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An atom moving in vacuum at constant velocity parallel above a surface experiences a frictional
force induced by the dissipative interaction with the quantum fluctuations of the electromagnetic
field. We show that the combination of nonequilibrium dynamics, anomalous Doppler effect and spin-
momentum locking of light mediates an intriguing interplay between the atom’s translational and
rotational motion. In turn, this deeply affects the drag force in a way that is reminiscent of classical
rolling friction. Our fully non-Markovian and nonequilibrium description reveals counterintuitive
features characterizing the atom’s velocity-dependent rotational dynamics. These results prompt
interesting directions for tuning the interaction and for investigating nonequilibrium dynamics as

well as the properties of confined light.

Quantum light-matter interactions continue to fasci-
nate with intriguing and non-intuitive phenomena. Dur-
ing the last years, many interesting results involving
nonequilibrium physics and light confinement in photonic
and plasmonic systems have been reported. Although
systems out of equilibrium are very common in nature,
only recently have intense investigations started to un-
ravel their relevance for both fundamental and applied
research [1, 2]. On the other hand, light confinement is
already known for inducing several important behaviors.
Nonetheless, it continues to surprise and is currently at-
tracting attention, for instance, for conveying spin-orbit
interactions of light (a.k.a. spin-momentum locking) [3—
5]. Here, we combine these fields of research within a
larger framework: We show that, when an atom is forced
to move parallel to a surface, quantum rolling frictional
dynamics results from the nonequilibrium interplay of
the atomic translational and rotational motion. Despite
the apparent resemblance to the behavior of a classical
body rolling on a surface, the underlying physics of this
phenomenon features many interesting counterintuitive
aspects.

Due to vacuum fluctuations, light-matter interactions
lead to the occurrence of non-conservative (frictional)
forces on electrically neutral and non-magnetic objects
[6, 7]. These forces are quantum in nature and the
physics behind quantum friction is related to the quan-
tum Cherenkov effect through the anomalous-Doppler ef-
fect [8-11]. In this process, real photons are extracted
from the vacuum at the cost of the object’s kinetic en-
ergy; they are absorbed and re-emitted thus producing a
fluctuating momentum recoil [12]. When only the atomic
translational motion is considered, spin-zero photons are
absorbed and re-emitted, and a net quantum frictional
force that opposes the translational motion appears. This
anisotropic process was investigated in many scenarios
during the last decade [6, 13-20] and its connection to
nonequilibrium physics was recently highlighted [21]. In
this Letter we show that, when the rotational degrees of

freedom are involved in the dynamics, the atom can also
exchange angular momentum, absorbing and emitting
photons with nonzero spin. However, due to nonequilib-
rium physics, the anomalous-Doppler effect and the spin-
momentum locking of light [3-5], this stochastic process
is peculiarly unbalanced: A force in the direction of the
motion appears and partially compensates the transla-
tional friction. As a result, a net atomic rotation emerges
with a sense opposite to that of classical rolling.

We consider a system at zero temperature consisting
of an atom propelled at constant height z, > 0 parallel to
a flat surface at z = 0. We focus on the nonequilibrium
steady state (NESS) characterized by a constant veloc-
ity v reached by the system when friction balances the
external drive. In the NESS the frictional force can be
written as F = F* + F* [22], where

Ft = -2 /Ojljw/(gj;kTr {ﬁ;(—w;,v) -Qi(k,za,w)} ,
(1)
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wf = w + k - v is the Doppler-shifted frequency of the

vacuum field in the atom’s comoving frame, k is the
component of the wave vector parallel to the surface
and G(k, z,,w) is the Fourier transform of the electro-
magnetic Green tensor [22, 23]. S(w,V) is the velocity-
dependent atomic power spectrum, i.e. the Fourier
transform of the stationary two-time correlation tensor
Cii(r,v) = (di(7)d;(0)) (i,j = x,y,2). Here, d(t) de-
scribes the full nonequilibrium quantum dynamics of the
particle’s electric dipole vector operator. The symbol
“Tr” traces over the cartesian indices, while “T” stands
for the transpose. The superscripts “s” and “as”, and the
subscripts “R” and “I” indicate the symmetric and the
antisymmetric part of tensors and the real and the imag-
inary part of the corresponding quantity, respectively.



FIG. 1: Schematic description of the two mechanisms behind
Egs. (1). (a) In the near field two counter-propagating virtual
surface excitations give rise to spin-zero photons (correspond-
ing to a linearly polarized electromagnetic field E) that are
absorbed by the atom which gets excited (anomalous Doppler
effect). The atom then emits linearly polarized photons, pre-
dominantly in the direction of the motion. The corresponding
recoil momentum gives rise to F*. (b) When the atomic ro-
tational degrees of freedom are involved in the dynamics, the
atom can also absorb photons with nonzero spin (correspond-
ing to circularly polarized electromagnetic field E). For a
motion along the positive z-axis, surface excitations with neg-
ative spin are predominantly absorbed, producing a clockwise
rotation of the atom around the y-axis. In this case, the atom
prevalently emits photons with nonzero spin in the negative
z-direction, corresponding to the recoil force F* oriented in
the direction of the motion.

The two terms in Egs. (1) correspond to two dis-
tinct physical mechanisms characterizing the system [see
Fig. 1]. A first insight about their origin is provided by
looking at the correlation tensor: If C(r,v) = C'(r,v),
S(w,v) is necessarily real and symmetric, leading to
F' # 0 and F* = 0 [21, 24]. This condition is equivalent
to (d(7) x d(0)) = 0, which implies that, on average, the
atomic dipole cannot rotate, absorb or emit any net an-
gular momentum. F* is therefore the quantum frictional
force commonly investigated in the literature, which only
takes into account the atomic translational motion. F*
thus represents an additional contribution which appears
if the rotational atomic degrees of freedom are considered
and is the main focus of this work.

In order to obtain a deeper understanding, it is use-
ful to analyze the Green tensor of our system. With-

out loss of generality we consider a motion along the
a-direction (v = wvx). The surface-related (scattering)
part of G(k, z,,w) can then be written as the sum of a
diagonal and a skew-symmetric matrix, o(k, z,,w) and
—¢(k, 24, w)L, respectively. L, is the y-component of
the usual Lie-algebra’s basis for SO(3) ([L;];x = —iesjk)
describing 3D-rotations [25]. As we will see in detail
below [see Egs. (4)], G(k,zq,w), describing the sys-
tem’s electromagnetic response, and S(w,Vv), account-
ing for the atomic fluctuations, are in general phys-
ically connected. The link is provided by the ma-
trix Go(K, ze,w) = [G(K,zq,w) — GI(k, 24, w)]/(2i) =
Gk, zq,w) —1G% (K, 24, w), which is related to the prob-
ability that the atom absorbs (w < 0) or emits (w > 0)
photons [26]. With reference to the electromagnetic spin
operator [4, 5, 27], the structure inherited from the Green
tensor reveals that the interaction is sensitive to the three
states of the photon’s spin. Gj(k, zq,w) = o;(k, 24, w) is
associated with linearly polarized photons (spin zero):
Due to the matrix’ even parity in k, the corresponding
processes do not depend on the direction of propagation.
In contrast, the matrix ¢r(k,2q,w)L, = Gr(k, zq,w),
describes emission and/or absorption of photons having
a nonzero spin along the y-axis. The interpretation in
terms of absorption and emission probability implies a
positive spin when ¢; < 0 and a negative spin in the
opposite case, linking the sign to the direction of propa-
gation through the odd parity in k of the function ¢. This
locking behavior, which is essentially associated with the
confinement of light at the vacuum-material interface [3—
5], allows to associate ¢;(k, z,,w) with a spin-dependent
local density of states. In the near-field limit we have
[22, 23]
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€o is the vacuum permittivity and r[w] the surface’s p-
polarized reflection coefficient. Please note, that in the
r.h.s. expression we have deleted those terms that — due
to symmetry — do not contribute to Eq. (1). As o =1,
Gy is obtained by replacing r|w] with r7[w] in Eq. (2a).
At equilibrium and for common materials the radiation
features zero angular momentum on average. However,
for a moving atom, the frequency of the radiation in the
co-moving frame is Doppler-shifted by the value k - v
[Egs. (1)]. This induces an asymmetry in the spin balance
of the light-matter interaction, and the atom effectively
perceives spin-polarized radiation.

To quantitatively understand the implications of this
phenomenon on the frictional force, we model the atom’s
internal structure as a Lorentz harmonic oscillator char-
acterized by the transition frequency w,. The velocity-



dependent atomic polarizability tensor is then given by
[21]

d?k A7
a(w,v) = ag(w) [1 —ap(w) / Wg(k, Za,wy ) ,
3)
where ap(w) = aow?/(w? — w?) and «q are the bare
and static oscillator’s polarizabilities, respectively. The
nonequilibrium power spectrum can be written as
h

S(w,v) = —[w)ag(w,v) +J(w,v)],  (4a)

where aq(w, v) is defined similarly to G4(k, z,w) and

2
J(w,v) = / (;i;;ww;) —0(w)

x a(w,v) - Gg(k, 2a,wp) - af (w,v). (4b)

The nonequilibrium fluctuation theorem in Eqgs. (4) in-
cludes the atomic rotational degrees of freedom and gen-
eralizes results reported in previous work [21]. Equations
(3) and (4) can be used to evaluate Egs. (1). For illustra-
tion, we present the resulting frictional deceleration on
a 8"Rb atom moving above a gold surface in Fig. 2. For
symmetry reasons the deceleration is along the direction
of motion. Notice that the positive rotational contribu-
tion attenuates the frictional force stemming from the
translation. Roughly speaking, one can say that, as in
classical mechanics, allowing for a “rolling dynamics” re-
duces the frictional force acting on the object.

For additional insight and a more quantitative analy-
sis, we focus on the low-velocity limit of Eqgs. (1). As
discussed in previous work [21, 22, 24|, the dominant
contribution to the frictional force arises from low fre-
quencies w < v/z,. If 11 &~ 2€¢ppw for these frequencies
(for conductors p is the resistivity) [21, 28, 29], to second
order in g, we have
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where the prime indicates the derivative with respect to
the frequency. For a motion within the near field of the
surface, Egs. (5) give
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FIG. 2: Frictional acceleration, a = a' + a*, on a 8"Rb atom
(a0 = 4mep x 47.28 A% w, = 1.3 eV, mr, = 86.9 u [31])
as a function of its velocity. The particle moves at z, = 5
nm from a gold surface, described by a Drude-permittivity
ew) =1—w/[w(w+il)]™" (wp = 9 eV, T = 35 meV [32],
giving p = I'/[eow?] = 3.21 x 107® Qm). The two compet-
ing contributions a® (dash-dotted line) and a" (dashed line) in
Eqgs. (1) are represented. At small velocity the total accelera-
tion (full line) scales as the sum of the expressions in Eq. (6)
divided by the atomic mass (dotted line), while at high ve-
locity friction is enhanced by a resonant interaction [21]. The
inset shows that at low velocities F* compensates more than
70% of F*. The percentage decreases at higher velocity.

translation (see inset in in Fig. 2). Interestingly, one can
show that at low velocity, using the so-called local ther-
mal equilibrium (LTE) approximation, the compensation
between the translational and the rotational contribu-
tions is complete, leading to an erroneous vanishing fric-
tional force. The LTE approach is commonly used for an
approximate description of nonequilibrium systems and
treats each of its components as if they were locally in
thermal equilibrium with their immediate surrounding.
The (equilibrium) fluctuation-dissipation theorem (FDT)
is then applied [30], which for our system is equivalent
to neglecting J in Eq. (4a). A vanishing friction in the
LTE approximation indicates that the detailed balance
enforced by the FDT incorrectly treats the processes con-
nected with the translation and the rotation on the same
footing. Contrasted with Eq. (6), the LTE result is not
only flawed but also highlights that, as soon as the rota-
tional degrees of freedom are included, quantum friction
is essentially a pure nonequilibrium phenomenon.

The difference in sign between F* and F* can be un-
derstood as a consequence of the interplay between the
anomalous Doppler effect and the spin-momentum lock-
ing of light. In the NESS, for a motion along x > 0, the
Doppler-shifted frequency w, becomes “anomalously”
negative only for k, > 0. Therefore, during the motion
the atom can get excited even at zero temperature [see
the discussion before Eq. (2)] due to a light-matter inter-
action that favors positive k. In Eq. (ba) emission and
absorption are controlled by o(k, z,,w) and involve spin-
zero photons which are prevalently emitted in the direc-
tion of the motion. As a result, the net recoil force F'* acts
against the motion [21, 22, 24]. However, allowing for the
atomic rotational dynamics opens an additional channel



of interaction with the surface represented by Eq. (1b).
The corresponding processes in Eq. (5b) are associated
with the product ¢(k, z,,w)L, and involve photons with
nonzero spin. In this case, the angular momentum acts
as an additional filter that selects a prevalent emission
along the negative x-direction. This leads to the net re-
coil force F* with the same sign of the velocity.

The involvement of the angular momentum has an ad-
ditional implication. During the motion and the interac-
tion with the vacuum field, the atom undergoes a stochas-
tic process which includes rotation. The stationarity
characterizing the NESS implies that all torques acting
on the atom, resulting from the dissipative nonequilib-
rium light-matter interaction, must balance on average.
The rotational stochastic motion [33] generated by the
exchange of photons can be associated with a constant

angular momentum £ = [aow?] 1 (d(t) x d(t)), which
can be written as [34]
1 oo
L= w2 /700 dw WTr[L - S(w, v)]. (7)

In agreement with the symmetries of our system, only
the y-component is nonzero. We can evaluate the cor-
responding rotation frequency €2 by multiplying the an-
gular momentum by the inverse of the average atomic
moment of inertia tensor, M,; = [aow2] =1 (|d(t) 205 —

d;(t)d;(t)). With some matrix algebra this yields

* dw wTr[S(w,v) - L
[odewhls@y) L)

0=
I, dw Te[S(w, v) - L]

Inserting Eq. (4a) in Eq. (8), in the near-field limit and
for w, within the Ohmic response of the material, we
obtain at the leading order in «q [35]
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Equation (9) indicates that, in the NESS, while propelled
by a constant external force near the surface, transla-
tion and rotation couple and the atom rotates clockwise
around the y-axis despite no external torque is applied on
its center of mass (see Fig. 1). This last result contradicts
our classical intuition, which, for a motion along the pos-
itive z-axis, would instead suggest a counterclockwise ro-
tation. It also differs from evaluations of purely rotating
metallic nanoparticles without translational motion [36—
39], or on immobile circularly polarized excited atoms
[40] in front of a surface, which in the near-field and low
rotational frequency limits predict lateral forces agree-
ing with the classical prescription. Once again, however,
the sense of rotation can be interpreted as resulting from
the motion-induced asymmetry in the light-matter inter-
action. In the atomic excitation process the anomalous
Doppler effect favors the absorption of photons propagat-
ing along the positive z-axis. In the near-field they have

negative spin, resulting in the absorption of negative an-
gular momentum and a clockwise rotation of the atom.
This also provides a better understanding of the sign of
F*: During the dissipative process associated with the
frictional force, in order to keep L constant, the atom
emits photons with positive spin, thus absorbing a neg-
ative angular momentum recoil. Due to the properties
of the spin-dependent density of states, in the near field
these photons can be absorbed by the environment (es-
sentially the surface) if they are emitted along the nega-
tive z-axis, thus favoring a positive momentum recoil and
a positive F". Still, because of the Doppler-shift, the last
process is less effective than the one associated with spin-
zero photons, whose absorption rate does not depend on
the sign of the wave vector, justifying why |F*| < |F|.
It is important to highlight that our description takes
into account the full nonequilibrium electromagnetic
backaction on the microscopic object, setting it apart
from other related studies. Nonequilibrium backaction
is often not included in perturbative approaches for
atoms [40, 41] and it is commonly neglected for metallic
nanoparticles [36, 38, 39], due to the strong intrinsic dissi-
pation of the metal [22]. In our case, however, this feature
ultimately characterizes important quantities such as the
atomic power spectrum or polarizability and affects the
spin-sensitive atom-surface interaction. Disregarding the
backaction removes the intrinsic velocity-dependence in
these quantities, making them coincide with their bare
or equilibrium expressions. This leads to a description
which, to a large extent, is equivalent to the LTE approx-
imation for which some of the above effects disappear.
The measurement of the quantum frictional force and
of the corresponding deceleration is challenging due to
the weakness of the interaction. It requires a careful
choice of both the experimental technique and the sys-
tem’s parameters. From Fig. 2, we see that on a Rubid-
ium atom moving at v 2 30 km/s at a distance of 5 nm
from a Gold surface acts a deceleration |a| > 3 x 1072
pum/s?. Notice, however, that replacing 8"Rb with 7Li
(g = 4mep x 24.33 A3 [48], my; = 7.02 u) and Gold
with Sodium (p = 8 x 1077 Qm [49]), already leads to
a deceleration of 2.5 ym/s? for v ~ 10 km/s. In addi-
tion, previous work has indicated that considering spatial
dispersion and engineering the surface’s optical response
can enhance the effect by several orders of magnitude
[28, 29]. Consequently, promising perspectives for a de-
tection are offered by atom interferometry. Cold-atom
setups have already achieved an accuracy of 1072 ym/s?
[42] for the measurement of accelerations. To increase the
(relative) velocity, one can consider atoms moving close
to or trapped in a ring-shaped potential [43] parallel to
a surface rotating with high frequency (v ~ 10 km/s are
reached in micro-turbines). Alternatively, v > 100 km/s
are achieved using neutralized ion beams [44]. In this last
case, one can search for friction-induced modifications of
the interference pattern produced by the diffraction of



the atomic beam on a grating with very small apertures
(~ 45-50 nm [45-47]). An indirect proof for F" can be
provided by the detection of the atomic rotation. Us-
ing the parameters of Fig. 2, for v ~ 10 km/s we obtain
|2 = 25 MHz, which can be detected by measuring the
atomic optical response to circular polarized light.

In conclusion, we have shown that the combination of
nonequilibrium dynamics, the anomalous Doppler effect
and the spin-momentum locking of light induces quan-
tum rolling friction on an atom moving parallel to a sur-
face. During the zero-temperature dissipative process,
the atom performs a driven Brownian-like motion that
involves its internal degrees of freedom and depends on
the three states of the photon’s spin. The atom absorbs
and emits photons, exchanging translational and angu-
lar momentum with light. As in classical rolling motion,
the interplay between atomic translational and rotational
motion sensibly diminishes the drag force with respect to
the case where the rotation is not considered. Interest-
ingly, however, the reduction in strength of the drag force
is connected with a steady atomic rotation with a sense
opposite to what one would expect from classical intu-
ition. Our analysis qualitatively applies to a large class
of systems and materials showing similar features (low-
frequency dissipation, light confinement etc.). It also sug-
gests ways for tuning the total quantum frictional inter-
action via an enhancement of the system’s asymmetry.
They can involve for instance, chiral atoms [50], topo-
logical materials [51], or even external fields [52], which
can affect the exchange of angular momentum within the
system. Quantum rolling friction yields an interesting
example on how different phenomena unconventionally
combine in the quantum realm.
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