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ABSTRACT We report an unusual response of colloidal layered

transition metal dichalcogenide (TMDC) nanodiscs to the electric < .04
field, where the orientational order is created transiently only during < *-
the time-varying period of the electric field while no orientational
order is created by the DC field. This result is in stark contrast to the
typical electrokinetic response of various other colloidal nanoparti-
cles, where the permanent dipole or (and) anisotropic-induced
dipole creates a sustaining orientational order under the DC field.
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This indicates the lack of a sizable permanent dipole or (and) anisotropic-induced dipole in colloidal TMDC nanodiscs, despite their highly anisotropic lattice

structure. While the orientational order is created only transiently by the time-varying field, a near-steady-state orientational order can be obtained by

using an AC electric field. We demonstrate the utility of this method for the controlled orientation of colloidal nanoparticles that cannot be controlled via

the usual interaction of the electric field with the nanoparticle dipole.
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ingle- and few-layer transition metal
dichalcogenide (TMDC) materials are
attracting much attention due to their
unique optical, electronic, and transport pro-
perties arising from the two-dimensional
confinement within the layer combined
with a variable interlayer interaction.? The
tunable optical and electronic properties
via control of the number of layers makes
the single- and few-layer TMDCs particularly
attractive for various optoelectronic applica-
tions.>~7 So far, the majority of atomically
thin TMDC nanostructures have been cre-
ated via either chemical vapor deposition
(CVD) or exfoliation from the bulk. While
these methods are capable of achieving fine
control over the material thickness and have
enabled the discovery of new properties
of atomically thin TMDCs, they also have
limitations in scaling up the synthesis and
controlling the lateral dimension.®®
More recently, solution-phase synthetic
methods capable of producing colloidal TMDC
nanodiscs dispersed in liquid media with
simultaneous control of both the thickness
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and lateral dimension have been developed.'®
These colloidal TMDC nanoparticles offer the
unique opportunity to explore the multi-
dimensional dependence of the TMDC prop-
erties, which has been difficult to address
with sheets and flakes from CVD and exfolia-
tion methods. For example, one can utilize
a variety of methods for manipulating
the movement and assembling behavior of
colloidal particles to create structures with
higher order and controlled orientation. For
TMDC nanodiscs with strongly anisotropic
optical and transport properties, the capabi-
lity to control their orientation will be parti-
cularly useful to exploit their anisotropic
material properties.'"'?

One strategy to achieve orientational
control is to apply an external electric or
magnetic field that creates an anisotropic
potential energy landscape, allowing parti-
cle alignment through the interaction be-
tween the particles' magnetic/electric dipole
and the applied field.”>'* For instance, the
alignment of semiconducting and metallic
rods to a preferential direction has been
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achieved via interaction of the electric field with the
permanent dipole or anisotropic-induced dipole.'*~"”
For the group of layered TMDC materials possessing
inversion symmetry, one would generally anticipate a
relatively weak permanent dipole, which is less desir-
able for electric-field-induced control of the orienta-
tion. On the other hand, the anisotropic 2D crystal
structure may produce a large anisotropy of the
induced dipole, which can potentially be utilized to
align the TMDC nanodiscs even in the absence of
a sufficiently large permanent dipole. Contrary to our
expectation, we observed the complete absence of
orientational order in several different colloidal TMDC
nanodiscs under ~kV/mm DC electric fields, which
can readily align one-dimensional CdS nanorods with
permanent dipoles. This suggests that neither the
permanent dipole nor the anisotropic-induced dipole
of these nanodiscs is sufficiently large to create an
orientational order in response to the applied DC
electric field. However, the unexpected transient align-
ment of the colloidal TMDC nanodiscs created by
the time variation of the electric field, such as at the
step edges of the square wave field, was observed,
as shown in Figure 1a—c. This behavior is in distinct
contrast to the typical response of the anisotropic
colloidal nanoparticles to the electric field, such as in
CdS nanorods shown in Figure 1d—f, where the sus-
taining orientational order is created during the field-
on period and randomizes via rotational relaxation
during the field-off period.
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Figure 1. (a,d) lllustration of the random and oriented
states of the colloidal nanoparticles under the square wave
electric field for (a) TiS, nanodiscs and (d) CdS nanorods.
[1], [2], and [3] indicate low, step edge, and high state of
the electric field, respectively. (b,e) Electro-optic response
of (b) TiS, nanodiscs in cyclohexane and (e) CdS nanorods
in tetradecane to the square wave electric field shown in (c)
and (f), respectively. AA/A is the fractional change in the
absorbance measured with linearly polarized light repre-
senting the presence of the orientational order.
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In this study, we investigated the unusual transient
electrokinetic response of the colloidal TMDC nano-
discs using linear dichroism to probe the orientational
order under various time-varying electric fields. We
also showed that near-steady-state orientational order
can be obtained from high-frequency AC fields, despite
the lack of usual interactions between the nanoparticle
dipole and the DC electric field giving rise to the typical
electric-field-induced ordering of colloidal nanoparti-
cles. The capability to create a sustaining orientational
order, even in the absence of a sufficiently strong per-
manent dipole or anisotropic-induced dipole, opens
a new alternative route to control the orientation of the
colloidal TMDC nanodiscs. Utilizing the near-steady-
state orientational order created under the AC field,
we demonstrate the capability to control the surface
orientation of the TMDC nanodiscs deposited on a solid
substrate and measured the orientation-dependent
optical spectra of the surface-deposited samples. The
observation made in this study adds a valuable strategy
to control the orientation of the colloidal TMDC nano-
crystals, allowing the exploration of their highly aniso-
tropic properties.

RESULTS AND DISCUSSION

In this study, the electric-field-induced orientation
of three different colloidal layered TMDC nanodisc
samples (TiS,, WSe,, and ZrS;) was investigated by
measuring the electro-optic response probing the
linear dichroism of the interband transition."®' Since
the interband transition in various TMDC materials is
considered to be strongly in-plane polarized, linear
dichroism can readily detect changes in orientational
order. Figure 2 shows two different configurations
of the parallel electrodes, which were used to apply
a spatially homogeneous electric field perpendicular
(E,) and parallel (E,) to the propagation direction (k) of
the light. The polarization angle (6,,) of light, controlled
by a polarizer, was defined with respect to the direction
of the E, field. The details of the measurement and
sample preparation are described in the Methods sec-
tion. Since the electro-optic responses from all three
samples are similar, we focus our discussion on TiS,
nanodiscs, which have a more uniform size distribution
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Figure 2. Electrode configurations for the electric field
perpendicular (E,) and parallel (E,) to the light propagation
direction (k). The glass sample capillary was sandwiched
between the two electrodes. The polarization of light (0,,) is
defined with respect to the direction of the E, field.
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Figure 3. AA/A of TiS, nanodisc under (a) DC and (b,c)
square wave E, electric field. Polarization angle of light is
0, = 0° (red) and 6, = 90° (blue). (d—f) Time variation of the
DC and square wave electric field corresponding to panels
(a—c), respectively.

and stronger absorption in the visible spectral range
for ease of measurement. The electro-optic response
from the other two nanodisc samples can be found in
Supporting Information.

Figure 3a—c shows the fractional changes in the
absorption (AA/A) from TiS, nanodiscs dispersed in
cyclohexane under the DC and square wave E, electric
fields relative to the no-field condition. The red and blue
curves were obtained with 0, = 0 and 90° polarization,
respectively. The electric field time profiles correspond-
ing to the data are shown in Figure 3d—f. Under the DC
electric field (Figure 3a), there is no steady-state change
in the absorption spectra for either polarization, indi-
cating the absence of any orientational order. In con-
trast, a strong linear dichroism is observed at both the
rising and the falling edge of the applied square wave
field, as shown in Figure 3b,c. Interestingly, the dichro-
ism at the field edges decays on a few millisecond time
scale even when the field is sustained. Furthermore,
the comparisons shown in Figure 3b,c indicate that the
magnitude of the dichroism is independent of the DC
field offset and dependent only on the step height (AE)
at the field edges, as discussed in detail below. While
the typical electric-field-induced dichroism in colloidal
particles reflects the orientational order, the origin
of the transient dichroism observed in TiS, nanodiscs
should be more carefully examined considering its
unusual behavior. When the dichroism reflects the
orientational order, it should exhibit a well-defined
dependence on the relative direction of the light
polarization with respect to the direction of preferred
particle orientation.?° This is because the absorption (A)
of the spheroids depends on the angle (y) between the
light polarization and the major axis of the spheroid
as A=A cos’y + A, sin® y, where A and A, are the
absorption parallel and perpendicular to the major axis,
respectively.?’
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Figure 4. (a) Polarization angle (6,) dependence of AA/
Apeak Under the square wave E, (green) and E; (black) electric
field. AA/Agcax is the peak value of the fractional change in
the absorbance from the square wave electric field. (b)
Absorption spectra of TiS, nanodiscs under square wave
E, field with AE = 2.5 kV/mm for 6, = 0° (red) and 6, = 90°
(blue) polarization. Black curve is the isotropic absorption
spectrum taken without electric field. (c) AE dependence of
AA/Apeak under the square wave E, field for 0, = 0° (red) and
0, = 90° (blue) polarization.

In order to confirm that the observed dichroism
in TiS, nanodiscs reflects the orientational order, AA/
A was measured as a function of the polarization angle
under both E, and E, electric field. Figure 4a shows
the peak value of the fractional change in the absor-
bance (AA/Apear) from TiS, nanodiscs as a function
of the polarization angle (6,) under square wave E,
(green) and E, (black) electric fields. For both electric
fields, the step height at the field edge (AE) was
~2.5 kV/mm. AA/Apeak under the E, electric field can
be fit to a-cos® 6, + b, and the ratio of AA/Apcai at
0p=0and 90°is —(2:1). AA/Apeak is zero near the magic
angle (6, = 54.7°), where the absorption is equivalent
to that of the randomly oriented nanodiscs. Under the
E, electric field, AA/Apeak is independent of the polar-
ization angle and its magnitude is close to AA/Ajeak
at 0, = 90° under the E, electric field. The cos? 0o
dependence of the AA/Apeak under the E, electric
field is indicative of optically anisotropic particles with
orientational order. This indicates that the observed
dichroism of the TiS, nanodiscs originates from the
electric-field-induced alignment, despite its unusual
transient nature and independence on the fields' DC
amplitude. Since the absorption is strongly in-plane
polarized, the positive and negative signs of AA/A,cak
for 6, = 0 and 90° polarization under the E, field in
Figure 4a indicate that the TiS, nanodiscs align with
the in-plane axis parallel to the applied electric field,
as illustrated in Figure 1a.>'®*? Taking advantage of
the transient orientational order created at the edges
of the square wave field, we were also able to obtain
the anisotropic absorption spectra in the visible spec-
tral range using a pulsed light source synchronized to
the edges of the square wave electric field. Figure 4b
compares the anisotropic absorption spectra taken at
0o = 0° (red) and 90° (blue) under the E, square wave
field with AE = ~2.5 kV/mm. The isotropic absorption
spectrum (black) taken in the absence of the field
is also shown. The line shapes of the two spectra at
0o, =0 and 90° are similar, which is consistent with the
dominant contribution from the in-plane transitions to
the overall absorption of TiS, nanodiscs. On the other
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Figure 5. (a) AA/A of TiS, nanodiscs measured with 6, = 0°
polarization under trapezoidal E, fields with varying slopes
at the edges. (b) Time profile of the applied E, electric field.

hand, the spectrum for 6, = 90° is slightly blue-shifted
with respect to 0, = 0°, as will be further discussed
later.

As shown in Figure 3, the magnitude of the dichro-
ism from the transient orientational order depends
only on the step height (AE) at the edges of the square
wave field, not on the absolute amplitude of the
DC field. To examine the correlation between AE and
the magnitude of the transient orientational order,
AA/Ajeak Was measured as a function of AE under
the E, square wave field for 6, = 0° (red) and 90° (blue)
light polarizations (Figure 4c). The magnitude of
|AA/Apeak| increases with increasing AE, and the de-
pendence is superlinear at relatively small values of
AE for both light polarizations. Interestingly, the de-
pendence of AA/Ageak 0n AEinTiS; nanodiscs is similar
to typical E dependence of the electro-optic response
from colloidal particles with permanent dipole or
anisotropic-induced dipoles.'®?*2* This observation
indicates that the change in field amplitude (AE) is
the key parameter that determines the magnitude of
the electric-field-induced orientational order in colloi-
dal TiS; nanodiscs. To examine the effect of varying the
field sweep rate (dE/dt) for a given AE on the orienta-
tional order, AA/A was measured under trapezoidal E,
electric fields of varying slopes at the rising and falling
edges for 0, = 0° polarization, as shown in Figure 5a.
For each trapezoidal field shown in Figure 5b, AA/A
increases continuously during the entire period of the
time-varying electric field at both the rising and falling
edges of the field. On the other hand, with decreasing
field sweep rate (dE/dt) at the edges of the trapezoidal
field, the peak of AA/A also decreases. This reflects the
strong competition between the rise and decay of the
orientational order, where the dynamics of the rise of
the orientational order varies with dE/dt, while that
of decay is determined by the orientational relaxation
of the nanodiscs.

The absence of dichroism under the DC electric field
in TiS, nanodiscs studied here indicates that neither
the permanent dipole nor the anisotropy of the induced
dipole is sufficiently large to create an orientational
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order against thermal randomization. Instead, a transi-
ent orientational order created by the time-varying
electric field is required to explain the observations.
One possible explanation is the alignment of the
nanodiscs by a transient magnetic field induced by
the time-varying electric field. However, this possibility
is carefully ruled out because TiS, nanodiscs are dia-
magnetic according to SQUID measurement, which can
be found in Supporting Information. One may also
suspect the creation of a transient magnetic field by
the current generated in the nanodiscs if there are
sufficient free electrons available, which may result in
the transient rotational response. We ruled out this
possibility, as well, because the same transient orienta-
tional order was observed not only in low-band-gap
semiconducting or semimetallic TiS, but also in semi-
conducting WSe, and ZrS,, with much higher band
gaps, having negligible free electron density in the
conduction band. When electrolytes are present in
the solvent, an ionic double layer created at the inter-
face between the material and solvent can create
torques and forces in response to an electric field, such
as electro-rotation and electro-osmotic effect.?* 2% In
some cases, the ionic double layer introduces transient
features in the electrokinetic response of the particlesin
aqueous solution.?>*” However, such a possibility is also
ruled out because there are no electrolytes or ionizable
molecules present in the solvent medium used in this
study; furthermore, the sample showed negligible char-
ging current that would be present in the case of ionic
double-layer formation (see Supporting Information).
The potential influence from spatial gradients in the
electric field, which may exist near the corners of the
sample capillary, is also ruled out from the comparison
of the electro-optic response measured in sample
capillaries of different sizes (see Figure S2 in Supporting
Information). In addition, the “normal” electric-field-
induced dichroism of CdS nanorods observed under the
identical experimental setup, as shown in Figure 1d—f,
further supports that the transient electrokinetic re-
sponse of TiS, nanodiscs is a unique material property
of the colloidal TMDC nanodiscs studied here.

One possible explanation for the transient orienta-
tional order is the time-varying anisotropy of the
induced dipole originating from the anisotropic di-
electric relaxation under a time-varying electric field.
Because of the large difference in the intralayer
(covalent) and interlayer (van der Waals) bonding
character, the relaxation rate of the interfacial polariza-
tion (Maxwell—Wagner—Sillars polarization) that de-
pends on the dielectric function and conductivity of
the particle and surrounding medium may be signifi-
cantly distinct in different directions.?®3° The aniso-
tropic relaxation rate of this interfacial polarization may
create a “time-varying” anisotropy of the induced
dipole at the step edges of the field. If the anisotropy
of the induced dipole is the largest at the field edges
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Figure 6. (a) AA/A under E, square wave electric field at 2 kHz showing the near-steady-state orientational order. (b,c) AFM
images of TiS, nanodiscs deposited on the microscope coverslip in the absence (b) and the presence (c) of the 2 kHz square
wave E, field. The average diameter and thickness of the nanodiscs are 60 and 7 nm, respectively.

and continues to decay afterward, transient orienta-
tional order can be created. However, the mechanism
for the creation of the transient orientational order
by the “time variation” of the electric field, not the
DC amplitude of the field, is still not well-understood.
Further studies will be necessary to gain a better
understanding of the microscopic origin of the ob-
served phenomena, which is beyond the scope of this
study.

Nevertheless, the observed unusual transient orien-
tational order created by the time-varying electric
field in this study offers a unique insight into the new
strategy for controlling the orientation of the colloidal
TMDC nanoparticles that are not responsive to the DC
electric field. The large disparity in the rise and decay
time scales of the orientational order under the square
wave field suggests that a near-steady-state orienta-
tional order may be obtained by applying an AC square
wave electric field at frequencies higher than the decay
rate of the orientational order. Figure 6a shows the
electro-optic response (AA/A) from TiS, nanodiscs under
the E, square wave field at 2 kHz, indicating that the
sustaining orientational order can be obtained despite
the absence of the response to DC field. To demon-
strate the utility of the near-steady-state orientational
order in creating the TMDC nanostructures with con-
trolled orientation, we compared the surface orienta-
tion of TiS, nanodiscs on a glass substrate deposited via
drop-casting with and without kHz square wave electric
field. Figure 6b shows the atomic force microscopy
(AFM) image of TiS, nanodiscs on a glass substrate
deposited in the absence of the applied electric field.
Due to the large surface area of the basal planes of TiS,
nanodiscs interacting with the substrate, the nanodiscs
prefer to lie flat on the surface as either individual or
stacked discs. The line profile measured across a chosen
nanodisc well represents the average diameter (~60 nm)
and thickness (~7 nm) of the nanodiscs. The statistics
of the measured diameter and thickness can be found
in the Supporting Information. On the other hand,

ROSSI ET AL.

application of the AC square wave field at 2 kHz per-
pendicular to the substrate produces near-steady-state
orientational order and facilitates the nanodiscs to
proceed to the vertical surface orientation during the
deposition, as shown in Figure 6¢c. The height of the
structure estimated from the line profile is similar to the
diameter of the nanodiscs, consistent with the vertical
orientation of the nanodiscs. Meanwhile, the lateral
dimensions of the nanodisc assembly are significantly
larger than the height and thickness of a single nanodisc.
This is due to the formation of assemblies of vertically
oriented nanodiscs extended in both directions on the
surface of the substrate.

To examine whether the anisotropic material prop-
erties from the orientation-controlled TiS, films can
be obtained on a macroscopic scale, we measured
the absorption spectra of TiS, films deposited with and
without an AC square wave field over a large area.
Figure 7a compares the normalized absorption spectra
of the two TiS, film samples deposited on the micro-
scope coverslip with (blue) and without (red) the AC
square wave field measured over the area of ca. 5 x
5 mm?Z. Figure 7b shows the photograph of the sample
substrate used for the absorption measurement. In
Figure 7a, the film deposited with the external electric
field exhibits a significantly reduced near-infrared ab-
sorption at >700 nm compared to the film deposited
without the field. This difference was reproducibly
observed over multiple trials of sample preparation and
measurement. The decrease in the near-infrared absorp-
tion is consistent with the reduction of the in-plane
component of the optical transition in the film containing
TiS, nanodiscs standing perpendicular to the surface
compared to the case where TiS, nanodiscs are lying
flat."®*" A small shift of the absorption peak in the visible
spectral region in Figure 7a is also observed in the
normalized comparison of the solution-phase absorption
spectra for 6, = 0 and 90° under the E, field shown
in Figure 7c. Since the solution-phase spectra for 6, = 0
and 90° probe more in-plane and out-of-plane optical
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Figure 7. (a) Normalized absorption spectra of the surface-
deposited samples, where TiS, nanodiscs were deposited
on the microscope coverslip with (blue) and without (red)
the applied AC square wave electric field. (b) Photograph of
the microscope coverslip with the deposited TiS; nanodiscs.
(c) Normalized comparison of the solution-phase absorp-
tion spectra for 6, = 0° (red) and 6, = 90° (blue) under the E,
field originally shown in Figure 4b.

transition components, respectively, than the spectrum
of the randomly orientated nanodiscs, the direction of
the peak shift observed in film samples is consistent with
that in solution phase. Considering that other colloidal
TMDC nanodiscs (WSe, and ZrS,) exhibit similar transient
electrokinetic response as TiS,, the same method can be
applicable to a wide range of TMDC materials that will be
particularly useful in studying their anisotropic material
properties, such as the anisotropic optical and interfacial
charge transfer properties.

CONCLUSION

In summary, we observed the unusual electric-field-
induced alignment of colloidal TMDC nanodiscs, where
the orientational order was created only transiently by
the time variation of the electric field, while no orienta-
tional order can be established by the DC electric field.

METHODS

Measurement of Electro-optic Response. The colloidal TMDC nano-
discs were synthesized using the recently reported solution-
phase synthesis methods.'>*>*3 The colloidal nanodisc solutions
were prepared in cyclohexane at less than 0.01% volume fraction
of the nanodiscs. A small amount of oleylamine (~0.5 uM) was
added in solution, which facilitates the dispersion of the nano-
discs in solvent by coordinating to the edges of the nanodiscs.
A transmission electron microscopy image of the TiS, nanodiscs
and a photograph of the dilute colloidal solution are shown in
Figure 8. The linear dichroism of the colloidal TMDC nanodiscs
resulting from the electric-field-induced orientation was mea-
sured using a 10x microscope and a linearly polarized light
source. The detailed construction of the experimental setup is
shown in detail in Figure S1 of Supporting Information. Copper
plates and indium-tin-oxide-coated glass plates separated by
1.3 mm were used as the electrodes, providing E, and E, field,
respectively, as shown in Figure 2. A high-voltage amplifier
(Trek 2220) or high-voltage pulse generator (DEI GRX) in combi-
nation with a function generator provided the DC or square wave
voltage to the electrodes. A rectangular glass capillary with an
inner dimension of 0.5 mm x 0.5 mm (VitroCom) containing the

Figure 8. (a) Transmission electron microscopy image of
the TiS, nanodiscs used in the study. (b) Photograph of the
colloidal TiS, nanodisc solution.

The linear dichroism signal probing the orientational
order under the square wave field is equivalent to
performing an edge detection of the electric field, and
its magnitude is dependent on the step height (AE) at
the field edges but not on the amplitude of the field (E).
This contrasts the typical response of anisotropic
colloidal nanocrystals to the electric field, where the
permanent dipole or (and) anisotropic-induced dipole
results in a sustaining orientational order under the DC
field. We conjecture that the anisotropic dielectric relaxa-
tion in the highly anisotropic TMDC nanodiscs may
create a time-varying anisotropy of the induced dipole,
resulting in the transient rotational order. Nevertheless,
a near-steady-state orientational order could be created
using an AC square wave field at frequencies higher
than the orientational relaxation rate of the nanodiscs.
We also showed that the near-steady-state orientational
order from the AC field can be utilized to control the
surface orientation of the TMDC nanodiscs deposited
on a solid substrate and exhibit orientation-dependent
optical properties. The ability to control the orienta-
tion of the TMDC nanodiscs demonstrated in this
study will be highly valuable in exploring the aniso-
tropic material properties of the colloidal 2D-layered
TMDC nanocrystals.

sample solution was placed between the two electrodes.
Linearly polarized light in the 400—700 nm range was obtained
from tungsten—halogen or a pulsed xenon lamp using a thin
film polarizer. The polarization angle (6,) of the light is defined
with respect to the direction of the E, field. A 10x microscope
objective and a tube lens were used to measure the intensity of
the transmitted light from the midsection of the capillary within
a 0.15 mm diameter circular area using an iris placed at the focal
plane of the image. Time-dependent absorption intensity and
spectrum of the sample were measured with photomultiplier
tubes and a charge-coupled device spectrometer, respectively.

Preparation of Orientation-Controlled TiS, Nanodisc Film. Films of
TiS, nanodiscs deposited on the microscope coverslips were
prepared using the TiS, nanodisc solution described above.
A drop of TiS, nanodisc solution was sandwiched between the
two microscope coverslips cleaned via UV-ozone treatment.
To confine the solution between the top and bottom cover-
slips and avoid drying of the solution during the deposition,
a glass spacer with a 5 x 5 mm? square well was inserted
between the two coverslips. The coverslips were placed be-
tween the two copper electrodes, providing the square wave
electric field perpendicular to the surface of the substrate for 1 h.
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The coverslips were removed from the electrode, separated,
rinsed with chloroform, and allowed to dry. AFM (Dimension
Icon) was used in tapping mode to image the surface morphol-
ogy of TiS, nanodiscs. The film exhibiting the flat surface
orientation of TiS, nanodiscs was prepared with the method
outlined above in the absence of the electric field. The film
exhibiting the vertical surface orientation of TiS, nanodiscs was
prepared under a ~1.5 kV/mm square wave field at 2 kHz. The
visible and near-infrared absorption spectra of the nanodisc films
deposited on the microscope coverslip were obtained using the
spectrometer equipped with Si and InGaAs detectors covering
the visible and near-infrared spectral range, respectively.
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