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The world of nanoscales in fluidics is the frontier where the continuum of

fluid mechanics meets the atomic, and even quantum, nature of matter.
While water dynamics remains largely classical under extreme confinement,
several experiments have recently reported coupling between water
transport and the electronic degrees of freedom of the confining materials.
This avenue prompts us to reconsider nanoscale hydrodynamic flows

under the perspective of interacting excitations, akin to condensed matter
frameworks. Here we show, using a combination of many-body theory

and molecular simulations, that the flow of aliquid can induce the flow

of another liquid behind a separating wall, at odds with the prediction of
continuum hydrodynamics. We further show that the range of this ‘flow
tunnelling’ can be tuned through the solid’s electronic excitations, with a
maximum occurring when these are at resonance with the liquid’s charge
density fluctuations. Flow tunnelling is expected to play arole in global
transport across nanoscale fluidic networks, such as lamellar graphene
oxide or MXene membranes. It further suggests exploiting the electronic
properties of the confining walls for manipulating liquids via their dielectric
spectra, beyond the nature and characteristics of individual molecules.

Nature does many exquisite things with water and ions at small scales.
Thisstunning observationis asource ofinspiration and astrong motiva-
tion to explore fluidic transport in nanometric confinement. Indeed,
over the past 10 years, a cabinet of curiosities of unconventional
nanoscale flow properties has been unveiled in nanofluidic studies' .
This prompted many to revisit the standard frameworks of fluid dynam-
ics. While confining walls are merely considered asboundary conditions
for hydrodynamics, they are actually ‘jiggling and wiggling’ matter,
being themselves the locus of fluctuations and excitations such as
phonons*, plasmons”and so on. In particular, while the dynamics of
liquid water are essentially classical at the molecular scale—grounding
ourunderstanding of water transportin classical physics—the confining

surfaces may host delocalized electrons, whose behaviour should be
described within quantum mechanics. Many experimental studies
have now hinted at a non-trivial coupling between the classical water
dynamics and the quantum dynamics of these electrons. Prominent
examplesinclude flow-induced electronic currents’ 2, the modification
of liquid wetting by substrate metallicity”, heat transfer from graphene
electrons to the fluid environment™, anomalies in hydrodynamic fric-
tion at water—carbon interfaces*”*"* ! and its subtle difference with
insulating materials®.

These findings have shifted perspectives on nanoscale hydrody-
namics, prompting a departure from the traditional notion that the
solid only acts as astatic potential for the liquid molecules, to consider
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instead the liquid-solid interaction at the level of collective charge
density fluctuations. Specifically, polar liquids such as water carry
dielectric fluctuations from their collective intermolecular motions,
spanning three orders of magnitude in the terahertz (THz) frequency
range of the spectrum?. For carbon-based materials suchas graphene
andits multilayers, the THz frequency range is where low-energy elec-
tronic surface plasmon modes lie**”. Describing water’s interaction
with these fluctuations is greatly simplified if its dielectric modes are
formally quantized: the corresponding elementary excitations have
been dubbed ‘hydrons™®*. The excitation perspective for the collective
water modes—inspired by many-body condensed matter physics—is
at the root of the fluctuation-induced (or ‘quantum’) friction theory,
which has successfully explained several of the phenomenamentioned
above”®'%?° and therefore holds the potential to reveal and explain
new physics.

Here we show that, as water on one side of a solid wall is driven,
the water’s excited hydronmodes interact with collective modesin the
solid substrate. As aresult, a flow is induced in the water on the other
side of the wall, at odds with the prediction of classical hydrodynam-
ics. We dub this phenomenon ‘flow tunnelling’. We develop acomplete
theoretical and numerical description of flow tunnelling, elucidating
therole of the solid’s electronic properties in the hydron transmission
process and assessing its potential as anew principle for manipulating
nanoscale liquid flows.

Flow tunnelling through a passive wall

The systemthat we consider throughoutisshownschematicallyinFig. 1a
and comprises a liquid water slab on one side of N two-dimensional
solid layers (‘fluid A’), with another slab of liquid water on the other
side (‘fluid B’). Before investigating the role of interactions between
the solid’s and fluid’s collective modes in mediating flow tunnelling,
we begin with a simpler question: to what extent does adriven flowin
fluid Adirectlyinduce aflowin fluid B? To this end, we consider the case
where thesolid layers have nointernal degrees of freedomandinteract
with the fluids only via a static potential. Taking the solid layers to lie
inthe (x,y) plane, and assuming that fluids A and B flow with in-plane
uniformvelocities v,and vg, respectively, we ask whether there is anet
momentum transfer (or force) from fluid A to fluid B. Such aforce would
originate from fluctuating Coulomb interactions between water slabs
across the passive solid, and its computation in the framework of clas-
sical stochastic dynamics would be extremely involved”?®. However,
it can be readily estimated within an excitation perspective, using a
quantum representation of the system.

The thermal charge fluctuationsin each slabresultinafluctuating
Coulomb potential acting on the other slab that can be decomposed
into evanescent plane waves of the form ¢, (, £) = p,e %/e"®“?, where
rliesinthe (x,y) plane and d is the separation between the outermost
solid layers. The elementary bosonic excitations of these modes are
the hydrons, in the same way that photons are elementary excitations
of the electromagnetic field; ¢, , is then effectively the wavefunc-
tion of a hydron. By analogy, since the hydron wavefunctions of fluids
Aand Boverlap, water excitations can ‘tunnel’ between the two fluids.
The hydron transmissionrateis then given by the canonical Landauer
formula:

Wﬂﬁ%zfﬁmmﬂﬂmwﬂ W
q

where f,(E) is the average number of hydrons of wavevector q and
energy Eand J(E ) e~294 is the dimensionless transmission coeffi-
cient, which (as afirstapproximation) scales as the squared overlap of
the hydronwavefunctions.Ifv,=v,;=0, fo(E) = fJ(E ) = ng(w = E/h),
the Bose-Einstein distribution at temperature 7, and there
is no net hydron transmission from A to B. Now, if v, —v;=Av # 0, the
Bose-Einsteindistributions experienceaDopplershiftw F> w-q- \

so that /"% is non-vanishing. This means that there is indeed a force,
or net momentum transfer from A to B, since a hydron of wavevector
g carriesaquantum of momentum#q. To linear order in Av, and assum-
ingasingle energy scale iw, < kT for the hydrons, this force (per unit
area) is given by

%zg§§MWM%—qM%%WMrM

2

3kgT
16m2wodt

Q

F.nisthedriving force for the flow tunnelling effect: itinduces the flow
of fluid Bin response to the flow of fluid A. In the steady state, F,; is

balanced by the classical (roughness-induced) friction F. = —AgAvg
exerted on fluid B by the solid wall, so that
Ann
Ug = ————Up, 3
O A g ®

where we have defined the hydron-hydron friction coefficient as
Apn = Fun/(AAv). The quantum formalism has enabled us to obtain a
first quantitative estimate for flow tunnelling with minimal computa-
tions. The final result, however, describes a purely classical effect:
Planck’s constant is absent from equation (2). We may therefore assess
the validity of our description using classical molecular dynamics
simulations, where A, is directly measured. As shown in Supplementary
Information (Supplementary Fig. 4), our prediction in equation (2)
matches the simulationresults atlarge separation d between the slabs
uponsetting w, = 0.3 THz, whichis roughly the water Debye frequency.
Amoreaccurate analytical result that takes into account the full struc-
ture of the water fluctuation spectrum (Supplementary Section IV)
agrees with the simulation at arbitrary d.

Although qualitatively at odds with classical hydrodynamics, we
find that, quantitatively, this form of flow tunnelling through a passive
solid is extremely short-ranged. For example, even assuming small
roughness-based friction (for example, A, = 2.1-10* Ns m for gra-
phene), we find thatvgisless than1% of v, for d = 5 A and thus negligible
inall practical situations. We now show that the excitations of an ‘active’
solid (Fig. 1c) drastically enhance the amplitude and range of flow tun-
nelling, to the extent that it may become experimentally measurable.

The notion that the excitations of a solid wall can mediate momen-
tum transfer between two liquids was in fact suggested more than 50
years ago by Andreev and Meierovich?. They considered phononic
excitations, whose ability to transfer momentum is limited by the
acoustic impedance mismatch between the liquid and the solid: the
predicted tunnelling efficiency v,/v, is at most ~10~, whatever the solid
thickness (Supplementary SectionIV.C). Here we show that the physics
are very different in the case of electronic excitations, leading to
tunnelling efficiencies up to vg/v, ~1.

Molecular simulations of ‘active’ flow tunnelling
Friction forces that arise from the dynamical coupling between the
electronic excitations of the solid and charge density fluctuations in
theliquid are nonadiabaticin nature. Such effects are beyond the Born-
Oppenheimer approximation typically used in molecular simulations,
making the prospect of modelling these with explicit electronic dynam-
ics,ontime andlength scalesrelevant to the problemat hand, adaunt-
ing task. Recently, however, a classical molecular dynamics scheme
was shown to capture the most salient aspects of fluctuation-induced
quantum friction®. Here we extend this approach to investigate ‘active’
flow tunnelling, before providing a detailed, yet more general, theo-
retical account.

The solid wall is modelled as a stack of Nlayers (with thickness
d=(N-1)d,, where d, is the spacing between two adjacent layers),
with each layer being composed of Lennard-Jones atoms arranged in
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Fig. 1| Principle of flow tunnelling and role of the solid wall. a, Schematic
ofthe system under study. Two water slabs A and B, flowing at velocities v, and
vg, are separated by a solid wall of thickness d. b, When the wall is ‘passive’ and
only acts as a static potential, water on both sides of the solid can interact via
fluctuating Coulomb forces. Direct momentum transfer between two slabs,
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however, is negligible, so the resulting flow tunnelling effect is very small.
¢, When the wallis ‘active’ through fluctuations in the solid coming from the
electronic degrees of freedom (that is, plasmons), the range and amplitude of
flow tunnelling can increase significantly owing to the fluid-solid-fluid coupling.

ahoneycomb lattice. Electron dynamics are mimicked by giving each
atoma positive charge and attachingtoit afictitious Drude particle of
equal and opposite charge via a harmonic spring®>*' (Fig. 2a). Relaxa-
tion processesinthe solid (electron-phonon and impurity scattering,
umklapp processes®’) are taken into account implicitly through an
effective damping rate y for the Drude oscillators. This gives the solid
prototypical charge fluctuations described by a single plasmon-like
mode at a frequency w,, which can be adjusted by tuning the mass of
the Drude particle. While the Drude modelisacrude representation for
arealistic plasmon and its dispersion behaviour, it allows usto capture
the essential physics sinceits principal mode canbe tuned to overlapin
frequency withthe water’s surfaceresponse (Fig. 2b), thereby control-
ling the degree of dynamical coupling between the solid and the liquid.
AsseeninFig.2c,asw,approaches the THzregime from above, the total
solid-liquid friction increases from its ‘classical’ surface-roughness
value A : this extra contributionis the fluctuation-induced (quantum)
friction A, (refs. 7,8). Momentum transfer from the liquid to the solid
istherefore enhanced by matching the frequencies of their respective
charge fluctuations.

We then performed non-equilibrium molecular dynamics simu-
lations with a pressure gradient applied to fluid A and measured the
resulting non-equilibrium steady-state flow velocities in both fluids
A and B. In the absence of Drude oscillators, no induced flow in fluid
Bcould be measured for a solid thicker than a single layer, in line with
our prediction in equations (2) and (3). However, when the Drude
frequency was set in the range of water’s Debye modes, we observed
alargeinduced flow even through much thicker solids, up to N =7 lay-
ers (Fig. 2d). For example, v; = 0.1v, for a 2-nm-thick (N =7) solid with
w,=0.1THz and relaxation rate y =107 THz. The induced velocity v,
scaled linearly with the driven velocity v, in the investigated range
(Fig. 2d).

Our simulations thus reveal that the coupling to the solid’s charge
fluctuation modes does not simply take momentum away from fluid A
through friction. Momentum is in fact accumulated in those modes,
and part of it is transmitted to fluid B, resulting in flow tunnelling. The

amount of momentum accumulationis sensitive to the relaxation rate
y, with faster relaxation leading to weaker flow tunnelling (Fig. 2e).
While in our simulations, the Drude particles themselves do not flow,
in areal solid, there would be propagation of both collective plas-
mons and single electrons. The latter would induce an electric current
parallel to the surface, akin to the Coulomb drag phenomenon®. We
finally note that the momentum transfer is measured to beimportant
despite the fluid flow being transverse to the direction of momentum
transfer across the layers, a point further confirmed by the theoretical
modelling.

Many-body quantum theory of flow tunnelling
Guided by the simulationresults, we now develop a theory of flow tun-
nelling through an active solid. Within our formally quantum picture,
flow tunnelling through a passive solid amounted to coherent hydron
transport between the two fluids—it was therefore described by aLan-
dauer formula. The active solid now plays the role of a‘junction’ placed
between the two hydron reservoirs (the fluids). As highlighted by the
strong dependence of the simulation results on the relaxation param-
etery, thehydrontransport through thisjunction cannot be considered
coherent, and its description therefore requires going beyond the
Landauer formalism. To account for decoherence, we model the solid
byalayeredstructurein our simulations. The hydrons are transported
coherently between the layers, but they can undergo inelastic scatter-
ing (thatis, decoherence) within each of the layers. Technically, we use
the Keldysh formalism of perturbation theory, which has proventobe
an asset in the study of non-equilibrium solid-liquid systems™. Our
computation is fully detailed in Supplementary Sections IlI-V; here
we outline the main steps.

The system is described in terms of the fluctuating charge densi-
ties n(r, t) of both the liquid slabs and the solid layers. It is governed
by the Hamiltonian comprising all Coulomb interactions: between
the water and the solid, between the two water slabs and between the
different solid layers. To keep the computations tractable, we assume
that a solid layer interacts only with its nearest neighbours (Fig. 3a).
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Fig.2|Molecular simulations of flow tunnelling. a, Schematic representation
ofthe system simulated with Drude oscillators, used as a classical proxy for the
quantum electron dynamics. b, The surface excitation spectra as measured in
simulations of each componentinan N =3 system: water slab A4, each solid layer
and water slab B going from top to bottom. Here the wavevector is ¢, =2.5nm™
and the Drude frequency is w, = 0.5 THz. The vertical lines indicate the other
tested frequencies for the Drude oscillators. ¢, The total solid-liquid friction
corresponding to the different Drude frequencies w, chosen for a system with

N =3, compared with the result for a single water slab on a single graphene sheet

Number of layers

inref. 8. The similarity of the results indicates that the friction is essentially
determined by the interaction with the first solid layer. d, Induced velocity
through N =3 layers of solid v, versus imposed velocity v, for the different Drude
frequencies w,, and fixed relaxation rate y =10~ THz. e, Tunnelling efficiency
vg/v, as afunction of the number of layers N for different relaxation rates y and
fixed Drude frequency w, = 0.5 THz (in blue) and through a passive solid (in
grey). From our simulations, the standard error was obtained from splitting the
trajectory into at least three blocks.

Our goalis to evaluate the average Coulomb force exerted by the Nth
solid layer on the fluid slab B, in the non-equilibrium state where fluid
Aflowsatvelocity v,

Fap = / Aty dr gyt OVt — 1)t 1), @

where ryand rare the spatial coordinates in layer N and fluid slab B,
respectively, and Vis the Coulomb potential. To this end, we formally
quantize the charge densities as free Gaussian fields—this is an approxi-
mation that amounts to neglecting interactions between excitations.
The liquid and the solid are then fully characterized by their charge
density correlation functions, which can be evaluated starting from the
microscopic model of one’s choice. In the following, we will describe
the solid by the correlation function of the Drude oscillator model,
to allow for direct comparison with the simulations. However, one
could model each solid layer as a two-dimensional electron gas with
appropriate electron-electron and electron-phonon interactions
(accounting for decoherence), so as to describe realistic solid-state
systems that cannot be treated classically, such as few-layer transition
metal dichalcogenides or MXenes.

Themodel definedinthis wayisin factintegrable (the Hamiltonian
isquadraticin the charge densities), so that the non-equilibrium state
ofthe system canbe determined exactly using the Keldysh formalism.
In practice, we perturbatively expand the average in equation (4) in
powers of the Coulomb interaction and exactly resum the infinitely
many terms of this expansion. The basic building blocks of the expan-
sionarethesurfaceresponse functions gof each of the water slabs and
solid layers. These are appropriately normalized charge density cor-
relation functions: g(q, ) ~ Volngn_q),,, where V, = €%/(2¢,q) is the
Fourier-transformed Coulomb potential and n, are charge density

operators. Precise definitions of these quantities are givenin Supple-
mentary Section I1.C. In the Keldysh formalism, these correlation
functions possess three components (g, g* and g*), corresponding to
different time orderings of the operators. In the non-interacting equi-
librium state, the Drude response function of asolid layer is

2
R » ®
eq, Drude w?) - 0?2 - 2iyw '

and the water surface response function is modelled, following ref. 7,
as asum of two Debye peaks:

ggq, Water Z f[(q) (6)

51— iw/wp

Thevalues of the parameters and expressions of the functions f(q) are
giveninSupplementary SectionIV. Theimposed flowin the fluid A and
the induced flow in the fluid B are described, as before, by a Doppler
shift in the non-equilibrium water surface response function versus
its equilibrium expression: g(q, ) = g.,(q, @ — q - v, 5). The expansion
proceeds in two steps. First, the non-equilibrium response functions
ofthe Nsolid layers are determined by solving a series of Dyson equa-
tions, accounting for the inter-layer coupling via the electrostatic
interactions and decoherence process throughout the solid. These
equations have a very simple diagrammatic representation (Fig. 3b)—
since the Hamiltonian is quadratic in the density operators—and they
arealgebraicin Fourier space. For example, the renormalization of the
layer i +1 by the layer i for the retarded component is given by
gR, =gl +g't9gRgR  andthe expression for the Keldysh compo-
nentis given in Supplementary Section IIl.D. Then, the expansion of
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Fig.3| Quantum theory of flow tunnelling. a, Diagram representing the
momentum fluxes in the liquid-solid-liquid system. Momentum can be
transferred from fluid A to fluid B sequentially through the Nsolid layers, or
through direct hydron tunnelling if the solid is thin. The processes that dissipate
momentum are represented by the horizontal arrows. b, Dyson equation for the
surface response function of layer a renormalized by the interactions with layer
b.Athinline represents a bare response function (in blue for @ and gold for b),
while the black thick lines represent the renormalized response function of a.

Number of layers Drude frequency (THz)

¢, Tunnelling efficiency vy/v, as a function of the number of layers for different
Drude frequencies w, and a relaxation rate of y = 10 THz. Top: simulation

data. From our simulations, the standard error was obtained from splitting the
trajectory into at least three blocks. Bottom: theoretical prediction. d, Tunnelling
efficiency v,/v, (top) as afunction of the Drude frequency w, for arelaxation

rate of y=10"THz. There is an optimal Drude frequency because of the trade-

off between the two quantities plotted at the bottom: the quantum friction
coefficient (in blue) and the hydron mean free path inside the solid (in gold).

equation (4) is carried outin terms of those response functions, yield-
ing the force acting on the B fluid across the N layers of material:

o — [ 29 rayTup(@) - @) ?
(2m)

with

do Imlgk@.)1g8@. o)

. * 8
4im |1_gaR(q’(‘))gﬁ(q’w)|2 ( )

Tab(q) =

Equations (7) and (8) are our main theoretical result, which has general
validity beyond the particular Drude model of the solid that we have
consideredsofar.Itisafar-from-equilibriumgeneralization of quantum
friction’, which echoes the Landauer formulain equation (1). For true
interactingelectrons, our resultis valid at the level of a self-consistent
Hartree approximation. F,; depends on both v, and vz and can be
expanded tolinear orderin these velocities, defining two friction coef-
ficients: Fyp/A = A4riveVa —AqVs - The coefficient Ay is the
fluctuation-induced (quantum) friction coefficient between the fluid
slab B and the Nth solid layer at equilibrium. The coefficient A4;e
accounts for the ‘remote drag’ exerted by fluid A on fluid B—its expres-
sionis cumbersome (Supplementary Section V), but we providein the
following ascaling estimate that allows us to draw practical conclusions.

Physically, the solid gives momentumto the liquid but then takes
some of it back through quantum friction. Fluid Bis also subject to an
additional force owing to direct hydron tunnelling (A,,,) if the solid is
thin, and to the classical roughness-based friction (1) on the Nth layer.
Momentum conservation thenimposes

Adrive + Ann

. 9
/1qf + /lcl + Ahh Va ( )

VB=

Equation (9) isour theoretical prediction for the flow tunnelling effect.
In Fig. 3¢, we compare the theoretical predictions against simulation
results. Given the simplifying assumptions in the theoretical model
(thatis, nearest-neighbour interactions between graphene layers,
andaharmonicapproximation for water’s dielectric fluctuations), the
agreement is remarkable and suggests that equation (9) captures the
essential physics of the flow tunnelling effect.

Conditions for optimal flow tunnelling

Having established a theoretical framework, we may now assess the
preciserole of the solid’s electronic properties in determining the range
of flow tunnelling. Figure 3d shows the prediction for the tunnelling
efficiency vy/v,asafunction of the Drude plasmonfrequency w,, at fixed
y =107 THz. Interestingly, it exhibits amaximumat w,-0.3 THz where
the Drude frequency is in resonance with the water Debye frequency
(Fig. 2b). Moreover, we observe that at small w,, the flow tunnelling
efficiency decreases withanincreasing number of solid layers N, while
atlarge w,, itisnearly independent of Nfor N< 7.

These features can be understood if flow tunnelling is represented
asthetransmission of discrete excitations—hydrons—between fluid A
and fluid B. In equation (9), the friction coefficient Ay;,. is effectively
the rate at which the solid injects momentum-carrying hydrons into
fluid B. Hydrons are injected into the solid from fluid A with arate A.
However, they only reach fluid Bif they are not scattered during their
residence time rinside the solid, which happens atarate y. If the solid
ismoderately thin, hydrons reach the opposite boundary quickly, and
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ris the time it takes for a hydron to exit into fluid B: 7 ~ 75 ~ )lgfl. For
thicker solids, most hydrons get scattered on their way from A to Bso
that 7 =< N, and we may define amean free path £ according to yr = d/¢.
Altogether (and assuming N > 1sothat A, can be neglected), we obtain
anasymptotic expression for the tunnelling efficiency, valid for thick
solids:
Vs At rgeaie)
Uy ~ Aqf + /15| € ’ (10)
with yand £both depending onthe Drude frequency w, and relaxation
ratey.For thinsolids (small N, as in our simulations), we obtain amore
accurate scaling expression that accounts for the discreteness of the
layers (Supplementary Section V.D), but the datais still well described
by equation (10) (Supplementary Fig. 6f). Within the Drude model of
the solid, A is a strictly decreasing function of w,, (Fig. 3d): hydron
injection into the solid is most efficient for lower Drude frequencies.
However, the hydron mean free path is shorter for lower w, (Fig. 3d):
lower frequency modes take longer to transmit their excitations to the
next layer. The thicker the solid, the more flow tunnelling is favoured
by higher plasmon frequencies. This trade-off between hydron injec-
tion rate and mean free path accounts for the ‘resonant’, bell-shaped
dependence of the tunnelling efficiency on w,.

Going further, theresultin equation (10) allows us to draw general
conclusionsregarding the range of flow tunnelling. Thisrange is limited
by thescattering rate y of excitations inside the solid: flow canin principle
tunnel through anarbitrarily thick solid if there is no dissipationinside.
This is never the case in practice, and no tunnelling is observed if the
solid is thicker than a few times the mean free path . For d 2 ¢, the tun-
nelling efficiency decreases exponentially with d (Fig. 3c at low @,): the
hydron transport is diffusive. However, the mean free path can some-
times become very large (Fig. 3d atlarge w,). Then, it is realistic to have
d < ¢, and the hydron transport becomes ballistic. The tunnelling
efficiency is then limited by the solid-liquid crossing time 7, ~ Aq‘flz
hydrons are scattered as they wait in the solid to cross into fluid B.
vg/v,isthenindependent of d as seenin Fig. 3d at high Drude frequencies.
But in both the diffusive and the ballistic regimes, the tunnelling effi-
ciency is ultimately determined by comparing the residence time of an
excitationinside the solid toitsinelastic scattering (or dephasing) rate.

We have thusidentified the three qualitative determinants of flow
tunnelling: hydroninjection rate, hydron mean free path #and hydron
exit rate T;l, which combine to predict the tunnelling efficiency in
equation (10). We may now discuss the possibility of flow tunnelling in
arealistic solid-liquid system—such as two slabs of water separated by
agraphene multilayer—based on these three ingredients. Within our
model, the hydron injection rate is set by the quantum friction coef-
ficient A, However, thisignores electron-phonon couplinginthesolid
and the resulting phonon drag effect'®, which effectively replaces A,
by ~A, in equation (10). Because the electron-phonon and electron-
hydron scattering rates typically have similar values', we further
expect yt, ~1. Therefore, the one key determinant of the tunnelling
efficiency is in fact the hydron mean free path, for which our theory
may provide a quantitative estimate (Supplementary Section V.D): in
the Drude model framework, we find the phenomenological scaling
¢ ~ £oy/ Wp/y, Wwith &,=0.26 nm. Ignoring dispersion effects, the gra-
phene plasmon mode may be approximately described by w, =100 THz
andy=0.6 THz(ref. 34), yielding £ = 4 nm. We note that thisis likely an
underestimation, asitignores electron transport perpendicular to the
graphenelayers. Overall, we may expect non-negligible flow tunnelling
through a10-nm-thick graphene wall, which can be readily obtained
in nanofluidic systems using, for example, van der Waals assembly.

Conclusion
Using a combination of many-body quantum theory and molecular
simulations, we have shown that the flow of one liquid can induce the

flow of another liquid through a solid wall of nanoscale thickness—a
phenomenontermed ‘flow tunnelling’. Classical hydrodynamics have
so far been found to hold surprisingly well down to 1 nm wide chan-
nels. Our predictionimplies that, in systems of multiple channels, the
classical framework of hydrodynamics may qualitatively break downiif
the walls separating the channels are thinner than ~10 nm. The physical
origin of this breakdown lies in the coupling of the liquid charge fluctua-
tions to the solid wall’s electronic excitations. Beyond the fundamental
importance of flow tunnelling as an effect beyond hydrodynamics, this
propertyisexpected tobeat play inglobal transport across nanoscale
fluidic networks, in particular across membranes made of lamellar
materials suchas graphene oxides or MXenes**°, Flow tunnelling is also
anew and promising lever for manipulating liquids at the nanoscale
viatheirdielectricspectrum, and not based on the nature and charac-
teristics of individual molecules.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41565-024-01842-8.
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