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Quantum stick-slip motion in nanoscaled friction
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Friction in atomistic systems is usually described by the classical Prandtl-Tomlinson
model suitable for capturing the dragging force of a nanoparticle in a periodic potential.
Here we consider the quantum mechanical version of this model in which the dissipa-
tion is facilitated by releasing heat to an external bath reservoir. The time evolution of
the system is captured with the Liouville-von Neumann equation through the density
matrix of the system in the Markov approximation. We examine several kinetic and dis-
sipative properties of the nanoparticle by delineating classical vs quantum mechanical
e ects. We nd that the Landau-Zener tunneling is a key factor in the overall reduction
of the frictional dissipation when compared to the classical motion in which such tun-
neling is absent. Other regimes of motion, controlled by the corrugation parameter and
other properties, are also found . This in-depth study analyzes the interplay between
velocity, strength of interaction, and temperature to control the frictional force and
provide useful guidelines for experimental data interpretation.

1 Introduction

The relative motion between objects in close contact causes friction as a result of energy dissipated
in this dynamical process. Friction often leads to reduced e ciency and reliability of machines
and devices. Although friction has been extensively studied, the governing mechanisms are not
completely understood yet [14, 20, 28, 47, 50]. Computational studies using rst principles methods
have examined adhesion, corrugation, and van der Waals interaction energies for various materials
[4, 8, 11, 29, 35, 40, 54]. These directly related to static friction properties are instrumental in
identifying materials with targeted tribological applications [46, 53].

The dynamical side of frictional processes is important in force microscopy applications [43] and
typically, it is studied with continuum approaches that are variations of the Prandtl{Tomlinson
model [34, 44]. This is essentially a classical approach in which a moving particle without inter-
nal degrees of freedom experiences stick-slip motion above a molecular chain represented as an
oscillatory-like periodic potential. The dynamics of the process is modeled semi-empirically with
materials-dependent parameters for the corrugation, velocity, and particle-chain interaction. The
dynamical frictional properties of atomic/molecular chains in relative motion have also been studied
within the Frenkel-Kontorova model [21, 22, 55], which was also used to understand dislocations,
nonlinear e ects and topological defects in relative chain displacements. Numerical methods, such
as path integrals and quantum Monte Carlo simulations have shown the role of quantum and ther-
mal uctuations of the forced motion of an atom above a nite discrete chain. However, many-body
collective phenomena at the quantum mechanical level are di cult to access via such algorithms
due to numerical limitations associated with the size of the studied system.

A basic quantum mechanical e ect important for the dynamics of frictional motion is the mixing
between the energy states of the system creating conditions for tunneling. This is captured by the
most basic assumptions in the Landau-Zener (LZ) theory [23, 59] in which the energy di erence
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between two adiabatic states is violated by creating avoided level crossings. The LZ theory has
found applications in dissipative and multilevel systems [19, 33, 58]. Curiously, a dissipative LZ two
level system coupled to a bath of harmonic oscillator shows that the environmental temperature can
actually enhance the probability of the system remaining in its ground state leading to quantum
annealing [3].

In this paper, we investigate the quantum mechanical Prandtl{Tomlinson model in the presence
of an external bath reservoir into which heat is released in the frictional dissipation. This problem
was considered in Ref. [58] where frictional quantum lubricity was found in the frictional dissipation
rate at the adiabatic regime. Here we de ne several energetic, kinetic, and dissipative properties
including average velocity, power, released heat, frictional force, and geometric phase. These prop-
erties are examined by solving the Liouville-von Neumann equation in the Markov approximation
beyond the adiabatic regime. To better understand the quantum mechanical nature of the mo-
tion, we also investigate the quantum mechanical Prandtl{Tomlinson model in the absence of an
external bath as well as the classical limit with and without an external bath using the stochastic
Newton law. The LZ tunneling is a key mechanism for quantum lubricity in stick-slip motion
(as also found in Ref. [58]), however, we nd that nanoscaled friction may exhibit other types of
motion depending on the physical parameters in the Prandtl{Tomlinson model. Furthermore, the
newly analyzed frictional force and released heat, in particular, give a quantitative representation
of the frictional process and can be directly associated with experimental measurements.

2 Model system

The system under consideration consists of a nanoscale particle with mass M at a distance d above a
one-dimensional in nitely long atomic chain with lattice period a, as shown in Fig. 1. The particle
moves with a constant velocity v parallel to the chain. To maintain this motion, it is assumed
that M is in an optical trap modeled by a harmonic potential. The particle also experiences
the in uence of a short-ranged interaction from the overlap of its atomic orbitals and the atomic
orbitals of the chain. Additionally, there is a long-ranged van der Waals coupling originating from
the exchange of electromagnetic uctuations between M and the chain. The optical trap balances
these di erent interactions by maintaining a motion parallel to the chain at a constant velocity.
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Figure 1: Schematics of a particle with mass M confined in a harmonic potential moving with a constant
velocity v above an infinitely long atomic chain with periodicity a. The distance d between the particle and the
chain is maintained throughout the motion.

This system can be modeled by a 1D Hamiltonian given as
Hs(t) = %52 + }MQZ(X vt) Z+Uq(d)sin? —x +A o(d); (1)
2M 2 a
where the rst term denotes the kinetic energy of the particle with its momentum operator p.

The second term contains a time-dependent harmonic term with a spring constant MQ? asso-
ciated with the moving optical trap of the nanoparticle (Q is a characteristic frequency). The
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spatial periodic term and the constant Ay(d) re ect the combined e ect of short-ranged in-
teratomic anqd long-ranged van der Waals interactions. Assumiag that d a, one nds that

) .
- 2dd &L 2 de 3¢ 2d - 2dd &£ 3c 1
Uo(d) = As =z2e @5 a2 ga2€ @ and Aog(d) = As e & gt 5 Uo(d).

Here ds and Ag are the decay length and magnitude of the short-range interaction, while Cg is the
Hamaker constant following the Born-Mayer-Buckingham interatomic potential Age™™® s C 4r ©
[42] (see section S-l in the Supplementary Information [1] for details). More general, many-body
and nonlinear e ects can also be taken into account in the particle-chain interaction potential
[12, 25]. For a xed distance d, the quantity Ao(d) is simply a constant and can be dropped out
from the above Hamiltonian since it only results in a global shift of the energy spectrum with no
other consequences to the physics of the problem. The center of the driving optical trap is x¢ = vt.
The above Hamiltonian can be re-written in a more convenient form,

~ 1@ 1 2 L,
Hs(f)= —-—+ - X Vvt +ugsin® —X ; 2
s0= st 3 osin® — @)
where ug = Ufg), X = q‘l’ t= Y and v = Y are unitless quantities expressed in term%I of a
characteristic length ‘ = =, period of motion = 2, and characteristic velocity = -= 2.

This rescaling is equivalent to setting ~=M =Q =1,

The above Hamiltonian is a quantum mechanical version of the classical Prandtl-Tomlinson
model of a particle driven by a spring above a sinusoidally corrugated potential. This model
has found many applications in the analysis of dynamic friction, especially in the understanding of
experiments using atomic force microscopes [30]. It has also been utilized in capturing temperature
in sliding frictional processes [31]. Nevertheless, this is a classical approach, and here we expand
its applicability at the quantum mechanical level.

2.1 Dynamics of the moving quantum particle: unitary evolution

To investigate the dynamical evolution of this closed system, we rst solve the eigenvalue problem
of the Schrodinger equation,

Hs® n(® =E.(® n() : 3

For this purpose, the eigenstates n(t) are represented in terms of the eigenfunctions of a one-
dimensional harmonic oscillator with a time-dependent displacement n©@ () = %%;Hn X vt

where H, are p-th Hermite polynomials [37]. The eigenstates are then decomposed as n(t) =

Cp (D PO (D with P Cnyp (D) 2 = 1. In this representation, Eq. (3) becomes the following

p=0 p=0
eigenvalue equation in a matrix form,

(Hs)ppo®Cmpo® = E n(cmp (: )

p°=0

The Hamiltonian matrix elements (Hs)n.n 0 are found as

D E
A 1 1
(Hs)nno(D) = n@@® Hs® n°@@® = n+ E+ EUO nin © + U oV o(): )
(1) o9 Sﬁ 5 dnn "1 5 o
min(n; n 9! L2 2 inn O

. = 15 ! i (=) Inn 7 - 2

Vo o(0) P onn g2 max(n;n9!  a e’ Lminein 9 3 g
+sin 2-vt  whenjn n 9is odd

Y . . ; 6
cos %Vt whenjn n Yiseven ' ©)
where L2(x) are the associated Laguerre polynomials. Note that in this basis representation, the
Hamiltonian matrix is given in an entirely analytical form. Its diagonal elements contain the time-
independent eigenenergies of a harmonic oscillator shifted by a constant value. The time evolution
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is captured in the matrix element V. o(t) containing a decaying oscillatory-like functions with
period a=‘. See in section S-11 in the Supplementary Information [1] for derivation of these matrix
elements.

Eqgs.(4)-(6) can now be solved numerically to nd the time-dependent eigenvalues E , () of the

Hamiltonian of the system with corresponding eigenvectors labeled as ¢ (f); Cn:1 (£); Cna (0); 51 i
The in nite dimension of the Hamiltonian matrix is problematic for the numerical calculations, thus
restrictions to a large enough matrix are imposed. As we focus on the lowest ve eigenenergies,
the eigenvalue problem is solved for an Hs matrix with 25 elements, which is large enough for
convergence. More details about the diagonalization of Hs and the numerical procedure can be
found in section S-111 in the Supplementary Information [1].

The dynamical evolution of this closed system can be described by the density matrix operator
“s(1) governed by the Liouville-von Neumann equation [56]. Utilizing the basis set of the time-
dependent harmonic oscillator n© (f) , this equation can be cast into

Qs@=1 Hs® @ 5O ; @

with matrix elements ( s),.,o (0= n©@ @ “s(®) n°O@®) and( 1), 0 =i nO () % n%O) () .

The explicit expression of the Hermitian matrix ( )., () is given in section S-1V in the Supple-
mentary Information [1]. Here, the matrix representation of any operator (denoted with a hat) in
the basis set of the time-dependent harmonic oscillator does not carry a hat. To solve the above
equation, we utilize the fourth-order Runge-Kutta method *.

The evolution of this system is studied by tracking several properties de ned with the density
matrix operator. These include the instantaneous average energy of the system hEi(t), the eigen-
state population P, (t), and linear entropy S| (t) conveniently de ned in Table 1. As hEi changes
in time, Py, (t) shows the di erent eigenstate contributions in the dynamical state of the moving
particle at each point in time. Also, S, (t) measures the states mixture as a function of time [32].
We can also track the time-dependent global geometric phase of the system determined as [45],

- hp p _ - RfD 0 E i
(=arg k(O k(®h «(O0) «@® exp ; «(0) =F(@® dt (8)

where (t) and (f) are insta'gtaneogs eigenvalues and associated eigenvectors of the density
matrix operator, such that s = | «(t)) (%) k() . The quantity () is exclusively associ-
ated with the geometric path of the quantum mechanical state in time.

Table 1: Quantum mechanical properties of the coupled moving particle/atomic chain system. Here the linear
entropy is renormalized by a factorNNm:X% where Nnax is the cutolsize ofqthe Hamiltonian as suggested

in Ref. [32]. The standard deviation of an arbitrary observable & is. = Tr 42°s(t) Tr a s(b) 2,
Ele Wprk associated with the moving harmonic trap W is calculated from the following integral W) =

s (0
o T "s(@)2s) it

Internal properties Kinematic properties Dynamic properties
h i
Average energy hEif) =Tr “s()Hs() Average position hxi () = Tr X" s(f) Heat transfer Q = AhEi( ©) W( 1)
Eigenstate population P,(f)= n(t) “s(f) n(tf)  Average velocity hvif) =M 1 Tr p"s(f)  Power transfer P = Q=t
Linear entropy S (f) = e 1 Tr "3 Heisenberg Principle 4 (f) p(f) Lateral force hF_i())= MQ 2 mi(f) Vi

Geometric phase (f) as i'r"fxEq. (8)

Before presenting results from the numerical calculations, we examine some limiting cases as
dictated by the properties of the Hamiltonian. Egs. (5), (6) show that the characteristic behavior

. . . %
of the matrix elements V., (f) is controlled by the parameters . and the velocity v = —. In

1The considered time domain for the moving particle (fromt min = 0 to t max = 3T in this study) is divided
evenly by infinitesimally small intervals At which must be smaller than the smallest period of Bohr oscillation

. - 1
between eigenstates At< max(En(t) E m(t)
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the case of a ‘, the asymptotic behavior of the exponential term e #(%7)° 10 makes the last
term in the Hamiltonian matrix (5) negligible. Consequently, the eigenenergies of the system are

. . u - .
simply the diagonal elements of Hs: E () n+ =+ =2 This is understood by realizing that

the trapped particle \sees" an almost continuous chain due to the very small a, thus the particle

e ectively behaves as a shifted harmonic trap with constant eigenenergies.
. jnn 9

. S 2
In the case of a °, the V . (f) 0 -diagonal elements diminish since y I 0 and

only the diagonal terms matter. As a result, the eigenenergies become oscillatory according to
1 wu u - L . .

E,() n+ > + ?0 70 cos %vt . This situation corresponds to the harmonic trap of the

particle being much narrower than the periodic potential of the atomic chain. The particle is

e ectively trapped in the minimum of the potential as it moves along the chain. In both limits,

= 10or = I 1, the gaps between the eigenenergies are time-independent.

.2 . . .
When the ratio e 1, however, the o -diagonal elements play a vital role for the particle

as the eigenstates now experience the in uence of di erent n© (f) . For example, it is possible
that the potential of the system evolves from a harmonic trap with a single minimum to one with a
2

- . - . . a
double minima. This occurs when the depth of the periodic potential satis es ug > 2 7o As

a result, there are anti-crossings between eigenenergy levels signaling the occurrence of Landau-
Zener tunneling [23, 59] whose probability is also controlled by the velocity V. One notes that the
2

- . . a . . . -
condition supporting Landau-Zener tunneling ug > 2 > is consistent with the condition for

the occurrence of stick-slip motion in the classical Prandtl-Tomlinson model [10, 15, 41] de ned

through the corrugation parameter = 5 27 > 1. Unlike the classical Prandtl-Tomlinson

model, multiple stick-slip motion requires constraints not only through the corrugation parameter

but also the ratio - With a xed corrugation parameter , the shape of the potential

. - . . 2
surface of the particle at t = T=2 is invariant but the ratio 'y controls the scale of that

potential surface. As a known result from quantum mechanics for the double-well potential, the
depth of the wells would tell us how many energy levels stay inside the wells and the numbers
of the anti-crossing levels (see Ref. [24] for example). If there are no anti-crossing levels (when

- is too large or too small), there is no Landau-Zener diabatic transition and consequently

there is no stick-slip motion.
In Fig. 2(a-d), we show the evolution of the lowest ve eigenenergies of the particle for di erent
velocities together with their population dynamics in Fig. 2(e-h) by focusing on the Landau-

Zener tunneling regime. For this purpose, we take —— = 1 and up = 5, which corresponds

to a classical corrugation parameter = 2:5 > 1. From the theory of Landau-Zener tunneling
[23, 59], the probability of a diabatic transition at the anti-crossing between levels n and n? is

. Vnn 0 i i2 . . L.
estimated as Ppn o = exp BN where Voo = W with X, = vt being the position of
27

0J
@xc

. a .
the center of the optical trap. Thus for > =1 and uo =5, we estimate that vo; =8:39 10 4 |,

vip =1:75 10 2 v, =125 10 1 andvgs =450 10 1

By tracking hEi () in Fig. 2a for v =0:005, we nd that the particle starts out in the ground
state of Hs. At t=T = 0:5 the anti-crossing between n = 0 and n = 1 states induces a diabatic
tunneling transition with probability of Pon ~ 85% (Fig. 2e). Afterwards, the particle is in a
superposition composed of the n = 0 and n = 1 states since higher-level transitions are negligible.
The two states are disentangled by a diabatic transition from n = 1 to n = 0 at t=T = 1.5.
Indeed, Fig. 2e shows that for t=T = (0:5;1:5) the level population contains about 82 % from
the rst excited state and about 15 % from the ground state, while the remaining part belongs to
the second excited state. In the interval t=T = (1:5;2:5), the population is composed of about 95
% contributions from the ground state and the diabatic transition at t=T = 2:5 redistributes the
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populations with about 23 %, 70 % and 7 % for n = 0; 1; 2 states.

Increasing the velocity to v = 0:012 activates tunneling between n=0!n=1and n =
1'n=2att=T 0:5and between n=2!n=3 att=T 0:6 with corresponding transition
probabilities Pgy = 93%, P, = 23% and Py3 = 0:003%. As a result, there are various
redistributions in the level populations, as shown in Fig. 2f. Atv =0:1 and v = 0:3 velocities,
tunneling involving higher energetic states with increasing probabilities are further activated. Thus,
the particle experiences the Landau-Zener tunneling e ects from higher-lying energy levels ((Fig.
2¢,9) and Fig. 2d,h). This slow-to-fast moving particle progression shown in Fig. 2 is accompanied
by transitioning to more complicated time-dependent tunneling between higher states with complex
patterns of periodicity.
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Figure 2: The average energy hEi and the first five eigenergies of Hamiltonisir (t) normalized by ~Q as a
function of time rescaled by the period T = a=v for (a) v = 0:005, (b) v = 0:012, (c) v = 0:1 and (d)

v =0:3. The population of the first five eigenstates ofHs(t) as a function of time t=T for (e) v = 0:005 ,
(f) v=0:012, (g) v = 0:1 and (h) v = 0:3. The population of the first five eigenstates of H(t) as a
function of time t=T for (i) v = 0:005, (j) v =0:012, (k) v=0:1 and (k) v =0:3 . The linear entropy as a
function of time t=T for Hs(t) and H(t) for (m) v = 0:005, (n) v =0:012, (0) v=10:1 and (p) v=0:3.

The geometric phase as a function of time t=T foHs(t) and H(t) for (g) v = 0:005, (r) v = 0:012, (s)
v=0:1 and (t) v = 0:3 . Here the distance between the particle and the chain is a =2, the depth of the
periodic potential is b = 5~Q. The temperature and cutoCenergy of the harmonic bath are kT = 0:01~Q,
~! ¢ = 50~Q, and the particle-bath coupling constant inH(t) is taken as =10 * .

2.2 Dynamics of the moving quantum particle with coupling to the environment

The dynamics of the system described by the Hamiltonian in Egs. (1)-(2) corresponds to a coherent
evolution of a closed system and it exempli es internal quantum mechanical e ects in the motion.
The forced motion of the particle, however, results in energy removed by dissipation. To model
this we consider that the particle/atomic chain system is coupled to an external thermostat taken
as a harmonic bath in the Caldeira{Leggett model [9, 51, 58]

" #
R . . A X 1 @ 1 G 2 2
— . — 2 . - .
H = Hs(®)+ Hiwe ; Hines = | 2m @% + émi! 0oX il 2 sin =X )
where X; are the spatial degrees of freedom of the bath oscillation modes with parameters m;;! ;¢

for their mass, frequency, and strength, respectively. The bath is characterized by a spectral
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2”::;2! : (! ' i) which describes the dissipative coupling with the system [13,
I

51]. Here we focus on the Ohmic dissipation limit with J(1) = 2!le ¥ < where ! . is a cuto

frequency separating the low-frequency regime for which J(!) /! and the high-frequency regime

speci ed by a decaying Ohmic damping. The dimensionless constant 1 speci es the coupling

between the particle/chain system and the harmonic bath. Notice that if =0, then J(!) = 0 for

all frequencies and ¢ = 0 i.e. there is no coupling between the system and the bath and Hj; =0.
To continue further, the Hamiltonian in Eq. (9) is represented by separating the degrees of

freedom of the nanoparticle from the degrees of freedom of the harmonic bath, such that

function J(!) =

Ho= HI®H 1. +A B+1s He; (10)
with a renormalization operator A = sin  2-%_and H2() = Hs(f) + u m A? act in the subspace
of the particle, while B= ¢ X and I:|B = ;l % + m ! 2x operate in the subspace

i i
of the harmonic bath. The term u,, A2 captures the dissipative coupling between the moving
particle and the heat blgth The r[_e)normallﬁatlon constant can be Qetermmed via the spectral

density function u,, = A (s N R [O LI ¢, as
also shown in Ref.[58]. ThIS renormallzatlon potentlal in the total Hamiltonian (9) ensures that
the system maintains its global minimum regardless of the bath [51].

Assuming weak coupling consistent with the Born-Markov approximation, the quantum Liou-
ville - von Neumann master equation for the density matrix is written as [56]

h

) 2m!?_ o2mit;

nh i 0

i
Sos=i As@+21 A%s®  ASE SO +he (11)
~ R p D ~ E
where the bath-convoluted operator S(t) is de ned as S(t) nto Ami MNEm E n)
m;n

n(t) m(t) in which the bath-induced transition rate E(E) is simply the Fourier transform of

the bath correlation function C() for which F(E) = ,* d C()e ‘€ ") . Taking into ac-

count that the harmonic bath is in thermal equilibrium obeying the Bose-Einstein distribution

fee ()= €=l 1 ! , the bath correlation function can be expressed in terms of the spectral
function C( ) = Il e fge (1)J(N)d!. The bath-induced transition rate calg further be simpli-
. JEj=! c 1 ij=! c
edasT(E)= 3 (E)+i(E)where (E)=  “Ee“and (B)=P ' A iy

ForE=0, (0)=4 k gTand (0)=2! ..
Similar to the case of the moving particle with no external bath, Eqg. (11) can be expressed in
the basis set of the time-dependent harmonic oscillators n©@ () =’ HO (x v t):

Qs@=i HsM+21 A® (@ SO  ADSO 5O +he (12)

where the matrix elements of A and é(f) are given as follows

- -~ . 2 -
Anno(® = nO) sin X n°@ ()
94 S ————— nn o " Kid
() min(n;n9t 2 """ sy g 102
~ Po%nn %2z max(n;n9 a © min(n 9 2 g
cos %vf when jn n Y is odd (13)
« sin Z-vt  whenjn n Jiseven
Snin (1) = Cmin (DCmu DA kko(DCmoxo(DCmono(OF Emo() E m(D) : (14)
m;m %k:k ©

Details about the derivation of I:I(t) and the quantum Liouville-von Neumann equation are given
in section S-V in the Supplementary Information [1].
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The dynamic evolution of the particle is now examined based on Egs. (10),(11) by turning
on the coupling to the bath with parameters = 10 %, !. = 50Q and kg T = 0:01~Q. Here,
we choose small enough to maintain the validity of the Born-Markov approximation, while
I ¢ is large enough to include higher energy level transitions in the system. We note that the
positivity of the density matrix “s is preserved following the arguments in [56]. Since the condition
rp_irg)j 9 max (), where ; Oare possible values of the di erences between the instantaneous

energy levels E, (t); E m (t), is ful lled for the solution of (11), the non-Lindblad terms can be
neglected under the rotating wave approximation, and the quantum master equation is positive
(see details in the Supplementary Information [1]). In our numerical calculations, the two smallest
Bohr frequencies are = JE 1(t) E o(t)) 0:045~Q and ©=jE () E 1(t)j 0:178~Q; hence,

rp_irgj 9 0:178~Q 0:045~Q = 0:133~Q. On the other hand, max () 4 ~! ¢ =0:063~Q <

rp_irgj Y. Therefore, the positivity condition holds for this choice of parameters.

In Fig.2 (a-d), we show the numerical calculations for the ground state average energy for
the system/bath Hamiltonian. The =0and =10 * results are very similar, especially for
larger velocities. The role of the bath can be better discerned by looking at the level population
dynamics. Fig. 2(i-l) shows that for t=T < 0:5 the particle remains in its ground state for
practically all studied velocities. At t=T 0:5 the particle experiences tunneling and it acquires
higher level energy states. For the v = 0:005 case, for example, Fig. 2(i) shows that in the
t=T = (0:5; 1:5) interval, the ground and excited state admixture changes in time in such a way
that both contributions become of similar value at the end of the interval - 40% from the ground
state and 60% for the rst excited state. This type of admixture dynamics becomes more complex
for higher velocities.

Clearly, the disorder in the system has increased after the initial tunneling at t=T 0:5 due to
the coupling with the external bath. This correlates well with the linear entropy in Fig.2 (m-p),
which shows that S_ increases over time when the system is coupled to the external thermostat,
while S_ remains zero for the closed system.

Signatures of the Landau-Zener tunneling and coupling to the environment can also be found in
the geometric phase, shown in Fig. 2(g-t). The di erent crossings involved in the dynamics of the
system can cause a complex behavior of (t) leading to interference of transition path interference
due to di erent phase accumulations [39]. Experimental interferometry measurements can access
the Landau-Zener tunneling geometric phase in di erent atomic and optical systems [7, 16]. Fig.
2(g-t) shows that for the unitary evolution of the system, ( t) is strongly dependent on the velocity
of the particle. The geometric phase experiences di erent behavior in time and it can even change
sign. Turning on the coupling to the bath adds dissipation which further adds to the complexity of
. Nonunitary e ects have been studied in various two-level systems [27, 48, 49] or in the context
of Casimir friction [14, 28], demonstrating that has a stochastic character due to occurrence
of random quantum phase jumps. Fig. 2(g-t) further shows that the frictional dissipation has a
signi cant in uence on the geometric phase of the particle for each studied velocity adding to the
complex behavior of (t).

2.3 Dynamics of the moving particle within the classical Prandtl-Tomlinson model

In order to understand better the quantum mechanical e ects in the frictional dissipation process,
we also examine the motion of the particle within the classical Prandtl-Tomlinson model. From
the classical version of the Hamiltonian in (9), the stochastic dynamics of the particle is captured
through the Hamilton’s equations of motion with coupling to an external bath via a function f pa
[51]

2 ‘ .
3 dfx+ X vt o+ sin 2 X = fpan (X 0);
d° a a : (15)
S d Xi 1 2 _ CI . 2‘ - ’
— T X = —sin —X
dt i a
| |
R o X ‘ 20 X .4
fpath (X; 1) = XiG €OS — X a 2mq|2| 7 Sin — X (16)
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To solve the above system of equations, the bath degrees of freedom x; are rstjresolved by using
the Green function of the harmonic bath G(t; fo) = ﬁe(f fo) sin !i(t fo) and taking into
account the initial conditions x; (0); v; (0) of the external bath. This is followed by a summation

of bath degrees of freedom using the spectral function J(!) = 2m°i2, _ (11 ) =2le Mo«
i =l

and the classical damping correlation ' Ii|r1n ﬁz =4 ( 1) following standard procedure [51].

Similar to the Caldeira-Leggett model discussed earlier, denotes the coupling parameter with

the external bath and ! ; is a cuto frequency.

The bath coupling function can now be conveniently written as fpan X(0);t =f s X, — +

fran t, where

dx g 32 2" dx
- Ux X ‘ #) ‘
fran T = 2 G xfomo () S _sin 2—Y(O) cos !t  cos 2—Y(f) (18)
a _ ! ooml 2 a a

Since fjs depends on position and velocity of the particle, but not on the initial conditions, this
term is interpreted as an environmental viscous force [51]. The f,4, contribution depends on the
initial conditions of the bath degrees of freedom and denotes the random force due to dissipation
from the coupling to the external bath. At thermal equilibrium, the bath follows the canonical

MaxweII-BoIterann distributiolg, and as a result f,;, obeys the uctuation-dissipation theorem
- — 8 32 2 - . .
[36] such that fan (D) ran (tO) =kgT e cos 7Y(t) (t to). Details for the classical

Prandtl-Tomlinson model in the presence of an external bath are given in section S-VI in the
Supplementary Information [1].

Figure 3: Kinematic properties of the moving particle as function of t=T. The average displacement hxi
normalized by a for (a) v = 0:005; (b) v = 0:012 ; (c) v =0:1; (d) v = 0:3. The average velocity hvi
normalized by driving velocity of the harmonic trap v for () v = 0:005; (f) v =0:012; (g) v =0:1; (h)

v = 0:3 . Standard deviation product y =~ for (i) v=0:005; () v=0:012; (kyv=0:1; () v=0:3.

Lateral force hk i normalized by Ug=a (m) v = 0:005; (n) v = 0:012; (0) v = 0:1; (p) v = 0:3.
Dissipated heat Q normalized by ~Q for (q) v=0:005; () v=0:012; (s)v=0:1; () v=0:3.
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3 Kinematic and dissipative properties of the moving nanoparticle

The dissipative evolution of the particle/atomic chain system is further studied by examining its
kinematic properties, as given in Table 1. The moving particle is characterized by its instantaneous
average position hxi (f) and instantaneous average velocity hvi(t). Both are calculated for the closed
particle/chain system governed by Eq. (1) and the particle/chain system with the external bath
governed by Eq. (9). The results for hxi(t) are given in Fig. 3 (a-d). Since the particle is guided
forward by the optical trap, its instantaneous position x. = vt is also shown. The results for
hvi(t) are given in Fig. 3 (e-h). In order to understand the quantum nature of the motion, the
classical position x¢ and velocity v calculated from the stochastic Newton second law of motion,
as previously discussed, are also calculated and shown in Fig. 3.

By comparing the di erent regimes in Fig. 3(a-d), an emerging common feature is the smooth
path in the rst half of the period. Analyzing the states of the quantum system shows that in
this region the particle remains localized in the minimum of the rst well of the overall potential
surface regardless of the driving velocity. At t=T 0:5 the particle becomes un-stuck and it slips
into the second well of the potential surface (see section S-VII1I in the Supplementary Information
[1] for graphical details). In the case of a very slow driving velocity, the particle experiences almost
frictionless motion in its initial stick-slip path since it remains in its ground state, as also seen in
Fig. 2(e,i).

For driving velocities larger than the rst Landau-Zener velocityv v oy, the diabatic tunneling
n=0!n=1att=T 0:5 makes the state of the particle mainly distribute to the rst excited
state whose center moves from the second well back to the rst well of the potential surface at
t=T = 0:5. This diabatic Landau-Zener tunneling lengthens the stick-like motion path of the
particle, contributing to an increased friction.

After the initial stick-slip motion, the particle is in a superposition state and it experiences a
series of stick-slip oscillations with a frequency in the order of Q. Higher driving velocities involve
contributions from higher states, which makes the stick-slip oscillations have more complex oscil-
latory patterns. Since the period of motion T is shortened for higher v, the number of oscillations
in one period is reduced.

While the hxi and hvi for the closed and open gquantum systems are very similar, there are
di erences when compared with the classical path. Fig. 3(a-d) shows that the classical particle
also experiences stick-like motion, but at di erent times. For example, for v = 0:005 , the quantum
slip occurs at tgp  0:49T while the classical slip occurs at t g 0:65T. This trend also holds
for higher driving velocities. A notable di erence with the quantum mechanical motion is that the
classical particle has to wait until the minimum of the rst well of the potential surface completely
disappears, which always happens later than t=T = 0:5. Since the stick path of the classical motion
is much longer than the quantum one, the classical slip starts with higher energy leading to classical
stick-slip oscillations with larger amplitudes. This delayed initial stick-slip and larger amplitude
oscillations result in an enhanced classical friction compared to the quantum mechanical motion.

Fig. 3(a-h) further shows that the role of the heat bath is mostly pronounced for smaller driving
velocities. Since T 1=v, a smaller driving velocity leads to a longer period, hence environmental
e ects on the particle are better visible.

The instantaneous average velocity of the particle shown in Fig. 3(e-h) is consistent with the
displacement behavior. We nd that during its initial t=T < 0:5 time hvi 0. At the slipping
moment at t=T 0:5, the particle rapidly accelerates catching up with the driving trap. This
is followed by oscillatory behavior in hvi consistent with the oscillations in hxi. Compared to
the classical motion, however, the quantum hvi oscillation always have smaller amplitudes since
tunneling e ects enhance the slipping forward of the particle.

Further insight into the hxi and hvi evolution can be gained by examining the time-dependence
of their uncertainty principle. We ndthat , , =~=2 during the particle sticking period t=T < 0:5
since the particle is con ned in the ground state in the rst well of the potential surface. For all
later times > ~=2 and it also shows oscillatory-like behavior. For the closed classical system

2

x v = 0 as expected, while for the open classical system , , >0 at around t=T (2)373~
We are now in a position to examine the evolution of the lateral force of the nanoparticle,
typically measured via atomic force or scanning tunneling microscopy (AFM or STM) [2, 5, 26,
41, 57] or optical means [10, 15, 38]. The computed lateral force hF i is de ned as the spring
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Figure 4: Dynamic properties as a function of v=calculated in the first period of the motion. (a) Released to
the external bath power P normalized by ~F; (b) The slipping time ts;p, =T for a maximal lateral force; (c)
The maximal lateral force hEi . . Classical (in black) and quantum mechanical (in blue) results are given.
The diabatic tunneling velocities y between the dil@rent instantaneous eigenstates are also shown.

force that holds the nanoparticle in the harmonic potential corrected by the motion of the optical
trap, see Tab. 1. The lateral force is a measure of the frictional force as the optical trap drags the
particle above the atomic chain. The results shown in Fig.3(m,n,o,p) help us delineate quantum
mechanical vs classical e ects for di erent driving velocities. As the particle starts slipping at
t=T 0:5 it catches up with the velocity of the driving trap and hF i reaches its maximum. For
small velocity, as mentioned above, the classical slipping occurs at the moment when the minimum

of the rst well of the potential surface diminishes, which happens at tg, =T %+ 5~ 0:65.

, , . , U ,
The maximum classical lateral force is hR_ i, = TO' The quantum motion, on the other hand,

pushes the slipping forward by 25% at tij, =T 0:49 and the maximum quantum lateral force is
smaller than classical one by 25% i.e. hii_ , 0:75 % . For larger driving velocities, the
quantum slipping happens at a later time, thus the maximum lateral force is larger than the one
for smaller velocities.

In addition to the lateral force, the energy transfer between the moving particle and the external
bath is also related to the frictional process. The transferred energy is expressed in terms of released
to the environment heat ( Q) de ned as the di erence between the energy of the particle and the
work done by the moving trap (see Table 1). Fig. 3(g-t) shows that during the stick-phase the
nanoparticle does not exchange heat with the environment meaning that this regime is essentially
friction-free. As the particle continues into its slip phase, higher energy levels are occupied. This
excess above the ground state energy is being released to the environment marking the onset of
dissipation. Comparing to the classical slipping, the quantum slipping generally occurs earlier, and
as a result there is less dissipation since the quantum released heat is smaller than the classical
one.

Let us now examine the velocity functional dependence of the dissipative motion of the nanopar-
ticle. For this purpose, we track the power P associated with the released to the environment heat
at the end of the rst period and the maximum lateral force hFR i . within that time frame. The
results shown in Fig. 4(a,c) are presented together with the time tgi, in Fig. 4b characterizing
the moment at which the lateral force becomes maximum in the rst period of the motion for each
velocity. Since the maximum lateral force signals the stick-slip transition, the times tgji;;n at which
the di erent quantum eigenstates participate in this process are also shown in Fig. 4b. While the
quantum particle dynamics is determined by a linear combination of the di erent eigenstates admix-
tures due to occurring Landau-Zener tunnelings, the classical particle with relatively slow velocity
always stays at the minimum of the rst potential [17, 41] well until tgjp,e =T % + 5~ 0:647.
For higher velocities, higher states of the Hamiltonian become important and in both, quantum
and classical limits, the maximal lateral force, released heat, and slipping time can experience
oscillatory-like features, as shown in Fig. 4.

The heat power in Fig. 4a shows a notable di erence between the classical and quantum
motion. Since the classical particle is stuck in the rst minimum of the potential, the classical P
is practically a constant over a large velocity range. For the quantum mechanical case, increasing
the velocity causes an admixture of higher level eigenstates which results in an increasing released
heat rate. Nevertheless, the quantum thermal power reaches about 75% of the classical value at
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V VvV o3. Asimilar di erence in magnitude is also found when comparing the classical and quantum
maximum lateral force, as shown in Fig. 4c. We nd that the classical hF i, 2o and it
remains a constant over a large velocity range. The quantum hF_i is also a constant (75% of
the classical one) although in a somewhat smaller velocity range.

max

4 Conclusions

Friction at the nanoscale is a complex process, and here we 0 er a comprehensive study delineating
guantum mechanical vs classical e ects in the Prandtl-Tomlinson model, one of the most popular
models in tribology. Our study examines in depth the frictional motion in several kinematic and
dynamical properties. The detailed analysis of the power and frictional force, the most experi-
mentally relevant quantity, in terms of various regimes and characteristic parameters goes beyond
the stick-slip dissipation rate and its lubricity discussed in Ref. [58]. In particular, the connection
with characteristic times brings deeper understanding of the force and power dependence upon
velocity beyond the adiabatic regime of motion.  For the stick-slip regime, controlled by the
corrugation parameter, the Landau-Zener tunneling at multiple eigenenergy level anti-crossings is
responsible for allowing the particle to permeate through the potential barriers, which are practi-
cally impenetrable for the classical particle. As a result, the stick-slip quantum mechanical motion
experiences reduced friction as compared to the classical case. The newly found force-velocity and
power-velocity correlations are experimentally relevant relations, in which quantum vs classical
regimes are clearly seen. The quantum mechanical e ects in the nanoscale friction are expected to
play a reduced role at higher temperatures. As T is increased, higher states will become important
leading to more pronounced classical features in the motion of the particle.

The theoretical understanding is made possible by presenting the full description of the quantum
mechanical and classical methodologies of Prandtl-Tomlinson model by distinguishing quantum vs
classical vs dissipative aspects of the nanoscale friction. A variety of properties are de ned and
examined in order to track the time dynamics and velocity functionality of the frictional process.
Dissipative heat, dissipative thermal power, and lateral force can serve as a theoretical base for
possible experimental probing of quantum e ects in stick-slip motion. Moving cold atoms and
ions in optical lattices and time-resolved Landau-Zener tunneling in periodic potentials, already
achieved in the laboratory [6, 10, 15, 60], may be a useful platform to demonstrate the reduction
of friction in the quantum mechanical regime.
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