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Anomalous friction of supercooled glycerol
on mica

Mathieu Lizée 1 , Baptiste Coquinot 1, Guilhem Mariette 1,
Alessandro Siria 1 & Lydéric Bocquet 1

Although friction of liquids on solid surfaces is traditionally linked to wett-
ability, recentworks have unveiled the role of the solid’s internal excitations on
interfacial dissipation. In order to directly evidence such couplings, we take
advantage of the considerable variation of the molecular timescales of
supercooled glycerol under mild change of temperature to explore how fric-
tion depends on the liquid’s molecular dynamics. Using a dedicated tuning-
fork AFM, we measure the slippage of glycerol on mica. We report a 100 fold
increase of slip length upon cooling, while liquid-solid friction exhibits a linear
scaling withmolecular relaxation rate at high temperature. This scaling can be
explained by a contribution of mica’s phonons which resonate with density
fluctuations in the liquid, allowing efficientmomentum transfer tomica. These
results suggest that engineering phononic spectra of materials could enhance
flow performance in nanofluidic channels and industrially relevant
membranes.

Solid-liquid friction is usually accounted for by the hydrodynamic slip
length, defined as the ratio between the bulk viscosity of the fluid and
the solid-liquid friction coefficient. The topic has been the subject of
many investigations1,2 based on a considerable body of experimental
and theoretical work and it is now established that interfacial friction is
determined to a large extent by surface energy, with slippage being
promoted by hydrophobicity1. However, this picture is incomplete and
fails to explain some experimental measurements on liquid–solid
friction. In particular, it is insufficient to account for the radius-
dependent and ultra-low friction observed in carbon nanotubes and
graphene-based nanochannels3–6, as well as the difference of friction
inside nanotubes versus flat graphite7. Recently, and beyond the pic-
ture of an inert wall, the role of solid dynamics on interfacial friction
was put forward. Numerical simulations revealed indeed that
mechanical fluctuations of the confining wall do affect wetting, slip-
page and diffusive transport inside the liquid8–10, while, conversely,
several experiments have showna strong influenceof adsorbed liquids
on the band structure and lifetime of phonons in the underlying
solid11,12. But even more counterintuitively, the couplings of electronic
—plasmon-like—excitations in metals with the collective charge fluc-
tuations in liquids were shown to generate strong fluctuation-induced

contributions to friction13,14. This electronic friction explains the
peculiar radius dependency of liquid slippage in carbon nanotubes4,13

and the anomalous electron cooling of graphene in contact with
water15. Reversly, it was reported that liquid friction can induce elec-
tronic currents in graphene. This measurement demonstrates a
momentum transfer from liquid flows to electrons which is believed to
be mediated by acoustic phonons16–18. Interestingly, the emergence of
couplings between the liquid fluctuations and the solid (electronic or
phononic) excitations is reminiscent of the longstanding quest for
electronic and phononic contributions to solid-on-solid friction.
Recently, these dissipation channels were elegantly disentangled by
showing a strong drop of non-contact friction at the superconducting
transition of Nb thin films19. Independently, solid friction on graphene/
mica substrates was shown to be enhanced by an intercalated water
layer20, via a broadening of the phonon spectrum of graphene by
water. How these concepts extend to liquid–solid friction remains
largely unknown, and despite first hints, the role of solid-state excita-
tions—either phononic or electronic—on liquid-solid friction has never
been measured directly and remains elusive. Such a tunable picture of
the interface opens countless possibilities for nanoscale flow engi-
neering via the controlled electronic properties of the channel’s wall18.
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In this study, we address this question from a reversed per-
spective: instead of studying liquid friction on a variety of solids with
different phononic or electronic properties, we rather vary the
excitation spectrum of the liquid. To this end, we leverage the
dynamical slowdown of supercooled liquids whose molecular time-
scale typically follows the Vogel–Fulcher–Tammann law: τ /
expðEa=kBðT � Tg ÞÞ above their glass transition temperature Tg (here
Ea is an activation energy—see SI Section I for details). For con-
venience, we use pure glycerol, which is supercooled close to room
temperature. Cooling by a few tens of Kelvins causes a drastic red-
shift of glycerol’s spectral modes, as measured previously in
mechanical and dielectric spectroscopy21–23. Although a few experi-
mental groups have reported temperature-dependent slippage
measurements in aqueous electrolytes24, polymers25, or oils26, we are
not aware of any measurements for supercooled molecular liquids
on flat surfaces. Exploring how the frequency shift in supercooled
liquids molecular dynamics affects liquid–solid friction is the main
objective of this experimental study.

Accordingly, we investigate the surface dynamics of supercooled
glycerol on mica surfaces, in a range of temperature 0–35 °C, corre-
sponding to a 10% change in absolute temperature. The cleaved (001)
surface of muscovite mica has a honeycomb structure, with a mole-
cularly smooth corrugation27. This atomic smoothness makes mica a
sample of choice for surface force investigations of liquid interfaces,
evidencing, e.g. a signature molecular structuration of the liquid.
Interestingly, a no-slip condition (corresponding to an immeasurably
high friction) was reported for various fluids on mica, in spite of the
atomic smoothness of the interface7,28. Here we specifically designed a
tuning-fork-based atomic force microscope (AFM) system allowing us
tomeasure the slip length of glycerol, with nanometric resolution, as a
function of temperature.

We will then put our experimental results into perspective with
predictions of molecular dynamics (MD) simulations of model super-
cooled liquids. These simulations suggest an increased slippage in the
supercooled regime of water, ethanol29, or binary Lennard–Jones
liquids30, by a factor up to 5whendecreasing temperature. The authors
further reported a decrease of friction as temperature increases, in
agreement with an activated rate process for which enhanced thermal
agitation accelerates liquid dynamics, thus reducing friction. Inter-
estingly, however, these simulations use frozen walls and neither
consider the internal degrees of freedom of the solids, nor their

couplings to the liquid. These numerical results thus act as benchmark
predictions for surface friction without the solid internal dynamics.

Results
Ourmeasurements of liquid–solid friction are basedonan axi-symetric
flow between an AFM tip and amica surface, as sketched in Fig. 1a–c. A
tungsten tip of micrometric diameter is glued on the quartz tuning
fork and immersed in a glycerol droplet placed on a freshly cleaved
mica surface. The prong is excited at its resonant frequency of roughly
30 kHz with a piezo dither, leading to a vertical oscillatory motion of
the tip. The tuning fork’s oscillation signal is measured with a trans-
impedance preamplifier (FEMTO DLPCA-200). This signal is then
directed to a phase-locked-loop (Nanonis Mimea) which keeps the
phase to zero and the system at resonance (cf. inset of Fig. 1a) and
monitor the excitation voltage to maintain a constant nanometric
amplitude (a = 3 nm).

The drainage flow between the tip and mica induces forces that
cause a slight change of the resonance curve: elastic forces that are in
phase with displacement, shift the fork’s resonance frequency by δf.
On the other hand, viscous friction damps the oscillation. As the tip
approaches the surface, the quality factor is reducedwith respect to its
long-distance value (Q ~ 100). This additional damping is compensated
by an increase of the piezo excitation (E) to maintain the constant
oscillation amplitude a. With this measurement scheme, we obtain the
complexmechanical impedanceZof the confined liquid at 30 kHz31 (cf.
Fig. 1c):

Z 0 + iZ 00 =2Keff
δf
f 0

+ i
Keff

Q0

E
E0

� 1
� �

ð1Þ

where Keff is the effective oscillator’s stiffness, f0, Q0 and E0 are,
respectively, the free frequency, free quality factor and free excitation
voltage. We stress that the very high stiffness ( ≈ 40 kN) of this system
makes it very robust with respect to strong forces that typically cause
the tip to snap-in to the surface in AFM experiments. Moreover,
ensuring that only the very end of the tip is in glycerol yields an
excellent quality factor and thus an exquisite resolution on Z.

The mechanical contact between the AFM probe and the mica
surface is detected as a divergence of the frequency shift δf (contact
stiffness) shown in Fig. 1d. Further examples are shown in the SI-fig-
ure S3, illustrating that the discontinuity in the frequency-shift signal is

Mica
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droplet

Quartz 
tuning fork

XYZ scanner

Peltier 
cooler

Tungsten tip

Vacuum chamber 
P=1mbar

Piezo dither c

b

d ea

Fig. 1 | AFMslippagemeasurement. a Schematics of the tuning fork AFM system,
with a typical resonance curve on (b). In (c), we sketch the drainage flow between
the micrometric tungsten tip and the mica surface. If we extrapolate linearly the
velocity profile in the solid. It vanishes at a non-zero distance from the wall: the
slip length. The no-slip boundary condition (b = 0) thus corresponds to a zero
velocity at the surface. On the other hand, a perfect slip boundary condition (zero
friction) is equivalent to a vanishing of the stress at the interface. The AFM system
allows to extract the complex mechanical impedance of the contact at 30 kHz

Z =Z 0 +Z 00 for a given sphere-plane distance D. d Elastic response Z 0 of the con-
fined liquid. The inset shows a zoom on the mechanical contact where the phase
regulation is suddenly lost and the frequency shift saturates at −1 kHz. This dis-
continuity allows us to determine the position of the mechanical contact (D = 0)
with nanometric resolution. e Typical approach curve at room temperature (blue)
showing the dissipation increasing as more energy is lost to the confined viscous
flow. In orange, we show the inverse dissipative impedance 1/Z″ versus sphere-
plane distance D.
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measured in a systematic and perfectly reproducible manner. This
divergence reliably provides the origin of the x-axis (D =0) with
nanometric resolution. In Fig. 1e, we further plot the excitation E and
inverse dissipative impedance 1/Z″ as functions of the sphere-plane
distance D in an approach curve measured at room temperature.

The mica sample is placed on a Peltier element allowing to control
its temperature. To avoid any condensation of water in the glycerol at
the lowest temperatures, we place the whole system in a vacuum
chamber under a pressure of 1 mbar, above the vapor pressure of gly-
cerol but below that of water. The chamber can also be filled with dry
nitrogen and the pumps turned off during measurements to decrease
the mechanical noise level. All curves presented here have been mea-
sured with the same tip of 6.5 μm radius (see SEM image in Fig. S5a),
immersed in the droplet for several weeks. Below its melting tempera-
ture TM = 18 °C, glycerol is in the supercooled regime and its viscosity
increases continuously over a dozen orders of magnitude when
approaching the glass transition at Tg ~−87 °C

22,32. We used a cone-plane
rheometer to assess thepurityofour glycerol and found its viscosity is in
excellent agreement with the literature33, showing that our water con-
tamination level is inferior to 0.5% in mass (cf. Section I.A in SI). Mea-
surements of the complex shearmodulus at 30 kHz show that glycerol’s
visco-elasticity is negligible for T >0 °C (cf. Section I.A in SI). In other
words, hydrodynamic and molecular timescales are well separated.

In the presence of a slip length b at the surface and in the sphere-
plane geometry, the dissipative mechanical impedance, Z″ is reduced
with respect to the no-slip case and takes the Reynolds form at long
distance34

Z 00
Reynolds = ImðZ Þ= 6πR2ηω

D+ b
, ð2Þ

where 1/Z″ is a straight line. Note that we assume a no-slip boundary
condition for the relatively rough tungsten tip. At short distances,
D ≤ b, 1/Z″ deviates from linearity as slippage induces strong deviations
from the Reynolds equation and a more general formula is needed.

Z 00 =
6πR2ηω

D
f *

b
D

� �
ð3Þ

The expression for f* was previously derived in the literature34,35 (cf.
Section II.A in SI) and is used to fit our approach curves in a systematic
way.Weneglect the elastic deformations of the solid surface leading to
elasto-hydrodynamic corrections, as mica does not deform under the
flow in present conditions (cf. Section II.C in SI).

Let us first examine the high-temperature regime (here, close to
room temperature). As shown in Fig. 2e, the experimental results are in
very good agreement with the usual Reynolds prediction in Eq. (2): the
1/Z″ versusD line crosses the x-axis close toD =0, showing that the slip
length b is vanishingly small.

Now, as the temperature decreases from 30 °C down to 1 °C, one
observes that the general shape of the curves for 1/Z″ versus D slightly
change and the standardReynolds expression in Eq. (2) is not sufficient
to describe the dissipation for lower temperatures. However, the
generalizedprediction in Eq. (3) is shown tobe in good agreementwith
the experimental data, provided a non-vanishing slip length b is
introduced; see Fig. 2a–e. By fitting the dissipation curves (blue points
in Fig. 2) with Eq. (3) (see details in SI Section II.A), one can accordingly
extract the slip length b over a wide range of temperatures. Themodel
obtained from the fit is then plotted as a black solid line on both the Z″

(blue) and 1/Z″ (orange) points. Clearly, Eq. (3) reproduces very pre-
cisely the distance-dependence of the inverse approach curves 1/Z″.
The error on the slip length from a single fit is of the order of 3 nm for
all temperatures. As a side note, we verified that themeasured value of
the slip length does not depend on the oscillation amplitude of the
sphere, see SI-fig. S4.

Discussion
Gathering results, we plot in Fig. 3a the extracted slip length b as a
function of the glycerol temperature between 0 °C and 35 °C. We
immediately notice a two orders of magnitude increase of slippage
upon cooling with b going from 0-2 nm at 35 °C to ~200 nm at 1 °C. We
emphasize that such behavior is not expected and contrasts with the-
oretical expectations and MD simulations1,30. Indeed, the slip length
b = η/λ of simple liquids is expected to be independent of viscosity1, in
accordance with the few experiments we are aware of34. This is due to
the similar linear dependence on the liquid’s molecular timescale for
surface friction λ on the one hand and viscosity η on the other.
Accordingly, b would be expected here to depend only weakly on
temperature. Such a behavior is indeed observed inMD simulations far
above the glass transition29,30, where an increase atmost by a factor 5 is
measured. In our experiments we do in fact observe a saturation of the
slip length as a function of temperature below 10 °C. However, the
hugedecrease in slip lengthmeasured forT > 10 °Cdefies expectations.

Digging further, we plot the experimental friction coefficient λ(T)
versus temperature on Fig. 3b—see SI Section I for viscosity measure-
ments. The friction coefficient is shown to exhibit a non-monotonous
dependence on temperature, with a minimum around 10 °C and an
increase of λ(T) for T > 10 °C.

It is interesting to compare these observations with existing
measurements of temperature-dependent slippage, which were e.g.
measured with polymer melts25 as well as in simulations29,30,36. In both
cases, the authors reported a very strong increase of slip length upon
cooling, primarily induced by the rise of viscosity. For the friction
coefficient λ = η/b, however, both experiments and simulations
demonstrate a strong drop upon heating. When plotting λ versus 1/T,
an exponential scaling was reported in experiments: λ∼ expðEa=kBTÞ
where Ea is an activation energy of order 0.1 eV (10 kJ/mol)25. This
scaling is indeed that of an activated rate process: as temperature is
increased, tangential diffusion of liquid molecules in the surface’s
corrugated potential is facilitated, leading to a friction drop. Turning
back to our measurements in Fig. 3b, it is now clear that the non-
monotonous dependency of λ on T and especially the increasing ten-
dency above 10 °C is in drastic contrast with such a thermally activated
rate process.

One may also notice that the strong increase of friction with
temperature above 10 °C, may seem disproportionate to the relatively
small variation in thermal energy (~10%). However, even in this mod-
erate temperature range, glycerol dynamics are varied by a factor of
30, in agreement with the drastic increase of viscosity from 0.5 to 12
Pa.s. This is best evidenced in the strong redshift of the characteristic
α-peak of glycerol fα(T) upon cooling; see Supplementary Section I.
Accordingly, inorder to highlight the relationshipbetween frictionand
glycerol dynamics, we convert temperature into the corresponding
frequency fα(T) on the top axis of Fig. 3b. This plot highlights two
regimes: for fα < 34MHz, friction ismeasured to bedecreasingwith the
molecular frequency fα, down to λ0 ~ 20 MPa.s/m. For fα > 34 MHz,
however, the friction coefficient increases with the molecular fre-
quency fα.

Such a behavior has neither been reported experimentally up to
now, nor explained theoretically. It strongly differs from the predic-
tions of MD simulations, with frozen confining walls29,30. One can
explore various possible mechanisms to explain it.

Strain rate dependency and non-linearities
For liquid slippage, non-linearities may take the form of a strain-rate
dependency where the strain rate _γ∼∂zvx is a typical frequency scale
of the flow. Such non-linearities are believed to emerge when micro-
scopic timescales and strain rate are of the same order of magnitude.
In our experiments, the strain rate is not constant during the approach
but we can estimate it roughly as _γ∼ 2πf a=D∼ 10 kHz. We know from
molecular dynamic simulations that both viscosity and friction
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coefficient are constant for _γτ<0:1 where τ is a typical liquid’s relaxa-
tion rate37. In the worst case of T = 0 °C, this criterion yields a critical
shear rate of roughly 100 kHz, more than one order of magnitude
higher than what is reached experimentally. These considerations lead
us to ignore the nonlinear effects caused by strain rate dependency of
the friction coefficient.

Interfacial water
Onemay also consider the possibility thatwater or gas could condense
preferentially at the hydrophilic mica surface. Considering the large
affinity of glycerol with water, we were extremely careful to avoid
water contamination: the 99.9%pureglycerol was deposited on freshly
cleaved mica and immediately pumped down to 1 mbar in the

a
b

T(°C)

b(nm)

Fig. 3 | Interfacial frictionand slip length versus temperature.Allmeasurements
are done in a single experimental run for various temperatures, with the same tip
and on the samemica surface. a Slip length b versus temperaturewith linear (inset)
and log scales (main panel). Error bars correspond to 3 nm. b Resulting interfacial

friction coefficient, defined as λ(T) = η(T)/b(T), versus temperature λ(T). We also
give the liquid’s α-relaxation frequency, fα(T) on the top x-axis. Error bars corre-
spond to a 3 nm error on the slip length. Source data are provided as a Source
Data file.

a b c

d e f

Fig. 2 | Temperature dependent friction. a–f Inverse dissipative impedance 1/Z″ as a function of sphere-plane distance D. The solid lines are fits using Eq. (3) for
T∈ {2.45, 5.8, 9.5, 14.3, 18.6, 30.3}°C (see SI Section II.A for details on the fitting process).
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experimental cell for several days. Still, one can never completely rule
out the possibility that water could condense at the mica surface. In
such a case, this low viscosity lubrication layer at the mica interface
would yield an apparent slippage proportional to the viscosity ratio, as
bapp ~ (ηglycerol/ηwater) × δwater, with δwater the thickness of the inter-
facial water layer38. The experimental results shown in Fig. 3 would
imply a (temperature-dependent) thickness of the water layer in the
range of δwater ~ 10

−2 nm, which is hardly realistic. We thus conclude
that water segregation at the interface can be discarded as an under-
lying mechanism.

Solid internal dynamics and fluctuation-induced dissipation
Putting our experimental results in perspective with the MD simula-
tions of supercooled liquid friction—which report an Arrhenian
behavior29,30 and hence do not account for the non-monotonous
dependence of friction with temperature, one key ingredient which is
missing in the MD modeling is the internal dynamics of the solid. In
contrast, recent MD calculation of liquid–solid friction including
internal degrees of freedom of the solid showed that vibrational cou-
pling may affect the friction coefficient10. It is therefore tempting to
investigate the role of wall internal fluctuations on surface friction.
Fundamentally, liquid friction can be calculated from the fluctuation-
dissipation theorem using the Green-Kubo formula :

λ=
1

AkBT

Z 1

0
dthFxðtÞFxð0Þi ð4Þ

withA the lateral area and Fx is the fluid-solid interaction force. Let us
assume that the fluid-solid interaction is described by an interaction
potential VFS. The surface force can be accordingly rewritten in terms
of the (fluctuating) density distribution in the liquid (nl) and the solid
(ns) as F(t) = ∫drsdrl∇VFS(rs − rl)ns(re, t)nl(rw, t). Considering that fluc-
tuations in the solid and in the liquid are uncorrelated at first order, we
can rewrite the Green–Kubo equation in terms of the interfacial (2D)
structure factors Sðr,r0,t,t0Þ= hnðr,tÞnðr0,t0Þi of the two media. Going to
Fourier space allows us to rewrite the friction coefficient in Eq. (4) as a
function of the angle-averaged dynamical structure factors of the solid
Ss(q,ω) and liquid Sl(q,ω):

λ=
1

8π2kBT

Z 1

0
dqVFSðqÞ2q3

Z 1

0
dωSsðq,ωÞSlðq,ωÞ ð5Þ

Wenowestimate λby identifying the key contributions to the solid and
liquid fluctuation spectra. The full derivation is reported in the SI
Section III and we discuss here the main steps.

Liquid’s structure factor. Spectroscopy measurements of bulk gly-
cerol—in particular dissipative mechanical and electrical impedance
(G″(ω) and ϵ″(ω))22,39,40—show that glycerol exhibits a non-dispersive
Debye-like α-peak at a temperature-dependent frequency
f α ∼ e�Ea=kBðT�Tg Þ, with Tg the glass temperature transition. For the sake
of simplicity and considering the dispersionless nature of the peak, we
define an effective liquid’s structure factor whose frequency depen-
dence is Debye-like:

SlðωÞ=
ωαðTÞ

ωαðTÞ2 +ω2
ð6Þ

We refer to the Supplementary Information for further details
(q dependence, etc.).

Solid’s structure factor. The solid’s structure factor can be separated
into a non-fluctuating (static) part that accounts for static corrugation
and a dynamical part that accounts for internal fluctuations and exci-
tations, Ss = S

static
s + Sdyns . This yields two complementary contributions

to friction: λ = λstatic + λdyn. The solid’s static structure factor (ω =0) that
accounts for roughness is strongly peaked at the reciprocal lattice
typical wavevector qmax

s ≈ 2π
σs

with σs a typical mica molecular length
scale, so that

Sstats ðq,ωÞ≈usρsq
max
s δ q� qmax

s

� �
δðωÞ ð7Þ

where ρs ≈ 1=σ
2
s is the atomic density on the interacting layer, us is the

amplitude of the roughness and δ the Dirac distribution. This simple
expression for Sstats reduces themolecular structure to the first peak in
the liquid structure close to the surface, a feature which is the main
contribution to the roughness-induced friction, see ref. 41. In the
frequency domain, this static contribution is peaked at zero frequency.
On the other hand, the dynamical part of the fluctuations spectrum,
Sdyns , accounts for the internal excitations. As an insulator, mica does
not exhibit low-energy electronic excitations, but phonon modes of
mica were measured by Brillouin scattering42. Keeping the description
as simple as possible, wemodel the dynamical structure factor of mica
using one single acoustic phonon branch as

Sdyns ðq,ωÞ � Sphðq,ωÞ=π
Tρs

mc2
δðω±q � cÞ ð8Þ

which is delta-peaked at the dispersion relation. Considering the
aforementioned Brillouin scattering experiments, we estimate the
sound velocity to be of the order of c ≈ 103 m/s42 while mica’s lattice
parameter is in the nanometer range43.

Frequency scalings and discussion. Using these expressions for the
spectra in Eq. (5), one can calculate the ’static’ (corrugation induced)
and ’dynamic’ (solid fluctuation induced) contributions to the friction
coefficient. Note that for the sake of simplicity and in order to proceed
with calculations, weused a simple Lennard-Jones interactionpotential
for the fluid-solid interaction to obtain analytical estimates, although
themainqualitative results donotdependon this hypothesis.We leave
the detailed derivation in the Supplementary Information. A key pre-
diction emerging from this calculation is that the friction coefficient is
found to obey a simple functional dependence on the liquidmolecular
dynamics—characterized by its α-peak frequency fα—in the general
form

λð f αÞ=
λ0
2

f c
f α

+
f α
f c

� �
ð9Þ

with the two terms originating in the ’static’ and ’dynamic’ contribu-
tions to the interfacial friction, respectively. The expressions for λ0 and
fc as a function of the molecular parameters are provided in Supple-
mentary Information.

As shown in Fig. 4, the prediction in Eq. (9) is in good agreement
with the experimental data for the friction coefficient and its functional
dependence on the molecular dynamics via fα(T). The fit yields the
values fc≈ 33.9MHz as the threshold frequency and λ0≃ 25.6 ⋅ 106 N.m/s.
The scaling for the first (static) contribution, λstat∝ 1/fα, is expected for
the frictionon solidswith a static roughness since the friction coefficient
in this regime is merely proportional to the fluid relaxation time-scale,
hence as 1/fα(T), in agreement with previous calculations1. This is con-
sistent with the measured slip length being independent of the tem-
perature for T < 10 °C, see Fig. 3a. In this regime, as sketched in Fig. 4b,
the structure factors overlap is dominated by the solid’s static corru-
gation at zero frequency, the influence of mica’s phonons is thus neg-
ligible. At fast relaxation rates however, the scaling of the dynamical
contribution to friction λdyn(T)∝ fα(T) contradicts the Arrhenius picture
and stems from the high overlap of liquid’s structure factor Slwith solid
excitations Sdyns . The sketch of Fig. 4b highlights this crossover: above
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fc ~ 34 MHz, the liquid’s coupling with mica’s phonons dominates that
with the static corrugation at 0 Hz.

Altogether, the low and high-temperature regimes highlighted in
the experimental data can therefore be interpreted as, respectively,
the static (corrugation-induced) and dynamic (due to internal solid
fluctuations) contributions to hydrodynamic friction. The cross-over
between the two regimes occurs at a characteristic frequency fc, which
separates the static and dynamic frictional regimes.

The description therefore captures the main features of the
experiments. However, we mention that estimating more quantita-
tively the measured values for λ0 and fc (see above) on the basis on
their predicted molecular expressions—as reported in the Supple-
mentary Informations—is difficult because the latter depend very
sensitively on various molecular details. It would also require to go
beyond the simple theoretical description of the liquid and solid
spectra, as well as the simplistic (Lennard-Jones type) molecular
interactions that we use here. More fundamentally, the dynamics of
supercooled liquids close to surfaces was shown to be strongly affec-
ted by surfaces, with drastic change of relaxation time-scales
depending on the wall roughness44,45. This interfacial effect may
affect the quantitative estimate of fc by orders of magnitudes, but it
remains difficult to predict quantitatively. Hence we leave a full
quantitative analysis for future work using proper molecular simula-
tions and keep here our discussion to a qualitative—scaling—analysis
which reproduces the main features of the experimental results.

As a last comment, the interfacial friction coefficient λ0 onmica is
measured to be very large (in the tens of MN.m/s), and only a viscous

fluid—like glycerol here—could exhibit slippage on a surface with such
high friction. This is consistent with the no slip boundary condition
previously measured for water and OMCTS on mica7,28.

In this work, we introduced a tuning-fork-based AFM optimized
for liquid–solid friction measurement in a wide range of viscosity and
temperature, both in vacuum and in a controlled atmosphere. We use
this new system to explore the temperature-dependent slippage of
supercooled glycerol on mica, hence providing an unprecedented
insight into interfacial friction versus liquid’s bulk dynamics. We not
only evidence a massive increase of the slip length with decreasing
temperature, but more unexpectedly a non-monotonous dependency
of the friction coefficient on the liquid’s relaxation rate.

In the low molecular frequency (fα→0) limit, we show that liquid
friction decreases as 1/fα, in good agreement with theoretical predic-
tions for a frozen wall. On the other hand, above the threshold fre-
quency fc ~ 34MHz, λ is found to scale linearly with fα. We propose that
a fluctuation-induced dissipation associated with the solid internal
modes adds up to the corrugated-potential contribution. As liquid
modes are blue shifted upon heating, they couplemore efficientlywith
mica’s phonons, which eventually overthrow the static corrugation
contribution. Our theoretical analysis reproduces nicely the crossover
between these static and dynamic frictional regimes, although a
completely quantitative prediction is out of reach at this point. This
picture echoes several recent works on friction and heat
transfer8,10,13,15,16, demonstrating that electronic and phononic excita-
tions play a key role at liquid interfaces. Interestingly, internal wall
dynamics are often omitted inmolecular dynamics studies, our results
show that they should in fact be given special attention29,30.

On experimental grounds, the dynamical friction we demonstrate
here offers a new tuning knob for liquid-friction control. In recent
years, the careful engineering of phonon and electron band structures
has become instrumental in the design of new thermoelectric mate-
rials. This could readily be applied to the specific engineering of
liquid–solid interface properties, e.g. friction, thermal conduction or
even mechano-electric energy conversion.

Methods
Materials
Glycerol was purchased from Sigma Aldrich. We verified by
temperature-dependent viscosity measurements in a cone-plane rhe-
ometer that its purity was above 99.5% (see Supplementary Informa-
tion). Muscovite mica disks were cleaved with scotch tape a few
seconds only before the glycerol droplet was deposited on the surface
and the vacuum chamber was pumped down to the mbar range.

Experimental setup
The quartz tuning fork was purchased from RadioSpare and removed
from its vacuum casing. A tungsten wire was glued with silver paste on
the lower prong of the fork before it was etched between two liquid
meniscii (2 M KOH solution) under a voltage drop of approximately 15
V. To ensure a spherical end, the tungsten tip was subsequently re-
etched by applying the voltage drop between the wire itself and a
single KOH meniscus. The tuning fork was then placed in a vacuum
chamber on a 3 axis piezo-scanner having a 9 μm range (micro Tritor
fromPiezoJena). The scanner itself was placed on 3 axis inertialmotors
having centimetric range but nanometric steps (Mechonics). Finally,
the mica sample was placed on a temperature-controlled sample
holder, thermally connected to a Peltier element able to pump heat
towards a heavy copper heatsink. A long working distancemicroscope
was used for the initial coarse positioning of the tip on the sample.

Environmental conditions
Right after the glycerol droplet was deposited on freshly cleavedmica,
the vacuumchamberwaspumped down to 1mbar for several hours. In
order to reduce themechanical noise level, the chamberwas thenfilled

Fig. 4 | Evidence of dynamical friction. a We plot the experimental values of the
solid–liquid friction coefficient, λ(T), versus the (temperature-dependent) fre-
quencyof theα-peak, fα(T). The solid line is the theoretical prediction in Eq. (9). The
fit to the experimental data yields λ0 = 25.6 × 106 N s/m3 and fc = 33.9MHz. b Sketch
of the underlying physical mechanisms, highlighting an increased dynamical dis-
sipation when the fluid spectrum overlaps the solid internal spectrum. The liquid
spectrum is described as a temperature-dependent Debye spectrum, with fre-
quency fα(T); cf Eq. (6). For the solid (black lines), the Dirac peak at zero frequency
accounts for the static roughness of the solid, while the peak at fS, characteristic of
the solid excitations, is associated with the dynamical solid fluctuations. It is here
modeled as a phonon spectrum; cf Eq. (8). The liquid-solid friction given by Eq. (5)
depends on the overlap between the liquid and solid structure factors. Source data
are provided as a Source Data file.
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with nitrogen, and the pumps were turned off before the tip was
approached to the sample.

Drainage flow measurements
The quartz tuning fork was excited mechanically by a piezo dither
(Thorlabs) glued on the metallic holder. The fork’s signal was directed
to a phase-locked loop (PLL) electronic system allowing to lock the
system at resonance (zero phase) and constant oscillation amplitude
(e.g. 3 nm). Fromthe frequency shift and excitation signals, we inferred
the complex mechanical impedance of the glycerol drainage flow.

Data availability
Full approach curves are available upon request to the corresponding
authors. Source data are provided with this paper.
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