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Novel magnetic ground states and excitations

Want to study magnetic states with 
unconventional ground and excited 

states.  

Frustration, low-dimensionality, or 
“competing interactions” give non-

classical ground states → Macroscopic 
quantum entangled wave functions 

Interacting spins on a lattice 

At large dimension on conventional lattices → 
broken symmetries and “classical” ground states.
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1D Ising systems
(Low dimensionality)

Quantum spin ice
(Frustration)

Spin-orbital liquid
(Competing Interactions)

Different routes to novel ground 
states and excitations in 
insulating spin systems
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Bipartite
non-Bipartite



8Slide courtesy of L. Balents

Spin singlet formation on a lattice
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A site - metal with four 
NN oxygens.

Tetrahedral site 

Bipartite Lattice
not geometrically  frustrated 

B site - metal with six NN oxygens
Octahedral site
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non-magnetic MgAl2O4 (true spinel) is a common gem



11Slide courtesy of L. Balents
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For	  FeSc2S4,	  
TN	  not	  visible	  down	  to	  50	  mK	  

f	  >	  1000!

	  θCW	  =	  -‐45	  K

	  θCW	  =	  -‐23	  K

C

μeff ~ 5.1 μB        μpred ~ 4.9 μB for J,S=2   
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Neutron	  scattering	  in	  FeSc2S4

13

Neutron scattering shows no 
magnetic Bragg peaks

- soft mode at zone edge;  
Krimmel et al. (2005)



what about local 
interactions?
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Low	  spin	  vs.	  High	  spin	  configurations
Hund’s coupling U ⇄ crystal field spitting Δ 

Low Spin
[FeBr6]3−

High Spin
[Fe(NO2)6]3−

Tetrahedral complex have small Δ so usually high spin 
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Fe2+	  →	  6	  e-‐	  in	  tetrahedral	  CF	  with	  S=2	  high	  spin	  configuration

At	  single	  ion	  level	  ground	  state	  is	  a	  highly	  entangled	  “Spin-‐Orbit	  singlet”
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From Fritsch et al. Phys. Rev. Lett. 2004

Entropy release indicates 
correct number of  low T 

degrees of freedom, when 
counting orbits and spins



what about exchange?
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Three different types of A-S-B-S-A interaction paths in spinel structure. 
NN and NNNN both have a S-B-S bond angle of 90 degrees 

DFT predicts J’/J ~ 37
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Neutron	  scattering	  in	  FeSc2S4

25

Soft mode at zone edge;  
Krimmel et al. (2005)

A forbidden reflection for the 
fcc Fd3m space group —>

Dominant AF ordering on the 
fcc lattice 

Indicates dominance of J’ 
coupling

Gives route to frustration 
because fcc lattice is NOT 

bipartite!
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“J
2	  
/	  λ”	  Kugel	  Khomskii	  Model
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Since quantum disordered phase breaks no symmetries other than crystal, SOL is built out of 
objects similar to ionic singlet with similar excited state structure

← Expansion in 
exchange

Random phase 
approximation 

→

The	  spin-‐orbital	  liquid
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Time Domain THz Spectroscopy 

Delay Stage

Beam SplitterEmitterReceiver

Laser
800nm

60fs

• fs laser excites photoconductive emitter and receiver.  
Coherent detection of field allows complex optical 
response functions to be measured: 100 GHz - 3 THz 
(0.8 meV - 12 meV), @ 1.4K - 300K.

• Usually light couples to charge, but can excite 
magnetic dipoles with THz B field

• Broad band THz electron spin resonance (ESR)
• Transmission —> ln(T(ω)) ~ -ωχ(q~0,ω) 

Auston switch
emitter and receiver

5 µm



“The Fast Rotator”

Re[θ]
Im[θ]

C. M. Morris et al. Optics Express, Vol. 20, Issue 11 (2012) 

Polarizers Rotator

Polarizer spun at 5000 rpm, Lockin @ 2ω.

In- and out-of-phase lockin response ∝ to Ex and Ey.

Very precise measurements possible because common 
mode noise cancels in ratio θ = Ey/Ex

Invented for “axion regime” in topological insulators and 
point group symmetry breaking in cuprates 



B field

Precession 
with ω = γB

Illumination with ω 
circularly polarized 
radiation 

Using time-domain THz to measure magnetic excitations

In transmission T(ω)
ln(T(ω)) ~ -ωχ(q~0,ω) 

Can measure complex χ(ω) = χ’ + iχ’’
M = χH

High resolution (10 µeV)
High signal to noise;  Smaller samples 

Not just a “poor man’s” neutron scattering
unique information

Usually light couples to charge, but can excite magnetic dipoles with THz B field 
Broad band THz electron spin resonance (ESR)

B field
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THz time domain spectroscopy on FeSc2S4 

Prominent peak 
develops below 10K 
on broad background
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THz time domain spectroscopy on FeSc2S4 
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Fe2+	  →	  6	  e-‐	  in	  tetrahedral	  CF	  with	  S=2	  high	  spin	  configuration

At	  single	  ion	  level	  ground	  state	  is	  a	  highly	  entangled	  “Spin-‐Orbit	  singlet”
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Spin-orbit coupling strength in FeSc2S4 

One expects only two optically active excitations from 5E to 5T2 states, but additional and shifted absorptions are 
expected due to strong coupling of the 5T2 levels to vibrational modes

Following Wittekoek, et al, the crystal field splitting, SOC constant, Jahn-Teller coupling mode energies (EJT), and 
coupling constants (ħωJT) can be extracted from the mode energies and intensities.

Determine values of ΔCF ~296 meV, λ0 ~8.8 meV and EJT/λ~ 1.6, and ħωJT/λ ~ 4. From these λ = 6λ20/ΔCF ~1.57 
meV.

Values correspond closely to values found in other Fe+2 tetrahedral compounds
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Using J2 from Curie Weiss, one predicts E~5.4 meV

g2 ~ ±0.94 
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THz time domain spectroscopy on FeSc2S4 
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“Euclidean multicomponent Φ4 scalar field 
theory in 4 space-time dimensions.”             

- Chen and Balents, 2009

Long range entangled
Neutron scattering
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Review

Different routes to non-classical magnetic ground states 

A-site spinels show “hidden” frustration 

Frustration enhanced by competition with SO effect 

Existence of novel spin-orbital liquid state


