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Basics of magnetism

Why some materials are magnetic? It's electrons!

In classical physics, a flow of charges (or current) will generate magnetic
field. (Ampere's Law) Therefore, a closed loop of current will have a
magnetic field just like a magnetic dipole.

In quantum physics, electrons have intrinsic magnetic field with no angular
motion. This quantized magnetic moment is called a ;pm", and their

eigenstates can be either up or down. (1 =z o0r | =-3)

a0 There are more, but let’s not worry about these for now:

- Orbital motions of electrons may also add
B % to the electronic magnetic moment

- Protons and neutrons in nuclei also have
magnetic moments.

electromagnet

permanent magnet
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Electron energy levels

14 ]
[T | H H [Z |
H [ PerIOdIC Table e 1va va wia wa |HE
3 4 7 E] [] 10
2 [ [ Be of Elements c|n]o ¢ [ne
11 12 15 16 17 18
3INa (Mdlus vs w8 v vIE —wWI— 1B B Si|P IS |CI|Ar 3 3 O
19 20
% [ Cr’*: 3d°4s
Er 38
5|Rb | sr
55 3
E|Cs | Ba
a7 28
| Fr | Ba Rf | Ha|106/ 107 108109110
T TN B T O G O O O N 0 O I 34 + + + + +
Series Ce | Pr | Nd Sm|Eu|Gd| To | Dy | He| Er |[Tm | Yk | Lu | | | | |
+Actinicle [P0 [31 |22 |38 |94 [95 [96 [or |e [9a fiow [io1 [0z [wns
Series Th|Pa | U

NIST

Motional Institute of Stondards and Tachnology

T



What is geometrical frustration?

DefiniTion according to Wikipedia

"a phenomenon in which the geometrical properties of the
atomic lattice forbid the existence of a unique ground state,
resulting in a nonzero residual entropy”

To put it simply, it means a situation in which things
do not order because of their geometrical property,
even when there is a driving force to order

Degenerate ground states: there are many possible ways to
satisfy the condition of the lowest energy.

Zero-energy fluctuations: since the degenerate ground
states are equal in energy, the system will easily move from
one state to another and experience no restoring force.

Residual entropy at T = O K: configurational entropy due to
multiple possible choices
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Example of geometrical frustration: antiferromagnet

infinite lattice
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Infinite number of
degenerate ground strates!

Antiferromagnetic Ising spins
(if only up or down
orientations are allowed)
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Example of geometrical frustration (II):

Structure of ice
(spheres are oxygen) @

Residual entropy due
to proton disorder

S =k, In[22" x(6/16)" |
= Nk, In(3/2)
=0.81 cal/K - mol
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CdCr,0O, : Cr3* (3d°, § =3/2)

Magnetic Cr* ions form a lattice of corner-shared tetrahedra
Similar lattices are found in spinel (AB,O,) B-sites or pyrochlores (A,B,0-)
If the lattice 1s cubic, antiferromagnetic spins won’t order down to 0 K!

But CdCr,0, eventually orders at
very low temperatures. How?

? 9

frustrated
(7

unfrustrated

Magnetic exchange energy between a pair of

spins is £ =J;; S;-S;. If J;;> 0, then S, and S;

will become antlparallel to each other
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Magnetic phase transition in CdCr,0,

Magnetic susceptibility | M: magnetization of the material

x = dM/dH H: applied magnetic field
susceptlblhty inverse susceptibility
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Magnetic and crystallographic phase transitions

M Elastic neutron scattering
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A few things to learn from the experiment

Ordered vs. disordered magnetic phases
How are they different in dynamics?

How do we interpret inelastic neutron scattering data in
terms of time scales of order?

Disorder due to geometrical frustration

How is it different from disorder due to femperature? Is it
truly random or correlated in short-range?

What is the most likely ground state of the 1g_eome’rr'ically
frustrated phase? How is it similar to or different from the
ground state in the ordered phase?

How do we calculate magnetic structure factor that can be
used for the analysis of neutron scattering intensity?

And, of course, how to use a triple-axis spectrometer
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Correlated motion in ordered solids

Ball & spring: harmonic oscillator

k e 2

mm@ m%x(t) +kx(t)=0 x(t)=Acosax = Acos((w/k/m)t)

Lattice vibrations: phonons
Kebwta Ae2008 oe2008 These vibrational modes occur as a result of the balance

o between a tendency for fluctuation (thermal or kinetic
ST e energy) and a restoring force (potential energy).

s Aeome wetze They are long-range in space and long-lived in time.
k=3fa A=d0la ox=1dln QueStiOnI
oo oo weom What if there are no restoring forces?

What if the ordered pattern changes with time?

kminifa h=12008 @o)=0520

Spin precessions: maghons

We use neutron spectroscopy to

TTTTTVVVUTVTTTT T L study the dynamics of solids
CaCIOI0INESLSATNVIOIGIGAS,
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Magnetic neutron scattering: spin-spin correlations

Neutron Scattering
Cross Section
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Correlation Function

Fourier Transform

dQdF¢

S (Qs CO) Fluctuating moment
' ol 1-T1/T
. GD

®

Ordered moment
f ’—\
/
2r

f Long-range order
__\

o <Sp(t) - SR(0)>

lh\

Short—range order
R T A
2t et - K~1/E:,

Q

I : Relaxation rate
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@ IE:?! mgPsmmm Neutron mﬂlﬁb
C 11\l NIST



Looking for the degenerate ground states in the
geometrically frustrate phase

How can we place antiferromagnetic spins on this lattice and get the lowest energy?
The reasonable approach is to have as many antiparallel pairs as possible.

*IF* this 1s how the
degenerate ground
states look like, how
do we calculate the
corresponding Q-
dependence of the
neutron scattering
intensity?
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Magnetic neutron scattering cross section

General equa’rion for the scattering intensity

[(Q)oc — o U p(R)e? RdR‘ p(R) : scattering strength density

Magnetic neutron scattering cross section

d’oc 5 kf
=r S(Q,w
dQdew ‘ k. Q@)

1

where, S(Q,w) = Z( Q Q[;)z pﬂZZfd Q) f,(Q)exp{iQ-(R,,, —R,,)}
a.p ld 1'd'
><</1 /1'><,1'

But if we consider only up and down spins for diffuse quasi-elastic
scattering, all we need is the following simple equation:

2
Y

o
St

>5(ha)+ ho, —ho,)
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1(Q) o

f :magnetic form factor

Z Ir (Q)aReiQ'R
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SPINS cold neutron triple axis spectrometer

Why SPINS for this study?
Because SPINS

can precisely access
desired Q and 7w

covers 7 in the range 0.1
~ 10 meV

can also perform
diffraction measurement

provides a flexible choice
of high resolution or high
intensity
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Summary

In this experiment, we are %o(ng to study the magnetic phase
transitions in CdCr,0,, which is a spinel with antiferromagnetic
intferactions between Cr3* ions on B sites.

While its mcr(qne’ric exchange interaction strength is comparable to
|Ocw| ~ 88 K, the magne’rlc phase transition occurs at much lower
temperature, T, = 7.8 K, due to the geometrical frustration.

Below the magnetic phase transition, there is a well-defined ground
state with long-range magnetic order. On the other hand, above the
transition the ma%neﬂc structure is disordered, not because of thermal
fluctuations, but because of the multiplicity of ground states.

In order to characterize two different magnetic phases below and
above the magnetic phase transition, we are going to use neutron triple
axis spectroscopy technique. By measuring energy and momentum
dependence of the neutron scattering spectra, we expect to reveal the
time and the length scales of the magnetic correlations of the two
distinct phases.

Z DANIC

Motional Institute of Stondards and Tachnology



