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- OUTUINE

" Raman scattering basics

= PEAD approach vs Full DFPT approach
= 2nd grder Sternheimer equation

= How to use ABINIT

= How to get Raman spectra
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RAMAN SCATTERING BASICS

"  Stokes mechanism : inelastic scattering of an incident photon
interacting with a phonon = Frequency shift between the incident and
scattered light : Aw = w,,

" We treat only non resonant scattering : E, < Eg,,
= Relevant only for insulators

" Measured intensity = sum of Lorentzian functions:

"  Only active phonon modes contribute:

They have a null wave vector (q = 0).

They follow selection rules depending on crystal symmetries and
photon polarization
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- RAMAN SCATTERING BASICS

|||||||||

Peak properties : kajbﬁ

" Position: w,, phonon frequency o] N ]
= 2"9 derivatives of the total energy E |
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Frequency [cm’']

" Intensity: [,

= 3" derivatives of the total energy E
/: Width : C,,

= 3" and 4t derivatives of the total energy E
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- RAMAN SCATTERING BASICS

For a single crystal :
. @ wo/wm : light / phonon frequency
(wo — wm)

2 .
les.a™.e||” @ e;/es:incident/ scattered photon
Wm

polarization direction

[, ox

For polycrystals : mean
over all possible angles
between e; and egs.

@ o : Raman tensor, depending on
crystal properties

@ o : crystal volume

Raman tensor ° @ up(krpP) : eigendisplacement m of
, atom x along direction
/O Xii |,
Z dr. /3 o d‘f"fﬁ derivative of the electric

susceptiblity with respect to the
displacement of atom « along
direction j (at 7,53 = 0)
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- DERIVATIVES OF DIELECTRIC SUSCEPTIBILITY

For transverse optical modes (TO) :

mTO Z Um /{5
= a s

For longitudinal optical modes (LO) :
(1)

o 8 .
o= \/72 (815 “a ZX,(/? Zek/1z ) Um(k03)

Q 6,-7-1 . inverse of the dielectric tensor ( ¢; = 47rxl(.j1) —1)

@ 7, :Born effective charges tensor
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- WHAT DO WE NEED?

" We need the derivatives of the total energy E with respect to:
@ 7., . atomic displacement (q = 0)
@ & :uniform electric field

ond darivatives :

E(TeaTws) = Cna,fﬁz’ﬁ = Dma,n’ﬁ(q — O) = {wm’ Um(/'i,ﬁ)}

E&4) = _QOXf'jU ECa) = —Z74
3rd derivatives :
oy
w5 EIE) _ j EiEE 2
E(m<s€i&) — _Q, o E(Ei€i€x) _ZQOX/(/k)
kB
Notation :
aX d?X
X)) = Z2 X(AiA2) —
ad\q A=0 adX1d o A1 =Ap=0
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- PEAD APPROACH

®" The PEAD (Perturbation Expansion After Discretization) approach:

See Ph. Ghosez’s talk...

Gives access to 3 order derivatives of energy

Is @ mixing of DFPT and “Berry phase” formalism

Was implemented in ABINIT since 2005 (only for NC pseudopotentials)
Uses a discretized version of I

k& ki Kk;
Doesn’t need 2" order derivatives of wave functions: \ng j)>7 |\quk j)>

= Alternate solution : get rid of the Berry phase formalism, need of 3™
derivatives of E in a “full DFPT” way.
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- THE « FULL DFPT » APPROACH FOR 3R° ORDER ENERGY

From the 2n 4 1 theorem, to compute 3¢ derivatives of the energy

requires only ground state wave functions ]\I!(O)> and its first
derivatives : |‘V(W)> |w(5)>

= They are obtained solving 15' order Sternheimer equations.

However, the electric field perturbation brings a difficulty :
VE)=Er=E"iVk”
For 21 derivatives of E, one also needs : [W!))

and for 3¢ derivatives : \\U(k‘gf ), |\I!(kk)>

= We need to solve two 2" order Sternheimer equations !
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- THE « FULL DFPT » APPROACH FOR 3RfP ORDER ENERGY

" The Sternheimer equations have the form Ax = Bwhere A" = A
= Solved with a conjugate gradient algorithm.

15 order : (PC)T (H(O) — € S(O)) PC|¢(>\1)> - (PC>T (H(M) B 6”8(>\1)> |¢5’0)>

ond order ; (PC)T (HO — ¢y5©) PelpMra)y (PC)T (HA122) — epsira)) D)y
_ (PC)T (HA) — eps)) pr2)y (PC)T (H*2) — cps2)) M)

OocCcC ocCcC

A (P)T (P2 + 8w ) + S AR ()T (sA0 1) + SO )
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THE « FULL DFPT » APPROACH FOR 3RfP ORDER ENERGY

3'd order energy expression

o=

ocCcC

= )\ A A4 A )\ )\ >\ A
ke n

SDIP DL ( Wi SO 8 4 (w2 s ) + <w<°’|s(*2)|\"“3)>>
keB n,m

1
+ o [ e B AR 0FCD (0 ()

1
w23 [ o (B A 02 00l ) - B AT 0 07 )
a a
1
+ o [ o B lr AOTEO D a22) ()

A (A2A3) ~(0)7=(X ~(A2Ag)
23 [ o (Bl 18 0020 — B AV (072 )
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- HOW TO PROCEED WITH ABINIT

Using PEAD approach
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- HOW TO PROCEED WITH ABINIT

Using DFPT approach

Qo

Dataset 1 : ground state
0 0
= w0 O Oy,

Dataset 2 : 1st order Sternheimer (and 2de derivatives of E)

rfddk = 1, riphon =1, rfelfd = 1
K Tk Ei
= wl(’)k) : wka B)s vak)
Dataset 3 : 2nd order Sternheimer
rf2_c(1kd)k = 1
kik;
= V. /
Dataset 4 : 2nd order Sternheimer

rf2_dkde = 1
= \Ilfff(’ﬁ)
Dataset 5 : 3rd derivatives of E

optdriver=5, usepead=0 (default : 1)

d3e_pert1_phon=1, d3e_pert1_elfd=1
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TEST SYSTEM: AlAs

Due to symmetries : only 1 degree of liberty in the tensors

ayyz(Al) = —ETALxEy £2)
Nk : number of k-points in the Brillouin zone d . . .
3'd derivative Relative error
DFPT : current work : ;
PEAD : previous ABINIT implementation A 4 v

FDM : Finite Difference Method :

gl€y€z) _
E(TA/,xgygz) _ CAl=+4Ax

FDM - DA X

(EyEz)
EAI:— AXx

NCPP >

o-quartz
PAW ->
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HOWTO GET RAMAN SPECTRA?

Transverse optical modes
(1)  ABINIT : compute DDB: £ =/ 5)(q = 0), (7= B €i%))

(II) : MRGDDB + ANADDB : diagonalize the dynamical matrix, and compute the Raman tensor o' for every phonon mode m:

P80 = = s Do £ gt

(1) : RAMAN_SPEC.PY : compute Raman intensities (from the Raman tensor)

Parameters depending on experimental setup : laser frequency (wq) and polarization (e, eg), temperature (T)

h wo — wi )
:—(nm+1)( 0 = m)

’
/
20,

ehwm/kBT _ 1

Can also compute the intensity of a powder.
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HOWTO GET RAMAN SPECTRA?

Longitudinal optical modes

(1) : ABINIT : compute DDB: £\ % 7w/ 8)(q — 0y, ETrBEi%) €18 g(rups) plEi€€K)
(I : MRGDDB + ANADDB : diagonalize the dynamical matrix, and compute the Raman tensor o for every phonon mode m:

T0:af(@=0)= ——= 5, 5 B85S up g o(rB)

For different q directions:

- 2k % k%
LO: af'(q — 0) = s ETROE T 0 o(m8) + 5y 5 43 (554 EEIEH) g ) LK )
\/_ 8 mq— P a2 ( ) Skl <Kk A

() : RAMAN_SPEC.PY : compute Raman intensities (from the Raman tensor)

Parameters depending on experimental setup : laser frequency (wq) and polarization (e,, eg), temperature (T)

1
ehwm/kBT _ 1

2

WARNING : For LO modes, /,,wder Cannot be obtained directly from RAMAN_SPEC.PY : numerical integration on q directions
is needed!

Commissariat a I’énergie atomique et aux énergies alternatives ABINIT School 2019 — Sept. 2-6, 2019 _



o-quartz

HOWTO GET RAMAN SPECTRA?

active

Im I'm
(w) =~ Z —

m T (W_Wm)Z‘i‘r?n

Blue line (offset=0.4): theoretical spectrum - PAW+LDA (I';; = 4 cm™! )

Grey dots (offset=0.2) : experimental spectrum (Handbook of Minerals Raman Spectra)
Black dots (no offset) : experimental spectrum (RRUFF project)

Red line : Fit of RRUFF data
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LiCoO, — Using DFT+U
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- WHAT IS AVAILABLE IN ABINIT?

" PEAD approach
Norm-conserving pseudopotentials
LDA exchange correlation only

No spins

Is a mixing of DFPT and “Berry phase” formalism

"  Full DFPT approach

Norm-conserving pseudopotentials
and Projector Augmented-Wave

LDA exchange correlation only
Need “pawxcdev=0" keyword (no accelerated XC)

Spins, but no spinors

DFT+U (electronic correlations)
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- CONCLUSION

" “Full DFPT” approach is an alternative to PEAD approach
to apply non-linear response formalism.

® |t is available for both NCPP and PAW formalisms.
" |t needs more computational steps.

" |t converges better with respect to the k-point grid.
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