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ABSTRACT: Controlling the propagation and polarization
vectors in linear and nonlinear optical spectroscopy enables us
to probe the anisotropy of optical responses providing
structural symmetry selective contrast in optical imaging.
Here, we present a novel tilted antenna-tip approach to control
the optical vector-field by breaking the axial symmetry of the
nanoprobe in tip-enhanced near-field microscopy. This gives
rise to a localized plasmonic antenna effect with significantly
enhanced optical field vectors with control of both in-plane
and out-of-plane components. We use the resulting vector-field
specificity in the symmetry selective nonlinear optical response
of second-harmonic generation (SHG) for a generalized
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approach to optical nanocrystallography and imaging. In tip-enhanced SHG imaging of monolayer MoS, films and single-
crystalline ferroelectric YMnO;, we reveal nanocrystallographic details of domain boundaries and domain topology with
enhanced sensitivity and nanoscale spatial resolution. The approach is applicable to any anisotropic linear and nonlinear optical
response and enables the optical nanocrystallographic imaging of molecular or quantum materials.

KEYWORDS: Tip-enhanced second-harmonic generation, vector-field control, optical nanocrystallography, MoS,, YMnO;,

domain boundary

ymmetry selective optical imaging of, e.g, crystallinity,
molecular orientation, and static or dynamic ferroic order
and polarization is desirable, yet as of today, access to these
internal material properties on the micro- to nanoscale has not
been provided in optical microscopy in a systematic way.
Molecular vibrations, phonons, excitons, and spins in their
interaction with light give rise to an anisotropic linear and
nonlinear optical response. This optical response is sensitive to
the direction of the wave vector and the polarization of the
optical driving fields and correlated with the structural
symmetries of the material.”> In reflection or transmission
measurements of far-field optical imaging and spectroscopy, the
transverse projection of the optical field as determined by the
laws of linear and nonlinear reflection, and refraction gives
access to the optical selection rules associated with the
materials symmetries’ ° yet with limited degrees of freedom
constrained by the wave vector conservation in far-field optics.
In contrast, wave vector conservation is lifted in near-field
scattering depending on the structure and orientation of the
nano-objects as scattering elements. In combination with near-
field imaging based on tip scattering, in scanning near-field
microscopy and spectroscopy, one can increase the degrees of
freedom with the choice of incident and detected wave vector,
independent from the active control of the local polarization
through an engineered antenna-tip response. However, to date,
most scanning near-field microscopy studies have focused on a
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surface normal-oriented antenna-tip in tip-enhanced near-field
microscopy’~ based on the hypothesis of maximum field
enhancement in this configuration.

While this conventional tip geometry is useful for selectively
detecting an out-of-plane (perpendicular with respect to the
sample plane) polarized response, it reduces the detection
sensitivity for in-plane (parallel with respect to the sample
plane) polarization. Artificial tip engineering for enhanced in-
plane sensitivity limits spatial resolution and universal
applicability, requiring a complex tip-fabrication process, or
some combination of thereof.'”"’ These limitations in
measuring the in-plane optical response restrict the range of
optical techniques and sample systems. Specifically, predom-
inantly two-dimensional (2D) quantum systems, such as
graphene,'*™'¢ transition-metal dichalcogenides (TMDs),"” "’
epitaxial thin films,** and important classes of transition metal
oxides of layered materials,”' all with dominant in-plane
excitations, are difficult to probe. Therefore, to broadly extend
the range of near-field microscopy application to the character-
ization of nanophotonic structures and metasurfaces,”” or
optical nanocrystallography and nanoimaging of anisotropic
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field control is desirable.

Here, we demonstrate a generalizable approach to control-
ling the excitation and detection polarizability for both in-plane
and out-of-plane vector-fields in nanoimaging with enhanced
sensitivity and without a loss of spatial resolution. We break the
axial symmetry of a conventional metal tip by varying its tilt
angle with respect to the sample surface. By varying the tilt
angle, we control the ratio of in-plane and out-of-plane
polarization. This oblique angle of the tip axis gives rise to
significant field enhancement in both polarization directions
based on localized surface plasmon resonances (LSPR).””~*

Second-harmonic generation (SHG) microscopy provides
structural insight into materials through the nonlinear optical
response, such as crystal symmetry, orientation, defect states,
stacking angle, and the number of layers.”’ ™’ We take
advantage of the near-field polarization control in both the
excitation and the detection fields in symmetry selective tip-
enhanced SHG imaging, as an example, applied to different
quantum materials. To quantify the enhanced sensitivity of the
tilted tip and to image nanocrystallographic properties, we
perform grain boundary (GB) mapping of monolayer MoS, as
a model system of layered 2D materials. This is achieved by the
reduced nonlinear optical susceptibility and modified selection
rule at the GBs. In addition, on single crystal YMnO;, by
mapping both in-plane and out-of-plane nonlinear optical
susceptibility ){,(ji) components,”*>> we obtain ferroelectric
domain nanoimaging facilitated by the local phase-sensitive
detection with enhanced SHG sensitivity. These experimental
results demonstrate a substantial gain in image content from a
simple yet effective modification to the conventional tip-
enhanced imaging approach. The approach is expected to
greatly enhance the sensitivity of optical nanospectroscopy in
any linear and nonlinear optical modality and then extends the
application space of optical nanoimaging to a wider range of
materials.

Experimental Section. The experiment is based on tip-
enhanced spectroscopy,’” with side illumination of the
electrochemically etched Au tip manipulated in a shear-force
atomic force microscope (AFM), as shown schematically in
Figure la. The sample surface can be tilted by variable angle
with respect to the tip axis from 0° to 90°. Excitation light
provided from a Ti/sapphire oscillator (FemtoSource Synergy,
Femtolasers Inc, with 7 & 11 fs pulse duration, center
wavelength of 800 nm, 78 MHz repetition rate, and <2 mW of
power) is focused onto the tip—sample junction using an
objective lens (NA = 0.8, WD = 4 mm) with polarization and
dispersion control. The back-scattered SHG signal is polar-
ization selected and detected using a spectrometer (SpectraPro
500i, Princeton Instruments, f = S00 mm) with a charge-
coupled device (CCD) camera (ProEM+: 1600 eXcelon3,
Princeton Instruments).

In excitation and detection, we define p and s polarization as
light polarized in parallel and perpendicular directions,
respectively, with respect to the plane formed by k-vector and
tip axis. In pypo (p-polarized excitation and p-polarized
detection) configuration, the broken axial symmetry gives rise
to a tip-SHG response with expected power (Figure 1b) and
polarization (Figure 1c) dependence of the SHG response. In
SHG nanoimaging, the intrinsic tip-SHG response can be
discriminated from the tip—sample coupled response through
polarization and tip—sample distance-dependent measure-
ments.

a new approach with extended antenna-tip vector-
25,26
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Figure 1. (a) Schematic of tip-enhanced SHG nanospectroscopy and
nanoimaging. SLM, spatial light modulator; A/2, half-wave plate; BC,
beam collimator; DM, dichroic mirror; OL, objective lens; LP, linear
polarizer (analyzer). (b) Log plot of the power dependence of near-
field SHG intensity of Au tip in p;,p,, configuration. (c) Polarization
dependence of SHG intensity of Au tip for p- (red) and s- (black)
polarized excitation.

Note that a tilted tip geometry has been used previously in
several cases of to7p-i11umination tip-enhanced Raman spectros-
copy (TERS).***” However, this only served the purpose of
ease of tip illumination without any vector-field control.

Results and Discussion. Vector-Field Control with
Plasmonic Antenna Tip. To characterize the local optical
field enhancement with respect to the tilt angle of the Au tip,
we calculate the expected optical field distribution using finite-
difference time-domain (FDTD) simulations (Lumerical
Solutions, Inc.) for our experimental conditions. Panels a and
e of Figure 2 show the in-plane optical field maps (IE,* and
Re[E,]) for surface-normal tip orientation (6, = 90°) with an
SiO, substrate, with excitation (800 nm) polarization
perpendicular with respect to the tip axis. A weak E, field
confinement at the apex is seen resulting from the transverse
local antenna mode.””*® To achieve an efficient local plasmon
antenna effect, we model the tilted tip with excitation
polarization parallel with respect to the tip axis. Panels b and
f of Figure 2 show calculated |E|* and Re[E,] distributions for
the 35° tilted tip orientation (6, = 35°), exhibiting in-plane
optical field intensity approximately 6 times stronger than that
of the sample-surface-normal orientation (Figure 2a). Notably,
for this tilt angle, the out-of-plane vector-field is also
significantly enhanced, as seen in panels ¢, d, g, and h of
Figure 2.

To characterize a systematic change of vector-field enhance-
ment, we calculate the in-plane and out-of-plane optical field
intensity with respect to tilt angle. Panels a and b of Figure 3
show simulated vector-field intensity profiles for [E,I* and |E
at the sample plane (the distance between tip and sample is set
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Figure 2. Simulated optical field distributions for surface-normal tip orientation (6, = 90°, in-plane: (a) IE,/* and (e) Re[E,]; out-of-plane: (c) |E,?

and (g) Re[E,]) and for optimal tilted tip orientation (6,

= 35°, in-plane: (b) IE,* and (f) Re[E,]; out-of-plane: (d) IE,* and (h) Re[E,]).
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Figure 3. Simulated (a) in-plane IE,I* and (b) out-of-plane IE,I* optical
field intensity profiles at the sample plane with respect to the tilt angle
of the tip (Gﬁp). (c) Schematic showing spatial confinement of free
electron oscillation for conventional vertically oriented tips (top, Oy =
90°) and tilted tips (bottom, Oup = 35°). (d) FDTD simulations of the
absorption and scattering cross-sections for the tilted Au tip (Hﬁp
35°) with SiO, substrate.

to 0.5 nm; see Figures S1—S9 for the full data set of the tilt-
angle-dependent |E,I* and IE,*). For the small (10° < 6, <
30°) and large (60° < Oy, < 90°) tilt angles, the field
confinement is not significantly enhanced compared to
conventional tip orientation (Hﬁp = 90°) due to the over-
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damped resonance of the electrons oscillation in a semi-infinite
tip structure. In this case, the Au tip cannot sustain strong
antenna-like in-plane and out-of-plane surface plasmon polar-
itons (SPPs).”® However, the field confinement is significantly
enhanced for the tilt angles between 30° and 60° because
geometric confinement gives rise to an appreciable LSPR effect,
as illustrated in Figure 3c. Note that the Au tip with the SiO,
substrate provides for larger vector-field enhancement than the
free-standing tip because the SiO, substrate gives rise to an
induced dipole coupling between the tip and sample (see
Figures S1—S9 discussing the substrate effect).” It should be
noted that the polarization of optical near-field at the tilted tip
apex can be further controlled by, e.g., radially polarized light
for gélhanced |E.| or azimuthally polarized light for enhanced
[E,l.

Figure 3d shows calculated absorption and scattering cross-
section spectra for the tilted Au tip (Htip = 35°) near the SiO,
substrate. The LSPR of the tilted tip is at ~550 nm near the
interband transition of gold (2.4 eV) and has a modified
spectral shape and line width due to the elongated structure
and correspondingly modified radiative damping.*’ Table 1
shows comparisons of the resulting in-plane and out-of-plane
vector-field intensity enhancement for conventional tips (6, =
90°) and tilted tips (6, = 35°) for selected on- and off-

Table 1. Comparison of In-Plane and Out-of-Plane Optical-
Field Intensity Enhancement for Conventional (6, = 90°)
and Tilted (0, = 35°) Tip for Selected Excitation
Wavelengths, Exhibiting Larger Field Enhancement of the
Tilted Tip at the Resonance Excitation for Both IE * and
IE, I

[E,/Eql* (in-plane) [E,/E,f* (out-of-plane)

Op = 90° 0, =35° 04 =90° O =35°
A = 532 nm 28 290 40 630
Ao = 633 nm 23 180 4 250
Aee = 800 nm 16 90 25 100

exc

DOI: 10.1021/acs.nanolett.8b00108
Nano Lett. 2018, 18, 2912—-2917


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00108/suppl_file/nl8b00108_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00108/suppl_file/nl8b00108_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b00108

Nano Letters

s
L8
3 04{:01‘-:0:"0«'} e
Vo Sa o Po b B by B 55 00
Y

: () 1 2
%300 , g Fardfield, Py, (x;,,) h Farfield, Sy, (xyox
‘:-.' etip
5 200 w350 |
o [ 90°
o
Q.
& 100
w
® <>F,
+_
W oe—
0 10 20 30 40

x axis (nm)

Figure 4. (a) Schematic of tip-enhanced SHG nanocrystallographic imaging of monolayer MoS, films on a SiO, substrate. Far-field SHG images
measured in (b) pipPou and (€) PinSou: configurations. (d) Simulated |E,J* profile at sample plane for tilted (Hﬁp = 35°) and conventional (Hﬁp =90°)
tip orientations. (e) Far-field SHG polarization dependence of crystals C1 and C2 in panels b and c. (f) Tip-enhanced SHG nanocrystallographic
image of the same area measured in the p;;s,, configuration. (g, h) Magnified far-field SHG images of the small area in panels b and c.
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Figure S. (a) Schematic of tip-enhanced SHG nanocrystallographic imaging of single-crystalline x-cut YMnO,. (b) Simulated IE,I* (out-of-plane) and
IEyl4 (in-plane) profiles at sample plane for tilted (Hﬁp = 35°) and conventional (Hdp = 90°) tip orientations. Tip-enhanced SHG nanocrystallographic
image measured by tilted (panel c, Oyp = 35°) and conventional (panel d, Oyp = 90°) tip. (e) The 3D representation of SHG nanocrystallographic
image and topography together with the corresponding ferroelectric domain map.

resonance excitation wavelengths. As can be seen, the tilted tip SHG imaging with the 35° tilted antenna tip for single-layer
results in a much larger optical field enhancement for both |E,/ MoS, films grown on a SiO,/Si substrate.” This was used as a
E,? (/I ~ 6—10) and [E./E* (IB5/1° ~ 4—16) for all model system of a 6m2 point group possessing pure in-plane
i @ 31,40,41

wavelengths, with the largest effect on resonance. Based on Xij tensor elements.
these results, we confirm a strongly localized plasmon For comparison, we first perform conventional far-field
resonance of the tilted tip in contrast to a reduced resonance imaging to determine the crystal orientation angle (6,,) and GB
effect for surface-normal tlp orientation. of the TMD crystals.6’42 Panels b and ¢ of Figure 4 show far-
Nonlinear Optical Nanocrystallography and Nanoimag- field SHG images with polarization selections of p;p,, and
ing. As illustrated in Figure 4a, we perform tip-enhanced nano- PinSou Tespectively. From the nonvanishing )(,(ji) tensor elements
2915 DOI: 10.1021/acs.nanolett.8b00108
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and excitation condition, the induced second-order polarization
for crystals with 6, = 0° (C1 of Figure 4b,c) is given by P,(2w)
280;(yy2y)Ey(a)) , where E._, () are the electric’ field
components at the laser frequency (see the Supporting
Information for detailed matrix representations and calcu-
lations). Therefore, the SHG signal of crystals with 6, = 0° is
polarized parallel to the excitation polarization (@), and these
crystals are clearly observed in p; p,,, configuration, as shown in
Figure 4b. In contrast, crystals with 8., = 90° (C2 of Figure
4b,c) are seen most clearly in pj,s,, configuration (Figure 4c)
because the induced SHG polarization is given by P,(2w) =
—280)(§§,)CE (w)*. This polarization dependence on crystallo-
graphic orientation is also confirmed in far-field SHG
anisotropy measured with a rotating analyzer (Figure 4e).
Only E(w) contributes to the SHG signal in the p;;s..
configuration. Therefore, with L,,, o [P(2w)* « [E(w)I*, we can
calculate the enhanced SHG intensity using the 35° tilted tip

(I35 Mos,) compared to the conventional surface-normal-

oriented tip (139 Mos,) from the FDTD simulation. As shown

in Figure 4d, the spatially integrated IE,(w)I* for the 35° tilted
tip at the sample plane is ~28 times larger than that of the

surface-normal oriented tip (Htip =90°), ie., Iii,,Mogz/ Iggj,MoSz

28.

Figure 4f shows a measured tip-enhanced nano-SHG image
in piSe configuration for a small area selected within the far-
field image. Far-field images of p,, and s, detection are
magnified in panels g and h of Figure 4 for comparison. As
demonstrated previously,”** some GBs are visualized in the far-
field SHG images due to the constructive (or destructive)
interference between the SHG signals of adjacent crystals.
However, this interference contrast at GBs is observed only for
specific crystal orientations or polarization conditions.™

In contrast, in the tip-enhanced SHG image (Figure 4f), a full
GB map is obtained with pronounced SHG contrast. For
example, while GB2 is observed in both far- and near-field
images, the additional GBs (GB1, GB3, and GB4) are only seen
in the near-field image. In contrast to the far-field response, a
full GB map can be obtained regardless of crystal orientation
and interference. Note that the near-field SHG signal at GBs
emerges predominantly from the quasi 1D region confined near
the GB. Thus, the detected near-field SHG signal at GB is
weaker than that of crystal face due to the modified nonlinear
optical susceptibility and broken symmetry at the defect.

To assess the full benefit of increased both in-plane and out-
of-plane field confinement (Figure 2d), we then perform tip-
enhanced nano-SHG imaging on single-crystalline x-cut
YMnO;, as a model system of 6 mm point group with both
in-plane and out-of-plane nonlinear optical susceptibility.”***
We first deduce the microscopic sample orientation from far-
field SHG anisotropy measurement as shown in Figure Sa.
Based on this information, we probe the ferroelectric ;(ch,)c = )(gy)
tensor elements in p; s, tip-enhanced near-field microscopy
configuration. The corresponding SHG polarization is then
given by P,2w) = 2ey(E(w)* + E (©)%) (see the
Supporting Information for detailed matrix representations
and calculations). The measured intensity I, is proportional to
E (@)’ + B(0) = [E(0)I* + [E,(0)I* + 2IE (0)PIE ()P,
From the spatlally integrated |E (a))l4 IE,(w)I, IE (a))lz, and
IE,()I* values at the sample plane for the 35° tilted and
surface normal oriented tips (Figure Sb), we can estimate the

tip-enhanced SHG intensity ratio of IszMno/ IzlﬂyYMno ~ 27.
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Panels ¢ and d of Figure 5 show the resulting tip-enhanced
SHG images under tilted tip (6, = 35°) and surface-normal tip
(B4 = 90°) configuration. We observe a high-contrast image of
the domains with only the tilted tip. The details of contrast are
due to the interference between the tip-enhanced SHG from a
single domain and residual far-field SHG from multlple
domains giving rise to a local phase-sensitive signal.”> From
that image, we can obtain the corresponding ferroelectric
domain map exhibiting an alternating ferroelectric polarization
pattern as expected for this crystallographic orientation (Figure
Se). In addition, we observe the 3-fold symmetric vortices of
the domains (red boxes) as expected for hexagonal
manganites, *34 which provide information for the under-
standing of topological behaviors of ferroics.

In summary, a conventional surface-normal oriented tip
geometry in tip-enhanced near-field microscopy gives limited
polarization control in both the intrinsic far-field excitation and
the extrinsic near-field nano-optical response. Furthermore, for
surface-normal tip orientation, the antenna mode driven into a
semi-infinite tip structure results in reduced field enhancement
due to overdamping, which gives rise to reduced efficiency for
both in-plane and out-of-plane nano-optical response. Our
work presents a simple but powerful solution to control the
vector-field of a nano-optical antenna-tip. We show that the
optical field confinement can be systematically controlled by
tuning the tip orientation angle with respect to the sample
surface to enhance the in-plane optical field (E,) confinement
for vector-field nano-imaging. Surprisingly, rather than an
associated decrease in out-of-plane sensitivity with increasing
tilt angle, the out-of-plane optical field (E,) is also enhanced
with an even larger enhancement factor than E,. We find that at
an optimized angle near 35° with details depending on tip
material, sample, and excitation wavelength, the broken axial
symmetry provides for a more-sensitive nanoprobe beyond
conventional near-field microscopy tip for all optical modalities
and any sample. The vector-field controllability of plasmonic
antenna tips allows the probing of selective polarization
components of samples by simply changing its tilting angle;
in addition, this strongly confined vector-field gives access to
enhanced nanoscale hght —matter interactions such as exciton—
plasmon coupllng, electron—phonon coupling,* and strong
coupling®” in a range of photoactive molecules and quantum
materials.
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