 8
' I 1 ' 0.8 10} ol x=0.19
) (a) _ ' ' 200 | T =45K (a)
1.00 o p—oa i e " o8} & 2D T = 35K+ 2K _
a B2 S 0.4f = 08 Fl * g 150
(2 -or h
0.2 ‘c [ . 3 100
0.75 4 1 S 04h-cponoo 220000000, . 3
ﬁ-a & (b) :. L L " a L a -g .E
= 0.5 — s 2
=~ . I x=0.24 5 & S0
' 0.8 8 = . [
= 050 La,Cu0, , (T,=325K) 4 i _ 10pe E 2DTN= 13K £ 1K R
o 0. 9o ) o f
o La,Cu0,,, (T,=190K) < o T 0'8'.‘E i gl;
0.25 La,Cu0,,,; (T,=90K) 4 - £ * . > :
0.2 = o = 200
g | Seslles ( S S 5 E
Lo,Cug 452Mg 0504 (Ty=157K) | s .(72)‘ 0.6 - -1-29- P2 sate-oty u#a 020 Snstey 2 :
& e : e T H = 150
L . L e SO \ 05 [} (c) ! - 2 5
° 0.25 0.50 0.75 1.00 1.25 0.8 i E , 5 : x=0.26 E
/Ty 0.6 O[Tt | DTN 1K 3o f
. X ly-i'i‘ .y 0 %ai 2 :
Keimer et al, PRB (1992) Soap o8} &, . g osof
(32 o . 09 % o
T 0.2 ‘ = y o ;--: -.fn.,u.! ..!...t...!:n.;_t'!c....,.:..-- R
Q0. . L -0. ; .
] M2 - M 2 1 0.0 0.2 0.4 0.6 08 1.0 0 10 20 30 40 50
— 0 (0:0] Temperature (K)

Ic

1 _ Ma et al, PRR (2021)
§ X 0 correlation length

HB-3 @ ORNL

Tranquada et al, PRB (1996)



Inelastic Magnetic Scattering

h2k? K2k’
* For inelastic scattering (i.e. spectroscopy), we have: AE = hw = e * 0

* This implies that ‘E\ * \E’\ — change in both (_2) and w

* What we measure is the dynamical structure factor S ((_f a))

* Key points:

* Study dynamic magnetic moments (on time scales of 10~ to 1012 sec)
Bose (Temperature) Factor Imaginary part of dynamic susceptibility

S (5, a)) = - efﬁhw jr((g(i, )3 In(a) I)("(Q a)‘T(Fluctuat/on -Dissipation Theorem)
- B
[dwf,,dd s (G w)~S(S +1)

(Total Moment Sum Rule)

* Intensity integrated over all 5, w is constant:

(More on inelastic scattering in Martin Mourigal’s lectures on Wednesday)



Inelastic Magnetic Scattering: Spin Waves

* When a neutron scatters off a sample it can create or destroy an excitation

* If sample is magnetically ordered (e.g. a FM spin chain), the incident
neutron can create a spin “defect” which is distributed over all possible sites

* We call this collective excitation a spin wave or magnon

Ptttttt mmp tHE()E1S

Spins are coupled through magnetic Hamiltonian: H = ]Z Si + 5
L,J



Inelastic Magnetic Scattering: Spin Waves

* When a neutron scatters off a sample it can create or destroy an excitation

* If sample is magnetically ordered (e.g. a FM spin chain), the incident
neutron can create a spin “defect” which is distributed over all possible sites

* We call this collective excitation a spin wave or magnon
VA AVAY

Spins are coupled through magnetic Hamiltonian: H = ]z Si + 5
]




Inelastic Magnetic Scattering: Examples

"“mt=a "'+ Spin waves in a honeycomb magnet

» o &
C = N &
%? Sog e ° )”#;?
° ° d ’
O o s %1{@ o°
Q°o : & ° &
o |

PO PEET = I R

* CoTiO; Single Crystal
N\ * Measured on SEQUOIA at ORNL

iH+(3.5,—H+0.5,0.5) (H+2,-H+2,0.5)  (H-0.5,H+0.5,0.5) (H,H,0.5) (1,1,L) ° Fit Spin wave diSperSion to

B. Yuan et al, PRX (2020) — SEQUOIA @ ORNL theoretical model and extract
detailed exchange parameters:

H = J)(SeiSxj + SyiSyj) + 188, Ji1 =441meV, J,; =0,
Ji2'=2"" =J121=pm = 0.57 meV

(




Inelastic Magnetic Scattering: Examples

- * Frustrated magnetism in pyrochlores
data, s Py

H=5T  °Yb,Ti,0, (top) and Er,Ti,O, (bottom)
Single Crystals

fit e Measured on DCS at NIST

0 1 2
" HHH (rlu.) 11L(nLu) 22L (r.l.u.) HHO (r.l.u.) HH1 (r.l.u.)

* Fit spin wave dispersion to
theoretical model and extract
detailed exchange parameters

data, (J,J,, )5, 1,)
H=3T 12 72293, 74

* Magnetic interactions explain low

1.5 — .
R , temperature magnetic ground states
0.5 It
£
I K. Ross et al, Phys. Rev. X 1, 021002 (2011)
401 2 8-2 -
HHH OOL 5 (HH2 H+1 H+1 H+2 L. Savary et al, Phys. Rev. Lett. 109, 167201 (2012)



How can we distinguish magnetic scattering?

2.0x10° * Spin and Orbital Excitations in
' Ru Double Perovskites
- 4 15x10° _ * Powder samples of A,BRuO,
:Es * Measured on SEQUOIA at SNS
z
+ 8
- 100° 3
c
5.0x10”
0 D

fcc lattice

(B. Yuan et al, SEQUOIA @ ORNL)




How can we distinguish magnetic scattering?

(1) Momentum dependence: Low Temp (T=6K
* Magnetic scattering decreases with increasing |Q| (« |F(Q)|?) | ‘
* Phonon scattering increases with increasing |Q| (< |e - Q|?) :

E (meV)

40 ¢

(2) Temperature dependence:

20

* Magnetic scattering decreases with increasing T (disappearsat T > T,)

IQIAY)

High Temp (T=200K)

(3) Polarization dependence (with polarized beam): ‘*ﬁ
* Magnetic scattering mostly spin flip ) , | '

* Nuclear scattering mostly non-spin flip

* Phonon scattering increases with increasing T (< thermal population)

More on polarized neutrons in experiments N2 (HYSPEC) and |
N23 (MAGREF), and Barry Winn’s lecture on Wednesday e e

(B. Yuan et al, SEQUOIA @ ORNL)




What if neutrons aren’t an (easy) option?

* Magnetic neutron scattering can be challenging for:

BREAK GLASS

IN CASE OF

* Very expensive elements (e.g. >51000/g) EMERGENCY

* Very small samples (e.g. sub-mm sized crystals, thin films,
heterostructures, diamond anvil or strain cells)

* Highly absorbing elements (e.g. Gd, Sm, Eu, B, Ir)

-, 100 um 1SIO/1STO 2SIO/1STO

Harmonic

[Magnetic scattering is also]
(nSrirO5/SrTi0;) & & €

honeycomb heterostructures possible with x-rays...
B-Li,IrO, w9y
Q [] _ _
K.A. Modic et al, D. Meyers et dl, | LiplrOyin
Nat. Comm. (2014) Sci. Rep. (2019) diamond anvil cell



Magnetic Scattering with X-rays

* X-rays carry no magnetic moment

* Primary interaction with matter: E-field of x-ray + charge of electrons s=1/2
* Also interacts through: B-field of x-ray + spin of electrons

* Unlike neutrons:

4 )
1. Magnetic scattering is MUCH weaker than charge scattering At Ei ~5 keV:
Amplitude ratio ~107
_ . A(magnetic) hw ) | Tp I,::J © ;a |310_4
Amplitude ratio: A(charge) = (for single electron) % ntensity ratio y

2. X-ray photon energies (~0.5 to 50 keV) are orders of magnitude larger than
typical energy scales for magnetic excitations (~0.5 to 500 meV)



Resonant Magnetic X-ray Scattering  Herdxravs>5kev)

Tender x-rays (1-5 keV)

e Soft x-rays (< 1 keV) He

Excitation

Hydrogen
3 4 5 6 7 8 9 10
Li Be B C N O F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
1 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
Sodium  Magnesi luminium Silicon  Phospho... Sulfur Chlorine Argon
19 20 21 2 23 24 25 26 27 28 29 30 1 32 33 34 35 36
K Ca Sc T V. Cr Mn Fe Co Ni Cu Zn|lGa Ge As Se Br Kr
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* Scattering tensor for magnetic x-ray scattering: ,
F(E)=0c9(E)e - ep* + cW(E) &% &5* - M; + @ (E) [(ei M) (" - M;) — 36" g

2
* Intensity of magnetic Bragg peaks: I = z e'97i i V(E) ;X gp" - M;
J




Magnetic X-ray Scattering

Advantages: Disadvantages:

* Element (and even orbital) specificity * More complicated theory/modeling

* Smaller samples (ideal for thin films, high * Magnetic scattering much weaker than
pressure diamond anvil cell experiments) charge scattering

* Better resolution in momentum * Worse resolution in energy

 Restricted momentum transfer (soft x-ray)

4 )
X-ray and neutron scattering are highly complementary

techniques for the study of magnetic materials

(But neutrons should almost always be your 15t choice)
N\ J




Suggestions for Further Reading...

SCATTERING

Textbooks:
G.L. Squires — Introduction to the Theory of Thermal Neutron Scattering (2012)
S.W. Lovesey — Theory of Neutron Scattering from Condensed Matter, Vol. 2 (1984) B
T. Chatterji — Neutron Scattering from Magnetic Materials (2006) ros Gl

Matter

Reviews:

JW. Lynn — Magnetic Neutron Scattering from Characterization of Materials, Vol. 2 (2012)

|.LA. Zaliznyak and S.-H. Lee — Magnetic Neutron Scattering from Modern Techniques for
Characterizing Magnetic Materials (2005)

S.M. Yusuf and A. Kumar — Neutron Scattering of Advanced Magnetic Materials, Appl.
Phys. Rev. (2017)

S. Muhlbauer et al — Magnetic Small-Angle Neutron Scattering, Rev. Mod. Phys. (2019)



https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=908109
https://www.osti.gov/servlets/purl/15009517
https://doi.org/10.1063/1.4996209
https://doi.org/10.1103/RevModPhys.91.015004
https://doi.org/10.1103/RevModPhys.91.015004
https://doi.org/10.1103/RevModPhys.91.015004

Any Questions?

clancyp@mcmaster.ca
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