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The effect of temperature on friction and slip at the liquid-solid interface has attracted attention
over the last twenty years, both numerically and experimentally. However, the role of temperature
on slip close to the glass transition has been less explored. Here, we use molecular dynamics to
simulate a bi-disperse atomic fluid, which can remain liquid below its melting point (supercooled
state), to study the effect of temperature on friction and slip length between the liquid and a smooth
apolar wall, in a broad range of temperatures. At high temperatures, an Arrhenius law fits well
the temperature dependence of viscosity, friction and slip length. In contrast, when the fluid is
supercooled, the viscosity becomes super-Arrhenian, while interfacial friction can remain Arrhenian
or even drastically decrease when lowering the temperature, resulting in a massive increase of the
slip length. We rationalize the observed superlubricity by the surface crystallization of the fluid, and
the incommensurability between the structures of the fluid interfacial layer and of the wall. This
study calls for experimental investigation of the slip length of supercooled liquids on low surface
energy solids.

INTRODUCTION

In 1823, Navier [1] postulated the existence of a ve-
locity jump at the liquid-solid interface and proposed a
linear relation between the interfacial stress and the ve-
locity jump: τLS = λVs, where λ is the interfacial friction
coefficient and Vs is the velocity jump, also called the slip
velocity. Because of stress continuity, this is equal to the
bulk shear stress τbulk = η γ̇, with η the fluid viscosity
and γ̇ the shear rate for sufficiently low shear rates [2].
A more classical way of characterizing slip at the solid-
liquid interface is to introduce the slip length b, which is
the length at which the velocity profile of the liquid lin-
early extrapolates to the velocity of the wall [3], leading
to:

b =
Vs
γ̇

=
η

λ
. (1)

The slip length b is thus dependent on the liquid-surface
interaction through the friction coefficient λ. Since both
the viscosity η and the friction coefficient λ depend on
temperature, so does the slip length b. However, η and
λ are both decreasing functions of temperature, thus the
resulting effect of temperature on the slip length is not
trivial.

In the literature, various behaviors of b(T ) have been
observed. Experimentally, Bäumchen et al. [4] reported a
decreasing b(T ) for PS thin films, while Drda and Wang
[5] observed an almost constant slip length for PE melts.
Using molecular dynamics (MD) simulations, Servantie
and Müller [6] reported non-monotonic variations of the
slip length of a Lennard-Jones (LJ) polymer, and Her-
rero et al. [7] measured a decreasing b(T ) for water and
methanol on different types of surfaces. In addition, An-
drienko et al. [8] predicted a jump of the slip length at

low temperatures because of prewetting transition at the
interface between a binary mixture and a solid wall.

Different models have been proposed in order to ratio-
nalize the temperature dependence of the viscosity η, the
friction coefficient λ and the slip length b. A simple de-
scription is Eyring’s theory, which assumes that flow is an
activated process: in order to jump from one position to
a neighbouring one, a given molecule has to overcome an
energy barrier Ea. Although it has been shown that the
real microscopic dynamics is not a barrier hoping mecha-
nism [9, 10], Eyring’s theory is still useful to compare the
general temperature dependency of η and λ in ordinary
liquids. It can be applied both to the bulk flow, leading
to an Arrhenian viscosity η ∝ exp {Ea,viscous/(kBT )} [11],
and to the flow near the wall, leading to an Arrhenian
friction coefficient λ ∝ exp {Ea,friction/(kBT )} [12, 13].
Therefore, the slip length also follows an Arrhenius law
[11, 14–17], which can be expressed as:

b ∝ exp

(
Ea,viscous − Ea,friction

kBT

)
, (2)

and one cannot know a priori its variation with temper-
ature. Recently, Hénot et al. [18] have used this for-
malism to discuss the effect of temperature on the slip
length of PDMS melts measured with a velocimetry tech-
nique. Equation (2) fits well their data, and depending
on the surface, Ea,friction was either larger than or equal
to Ea,viscous, implying that the slip length was increasing
or constant with temperature, respectively.

However, this Arrhenius picture is not always accurate,
especially for supercooled liquids. Indeed, near the glass
transition, the viscosity increases much more sharply
than an Arrhenian dependency. To account for this quick
increase, other models have been proposed, among which
the Vogel-Fulcher-Tammann (VFT) law [19–21], which
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FIG. 1. Schematic of the simulated system and correspond-
ing flow profile vx(z) of the liquid. The bottom (top) wall
has a velocity +U (−U) along the x direction. The distance
between the walls is denoted H. The slip length b is defined
as the length at which the velocity profile extrapolates to the
velocity of the wall. The slip velocity Vs is the velocity dif-
ference between the velocity of the liquid at the wall and the
velocity of the wall.

states that η ∝ exp {A/(T − TVFT)}, with TVFT a refer-
ence temperature at which the viscosity diverges. This
law is widely used to describe the temperature depen-
dence of the viscosity close to the glass transition, and
it has also been used to describe the temperature depen-
dence of the friction coefficient [7].

In this article, we present MD computations of the slip
length of a model bi-disperse LJ liquid in a wide range of
temperatures. Far from the glass transition temperature,
we show that the slip length is Arrhenian with an effective
activation energy controlled by the strength of the liquid-
solid (L-S) interaction: b(T ) decreases with temperature
for weak L-S coupling while it increases with temperature
for strong interaction with the wall. At lower tempera-
tures, the slip length may increase by orders of magnitude
as a result of the super-Arrhenian behavior of the viscos-
ity, and the Arrhenian or even sub-Arrhenian behavior of
the friction coefficient. In particular, for weakly interact-
ing surfaces, the first liquid layers become structured and
the incommensurability between the fluid local structure
and the wall lattice results in a strong reduction of the
L-S friction, and thus giant values of the slip length.

METHODS

We perform MD simulations using the LAMMPS pack-
age [22]. We simulate a shear flow of a Kob-Andersen

(KA) binary LJ liquid [23] sheared between two LJ walls
(see Fig. 1). We use the KA liquid described in [24],
which is a mixture of two particle types i = A,B in a
80 − 20 ratio. They interact through a LJ pair poten-
tial Vij(r) = 4εij

[
(σij/r)

12 − (σij/r)
6
]
, with εAA = ε

and σAA = σ taken as references. In the following, all
quantities are reported in LJ reduced units, using ε, σ,
and the particle mass m as units of energy, distance, and
mass, respectively, and taking kB = 1. All the atoms
are supposed to have the same mass m, and we take
σBB = 0.88, σAB = 0.80, εBB = 0.50 and εAB = 1.50.
The potential is truncated and shifted to zero at rc = 2.5.
The wall is a crystallized face-centered cubic (FCC) lat-
tice of type C particles with a lattice parameter a = 1,
corresponding to a number density ρ = 4.0. The ef-
fect of the wall density on slip is discussed in the SM
Fig. S5. The strength of the liquid-solid interaction po-
tential εAC = εBC ≡ εLS is varied from 0.15 to 1.00 and
we take σAC = σBC = 1.00 for all the simulations. The
wall dimensions are Lx = Ly = 8.0 with periodic bound-
ary conditions in both x and y directions.

The temperature is imposed using a Nosé-Hoover ther-
mostat with a damping time of 100 time steps. When the
liquid is sheared, the thermostat is coupled only to trans-
verse velocities. The pressure is set to 10.0 by using the
top wall as a piston during a preliminary run. This is
a standard choice of pressure for a Kob-Andersen liquid
[23, 24], and we have checked that the pressure did not
impact the slip length significantly (see Fig. S4). The top
wall is then fixed at its equilibrium position. From this
equilibrated system, we use two different procedures to
measure η and λ. In the first one, the walls are displaced
along the x-axis at constant velocity ±U . We record
the velocity profile of the liquid vx(z) (Fig. 1) and the
stress exerted by the liquid on the walls τLS . The vis-
cosity η is calculated with η = τLS/γ̇, with γ̇ being the
shear rate extracted from the velocity profile. We mea-
sure the hydrodynamic height h using the Gibbs dividing
plane (GDP) method described in [25], see the supple-
mental material (SM), Fig. S1. The friction coefficient λ
is then calculated by λ = τLS/Vs, with the slip velocity
Vs = U − γ̇h/2. The shear velocity U is varied between
0.001 and 1.20 and the values of η and λ are taken in the
linear response regime (see the SM, Fig. S2). The details
of the procedure are described in the SM, Fig. S3.

The second procedure consists in measuring both
parameters at equilibrium using Green-Kubo relations
[9, 26]. For the viscosity one uses:

η =
V

kBT

1

5

∑
i

lim
t→+∞

∫ t

0

〈σi(0)σi(τ)〉dτ, (3)

where V is the volume, kB is the Boltzmann constant
(here taken equal to 1), T is the temperature of the sys-
tem, and the σi = σxy, σxz, σyz, (σxx − σyy)/2, (σyy −
σzz)/2 are the traceless components of the stress tensor
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FIG. 2. Viscosity η and friction coefficient λ as a func-
tion of temperature measured by shear (empty circles) and
at equilibrium using Green-Kubo relations (filled triangles).
Both methods give the same values. The friction coefficient
measurement is illustrated here for two different values of
the liquid-solid interaction energy εLS = 0.25 (blue) and
εLS = 0.75 (orange). The dotted lines correspond to Arrhe-
nius regressions.

inside the liquid and are measured in an independent,
fully periodic simulation. For the friction coefficient, one
uses:

λ =
S

kBT

1

2

∑
j

lim
t→+∞

∫ t

0

〈σj(0)σj(τ)〉dτ, (4)

where S = LxLy is the surface, and the σj =
σLS, top, σLS, bottom are the liquid-solid friction forces per
unit surface along the x direction at the two liquid-solid
interfaces.

HIGH TEMPERATURE REGIME (T ≥ 1.5)

The results are shown in Fig.2. At high temperatures,
both the equilibrium and the non-equilibrium procedures
give the same results for the viscosity and the friction
coefficient. Both η and λ can be fitted by an Arrhenius
law η ∝ exp(Ea,viscous/T ) and λ ∝ exp(Ea,friction/T ),
with a friction activation energy Ea,friction which depends
on the strength of the liquid-solid interaction εLS.

FIG. 3. (a) Temperature dependence of the slip length for dif-
ferent liquid-wall interaction energies εLS. The dotted lines
correspond to Arrhenius-like regressions, from which we ex-
tract an activation energy for the slip length Ea,slip. (b) Ac-
tivation energy of the slip length as a function of εLS. The
dotted line is a guide for the eyes. At small εLS (non-wetting
case), the activation energy of viscosity is higher than the
one of friction, so that Ea,slip > 0 and b decreases with T .
In contrast, at high εLS (wetting case), the activation energy
of friction overcomes the one of viscosity, so that Ea,slip < 0
and b increases with T . A linear regression of this curve gives
Ea,slip ≈ −2.94(εLS − 0.48).

We depict in Fig. 3(a) the slip length of the KA mix-
ture as a function of temperature, and for different val-
ues of the L-S interaction strength εLS . In this regime,
we restrain ourselves to temperatures larger than the
glass transition temperature Tg, which we estimated to
be Tg ' 0.41±0.01 using a VFT regression of the viscos-
ity temperature dependence [19–21] (see below). We find
an activation energy Ea of 2.78 for the viscosity, and be-
tween 1.79 and 4.39 for the friction coefficient, depending
on εLS.

The slip length b(T ) being given by the ratio η/λ, it can
be fitted by an Arrhenius law b(T ) ∝ exp(Ea,slip/T ), with
a formal activation energy of slip Ea,slip = Ea,viscous −
Ea,friction, which can be either positive or negative.
Therefore, b(T ) can be increasing or decreasing with tem-
perature depending on the relative values of Ea,viscous and
Ea,friction. We plot Ea,slip as a function of the L-S inter-
action energy εLS in Fig. 3(b). For high values of εLS,
Ea,friction becomes larger than Ea,viscous. Thus, far from
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the glass transition temperature, the variation of b(T ) is
governed by the parameter εLS, which controls the wet-
tability of the system. This is consistent with previous
work on LJ liquids [17].

LOW TEMPERATURE REGIME (T ≤ 1.5)

We now explore lower temperatures. At these temper-
atures, the measurement of the friction coefficient λ us-
ing the Green-Kubo formula becomes delicate because of
the so-called plateau problem [27, 28]. Therefore, in this
regime, λ is measured with shear simulations only. The
viscosity is independent of the value of εLS, as observed in
the inset of Fig. 4(b) where the points correspond to mea-
surements at different εLS. At high temperatures, η(T )
is well described by an Arrhenius law (red curve), while
at lower temperatures, η(T ) can be fitted with a VFT

model (blue curve) [19–21]: η = exp
(
A+ B

T−TVFT

)
with

A = 0.27±0.06, B = 1.45±0.06 and TVFT = 0.41±0.01.
For the friction coefficient λ, we focus on a subset of
values for εLS (0.25, 0.50 and 0.75) for clarity. We ob-
serve two different behaviors. For εLS = 0.75, λ be-
comes super-Arrhenian while decreasing the temperature
below 1.5. This slightly overcomes the increase of η upon
cooling and thus results in a slip length which keeps de-
creasing while approaching the glass transition. However,
for εLS = 0.25 and 0.50, the friction coefficient suddenly
drops by at least one order of magnitude for T < 1. This
corresponds to a strong increase of the slip length at low
temperatures by more than one order of magnitude.

Servantie and Müller [6] observed the same behavior
for the slip length of a LJ polymer slipping on a LJ sur-
face, and attributed it to a difference of mobility between
the bulk and the interfacial liquid. In addition, Herrero
et al. [7] studied the slip length of water on graphene and
LJ walls. They observed a moderate increase of the slip
length at low temperatures for water on LJ walls, and a
strong increase of b for water on graphene, and related
them to subtle differences in the temperature evolution
of the static and dynamic contributions to viscosity and
friction.

To further explore this point, and to understand the
fast decrease of λ at low temperatures, we have calcu-
lated the two-dimensional structure factor Sliq(~q) of the
interfacial liquid and compared it to the structure factor
Swall(~q) of the solid wall. The structure factor is calcu-
lated by:

S(~q) =
1

N

( N∑
i=0

cos(~ri · ~q)

)2

+

(
N∑
i=0

sin(~ri · ~q)

)2

(5)

where ~ri = xi ~ex + yi ~ey is the position of atom i and N
is the total number of atoms considered in the calcula-
tion (in the first layer of liquid near the wall, delimited

FIG. 4. Temperature dependence of (a) the friction co-
efficient λ(T ) and (b) the slip length b(T ), derived from
b(T ) = η(T )/λ(T ). The viscosity η(T ) is shown in the in-
set. The dotted lines correspond to Arrhenian regressions at
high temperatures. For λ(T ) and b(T ), the colors correspond
to different values of εLS with the same scale as in Fig. 3. For
the sake of visibility, only εLS = 0.25 (blue), 0.50 (brown) and
0.75 (orange) are shown. For small values of εLS, the friction
coefficient drops drastically upon cooling the liquid, so that
the slip length b increases sharply.

by the first non-zero minimum in the density profile in
the z direction). The values of q at which we calculate
the structure factor are multiples of 2π/L with L the size
of the box in x and y directions. The commensurability
between the local structure of the liquid interfacial layer
and the wall structure is a key factor controlling friction.
This commensurability can be quantified by the value of
the two-dimensional structure factor of the liquid inter-
facial layer at the smallest characteristic wavevector of
the wall interaction energy landscape, Sliq(~qwall), where
~qwall is the position of the first peak in the wall structure
factor [29, 30].

The results are shown in Fig. 5. For εLS = 0.25, in the
snapshot of the interface, one can see that type B parti-
cles are depleted from the interface, allowing the liquid
near the wall to structure itself into a lattice, which turns
out to be hexagonal. We have quantified this depletion
of B particles near the wall in Fig. S7 of the SM where we
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FIG. 5. Structure factors of the wall (left) and of the in-
terfacial liquid (middle: εLS = 0.25 and right: εLS = 0.75)
at T = 0.8, and the corresponding snapshots of the struc-
ture (top). The red arrows indicate ~qwall i.e. the vector ~q
corresponding to the first peak in the wall structure factor.
For small L-S interaction strengths (εLS = 0.25), B particles
are expelled from the interface, and the remaining A particles
close to the wall structure themselves into a hexagonal lattice,
while the wall displays a square structure. Because these two
lattices are incommensurate, the friction is highly reduced,
leading to very large slip lengths. However, at high L-S in-
teraction strengths (εLS = 0.75), B particles remain at the
interface and prevent the near-wall liquid to structure itself,
hence the friction remains large and the slip length increases
only moderately.

plot the concentration of A particles near the wall against
temperature. For low values of εLS at low temperatures,
the concentration of A particles at the interface is close
to 100% which allows the corresponding liquid layers to
crystallise. Because the wall displays an incommensurate
square lattice, the liquid structure factor is very small at
the position ~qwall of the first peak of the wall structure
factor, i.e., S(~qwall) � 1, and the friction coefficient λ
is strongly reduced. It is worth noting that the lattice
of the interfacial liquid displays an hexagonal order both
at equilibrium and under shear, at any considered veloc-
ity (see the SM, Fig. S6). In contrast, for stronger L-S
interaction (εLS = 0.75), type B particles remain at the
interface and prevent the interfacial liquid to structure
itself, and thus its structure factor remains that of a liq-
uid. In this case, S(~qwall) remains on the order of 1, and
the friction coefficient still increases in an Arrhenian way
upon cooling down the liquid, which results in a moder-
ate increase of the slip length.

Here, superlubricity is possible because of the structure
of the interface, and is reminiscent of solid-solid super-
lubricity, as evidenced experimentally e.g. for graphite
[31]. Indeed, the role of incommensurability in reduc-
ing the friction between two solids has been reported by
Zhang et al. [32] and Franchini et al. [33] for Al/Al and
Xe/Cu interfaces respectively. In addition, Cieplak et al.

[34] have observed a strong reduction of friction from a
fluid to a crystallized layer of krypton adsorbed on gold
because of incommensurability between the crystallized
krypton layer and the gold lattice.

CONCLUSION

In conclusion, the MD investigation of b(T ) has re-
vealed that at high temperatures, not only the viscosity
but also the friction coefficient follow an Arrhenius law.
Therefore, the slip length may be also described by an Ar-
rhenius law with an effective activation energy that can
be either positive or negative depending on the strength
of the liquid-solid interaction potential εLS. This re-
sult aligns well with the prediction for polymer melts
described in [18].

A more striking phenomenon is that, at lower temper-
atures, the slip length may increase by orders of mag-
nitude. This massive enhancement is the result of both
the super-Arrhenian temperature dependence of the vis-
cosity in the supercooled regime and the sub-Arrhenian
behavior of friction with cooling. In particular, for weak
L-S interactions, the friction coefficient is highly reduced
due to the emergence of a local fluid structure, which is
incommensurate with the solid lattice. These conditions
are highly favorable to observe giant values of the slip
length. For stronger L-S interactions, the friction coef-
ficient increases in a super-Arrhenian way, resulting in
merely a moderate decrease of the slip length. These re-
sults showing a possible mechanism for massive slippage
on low energy surfaces could lead to promising trans-
port applications in nanofluidics, and call for experiments
probing the slip length at supercooled liquid-solid inter-
face. Short polymer melts close to their glass transition
temperature flowing over weakly interacting surfaces are
good candidates to evidence massive temperature depen-
dent slip lengths.
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