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Introduction

Liquid immersion subsystem by GRC in the Frontera supercomputer at TACC
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Phonon-limited carrier transport
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Phonon-limited carrier transport

E#0 Anatase TiO,
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Resistivity data from Zhang et al., J. Appl. Phys. 102, 013701 (2007)
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Phonon-limited carrier transport
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Resistivity data from Urushibara et al., Phys. Rev. B 51, 14103 (1995)
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Temperature-activated mobility

Rutile TiO, Anatase TiO,
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Resistivity data from Zhang et al., J. Appl. Phys. 102, 013701 (2007)
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Electron self-trapping
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Electron self-trapping
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Electron self-trapping

Electron localized by lattice distortion
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Polaron-hopping transport

Energy

nitial Hop Final

Figure adapted from Deskins and Dupuis, Phys. Rev. B 75, 195212 (2007)
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Notion of carrier mobility

E=0
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Notion of carrier mobility
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Boltzmann transport equation
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Carrier mobility from first principles
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Carrier mobility from first principles
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Carrier mobility from first principles
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Ab initio Boltzmann transport equation
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Figure from Poncé et al., Rep. Prog. Phys. 83, 036501 (2020)
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Ab initio Boltzmann transport equation

afnk
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Ab initio Boltzmann transport equation

|
8fnk
OE |g_
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5nk
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E=0
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Ab initio Boltzmann transport equation
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The challenge of Brillouin zone sampling

1 2T dq 5
- — L ~  |Ymnv ka
— = ;/QBZ |gmnu(k, Q)

X [(1 — Jmkt+q T nqv)5(5mk+q — Enk T hCUqI/)

+ (frk+q T Nqv)0(Emkiq — Enk — thV)}

E 4 x 4 grid

Coarse BZ sampling Fine BZ sampling
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Workflow
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Workflow
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Workflow
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Workflow
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Workflow
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Workflow

EPW,
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Example: Theory vs. experiment comparison in silicon
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Temperature (K)

Poncé, Margine, Giustino, Phys. Rev. B 97, 121201 (2018)
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Example: Theory vs. experiment comparison

Jon Lafuente-Bartolome
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Poncé et al., Phys. Rev. Research 3, 043022 (2021)
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Self-trapped polarons

0 Q o O,
o 9.0
00800
o °o° ©
OO O OO

Landau, Phys. Z. Soviet. 3, 664 (1933); S. Pekar, Zh. Eksp. Teor. Fiz. 16, 335 (1946)
Sadigh et al., Phys. Rev. B 92, 075202 (2015); Falletta et al., Phys. Rev. Lett. 129, 126401 (2021);
Sio et al., Phys. Rev. Lett. 122, 246403 (2019); Vasilchenko et al., Phys. Rev. B 112, 014314 (2025);
Luo et al., Nat. Phys. 21, 1275 (2025); Lafuente-Bartolome et al., Phys. Rev. Lett. 129, 076402 (2022)
Franchini et al., Nat. Rev. Mater. 6, 560 (2021)
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Experimental fingerprints of polarons

/Transport \
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Zhang et al., J. Appl. Phys. 102, 013701 (2007) Luo et al., Nature 563, 541-545 (2018)
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Guzelturk et al., Nat. Mater. 20, 618-623 (2021) Redondo et al. Sci. Adv.10, eadp7833 (2024)
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DFT calculations of polarons

After ionic relaxation

Extra electron added to Li,O,

Figure from Feng et al, Phys. Rev. B 88, 184302 (2013)
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DFT calculations of polarons

After ionic relaxation

< Vel 'Y
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XA ()
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Extra electron added to Li,O,

Self-interaction; sensitivity to the XC functional

Polaron/supercell size

Challenges:

Figure from Feng et al, Phys. Rev. B 88, 184302 (2013)
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DFT calculations of polarons

Total energy in DFT:

E=Y /dr\vwzﬁ /drdr ne)nlt) | g o

1E0CC

1 L L
*Z/d"rr—ﬂ P r——
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DFT calculations of polarons

Jon Lafuente-Bartolome

Total energy in DFT:

E=Y /dr\vwzﬁ /drdr ne)nlt) | g o

1E0CC

1 L L
+Z/dr]r—7'\ _Z”T,{—’Tﬁ;/’

Add one electron: ¢
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DFT calculations of polarons

Total energy in DFT (N+1 electrons):

BV =Y [ar v+ [ (vl

1E0CC

1 , [n(x) + [0(r) ] [n(x’) + o)) 7]
+‘E§U/P6hﬂjr

v — 1

+‘¢( )‘ } ZKVZK:’
_I_Z/ ’r_ T/i"‘uf<:>| +§Z|(T,€—|—u,€)—(7'm/—|—u’)|

+ Exc[n+ [¢7]
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DFT calculations of polarons

Total energy in DFT (N+1 electrons):

Self-interaction terms
(to be removed)

EN+L dr |V, |? + drM
5 farwurs | ~
) + ('

1 n(r) + |(r)
+§/drdr

\r—r’!

D)+ lomP] 1 7.7
+Z/ ]r— T,i—|—u,€)| +22|(T,§;+u,€)—(7,€/+u’
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DFT calculations of polarons

Total energy in DFT (N+1 electrons):

Self-interaction terms
(to be removed)

EN+L dr |V, |? + drM
5 Jarver ~
) + ('

1 n(r) + |(r)
+§/drdr

\r—r’!

D)+ lomP] 1 7.7
+Z/ ]r— T,i—|—u,€)| +22|(T,§;+u,€)—(7,€/+u’

Expand to lowest order
in displacements
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Ab initio polaron equations (in real space)

Formation energy:
AFy = ENTYr 4+ u) — ENTY(1)

:/drw*ﬁsz—l—/drwzaVKS !

s Uk + —Ug - CKJH}/ " Uk
ot 2

Derivation in Sio et al, Phys. Rev. B 99, 235139 (2019)
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Ab initio polaron equations (in real space)

Formation energy:
AFy = ENTYr 4+ u) — ENTY(1)

Z/drw*ﬁsz/d W\Qav}{s :

Uy T+ 511,1 : CKJH}/ " Ug/

li

Variational minimization with respect to ¥ and u,
& normalization of ¥:

( %
Hsz—F ( aTKS 'um)¢:€¢

oVi
4= = (O - [ dr G o

Derivation in Sio et al, Phys. Rev. B 99, 235139 (2019)
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Ab initio polaron equations (in reciprocal space)

Expand wave function and displacements in Bloch states:

1
:_E A,
N, 2 kK Wnk

Derivation in Sio et al, Phys. Rev. B 99, 235139 (2019)
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Ab initio polaron equations (in reciprocal space)

Expand wave function and displacements in Bloch states:

1
:_E A,
N, 2 kK Wnk

Ab initio polaron equations: d

Jon Lafuente-Bartolome

-

(2

Z Bql/gmnv (k q)Amk+q (5nk — 5) Ak

p qmu

Derivation in Sio et al, Phys. Rev. B 99, 235139 (2019)
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Example: Electron polaron in LiF
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Figures from Sio et al, Phys. Rev. B 99, 235139 (2019)
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Formation energy

1 1
P ok p

qv
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Formation energy

1 1
AEjf — F Z ‘Ank’2 (5nk — 5CBM) — F Z ’qu‘Qhwqy
P nk P qu

q

Electron polaron — Hole polaron
| AES =023 eV

AFE® = 1.98 eV
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Polaron calculations in practice: the self-consistent loop

[ Initial guess for A,k }
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Polaron calculations in practice: the self-consistent loop

[ Initial guess for A,k }
v

1 * gmny(ka q)
[ qu — Fp Z Amk—i—q hwqy Apk }
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Polaron calculations in practice: the self-consistent loop

[ Initial guess for A,k }
v

1 * gmny(ka q)
[ qu — Fp Z Amk—i—q hwqy Apk }

2 £ / /
[ Hopken'k' = Onlen’k/ Enk — N, ; B Gnnv (K, k — K) }
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Polaron calculations in practice: the self-consistent loop

[ Initial guess for A,k }
v

1 * gmny(ka q)
[ qu — Fp Z Amk—i—q hwqy Apk }

2 * / /
[ an,n’k’ — 5nk,n’k’5nk — Fp zy: Bk_k/,ygnn’v(k 7k —k ) }
v

[ Z an,n’k’An’k’ — CC«‘lélnk}

n'k’
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Polaron calculations in practice: the self-consistent loop

[ Initial guess for A,k }
v

‘( B — L Z A:zk+qgmny(k’ q) Ank }

mnk

2 £ / /
[ Hopken'k' = Onlen’k/ Enk — N, ; B Gnnv (K, k — K) }

!
Z an,n’k’An’k’ — CC51471k
n’k’
No
Converged?

Jon Lafuente-Bartolome 25 of 38



Polaron calculations in practice: the self-consistent loop

[ Initial guess for A,k }
v

‘( B — L Z A:zk+qgmny(k’ q) Ank }

mnk

2 * / /
[ an,n’k’ — 5nk,n’k’5nk — Fp zy: Bk_k/,ygnn’v(k 7k —k ) }
v

§ an,n’k’An’k’ — CC51471k
n/k/

/\ Atomic displacements
No C Yes Wave function

onverged?

_» Formation energy
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Periodicity
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Periodicity

Reciprocal space (2pi/alat)
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Periodicity

Reciprocal space (2pi/alat) 5 Real space (alat) Polaron wave function (arb. units)
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Example: Electron polaron in LiF
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Figure from Sio et al, Phys. Rev. B 99, 235139 (2019)
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Post-processing and visualization (real space

Atomic displacements:
2 h 1/2 i
U — T AT B*z/ eK,Oé,V(q) e" I Htr

Convergence: MAX [|uf€p — uZﬂ] < u™ conv_ thr
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Post-processing and visualization (real space)

Atomic displacements:

2 .
N Z Bq ema,v(q) e!dtr

Ukgap = —
N.
p

qv

Convergence: MAX [|uip — ui;;lﬂ <u

Polaron wave function:

1 .
Transform coefs. 4 (R )= — ik Ry [T A
to Wannier space: (Ry) Z mnk

¥ (r) in terms of W(r) = Z Am(Rp) Wy (T — Rp)

Wannier functions:

Jon Lafuente-Bartolome
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Post-processing and visualization (reciprocal space)

Polaron calculations on a
reciprocal-space grid:

{Bav}

{Ank}
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Post-processing and visualization (reciprocal space)

Polaron calculations on a Transformation to
reciprocal-space grid: real space grid:
{BqV} 7 {uﬁsp}

2\

{Ank} Am(Rp)}
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Post-processing and visualization (reciprocal space)

Polaron calculations on a

Transformation to
reciprocal-space grid:

Interpolate to a
real space grid:

80
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g 50
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o
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g
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(&)}
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Workflow
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Workflow
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Workflow
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Workflow
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Workflow
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Workflow
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Workflow
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Example: Electron polarons in TiO,

Small electron polarons in rutile TiO,:

Dai and Giustino, PNAS 121, €2414203121 (2024)
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Polaron energy landscape

Jon Lafuente-Bartolome
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Figure adapted from Deskins and Dupuis, Phys. Rev. B 75, 195212 (2007)
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Polaron energy landscape in practice

{ Input displacement configuration {uﬁp}} init_plrn = 6
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Polaron energy landscape in practice

{ Input displacement configuration {uﬁp}} init_plrn = 6
'

* Mﬁwa/ 1z * —1q-R
[ Bq’/ - Z ( 2% ) e/iap,y(q) e e Ukap

Kap

Jon Lafuente-Bartolome 34 of 38



Polaron energy landscape in practice

{ Input displacement configuration {uﬁp}} init_plrn = 6

!
[ By, = Z (M’;zqy)l/QGZap,u(q> e "Ity Yrap }
Kap ;
[ Hpkenie = Onken’k’Enk — Nip > Bi o gnnv(K k—K) }
i

§ an,n’k’An’k’ — €Ank
n’k’
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Polaron energy landscape workflow
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Example: Electron polarons in Cs,AgBiBr;
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Figure from Lafuente-Bartolome et al, PNAS 121, 2318151121 (2024)
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Example: Electron polarons in Cs,AgBiBr;

Multiple polaron solutions

Energy (eV)

No distortion Small bolaron No distortion

Lafuente-Bartolome et al, PNAS 121, €2318151121 (2024)
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Multiple polaron solutions
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Lafuente-Bartolome et al, PNAS 121, €2318151121 (2024)

Jon Lafuente-Bartolome

15 ‘\ » I ! | : I ! | I
f‘\‘ vV Hdeloc
‘T’—\ ; A Hioe
lo 10 -
< p=-0.47 +0.13
-
L
=90
<
O |

0 50 100 150
Temperature (K)

200

250

300

Wright et al., J. Phys. Chem. Lett. 12, 3352 (2021)

37 of 38



Summary

* Transport & polaron calculations require dense reciprocal-space grids,
and complex workflows with multiple calculation steps.

* Practical calculations can be streamlined with EPWpy.

e Ab initio Boltzmann transport equations allow predictive calculations for
band-like carrier mobilities.

* Ab initio polaron equations enable systematic study of polarons in materials.

* Predictive calculations of polaron-hopping transport are in early development.
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