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The shear mode of multilayer graphene

The quest for materials capable of realizing the next generation
of electronic and photonic devices continues to fuel research on
the electronic, optical and vibrational properties of graphene.
Few-layer graphene (FLG) flakes with less than ten layers each
show a distinctive band structure. Thus, there is an increasing
interest in the physics and applications of FLGs. Raman
spectroscopy is one of the most useful and versatile tools
to probe graphene samples. Here, we uncover the interlayer
shear mode of FLGs, ranging from bilayer graphene (BLG)
to bulk graphite, and suggest that the corresponding Raman
peak measures the interlayer coupling. This peak scales from
~43 cm~ in bulk graphite to ~31cm™ in BLG. Its low energy
makes it sensitive to near-Dirac point quasiparticles. Similar
shear modes are expected in all layered materials, providing a
direct probe of interlayer interactions.
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Figure 2 | Raman spectra and fits of the C and G peaks as a function of number of layers. a, S/AS Raman spectra for the C peak spectral region (left) and S
Raman spectra for the G peak spectral region (right). b, Peak positions Pos(G) (filled black circles) and Pos(C) (open blue circles), as a function of inverse
layer number. The red dash-dotted line is a plot of equation (2), open diamonds are DFT calculations. Vertical dashed lines in a and the horizontal line inb
are guides to the eye.



Quantum memory: Phonons in diamond crystals
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Through Raman scattering, a 'write' laser pulse creates a lower-energy Stokes photon (red) and an
optical phonon in the diamond lattice. The optical phonon is a single excitation of a vibration mode in
which nearest-neighbour carbon atoms move in opposite directions. A ‘read' laser pulse then converts
this phonon into an anti-Stokes photon (blue).

Nature Photonics, 6, 10 (2012)
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In situ probing of biological structures by SHINERS.
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Infrared and Raman Spectra of Benzene
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* Things we want to know about a sample:
— Index of refraction: N(w)=n+ 1k
— Conductivity: o(e) = o, + 1o, (All complex functions)
— Dielectric function: &(w) =g, + 1z,

» These are all related:

E(m:}=]+ﬂs(m} P\r(m:}=-.ul'ra(m:}
» Kramers-Kronig relations hold:
(o) - - 22 220,
T e e

* Optical measurements:

.. {
» Reflectivity: Ve -1 a-nr-k

R(m:}=|#,5 +]| ) (1+H}2+k‘1

‘(l+ N(o ))e ™™ _ (1= N(a ))e™ ™ ‘

. . 2
* Transmission: |

T(o)=|t(e)f
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Raman Spectrometer(Schematic)
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Physics of Infrared (IR) Absorption

Molecular Energy

+

E = Eelectrnn 7 Emtaiiﬂn - Etranslatinn

Normal Mode Description H,0 vibration modes

3N — 6 (nonlinear) /.\- /\ ;L/‘\‘:

3N — 5 (linear) Symmetric Asymmetric Bendin
stretching stretching g mode
mode mode

Selection Rule

IR absorption: A change in dipole moment during the vibration
Raman scattering: A change in polarizability during the vibration




Infrared Spectroscopy from Phonons

phonons = lattice vibrations
total number of phonon modes: dn N

W . )
i number of unit cells in crystal

number of atoms in unit cell
dimensionality

arranged in dn branches: d acoustic branches
d (n-1) optical branches

example: diatomic chain

——_—9—_—0 ar

a

= photon dispersion relation m=ck

o optical phonon

/;‘: acoustic phonon

hybridization of
phonon and photon
modes (“polariton”)




Atoms vibrate with frequencies in the IR range
Chemical Analysis:

« Match spectra to known databases

— Identitying an unknown compound, Forensics, etc.

* Monitor chemical reactions in-situ
Structural ideas:

« Can determine what chemical groups are 1n a specific

compound

Electronic Information:

« Measure optical conductivity

— Determine 1f Metal, Insulator, Superconductor, Semiconductor
— Band Gaps. Drude model




IR Absorbence

An Example: CO,
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A Dipole Moment = charge imbalance in the molecule *
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(Has dipole moment so IR active)
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Factors influencing the
absorption frequency

Factors influencing absorption frequency

- Masses of attached atoms. As masses increase, wavenumber decreases.

C-H C.C C-0 C-Cl C-Br CJ
3000 em™* 1200 cm™* 1100 cm™? 750 cm! 600 cm™! 500 cm”!

o Strength of chemical bond. As bond strength increases, wavenumber iInCreases.

C.C friple bond C=C C-C
2150 em’”’ 1650 cm? 1200 cm?

o Hybridization. Bonds are stronger in the order sp = spz > sp]

C-H (sp) C-H (sp?) C-H (sp”)
3300 em”’ 3100 cm™ 2000 cm™

o Resonance. Conjugation lowers the energy to vibrate bond

Isglated kelonas o f-unsaturated ketone a .y, 6-unsaturated ketone
1715 cm’’ 1690 cm! 1675¢m’
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isotropic solid with electrical susceptibility y

P=g,yE D=geE = £=1l+y

l eleciric displacement
polarization, electric dipole moment per unit volume

incident electromagnetic wave induces polanzation:

BE(r.t)= E° cas{.f:; . —.—;-_a_-f]

P(F.t)= y E° ::m[.i-: F—a *]

r 15 modified by thermally excited phonons with atomic displacements
i(r.t) =i, cos(g-F—myt)

7, small compared to lattice constant = expand
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S ; :
_’E - e ' (1} in phasze with incident radiation = elastic scattering

(2} frequency zhift dus to phonon = inelastic 2cattering

P_(7.t) = j—‘:;lu cos(§ -7~ at)E cos(k, -7 )

=%%ﬂu E__.'J[ms[[E;+@]'F—{"ﬂg"“’ﬂn}t]"‘c‘}s([a —g].?—{m:.—rﬂn]f):l

inelastically scattered light contains two waves:

a5t |

&£
4

. @y = -y "Stokes” process, phonon creation

ks :E:- 4. @, =@+ oy "anti-Stokes” process, phonon absorption
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SERS (Surface Enhanced Raman Scattering)

Probing Single Molecules and Single
Nanoparticles by Surface-Enhanced
Raman Scattering

Shuming Nie* and Steven R. Emory
Science, 275, 1102(1997)

troscopic signatures of adsorbed molecules. For single rhodamine 6G molecules ad-
sorbed on the selected nanoparticles, the intrinsic Raman enhancement factors were on
the order of 10'# to 10"®, much larger than the ensemble-averaged values derived from
conventional measurements. This enormous enhancement leads to vibrational Raman
signals that are more intense and more stable than single-molecule fluorescence.
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(A) Unfiltered photograph showing scattered laser light from all particles immobilized on a polylysine-coated surface. (B) Filtered photographs taken from a
blank Ag colloid sample (incubated with 1 mM NaCl and no R6G analyte molecules). (C) and (D) Filtered photographs taken from a Ag colloid sample
incubated with 2 3 10211 M R6G. These images were selected to show at least one Raman scattering particle. Different areas of the cover slip were rapidly
screened, and most fields of view did not contain visible particles. (E) Filtered photograph taken from Ag colloid incubated with 2 3 10210 M R6G. (F) Filtered
photograph taken from Ag colloid incubated with 231029MR6G. A high-performance bandpass filter was used to remove the scattered laser light and to pass
Stokes-shifted Raman signals from 540 to 580 nm (920 to 2200 cm21). Continuous-wave excitation at 514.5 nm was provided by an Ar ion laser. The total laser
power at the sample was 10 mW. Note the color differences between the scattered laser light in (A) and the red-shifted light in (C) through (F).




200 nm 200 nm

200 nm

Fig. 2. Tapping-mode AFM images of screened Ag nancparticles. (A) Large area survey image showing
four single nanoparticles. Particles 1 and 2 were highly efficient for Raman enhancement, but particles
3 and 4 (smaller in size)were not. (B) Close-up image of a hot aggregate containing four linearly arranged
particles. (C) Close-up image of a rod-shaped hot particle. (D) Close-up image of a faceted hot particle.



Fig. 3. Surface-en-

hanced Hamlan SDQGUEI S-Polarized E ‘—.—" S-Palarized :
of R6G obtained with a Nanoparticle .

inearly polarized confo-
cal laser beam from two
Ag nanoparticles. The
R6G concentration was
2 x 107" M, corre-
sponding to an average

1657

1514

1578
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of 0.1 analyte molecule & et A A ]
per particle. The direc- 2 _
tion of laser polarization @] P-Polarized P-Polanized
and the expected parti- £
cle orientation are shown 'z
- ©
schematically for each g B e
spectrum. Laser wave- & - _ B 8

length, 514.5 nm; laser
power, 250 nW; laser fo-
cal radius, ~250 nm; in-
tegration time, 30 s. All
spectra were plotted on
the same intensity scale
in arbitrary units of the Raman shift {cm™')
CCD detector readout signal.




Z

| A Fluorescence
E 170+
= |
- 150_
-
E A
= 150 . - - - pamasans - :
2 10 20 30 40 50 60 70 80 90
EmoodB
‘§1£ _— Raman
E 600° Fluorescence
400 \
200° b
0 e
10 20 30 40 &0 60 70 80 90
Pixel number

Direct comparison of laser-induced fluorescence and SERS of a single R6G molecule.
Note that single-molecule fluorescence signals were observed as diffraction-limited spots
(~500 nm in diameter or 6 pixels). The integrated Raman signal appeared much larger in
size, but its full width at half maximum was similar to that for fluorescence. Detailed signal
intensities and widths are shown for lines (A) and (B). Laser wavelength, 514.5 nm;
excitation power, 10 mW; integration time, 5 s.



CARS (#HT )z Stokes Ramanii )

Coherent anti-Stokes Raman
scattering Is a four-wave mixing
process in which a pump beam at
frequency wp and a Stokes laser
XK . .
beam at frequency ws interact with a
he sample to generate an anti-Stokes
signal at frequency was=2wp-ws. The
energy diagram of CARS is shown in
Fig. 1.

The CARS signal is enhanced when
the frequency difference between the
pump and Stokes beams, wp-ws, is
Fig1 Energy diagram of CARS tuned to a vibrational frequency W,
providing the vibrational contrast for
CARS microscopy.




[Left] CARS image of fibroblast cells that are stimulated to synthesize lipids.
The lipid droplets can be visualized with CARS when tuning to the aliphatic C-
H vibration. Image was taken in 2.7 seconds and measures 100 by 100 um.
[Right] F-CARS image of a natural single lipid bilayer (erythrocyte ghost) at
2845 cm-1, taken with parallel polarized beams along the x axis (note the
polarization dependence). Image size is 15 x 15 um.
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