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Second Harmonic Generation (SHG):

LIBRA from Coherent©

Light source at w

Ferroelectricity
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Leading order SHG terms allowed only if:

Analysis of the light at 2w

Spatial centro-symmetry breaking (ferroelectricity)
Time-inversion symmetry breaking ((anti)-ferromagnetism)

System presenting 2" order non-linearities

w

©m Springer Handbook pf Lasers and Optics (2007 From www.lecompendium.com
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Analysis of the light at 2w

Second Harmonic ener ation (SHG): Leading order SHG terms allowed only if:
CalSS * Spatial centro-symmetry breaking (ferroelectricity)
* Time-inversion symmetry breaking ((anti)-ferromagnetism)

System presenting 2" order non-linearities

fiymang o il
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LIBRA from Coherent©
w

From Springer Handbook of Lasers and Optics (2007) From www.lecompendium.com

Light source at w

Outline:
1) Intense electric field laser pulses: example of Kerr-lens mode locking

2) Basic formalism: how can we tackle an SHG experiment/study

3) SHG illustrated by some studies:

a) Ferroelectrics

b) Multiferroics

c) Antiferromagnets

d) Time-resolved and ultrafast abilities



Second Harmonic Generation (SHG): Non-linear optical process

Non-linear optics : “Study of the interaction of light with matter when the response of the
system (or material) is nonlinear with the amplitude of the electric field of light ”

I:> Booming field of research since the apparition of intense pulsed laser sources

(femtosecond)-pulsed Laser

1W average power
repetition rate: 1kHz
1 mJ/pulse of 100 fs

|:> 10 GW peak power

CW Laser (typically 1W)
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Femtosecond Laser pulses: Kerr lens Mode-locking
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(femtosecond)-pulsed Laser

Femtosecond Laser pulses: Kerr lens Mode-locking
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Second Harmonic Generation (SHG): Non-linear optical process

From Springer Handbook of Lasers and Optics (2007)
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SHG from classical NL electron spring model :

Described in : Denev et al. J. Am. Ceram. Soc. 94 2699 (2011)

§ re(’-‘mltt(:_.d((l))

Oscillating dipole

Hafmonic P(t) = Neex(t) = gy E(1).
potential well
&> Reemit an electromagnetic field at w
E(w) O°E O0°P
V?E — ue



SHG from classical NL electron spring model : 1k +3ax
Described in : Denev et al. J. Am. Ceram. Soc. 94 2699 (2011) +£ bt
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SHG more general tensorial approach:

Additional source terms...

O’E 9P oM 0*0
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E : electric field of light
H : magnetic field of light



SHG more general tensorial approach:

Additional source terms...
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Some symmetry considerations:

Neumann’s principle : “any type of symmetry which is exhibited by the point
group of the crystal is possessed by every physical property of the crystal”

All components of axial tensors of even rank and polar tensors of odd rank
must vanish identically for centrosymmetrical classes (symmetry operator 1)



SHG in ferroelectric materials:
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Protypical bulk systems presenting spatial centrosymmetry breaking
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SHG in ferroelectric materials:

Protypical bulk systems presenting spatial centrosymmetry breaking
Ba .
/O o 9 Gxample : tetragonal barium titanate BaTiO, R
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SHG in ferroelectric materials:

Protypical bulk systems presenting spatial centrosymmetry breaking
Ba .
9 o 9 Gxample : tetragonal barium titanate BaTiO, R
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SHG in ferroelectric materials:

Protypical bulk systems presenting spatial centrosymmetry breaking
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SHG in ferroelectric materials:

Protypical bulk systems presenting spatial centrosymmetry breaking
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SHG in ferroelectric materials:

Protypical bulk systems presenting spatial centrosymmetry breaking

(a) (b)
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SHG in ferroelectric materials: Near-field imaging in YMnO,

Neacsu et al. Phys. Rev. B. 79, 100107(R) (2009)
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SHG in ferroelectric materials:

Trassin et al. Adv. Materials 27, 4871 (2015)

b)41-10kso (c) [00-Tloso Ferroelectric configuration:
: 8 different ferroelectric polarization directions [111]

[001]oso




SHG in ferroelectric materials: Non-Ising FE domain wall

Cherifi et al. Nat. Comm. 8, 15768 (2017)

Detector




SHG in ferroelectric and magnetic materials: Multiferroics
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SHG in ferroelectric and magnetic materials: Multiferroics

Observation of coupled magnetic
and electric domains

M. Fiebig*t, Th, Lottermoser*, D. Frohlich*, A. Vi, Goltsev: & R. V. Pisarev

* Institut fiir Physik, Universitit Dortmund, 44221 Dortmund, Germany
t Max-Born-Institut, Max-Born-Strafie 2A, 12489 Berlin, Germany

1 Ioffe Physical Technical Institute of the Russian Academy of Sciences,
194021 St Petersburg, Russia

NATURE | VOL 419 | 24 OCTOBER 2002 | www.nature.com/nature

S(2w) = €9(x(0) + X(P) + X()) + X(P])) E(w)E(w).

Table 1 Source term for SHG in ferroelectromagnetic YMnO;

Source term S(P) S() S(FH
kllz 0 S, Ser
k"x SF’ O SPIf

The source term 8 for the leading second harmonic contributions coupling to P, I, and Fl is
derived on the basis of equation (1) and the symmetries of the FEL, the AFM and the FEM
lattices, respectively (see text). For this purpose, selection rules for ¥ fromref. 6 have to be used.
The independent components are denoted as Sg; 5. SHG, second harmonic generation; FEL,
ferroelectric; AFM, antiferromagnetic; FEM, ferroelectromagnetic.




3 possible AF orientations:

SHG in ferroelectric and magnetic materials: in BiFeO, 001 epitaxial layer (100 nm )

PFM Images:
Out-of-plane phase

In-plane phase

NS

Single domain

‘8 .I‘l‘ )‘y
e

g ]g

Ferroelectric single domain & P
written by PFM

X :<110>

SHG image
BFO sample

y :<1-10> Full angular polarization dependence

Chauleau et al. Nat. Materials 16, 803 (2017)



3 possible AF orientations:

SHG in ferroelectric and magnetic materials: in BiFeO, 001 epitaxial layer (100 nm )

PFM Images:

Out-of-plane phase In-plane phase

Single domain

Ferroelectric single domain | & P
written by PFM
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SHG image

BFO sample

Chauleau et al. Nat. Materials 16, 803 (2017)



SHG in ferroelectric and magnetic materials: in BiFeO, 001 epitaxial layer (100 nm )
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Chauleau et al. Nat. Materials 16, 803 (2017)



First demontration in Cr,05;:
SHG in “pure” antiferromagnets:

VOLUME 73, NUMBER 15 PHYSICAL REVIEW LETTERS 10 OcToBER 1994

Second Harmonic Generation and Magnetic-Dipole—Electric-Dipole Interference
in Antiferromagnetic Cr,03

M. Fiebig and D. Fréhlich

A A A A A A Institut fiir Physik, Universitdt Dortmund, 44221 Dortmund, Germany
B.B. Krichevtsov and R. V. Pisarev
v v v v v v loffe Physical Technical Institute of the Russian Academy of Sciences, St. Petersburg 194021, Russia
(Received 7 June 1994)
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First demontration in Cr,05;:

SHG in “pure” antiferromagnets:

VOLUME 73, NUMBER 15 PHYSICAL REVIEW LETTERS 10 OcToBER 1994

Second Harmonic Generation and Magnetic-Dipole—Electric-Dipole Interference
in Antiferromagnetic Cr,03

M. Fiebig and D. Frohlich
Institut fiir Physik, Universitdr Dortmund, 44221 Dortmund, Germany

B.B. Krichevtsov and R. V. Pisarev
loffe Physical Technical Institute of the Russian Academy of Sciences, St. Petersburg 194021, Russia
(Received 7 June 1994)

Fiebig et al. Phys. Rev. B 54, 12681 (1996)

SHG energy (eV)
_25

SHG intensity

(=)

Fig. 7. (a) SHG spectrum of Cry05 in the spin-flop phase taken
with circularly polarized light incident along the z axis. (b) Dis-
tribution of the six orientational domains, €7, 5, that exist in the
spin-flop phase.

Fig. 6. Antiferromagnetic 180° domains in Cry,05 exposed to cir-
cularly polarized light for SHG at 2.1 eV. Exposure time was 35
min but was reduced to 1-5 min in subsequent experiments.




SHG in “pure” antiferromagnets:

VOLUME 87, NUMBER 13 PHYSICAL REVIEW LETTERS 24 SEPTEMBER 2001 (20))
Second Harmonic Generation in the Centrosymmetric Antiferromagnet NiO M X
M. Fiebig,! D. Fréhlich,! Th. Lottermoser,! V. V. Pavlov.? R. V. Pisarev,> and H.-J] Weber! Q
Unstitut fiir Physik, Universitiit Dortmund, 44221 Dortmund, Germany
*loffe Physical Technical Institute of the Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Received 26 April 2001; published 4 September 2001)
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SHG in “pure” antiferromagnets:

VOLUME 87, NUMBER 13

PHYSICAL REVIEW LETTERS 24 SEPTEMBER 2001

Second Harmonic Generation in the Centrosymmetric Antiferromagnet NiO
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*loffe Physical Technical Institute of the Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Received 26 April 2001; published 4 September 2001)
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SHG at interfaces:

E(w)

E(2w)

7

Symmetry is intrinsically broken at the interface/surface

P(2w) x x5°¢°®: E(w) ® E(w)

¥ - Transform with the point group symmetry of the surface
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Heinz et al. Phys. Rev. Lett. 54, 63 (1985)



SHG at interfaces: Magneto-Optics

Breaking time-reversal symmetry and space-inversion symmetry are

E(w) E(Zw) needed to observed MO SHG in the electron-dipole approximation
—> M P(2w) o (xs°°°®W + x5¢¢)): E(w) ® E(w)
x'2=0 Could be written as:

Axial 4th rank
P'(2w) = y“E(w)E(w) + E(w)E(w)M,

Xxxx(My) Xxyy(My) szz(My) szy(Mz) X;E?;x Xxxy(Mx)
X(Z) — nyx(Mx) nyy(Mx) szz(Mx) X;;y Xyzx(Mz) nyy(My)
Xg;x Xg;y Xg;z Xzzy(Mx) Xzzx(My) szy(Mz)

|+ BN ¢ BN ¢ BN ¢ B/ \ W/ \ AV / \ AR/ \

From: Kirilyuk and Raising et al. J. Opt. Soc. Am. B 22 148 (2005)




SHG at interfaces: Magneto-Optics

Breaking time-reversal symmetry and space-inversion symmetry are

E(w) E(Zw) needed to observed MO SHG in the electron-dipole approximation
—> M P(2w) o (xs°°°®W + x5¢¢)): E(w) ® E(w)
x'2=0 Could be written as:

Axial 4th rank
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SHG at interfaces (case of LaAloé/SrTioé)_:
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(femtosecond)-pulsed Laser

SHG: ultrafast capabilities
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Time-resolved SHG:
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Time-resolved SHG:
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Time-resolved SHG:

APPLIED PHYSICS LETTERS 95. 011118 (2009)

Terahertz-field-induced second-harmonic generation in a beta barium
borate crystal and its application in terahertz detection

Jian Chen, Pengyu Han, and X.-C. Zhang®

Center for Terahertz Research, Rensselaer Polytechnic Institute, Trov, New York 12180, USA

(Received 28 April 2009; accepted 21 June 2009; published online 10 July 2009)
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Time-resolved SHG:
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Time-resolved SHG:
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Ultrafast Manipulation of Antiferromagnetism of NiO
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'Max-Born-Institut, Max-Born-Strafie 2A, 12489 Berlin, Germany
*Department of Applied Physics, The University of Tokyo, Tokyo 113-8656, Japan
(Received 12 May 2004; published 10 September 2004)
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Time-resolved SHG:

APPLIED PHYSICS LETTERS 107, 152404 (2015)
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Direct optical detection of current induced spin accumulation in metals

by magnetization-induced second harmonic generation

A. Pattabi,’® Z. Gu," J. Gorchon,"2 Y. Yang,' J. Finley,' O. J. Lee," H. A. Raziq,'
S. Salahuddin,"® and J. Bokor"?

E(2w)

Spin accumulation
at interfaces

E(w)

Pt —

[ Spin Hall effect \
(a) (b)

L
—= =
= P Vo ¥ &
=Y & N
7 S oS
7 ©
R <

— :
charge current / spin current /g
\ from Niimi et al. Rep. Prog. Phys. 78 124501 (2015) j

T ———————————————— 150
T  Current Pulse (a.u)

12 - ® Asymmetry e —_
| ¢ ' <
K ! 100 E
> | @
° 6 S
€ | 50 &
£ c
> 3 )
0 -
< i S

0 0o ©

_3 Ml RS P S T S S SR N S S " PR

-4 -3 -2 -1 0 1
Delay (ns)

Sample Asymmetry/current density [% cm ™ /(107 A)]
Pt (10nm) 5.12 (+0.51)

Pt (20nm) 4.05 (£0.68)

p-Ta (30 nm)/Ti (1 nm) —5.78 (£2.02)

Au (10nm) 1.10 (£0.04)

Au (20 nm) 0.50 (+0.04)

Cu (10 nm)/Al (I nm) 0.11 (£0.16)




PRL 119, 017202 (2017)

PHYSICAL REVIEW LETTERS

week ending
7 JULY 2017
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SHG: Conclusions and Summary

X :<110>

SHG image
BFO sample

y : <1-10>

« 2" order Non-linear optical process

* Powerful tool to access and investigate complex ferroic distributions
(microscopy, spectroscopy, polarimetry...)

* Despite its macroscopic signature, access to microscopic detail of the
magnetic and multiferroic strucutures

* Surface, interface sensitivity

e To fully master SHG, symmetry argumentation and group theory are required

e Ultrafast time-resolved capabilities



