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N. Nagaosa et al., Rev. Mod. Phys. 82, 1539 (2010)

Intrinsic mechanism: depends on the band
structure and is independent of scattering,
related to Berry's phase curvature.

Extrinsic mechanism: related to scattering from
spin-orbit coupling or impurity.

Anomalous Hall effect : 

MRBR sH 00



Theoretical prediction: a non-collinear
antiferromagnet will show a large AHE with no
magnetization!

The AHE calculation for the non-collinear
antiferromagnetic Mn3Ge and Mn3Sn

Theoretical prediction: 



Discovery of AHE in Mn3Sn 



The triangular spin order persists in 

a finite temperature window: 

200 K< T< 420 K 

Discovery of AHE in Mn3Sn 



Flow of heat and charge

T
TEJ

TEJ

Q
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Kelvin relation, (1860) Onsager relation (1930)

Four vectors

Je : charge current density
JQ : heat current density
E : electric field
T : thermal gradient

In general, (electric conductivity),  (thermo-electic conductivity) and 
(thermal conductivity) are tensors ! Off-diagonal components emerge in 

presence of magnetic field: 
xy Hall effect 
xy Nernst effect 
xy Righi-Leduc effect 



Basic properties of Mn3Sn:

The triangular spin order 200 - 425 K



Thermal and thermoelectric counterparts of the AHE 

Easily detectable transverse 

responses: Anomalous Hall, 

Nernst and Righi-Leduc 

Effects in Mn3Sn! 

Xiaokang Li, et al., Z.Z*, K.B* PRL 119, 056601 (2017)





The Fermi-surface vs. Fermi sea debate 

nonquantized part of) the 

intrinsic anomalous Hall conductivity of a ferromagnetic metal is entirely a Fermi-

Y. Chen, D. L. Bergman, and A. A. Burkov Phys. Rev. B 88, 125110 (2013) 

contrary to an assertion by Chen et al. [Phys. Rev. B 88, 125110 (2013)], 

the nonquantized part of the intrinsic anomalous Hall conductivity can indeed be expressed 

as a Fermi-surface property 

David Vanderbilt, Ivo Souza, and F. D. M. Haldane, Phys. Rev. B 92, 1117101 (2014) 

Fermi-surface

Fermi sea 



The case of iron

(Theory)  ~750   cm-‐1



The  two  picture  of  the  AHE  give  
the  same  number!  

(Theory) ~750 Scm-1

Fermi Sea 
Fermi Surface 



How can thermal transport address this issue? 

Semiclassic transport and Berry curvature 

In presence of electric field: 

In presence of a thermal gradient:  

Only  Fermi  surface  quasi-‐particles  have  
an  entropy,  SK  !  

Anom.Nernst
&Righi-Leduc 

Anom. Hall



The Wiedemann-Franz law and the surface-sea debate!

In the Fermi-sea picture, an accident! 

In the Fermi-surface picture, indispensable! 



Implications of the magnitude of the thermal and 
thermoelectric response in Mn3Sn 

The validation of WF law



Robustness of the WF Law 

In Mn3Sn, in contrast to common ferromagnets, there is no downward finite-

temperature deviation from the Sommerfeld value. 

No inelastic scattering contribution to Anomalous Hall response! 



The inelastic scattering

The small-angle inelastic collisions decay the momentum flow less efficiently 
than the energy flow both for electron-phonon and electron-electron.

J. Ziman, Principles of the Theory of Solids, Cambridge University Press (1972).



T-dependence of the magnetization

Mn3Sn Mn3Ge

Nayak et al., Sci. Adv. 2, e1501870 (2016)

In contrast to Mn3Sn, in Mn3Ge the triangular spin order persists down to T=0!



Anomalous transverse coefficients in Mn3Ge

Also easily detectable transverse responses: anomalous 

Hall, Nernst and Righi-Leduc Effects in Mn3Ge! 



Dirty and Correlated

nm
Mn:Ge: 3.32:1 to 3.35:1
10% Ge occupied by Mn lGe-Ge~1 nm

close to the Mott-Ioffe-Regel limit



Anomalous transverse Wiedemann-Franz law 

0

100

200
0.2 1 10 100 300

0

2

4

0.2 1 10 100 300

1

2

3

a)

A zx
 (

-1
cm

-1
)

b)A zx
/T

 (1
0-4

 W
/K

2 m
)

c)LA zx
 (1

0-8
 V

-2
K

-2
)

T (K)

L0

T > 100 K, deviates from , is 
concomitant with the decrease in .

In Mn3Sn, there is no downward finite-

temperature deviation from in the whole 

measured range. 

No inelastic scattering contribution to 

Anomalous Hall response.



Assurance of measurement

From Onsager reciprocity: 

the Bridgman relation confirmed

the Bridgman relation 

the Kelvin relation confirmed



Transport distribution function

1. The main source of each transport 
coefficient is in different location.

2. Summation extends over an 
interval inversely proportional to the 
thermal de Broglie length of 
electrons 

3. , sets a minimum distance over 
which a Bloch wave is well-defined.

A mismatch between thermal and 
electrical summations of the Berry 
curvature emerges!

In k-space

At 100 K 10 meV

Violation of the anomalous transverse WF law 
in absence of inelastic scattering



Contrasting Mn3Ge and Mn3Sn in the band 
structure and Berry curvature

The presence of a small 
gap 10 meV in Mn3Ge 
and its absence in 
Mn3Sn is consistent 
with theoretical 
calculation.

Suggesting the hot 
spots at the M are the 
source of the Berry 
curvature

Liangcai Xu, et al., Z.Z* and K. B.* arXiv:1812.04339 



Anomalous Hall and Nernst Effects in Mn3Sn



Large Temperature dependence of Anomalous 
Nernst Effect

xz changes by a factor of 3, xz by a factor of 7 



Anomalous Hall and Nernst Effects in Mn3Ge



Magnitude of the AHE and ANE

Comp
ounds T

Mn3Sn
400 K 32 25 0.7 0.5 21.9 20

200 K(Max) 90 72 3.9 3.2 43 44

Mn3Ge 300 K 40.8 0.31 76

=86 V/K

The anomalous off-diagonal thermo-electric and Hall conductivities are 
strongly temperature dependent and their ratio is close to kB/e.



Momentum-space and real-space 
Berry curvatures in Mn3Sn

---Xiaokang Li, et al., Z.Z*, K.B* Scipost Phys. 5, 063 (2018) 

Chiral domain walls of Mn3Sn and 
their memory

---Xiaokang Li, et al. , Z.Z*, K.B* arXiv:1903.03774 (2019)

The specialties of domain wall:



Shape of hysteresis

Sigmoid shape in ferromagnets: Symmetric hysteresis in QAHE:

K. Everschor-Sitte and M. Sitte, J. Appl. 
Phys. 115, 172602 (2014).

Fe-C 0.06wt%

C. Z. Chang et al., Science 340, 167 (2013)



Peculiar hysteresis in Mn3Sn
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To illustrate the difference between three regimes
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1). Single-ion anisotropy is very weak. 
.u. ( .u. at 0.5 T)

2).isotropic in-plane momentum-space 
Berry curvature. 

Regime III, each Ex and Ey is perfect 
sinusoidals. 

Regime I, unaffected

Regime II, strong hysteresis

Indicating: 

Measurement configuration

0.2 eV per Mn APL 107, 082404 (2015)



Isotropic in-plane momentum-space Berry curvature 

In-plane anisotropy: ~0.05
agrees with our DFT calculation

Implications for the Weyl nodes in k-spaces:

ij remaining finite is not set by a crystal axis.

Anomalous Hall effect: 



Domain nucleation at the onset of regime II

According to the classical theory of nucleation:
The volume energy: Ev = B0 M

the domain-wall energy Es = <J>/t2 

<J>~5meV

consistent with PRL 119, 176809 (2017)

B0 is identical in both M 
and Hall resistivity



Real-space  Berry curvature (skyrmion) 

A. Neubauer, et al., Phys. Rev. Lett. 102, 186602 (2009).

Topological Hall effect(THE) caused by real-space Berry curvature

A.Soumyanarayanannnkd et al., Nat. Mater.16, 898(2017)

MnSi

Ir/Fe/Co/Pt multilayers



Berry curvature in real space: Topological Hall effect

After subtracted normal part THE

Comparison of magnetization and 
AHE in Mn3Sn (at 50K) with MnSi
(at 28 K).



How the THE comes?

A finite THE is expected as is 

finite.   : the skyrmion density.

1).  A non-coplanar component needed

2). A particular spin configuration without 
inversion center between two domains of 
opposite chirality.  

Skyrmions are expected to arise in the presence 
of the Dzyaloshinskii-Moriya interaction and 
the absence of the inversion center.



Size dependence of B0 and Bs (nontrivial domain walls)
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1. Reducing size does not affect B0 and AHE 

2. Bs anisotropy is equal to the anisotropy of the 
sample dimensions. 



Planar Hall resistivity 
( ), extracted from 
Ey.  Topological Hall 
resistivity ( )

Planar Nernst effect 
( ).  Topological 
Nernst effect (

hitherto unreported component Hall and Nernst responses

Anomalous, topological and planar Hall (Nernst) effect discovered in Mn3Sn 

1. different signs
2. constant ratio



Planar Hall resistivity 
( ), extracted from 
Ey.  Topological Hall 
resistivity ( )

Planar Nernst effect 
( ).  Topological 
Nernst effect (

hitherto unreported component Hall and Nernst responses

Anomalous, topological and planar Hall (Nernst) effect discovered in Mn3Sn 

1. different signs
2. constant ratio



Longitude and transverse magnetization

Micron-size 2DEG Hall sensors

smooth occupation 
of the center

Having transverse 
response!  restricted 
to regime II



A spin texture for domain walls:

different 
versions of 
the same 
structure



Memory of direction

Identical configuration but with different prior histories

The orientation of the spins inside walls is mainly set by the past history.



Evolution of the PHE signal with amplitude of prior field:

The symmetric component of the PHE set by the chirality of the wall is 
promoted by the presence of minority domains to stock information.



Summary
1. Validity of the WF law in transverse confirms that Anomalous Hall 

Effect is a Fermi  surface property. 

2. Violation of the anomalous transverse WF law in absence of 
inelastic scattering in Mn3Ge.

3. The anomalous off-diagonal thermo-electric and Hall 
conductivities ratio is close to kB/e.

4. In regime II, there are multiple magnetic domains and an additional 
component  due to the real-space Berry curvature. 

5. The Mn3Sn has chiral domain walls, depending on the history of 
the field orientation and can be controlled.

Xiaokang Li, et al., Z.Z*, K.B* PRL 119, 056601 (2017)

Liangcai Xu, et al., Z.Z* and K. B.* arXiv:1812.04339 
Xiaokang Li, et al., Z.Z*, K.B* Scipost Phys. 5, 063 (2018) 

Xiaokang Li, et al., Z.Z*, K.B*  arXiv:1903.03774

Thanks for your attention!


