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only appears when looking at the 7, signal, its high
Q is only an effective quality factor, but it is useful
for applications that, for instance, rely on precise
measurements of the resonance frequency (27).
These results show that the coupling between
the mechanics and the electron transport can be
very strong in SWNTs. In comparison, exper-
iments on microfabricated semiconductor reso-
nators, which are coupled to metal single-clectron
transistors, have not shown any oscillations of f
and Q (22). This difference probably arises from
the much greater mass of these resonators as
compared with those of SWNTSs, so that they are
much less sensitive to the motion of individual
tunneling electrons. A way to quantify the
coupling is by looking at the damping rate caused
by the interaction between the mechanics and the
electron transport, Y, = 2nfy/Q. Damping
rate can be useful for the evaluation of quantum
electromechanics phenomena in analogy to laser
cooling of, for example, trapped ions (23). We
have v, as high as 3 x 10® Hz for nanotubes,
which compares with vy, ,;, ~ 0.7 Hz for mac-
roscopic atomic force microscopy cantilevers
(24). As for single-electron transistors that are
superconducting, Y, is expected to be enhanced
(15). In this case, however, ¥, ,;, measured on
microfabricated resonators is below 5 x 10* Hz (12).
The strong coupling in nanotubes holds prom-
ise for various applications. We have shown that it
allows for a widely tunable nonlinearity of the res-
onator dynamic. Nonlinearity of the motion is useful
for sensitivity improvement of mass and force sens-
ing (25), mechanical signal amplification (26, 27),
noise squeezing (28), study of quantum behaviors of
macroscopic systems (29), mechanical microwave
computing (30), or energy harvesting via vibration-
to-electricity conversion (37). We emphasize that
the nonlinearity in nanotubes can be tuned by an
electronic means (by changing V), which is con-
venient for practical use. In comparison, the non-

linearity in previously studied nanoresonators comes
from purely mechanical effects (which can be de-
scribed by the Duffing equation). There, the non-
linearity can be modified by using strain, but this is
complicated to do experimentally. The strong cou-
pling in nanotubes could also be used for cooling
mechanical oscillations to the ground state (32),
which would open the possibility to study non-
classical states at a mesoscopic scale. The ability
to electrically tune the coupling (with V. gDC) would
then be very useful for quantum manipulation.
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The Chemical Structure of a Molecule
Resolved by Atomic Force Microscopy

Leo Gross,™* Fabian Mohn,* Nikolaj Moll, Peter Liljeroth,? Gerhard Meyer®

Resolving individual atoms has always been the ultimate goal of surface microscopy. The scanning
tunneling microscope images atomic-scale features on surfaces, but resolving single atoms

within an adsorbed molecule remains a great challenge because the tunneling current is primarily
sensitive to the local electron density of states close to the Fermi level. We demonstrate imaging
of molecules with unprecedented atomic resolution by probing the short-range chemical forces
with use of noncontact atomic force microscopy. The key step is functionalizing the microscope’s tip
apex with suitable, atomically well-defined terminations, such as CO molecules. Our experimental
findings are corroborated by ab initio density functional theory calculations. Comparison with
theory shows that Pauli repulsion is the source of the atomic resolution, whereas van der Waals and
electrostatic forces only add a diffuse attractive background.

oncontact atomic force microscopy
(NC-AFM), usually operated in frequency-
modulation mode (/), has become an
important tool in the characterization of nano-

structures on the atomic scale. Recently, impres-
sive progress has been made, including atomic
resolution with chemical identification (2) and
measurement of the magnetic exchange force

with atomic resolution (3). Moreover, lateral (4)
and vertical (5) manipulation of atoms and the
determination of the vertical and lateral forces
during such manipulations (6) have been dem-
onstrated. Striking results have also been ob-
tained in AFM investigations of single molecules.
For example, atomic resolution was achieved on
single-walled carbon nanotubes (SWNTs) (7, 8),
and the force needed to switch a molecular
conformation was measured (9).

However, the complete chemical structure of
an individual molecule has so far not been im-
aged with atomic resolution. The reasons that
make AFM investigations on single molecules so
challenging are the strong influence of the exact
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atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms and mole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (Cp,Hy4, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, Er, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near £, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1 A, as
pointed out by Giessibl (/3). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffhess of the
tuning fork [spring constant ko =~ 1.8 x 10° N/m
(15), resonance frequency f, = 23,165 Hz, and
quality factor Q =~ 5 x 10*] allows stable opera-
tion at oscillation amplitudes down to 0.2 A. A
metal tip (/6) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached to measure the tunneling current (/7).
The bias voltage V" was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (0, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
and AFM (Fig. 1, C and D) modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a CO molecule was deliberately picked up
with the tip (/6), which led to an increased resolu-
tion in the AFM mode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (/0). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Af' was being recorded (/6). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Af'is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C and D), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

REPORTS I

We observed local maxima of Af(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Af'images with

Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point / = 110 pA, V = 170 mV; (O) tip
height z=-0.1 A [witb respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 A; and
(D)z=0.0 A, A =0.8 A. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at

the tip apex.

-0.8Hz

B
SA-

-3.5Hz

-8Hz

-1Hz

D
by,

-9Hz

Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (M) Agtip,z=—0.7A,A=0.6 A; (B) COtip, z=+1.3 A,A=0.7 A; (O) Cl tip, z=—1.0 A, A= 0.7 A; and
(D) pentacene tip, z=+0.6 A, A= 0.5 A. The z values are given with respect to a STM set point of / =2 pA, V/ =

200 mV above the NaCl(2 ML)/Cu(111) substrate.
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tips modified with Cl (Fig. 2C) and pentacene
(Fig. 2D) (16). For each tip, the tip height z was
minimized; that is, decreasing z further by a few
0.1 A resulted in unstable imaging conditions,

Fig. 3. Maps of measured frequency shift Af (A) and extracted vertical force F,
(B) at different tip heights z. Corresponding line profiles of Af (C) and F, (D)
along the long molecular axis. The data shown are part of a complete three-

-0 -5 0, 5 10
x [A]

Fig. 4. Calculated energy map (A) for a CO-pentacene distance of d =
4.5 A. Calculated line profiles of the energy (B), the vertical force (C),
and Af (D) above the long molecular axis for different molecular
distances. Calculated (E) and measured (F) force-distance curves above
different molecular sites: central hollow site (blue), C-C bond of central

usually leading to the molecule being laterally
displaced or picked up by the tip. Comparing the
different tips, we see that their atomic termination
is crucial for the contrast observed above the

molecule. The highest lateral resolution was ob-
served with CO-modified tips, and the contrast
above pentacene is similar to that in the measure-
ments on Cu(111). With metal-terminated tips

Af [Hz]

dimensional force field that has been measured in a box of 25 A by 12,5 A by
13 A above a pentacene molecule (16). The z values are given with respect to a
STM set point of / = 2 pA, V= 200 mV above the NaCl(2 ML)/Cu(111) substrate.

m

—25|

-50

Fz [pN] (calc.)

d=54A
d=52A
—d=50A
—d=48A
—d=46A
—d=44A

-10 -5 0 5 10

x [A]

ring on long molecular axis (red), C atom of central ring on short
molecular axis (green), and H atom on short axis (orange). The inset in
(E) shows a measured Af map with the different molecular sites indicated.
In the experimental data, the force components that arise from the metal
tip behind the CO molecule have been subtracted (16, 29).
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(Ag, Au, or Cu), the molecule would always be
manipulated (usually being picked up by the tip
from NaCl) before the minimum of Af(z) was
reached, and no atomic resolution could be
observed in AFM measurements. The CI termi-
nation yielded a contrast similar to that of the CO
tip. However, in the AFM image acquired with
the Cl tip, the minima above the hollow sites are
less pronounced and the carbon rings appear
smaller in diameter compared with the CO-
terminated tip. The pentacene-modified tip gave
a completely different contrast compared with all
the other tips investigated, which indicates the
strong influence of the tip modification.

In the following, we concentrate on the in-
vestigation of pentacene on NaCl(2 ML)/Cu(111)
with a CO-terminated tip. We describe how the
contrast depends on the tip sample distance, quan-
tify the forces acting on the tip, and lastly com-
pare the measurements to density functional theory
(DFT) calculations in order to separate the con-
tributions of different forces and understand the
origin of the observed contrast. Frequency shift
and force versus distance relations were deter-
mined by capturing a three-dimensional (x, y, z)
field (16, 20, 21) of the frequency shift with
80 by 40 by 3100 data points in a box of 25 A
by 12.5 A by 13 A above a pentacene molecule.
We extracted the vertical forces F.(x, y, z) with
use of the method of Sader and Jarvis (16, 22).
Figure 3A shows the measured frequency shift
at different tip heights, and the extracted vertical
force is shown in Fig. 3B. Corresponding line
profiles along the long molecular axis are given
in Fig. 3, C and D, for Af'and F_, respectively.

For distances greater than z = 42 A (top
image in Fig. 3A), we recorded only relatively
small long-range forces (F, < 20 pN), and the
molecule was imaged as a featureless depression
(attractive interaction). With decreasing tip height,
Af(z) decreased before reaching a minimum
(of about —4 Hz) above the molecular center at
z~ 1.8 A. Near the minimum of Af(z), we started
observing corrugation on the atomic scale (Fig.
3C). When we decreased z further, Af increased
again and finally became even positive over
some parts of the molecule at z = 1.2 A. The
lateral contrast of Af generally increased with
decreasing tip height (Fig. 3C). At the height at
which Af crossed zero (z = 1.2 A), we achieved
the highest contrast and lateral resolution with
AFM. This is the regime of maximal attractive
forces (16). Decreasing the tip height further
would result in instabilities and lastly in picking
up the molecule by the tip.

In the force maps (Fig. 3B), we likewise ob-
served how the contrast increased with decreas-
ing z. For the smallest accessible tip height, that
is, z=1.2 A, we measured an attractive force of
110 pN above the central carbon ring. Above the
positions of the carbon atoms, the absolute values
of the forces were smaller (between 60 and 90 pN)
(15). These values are comparable to the maximum
short-range forces acting on a silicon tip above the
hollow sites and the carbon positions of a SWNT,

which were recently measured as 106 pN and
75 pN, respectively (7) (also with a systematic
error of about 30%).

To further elucidate the origin of the observed
atomic contrast, we carried out DFT calculations
(16, 23, 24) with highly optimized plane-wave
code CPMD (25). We applied the PBE (Perdew-
Burke-Ernzerhof) exchange-correlation function-
al (26) and used ab initio norm-conserving
pseudopotentials (27). Van der Waals (vdW)
forces were added semiempirically to the disper-
sion energy as a contribution proportional to R ¢
(where R is the atomic distance) (28). We only
included the pentacene molecule and the CO
molecule in our calculations and neglected both
the substrate and the metallic part of the tip. We
assumed for the calculations that the CO
molecule is perpendicular to the plane of the
pentacene molecule, with the oxygen atom
pointing toward the pentacene (/6).

The calculated interaction energy surface is
given in Fig. 4A, and the calculated constant-
height line profiles of the energy, the vertical
force, and Af‘along the central molecular axis are
shown in Fig. 4, B, C, and D, respectively. The
intermolecular distance ¢ denotes the distance of
the CO carbon atom to the plane of the pentacene
atoms. Experiment and theory (compare Figs. 3D
and 4C) concordantly showed maximal attractive
forces on the order of 100 pN above the hollow
sites of the pentacene molecule, whereas attract-
ive forces above the C-C bonds were smaller. The
difference in the forces measured above these two
sites increased with decreasing tip height. In the
short-range regime (d < 5 A), differences between
calculations and experiment can be observed. In
the calculations, sharp peaks appear above the
outer C-C bonds (x = 6.4 A and x =-6.4 A in Fig.
4, C and D), which are less pronounced in the
measurements (Fig. 3, C and D).

For a comparison between theory and exper-
iment, we have to estimate the contribution of the
metallic tip behind the CO molecule that was not
included in the calculations. For this purpose, we
measured the force acting on a purely metallic
tip, then picked up a CO molecule and measured
the force again under otherwise identical con-
ditions. The difference of the forces for identical
tip positions yielded the estimated contribution
from the CO molecule only. We observed that the
CO contribution to the force predominates in the
relevant regime, whereas the metallic part of the
tip contributed only about 30% to the attractive
forces and gave no corrugation on the atomic
scale (/6). Calculated force-versus-distance
curves (Fig. 4E) above different molecular sites
around the central carbon ring of the molecule are
compared with experimental data, with the con-
tribution of the metallic tip subtracted (Fig. 4F).
We observe good qualitative agreement between
theory and experiment in terms of the maximal
values of the force and the relative order in
which the maximal attractive forces are reached
above the different atomic sites (29). Quantita-
tively, the agreement is excellent ford > 5 A. In

REPORTS

the short-range regime (4.5 A <d < 5 A), the
calculations overestimate the difference in the
forces above the C-C bond and the hollow site.
These discrepancies in the short-range region
might arise because of the simplifications as-
sumed in the calculations, namely not taking the
substrate or the tip behind the CO into account
and the semiempirical treatment of vdW forces.
Another origin of the discrepancies could be the
increasing influence of noise in the experimental
data for small z values.

The calculations take into account forces of
three different physical origins, namely electro-
static forces, vdW forces, and Pauli repulsive
forces. Comparing their contributions to the over-
all force, we found that the electrostatic forces are
small (~10%) compared with the vdW forces.
These two contributions to the force show little
lateral corrugation on the atomic scale and yield a
diffuse attractive potential above the entire mole-
cule, giving rise to the observed dark halo sur-
rounding the molecules in the Af maps. The
origin of the atomic contrast is the Pauli repulsion
force, which becomes substantial when regions
of high electron density overlap. These regions
are concentrated to the atomic positions and to
the C-C (and to a lesser extent also to the C-H)
bonds in the pentacene molecule and are re-
vealed for sufficiently small tip-sample distances
(d=5A).

We conclude that atomic resolution in NC-
AFM imaging on molecules can only be achieved
by entering the regime of repulsive forces because
the vdW and electrostatic forces only contribute a
diffuse attractive background with no atomic-
scale contrast. Modifying the tip with suitable
atomic or molecular terminations is required to
allow the AFM to be operated in this regime
while maintaining stable imaging conditions. The
tip termination governs the AFM contrast, and
exact knowledge of the tip is needed for a detailed
interpretation of the force measurements. In the
case of the CO-terminated tip, we observed a
spectacular enhancement of the atomic-scale con-
trast and were able to resolve the atomic positions
and bonds inside pentacene molecules, precisely
revealing the atomic molecular structure. It may
also be possible to extract details about inter-
molecular bonds, for example, bond order and
length. Furthermore, we foresee probing the
reactivity of different molecular sites with re-
spect to the known molecule or atom at the tip
apex. Such investigations could yield detailed
insight into chemical reactions and catalysis.
Lastly, a combination of NC-AFM with elec-
trostatic force microscopy could be used to in-
vestigate single-electron transport and charge
distributions in metal-molecule systems on the
atomic scale.
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Amplifying the Pacific Climate System
Response to a Small 11-Year Solar

Cycle Forcing

Gerald A. Meehl,** Julie M. Arblaster,™? Katja Matthes,>* Fabrizio Sassi,® Harry van Loon*

One of the mysteries regarding Earth’s climate system response to variations in solar output is
how the relatively small fluctuations of the 11-year solar cycle can produce the magnitude

of the observed climate signals in the tropical Pacific associated with such solar variability.
Two mechanisms, the top-down stratospheric response of ozone to fluctuations of shortwave
solar forcing and the bottom-up coupled ocean-atmosphere surface response, are included in
versions of three global climate models, with either mechanism acting alone or both acting
together. We show that the two mechanisms act together to enhance the climatological
off-equatorial tropical precipitation maxima in the Pacific, lower the eastern equatorial

Pacific sea surface temperatures during peaks in the 11-year solar cycle, and reduce
low-latitude clouds to amplify the solar forcing at the surface.

of solar forcing is associated with various

phenomena in Earth’s climate system, in both
the troposphere and stratosphere (/-9). Because
the amplitude of the solar cycle (solar maxi-
mum to solar minimum) is relatively small, about
0.2 W m 2 globally averaged (10), and the ob-
served global sea surface temperature (SST) re-
sponse of about 0.1°C would require more than
0.5 W m 2 (1]), there has always been a question
regarding how this small solar signal could be
amplified to produce a measurable response.

It has long been noted that the 11-year cycle
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Postulated mechanisms that could amplify the
relatively small solar forcing signal to produce
such responses in the troposphere include changes
in clouds in the troposphere caused by galactic
cosmic rays, or associated global atmospheric
electric circuit variations, though neither has been
plausibly simulated in a climate model. However,
there are two other plausible mechanisms, though
each has not yet produced a modeled response of
the magnitude seen in the observations. The first
involves a “top down” response of stratospheric
ozone to the ultraviolet (UV) part of the solar
spectrum that varies by a few percent. Peaks in
solar forcing cause the enhanced UV radiation,
which stimulates additional stratospheric ozone
production and UV absorption, thus warming that
layer differentially with respect to latitude. The
anomalous temperature gradients provide a posi-
tive feedback through wave motions to amplify the
original solar forcing. The changes in the
stratosphere modify tropical tropospheric circu-
lation and thus contribute to an enhancement and
poleward expansion of the tropical precipitation

maxima (5, /2—16). The first demonstration of
the top-down mechanism in a modeling study
showed a broadening of the Hadley cells in
response to enhanced UV that increased as the
solar-induced ozone change was included (/7).
A second “bottom up” mechanism that can
magnify the response to an initially small solar
forcing involves air-sea coupling and interaction
with incoming solar radiation at the surface in the
relatively cloud-free areas of the subtropics. Thus,
peaks in solar forcing produce greater energy input
to the ocean surface in these areas, evaporating
more moisture, and that moisture is carried by the
trade winds to the convergence zones where more
precipitation occurs. This intensified precipitation
strengthens the Hadley and Walker circulations in
the troposphere, with an associated increase in
trade wind strength that produces greater equa-
torial ocean upwelling and lower equatorial SSTs
in the eastern Pacific, a signal that was first
discovered in observational data (/, 2). The en-
hanced subsidence produces fewer clouds in the
equatorial eastern Pacific and the expanded sub-
tropical regions that allow even more solar ra-
diation to reach the surface to produce a positive
feedback (78, 19). Dynamical air-sea coupling
produces a transition to higher eastern equatorial
SSTs a couple of years later (20, 21). There is
observational evidence for a strengthened Hadley
circulation in peak solar forcing years associated
with intensified tropical precipitation maxima, a
stronger descending branch in the subtropics, and
a stronger ascending branch in the lower latitudes
(3); a poleward expansion of the Hadley circula-
tion in peak solar years, with stronger ascending
motions at the edge of the rising branch, as well
as a stronger Walker circulation with enhanced
upward motions in the tropical western Pacific
connected to stronger descending motions in the
tropical eastern Pacific (7); and enhanced sum-
mer season off-equatorial climatological monsoon
precipitation over India (6, 22). This cold event—
like response to peak solar forcing is different
from cold events (also known as La Nifia events)
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The Chemical Structure of a Molecule Resolved by Atomic Force Microscopy
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Atomic Imaging Within Adsorbed Molecules

Scanning tunneling microscopy provides atomic resolution images of surfaces and adsorbed atoms, but imaging
atoms within an organic molecule adsorbed on a surface is difficult because contrast is lacking in the states that
determine the tunneling current. Atomic force microscopy should be able to resolve atoms through changes in short-
range chemical forces, but resolution is lost if the scanning tip undergoes modifications or if it moves the molecule.
Gross et al. (p. 1110) show that in situ functionalization of the tip—for example, with CO—can dramatically improve the
resolution of images of pentacene molecules adsorbed on conducting surfaces, like copper, and nonconductors, like
NacCl.
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