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Monocrystalline Gold Metasurface to Control Anisotropic
Second-Harmonic Generation

Sergejs Boroviks* and Olivier J. F. Martin*

The tensorial nature of the nonlinear susceptibility of gold surfaces is revealed
and exploited by comparing crystalline and polycrystalline thin films. The
{111}-type surfaces of crystalline gold exhibit anisotropic features that are
absent at the surfaces of conventionally used polycrystalline thin films. While
this anisotropy does not influence the linear optical response, it becomes
apparent in the second-harmonic generation, where the emission can be
either co- or cross-polarized with the excitation light, depending on the crystal
orientation. It is further demonstrated that nanopatterning a {111} surface
enables versatile control over the anisotropic and isotropic contributions to
second-harmonic generation in the vicinity of localized surface plasmon
resonance condition. Focused ion beam-milling is used to pattern the surface
of chemically synthesized gold flake with subwavelength-sized V-grooves,
while preserving the intrinsic crystal anisotropy as demonstrated by the
nonlinear microscopy. The results highlight the potential of crystalline
metasurfaces to enhance, tailor and control the nonlinear optical response,
paving the way for advanced nonlinear photonic devices.

1. Introduction

Nonlinear optical components are key to lasers, ultra-short pulse
generation and characterization, quantum light sources and op-
tical signal processing.[1–4] Since the first experimental demon-
stration of optical second-harmonic generation (SHG) – a non-
linear optical process that doubles the frequency of electromag-
netic waves – by Franken et al.,[5] there is ongoing search for
novel nonlinear materials. SHG is a complex processes of ten-
sorial nature, strongly dependent on the cristallographic prop-
erties of the material and only possible in crystals with a bro-
ken centrosymmetry.[6] Such noncentrosymmetric optical crys-
tals are rarely found in nature in sufficiently pure form, whereas
their artificial growth methods are elaborate, rendering the fabri-
cation of nonlinear optical components expensive. Furthermore,
conventional nonlinear components are bulky, with characteris-
tic dimensions imposed by the phase matching condition, as an
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efficient nonlinear light control requires
a large light–matter interaction volume.
This makes traditional nonlinear crystals
inapplicable in nanophotonics, where
optical components are miniaturized
down to subwavelength dimensions,
for example in nonlinear photonic
metasurfaces.[7–9] Alternative nonlinear
materials as well as smart efficiency-
boosting methods are therefore highly
desirable for nonlinear nanophotonics.

Nonlinear plasmonics belongs to such al-
ternative research directions,[10] which ex-
ploits nonlinearities of the noble metal sur-
faces, such as gold and silver. While these
metals naturally render as centrosymmet-
ric crystals, they exhibit appreciable second-
order nonlinearities at their surfaces, where
the centrosymmetry is broken.[11] While
SHG from metal surfaces is relatively weak
– primarily due to a small nonlinear light-
matter interaction volume – this interaction
strength can be substantially enhanced at

the surfaces of nanostructures by virtue of surface plasmon
resonances.[12] In particular, the recent burst in the develop-
ment of nanofabrication technologies has led to the experimental
demonstrations of several intelligently designed plasmonic meta-
surfaces, which take advantage of the strong field enhancement
associated with the plasmonic resonances.[13–15] Admittedly, this
enhancement is often hindered by the nonradiative losses caused
by the surface roughness and absorption in the bulk metal.[16] Yet,
advances in the nanopattering of crystalline gold thin films can
overcome those limitations and open new prospects for low-loss
linear and nonlinear plasmonics.[17–23]

In this article, we demonstrate how resonant plasmonic meta-
surfaces fabricated on crystalline metal substrates allow to con-
trol – amplify or silence – the SHG in reflection. We chemi-
cally synthesize monocrystalline gold flakes, which, in contrast
with their polycrystalline counterparts, exhibit anisotropic non-
linear optical response at their large {111}-type surfaces.[24,25] Fo-
cused ion-beam (FIB) is used to pattern the surface with arrays
of subwavelength-sized V-grooves, thereby creating crystalline
metasurfaces that exploit the intrinsic anisotropy of the gold crys-
tal. We show that the superposition of metasurface and crystalline
symmetries allows to selectively enhance or diminish orthogo-
nally polarized SHG signals. Specifically, in the vicinity of the
localized surface plasmon resonance (LSPR) supported by the
V-groove, different SHG contributions that are associated with
the surface-normal and surface-parallel nonlinear susceptibility
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Figure 1. Co- and cross-polarized SHG from isotropic polycrystalline (a–f) and anisotropic crystalline {111} (g–p) gold surfaces. Atomic arrangements
at a polycrystalline and g {111} surfaces, with the definition of the coordinate system and corresponding Miller indices of the crystalline axes on the {111}
surface. b and h, polar plots of the polarization-resolved SHG measurements as a function excitation polarization angle (relative to the sample orientation
indicated in respectively a and g). c–f) Fourier images of the co- (c,e) and cross-polarized (d,f) second-harmonic emission from a polycrystalline surface
under excitation at normal (c,d) and approx. 45° (e,f) incidence. i–p, Fourier images of the second-harmonic emission from a gold {111} surface upon
y-polarized (i–l) and x-polarized (m–p) excitation, at normal (i,j,m,n) and approx. 45° angle of incidence (k,l,o,p); images in i,k,m and o are co- and in
j, l, nand p are cross-polarized relative to the excitation light. Grey circles in c–f and i–p correspond to the maximum acceptance angle of the objective
(NA=0.9) used in the experiment; all the images are normalized to fit the scale of the colorbar in the top of the figure. Red arrows in panels c–f and
i–p, as well as in the rest of the manuscript, indicate polarization of the excitation light; the light-blue color designates co-polarized SHG and the purple
color is used for cross-polarized SHG.

tensor components can be excited by adjusting the depth of the
groove or tuning the excitation wavelength.

2. Isotropic and Anisotropic SHG from
Polycrystalline and Crystalline Gold Surfaces

The linear optical response of plasmonic metals is largely deter-
mined by the behavior of free electrons in the conduction band,
while the second-order nonlinear response is predominantly in-
fluenced by the broken centrosymmetry at the surface.[11] Al-
though the free electron gas can also exhibit nonlinearities at opti-
cal frequencies due to nonlocal effects, as predicted by the hydro-
dynamic model,[26–29] this contribution can be safely neglected in
most situations, as it was shown to be approximately two orders
of magnitude weaker than surface effects.[30,31]

In general, the nonlinear surface polarization that gives rise
to the surface SHG can be expressed as an outer product of the

second-order susceptibility tensor
↔
𝜒 (2)

s
and the electric field at the

fundamental frequency 𝜔:

P(2)
s (r, 2𝜔) = 𝜀0𝛿(r − rs)

↔
𝜒 (2)

s
: E(r,𝜔)E(r,𝜔) (1)

where 𝜖0 is the free space permittivity, 𝛿 is the Dirac delta func-
tion, r is the position vector, rs is the position vector of the surface.
We refer to the 2𝜔 frequency as the second-harmonic frequency.

Although gold naturally renders as a face-centered-cubic (FCC)
crystal with intrinsic anisotropy, the assumption of isotropic ma-
terial is often valid in practice. The reason being that widespread
gold deposition methods, i.e., sputtering or physical vapor de-
position, yield polycrystalline thin films with a grain size that is

smaller than the diffraction limit.[32] This results in averaging the
anisotropic contributions in the optical response, such that sur-
faces have an effective C∞ symmetry, as illustrated in Figure 1a.
Nevertheless, the centrosymmetry is broken across the inter-
face and thus, purely from symmetry considerations, the surface

of an isotropic metal has
↔
𝜒 (2)

s
with seven non-vanishing com-

ponents: 𝜒 (2)
zzz, 𝜒 (2)

zxx = 𝜒
(2)
zyy and 𝜒

(2)
xxz = 𝜒

(2)
xzx = 𝜒

(2)
yyz = 𝜒

(2)
yzy.[33] They

form three independent groups, which are often denoted as:
𝜒2
⟂⟂⟂, 𝜒2

⟂∥∥ and 𝜒2
∥⟂∥ = 𝜒2

∥∥⟂, where the subscripts indicate the
surface-perpendicular (⊥, corresponding to z) or surface-parallel
(∥, corresponding to x and y) components. Previous studies on
polycrystalline gold surfaces have shown that 𝜒 (2)

zzz is the domi-
nant component, whereas 𝜒

(2)
zxx = 𝜒

(2)
zyy is the weakest.[30,31] This

results in isotropic SHG that is always co-polarized with the ex-
citation light and can only be excited from the far-field at a graz-
ing angle, which is not a convenient experimental setting. We
confirm this fact by polarization-resolved SHG measurements
displayed in Figure 1b, where the co-polarized signal is shown
with a light blue color and the cross-polarized signal is shown
with a purple color (such designations are used throughout the
manuscript). Excitation with a tightly-focused Gaussian beam at
the fundamental wavelength 𝜆FH = 820 nm produces mostly a
co-polarized response, with a small cross-polarized contribution
being an experimental artifact, related to the nonlinear light prop-
agating at a grazing angle. The details of such a response are fur-
ther revealed using excitation-angle-resolved Fourier microscopy
(Figure 1c–f, for experimental details refer to the Experimental
Section and Figure S5, Supporting Information). Excitation at
normal incidence (i.e., with a quasi-plane wave propagating along
the z-axis, carrying only an Ex component of the electric field)
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does not result in any measurable SHG signal (Figure 1c,d). In
turn, excitation with p-polarized light at 𝜃i ≈ 45 (carrying both
Ex and Ez fields) results in a strong co-polarized SHG signal (see
bright spot in Figure 1e and absence thereof in panel f). This
co-polarized signal stems primarily from 𝜒

(2)
zzz (although the con-

tribution of 𝜒 (2)
xxz = 𝜒

(2)
xzx elements cannot be entirely eliminated

in this type of experiment). Note that the surface-normal compo-
nent of the electric field (Ez) passes through the analyzer in the
far-field as it is carried by a p-polarized electromagnetic wave.

In contrast, SHG from the gold single crystal has apparent
anisotropic features, which are associated with the in-plane sym-
metries of the crystal facets.[33] In particular, {111}-type surfaces
have a C3v symmetry due to the threefold stacking order of atomic
layers in the FCC crystal (and not C6 as one could expect from
the hexagonal atom arrangement at the surface layer). This can
be seen from Figure 1g, along with the definition of the coordi-
nate system: the z-axis is normal to the surface, corresponding
to the < 111 > crystal axis, the x-axis is aligned with ⟨1̄10⟩ (par-
allel to the crystal edge) and the y-axis is along the ⟨112̄⟩ crystal-
lographic axis (perpendicular to the edge). In this arrangement,
the centrosymmetry is broken not only across the interface, but
also along all the ⟨112̄⟩-type axes (for details see schematic il-
lustration in Figure S1, Supporting Information), extending the
seven above-mentioned isotropic surface second-order suscep-
tibility components with four anisotropic ones: 𝜒 (2)

yyy = −𝜒 (2)
yxx =

−𝜒 (2)
xxy = −𝜒 (2)

xyx,[33] which form a new group designated as 𝜒
(2)
∥∥∥.

These anisotropic components result in the characteristic six-
petal patterns for co- and cross-polarized SHG polarization di-
agrams (Figure 1h). A simple phenomenological model can be
used to fit the experimental data,[24,34] where the intensity of co-
polarized I∥(2𝜔) or cross-polarized I⊥(2𝜔) SHG signal are given
by

I∥(2𝜔) ∝|ci∥ − ca∥ sin 3𝜙|2I2(𝜔) (2)

I⟂(2𝜔) ∝|ca⟂ cos 3𝜙|2I2(𝜔) (3)

where ϕ is the angle between the x-axis and the polarization
of the excitation wave, I(𝜔) is the excitation wave intensity, ci∥
and ca∥ are complex-valued constants related to the isotropic and
anisotropic co-polarized responses and ca⊥ describes the cross-
polarized anisotropic response.

Fourier microscopy confirms that the anisotropic contribu-
tion stems from the excitation at normal incidence: depending
on the orientation of the pump polarization with respect to the
crystal, one observes either co-polarized (Figure 1i) or cross-
polarized (Figure 1n) second-harmonic emission, which are as-
sociated with 𝜒

(2)
yyy or 𝜒

(2)
yxx components, respectively. In turn, no

co-polarized SHG signal is observed when the pump is polarized
along a ⟨1̄10⟩-type axis (Figure 1m), nor a cross-polarized signal
when the pump is polarized along a ⟨112̄⟩-type axis (Figure 1j),
as 𝜒

(2)
xyy and 𝜒

(2)
xxx vanish by symmetry. Moreover, excitation at 𝜃i

≈ 45° with p-polarized light, allows to probe both isotropic and
anisotropic components. Excitation with y-polarized beam (i.e.,
along the ⟨112̄⟩ crystal axis) results in solely co-polarized SHG –
note the bright spot in Figure 1k and absence thereof in panel l.
This response contains both isotropic and anisotropic contribu-

tions (associated with 𝜒
(2)
zzz and 𝜒

(2)
yyy respectively), that are not sep-

arable in the far-field since they are both p-polarized (i.e., in the
same plane as the excitation polarization). In turn, x-polarized ex-
citation (i.e., along the ⟨1̄10⟩ direction) yields both co-polarized
(Figure 1o) and cross-polarized (Figure 1p) signals. This allows
to unambiguously separate isotropic and anisotropic contribu-
tions, since they are associated with the 𝜒

(2)
zzz and 𝜒

(2)
yxx tensor ele-

ments, respectively.

3. Resonant V-Grooves for Anisotropic SHG
Enhancement

Having established the isotropic and anisotropic second-order
nonlinear properties of pristine {111}-type surfaces of gold, one
may consider the possibilities to amplify them using the near-
field enhancement associated with surface plasmon resonances.
A plain metal-air interface supports a surface plasmon polariton
– a propagating electromagnetic mode with a strong near-field
confined to the interface, which essentially allows squeezing light
below the diffraction limit.[35] This mode is however not suitable
for enhancing nonlinear effects for two reasons: first, it cannot be
directly excited from free space; second, its resonance frequency
is determined by the material properties and is therefore not eas-
ily tunable. A simple yet versatile solution to these issues is to
pattern the surface into a one-dimensional grating with subwave-
length periodicity, which has been proven to efficiently enhance
various nonlinear processes.[18,36–38] Depending on their specific
morphology and geometric dimensions, such gratings can sup-
port both propagating and localized surface plasmon modes.[39]

The latter achieve a large near-field enhancement in a geome-
try with sharp features, such as V-grooves.[40–42] Although such
an extreme field concentration is accompanied with strong ab-
sorption at the fundamental wavelength,[43] it was shown to be
beneficial for SHG amplification.[18,44]

Figure 2a shows reflectance R as a function of the groove depth
d, for a fixed fundamental wavelength 𝜆FH = 820 nm, grating pe-
riod P = 300 nm. Subwavelength periodicity of the metasurface
is chosen to avoid diffraction in both linear and SHG response.
The reflection minimum at d= 122 nm is associated with a LSPR,
as substantiated by the electric near-field distributions plotted (in
the vicinity of the resonance condition) in Figure 2b, c: the electric
field is strongly confined within and at the vicinity of the groove.
The full-wave simulations are performed using a finite-element-
method-based electromagnetic solver in a 2D geometry model,
assuming translation symmetry in the y-axis direction (see fur-
ther details in the Experimental Section).

The linear electric fields calculated along the air-gold interface
can now be used in Equation (1) to evaluate the nonlinear surface
polarization P(2)

s (r, 2𝜔). The two contributions – isotropic (associ-
ated with 𝜒

(2)
⟂⟂⟂ that exists at both the polycrystalline and {111}

surfaces) and anisotropic (associated with 𝜒
(2)
∥∥∥ that occurs only

at the {111} surface) – can be treated independently in the sim-
ulations, since they have orthogonal polarizations that are sepa-
rable in the experiment, if the excitation light is polarized along
a ⟨112̄⟩-type crystal axis, as discussed in the previous section. It
should be noted that in the considered geometry the correct as-
signment of the surface second-order susceptibility requires ad-
ditional considerations. The dominant isotropic surface-normal

Adv. Optical Mater. 2025, 2402525 © 2025 Wiley-VCH GmbH2402525 (3 of 8)

 21951071, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202402525 by E
pfl L

ibrary B
ibliothèque, W

iley O
nline L

ibrary on [25/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 2. Numerical simulations of V-groove linear and SHG response. a) simulated reflectance of a metasurface as a function of the groove depth d
for a fixed excitation wavelength 𝜆FH = 820 nm, periodicity P = 300 nm and width w = 60 nm; the inset shows the geometry of the metasurface unit
cell with the part of the air-gold interface that posses solely 𝜒 (2)

⟂⟂⟂ highlighted in light blue color and the parts of the interface that possess both 𝜒
(2)
⟂⟂⟂

and 𝜒
(2)
∥∥∥ highlighted in purple. b) and c) pseudo-color images of the electric near-field norm in the vicinity of V-groove at the fundamental wavelength

for points indicated with a circle and a cross in a, corresponding to d = 120 nm (b) and d = 138 nm (c). d) simulated isotropic (associated with 𝜒
(2)
⟂⟂⟂)

and anisotropic (associated 𝜒
(2)
∥∥∥) SHG as a function of the groove depth. e) and f) pseudo-color images of the electric near-field norm at the second-

harmonic wavelength stemming from 𝜒
(2)
⟂⟂⟂ (e) and 𝜒

(2)
∥∥∥ (f). See Figure S2 (Supporting Information) for additional details on the E⊥ and E∥ components

and their contributions to SHG.

component 𝜒 (2)
⟂⟂⟂ cannot be treated simply as 𝜒

(2)
zzz, since the in-

terface is no longer planar. However, every point of the curved
region of the interface still posses a surface-normal susceptibil-
ity, however it is not aligned with the z-axis and thus possesses
also a x component. Therefore, the nonlinear surface polarization
can be expressed as P(2)

s,⟂ = 𝜀0𝜒
(2)
⟂⟂⟂|E⟂|

2, with E⊥ being surface-
normal component of electric field, and its projections onto the x
and z axes can be evaluated numerically (see Figure S2, Support-
ing Information). In turn, the 𝜒

(2)
∥∥∥ exists only at the unpatterned

{111} surface, highlighted with a light blue color in the inset of
Figure 2a, but vanishes in the V-groove region, as these curved
boundaries do not align with the crystallographic {111} plane,
and thus possess different symmetries. In fact, these curved sur-
faces can be assumed to posses solely 𝜒

(2)
⟂⟂⟂, since in the experi-

ment FIB-milling distorts the crystalline lattice in the vicinity of
the exposed region (to a depth of a few nanometers) such that
it essentially becomes amorphous.[45,46] This assumption allows
assigning surface-parallel polarization P(2)

s,∥ = 𝜀0𝜒
(2)
∥∥∥|E∥|

2 only to
the flat regions of the air-gold interface, highlighted with a purple
color in the inset of Figure 2a.

With these considerations in mind and using the electric fields
at the fundamental frequency obtained in the first simulation
step, the far-field SHG response can be evaluated by solving
the system at the second-harmonic frequency (corresponding to
𝜆SH = 410 nm) with the nonlinearly-induced surface polariza-
tions P(2)

s,⟂ and P(2)
s,∥ as source terms. However, this problem is not

straightforward to set up in Comsol: in order to be properly as-
signed to the interface, the surface polarization needs to be trans-

lated into surface currents, as detailed in the Experimental Sec-
tion.

Figure 2d shows the SHG simulation results for both the
surface-normal and surface-parallel contributions. Remarkably,
the peaks in the SHG associated with the 𝜒

(2)
⟂⟂⟂ and 𝜒

(2)
∥∥∥ oc-

cur at different values of d: at 120 nm (slightly to the left of the
fundamental resonance) and at 138 nm, respectively. Such be-
havior is explained by the fact that the maximal enhancement
of E∥ and E⊥ at the interface occur at different groove depths
(comparison of the two is shown in Figure S2a, Supporting In-
formation). Besides, a small difference in the SHG associated
with 𝜒

(2)
⟂⟂⟂ and the fundamental resonance can be explain by

the resonance frequency red-shift between the LSPR near-field
and far-field intensities: the SHG intensity depends on the elec-
tric field enhancement at the interface, which occurs at slightly
smaller d than the minimum in reflectance evaluated in the far-
field.[47,48] Figure 2e shows the electric field distribution for the
case of the maximal isotropic SHG: a strong hot spot at the tip
of the V-groove suggests that the far-field SHG enhancement is
related to the near-field enhancement at the fundamental fre-
quency. The wavelength-dependence of this effect can be seen
in Figure S3 (Supporting Information): the minima in reflec-
tion occur at slightly longer wavelength than the maxima in the
enhancement of the surface-normal component of the electric
field E⊥ at the air-gold interface. In turn, the anisotropic SHG
peak visible in Figure 2d is due to the fact that only the un-
patterned part of the interface possesses 𝜒

(2)
∥∥∥ components and

thus does not depend on the local field enhancement inside
the V-groove. Instead, it benefits from the increase of the LSPR
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Figure 3. Experimental demonstration of the control over anisotropic SHG on a crystalline gold surface. a–c) cross-sectional SEM images of the V-
groove metasurface sample arrays fabricated with varying FIB doses (0.2–10 pC∕μm, indicated in the lower left corners of each panel), milled on the
{111}-surface of a gold flake along ⟨1̄10⟩ crystalline axis (a), along the ⟨112̄⟩ axis (b), and on a polycrystalline surface (c); scale bars: 300 nm. d–f)
linear reflectance at 𝜆FH = 820 nm as a function of the groove depth for gratings milled along the ⟨1̄10⟩ crystalline axis (d), the ⟨112̄⟩ axis (e) and on a
polyrcrystalline surface (f). g–i, co- and cross polarized SHG signals (at 𝜆SH = 410 nm) as a function of the groove depth for the corresponding samples
in panels (a–c). The vertical axes are the same for panels (d–f) and (g–i); the horizontal axes are the same for panels (d) and (g,e) and (h), as well as (f)
and (i).

mode volume: as the groove becomes deeper, the electric field
spreads outside to the unpatterned part of the unit cell and ac-
quires stronger surface-parallel components E∥, which, in turn
results in stronger P(2)

s,∥ (note the difference in arrow inclination
in Figures S2b,c (Supporting Information), as well as the distri-
bution of nonlinear polarizations in Figure S2d–g, Supporting
Information). The wavelength-dependence of this effect is also
demonstrated in Figure S3c (Supporting Information): the mini-
mum of the E∥ in the unpatterned region of the interface is associ-
ated with a minimum in the linear reflectance, whereas the tran-
sition to the E∥ maxima occurs at a slightly shorter wavelength.

The results presented in Figure 2 have two important conse-
quences: first, at the resonance a V-groove metasurface produces
strong isotropic SHG, which is not excitable at a pristine surface
by a plane wave. Second, the anisotropic SHG reaches a maxi-
mum at a different value of d, for which the isotropic SHG is
nearly at its minimum, and conversely: the anisotropic SHG min-
imum is almost aligned with the maximum of the isotropic one.
This suggests that the SHG associated with both 𝜒

(2)
⟂⟂⟂ and 𝜒

(2)
∥∥∥

from {111}-type crystalline gold surfaces can be selectively en-
hanced or silenced by tuning the groove depth or the excitation
wavelength, whereas a polycrystalline gold surface is expected to
exhibit only enhancement of SHG stemming from 𝜒

(2)
⟂⟂⟂.

4. Experimental Demonstration of the Anisotropic
SHG Enhancement and Suppression at {111} Gold
Surfaces

For the experimental demonstration of the theoretical predic-
tions in the previous section, we have FIB-milled metasurface

samples on the large {111}-type surface of a chemically synthe-
sized gold flake and on an evaporated gold film (see the Ex-
perimental Section for the sample preparation details and the
detailed characterization of all the samples in Figure S4, Sup-
porting Information). The fabricated metasurfaces have varying
groove depths and different orientations with respect to the crys-
tal axis (along ⟨1̄10⟩ or ⟨112̄⟩-type axis), but fixed periodicity (P =
300 nm). The quality of the fabricated metasurfaces on the crys-
talline flake is clearly higher than that on polycrystalline samples,
in terms of surface roughness and regularity of the groove side-
walls, as can be seen by from panels a, b, and c in Figure 3. As
a result, stronger linear reflectance and sharper resonance is ob-
served for the crystalline sample (Figure 3d,e) as compared to
the polycrystalline one (Figure 3f). Besides, the observed differ-
ence in reflectance may be attributed to the stronger surface- and
crystal grain boundary scattering, as well as larger Ohmic losses
that are typical of the polycristalline gold.[20] The minimum in
the reflection at d ≈ 140 nm is due to the excitation of LSPR,
as substantiated by numerical simulations shown in Figure 2a.
The wavelength-dependence of the LSPR is further confirmed
by spectral measurements shown in Figure S4o-q (Supporting
Information). The minimum in the reflectance spectra in red-
shifts with increasing groove depth, which is in good agreement
with the simulation results presented in Figure S3a (Supporting
Information).

While the orientation of the groove with respect to the crystal
axes is irrelevant for the linear response (note that panels d and
e in Figure 3 are nearly identical), it is of primary importance
for SHG: the signals in Figure 3g,h have very distinct trends.
Each bar in these plots shows the co- or cross-polarized SHG
signals from the metasurface sample with the indicated groove

Adv. Optical Mater. 2025, 2402525 © 2025 Wiley-VCH GmbH2402525 (5 of 8)
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depth, obtained with identical excitation conditions (weakly fo-
cused laser beam at normal incidence, polarized along the grat-
ing periodicity direction). As shown in Figure 3g, excitation with
a beam polarized along the y-axis (aligned with ⟨112̄⟩) yields a pre-
dominantly co-polarized response, arguably stemming from 𝜒

(2)
yyy.

This signal peaks at d ≈ 130 nm, nearly aligning with the mini-
mum in the linear reflection. Conversely, an excitation polarized
along the x-axis (aligned with ⟨1̄10⟩) produces both strong cross-
and co-polarized SHG as can be seen in Figure 3h. In this case,
the cross-polarized SHG is maximum at d ≈ 135 nm, whereas
the peak of co-polarized SHG occurs at a smaller groove depth (d
≈ 120 nm). This agrees well with the predictions of the simula-
tions in Figure 2d: the anisotropic SHG from {111}-type surface
is cross-polarized (and thus distinguishable from the isotropic
contribution) since the 𝜒

(2)
yxx susceptibility component is excited.

A polycrystalline gold grating (Figure 3g) exhibits a different
behavior: overall, the linear reflectance is weaker and does not
show any significant increase toward the smaller grove depths,
while exhibiting a peak for approximately the same groove depth
as crystalline samples (d ≈ 120 nm). This peak may be attributed
solely to the excitation of the isotropic susceptibility component
𝜒

(2)
⟂⟂⟂, since the anisotropic component 𝜒 (2)

∥∥∥ is completely absent
at a polycrystalline surface, as shown in Figure 1. A weak cross-
polarized SHG signal in Figure 3g,i, which is not expected from
simulations, is an experimental artifact related to the SHG emis-
sion at a grazing angle.

Notwithstanding the fact that these measurements do not pro-
vide absolute values of the nonlinear susceptibility of the sys-
tem, we find that for metasurface with groove depth d ≈ 135 nm,
the cross-polarized SHG is enhanced approximately by factor 2,
relative to the SHG from unpatterned surface. In turn, for d ≈

120 nm, co-polarized SHG is enhanced approximately 3.5 times.
The presented results indicate that the superposition of the

metasurface and the intrinsic {111}-type surface symmetries (or
absence thereof) produces two important outcomes. First, it am-
plifies SHG stemming from the anisotropic 𝜒

(2)
yxx component,

which exists on a pristine crystal surface. Second, it also produces
an effective 𝜒

(2),eff
xxx , which is absent at pristine surfaces. In fact,

this effective susceptibility stems from the isotropic 𝜒 (2)
⟂⟂⟂ compo-

nent, which is efficiently excited at the curved air-gold interface in
the V-grooves, as substantiated with numerical simulations pre-
sented in Figure 2 and discussed in the previous section. While a
pristine gold surface also posses an isotropic 𝜒

(2)
⟂⟂⟂ susceptibility

component corresponding to 𝜒
(2)
zzz, it is not excitable at normal in-

cidence. In the case of the resonant metasurface, 𝜒 (2)
⟂⟂⟂ becomes

accessible even at normal incidence due to the excitation of LSPR,
which results in strong surface-normal electric field in the V-
groove. Finally, we note that, although the surface roughness is
generally known to enhance SHG from metal surfaces,[49,50] we
show that a well-defined surface configuration and the nearly
atomic-scale flatness of monocrystalline gold flakes is advanta-
geous, since it features an anisotropic second-order susceptibility
which is absent on rough surfaces.

5. Conclusion

In summary, we have shown selective enhancement and silenc-
ing of SHG from a plasmonic metasurfaces fabricated on a {111}-

type crystalline gold surface. Such surfaces posses isotropic 𝜒 (2)
⟂⟂⟂

and anisotropic 𝜒
(2)
∥∥∥ second-order susceptibility tensor compo-

nents, which are associated with broken centrosymmetry in, re-
spectively, the surface-normal and surface-parallel directions. No-
tably, if excited with a beam polarized along ⟨1̄10⟩-type crystal
axis, the anisotropic 𝜒

(2)
∥∥∥ gives rise to cross-polarized second-

harmonic emission, which is absent in conventional, polycrys-
talline gold films. Furthermore, this anisotropic component is
much easier to access in an experiment, since it can be excited
by a plane-wave at normal incidence, whereas SHG from poly-
crystalline surfaces requires grazing incidence.

By patterning the {111}-type crystalline gold surface with ar-
rays of subwavelength-sized V-grooves, we demonstrated versa-
tile enhancement of isotropic and anisostropic SHG in the vicin-
ity of the fundamental resonance. Such a crystalline metasurface
retains its intrinsic anisotropic properties, and when combined
with the anisotropic resonant metasurface, it yields even stronger
overall anisotropy – a feature not attainable with conventional
polycrystalline gold films. Furthermore, the intensity of the re-
sulting SHG signal can be tuned not only by the superposition
of symmetries, but also by tailoring the LSPR supported by the
metasurface. The enhancement of the isotropic and anisotropic
SHG contributions depends on the V-groove depth, which effec-
tively gives control over the resulting SHG polarization: it can
be co- or cross-polarized, depending on whether 𝜒 (2)

⟂⟂⟂ or 𝜒 (2)
∥∥∥ is

invoked. Furthermore, such metasurfaces render isotropic com-
ponents accessible to normal incidence excitation, which is not
possible at flat surfaces. We anticipate that the reported results
will serve as a guide for exploiting the tensorial nature of nonlin-
ear susceptibility in crystalline metals and pave the way towards
development of compact nonlinear devices that operate in reflec-
tion mode.

6. Experimental Section
Monocrystalline Gold Flake Synthesis: The monocrystalline gold flake

samples were chemically synthesized following the method described
in previous works.[51,52] Briefly, an aqueous solution (0.5 molL−1) of
chloroauric acid (HAuCl4·H2O) was vigorously mixed with a solution of
tetraoctylammonium bromide (TOABr) in toluene (25 mmolL−1), result-
ing in a two-phase (aqueous and organic) mixture. Further, approximately
100 μL of the organic phase, in which gold ions were dissolved, were drop-
casted onto a pre-cleaned silicon substrate and then kept on a hot plate at
140°C for 24 h. During this time, thermolysis took place and a batch of flat
gold crystals with large {111}-type surfaces was grown on the silicon sur-
face. The flake samples had a variety of shapes (ranging from hexagonal to
triangular), lateral sizes and thicknesses, which cannot be precisely con-
trolled due to the stochastic nature of the synthesis process. After that, the
sample was cleaned with acetone and isopropyl alcohol, which removed
most of the organic solvent, and dried under a gentle nitrogen flow. Finally,
the sample was briefly (30 s) cleaned in oxygen plasma (1000 W power,
Tepla 300 from TechnicsPlasma GmbH).

FIB Milling of V-Groove Gratings: Arrays of V-grooves were FIB-milled
on the large {111} surface of the prepared Au flakes using a Zeiss Cross-
Beam 540 dual beam (gallium ion- and electron-beam) microscope. The
flake selected for patterning had approx. 8 μm thickness and approx.
130 μm lateral dimensions (see micrographs of the pristine sample in
Figure S1, Supporting Information). The milling was performed in lines, at
30 kV acceleration voltage and 50 pA current. The depth of the groove was
controlled by varying the exposure dose, from 0.1 to 10 pC∕μm; the depth
increased approximately linearly with the dose, from ≈10 to ≈300 nm (see

Adv. Optical Mater. 2025, 2402525 © 2025 Wiley-VCH GmbH2402525 (6 of 8)
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Figure 3e). For comparison, similar V-grooves had also been fabricated
on the polycrystalline sample (2 μm-thick film obtained by physical vapor
deposition using Leybold Optics LAB 600H evaporator onto a microscopy
glass cover-slip substrate). The FIB-milling rate for polycrstalline sample
was higher and yielded slightly deeper grooves (≈320 nm for 10 pC∕μm).
The fabrication quality on monocrystalline and polycrystalline samples is
shown in Figure S3 (Supporting Information).

Linear Spectroscopy: The microscopic reflection spectroscopy mea-
surements of the samples were performed using an inverted microscope
(Olympus IX73, using a x100, NA = 0.9 objective) and a spectrograph (An-
dor SR-303i-A, equipped with Newton 971 EMCCD camera).

Polarization- and Excitation-Angle-Resolved SHG Microscopy: The non-
linear characterization of the fabricated samples was performed using a
custom-built confocal scanning microscopy setup with Fourier imaging
capability (schematic diagram is shown in Figure S4, Supporting Informa-
tion). The laser used for the excitation was Mira 900 by Coherent, tuned to
produce ≈120 fs pulses with ≈820 nm central wavelength. The laser beam
was focused onto the sample with a x100, NA = 0.95 apochromatic ob-
jective (Leica HCX PL APO 767016). The back focal plane of the objec-
tive was not completely filled, such that the excitation spot was not tightly
focused, having a full width at half maximum diameter of ≈1.5 μm. The
same objective was used for reflected nonlinear light collection, which, af-
ter passing through a dichroic mirror and a short-pass filter, was recorded
with a single-photon detector (Hamamatsu C11202-050) or CMOS camera
(Kiralux CS135MU from Thorlabs). For the polarization-resolved measure-
ments, the laser beam polarization was kept fixed (p-polarized) whereas
the sample was rotated, which ensures identical excitation conditions and
prevents complications related to the unequal performance of the dichroic
mirror for s- and p-polarized light.[53] For the excitation-angle-resolved
Fourier microscopy (images shown in Figure 1), the flip lens FL was re-
moved to obtain the back-focal plain image of the objective, providing in-
formation about the SHG emission direction. Similar to the experiment
performed by Yang et al.,[54] the excitation angle was tuned by adjusting
the position of the diaphragm D, such that beam enters the back focal
plane of the objective off-center (see insets in Figure S4, Supporting Infor-
mation for normal and 45° angle of incidence cases), and the excitation
polarization was kept p-polarized.

Electromagnetic Simulations: Linear and SHG numerical simulations
were performed using the wave optics module of the commercial finite
element method solver, COMSOL Multiphysics 5.4. The 2D simulation
domain is shown in the inset of Figure 2a, with the periodic boundary
conditions imposed on the side boundaries, perfect electric conductor at
the bottom boundary and an electromagnetic port at the top boundary,
which was used to launch the plane wave and receive the reflection. Be-
sides, the port was backed with a perfectly matched layer (not shown in the
schematics) to ensure the absence of the back-reflection into the simula-
tion domain. For the material parameters, the relative permittivity of the
air to be 𝜖air = 1 was assumed and experimentally measured values from
McPeak et al.[32] were interpolated to obtain 𝜖Au for the wavelengths of
interest. Cubic polynomials were used as element basis functions and the
typical mesh size of 1 nm was used along the air-metal interface, 20 nm in
the metal domain and 40 nm in the air domain.

The simulations were performed in three steps that were coupled via
the Comsol Multiphysics interface. In the first step, the linear reflection at
the fundamental frequency was calculated and electric fields at the air-gold
interface were obtained. The surface-normal and surface-parallel compo-
nents of the electric field just below the interface were used in the next
simulation steps, performed at the second-harmonic frequency, to define
the nonlinear polarization. However, since the surface polarization was
not supported by Comsol, it needed to be consistently translated into the
surface currents. The harmonic time dependence allowed to directly do
that for the surface-parallel component:

Js,∥(2𝜔) = −i2𝜔P(2)
s,∥ (4)

with P(2)
s,∥ being the surface-parallel component of the nonlinear polariza-

tion.

The surface-normal nonlinear polarization required additional consid-
eration since a surface-normal electric current was not supported by
Comsol. Instead, following the method described by Reddy et al.,[55] the
surface-normal nonlinear polarization could be effectively expressed via a
magnetic surface current density:

Ms(2𝜔) = 1
𝜀0

r̂⟂ × ∇‖P(2)
s,⟂ (5)

where ∇∥ is tangential surface gradient, r̂⟂ is the surface-normal unit vec-

tor, and P(2)
s,⟂ is the surface-normal component of nonlinear polarization.

The choice of the surface-normal and surface-parallel fields just below
the interface, i.e. on the metal side of the boundary, rather than on the
air side, was justified by the employed method.[55] The SHG far-field was
evaluated using the far-field domain function, in the elevation angle range
of ±64°, which corresponds to the NA = 0.9 of the objective used in the
experiment.
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Supporting Information is available from the Wiley Online Library or from
the author.
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