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Abstract: Neutron scattering can provide unique atomic scale information about structural and dynamical properties of frustrated magnetism.
lecture | will give a brief description of theoretical and practical aspects of the technique. Experiments on frustrated magnets that illustre
capabilities of new instrumentation at the Spallation Neutron Source and NIST will serve as examples. The target audience is scientists \
interested in using neutrons in their research, collaborating with a neutron scattering group, or who seek a deeper understanding
corresponding experimental<br>literature [1]. <br><br>[1] See <a
href="http://jins.tennessee.edu/course2012/">http://jins.tennessee.edu/course2012/</a> for information about an online graduate course
offered in the fall of 2012 on the use of neutron scattering in quantum condensed matter physics. <br><br>*Work at IQM was supported by 1
DoE, office of Basic Energy Sciences, Division of<br>Material Sciences and Engineering under DE-FG02-08ER46544.
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Outline

Theoretical Framework

— Basic properties and definitions
— Elastic, Inelastic

— Nuclear, Magnetic

Experimental Techniques
— Steady state & TOF

— Sources, Samples & Detection
— Kinematics & resolution

— Larmor labeling

Neutron scattering from frustrated systems
— Short Range Order

— Long Range Order

— Coherent & incoherent excitations

Summary
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Neutron properties
Classification: baryon @ S
Spin: Y (fermion) c
Interactions: Electro-Weak, Strong, Gravity
Mass: 1.67492729(28)x10727 kg
Mean lifetime: 885.7(8) s (free) n' = p'+e +V,
Electric charge: O C
Electric dipole moment<2.9x1072 e cm
Magnetic moment-1.9130427(5) u

| P—
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The Scattering Cross Section

dC
Ki 5
Incident neutrons L
Sample
. Gl ) Typical incident beam
- Rate of neutrons through area fiux: 106-102 n/em2/s
area
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The Scattering Cross Section
d€

k | ‘;r"‘. ; g - ‘?\ \'\'6(

Incident neutrons V ‘G
Sample

Typical incident beam

Rate of neutrons through area fiux: 106-102 n/em2/s

ared

Called cross section
atom 1 barn = 1024¢cm?
() Surface area of nucleus

- Rate of neutrons scattered
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The Scattering Cross Section

| . ff. o | ’.\
Incident neutrons V 4
Sample

Rate of neutrons through area

area
Rate of neutrons scattered

O
do  Rate of neutrons scattered to d€2
dQ ® x dQ

INSTITUTE FOR QUANTUM MATTER

) d

Typical incident beam
flux: 108-10°n/cm?/s

Called cross section
atom 1 barn = 1024cm?
Surface area of nucleus

Differential cross section
Units of barn/steradian
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The Scattering Cross Section
) dQ

k

Incident neutrons ey
Sample
Typical incident beam

Rate of neutrons through area fiux: 106-102 n/em2/s

ared
Called cross section

_ Rate of neutrons scattered T S Y

(2 10—
()] Surface area of nucleus
do i Rate of neutrons scattered to dS2 Dittecantiallorass: sectian
dQ D x dQQ Units of barn/steradian
2 Rate of neutrons into d€2 and dE .
d’c — f I Partial differential cross section
deE/‘ D x dQ x dE/. Units of barn/steradian/meV
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Neutron — Matter interactions:

Jacobsen et al NIST
« Strong nuclear force Cry st sckn
2mh’
V. (l‘) = b5(r)
. - :
2 ',.;‘4; I ® ® o ° ® (w
0 =4nb" ~1bam . ol

« Magnetic Dipole-dipole interaction

v, (r)=-u, -H

mcz
e

2
2
0'~[y < ] =0.2916 barn
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Neutron — Matter interactions:

« Strong nuclear force iy
21h’
7y (r) = 222 o )
m
~ 7 ‘ﬁ‘f Q ® O G »
o =4rnb° ~1bam - =

« Magnetic Dipole-dipole interaction

v, (r)=-u, -H

mcz
e

2
2
0'~[}/ : ] =0.2916 barn
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Static sample
* Fermi’s golden rule

K >
1
Measure Fourier transformed

"
= V((])l — k —k. scattering potential squared

2 Assuming sample unchanged
In scattering process

do _

dQ <k-"‘l}

» Periodic sample ™ Bragg peaks

y(r)= 22 3.5(r-R)

2
0~ Sewplia R) = ¥f'v,, S(a-7




Static sample
* Fermi’s golden rule

do X 2 Assuming sample unchanged
_— = <k ‘ V‘ k>| in scattering process
aq VIt
2 Measure Fourier transformed
= V(Q) — e k!. -k . scattering potential squared

» Periodic sample ™ Bragg peaks

y(r)= 22 3.5(r-R)

;exp(iq-R) 2

q=kl.—kf=’r

d |
il - N v,, 3 5(a7)




Magnetic diffraction

 Measure FT of spin structure

| lg o\ . R
((j_g:(}/‘\.’b) E-/F(Q) %(5uﬁ—quqﬁ)§;elik R)<SR S|/;>

« Periodic magnetic structure mssp Bragg peaks

d 2 AT 2
do =) Vv Z(Fa) laF(af Jo(a-r)
- The magnetic vector structure factor

Fla)= 25 £ (a) (S e

* Determine possible structures by comparing
calculated to measured intensities
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Dynamic Sample
* Fermi’s golden rule

d’c K, :
dQdE, & ;’)*W

k. r e -
= A_-jﬁ;l;dtew (7' (-a)V (1))

7 (a)|2) 8(E,+E, - (E,+E,))

* Probe FT two point correlation function
« Conjugate Fourier variables are

r — (= ki — kf. Wave vector transfer
=y hCO — E . E Energy transfer
I k|
INSTITUTE FOR QUANTUM MATTER igm.jhu.edu
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Dynamic Sample

* Fermi’s golden rule

deE \fzp (w7 (a) ) 82+ £, (£, +£,.)

k., = 4
- A—ﬁj die”™ (V' (~q)V (a.1))

* Probe FT two point correlation function
« Conjugate Fourier variables are

Bl =gk =k

Wave vector transfer

1=y hCO — E B E Energy transfer
i f
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Ordered nuclel mm Bragg+phonons

-~

do 2 {(Qa) .
daae, = VM vie T 6(r0) E(Q-7)  TERIRIIE
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Ordered nuclel == Bragg+phonons

=M v e a(e-r) i
2k, (e ‘hq 3 q)|
it h‘ _/\f:‘;;z‘ ;,2/‘/”1(1)/((])
—ﬂ(w)a(w H a)./(q))5(f +q —Q) _Phonon annihilation
X +(n(w)+ 1)6((0_@;(('))5(1. —q—Q) Phonon creation
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Ordered nuclel == Bragg+phonons

s =V g " s(o)Fo(-t)  Spmsa
2 /(/‘ —:'.'( ‘hq €. q)‘
+ /7‘ _/\T";;z‘ g:l 2thl/(q)
—H(w)a(a) " a)/(q))a(f +q _Q) -Phonon annihilation
X +(n(w)+ 1)5((0—0)_,-((1))5(1- —q—Q) Phonon creation

Scattered neutron

. .| Phonon created
Incident neutron i
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Scattering from dynamic magnet

* Frozen spins === [E|astic scattering

I'o 2|8 .  (eaf
dgldEf [W(z(y\"?l) EJF(Q) e 5(!‘1(0)

<Bo- 0.0, (51} {5k)

« Spin fluctuations === Inelastic scattering

2 e*<(Q'ﬁ)2>N k_f
k

d’ 2

<3(6,-0.0,)5" (@)
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The crux of matter: S (Qo)

* The dynamic spin correlation function
S””(Qa)): J.dre"“” %ZC);'Q‘(I{R'%SK (O)S{;(z‘»

RR'
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The crux of matter: S¥(Qo)

* The dynamic spin correlation function
5%(Qw)= [are ™ 3" (53 (0)s4(1)

RR'

« Handy stat-phys
erﬁ (Q(D) = CXP(—ﬁrI(O)Saﬁ (—Q,—w) Detailed balance
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The crux of matter: S”(Qo)

* The dynamic spin correlation function
§%(Qo)= [dre™ 3% (55 (0) s (1)

RR'

* Handy stat-phys
S (Q(D) = eXp(—ﬁh(!))Saﬁ (—Q,—w) Detailed balance
1 2”(Qo)

Ik e-—ﬁncu J'[(guB )2

S(Qa))z

Fluctuation-Dissipation
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The crux of matter: S¥(Qo)

* The dynamic spin correlation function
5%(Qo)= [dre™ 3% (57 (0) s (1)

RR'

* Handy stat-phys
erﬁ (Q(D) = eXp(—ﬁh(U)Saﬁ (—Q,—w) Detailed balance

1 2"(Qo
S(Q(D)Z l_e—ﬁfrcu J'L'(g(gu )2) Fluctuation-Dissipation
B
« Handy sum-rules
S(Q) = hjS(Q(U)dQ) Equal time spin correlations

thdes(QaG)) = —$2JRR'<SR 'SR'>(1_COSQ'(R_R,))
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Outline

« Experimental framework
— Steady state & TOF
— Sources, Samples & Detection
— Kinematics & resolution
— Larmor labeling

— Short Range Oraer

— Long Range Order

— Coherent & incoherent excitations
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Two routes to free neutrons

proten
neutron
-
16 chain reaction
U by moderated
thermal neutrons
neutron ' S -
bt fission of the

excited nucleus

intra-nuclear inter-nuclear

cascade cascade

?
> -
f t Pb cascade
as J particle(s)
protons p
>
eg 1GeV v \
T——
highly excited
nucleus evaporaion

Fission

» chain reaction

» continuous flow
» 1 neutron/fission

» 180 MeV/neutron

Spallation

» o chain reaction

- pulsed operation

- 40 neutrons/proton

. 30 MeV/neutron
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Two

routes to free neutrons

proton
neutron
-
15 chain reaction
U by moderated
thermal neurons
neutron ' S -
- fission of the

excited nucleus

intra-nuclear inter-nuclear

cascade cascade

|
-~ an-
f ! Pb cascade
as 4 particle(s)
protons p
-
eg 1GeV \
T————.
highly excited
nucleus evaporation

Fission

» chain reaction

» continuous flow
» 1 neutron/fission

» 180 MeV/neutron

Spallation

» o chain reaction

- pulsed operation

. 40 neutrons/proton

. 30 MeV/neutron
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Neutron Sources for Scattering
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Neutron Scatterers Map of North America
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NIST Center for Neutron Research

Red: new New Guide Hall
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SPING oloa
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Focusmgcmalyzer' sysfem on < SRINi
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