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Thermal conductivity

 What is thermal conductivity?
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longitudinal conductivity

dissipative

 Thermal Hall conductivity:
antisymmetric K;; = (K — k)2
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isentropic

zero in the presence of time-reversal (Onsager)

 Thermal Hall resistivity: @y = Kfll

much less dependent on impurity effects than K



Phonons thermal Hall conductivity?
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Recent data on cuprates by Taillefer’s group
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nearly overlapping thermal Hall conductivity curves despite very
different phase electronically (insulator v/s bad metal)!

===l phonons?



Out-of-plane propagation (Taillefer’s group)
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Spoiler alert

our results

Scattering-induced phonon Hall effect probes

non-trivial / beyond Gaussian correlations
(OTOCs in fact)

Result is obtained for any physical degree of
freedom

in other words, give us your physical degree of
freedom, we will tell you k

Provide analytical and numerical results for
ordered antiferromagnets, fermions (e.g. spinon
FS) in terms of microscopic/phenomenological
parameters



Scattering

- know 1t is often important for the longitudinal
conductivity

- is It interesting”?

- as a theoretical question, ask when it provides
non-trivial, non-detail-specific information about
the system



Hall effect

- intrinsic many-body Hall effect
- Hall effect of single particles
-Serryphase
- Lorentz force squation)
- scattering with impurities
- depends on type of impurity
- skew scattering

- side jJump



Hall effect

study the thermal Hall effect in the
context of phonons (experience no

ntrInSIC many body HaII effethi Logcterr:: :jc;rgree)eigts;affetiendgovr;ith
- Hall effect of smgl partlcles

- Berry phase

- Lorentz fo e
- scatteringAvith impurities

- deps on type of impurity

- skea scattering

|de jump



Phonons

We will do this very generally because we can
- fairly challenging to identify all contributions
- not so much understanding so far
- SO better to not be too specific

u(r)
—_—

atomic displacement field u(r) @

phonon creation a’ and
» annihilation a operators
quantization
g — % (a#u” + ayuﬂ>

t(lry—ryl) t(lrz_rfsl)

microscopic view of coupling to elasticity: ‘ ‘ ‘



Phonon coupling

expand interaction Hamiltonian in number of phonon operators:
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e.g. coupling to strain: u X Tt
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note: the O’s include coupling strengths A — O ~ A0



Phonon coupling

expand interaction Hamiltonian in number of phonon operators:

4 R

Hine ~a' Quy +a'a Qo)1 +a'a’ Qa) 2 +huc. + -+

- Y,

typically the Q represent electronic degrees of freedom
(can also be phonons etc. different from the a’s)

e.g. spins: Q1) ~ SH*S”

fermions: Q ~ cle

gauge field: Q) ~FE etc.

- _/




Setup

Boltzmann’s equation for phonon density NV

- phonons are always there

- good quasiparticles (typically weak ph-ph interactions, weak

anharmonicity)

- always 3d
4 )
Boltzmann: DN = G[{N}]
classical six dimensional phase space: 4 B J
(X, ¥, 2, ky, ky, k) S
“ convective derivative collision terms (rate)
kinetics + modifications of quasiparticles
modifications of intrinsic dynamics through scattering
of individual quasiparticles, e.qg. dissipative

Berry phase effects, etc.



Construct collision terms

- Coupling Hamiltonian

- Full transition rate

- Phonon transition rate

N\

' DN=%I(N}

convective
derivative

H' = Z ( nkQ kT anank)

nk

obtain from Born’s

——

T
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e

— approximation (next
slide)
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phonons Q

- Master equation

R i —BEi,
zp—>fp Z F1—>fpz bre Zse
Q subsystem in
equilibrium
Crk = Z f\ip_>fp (Nnk(fp) - Nnk(ip))pip

Lplf

In this way we can construct € for any "Q" subsystem



Transition matrix

In full many-body space of phonons + Q (electrons, spins etc):

Iji—>f —

27
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Born’s approximation:

-~

Ti—)f

(f|H'|n)(n|H'|i) |
Fi — B, +1in |

— Ty; = (£|H'|1) +Z
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Important point: 1st order term is Hermitian, H' = (H')"
so 1st order T-matrix is effectively time-reversal invariant

1 No Hall effect at leading order.



Scattering rates  owv-simi

diagonal scattering rate: D ~ @[N]
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Do = — 35 [ dbe™w ([Quu(8), @1 0)]) , + D

NG \)

~____ extrinsic scattering,
put in by hand

skew scattering rate: B ~ C el Nt V]

4 )

’ 2Ny 2,4’ a,q’ ) _ e, /
Wit = G Re | e e 0T sign(t) ([Quil(— = ta), Quie (-t + 1) { Qe (1), Qluct1)})

9 Y,
commutator anti-commutator
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Thermal Hall effect

Anti-symmetric part:
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diagonal rate
Lo _ ared %
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Basic idea: AVT = _l(sn o 5n, Fourier's law
T Tskew
-
on=—17 AVT — on
Tskew
2
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Thermal Hall effect

Conductivity versus resistivity:

7'2 Sensitive to all ordinary
R ~ scattering mechanisms.
Tskew Very non-universal.
o=k
o ~ R
matrix inverse
K H 1 Only sensitive to skew
OH ~ 5 scattering. A better
K Tskew : d
L p quantity to stuay.
4 )
o ~ Qp-ett Indeed follows from our formulae




Many-body skew scattering
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t.th.t2

4 )
What good is it?
* In principle, this can be applied for any Q, could be e.g. quantum
critical field etc.
e Can be used to analyze symmetries, a la Curie and Onsager
* Any bounds on Hall scattering rate?
e That said, it is very hard to calculate such real-time correlation
functions...
- /

Any systems where this might be the dominant
contribution, i.e. where ¢, probes these OTOC directly?



Now calculate these correlation
functions for specific systems



Now calculate these correlation
functions for specific systems

1st example: magnons



Application to an
antiferromagnet

For concreteness, 2d, layered

Spin waves
4 )
Hnips + Hgelg = Sy Oy ng b Dy », b diagonalize magnon hamiltonian
J J LV k LV kP ) k,”
\ t k y




Application to an

antiferromagnet
Spin waves Hnis + Hgelqd = Z: 2: Qk,ebLebk ),
recall interaction hamiltonian: H =Y ( al Q.+ anank)
nk
what is Q in this case?

Collective field

4 )

ZBn A €2|Q1CI2(] zk zbg1 p_|_2k zbgz —p+qk .
VN p,0.0
\ C11 CI2 z )

Negligible phase space



Application to an

antiferromagnet
Spin waves Hnis + Hgelqd = Z: 2: Qk,ebLebk ),
recall interaction hamiltonian: H =Y ( al Q.+ anank)
nk
what is Q in this case?

Collective field

4 )

ZBn £1,02|q1929 zk zbg1 p_|_2k zbgz —p+qk ]
VN p,0.0
\ C11 CI2 z )

Negligible phase space



General analytical result

® Diagonal scattering rate:




General analytical result

® Diagonal scattering rate:
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Could be applied to any magnet



Continuum magnons

Hamiltonian:

P 2 4

HNLs = —(|Vny| |an| ) (m +m + Z —nanb

a,b=y,z
Spin-lattice coupling:
i / 8 [ A(m),aB AP | 4
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Continuum

magnons TH

t m
nn
Spin-lattice coupling:
/ B Am)eB A(rz?) i 1
H = ) & (Aab’ ngnp + —* 5 mamb) n2+ < jmf? = m-n=0
o, 0 X,z Ko
a,b=x,y,z
Solve NLSM constraints, expand around canted state
g A mm
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a,b=y,z £,£'=m,n

N\ _

% Effective-TRS
breaking




SCa‘Iﬂg. QN ~w~vpnk ~ kT

. . . . n,l1, ik, z
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smallness: ions Antiferromagnet: order-parameter
are heavy. (n) has strongest correlations
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- J d: dimensionality of Q correlations




SCa‘Iﬂg. QN ~w~vpnk ~ kT
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1 Spin—phonon interactions in a Heisenberg antiferromagnet: d=3
Td —1 | B | 2 ~ Td+2:L' II. The phonon spectrum and spin-lattice relaxation rate
T M G Cottam

Department of Physics, University of Essex, Colchester CO4 3SQ, England

Received 11 March 1974
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Scaling: Hall

From the formula:

WO ~ T97B

Effective-TRS breaking: one factor of m-n coupling:

-
QU@ ~ Td_l)\mn ()\mmT + /\nnT_1)3 ~ Td_1+3"”

.

This gives Hall resistivity:

[QH ~ mj@,eff ~ Td—1—|—3.’B j




Check: numerical cal

Many parameters: loosely inspired by Copper
Tetradeuterate (CFTD)
VOLUME 87, NUMBER 3 PHYSICAL REVIEW LETTERS 16 JurLy 2001

culation

Deuteroformate

Spin Dynamics of the 2D Spin % Quantum Antiferromagnet Copper Deuteroformate
Tetradeuterate (CFTD)

H. M. Rgnnow,'? D. E. McMorrow,! R. Coldea,>* A. Harrison,” L. D. Youngson,5 T. G. Perring,4 G. Aeppli,6
O. Syljua"lsen,7 K. Lefmann,! and C. Rischel®

Good match of
magnon and phonon

phase space

Um 2 Mycvpha Ag A1
Uph X€o@" To h €0 €0

0.0 0.05
@0.19 1/2 8-10° 0 0.2 0.04
0.05 0.0

e [A© AL A©D A©O A© 4O 4©
n=0|12.0 10.0 140 10.0 120 06 038

mg my mg

m=1{—-10.0 —12.0 —14.0 —12.0 —10.0 —0.8 —0.6

TABLE I: Numerical values of the fixed dimensionless
parameters used in all numerical evaluations. The
upper and lower entries for m§ and m§ correspond to
the two cases for calculating o}/ and %7, respectively.

The couplings AEQ are given in units of €y/a.



Diagonal conductivity
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Scaling of k; for T > T " is actually very subtle

Balents, Savary
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Skew scattering

Cut (fix 2 out of 6 variables) through the skew scattering rate:

27 [

=
)
0(k, k')

o k)

A very complex object, lots of phase space features



Thermal Hall resistivity
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Larger effect with current
perpendicular to plane, even though
we took the magnetism strictly 2a
(magnons do not propagate in z
direction)
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Now calculate these correlation
functions for specific systems

other examples: fermions —
electrons, spinons...

coming soon



positions (PhD and postdoc) open in the group!
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