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O
rganization of large ensembles
into a regular periodic pattern oc-
curs in both natural and artificial

forms.1 Advances in nanoparticle (NP) syn-
thesis using high boiling point organic sol-
vent have vastly improved the control of
size and shape uniformity.2�6 The surfac-
tant coating of these particles forms a steric
barrier that prevents irreversible agglo-
meration of the inorganic cores. This provides
the particles with the mobility needed to
adjust their relative positions until they form
a low-energy, self-organized pattern, such
as 2D monolayers7�10 or 3D crystals.11�13

Among those nanopatterns, monolayers of
NP assemblies are of significant technical
importance in fields such as catalysis,14 sen-
sors,15 nanoelectronics,15�17 and bit-pat-
terned magnetic media,17�19 as well as in
fundamental research.20 However, it is a
significant challenge to obtain large-area
(∼centimeter scale) monolayers without
discontinuities.8 When a volatile colloidal
solution containing surfactant-passivated
NPs is deposited on a surface, it will spread
out to form a colloidal solution film. During
solvent evaporation, NPs in the colloidal
solution film will be driven by convective
particle flux21 to the drying front, where
they dynamically adjust their relative posi-
tions tominimize their free energies. During
self-assembly, NPsorganize into close-packed
nanopatterns with surfactant-induced gaps
(∼2 nm) between them to maximize their
van der Waals22 and Coulombic23 cohesive
energies. Such nanopatterns are analogous
to the halftone dots arrays widely used in
modern image processing.24 As evapora-
tion proceeds, the drying front moves to-
ward the colloidal solution film, leaving
behind assembled NP films. Such self-orga-
nization of NPs driven by solvent evap-
oration25 can occur on either a solid surface26

or a liquid surface7 (also called a subphase).
We believe ordering of NPs on a liquid
surface is promising for the generation of
a large area of assembled NP monolayers

since this gives more freedom to NPs in the
partially assembled films to adjust their
positions. After solvent evaporation, the
Langmuir films of self-assembled NPs will
float on the surface of the subphase, which
can then be transferred onto a clean
substrate by the Langmuir�Blodgett27 or
Langmuir�Schaefer28 deposition method.
However, the 2D NP arrays deposited on a
substrate by this method are often islands
(∼tens of μm) with significant gaps be-
tween them.8 To eliminate the gaps between
those islands, an isothermal compression
process is often used in a Langmuir trough
to push these floating islands closer on the
subphase by a pair of moving barriers.9,29

However, NP monolayers can be easily bro-
ken by mechanical force to form fractal
stacks7,26 or folded into bilayers. In previous
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ABSTRACT

Large-area self-assembled monolayers of nanoparticles are fabricated on the surface of

deionized water by controlled evaporation of nanoparticles dispersed in a binary solvent

mixture. The difference in solvent volatility and partial coverage of the trough leads to a flux of

nanoparticles toward the evaporation front. The monolayers are comprised of monodisperse

magnetite and gold nanoparticles or slightly more polydisperse manganese oxide nanopar-

ticles. The floating monolayers are transferred onto different substrates by the

Langmuir�Schaefer method. Surfactants in the colloidal solution and substrate materials

have significant impact on the monolayer formation. Bilayers of nanoparticles with different

twist angles between layers are also obtained by double deposition.
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experiments, the volatile solvent in the colloidal solu-
tion film can evaporate in all directions, and the fluid
flux of NPs in the colloidal solution film is uncontrolled.
Here we demonstrate an easy and efficient way to
generate a centimeter-sized NP monolayer without
discontinuities by controlling the evaporation direc-
tion of the carrier solvent and the flux of NPs in the
colloidal solution films.

RESULTS AND DISCUSSION

Iron oxide NPs are synthesized by a wet-chemical
method in an organic solvent,30 washed by ethanol,
precipitated by centrifugation, and then redispersed in
toluene containing a small amount of extra surfactant.
Such chemically synthesized iron oxide NPs are often
coated with surfactants (in our case, oleic acid), which
serve as flexible spacers between them to achieve
long-range order. Iron oxide NPs in toluene (∼5 mg/
mL) are then diluted by a factor of ∼50 in a solution
mixture of toluene and hexane (volume ratio 1:2).
Figure 1a shows the self-assembly apparatus. A 250 μL
amount of colloidal solution containing iron oxide NPs
in the toluene/hexane mixture spreads into a colloidal
solution film at the surface of deionized water, con-
tained in a glass trough. The trough is then covered by
a glass slide. With the combination of the glass lid and
the different volatilities of toluene and hexane, the
evaporation flux and fluid flux in the colloidal solution
film are both well-controlled. Because the escape of

vapor at the covered region is hindered, when vapor
reaches the sidewall of the trough, it will be forced to
flow along the sidewall toward the uncovered region.
As a result, the evaporation will drive droplets contain-
ing NPs along a similar path. At the uncovered region,
most of the hexane and some toluene in the droplets
will quickly evaporate, while most of the toluene and
some hexane will be pushed back by the fluid flux to
the colloidal solution film from the center at the open-
ing. The circulation of NP-containing droplets in the
colloidal solution film can be observed by the naked
eye. This circulation drives NPs to the evaporation
front, where they form large-area self-assembled
monolayers. The slow evaporation of toluene at the
evaporation front (see toluene-rich region in Figure 1a)
allows NPs to adjust their positions at the drying front
to “anneal” out defects in the self-assembled mono-
layers and form high-quality monolayer films. In this
process, the gentle and controllable fluid flux and
evaporation are utilized to eliminate the gaps between
NP monolayers observed in many previous experi-
ments. After completion of the solvent evaporation in
approximately 1 h, the silverish (under white light)
NP monolayers are transferred from the subphase
to a substrate by the Langmuir�Schaefer method, as
shown in Figure 1b. Here, the Langmuir�Schaefer
method is used because it is convenient for transfer-
ring the high-quality floating monolayer to the desig-
nated area. The fluid flow at the surface of the substrate

Figure 1. (a) Apparatus used to make NP monolayers on top of the subphase. The partial covering of the trough makes the
organic solvent evaporate in a controllable way from the opening, and the NPs are pushed along the sidewall of the trough
toward the opening from the colloidal solution reservoir from the covered region by the net solvent evaporation. At the
opening, most hexane escapes to the environment, while most toluene circulates back to the colloidal reservoir. (b) After the
solvent completely evaporates, a NP monolayer forms, and it is then transferred onto a substrate by the Langmuir�Shaefer
method. (c) Image of such a NPmonolayer deposited on a TEM grid, with the inset showing themagnified bottom left corner
of the TEM image. (d) Cross-sectional schematic of the apparatus in a. (e) Autophobing process, occurring at the circled area in
d, shown magnified. The functional group of surfactant in e is represented by a dot at the head of the carbon chain.
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during the Langmuir�Blodgett process can easily
damage the fragile monolayers. While the as-made
dispersion of NPs is black and opaque, the transferred
NPmonolayers on the substrate appear golden in color
(see Figure S1 in Supporting Information). Figure 1c
shows an example, made by this method, of the self-
assembled monolayers of∼12 nmmagnetite NPs on a
carbon film mounted on a TEM grid. The largest
obtained area of a continuous magnetite NP mono-
layer was ∼3�4 cm2.
Here a pair of low boiling point solvents, toluene and

hexane, are chosen due to their different volatility and
their ability to form stable dispersions of surfactant-
coated NPs. When the concentration of NPs in the
solution mixture is low enough, NP monolayers are
often obtained, and they can be easily differentiated by
the naked eye. To determine the ideal concentration of
stock solution, the original solution of NPs in toluene
was diluted by a factor of 100�150 in the solution
mixture of toluene and hexane. NP monolayers were
thenmade from the well-diluted solution by the above
technique. The ideal concentration can be then esti-
mated by the ratio of obtained to expected area of the
NPmonolayer. A high concentration of NP often results
in a mixture of bilayers and multilayers of NPs, which
appear different colors onwater, fromgolden to purple
under white light. A TEM image of such a multilayer is
shown in Figure S2a in the Supporting Information.
Monolayer formation of NPs by thismethod is sensitive
to the mixture ratio of toluene and hexane. When the

volume ratio (hexane to toluene) is ∼2:1 to 1:1, NP
monolayers are often obtained. Above or below this
optimized ratio, bilayers or multilayers of NPs fre-
quently occur. A toluene-rich stock solution slows the
evaporation rate and leads to formation of a uniform
film mixed with monolayers and bilayers (see Support-
ing Information Figure S2b). A hexane-rich stock solu-
tion evaporates rapidly and results in thicker multilayers.
The opening at thedrying front is about∼1/10 to 1/5 of
the area of the glass trough. A larger opening causes
evaporation to finish too quickly to obtain a well-
ordered monolayer. Monolayer formation is also af-
fected by the size, size distribution, and mass of NPs as
well as concentration and aging of extra surfactant (see
later discussion).
Our observations of the particle monolayer forma-

tion at the water/air interface are compatible with the
deposition of material from a contact line moving
below the critical velocity for film pulling. Here, the
NP-containing fluid does not statically wet the water
subphase because a layer of oleic acid and NP on the
water surface extends beyond the contact line, forcing
the spreading coefficient to be positive. This phenom-
enon, called autophobing, where a fluid does not wet
its own monolayer, has been well-documented on
solid surfaces31,32 and speculated to occur on liquid
surfaces.33 The contact line retreat is driven by the
evaporation of the solvent. By reducing the evapora-
tion rate with our glass plate, we cause a very low
contact line speed to occur. At such low speeds, no

Figure 2. NPs in an area of ∼7 μm � 7 μm are all aligned in a single orientation, as shown by a TEM image (a), which is
confirmed by the regular hexagonal pattern of its FFT (d). As with the atomic lattices, some defects are also present, such as
edge dislocations and vacancies (c). (b) A triple junction of grain boundaries of the assembled monolayers is seen by SEM.
Within each grain, interference fringes are also observed for different crystal orientations. (e) A small area in b shown
magnified.
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bulk fluid film is pulled out of the meniscus as it
retreats, and a monolayer of material can be continu-
ously fed out of the contact line, as shown in Figure 1e.
Such a depositionmechanism iswell-known in Langmuir�
Blodgett deposition for insoluble material but has also
been observed for soluble materials.34

The monolayers produced by this method are formed
at conditions close to equilibrium and have larger
“grains” due to slower evaporation and nucleation in
the toluene-rich regions, as depicted in Figure 1a. Here
grains are defined as areas in which all NPs are aligned
with a single crystallographic orientation. Figure 2a
shows such a large grainwith an area of∼7 μm� 7 μm,
observed using a transmission electron microscope
(TEM). Fast Fourier transformation (FFT) of Figure 2a
is shown in Figure 2d. The pure hexagonal pattern in

Figure 2d with sharp spots and multiple diffraction
orders indicates that NPs in the whole ∼7 μm � 7 μm
area in Figure 2a are in the same grain. However,
imperfections exist in any real lattice, even in atomic
crystals.35 Higher magnification of a small area in
Figure 2a is shown in Figure 2c, in which several NP
vacancies and an edge dislocation are present. Grain
boundaries are also clearly observed in self-assembled
monolayers fabricated by this technique. Figure 2b
shows a triple junction of grain boundaries imaged by
a scanning electron microscope (SEM). The crystallo-
graphic orientations of themonolayers are different for
each grain and sometimes give rise to electron inter-
ference stripes with different periods on different
grains, as clearly observed in Figure 2b. The largest
period of the interference patterns in Figure 2b is

Figure 3. (a) SEM images of a ∼12 nm magnetite NP monolayer deposited on a FePt thin film. Many black dots (∼μm) are
observed,which are surfactant aggregates. Bymagnifying one of the black dots (inset of a), it can be seen that the crystallinity
of NPmonolayers is not affected by the organic aggregate.Whenmonolayers of the sameNPs are deposited on SiOx (c), many
white spots can be observed. These white spots occur because monolayers are peeled off from the substrate by the surface
tension of water during the pattern transfer (d). (e) Many empty holes are observed in the monolayer of slightly more
polydisperse MnO NPs on a FePt thin film. (f) This defect density can be significantly removed by reducing the amount of
surfactant in the colloidal solution.
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∼200 nm. The broken interference pattern within a
grain is due to the insertion of extra dislocation lines
into the NP lattice. A higher magnification image of the
enclosed area in Figure 2b is shown in Figure 2e.Within
each grain the NP ordering is well-maintained. NP
vacancies are also observed under SEM and appear
brighter than the surrounding area.
The effectiveness of Langmuir film transfer from the

subphase to the substrate depends strongly on the
interactions between the Langmuir film and the sub-
strate. The Langmuir film�substrate interaction is de-
termined by the substrate material and the extra
surfactant in the colloidal solutions. The latter will also
affect the NP packing in the resultant monolayers.
Figure 3a shows the SEM image of a large area of
monolayer of ∼12 nm magnetite NPs on a FePt thin
film deposited on a siliconwafer. Themonolayer is very
uniform over the whole area of the deposited film with
some isolated black dots. The inset in Figure 3a shows a
magnified image of one of the black dots. The boxed
region near the boundary of the black dot in Figure 3a
is further magnified in Figure 3b. The crystallinity of the

NP array is not disrupted across the boundary between
the light and dark regions. Under SEM, darkened
regions are often associated with the absorption of
incoming electrons by organic materials.36 Here the
black dots in Figure 3a are attributed to extra surfactant
from the colloidal solution. For Au or CdSe NPs, it is
possible to adsorb a monolayer of thiol molecules and
minimize the amount of excess surfactant. For metal
oxide NPs, there must be some extra surfactant in the
dispersion in order to maintain good equilibrium
coverage of the particles and maintain colloidal stabi-
lity. The black dots visible in the SEM image of the
monolayers cannot be discerned under TEM (see
Figure S3 in the Supporting Information) since low Z
organic material is electron transparent, supporting
our hypothesis. When Langmuir films transferred to
SiOx thin films by the Langmuir�Schaefer method,
many white dots are observed in the SEM images, as
shown in Figure 3c. One of the white dots is magnified
and shown in Figure 3d. The deposited film at the
white dots is peeled off from the SiOx film and is folded
back on top of the rest of the film to form a small region
of bilayers, indicating reduced Langmuir film�substrate
interactions. The contour of the torn monolayer
matches very well that of the retained region at the
broken line.
The excess surfactant aggregates could be elimi-

nated by further washing of the colloidal solution with
ethanol and the use of less surfactant. However, such
“clean” monolayers are extremely difficult to transfer
onto the substrate. Usually only small areas of the
floating Langmuir film can be successfully transferred.
Extra surfactants in the Langmuir film can increase
the interaction between the Langmuir film and the
substrate, thus aiding the successful transfer of the
Langmuir film from the subphase onto the substrate. It was
suggested that NP assembly occurs on a Langmuir
layer of surfactant, which is consistent with their lower
contrast in TEM images, relative to that for drop cast
arrays.9 For monodisperse iron oxide NPs, extra surfac-
tant does not affect the crystalline structure of the
arrays, but for polydisperse MnO NPs, we found the
packing is affected by extra surfactant. Figure 3e and f
show the assembly of polydisperse MnO NPs with and
without introduction of extra surfactant, respectively,
which are both deposited on FePt thin films (see large
area in Figure S4 in the Supporting Information). In
contrast to the monolayers of monodisperse magne-
tite NPs, the assemblies of polydisperse MnO NPs have
glassy order. ForMnOmonolayerswith extra surfactant
(Figure 3e), many holes with missing NPs are also
observed. However, after washing to remove some of
the extra surfactant, the number of holes is significantly
reduced, as shown in Figure 3f. The excess surfactant
agglomerates and deposits on top of arrays of mono-
dispersed iron oxide NPs, but for polydisperse MnO
NPs, the agglomerates will also form in the monolayer

Figure 4. (a) TEM image of a monolayer of thiol-passivated
AuNPs that form a single grain over an area of∼3 μm� 3 μm,
as confirmedby the regular hexagonal pattern of its FFT in the
inset. (b) Higher magnification of the gold NP assembly.
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film, disrupting the local order. The largest continuous
monolayer of ∼26 MnO NPs was ∼10 cm2. The ob-
served holes in the arrays of 26 nm MnO NPs could
arise from polydispersity, excess surfactant, or differ-
ences in self-assembly dynamics with larger particles.
However, when polydisperse but smaller (<10 nm)
particles are used, there are no holes. In addition, extra
surfactant can improve the mechanical properties of
the monolayers, while cracks are often observed (see
Supporting Information, Figure S5) in the “clean”
monolayers. The improved mechanical properties can
be attributed to increased ligand�ligand interaction37

mediated by the extra surfactant. Further, we found
multilayers of NPs are often obtained even under
optimized conditions due to too much surfactant,
which prevents wetting of the colloidal solution on
the DI water. To summarize, extra surfactants can en-
hance the Langmuir film�substrate interactions and
thus improve the pattern transfer from the subphase to
the substrate. However these extra surfactants often
form aggregates in or on top of the Langmuir films.
To examine the generality of this technique for

monolayer formation with surfactant-coated NPs, the
process was repeated with thiol-coated gold NPs.
Monodisperse gold NPs (∼6 nm) were obtained by
digestive ripening38 and coated with 1-dodecanethiol
as a stabilizer. Our process was found to work for Au
NPs only when some extra 1-dodecanethiol was added

to the toluene solution containing gold NPs. Formono-
layer formation, the resulting dispersion of Au NPs in
toluene (1 mg/mL) was further diluted by a factor of
∼10 with a mixture of toluene and hexane (volume
ratio∼1:2). The same procedure used for the iron oxide
NPs was applied to slowly evaporate 250 μL of the
mixture in the covered trough, and then the floating
film was transferred onto a substrate. This technique
made large-area goldNPmonolayers. The floating gold
NP monolayers appear golden from above and purple
when observed from the side. After transfer onto a FePt
film, only a slight blue color can be discerned. Figure 4a
shows a TEM image of a gold NP monolayer in an area
of ∼3 μm � 3 μm (see the Supporting Information,
Figure S6, for an SEM image). The sharp hexagonal FFT
pattern in the inset indicates that goldNPs in thewhole
area are all aligned along a single crystallographic
orientation. The gold NP monolayer is also shown in
a higher magnification in Figure 4b.
NP bilayers can be obtained by sequential transfer

of two monolayers onto the substrates using the
Langmuir�Schaefer method. Large-area bilayer patterns
(∼hundreds of nanometers) and a triple junction of
bilayer domains are shown in Figure S7 in the Support-
ing Information. Four types of NP bilayers are shown in
Figure 5a�d. To analyze the details of the bilayers, the
FFT of the bilayer images is calculated. For example, the
FFT of image 4d is shown in Figure 4e. It can be broken

Figure 5. (a�d) Four different bilayer nanopatterns of∼12nmmagnetite NPs and (i�l) their corresponding lattice simulation,
respectively. The lattice simulation is accomplished by analyzing the FFT and inverse FFT of the corresponding TEM images.
For example, the FFT pattern of d can be subdivided into two sets of different patterns (e and g), which are inversely
transformed back to two sets of monolayers by IFFT (f and h, respectively). On the basis of the geometry relation of the two
sets of sublattices, the corresponding simulation (l) is determined. The scale bar is 100 nm.
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into two subset hexagonal patterns in this FFT that are
rotated by 20� relative to one another. After separately
transforming back by inverse FFT (IFFT), two sets of
monolayers are obtained, as shown in Figure 5f and h,
respectively. The twist angle between the lattices of
the two sets of monolayers is determined by the angle
between the dense packing directions Æ2110æ (as in-
dicated by the green line). By this method, the twist
angles between the monolayers in Figure 5a�d are
determined to be 0�, 8�, 17�, and 20�, respectively.
To confirm that, two sets of hexagonal monolayers
generated by computer are superimposed at the
corresponding twist angles with respect to each
others. When the twist angles are 0�, 8�, 17�, and
20�, as shown in Figure 5i, j, k, and l, the simulated
bilayer patterns are very similar to those of the
real image in Figure 5a, b, c, and d, respectively,
which verifies the analysis. Further, upon superim-
position of two NP monolayers, a Moiré pattern is
obtained, as observed in the overlapping of two
halftone dot arrays.39 The period of the modulated
Moiré pattern is large at low twist angle, as shown in
Figure 5b and j. As the twist angle increases, the
period of the modulated Moiré pattern decreases,
and the cells of the Moiré pattern become smaller,
as in Figure 5c and k. When the twist angle is
above∼20� (Figure 5d and l), theMoiré pattern slowly

becomes disordered and reaches its extreme at the
maximum twist angle of 30� (see Figure S8 in the
Supporting Information).

CONCLUSION

In summary, large-area self-assembled NP mono-
layers were prepared on an aqueous subphase by
controlling the evaporation and fluid flux direction of
the colloidal solution carrier fluid. This technique is
performed by using two solvents with different volati-
lity and by covering one end of the trough to control
the evaporation rate and fluid flux. The floating
Langmuir films were subsequently transferred onto solid
surfaces by the Langmuir�Schaefer deposition meth-
od. The effectiveness of the Langmuir film deposition
can be mediated by the surfactant and the substrate
material. Theeffectof extra surfactanton theNPordering
depended on the degree of the particle monodisper-
sity. By double deposition of NPmonolayers, bilayers at
different twist angles are obtained, which show differ-
entmodulatedMoiré patterns. The technique reported
in this research work is promising for many high-tech
applications, in which large-area and reliable self-
assembledNPmonolayers are needed. It will alsomake
it possible to study some fundamental physics of the
interparticle interactions and collective behaviors of
NP monolayers or bilayers.

METHODS
Monodispersed magnetite NPs (∼12 nm) were synthesized

by a method first reported by Colvin and co-workers30 that we
have modified.40 Typically, 0.178 g of iron oxyhydroxide
[FeO(OH)], 2.26 g of oleic acid (OA), and 6.4 mL of 1-octadecene
were stirred in a three-necked flask and degassed three times in
a Schlenk line to expel oxygen. After that, the mixture was
preheated at 200 �C for two hours to partially dissolve the iron
precursors, followed by refluxing at 320 �C for 1 h. Themixture is
cooled to room temperature, washed by ethanol, redispersed in
10mL of toluene with addition of 50 μL of OA, and sonicated for
5 min. The washing steps were repeated five times. Magnetite
NPs were finally dispersed in 10 mL of toluene with addition of
50 μL of OA. A simple estimation of the original concentration of
magnetite NPs was made based on the area of the monolayer
and the dilution factor. The concentration estimated by this
method is ∼1015 NPs/mL (5 mg/mL), which is roughly consis-
tent with the more rigorous results obtained from atomic absorp-
tion spectroscopy (∼6 mg/mL).
Monodisperse gold NPs (∼6 nm) were synthesized by reduc-

ing Au(III) chloride hydrate [HAuCl4] with sodium borohydrate
[NaBH4], followed by digestive ripening.38 Specifically, 65 mg of
HAuCl4 and 202 mg of didodecyldimethylammonium (DDAB)
were codissolved in 20 mL of toluene by sonication to form an
orange solutionmixture. A 0.7 g amount of NaBH4was dissolved
in 2 mL of DI water. Then 100 μL of NaBH4 solution was injected
into the orange HAuCl4 solution by pipet with vigorous stirring.
Formation of gold NPs is indicated by the dark red color. After
that, 1.6mL of dodecanethiol (DDT) was added, and themixture
was stirred for 2 h to finish ligand exchange. The DDT-passi-
vated gold NPs were then washed by 20 mL of ethanol,
precipitated by centrifugation, dried under vacuum, and then
redispersed in 20 mL of toluene and 1.6 mL of DDT by

sonication. The solution was then refluxed in a flask with a
cooling water condenser for 3 h for digestive ripening. After
that, gold NPs were washed with ethanol, precipitated by
centrifugation, dried under vacuum, and redispersed by sonica-
tion in 5 mL of toluene with an additional 50 μL of DDT. Finally,
the solution was centrifuged for 5 min at 7000 rpm to pre-
cipitate large clusters. The top solution containing monodis-
perse gold NPs was then stored in a glass vial. The estimated
concentration of gold NPs is ∼5 � 1014 NPs/mL (1 mg/mL).
Polydispersed MnO NPs were prepared by first degassing a

mixture of 15 mL of trioctylamine, 3 g of OA, and 0.692 g of
manganese(II) acetylacetonate.41 The mixture was dried under
vacuum at 70 �C for 4 h, followed by quickly heating to 350 �C.
During heating, a hair drier was used to prevent the acetone
generated from condensing on the wall of the flask.42 When the
solution turned milky green, it was slowly cooled to room
temperature and washed with the same procedure as for the
iron oxide NPs. The final product was dissolved in 15 mL of
toluene with addition of 50 μL of OA. The concentration of MnO
NPs is ∼1 � 1014 NPs/mL (7.5 mg/mL).
To prepare the stock solution for self-assembly, 120 μL of

washed iron oxide NP dispersion (300 μL for MnO NPs, 600 μL
for Au NPs) was added into a mixture of 2 mL of toluene and
4 mL of hexane and shaken to uniformly disperse the NPs. A
glass trough was cleaned with ethanol and air-dried. A 200
�250 μL portion of the colloidal stock solution was slowly
injected by a syringe and spread on the surface of deionized
water in the trough, which was partially covered to allow toluene
and hexane to slowly evaporate into the environment, as
depicted in Figure 1a. The opening is about ∼1/10 to 1/5 of
the area of the glass trough. After complete evaporation in∼1 h,
NP monolayers float on the surface of the deionized water.
Siliconwafers, coatedwith a thin film of either FePt or SiOx, were
sequentially washed by acetone, ethanol, and deionized water
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and air-dried. The floating Langmuir films on the water were
transferred onto the washed substrate or TEM grid by the
Langmuir�Schaefer method, as shown in Figure 1b. The struc-
ture of NP layers deposited on silicon wafers with thin film
coatings was characterized by an FEI Sirion SEM, and those
monolayers deposited on TEM grids were characterized by a
JEOL 2000 EX TEM.
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