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Through an interfacial assembly method, we deposited free standing membranes of iron nanoparti-
cles with oleylamine ligands onto micrometer sized circular holes. We then used force microscopy to
probe their remarkable elastic properties and studied thei r monolayer crystal structure with electron
microscopy. These clamped membranes are the ultimate two dimensional limit of nanoparticle-based
structures, one of the thinnest magnetically tunable membr anes available.

PACS numbers:

INTRODUCTION

There are many types and forms of physical mem-
branes. They have many useful applications ranging from
�ltration to sensors. To date, the thinnest possible mem-
brane is a single atomic layer of graphite, graphene[1].
Yet, carbon has limitations in terms of electrical and
magnetic properties. Another innovative approach is
nanoparticles, which are increasingly important in the
sciences of optics and electronics[2].

Dodecanethiol-ligated gold nanoparticle arrays'
Young's moduli are on the order of GPa[3]. Recently,
DNA-ligated gold nanoparticle arrays are shown to have
remarkable strength[4].

However, there is no work done on mechanical proper-
ties of nanoparticle monolayers fabricated out of mag-
netic materials. We study membranes made of iron
nanoparticles. This system consists of close-packed inor-
ganic particles, 14 nm iron spheres, and oleylamine func-
tioning as spacers. Using an interfacial assembly method,
we can create iron nanoparticle monolayers. The ultra-
thin membrane can be stretched across micrometer-sized
holes. We plan to �nd the iron monolayers' Young's mod-
ulus to observe how strong and robust they are.

ELASTIC THEORY

Bulk elastic theory describes isotropic, homogeneous
solids. The theory can be applied to a two dimensional
free-standing membrane of iron nanoparticles. We con-
sider the case when the membrane is clamped at a cir-
cular boundary and the Poisson's ratio assumed to be
1/3, a typical value for polymers. The function describ-
ing the central point force and indentation is analytic in
two limiting regimes: linear and cubic regimes. In the
linear regime when bending sti�ness is negligible and in-
dentation is small compared to the boundary's diameter,
Wan et al. derived the expression for a thin membrane
which can be approximately shown as:

F = � (� 0)2D � (1)

where F is the central point force, (� 0)2D is the mem-
brane's pre-tension and� is the indentation at the center
of the membrane. Pre-tension is positively correlated to
both pre-strain and elastic sti�ness E 2D . At large in-
dentation, regardless of pre-tension, the relationship be-
tween applied force and indentation converts to a cubic
behavior[5]. In this regime, stretching energy dominates
bending energies and the force-indentation relationship
can be expressed as:

F =
�E 2D

3R2 � 3 (2)

where R is the membranes radius[6]. However, there is no
closed-form analytic solution for the intermediate regime.
Recently, Lee et al. showed that the combining the so-
lutions from the two limiting regimes give an excellent
approximation for the force-indentation relationship tha t
agrees with the numerical solution to within the experi-
ment's uncertainty[7].

F = � (� 0)2D � +
�E 2D

3R2 � 3 (3)

We used this expression to analyze our force-
indentation curve to obtain elastic sti�ness. To compare
to bulk iron and other materials, elastic sti�ness was di-
vided by the membranes thickness h to obtain Young's
modulus.

EXPERIMENT

We used the interfacial assembly method to deposit
oleyamine-ligated iron nanoparticle[8] monolayers on sil-
icon nitride holes. Figure 1a shows a silicon nitride chip
with 5.5 � m and 11.5� m holes. The sizes of membranes
were controlled by the diameters of holes on silicon ni-
tride chips. As shown in Figure 1b, we put a 15� l droplet
of iron nanocrystals suspended in toluene on top of an 8
� l water droplet. The monolayer formed at the water-
toluene interface[9]. After the toluene evaporated, the
silicon substrate with the water drop was then placed on
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FIG. 1: (a) 5.5 and 11.5 � m holes in a silicon nitride substrate. (b) Schematic diagra m of the Interfacial assembly method.
The iron nanoparticle monolayer forms at the water-toluene interface. (c) Schematic diagram of the nanoparticle con�g uration
inside a hole. The monolayer recedes into the hole.

mesh to dry for about 2 hours. Undamaged membranes
are receded below the silicon surface (1c) and are stable
in air for many days. The yield in the fabrication process
deceases as holes diameters increase.

Figure 2a shows the optical image of iron nanoparti-
cle membranes; 8 out of 16 arrays are intact. Asylum
MFP3D Atomic Force Microscopy (AFM) was used to
observe membranes' topology; Figure 2b is the height im-
age of an 5.5� m diameter membrane. Figure 2c shows
the cross-section of the height image. The membrane is

at, smooth and below the silicon surface about 100 nm
distance.

Iron nanoparticle monolayers' thickness on silicon ni-
tride substrate is around 15 nm, measured by AFM
height measurements. However, this value could be an
underestimate of freestanding monolayers' thickness due
to an attractive interaction with the substrate.

The Asylum MFP3D AFM was also used to perform
force curve analysis. AC240 cantilevers functioned as in-
denters; as they exerted force at the center of the mem-
brane, indentation was measured. The AFM's optical
lever sensitivity and AFM cantilevers' spring constants
are required to correct for cantilever deformation and
determine the monolayers' force-indentation curves. We
pushed the cantilevers against a hard silicon nitride sur-
face to identify the sensitivity. The spring constants were
calculated with 10% accuracy by observing thermal spec-
trum of the tip. The measured values are ranging from
1 - 3 N/m.

A Tecnai F30 Transmission Electron Microscope was
used to characterize monolayers and study crystal struc-
tures. TEM images enable us to determine monolayers'
diameters with 5% precision. Their diameters are from
2.2 to 11.5� m. To prevent sample damage from high en-
ergy electron beams, TEM characterization was carried
out after AFM force curve analysis.

All experiments were done at room temperature. We
successfully tested 14 monolayers from 25 optically intact
membranes. AFM images of the other 11 holes show that
they are either not fully covered by iron monolayers or
not clean. For each membrane, we gradually increase the
cantilever's maximum force. We have 5 - 6 force curves
for each maximum force and AFM images before and
after each force step.

RESULTS AND DISCUSSION

The Interfacial assembly method is a simple yet pow-
erful one-step fabrication process; oleylamine-ligated
Fe nanoparticles arranged themselves uniformly over
the micrometer-sized holes. Figure 3a shows force-
indentation curves for membranes with di�erent sizes;
the overall membrane sti�ness decreases with increasing
hole diameter. As indicated in Figures 3b and c, we used
equation 3 to analyze our force indentation curve and
obtained Young's moduli and elastic sti�ness. The force
curve has both linear and cubic regimes as expected from
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FIG. 2: (a) An optical image of free-standing membranes on th e silicon nitride substrate. The membrane diameters are 5.5 and
11.5 � m. (b) AFM height image of a 5.5 � m membrane. The darker color indicates lower height. (c) Cro ss-section of the height
image. The membrane recedes into the hole about 100 nm distance. (d) TEM image of a close-packed nanoparticle monolayer
with the average inter-particle spacing and particle diame ter of 16 and 14 nm, respectively. The packing is hexagonal. (e)
Higher magni�cation TEM image. The nanoparticle have a core -shell structure due to oxidation. The darker core at the cen ter
is iron. The outside shell is iron oxide.

typical two-dimentional arrays. Figure 3c shows the his-
togram of Young's moduli and elastic sti�ness. Given
that oleylamine is in a liquid state at room tempera-
ture, iron monolayers are strong with the median Young's
modulus of 0.97 GPa. It is surprising that the short hy-
drocarbon chains with amine at the end, oleylamine, has
strength on the same order of most polymers, which have
much longer chains that can entangle.

The measured Young's moduli have 20% precision.
The uncertainty is from errors in the cantilever spring
constant, monolayer diameter, and monolayer thickness.
The large variance in Young's moduli is due to uncon-
trollable defects, compositional di�erences of di�erent
nanoparticle batches, and di�erent domain sizes.

TEM images (Figures 2d and 2e) show a hexagonally
packed monolayer with some defects. An iron nanoparti-
cle has an iron core and an iron oxide shell due to oxida-
tion. The average particle spacing and particle diameter
are 16 and 14 nm, respectively. Nanoparticle spacing is
approximately 50% of particle size plus two oleylamine
chain lengths; the oleylamine ligands do not extend to

their full length. They interdigitate between the iron
cores. This fact may explain monolayers' strength and
robustness. Another possible reason for its remarkable
strength is limited range of motion; one end of the oley-
lamine is con�ned to the iron oxide surface.

CONCLUSIONS

We have shown that free standing monolayers
of oleylamine-ligated iron nanoparticles can be self-
assembled through a simple interfacial assembly tech-
nique. Their Young's moduli are on the order of GPa, ri-
valing most plastics and polymers. The system is strong
because ligands' con�nement to the iron oxide surface
reduces ligands' degrees of freedom and the ligands in-
terdigitate. Combining strength, robustness, and intrin-
sic magnetic properties, this material shows potential for
many devices including non-contact high sensitivity sen-
sors.
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FIG. 3: (a) Force-indentation curves for the membranes with di�erent diameters. (b) Force-indentation curve and curve �tting
to Eq. 3. The closeness of the �t indicates the appropriatene ss of the elastic model. (c) log-log plot of the same force curve
with the �t. As predicted by the theory, the curve has a linear slope at small indentation, approaching a cubic behavior at large
indentation. (d) Histogram of Young's modulus and elastic s ti�ness. E 2D was from force-indentation curve �tting; Young's
modulus is E 2D divided by thickness h. The medians of Young's modulus and elastic sti�ness are 0.97 GPa and 14.55 N/m,
respectively.
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