
electric hysteresis loops (experimental). Note that
such a large flexoelectric field has been obtained
in spite of our conservative choice of flexoelec-
tric coefficients, supporting the feasibility of the
flexoelectric switching mechanism.We stress that
the Landau formalism provides an upper limit for
the ideal (intrinsic) switching barrier; in practice,
there will be defects that act as nucleation sites
facilitating the switching at lower coercive fields.
In real devices, therefore, the effective coercive
field may be considerably lower than calculated
here, meaning that the flexoelectric field will be
capable of inducing switching at lower loads or
larger thicknesses than assumed here.

There are several useful features of mechan-
ical switching: (i) It generates stable domain
patterns exhibiting no relaxation for days after
switching, (ii) mechanically written domain pat-
terns are electrically erasable, (iii) no damage to
the sample surface caused by a high loading force
was observed, and (iv) the mechanically written
domains are nanoscopic. These features are il-
lustrated in Fig. 3. Mechanically written parallel
linear domains, shown in Fig. 3A, have been sub-
sequently transformed into the pattern in Fig. 3B
by electrically erasing central domain segments
with a tip under a dc –3-V bias. The topographic
image of the same area of the BaTiO3 film (Fig.
3C), acquired after this procedure, does not ex-
hibit any traces of surface deformation. Finally,
Fig. 3D shows an array of dot domains only 30 nm
in size, written by abruptly alternating the tip load
between 30 and 1500 nN during scanning.

These results open up a way to write ferro-
electric memory bits using mechanical force in-
stead of electrical bias in data-storage devices. By
converting mechanical stress into readable in-
formation, such devices would operate as a nano-
scopic analog of typewriters that could be scaled
up using a millipede-like scheme (24). The tip-
sample contact area is typically less than 10-nm

in radius, so switching can be highly localized,
allowing fabrication of high-density domain
patterns. Because no voltage is applied during
mechanical switching, leakage and/or dielectric
breakdown problems are minimized [in fact,
even insulating tips can be used to mechanically
write the domains, as shown in fig. S4 (18)].
Because electrodes are not required, the prob-
lems caused by their finite screening length (25)
are also removed.

Conversely, if top electrodes were used, me-
chanical writing would enable the targeted poling
of localized areas under the electrodes—which is
impossible using voltage, as the electric field is
homogeneous in a parallel-plate capacitor. This
suggests the possibility of controlled fabrication
of domainwalls underneath top electrodes, useful
for electronic device applications employing phys-
ical properties of domain walls (26) that could
be read in a nondestructive manner by PFM
imaging (27) or by measuring the electroresis-
tive effect (28).
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High-Resolution EM of Colloidal
Nanocrystal Growth Using
Graphene Liquid Cells
Jong Min Yuk,1,2,3* Jungwon Park,2,4* Peter Ercius,5 Kwanpyo Kim,1,2,6 Daniel J. Hellebusch,4

Michael F. Crommie,1,2,6 Jeong Yong Lee,3† A. Zettl,1,2,6† A. Paul Alivisatos2,4†

We introduce a new type of liquid cell for in situ transmission electron microscopy (TEM) based on
entrapment of a liquid film between layers of graphene. The graphene liquid cell facilitates
atomic-level resolution imaging while sustaining the most realistic liquid conditions achievable
under electron-beam radiation. We employ this cell to explore the mechanism of colloidal platinum
nanocrystal growth. Direct atomic-resolution imaging allows us to visualize critical steps in the process,
including site-selective coalescence, structural reshaping after coalescence, and surface faceting.

Awide range of physical, chemical, and
biological phenomena that take place
in liquids on the nanometer scale would

benefit from observations with atomic resolution

transmission electron microscopy (TEM). EM
techniques such as conventional TEM (CTEM),
scanning TEM (STEM), and four-dimensional
(4D) EM have enabled direct observation of solid-

phase phenomena with atomic resolution (1–4).
Applying these effective imaging tools to the study
of liquid-phase phenomena is hampered by dif-
ficulties inmaintaining realistic conditions for the
liquid specimen (5). For example, TEM requires
high vacuum conditions, which are generally in-
compatible with liquid samples. Oneway to over-
come this constraint is to employ environmental
cells that contain a sealed reservoir with a view-
ing window fabricated from Si3N4 or SiO2 (6–8).
Although such liquid cells have enabled studies
of nanoscale phenomena, the relatively thick (tens
to one hundred nanometers) and relatively high
atomic number (Z) element windows have poor
electron transmittance, resulting in reduced sen-
sitivity and a resolution limit of a few nanometers.
Unfortunately, true atomic-resolution imaging can-
not be achieved, and furthermore, the thick cell
windows also appear to perturb the natural state of
the liquid or species suspended in the liquid.

An example of the benefits that could arise
from atomic-resolution imaging in nonperturbative
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liquid cells presents itself in the growth of col-
loidal inorganic nanocrystals, such as Pt. The first
movies of colloidal nanocrystal growth (7),
restricted to lower resolution, revealed unexpected
phenomena, namely that the colloidal Pt particles
grow by frequent particle coalescence events and,
most surprisingly, that the particle growth ap-
parently pauses after a coalescence event. The
reason for this apparent pause was attributed to
possible structural rearrangements within the co-
alescing nanocrystals, but this conjecture could
not be proven.

Recently developed protocols for the high-
yield fabrication of subnanometer-thick suspended
membranes such as graphene, graphene oxide,
and boron nitride (9–11) have provided the ulti-
mate transparent sample supports for EM (12–15).
Graphene that has a thickness of one carbon atom
(Z = 6) is the thinnest of these membranes. When
used as a support for TEM specimens, graphene
provides a high contrast for any type of material
including isolated light atoms and organic mol-
ecules (1, 16, 17). Moreover, it is straightforward
to employ graphene membranes for encapsulat-
ing gas, liquid, or solid materials for ambient- and
vacuum-condition experiments due to their high
flexibility, mechanical tensile strength, and imper-
meability to small molecules (18, 19). In addi-
tion, graphene is also an excellent electrical and
thermal conductor and displays minimal charg-
ing and heating effects under the electron beam
(17). An inherently inert surface eliminates chem-
ical and physical interference from the substrate.
Here, we introduce the graphene liquid cell (GLC)
as a real-time reaction chamber to study atom-
resolved colloidal nanocrystal growth and dynamics
with an aberration-corrected transmission elec-
tron microscope.

The high-resolution liquid cell is prepared by
encapsulating a Pt growth solution between two
laminated graphene layers suspended over holes
in a conventional TEM grid. An example of the
GLC is illustrated in Fig. 1: The TEM micro-
graph shows the encapsulated liquid sample (area
with darker contrast) trapped between two sus-
pended graphene sheets (lighter contrast) (Fig. 1A),
accompanied by an idealized illustration (Fig.
1B). Graphene is grown on a copper foil substrate
via chemical vapor deposition (20) and then di-
rectly transferred onto a gold TEM mesh with a
perforated amorphous carbon support (21). The
stock Pt growth solution (7) is pipetted directly

atop two graphene-coated TEM grids facing in
opposite directions (fig. S1A). Upon wetting the
system, the solution wicks between the graphene
and amorphous carbon layers, allowing one of
the graphene membranes to detach from its asso-
ciated TEM grid (22). Because the van der Waals
interaction between graphene sheets is relatively
strong (23), liquid droplets of various thickness
from 6 to 200 nm can be securely trapped be-
tween a double-membrane liquid pocket or blis-
ter (Fig. 1 and figs. S1B and S2). Although our
GLCs are typically composed of monolayer
graphene at the top and bottom interfaces, large
surface strain imposed on the detached graphene
by the solution can also cause the edge of the
graphene sheet to curl up on itself many times,
creating a nanoscroll, which in turn creates, if
desired, multimembrane protected liquid pockets
(fig. S1B, inset) (24). Generally, for our GLCs,
the graphene remains fully intact throughout the
fabrication process, as indicated by a relatively
low defect-induced graphene D peak (around
1350 cm−1) observed in Raman spectra (fig. S3).

We image Pt nanocrystal growth and dynamics
in as-preparedGLCs on the TransmissionElectron
Aberration-Corrected Microscope I (TEAM I)
managed by the National Center for Electron Mi-
croscopy. The microscope is operated at 80 kV
with a beam intensity of 103 to 104 A/m2 main-
tained during nanocrystal growth. Upon locating a
liquid pocket on the TEM grid, the beam inten-
sity is optimized, which reduces the Pt precursor
and initiates nanocrystal growth (7). The graphene
membrane with encapsulated liquid remains in-
tact over the entire time period of TEM observa-
tion, ensuring prolonged (at least tens of minutes)
high-resolution in situ imaging. Spherical and
chromatic aberration correctors on TEAM I fur-
ther contribute to the exceptionally high resolu-
tion and enhanced signal-to-noise ratio (25).

Extended movies of colloidal Pt nanocrystal
growth (movies S1 and S2) reveal major differ-
ences between data collected with the use of
GLCs compared with previous cells with silicon
nitride windows (7), even at the earliest stages of
the colloidal Pt nanocrystal growth. It is possible
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solution

Graphene

A

Fig. 1. (A) TEM image of a GLC; laminated graphene layers immobilize a blister of encapsulated stock
solution (dark region). Scale bar, 50 nm. (B) Idealized illustration of local GLCs encapsulating growth
solution.
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nanocrystal by straightening of the twin boundary (red dotted line) and evolution toward a hexagonal
shape. The rightmost panel in each sequence shows a FFT of the panel adjacent to it. White arrows denote
incoming small nanocrystals (as seen in insets). Scale bars, 2 nm. Z.A., zone axis.
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to discern colloidal Pt nanoparticles with radii as
small as 0.1 nm and to track their motion. Using
silicon nitride window cells, the nanoparticle
motion is perturbed by the windows; nanopar-
ticles of Au and Pt in such cells have been ob-
served to remain localized close to one of the
windows, weakly bound to the surface layer, and
to execute complex non-Brownian motion near
the window (7, 26). In contrast, the interaction of
the nanoparticles with graphene is weaker, and
the motion of the colloidal Pt nanoparticles while
growing by monomer attachment is not influ-
enced by association with the window (see sup-
plementary materials).

The nanocrystals grow by both monomer ad-
dition and frequent coalescence events (figs. S4
to S6). Using the GLC, it is possible to directly
observe critically important features of the coa-
lescence process that could not be resolved in
earlier studies.We first examine the crystallograph-
ic orientation relationship of nanocrystals during
their coalescence. Figure 2 shows TEM images
of in situ Pt nanocrystal growth by coalescence.
Incoming small nanocrystals are marked with
white arrows on TEM images and can be seen
clearly in black/white color mapped insets for the
nanocrystal and background. Once nanocrystals
collide at {111} planes, they merge quickly, with-
in 0.26 s (the limit of our acquisition time). We
observe thatmost coalescence events proceed along
the same crystallographic direction, indicating that
there is a specific nanocrystal orientation for coa-
lescence (movie S2). This result is notable, be-
cause {111} planes of a face-centered cubic (fcc)
crystal have the lowest surface energy. This be-
havior may be due to different degrees of ligand
coverage on different nanocrystal factes; {111}
planes of a fcc crystal have the lowest surface

energy and, therefore, perhaps the lowest ligand
coverage. In this scenario, nanocrystals that con-
tact at {111} planes experience minimal ligand
obstruction and hence quickly unify to minimize
the total surface area—and, thus, overall surface
energy (27). Coalescence in thismanner proceeds
in one of two ways: The first is contact that joins
identical, or mirror, {111} planes. Nanocrystals
captured in Fig. 2A exemplify this, which results
in a perfectly aligned crystal with a single crys-
tallographic domain, as shown in the fast Fourier
transformed (FFT) pattern. The second case, as
seen in Fig. 2, B andC, yields nanocrystals with a
twin boundary; the corresponding FFTs reveal
two double domains. For the duration of our
movies, twin boundaries formed from coalescence
remain locked within the nanocrystal. The inter-
face energy of the twin boundary is known to be
thermodynamically non-negligible (27). Howev-
er, it appears that, under the present experimental
conditions, structural rearrangements of the nano-
particles occur mainly by surface rearrangements
and not by reorganization of the complete nano-
crystal interior. Misoriented particle coalescence
appears to account for the formation mechanism
of twin boundaries commonly observed in syn-
thesized fcc metal nanocrystals (27).

Before coalescing along the {111} orienta-
tion, the nanocrystals exhibit a prolonged period
of correlated motion that facilitates lattice align-
ment and unification. We track size and position
change (Fig. 3) of two nanocrystals before they
coalesce at the subnanometer range. In Fig. 3A,
two nanocrystals show correlated rather than in-
dependent motion over a 100-s interval, culmi-
nating in lattice alignment and coalescence. The
correlated motion presumably arises because of
interparticle attractive forces. Based on theoret-

ical studies, the attractive forces can be attributed
to van der Waals interactions, steric repulsions,
and depletion forces arising from surface ligands
(28). The duration of the correlated motions that
we observe in movies S1 and S2 varies depend-
ing on nanocrystal size and the local thickness of
the liquid medium. We measure the center-to-
center distance (red circles in Fig. 3A) between
two adjacent nanocrystals from a position plot of
the two nanocrystals (Fig. 3B). Comparison of
this distance with nanocrystal size provides
insight into the mechanisms of nanocrystal
growth by coalescence. As the freely moving
nanocrystals seen in movie S1 draw close, the
center-to-center distance rapidly decreases. This
initial event occurs within 40 s, and the center-to-
center separation fluctuates between 4 to 6 nm for
the next 25 s.While this dynamic event proceeds,
the nanocrystals also grow in size from ~0.75 to
1 nm in diameter due to monomer addition. The
surface ligand, oleylamine, is known to be 1 to
2 nm long, depending on the orientation and
extension of its floppy alkyl chain and surface-
packing density (29). Therefore, the sustained
correlated motion occurs with weakly touching
surface ligand layers (30). The center-to-center
distance shows even more confined fluctuation
of ~1 nm in the time interval from 80 to 130 s. In
this time range, we observe that the correlated
motion of the two nanocrystals exhibits 3D be-
havior of rolling and relative sliding of nano-
crystals over each other. Throughout this period,
the nanocrystals continue to grow by monomer
addition, continuously increasing the attractive
force between the particles. After 130 s, the center-
to-center distance approaches the sum of the radii
of the two nanocrystals, and the nanocrystal lat-
tices align, leading to coalescence at 160 s.
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coalescence. (A) Projected distance between two nanocrystals (red) up until the
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nanometers) is measured for spherical and ellipsoidal nanocrystal shapes
before and after coalescence, respectively] of the two nanocrystals during the
period of correlated motion. The nanocrystal labeled in green merges with the
blue-labeled nanocrystal at 160 s. Two consecutive movie clips were merged
into movie S1, accounting for the data gap of 5 s at the 95-s point. (B) Two-

dimensional projected position change of the two nanocrystals before co-
alescence. Blue and green correspond to the nanocrystals in (A), with the color
gradient for time evolution from 40 s (bright) to 160 s (dark). Still snapshots
for different stages can be found in fig. S7. (C) Neck diameter (n), thickness (t),
and length (l) after the coalescence of the two nanocrystals. The time domain
of this plot corresponds to the interval over which the apparent nanocrystal
size decreases after coalescence in (A). (D) Still snapshots from movie S1
corresponding to (C). Scale bar, 2 nm.
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Single-particle growth trajectories in the one
previous lower-resolution study of Pt nanocrystal
growth showed an apparent size decrease after
coalescence, as well as a short pause after co-
alescence before apparent growth by monomer
attachment has resumed (fig. S4) (7). In the GLC,
it is possible to examine and understand in much
more detail these unexpected phenomena that
follow nanoparticle coalescence. Figure 3C is a
plot of the change in length (l, along the center-
to-center direction), thickness (t, vertical direc-
tion to the length), and neck diameter (n) of the
coalesced nanocrystals, whereas Fig. 3D shows
the corresponding TEM images. The nanocrys-
tals are connected by a neck at the initial stage of
coalescence. Neck growth is accompanied by a
decrease in l and t, which indicates that the atoms
migrate to the neck region, presumably by sur-
face diffusion (31). After coalescence, the nano-
crystal structure also gradually reorganizes, evolving
truncated surfaces. Returning to Fig. 2C, the
nanocrystal shape after coalescence changes from
quasi-spherical to a hexagonal shape that mini-
mizes the surface energy of the nanocrystal as
expected from a Wulff construction, also by
surface-diffusion processes.

We introduce the GLC as a new type of liquid
cell advancing the imaging of liquid-phase sys-
tems; encapsulated liquid specimens are observed
with an electron microscope at the highest res-
olution possible to date with minimal sample
perturbation. The GLC has enabled the study of
colloidal nanocrystal growth with unprecedented
resolution, revealing a host of previously unex-
pected phenomena. We have directly observed

the steps of nanocrystal coalescence and oriented
attachment at an atomic level. The GLC can be
readily applied to directly study a diversity of fluid-
phase samples, which beg detailed observation.
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Copper Systematics in Arc Magmas
and Implications for
Crust-Mantle Differentiation
Cin-Ty A. Lee,1* Peter Luffi,1 Emily J. Chin,1 Romain Bouchet,1,2 Rajdeep Dasgupta,1

Douglas M. Morton,3 Veronique Le Roux,1,4 Qing-zhu Yin,5 Daphne Jin1,6

Arc magmas are important building blocks of the continental crust. Because many arc lavas
are oxidized, continent formation is thought to be associated with oxidizing conditions. On
the basis of copper’s (Cu’s) affinity for reduced sulfur phases, we tracked the redox state of
arc magmas from mantle source to emplacement in the crust. Primary arc and mid-ocean
ridge basalts have identical Cu contents, indicating that the redox states of primitive arc
magmas are indistinguishable from that of mid-ocean ridge basalts. During magmatic
differentiation, the Cu content of most arc magmas decreases markedly because of sulfide
segregation. Because a similar depletion in Cu characterizes global continental crust, the
formation of sulfide-bearing cumulates under reducing conditions may be a critical step
in continent formation.

Thecomposition and oxidation state ofmelts
formed in subduction zones, collective-
ly known as arc magmas, influence the

formation and evolution of the continents, ore
deposits, and possibly even the atmosphere (1).

Arc magmas are oxidized relative to the average
uppermantle; however, themeans bywhich these
lavas become oxidized is debated. The prevailing
view is that arc magmas inherit their oxidized
states from melting sub-arc mantle contaminated

by subducted sediments and oceanic crust (1–5).
Alternatively, primary arc magmas may be less
oxidized than their more evolved counterparts if
oxidation is caused by magmatic differentiation
associated with crystallization and chemical in-
teraction with preexisting crust (6–9).

To resolve this debate, the redox state of the
mantle source regions of arc magmas must be
determined. Unfortunately, primary arc magmas
recording this signature are rare because by the
time they have risen to the surface, they have
already differentiated. One approach has been to
investigate the redox state of melts trapped in
phenocrysts (4), but melt inclusions rarely rep-
resent true primary magmas and are found only
in extrusive rocks, which may not be representa-
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