
Observation of spinon Anderson localization 
in a spin-1/2 antiferromagnetic Heisenberg chain

Shiyan Li

Fudan University

April 2013, IAS, Tsinghua



Outline：

1. Ultra-low-temperature heat transport measurement

2. Some examples of heat transport by magnetic 
excitations

3. Anderson localization of spinons in a spin-1/2 
antiferromagntic Heisenberg chain

4. Unveiling the quantum critical point of an Ising chain 
in a transverse field

5. Summary



1. Ultra-low-temperature heat transport measurement

3He-4He dilution fridge
T→7 mK; H→17 T κ = α 

Q
ΔT



κ = κelectrons + κphonons + κmagnons + κspinons…

κ = 1/3 C v l

T
κ

2T

electrons ~ T

phonons ~ T3

0

FERMIONS (Electrons)
κ ∝ Ce ∝ T

BOSONS (Phonons)
κ ∝ Cph ∝ T 3

κ/T = A + BT2

Heat transport: A tool to probe low-lying quasiparticles



Example 1: AF magnon heat transport in Nd2CuO4

S. Y. Li, L. Taillefer et al., PRL 95, 156603 (2005)

Spin-flop transition
in H ⊥ c

Switch on acoustic magnons

First observation of κ ~ T 3 AF magnon heat transport

2. Some examples of heat transport by magnetic excitations



Example 2: FM magnon heat transport in YIG

Y. Kajiwara et al., Nature 464, 262 (2010)

Y3Fe5O12 (YIG)
typical ferrimagnet



Specific heat: FM magnon in YIG single crystal

0.77 K < T < 2.5 K: C = 6.7T1.5 + 2.3T3

T < 0.77 K:     dipole-dipole correction

At not very low T: E = Dk2

B. Y. Pan, S. Y. Li et al., arXiv:1302.6739



Thermal conductivity: FM magnon in YIG single crystal

If no corrections：κm ~ T2

Our result suggests the corrections of defects 
and dipole-dipole interaction are needed.

Magnon gap in field: Δ = gμBH

κm = κ(0T) - κ(4T)

B. Y. Pan, S. Y. Li et al., arXiv:1302.6739



Leon Balents, Nature 464, 199 (2010)

New magnetic ground state! 

Example 3: Spinon heat transport in spin liquids



Neutron scattering
S.-H. Lee, Nat. Mater. 6, 853 (2007)



μSR, NMR

κ-(BEDT-TTF)2Cu2(CN)3

F. L. Pratt et al., Nature 471, 613 (2011)



Spinon excitation in a 2D QSL detected by heat transport

Sung-Sik Lee, Patrick Lee and T. Senthil, PRL 98, 067006 (2007)

Prediction:  κ ~ T, like electrons in a metal

ARPES



M. Yamashita et al., Nature Physics 5, 44 (2008)

No κ0/T:    are spinons gapped?

Heat transport: A tool to probe spinons

κ-(BEDT-TTF)2Cu2(CN)3



M. Yamashita et al., Science 328, 1246 (2010)

Significant κ0/T:  evidence for spinons in a spin-liquid candidate. 

Heat transport: A tool to probe spinons

EtMe3Sb[Pd(dmit)2]2： dmit-131



3、Anderson localization of spinons in a spin-1/2 
antiferromagntic Heisenberg chain

The model of spin-1/2 AF Heisenberg chain can be exactly 
solved，and the excitations are called spinon.



SrCuO2: Spin-charge seperation by ARPES

B. J. Kim et al., Nature Phys. 2, 397 (2006)



SrCuO2: extra heat conduction along the chain

N. Hlubek et al., Phys. Rev. B 81, 020405(R) (2010)

κspinon = κc - κa



Sr2CuO3: extra heat conduction along the chain

T. Y. Guan, S. Y. Li et al., unpublished

κmagnon = κ|| - κ⊥

J ~ 2000 K

J’ ~ TN = 5.4 K



Cu Benzoate: an ideal spin-1/2 Heisenberg chain

Cu(C6H5COO)2 • 3H2O: J ~ 18.6 K, J’ < 50 mK
no order down to 50 mK



Cu Benzoate: an ideal spin-1/2 Heisenberg chain

D. C. Dender et al., PRL 79, 1750 (1997)D. C. Dender et al., PRB 53, 2583 (1996)





Cu Benzoate: spinon specific heat Cs ~ T

D. C. Dender et al., PRL 79, 1750 (1997) B. Y. Pan, S. Y. Li et al., arXiv:1208.3803



Cu Benzoate: thermal conductivity

B. Y. Pan, S. Y. Li et al., 
arXiv:1208.3803

κ =  C v l

H = 0 T
κs ~ Cs ~ T

H = 7 T
κmag ~ Cmag



Cu Benzoate: spinon thermal conductivity

B. Y. Pan, S. Y. Li et al., arXiv:1208.3803

Linear term
Compare to electrons:

κ0/T = L0/ρ0

1.7 mW/cmK2

~ 15 μΩ cm

Compare to spinons 
in the spin liquid:

κs/T ≈ 2 mW/cmK2



Anderson localization: a fundermental physics of waves

Anderson localization of waves in disordered systems originates 
from interference in multiple elastic scattering.



Anderson localization: Light

Nature 390, 671 (1997)

Nature 404, 850 (2000)

Nature 446, 52 (2007)



Anderson localization: Ultrasound

Nature Physics 4,945 (2008)



Anderson localization: Ultracold atoms

Nature 453, 891 (2008)

Nature 453, 895 (2008)

Science 333, 66 (2011)

Nature Physics 8, 398 (2012)



Anderson localization: Spinon

B. Y. Pan, S. Y. Li et al., arXiv:1208.3803

First observation of Anderson localization of magnetic excitations. 
1D system is the best place for Anderson localization to occur.



Spin liquid: Spinons

M. Yamashita et al., Science 328, 1246 (2010)

EtMe3Sb[Pd(dmit)2]2： dmit-131

S. Yamashita et al., Nat. Commun. 2, 275 (2011)



Spin liquid: Spinons

M. Yamashita et al., Nature Physics 5, 44 (2008)

κ-(BEDT-TTF)2Cu2(CN)3

No κ0/T:    Gapped? Localized?

S. Yamashita et al., Nature Physics 4, 459 (2008)



4. Unveiling the quantum critical point of an Ising chain 
in a transverse field



Quantum Phase Transition: big issue in condensed matter physics

Heavy-fermion
systems

Gegenwart, Si, & Steglich, Nature Phys. 4, 186 (2008)

QPT occurs at zero temperature, tuned by nonthermal parameters:
chemical doping, magnetic field, pressure ...



Quantum Phase Transition: big issue in condensed matter physics

Cuprates

D. M. Broun, Nature Phys. 4, 170 (2008)



Quantum Phase Transition: big issue in condensed matter physics

Iron pnictides

Paglione & Greene, Nature Phys. 6, 645 (2010)



TFIC: a relatively simple model undergoing QPT

The Ising chain in a transverse field (TFIC): 
one of the most-studied model in condensed matter physics.

By using the Jordan-Wigner transfermation, the spins can be transformed to 
noninteracting spinless fermions, and this model can be exactly solved.

The minimum single-particle excitation energy, or the energy gap:   Δ = 2J⎪1-h⎪
Quantum critical point: h = 1,  Δ = 0

Subir Sachdev, Quantum Phase Transitions, (1999)

Hamitonian:
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CoNb2O6: a rare experimental realization of the TFIC model

Strong easy-axis anisotropy due to CFEs:    easy-axis in ac plane, ±31o to c-axis
Intrachain coupling J > 0:                              favors FM ordering along c-axis
Interchain coupling J1, J2 < 0, J1, J2 << J: favors AF ordering between chains



CoNb2O6: neutron scattering experiments in a transverse field

Elastic scattering in H || b:        QPT at H = 5.5 T.

R. Coldea et al., Science 327, 177 (2010)



CoNb2O6: neutron experiments in zero field

Inelastic scattering in H = 0 and at 40 mK:    
a few bound states m1, m2, m3, ...

(domain-wall quasiparticles)

R. Coldea et al., Science 327, 177 (2010)



CoNb2O6: neutron experiments in a transverse field

Inelastic scattering at 0.1 K: 
domain-wall quasiparticles for H < 5.5 T

spin-flip quasiparticles for H > 5.5 T.



QCP:    Δ = 0

Technical difficulties for neutron scattering to 
probe the QCP with Δ = 0.

Heat transport should be able to detect the 
low-energy quasiparticals near the QCP.

Our idea: Probe the low-lying magnetic excitation in CoNb2O6



CoNb2O6: Single crystal growth

Floating-zone
optical furnace



CoNb2O6: Magnetizations of our sample

W. Scharf et al., JMMM 13, 121 (1979)
The interchain couplings: two 3D transitions
TN1 = 2.95 K: incommensurate SDW transition
TN2 = 1.97 K: commensurate AF transition



CoNb2O6: κ(H)/T in transverse fields H || b

1) No significant positive contribution to κ/T by magnetic excitations, likely due to low J.
The suppression of κ/T is due to the scattering of phonons by these magnetic excitations.
2) At the left of QCP, there are some gapless excitations (AF magnons?).
3) At the QCP, some gapless excitations strongly scatter phonons.
4) At the right of QCP, the gap develops with increasing magnetic field.

Y. F. Dai, S. Y. Li et al., unpublished



Summary

Low-T thermal conductivity and specific heat are nice tools to probe
low-lying magnetic excitations in quantum magnets:

1、AFM magnons in 3D Nd2CuO4:  κm ~ T3

2、FM magnons in 3D YIG:  Cm ~ T1.5+correction; κm ~ T2+corrections

3、Spinons is 2D spin liquid:  Cs ~ T;   κs ~ T 

4、Spinons in 1D spin-1/2 Heisenberg chain Cu Benzoate:  
Cs ~ T down to 50 mK, κs ~ T down to 300 mK，observing 
Anderson localization of spinons at lower temperature.

5、Quasi-1D Ising chain CoNb2O6 in a transverse field: the magnetic 
excitations strongly scatter phonons, which unveils the QCP.


