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An atom moving in a vacuum at constant velocity and parallel to 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, the 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.
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Quantum light-matter interactions continue to fascinate
with intriguing and nonintuitive phenomena. During 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 unravel 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 attracting 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 thenonequilibrium 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 phe-
nomenon features many interesting counterintuitive aspects.
Because of quantum fluctuations, light-matter inter-

actions lead to the occurrence of nonconservative (fric-
tional) forces on electrically neutral and nonmagnetic
objects [6,7]. These forces are quantum in nature and the
physics behind quantum friction is related to the quantum
Cherenkov effect through the anomalous Doppler effect
[8–11]. In this process, real photons are extracted from the
vacuum at the cost of the object’s kinetic energy; they are
absorbed and reemitted, thus producing a fluctuating
momentum recoil [12]. When only the atomic translational
motion is considered, spin-zero photons are absorbed
and reemitted, 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 nonequilibrium 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 translational 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 za > 0 parallel to a flat
surface at z ¼ 0. We focus on the nonequilibrium steady
state (NESS) characterized by a constant velocity v reached
by the system when friction balances the external drive. In
the NESS the frictional force can be written as F ¼ Ft þ Fr

[22], where

Ft ¼ −2
Z∞

0

dω
Z

d2k
ð2πÞ2 kTr½S

T
Rð−ω−

k; vÞ ·Gs
Iðk; za;ωÞ�;

ð1aÞ

Fr ¼ −2
Z∞

0

dω
Z

d2k
ð2πÞ2 kTr½S

T
I ð−ω−

k; vÞ ·Gas
R ðk; za;ωÞ�:

ð1bÞ
ω�
k ¼ ω� 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
Gðk; za;ωÞ is the Fourier transform of the electromagnetic
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Green tensor [22,23]. Sðω; vÞ is the velocity-dependent
atomic power spectrum, i.e., the Fourier transform of
the stationary two-time correlation tensor Cijðτ; vÞ ¼
hd̂iðτÞd̂jð0Þi (i; j ¼ x, y, z). Here, d̂ðtÞ describes 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 parts of tensors and
the real and the imaginary part of the corresponding
quantity, respectively.
The two terms in Eqs. (1) correspond to two distinct

physical mechanisms characterizing the system [see Fig. 1].
A first insight about their origin is provided by looking
at the correlation tensor: If Cðτ; vÞ ¼ CTðτ; vÞ, Sðω; vÞ
is necessarily real and symmetric, leading to Ft ≠ 0

and Fr ¼ 0 [21,24]. This condition is equivalent to
hd̂ðτÞ × d̂ð0Þi ¼ 0, which implies that, on average, the
atomic dipole cannot rotate, absorb, or emit any net angular
momentum. Ft is therefore the quantum frictional force
commonly investigated in the literature, which only takes
into account the atomic translational motion. Fr 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 useful to

analyze the Green tensor of our system. Without loss of
generality we consider a motion along the x direction
(v ¼ vex; jexj ¼ 1). The surface-related (scattering) part of
Gðk; za;ωÞ can then bewritten as the sum of a diagonal and
a skew-symmetric matrix, σðk; za;ωÞ and −ϕðk; za;ωÞLy,
respectively. Ly is the y component of the usual
Lie-algebra’s basis for soð3Þ (½Li�jk ¼ −iεijk) describing
3D rotations [25]. As we will see in detail below [see
Eqs. (4)], Gðk; za;ωÞ, describing the system’s electromag-
netic response, and Sðω; vÞ, accounting for the atomic
fluctuations, are in general physically connected. The link
is provided by the matrix Gℑðk; za;ωÞ ¼ ½Gðk; za;ωÞ−
G†ðk; za;ωÞ�=ð2iÞ ¼ Gs

Iðk; za;ωÞ − iGas
R ðk; za;ωÞ, which

is related to the probability that the atom absorbs (ω < 0) or
emits (ω > 0) photons [26]. With reference to the electro-
magnetic 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.
Gs

Iðk; za;ωÞ ¼ σIðk; za;ωÞ is associated with linearly
polarized photons (spin zero): Because of the matrix’s
even parity in k, the corresponding processes do not
depend on the direction of propagation. In contrast, the
matrix ϕIðk; za;ωÞLy ¼ Gas

R ðk; za;ωÞ, 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 ϕI < 0
and a negative spin in the opposite case, linking the sign to
the direction of propagation through the odd parity in k of
the function ϕ. This locking behavior, which is essentially
associated with the confinement of light at the vacuum-
material interface [3–5], allows us to associate ϕIðk; za;ωÞ
with a spin-dependent local density of states. In the near-
field limit we have [22,23]

Gðk; za;ωÞ ≈ Π
k
2ϵ0

r½ω�e−2kza ðk ¼ jkjÞ; ð2aÞ
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ϵ0 is the vacuum permittivity and r½ω� the surface’s
p-polarized reflection coefficient. Please note, that in the
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FIG. 1. Schematic description of the two mechanisms behind
Eqs. (1). (a) In the near field two counterpropagating virtual
surface excitations give rise to spin-zero photons (corresponding
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, predominantly in the
direction of the motion. The corresponding recoil momentum
gives rise to Ft. (b) When the atomic rotational degrees of
freedom are involved in the dynamics, the atom can also absorb
photons with nonzero spin (corresponding to circularly polarized
electromagnetic field E). For a motion along the positive x axis,
surface excitations with negative 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 x direction, corresponding to the
recoil force Fr oriented in the direction of the motion.
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right-hand side expression we have deleted those terms
that—due to symmetry—do not contribute to Eq. (1).
As Π† ¼ Π, Gℑ is obtained by replacing r½ω� with rI½ω� 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 comoving frame is Doppler shifted by the value k · v
[Eqs. (1)]. This induces an asymmetry in the spin balance
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 charac-
terized by the transition frequency ωa. The velocity-
dependent atomic polarizability tensor is then given by [21]

αðω; vÞ ¼ αBðωÞ
�
1 − αBðωÞ

Z
d2k
ð2πÞ2Gðk; za;ω

þ
k Þ
�−1

;

ð3Þ

where αBðωÞ ¼ α0ω
2
a=ðω2

a − ω2Þ and α0 are the bare and
static oscillator’s polarizabilities, respectively. The non-
equilibrium power spectrum can be written as

Sðω; vÞ ¼ ℏ
π
½θðωÞαℑðω; vÞ þ Jðω; vÞ�; ð4aÞ

where αℑðω; vÞ is defined similarly to Gℑðk; z;ωÞ and

Jðω; vÞ ¼
Z

d2k
ð2πÞ2 ½θðω

þ
k Þ − θðωÞ�

× αðω; vÞ ·Gℑðk; za;ωþ
k Þ · α†ðω; vÞ: ð4bÞ

The nonequilibrium fluctuation theorem in Eqs. (4)
includes the atomic rotational degrees of freedom and
generalizes results reported in previous work [21].
Equations (3) and (4) can be used to evaluate Eqs. (1).
For illustration, we present the resulting frictional decel-
eration on a 87Rb 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
contribution attenuates the frictional force stemming from
the translation. Roughly speaking, one can say that, as in
classical mechanics, allowing for a “rolling dynamics”
reduces the frictional force acting on the object.
For additional insight and a more quantitative analysis,

we focus on the low-velocity limit of Eqs. (1). As discussed
in previous work [21,22,24], the dominant contribution to
the frictional force arises from low frequencies ω≲ v=za.
If rI ≈ 2ϵ0ρω for these frequencies (for conductors ρ is the
resistivity) [21,30,31], to second order in α0, we have

Ft ≈ −α20v3
ℏ
π

Z
d2k
ð2πÞ2

d2k̃
ð2πÞ2

kx
6
ðkx þ k̃xÞ3

× Tr½σ0Iðk; za; 0Þ · σ0Iðk̃; za; 0Þ�; ð5aÞ

Fr ≈ −α20v3
ℏ
π

Z
d2k
ð2πÞ2

d2k̃
ð2πÞ2

kx
6
ðkx þ k̃xÞ3

× Tr½LT
y · Ly�ϕ0

Iðk; za; 0Þϕ0
Iðk̃; za; 0Þ; ð5bÞ

where the prime indicates the derivative with respect to the
frequency. For a motion within the near field of the surface,
Eqs. (5) give

Ft≈−
63

π3
ℏα20ρ

2
v3

ð2zaÞ10
; Fr≈

45

π3
ℏα20ρ

2
v3

ð2zaÞ10
: ð6Þ

Notice that the contribution associated with the rotation
compensates more than 70% of the force related to
the translation (see inset in Fig. 2). Interestingly, one
can show that at low velocity, using the so-called local
thermal equilibrium (LTE) approximation, the compensa-
tion between the translational and the rotational contribu-
tions is complete, leading to an erroneous vanishing
frictional 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 [32], which for our system is equivalent to
neglecting J in Eq. (4). A vanishing friction in the LTE
approximation indicates that the detailed balance enforced
by the FDT incorrectly treats the processes connected with

FIG. 2. Frictional acceleration, a ¼ at þ ar, on a 87Rb atom
(α0 ¼ 4πϵ0 × 47.28 Å3, ωa ¼ 1.3 eV, mRb ¼ 86.9 u [28]) as a
function of its velocity. The particle moves at za ¼ 5 nm from a
gold surface, described by a Drude permittivity ϵðωÞ ¼
1 − ω2

p=½ωðωþ iΓÞ�−1 (ωp ¼ 9 eV, Γ ¼ 35 meV [29], giving
ρ ¼ Γ=½ϵ0ω2

p� ¼ 3.21 × 10−8 Ωm). The two competing contri-
butions at (dash-dotted line) and ar (dashed line) in Eqs. (1) are
represented. At small velocity the total acceleration (full line)
scales as the sum of the expressions in Eq. (6) divided by the
atomic mass (dotted line), while at high velocity friction is
enhanced by a resonant interaction [21]. The inset shows that at
low velocities Fr compensates more than 70% of Ft. The
percentage decreases at higher velocity.
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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 rotational degrees of
freedom are included, quantum friction is essentially a pure
nonequilibrium phenomenon.
The difference in sign between Ft and Fr can be

understood as a consequence of the interplay between
the anomalous Doppler effect and the spin-momentum
locking of light. In the NESS, for a motion along x > 0, the
Doppler-shifted frequency ω−

k becomes “anomalously”
negative only for kx > 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 interaction
that favors positive kx. In Eq. (5a) emission and absorption
are controlled by σðk; za;ωÞ and involve spin-zero photons
which are prevalently emitted in the direction of the motion.
As a result, the net recoil force Ft 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
ϕðk; za;ωÞLy 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 recoil force Fr with the
same sign of the velocity.
The involvement of the angular momentum has an

additional implication. During the motion and the inter-
action with the vacuum field, the atom undergoes a
stochastic process which includes rotation. The stationarity
characterizing the NESS implies that all torques acting on
the atom, resulting from the dissipative nonequilibrium
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 L ¼ ½α0ω2
a�−1hd̂ðtÞ × _̂dðtÞi, which can be

written as [34]

L ¼ 1

α0ω
2
a

Z∞

−∞

dωωTr½L · Sðω; vÞ�: ð7Þ

In agreement with the symmetries of our system, only the y
component is nonzero. We can evaluate the corresponding
rotation frequency Ω by multiplying the angular momen-
tum by the inverse of the average atomic moment of inertia
tensor, Mij ¼ ½α0ω2

a�−1hjd̂ðtÞj2δij − d̂iðtÞd̂jðtÞi. With some
matrix algebra this yields

Ω ¼
R
∞
−∞ dωωTr½Sðω; vÞ · Ly�R∞
−∞ dωTr½Sðω; vÞ · L2

y�
: ð8Þ

Inserting Eq. (4) in Eq. (8), in the near-field limit and for ωa
within the Ohmic response of the material, we obtain at the
leading order in α0 [35]

Ω ≈ −
v
za

�
1þ

�
1

3

rR½ωa�
rI½ωa�

�
2
�
−1
: ð9Þ

Equation (9) indicates that, in the NESS, while propelled by
a constant external force near the surface, translation and
rotation couple and the atom rotates clockwise around the
y axis despite no external torque is applied with respect to
an axis passing through its center of mass (see Fig. 1). This
last result contradicts our classical intuition, which, for a
motion along the positive x axis, would instead suggest a
counterclockwise rotation. It also differs from evaluations
of purely rotating metallic nanoparticles without transla-
tional 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 agreeing 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 interaction. In the atomic excitation process
the anomalous Doppler effect favors the absorption of
photons propagating along the positive x axis. In the near
field they have negative spin, resulting in the absorption of
negative angular momentum and a clockwise rotation of the
atom. This also provides a better understanding of the sign
of Fr: During the dissipative process associated with the
frictional force, in order to keepL constant, the atom emits
photons with positive spin, thus absorbing a negative
angular momentum recoil. Because of the properties of
the spin-dependent density of states, in the near field these
photons can be absorbed by the environment (essentially
the surface) if they are emitted along the negative x axis,
thus favoring a positive momentum recoil and a positive Fr.
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 jFrj < jFtj.
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 com-
monly neglected for metallic nanoparticles [36,38,39], due
to the strong intrinsic dissipation of the metal [22]. In our
case, however, this feature ultimately characterizes impor-
tant quantities such as the atomic power spectrum or
polarizability and affects the spin-sensitive atom-surface
interaction. Disregarding the backaction removes the intrin-
sic 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 approximation 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
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both the experimental technique and the system’s param-
eters. From Fig. 2, we see that on a rubidium atom moving
at v≳ 30 km=s at a distance of 5 nm from a gold surface
acts a deceleration jaj≳ 3 × 10−2 μm=s2. Notice, however,
that replacing 87Rb with 7Li (α0 ¼ 4πϵ0 × 24.33 Å3 [42],
mLi ¼ 7.02 u) and gold with sodium (ρ ¼ 8 × 10−7 Ωm
[43]), already leads to a deceleration of 2.5 μm=s2 for
v ≈ 10 km=s. In addition, previous work has indicated that
considering spatial dispersion and engineering the surface’s
optical response can enhance the effect by several orders of
magnitude [30,31]. Consequently, promising perspectives
for a detection are offered by atom interferometry.
Cold-atom setups have already achieved an accuracy of
10−2 μm=s2 [44] for the measurement of accelerations. To
increase the (relative) velocity, one can consider atoms
moving close to or trapped in a ring-shaped potential [45]
parallel to a surface rotating with high frequency
(v ∼ 10 km=s are reached in microturbines). Alternatively,
v≳ 100 km=s are achieved using neutralized ion beams
[46]. 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 [47–49]). An indirect proof for Fr

can be provided by the detection of the atomic rotation.
Using the parameters of Fig. 2, for v ≈ 10 km=s we obtain
jΩj ≈ 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 quantum
rolling friction on an atom moving parallel to a surface.
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 angular momentum with
light. As in classical rolling motion, the interplay between
atomic translational and rotational motion sensibly dimin-
ishes the drag force with respect to the case where the
rotation is not considered. Interestingly, however, the
reduction in strength of friction is connected with a steady
atomic rotation with a sense opposite to what one would
expect from classical intuition. Our analysis qualitatively
applies to a large class of systems and materials showing
similar features (low-frequency dissipation, light confine-
ment, etc.). It also suggests ways for tuning the total
quantum frictional interaction via an enhancement of the
system’s asymmetry. They can involve, for instance, chiral
atoms [50], topological 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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