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Observing the localization of light in space and
time by ultrafast second-harmonic microscopy

Manfred Mascheck’, Slawa Schmidt!, Martin Silies', Takashi Yatsui?, Kokoro Kitamura?,
Motoichi Ohtsu?, David Leipold?, Erich Runge?® and Christoph Lienau'™

Multiple coherent scattering and the constructive interference
of certain scattering paths form the common scheme of several
remarkable localization phenomena of classical and quantum
waves in randomly disordered media'. Prominent examples
are electron transport in disordered conductors??3, the localiz-
ation of excitons in semiconductor nanostructures*>, surface
plasmon polaritons at rough metallic films®” or light in disor-
dered dielectrics® " and amplifying media'?*. However,
direct observation of the fundamental spatiotemporal dynamics
of the localization process remains challenging. This holds
true, in particular, for the localization of light occurring on
exceedingly short femtosecond timescales and nanometre
length scales. Here, we combine second harmonic microscopy
with few-cycle time resolution to probe the spatiotemporal
localization of light waves in a random dielectric medium. We
find lifetimes of the photon modes of several femtoseconds
and a broad distribution of the local optical density of states,
revealing central hallmarks of the localization of light.

Multiple coherent scattering of light is both ubiquitous and
elusive at the same time. Prominent examples include the colours
of opals, random lasers, and the famous Brocken spectres—halo-
like glories around shadow images seen on misty mountain
clouds. Quite generally', whenever light (or any other classical or
quantum-mechanical wave) interacts with a dense collection of
static, random scatterers, multiple coherent scattering and wave
interference results in an increased probability of it returning to
the same point or to be scattered in the back-direction'®!!. This
can lead to pronounced spatial fluctuations of the local density of
states (LDOS) and to wavefunctions or optical mode profiles that
are exponentially localized and of fractal shape!”!8. The energies
hw, of modes localized in the same region are strongly correlated
and depend sensitively on the dimensionality and geometric size
of the system as well as its symmetry with respect to time reversal.
The local electric field at position r inside the sample can be
expressed in terms of the lifetime T,, and the field profile E,(r) of
the individual eigen modes:

E(r,t) = ) E,(r)exp(—io,t) exp(—/2T,,) (1)

Such field intensities show unusually broad statistical distributions.
Various imaging techniques have been used successfully to map
field distributions®! and to probe statistical signatures of photon
localization®. Ultrasound transmission through three-dimensional
media, for example, has shown a transition from a Rayleigh to a
stretched exponential ~distribution of speckle intensities?!.
Together with the concomitant increase in fluctuations, this charac-
terizes the transition between weak and strong localization. This is

quantitatively described by predictions** based on one-parameter
scaling?® with the dimensionless conductance g as the natural
measure of disorder strength.

Considerably less is known about temporal aspects of light localiz-
ation on an ultrafast, femtosecond timescale. In the present work, we
combine high-resolution nonlinear optical microscopy with few-cycle
time resolution to probe the lifetimes of localized photon modes in
random dielectric nanostructures. We demonstrate our approach for
a densely packed disordered array of zinc oxide nanoneedles (Fig. 1a).

Zinc oxide, a wide-gap semiconductor with a bandgap of 3.3 eV,
is an essentially transparent medium throughout the visible and
near-infrared. With its large refractive index of n=196 at
800 nm, it is a strong light scatterer and a prototypical random
lasing material’>'*. Moreover, ZnO nanostructures have large
second-harmonic coefficients?®, making them ideal for probing
the local electric field inside a sample by means of the emitted
second-harmonic radiation.

We investigated randomly distributed arrays of ~300-nm-long
ZnO needles with an average separation of 100 nm grown on a
base of larger rods on a sapphire substrate (Fig. 1b,c). By controlling
the substrate temperature?®, the needle diameter was reduced to
30-50 nm so that the needles could act as structureless point
scatterers, avoiding light localization within individual needles.

We focused linearly p-polarized ultrashort 6 fs laser pulses
(centre wavelength, 800 nm, far below the ZnO bandgap) to a dif-
fraction-limited spot with a diameter of ~1 wm on the sample?.
Local second-harmonic spectra were recorded in a reflection geome-
try while raster-scanning the sample through the focus. A
two-dimensional map of the total, spectrally integrated second-
harmonic intensity (Fig. 2a) shows pronounced spatial fluctuations.
The second-harmonic emission I, is localized in certain hot spots,
randomly distributed across the sample. In some spots the intensity
exceeds by a factor of more than 30 the average (I;;), which is domi-
nated by a weak background, probably from the base layer. The
typical diameter of a single emission spot is only 500 nm
(Fig. 2b), limited by the microscope resolution. The intensity and
spectral shape of the second harmonic both fluctuate from spot to
spot (Fig. 2c), another strong signature of photon localization
within the ZnO array®.

To time-resolve the localized photon field, we used a pair of
phase-locked and time-delayed 6 fs pulses focused to a 1 pm spot.
The resulting second-harmonic emission was spectrally resolved
and monitored as a function of the detection wavelength A and
the time delay 7. The resulting interferometric frequency-resolved
autocorrelation (IFRAC) trace?” can be written as

2
Ip(A, 1) = UENL(t, 7) - exp(—i2wct/A)dt
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Figure 1| Spatiotemporal localization of light in a ZnO nanoneedle array. a, An ultrashort 6 fs laser pulse centred at 800 nm is focused to its diffraction
limit of ~T wm onto an array of randomly distributed vertically aligned dielectric ZnO nanoneedles. Multiple coherent light scattering inside the array results
in field localization in certain hot spots. The concomitant local field enhancement gives rise to pronounced second-harmonic emission from the ZnO needles.
Experimentally, the second-harmonic emission is resolved in time, providing a measure of the lifetime of the localized light modes. b,¢, Side view (b) and top
view (c) scanning electron microscopy images of a needle array with an average separation of ~100 nm and a needle diameter of 30 nm.
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Figure 2 | Spatial intensity distribution of the second-harmonic emission. a, Confocal second-harmonic microscopy image of the nanoneedle array
illuminated with 6 fs pulses at 800 nm. In the most intense local hot spots, the second-harmonic intensity is enhanced by a factor of more than 30 above
the average. The overall variation of the second-harmonic intensity throughout the image reflects slight structural variations within the nanoneedle array.

b, Cross-section along the dashed line in a showing that these hot spots are localized to a size of 500 nm, determined by the resolution of the microscope.

¢, Local second-harmonic emission spectra recorded inside different hot spots (green and blue solid lines) in comparison to the spatially averaged second-
harmonic spectrum (red line).
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Figure 3 | IFRAC traces. a-c, The samples are illuminated with a phase-locked pair of 6 fs pulses focused to 1um, and IFRAC traces (A, 7) are recorded as
a function of the pulse delay 7. Data are taken from a 10-um-thick BBO crystal used as reference (a) and at positions outside (b) and inside (c) a local
second-harmonic hot spot on the ZnO sample. d-f, Corresponding spectrally integrated interferometric autocorrelation traces /(7). Slight beatings at delays
of +£10 and 420 fs reflect the non-Gaussian input spectrum of the 6 fs laser pulses. g-i, Fourier transforms 7|F()\, v) along the time axis of the data in a-¢
plotted on a logarithmic intensity scale, showing distinct peaks at integer multiples of the first sideband v =+c/(2A) (marked by red ellipses). The strong
reduction in spectral width of the hot spot spectrum in ¢ and i is the signature of the increased lifetime of the localized light mode.
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Figure 4 | Simulated Fourier transforms of IFRAC traces and reconstructed local electric fields. a-c, Fourier transforms T,-(\, v) of IFRAC traces obtained
from a Bloch equation model, describing the two-photon excitation of a two-level system by an ultrashort laser pulse. The lifetime T, of the two-level system
is adapted to match the data in Fig. 3g-i. Lifetimes of 1.0 fs for the BBO crystal (@), 3.0 fs for a position outside a hot spot (b) and 6.5 fs for a position inside
a hot spot (¢) are deduced.

where E; is the electric field emitted from the sample illuminated more when moving from a position outside to inside one of the
by the pulse pair with field E(t) + E(t + 7). For an instantaneous  hot spots in Fig. 2. Spectrally integrated interferometric autocorrela-
second-harmonic process, Ey, (¢, ) o< (E(t) + E(t + 7))% and the tion traces Ip(?) = fIIF(/\, 7)dA are shown in Fig. 3d-f. The marked
time structure of E(¢) can be reconstructed directly?’. differences between all three spectrograms are most clearly

We have recorded such spectrograms from a variety of different recognized by comparing Fourier transforms Iju(A,v) =
positions inside the ZnO array. Figure 3 shows representative  [I(A, Texp(i2mv7)dr along the delay axis (Fig. 3g-i). In the
measurements taken from a 10-pm-thick reference beta barium  reference measurement the spectral bandwidth of all sidebands?”
borate (BBO) crystal (Fig. 3a) and positions outside (Fig. 3b) and  at v =+nc/(21), n=0, 1, 2, is substantially larger than in the
inside (Fig. 3c) a hot spot of the ZnO array. The spectrally broad nanoneedle array data. By far the smallest bandwidth is seen
second-harmonic emission from the BBO crystal covers a range of ~ within one of the hotspots (Fig. 3i). This reduction in spectral
almost 100 nm. In contrast, the spectral second-harmonic band-  width is a clear signature of the long lifetime of the localized
width from the ZnO array is much narrower and decreases even  photon modes.
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Figure 5 | Numerical solutions of Maxwell's equations for light localization inside a randomly distributed array of dielectric cylinders. a, Spatial distribution
of the time-integrated second-harmonic intensity. b, Time structure of the electric field in one of the hot spots, suggesting a lifetime of 20 fs. ¢, Histograms
of logarithms of the measured (circles) and simulated (squares) time-averaged local field intensity / at the fundamental laser wavelength. Experimental data
()= I;@z(r) are taken from Fig. 2a. Both sets of data show large deviations from a Gaussian distribution at high intensities. The experimental data can be
modelled by the sum of two terms given by the analytic expressions of ref. 20 with g~ 0.6 (blue line) and g~ 5.6 (black line). Additional curves for g =
0.25 and g = 1.8 illustrate the sensitivity. d, Correlation coefficient C(l,,) between photon lifetime T, and second-harmonic intensity /g, for the experimental

data in Fig. 2a, taking only those data points in € with intensity /> I,

A weak contribution of higher-order coherent components?® and
incoherent multiphoton-induced luminescence background®*? to
the nonlinear emission from ZnO nanostructures makes the appli-
cation of direct pulse retrieval techniques?” difficult, so we use a phe-
nomenological Bloch equation model for data analysis*. We model
the local nonlinear optical response of the array as that of an effec-
tive two-level system interacting with the incident laser by two-
photon excitation only. The excited-state lifetime T}, reflecting the
lifetime of the local photon mode (equation (1)), is the only adjus-
table parameter to match the experimental data.

Simulated Fourier-transforms of IFRAC traces, shown in Fig. 4 for
three different lifetimes—T; = 1 fs (Fig. 4a), 3.0 fs (Fig. 4b) and 6.5 fs
(Fig. 4c)—agree quantitatively with the corresponding experimental
data in Fig. 3g-i. This provides a measure of the photon mode lifetime
and a reconstruction of the localized electric field E(r, t) at the funda-
mental laser wavelength. Evidently, multiple coherent scattering
within the disordered ZnO nanoneedle array results in a significant
increase in the time duration of the local field. In some of the hot
spots, the electric field, decaying at 1/(2T),), persists for as long as
13 fs. Because the absorption coefficient of the ZnO film at 800 nm
is less than 10 cm ™', these lifetimes are not limited by absorption
but rather reflect radiative out-of-plane losses.

By analysing the spectral width of the coherent second-harmonic
emission spectrum, we have constructed a spatial map of the local

photon mode lifetimes (Supplementary Fig. S8b), which displays
random fluctuations of the T time between 3 and 8 fs on a scale
of 500 nm, limited by the microscope resolution. Considered in
total, this map shows a negligible correlation with a simultaneously
recorded map of the second-harmonic intensity (correlation coeffi-
cient C~ 0.1). The correlation increases dramatically to C~ 0.6 if
only the points with strong second harmonic are included
(Fig. 5d). This confirms the visual impression from Fig. 2a that
localized states are rare events of little statistical weight at the funda-
mental laser frequency.

To scrutinize our results, we performed three-dimensional time-
resolved simulations of Maxwell’s equations for such a nanorod struc-
ture, modelled as an array of randomly distributed dielectric cylinders.
A plot of the spatial distribution of the time-integrated second-harmo-
nic intensity for a typical simulation run (Fig. 5a) displays pronounced
spatial fluctuations in the second-harmonic intensity and local hot
spots. The localized modes display a multifractal character'® with
field maxima predominantly located between the cylinders. They
show intensity variations on a characteristic scale of 20 nm only, far
beyond the experimental resolution. For sufficiently strong disorder,
the average distance between adjacent hot spots reaches a few hun-
dreds of nanometres, reflecting again the rare occurrence of strongly
localized second-harmonic active modes and indicating indeed that
often only an individual hot spot is probed experimentally.
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The dynamics of the electric field amplitude, simulated at a dis-
tance of ~1 pm above the cylinders, is depicted in Fig. 5b. The
overall decay of 20 fs matches the experiment well. At such large dis-
tances, the field dynamics display a characteristic beating pattern
due to interference of a few neighbouring localized modes. This
beating can be suppressed by reducing this distance, restricting the
detection to fields from a single hot spot. Such beatings are not
observed in Fig. 3b,c, indicating that these measurements indeed
mainly probe a single localized mode. Additional arguments support-
ing this interpretation and ruling out alternatives, such as random
lasing, are presented in Supplementary Sections S3 and S8.

Such intensity fluctuations in the LDOS are one hallmark of ran-
domly localized modes. We therefore calculated histograms of the
time-averaged local electric field intensity I(r) :f|E(r, 1)dt at
the fundamental laser frequency from both experimental and theor-
etical data (Fig. 5¢). Even though analytic expressions for the LDOS
exist?30, we are not aware of predictions for the statistics of such
spectrally integrated field intensities. For sufficiently strong dis-
order, we expect a large variance?® and deviations from Gaussian
statistics, specifically at high intensities, governed by strongly loca-
lized states. Experimentally we find a broad Gaussian around
I/{I)=1 and a weak but pronounced approximately exponential
tail at I/{I)>> 1. Separate measurements on the bottom layer of
larger rods indicate that the second harmonic from this layer
mainly leads to the Gaussian around I/(I)=1, confirming that
second harmonic generation by modes localized within the top
layer of thinner nanoneedles gives rise to the broad exponential
tail in Fig. 5c. The statistics of the finite-difference time-domain
(FDTD) results show a similar broad tail at I/{I)>> 1, decaying
even slower than exponentially. The experimentally measured tail
follows roughly the predictions of ref. 20 for a dimensionless con-
ductance g~ 0.6, that is, at the transition into the strong localization
regime. At present, a more quantitative analysis is difficult because
the exact shape of the histogram depends on the spatial resolution of
the experiment and is also affected by second harmonic generation
from the base of larger-diameter nanorods.

Taken together, our experimental and theoretical results present
compelling evidence for light localization near the transition into the
strong localization regime in an array of randomly disordered ZnO
nanoneedles. We have explored the spatial and temporal aspects of
this localization using a novel interferometric second-harmonic micro-
scopic technique with few-cycle time resolution, and have directly
measured lifetimes of individual localized photon modes of a few fem-
toseconds. This new experimental approach opens the way to the study
of light localization dynamics in a variety of passive and active random
media and we specifically expect it to shed new light on random lasing
dynamics in ZnO nanoparticles.

Methods

ZnO sample preparation. The ZnO nanorod samples were grown by metal-organic
vapour phase epitaxy (MOVPE) on a sapphire substrate?>. By applying a
two-temperature technique, ZnO rods with diameters of 30 nm and height of
~300 nm were grown on top of a base of larger rods with diameters of ~100 nm and
height of ~100 nm. The density of the thinner rods was ~60 needles per pm? as
determined by scanning electron microscopy.

IFRAC microscope. Laser pulses with a duration of 6 fs centred at a wavelength of
800 nm were derived from a Ti:sapphire oscillator (Femtolasers Rainbow) operating
at a repetition rate of 82 MHz. A phase-locked pair of these pulses was generated in a
dispersion-balanced Mach-Zehnder interferometer with an accuracy of <30 as
using a hardware-linearized piezo scanner (Physik Instrumente P-621.1CD PIHera).
Pulses with an energy of ~20 p] were focused to their diffraction limit of 1.0 pm
using an all-reflective Cassegrain objective with a numerical aperture of 0.5, fully
preserving their temporal resolution®®. The sample was placed at an oblique angle of
30° with respect to the linearly p-polarized incident beam, maximizing the electric
field component along the ZnO needle axis and enhancing the second-harmonic
signal®®. The sample position within the focus was controlled using a three-
dimensional piezo scanner (Physik Instrumente NanoCube) with a lateral resolution
of 10 nm. The second-harmonic and photoluminescence emission from the sample
were collected in reflection geometry, spectrally dispersed in a 0.5 m

monochromator (Acton SpectraPro-2500i) and detected as a function of time delay
and lateral position on the sample using a liquid-nitrogen-cooled charge coupled
device (Princeton Instruments Spec-10)%.

Optical Bloch equations modelling. We simulated the time structure of the local
second-harmonic emission by solving optical Bloch equations for a two-level system
interacting with the laser electric field E(t) by two-photon excitation with a
generalized Rabi frequency ()(t) = aE(t)?/h. The excited-state lifetime T}

gives the lifetime of the localized photon mode. Details are described in
Supplementary Section S5.

FDTD simulation. Maxwell’s equations for a model system were solved using a
three-dimensional FDTD method using the freely available Maxwell solver Meep.
Randomly distributed, vertically aligned cylindrical rods with a refractive index of
n = 1.96, diameter of 100 nm and a randomly varied length between 0.9 and 1.0 pum
were placed on top of a dielectric substrate with the refractive index of sapphire
(n=0.175). The needle density was chosen to be 60 needles per wm? to match the
experimental parameters. The local second-harmonic intensity Ig;(r, t) = |E(r, 122
To simulate the incident electromagnetic field, a plane wave source at an
incidence angle of 30° and with a Gaussian temporal envelope of 6 fs (full-width at
half-maximum) centred at the laser wavelength of 800 nm was used. The time
dynamics of the local electric field E(r, t) at position r inside a sample of area
4.3 x 4.3 pm? containing ~1,000 cylinders were calculated with a spatial resolution
of 10 nm. Perpendicular to the cylinder axis, Bloch periodic boundary conditions
were applied. At the boundaries along this axis, strongly absorbing perfectly
matched layer areas were used to model open boundary conditions.
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