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2 ideas

integrable quantum correlated systems can show
unconventional - ballistic- charge, spin, thermal transport
at all temperatures

novel - magnetic - mode of heat transport
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1W. Kohn 1964



Mazur inequality2

[Qn,H] = 0, 〈QmQn〉 = δmn

〈j(t)j〉t→∞ ∼ Cjj ≥
∑

n

〈jQn〉2

〈Q2
n〉

2P. Mazur 1969



S = 1/2 Heisenberg model

H = J
∑L

l=1 Sx
l Sx

l+1 + Sy
l Sy

l+1 + ∆Sz
l Sz

l+1

• J > 0 antiferromagnet

• ∆ < 1 easy-plane

• ∆ > 1 easy-axis

• ∆ = cos(π/ν)

• [Sz ,H] = 0

• jz = J
∑

l (S
x
l Sy

l+1−Sy
l Sx

l+1)

Bethe ansatz integrable model



conservation laws 3

Q3 = jE

a diverging κ
a

D. Huber, J.S. Semura 1969,
T. Niemeijer, H.A.W. van Vianen 1971,
A. Klümper, K. Sakai 2002

spin conductivity

• D(T ) ≥ β
2L
〈jzQ3〉2
〈Q2

3〉

• β → 0

• D(T ) ≥ β
2

8∆2m2(1/4−m2)
1+8∆2(1/4+m2)

• m = 〈Sz〉

3X.Z., F. Naef, P. Prelovšek 1997



S = 1/2 scenario
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∆+10−1

m

0

ballistic

diffusive ?



expertise

exact analytical methods
Bethe ansatz

numerical
simulations
exact diagonalization
(microcanonical)
Lanczos
QMC



S = 1 Heisenberg model4
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4
J. Karadamoglou, X.Z. 2004



2-leg S = 1/2 ladder5

JJ

J T
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A novel mode of thermal transport 6

Cu

O

Sr

chain

chains

Sr2CuO3 SrCuO2

c (c' )

a (b' )

b (a' )
b (c' )

c (b' )

a (a' )

J

J

J'

a '

c'

Sr2CuO3 SrCuO2 Sr14Cu24O41

J

J'

J ′/J ∼ 10−4

J ∼ 2′400K

BaCu2Si2O7

J ∼ 280K

AgVP2S6

S = 1, J ∼ 780K

6A. Revcolevschi, C. Hess, B. Büchner, A. Sologubenko, H.R. Ott, Y. Koike



Sr2CuO3
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magnetic thermal transport
• highly directional
• electrically insulating
• ”metallic” J ∼ εF
• ”mechanical” - switching





!"#$%&'(')*+,-./,'!*0'123451' ' 67-8*98/'%/,8:8,;'<7=*-,'1>01>031>1?2>0>3031>1'

'>@'*A'B5'

'

Figure 8: CD7-E.F'/*+9G/,8:8,;'*A'H-)G"3'I8,D'J!'.+9'D8KD7-'=G-8,;0''

!"#$%&#'"()%
L+' ,D7'/.M7'*A'H-)G"3N' A*-'=-./,8/.F' -7.M*+MN'I7' A*G+9' 8,' 7.M87-' ,*' 8+8,8.,7' ,D7'K-*I,D'7O=7-8E7+,'

GM8+K'.'PM*F:7+,Q'98MR'*A'M8+,7-79')G"0'HG/D'.'/*E=*M8,8*+'*A'PM*F:7+,Q'98MR'S78+K':7-;'98AA7-7+,'

A-*E' ,D7' ./,G.F' M,7.9;?M,.,7?AF*.,8+K?T*+7' /*E=*M8,8*+' UID8/D' 8M' -*GKDF;' J1' E*FV' H-"' .+9' B1'

E*FV' )G"WN' 8+,-*9G/7M' .' F*+K' 97F.;' *A' .S*G,' >X' ,*' 3J' D-M' S7A*-7' ,D7' M,7.9;?M,.,7' /*+98,8*+' 8M'

-7./D790'CD7'98AA8/GF,;'D7-7N'ID7+'GM8+K'.'PM*F:7+,Q'98MR'*A'/*E=*M8,8*+'*,D7-',D.+')G"N'8M',D.,'8,'

8M' :7-;'98AA8/GF,' ,*' 7M,.SF8MD' .' M,.SF7'E*F,7+?T*+7' .,' ,D7'*+M7,'*A' ,D7' 7O=7-8E7+,0')*+:7-M7F;N' ,D7'

M*F:7+,?AF*.,8+K?T*+7'/.+' -7.98F;'S7' A*-E79'GM8+K'.' M8+,7-79')G"'98MR'S7/.GM7'*A' 8,M'/*E=.-.SF7'

E7F,8+K' ,7E=7-.,G-7' I8,D' ,D7' *$#+,$-,+-' ,7E=7-.,G-7' *A' H-)G"3Y' .+9' 8A' ,D7' )G"' M*F:7+,' AF*.,8+K'

T*+7',7E=7-.,G-7'8M'/.-7AGFF;'E*+8,*-79'9G-8+K',D7'+7O,'>X?31'D-MN'F.-K7'M8+KF7'/-;M,.FM'*A'H-)G"3'

/.+'.+9'I7-7'K-*I+'I8,D*G,'A.8FG-70'

H8+KF7?/-;M,.F'K-*I,D'*A'=G-7'H-)G"3'/-;M,.FM'?I8,D':7-;'=G-7'M,.-,8+K'E.,7-8.FMN'H-)"2Z'440444V'

.+9')G"Z'440444XV?'I.M'/.--879'*G,'G+97-'AF*I8+K'"3'K.M'.,'.'K-*I,D'M=779'*A'>'EE[D-'U\8KG-7'

JW0'CD7'.8E'*A',D7M7'K-*I,D'7O=7-8E7+,M'I.M',*'/*E=.-7N'8+',7-EM'*A',D7-E.F'/*+9G/,8:8,;N'M.E=F7M'

E.97'I8,D'X!'M,.-,8+K'E.,7-8.FM'.+9'7.-F87-'M.E=F7M'E.97'I8,D'3!'.+9'J!'M,.-,8+K'E.,7-8.FM0'

'

'
'

Thermal conductivity measurements (IFW) 
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1 – Project objectives and major achievements during 

the reporting period 

BC7-D.E' D.+.F7D7+,' 8+' G+@*-D.,8*+' H*/87,;' B7/C+*E*F87I' JGHBK' 8I' .' D.L*-' =-*ME7D' ,*' M7'

I*E:79N' 7I=7/8.EE;' 8+'+*:7E' 7E7/,-*+8/'97:8/7I' IO/C'.I' @O-,C7-'D8+8.,O-8I79'D8/-*/C8=IN' C.-9'98IPI'

.+9' 8+,7-@./7I'M7,Q77+'M8*E*F8/.E' I,-O/,O-7I' J70F0'+7-:7'/7EEIK' .+9' I7D8/*+9O/,*-'D8/-*I,-O/,O-7I0'

)*+I897-8+F'@*-'7R.D=E7'S$**-7SI'T.QSN'8070',C7'=-798/,8*+',C.,',C7'+ODM7-'*@',-.+I8I,*-I'*+'.'F8:7+'

.-7.'*@'.'I7D8/*+9O/,*-'/C8='-*OFCE;'9*OME7I'7:7-;'I7/*+9';7.-N'8,'8I'7:897+,',C.,',C7'=-7:7+,8*+'*@'

*:7-C7.,8+F'8+'+*:7E'7E7/,-*+8/'97:8/7I'M7/*D7I'8+/-7.I8+FE;'98@@8/OE,0''

BC8I' 8I' -7@E7/,79' 8+' /O--7+,' ,7/C+*E*F8/.E' I,-.,7F;' 9*/OD7+,I' IO/C' .I' ,C7' !"#$%"&#'("&)*

+$,-"()(./* 0(&12&3* 4(%* 5$2',("16,#(%7* 8!+059' .+9' ,C7' -7=*-,' *@' ,C7' C8FC?E7:7E' F-*O=' :'7'("*

;<;<=*>&"($)$,#%("',7*&#*#-$*,$"#%$*(4*,-&".$'M;',C7'UO-*=7.+')*DD8II8*+N'8+'QC8/C'V7R=E*8,8+F'

+7Q'D.,7-8.EI'.+9'97I8F+'.==-*./C7I',*'D.+.F7'7+7-F;'.+9'C7.,'98II8=.,8*+'.,',C7'+.+*'E7:7EW'C.I'

M77+' 897+,8@879' .I' .+' 8D=*-,.+,' E*+F' ,7-D' -7I7.-/C' ,.-F7,' 8+' *-97-' ,*' IOI,.8+' ,C7' ,7/C+*E*F8/.E'

97:7E*=D7+,'8+'UO-*=70'BC8I'8I'7R./,E;',C7'F*.E'*@'*O-'=-*L7/,0  

'
Mission Statement:' BC7' D.8+' *ML7/,8:7' *@' ,C8I' =-*L7/,' 8I' ,*' =-*:897' ,C7' HXB' P+*QE79F7' .+9'

7R/7EE7+/7'QC8/C'8I'+7/7II.-;',*'7+C.+/7',C7-D.E'D.+.F7D7+,'8+'7E7/,-*+8/'97:8/7I'O,8E8I8+F'.'+7Q'

/E.II'*@'D.,7-8.EI0'G+'=.-,8/OE.-N'Q7'Q8IC',*'7R=E*8,'E*Q?98D7+I8*+.E'YO.+,OD'D.F+7,8/'*R897I'@*-'

.9:.+/79' .+9' 8++*:.,8:7' ,C7-D.E' D.+.F7D7+,0' %' IO//7II@OE' =-*L7/,' *O,/*D7' Q8EE' -7IOE,' 8+' ,C7'

@.M-8/.,8*+'*@' .' ,7I,8+F'97:8/70'BC8I'97:8/7'Q8EE' IC*Q' ,C.,' ,C7I7'+*:7E'*R897'D.,7-8.EI' 7@@8/87+,E;'

/C.++7E'.+9'/.--;'.Q.;'=.-.I8,8/'C7.,'IO/C'.I',C.,'F7+7-.,79'8+'8+,7F-.,79'I7D8/*+9O/,*-'/8-/O8,I0'%'

,;=8/.E' 7R.D=E7' *@' C*Q' ,C7' 97:8/7' Q8EE' 97D*+I,-.,7' ,C7' .9:.+,.F7' *@' *O-' D.,7-8.EI' 8+' ,C7-D.E'

D.+.F7D7+,'/*D=.-79'Q8,C'/*+:7+,8*+.E'D.,7-8.EI'8I'8EEOI,-.,79'8+'Z8FO-7'>0'

Figure 1: H/C7D.,8/'8EEOI,-.,8*+'*@'.',C7-D.E'D.+.F7D7+,'=-*ME7D0'%'C*,'I=*,'8+'.''D8/-*7E7/,-*+8/'I,-O/,O-7'8I'

F7+7-.,8+F'O+Q.+,79'C7.,0'BC8I'C7.,'/*OE9'*+'*+7'C.+9'C.D=7-',C7'=7-@*-D.+/7'*@',C7'C7.,'-7E7.I8+F'I,-O/,O-70'

"+' ,C7' *,C7-' C.+9N' C7.,' I7+I8,8:7' I,-O/,O-7I' 8+' 8,I' =-*R8D8,;' /*OE9' M7' 9.D.F790' %' =*II8ME7' I,-.,7F;' @*-'

98II8=.,8+F' ,C7' C7.,' 8I' ,*' OI7' .' E.;7-'Q8,C' C8FC' ,C7-D.E' /*+9O/,8*+' ,*' FO897' ,C7' C7.,' ,*' .' C7.,' I8+P0 Left['%'

/*+:7+,8*+.E'C7.,'/*+9O/,*-'8I'+*-D.EE;'-*OFCE;'8I*,-*=8/'J2\'C7.,'/*+9O/,*-K0'BC7'E.,7-.E',7D=7-.,O-7'F-.987+,'

8I' ,C7-7@*-7' ID.EE' .+9' I7+I8,8:7' I,-O/,O-7I' C.:7' ,*' M7' =E./79' @.-' .Q.;0'Right[' G+' ,C7' /.I7' *@' .' YO.I8' *+7?

98D7+I8*+.E'C7.,'/*+9O/,*-'C7.,'8I'/C.++7E79'.Q.;'.+9'I7+I8,8:7'I,-O/,O-7I'/.+'M7'=E./79'DO/C'/E*I7-0'





Sr2CuO3 from 2N to 4N

!

!

!



magnetic contribution

!



mean free path



memory function approach

• XY model, Jeff = π
2 J

• spin-phonon decoupling
• optical phonon ω0

!

!

!

!



1 magnetic impurity 7

H =
L−1∑
l=0

hl,l+1 + J ′s0 · S

hl,l+1 = J
L−1∑
l=0

(sx
l sx

l+1 + sy
l sy

l+1 + ∆sz
l sz

l+1)

!! ! ! !! !

!

J J
J'

unique system - κ ballistic

7A. Metavitsiadis et al. Phys. Rev. B81, 205101 (2010)



Kondo physics

Kane - Fisher (1992)
• 1 weak link + Luttinger liquid
• repulsive interaction→ cutting of chain at T = 0
• attractive interaction→ healing of chain at T = 0

Eggert - Affleck - Römmer, Furusaki - Hikihara

• antiferromagnetic spin-1/2 Heisenberg chain at T = 0
1 magnetic impurity S→ cutting

• ∆ < 0 (attractive)→ healing



cutting vs. healing
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puzzle: SSM vs. FFM method 8

3- layer toy model (m + p)− p − (m + p)
interface - ”cut” chain L = L/2 + cut + L/2

∂T p

∂t
=

1
τp

∂2T p

∂ξ2 −
cm

cp + cm

1
τ

(T p − T m)

∂T m

∂t
=

1
τm

∂2T m

∂ξ2 −
cp

cp + cm

1
τ

(T m − T p)

phenomenology

8PRL 110, 147206 (2013)





perspectives

• ballistic vs. diffusive
• BA matrix elements
• coupling to phonons
• switsching
• thermal rectification
• ...


