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 LinkedIn site (global reach)

 Announce new activities

 Promote interactions

 Complement the OSA 

Technical Group Member List

Contact your Technical Group and Get Involved! 
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Welcome to Today’s webinar!

Richard Mildren, Physics and Astronomy, Macquarie University, Australia

https://research.science.mq.edu.au/diamond/

https://research.science.mq.edu.au/diamond/
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MQ Photonics

Diamond - Extreme material for 

nonlinear optics and Raman lasers

MQ Photonics Research Centre
Department of Physics and Astronomy

Macquarie University, Sydney, Australia

rich.mildren@mq.edu.au
http://web.science.mq.edu.au/groups/diamond/

Rich Mildren
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Airport

Macquarie University

Sydney
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Diamond technologies

Gemstones

Cutting 
and 

abrasives

Electronics, 
LEDs and 
radiation 
detectors

Opto-
mechanics

Colour Centres

Linear and 
nonlinear optics

Electrochemistry

Thermal 
Management

• Quantum
• Magnetometry / Sensing
• Bio-imaging

• Windows, diffractive elements, 
waveguides, heat-spreaders

• Four-wave mixing
• Raman lasers
• Nanophotonics

Credit: sustainable-nano.com

8
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Contents –

1. Optical Properties 
• Linear properties

• Scattering 

• Nonlinear properties

• Thermo-optical

2.  Properties Summary 
“The good, the bad and the ugly”

3.  Applications in Raman lasers

9
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Symmetric 
Lattice

Tightly 
Bound

Low Atomic 
Mass

Atomically 
Dense

Simple spectra
No first-order 

lattice
absorption

Large 
bandgap

Moderate 
refractive index

High damage 
threshold

wide transmission band

Detailed optical properties 
depend on subtle effects

• Electronic band structure
• Phonon dispersion
• Zero point energy
• Anharmonicity
• Surface effects

DEEP PHYSICS


MANY POSSIBILITIES

Origins …

10
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Transmission Range

11

versus other optical materials

Diamond

Image: Adapted from Thorlabs

no first-order 
lattice 
absorption
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Transmission / Absorption
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Transmission / Absorption
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Refractive index

F. Peter,  Z. Phys A Hadrons Nucl. 15 (1923) 

D.F. Edwards and  E. Ochoa  JOSA 71, (1981)

15
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Birefringence in ‘laser grade’ material

n = 1x10-6

n = 1x10-5

Growth
direction

End view

H. Jasbeer, R. Williams, O. Kitzler, A. McKay, S. Sarang R. Mildren, JOSAB, 33 p56, (2016)

8-9 mm

CVD slabs

Metripol polarimetry: Mueller polarimetry:

16
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Birefringence in ‘laser grade’ material

n = 1x10-6

n = 1x10-5

Growth
direction

End view

H. Jasbeer, R. Williams, O. Kitzler, A. McKay, S. Sarang R. Mildren, JOSAB, 33 p56, (2016)

CVD slabs

Metripol polarimetry: Mueller polarimetry:

centre Raman 
frequency:

0 = 1332.3 cm-1

Slab top view

17

Raman microscopy image:  top face {100}

8-9 mm
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Scattering – Raman 

diamond, silicon, germaniummolecular crystals
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Scattering – Raman 

diamond, silicon, germaniummolecular crystals
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Wavelength dependence of Raman gain

Sabella, Spence, Mildren, J Quantum Electron. IEEE JQE vol. 51, 1000108 (2015)

Theory – Grimsditch et al (1981)

Grimsditch et al (1981)

Grimsditch et al (1981)

Levensen et al (1974)

Kaminskii et al (2007)

Feve et al (2011)

Jelinkova et al (2010)

McQuillan et al (1970)

Savitski et al (2013)

Savitski et al (2012)

Sabella et al (2012)

McKay et al (2014)

Sabella et al (2014)

Sabella et al (2015)

barium nitrate

silicon

silica (10-3 cm/GW)

tungstates

20
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Raman: Temperature and isotopic Purity

Herchen and Cappelli, Phys. Rev. B 49 (1994)
Liu et al, Phys. Rev. B, 61 (2000)

Zouboulis and Grimsditch, Phys. Rev. B, 43 (1991)
Borer et al, Solid State Commun., 9 (1971)

300 K: 
 = 1.5 cm-1

(T2 = 7 ps)

barium 
nitrate

silicon diamond

T2 = 26 ps 6 ps 7 ps

LinewidthFrequency

21
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Raman: Temperature and Isotopic Purity

Cardona & Ruf, 

Solid State Commun. 117 (2001)

Herchen and Cappelli, Phys. Rev. B 49 (1994)
Liu et al, Phys. Rev. B, 61 (2000)

Zouboulis and Grimsditch, Phys. Rev. B, 43 (1991)
Borer et al, Solid State Commun., 9 (1971)

300 K: 
 = 1.5 cm-1

(T2 = 7 ps)

barium 
nitrate

silicon diamond

T2 = 26 ps 6 ps 7 ps

LinewidthFrequency

22
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Raman: Polarization dependence
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probe beam 
<111>

{111}

<111>

<112>

<110>

scattered 
beam intensity   𝑖

3 𝑒𝑠𝑅𝑖𝑒𝑝
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Polarization dependence
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Brillouin scattering 

  1 ns               gB < 1 cm/GW

[Pavone et al, PRB, 48 3156 (2003)]

Raman scattering: 
Optical branch 
R = 1332.3 cm-1 (40 THz)

Optical and Acoustic Phonon Branches 

Brillouin scattering:
Acoustic branch 
B = 20.nvs/c Sin(/2)



kphonon

kStokes

k /a0

25
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Brillouin scattering 

  1 ns               gB < 1 cm/GW

[Pavone et al, PRB, 48 3156 (2003)]

k /a0

Raman scattering: 
Optical branch 
R = 1332.3 cm-1 (40 THz)

Optical and Acoustic Phonon Branches 

Brillouin scattering:
Acoustic branch 
B = 20.nvs/c Sin(/2)

Glass Silicon Diamond

Speed of sound vs

(Longitudinal)   [ms-1]
4000-
6000

5840 18350

B [GHz]  (1500 nm) 8 - 12 26 57



kphonon

kStokes
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Brillouin scattering 

  1 ns               gB < 1 cm/GW

[Pavone et al, PRB, 48 3156 (2003)]

k /a0

Raman scattering: 
Optical branch 
R = 1332.3 cm-1 (40 THz)

Optical and Acoustic Phonon Branches 

Brillouin scattering:
Acoustic branch 
B = 20.nvs/c Sin(/2)

p11 0.13 -0.17 -0.25

P12 0.21 -0.05 0.04

p44 -0.04 -0.05 -0.17

Glass Silicon Diamond

Speed of sound vs

(Longitudinal)   [ms-1]
4000-
6000

5840 18350

B [GHz]  (1500 nm) 8 - 12 26 57Scattering efficiency
S  p2n8

Acousto-optic
FoM  p2n6/vs

3

SBS gain coefficient 
gB  p2n7T2



kphonon
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Refractive Index n
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Diamond

Data taken from R.W. Boyd, Nonlinear Optics. 3rd Ed.

(3)  n8

Low Kerr nonlinearity:
• High critical power for self-focusing = 1-2 MW
• Low self-phase modulation
• Low four wave-mixing gain 

Kerr nonlinearity

Comparison with other materials

Sheik-Bahae et al, Proc. SPIE, 1624, (1992)
Sheik-Bahae et al Proc. SPIE, 2428, (1995)

Zhao et al, Chin. Opt. Lett. , 8 (2010)
Kozák et al, JOSAB, 142 (2012)28



14/11/2016

29

OSA Webinar 15 Nov 2016

Example: Four wave mixing in diamond

Clerici, et al, Opt. Lett. 38, 178-180 (2013)

792 nm

60 fs

output = 2p  THz

Phase-matching achieved for 
co- and counter- propagating THz 
beams
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Wavelength (nm)
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Two-photon absorption

Indirect 
Bandgap

Eg = 5.42 eV

Eg/2Eg

Edirect/2

Sheik-Bahae et al, Proc. SPIE, 1624, (1992)
Sheik-Bahae et al Proc. SPIE, 2428, (1995)
Kozák et al, JOSAB, 142 (2012)
Preuss and Stuke, Appl. Phys. Lett. , 67 (1995)
Gagarskii and Prikhodko J. Opt. Technol., 75 (2008)

30
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Two-photon absorption

Indirect 
Bandgap

Eg = 5.42 eV

Eg/2Eg

Silicon
Eg/2Eg

Edirect/2

Bristow, Appl. Phys. Lett., 90 191104 (2004)

Sheik-Bahae et al, Proc. SPIE, 1624, (1992)

Sheik-Bahae et al Proc. SPIE, 2428, (1995)

Kozák et al, JOSAB, 142 (2012)

Preuss and Stuke, Appl. Phys. Lett. , 67 (1995)

Gagarskii and Prikhodko J. Opt. Technol., 75 (2008)
31

Diamond
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0

500

1000

1500

2000

2500

Thermal Conductivity

Thermo-optic properties

Thermal conductivity  = 2000 W/m.K
Thermal expansion T = 1.1 x 10-6 /K
Thermo-optic coeff. dn/dT = 16 x 10-6 /K

32
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Thermally-induced lens

Key Parameter Diamond : YAG

Stress fracture limit /T 1100:1

Stress birefringence /T 1100:1

Crystal distortion /T 1100:1

Thermo-optic lens /  𝒅𝒏
𝒅𝑻 85:1

Thermal expansion 
coefficient

Thermal conductivity

  10-5 s   !!

Thermo-optic 
lens strength

Lens 
strength

Thermo-
optic

End-face 
distortion

Stress 
Birefringence

= + +

33
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At T = 100 K:
102 enhancement for natural diamond 
104 enhancement for enriched 0.001%

Cryo Cooling: Natural and Enriched diamond

Thermal Susceptibility  dn/dT/

Thermal conductivity  and dn/dT

34

Wei et al, Phys Rev Lett, 70: 3764 (1993)

Ruf et al, Phys Rev B, 62: 16578 (2000)

McKay et al, Laser and Photonic Reviews (2016) 
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Manipulating material properties 

Thermal 
limit  
[cw

laser 
power 
in kW]

0.01

0.1

1

10

100

1000

YAG

YAG

300 K 100 K
(cryo)

10 ppm 13C
(isotopically 

pure)

Self-focussing
Pcr  106 MW

35
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Properties Summary:

Extremely good “Un-exceptional” Poor 

Transmission range

Thermal conductivity

UV Raman gain coeff.

Brillouin frequency

Low Kerr nonlinearity

Low optical phonon 
population at room 
temperature 

CW damage threshold 

Refractive index

Raman gain coeff.
(visible and infrared)

Phonon dephasing time

Photoelastic coefficient

Two-photon absorption 
only strong close to 
bandgap

Pulsed damage threshold

Mid-infrared 
transmission (4-6m)

Thermo-optic 
coefficient (T > 250K)

36
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The Raman laser

p
s

v

vibrational mode v

1962 (Woodbury, Eckhardt)

p

s

Optical Mixing Raman Lasers Fluorescence Lasers

(2) , (3) (3) energy storage in medium

harmonics, anti-/- Stokes Stokes shift Stokes shift

phase matched “auto-phasematched” incoherent pumping

continuous tuning (OPOs) beam cleanup brightness enhancement

aberrations preserved cascadable

37
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External Cavity Raman Laser

Single 
face cooling

Pump  First Second Third

266 276 286 298

532 573 620 676

1064 1240 1485 1851

W
a
v
e
le

n
g

th
s
 

(n
m

)

Stokes Order

v = 1332 cm-1 

38
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Examples …

Intracavity CW Raman Laser
• Tunable output via pump tuning
• 4.4 W max, 1217-1244 nm

39

Reilly et al, Opt. Lett. 40, 930 (2015)

Monolithic External Cavity Raman Laser
• Record efficiency 84%
• 134 mW, 10 kHz, 1.5 ns  pulses 

Parrotta et al, Opt. Express 19, 24165 (2011)

IEEE J. Sel. Topics Quantum Electron. 19, 1400108, (2013).
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Examples …

40

On-Chip Racetrack Resonator
• Tunable output near 2 micron
• 85 mW threshold
(no free carrier absorption)

Latawiec, et al., Optica, 2, 11, 924 (2015).

Synchronously Pumped, Ultrafast
• 2.2 W, 21 ps, 573 nm

(25 fs recently demonstrated)

Spence et al, Opt. Lett., vol. 35, 556, (2010).

Lin et al, Opt. Lett., 41, 1861 (2016)
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Examples …

41

Lux et al, Optica, vol. 3, 876, (2016).

Single longitudinal mode
• Exploits lack of the spatial hole burning in a Raman gain medium
• 3 W, tunable across 1235-1245 nm
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Simultaneous brightness &  conversion

 Record eye-safe power for kHz lasers
 Based on simple Q-switched pump laser
 Brightness conversion 1.7x

AM McKay, O Kitzler and RP Mildren, Laser & Photonics Rev. 8, (2014)

42
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Non-collinear Raman beam combination

Incident beam
Depleted/amplified beam
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McKay, Coutts, Spence, Mildren , Laser and Photonics Reviews (2016)

R = 30 GHz
gR ~ 10 cm/GW
 = 2000 W/m.K
=> 
• Multimode, uncorrelated, pumps
• Short interaction lengths
• High average power 

In diamond:

In
p

u
t 

Po
w

er
 (

kW
)
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Fiber laser pumped

Input
1 kW CW
1060 nm
Linewidth 30 GHz
Circular polarization  

Collaborators: J. Nold, M. Strecker and 
T. Schreiber at the Fraunhofer IOF (Institute of 
Applied Optics and Precision Engineering), 
Jena, Germany

diamond

• 150 W for 5s
• 380 W for 10 ms
(steady-state = 10s) 

44

R. J. Williams, J. Nold, M. Strecker, O. Kitzler, A. McKay, 

T. Schreiber, R. P. Mildren, Laser Photon. Rev., 9 p405 (2015)
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Review Sources 

45
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