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Introducing photons, neutrons and
muons for materials characterization

Lecture 14: Neutron Spectroscopy
and Magnetic Excitations



Simple example of a quantum magnet

Magnetic susceptibility
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Maghnetic neutron scattering
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Excitations of a qguantum magnet
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From the quantum nature of magnetism to “classical long-

range order”

+ T>>J: spin fluctuates between up and down, but
neighbours always want to point in opposite direction

+ cooperative phase transition for T < J
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The nature of spin waves
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Small deviations of the magnetic moments away from ordered direction
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Cross-section of the inelastic magnetic
neutron scattering
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Simple Example: Cu(pz),(ClO,),

monoclinc
C2/m
B=96.5

2br My

Identical exchange interactions along bc and —bc directions
Absence of DM interactions due to symmetry



Spin-wave excitations

Intensity (cnts/1min)
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LiNiPO,: exchange interactions
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Novel excitations in Cu(pz),(ClO,),

0 0.1 0.2 0.3 0.4 0.5

BT T O <o )

Energy (meV)

(m,0) (r/2,7/2) (,0) (r/2,7/2)
Q Q

N. Tsyrulin, et al, Phys. Rev. Lett. 102, 197201 (2009)



|”

Quantum vs. “classical” magnetism

* Magnetism is of quantum nature

 Many materials behave rather classical, and the quantization of spin
degrees of freedom is suppressed

Strong single-ion
anisotropy
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Wave-like perturbation of delocalization of |+ 1> states
magnetic moments away

_ _ _ due to spin interactions
from their ordered direction



Quantum dimer material

M/H (x10™ emu/mol)

S BE B



Field dependence of excitations
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Intensity [counts/mon 48k]

Quantum phase transition in TICuCl;
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What are the properties of a material at the quantum critical point?



Tuning of the magnetic ground state
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No energy scale at the quantum
critical point apart from T
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Quantum critical AF S=1/2 Heisenberg Chains
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* quasi long-range order: AF correlations fall of as a power law
* new type of excitations: spinons carrying S=1/2
e pair of excitations induced by neutron scattering



Energy (meV)

AF S=1/2 Heisenberg Chains
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Quantum critical scaling of AF S=1/2 chain
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Quantum Spin liquid:
antiferromagnetic S=1 chain
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F.D.M. Haldane, Phys. Lett. A93,464 (1983).



Quantum spin liquid state in AF S=1 chains

The gapped excitation
spectrum is dominated by
S=1 triplet excitations with
hidden spin order

excitations are moving hidden
domain walls

Fath & Solyom, J. Phys. Condens. Matter 5, 8983 (1993)
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Role of defectsin spin liquids?

valence-bond model predicts chain-end S=1/2

S=1/2 degree of freedoms are coupled (either
ferromagnetically or antiferromagnetically)

|. Affleck et al. Phys. Rev. Lett. 1987
M. Hagiwara et al. Phys. Rev. Lett. 1990



Sensitivity of a quantum spin liquid to impurities
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Cooperative chain-end degree of freedoms
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End-chain cooperative degrees of freedom
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Quantum liquids are
sensitive to impurities
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Quantum vs. “classical” magnetism

* Magnetism is of quantum nature

 Many materials behave rather classical, and the quantization of spin
degrees of freedom is suppressed
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Spinon confinementin coupled S=1/2 Chains
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x Longitudinal fluctuations of
ordered moment possible

x Low-energy spectrum consists

of spin waves carrying spin-1
x at higher energies two-spinon

continuum

40

(b)

r30

20

1 (arb. u)

F10

0

A.Zheludev et al, Phys. Rev.

Intensity (counts/8 min.)

Lett. 85,4801 (2000)

[ h i«
S o
PR T TR TP TR PR SR B

o
=)

100+

w
=
| -

=
| - "




Ordered Magnet in Magnetic Field
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Canting of spins results in Spin undergo reorientation

small net magnetization (spin-flop transition)



S=1/2 Chain in a Magnetic Field

spinon excitations incommensurate with lattice
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Magneto-electric quantum magnet CDC

D/J = 0.0102(5)

Y. Chen et al, Phys. Rev. B 75, 214409 (2007)

g* = 0.068(3)

1) Staggered gyromagnetic factor
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2) Staggered Dzyaloshinskii-Moriya

interactions

HDM = Z(H—l)i]} . (Siml X SI)
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S(Q,w) measured using neutron scattering

Zero field and T=40mK H=11T=0.8J and T=40mK

Two-spinon continuum of AF spin-1/2  Spectrum at high field consists of
Heisenberg chain with J=1.5meV well-defined excitations
Intense lower bound hw=r/2 J |sin(xh)|

M. Kenzelmann et al, Phys. Rev. Lett. 93, 017204 (2004)



Bound spinons in staggered fields
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Spinons and Spinon binding in staggered fields

H > 0T & staggered (AF) fields
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M. Kenzelmann et al, Phys. Rev. Lett. 93, 017204 (2004)



Bound spinons in the Spin fermion model
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Small energy scales can have an
effect at much higher energies

M. Kenzelmann et al, Phys. Rev. B 71, 094411 (2005)

* H=0T: lower bound of two-
spinon continuum
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