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ABSTRACT: One-dimensional potassium niobate nanowires
are of interest as building blocks in integrated piezoelectric
devices, exhibiting large nonlinear optical and piezoelectric
responses. Here we present femtosecond measurements of
light-induced polarization dynamics within an optically trapped
ferroelectric nanowire, using the second-order nonlinear
susceptibility as a real-time structural probe. Large amplitude,
reversible modulations of the nonlinear susceptibility are
observed within single nanowires at megahertz repetition rates,
developing on few-picosecond time-scales, associated with
anomalous coupling of light into the nanowire.

Ferroelectric potassium niobate (KNbO3) exhibits large
refractive indices and high effective nonlinear optical and

piezoelectric coefficients,1−4 which have led to its development
in lead-free piezoelectric nanodevices and nanogenerators.5,6

More recently, enhanced piezoelectricity from a low-symmetry
monoclinic phase has been discovered and attracted significant
interest to alkali niobate nanostructures.7−9 The coupling of
light to nanoscale ferroelectrics enables novel means of
engineering and manipulating their coupled degrees of freedom
and inducing new functionality, including photoferroelectric
effects and other opto-mechanical responses.10−16 Because one-
dimensional nanowires with subwavelength diameters exhibit
modified light-matter interactions such as field enhancements,
light-confinement, waveguiding, and enhanced nonlinear
optical responses,9,17−19 they represent a previously unexplored
means of coupling to the ferroelectric, piezoelectric, and
structural phase transitions exhibited by KNbO3 and related
materials and novel opportunities for dynamic tuning of these
properties in addition to subwavelength microscopy.1,5,7,20−24

Here, we present time-resolved measurements of the dynamics
of individual KNbO3 nanowires using transient nonlinear
optical microscopy integrated into an optical trapping
apparatus. These measurements capture for the first time the
femtosecond time scale structural dynamics occurring within a
single free-standing ferroelectric nanowire inside an optical trap
and can be explained by anomalous coupling of light into the
nanowire, associated with an enhanced absorption cross-section

by the nanowire embedded within the light field of the pump
pulse.17,25−33

Optical trapping enables manipulation of single nanostruc-
tures in three dimensions and characterization of their optical
properties.34−36 Nanowires with high aspect ratios tend to be
aligned along the optical axis of the trapping beam in the
trap.37,38 Nonlinear second harmonic generation (SHG)
techniques allow one to probe the structural symmetry of the
nanowire and associated carrier relaxation dynamics32,39 as
encoded in the second-order nonlinear optical susceptibility
(χ(2)), sensitive to the deviation from centrosymmetry within
the crystallographic unit cell, without being influenced by
substrate effects.40−42 Upon photoexcitation, incident photons
are coupled into one end of a nanowire and waveguided along
the nanowire length, with the fundamental generating the
second harmonic along the length of the nanowire.1

One-dimensional single-crystalline KNbO3 nanowires were
synthesized by a hydrothermal method at low temperature.9 In
a typical reaction, 15 g of potassium hydroxide (Sigma-Aldrich)
is dissolved in deionized water (15 mL) making an alkaline
aqueous solution. After sonicating for 20 min, 0.84 g of
niobium metal powder (Alfa Aesar) was added to the solution
as a niobium ion source. The solution was transferred to a
Teflon-lined autoclave and kept in an oven at 150 °C for 12 h.
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After cooling the autoclave to room temperature, the solution
was diluted with deionized water and purified by repeated
centrifuging to remove the supernatant and collect the
nanowire precipitate until the pH became 7. The precipitate
was dried in an oven at 80 °C for 10 h.
To characterize the nanowires, transmission electron micro-

scope (TEM) and selected area electron diffraction (SAED)
images were taken using a FEI Titan 80−300 environmental
TEM operating at 80 kV. The synthesized nanowires were
∼100 nm in diameter and 2−3 μm in length as shown in Figure
1a. The high-resolution TEM image in Figure 1b confirms the

pseudocubic lattice parameters in the orthorhombic phase
along the orthorhombic [100] and [011] axes with lattice
spacings consistent with literature values.43 The growth axis of
the nanowire is parallel to the [011] direction and the
spontaneous polarization is along the [001] direction (c-axis),
which is 45° off the long axis of the nanowire. The SAED

pattern (inset) using a 100 nm-size aperture confirms that the
nanowire is single crystalline and orthorhombic.
We measure X-ray diffraction (XRD) patterns of the KNbO3

nanowire powder using an X-ray diffractometer (X′Pert 2,
PANalytical) with Cu Kα radiation as shown in Figure 1c. The
XRD pattern was measured in the Bragg−Brentano geometry
for the nanowires deposited on a silicon wafer. As a function of
temperature, we observe the well-known orthorhombic-
tetragonal and tetragonal-cubic transitions. Figure 1d shows
two Bragg XRD peaks corresponding to the (220) and (002)
orthorhombic phase reflections at room temperature. As
temperature was increased, we observed the (200) and (002)
tetragonal peaks at temperature 150 °C (Figure 1e), and the
(002) cubic phase at 400 °C (Figure 1f). As shown in Figure
1e, the phase transition from orthorhombic to tetragonal took
place at a lower temperature than the reported bulk transition
temperature, 200 °C, consistent with prior measurements.44−46

The TEM images and XRD patterns confirm that the synthesis
performed using a Teflon-lined autoclave (125 mL) produced
orthorhombic nanowires instead of monoclinic structures9 due
to the low pressure built up inside the autoclave during the
growth reaction.47

To examine individual nanowires using an optical trapping
setup, an aqueous sample chamber was prepared using two
coverslips. A small amount of dried nanowires (0.001 g) was
dispersed in deionized water (3 mL) and 2 μL of the solution
was placed on a 130 μm-thick glass coverslip. The working
distance of the oil-immersion objective, 200 μm, limited the
thickness of the glass coverslip. A 250 μm-thick quartz coverslip
was placed on top of the glass coverslip with two layers of
Scotch tape creating a 260 μm-spacing to confine the solution.
Figure 2a shows a schematic diagram of the experimental

setup using a Ti:sapphire pulsed laser (Femtolasers XL 500, 75
fs pulse duration, 5.12 MHz repetition rate, 800 nm). One
portion of the beam was used as a probe beam and the other
portion was used to produce a 4.66 eV (bulk bandgap43 = 3.19
eV) pump beam at the third harmonic, by passing through two
BBO crystals (β-barium borate). As an optical trapping beam, a
532 nm CW laser was expanded to overfill the back aperture of
a high numerical aperture (NA) objective (oil-immersion 100×,
NA 1.3). The probe beam (at 800 nm, below bandgap) and the
trapping beam were focused on a single nanowire in an aqueous
chamber placed on a piezoelectric sample stage through the
high NA objective. A UV objective was placed to focus the
pump beam onto the same nanowire and collect the reradiated
SHG signals as a condenser. The incident fluences for the
pump beam and the probe beam at the nanowire were 1 mJ/
cm2 and 0.1 J/cm2, respectively. Independent measurements of
the instrument temporal resolution indicate an upper bound of
400 fs. We employed a photomultiplier tube (PMT) to detect
SHG photons and a photon counter to record the number of
SHG photons as a function of time delay between pump and
probe. Optical images were recorded using an electron
multiplying charge coupled device (EMCCD) camera equipped
with 725 nm-short-pass and 532 nm-notch filters to avoid
scattering from the incident probe and trapping beams. Figure
2, parts b and c, show images when a nanowire is optically
trapped and oriented along the optical axis (Figure 2b)
compared to when it is released from the trap (Figure 2c).
To study the second-order nonlinear responses from a free-

standing nanowire, we first focused the trapping beam (532 nm
CW, 200 mW) on a nanowire-dispersed aqueous solution
through a high NA objective to trap a single nanowire. Only

Figure 1. (a) TEM image of a single nanowire with a diameter of 67
nm and a length of 2.58 μm. (b) High-resolution TEM image from the
selected area (yellow) in part a with indicated pseudocubic lattice
parameters and growth axis. The SAED pattern (inset) indicates that
the nanowire is single crystalline and orthorhombic. (c) XRD pattern
of the nanowire power at room temperature. Selected-range XRD
patterns of (d) orthorhombic phase at room temperature, (e)
tetragonal phase at 150 °C, and (f) cubic phase at 400 °C.
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one nanowire was dragged into the trap at a time due to the
tightly focused beam profile. We also found that relatively long
nanowires were easy to trap because of the large drag
coefficient.37 When one nanowire is optically trapped, the
long axis of the nanowire is oriented along the optical axis,
leading to a 45° inclination of the spontaneous ferroelectric
polarization to the optical axis, but with random azimuthal
orientation with respect to the probe polarization. The incident
probe beam generates SHG photons at 400 nm (just below the
KNbO3 optical bandgap) along the length of the nanowire,
which are then collected through a UV objective (or a
condenser) in a transmission geometry.1

Figure 3a shows the SHG signals measured from trapped
nanowires as a function of probe average power. The quadratic
responses from three different single nanowires were observed
and averaged at different probe fluences from 0.08 to 0.6 J/cm2.
The expected quadratic response indicates that no significant
perturbation of the nanowire is induced by the below-band gap
probe excitation. To estimate achievable SHG photons from
the standing nanowire, we calculated the SHG conversion

efficiency1,48 using a probe fluence of 0.1 J/cm2. The measured
SHG conversion efficiency from the standing nanowire is 2 ×
10−3, which is close to the calculated value of order 10−3 (See
Supporting Information).
We examine the polarization dependence of the SHG signals

from a trapped nanowire by rotating a half wave plate (HWP)
in the incident probe beam. In parts b and d of Figure 3, we
show SHG polar plots collected from two different trapped
nanowires as a function of incident polarization angle. The
SHG signals were measured with a polarizer output parallel to
the x-axis (blue) and y-axis (red) defined in Figure 2. To
understand the SHG polarization dependence, we calculate the
SHG intensity at various incident polarizations based on a
second-order nonlinear polarization model, accounting for the
azimuthal dependence of the nanowire ferroelectric polarization
axis with respect to the light polarization (Supporting
Information).1,48 The calculated SHG intensity (line) fits well
to the experimentally measured SHG signals (dots) in both
data. Parts c and e of Figure 3 show schematic models for the

Figure 2. (a) Schematic diagram of the experimental setup. An 800
nm beam produces a pump beam via third harmonic generation
(THG) and a probe beam. A 532 nm CW laser is used as a trapping
beam. Optical images are collected using an EMCCD camera. SHG
photons from nanowires are collected using a PMT detector and a
photon counter. (b) EMCCD camera image (false color) of an
optically trapped KNbO3 nanowire in an aqueous solution. (c)
EMCCD camera image (false color) of the nanowire when released
from the trap. Scale bars, 2 μm.

Figure 3. (a) SHG signals averaged from three optically trapped
nanowires as a function of probe average power showing a quadratic
response. (b) Polarization dependence of SHG observed from a
trapped nanowire with a polarizer parallel to the x-axis (blue) and y-
axis (red). (c) Schematic unit cell of the nanowire used in part b with
an azimuthal angle of 100.56° for the spontaneous polarization
direction (blue arrow). (d) Polar plots from another trapped nanowire.
(e) Schematic unit cell of the nanowire used in part d with an
azimuthal angle of 146.33° (blue arrow).
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corresponding unit cells, calculated azimuthal angles of the
nanowire with respect to the lab axes, and spontaneous
polarization directions in the crystal lattice (blue arrow). Each
trapped nanowire shows different polarization symmetries
depending on various azimuthal orientations of the crystal
lattice with respect to the lab axes, indicating that the nanowire
is not spinning, consistent with prior reports.49−51 One can
therefore infer from the data the crystallographic azimuthal
angle of the nanowire with respect to the trapping axis in the
limit of a single nanostructure.
To investigate the response upon photoexcitation in a

trapped nanowire, we measure femtosecond time-resolved
SHG signals from the nanowire as a function of the pump−
probe time delay, pumping with above-bandgap photons at 266
nm. Figure 4a shows the normalized SHG intensity collected

with 300 fs time steps, averaged over ten measurements. We
observe a large amplitude (∼36%) photoinduced decrease in
the SHG intensity occurring on a time-scale of 2−3 ps,
indicating large amplitude changes in χ(2), reversible at the 5
MHz repetition rate of the pump laser. Excitation conditions
(assuming the absorption cross-section is determined by the
nanowire diameter) correspond to approximately 1019 elec-
tron−hole pairs/nanowire which we estimate gives rise to
negligible changes in the linear optical constants using a Drude
model. This also implies that the reduced SHG intensity is not
associated with changes in phase matching conditions upon
photoexcitation. Parts b and c of Figure 4 show the
corresponding optical polarization dependence comparing the
result before time zero to the result obtained at t = 20 ps, with
no significant change in the symmetry of the polarization plots
observed. No evidence of recovery is observed in the first 20 ps

after excitation. In the approximation that χ(2) of the nanowire
is linear in the ferroelectric polarization,41,52,53 this corresponds
to a modulation of the polarization of order 10% (with the
SHG intensity varying quadratically with the polarization).48

We note that photoinduced changes in χ(2) in other materials
have been attributed to carrier-induced modulations without
associated structural modifications.32,39,54 However, the 2−3 ps
time scale observed here is inconsistent with an effect like this
which would be expected to occur on instrument-limited time
scales. Moreover, we also observe similar effects using pump
and probe beams at 340 and 1030 nm, respectively, with 500 fs
pulse width, indicating that the observed changes are not driven
by nonthermal effects associated with nonequilibrium carrier
densities but rather by the total energy absorbed by the
nanowire (see Supporting Information). The few picosecond
time-scales observed are consistent with electron−phonon
coupling times measured in other perovskite ferroelectrics.55

In order to understand these large-amplitude photoinduced
responses, we first carried out static temperature dependent
measurements of the SHG intensity within a nanowire powder
dried on a silicon wafer.2 Figure 4d shows the result of heating
up to the Curie temperature, Tc. At Tc, where the ferroelectric
tetragonality and spontaneous polarization approach zero, the
SHG intensity follows this trend as expected, with an observed
Tc consistent with the X-ray measurements and known values
in KNbO3.

2 Evidence for the orthorhombic to tetragonal
transition is observed as a slight change in slope of the
temperature dependent measurements at the same temperature
observed with X-ray probing, although this is broadened
significantly. This temperature-dependent SHG data shows that
a temperature jump of order 100 K is required to explain the
above time-resolved measurements. In contrast, straightforward
estimates of the induced temperature jump given known values
for the bulk absorption coefficient56 and specific heat57 indicate
induced temperature jumps of order 1 K averaged over the
nanowire length. In this first approximation, the nanowire
represents an effective cross-section determined by its diameter,
and a 1 mJ/cm2 incident fluence corresponds to an absorbed
energy of ∼100 fJ. However, recent experiments have observed
significantly enhanced nanowire effective cross sections for
photoabsorption, with the nanowire acting like an antenna to
concentrate the light field.17,58 These effects have not been
observed in ferroelectric nanowires previously, but the large
dielectric constants of these materials make them prime
candidates for effects such as this. In this picture, the nanowire,
embedded within the light field of the pump pulse, experiences
enhanced coupling to the electromagnetic field,17 explaining the
large amplitude effects observed. In order to investigate
quantitatively this we have performed 3D finite difference
time domain (FDTD) simulations using CST-Microwave
Studio for a plane wave excitation at 266 nm to quantify the
coupling of the applied pump pulse to the optically trapped
nanowire (see Supporting Information), with input optical
constants taken from bulk values.56 Figure 5a shows the
amplitude of the power flow (Poynting vector), showing that a
significant amount of light couples into the nanowire sides, with
an associated shadow observed along the boundaries of the
nanowire reflecting the increased effective cross-section. The
simulated directions of the power flow are shown in Figure 5b.
Figure 5c shows the energy absorption per pulse within 1 nm
transverse slices along the nanowire length, providing addi-
tional evidence for enhanced coupling of the light field into the
nanowire with low internal optical loss along the nanowire.59

Figure 4. (a) Time-resolved SHG signals from a trapped nanowire as a
function of pump−probe time delay upon photoexcitation (guideline
in red dots). (b) SHG polar plots from a trapped nanowire before T0
(black) and at t = 20 ps (purple) as a function of incident polarization
angle measured with a polarizer parallel to the x-axis. (c) SHG polar
plots from the nanowire before T0 (black) and at t = 20 ps (red) as a
function of incident polarization angle detected with a polarizer
parallel to the y-axis. (d) Temperature-dependent SHG intensity
measured from a nanowire powder upon heating up to Tc.
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The calculated total energy absorbed is 3 pJ, corresponding to a
temperature jump of 46 K averaged over the entire nanowire,
with a 144 K temperature jump averaged over the first 100 nm
of the nanowire. Although these calculations do not fully
account for the coupling of the applied field to the ferroelectric
polarization and the associated bound charge/depolarization
field at the surface of the nanowire11,13 or the crystallographic
dependence of the optical constants, the calculated energy
density deposited in the nanowire is sufficient to generate
temperature jumps of the magnitude required to explain the
anomalously large changes in χ(2).
In summary, we present the first real-time femtosecond

resolution nonlinear optical measurements of the dynamics of a
single ferroelectric nanowire within an optical trap. Large
amplitude photoinduced modulations in the nonlinear optical
properties and polarization of single ferroelectric nanowires are
observed, reversible at megahertz repetition rates. These are
attributed to enhanced light absorption within the nanowire,
with a diameter comparable to the optical wavelength. These
effects indicate novel photoferroelectric coupling associated
with ultrafast structural responses developing on a few
picosecond time-scales, and open up new opportunities with
respect to the development of light-driven nanoscale ferro-
electric devices.
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