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Spatial polarization gating of high-harmonic generation in solids
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High-harmonic generation from solids can be utilized as a probe of ultrafast dynamics, but thus far only over
extended sample areas, since its spatial resolution is diffraction limited. Here, we propose spatial polarization
gating, that is, using a spatially varying ellipticity of a driving laser pulse to reduce the spatial profile of high-
harmonic emission below the diffraction limit and hence increase spatial resolution. We show experimentally
and by numerical simulations that our method is generally applicable as suppressing high harmonics in elliptical
fields is a common response in all solids. We also briefly explore the possibility of applying this technique
to wide-field imaging, specifically to nonlinear structured illumination microscopy. Our findings indicate that
spatial polarization gating can enable all-optical femto-to-attosecond label-free imaging beyond the Abbe limit.

DOLI: 10.1103/PhysRevResearch.7.L.012063

A plethora of recent works have demonstrated high-
harmonic generation (HHG) as a highly sensitive probe for
ultrafast phenomena in solids [1-8], such as the detection of
electron dynamics [1,2], coherent phonons [3], and material
phase transitions [4,5] with in principle subcycle (i.e., few
to sub-fs) temporal resolution [2,9]. Although recent studies
have mostly focused on homogeneous samples there is an
exciting prospect in spatially resolving these dynamics in
systems such as semiconductor devices, nanophotonic meta-
surfaces, and microscopic flakes. Complicating the imaging
of these devices is the fact that their feature size can be
well below the wavelength of visible light. HHG is inherently
sensitive to nanostructures [10] and structural details below
the driving wavelength [11] can modulate the conversion effi-
ciency. The diffraction-limited nature of light in combination
with the relatively long wavelengths required for HHG in
solids means that simply combining HHG with conventional
microscopy will not yield the required resolution for imaging
these microscopic systems.

To overcome the diffraction limit, superresolution imag-
ing techniques have been developed, which are widely used
in bio(medical) imaging [12]. Examples of superresolution
techniques include stimulated depletion microscopy (STED)
[13,14], photoactivated localization microscopy (PALM) [15],
and stochastic optical reconstruction microscopy (STORM)
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[16]. These techniques rely on specific properties of fluores-
cence, as such they cannot simply be applied to HHG imaging.

Recently, the first superresolution imaging technique based
on the properties of HHG from solids was demonstrated
[17]. This harmonic depletion microscopy (HADES) shares
similarities with STED as HHG emission is inhibited by
an orbital-angular-momentum carrying preexcitation pulse.
Here, we will exploit the strong dependence of the HHG pro-
cess on the specific properties of the driving field to spatially
confine HHG below the diffraction limit in a material-
independent and thus generally applicable way.

We propose to obtain a high spatial resolution for HHG
imaging using ellipticity to control emission via spatial
polarization gating (SPG). SPG is inspired by attosecond
(temporal) polarization gating [18], the first technique that
was proposed to generate isolated attosecond pulses in the
extreme-ultraviolet spectral range via HHG from gases. In po-
larization gating, a half-cycle overlap of two counterrotating
circularly polarized femtosecond pulses facilitates temporally
confining HHG and thus enables the generation of isolated
attosecond pulses [19]. Spatial confinement of third-harmonic
generation using a driver with spatially varying ellipticity has
been demonstrated [20]. Here, we show the general applicabil-
ity of SPG to HHG in solids, provide a simple framework that
allows us to predict the spatial emission profile, and propose
an extension of SPG to wide-field imaging.

We measured the ellipticity response of HHG from ZnO,
silicon, and sapphire (for details, see Supplemental Material
[21]). In all cases, HHG suppression can be described by a
Gaussian, matching with the theoretical results of Ref. [32]
and qualitatively consistent with HHG in gases [33],
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FIG. 1. (a) SBE simulations and (b) experiments in ZnO for harmonics H3—-H7 show an intensity modulation as a function of changing
delay (phase) between two 2000-nm orthogonally polarized (s- and p-polarized) pulses. This scan maps delay to ellipticity. HHG emission in
the diagonal polarization direction is selected and shown here. The white dashed lines all have the same slope and indicate the spectral tilt.
(c) Integrated harmonic intensity for both the SBE simulation and measurement. For H3 and H5 also the analytical results using Eq. (2) with
the measured suppression parameters are shown. The top axis corresponds to the simulated delay times.

Here, € is the ellipticity (for a detailed definition, see Sup-
plemental Material [21]), and € specifies the efficiency of
suppression. €, is larger for higher orders [¢x(H3) = 0.32 £
0.02, eg(HS) = 0.23 £ 0.02] but shows little to no intensity
and material dependence. A simple analytical model to pre-
dict the harmonic emission considers the harmonic intensity
projected along the polarization direction f,

|E - £
|Eo|?

Here, n denotes the harmonic order, and Ey is the incoming
electric field. First is the suppression factor S(¢). The second
term results from the assumption that the polarization of the
HHG emission is the same as that of the incoming light, this
assumes perfect momentum conservation between the incom-
ing and emitted light and is typically realized for amorphous
and polycrystalline samples. The third term describes the in-
tensity scaling of the harmonic with the incoming intensity,
which we treat by perturbation theory. This assumption will
fail for higher intensities and orders where nonperturbative
(and typically lower) intensity scalings are observed [34]. For
the experiments in this Letter, these assumptions were found
to hold up.

To support the generality of these observations, we per-
formed simulations of the ZnO ellipticity response by solving
the semiconductor Bloch equations (SBEs) [35,36]. We have
used a simple tight-binding model to describe the ZnO (for
details, see Supplemental Material [21]). Here, the ellipticity
is varied by delaying two equally intense 2000-nm pulses
with linear and orthogonal polarizations. For these scans, we
isolate emission with a polarizer that is aligned diagonally to
the s and p directions.

The simulation results are shown in Fig. 1(a) where
we observe periodic suppression of all the harmonics or-
ders. As the delay is scanned over the length of one

|E0|2n.

Li(e) = [E, - #|* o S(e) 2)

fundamental wavelength, the driver ellipticity switches from
diagonal linear (maximum HHG) to right-handed circular
(full HHG suppression) to antidiagonal linear (maximum
HHG, linear polarization of driver rotated by 90° with respect
to diagonal) to left-handed circular (full HHG suppression)
and back to diagonal linear. As we filter out the antidiagonal
emission this leaves us with emission maxima when the delay
is a multiple of the wavelength. For longer delays partial pulse
overlap results in both reduced HHG emission for linear and
reduced suppression for circular polarization. Comparing our
SBE simulations with the measurements of ZnO shown in
Fig. 1(b), where the ellipticity has similarly been varied by
delaying two orthogonally polarized pulses, we observe the
same behavior: strong enhancement and suppression with a
periodicity matching that of the driving wavelength. The pulse
duration in the experiments is longer than in the SBE simula-
tion, resulting in slower intensity changes over the delay scan
and spectrally narrower HHG emission. The weak spectrally
broad lines observed in addition to the experimental H7 emis-
sion can be attributed to the broadband band-gap fluorescence
found in ZnO [37], the underlying multiphoton excitation of
which also exhibits a strong ellipticity dependence. We also
note a spectral tilt in all the harmonic emission maxima, which
is due to the difference in phase between the different spectral
components in the driving pulse for a given delay. Since this
depends on the phases of the driver, the same spectral tilt is
found between all the harmonics at a given delay, as illustrated
via the dashed white lines which all have the same slope.

The integrated harmonic intensities are shown in Fig. 1(c),
together with the analytical model (for H3—H5) using Eq. (2).
We observe good agreement between SBE simulation, mea-
surement, and analytical model. The fact that our simulations
can reproduce our experimental results while using a tight-
binding model instead of specific material properties indicates
that even in solids the decreased HHG efficiency for increased
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FIG. 2. (a) Setup for SPG. The input beam is separated by a beam
splitter (BS). In one of the arms, the spatial profile of the beam is
changed via a phase plate (PP) and its polarization is changed with
a half-wave plate (HWP). Subsequently, the beams are recombined
and focused onto the sample. A delay stage and attenuation wheel are
used to tune the relative phase and intensity between the two arms.
The harmonic emission is imaged with a camera. The polarization
of the detected emission is filtered by a polarizer. (b)—(g) Calculated
examples of SPG. (b) and (e) show profiles of the beams in the two
arms. The spatial profiles of the p-polarized fields are (b) HG;( and
(e) LG3;. (¢) and (f) show the ellipticity after the recombination of
the two beams. (d) and (g) show the H3 emission projected onto the
s-polarization direction. White scale bars indicate the waist radius of
the Gaussian driving field.

ellipticity is a general effect that is strongly governed by the
properties of the driving field.

So far we have considered HHG by drivers with uniform
ellipticity, and now we will move to SPG, where we consider
beams with spatially varying ellipticity. We make use of the
setup as shown in Fig. 2(a). An incoming beam is separated
into two arms in one of which the polarization is rotated
using a half-wave plate (HWP). The relative spatial profile
of the beams in the two arms can now be altered with the
use of phase plates, which, when recombining the beams,
enables the creation of beams with spatially varying elliptic-
ity. In our calculations and experiments, we have focused on
propagation stable excitation profiles, in particular, Hermite-
Gaussian [HG,,,, Figs. 2(b)-2(d)] and Laguerre-Gaussian
[LG;,, Figs. 2(e)-2(g)] modes [38]. HG profiles have rect-
angular symmetry and a phase profile consisting of discrete
steps, while the LG profiles have radial symmetry with a phase
profile that continuously varies in the azimuthal direction.

To evaluate the spatial HHG emission profiles, we use the
analytical model described by Eq. (2) and use the Gaussian
suppression with the experimentally found parameters for H3
and HS5. Examples of calculated SPG emission profiles are
shown in Figs. 2(d) and 2(g). While Fig. 2(d) shows a narrow
HHG emission spot, Fig. 2(g) illustrates the possibility of
creating more complex emission patterns. These calculations
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FIG. 3. (a)-(e) Calculations and (f)-(h) measurements of SPG
using an 1800-nm driver where the s-polarization component has a
Gaussian profile while the p-polarization component has an HGy,
profile. (a) Spatial intensity profile of the s and p components. (b) H3
spot size for increasing intensity of the p generation field relative
to the s generation field, calculated via the image moment (solid)
and FWHM (dashed). (c)—(e) Calculated H3 emission spots. (f)—(h)
Corresponding measured H3 emission spots from ZnO. White scale
bars indicate 30 um. (c) and (f) show emission when only the s field
is present. (d) and (g) show emission when the s and p fields are 7 /2
out of phase. (e) and (h) show emission when the s and p fields are
in phase.

H3 - Calculation

H3 - Experiment

clearly show HHG emission being minimal at the positions of
maximal ellipticity.

To illustrate the capabilities of SPG for imaging we demon-
strate spot size reduction below that of conventional HHG
emission from ZnO using an 1800-nm driver. For this, we
will focus on the H3 emission from the combination of an
s-polarized fundamental Gaussian profile with a p-polarized
HGy, profile, as shown in Fig. 3(a). The HGy; profile is
obtained by using a phase step plate with the 7= phase jump
centered on the optical axis. The alignment of two beams was
optimized to ensure overlap and parallel propagation after re-
combination. Similar to the delay scans discussed before, the
phase of the two beams was scanned using a delay stage; how-
ever, instead of recording the emission spectrum, the HHG
emission profile was recorded using a camera. Additionally,
the polarizer before the detector was rotated to be parallel with
the s polarization.

We used the analytical model to evaluate the expected H3
emission spot size, which is shown in Fig, 3(b). We use two
different metrics to evaluate the spot size, the full width at
half maximum (FWHM) and the image moment (for details,
see Supplemental Material [21]). The relative intensity is the
intensity of the p component of the driver compared to the
s component. We look at the two extremes of the two fields
being in phase (blue) and A /4 out of phase (red). The in-phase
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spot size will simply increase with the relative intensity as the
effective field strength at the edges of the spot is increased.
For the out-of-phase case, we see that a reduction of the spot
size can be achieved, which is caused by the edges of the
spot becoming elliptically polarized. Comparing the image
moment (solid line) and FWHM (dashed line), we see that for
the image moment, the spot size reduction only happens for
a range of relative intensities, while for the FWHM, the spot
size decreases for much longer until it shoots up drastically.
For the higher relative intensities, the ellipticity at the edge
will be reduced, resulting in the formation of side peaks.
These side peaks will result in the HHG emission being emit-
ted throughout a bigger spatial region, however, the central
peak still becomes narrower. When the intensity of the side
peaks first exceeds half the intensity of the main peak the
FWHM spot size is instantly greatly increased.

The calculated H3 emission spots for a relative intensity
of 1 are shown in Figs. 3(c)-3(e), and the corresponding
measured spots are shown in Figs. 3(f)-3(h). In Figs. 3(c) and
3(e), the emission from only the Gaussian s-polarized driver is
shown, which corresponds to conventional Gaussian emission
profiles. The spot size of the calculation was chosen to be in
good agreement with the measurement. Good agreement is
found between the calculations and experimental results for
both the out-of-phase and in-phase spots. The out-of-phase
spots are considerably narrower in the y direction, showing the
increased spatial confinement of HHG emission. The out-of-
phase spots instead show the greatly increased spot sizes. The
maximum experimental spot size reduction found, evaluated
via the image moment, was 30%, close to the predicted mini-
mum. This demonstrates that our analytical model can predict
the spatial HHG emission and that SPG enables localization
of emission beyond that of conventional solid HHG emission.

The observed spot size reduction demonstrated here is a
noticeable improvement, however, bigger improvements are
desirable. Inherent to SPG is the need to balance the amplitude
and phase of the electric field to achieve maximum ellipticity.
To achieve sharp jumps in ellipticity, either sharp phase or
amplitude jumps should be present, both of which are diffrac-
tion limited. This means that the local confinement of HHG
emission with SPG is still diffraction limited. It is possible to
make use of higher-order harmonics to improve the resolution
further (see Supplemental Material [21]). However, this does
not solve this inherent limitation.

To fully utilize SPG, we will have to move beyond
point scanning and instead have to consider wide-field tech-
niques, such as structured illumination microscopy (SIM)
[12,39-41]. The key here is the observation that although the
spatial confinement of HHG emission by SPG is limited, SPG
does enable the creation of very sharp, predictable emission
features. Conventional SIM uses frequency components in
spatially structured illumination patterns to encode informa-
tion about higher spatial frequencies of the sample into lower
spatial frequency components (for details, see Supplemental
Material [21]). Conventional SIM can increase the imaging
resolution to twice the diffraction limit but is essentially still a
diffraction-limited imaging method. However, it is possible to
enhance the resolution of SIM beyond this by using nonlinear
processes that introduce higher spatial frequency components
into the illumination patterns. One way of achieving this is
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FIG. 4. Calculations of structured illumination of H5 with an
interference grating and with an ellipticity grating for the same
numerical aperture and beam angles. (a) Real-space intensity of
HS. (b) Spatial frequencies of the emission, where A is the driving
wavelength.

by using the saturating intensity scaling of fluorescence or
harmonic generation which is then referred to as saturated
structured illumination microscopy (SSIM) [39,42]. By using
SPG to create the illumination patterns in SIM (SPG-SIM), we
can instead use the nonlinear ellipticity scaling to introduce
higher spatial frequencies. SPG-SIM enables superresolution
imaging without needing the high intensities required to reach
the saturating regime, and alternatively, SPG-SIM can be used
in conjunction with SSIM.

To illustrate the superresolution capabilities of SPG-SIM,
Fig. 4 shows the calculated HS emission of 2000 nm from
respectively a conventional interference grating pattern and
an SPG ellipticity-grating pattern. Both gratings are created
by the overlap of two 2000 nm pulses, which have an angle
between them [numerical aperture (NA) = 0.125]. The dif-
ference between the two gratings is that for the conventional
grating, the beams have the same polarization while for the
ellipticity grating they have orthogonal linear polarization. In
SPG, the change from linear to circular happens within a half
cycle of the field, instead of a full cycle, and this difference
is reflected in Fig. 4 where the SPG emission profile has
twice the number of peaks. The Fourier-transformed emission
patterns are shown in Fig. 4(b). The interference grating shows
a sharp cutoff at the diffraction limit of H5 as expected.
The SPG pattern instead has spectral components exceeding
this sharp cutoff, indicating its capabilities to be used for
superresolution imaging. Realistic resolution improvements
are difficult to deduce from these calculations as these will
now depend on the noise in the imaging system. If we consider
that any amplitude contributions above 107> can be detected,
then SPG-SIM doubles the effective spatial frequencies in
the illumination pattern which increases the maximum spatial
frequency that can be detected from twice the diffraction
for conventional SIM to three times the diffraction limit (for
details, see Supplemental Material [21]). For this low NA
example, the diffraction limit of H5 is 1600 nm, making
the resolution limit of conventional SIM 800 nm, while the
resolution of SPG-SIM goes up to about 530 nm. This relative
increase stays consistent for a different NA, i.e., at an NA of 1,
a resolution of 67 nm is possible. These calculations support
the possibility of using SPG to enable wide-field superresolu-
tion imaging techniques for solids.

In conclusion, we introduced SPG for confining HHG
below the diffraction limit, which can find application for
high-resolution HHG imaging. Important for SPG is the com-
mon ellipticity response in solids where a strong suppression
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of HHG emission is observed, qualitatively matching the
atomic response. This ellipticity response was here quali-
tatively reproduced with SBE simulations without requiring
detailed modeling of our material, indicating a dominance of
the field characteristics. Spatial confinement of HHG by SPG
can be predicted using a simple analytical framework. We
demonstrated an H3 spot size reduction of about 30%, closely
matching our calculated optimum. Exciting opportunities lie
in applying SPG to higher-order harmonics and combining it
with structured illumination. With these next steps, SPG can
pave the way for high temporal and spatial resolution imaging
in solids.
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