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THERMOELECTRICS
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THERMOELECTRICS, TOPOLOGY AND HEUSLER
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G raf ,  F el s er,  Pa rk in,  Prog re s s i n Sol i d  St at e Che mis t ry  ( 20 11 )
Cha do v,  Qi ,  Kü ble r,  Zha ng , Fe l se r Nat ur e Ma t.  9 (2 010 ) 54 1
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SEEBECK AND NERNST 

Sar ah  J .  Wat z man ,  e t al . ,  Ph ys i c al  Rev iew  B 9 7 (2 01 8)  1 61 404 (R)  

J .Sn y der ,  E .  S . Tob er er ,  Na t.  M at .  7  ( 20 08 ) 10 5.  



3D topological Weyl - transport measurements: 

1. Weyl points
2. chiral anomaly
3. axial gravitational anomaly

J oh an nes  Go ot h et  al . , Nat ur e 54 7 (2 01 7)  3 24  

WEYL SEMIMETAL



AXIAL GRAVIATIONAL ANOMALY
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NbP
Bi1-xSbx

Dun g Vu,  e t al . ,  Nat u re M at er ia l s  2 0 (2 02 1) 1 525 –15 31
J oh an nes  Go ot h et  al . , Nat ur e 54 7 (2 01 7)  3 24 .

CHIRAL AND AXIAL GRAVITATIONAL ANOMALY

Ordinary Nernst



MAGNETO SEEBECK EFFEKT

Y. Pan , B.  He , F.  Li ,  D .  Ch en , U . Bur k ha rdt ,  C .  F el s er,  Na tu re  M at er i al s  2 4 (2 02 5)  7 6 an d pa ge 2 0,  Pa n et  a l .,  Nex t Ene rg y  2  (2 024 ) 10 01 03

Bi₈₈Sb₁₂: carrier density around 1017 cm−3 and mobility exceeding 4×105 cm2V−1s−1 at 80 K

Bi₈₈Sb₁₂

Bi



MAGNETO SEEBECK EFFEKT

Y. Pan , B .  He , F.  Li ,  D .  Ch en , U . Bur k ha rdt ,  C .  F el s er,  Na tu re  M at er i al s  2 4 (2 02 5)  7 6 an d pa ge 2 0



MAGNETO SEEBECK EFFEKT

B.  He , Ene rg y Env i r on . Sc i.  18  ( 20 25)  337 6–33 84  

Te doped Bi₈₈Sb₁₂

zT nearly 3
• small magnetic field 0.4 T

• Landau-quantized quantum regime

• max. 100 K 

five times the zero-field value



MAGNETO SEEBECK EFFEKT

Bin He,  Mic ha el  Tor iy a ma , G.  Je ff r ey  Sn y der,  C la udia  F el s er  # #a nd  Yu Pan , MRS Bul l et i n 50 ,  9 25 –93 4 (2 02 5) . 

J .Sn y der,  E .  S . Tob er er ,  Na t.  M at .  7  ( 20 08 ) 10 5.  

Ordinary Nernst



MAGNETIC TOPOLOGICAL MATERIALS



MAGNETIC TOPOLOGICAL MATERIALS

Berry curvature design
• giant anomalous Hall
• giant anomalous Nernst

J. Nok y  et  al . , Phy s . Rev.  B  98 ,  2 411 06 (R)  ( 20 18 ),  ar X i v :1 80 7. 07 843 , a rX i v :1 80 6. 06 753 ,  Fu  e t a l. ,  APL Mat .   8 ( 202 0)  0 40 91 3

 



MAGNETIC TOPOLOGICAL MATERIALS

J. G uin,  et  a l . Ad v. Ma te r. 20 19 , 18 06 62 2,  M an na  e t al . , Ph ys .  Re v.  X 8   (2 01 8)  0 41 045 ,  I kh las  et  a l .,  Na t.  Phy s . 13 , 10 85  ( 20 17 ).   

 



KAGOME MATERIALS

Sha rm a et  al . , np j  Q ua nt um  M at er i al s  11,  5 5 (2 02 6 )



KAGOME - INSULATORS

• Dirac cone, 

• flat band, and 

• van Hove singularity



KAGOME

Yi  J i an g,  et  a l . Phy s i c al Rev iew  B 111  ( 20 25 ) 12 51 63,  pr ep ri n t ar X i v :2 311. 092 90

R = Li, Mg, Ca,rare earth metals; 

M = V, Cr, Mn, Fe, Co, Ni; and 

X = Ga, Ge, In, Sn, Sb etc

J. Alloys Compd.185, 99 (1992)

MgFe6Ge6
FeGe



KAGOME

Yi  J i an g,  Ha oy u  Hu,  Dumi t ru  Călugă ru ,  C lau dia  F el s er,  Sa nt i ag o B lanc o -Can os a,  Hon gm ing Wen g,  Yuan f eng  Xu,  B  An dr ei  Ber ne vig , Phy s i c al Rev iew  B 111  
(2 02 5)  1 25 16 3 pr ep ri n t ar X i v :2 311. 092 90

FeGe for every orbital sublattice the

Kagome band structure fingerprint

FeGe



STRUCTURAL DISTORTION

G ut i err ez -Amig o, et al . ,  Co mmu nic at i on s  M at er i al s  5  ( 20 24 ) 23 4 pr ep ri n t ar X i v :2 311. 14112



KAGOME AND GONIOPOLARITY

Goniopolarity: the same material shows

different charge carrier polarity depending

on the crystallographic direction:

• along one axis → electron-like (n-type)

• along another axis → hole-like (p-type)

• a sign change of the Seebeck 

coefficient depending on direction

• e.g. 𝑆𝑥 < 0, 𝑆𝑧 > 0

“flat bands and van Hove singularities … generate axis-dependent polar Seebeck coefficients”
Bin He at  al . , Nat ur e Ma te ri a l s 18  ( 20 19 ) 56 8–57 2 



LuCo6Ge6

The synergy of flat bands with high electrical conductivity yields values an order of magnitude greater

KAGOME AND GONIOPOLARITY

Experiment (LuCo₆Ge₆)
•Sxz ​=18.4μV/K (300 K)

•Zero magnetic field

Transverse thermoelectricity

without magnetism

driven purely by band 

structure (fermiology)

Haih ua  Hu , et  a l .,  Nat ur e Mat e r i al s  (2 02 6) h tt ps : //do i .o rg / 10 .1 038 / s4 15 63 -02 6-02 67 8-4
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MgMn6Sn6

KAGOME AND GONIOPOLARITY

Two transverse mechanisms

1. Anomalous Nernst effect (ANE)

•From Berry curvature (SOC + magnetism)

•Syx∼1.8 μV/KSyx∼1.8μV/K at 300 K

2. Goniopolar effect (GE)

•Direction-dependent Seebeck: Sxx≠Szz

•Rotating heat flow ⇒ transverse voltage

GE + ANE add constructively

•→ Syxtotal​≈15.6μV/K
Hon gh ui  Wa ng , et  al . , Adv a nc ed Ma te ri a l s ( 202 6)  e 74 83 9



KAGOME MATERIALS

Sha rm a et  al . , np j  Q ua nt um  M at er i al s  11,  5 5 (2 02 6 )



INTERWOVEN MAGNETISM INDUCES A SPIN DENSITY WAVE

Erj i a n Che ng , et  a l .,  Nat ur e Mat e ri al s  25  ( 20 26)  602 ,  p re pri n t a rX i v :2 40 9. 01 36 5

TbTi3Bi4

Material design

Tb zigzag chains (local moments)

Ti kagome layers (itinerant electrons)

Magnetic ground state

Complex spiral magnetic order (large Tb moments)

Key observation

Real-space modulation with wavevector

Q = (1/3, 0, 0)

Appears only below 𝑇𝑁 ≈ 20 𝐾
Spin density wave (SDW) emerges



KAGOME AND BEYOND

TbTi3Bi4

Erj i a n Che ng , et  a l .,  Nat ur e Mat e ri al s  25  ( 20 26)  602 ,  p re pri n t a rX i v :2 40 9. 01 36 5

Electronic structure (ARPES)

•New folded bands appear below TN

•Folding vector matches SDW: Q = (1/3, 0, 0)

Key consequence

•Hybridization gap opens: Δ ≈ 90 meV

•Gap closes above TN

Interpretation

•Much larger than expected for conventional SDW

•Indicates strong coupling between local moments

and electrons

Magnetism reconstructs the electronic bands



ALTERMAGNETISM

Stoichiometric metallic EuSi
• Commensurate chiral spiral: 𝐪 = 0 1 /30
• Spiral phase: 33.4–62 K

• Broken inversion 𝒫
• Preserved 𝒯𝜏 → zero net magnetization

• Symmetry requires odd-parity spin

polarization

𝑆𝑦 𝐤 = −𝑆𝑦 −𝐤

• Symmetry-protected nodal plane 𝑘𝑦 = 0

• DFT: p-wave splitting persists without

SOC → non-relativistic exchange origin

Erj i a n Che ng , et  a l .,  Nat ur e un de r re v iew  



ALTERMAGNETISM

Direct observation of p-wave spin splitting

• Odd-parity spin texture: 𝑆𝑦 +𝑘𝑦 = −𝑆𝑦 −𝑘𝑦
• Spin polarization suppressed at 𝑘𝑦 = 0 → symmetry-protected nodal plane

• Experiment matches non-relativistic calculation → exchange-driven p-wave magnetism, not SOC

Erj i a n Che ng , et  a l .,  Nat ur e un de r re v iew  



THANK YOU!

Erjian Cheng

Andrei 

Bernevig

Maia VergnioryYu Pan
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