
COUPLING MEDIATED BY ELECTRONIC EXCITATIONSGENERATION OF VIBRATIONAL COHERENCES MEDIATED BY ELECTRONIC EXCITATIONS

1. LIGHT CREATES  A
CHARGE DENSITY FLUCTUATION ∝ |E|2

+
ρ(r)   +   δρ(r,t)

2. ELECTRONIC CHARGE DENSITY FLUCTUATIONS
COUPLE TO AND DRIVE PHONONS OF THE SAME SYMMETRY



COUPLING MECHANISM
RAMAN-ACTIVE MODES ARE THE ONLY MODES 
THAT CAN CHANGE THE ELECTRON PERMITTIVITY

THE TENSOR εij TRANSFORMS LIKE 
THE PRODUCT OF TWO VECTORS

Q MUST TRANSFORMS LIKE THE 
PRODUCT OF TWO VECTORS 
(THUS, IT MUST BE RAMAN ACTIVE)

RAMAN SYMMETRIES ARE THE ONLY 
SYMMETRIES CHARGE-DENSITY FLUCTUATIONS 
CAN HAVE IF GENERATED BY LIGHT AND ∝ |E|2



DISPLACEMENTS
(u ≡ ions ; Q ≡ phonons)
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RAMAN COUPLING TO PHONONS (TRANSPARENT MEDIA)
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RAMAN COUPLING MECHANISM



COHERENT 
PHONONS 

AND

SQUEEZED 
PHONONS

2 2 ( )Q Q E t+ Ω = α

2 2 ( )Q Q Q E t+ Ω = β



CLASSICAL HARMONIC OSCILLATOR

mR d dt F t dt∆( / ) ( )θ = ∫

COHERENT STATE
θ

θ

θ



CLASSICAL HARMONIC OSCILLATOR

mR d dt F t dt∆( / ) ( )θ = ∫

COHERENT STATE
θ

θ

θ



CLASSICAL HARMONIC OSCILLATOR
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CLASSICAL HARMONIC OSCILLATOR

mR d dt F t dt∆( / ) ( )θ θ= ∫mR d dt F t dt∆( / ) ( )θ = ∫

SQUEEZED STATE

COHERENT STATE
θθ

θ

θ

θ

θ



QUANTUM HARMONIC OSCILLATOR
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SQUEEZED STATE



SQUEEZED VACUUMCOHERENT STATE SQUEEZED STATE



Harmonic Oscillator

( )QtδF ∝

( )tδF ∝

( ) 2
int QtδH ∝

( )QtδHint ∝

ground state coherent state

squeezed state

phonons Impulsive Raman Scattering 



COHERENT PHONON FIELD SQUEEZED PHONON FIELD

λ = cT

λ = cT

COHERENT PHONON FIELD SQUEEZED PHONON FIELD

Wavevector

Ph
on

on
 E

ne
rg

y

Wavevector

Ph
on

on
 E

ne
rg

y
q= 0 q 1+q 2= 0



BELOW THE GAP: IMPULSIVE EXCITATION
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ABOVE THE GAP: TWO RAMAN TENSORS
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T. Stevens, J. Kuhl and RM, Phys. Rev. B 65, 144304 (2002)



ABOVE THE GAP: TWO TENSORS
GENERATION: πR DETECTION: χR

+ … + …mnmn

New Tensor: Extremely 
sensitive to lifetime of 
electronic coherence

Conventional Raman Tensor: 
Not very sensitive to lifetime 
of electronic intermediate 
states (except at resonances)J. J. Li, J. Chen, D. A. Reis, S. Fahy, and RM. 

Phys. Rev. Lett. 110, 047401 (2013) 



NON-RAMAN MECHANISMS
DISPLACIVE 
EXCITATION OF 
COHERENT 
PHONONS

Chen et al., Appl. Phys. Lett. 62, 1901 (1993)

Ti2O3

(WORKS ONLY FOR FULLY-
SYMMETRIC MODES)

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=rtD7VER5R7ZXSM&tbnid=-41W3piDPsAKEM:&ved=0CAUQjRw&url=http://perso.univ-lemans.fr/%7Epruello/nickelates.htm&ei=_vJnUuqUL4qukAf91oHQBA&bvm=bv.55123115,d.b2I&psig=AFQjCNFBLlMRR1Qjloig-gwf8b4ba-Z0pA&ust=1382630485724101


• Coherent Optical Phonons

• Coherent Acoustic Phonons

• Squeezed Phonons

• Coherent Polaritons



• Optical Phonons
• Acoustic Phonons

• Squeezed Phonons

• Polaritons



COHERENT OPTICAL PHONONS
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C. Aku-Leh, J. Zhao, RM, J. Menendez and M. Cardona, Phys. Rev. B 71, 205211 (2005)



COHERENT OPTICAL PHONONS

Fritz et al., Science 315, 633 (2007)

PUMP = LIGHT

PROBE = X-RAYS

Bi



COHERENT OPTICAL PHONONS

Loukakos et al., Phys. Rev. Lett. 98, 097401 (2007)

PUMP = LIGHT

PROBE = XPS

Gd



COHERENT AMPLITUDONS

PUMP = LIGHT

PROBE = XPS

TaS2



COHERENT PHONON FIELD

λ = cT



• Optical Phonons

• Acoustic Phonons
• Squeezed Phonons

• Polaritons



GENERATION: 
ABSORPTION-INDUCED STRESS
(no dependence on light polarization) 

DETECTION:
STIMULATED BRILLOUIN SCATTERING
(selection rules)

COHERENT ACOUSTIC MODES (Sound Waves)

TWO TYPES OF OSCILLATIONS
• GEOMETRICAL (PERIOD DEPENDS ON SAMPLE THICKNESS)

• STIMULATED BRILLOUIN SCATTERING (PERIOD DEPENDS ON LASER WAVELENGTH)



ACOUSTIC PHONONS

C. Thomsen et al., Phys. Rev. Lett.  53, 989 (1984)



ACOUSTIC PHONONS

Anomalous First-to-Zero Sound 
Crossover
in La1-xCaxMnO3 
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ACOUSTIC PHONONS

substrate
superlattice

M. Trigo et al., Phys. Rev. Lett.  101, 025505 (2008)

PUMP = LIGHT

PROBE = X-RAYS

InGaAs/InAlAs
on InP



• Optical Phonons

• Acoustic Phonons

• Squeezed Phonons
• Polaritons



SQUEEZED PHONONS

G. A. Garrett, A. G. Rojo, A. K. Sood, J. F. Whitaker and RM, Science 275, 1638 (1997)

KTaO3

S. L. Johnson et al., Phys. Rev. Lett. 102, 175503 (2009)

Bi

TWO-MODE vs. ONE-MODE 
SQUEEZING



PHONON SQUEEZING

λ = cT



• Optical Phonons

• Acoustic Phonons

• Squeezed Phonons

• Polaritons



PHONON POLARITONS

PROPAGATION EFFECTS:

GROUP VELOCITY IN THE VISIBLE IS LARGER THAN PHASE VELOCITY IN 
THE INFRARED

THE NONLINEAR POLARIZATION GENERATES CHERENKOV RADIATION

TO
LO
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PHONON POLARITONS

J. Wahlstrand and RM, Phys. Rev. B 68, 054301 (2003)

LiTaO3 (superluminal)

PUMP = LIGHT

PROBE = X-RAYS

A. Cavalleri et al., Nature 442, 664 (2006)

LiTaO3



PHONON POLARITONS

T. Stevens, J. Wahlstrand, J. Kuhl and RM, Science 291, 627 (2001)

ZnSe
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