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BEC: coupled dimers

• Ba-Cu silicate, Han Purple = BaCuSi2O6

• array of coupled spin dimers

H =  J S Si Si’ + J’ S Si Sj

dimer = antiferromagnetic pair of  S=1/2

0 = J

singlet 

triplet 

|S=0, Sz=0>

|S=1, Sz=±1,0>
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• Han Purple = BaCuSi2O6

weakly coupled dimers 

J J’

dispersion = “bands of triplets”

e(q) ~ J + J’ cos(q) e(
q

)

q/(2p) 

0 = J

triplet 



BEC: coupled dimers

H =  J S Si Si’ + J’ S Si Sj
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BEC … in a magnetic field 

single spin dimer

H

coupled spin dimers

H=0 



KITP,  8-30-12

BEC, III: PhD 

BEC = XY AF
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courtesy of Marcelo Jaime, 
Netsu Sokutei 37, 26 (2010).

BEC, III: PhD 
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dichlorotetrakisthiourea-nickel (II) = DTN
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BEC, IV: DTN
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DTN
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DTN, I: model

courtesy of Marcelo Jaime
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thermal conductivity, other BECs

spin-dimer AF TlCuCl3

K. Kudo et.al., JPSJ 73, 2358 (2004)

M. Matsumoto et.al., PRL 89, 077203 (2002)

Sologubenko  etal., PRB 80, 220411 (2009).

spin-1/2 ladder system (C5H12N)2CuBr4=PCB
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thermal conductivity experiments, DTN

 thermal transport in BEC antiferromagnets vs magnetic field

S=1 AF NiCl2-4SC(NH2)2

X. F. Sun etal., PRL 102, 167202 (2009).V. S. Zapf etal., PRL 96, 077204 (2006).
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thermal conductivity experiments, DTN

data by: Alex Sologubenko, John Mydosh (UCologne) PRL 106, 037203 (2011)
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quick analysis
 at H=0, gaps  conductivity is due to phonons alone (small T<<~3K)

 excess of the conductivity is due to spin excitations

 peaks are near Hc1 and Hc2 , k/k0 increases as T decreases

 at larger T, suppression of k in the BEC phase is due to phonon scattering on magnons 

Hc1 Hc2
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puzzles, I: “no asymmetry” problem

DoS argument for the specific heat, Cv ,  

agrees well with experiment

 peaks in Cv at Hc1 and Hc2 , are very asymmetric
 not so for the thermal conductivity  ??
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puzzles, I: “no asymmetry” problem

courtesy of Marcelo Jaime

, but not thermal conductivity …
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“no asymmetry” problem
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specific heat

H
Hc2Hc1

-- at the QCP, specific heat:
-- asymmetry of the peaks = “asymmetry” of masses 

-- m2 is “bare”, m1<m2 is renormalized by fluctuations

PRL 106, 037203 (2011)
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mass asymmetry

H
Hc2Hc1

-- at the QCP, specific heat:
-- asymmetry of the peaks = “asymmetry” of masses 

-- m2 is “bare”, m1<m2 is renormalized by fluctuations

PRL 106, 037203 (2011)
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impurity scattering
-- at the QCP impurities are effective scatterers:
-- mean-free path: 

-- ratio of thermal conductivities:

-- however, Vimp is also renormalized by fluctuations (!)

-- it is most natural if renormalization of Vimp is the same as for 1/m,

then                     and

k
k’

PRL 106, 037203 (2011)

"
k
= k2=2m
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-- ratio of thermal conductivities:

-- impurities: modulations of D and J (Vimp=dD and Vimp=dJ ), weak and strong

-- which is the leading effect?

-- DTN=clean material  structural distortions, 

D is the leading term  weak dD

-- “direct” check: all but one, same 
renormalization of Vimp as for 1/m

PRL 106, 037203 (2011)

which impurity: bond/site, weak/strong?
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-- thermal conductivities:

-- dD at Hc1:

-- different set of “coherence factors” than in m

k
k’

PRL 106, 037203 (2011)

site-disorder
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thermal conductivity vs Hc’s ratio

H
Hc2Hc1

DTN
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H
Hc2Hc1

-- unless Hc1<< Hc2 , k2 ≈ k1 for any BEC system at low enough T
-- valid for the dimer-based systems as well:

modulations of intra-dimer J lead to the same scattering as dD

-- proposal: pressure experiment on DTN, will reduce k1

“no asymmetry” problem

DTN
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T
=H-Hc2=0-H

H
Hc2Hc10

away from QCPs, dispersion, DOS
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puzzles, III: minima

 what are the minima in the BEC phase?
 strongly field-dependent scattering?

“effective” DoS is not that different between w~k and w~k 2 regimes
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puzzles, II: “peak migration” problem

 peaks/maxima in k “migrate” away from Hc’s as T increases  ??
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migration of the peaks

unpublished
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 impurity scattering: k ≠ k’
k

k’

 b-b scattering: k + k’ = p + p’
p

k
p’

k’

scatterings in the paramagnetic phase

 both b-b and impurity scattering are important for wk=+k 2/2m band
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impurity scattering

 impurity scattering does not depend on the gap value, only velocity of the boson

T


HD
imp = ±D(Sz

i )
2 ) ±D

P
¾;k;k0 e

iRi(k¡k0) byk¾bk0¾
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gap(field)/T

b-b scattering, on-shell

 ~ constant vs energy
 decreases exponentially vs gap(field) [no bosons to scatter on]

w

kQ

. exp(-/T)

T
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thermal conductivity, impurity only

 impurity only:
 some T-dependence, change in shape

higher T
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 impurity and b-b together:
 “migrating” peaks!
 reason  bosons provide extra scattering

 stronger for heavier particles (at > Hc2)

thermal conductivity, Goldilocks gap

 more heat carriers, but also more scatterers 
 “optimal” gap



higher T
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 what is “optimal” gap (optimal H )?
 when the impurity and b-b mean-free paths are equal

(only b-b part knows about the gap =H )

“peak migration” problem
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minima “inside” of the BEC phase

 strongly field-dependent scattering?

unpublished
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kinematics and interactions

 concave spectrum
 XY AF in a field = canted AF

Hc2Hc1

non-collinearity  transverse-longitudinal coupling  3-boson terms

• three-boson terms are necessary for 1-in-2 and 2-in-1 decay/recombination processes
• “kinematic” conditions (E- and k- conservations) make it sufficient
• forbidden for the convex spectrum and outside of the symmetry-broken phase

two-particle continuum energy: E(2)
k(q) = w (q) + w (k-q) 
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possible role of 3-boson processes …

experiment

preliminary result: 1

¿
k

H=H
c
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conclusions

 clear field-induced thermal current by spins in DTN
 “no asymmetry” – intriguing compensation of m, dD renorm.
 “migrating peaks” – interplay of imp. and b-b, “Goldilocks gap” 
 “minima” in the ordered state – 3-boson decays

 experiments in other BEC’s needed (clean and low T !!)
 more to come 


