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Optical near-fields and related techniques:
seeing close, seeing small



OUTLOOK

We well know how diffraction can affect optical spectroscopy of nanomaterials, ruling the ultimate
diffraction achievable in conventional (general purpose) configurations

Diffraction is strongly involved in near-fields, which can be considered as created by strongly
diffracting apertures

Quite surprising is to discover that near-fields can be used to obtain sub-diffraction spatial
resolution in virtually all (almost all) spectroscopy configurations

Furthermore, being near-fields relevant close to small-sized apertures, emitters, scatterers, they
play a rather ubiquitous role in nano-optics and nanophotonics

Today'’'s menu:

- Appetizers: near-field cooked a la Fourier, a la
Heisenberg, a la Maxwell, and other variants

- Main course of tapered fibers, used in scanning probe
microscopy, garnished with several examples of optical
spectroscpy of different materials

- Dessert: tip enhanced spectroscopies, Raman flavoured
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NEAR-FIELD I

Zy
Basic idea of the near-field:
To stay near the emitter, where “near” means Fraunhofer zone
at a (small) fraction of the wavelength
~5 1
Typically, for ordinary emitters near-field is Fresnel zone
indistinguishable from conventional @
(propagating) radiation... Near field zone } M N
==
Unperturbed Diffraction Near-field
...but... propagation
TSR
U R VA ST - Vv~ 2
If the emitter is, e.g., a /
small, sub-wavelength L | '
. . 1k k
sized, aperture, near-field A | I | A;
“prevails” | | e I P —
“a _Ta "a
a>>»A a~A a<<A
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ALREADY SEEN

The concept of near-field and the related
consequences are ubiquitous in the
nanophotonics world

For instance:
Field enhancement in localized plasmon
resonances occurs in the near-field

Refraction in a LHM produces “amplification”
in the near-field (actually non discussed)

RHM o < LHM

n= 1S p n=-l
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NEAR-FIELD II

According to Fourier optics:

g y.2)=[ | Tk k)G, (k. k, 2)e

G, (k)= [ g, (e e ey

i27r(kxx+kyy)

dk dk
x Ty

Due to the small aperture size, the transfer function T mimics the transfer function of a low-pass filter
with very high cut-off frequency (spatial frequency):
T(kx,ky):l for —u< kxy <u

Reconstruction of sub-wavelength .
details in the image is possible withu~1/a
according to Fourier

On the other hand

21 2 12, 1.2

+a/2 +al/2 _1271.(]{ +k y) lZTCkZ k:_: kx +ky +kZ

k ,Z) = J L, & (x,p)e dx dy = A
al2 >
—i2m(k a+k . 27
- f(kx,ky)e 27 (k a+ ya)eZZﬂ'kZ N k _ (_j —(k2 +k2)
z l X Y
The near-field gets an evanescent,
non-propagating character for kx,ky —u,k_€lm
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NEAR-FIELD Il

Hole (or object) size a > A Hole (or object) size a< A
* low spatial frequencies * high spatial frequencies
*root>0 *root<0
* k,real * k,imaginary
* progressive wave along z * evanescent wave along z
i(kx+k,y) ik z —az
g (5 3,2) = [k k) e g ,.(x,1,2)~ fk k) )e
Note: )
in the far-field there is still a v

and attenuated because of the small

propagating wave, strongly diffracted _—_
aperture size (Fraunhofer diffraction) —_
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HEISENBERG, DIFFRACTION AND NEAR-FIELD

Diffraction can be seen as a sort of consequence of Heisenberg'’s (uncertainty) principle:
this is the content of a conceptual experiment (Heisenberg’s microscope)

Propagating waves: Extreme diffraction means wavevectors for
k.are real and |k, | < k = 2TVA the field leaving the aperture (or a nanosized
J object) gets a large in-plane component

Heisenberg’s principle: k, = 2r/Ax
- Propagation is somehow frustrated

AX= A
(actual parameters give the Abbe’s limit)

z T <~ _—F Aperture (or
es s s s sas) »nanosized object)

.. but... X
[llumination

In non-propagating (e.g., evanescent)

waves:
k: can be imaginary, and, e.g.: |k, | = k =2n/A
1 In some sense, near-field enables
] S using ultra-diffractive fields for beating
The Heisenberg’s principle is no longer the diffraction limit

ruling the ultimate resolution!

http://www.df.unipi.it/~fuso/dida NANO_1 6_10_0 7142



CONVERTING AN EVANESCENT FIELD

Critical angle

Critical angle

Critical angle

The evanescent field at a surface can be “converted” into an ordinary (propagating) e.m.
wave through a sort of photon tunneling process across a vacuum gap

- near-field at a surface can be “captured” by a suitable probe
- near-field can couple to a surface and gets a propagating character

Or, if you have a fluorescent object, the fluorescence can be excited by the near-field (it is
the time-dependence, i.e., the frequency that must be “resonant”) and collected in the far-field

Or, if you have a scatterer (a nanosized object) near-field can be scattered in the far-field
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NEAR-FIELD AND MAXWELL EQS

THE .. - [HI=cost
Opaque screen wit N

PHYSICAL REVIEW circular aperture

A journal of experimental and theoretical physics established by E. L. Nichols in 1893

Seconp Sertes, Vor. 66, Nos. 7 axp 8 OCTOBER 1 anp 15, 1944 /E/ COSt
Theory of Diffraction by Small Holes _
H. A. Bemag
Department of Physics, Cornell University, Ithaca, New York
(Received Januwary 26, 1942) L s

—>
::, VOL.S NRs OCTOBER 1950 —>
Pln]lps Research Reports _

EDITED BY THE RESEARCH LABORATORY

OF N.V. PHILIPS' CLOEILA! MPMABRMEN EINDHOVEN, NETHERLANDS

\

: :R 148 Philipe Rose. Rop. 5, 321-332, 1950 _—
| Linearly polarized

ON BETHE’S THEORY OF DIFFRACTION incoming plane I
, BY SMALL HOLES wagep Ideal pn oblem!!

by C. J. BOUWKAMP 538.561535.4 —-——-

e .
E = 1 K xp)xne—+[3n(n.p)_p][i3_§]ew
4 r [

e,

2 ik
= %(n xlj)e—(l—i]

7 ikr

In the near-field (r=0, kr<<1) E= [Bn(n-p) - p]—

/vgu

“Static” dipole behavior _lw
. =— (= p)
-> no propagation Ar
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NUMERICAL CALCULATIONS

Single dipole

The actual field distribution is
perturbed by the presence of the
imaged object

Bethe-Bouwkamp

Numerical simulations (e.g., multiple

multipole, FDTD, etc) needed O

E? EZ2

2 2
E, E,

Fig. 3 — Intensity maps for the electric field (E2 and components B2 E,’. and E.?) at a distance of
z = 0.3a from the tip aperture of radius a creatad by (a) a surface charge distribution as illustrated
in fig. 2, and (b) a planar Bethe aperture (Bethe-Bouwkamp solution). All images show an area
of 4a by 4a, and the images in each row share the same color bar. The two images on the laft
correspond to those that would be obtained using a pointlike, scalar detector for the electrie field
{eg. an idealized, infinitely small fluorescent nanosphere). The images of the last thres columns
correspond to fluorescence images predicted for pointlike vector detactors for the electric fisld (e.g.
single, fluorescent molecules ) orientad along the x, ¥, and 2 direction, respectively.

Actual space distribution of the near- ZZZZ:ZSZZLE&TTSSW - 1 Apeil 2004
field can differ from the ideal case DOI: 10.1209/ep1/12008-10158-7

because of interaction with objects and
of border effects

The optical near-field of an aperture tip

A. DreZeT, M. J. Nassg, S. HUuanT and J. C. WOEHL(*)
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LOCALIZATION OF THE E.M. FIELD

In practical terms near-field enables a spatial y
localization of the e.m. field in a size ruled by ' a=10"A
the aperture

Typically, localization is on a A/5-A/10 scale
—> Ideal resolving power ~ A/5-A/10

- Resolving power no longer ruled by
diffraction!!

[(F/\)ET

The Scanning Near-field Optical Microscope
(SNOM, aka NSOM) is based on such concept 10° 107 10" 107 107 107 10

STM AFM SNOM

v

00000 00000
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BRIEF HISTORY

—3¥nge proposes the idea of using 3 small aperture 1o image 3 surfacs with
sub-wavelength resolution using optical ight. For the small opening. he

suggests using either 3 pinhole in a metal plate or 3 quartz cone that is coated \ Jor obpuchoe s cortofs
with @ metal except for at the tip. He discusses his theories with A. Einstein, qually Corglrer

: e i - I o bistrgical st ilim firn D Ko glunas
who helps him develop his ideas. [E.H. Synge. "A suggested method for b::—‘ = 7e

extending the microscopic resolution into the ultramicroscopic region” Phil. Mag.
8, 358 (1928); E.H. Synge, "An application of piezosleciricity to microscopy”,

13. 207 (1832)).
AU reefe, a mathematican, proposes the concept of Near-Field Microscopy

without knowing about Synge’s earlier papers. However, he recognizes the
practical difficulties of near field microscopy and writes the folowing about his
proposal: "The rea'ization of this proposal is rather remote, because of the
difficulty providing for relatve motion between the pinhole and the object, when
the cbject must be brought so close to the pinhole.” [J.A. O'Keefe, "Resolving
power of visible light”, J. of the Opt. Soc. of America, 46, 352 (1256)]. . .
In the same year, Baez performs an experment that acoustically demonstrates The N Obel Prize in
the principle of near field imaging. At a frequency of 2.4 kHz (& = 14 cm), he ChemlStrY 2014
shows that an object (his finger) smaller than the wavelength of the sound can
Iz:gll ed.

#A&%h and G. Nichols demonstrate &/ 60 resolution in 3 scanning near field
microwave microscope using 3 cm radiation. [E.A. Ash and G. Nichols, "Super-

sofoteq aperture scanning microscope”, Nature 237, 510 (1872)] ! ‘ ‘
1984 Eric Betzig Stefan . Hell William E. Moerner
. Prize share: 1/3 Prize share: 1/3 Prize share: 1/3
= first papers on the application of NSOM appear. These papers are the first

. . . . . Eric Betzig was among the discoverers
to 'sho'w 1h.at NSCM |s‘a practical possibiitty, spum.ng the growth of this new of SNOM (not very satisfied, though)
scientific field. [A. Lewis. M. Isaacson, A. Harootunian and A. Murray,

Ultramicroscopy 13, 227 (19284);: D.W. Pch!, W. Denk and M. Lanz, APL 44 851
(1984)).

o

e ?»«fs stLi

—> Mlﬂ) Cadbirnais

Sketch of the first proposal contained
in a letter from Synge to Einstein
(1928)
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ENHANCED RESOLUTION

SNOM and confocal PL images of butterfly-shaped monolayered
MoS, prepared on an ITO-coated glass substrate

Spatial resolution is actually enhanced
compared to confocal microscopy

In actual operating conditions, the resolving
power can reach to few tens of nm range

Lee, et al., Nanoscale (2015)
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SNOM POWER (VIRTUALLY)

ilurination

Virtually, all configurations
of conventional
microscopy can be
translated into a near-field
version, e.g., collection,

illumination, scattering, f
fluorescence, optical / \ sample surface
activity, etc. /Incldent nght

excitation laser

optical wavelength
71 detector
.);) to data
acquisition
excitation laser
_— to data
sample excitation laser acquisition

/ detector
fiber tip sample Y microscope
I objective /
trans ator
microscope sample |8

0sCt o microscope
objective fiber tip objective

Tip

Evanescent:- opague screen \

translator

detector fiber tip

But, in any case,
surface properties

translator

to data are probed
acquisition
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SNOM PROBES (APERTURE)

Hollow pyramids (cantilevered) or tapered optical
fibers are used as SNOM probes

I focus innovations

b ! -
-
\\ - 4: ¢
- L]
Cantilever ‘ ) (b)
/ ”—> "
. "50-100 nm
- s '4
Sample

()

250 um

We will restrict here to
tapered optical fibers probes

oo

v

Primary Taper Secondary
Taper

Typical aperture diameter
50-100 nm

http:
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TAPERED OPTICAL FIBERS

Conventional probe fabrication (heat and pull)

Sqring

AT

Finer Snnng

T,
T AL

[
[
Pulied lmerl

2

7

R R

b)

Almoum Coating

et Taperad Fiber

— |‘.'.-!Iet|.1]i:-:-.'|.i1':15|
: ¥

ih_.._ bl
R L] e

Chemical etching

a) 10 pm
-k

2um *

I
I
r
i
I
{ iI||||'I'|!-'_= {ore
i
i
i
i
i

Gl

CLEIngE

The final result is a conical (tapered) optical fiber, with the taper metal-coated in order to prevent
losses, and an apical (uncoated) hole playing the role of the aperture
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TAPER BEHAVIOR

A whole slew of scanning pear field optical nucroscopes (SNOMs) have been developed
by researchers over the past 15 years. These microscopes smash the diffraction linut of

far field microscopes, potennally aclueving resolution an order of magrimde berer than a i ifi 1 H i
standard con.focalpneﬁcrzscope [Hect 200(?]? One such SNOM 15 the scanning tunneling A Slmpl Ifled ray OptICS plCtU ren the
optical mucroscope. This microscope uses a sharp glass tip to locally frustrate total tapered reg ion .
mtemal reflection below a surface, ]
indirectly imaging features on that ng ht can both:
-~ Shmeum surface at high spatial resolution.
Aperture based SNOMs are more - be baCk reﬂeCted
conunon and more practical. [Hect 2000 ;
e — - (partially) absorbed by the metal layer

forcing light through a small apermure
(see figure). The evanescent field locally

§ tllmupates the sample. Once free of the

g apermure, the field is no longer

' evanescent, and it expands o the far
Evanescext fields producsd by the tapared tp field to be picked up by a detector. To

of a SNOM. [Eect, 2000] achieve high resolution, the apermure

must be small, and cloze to the sample
surface so the field is tightly confined when it interacts with the sample. Full analysis of
the field-sample interaction of a SNOM is a difficult or impossible undertaking. bur the
data produced can yield important and detailed information about a sample surface.

0., =

in in-1 04

Suggested reading: Hecht et al., J. Chem Phys. 112, 7761 (2000).

Note: metal layer (typ Cr, Ni) can absorb
radiation - power entering the fiber cannot
exceed the mW range!

Note: probe “throughput” (i.e., ratio between
output/input power) is quite low for fiber
probes, ~ 10 — 108, but near field intensity
can be large enough for sensitive anlyses
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LIMITATIONS (A FEW)

Incident polarization

104

Aperture diameter [am]
250 200 150 100 50 10

L amn e an 2ol e o e e )

=
10#
10 12
B0 60X 400 200 0
Distance from aperture [nm]
L. Novotny and D. W, Pohl, in Phorws amd Local Probes,

In a real, tapered fiber probe, understanding i borolan oo Jracr o i Ao

the actual field distribution inside and right

outside the probe is difficult, since: ooy

« Itis not an aperture in a thin opaque
screen '

« The taper angle and all (polarization- G | giziomir
depending) processes occuring in the . beeween lincs)
taper affect the field ol

» Details of the aperture shape can be .
relevant ‘

01X y
L. Novotny sad D. W, Pold, in Photons and Lovad Prodes,
NATOASI Series E, p21-33, Kluwer Acodemic. 1995
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TIP-TO-SURFACE DISTANCE

A distinctive feature of near-field is that its amplitude rapidly drops to zero within a range ~a

During the scan, the probe tip must be kept “close” to the surface (typ at a distance < 10 nm)

“Constant gap” operation is strictly required for the SNOM images to be reliable

! |

A method to continuously monitor tip/sample distance is heeded
A feedback acting on the vertical piezo displacement is used (as, e.g., in any SPM)

A topography image is simultaneously acquired during each scan, with a lateral
resolution depending on the probe size, typ in the 100 nm range

tip approach curve

fiber osc. If the tip is kept in longitudinal oscillation, the oscillation
s amplitude depends on the distance due to shear-forces

(mostly associated with friction of the air layers between
tip and surface)

Notes:

working point Oscillation amplitude must be small (typ ~ 1 nm) to

- prevent resolution loss

el Oscillation at resonance frequency is required to get

0 10 20 30 40nm . e
: : maximum sensitivity
tip-sample distance
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SHEAR-FORCES AND TOPOGRAPHY

=, —
Sostegno portapunta Filtro v=vi-v2| —> To feedback circuit

Shear-force method

S )
Scheda PC
ixer

Oscillatore — :
02 ] Amplificatore —— m

W Q=400
}I Fo=33800

et Oscillatore
O1 i\ 22
Fiber tip is glued onto a tuning fork o
. . \ )
(a quartz diapason acting as a
mechanical oscillator and showing ' S v
capabilities to measure the oscillation Piezoelettrico di dither Punta T VT S T
amplitude) Fork N Mech resonance spectrum

(undamped oscillation)

A dithering piezoelectric transducer keeps the probe tip in oscillation along a direction parallel to the
surface

Oscillation amplitude is monitored by a tuning fork

When the distance gets smaller (typ., below 10 nm), the oscillation is damped (and phase is changed)
due to shear-forces involving many effects (e.g., viscous interaction of the air layer between tip and
sample)

Similar to AFM in tapping mode, but for the oscillation direction, the relevant distance and the involved
mechanisms

A topography map is acquired simulatneously and
in the same region of the optical maps
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ACCESSIBLE CONTRAST MECHANISMS

topography magnetic

birefringence stress
material species  reflectivity
‘ index of refraction
wirescence
=2 \

Virtually, there are no limitations to the range of optical features that can be measured at the
local scale, i.e., to the optical spectroscopies that can be realized in the near-field

Note, however, that only surface phenomena can be analyzed (unless complicated models for
data interpretation are deployed)

A range of possible configurations is feasible in order to
operate different nanoscale spectroscopies

A selection of examples is given here in the following

http://www.df.unipi.it/~fuso/dida NANO_16_10_0
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EXAMPLES IN PLASMONICS

Sample: ol
pat’;fern of I|thog?(re(11pthed gold fllmdo? glass, ;Nl’ih a to investigate the propagation of
?;’:tlljr:?nco:?aece?ed c;sdwavegm eiconcentrator surface plasmon modes along
| P tar-field plasmonic waveguides/
ar-rie
near-field excitation concentrators
collection (850 nm)

Method:
collection mode SNOM

to detection (PMT) Motor controller

Topography map

micrometric
screws

Motor controller

SEI 200KV X1,200

screws

Far-field excitation and near- Z

field collection are

accomplished at different
positions

-> propagation can be nanopositoner
investigated at the local scale
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SPP PROPAGATION
SNOM map SNOM map

-~
e
1.6um -
» Surface plasmon modes collected in * Interference between propagating and
the near-field down to the tapered end counterporpagating plasmon modes
» Concentrator effect at the tapered end well seen in flat-end waveguides
is evident i
2.5
. . . . . 2
v'Confirmation of plasmonic waveguide behavior 15

Z[V]

i
v'Complete characterization accomplished 0.5
0

-0.5)

[J. Berthelot, et al., JOSAB (2012)]
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LSP HOT-SPOTS

Sample:

gold nanowire arrays made by ion beam
sputtering at grazing incidence (produced
at Univ. Genova by F. Buatier de Mongeot)

Hot-spots clearly detected

and spatially mapped
(only with proper wavelength and
polarization of the far-field excitation)

[C. D’Andrea, et al., J. Phys. Chem. C (2014);
M. D’Acunto, et al., Beilstein J (2017)]

Goals:

 to determine the spatial distribution of e.m.
field at the local scale

+ to identify the hot-spots due to the collective
plasmonic resonances in the inhomogeneous
gold nanoparticle arrangement

Near-field Red Near-field Green

T

Polarization rthogonal to NW axis

Polarization parallel to NW ax

http://www.df.unipi.it/~fuso/dida
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SMART POLYMERS |

Samples: Goal:
host-guest systems consisting of dye to identify emission domains at the local scale
molecules dispersed in a polymer matrix and to relate them with the matrix conditions
(produced by A. Pucci, G. Ruggeri at
DCCI) Method:
Local excitation of the sample by the near-field,
TPE in styrene/butadiene photoluminescence collected in the far-field
TPE Restriction of N z
intramolecular pin éj,y
rotation ‘%‘ [ Spectral
: S QY <7 Laser filters
Aggregation- .’.".":;'i. i excitatio
induced &2 n
Nonemissive i Gl Emissive (on) SNOM

probe

Subwavelengt

h aperture
P Near-

field

Under UV illumination.at . 366.nm

Sample

The degree of molecular aggregation, depending on
concentration, matrix structure and/on the application of

: mechanical stress, affects the photoluminescence
PE concentration > properties

http://www.df.unipi.it/~fuso/dida NANO_16_10_0



SMART POLYMERS i

Topography map
N

Photoluminescence maps

[nm] “|[arb.un.]
—10.46
200
150 -0.44
100 -0.42
50
Random polymer Near-field excitation at 405 nm
matrix Photoluminescence integrated above 450 nm

Strongly inhomogeneous spatial distribution

of photoluminescence featuring:

o Large scale “islands”

o Small size domains, depending on the
structure of the guest matrix

[G. lasilli, et al., Macromol. Chem. Phys. (2014)]

[arb.un.]

0.2

Random
o1 Polymer matrix
(SBR)

0.0

[arb.un.]

1.0

Block
. Copolymer
matrix (SBS)

0.0

1.0
Block
o copolymer
~ matrix (SBS),
mechanically
00 drawn
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SMART POLYMERS lil

R-pery in Low Lin Dens PE (LLDPE)

CHg b a
o 0
: o w OO e
oad, N )=
Gl —= . N
Q imidazole 4 oc d
o b a d e

o Q 180 °C, 4h

Thermochromic effect
(at the macro-scale)

Under UV illumination
R-Pery 0.1% wt. in LLDPE

25°C 45°C 65°C

Macroscopic emission spectrum

14 7

~———

lexc=300nm | -

|

BAR8E8HEERN

12 4

-
.

10

at increasing
temperature

9 0 © 0 0 © 0 0 & 0
QO0O0COOO00

=]
1
o -
TR

Emission (a.u.)
X e s

Goal:
to identify emission domains at the local scale

and to investigate their properties as a function
of temperature

Method:
Local excitation of the sample in the near-field,

photoluminescence collected in the far-field with
simultaneous two color detection

500 550 600 650 700
Wavelength (nm)

Long-pass

filter LPFGOO\
Beam- Notch filter
splitter /LPF550+SPF60

http://www.df.unipi.it/~fuso/dida
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SMART POLYMERS IV

Photoluminescence maps
Green (550-600 nm

S

Topography
3 & —

v Red emitting domains more
intense in the “valleys”

1 .0.05 —

-0.00 — Total 10% variation

v' Green emitting domains more
intense on the “hills”

v Excitation at high near-field
intensity leads to local spectral
modifications

(not shown here)

--0.05
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OPTICAL ACTIVITY

in the macroscopgv v 7 Optical activity, i.e., the response of a material to
world: ®) " detector polarized radiation, is a key point in many

applications and fundamental issues

tat -
(rotating) Its analysis and measurement at the local scale

analyzer (optional) _ )
(rotating) is a challenging task

sample

v' Basic idea:
to excite the sample in the near-field with a polarization modulated

radiation
to apply demodulation techniques in order to extract the physical

quantities of interest

The method has been applied to a variety of properties such as,
birefringence, linear and circular dichroism
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POLARIZATION MODULATION

Core of the setup:
photoelastic modulator (Hinds Instrument PEM-100)

Epryr = %(éx rexp(ip(H)é,) (1) = Acos(2)

Produced polarization states (at different times)

t=0 E, t=T/8 E, t=T/4 : t=3T/8 ;
At the SNOM probe input, / //) //)
laser polarization is
periodically manipulated \ Ex Ex Ex C/ Ex
(circular-elliptical-linear)

t=T/2 3, t=5T/8 E, t = 37/4 t=7T/8

Circular polarization

achieved twice in a K\‘
modulation period T (left- \\j

and right-handed)

A
m

%
N
\E 2N

~_/ \i

%
N
N

Assuming as input a linearly polarized radiation at 45 degrees, A = i/2, T = 2mr/f with f =50 kHz
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EXAMPLE | : ELECTROSPUN FIBERS

Sample:

-

MEH-PPV polymer prepared in Ohmic flow
micro- and nano-fibers through

|
|
I
I
I
: .
electro-spinning I “
; Taylor cone : )
Spinning tip ]
CH3 e i : \

, : L N
! ‘
I '
I
|
I
|
|
|

-

Convective flow

CHs sor-kV

Geometry of cone ks governed .
Zone of transition between

by the ratio of surface tension
O to electrostatic repulsion liquid and solid
\ Target
R SLOW ACCELERATION RAPID ACCELERATION
Q
A\
CHa

Example of topography maps

(b) (c)

Height
(nm)

Height

Height
(nm)

(nm)

1
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MOTIVATIONS

o __ fabrication
$ T | parameters
= 8 -

)

S E

= _ structure

.

local physical properties

O

linear dichroism

Model:
* inhomogeneous structure across the fiber width
due to spontaneous stretching processes
« fiber core made of strongly aligned polymer
molecules

expected linear dichroism in the core

Polarization analysis with sufficient spatial
resolution needed to assess the model
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RESULTS

Topography ma Absorption coeff. Linear dichroic ratio
pography map (polarization averaged)
a ] b
I !
1 pum _-"
I
Height y/ Oy
[nm] - I [arb.un.]
?’\ e 0.8
J 0.6
3
i { 0.4
iz :

Line profiles of topography, absorption, dichroic ratio
200 200

-
[S))
o
-
(S
o

The model is substantially
confirmed

Height [nm]
S

N
o
e [arb.un ]
Height [nm|
=)
o

¥ re; [@rb.un]

N
o

Englneirlﬂg::loe o_ptlfcal Pg?pertles b oo e oo B Vi) wmor Tier ot
of the fiber is feasible Position along the line [um] Position along the line [um]

[A.Camposeo, et al., Nano Lett. (2013);
A.Camposeo, et al., Macromol. (2014)]
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CHIRALITY AND CIRCULAR DICHROISM |

Molecular chirality:
describes a molecular structure whose mirror image

cannot be superimposed

CH_OH
(@)
S b v H J
o carbon e on o
= nanotubes, %% HO OH
'!:i.';'_i'p"’r
A , P d},‘i’gg H OH
I RSl glucose
1 4. ..o: -y
: PRt
“o: ‘.ﬁ . .
. 3 ; v < a2l ¥ amino acids
: ' : H R ©
L-enantiomer R-enantiomer \ N
N—C—C
2 A
H H O—H
enzymes

Chirality is extremely frequent in
biomolecular building blocks
(homochirality in nature is
an intriguing issue)
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CHIRALITY AND CIRCULAR DICHROISM II

solution containing

T : : , \
thrallty Is mhgrently associated with | -enantiomer R-enantiomer
circular dichroism (CD)

\I\NW

right-
handed

CD spectroscopy is a powerful tool to
investigate chirality in the liquid phase

left-
handed

circular pol light

For the sample of our interest (TPPS; aggregates) in solution:
0.3 == v

Extinction

-~

0.0 - ——
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I
350 400 450 500 550 350 400 450 500 550

Wavelength [nm] Wavelength [nm]

CD very hard to be observed in the solid state
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EXAMPLE Il : PORPHYRIN NANOSTRUCTURES

v Chirality can clearly stem from mutual arrangement of different achiral molecules

v" In the case of the TPPS; porphyrin system, a self-assembly molecular aggregation process
in the liquid phase can occur

TPPS,
[tris-(4-sulfanotophenyl) == == == m m— o >
phenyl-porphyrin]

Molecular J-aggregates
in the form of nano-helices

sulfonate (polar)
4

phenyl

porphyrin

_-mTTTT ll \‘

Phe ‘* 1

. \\\ I
1 £ A
1 i \
! [ ] ‘ ?j/
N 001:>‘ ?JgI‘ D F
\ Se_2”’ 1
\ - I
\

4§
~

&
*®
-

— €
Hypothesis: chirality originates from
molecules self-assembled in nano-helices

Need for high resolution optical methods able to
probe individual, deposited, nanostructures
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CIRCULAR DICHROISM AT THE SOLID STATE

Circular dichroic ratio

B o

+1.0
i Circ Iar
Linear dichroic ratio

- §

+1.0 4 8d
i 004 Linear
Linear dichroism related to the elongated (anisotropic) structure

0 10 20 30 40 50 60 70 80 90
Circular dichroism intrinsic to the material nanostructure

Normalized dichroic ratio

Demodulated SNOM optical maps

Angle of the nanostructure axis [degrees]

[F.Tantussi, et al., Nanoscale (2014);
G.Lazzini, et al., SPIE Proc., (2016)]
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APERTURELESS AND TIP-ENHANCED

A variant of SNOM is based on aperture-less probes

Such probes are available, semiconducting or, more frequently, metal-made, with nanometer
apical size (the same technology of STM or AFM probes)

Probe Tip Probe Ti
Far field
light

Metal
coating

Far field
light

\

Far field

scattering

A metal tip (similar to STM probes) is illuminated by a far-field

- Scattering produces a near-field localized at the tip

- Assuming prevalent interaction with the (higher intensity) near-field, spatial resolution is
obtained

(unfortunately, discrimination between near-field excited and far-field excited features is not always simple)
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APERTURELESS RESOLUTION

Apertureless-SNOM is mostly used with fluorescent samples, thanks to the straightforward
(bandpass filter based) discrimination of illumination and fluorescence signals

The extremely small size of the tip ensures excellent spatial resolution

20 nm

Spatial distribution of electric field SNOM image of a single dye molecule
close to the tip anchored on a substrate

Anselmetti, Bielefeld Universitaet
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TIP-ENHANCED RAMAN SPECTROSCOPY

Further variant of the SNOM is the so-called TERS: the local enhancement of the electric field
close to a (noble) metal, e.g., gold tip is used to excite Raman lines

In some sense, the TERS approach is a reverse of SERS: the enhancement provided by the
Substrate in SERS is here enabled by the scanning tip
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Raman shift jom'!

The excellent species selectivity of Raman can be effectively
coupled with the very good resolving power of SNOM leading to
highly-sensitive spectroscopy of nanomaterials
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TERS EXAMPLES
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A typical example of TERS is with Carbon Nanotubes, showing particularly intense
Raman bands related to their structure

Note that typical size of single walls CNT is on the nanometer range

Sheremet. et al., Chemnitz (2014)
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TERS+STM
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Raman shift (cm™)

Molecular islands of H,TBPP deposited on Ag

Zhang, et al. Nature (2013)
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CONCLUSIONS

v" Near-field entails the e.m. field in proximity to small structures, and therefore plays a crucial
role in the optical interaction between closely spaced, nanosized objects

v Near-field can be produced by a sort of extreme diffraction from nanosized apertures and its
properties in imaging can be understood by looking at the problem from different standpoints:
(i) Fourier optics
(ii) Heisenberg principle
(iif) Maxwell equations

v A (virtually) extremely powerful spectroscopy of nanomaterials can be built based on near-
fields

v' However, technical and practical limitations exist to run such spectroscopies, and results,
while being useful, are often controversial and non completely satisfying

In any case, the meaning of making optical spectroscopy of nanomaterials
should be finally clarified!!!
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FURTHER READING

For a comprehensive reference on near-field and nano-optics

A. Zayats and D. Richards, Nano-optics and near-field optical microscopy, Artech House, Boston (2009).

A paper on SNOM from the NT-MDT company:

A comprehensive list of references on SNOM can be found at

A review on SNOM, authored by Novotny and Stranick, can be found at

A (rather old) review on SNOM applications to materials, authored by Dunn, is
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