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1. Introduction :
Energy derivatives and
physical properties

M. Veithen, X. Gonze and Ph. Ghosez, Phys. Rev. B 71, 125107 (2005)
R. W. Nunes and X. Gonze, Phys. Rev. B 63, 155107 (2001)
X. Gonze, Phys. Rev. A 52, 1086 (1995)
X. Gonze, Phys. Rev. A 52, 1096 (1995)



General framework

- DFT : nowadays considered as a conventional and successful

tool to study the properties of materials.
R. M. Martin, Electronic structure (Cambridge University Press 2004)

- Various functional properties related to derivatives of the
energy with respect to external perturbations A = (R, n, &):

Feul]= e+,[x]+2— ' _Ea/x;}tl At Eaxaxegk At

i Ijk

LR NLR

- Linear-responses (LR): routinely computed within DFPT
S. Baroni et al. , Rev. Mod. Phys. 73, 515 (2001).

- Non-linear responses (NLR) to electric fields more marginally
applied because of conceptual difficulties.



Electric field perturbation

-Difficulty : scalar potential “£. r”
-breaks the periodicity of the crystal
-is unbound from below

- Electric field dependent energy functional :

R .E]1=E,_ [R]-Q E-P [-(Q/8n)E?]

e+l

Nunes and Vanderbilt, PRL 73, 712 (1994); Nunes and Gonze, PRB 63, 155107 (2001)

- Modern theory of the polarization:

n Bz

King-Smith and Vanderbilt, PRB 47, 1651 (1993); Resta, Rev. Mod. Phys. 66, 899 (1994)



Physical quantities:
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__Exaﬁ E.E, ‘EE cap T Ep¥ 5 EEC (k)T

a/a’ KK '

00(1

Ex;"gf EEGE, __EE o Ea p Ty

afy K ofy

Kaﬂ
EE mMEﬁ+—EE o GKLKT)T T T+

O‘/3)’ KK a/;’y KK 'Kk"




Physical quantities:

 Atomic forces :
R ,E]

Fm[RK,E]=_ eyr -F° +;z’;aﬁ E, —ECaﬁ(K,K')TK.ﬂ
apy LY ]
+72 EE +EE o T, E ;KEK_ (K, K")T,. T,
* Electric polarization :
1 dFe+i[RK’ ps (1)
P“[RK’E]bQO dF —EE e T +2X E,
0Z

SHIEE + 33 e %Ezaﬁ“



To be discussed today:

- Non-linear optical susceptibilities :
_1 83Fe+i
2Q, oF oF oF,

(2) _

X,'j/

- Raman coefficients :

ox;" -1 °F_
T~ Q aE,.anarm

- Electro-optic coefficients :
-1 de;  4x  PF

_ _ e+l

r.
" n’n® dE  n’n’Q. oE oE OE
i 4 i 0 / J y

Roman indices (i,j,l) : optical fields - Greek indice (y) : (quasi-)static field



2. Computation of enerqgy
derivatives within DFPT:

M. Veithen, X. Gonze and Ph. Ghosez, Phys. Rev. B 71, 125107 (2005)



"2n+1" theorem

Computation of F_, %) only requires knowledge of

ground-state (© and first-order y* wave-functions
Gonze PRA 52, 1086 (1995); ibid. 1096 (1995)

Two-step procedure :

- Determination of first-order wave-functions "

— already done for second-order quantities.

- minimization of a variational expression of E_,,(?)
X. Gonze, PRB 55, 10337 (1997)

- Solving the corresponding Sternheimer equation
P. Giannozzi et al., PRB 43, 7231 (1991)

- Evaluation of the appropriate expression of F,., (%



Computation of 3" derivatives
Fe+i[RK’E]=Ee+i[RK]_QO E-P

N\

: 1 OE__ .
Computation of E** = — o+ Additional term
P 6 0A,04,02, - linear in £ and

using standard DFPT formula - independent of R,

Gonze PRA 52, 1096 (1995) /

Acts as an additional potential
to be added to the ionic potential v,

Contribution only in DFPT terms involving
first derivative of v_ , with respect to €

ext

Veithen, Gonze and Ghosez, PRB 71, 125107 (2005)



PEAD and DAPE

- Modern theory of the polarization:

- continuous form?: P-= -(22:)3 gsfzdk@nk Vi Unk>
2e

- discretized form2: P =- NO EEWbbf”‘/'”(det [S(k’“b)])
k%“p k b

(use regular grid instead of strings)

'King-Smith and Vanderbilt, PRB 47, 1651 (1993); Resta, Rev. Mod. Phys. 66, 899 (1994)
2 Marzari and Vanderbilt, PRB 56, 12847 (1997)

- Discretization After Perturbation Expansion (DAPE)
continuous form — 2n+1 theorem — discretization

- Pertubation Expansion After Discretization (PEAD)
continuous form — discretization — 2n+1 theorem

Nunes and Gonze, PRB 63, 155107 (2001)



Computation of 3" derivatives

- DFPT

with

| . ~ ~ ~ ~ ~
EMMAs = g(EM’\z"z + EMAR2 - FRoMAs o FRoAaR g FR3MA - FAMAg) (2)

}
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Original ABINIT implementation

Veithen, Gonze and Ghosez, PRB 71, 125107 (2005)

Local density approximation (LDA) to density functional
theory (DFT) only [no GGA nor LSDA yet].

ABINIT code ( ) within the planewave/

pseudopotential approach [now also in PAW].
X. Gonze et al., Comput. Mater. Sci. 25, 478 (2002).

Variational approach to density functional perturbation
theory (DFPT).

X. Gonze, PRB 55, 10337 (1997)

PEAD formulation of 3rd derivatives

Finite-field technique also available
Souza et al., PRL 89, 117602 (2002)



ABINIT input

HDATASET1 : scf calculation: GS WF in the BZ

36 2636 26 3€ 26 3€ 26 36 26 36 26 3 I 3 I 3 I 36 I 36 I 3 I 36 I 36 I 36 I 36 I 36 I 36 I 3 I 3 I I HE X X
prtdeni 1
kptopt1 1
toldfel 1.0d-10

#DATASET2 : non scf calculation: GS WF in the whole BZ

36 26 3€ 26 3€ 26 3€ 26 7€ 26 36 26 36 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 36 I 3 I 36 26 36 26 36 2 3 2 3

getden2 1

kptopt2z 2
iscf2 -2

getwfk2 1

tolwfr2 1.0d-18

HDATASET3 : ddk on the MP grid of k-points

36 26 3€ 26 36 26 3€ 26 36 26 36 26 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 36 6 36 6 3} 3} X

getwfk3 2

rfdir3 1 1 1

rfelfd3 2

tolwfr3 1.0d-18

kptopt3 2
nstep3 60

H#DATASETY : ddE + phonons on the MP grid of k-points

36 2636 26 3€ 26 3€ 26 3€ 26 36 I 36 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 3 I 36 I 36 I 3 I 3 I 36 I 36 6 36 6 36 26 3} I} X
prtdeni —
getwfky
getddky4
rfdiry
toldfel
rfelfd4
rfphoni
rfatpol4
kptopt4
prepanli

—
—

.0d-10

H#DATASETS : 3DTE calculation
#XXXXXXXXXXXXXXXXXXXXXXX****
getdenS
getldenS
getwfkS
get1wfS
kptopt5S
optdriver5

JNEN I =

rflelfdS
rfi1phonS
rflatpolS
rfildirs

— e — —

rf2elfds 1
rfadirs 1 11

rf3elfdS
rf3dirs 1 11

nbdbuf 0 -
nband = number valence bands



3. Non-linear optical
susceptibilities

M. Veithen, X. Gonze and Ph. Ghosez, Phys. Rev. B 71, 125107 (2005)



Non-linear optical susceptibilities:
Electronic response only (t, ,=0)

Change of the refractive index induced by an optical field
PIR),E]=P° + EX;."“)EI. + EX;;(Z) EE +..
J J

Non-linear optical susceptibility tensor :

0 (2) _1 a3Fe+i
X =
" 2Q) 9E,0E oF,
1
©(2)
dijl - EX:]/

Note : (2n+1) theorem applied to static DFT — we neglect the dispersion
Frequency dependence would require to consider TD-DFT (Dal Corso et
al., PRB 53, 15638 (1996)) or SoS techniques (Levine and Allan, PRL 66, 41
(1991)).



Non-linear optical susceptibilities:

Earlier studies :

e Non-linear optical susceptibility
Levine and Allan, PRL 66, 41 (1991) of AlAS
-Density functional perturbation theory n x n X n grid of k-points
Dal Corso et al., PRB 53, 15638 (1996)
-Finite electric fields T T T T T T T T
Souza et al., PRL 89, 117602 (2002) B J
Method AlAs AlP S ’
2n + 1 theorem 35 21 £ N
2n + 1 theorem [1] 32 19 Q i
Finite electric fields [2] 32 19 ° :
Sum over states [3] 34 21 7
2N + 1 theorem + SCI 21 13
Sum over states + SCI [3] 21 13 opl—L 1 1 1111 1 |
[1]1 A. Dal Corse et 2L, PRB 53, 15638 (1996) B &G R R AR R

=3

[2]11. Seuza et al, PRL 89, 117602 (2002)
[3]1Z H. Levine and D. C. Allan, PRB 44, 12781 (1991)

- PEAD formula converges faster T
- LDA (GGA) inaccurate — SCI




Non-linear optical susceptibilities:

Example 1 : ABO; compounds

BaTiOg PbTiOg LiNbO,; — R3c
Rhombohedral Tetragonal = Tetragonal d3y dy dz3
Present Present Exp. Present Exp. Present —8.01 —1.23 =30.21
dys 10.97 11.09 -17.0 -27.69 -37.9 Exp. [26] —4.64 4246 —41.7
Exp. [19] —6.75 +43.6 —37.5
dsq 10.97 -11.09 -15.7 -27.69 -42.8
dss 24.69 -18.31 -6.8 -5.69 +8.5
(122 -0.98

*Qualitative agreement only

€71 6.15 6.48 5.19 7.30 6.64 ] ]
*Sometimes a sign problem
€39 5.73 584 5.05 6.79 6.63

P. Hermet, M. Veithen and Ph. Ghosez, J. Phys.: Condens. Matter 21, 215901 (2009);
ibid., J. Phys. : Condens. Matter 19, 456202 (2007)



Non-linear optical susceptibilities:

Example 2 : Urea

Theory Experiment

Present [13]* [13]° [2] [1] ([11]) [12]

dyg (pm/V) 1.09 2.1 1.10 1.04 1.2+ 0.1 1.3+ 0.3

6;“1 2.29 227 2.03 (‘2.17) 2.17
ej“: 2.67 247 2.14 (2.49)
without/with
Local fields

« Surprizingly accurate in LDA
« Comparable to previous studies

P. Hermet and Ph. Ghosez, Phys. Chem. Chem. Phys. 12, 835 (2010)



4. Raman efficiencies

M. Veithen, X. Gonze and Ph. Ghosez, Phys. Rev. B 71, 125107 (2005)



Non-resonant Raman scattering
(Stokes effect)

Incoming photon (w,, e,) scattered
to an outgoing photon (ws, eg) by In+1>

creating a phonon w,, > | ©m

(0o €) ] J (ws, €g)

« Raman scattering efficiency (cqgs):

dS (a)o—a)m)4 2 h
o ‘es'am'eo‘ 2—(nm+1)

av C4 / wm \
Raman susceptibility : Boson factor -

Oy 1
o =4/ 2/5 817] n.(kp) My, = o/ ksT _ 4
K Kp




Raman susceptibility

i, aXiO_OU)
oy = €2 E 81; N,,(KP)
Kp Kf

» Transverse modes (€ =0)

(1)
X

atKﬁ

1 aFe+i 6 TK/sEiEj

E=0

Q arKﬁaEian Q

0

* Longitudinal modes (2 =0)

Non-zero electric field (€ = - 4x ?)
— Modification of the optical susceptibility by ®)

(1)
X

8m E,Z,:ﬁ,q, E 0(2)

- - Xi 9
£_o Qo E//'qlgll'ql' / j



Acoustic sum rule

Dielectric susceptibility must be invariant under
global translation of the whole crystal.

This imposes a constraint :

This relation is usually slightly broken. It can be restored
using :

oo(1) 00
X . X ) E X
0T 0T N

Ko Kol at K Ko




Results

Earlier studies : T
- Finite difference of ¢ 0.002
[129] Baroni and Resta, PRB 33, 5969 (1986) I
Umari et al., PRL 90, 027401 (2003)
-Derivative of density matrix [
Lazzeri and Mauri, PRL 90, 036401 (2003) 0.008
- 2n+1 theorem (DAPE)

[60] Deinzer and Strauch, PRB 66, 100301 (2002)

AlAs (finite field)

!

-0.004

-0.006

Force (103 a.u.)

-0.01

Electric field (1 o4 a.u.)

LDA

Method Si  AlAs AP GaP

PEAD (present) 21.53 866 479  10.70 Present approach .
FEF (present) 20.24 823 456 10.19 .

FP (present) 21.81 860 479  10.79 - PEAD formulation
DAPE [60] 23.56 7.39 513 1138 ) |

FP [60] w14 561 441 oas allows for non linear
FP [129] 26.16 core correction

Exp. [148, 149] 23 £ 4 19,16,23

Veithen, Gonze and Ghosez, PRB 71, 125107 (2005)



Raman spectrum of PbTiO,

Theoretical spectrum Experimental spectrum

BT g x(zx)y _,,__‘iﬁ_..(.w I ——
ET +FL ‘ ETL+EL T
\

---------------

Raman intensity (arb. units)
;
@ <
= [T
. lite
frered intensit
-
=
C;—D]I
—— = T}

x{zz)y
A Tmodes ‘
8‘
T IJL' —r T EV—LZOD 400
0 100 200 300 400 500 600 700 800 “Frequency shif? tem™

Phonon frequency (em™)

M. D. Fontana et al.,
J. Phys. C 3, 8695 (1991)

Veithen, PhD thesis, ULG (2005); P. Hermet, M. Veithen and Ph. Ghosez, J. Phys.:
Condens. Matter 21, 215901 (2009)



Raman spectrum of a-bithiophene

-+ bi-(n=2), quarter-(n=4) and sexi (n=6) thiophene
monoclinic structure, 2 molecules per unit cell

T I..l l.l T
0 100 200 300 400 500

Intensity (arb. units)

e ey — v

(] ] oo ..I. .'

| | l 1 ' l ' |
600 800 1000 1200 1400 1600
-1
Wavenumber (cm )

P. Hermet, N. Izard, A. Rahmani and Ph. Ghosez, J. Chem. Phys. B 110, 24869 ( 2006).



Transferability of parameters

B O n d po I a rl Za b I I Ity m od e I _ BP/7 Zlodel ; iBP/spectnﬂnn model_
o Y o Y
]_ Co—C, —1137 -—1834 —-113 -—1136 8.9 17.1
00— (1 Co=Cp 110.2 —-159 95 3100 88.8 75.5
Xl'j Cs— Cp —112 —-827 —105 —-604 —102 74
Qn b Co— S 78.8 28.8 18.1 153.7 778 —632
1 Co— H 482 43 -30 59.6 5.1 —6.1
= —((xl _(1 )é -+ (al ap)(?.rf‘j — ;OU) Cs—H 315 18.7 08 599 4.6 4.6

1457
1464

Y UJ’_

Lo +opos
ot —g(-(l *DOiy

Ky

1504

~

7 7 AA 1 A
+@;,—a p)(r,-rj — 3617)"7

1499

Intensity (arb. units)

- Better to fit on DFT
- Transferability from a-2T to a-6T 3007800 900 1000 1100 1200 1300 1400 1500 1600

1.
Wavenumber (cm )

P. Hermet, N. Izard, A. Rahmani and Ph. Ghosez, J. Chem. Phys. B 110, 24869 ( 2006).



Transferability of parameters

K

»(1)

BaT103 PleOg

K — Xij Ba/Pb a,b -0.0038 -0.0265

v ot ¢d  -0.0065 -0.0826

e 0.0218 -0.0485

Ti a,b  -0.0873 -0.1405

Can we transfer 7;, from one od -0.1289 -0.1561

. e -0.3093 -0.1276
perovskite compound to another ? ‘

_ _ _ o O; ab 00335 0.0620

(like atomic polarizabilities) cd 01906 0.1024

e 0.2462 0.1783

* No, ;. can takes very different values for O a -0.0029 -0.0240

the same atom in different compounds. b 00606 01289

- Atoms with largest Z* also exhibit the ¢ O D0

Iar eSt j_EK d 0.0210 0.0825

9 v e 0.0207 -0.0011

P. Hermet, M. Veithen and Ph. Ghosez, J. Phys.: Condens. Matter 21, 215901 ( 2009



Raman spectra of magnetic compound

BiFeO3 (a) | | | " x(zz)y
* Ferroelectric
* G-type AFM e

b 2(xy)z

Raman spectrum

Raman intensity (arb.units)

 Not directly accessible in present

ABINIT DFPT implementation.

* To be computed from finite differences CM

of dy/drt. L\ | L | J&
» Only for TO modes (no access to x®) Y evenimber el

P. Hermet, M. Goffinet, J. Kreisel and Ph. Ghosez, PRB 75, 220102(R) (2007)



Raman spectrum of powder

Often, Raman spectra are made on powder with unpolarized laser.
=>Need to sum-up on all crystal orientations and laser polarizations

_ (Olxx + Olyy + Czz)°

Go 3 ,
Gy = (Cxy — ayz)z + (Qyz — 0z)? + (Qzx — Otxy)?
— ; X
C (ogy + yz)2 + {ayz + ozx)? + (Ot -+ Cixy)z + (Qxy — @y y)2 + (@yy — ®22)% + (027 — Oxx)?
2 — .
2 3

BT = C(10Gg + 4G),

PO = C(5G1 + 3G2),

powder _ (powder powder
i fofal I i + ,.l. ‘

[Prosandeev et al., PRB 71, 214307 (2005) from G. Placzek, in Handbuch der Radiologie Vol 6, 1934]



Raman spectrum of powder

More examples

http://Iwww.wurm.info

A database of the physical properties
of various minerals

(R. Caracas)



5. Electrooptic
coefficients

M. Veithen, X. Gonze and Ph. Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
M. Veithen, X. Gonze and Ph. Ghosez, Phys. Rev. B 71, 125107 (2005)
M. Veithen and Ph. Ghosez, Phys. Rev. B 71, 132101 (2005)



Electro-optic effect
(Pockels effect)

Change of refractive index induced by a (quasi-)static electric field
de’

o j

Ae. =

Ul > dEy Y

 Electro-optic coefficients

A(g‘”—1)ij - Erijy EV

Y

Using A(Ew ) ng "Aer e we get when expressed
In the principal axes (in zero field)

e}

_1 dsij

Qy== 2 2
n‘n°- dE
I j Y




Motivation

Applications: EO modulators A — ground electrodes

hot electrode

Epitaxial films of BaTiO,

waveguide —»
on an MgO substrate

A. Petraru et al., Appl. Phys. Lett. 81, 1375 (2002)

Materials of interest: ferroelectric oxides

Perovskite structure Triconal structure
(B aTiOg, PbTiO3) (LiNbO3)
B j — ®
| @ L | I Jo7 |
ey T Jt 't 'f N
R\ A
o -0 & ? P . ‘:o '{] !
®BaPb  C Ti 0 * 2
® Ii ®



EO coefficients

Clamped and unclamped

electro-optic coefficients:

unclamped EO clamped EO
coefficients

coefficients

rO'

r

Acoustic mode excitatior

Do
2.8
S~ IS
s Q]
AR
RS
e 4
£
D
_-.v .2 '.-_.
S

electronic EO
coefficients

""
(

piezoelectric
contribution

1onic
contribution

electronic
contribution

10

Frequency (Hz)

Depends on the
frequency range

of g,

I,.el ion piezo
ijy jy oy
I
iy
re
iy



Clamped electro-optic response:

Electronic + ionic response

2
R E]=1- 27 e RE]
y= Q,  IEE,
(1) (2) (')X‘f“)
_ 00 00 I
—:I+4.7rxij J+8J‘L’E}(W E +4nz o Tt
g?_:’f“) 4 KoL
if
£ PR
—L —8a " +4n Lt
dE Xy ; ot~

‘ 0T
T = —xa =2rEY n _(ka)



Atomic relaxation:
F.R.EI=Z E, - EC (KK)(EN
p

_ E C .(k.,x ')1:K.’3a. =0
= E C..cx")T n ('a)=2Z

= rm 10 M n_ (Koc)=Z*,aﬁ
= 7:57 0 En (ko )M _n (Koc) EZ _(ka)

Vo

1

= _—sza/sn (k)

m Kot




Clamped electro-optic response:

Electronic + ionic response

de. 0&; oe. ot
SRR +4n2 d —m
dE. oFE &~ )T oE
y 7R, mlg_g ¥
(1)
—SJIXU +4J‘L’E Kﬁyn (x [J’)E X n, (ko)
W, K'p
Pm,y a; /«/
_ 8ﬂx°°(2) my <

2
AN

Electronic response lonic contribution (mode by mode)



Unclamped electro-optic response:

Electronic + ionic + piezoelectric responses

re =r" +En.. d
Iy Iy fuv " yuv

/ \
Elasto-optic Piezoelectric strain
coefficients coefficients
Change of the dielectric constant Change of the strain
versus strain versus electric field

Computed here by finite differences ...



EO coetficient ry; 1n LiINbO,

Weak piezoelectric

small electronic contribution contribution
lon; ot A 1 Clamped Unclamped
ynic contribution (/£ ydes): - ici
onic conftribution ( , moaes) EO coefficient EO coefficien
strong contribution of
40- the TO1 mode
Y Y
35-
32,2
30_ %18
26,93 / 2708
25- /
% 20 18,53 /
o
M 15- /
o
10
5+ 399 48 /
o_l 043 004 015 /
-5 T T T T T
Elec. TO1 TO2 TO3 TO4 Piezo. Tot Exp. Tot Exp.

(243) (287) (355 (617)
(phonon frequencies in cm™)

Veithen, Gonze and Ghosez, PRL 93, 187401 (2004)



EQ coetficient 1y, in BaTi10, and PbTi0,

BaTiO, PbTiO,
ionic contribution:
| . Strong contribution of . lonic contribution:
sm.all' elef.UOIll(, e TO!1 mode eleLIl.Olll(., no domination
contribution contribution
45+ l lﬁ-l
6
40- % 14-
35- . 12-
30 ; 10- \
g 237 23 6 % 8-
S s
n 3 M 6 59 = 59
15-
10 ] 23
. . ]
1 Vi
0_—ﬁ I ';l T T I_Z.B_l T T 0‘_& T |_0'_| T T
Elec TOL TO2 TO3 Tot FEF Exp. Exp. Elec TOL TOZ TO3 Tot FEF Exp.
(161) (300) (505) (151) (357) (653)
(phonon frequencies in cm™) (phonon frequencies in cm™)

Veithen, Gonze and Ghosez, PRL 93, 187401 (2004)



Analysis of the 1onic contribution to r,,

Contribution of TO modes:

_—Polarity
Raman  —_ __—Polarity

- .
susceptibility =, 7Pm
W, v
™ Frequency
Ferroelectric crystals

(ex: perovskite structure)

T>T T<T

paraelectric phase ferroelectric phase

® i Qﬁﬁ_.ﬁ.glf? g--:f__j; f 00
“letlel tgthe
o ® ‘o o (& &

®BaPb Ti ®0

Phase transition driven by a highly
polar soft mode

largest overlap with the
soft mode eigenvector

004.0.82

LiINbO3 BaTiO3 PbTiO3

0,04 . |

LiNbO3 BaTiO3 PbTIO3
r, = 26.9 22.3 5.9




Conclusions

- Computation and easy analysis of non-linear optical
susceptibilities, Raman susceptiblilities and electrooptics
coefficients within DFT-LDA freely accessible within the ABINIT

software package (see http://www.abinit.org)

- A fastly converging PEAD formulation has been implemented
and allows computation on relatively complex systems. Now also
a new implementation in PAW and for magnetic systems.

- Easy to compute when first-order wavefunctions are known.

- v2) electronic response poorly reproduced within LDA while ionic
and piezoelectric responses to EO coefficients more accurately
estimated.



