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Predominance of non-adiabatic effects in polar materials
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Effect of SOC on electronic structure

Zinc-blende structure:

e Degeneracy lifted: T4 - Tg®T7
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Effect of SOC on electronic structure

Zinc-blende structure:
e Degeneracy lifted: T4 - Tg®T7

o Global lowering of €y,
(occupied bands)

o Modification of effective masses
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Effect of SOC on electron-phonon interaction

Renormalized eigenenergies :

ekn(T) = e+ RelZg, (T,0) B & i %
[ —
Self-energy

Fan Debye-Waller
Non-adiabatic AHC Fan self-energy:

fkva n 1- fk /
q,n +q,n

leiin(T O N ZZ |<1/1k+qn’|qu |Wkn>|

qqvy +w V+/6 —Wqy + 10
k+qn q k+qn q
matrix element

Computational framework:

DFT+DFPT, PBE-GGA, ElectronPhononCoupling python module (G. Antonius)
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Including SOC
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First-principles results:

effect of SOC vs splitoff energy
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Valence band maximum

, A w ZPR(noSOC) | ZPR(SOC)
Material (mse?/) (mLe\O/) (meV) (meV)
Si a7 | 624 343 331
ZnS 60 40.6 48.1 46.7
CdS 49 34.4 43.3 41.7
BAs 209 | 844 455 415
Ge 302 | 387 16.5 14.0
GaAs | 335 | 354 19.0 16.0
ZnSe | 381 | 293 29,5 25.4
CdSe | 364 | 236 24.7 20.3
AlSb 661 39.8 24.0 19.0
ZnTe | 881 | 241 24.1 18.0
CdTe 849 19.1 16.4 11.4




First-principles results: mode decomposition

CdS: polar + weak SOC CdTe: polar + strong SOC
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First-principles results: mode decomposition

CdS: polar + weak SOC CdTe: polar + strong SOC
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Frohlich model

/ e Single electron in isotropic band

o Single Einstein phonon

e Polaron picture

ZPRF = —aw, o

( 1 1) m*
a=—-=|1/—
e® €0 2w 0
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Generalized Frohlich model (gFr)

For valence band:

Degenerate states
—~
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Generalized Frohlich model (gFr)

For valence band:

Degenerate states
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Generalized Frohlich model (gFr)

For valence band:

Degenerate states
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Generalized Frohlich model (gFr)

For valence band:

Degenerate states

—~
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For valence band:

Degenerate states

—~
ng 1 fk+ 1—fry
ZPRFN = e[ L 5| (D) X | 1 Wkeqnl HSY i) 2| —pr®n 4 a0
9q v || n=1 ekv—£k+qn+qu+/6 ekv—%@qw’&
limg—o ~

~~

1 1 l l Iimqao unoccupied bands
ng | 1 (4m\21sn,(§)12 (G- P;(@)\2 1
ZPRET =| o 13 (=) = .
=@ T % Z qz(Qo) 2wjo(ﬁ)(€°°(ﬁ))
S~~~
LO

Dielectric interaction

2

#(fl) +wjo(q) + 3

Assumptions: dispersionless LO phonon, parabolic electronic band around extrema

. now, do the radial integral in [d3q ...
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SOC effect on generalized Frohlich ZPR

) - ﬁ-p'(fl)2
' \/_Qo 2D €°°(q))

Simplified picture for zincblende structure:

NI

ZPRE™ o average of fdé(m
An

[1]
SOC effect on Frohlich ZPR captured by the change in angular-averaged effective masses

ZPR,(SOC) %(<m7§h(50C)%>+<m7h(50C)%>)
ZPRy(noSOC) L (2(my, (n0SOC) %) + (m}: (n0SOC) )|

Valence:

[1] G.D. Mahan, J. Phys. Chem. Solids 26 (1965)
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SOC effect within Luttinger-Kohn model

First-principles ?27? Generalized Frohlich model
EPI interaction + SOC : NC pseudos only — (m*) from DFPT + SOC : PAW only
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SOC effect within Luttinger-Kohn model

First-principles ?27? Generalized Frohlich model
EPI interaction + SOC : NC pseudos only — (m*) from DFPT + SOC : PAW only

Luttinger-Kohn Hamiltonian without SOC : A, B, C : Luttinger parameters

AKZ + B(K2 +k2) Chky Chkz (2" order k-p)
— 2 2 2 .
Hp,m (k) = Chixcky Aky +B(ki +k2) Chy kz (optdriver 7, eph _task 6, no SOC,
Chxky Chy kz A2 + B(kZ +kZ) -

band extrema with ngeg =3)

6 band LK model with SOC:
e Input parameters: A, B, C and Agpo
e {lj,m;)} basis
» Solve dispersion for h.h. and l.h. bands
e (m*) from finite differences
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Relating gFr to first-principles: VBM
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— .Z”S Valence band maximum
O 095
3 oBAS Material | ASO Lo ZPR(SOC)/ZPR(noSOC)
golgo @) (meV) | (meV) FP gFr
- T Jnse Q | [zns 60 406 | 097 | 095 | 087
& 085 o 5 || cds 49 34.4 0.96 0.96 0.85
~ Gahs gl 1ce 2 || BAs 200 | 844 | 091 | 094 | 088
S 080 H £ || GaAs 33 | 354 | 084 | 088 | 086
< Stronger SOC || ZnSe 381 29.3 0.86 0.88 0.83
& 075 CdSe 364 23.6 0.83 0.83 0.79
N ® FP ZPR AlSb 661 39.8 0.79 0.82 0.82
o70| ¥ gFr ZnTe 881 24.1 0.73 0.79 0.81
02 04 06 08 CdTe 849 19.1 0.69 0.74 0.76

Splitoff energy A (eV)

V. Brousseau-Couture, Université de Montréal



Relating gFr to first-principles: VBM

L0 Cds
S o5 %Z“S Valence band maximum
80 EBAS Vaterial | ASO wLo ZPR(SOC)/ZPR(noSOC)
2o00f @ @) (meV) | (meV) FP gFr
g |v ¥ mEzs Q | [ ZnS 60 406 | 097 | 095 | 087
% oss{ v 1e 5 || cds 49 | 344 | 096 | 096 | 085
= A Fegse 2 || BAs 200 | 844 | 091 | 094 | 088
< 080 H i\ 2 | GaAs | 335 | 354 | 084 | 088 | 086
< Stronger SOC ZnSe 381 | 29.3 086 | 088 | 083
<0l 2 rp 10 j CdSe 364 | 23.6 0.83 0.83 0.79
N ® FP ZPR AISb 661 | 39.8 0.79 0.62 0.82
oro{ ¥ gFr : ZnTe 881 24.1 0.73 0.79 0.81
02 0.4 0.6 0.8 CdTe 849 19.1 0.69 0.74 0.76

Splitoff energy A (eV)

V. Brousseau-Couture, Université de Montréal



Relating gFr to first-principles: VBM
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Validity of the effective mass approximation

Radial integral has analytic solution:
(o0}

(e 9)
1 1 1
[dgot— = [da i -1
0 Setwo 5 ATFTBE VAB

ST

Effective mass approximation holds for
only ~10%(l.h.) - of BZ
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Validity of the effective mass

approximation

For finite upper bound: 3
3 081
qc T
d 1 1 A A S
———— =\/ —=Arctan —
f qu2 +B AB de B E 0.4
0 8
-1 ©
A=(2m*")™", B=w.0o Ak
Q
3
Evaluate at smallest g. at which 5
parabolicity is lost: >
e Most materials: 60—80% of £
asymptotic limit (lower bound) e

0.0
¢ Breakdown of parabolic approx.

when w; o ~ Aso
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Conclusion and outlook

Summary

o We study SOC effect of ZPR from first-principles for 11 benchmark semiconductors
o ZPR decrease originates from both global lowering of €, (large g, all modes) and effective
masses modification (small g, LO)

o Simplified effective mass model based on generalized Frohlich model gives correct trends, but fails
quantitatively when w| g ~Agg

v

Outlook

o Implement gFr model + SOC using finite differences from ab initio dispersion for (m™*)

0

« Investigate effect of SOC on |gkk|? vs Ekn
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Conclusion and outlook

Summary
o We study SOC effect of ZPR from first-principles for 11 benchmark semiconductors

o ZPR decrease originates from both global lowering of ¢y, (large g, all modes) and effective
masses modification (small g, LO)

o Simplified effective mass model based on generalized Frohlich model gives correct trends, but fails
quantitatively when w) g ~Agg
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