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Brief plan

I Motivation - Inelastic neutron scattering experiments on
Herbertsmithite

I Setup and formalism to calculate spin current

I Application to antiferromagnetic insulators

I Expected results for spin liquids
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Motivation - Herbertsmithite

Figure : ZnCu2(OH)6Cl2

I Spins on Kagome well described by Heisenberg model
H = JAF

∑
<ij>

~Si · ~Sj
I No long range magnetic order seen down to T = 0.05K,

although JAF ≈ 200K
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Dynamic spin structure factor for Herbertsmithite

Figure : S(~q, ω) for fixed ω = a) 6 meV, b) 2 meV, and c) 0.75 meV
[Han et al, Nature, 11569]
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Alternative ground state with no magnetic order

I Spin liquids - Mott insulators with no broken symmetry ,
that have fractionalized spin-half quasiparticle excitations -
spinons

Figure : A cartoon of spin liquid (Figure courtesy T. Senthil)
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Proposed spin liquid ground states

I Schwinger boson theory in the large N approximation
predict a Z2 spin liquid ground state for the Heisenberg AF
on the Kagome lattice [Sachdev, PRB, 1992]

I Projected wave function study provide evidence for a U(1)
spin liquid with gapless Dirac fermions [Wen et al, PRL, 2007]

I Lack of evidence of spin gap down to 0.25meV over large
regions of the reciprocal space - conservative upper bound
of JAF /10 on the spin gap [Han et al, Nature, 11569]

I Nature of excitations above ground state is unclear
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Probing via spin currents?

I Till this point, most experiments have been
thermodynamic or neutron scattering experiments.

What other experiments can tell us about the nature of
excitations above the ground state?

Transport measurements might be helpful in resolving some
of these puzzles
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Geometry

I Couple metal with non-equilibrium distribution of spin to
an insulating spin-system at the boundary

H = J
∑
j

~Se · ~Sj δd(~x− ~Xj)
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Initial non-equilibrium distribution of spins in metal (gap exaggerated)
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Spin Current

I Use Fermi’s golden rule to calculate spin current due to
spin-flip scattering at the boundary

I The spin current simplifies when S−+(~q⊥, ω) is significant
for small |~q⊥|, ω

Ispin
T→0
=

πJ2A⊥ν(εF )

2

∫
dω

2π

dd−1q⊥
2π)d−1

(∆− ω)S−+(~q⊥, ω)

I If S−+(~q⊥, ω) is peaked about momenta { ~Q⊥}
(well-isolated), the only change is a constant angular factor
fang(kF /Q⊥)
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Antiferromagnets

I Antiferromagnets have low-energy excitations about the
ordering wave vector ~Q⊥ = (π, π) on a square lattice of
unit length

Figure : Square lattice AF at wavevector ~Q⊥ = (π, π)
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Antiferromagnets

I Neel order pointing perpendicular to the spin-quantization
axis in the metal

I Formerly analyzed for elastic spin-flip scattering using
magneto-circuit theory [Takei et al, PRB, 2014]

Figure : Spin current carried by a dynamically precessing Neel texture
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Antiferromagnets

I We calculate the elastic contribution assuming an average
magnetic moment, and also find the inelastic contributions
due to propagating spin wave modes

Ispin
T→0
=

πJ2A⊥ν(εF )V

4

(
fang + const. (1 + fang)V 3

)
I If Neel order points along the spin-quantization axis of the

metal, then the elastic contribution is absent as expected.
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Spin liquids

I Each spin flip scattering excites two spinons that share the
momentum

I Continuum field theory calculation using quadratic spinon
bands for the Q1 = Q2 ground state in mean field theory,
with a spinon gap of ∆s [Sachdev, PRB, 1992]

Ispin
T→0∝ (V − 2∆s)

3 Θ(V − 2∆s)
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Conclusion

I Spin currents may be used as a gateway to probe the
nature of possible exotic states in Mott insulators

I For antiferromagnets with gapless excitations, the spin
current is calculated taking into account both elastic and
inelastic scattering processes to check the formalism

I For spin liquids with a gap, the spin current is zero below a
threshold, and rises as a function of the voltage with a
power law that depends on the spinon dispersion and the
dimensionality of the system

Thank you for your attention!
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