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Impact of chiral transitions in quantum friction

Muzzamal I. Shaukat

1. and Mdrio G. Silveirinha®% '

! Institute for Quantum Science and Engineering, Texas A&M University, College Station, Texas 77843, USA
2Instituto Superior Técnico, University of Lisbon and Instituto de Telecomunicagées, Torre Norte,
Avenida Rovisco Fais 1, Lisbon 1049-001, Portugal

® (Received 22 January 2025; accepted 14 February 2025; published 3 March 2025)

We theoretically investigate the role of chiral transitions in the quantum friction force that acts on a two-level
atom that moves with relative velocity v parallel to a planar metallic surface. We find that the friction force has a
component that is sensitive to the handedness of the atomic transition dipole moment. In particular, we show that
the friction force can be enhanced by an atomic transition with a dipole moment with a certain handedness and
can almost be suppressed by the dipole moment with the opposite handedness. Curiously, the handedness of the
transition dipole moment that boosts the ground-state friction force is the opposite of what is classically expected
from the spin-momentum locking. We explain this discrepancy in terms of the interaction between positive- and

negative-frequency oscillators.
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I. INTRODUCTION

Casimir forces have garnered immense theoretical [1,2]
and experimental [3-6] interest, experiencing a remarkable
resurgence in recent years. In particular, it has been predicted
that fluctuation-induced friction forces can occur between two
noncontacting bodies moving relative to each other, even at
zero temperature. This peculiar behavior arises due to the in-
fluence of quantum fluctuations [7—11]. The past few decades
have seen much work carried out on the investigation of
quantum friction [7-33], which remains a captivating and not
yet fully understood phenomenon. For instance, the influence
of relativistic effects, non-Markovian dynamics, and unstable
regimes where the force fails to reach a steady state are still
active areas of research and debate [33-36].

A physical picture of quantum friction is that when two
bodies are set in relative motion, the “image” dipoles lag
behind the original fluctuations, resulting in energy loss. For
instance, for an atom moving parallel to a metal surface, the
energy transfer can be visualized as the atom inducing dipoles
in the metal. These induced dipoles, due to the lack of motion
and the dispersive properties of the material, lag behind the
atom’s fluctuations. This lag results in a continuous transfer of
energy from the atom to the metal slab, which is perceived as
energy loss from the atom’s perspective. The friction force is
mostly controlled by the material dispersion and dissipation.

Several approaches have been considered to characterize
the friction force, such as the Born-Markov approximation
[13], linear-response theory [12], and time-dependent pertur-
bation theory [24]. The measurement of quantum friction is
extremely challenging in systems with moving bodies, and
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for this reason experimental confirmation of this effect is still
lacking.

Chiral quantum optics has emerged as a novel paradigm
to tailor the quantum light-matter interactions, providing
unprecedented control over the directionality of these inter-
actions [37]. Chiral emitters coupled to waveguides are the
basis of several protocols of quantum networks [38] and have
been investigated theoretically and experimentally [39—41].
The chiral nature of these interactions enables the develop-
ment of nonreciprocal devices such as circulators [42—44],
optical isolators [45], and quantum gates [46,47], opening
up exciting possibilities for advanced quantum technologies.
Furthermore, the exploration of chirality in the quantum realm
can be a powerful tool for optical manipulation [48].

The purpose of this work is to elucidate the role of atomic
polarization, in particular the role of chiral transitions, in the
quantum friction force. To this end, we consider a two-level
system (qubit) moving with velocity v parallel to a metal-
lic surface. Using a quasistatic approximation, we present a
detailed study of the impact of the atomic transition dipole
moment on the friction force, discuss the role of surface
plasmons, and analyze the effect of material dissipation. In-
terestingly, we find that chiral-type atomic transitions can
be the dominant friction mechanism. As intuitively expected,
the handedness of a chiral-type atomic transition can greatly
influence its contribution to the friction force due to the
strong sensitivity of the coupling with surface plasmons. In-
triguingly, we find that the atomic transitions that make the
dominant contribution to the friction force have a handedness
that is opposite to that expected from classical considerations.
We offer an explanation for this property by taking into ac-
count the fact that the interactions that lead to friction are
associated with nonconserving energy terms.

This article is organized as follows. In Sec. II, we describe
the theoretical model of the two-level system that interacts
with a metallic surface. In Sec. III, we describe the theoretical
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FIG. 1. A two-level atom moves with velocity v at distance d
from a metallic surface.

formalism and provide general formulas for the friction force
in terms of the system Green’s function. Then, in Sec. IV
we obtain closed analytical expressions for the friction force
considering a quasistatic model for the metallic substrate and
the weak-dissipation limit. In addition, we present a detailed
numerical study that highlights the impact of the atomic po-
larization and of the substrate loss. A summary of the main
results is provided in Sec. V.

II. THEORETICAL MODEL

We consider a scenario in which a two-level atom (qubit)
travels with velocity v parallel to a thick metallic surface (see
Fig. 1). The atom moves along the x axis and is at distance d
from the metal interface. The total Hamiltonian of the system
can be written as

H = Hy + Hpela + Hine , (D

where H,, = hiw,6,/2 represents the Hamiltonian of the atom.
The atomic states are denoted by |e) (excited state) and
|g) (ground state). These states are separated by the energy
E, — E, = liwy, where wy denotes the atomic transition fre-
quency. Here, 6,=|e) (e| — |g){(g| denotes the atomic inversion
operator. The term Heeld represents the Hamiltonian of the
plasmonic field, given by

A /10) K .+ A A
Heela = Z 2n (@ + ), 2

Wpk>0

where the sum is taken over positive oscillation frequencies
wpk and &Zk (anx) denotes the creation (annihilation) opera-
tor of the bosonic field, satisfying the commutation relation
[Gk, &Zk,] = Skx. The term Hin = —Pu ~E’(r6) represents
the interaction Hamiltonian between the two-level atom and
the plasmonic field. Here, rj is the time-independent position
of the atom in the comoving frame. The atom’s position in the
laboratory frame is ro = r; + vt.

The quantized fields in the laboratory frame (comoving
with the plasmonic slab) can be written in terms of the system
electromagnetic modes as [28,49-51]

Fr,1)=

™ [ (OF k() + ) (OF 5] (3)

Wyk >O

We use six-vector notation such that F = (E H)? is formed
by the electric- and magnetic-field components. Strictly
speaking, the modal expansion of the quantized field ap-
plies only to systems formed by nondissipative materials.
However, as further discussed later, our derivations can be
readily extended to lossy material platforms as the calculated
friction force is expressed in terms of the system Green’s
function.

The six-vector F, (r) = £, (z)e’*T denotes a generic elec-
tromagnetic mode of the metal-air system associated with the
frequency w,x. The electromagnetic modes are normalized
as explained in Ref. [49]. Due to the continuous translation
symmetry of the system in the xoy plane, the electromagnetic
modes have a space dependence in the x and y coordinates
of the type T, with k = k& + k,§ = (k., ky, 0) being the
in-plane wave vector. The field envelope f,x depends only on
the z coordinate.

We neglect all the relativistic corrections (Galilean ap-
proximation), and in addition, we identify the electric-field
operator B’ in the frame comoving with the atom with the
electric-field operator E in the laboratory frame: E’(r(’)) ~
E(ro). Thus, the magnetoelectric coupling arising from the
relative motion is neglected. Within these conditions, the in-
teraction Hamiltonian is given by

ﬁint. == Z

Wnk=>0

X (i F o (rp)e ™Y + al, Fr (rp)e ™). (4)

ho .. v
S@6_ +764)

We used F,k(rp) = Fnk(r(’))e+ik'v. For convenience, the (gen-
eralized) dipole moment operator p, = y*6, + yp6_ is de-
fined using a six-vector ¥ = [y 0]”, which is written in
terms of the standard transition dipole moment (vector) .
The atomic raising and lowering operators are defined in a
standard way: 6, = |e)(g| and 6_ = |g){e|.

III. OPTICAL FORCE

In the electric dipole approximation, the optical force
operator is

Fn=pa-3.F.  m=x0,y0 2. (5)

Using the Heisenberg equation of motion (—ihdA =

[H, A]) and the Born-Markov approximation, one can charac-

terize the dynamics of the inversion operator &, and bosonic

operator da,x following the same procedure as in Refs. [28,49].

Assuming that at the initial time the field has no quanta, we
find that

Fin =Pe(t)E1 + [1 = Pe(t)] B2, (6)
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where P, (¢) determines the probability of the excited state and

- 7’* . aank ®sz : i’
E1=Re ) om Wy — w0 — 07
12

3

y- 0. Fx @F, - p*
8y =Re Y wp A EIY ()

where ), = w,x — k - v is the Doppler-shifted frequency in

the reference frame of the two-level atom. The electromag-

netic modes can be evaluated either at r( or at r{), as the force

is identical in both cases. It should be noted that in the absence

of relative motion the force reduces to the result in Ref. [49].
We can rewrite Eq. (6) as follows:

Fn =2PeOReAF" - 0G|, o - P)
201 = PeORAF* - 3G, |,y rior - Ph ®)

with

Gy =y k!

Fi(r) @ F', (o),
2 W —w k(1) ® F (ro)

k>0

_ Wnk 1
w) = ——F . (r) @ Fx(rp). 9
G, (@) w%jo 5 o Tt @ Fum). )
Following Ref. [28], the time evolution of the probability
of the excited state is determined by

Po(t) =P, (0)e~ T+

r- -
e T a0

where P,(0) is the probability of the initial state and I'* are
transition rates from the excited (ground) state to the ground
(excited) state, respectively. Note that for moving systems
'™ does not need to vanish [28]. Related transition rates for
the qubit’s internal dynamics were previously discussed in
Refs. [27,33]. Note that even for an atom initially prepared
in the ground state, the excited-state probability approaches
a nonzero value, P,(t =o00)=T"/('" +T7") > 0, in the
steady-state regime. This nonzero value for P, can be viewed
as heating of the particle in the nonequilibrium steady state,
analogous to a related effect discussed in Ref. [32].

Appendixes A and B show that the optical force
can be written in terms of the system Green’s function
[Egs. (B6)—(B8)]. Thus, even though the previous derivation
assumed that the material is nondissipative, the result given by
Egs. (B6)—(B8) holds true even in dissipative scenarios. The
justification is that the response of a lossy system in the upper-
half frequency plane may be approximated arbitrarily well by
the response of a conservative system [52,53]. Furthermore,
in Appendix C, we derive explicit formulas for the decay rates
I'* in terms of the system Green’s function [Eq. (C2)].

Our study is focused on the friction force, i.e., on the lateral
force component collinear with the direction of the relative
motion (m = x). Appendix B demonstrates that for v > 0 the

friction force can be written explicitly as

2P, () [
Fo= 20 [T dkRely - kG ko, mo, o0+ ) - 3)
—wo /v
201 — Po(1)] [~/
n [1 —Pe( )]f dk,
2w oo
X Re{i'* . ikxgkx(r(), ro, wo + kxv) . i"} (11)

In the above equation, Gy, is the Fourier transform of the
system Green’s function (see Appendix B) in the variable
x — xpo. It is implicit that wy has a small, positive imaginary
component (i07). The above formula is totally general apart
from the Born-Markov and Galilean (nonrelativistic) approx-
imations. It generalizes the theory of Ref. [28] to arbitrary
dissipative platforms.

In the absence of relative motion (v = 0%), the lateral force
vanishes identically when the two-level atom is in the ground
state (P, = 0) [49]. Other restrictions on the lateral force are
discussed in Ref. [54].

As P has the form ¥ = [y 0]7, the friction force depends
only on the 3 x 3 subarray (electric part) of the Green’s
function tensor Ggg. For a substrate described by the relative
permittivity €(r) the Green’s function satisfies

2
V XV xGgp — (%)) e(r)Grr = @’ 1ol3x38(r — 1p).
(12)

Following Refs. [49,55], the Green’s function in the
air region can be decomposed as Grr = Grpo + GeE.s
where the free-space Green’s function Ggpo=(VV +
kgl )etkor /(4mepr) is associated with the self-field and Ggg s
represents the scattering part of the Green’s function. Here,
ko = w/c is the free-space wave number. The tensor Ggg s is
determined by a Sommerfeld-type integral,

1 .
gEE,A"Z:Zo =m// dkxdkyezkll-(r ro)

72)/()(1

x C(w, ky)). (13)

2y
In the above equation, yp = —i\/(@/c)*> — k| - k|, with k; =
kX + k,§ being the transverse wave vector, and d is the dis-

tance of the atom to the interface (z = 0). The tensor C is
defined by

Clw. k) = [1, + yiz ® k|] R(, ky. ky)
0

: s (@)
X |:l)/()k| RZ+ (z) ll — kH ® k||:|, (14)

where 1; = X ® X 4+ § ® ¥ is the transverse identity tensor and
R(w, ky, k,) denotes the 2 x 2 matrix that links the tangential
components of the reflected and incident fields at the substrate
interface (z = 0),

E;ef E)i(nc
E;Ff = R(w, ki, k) - Eyi“C (15)

for plane-wave incidence from the air region. It is underlined
that R is defined in the laboratory frame, i.e., in the rest frame
of the substrate.
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Taking the Fourier transform of Eq. (13) in the x — xg
variable and setting r = ry in the end, we readily find that

GrE i, (Yo, Tp, ) =

0 e—Zyod

/ dk, 5 C(w, k). (16)
—00 Yo

Note that the contribution of the self-part of the Green’s func-

tion is disregarded because it does not play a role in quantum

friction. The friction force can be numerically evaluated using

the substitutions Gy, — Gggx, and y — y in Eq. (11).

The developed theory is rather general and can be readily
applied to calculate the friction force in a wide range of strat-
ified electromagnetic platforms using the system’s reflection
matrix R. In particular, it can be used to analyze the friction
force in various plasmonic platforms (e.g., metals, graphene,
Weyl semimetals) and to study the drag force induced by
a drift current [56-58], including the effects of spatial dis-
persion. Related formulations based on the system’s Green’s
function can be found in the literature [26,32,33].

2meg

IV. QUASISTATIC APPROXIMATION
A. General formalism

In the following, we assume that the atom interacts with
a metal surface. In the nonrelativistic limit, the friction force
on the moving two-level atom is mainly determined by short-
wavelength interactions with k, ~ Fwg/v; i.e., it is ruled by

J

the short-wavelength surface plasmons. For this reason, it is
a good approximation to model the interactions of the atom
with a metal substrate using a quasistatic formalism.

In a quasistatic description, one can assume that k| > w/c
and thereby w?/c?> — 0 and yy — k). Furthermore, since the
surface plasmons have a transverse-magnetic (TM) polariza-
tion, one can use the result R — Rk ® kH/kﬁ. Here, R is
the reflection coefficient for TM polarization, which for short
wavelengths can be approximated by

R%_s(a))—l

fw)+ 1 o

with ¢(w) being the permittivity of the metal.
In these conditions, the tensor C [Eq. (14)] simplifies to

~ —R(a))(kH =+ l.kHi) [ (kH — ikﬂi), (18)

so the Green'’s function Gy, reduces to

l o0 e—2kHd
ro, I'o, = — dk,R
Gr, (ro, 1o, ) e /_OO yR(w) 2%

x (kj +iky2) @ (k| — iky2). (19)
Substituting the above formula into Eq. (11), we obtain

the following quasistatic approximation for the friction force
(v > 0):

os\ _ Pg(t) 400 400 td '
(FO) === dk, dk,e 19k A(ky, ky)Re{—iR(wo + kev)}

B 47'[260 —00 wp /v
1 — Pe t +oo —wo /v
% / dk, / dkee 19k A(k,, k,)Re{—iR(wy + kv)}, (20)
—0o0 —00

where A is f polarization-dependent factor:

1
Alky, ky) = k_”|(k” — iky2) - yI*. (21)

It can be checked that for a qubit with a linearly polarized
transition dipole moment and P, = 0, Eq. (20) coincides
with the result reported by Intravaia et al. obtained using the
fluctuation-dissipation theorem [34] [see their Eqgs. (33) and
(34)]. Moreover, for a vertical dipole it is also consistent with
the findings of Dedkov and Kyasov [32] [see their Eq. (78)],
apart from a multiplicative factor, provided the standard semi-
classical model for atomic polarizability is adopted.

It is important to note that the Born-Markov approxima-
tion, used in the derivation of Eq. (20), may fail to accurately
describe quantum friction across a wide range of nonrelativis-
tic velocities [33,59]. Specifically, the Born-Markov result is
only a valid approximation for the friction force when the ki-
netic energy is comparable to (or greater than) the atomic and
material transition energies. This condition establishes a lower
velocity bound, below which the theory becomes invalid. This
issue will be discussed further in Sec. IV C.

We shall suppose that the metal permittivity has the form
ew)y=1-— 2w§p /w(w +il'.), where wg, denotes the surface
plasmon resonance and I'. represents the damping (collision

(

rate). In this case, it is possible to write the reflection coeffi-
cient R [Eq. (17)] as

Riw) = -2 1 + !
w) = — ,
2w;p a);p—ti/Z—a) w;p+iFC/2+a)

g(w)
(22)

where a);p = /wszp — (T¢/2)2.

B. Weak-dissipation limit

Next, we consider the weak-dissipation limit such that
I', — 0*. Note that the friction force does not need to vanish
in this limit, as there are decay channels due to the emission
of plasmons, i.e., due to radiation emission.

In the I’ — 07 limit, the g function in Eq. (22) is

Im{g(w)} = nS(wsp —w) — né(a)sp + w). (23)

Therefore, the friction force is controlled by plasmons with
wave number k, such that wg, F (wo + k,v) = 0, which yields

032202-4



IMPACT OF CHIRAL TRANSITIONS IN QUANTUM ...

PHYSICAL REVIEW A 111, 032202 (2025)

the selection rule k, = kp + = —(wo F wsp)/v. In particular,
the integration in k, in Eq. (20) can be done analytically as it
depends only on the poles of the reflection coefficient kp 4.:

P.(t +00
(F&)r =0 = — Pelt) o / dk,
8mey v J_o

x [kee 219 A ky, ky)k

=kp +

_ +00
it Pe(t)]@/ "

8mey v o

X [kee Ak, k) ezt - (24)

Similarly, it is possible to evaluate the decay rates I'*
[Eq. (C3)] that control the time evolution of the atomic state
using the quasistatic approximation. A straightforward analy-
sis shows that

+ 1 oy [+ —k2d
= i ), ol A k)l
0

1 o too
r — sp/
8megh v J_o

(25)

—00

J

_ k2 . o n
dkye "H”[k—”uyxﬁ— Iw®) + ky(vel* + 1) — ik(y x ¥ )-y} ,

The friction force can be expressed in terms of the decay rates
as follows:

(]_-XQS>|FE:O+ — Pe(t)h(w> 1"+

v
. mr)]h(—“’() +v “’“’)r. 26)

Furthermore, from Eq. (10) we see that in the t — oo limit
P.(00) =T~ /(I'" +T7T). Thus, the friction force after the
atom reaches a steady state is

(7%)

X

_ 2hwg, r-r+ 7
e T @7
As the two decay rates I't are strictly positive, the force is
negative; i.e., it acts to slow down the relative motion, as it
should. Furthermore, it can also be checked that when the
atom is prepared in the ground state, the force is always
negative. Note that in all the previous formulas it is implicit
that v > 0.

A little analysis shows that the integrals for the decay rates
can be written as

(28)

ky=kp 1+

where ¥ = (¥x, ¥y, ¥z). The above integral can be analytically evaluated in terms of modified Bessel functions of the second kind

K, of order n as follows:

+ 1 o

- dmwegh v

—isgn(kp+)(y x ¥*)- ¥ K (2|kP,i|d)}-

The contribution of the terms |y,,|> (m = x,y, 7) is strictly
positive. On the other hand, the contribution of the term in
the second line of the formula can be positive or negative
depending on the handedness of the dipole polarization, i.e.,
on the projection of the spin angular momentum along the
y direction. For very small velocities or large distances the
decay rates are ruled by the exponential decay of the modified
Bessel functions and thereby are exponentially weak. On the
other hand, for small velocities, the rate I'" is boosted when
Wy A wgp, 1.e., when the detuning of the atomic transition
frequency relative to the plasmon resonance is small.

C. Linearly polarized transitions

In order to illustrate our ideas, first, we consider the case
of a linearly polarized atom. Figure 2 depicts the calculated
friction force as a function of v for an atom initially prepared
in the ground state (P, = 0) for different orientations of the

polarization p. The force is normalized to Fy = —%(%)4.
The distance between the atom and the metal surface 1s taken
to be equal to d = 0.1c/wgp,. For the case of silver one can
estimate that wg, /2w = 646 THz, which corresponds roughly

to d = 7.4 nm. As seen in Fig. 2, the force tends to increase

—kﬁ,i{(w — InlHKoRlkp +|d )+

> + |wl?

5 [Ko(2lkp,+|d) + K> (2]kp +]d)]

(29)

(

with the relative velocity v and is always stronger for the case
of vertical polarization y ~ Z. The weakest force is obtained
when the atom polarization is perpendicular to the plane of
motion y ~ ¥.

0.04 0.06 0.08 0.10

v/c

FIG. 2. Normalized friction force as a function of the velocity
for a linearly polarized atom. The atom is prepared in the ground
state [P,(¢) = 0]. The dissipation in the metal is vanishingly weak
(T. — 0™). The atomic transition frequency is wy = 0.1wgp, and
d =0.1c/wg.
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2600ty _____ P (0)=0
- 2400y z==== Pe(0)=1
E 2200}
2000,
1300/ . . . . .
0.00 0.02 004 006 0.08 0.10

tty

FIG. 3. Time evolution of the normalized friction force for an
atom with y ~Z and v = 0.05¢ initially prepared either in the
excited state (red lines) or in the ground state (blue lines). The
time normalization factor is 7y = 1/I7y, with [’y = 4”loﬁ (?)3|y|2.
Dashed lines: substrate with vanishingly small dissipation. Solid

lines: lossy substrate with I'c = 0.2w,.

Using the asymptotic expansion of the modified Bessel
functions for large arguments, it is simple to check that for
small v the ground-state friction force depends on the velocity
as F2S ~ u"2e=2" with u = |kp_|d. In particular, the friction
force becomes exponentially small in the limit v — 0, as
illustrated in Fig. 2. This behavior is consistent with the results
reported in previous works [33,34] for calculations up to sec-
ond order in the atom-field coupling y. As already discussed,
the Born-Markov approximation can be problematic for very
small values of the velocity [33,59]. The lower velocity limit
can be estimated as vy, ~ wod, which, for the plots in Fig. 2,
is on the order of vy, = 0.01c¢. For smaller velocities, fourth-
order interactions contribute an additional term to the force,
which leads to an algebraic dependence of the friction force
on the velocity, the exact form of which remains the subject
of debate [33].

The function u reaches its maximum at u = 7/4.
Thus, one can estimate that the velocity that maximizes the
friction force is on the order of vop = ‘7—‘(0)0 + wgp)d (here,
it is implicit that wgd < 1). This estimate is consistent with
the friction-force peaks in Fig. 2. Furthermore, an identical
estimate was derived in Ref. [34] using second-order pertur-
bation theory. The approach in Ref. [34] also provides explicit
analytical expressions for the friction force in terms of mod-
ified Bessel functions. However, unlike our study, it does not
account for the possibility of chiral-dipolar transitions.

Figure 3 depicts the time evolution of the normalized
friction force when the atom is initially prepared either in
the ground state (red curves) or in the excited state (blue
curves) for the velocity v = 0.05¢. The atom is vertically
polarized (y ~ Z), and the remaining structural parameters
are as in the previous example. The dashed curves are cal-
culated with vanishingly small material dissipation, whereas
the solid curves consider that I'. = 0.2w,, (see Sec. IV E
for a detailed discussion of the effect of loss). As can be
seen, after some transient determined by the total decay rate
('t +T'7), the atom configuration reaches a steady state,
and the friction force becomes constant. For sufficiently large
velocities, the excited-state probability for # — oo approaches

7/2 p=2u

4000F

—_— y=(R-i
3000p
S 2000}
(N
1000}
Op——— . . ) .
0.00 0.02 004 006 0.08 0.10

FIG. 4. Similar to Fig. 2, but for an atom with a chiral-type
transition dipole moment.

1/2 (not shown). In the present example, the friction force in
the excited state is larger than in the ground state. It should be
noted that the sign of the lateral force when the atom is in the
excited state is typically unconstrained; i.e., it does not need
to be antiparallel to the direction of relative motion [13,49].
Furthermore, it is also worth noting that for a vertical dipole
the lateral force vanishes in the limit v — 0%, independent of
the initial atomic state. This is because the radiation pattern
of the dipole has a continuous rotation symmetry with respect
to the z direction [49].

D. Chiral-type transitions

Next, we investigate how chiral-type polarized states can
affect the friction force (Fig. 4). To this end, we consider
a circularly polarized atom with a transition dipole moment
y ~ \/%(f( =+ iZ). Note that the polarization curve is contained

in the plane of motion (xoz plane), as that configuration facil-
itates the interaction with plasmons. For comparison, Fig. 4
also depicts the force associated with vertical polarization.
As can be seen, the chiral-polarized states have a dramatic
effect on the strength of the friction force. In particular, the
force is enhanced for a transition dipole moment of the type

~ \/Li(ﬁ — iZ), whereas it is nearly suppressed for a dipole

moment with the opposite handedness y ~ \/Li(ﬁ + iZ). The

different behavior is due to the spin-dependent term [pro-
portional to (y x ¥*)-¥] in Eq. (29). It can be shown that
the handedness of the plasmons that copropagate with the
two-level atom (+x direction) in the air region is such that
the corresponding electric field satisfies E ~ X + iZ. Heuris-
tically, from the spin-momentum locking [60,61], one might
expect that the friction force will be boosted when E matches
¥, in contradiction to the results of Fig. 4.

The different behavior can be justified as follows. When
the atom velocity vanishes, the light-matter interactions are
mainly determined by energy-conserving terms of the type
anx6+. Such terms can lead to a resonant coupling because
the field and atomic operators have frequencies with oppo-
site signs (counterrotating terms). Thus, in the absence of
motion the strength of the resonant interactions is controlled
by the overlap term E,x - y*. In contrast, when the relative
velocity is nontrivial, there are energy-nonconserving terms
of the type &Zk&r, which can be resonant due to the Doppler
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FIG. 5. Normalized friction force for circular polarization
[y ~ %(f{ — i7)] as a function of the velocity and atom configura-
tion. The structural parameters are the same as in Fig. 4.

shift suffered by the atomic frequency. Specifically, this can
happen when the Doppler-shifted frequency wgy + kv be-
comes negative and matches the plasmon resonance —wsp.
The energy-nonconserving terms are the ones that activate
the friction force when the system is initially prepared in the
ground state. The strength of the corresponding interactions
is determined by the overlap term E}, - y*. The two overlap
terms discussed previously (E, - y* and E¥, - y*) are evi-
dently maximized for an opposite handedness of the transition
dipole moment. This property justifies why the dipole handed-
ness that maximizes the ground-state friction force is opposite
to the handedness that maximizes the classical light-matter
interactions in the absence of relative motion.

From a different perspective, one can observe that in the
friction problem the interaction between the atom and the
substrate leads to the emission of a plasmon with wave num-
ber ky = kp,_ < 0, oscillation frequency wy + kxv = —wgp,
and polarization y. Due to the reality of the electromagnetic
field, the plasmon with the negative oscillation frequency is
equivalent to a plasmon with positive oscillation frequency
wsp but with polarization p*. Thus, when the interaction
is mediated by negative frequencies, the resonant interac-
tion between the plasmons and the atom corresponds to the

2000} e T
1500 - -
< 7
& 1000} i T r=0.02s
A - I'=0.15wsp
500} ',"}"/// """" '=0.25wsp
ofe=2= , . . .
002 004 006 008 0.10
v/c

matching of E ~ X + iZ with p*. This property justifies why
the polarization that boosts the ground-state friction force
satisfies y ~ %(ﬁ —i7).

Figure 5 depicts a three-dimensional plot of the friction
force calculated for y ~ %(f( — iZ) as a function of the ve-

locity and P,. As can be seen, the force is particularly strong
when the atom is in the ground state and is almost suppressed
when the atom is in the excited state. This result is due to the
fact that the interactions with the excited state are mediated by
positive frequencies and thus are boosted for an electric dipole
with the opposite handedness, consistent with the previous
discussion.

It is relevant to note that the impact of spin-momentum
locking on the frictional force was previously discussed in the
context of quantum interactions between a Lorentz quantum
harmonic oscillator and a metal surface [30]. It was found
that the inclusion of rotational degrees of freedom leads to a
reduction in the friction force and induces a rotational motion
of the atom (“quantum rolling”), which occurs in a direction
opposite to that expected in classical mechanics.

For time-reversal-invariant qubit systems, the presence of
a chiral transition with a specific handedness necessarily im-
plies the existence of a corresponding transition with the
opposite handedness [62]. In such scenarios, a more accurate
representation of a spin-integer qubit is a V-type qubit with
two degenerate excited states connected by time-reversal sym-
metry. The electric dipole moments for transitions between
the ground and excited states are related by complex conju-
gation. As a result, a time-reversal-invariant qubit typically
exhibits effects associated with both chiralities. In qubits with
a V-type structure, the most significant chiral transition is the
one associated with the largest frictional force. As previously
noted, this transition corresponds to the handedness opposite
to what might be intuitively expected from spin-momentum
locking.

Finally, it is important to emphasize that a chiral qubit with
a V-type energy structure does not need to exhibit electromag-
netic chirality in the conventional sense. This is because it
lacks magnetoelectric coupling or a net gyrotropic response
due to the coexistence of both chiralities.

4000 S
3000l ST RN
/“ 3l
W i
2 2000 '374' ----- r=0.02wsp
A e - '=0.15ws,
1000} '7,;/',/ ........ r=0.25ws,
0 _-_—_"3-’./ . . N L
0.02 0.04 0.06 0.08 0.10
v/c

FIG. 6. Effect of dissipation on the ground-state [P,(¢) = 0] friction force. (a) Vertical transition dipole moment with y ~ Z. (b) Chiral-type
transition dipole moment with y ~ %(f( — i2). The transition frequency is wy = 0.1w,, and d = 0.1c/wy,.
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FIG. 7. Density plot of the normalized ground-state friction force
as a function of dimensionless parameters d wy,/c and wy/wg, for
an atom with circular polarization such that y ~ iz(f( —iZ). The
damping rate is I'. = 0.2wy,, and the velocity is v = 0.05c¢.

E. Effect of dissipation

It is relevant to investigate the impact of material dissipa-
tion in the strength of the friction force. To do this, we evaluate
the integral in Eq. (20) numerically. Figure 6 depicts the
numerically calculated ground-state friction force for atoms
with vertical [Fig. 6(a)] and circular [Fig. 6(b)] polarization
and different values of the metal damping rate T'.. It can
be seen that an increase in the damping factor increases the
friction force in the low-velocity regime, whereas for large
velocities the opposite trend is observed. Note that in the limit
v — 0, where the Born-Markov approximation breaks down,
the force remains exponentially weak, albeit with a different
scaling law compared to the dissipationless case [34]. The
behavior is qualitatively similar for both polarizations. The
transition between the two regimes occurs for a velocity on
the order of vop /2, With vop, being the velocity that maximizes
the ground-state friction force.

It is interesting to estimate the strength of the quantum
friction force. Considering the setup in Fig. 6(b) and a qubit
with ¥ =5D = 1.6 x 107 Cm standing at a distance of
d =0.1c/wg ~ 7.3 nm above a silver slab, the frictional
force is on the order of 0.3 fN for v = 0.06c¢.

Figure 7 presents a parametric study of the intensity of the
ground-state friction force as a function of @y and d for a fixed
wsp for a level of loss I'c = 0.2wg, and velocity v = 0.05c.
The transition dipole moment is assumed to be circularly po-
larized. As expected, the friction force is stronger for shorter
distances.

The density plot in Fig. 7 also reveals that the ground-state
friction force is peaked for an atomic transition frequency
wo/wsp ~ 0. This behavior can be understood by noting that
the ground-state force is mediated by plasmons with wave
number k, = kp_ = —(wo + wgp)/v, so the confinement of
the plasmons is minimized for wg — 0. Thus, for small v, the
interaction between the plasmons and the atom is enhanced
when wy K wgp.

More generally, using the asymptotic expansion of the
modified Bessel functions for large arguments, it is simple to
check that the ground-state force [Eq. (26) with P, = 0] de-
pends on the transition frequency wy as F25 ~ u*/2e=%", with
u = |kp_|d. This function reaches its maximum at u = 5/4.
Using kp_ = —(wo + wyp)/v, we find that the wo that max-
imizes the ground-state force in the weak-dissipation limit
is wo,opt ~ max{0, %5 — wsp}. Thus, while for small v/d the
maximum is reached for wy =~ 0 as in Fig. 7, for large v/d the
maximum is reached for a finite frequency (not shown).

V. CONCLUSION

In summary, using a nonrelativistic formalism based on
a modal expansion and the Born-Markov approximation, we
derived explicit formulas for the friction force acting on a
two-level system that moves with some velocity v with respect
to a generic material substrate. The friction force is expressed
in terms of the system’s Green’s function and is consistent
with previously reported theories based on the fluctuation-
dissipation theorem. Furthermore, for the particular case of
a metal described by a Drude dispersion model we employed
a quasistatic approximation and derived analytical formulas
for the quantum friction force in the weak-dissipation limit.
In particular, we showed that the ground-state friction force is
maximized for a velocity on the order of vop = %(wo + wgp)d
(in agreement with Ref. [34]) and for an atomic transition
frequency such that wg op & max{0, f—j — Wgp).

Our theory highlights the role of the transition dipole mo-
ment polarization in the frictional force, showing that atomic
transitions associated with chiral-type polarizations may make
the dominant contribution to the friction force in a realistic
(multilevel) atom. Furthermore, we showed that counterintu-
itively, the atomic transitions that boost the friction force are
associated with dipoles with a handedness which is opposite to
that expected from naive classical considerations based on the
spin-momentum locking. We demonstrated that this property
is a consequence of the fact that the friction force arises
from interactions between positive- and negative-frequency
oscillators due to the Doppler effect. In typical atomic sys-
tems constrained by time-reversal symmetry, chiral transitions
occur in pairs with opposite handedness. In such cases, the
energy structure of the atomic system resembles a V shape,
and the chiral transition that maximizes the frictional force
becomes the relevant contribution. To conclude, we point out
that our approach can be easily generalized to different plas-
monic platforms, e.g., Weyl semimetals [63,64] and materials
with drift currents [59,65], even when the nonlocal effects are
considered.
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APPENDIX A: POSITIVE- AND NEGATIVE-FREQUENCY
COMPONENTS OF THE GREEN’S FUNCTION

Let G(r, ry; ) be the system’s Green’s function in the lab-
oratory frame. The Green’s function is defined as in Ref. [49].
In conservative systems the Green’s function can be expanded
into electromagnetic modes. Specifically, —iwG can be writ-
tenas —iwG = G* + G~ — MZ'8(r — 1) [49,51]. Here, M,
is the material matrix corresponding to the response of the
electromagnetic vacuum (see Refs. [49,51] for the details),
and GT are the positive- and negative-frequency components
of the Green’s function:

Wy, 1 "
Gt =3 5 Fu() @ Fy(ry).

_ Wpk 1
= F* F, , Al
g E > om o k(@) ® Fk(ro) (A1)

>0

with poles in the Re{w} > 0 and Re{w} < 0 semispaces,
respectively.

It is useful to write G~ in terms of the full Green’s func-
tion G = GT + G~. To this end, we use the fact that G~ is
analytic for Re{w} > 0. Integrating w%_(yg ~(w) over the com-
plex imaginary axis and using Cauchy’s (residue) theorem, it
follows that

_ L [ G (r,ro,i&)
g (r, rO,wO)|Re{w0}>0=_/ d§————— (A2
27 J_wo wy — &
On the other hand, as the function w*lﬂ)g* 1S an-
0

alytic for Re{w} > 0, Cauchy’s theorem implies that
0= %fid&@g*(:‘g). It is evident from Eq. (Al)
that G7(r,ry, w) = [GT(r, rg, —*)]*, so G (r,rg,if) =
[GT(r, ro, i&)]*. Therefore,
1 o0 1

d&—

~ o oo )+

0 [GF(x, ro, i&)]". (A3)
Taking the complex conjugate of Eq. (A3) and combining it
with Eq. (A2), we obtain

1 *© ,To, I
G (r, 1o, @0)|Refwo}>0 = E/ d M, (A4)

—00 wy — i€
where G =G~ +G™.

Using again G*(r, ry, w) = [G™(r, rg, —@*)]* and noting
that G(r, ro, i§) is real valued, we see that Eq. (A4) implies
that

-1 [*  G(r, gy, i&)
G (r, ro, @0)|Re(wp}<0 = =— dée—————.  (A)Y)
27 J_so wy — i€
Hence, since G (r, ¥o, @o)|Refwo}<0 = G(T, X, wp) — G (r,
X0, @0 )|Re{wo}<0- 1t follows that for an arbitrary w (not lying
on the imaginary axis)

G (r,rg, ) =u(—a)G(r, 1y, )
1 o0

+_

1 :
27 . dérlgg(r’ Io, lé)’ (A6)

where @' = Re{w} and u is the unit step function. The sub-
script O of @y was dropped to simplify the notation. Similarly,
it is possible to write

Gr(r,ro, w) =u(w)G(r, ro, )
1 o0

7 d§ ——G(r,rg, i§). (A7)
T J-oo

1
w — i€
Equations (A6) and (A7) give the positive- and negative-
frequency components of the Green’s function in terms of the
full Green’s function.

In order to extend the formulas to the case of dissipative
systems, we need to ensure that the integration path is fully
contained in the upper-half frequency plane. This can be easily
done by noting that since G7 (r, ry, w) = G(ro, I, —w), we
can express G* as

oo

1
GE(r, 1y, ) = u(£)G(r, 1y, @) F 3 / d&

O+
G(r,ro,i€)  GT(ro,r,i&)
X[ o | o+t } (A8)

APPENDIX B: FRICTION FORCE AS A FUNCTION
OF THE SYSTEM GREEN’S FUNCTION

In this Appendix, we write the friction force as a function
of the system Green’s function.

To begin, we consider a Fourier decomposition of the func-
tions G* introduced in Appendix A, such that

1
g* =5 [ Gtan. (B1)

Here, it is implicit that the system is invariant to translations
in the xoy plane, so that QkiY depends on x and xj as etk (x—=x0)
Thus, Q,fe‘ikx(x_x@ is the Fourier transform of G* in the x — xg
variable. Evidently, Eq. (A8) implies that

1 [o.¢]
g,f(l‘, Iy, W) = u(:l:a)/)g,ﬁ (r,ro, ) F 7 / de
T Jo+
5 |:gkv(l', ro. &) | 9L (o, ié)]’ )
w—i§ w + i&

where G, = g,;t + g,; . We took into account that the Green’s
function depends only on the relative difference (x — xp)
between x and xg.

The friction force is written in terms of the functions gf
defined by Eq. (9). By comparing Eq. (9) with Eq. (A1) we
see that

1
G, v0, ) = 5 f GE(r v, 0 + ko), (B3)

Then, with the help of Eq. (B2) we find that for positive v,

4 1 +00
gv ((,()0) = _Inr + — dkxgkx(r» Iy, wo + kxv)v

21 /v

1 —wy /v
G (@) = I + — / k.G, (r,t0, w0+ ki), (B4)
2 J_o x
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where

1 o0
’m:m/ ‘”@f/m 4

( G (r,xo, i€)
X

(BS)

wo + kv — i€

Gl (xo, 1, i)
wo + kv +iE )

Substituting the above formulas into Eq. (8), we find that the
optical force satisfies (m = x, y, z)

Fin = Pe®)Fe + [1 — Pe(t)] Fyg,

where F; = 2{J F+ J™} (i = e, g) is written in terms of res-
onant (J") and nonresonant (J") terms defined by

(B6)

. Re [T - -
J =— dkApP" - 0,6, (xo, X, wo + kyv) - P},
2 —wy/v
Re —wo /v 5 5
‘7gr = E dkx{y* . amgkx(r()’ Iy, wo + kxv) . }’},

—00

B7)
agk (I‘ I'(),lé) ]/

(2 )Z/dk /0+ d§|: wo + kv — i

7% 9iGT, (o, T, i£) - ?}
r=ro

B8
wo + kv + i (BS)

In this study, we focus on the lateral component of the force
collinear with the direction of the relative motion (x direction).
For m = x, we can use 9, = ik, in the previous formulas.
Furthermore, as G(r, ro, i€) is real valued, it is simple to check
that Qk (ro, ro, i§) = k} (ro, ro, i£). This property implies
that the matrix

G, (ro, ro, &) G, (o, ro, i&)
wo + kv — i€ wo + kv + i€

is Hermitian symmetric. Consequently, the integrand of
Eq. (B8) is purely imaginary, and therefore, the nonresonant

term J™ vanishes. Thus, the lateral force is determined exclu-
sively by the resonant terms. This observation yields Eq. (11)
of the main text. Note that the nonresonant term J™ typically
contributes to the vertical (Casimir-type) force.

APPENDIX C: ATOMIC TRANSITION RATES

The decay rates derived in [28] can be written in terms of
the Green’s functions gvi defined in the main text [Eq. (9)] as
follows:

2 "~
r+ = :I:EIm{f/* -gf(ro,ro,wo+0+l)~ 71 (C1)
Now using Eq. (B4), we can express the decay rates in terms
of the system Green’s function as

~+00
rt= — dk JIm{p* - Gy (xro, ro, wo + kyv) - P},
—wo /v
IR
r~= — dk Im{p" - Gi (xo, X, wo + kyv) - P).

(C2)

‘We took into account that I, evaluated for r = r( is a Hermi-
tian tensor and hence does not contribute to the decay rates. It
is implicit that @y has a small, positive imaginary component.

Under the quasistatic approximation [see Eq. (19)]
Eq. (C2) simpliﬁes to

oo 2 d
dky LAk, ky
47T2€0fl / /;wo/v (e ko)

Im{—R(wo + kcv)},

+oo —wo/v
/ / ke 219 A (ky, ky)
47'[ 60h

Im{—R(wy + kyv)},
with A(k,, k,) defined as in the main text [Eq. (21)].
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