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Direct visualization of concerted proton tunnelling
in a water nanocluster
Xiangzhi Meng1†, Jing Guo1†, Jinbo Peng1†, Ji Chen1, ZhichangWang1, Jun-Ren Shi1,2, Xin-Zheng Li3,2,
En-GeWang1,2* and Ying Jiang1,2*
Proton transfer through hydrogen bonds plays a fundamental
role in many physical, chemical and biological processes1–5.
Proton dynamics is susceptible to quantum tunnelling, which
typically involves many hydrogen bonds simultaneously, lead-
ing to correlated many-body tunnelling6–9. In contrast to
the well-studied incoherent single-particle tunnelling, our
understanding of many-body tunnelling is still in its infancy.
Here we report the real-space observation of concerted proton
tunnelling in a cyclicwater tetramer using a cryogenic scanning
tunnelling microscope. This is achieved by monitoring the
reversible interconversion of the hydrogen-bonding chirality
of the water tetramer with a chlorine-terminated scanning
tunnelling microscope tip. We found that the presence of the
Cl anion at the tip apex may either enhance or suppress the
concerted tunnelling process, depending on the details of the
coupling symmetry between the Cl ion and the protons. Our
work opens up the possibility of controlling the quantumstates
of protons with atomic-scale precision.

Many-body correlated tunnelling of protons is extremely
sensitive to coupling with the atomic-scale environment owing to
the demanding phase coherence between the protons. Spectroscopic
techniques are not able to provide such local information because
of the limitation of spatial resolution5–7,10,11. Recently, the scanning
tunnelling microscope (STM) has proved to be ideal for probing the
intramolecular and intermolecular proton dynamics at the single-
molecule level12–16. However, most of these studies are focused on
classical over-barrier proton hopping, whereas through-barrier
quantum tunnelling of protons has yet to be explored. Furthermore,
tracking proton motion along hydrogen bonds requires the ability
to resolve the hydrogen-bonding directionality17. Although it was
recently demonstrated that non-contact atomic force microscopy
(NC-AFM; ref. 18) and state-of-the-art STM-based techniques19
are able to visualize individual hydrogen bonds with unprecedented
resolution, the asymmetry of the hydrogen bond and the extent
of quantum delocalization of the shared proton has not been
directly distinguishable.

Here we show the possibility of directly visualizing the concerted
tunnelling of four protons in an individual hydrogen-bonded
water tetramer adsorbed on a Au-supported NaCl(001) film. This
is achieved by monitoring the reversible interconversion of the
hydrogen-bonding directionality and associated chirality of the
tetramer using a submolecular orbital-imaging technique20. To
investigate the effect of the atomic-scale environment on the
tunnelling process in a well-controlled manner, we functionalize
the STM tip apex with a single chlorine anion and then tune the
Cl–proton electric coupling in three dimensions with picometre

precision. We found that symmetric coupling between the Cl
anion and the four protons considerably enhances the tunnelling
probability, whereas asymmetric coupling easily destroys the
quantum coherence and the cooperativity of the four protons,
resulting in rapid quenching of the concerted tunnelling. Our
experimental results are corroborated by density functional theory
(DFT) calculations.

Water tetramers are constructed bymanipulating four individual
H2O monomers on a NaCl(001) bilayer film at 5K (see Methods).
Two different chiral states of the tetramers can be clearly
distinguished from submolecular-resolution STM images (see inset
of Fig. 1b), which are attributed to the highest occupied molecular
orbital (HOMO) of adsorbed water in our previous work20. These
two chiral states are in perfect registry with the NaCl(001) surface,
and thus almost perfectly degenerate. Apparently, the chirality
of the tetramer could be switched if the four hydrogen-bonded
protons collectively hop towards the neighbouringO atoms through
the hydrogen bonds. To investigate the effect of an atomic-scale
environment (such as ions) on the proton dynamics, in a controlled
manner, we functionalize the tip apex with a single chlorine atom
(see Supplementary Fig. 1 and Movie 1), which can provide a
long-range electrical interaction with the protons owing to its
electronegative nature (Fig. 1a).

The switching dynamics of the tetramer chirality can be
monitored by recording the tunnelling current as a function of
time (Fig. 1b). The Cl-terminated tip is positioned slightly off the
centre of a clockwise tetramer (marked as green stars in the inset
of Fig. 1b) to read out the current difference between the two
chiral states. When the tip is far above the tetramer, the current
remains constant, suggesting no switching between the two chiral
states. Once the tip height is reduced by about 230 pm, two current
levels emerge, in addition to a sudden increase of the tunnelling
current. We can retract the tip to the initial height at any of the two
levels and rescan the tetramer to check the resulting chirality. The
results unambiguously show that the low and high current levels
correspond to the clockwise state (CS) and the anticlockwise state
(AS) of the tetramer, respectively (see Supplementary Movie 2).
More than two current levels occasionally emerged in the current
trace during chirality switching owing to the instability of the Cl
atom at the tip apex (Supplementary Fig. 2).

To explore the mechanism of the proton transfer in the tetramer,
the switching rates of CS→ AS and AS→ CS are extracted from
the current versus time trace (Supplementary Fig. 3). As shown in
Fig. 2a, both switching rates are independent of the magnitude as
well as the polarity of the sample bias and the tunnelling current.
It is worth noting that the switching does not cease, even near
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Figure 1 | Chirality switching of a H2O tetramer. a, Schematic showing
manipulation of the chirality of the tetramer by a Cl-terminated tip. Left: the
tetramer stays in the clockwise state (CS) when the tip is far away from the
tetramer (gap set with V=5 mV and I=5 pA). Middle: reducing the tip
height by 230 pm leads to chirality switching. Right: lifting the tip back to
the initial height leaves the tetramer in the anticlockwise state (AS).
b, Tunnelling current trace recorded during the chirality manipulation
shown in a. Two current levels can be clearly distinguished in the range
300–400 pA, where the low and high current levels correspond to CS and
AS, respectively. Left and right insets: Adsorption configuration (upper) and
STM images (lower) of CS and AS tetramers, respectively. Parameters for
the STM images: V=20 mV and I= 150 pA. The green stars in the STM
images denote the tip position where the current trace is acquired. O, H,
Au, Cl− and Na+ are denoted by red, white, golden, cyan and blue
spheres, respectively.

zero bias. Those facts reveal that the proton transfer does not
result from the excitation of the inelastic tunnelling electrons21, nor
is it driven by the applied electric field between the tip and the
sample22. The switching rates also show a very weak dependence
on temperature over the range of experimental conditions used
(Fig. 2b), clearly demonstrating that the dynamic behaviour of the
tetramer is non-Arrhenius in character, and thus not dominated by
thermal fluctuations23. Therefore, we attribute the interconversion
between the two chiral states to quantum tunnelling of protons
between the water molecules. Further evidence of proton tunnelling
comes from the isotope-exchange experiments, where the switching
rates drop by at least two orders of magnitude on the substitution of
hydrogen by deuterium (Supplementary Fig. 4).

The proton tunnelling in the tetramer shows a distinct depen-
dence on the tip height (Fig. 2c). As the tip approaches the tetramer,
both switching rates (CS→AS and AS→ CS) exhibit an initial rise
(region I) followed by a rapid drop (region II). In addition, we notice
that the two switching rates gradually deviate from each other as
the tip is lowered, which implies that CS and AS may have different
energies in the presence of the tip16. This energy asymmetry can be
understood by considering that the tip is not positioned at the high-
symmetry point of the tetramer to read out the current difference
(see the inset STM images of Fig. 1b). The tip-induced asymmetry
of the double-well potential will open a dissipative channel of the
phonon bath, leading to incoherent tunnelling24.

To understand the dependence of the switching rates on the tip
height, we carried out ab initioDFT calculations using the climbing
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Figure 2 | Quantitative analysis of the switching rate. a, Switching rate and
tunnelling current as functions of the sample bias. The tip height is fixed at
−295 pm. b, Dependence of the switching rate on temperature. Tip height:
−260 pm, sample bias: 5 mV. In a and b the statistical error is smaller than
the data markers; the average of the switching rates for di�erent bias and
temperature is denoted by horizontal dashed lines, showing the negligible
dependence on those factors. c, Dependence of the switching rate on tip
height. Sample bias: 5 mV. The switching rates are sensitive to the tip
height, exhibiting an initial rise (region I) followed by a rapid drop (region II)
with decreasing tip height. The error bar represents the standard error. The
tip height is referenced to the gap set with V=5 mV and I=5 pA.

image nudged elastic band (cNEB; seeMethods for details) method.
We found that the barrier height is its lowest when the four protons
concertedly hop from the hydrogen-bond donor to the acceptor (see
the black curve in Fig. 3a). Any conceivable sequential or stepwise
rearrangement of the protons would result in significantly higher
barrier heights (Supplementary Fig. 5). When a Cl-terminated tip is
positioned above the centre of the tetramer, the reaction barrier is
effectively suppressed, both in height and width (see the red curve
in Fig. 3a).

After taking into account the zero-point energy difference
between the initial and transition states (see Methods for details),
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Figure 3 | E�ect of the tip on the reaction barrier for proton transfer. a, Reaction barrier for interconversion between CS and AS of the tetramer without
(black) and with a Cl-terminated tip at a height of 3.5 Å (red), calculated using the cNEB method. Insets show snapshots along the transition path. b, Plots
of the e�ective barrier height and full-width at half-maximum (FWHM) as a function of tip height. The tip height is defined as the distance between the Cl
atom on the tip and the centroid of four oxygen atoms of the water tetramer. The horizontal black and red dashed lines denote the barrier height and width
without the tip, respectively. c, Atomic model of the Cl–tip/tetramer/NaCl-bilayer system. The origins of x and z axis are set at the Cl atom on the tip.
d–f, Two-dimensional slices of the electron density di�erence when a Cl tip is placed above the tetramer at 4.3 Å (d), 3.5 Å (e) and 2.3 Å (f). The electron
density di�erence is plotted in a plane perpendicular to the surface, which is marked by a dotted line in the uppermost snapshot of a. Red and blue in the
colour bar represent electron gain and depletion, respectively. The units of electron density are eÅ−3.

we can obtain the effective barrier height and width, which keep
decreasing until the tip height is reduced to about 3.5 Å (Fig. 3b).
Further approaching the tip results in a rapid increase of the barrier
height and width. We notice that tip-induced rearrangements of
the molecules, most probably the simultaneous rigid rotation of
the four water molecules, can also lead to interconversion between
CS and AS. However, the calculated barrier height and width of
this reaction pathway exhibit a monotonic decrease when lowering
the tip (Supplementary Fig. 6), which is not consistent with the
experimental observation (Fig. 2c).

The minimal reaction barrier occurs for a tip height of roughly
3.5 Å, which is still too high to be overcome by classical thermal
fluctuations or hot-electron injection under our experimental
conditions (T < 20K and V < 10mV), thus confirming that the
proton transfer can take place only through quantum tunnelling.
In fact, the concerted proton motion as shown in Fig. 3a involves
simultaneous inward displacement of four oxygen atoms in the
tetramer. Therefore, the proton tunnelling is most likely coupled
to the internal breathing mode of the tetramer. By applying the
theory of phonon-assisted tunnelling, we can estimate the concerted
tunnelling rate of four protons (Supplementary Fig. 7). The tip
height dependence of the calculated tunnelling rate is qualitatively
consistent with the experimental results shown in Fig. 2c, and full
deuteration induces a substantial decrease of this tunnelling rate. A
more quantitative comparison between theory and the experiments
would require better knowledge of the asymmetry of the tunnelling
barrier and the strength of coupling to the phonons25, which is
beyond the scope of our present study.

To gain further insight into the tip–proton coupling, we plot the
electron density differences (Fig. 3d–f) of the Cl-tip/tetramer/NaCl
system (Fig. 3c) in a vertical plane (denoted by a dotted line in the

topmost snapshot of Fig. 3a). DFT results show that the Cl atom at
the tip apex is negatively charged, with a partial charge of about
0.4e. The nature of the local charge rearrangement in Fig. 3d is
characteristic of a weak electric interaction between H+ and Clδ−:
with depletion (accumulation) of density on the H (Cl) atoms.
Such an attractive interaction assists the proton transfer through the
hydrogen bonds and thus suppresses the tunnelling barrier. When
the tip approaches the tetramer, a greater electron accumulation and
depletion are observed, indicating the increased electric interaction
(Fig. 3e). However, when the tip is too close to the tetramer (Fig. 3f),
Coulomb repulsion between Clδ− and O2− leads to considerable
expansion of the tetramer, which rapidly increases the tunnelling
barrier (Supplementary Fig. 8).

As well as the dependence on the tip height, the concerted proton
tunnelling is rather sensitive to the lateral position of the Cl tip in
the tetramer. The switching rates decrease by almost one order of
magnitude in just 0.5 Å as the tip moves from the centre to the edge
of the tetramer along two axes of symmetry (Fig. 4). Such a fast decay
of the switching rate can not be accounted for by the change of the
tunnelling barrier as revealed by our tip-position dependent NEB
calculations. Instead, it might arise from the collective nature of the
proton tunnelling. When the tip is positioned near the centre of the
tetramer, the four protons are equally coupled with the Cl anion and
can be treated as a quantum quasiparticle, which moves in a fully
correlatedmanner. However, slightlymoving the tip off-centre leads
to asymmetric coupling between the Cl anion and the four protons,
which may break the degeneracy of the four hydrogen bonds and
destroy the cooperativity of the four protons. In such a case, the
quasiparticle tunnelling would be significantly suppressed, resulting
in rapid quenching of the chirality switching. Similarly, destruction
of the correlated collective proton tunnelling due to the formation of
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Figure 4 | Dependence of the switching rates on the lateral position of the
tip. a, Switching rates as a function of tip position obtained by moving the
tip along the 0◦ direction away from the centre of the tetramer. b, Same as
a but along the 45◦ direction. The green arrows in the insets denote the
movement directions of the tip. The zero point of the tip position is set
about 0.1 Å away from the centre of the tetramer. The error bars represent
the standard error. Sample bias: 5 mV. Tip height:−265 pm referenced to
the gap set with V=5 mV and I=5 pA.

inequivalent hydrogen bonds has been recently reported in partially
deuterated hexagonal ice26.

Our real-space experimental observation provides strong
evidence of the concerted proton tunnelling and reveals the
important role of individual ions in influencing the correlated
tunnelling process, whichmay shed new light on our understanding
of the phase transition between different ice forms7–9 as well as
the hydrogen-bonding dynamics in aqueous salt solutions27.
Furthermore, we demonstrated in this work the possibility of
tuning the energy barrier for proton transfer by controlling the
tip–proton coupling with a functionalized STM tip. By proper
engineering of the tip apex and precise control of the tip height,
it is possible to continuously suppress the reaction barrier such
that the zero-point motion may surpass the barrier. Therefore, our
methodology opens a new route for controlling the quantum states
of the protons with atomic-scale precision.

Methods
The ultrahigh vacuum STM and the sample preparation are described
elsewhere20. The NaCl(001) bilayer film was grown on a Au(111) surface at room
temperature. The STM measurements were performed with electrochemically

etched tungsten tips, which were repeatedly indented into the Au sample for tip
shaping. The Cl-terminated tip was obtained by approaching a bare tip to the
NaCl(001) surface in close proximity (V =5mV and I=2 nA), followed by the
application of a voltage pulse (2.5 V, 200ms; see Supplementary Fig. 1 for details).
The controllable manipulation of H2O monomers to construct water tetramers
was achieved with the Cl-terminated tip at a gap set with V =10mV, I=150 pA.
The deuterated tetramers, which consist of four D2O monomers, were
constructed in separate experiments using a similar manipulation method. The
time trace of the tunnelling current was recorded, with the feedback loop open, at
V =5mV, I=5 pA, after which different z offsets were added to the tip height.
The bias voltage refers to the sample voltage with respect to the tip. All the STM
topographic images were obtained in the constant-current mode.

DFT calculations were performed using the Vienna ab-initio simulation
package (VASP; ref. 28). Projector augmented wave pseudopotentials were used
with a cutoff energy of 550 eV for the expansion of the electronic wave
functions29. A bilayer NaCl(001) slab with a lattice constant of 5.665Å was used
according to the experimental conditions. The bottom layer of the NaCl was fixed
during geometry relaxations. Van der Waals corrections for dispersion forces were
considered using the van der Waals density functional scheme using the
optB88-vdW method30. The Cl-terminated tip was modelled using a three-layer
Au pyramid of a [111] cleaved face with a Cl atom attached at the end (see
Fig. 3c). A Monkhorst–Pack grid with at least 8 × 8 × 1 k-point sampling per
1 × 1 cell was used. Energy barriers and tetramer switching paths were
determined using the cNEB method31. The effective energy barrier was calculated
by subtracting from the original potential barrier the zero-point energy difference
between the initial and transition states of the adsorbed water tetramer. The
0-point harmonic vibration frequencies of the water tetramer were calculated
using the finite displacement method, with the substrate fixed after the structural
relaxation. The zero-point energy was estimated by a summation of half the
vibrational energy of all 0-point modes. The zero-point energy difference can
then be written as E(R)=(1/2)

(∑
s hv s

init−
∑

t hv t
tran

)
, where R is the equilibrium

O–O separation at different tip heights.
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