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Thermoelectric Materials: 
Seebeck Effect: Heat flux induces a Potential Gradient


Peltier Effect: Charge Flux induces a Temperature Gradient

Charge and Heat Flux can couple!
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Minimize vibrational  
heat transport!

Maximize charge  
transport!
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Nuclear Motion causes Dissipation!

Fourier‘s Law:

Je = � rT

<latexit sha1_base64="EY9ayPqQFRNLym7JGvBQowxZYMA="></latexit>

Jc = �� rU

<latexit sha1_base64="FruIGZ3GGcAudiagdUAq+qT1vg8="></latexit>

Ohm’s Law:This Talk: 
How can we accurately and predictively  

compute, understand, and tailor  and ?κ σ

Heat & Charge Transport in Solids



Charge Flux: Electrons & IonsHeat Flux:  Photons, Electrons, and Nuclei

Heat & Charge Transport in Solids



Charge Flux: Electrons & IonsHeat Flux:  Photons, Electrons, and Nuclei

 = photon + elec. + nucl.
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The dominant contribution 
 in insulators and  

non-degenerate semiconductors.
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CAVEAT: 

Low Temperature 

Approximation!

Eharm
 ≫ Eanha !
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?

Strong Anharmonic Effects beyond the Realm of Perturbation Theory:
Eharm  Eanha !≪
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eq

Green-Kubo method...
...works in thermal equilibrium (linear response)
...accounts for anharmonic effects to all orders

Green-Kubo simulations in FHI-aims:

• Conductive heat flux evaluation using virials.
C. Carbogno, R. Ramprasad, and M. Scheffler, Phys. Rev. Lett. 118, 175901 (2017).

• Numerical post-processing via FHI-vibes
F. Knoop, M. Scheffler, and C. Carbogno, Phys. Rev. B 107, 224304 (2023).
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below the transition temperature, this configuration only occurs sporadically
on the time scale of several picoseconds during the simulation, and is therefore
not fully stabilized.
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Figure 4.15: Time-resolved anharmonicity
measure f

A (C) for zincblende CuI in three
molecular dynamics runs of 60 ps length. In-
creased values of f

A (C) are found in all
three trajectories.

Copper iodide (CuI), also known as marshite, is a simple material with fcc
lattice of the zincblende type. This phase is also known as the W phase (W-
CuI). The time-resolved anharmonicity measures are shown in Fig. 4.15 for
three trajectories of 60 ps simulation time. The characteristic features are the
jumps in f

A (C) from values of fA (C) ⇡ 0.5 to f
A (C) ⇡ 1.2 or 1.6. In the

simulated time period, these values are taken for 3 to 12 ps, before the initial
value of fA (C) ⇡ 0.5 is restored.

Figure 4.16: CuI viewed in (110) direction.
Top: High-symmetry zincblende structure.
Middle: Copper ion in lower-right quadrant
moves into interstitial site along (111) direc-
tion when f

A (C) ⇡ 1.2. Bottom: Several
defects form when f

A (C) ⇡ 1.6

As in the case of KCaF3, we compare two time-averaged structures in
Fig. 4.16: A time average with respect to the entire simulation time reveals
the perfect zincblende structure of CuI which corresponds to the minimum
of the potential-energy surface. When averaging over the time span where
f

A (C) ⇡ 1.2, however, the average structure has one Cu atom diplaced along
the (111) direction. Viewing the supercell in (110) direction, the diplacement
is clearly visible (Fig. 4.16, middle). This means that the Cu occupies a
metastable interstitial site at the given position for the respective time period.
When f

A (C) is restored to the base value of fA (C) ⇡ 0.5, the Cu atom moves
back to the high-symmetry reference position within the zincblende struc-
ture. The third trajectory shown in Fig. 4.15 c) evolves to a situation where
f

A ⇡ 1.6. This corresponds to a situation, where more than one defects
forms (Fig. 4.16, bottom).

W-C�I �� ����� �� ������� � ����� ���������� �� � ����������
���������� V ����� above 643 K [150–153]. It is very likely that the
defect formation observed in the aiMD simulations at 300 K are precursors
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Time t (ps)

σA(t)
Anharmonicity 

Metric 𝜎A

F. Knoop et al.,  
Phys. Rev. Mater. 4,  

083809 (2020).

Anharmonicity in Copper Iodide
    F. Knoop, T. A. R. Purcell, M. Scheffler, and C. Carbogno, Phys. Rev. Lett. 130, 236301 (2023).
  



������������� 73

below the transition temperature, this configuration only occurs sporadically
on the time scale of several picoseconds during the simulation, and is therefore
not fully stabilized.

4.5.2 CuI

sA(t)

0.5

1.2

a) CuI

0.5

1.2

b)

0 10 20 30 40 50 60
Time t (ps)

0.5

1.2
1.6

c)

Figure 4.15: Time-resolved anharmonicity
measure f

A (C) for zincblende CuI in three
molecular dynamics runs of 60 ps length. In-
creased values of f

A (C) are found in all
three trajectories.

Copper iodide (CuI), also known as marshite, is a simple material with fcc
lattice of the zincblende type. This phase is also known as the W phase (W-
CuI). The time-resolved anharmonicity measures are shown in Fig. 4.15 for
three trajectories of 60 ps simulation time. The characteristic features are the
jumps in f

A (C) from values of fA (C) ⇡ 0.5 to f
A (C) ⇡ 1.2 or 1.6. In the

simulated time period, these values are taken for 3 to 12 ps, before the initial
value of fA (C) ⇡ 0.5 is restored.

Figure 4.16: CuI viewed in (110) direction.
Top: High-symmetry zincblende structure.
Middle: Copper ion in lower-right quadrant
moves into interstitial site along (111) direc-
tion when f

A (C) ⇡ 1.2. Bottom: Several
defects form when f

A (C) ⇡ 1.6

As in the case of KCaF3, we compare two time-averaged structures in
Fig. 4.16: A time average with respect to the entire simulation time reveals
the perfect zincblende structure of CuI which corresponds to the minimum
of the potential-energy surface. When averaging over the time span where
f

A (C) ⇡ 1.2, however, the average structure has one Cu atom diplaced along
the (111) direction. Viewing the supercell in (110) direction, the diplacement
is clearly visible (Fig. 4.16, middle). This means that the Cu occupies a
metastable interstitial site at the given position for the respective time period.
When f

A (C) is restored to the base value of fA (C) ⇡ 0.5, the Cu atom moves
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feature of these dispersions are the very flat acoustic branches which vary less
than 1 THz across the entire Brillouin zone, and a multitude of flat, nearly
degenerate optical branches showing very litte to no dispersion. From a
phonon-theory point of view, non-dispersive branches correspond to localized
atomic motion in the system and therefore carry little heat beyond the Einstein-
like di�usion of thermal energy from atom to atom, which is the dominant
heat transport mechanism in structurally disordered systems like glasses [90].
Furthermore, in particular the optical branches are substantially broadened,
which corresponds to strong anharmonic coupling in these systems, reducing
their thermal conductivity.

6.4 Conclusion

We have estimated the convergence of aiGK simulations in terms of an e�ec-
tive simulation time focusing on the slow degrees of freedom of the system,
and validated the approach against experimental values from the literature.
In total, we computed thermal conductivities for 57 materials and verified
our screening approach in terms of the anharmonicity measure f

A. We
found that the overall trend of decreasing thermal conductivity when an-
harmonicity increases initially inferred from the set of simple compounds
carried over qualitatively to the more complex bulk materials considered
in this work. We presented thermal conductivities for 33 materials where
experiemental reference is not yet available, and identified the family of
chalcopyrite crystals as a potentially interesting class of low thermal con-
ductivity compounds, with several systems showing very low thermal con-
ductivity of ^ ⇡ 1 W/mK at room temperature, which is comparable to or
even below currently investigated thermoelectric candidates such as SnSe or

Wigner vs. Boltzmann Transport

Spectral function of AgGaGeS2 ; F.Knoop, Ph.D. Thesis

Boltzmann Transport:

Transport determined by group velocity,  
i.e., the diagonal of the  
momentum matrix: vg = < s |v |s >
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Furthermore, in particular the optical branches are substantially broadened,
which corresponds to strong anharmonic coupling in these systems, reducing
their thermal conductivity.

6.4 Conclusion

We have estimated the convergence of aiGK simulations in terms of an e�ec-
tive simulation time focusing on the slow degrees of freedom of the system,
and validated the approach against experimental values from the literature.
In total, we computed thermal conductivities for 57 materials and verified
our screening approach in terms of the anharmonicity measure f

A. We
found that the overall trend of decreasing thermal conductivity when an-
harmonicity increases initially inferred from the set of simple compounds
carried over qualitatively to the more complex bulk materials considered
in this work. We presented thermal conductivities for 33 materials where
experiemental reference is not yet available, and identified the family of
chalcopyrite crystals as a potentially interesting class of low thermal con-
ductivity compounds, with several systems showing very low thermal con-
ductivity of ^ ⇡ 1 W/mK at room temperature, which is comparable to or
even below currently investigated thermoelectric candidates such as SnSe or

Wigner vs. Boltzmann Transport

Spectral function of AgGaGeS2 ; F.Knoop, Ph.D. Thesis

Boltzmann Transport:

Transport determined by group velocity,  
i.e., the diagonal of the  
momentum matrix: vg = < s |v |s >

Wigner Transport: 


Transport determined by direct transition,  
i.e., the off-diagonal of the  
momentum matrix: < s |v |s′￼ >
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Kubo’s Linear Response:

GREENWOOD-KUBO FORMALISM
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Crystal Momentum Conservation:
Non-vertical transitions require phonons



GREENWOOD-KUBO FORMALISM
D. A. Greenwood, Proc. Phys. Soc. 71, 585 (1958).

Γ X-20

-10

0

10

ε 
− 
ε F (e

V
)

0 2 4 6 8 10 12 14 16 18 20
h_ ω (eV)

0

4000

8000

σ
 (1

/Ω
cm

)

Γ X-20

-10

0

10

ε 
− 
ε F (e

V
)

0 2 4 6 8 10 12 14 16 18 20
h_ ω (eV)

0

4000

8000

σ
 (1

/Ω
cm

)

Brillouin zone folding:
Larger supercells allow for direct transitions  
that are however suppressed by symmetry.



GREENWOOD-KUBO FORMALISM
D. A. Greenwood, Proc. Phys. Soc. 71, 585 (1958).

Γ X-20

-10

0

10

ε 
− 
ε F (e

V
)

0 2 4 6 8 10 12 14 16 18 20
h_ ω (eV)

100

101

102

103

104

105

106
σ

 (1
/Ω

cm
)

Γ X-20

-10

0

10

ε 
− 
ε F (e

V
)

0 2 4 6 8 10 12 14 16 18 20
h_ ω (eV)

0

4000

8000

σ
 (1

/Ω
cm

)

Thermal Motion of the nuclei:
Phonons momentarily break the symmetry and thus 

allow the direct transitions to become active.
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Challenges: 

— Extremely dense k-grids  needed to resolve  limit 

— Large supercell needed to resolve phonon dispersion

ω → 0
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Kubo-Greenwood formalism now allows to 
obtain converged mobilities in anharmonic 
materials.



Dr. Tom Purcell,
FHI

Dr. Florian Knoop
now Linkøping

Dr.  Marios Zacharias,
now @ CNRS Rennes

Jingkai Quan,
FHI

Matthias Scheffler,
FHI

Acknowledgements



https://www.fhi.mpg.de/open-positions



0 1 2 3 4
Phonon frequency (THz)

0

1

2

3

4

In
v
er

se
 L

if
et

im
e 
τ-1

(1
/p

s)

Quas
i-p

art
icl

e R
eg

im
e

Strongly 
Anharmonic 

Regime

Boltzmann Transport


Wigner 
Transport


Summary

Quasi-particle Timescale 

In
ve

rs
e 

Li
fe

tim
e 

• Going beyond the quasi-particle picture is  
crucial for computing transport coefficients  
in complex materials at realistic conditions.

• For vibrational transport, the implemented 
Green-Kubo formalism now allows the routine 
assessment of fully anharmonic thermal con- 
ductivities.

• For electronic transport, the improved 
Kubo-Greenwood formalism now allows to 
obtain converged mobilities in anharmonic 
materials.


