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ABSTRACT: Throughout nature, simple rules explain complex
phenomena, such as the selective interaction of chiral objects with
circularly polarized light. Here, we demonstrate chiroptical signals
from gold nanorods, which are seemingly achiral structures. Shape
anisotropy due to atomic-level faceting and rounding at the tips of
nanorods, which are free of chiral surface ligands, induces linear-to-
circular polarization modulation during second harmonic gen-
eration. The intrinsic nanorod chiroptical response is increased by
plasmon-resonant excitation, which preferentially amplifies circu-
larly polarized harmonic signals. This structure−plasmon interplay
is uniquely resolved by polarization-resolved second harmonic
generation measurements. The material’s second-order polar-
izability is the product of the structure-dependent lattice-normal susceptibility and local surface plasmon field vectors. Synthetically
scalable plasmon-supporting nanorods that amplify small circular dichroism signals provide a simple, assembly-free platform for
chiroptical transduction.

KEYWORDS: gold nanoparticle, second harmonic generation, plasmon, chirality, nonlinearity

Chirality describes objects that change upon reflection,
forming mirror image enantiomers that are not super-

imposable. Chiral objects are pervasive and determine function
across many scientific disciplines including protein-making
amino acids, anti-inflammatory drugs, chiral excitons and
phonons in solid-state physics, topological superconductors,
and polarization modulators in optical switches.1−7 Chiral
enantiomers can have completely different functions, which
necessitates their detection and separation. Light is the fastest
way to identify and distinguish chiral objects. Therefore, the
development of simple, sensitive chiroptical transducers is
essential to trace-level molecular and virus sensing as well as to
the development of efficient quantum and photonic circuits.
Circular dichroism (CD) signals, which result from the

differential interaction with right and left circularly polarized
light, are hallmarks of chiral objects. Though these signals are
weak, they can be significantly amplified by plasmon-resonant
excitation when metal nanoparticles are either assembled into
chiral symmetries or are tethered to chiral molecules, such as
proteins.5−14 For colloidal nanoparticle samples, linear CD
effects have been attributed to the formation of geometrically
chiral assemblies, as well as to interference between dipolar and
higher-order modes. However, strain-induced shape aniso-
tropies15,16 are thought to play key roles in inducing CD in
second harmonic generation (SHG) signals of nanoparticle
dimers.4 Circular dichroism has been detected in the nonlinear

optical (NLO) response of lithographically formed chiral
structures, and metal waveguides have also been used to
increase Raman optical activity signals of chiral molecules.17−23

Regardless of the CD mechanism, all of these examples require
the use of complex metal structures that are not easily scalable.
Here, we report CD-SHG for a simple and scalable achiral
objecta single gold nanorodand link the chiroptical
response to atomic-level lattice properties and resonant surface
fields. This approach can greatly simplify the design of
plasmon-based CD transduction.

■ LATTICE ANISOTROPY LEADS TO NONLINEAR
CHIROPTICAL RESPONSES

Isolated, nonaggregated, colloidal metal nanorods provide
opportunities to modulate the amplitude and polarization of
SHG signals because plasmon-mediated NLO responses are
determined by both resonant field enhancements and the
microscopic (and macroscopic) polarizabilities of the materi-
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al.24 Differences in lattice parameters due to twinning, strain,
and overall shape anisotropies contribute to the material’s
microscopic nonlinear susceptibility. Indeed, changes in
metal−metal atom bond lengths on the subangstrom scale
are known to induce large second-order responses in 2-D
metals.25 Most commonly, gold nanorods are formed in
solution by silver-ion-assisted, seed-mediated synthesis that
utilizes cationic surfactants, such as cetyltrimethylammonium
bromide (CTAB).26−28 Although this approach typically yields
single-crystalline nanorods, the final structures are charac-
terized by rounded or faceted tips and an overall asymmetric
shape when viewed at the atomic level.16 Scanning trans-
mission electron microscopy (STEM) images of several gold
nanorods used in this study are shown in Figures 1A and S1A.
These images reflect the rounding effect apparent on many
different particles, and Figure 1B depicts the anisotropy for one
of the nanorods. The blue lines in Figure 1B denote a

difference in length of approximately 25%, due to asymmetry at
the tips of the nanorods. This anisotropy results from the
nanorod longitudinal growth mechanism, which induces metal
lattice strain and surface reconstruction.29,30 The anisotropy
was quantified using an asymmetry metric (AS), calculated
from Frechet parameters determined from STEM imaging
(Figures S1−S4). The AS for the nanorods was 0.033 (Figure
S1B); the AS value for perfectly symmetric rods would be 0.
The asymmetry metric decreases ∼20% from 0.33 to 0.027 as
the gold nanorods are reshaped to a more thermally stable
morphology. The asymmetry quantified by the AS value
provides the structural mirror symmetry breaking needed to
induce second harmonic generation and chiroptical signals.
CD arising from the intrinsic asymmetry of the nanorods

may be further enhanced by plasmon-resonant SHG.
Excitation of the longitudinal surface plasmon resonance
(LSPR) generates surface fields with significant polarizability

Figure 1. Characterization of gold nanorod shape anisotropy and chiroptical signals. (A) Transmission electron microscopy (TEM) imaging survey
of multiple nanorods showing particle-to-particle variations in tip anisotropy (inset). (B) High-resolution TEM image of one nanorod tip. The tip
anisotropy is depicted by the double-sided red arrows and the distinctly different bisecting angles (blue). (C,D) Schematic of raw second harmonic
generation (SHG) data with an overlay of 3-D Gaussian point spread functions obtained from a single nanorod when the left (top) and right
(bottom) circularly polarized laser pulses are resonant (C) and nonresonant (D) with the 800 nm longitudinal surface plasmon resonance of the
particle. The resonant (C) and nonresonant (D) data were obtained using fundamental wavelengths of 800 and 690 nm, respectively. The data in
(D) produce a circular dichroism ratio (CDR) value of 0.28 ± 0.05, reflecting the intrinsic chiroptical response of the asymmetric nanorod.
Plasmon-resonant excitation (C) increased the CDR value to 0.67 ± 0.08. Mean and standard deviations of SHG-detected CDRs (described in
main text) obtained for a single nanorod by tuning the wavelength from 760 to 840 nm. The number of photons used for calculating the CDR value
was determined to 2−σ confidence (Materials and Methods in the Supporting Information). The data plotted in panel (E) reflect the mean and
standard deviations from repeating measurements at each wavelength in triplicate.
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contributions oriented perpendicular to the nanorod surface
and coaligned with the fundamental and harmonic wave
vectors. This type of projection should amplify the intrinsic
chiroptical signals expected from the anisotropic nanorods.
Hence, structural effects at the atomic level of the gold
nanorod lattice may lead to plasmon-mediated polarization
modulation of NLO signals that can be observed in the far-
field.
To determine if local symmetry breaking leads to chiroptical

signals for achiral nanorods, we measured LSPR-mediated
second harmonic generation, including linear to circular
polarization modulations, for isolated gold nanorods. First,
the second harmonic response measured from single gold
nanorods (Figure S5) is evaluated using circularly polarized
fundamental laser pulses (Figure 1C,D and Figures S6 and S7).
Figure 1C compares the three-dimensional Gaussian point
spread functions obtained when a single nanorod is excited
using laser pulses that are either resonant (Figure 1C; 800 nm)
or nonresonant (Figure 1D; 690 nm) with the particle
longitudinal surface plasmon mode. Figure 1C portrays the
large differences in detected second harmonic intensities when
left (Figure 1C, top) and right (Figure 1C, bottom) circularly
polarized fundamental light is used for plasmon-resonant SHG.
In contrast, similar SHG intensities resulted from left (Figure
1D, top) and right (Figure 1D, bottom) circularly polarized
fundamental under nonresonant conditions. The CD responses
were quantified using the CD ratio, SHG-CDR = |2(I2ω

LCP −
I2ω
RCP)/(I2ω

LCP + I2ω
RCP)|, where I2ω

LCP and I2ω
RCP represent the

intensity of second harmonic signals resulting from left and
right circularly polarized fundamental light, respectively.8 This
analysis yielded CDR ratios of 0.67 ± 0.08 and 0.28 ± 0.05 for
the single-particle measurements shown in Figure 1C and 1D,
respectively. These data implicate resonance matching with the
longitudinal plasmon mode for intensifying the intrinsic
nanorod CD response. We note that this effect was general
in these studies and confirmed both by scanning the
fundamental wavelength to determine wavelength-dependent
CDR values as well as by surveying nanorods of different
aspect ratios while using a fixed fundamental wavelength of 800
nm. The results from the former case are summarized in Figure
1E, which exhibits increased CDR as the difference between
the LSPR and fundamental wavelengths approached zero.
CDR values decreased for fundamental detuning to both
longer and shorter wavelengths. This trend was also observed
when single-nanorod SHG-CDR measurements were made on
a large number of nanorods using a fixed 800 nm fundamental
(Figure S7). In addition to the significance of plasmon
resonance matching, Figure S7 also shows the structural
specificity of the response as both positive and negative SHG-
CDR polarities were measured, which reflects the existence of
both right and left handed enantiomers.

■ PLASMON-RESONANT EXCITATION SELECTIVELY
AMPLIFIES CIRCULARLY POLARIZED SECOND
HARMONIC SIGNALS FOR GOLD NANORODS

Next, plasmon-mediated linear-to-circular polarization modu-
lation by the nanorods was investigated. The modulation effect
was analyzed by determining SHG Stokes parameters over a
broad tuning range of the laser fundamental, as described in
the Supporting Information (Figure S8).31 The total Stokes
vector, S, describes the polarization of the second harmonic
field using four components, S0, S1, S2, and S3. The Stokes
parameters can be determined by quantifying the second

harmonic intensity, I2ω, as functions of the light polarization
(θ) and phase (ϕ) as

θ ϕ θ ϕ θ

ϕ θ

= + +

+

ωI S S S

S

( , )
1
2

( cos 2 cos sin 2

sin sin 2 )

2 0 1 2

3 (1)

where S0 is the total harmonic intensity, S1 is the contribution
from light linearly polarized along the nanorod axis (formally
the intensity difference of linearly polarized harmonic signals
emitted parallel and perpendicular to the nanorod longitudinal
axis), S2 is the intensity difference between linearly polarized
components emitted at ±45° with respect to the longitudinal
axis, and S3 describes the intensity difference from left and
right circularly polarized harmonic light generated by orienting
the linearly polarized fundamental parallel to the nanorod
longitudinal axis.
Figure 2 summarizes the effects of resonance matching

between fundamental and nanorod LSPR wavelengths on the
SHG Stokes signals, which is important for understanding the
selective plasmon amplification of specific polarization states.
The dark-field scattering spectrum from one nanorod is shown
in Figure 2A (top), along with a Lorentzian fit to the peak.
Figure 2A (bottom) summarizes the wavelength-dependent
Stokes parameters for the same nanorod. This comparison
shows a clear decrease in linearly polarized SHG, S1 (red),
when the fundamental resonance is matched to the LSPR
wavelength. The S2 component (black) was independent of the
fundamental wavelength. An increase in circularly polarized
SHG, S3 (blue), which complemented the S1 decrease, was
observed upon resonance matching. Figure 2A data reflect an
increased contribution from circularly polarized harmonic
generation upon plasmon resonance matching with the laser
fundamental. Although, Figure 2 data portray the response
from a single nanorod, the observation of an increased degree
of circular polarization in harmonic generation was general-
izable to a large survey of more than 50 single-nanorod
measurements. This response was observed both by changing
the fundamental wavelength used for a single nanorod and by
tuning the LSPR for fixed fundamental wavelengths (λω = 800
nm) through variation of the nanorod length-to-diameter
aspect ratio. Furthermore, we note that S3 responses
corresponding to both left- and right-handed nanorods were
obtained (Figure 2B), reflecting the structure sensitivity of the
measurement. In order to ensure the Stokes parameters
summarized in Figure 2 resulted from the nanorod response,
the measurements were repeated on a thin beta-barium borate
(β-BBO) reference crystal placed at the microscope sample-
focus plane. The reference crystal is not expected to have a
wavelength-dependent response over the range studied. The
wavelength-dependent S3 values from the reference are
compared to the nanorod in Figure 2A (green); S1, S2, and
S3 are summarized in Figure S8. The β-BBO Stokes parameters
were invariant with wavelength, and the S1 parameter
contributed more than 90% of the SHG response; S2 and S3
equated to less than 3% of the signal and represent the
polarization sensitivity limit of the measurement. Hence, the
off-resonant nanorod S3 value of 10% can be attributed to the
intrinsic CD response of the nanorod, which was increased by
approximately 3× (30%) upon fundamental LSPR matching.
The results validate that plasmon-resonant excitation increases
the CD response of an object.
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The Stokes parameters were also analyzed to determine the
purity, or degree of polarization, of the harmonic field. For
pure light polarization states, either linear or circular, S0

2 = S1
2 +

S2
2 + S3

2, whereas mixed polarization states yield S0
2 > S1

2 + S2
2 +

S3
2.27 Hence, a nonzero difference between S0

2 and the
summation over the remaining Stokes parameters indicates
the harmonic wave is a superposition of polarization states.
The resultant degree of polarization, DOP, for the harmonic

signal is calculated as = + +S S S SDOP /1
2

2
2

3
2

0. The degree
of polarization obtained from a survey of nanorods is plotted in
Figure 2C. Similar to the S1 and S3 trends, the degree of

polarization values depended on LSPR matching with the
fundamental (λω = 800 nm), with the smallest DOP (≈ 45%)
occurring for the resonant cases. Based on these observations,
it was apparent that a pure harmonic polarization state was not
observed at any wavelength. Rather, the harmonic signal was a
superposition of linear and circular polarization states. Further,
because the difference was largest for resonant conditions,
plasmon excitation leads to a larger increase in the circular
contribution to the harmonic frequency. In the case of
harmonic generation without LSPR excitation, the harmonic
wave is dominated by linear polarization states, although
contributions from circular components are nonzero (i.e.,
DOP ≈ 70%). The implication of the Figure 2C data is two-
fold: (i) even off-resonant SHG transduced by the nanorods
included circular dichroism, and (ii) plasmon-resonant
excitation preferentially increases the intrinsic linear-to-circular
transduction over the linear-to-linear process. These effects are
illustrated in Figure 2D, which shows the resultant harmonic
polarization ellipses for various fundamental LSPR matching
conditions. For the off-resonant case (e.g., Δλ = ±40 nm), the
signal is dominated by a linear, vertical polarization state.
However, for zero detuning, the horizontal contribution to the
ellipse becomes prominent, reflecting the increased circularly
polarized contribution to the harmonic signal. Hence,
plasmon-resonant excitation selectively amplifies the CD
response of the asymmetric nanorod.
To determine the importance of local structure on plasmon-

mediated CD, we studied symmetric nanorods formed by
thermal reshaping of the original asymmetric structures
(Figures S1 and S4).32 The AS for the reshaped rods was
∼20% lower than that for the original sample. The SHG yield
from reshaped nanorods was too low to reliably quantify
polarization metrics, confirming the interpretation that subtle
symmetry breaking induces intrinsic CD-SHG, which can be
amplified by plasmon-resonant excitation.
Chiroptical responses for isolated and aggregated nanorods

have been studied using linear methods.11−14 Significant
circular dichroism dark-field scattering (CD-DFS) signals are
obtained for protein-assembled dimers and higher-order
multimers of gold nanorods.12−14 The strong CD is attributed
to the ability to form chiral assemblies and to electronic
coupling between plasmon modes and excitations of the
protein. However, despite lattice properties that enable isolated
gold nanoparticles to exhibit nonlinear chiroptical signatures,
single-particle CD-DFS measurements on both nanorods and
nanodumbbells do not yield responses detectable above
noise.13,14 Polarization-resolved SHG is more sensitive to the
chiroptical signals originating from isolated nanoparticles than
linear scattering. This can be understood by considering the
Lorentz reciprocity theorem,24 which describes the electric
field, (Enl(2ω)), of SHG photons detected experimentally in
the far-field:

∬ω χ ω ω∝ ·E E E S(2 ) ( ) (2 )dnl nnn
(2)

n
2

n (2)

where χnnn is the surface-normal nonlinear susceptibility, En(ω)
and En(2ω) are the local field amplitudes normal to the
nanostructure’s interface at the fundamental and second
harmonic frequencies, respectively. Equation 2 makes clear
that the harmonic signal is the product of the lattice-dependent
susceptibility tensor and the fundamental and harmonic surface
fields. Hence, structural influences on optical signals are

Figure 2. Plasmon-mediated gold nanorod SHG. (A) (Top) Dark-
field scattering spectrum overlaid with the Lorentzian fit for a single
nanorod analyzed in this study. (Bottom) Comparison of resonance
spectrum (top) and SHG Stokes parameters of S1 (red), S2 (black),
and S3 (blue) for a single nanorod measured using several
fundamental wavelengths, including plasmon-resonant and detuning
excitations that spanned ±40 nm. The absolute values of S1, S2, and S3
are normalized to S0. The error bars represent the standard deviations
of three identical measurements. The increased S3 obtained upon
resonance matching of the fundamental and nanorod LSPR indicates
a larger contribution of circular polarization, which agrees well with
CDR data shown in Figure 1C−E. The green data are obtained from
an achiral reference, β-BBO, and represent the S3 sensitivity of the
measurement. (B) Wavelength-dependent positive (red) and negative
(black) S3 values and degrees of polarization (C) calculated by

= + +S S S SDOP /1
2

2
2

3
2

0 for over 20 single nanorods with LSPR
ranging from 670 to 930 nm (λω = 800 nm). The average and
standard deviations reported are obtained from the statistical analysis
of measurements performed in triplicate. Each individual measure-
ment is made at the 2−σ confidence level. The nonzero values across
the range indicate a superposition of linear and circular polarization.
The largest circular contribution is observed for fundamental LSPR
matching. (D) Polarization ellipses rendered from experimentally
determined Stokes parameters. The trend in the ellipses shows the
dominance of the linear polarization state in the harmonic signal when
the laser fundamental is detuned from the LSPR and the increased
contribution from the circular state when the nanorod is resonantly
excited.
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amplified for second-order nonlinear measurements, as
compared to linear ones.

■ NANOROD TIP ASYMMETRY MEDIATES THE
LINEAR-TO-CIRCULAR POLARIZATION
MODULATION

Next, the experimental second harmonic results are compared
to numerical simulations. Without loss of generality, the
asymmetry of the gold nanorod conveyed by TEM images
(Figure 1A,B and Figure S1−S4) is introduced in our
numerical study by a semiellipsoid tip whose major axis is
slightly rotated with respect to the growth axis of the nanorod
(Figure 3A). This is accomplished using a major axis rotation
(θ) of the semiellipsoid tip in the x = 0 nm plane, which is
perpendicular to the propagation direction of the linearly
polarized incident light (Figure 3A). Accordingly, we define
the nanorod with θ of positive (negative) rotations as
enantiomer A (B). In order to understand the origin of the
observed circularly polarized SHG emission from the isolated
gold nanorods, we perform scattering simulations and calculate
the SHG based on nonlinear scattering theory, which has
recently been used to accurately predict frequency doubling in
plasmonic nanostructures.33 In particular, the electric field of
SHG in the far-field region (Enl(2ω)) can be analyzed using eq

2.24 Employing this method, Chen and co-workers have
calculated the polarization-dependent SHG from Trisceli-type
plasmonic nanostructures, showing a good agreement with
experimental measurements.21

To assess the circularly polarized SHG from plasmonic
nanostructures, polarity-dependent field distributions at the
nonlinear frequency (En

CP(2ω)) are used to describe the
propagation of the radiation induced by the nonlinear
polarization PNL ∝ χnnnEn

2(ω).22 The vector distribution (on
x = 0 nm plane) of En

L(ω) is illustrated in Figure 3B (left),
corresponding to the nanorod under excitation with a linearly
(z-) polarized wave at the longitudinal plasmon resonance
(fundamental, λω = λLSPR = 740 nm) frequency, whereas that of
En
LCP(2ω) (Figure 3B (right)) denotes the LCP mode of the

structure at the second harmonic frequency. The SHG for L-
LCP (linear fundamental to left circularly polarized harmonic)
in the far-field region is determined by the overlap integral
between χnnnEn

L(ω)En
L(ω) and En

LCP(2ω) on the surface of the
nanorod. L-RCP SHG results from the contribution of
χnnnEn

L(ω)En
L(ω) and En

RCP(2ω), in which the latter is the
RCP mode at 2ω, as depicted in Figure 3C. In Figure 3D, we
present the simulated SHG spectra of both LCP and RCP
components for enantiomer A. It is found that SHG for L-LCP
at wavelengths around λLSPR is significantly larger than that for

Figure 3. Circularly polarized SHG predicted by nonlinear scattering theory. (A) Schematic of SHG dichroism from an asymmetric gold nanorod
illuminated by a linearly polarized fundamental wave. The nanorod is embedded in a background with permittivity 1. Geometrical parameters: R1 =
7 nm, R2 = 10 nm, L = 34.5 nm, and θ = 5° (enantiomer A). (B) Vector distribution of simulated electric field normal to the surface of the nanorod
(Ent A) on the x = 0 nm plane. Left: Under illumination of a linearly polarized wave at the fundamental wavelength (740 nm). Right: LCP mode at
second harmonic wavelength (370 nm). (C) Same field plot as in (B) but for RCP mode at 370 nm on the right. (D) Calculated circularly
polarized SHG signal emitted from the nanorod (Ent A) under a linear polarization excitation. The results are normalized to the maximum value of
L-LCP. (E) Corresponding circular dichroism (CD = L-LCP − L-RCP) of the SHG signal emitted from both enantiomers. Results of an ideally
symmetric rod (θ = 0°) is also presented. (F) Dependence of circularly polarized SHG on the plasmon resonance of an asymmetric gold nanorod
(Ent A). In simulations, a linear polarization at a fixed fundamental wavelength (λ0 = 740 nm) is used to excite the nanorod with a range of length-
to-radius aspect ratios (AR = L/2R1). Inset: Corresponding normalized extinction cross section (Qext) spectra.

ACS Nanoscience Au pubs.acs.org/nanoau Article

https://doi.org/10.1021/acsnanoscienceau.1c00014
ACS Nanosci. Au 2022, 2, 32−39

36

https://pubs.acs.org/doi/suppl/10.1021/acsnanoscienceau.1c00014/suppl_file/ng1c00014_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.1c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.1c00014?fig=fig3&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.1c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


L-RCP. In sharp contrast, as shown in Figure S9A,B,
enantiomer B exhibits a polarity-inverted, circularly polarized
second harmonic response. The CD spectra of SHG emission
from both enantiomers are shown in Figure 3E, which clearly
reveals the interplay between nanorod structure and plasmon-
resonant excitation for the generation of circularly polarized
SHG; the enantiomeric specificity is captured by the
simulations. Providing a qualitative S3 comparison, the
simulated CD-SHG emission spectra indicate good agreement
with the measured wavelength-dependent trends shown in
Figure 2. The wavelength-independent near-zero CD spectrum
of an ideal symmetric nanorod (Figure 3E; θ = 0°) verifies the
accuracy of the simulation method.
To better illustrate the underlying physics of the observed

polarity-dependent SHG-CD at the LSPR, we perform field
analysis for enantiomer A and present the results in Figure S10.
The simulated field map of En

L(ω) on the x = 0 nm plane
(Figure S10B) reveals an asymmetric field distribution, which
can be clearly seen in the plots truncated to the nanorod tip
regions of |En

L(ω)| and y-component phase of the field, that is,
arg(En

L,y(ω)). Furthermore, close inspection of the distribu-
tions of |En

LCP(2ω)| and |En
RCP(2ω)| (Figure S10C) shows that

the harmonic LCP mode at 2ω has a stronger surface field at
the two nanorod tips. The generation of asymmetric field
responses at both fundamental and second harmonic
frequencies are the dominant sources that mediate circularly
polarized SHG emission. To better visualize the nonlinear
contribution, that is, the integrand of eq 2, the amplitude (top
row) and phase (bottom row) distributions of En

L(ω)En
L(ω)

En
CP(2ω) on different cross sections are shown in Figure

S10D−I. Only contributions at the gold/medium interface
have been evaluated. The amplitude plots clearly show that the
dominant contribution to both L-LCP and L-RCP SHG
originates from the areas associated with the two tips of the
nanorods. Figure S10D,G portrays the distinct localization and
phase distribution associated with the handedness, or polarity,
of LCP and RCP modes at 2ω that were induced using linearly
polarized fundamental. This is made evident by Figure S10F,
which unambiguously illustrates a stronger contribution
around the upper nanorod tip for L-LCP than for L-RCP. In
particular, the maximum value of |En

L(ω)En
L(ω)En

LCP(2ω)| is
14% larger than that of |En

L(ω)En
L(ω)En

RCP(2ω)|, while the
corresponding integral (in the z = 30 nm plane) for L-LCP is
23% greater than that for L-RCP. Note that, as expected,
identical amplitude and phase distributions are observed in the
x = 0 nm cutting plane (Figure S10E,H) due to the symmetry
of the structure. These results further validate that the
structural asymmetry at the nanorod tips provides a chiroptical
signal source, which leads to the nanoparticle-specific circular
dichroism detected in the second harmonic signals. The
longitudinal plasmon resonance significantly increases the
nonlinearity to enable unambiguous CD-SHG detection in the
far-field.
By varying the aspect ratio (AR) of the enantiomer A, we

further study CD-SHG as a function of the plasmonic
resonance detuning of the gold nanorods. The simulated
extinction cross section spectra shown in Figure S11A and
Figure 3F inset indicate a red shift of the plasmonic resonance
of the nanorod from ∼660 to 820 nm with increasing AR in a
range from 3.5 to 5.5. To simulate the resonance detuning
effect, a z-polarized fundamental wave at a fixed wavelength
(λ0) of 740 nm is used to excite the nanorods. Figure S11B
summarizes the dependence of L-LCP and L-RCP SHG on the

resonance detuning Δλ = λres − λ0, whereas Figure 3F shows
the corresponding CD of SHG, indicating the close depend-
ence of the chiroptical nonlinearity on plasmon-resonant
excitation. Results shown in Figure 3 and Figure S11 agree
with the experimental observations in Figure 2.

■ CONCLUSIONS
Here, the nonlinear chiroptical responses of an isolated achiral
objecta CTAB-protected gold nanorodare described. The
complete second harmonic generation signal is a superposition
of linear and circular polarization states. Using a combination
of polarization-resolved single-nanoparticle SHG imaging,
electron microscopy, and numerical modeling, we show that
the circular dichroism second harmonic is due to shape
anisotropy at the nanorod tips. As a result, the circularly
polarized contribution to the NLO superposition increases
when the fundamental wave resonantly excites longitudinal
plasmon modes of the nanorod, inducing asymmetric surface
fields localized at the tips and spatially colocalized with the
particle anisotropy. Because the SHG signal is a product of the
structure-dependent microscopic polarizability and local sur-
face fields, these measurements more sensitively probe the
chiroptical responses of metal nanoparticles and more
accurately determine the contributions from material structure
and plasmon amplification than is possible using linear
methods. The findings provide new insights into nano-
particle-based circular dichroism, showing that the intrinsic
metal lattice structure must be considered. These conclusions
pave the way for developing nanoparticle-based chiroptical
transducers by leveraging atomic-level structure. Amplification
of CD signals using isolated particles, in place of assemblies
that require specific nanoparticle-to-nanoparticle orientations
to achieve similar effects, will greatly simplify the scalability
and robustness of chiroptical sensors. In addition, silver
nanorods are formed with shape anisotropies similar to those
shown here and can be expected to show similar chiroptical
responses but at material-specific wavelengths.34 Hence,
expanding metal composition, size, and shape could provide
a straightforward route to broadly tunable chiroptical materials.
Such advances could allow for trace-level molecular, protein,
and virus sensing, as well as polarization modulation in
photonic circuits.
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