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Intensity (arbitrary units)
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Stokes scattering : inelastic scattering of an incident photon interacting

Virtual ——————— i
enerdy with a phonon.
states
= Frequency shift between the incident and scattered light :
Aw = wnp
Vibrational We treat only non resonant scattering : £, < Egap

energy states

= Relevant only for insulators

T vy Only active phonon modes contribute :
Infrared Raman @ qgx0(@sr, >a)

absorption  scattering

@ selection rules depending on crystal symmetries
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Measured intensity =~ sum of Lorentzian functions :
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= other 379 derivatives (not computed)
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£ &
2n + 1 theorem : ETrpEi%)) depends only on ground-state (11157?( ) and first-order WFs (1/;( x8) w;k ),d);k/))-
= They are obtained solving 15t order Sternheimer equations.
The electric field perturbation brings a difficulty : V(€) = £.r = £.%iV "
In the expression of E(Tx8Ei%))
(TrB) | (&) g), (K€
(b7 IH |w >—:<wnk K20 >+
= We need to solve a 2°< order Sternheimer equation.

Note: Previous ABINIT implementation (Veithen et al PRB 71, 125107 (2005)) uses a formalism (“PEAD”) where “ V| " is kind of
discretised : no need of 224 derivatives.
However, difficult to adapt to PAW, decreases the convergence with respect to the k point grid.
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2n + 1 theorem : E(TxBEi%)) depends only on ground-state (11157?( ) and first-order WFs (1/;( =B Do)

= They are obtained solving 15t order Sternheimer equations.

The electric field perturbation brings a difficulty : V(€) = £.r = £.%iV "
In the expression of E{7r 8 Ei€))

)
(oS P HED Py = i e B T 4
= We need to solve a 2°< order Sternheimer equation.

Note: Previous ABINIT implementation (Veithen et al PRB 71, 125107 (2005)) uses a formalism (“PEAD”) where “ V| " is kind of
discretised : no need of 224 derivatives.
However, difficult to adapt to PAW, decreases the convergence with respect to the k point grid.

The Sternheimer equations have the form Ax = b where AT = A = Solved with a conjugate gradient algorithm.

St ()1 (H0 —cn5®) P14 = = ()T (HAD — a5 1489

27 order: (P°) " (HO) — cps@) poIyM172) = — (p9)T (HA1P2) - e,,s(M*z)) [

—(PC)T(H(M)—eS )\w )-(P‘)f(HM)—ens )\w )y

#22A ()" (P21 + 801 ) 4 oA (#)! (SO0 1) + SO )
m
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System : AlAs — Due to symmetries : only 1 degree of liberty in the third derivative tensor :

Nk : number of k-points in the Brillouin zone

DFPT : current work
PEAD : previous ABINIT implementation
FDM : Finite Difference Method :

(EyEz) (Ey€z)
glranx€yEz) _ EaZiax — EaZ_ax
FDM = 2AxX

Upper frames : norm conserving results
Lower frames : PAW results

Right-handed frames : |X — Xconv|
where Xconv is the value corresponding to
Ny =~ 180000

Black lines : [XprpT — XFDM ]|

2z (Al) = —ETALxEyE2)

aay=(Al) (NCP)

azy-(Al) (PAW)
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(I : ABINIT : compute DDB: 7% "/ #) (g — 0), £ 57€))
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(I) : ABINIT : compute DDB: £\ /) (q — 0), ETkp i)

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

of(@=0)= — =, g £ uy g o(n8)
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(I) : ABINIT : compute DDB: £\ /) (q — 0), ETkp i)

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

aj(q=0) =

_BEE) .
y TRBEED Uy 0 o(kB)

\/TT T E

(I : 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 — wm)* 1
C4

|es.a’".e,|2 Nm =

2wm

ehon/keT _ 4
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(I) : ABINIT : compute DDB: £\ /) (q — 0), ETkp i)

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

m

of(@=0)= — =, g £ uy g o(n8)

(I : 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 — wm)* 2 1
Im = zwm (nm + 1) —4 |es.()ém.e[| nm = W

Can also compute the intensity of a powder.

NOTE : We are interested in relative intensities only : /, are normalized (highest value = 1)
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Taking into account LO modes:

(Iy : ABINIT : compute DDB: £\ 7w/ 8) (g — 0), ECw8 &) £(&i€)) Ernp i) g(€i€j€0)

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

T0: (@ =0)= ——b= ETRBEIE) Y oo (kB)
For different q directions:

g€ £,8;€ 2k 2 k% .
LO: aj M(q—0) = EN BE TRBE /)Um q—0(rB) + Xk 8 Qz (E (i€ )Qk) mum q—o0(xB)

(I : RAMAN_SPEC.PY : compute Raman intensities (from the Raman tensor)
Parameters depending on experimental setup : laser frequency (wg) and polarization (e,, eg), temperature (T)

m = zw (nm + ) T |e3.CE .e/| Nm= m

WARNING : For LO modes, I, owder cannot be obtained directly from RAMAN_SPEC.PY : numerical integration on q directions
is needed!
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. active Im I'm
(w) ~ ;(wfw )2 412
m m m

Blue line (offset=0.4): theoretical spectrum - PAW+LDA (' = 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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In the “LDA+U*, formalism, one combines DFT with a Hubbard model that corrects the e~ e ™ interaction of orbitals localized
around the ions (generally used for d or f bands):

+U
Eipayulnioarul = Erpalniparul + D (Ea(U. J) — Eq qo(U, J)) (1
a
Ea(U, J) Z 3 AU D, m, = () N mama) @

where U and J are the Hubbard model parameters.
In the "PAW+U" formulation, the occupation matrices nf”m1 mp are:

”me/ = Z Z Z(d’nko |Ba, n,Lm)(pa niLm’ [Ynko ) (Pa, n/Lm|¢a nj Lm!) (3)

k njn 0
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In the “LDA+U", formalism, one combines DFT with a Hubbard model that corrects the e~ e™ interaction of orbitals localized

around the ions (generally used for d or f bands):
+U

Eipayulnioarul = Erpalniparul + D (Ea(U. J) — Eq qo(U, J))
a

a a
Ea(U, J) Z > [ (U, I)ni, mymy L m3m4 + B, N, m2”L,0m3m4}

where U and J are the Hubbard model parameters.
In the "PAW+U" formulation, the occupation matrices nf",m mp are:

anm’ = Z Z Z(d’nko |Ba n,Lm) <pa n; Lm’ |'¢nka><¢a n/Lm|¢a nj Lm’)

k ni.n

Following PAW notations : i = n;, I, m;, j = nj, [, m;, we note: pa jic = >k > n{¥nko |Pa,i) (Pa,jl¥nks )
In terms of the PAW vocabulary, E5(U, J) is a "on-site” term, like the Hartree "on-site” term:

1
Ea(U,J) = — Z Z Pa,ijo Pa,i'j! o' €a, aa/,-l,/,/(U J)

o0l ij,i’,j

H
E; :7 Z Z pallifpal’j'a’earjlj

o0’ ij,i’,j

where e s (U, J) and el ., are constants, depending only on the PAW pseudo-potential.

a,ao’ ij,i’j

a,ij,i’j
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In the “LDA+U", formalism, one combines DFT with a Hubbard model that corrects the e~ e™ interaction of orbitals localized

around the ions (generally used for d or f bands):
+U

Eipayulnioarul = Erpalniparul + D (Ea(U. J) — Eq qo(U, J))
a

a a
Ea(U, J) Z > [ (U, I)ni, mymy L m3m4 + B, N, m2”L,0m3m4}

where U and J are the Hubbard model parameters.
In the "PAW+U" formulation, the occupation matrices nf"m1 mp are:

anm’ = Z Z Z(d’nko |Ba n,Lm> <pa n; Lm’ |'¢nka><¢a n/Lm|¢a nj Lm’)
kN0
Following PAW notations : i = n;, I, m;, j = nj, [, m;, we note: pa jic = >k > n{¥nko |Pa,i) (Pa,jl¥nks )
In terms of the PAW vocabulary, E5(U, J) is a "on-site” term, like the Hartree "on-site” term:

1
Ea(U,J) = — Z Z Pa,ijo Pa,i'j! o' €a, aa/,-l,/,/(U J)

o0l ij,i’,j
EH**Z 2 A
a = Pa,ijo Pa,i’j’ o' €a,ij,il j!
a0l ij,i’j!

where €a,00! ij,ilj!
In DFPT:

s (U, J) and el ., are constants, depending only on the PAW pseudo-potential.

a,ij,i’j

(n)
(Ea(UJ Z Z (Pa,ijo-ﬂa,/"//a/) eayaaly,j’,-ljr(U,J)

ool ij,ilj!

Similar derivation for the double-counting term E, 4c(U, J).
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Preliminary results on LiCoO2:

With "+U", relative error between DFPT and finite difference (FD) on the Raman tensor : |27 — ofP|/|aPFPT| < 0.2%

i i
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Preliminary results on LiCoO2:

With "+U", relative error between DFPT and finite difference (FD) on the Raman tensor : |27 — ofP|/|aPFPT| < 0.2%

i if
Comparison between PAW LDA / LDA+U (this work) and Ultrasoft (USPP) GGA / GGA+U (Miwa PRB 97, 075143 (2018)):

@ U and J not computed for LDA+U, chosen as the same values than GGA+U (U = 5.6 eV, J = 0.8 eV).
@ cel optimization for LDA and LDA+U

Experimental values also taken from Inaba et al, Chem. Lett. 24, 889 (1995).

Theoretical spectra : lorentzian width = 5 cm ", depend on three parameters only : wy, wa, I /.

|y
=3
!

9 —== Exp

€ g.g{ — USPPGGA
> —— PAW LDA
£ 0.6

£

044

2

2 0.2

2

IS

o
=3
L

iy
1=
!

w -=- Exp
S g.g{ — USPPGGA+U
> —— PAW LDA+U
So6-
£
£0.44
Z
2 0.2
@
€
= 0.0
400 450 500 550 600 650 700

frequency (cm™1)
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In conclusion:
@ Raman intensities in PAW are available in ABINIT v8.10!

@ Raman intensities in PAW+U will be released soon, hopefully.

What could be done:

@ Current implementation needs to write wf;jf‘) on disk, could be avoided
(becomes problematic for large systems).

@ Implementation of GGA (for both norm-conserving and PAW)

@ Computation of Raman peak width : needs other third-derivatives of the
energy (three atomic displacements, at q # 0)
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