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Phonon-limited carrier mobilities

www.samuelponce.com 2D electron-phonon February 17, 2022 2 / 19



Phonon-limited carrier mobilities

www.samuelponce.com 2D electron-phonon February 17, 2022 2 / 19



Drift and Hall mobility
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µHall
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∑
γ
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∑
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∫
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→ We need the out-of-equilibrium carrier population

F. Macheda and N. Bonini, Phys. Rev. B 98, 201201R (2018)
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Linearlized Hall Boltzmann transport eq.
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[
1− e

~
τnk(vnk ×B) · ∇k

]
∂Eβfnk(B) = evnkβ

∂f0
nk

∂εnk
τnk

+
2π τnk

~
∑
mν

∫
d3q

SBZ
|gmnν(k,q)|2

[
(nqν + 1− f0

nk)δ(εnk − εmk+q + ~ωqν)

+ (nqν + f0
nk)δ(εnk − εmk+q − ~ωqν)

]
∂Eβfmk+q(B),

where the scattering rate is

τ−1
nk ≡

2π

~
∑
mν

∫
d3q

ΩBZ
|gmnν(k,q)|2

[
(nqν + 1− f0

mk+q)

× δ(εnk − εmk+q − ~ωqν) + (nqν + f0
mk+q)δ(εnk − εmk+q + ~ωqν)

]

F. Macheda and N. Bonini, Phys. Rev. B 98, 201201R (2018)
SP et al., Rep. Prog. Phys. 83, 036501 (2020)

SP et al., Phys. Rev. Research 3, 043022 (2021)



Electron-phonon Wannier (EPW)

EPW relies on MLWF to interpolate electron-phonon matrix elements.
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SP et al., Comput. Phys. Commun. 209, 116 (2016)



Long-range separable representation

Image-charge decomposition

Range-separation function f(|q|) = 1− tanh(|q|L/2)
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M. Royo and M. Stengel, Phys. Rev. X 11, 041027 (2021)



Long-range el-ph in 2D materials

g2Dmnν(k,q) =gS,2Dmnν (k,q) +gL,2Dmnν (k,q)

gL,2Dmnν (k,q) =
∑
κα

[
~

2NMκSων(q)

] 1
2 ∑

l

× (−1)l+12πf(|q|)/|q|
1− (−1)l+1 2πf(|q|)

|q| χ̃S,2Dl00

(q)ρ̃S,2Dlκα0 (q)eκαν(q)

× 〈Ψmk+q| eiq·r[φ2Dl0 (q, z) + vS,2Dl0 (q, r)] |Ψnk〉 .

l = 2→ 0 in materials where the modes are inversion odd

approximation: we neglect the induced short-range potential vS,2Dl0 (q, r)
[small in bulk materials - G. Brunin et al., Phys. Rev. Lett. 125, 136601 (2020) ]
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Long-range el-ph in 2D materials

Monopole-dipole:

gL,2D,eDmnν (k,q) = i
∑
κα

[
~

2NMκωqν

] 1
2 ∑
G6=−q

2πf(G+ q)

S|G+ q|
eκαqνe

−ia(G+q)·τκ

× (G + q) · Zκα〈Ψmk+q|ei(G+q)·r|Ψnk〉
1 + 2πf(G+q)

|G+q| α‖(G + q)
,

and the monopole-quadrupole:

gL,2D,eQmnν (k,q) =
1

2

∑
κα

[
~

2NMκωqν

] 1
2 ∑
G6=−q

2πf(G+ q)

S|G+ q|
eκαqνe

−ia(G+q)·τκ

× (G + q) · (G + q) ·Qκα + |G+ q|2Qzzκα
1 + 2πf(G+q)

|G+q| α‖(G + q)
〈Ψmk+q|ei(G+q)·r|Ψnk〉.
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2D materials - dynamical matrix

D2D
κα,κ′β(q) =DS,2D

κα,κ′β(q) +DL,2D
κα,κ′β(q)

DL,2Dκα,κ′β(G + q) =
2πe2f(G+ q)

Ω
c
|G+ q|

[
Z‖,∗κα (G + q)Z

‖
κ′β(G + q)

1 + 2πf(G+q)
|G+q| α‖(G + q)

− Z⊥,∗κα (G + q)Z⊥κ′β(G + q)

1− 2π|G+ q|f(G+ q)α⊥

]
e−i(G+q)·(τκ′β−τκα)a

Z‖κα(G + q) =
∑
β

(Gβ + qβ)Zβκα −
i

2

∑
γ

(Gβ + qβ)(Gγ + qγ)Qβγκα −
i

2
|G+ q|2Qzzκα

Z⊥κα(G + q) =|G+ q|Zzκα − i
∑
β

|G+ q|(Gβ + qβ)Qzβκα,
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M. Royo et al., Phys. Rev. X 11, 041027 (2021)



SnS2 phonon
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SnS2 deformation potential
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SnS2 deformation potential
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MoS2 deformation potential
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MoS2 mobility
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MoS2 mobility
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MoS2 mobility

www.samuelponce.com 2D electron-phonon February 17, 2022 16 / 19

0

100

200

300

400

500

E
le

ct
ro

n
 m

o
b
ili

ty
 (

cm
2
/V

s)

T -1.06

T -1.36

Yu2016

Cui2015

Liu2015

Hall dipole

Hall dipole+quadrupole

100 200 300 400 500

Temperature (K)

0

200

400

600

800

1000

H
o
le

 m
o
b
ili

ty
 (

cm
2
/V

s)

Momose2018

T -2.4

T -1.73

0 20 40 60
0

1

2

87 %

48 %

0

10

20

30

1
3

/2
k B
T
/

1
3

/2
k B
T

(T
H

z)

(meV)



Conclusion

Efficient implementation of drift and Hall mobility in 2D materials

Dynamical quadrupoles are important for accurate interpolation

Open / Discussion

1D materials

Higher level of theory - spectral functions ... - systematic benchmark
needed

Effect of anharmonicity on carrier mobility

Transport with electron localization
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Electron-Phonon School 2022 - Austin (US)
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More info
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https://epw-code.org

https://forum.epw-code.org

https://gitlab.com/QEF/q-e
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Range separation

We minimize

d(L) =
1

N
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