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ABSTRACT: Two-dimensional (2D) ZnO nanosheets with
highly concentrated Zn vacancies (Vg,) of up to approx-
imately 33% were synthesized by ionic layer epitaxy at the
water—toluene interface. This high cation vacancy concen-
tration is unprecedented for ZnO and may provide unique
opportunities to realize exotic properties not attainable in the
conventional bulk form. After annealing, the nanosheets
showed characteristic magnetic hysteresis with saturation
magnetization of 57.2 emu/g at S K and 50.9 emu/g at room
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temperature. This value is 1 order of magnitude higher than other ZnO nanostructures and comparable to the conventional
ferrimagnetic Fe;O,. Density functional theory calculations, with the support of experimental results, suggest that a high
concentration of V, (approximately one-third of the Zn sites) can form spontaneously during synthesis when stabilized by H
ions, and the formation of V;,, could be further facilitated by the presence of grain boundaries. It is essential to remove the H for
the nanosheets to show ferromagnetism. The mechanisms identified for the origin of the high magnetism in ZnO nanosheets
presents an intriguing example of a kinetically stabilized, non-equilibrium, highly defective 2D nanomaterial with a significantly

enhanced physical property.
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P oint defects, such as vacancies or interstitials, are an
essential factor that determine the physical properties of
materials.”> The ability to control and manipulate point
defects in materials synthesis and processing has been a
fundamental strategy to achieve numerous desired optical,
electrical, and magnetic functionalities.” Nevertheless, the
concentration of defects are usually restricted to relatively
low levels by thermodynamics (e.g., due to high formation
energy) or kinetics (e.g., due to slow growth rates). "’ Irregular
defect types or high defect concentrations, though often
predicted to enable exotic properties, are often associated with
metastable states that are far from equilibrium.®” For example,
room-temperature ferromagnetism, discovered in ZnO due to
the zinc vacancy (V,)-induced spin polarization of the top of
the valence band,” " is intriguing for multiproperty coupling.
However, the amplitude of ferromagnetism is generally very
weak due to the limited V,, concentration in the material
lattice. While extremely high oxygen vacancy concentrations
(e.g., >15% on a sublattice) have been found in some oxides
(e.g., perovskite Bay sSrosCogsFeq,05_s can support over 25%
Vo on the oxygen sublattice), they are generally associated
with quite straightforward charge balancing of different valence
cations, and interestingly, there are no large cation vacancy
equivalents of which we are aware. It has therefore been viewed
as impractical to engineer large oxide cation defect
concentrations in general, and essentially impossible in a
material without active redox centers like transition metals.
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However, this work shows that a strong cooperative coupling
phenomenon can stabilize a massive >30% defect concen-
tration in nanoscale ZnO, enabling the design of a dramatically
stronger ZnO ferroma%net and potentially many new highly
cation defected oxides.'®™*°

The recently developed ionic layer epitaxy (ILE) is a
kinetically controlled synthesis approach that uses an
amphiphilic monolayer to direct the nucleation and crystal
growth within a two-dimensional (2D) space and thus creates
monocrystalline oxide nanosheets with thickness at ~1-2

m.”"** This unique growth approach to 2D oxides brings new
opportunities to control the evolution of defects within a quasi-
2D crystal lattice, which may enable new ways to achieve a
wide array of material properties. In this work, we report the
creation of polycrystalline ZnO nanosheets with an average
thickness of ~1.8 nm that have exceptional magnetic
properties enabled by an unprecedented Zn vacancy (V,)
concentration of up to approximately 33%. The materials are
grown by introducing a water—oil interface in ILE. After
annealing in argon, these nanosheets exhibited strong
saturation magnetization M at both S K (57.2 emu/g) and
room temperature (50.9 emu/g). Additional monocrystalline
ZnO nanosheets, grown by ILE at the water—air interface,
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Figure 1. Morphology and crystal structure of ZnO nanosheets grown at a water—oil interface. (a) Schematic of the ILE ZnO nanosheet growth at
a water—oil interface. (b) A large-scale SEM image showing as-synthesized ZnO nanosheets supported on a Si substrate. Inset is a single triangular
nanosheet. (c) AFM topography image showing the flat surface. (d) The corresponding 3D AFM image of the same nanosheet in (c). Inset is the
height profile along the red dashed line revealing the thickness to be 1.8 nm. (e) Low-magnification TEM image showing one nanosheet rested on a
holey carbon TEM grid. (f) SAED pattern of the nanosheet. The concentric diffraction rings indicate the nanosheet is polycrystalline. (g) A FFT
pattern of the nanosheet lattice shown in h. (h) HRTEM image showing the polycrystalline crystal lattice of wurtzite ZnO. (i) Enlarged TEM

image showing the clean and sharp grain boundaries.

exhibited a smaller (than polycrystalline) yet still very high M,
of 372 emu/g. The strong ferromagnetism was attributed to
the stabilization of a very high V;,, concentration as a result of
H-passivation as suggested by density functional theory (DFT)
calculations and confirmed with electron energy loss spectros-
copy (EELS) measurements. DFT calculations further
suggested that grain boundaries aid in the formation of
additional V. Obtaining such a high V;, concentration likely
resulted from the fast kinetics of the ILE growth process and
the ultrathin nature of the ZnO nanosheets.

Highly defective ZnO nanosheets with strong room-
temperature ferromagnetism were enabled by ILE using a
new water—oil interface instead of the conventionally used
water—air interface (the details of the synthesis are included in
the Experimental Section). As schematically shown in Figure
la, the water—oil interface was formed by using an aqueous
ZnO nutrient solution as the water phase and toluene as the oil
phase. The surfactant monolayer of sodium oleylsulfate
(NaO,SC,gH;;) stabilized itself at the water—oil interface by
keeping the hydrophilic head groups in the water phase and
the hydrophobic tails in the oil phase. The ionized surfactants
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were negatively charged and attracted the positively charged
Zn** cations to form a concentrated ionic layer underneath the
headgroups. The monolayer then served as a template to direct
the nucleation and growth of the nanosheets within the
concentrated Zn*" layer. Similar to the growth results from
typical water—air ILE, the as-prepared ZnO nanosheets all had
a triangular shape with sharp and equal-length edges (Figure
1b). Most nanosheets exhibited a side length of ~10 ym, while
smaller nanosheets with sizes of 2—3 ym were also observed.
The atomic force microscopy (AFM) topography image in
Figure lc demonstrates the uniform thickness across the entire
nanosheet, which was measured to be ~1.8 + 0.2 nm. One
significant outcome from the water—oil interface ILE is the
very clean surfaces with fewer particles and surface additives as
compared to the water—air interface growth. This feature can
be clearly observed from the 3D topography shown in Figure
1d. The improved growth cleanness can be attributed to the
less dynamic water—oil interface at the growth temperature
(60 °C) compared to the water—air interface.

The crystal structure of the nanosheets grown at the water—
oil interface was analyzed by electron microscopy. Figure le
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Figure 2. Growth comparison between the water—air and water—oil interfaces. (a) Size distribution and (b) thickness distribution of the
nanosheets grown at water—air and water—oil interface. (c and d) MD simulation generated Zn>" ion distribution at (c) water—air and (d) water—

oil interfaces.
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Figure 3. Magnetic property of ZnO nanosheets. (a) Large-scale SEM images of ZnO nanosheets grown at the water—air interface (left) and
water—oil interface (right) on sapphire substrates. (b and c) Magnetization curves of the nanosheets at the water—air and water—oil interface at (b)
S Kand (c) 300 K. The insets show the enlarged hysteresis loops.(d) ZFC and FC curves of the nanosheets at the water—oil interface as a function
of temperature from 5 to 300 K. The applied magnetic field was 500 Oe.

shows a low-magnification transmission electron microscopy
(TEM) image of an individual nanosheet resting on a holey
carbon TEM grid. A striking feature from these nanosheets was
their polycrystalline structure, as revealed by the concentric
diffraction rings from the selected area electron diffraction
(SAED) (Figure 1f), which was completely different from the
single-crystalline structure of the nanosheets obtained at the
water—air interface. The concentric diffraction rings were
indexed to {1010}, {1120}, and {2020}, the same as the fast
Fourier transfer (FFT) pattern (Figure 1g), matching well to
the JCPDS card (no. 36-1451), confirming the hexagonal
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wurtzite structure. The high-resolution TEM (HRTEM) image
in Figure 1h clearly shows the polycrystalline film structure,
where the irregular crystalline domains had sizes of ~10 nm on
average. A closer observation in Figure 1i revealed the clean
wurtzite lattices of all the domains with exposed (0001)
surface. The domain boundaries were sharp, and no
amorphous phase could be found in between. Formation of
the polycrystalline structures with triangular shape could be
attributed to the synergic effect of ordered surfactants
packing”~*° and the higher steric hindrance provided by the
oil phase. The formation of single-crystalline nanosheets is a
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Table 1. Comparison of Magnetic Property of ZnO Nanosheets with Other ZnO Nanostructures and Other Materials

saturation magnetization (M)

materials emu g~
ZnO nanosheets (air) 37.2
ZnO nanosheets (oil) 57.2
pure ZnO nanorods 2x 107"
pure ZnO nanoparticles 0.002
fine grained (~30 nm) ZnO film
Mn-doped ZnO thin film 0.05
pulsed-laser deposted pure ZnO thin film 1.3 x 1072
magnetron-sputtered ZnO thin film 0.62
ZnO nanoplates 107!
ZnO nanostructure arrays 6.1
Fe;0, nanoparticles 61.4
Fe-doped SnS, monolayer 3.49 x 1073
Cr,Ge,Te,4 bilayer ~1073 emu

MnSe, monolayer

VSe, monolayer

emu cm > emu cm > T. ref
6.02 X 107° 208.5 >RT this work
5.77 x 107° 320.7 >RT this work
>RT Wang et al*¢
>RT Garcia et al.”’
8.3 >RT Tietze et al.”!
>RT Sharma et al.”®
>RT Khalid et al.’
>RT Kapilashrami et al."*
>RT Hong et al.>?
>RT Li et al”’
>RT Wei et al.*?
31 K Li et al.*'
30 K Gong et al.®?
~3.3 X 107° >RT O’Hara et al.*’
~2700 >RT Bonilla et al.**

result of free rotation of crystallites as they merge via the
oriented attachment mechanism,”' where the surfactant tails in
air had a much lower energy barrier for lateral movement.

In order to obtain a better understanding of the influence of
the oil phase on the nanosheet structure and morphology, a
statistical analysis was performed on the geometry of
nanosheets grown at both the water—oil and water—air
interfaces (typical images of nanosheets grown at water—air
interface were included in Figure S1). The size distributions,
which were represented by the side length, are plotted in
Figure 2a. For each of the curves, more than 1000 nanosheets
were measured. Both curves in Figure 2a show a Gaussian
distribution with a long tail toward larger sizes. When grown at
the water—air interface, the size ranged from 1.5 to 17.5 ym
with the peak position at 5.4 ym. The nanosheets grown at the
water—oil interface exhibited a slightly narrower size
distribution (1.5 to 12.0 ym) with the peak position at 4.8
pum. The thickness difference of the nanosheets grown from
both interfaces was more obvious (Figure 2b). The samples
from the water—oil interface exhibited a narrow distribution
from 1.6 to 2.1 nm with the peak position at 1.8 nm. By
comparison, the thickness of the water—air interface nano-
sheets was larger and ranged from 1.7 to 4.2 nm with the peak
position at 2.9 nm.

Molecular dynamics (MD) simulations were used to further
understand how the surfactant—oil phase interaction influences
the nanosheet growth. The simulated packing of the surfactant
molecules at both the water—oil and water—air interfaces is
shown in Figure 2c¢,d, respectively. With the same surfactant
density and Zn®* ion concentration, the surfactant monolayer
at the water—oil interface exhibits a relatively higher roughness
compared to the water—air interface, as surfactants are pulled
more toward the oil phase. This might be the reason that the
water—oil interface yielded smaller nanosheets. Due to the
larger roughness of the surfactant monolayer at the water—oil
interface, the charge distribution perpendicular to water surface
became wider than that at the water—air interface under the
same surfactant concentration. Therefore, given the total
charge for both systems is the same, the charge density at
water—oil interface is lower at the same depth from the
interface compared to the air—water interface, which yields a
narrower Stern layer of Zn** (Figure S2). As a result, thinner
nanosheets with a narrower thickness distribution were
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obtained from the water—oil interface. This understanding is
validated by comparing the resultant nanosheet thicknesses
from the use of other oil phases as detailed in the Supporting
Information (Figures S3—S5).

The ferromagnetic properties of the ZnO nanosheets were
studied with a superconducting quantum interference device
(SQUID). The as-synthesized nanosheets showed no
ferromagnetism (Figure S6). However, after being annealed
in argon at 400 °C for 1 h (Figure 3a and Figures S7—S10),
strong ferromagnetism was discovered from both samples at S
and 300 K, as shown in Figure 3b,c. The polycrystalline ZnO
nanosheets grown at the water—oil interface showed a M; of
57.2 + 6.4 emu/g at S K and 50.9 + 5.7 emu/g at 300 K. As a
comparison, the single-crystalline ZnO nanosheets grown at
the water—air interface showed smaller M; of 37.2 + 6.7 emu/g
at 5 Kand 35.0 + 6.3 emu/g at 300 K. The small difference of
M, at 5 and 300 K suggests the ferromagnetism is robust
against thermal fluctuations in the range of S to about 300 K.
The temperature-dependent magnetization is further probed
by the zero field cooled (ZFC) and field cooled (FC)
measurements. As shown in Figure 3d, the non-zero difference
between ZFC and FC curves from S to 300 K further supports
the existence of room-temperature ferromagnetism. Normal-
ized by the total weight of the ZnO nanosheets (by using the
theoretical ZnO bulk density of 5.61 g/cm’), the M, values
measured in this work were quantified and compared to
relevant materials, as summarized in Table 1. First of all, M
values of ZnO nanosheets in this work were one to 5 orders of
magnitude higher than those being reported on other ZnO
nanostructures.”*">’ The M, values are also comparable or
even higher than most state-of-the-art magnetic 2D materials
(e.g, Fe-doped SnS,, MnSe,)*>’" as well as conventional
fergizmagnetic materials, like Fe;O, nanoparticles (61.4 emu/
g)-

Ferromagnetism in undoped ZnO has been shown to
originate from Zn vacancies (Vg ,) both from experi-
ments®!'?**73% and DFT studies,">'***™° however we find
that in order to explain the ferromagnetism measured in our
experiments, a large concentration of vacancies would be
required. Assuming that the ferromagnetism in ZnO originates
from V,,, each V,, in the bulk is expected to contribute 2 yy to
the total magnetization based on our present DFT calculations
(see Supporting Information for more details). Therefore, a
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Figure 4. Magnetization mechanism investigation. (a and b) EELS spectra of (a) O K-edge and (b) Zn L-edge to estimate the Zn:O ratio in the
nanosheet. The Zn:O ratio was found to be around 2:3. (c) Summary of key findings from DFT calculations of dilute and highly concentrated 33%
unpassivated V, and passivated V;, + 2H defects in various ZnO bulk, surface, and grain boundary structures. The blue, green, and purple bars
denote the formation energy of bulk, surface, and grain boundaries, respectively. The solid and hashed bars denote defect formation energies of
dilute and 33% V, respectively. The numbers next to the bars denote the defect formation energy values (as eV/Vy,), where for the dilute V, in
grain boundaries and 33% Vy, in the bulk, these values are averages over six grain boundary structures and three (unpassivated V) and four
(passivated V) 33% V, bulk arrangements, respectively. The error bars denote the maximum and minimum values from the set of averaged
defect formation energies. For the bulk 33% passivated V,, case, two arrangements were found to have a negative formation energy of —0.02 eV/
Vy,, indicating their formation is thermodynamically stable. The circular arrows in the middle signify the resulting magnetic behavior under H,
annealing (H passivates V;,, and removes magnetic moment) and under Ar annealing (H is removed from V,, creating a magnetic moment). (d—
f) M—H curves of the nanosheets showing no ferromagnetism properties either (d) as-synthesized (before Ar annealing) or (e) after ferromagnetic
nanosheets were subsequently annealed in H,. Note that ferromagnetism was observed when the as-synthesized nanosheets were annealed in Ar (f).

magnetization of 50 emu/g requires an average Vg, qualitatively consistent with the expected V,, concentration
concentration of about 36%. To evaluate if the nanosheet estimated from the measured M.
V, concentration is consistent with the high value implied by In order to understand why such a high V;, concentration is

present in the ILE-grown ZnO nanosheets, DFT calculations
were performed on bulk, surface, and grain boundary
structures of ZnO to examine the formation energy and
magnetic properties of dilute and high (33%) concentrations of
V,, defects unpassivated and passivated with hydrogen. Details
of the DFT calculations can be found in Sections 8—12 of the
Supporting Information. As shown in Figure 4c, a series of key
at 537.6 and 558.0 eV and Zn L-edge at 1019.7 and 1047.4 eV findings regarding the behavior of Vy, in ZnO have emerged

this magnetization mechanism, electron energy loss spectros-
copy (EELS) was performed to investigate the stoichiometry of
ZnO nanosheets. Elemental data were collected at the cross
section of nanosheets to minimize the potential contribution
from surface adsorbed H,O or O, molecules (Figure S11). As
shown in Figure 4a,b, strong characteristic peaks of O K-edge

were obtained. From the Zn and O characteristic peaks, the from these calculations. In general, V, tends to form more
Zn:O ratio was calculated to be approximately 2:3, which is easily in grain boundaries than in the bulk. Further, the
7089 DOI: 10.1021/acs.nanolett.9b02581
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formation energy of V, tends to either be similar between
surface and bulk (e.g., unpassivated 33% V,) or form more
easily in surface than in bulk (e.g, H-passivated dilute
V,,).> 7% Dilute, unpassivated V, results in a magnetic
moment of 2 yp/Vy,, but has high formation energies of 3.75
eV/V,, (bulk) and 3.85 eV/V,, (surface) at T = 298 K and
p(0,) = 0.2 atm. Unpassivated V, with a high concentration
of 33% also has a magnetic moment of 2 yp/V;, and results in
lowered formation energies compared to bulk by about 800
meV/Vy,, (bulk) and 950 meV/V,, (surface). These formation
energies of 33% V, concentration, while lower than the dilute
Vy, formation energies, are not low enough to expect any
concentration significant on the scale of the measured
magnetism to form at room temperature. However, introduc-
tion of H into V, to passivate the dangling O bonds (forming
a'V, + 2H defect) dramatically reduces the formation energies
on the scale of ~3 eV/V, (at T = 298 K and p(0O,) = 0.2 atm,
and in equilibrium with water). In particular, for bulk ZnO
with 33% V,, these defects may form spontaneously under the
synthesis conditions in aqueous solution (four 33% V,
arrangements were simulated, the average formation energy
was 0.01 eV/V,, and two of these arrangements showed
negative formation energy of —0.02 eV/V,,, see Section S12 of
the Supporting Information for more details). Here, our DFT
calculations show the passivated V,, + 2H has zero magnetic
moment. The elimination of the magnetic moment with H-
passivation is expected as the dangling bonds (localized holes)
that result from the V,, are now passivated (filled) by electrons
from H. Simple equilibrium thermodynamics and DFT
energetics therefore predict that the as-synthesized ZnO
should have a very large concentration of passivated non-
magnetic V2, + 2H, which could be transformed to being
magnetically active by annealing out the H to leave
unpassivated metastable V. This prediction is consistent
with the experimental finding that as-synthesized ZnO
nanosheets did not show any ferromagnetism (Figure 4d,
V. present as passivated V,, + 2H) and that strong
magnetization emerged after 1 h of annealing in argon at T
= 400 °C (H removed, V,, present as unpassivated V,,). A
number of previous experimental studies have also shown that
H can be removed from ZnO by annealing at comparable
temperatures for 30—60 min in argon or vacuum.”'~** The
proposed model for V,, + 2H and V,,, defects controlling the
magnetism can be further validated by annealing the
nanosheets in H,. The model implies that further H, annealing
should remove the ferromagnetism, which is exactly what we
observed experimentally (Figure 4e, H added, V, once again
present as V;, + 2H). These modeling and annealing results
confirmed that H-passivation plays a critical role in controlling
the formation and activation of the V, -related ferromagnetism
in the nanosheets.

The very high magnetism observed (Figure 4f) can be
thought of as having two major sources, bulk V, stability and
grain boundary interface effects. With regard to bulk stability,
the DFT studies show that in equilibrium with an air exposed
aqueous environment, even bulk ZnO should form high V, +
2H concentrations (e.g., close to 33%, the approximate value
verified from EELS measurements) and that these defects can
be activated to have significant magnetic moments by simple
Ar annealing to remove the H. The fact that these high defect
concentrations and their associated magnetism have only first
been observed here is likely due to the non-equilibrium growth
kinetics of ILE and the nanoscale sheets. With regard to the
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interfacial effects, the change in magnetic moment measured in
this work when changing from single crystal (37.2 emu/g) to
polycrystalline (57.2 emu/g) ZnO nanosheets is consistent
with grain boundaries increasing the stability of V,, + 2H, as
predicted by the DFT calculation results shown in Figure 4c.
These results suggest that, in general, increasing the fraction of
interfacial ZnO through grain boundaries is likely to
significantly increase the V, + 2H concentration, and the
corresponding V7, concentration and associated magnetism
after annealing,

In summary, this study has realized an unprecedented
concentration of Zn cation vacancies in ZnO (Zn:O ratio of
about 2:3, indicating ~33% V) and thereby demonstrated
the highest ever recorded saturation magnetization in ZnO at
room temperature of 50.9 emu/g, which is comparable to the
state-of-the-art ferrimagnetic nanomaterials such as Fe;O,
nanoparticles and MnSe, 2D material. DFT calculations
showed that H-passivated V, in 33% concentration is likely
stable in bulk ZnO under the growth conditions, and EELS
measurements confirmed the approximate 2:3 Zn:O ratio. We
believe the fast kinetics of the ILE synthesis and the extremely
thin ZnO nanosheets enabled the formation of the high V,,
concentrations. Additionally, DFT showed that V,, may be
further stabilized by the grain boundaries in polycrystalline
ZnO nanosheets, explaining the higher magnetization of
polycrystalline versus monocrystalline ZnO nanosheets. A
combination of experimental observations and DFT calcu-
lations suggested that the presence of H is essential to
stabilizing the high concentration of V, during synthesis and
that the H has to be removed in order for the nanosheets to
show ferromagnetism. Following the same stabilization
mechanism, there might be other approaches that can stabilize
the Zn vacancies in ILE system, for example, Li ion or Na ion,
which could bring more flexibility to develop a defect-
controlled system with exotic physical properties. The
mechanisms identified for the origin of the high magnetism
in ZnO nanosheets suggest that they could be utilized to
develop a family of magnetic semiconductor oxides or related
materials. While a number of oxides have already been shown
to yield magnetic cation vacancies (e.g, ZnO, CaO, MgO,
ALO,, TiO,)* ™ and anion vacancies (e.g, TiO,, SnO,,
HfO,, In,0;),* ™ less is known about how the magnetically
active vacancies can be stabilized at reasonably high
concentration. For promising materials, synthesis and process-
ing conditions with adequate H and O activity and good
equilibration enabled by fast growth kinetics, like ILE, can be
explored to yield desired magnetic properties. This discovery
may eventually lead to a new class of high saturation moment
magnetic semiconducting oxide materials that hold great
promise for 2D spintronic and other magnetic applications.

Experimental Section. Synthesis at Water—Oil Interface
and Water—Air Interface. In a typical synthesis, the aqueous
solution containing 25 mM zinc nitrate (Zn(NO;),) and
hexamethylenetetramine (HMT) was prepared in a 20 mL
glass vial. Eight uL of chloroform solution of sodium oleyl
sulfate (~0.1 vol %) was dispersed on the surface of the
precursor solution. Twenty min was allowed for the
evaporation of the chloroform and the formation of the
surfactant monolayer at the water—air interface. Subsequently,
500 mL of toluene (hexane or cyclohexane) was added to the
top of the solution. The glass vial was then capped to form a
closed reaction environment and placed in a 60 °C convection
oven for the growth of ZnO nanosheets. One h and 45 min
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later, the growth was terminated by removing the glass vial
from the oven and cooling down to room temperature
naturally. The as-prepared ZnO nanosheets were transferred
onto a Si substrate with thermal oxide by scooping at the
surface of the reaction solution.

Characterization. Zeiss LEO 1530 field-emission scanning
electron microscope (SEM) was used to study the
morphologies of the nanosheets. Atomic force microscopy
(AFM) tomography images were obtained using an XE-70
Park System. X-ray photoelectron spectroscopy (XPS)
spectrum was obtained from a Thermo Scientific K-alpha
XPS instrument with a 100 gm spot size, with the flood gun
turned on during the measurements. FEI TF30 transmission
electron microscope (TEM) operated at 300 kV was used to
study the crystal structure. Focused ion beam (FIB, Zeiss
Auriga) was used to prepare cross section scanning trans-
mission electron microscopy (STEM) samples. The final FIB
milling voltage of 5 kV was used to minimize the damage from
Ga ion beam. STEM images and EELS spectra were obtained
on an FEI Titan with CEOS probe aberration corrector
operated at 200 kV with a probe convergence angle of 24.5
mrad, spatial resolution of 0.08 nm, and probe current of ~70
pA for STEM imaging and ~150 pA for EELS. The
superconducting quantum interference device (SQUID)
quantum Design MPMS3 magnetometer was used for the
measurements of the magnetization as a function of applied
magnetic field at both S and 300 K. The magnetic property of
ZnO nanosheets was measured from a monolayer of densely
distributed nanosheets supported on single-crystalline Al,O;
substrates. The coverage and distribution of ZnO nanosheets
obtained from water—air and water—oil interfaces were first
characterized by SEM. Statistical measurements from five
randomly selected areas of 150 X 250 um” gave the surface
coverage of 60.1 + 2.6% and 62.7 + 3.1% (errors are standard
deviation between the measurements) for the water—air and
water—oil nanosheets, respectively, which correspond to 9.9 +
1.7 X 1077 and 6.5 + 0.7 X 1077 g/cm® The magnetic field was
applied parallel to the nanosheets. The temperature-dependent
magnetization was further probed by the zero field cooled
(ZFC) and field cooled (FC) measurements, in which the
samples were cooled to 5 K without and with a magnetic field
of 500 Oe, respectively, and subsequently the magnetization
was recorded when raising the temperature from S to 300 K
under the same magnetic field.
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