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Summary

« History of the anomalous Hall effect (AHE)

» Berry curvature: Intrinsic AHE
Example: Skyrmions lattice in EuPtSi (Berry phase in real space)

* The different thermo-electric coefficients

« The Thermal Hall effect (THE)
Examples: Phonon THE (skew scattering, chiral phonons....)
Magnon THE

* New perspectives using THE in p-wave superconductors



History of the Anomalous Hall effect

Hall 1879: Ordinary Hall effect of classical physics requires an external magnetic field p,,= R,B, where
Ro= 1/(ne)

Hall 1880: Anomalous Hall effect requires only a magnetisation, ferromagnets display a spontaneous
Hall conductivity in the absence of an external magnetic field

The mechanisms responsible for this deflection have been the subject of substantial controversy ever
since Hall's experimental work

Several mechanisms are known to be responsible, spin-orbit interaction is the main one:
intrinsic part (material’s band structure) and extrinsic process (scattering events)

Intrinsic spin-orbit coupling effect are intertwined with the topological properties

3 distinct periods in the understanding of the AHE



History of the Anomalous Hall effect

Classic Period (1880-1990)

Anomalous Hall effect in transition metals, and on its exact

relationship to the magnetisation M.

Empirically : py,= RoB + RsM, with the constant R referred to _‘5
as the anomalous Hall coefficient (Pugh & Lippert, 1932). -
Frequently R, > R, (Pugh, et al., 1950) 3
Spontaneous Hall current indeed exists in the absence of a 3
magnetic field, identification of ferromagnetic order.

Contreversy: Role of impurities ((Karplus & Luttinger,
1954 Vs Smit 1955): intrinsic vs extrinsic
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Extrinsic process of the AHE

Skew scattering: Spin-up and spin-down electrons are
scattered preferentially in different directions.

(Smit, 1955; Luttinger & Kohn, 1955; Kohn & Luttinger, 1957;
Luttinger, 1958; Luttinger & Kohn, 1958; Adams & Blount, 1959)

Pxy X Pxx

Side-jump: Spin-up and spin-down electrons undergo a
lateral shift in different directions during a scattering
process.

(Berger, 1970)
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History of Anomalous Hall effect

Modern Period (1990-2010)

Intrinsic process, scattering-free contribution of Luttinger and Karplus is related to the Berry curvature of Bloch
electrons Pint O pix

Three resistivity regimes have been identified:
» a high mobility regime : skew scattering dominates because 7 is large (Majumdar & Berger, 1973)

« a good metal regime : the dominant contribution is independent of T (Miyasato, et al., 2007), and may be intrinsic
or side-jump or both

« a low-mobility regime : conduction occurs primarily by hopping, where the overall picture remains unclear
(Nagaosa, et al., 2010).



History of Anomalous Hall effect

Topological Period (2010-today)

Discovery of many topological materials including topological insulators, Weyl semimetals, transition
metal dichalcogenides, and van der Waals heterostructures.

Topological materials have brought with them a new understanding of the AHE
Anomalous Hall effect can be quantised in topological insulators and Weyl semimetals



Geometrical phase

Unit vector v(t) lie in the local tangent plane (part
of a cone):
V" es3= 0
Parallel transport on a sphere:
e3 x dv = 0 (Levi-Civita transport)

e v does not return to its initial direction when the path is
A completed.
“‘geometric” angle a(C) that is path dependent (holonomy)

%© Mesuring a(C):
' v(t) = cos a(t) e4(t) + sin a(t) es(t)
(a) €3 (b) W=e;3 XV
[v, w, es] rotates around the normal by a(t) relative to
[e1, €2, €3]
esxdw=0

FlnaIIy da = eq- d92 = Wy



Berry phase for an electron

Parallel transport:
(n,Q|d[¢) = 0

Berry phase X = —(n,Qli|n, Q)
On completing the path C, the total Berry phase x(C)
is the line integral

X(C) = ;{J 1Q - (n, QliVqln, Q)

Physically, as Q changes, the electronic ket |p) stays
“parallel” to its initial direction while the local reference ket

Electron constrained to same eigenstate In, Q) rotates relative to it.
as nuclear coordinate Q is taken around a closed path C
will acquire a phase : The Berry phase is the phase angle between them.
. Vector potential and effective magnetic field
%) = |n, Q)e™™ representation:

A(Q) = (n,QliVq]n, Q)
B(Q) = Vq x A(Q) Berry curvature



Berry phase for Bloch electron

‘Ifko(x) The electron wave vector will acquire a Berry phase
k
Berry phase x(k) = — /C dk’ - X(k')
Wi (X) Berry potential vector X(K) = / B u* (1) Victn (1)
cell
Berry curvature Q(k) = Vi x X(k)
Vi (X) y
2 hk = eE+evxB
hv = Ven — eE x Q). Anomalous velocity
Bloch States Quasiparticles can gain transverse velocity from non-zero Berry
curvature
1
Unk(r) = — e Ty (r) = (r|nk
x(r) VN (x) = {xink) Highly similar to the electrons gaining transverse velocity due to

the Lorentz force

band index n and wave vector k
R. Karplus and J. M. Luttinger, Phys. Rev. 95, 1154 (1954).
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Charge and Heat Transport coefficients

J¢ =oF — aVT Fourier’s law and Ohm'’s llaw are entangled
through thermoelectric phenomena

QR _ _ :
J¥ =BE - kVT where a is the thermoelectric conductivity, [3 is the electro-thermal

conductivity. Both quantities are linked through the Kelvin relation: B = aT .

Boltzman approach:

E|eCtrica| Current ﬂOW Je = /eﬁkfkdk Electrical current Thermal current

o'\ ,Of'

AR \\° kot
AN electro .:'_:electnons

o8 \“Ve\rtical'\'\\\ Som
oX® \ process .»
O N\ A
SN N o
NN

Heat flux 0 . .
79 = [ Gler — ) fudk

Fermi-Dirac probability distribution function

0=
ACCE)  py?
Time differential dfy (7) _  fe(7) — f° \\\
dt T o



Charge and Heat Transport coefficients

Charge current

0 O, 1 .
J¢ = /evmvk(%eE + gj;c ekT 'u(—VT))dk

Heat current

0f° Of e —p, = -
Jo = _ / ek — i _T))dk
Uk (€x M)T’Uk(aeke + de, T ( )
2 [ o Of =
Electrical conductivity o0 = —e€ ’UkTa?dk Electrons at the Fermi level
k

Thermoelectric tensor 5 fO
€ — K
o = —ek V13T dk
B/ k 8€k k’BT

Thermal conductivity tensor 50
K= hﬁ/‘Q

Electrons just below and above the Fermi level

€ — K2
kT 86k( kBT ) dk 12



Charge and Heat Transport coefficients

1 n627. Wiedemann-Franz law
o~ el. g1),%7‘(]6)]\7(6) — - i k
" — = BT = LT
™ 5. 1, 1 o 3 e
K =~ _kBT . _va(k)N(E) — —Cvl
3 3 3 Lorentz number Ly =2.4453 x 10~ 3W 2K —2

Sommerfeld expansion

Only true in the zero temperature limit: elastic scattering is the dominant one.
At finite temperature, inelastic scattering give rise to the deviation of the WF law

Vertical (small-angle) scattering efficiently decays
heat current but not charge current

13



Anomalous Hall effect

J=e) vilfd+ad the unperturbed fonction fy
k,s ,
+ g JH=%EXZﬂ(k)f£
i k,s
gk = eViT - E(_ag:) anomalous velocity

Anomalous Hall effect will come from summing up all the velocities from all the occupied states:

2 d
e d®k
Ozy = d f(ek)ﬂkmaky Thus even in the absence of a magnetic field you can get
h J (2m)
a Hall effect

Fermi sea

-

Pxy = OxyP? is the quantity that is measured p ~ (nT)~!

pxy Intrinsic scales like p2-
Pzy

Prz T+ Pay By contrast, skew-scattering theories predict oy, ~ (n7)’
that
Pxy skew IS linear in p.
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Symmetries breaking

What materials have non-zero Q and hence a significant Anomalous Hall effect?

Q) = 0 if the system has both time reversal and inversion symmetry.
Time reversal takes v — -v, E — E and k — —k.
Q(-k) = -Q(k)

Inversion symmetry takes v — -v, E - -E and k — —k.
Q(=-k) = Q(k).

The only consistent way to have both symmetry is to have Q = 0.

Time reversal symmetry is broken in ferromagnets, antiferromagnets, Weyl Semi Metals

Ferromagnets : M breaks time-reversal symmetry for the spins.
This symmetry-breaking communicated to the charge currents via spin-orbit coupling.

Ju = 2ne2AE x S that is linear in the carrier density n and M, independent of t

15



Spinel Ferromagnet

CuCr,Se,_,Br, : metal with a Curie temperature Tc ~ 400 K (for x = 0)
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Skyrmions in solid state physics

ferromagnetic
order
R
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antiferromagnetic
order
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skyrmions

4~* \ «i\\{ P
“' ~\\
o . \ ’ f/ ff’}\ \\\

T_Jy H””U‘ n\H T_}/{A\\\W/A\\\l
Bloch Néel

Skyrmion:e magnetic spin structure in which the center magnetization is opposite to its boundary

e non-trivial real space topology of nano-whirls

e theoretical predictions already in late 80t (Bogdanov and Yablonskii, JETP 1989)

e discovered in bulk materials MnSi (2009)
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where to look for skyrmions

systems with broken inversion symmetry (chiral systems)
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conical ‘/ A phase

1
« exchange interaction with spin orbit Hex = ) ZL‘J Si * §j.
ij

* Dzyaloshinsky — Moriya interaction

MnSi, cubic B20 tj
. J helical modulation period: 1 = 2r/|qy| (180 A)
field-polarized B | (110)
N 5 m(r) = cos(qy - 1) - 1y + sin(qy - 1) - My
LY

conical modulation under magnetic field

paramagnetic

28 30 32 34

T(K)

crystal field anisotropy

Muhlbauer et Al Science, 323, 915-919 (2000 Magnetic frustration

« dipole — dipole interaction Lo (3(&- Tij)sj - Tij) Sic Sj)

e . Hagy = —
stabilizes large objects L P 2 3
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EuPtSi

Rare-earth 4f 7 Eu
Divalent Eu?* (L=0, S=] =7/2) Pt
Large localized moments Si

Cubic chiral structure of Ullmannite-type (NiSbS — type)
space group P2,3 (No. 198) T*(like MnSi)
crystallographic point group 23 (T in Schoenflies notation)
lack of inversion and mirror symmetry a=6.434 A
three-fold rotation axis along [111]

two-fold rotation axis along main axes [100]

trillium lattice — magnetic frustration

19




EuPtSi

A-phase in EuPtSi H || [111] discovered in 2018 (Kakihana et al.)
* From0.75to 1.4 T and 0.45 to 4 K - much larger than in MnSi
 topological Hall effect (THE)

 triple-q order indicating a Skyrmion Lattice
« small skyrmion size = 10 times smaller than in MnSi

b1

e Rl
//. > ﬁ«‘ \\
t :® —“ ‘ ¢
L a l
W p
[ o b ¢
'\;_"H !
i W
\ /

q, = (—0.29,0.09,0.20)
q, = (—=0.20,0.29,—0.09)
qs; = (0.09,0.20,—0.29)

Sakakibara et al. JPSJ 90, 064701 (2021)

lq]

o
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H || [111] — Topological Hall effect

Topological Hall effect in the A-phase

_ OHE , ,AHE , ,THE
Pe =P Y Py tph

0.0
—0.1 OHE . . .
pg - o H linear in the conical phase
—0.2
. piHE o« M linear in the conical phase
8 0.3
g
2 04
=
L~%

i L — 32K — pyg o< M fit

S — 60K

- pg o< pPM fit

]

Additional contribution not
explained by skew-scattering
21



H || [111] — Topological Hall effect

Topological Hall effect induced by the spin texture of SkL :
« conduction electrons coupled to non-coplanar spin textures acquire a
Berry phase in real space — emergent magnetic field B,,,, opposing the

applied field
e similar to Lorentz force on the motion of the electron

h(3 .
Bem:_g<ﬁ>z_1105'—r A=18A

PIHE & P RyBep

e P= :Sp ~ 0.1 Polarisation P arises from the majority and minority-
sat

spin carriers, which collect Berry phases of opposite sign.

* Ro the ordinary Hall constant
MnSi: B, = —13.15T piE ~5nQ - cm

EuPtSi:

uolwAyS

0,0' H || [111] ]

_U.lM/J’\\Ww

N\
% -

0.5 1.0 1.5 2.0
H (T)

Apg (pfl-em)

THE

small skyrmion size = high skyrmion density = large emergent field = large THE py~ = 0.1 uQ - cm

04K
05K
0.55 K
06 K
0.7K
09K
10K
15K
20K
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H || [111] — Field dependence of resistivity

p (pfl-cm)

10

CH|)
7|l [i12]

0.0L
0

» large enhancement of p in the SKL phase: scattering of conduction electrons on the dense SkL
« rapid decrease of Ap,,,,, below 0.7 K

« Strong hysteresis below 1 K in

7= EuPtSi H | [111]
.... L .I!rirr 7
" PM '
i Hyo
Conical " . Ha
Hp
?'ﬁ'! .
. J“L-phase ilias _
"
-,,;,"-,:"ll...nnll.-
D |-,
. Helical
-' -2 B R -
1 2 3
T (K)
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From Anomalous Hall effect to Thermal Hall effect

Berry curvature is intricate to the wavefunctions of the energy bands, not with particular quasiparticles:

Electrons, as well as charge-neutral excitations such as magnons and phonons

For magnons and phonons: a thermal Hall effect (THE)

For electrons : THE is simply caused by Lorentz force, just the same as the Hall effect
THE occurs even in insulators and that is the attractive and interesting point

It is particularly helpful in unveiling the exotic properties of quantum materials

24



Thermal Hall Effect Measurement

H® Thermal conductivity-resistivity
Wiz
e T W2+ W2, Wao = —5o*
—Way —VT,
T WE, W2, Weu ="

Heat Bath

- J< ~ VT,
In most cases, Wy, > Wy, so the kgp & — T and Kgy ~ —/s:mv—Tg

25



INTRINSIC THE

For electrons:
Fermi-Dirac distribution

- 1 2 0f (€)
Ky = —ezﬁTf(e — p)*=—0o(e)de f(e) = 1/(elem/tsD 4 1)
0'(6) = _;V—Lz(enq)ge ﬂn(q) Intrinsic AHE
For phonons: Bose Einstein distribution
1 o0 0 — 1/(e€/&sT) _ 1),
Kn = ﬁzq,n=l,2nd|:j;n(q) fza_idf]ﬂn(q) f(©) /(e )

The corresponding anomalous velocity of the phonon is proportional to QxVT

For magnons :

k3T _ ] _
ny=—,f—vmzkc2<pn>nn,z<k). p(g) = (ele=m/keT — 1)=1

26



Examples of THE

Material (L T) - rn(H,T) " T Reference(s)
(W/K/m)  (mW/K/m) (T) (K)
TbyTisO7 0.27 1.2 12 15* [Hirschberger et al., 2015b]
(Tb3Y 7)2TisO7 ~ 0.5 3.0 12 11* [Hirokane et al., 2019]
E T‘g Y,Tis O7 18 0 8.0 15* | [Hirschberger et al., 2015b, Li et al., 2013]
g é Luy V207 0.7 ~1 0.1 50 [Onose et al., 2010, Ideue et al., 2012]
Q::) B Hoy V507 1.0 0.5 0.1 50 [Ideue et al., 2012]
InyMnyO7 3.1 ~ -2 0.1 102 [Ideue et al., 2012]
See also [Kolland et al., 2012 Toews et al., 2013] for studies of &, in several other compounds.
FeyMo3Os 5.0 27 10 45 [Ideue et al., 2017]
(Zn, jgFe7 /3)2Mo3Og 9.0 30 0.1 30 [Ideue et al., 2017]
@ SrTiO3 36 80 12 20 [Martelli et al., 2018, Li et al., 2020a]
e, KTaO3 32 2 12 30 [Martelli et al., 2018! Li et al., 2020a]
g BiMnO3 ~ 2.7 ~ —0.7 0.1 48 [Ideue et al., 2012]
a YTiOs ~ 2.7 0 0.1 48 [Ideue et al., 2012]
LasTiMnOg ~ 0.4 0 0.1 48 [Ideue et al., 2012]
BagCuSby0g 0.8 —-0.08 15 50 [Sugii et al., 2017]
E VI3 4.0 ~ 10 >0.1 20 [Zhang et al., 2021a]
S CusTeOg 33-102  -11-10% 15 20 [Chen et al., 2021]

27



Examples of THE

KZL(H, T) I‘LH(H, T) H T
Material Reference(s)
(W/K/m)  (mW/K/m) (T) (K)
4o . [Strohm et al., 2005]
£ w Th3zGasO12 0.19 2.0-107 3 5.1°
g8 € [Inyushkin and Taldenkov, 2007]
d =
55 % | (Tb3Y.7)3Gas012 0.1 9.5-1072 10  8.0* [Hirokane et al., 2019]
) [Bourgeois-Hope et al., 2019]
= @ dmit-131 0.05 ? 0-10 2¥
= % [Ni et al., 2019]
2
'; E See also [Yamashita et al., 2010] where quantitatively different values are obtained.
= =
a 8 15 8 12 20* [Kasahara et al., 2018b]
a-RuCl3
8 3.5 16 35 [Hentrich et al., 2019]
See also [Czajka et al., 2022, Bruin et al., 2022a] for consistent results at lower 7.
LayCuO4 12 —-38 15 20" [Grissonnanche et al., 2019]
n
% SroCu0,Cly 7 -21 15 20* [Boulanger et al., 2020]
e
6’ NdyCuOg4 56 —200 15 20* [Boulanger et al., 2020]
Note that doped cuprates are explored in [Grissonnanche et al., 2020, Boulanger et al., 2022].
. Cu(1,3-bdc) ~ 0.07 ~ 0.2 0.1 0.82* [Hirschberger et al., 2015a]
(<] —_
= & Volborthite 1.9 —0.66 15  22* [Watanabe et al., 2016]
T
S Ca-Kapellasite ~ 0.2 ~1 15 20* [Doki et al., 2018]
Cd-Kapellasite 1.7 11 15 10* [Akazawa et al., 2020]




Evolution of the experimentally observed THE

A black phosphorus
Note that although the k;,, in these
materials differs in three orders of 1000 CuTeO, B o
amplitude, while the ratio of k,, and SrIro,
Ky Which is called thermal Hall angle NA.CUO. B
. - u
are not so different around few per e 27
thousand 9 100 SrTio,
= La,CuO, ¢
£ Sr,Cu0,Cl,
:;~ 10k Fe,Mo,O, A
- a-RuCI3
LuV207 KTaO, @
1F  TbGa0, Tb,Ti,0, @ Pr,Ir,0,
] ] ] ] Q -
2005 2010 2015 2020

Year



Thermal conductivity of phonons

Similarly to the electronic one:

1 ‘D
Kph = 5/0 ' C(z)vl(x)dx

Ballistic: mean-free-path | of the phonons

becomes comparable with the sample size
T3 thermal conductivity

Ziman: Few Umklapp process in phonon-phonon

scattering ~ o 7—1¢0D/T
k o efp/aT

Diffusive: Dominance of Umklapp scattering.
Tox T71

T-1 thermal conductivity

log ,

L

N-Process

U-Process

ballistic

0C log T

diffusive
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THERMAL HALL EFFECT OF PHONONS :

Extrinsic THE: Tb;Gas04,

First discovered in paramagnetic insulator Th;GasO4, : skew scattering of phonons
Spin-phonon interaction

3x10™ - . , v

2_—1

kg~ C,v° T T,

\Q/RQ / I
© A\ % 1 time-reversal odd skew scattering rate
| B eailer

™ / Ry

cold finger Tb3Gas019

B 2x10°}

1x10™}

3
AT —
<

Skew scattering of phonons by superstoichiometric Tb magnetic impurities '1"1040

C. Strohm et al., Phys. Rev. Lett. 95, 155901(2006).
A.V. Inyushkin et al., JETP Lett. 86, 379 (2007). 31



THERMAL HALL EFFECT OF PHONONS

SrTiO; : extrinsic Ky, related to skew scattering or intrinsic K, linked to ferroelectric fluctuations (Berry

phase)?

The intrinsic K, is still orders of magnitude smaller than the observed effect, and the extrinsic K,y
proportional to the phonon mean-free path appears likely to explain the observations

(@)
40

(mW/K-m)

LI X, FAUQUE B, ZHU Z, BEHNIA K, . Phys. Rev. Lett., 124, 105901 (2020).

Xy

K

' (¢) 160

-t
S
o

-t
o
o

—xxy(24K) (mMW/K-m)
® X
o o

(%]
o

§ SITio,
uH=12T
4
Y
2 3 4

Measuring sequence (i)

Importance of the
Antiferro distortive

transition ?

cubic to tetragonal unit cell
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How to get the origin of the THE

1/ Mesure all the thermal, thermo-electric and electric coefficients

- T=19.4K
In=1x10"® cm™

Jé = o'E —avVT

-k VI
JR =aTE — k'VT
P £
In the case of a thermal @ 5
. 0 -
experiment where - - o
JR #£0,Je =0

—y —

JQ = (apaT — KV yl_ _l
| ’ ) X l

Kxy JS = —kyy VT

l

Kxy and Kxy are significantly different

Consequence of a large Hall angle (ox= oxy), large thermoelectric power and Nernst effect 33



How to get the origin of the THE

2/ Wiedemann-Franz law to estimate the electronic contribution

Total «,, at 20K (b) 25F K& =L,o, T, T~20K
—e—n=0 () 20 |
—e—n=2.3x10"°cm™ [
—e—n=2x10"cm™
—e—n=1x10"%cm™
—e—n=1.6x10"’cm™

—e—n=2.3x10"°cm™
"o | ——n=2x10"cm’
\T—e—n=1x10"cm*

L o0 "\—-— n=1.6x10"%cm’
E-Q—.—.—.—.—.—.-‘—O4-.k

-
[$)]
1

-
o
.‘ M
.

e

~ %

KS, = L()O'xyT E
%4

A,
Lo, T (MWK'm?)

5
xy 2 | %\::.."Ii-o 00-0-0.0 _2 -_ \'-0-0444444-0-03
~e. L
40 b . | e
L \ g -

[0
o
1
(.’
1/
[
I
- <
NL\_\
S o o
L

- \.\."-o-o-r'
: h [P R U | 1 L 25 1 1 1 1 1 1 1
P _ pn __ (S 12 8 -4 0 4 8 12 12 8 -4 0 4 8 12
ALgy = Kay — Kby — Kgy o H(T) o H (T)
(C) 80 50000 AK =K - Kph_Ke (d)
ey ooy oy Xy . =
™ 223410 100 ¢ HoH=12T o
— ‘ \ﬂ —o—n=2x10"cm’ E n=1.6x10"%cm?® /oom,, Y
¥ m@‘@@m@ % —e—n=1.6x10"%cm® [ < I 8 et
= ) E ST
E ol | X 10F f
= 0 kooceooooovos ‘\@\9 5056 : = : ./ ./' ,..,,—-\
éx | \e}\@*e; g r .7/ —— ny
: g, S, MQ L / / —— _KPh
40 \ b I J .
\y N —— _ny
) T ol 3 -Ax
gob— v 0 \.L\"-T‘\’\' ) t ] ] ]
12 -8 4 0 4 8 12 10 20 30 40
u, H(T) T (K)

LI X, FAUQUE B, ZHU Z, BEHNIA K . Phys. Rev. Lett., 124, 105901 (2020).



Thermal Hall Effect of Phonons

Drag on phonons by the electric current _
Peltier phonon drag

m*v? T
’ia:y(dra'g) = —Qgy _6 2 fT_p
e

The component of thermal Hall conductivity
generated by mutual drag between

electrons and phonons is proportional to the Je
product of ayy, the ratio of phonon and electron

JO n—)
m

P o)
m

l

T, scattering times t, and the efficiency of Electron flow J€ triggers
momentum transfer between the two baths momentum flow P, which
triggers a phonon energy
flow J€ :
]Q
l-ldragz ]_e

Herring Phys. Rev. 96, 1163 (1954)

VAR

Thermal Hall phonon drag

ke

—
PL
)

%
‘ J¢ = axyVsT

y

| J¢ .generated by a thermal

gradiant perpendicular to

it, will similarly lead to J@
drag __
Kxy —_axyndrag
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Magnon Thermal Hall Effect

_ . Stacking of alternating kagome and triangular lattices
Lu,V,05 : Insulating collinear ferromagnet T.=70 K along the [111]

The heat carriers can only be phonons or magnons

Lu,V,0, o
1. 5 ————T——T— :
> AR SN
Hom =2 Dij - (Si % 5;), T _[eHI10] . ®,  Teak
. = "t i g : 10
=
5 % % o i
‘:gO 5r , .
< o _
L L | u : Lu,V,0; HII[100]
0 20 I4o leo 80 I1oo ofsok  Lrok T Leok T Lok
T (K) 1 . o
= U
i : . . E L
Population of magnons decreases as the magnetic field increases ¢ -
L2
oF
-1
o

5 0 5 5 0 5 5 0 5 5 0 5
Magnetic Field (T)

Y. Onose, et al., Science 329, 297 (2010).



Materials with controversial origins of THE

RuCl; Quantum spin liquid

3 types of Heat carriers:

1/ Majorana fermions predicted to occur in Kitaev quantum

spin liquid
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Observation of a plateau in the THE???

2/ Phononic skew scattering THE
HENTRICH et al. Phys. Rev. Lett., 120: 117204 (2018)
3/ Electronic THE: quantum oscillation in k,,

CZAJKA P et al. Nat. Phys., 17, 915 (2021)
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Materials with controversial origins of THE

Cuprate High-Temperature Superconductors

Chiral phonons ? :

Without doping : Mott insulators 400
Overdoped regime : Fermi liquid 300
Intermediate regime : the pseudogap phase many unusual 2

~ 200

phenomena

100

SM

T*
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Materials with Controversial Origins of THE

Cuprate High-Temperature Superconductors
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Materials with Controversial Origins of THE

Cuprate High-Temperature Superconductors

1/ electrons ? since the parent compound, a Mott insulator
generate large signals, NO.

2/ magnons ? as K,, remains even without static magnetism,
NO.

3/ phonons :Isotropy of the thermal Hall conductivity : YES

Phonons become chiral in the pseudo gap phase

Many-body scattering of phonons by collective modes:
a consequence of non- Gaussian correlation (skew scattering)

Mangeolle, Phys. Rev. X 12, 041031 (2022)
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New perspective THE In p-wave superconductors

A superconductor is chiral (spin-triplet) when it breaks time-reversal symmetry (TRS) due to its orbital degrees of
freedom

First signature : A small internal magnetic field below the critical superconducting temperature, arising from the
finite orbital momentum, detected by muon spectroscopy, Kerr effect, knight shift in NMR measurements

Alternative signature :
Anomalous bulk thermal Hall effect is predicted in chiral p-wave superconductors

Quantized thermal Hall at zero field from the presence of edge heat currents similar to the edge charge currents
of the integer quantum Hall effect

Wk%,T
Foy = Top

1
= ZEOGOT
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H (T)

New perspective THE in p-wave superconductor
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Summary

The thermal Hall effect, plays and will continue to play a major role in characterizing insulating quantum
materials.

Both phonons and pure spin excitations can contribute to k,,, where the underlying mechanisms vary, but a
common feature is that heat carriers are subject to chirality in one way or another.

Phonons can be conferred chirality through various extrinsic and intrinsic mechanisms. The extrinsic
mechanisms are related to the scattering by rare-earth impurities and by structural domain boundaries, while
the intrinsic mechanisms include the Berry curvature and coupling of phonons to spins.

Besides phonons, spin excitations such as magnons also play a critical role in the thermal Hall effect in
insulating magnets. Dzyaloshinskii—Moriya interaction is a dominant mechanism of the magnon thermal Hall
effect.

Anomalous bulk thermal Hall effect is predicted in chiral p-wave superconductors

Thank you !
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Charge and Heat Transport coefficients

With electrical field:

dfk(f') - _ Ofp(7) Oe ok 3fk(7:') ~ 3f0,5. oF Group velocity ¥ = L BL_,
E~™ e, ok 0t  Oex h der ¥ h ok
With a thermal gradient:
dfx(7) O0f(T) OT O _ Ofu(7) - g of°
& V= or orar = ot eVIN VT

With thermal gradient and electrical field:

0f° = of’ea—pga a0 af° e—
filP) = £ = 0 (GeB + 5 V) = gL e

\ J
|

Perturbated distribution function under electrical field and thermal gradient
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Anomalous Hall effect

Kubo formula:

(mk|J,|nk) (nk|J,|mk)
On(@) =1 Z en () — Em ()

o f (en(k)) — f(em(k))
w ~+ 18 + &,(k) — e, (k)

(nklJ k) = (en(K) — sn<k)>

Overlap integral of the two Bloch wave functions at neghboring points in k-space
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Charge and Heat Transport coefficients

Transverse transport in magnetic field

df.(T) dfi(7) dk . o dfy()  Thedistribution functionin the presence of
53— = = B ~ magnetic field
h gy 5= h T e(vr X B) o
' 3\ & X r = > — d 0 r
@ =R + g™ e(ixB) LD = e(vx B)-hj T2 = 0

(Only true if Landau quantization is negligible)
With thermal gradient, electrical field and magnetic field:
df.(7) e L Ogp() O0f°. = O0f°_ - 7
1 (T) gk() | OF f 5T — ~gx(7)

= — (v X B - —— el + ——
dt h(vkx ) Ok +8ekvke +8T T

With th bility:
9gx(7) — eTa—fO’D' E—Ta—ﬂ)ﬁ VT B
o er, ¥ oT ¥ p= =<

Ogk(T) 0f° = s
o5 T ae Pt VD)

gk (F) = —p(v% x B)

=

=—vk°(M§X
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