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Motivation

Thermal conductivity of (Sr,Ca,La);,Cu.,04;
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McCarron et al. Mater. Res. Bull. 1998
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Spin ladders: Elementary excitations and spin gap

Cu,0O;-layer:
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Knetter et al. PRL 2001
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Thermal conductivity of CagLa;Cu»,04;
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Thermal conductivity of CagLa;Cu»,04;

140 " CalaCu,O, o i Separation: Kmag = Ke — Kph

120 + s - i
100 | \ Low temperatures 7' < 100K:

Kmag X exp(_G/T)

K [W/Km]

G: spin gap of ladder!

“Magnon” contribution to
the thermal conductivity

Temperature[K]

Hess et al. PRB 2001

(Sr,Ca,La);4Cus,4041: Sologubenko et al. PRL 2000; Kudo et al. JPSJ 2001
2D: LapCuO,4: Nakamura et al. Physica C 1991; Hess, HM et al. PRL 2003
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CagLas;Cu,,0,;:: Mean free path
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Temperatur e [K]

Hess et al. PRB 2001

300

Kinetic theory:

Kmag =— lmag

E Cv,k Vi
k

— mean free path

lmag = lmag(T)

Ballistic
thermal transport?




Outline

Intrinsic scattering — ballistic heat transport? — x = x(7')?
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Outline

Intrinsic scattering — ballistic heat transport? — x = k(7')?
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Outline

Intrinsic scattering — ballistic heat transport? — x = x(7')?

0. Motivation: Experiments

1. Transport coefficients: Drude weights & conversation laws
2. The thermal Drude weight of the spin-1/2 Heisenberg chain
3. Thermal conductivity of spin ladders

4. Summary
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1. Transport coefficients

Thermal conductivity «:

%h = —kr VT

Linear response theory:

0o | Was
K(w) ~ / dt e_“"t/ d7(JtnJtn(t + 7))
0 0
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1. Transport coefficients

Thermal conductivity «:

s7th = —kr VT

Linear response theory:
oo _ 1/T
K(w) ~ / dt e_“"t/ d7(JtnJtn(t + 7))
0 0
Dissipation:

A Re k(w) AT
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1. Transport coefficients

Thermal conductivity «: Kohn PRB 1964; Scalapino et al PRB 1993; Shastry cond-mat/0508711

Jah = —r VT

Linear response theory:

oo | 1/T
k(w) ~ / dt e_“"t/ d7(JtnJtn(t + 7))
0 0

Conservation law [H, j;,] = 0 = ballistic

Re k(w) A T
,, Drude-
Peak” + _________
Dn(T') 6(w)
7 LN
> >
0 w 0 t
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1. Transport coefficients

Thermal conductivity «:

«71:h = —kr VT

Linear response theory:

0o | Was
K(w) ~ / dt e_“"’t/ d7(JtnJtn(t + 7))
0 0

Drude weight D,;, and regular part = ballistic

Re k(w) A Tin
L= PR
Dn(T) 6(w) |-~
A s ——
F"freg(w)
> >
w 0
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2. The spin-1/2 Heisenberg chain

H:Zhlzjzgl'§l+l
l l

Continuity equation:
Oth; + div jth,l =0

Ballistic transport:
Zotos et al. PRB 1997

Jth X Z §l . (§l+1 X §l+2)
l

[Ha jth] =0

Divergent thermal conductivity!

Re k(w) = D (T)d(w)
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Spectral representation:

Dipox Y e P/T|(m|jm|n)|?
E,=FE,,

= Dy x <~7t2h>



2. The spin-1/2 Heisenberg chain

H:Zhlzjzgl'§l+l
l l

Continuity equation:
Oth; + div jth,l =0

Ballistic transport:
Zotos et al. PRB 1997
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Divergent thermal conductivity!
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Spectral representation:

Dipox Y e P/T|(m|jm|n)|?
E,=FE,,

= Dy <~7t2h>
— Thermal transport: anisotropy

— Spin transport: Ballistic?
Wiedemann-Franz law

— Magnetic field:
s,Seebeck” effect,...



The thermal Drude weight of the Heisenberg chain

Comparison: Exact diagonalization (ED) vs Bethe Ansatz (BA)

(@\
=
F /|
S0.51 Dth~T
a /I/
/I — — ED
//l Bethe-Ansatz (BA)
é N=16,18,20
0~ | | |
0 0.25 0.5 0.75 1

T/]

agreement kiimper, Sakai JPA 2002; HM et al. PRB 2002
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Thermal Drude weight: Low temperatures

Jordan-Wigner transformation: Spinless fermions ¢/ Jordan, wigner 1928
I 1
H = JZ Sy Sii1 = JZ {5(c;rcl+1 + h.c.) + ny nl+1}
l l

Mean field theory:

L MF _t
H = E €, = CLCL
k

/2 T
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Thermal Drude weight: Low temperatures

Jordan-Wigner transformation: Spinless fermions ¢/ Jordan, wigner 1928

- 1
H = JZ Sy Sii1 = JZ {E(C;rc“r1 + h.c.) + ny nl+1}
l l

Mean field theory: Conformal field theory
— MF i 1
H = Zek CrCyr H — B/dw <K(8w9)2 i _(awqb)z)
8k=VFk// Jth X /dil? 0,00
I k
/2 T 2
Dy, = %‘U T

Klimper, Sakai JPA 2002; HM et al. PRB 2002
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Thermal Drude weight: Low temperatures

H = H"° — hSZ, = jwm(h) = jm(0) — hjs

Kin(h,T)

3.5 T

FM, gap
o5l Ky, o T3/2 e—Gap/T

3

=Dth—

2
h/ J Kth — A T3/2
1.5 T
T
1
0.5
! 1 0.5 0.5
' 0 ' 1
A
Adapted from Cabra et al. PRB 1998; HM et al PRB 2005
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The spin-1/2 Heisenberg chain

e Interacting quantum model:
Ballistic transport D, (T) > 0

e ED: temperatures 7'/J > 0.2
e Low temperatures: D;, o< T

e Finite magnetic fields

UCSB Sept. 23, 2005

D, (T) 6 (w)

Re k(w)
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3. Thermal conductivity of spin ladders

Dth(N, T) 5((.0)

Dy, (T > 0) > 0?

UCSB Sept. 23, 2005

No conserved currents (umklapp):

[Ha jth] ?é 0

Rosch, Andrei PRL 2000; Shimshoni et al. PRB 2003; HM et al. PRB 2003

Re k(w)

Alvarez, Gros PRL 2002 & 2004; Saito PRB 2003; Orignac et al. PRB 2003
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Umklapp scattering: Bosonization

Continuum-limit for lattice models

Interactions
ballistic

L utﬁnger disorder

Fixed point: Luttinger liquid
Hy, = / dx (vK(@w@)z n %(amcp)Z)

jin = v? [ dx 8,¢8,0 [Hiy,juw] =0

UCSB Sept. 23, 2005
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Relevant perturbations:

Hy; — Hy,+H, H.qg=g(..) /dw cos(cop) [Hyy + Hi,jin] =0

Irrelevant/ incommensurate operators: Hy;, — Hi;, + H,oq + 1 X H;,

Hirr ~ Z /dCE‘ On,m(w) — /dm dnm COS( V 2TTn ¢+knmw) [Hirra jth] # 0

But: conserved currents still exist:
jerhalten — knm]s + 2njth

FinaIIy: Hy; — Hy; + H.. + MANY X H;.,
No current survives

Rosch, Andrei, PRL 2000; Saito PRB 2003, Shimshoni et al., PRB 2003, HM et al., PRB 2003

UCSB Sept. 23, 2005
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The thermal Drude weight of spin ladders

0.6 1,=0.57g

N +—+ N=12
= 04 — N=14
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=
= 02

% 0.5 1 1.5
/T,

HM et al. PRB 2003

No convergence!
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High-temperature limit
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Dth(N, T) — O
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High-temperature limit

| e ¢
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Z | -- 3,=0,J =1
206 A J=0.1 4 -
= m J =l @
< 04— N
s | @ 5= A
= 02l AR .
~
1 | 1 |
OO 0.05 0.1
/N
Can(N)  Cy(N
a2 S GO | [

v/ Frustrated and dimerized chain; spin transport
HM et al. PRB 2002, 2003, PRL 2004, JMMM 2004, Physica B 2005; Zotos PRL 2004
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Spin ladder: x(w)

Rreg(w) o< D e/ (m|jin|n)[* 8(w — (B — En))
En#Em

' l ' l

3.=3; T/3.=5

o
2
S
8 0.02
< A N=16
. m N=18 . |
— polynomial O(10)
! I ! I ! I ! I
% 0.2 0.4 0.6 0.8

Wl

— K4 Can be extracted
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Spin ladder: Comparison with experiment?

oo oo | > = f----r----"r-——---
0 300K 1000K
Experiment ED JR
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Spin ladder: Comparison with experiment?

J
. TR | - S
0 300K 1000K
Experiment ED JR

Experiment CaglLasCus,0,;:
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Extrapolation to high T using fit:

Kmag ~ const T2 Alvarez, Gros PRL 2002
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Spin ladder: Comparison with experiment?

J
I | > S
0 300K 1000K
Experiment ED JR
Experiment CaglLasCu3,04;: Exact diagonalization:
150 T | T | T T T T 2 _
| o Hessetal.| g% * Koo N_18. J.=J. ~1000 K
= — Fit . s|— Extrapolation Exp.| R "L
100
> = |
ME 0.5+
028 00 180 " 200 20 3w %
T [K]
Extrapolation to high T using fit:
Kmag ~ cONst T2 Alvarez, Gros PRL 2002 Order of magnitude o.k.
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Summary

— EXxperimental motivation

— Significant ’magnon” heat conduction

— Spin-1/2 Heisenberg chain
— Conservation laws: Ballistic transport
— Thermal Drude weight: D;,(h, A, T)
— Thermal conductivity of spin ladders

— ED: normal transport
— Frequency dependence and DC-limit
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