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Two objects in relative motion without physical contact suffer a friction force, resulting from vacuum
fluctuation. It is widely accepted that friction acts in the opposite direction of the relative velocity. Here, this
study demonstrates the existence of negative friction, where the direction of friction is along the sliding direction,
in a gain system. The system consists of a vacuum-separated silica sphere and a dielectric substrate covered by
a graphene sheet (gain medium). The friction torque of the rotating sphere can be switched between positive
and negative, depending on the quasi-Fermi energy of graphene. Negative vacuum friction can be achieved
when the quasi-Fermi energy is large, and its magnitude is strongly dependent on the distance, temperature, and
permittivity of the substrate. For moderate conditions, the torque generated by negative friction surpasses the
resistance posed by the surrounding air, presenting a different approach for driving nanoparticles to an ultrahigh

rotating speed.
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I. INTRODUCTION

Quantum vacuum friction, an intriguing force that mani-
fests between two objects in relative motion without physical
contact, has received considerably interest [1-4]. Physically,
this noncontact friction arises from the fluctuating fields con-
tributed by the zero-point energy fluctuation and thermal
electromagnetic fluctuation. The radiation of the fluctuated
field undergoes a Doppler phenomenon for sliding objects,
resulting in vacuum friction even at absolute zero tempera-
ture [5]. In addition to translational motions [5-8], quantum
vacuum frictions in rotating micro/nanoparticles were also
reported [9-15]. As an analog of the bearings in mechanical
systems, rotational objects suspended in a vacuum are hin-
dered by friction torque [13]. As the rotating nanoparticles
are close to a planar substrate, the friction torque undergoes
a substantial amplification with several orders of magnitude
[14,15]. The enhancement is attributed to the excitation of
surface plasmon polaritons (SPPs) [14] or surface phonon po-
laritons (SPhPs) [14,15], where a high local density of states
(LDOS) is supported in close proximity to the interface. Re-
cent advancements in experimental techniques have facilitated
the levitation and rotation of nanoparticles to GHz [16-21],
even with a submicrometer separation from the substrate [22],
thereby opening up exciting possibilities for detecting quan-
tum vacuum friction with heightened sensitivity.

During the friction process, the mechanical energy is
largely converted into other types of energy (such as thermal
energy, electrical energy, chemical energy, etc.). Dynamic
friction, acting opposite to the relative velocity, inherently
impedes motion. Consequently, a natural question arises: Can
there exist a phenomenon of negative friction, wherein an
object experiences friction along its relative sliding direction?
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Evidently, the negative friction within a closed system would
contravene the laws of thermodynamics, as it would sponta-
neously accelerate the objects. Therefore, gaining energy from
the outside system could be a precondition for negative fric-
tion. The gain material can overcome the loss of the system by
adding supplementary energy, leading to many applications in
nanophotonics [23-26]. Notably, graphene, being an atomic-
thin material, can be a THz gain medium when an external
pump light or electrical bias is applied [26-28]. However,
previous literature has provided few reports on the noncontact
vacuum friction in gain systems.

In this paper, we unveil the intriguing phenomenon of
negative vacuum friction between a rotating nanosphere and a
graphene-coated substrate. The friction torque acts as a resis-
tive force in scenarios where the graphene sheet is dominated
by loss. However, we demonstrate that negative friction can
be achieved by harnessing the THz gain properties of the
graphene sheet, particularly at a large quasi-Fermi energy.
Also, the dependence of the negative friction on the distance,
temperature, and dielectric substrate is investigated. The lower
refractive-index substrate is preferred to manifest the negative
friction at a low rotation frequency. As the rotation frequency
escalates to the THz range, the friction torque exhibits inter-
estingly oscillating spectra, due to the coupling between the
localized SPhPs in the nanosphere and the surface modes in
the substrate. Our discoveries shed light on a another avenue
for driving the rotation of nanoparticles and other related
applications.

II. THEORETICAL MODELS

The proposed system is schematically shown in Fig. 1(a),
where a rotating nanosphere with radius R = 75 nm is sus-
pended in the vacuum. The separation between the center of
the sphere and the substrate is d. The substrate is a semi-
infinite dielectric plate covered by an active graphene sheet.

©2023 American Physical Society
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FIG. 1. (a) Schematic view of the system under study. A silica
nanosphere with rotational frequency €2 is suspended in the vac-
uum. The dielectric substrate with permittivity €y, is covered by a
graphene sheet, which can be a gain medium by applying an external
pump light or electrical bias. (b) Contour plot of the real part of
graphene conductivity, normalized by oy = ¢?/h. The nanosphere
and the substrate is in room temperature with 7; = 7, = 300 K.

Given that the rotation axis is parallel to the substrate surface,
the expression for the frictional torque experienced by the
rotating sphere is written as [14]

20 [
M,(d) = —;/ [n1(w — 2) — na(w)]
x Im[a(w — )]Im[G(w)]dw, (1)

where 7 is the reduced Planck constant, @ is the angular
frequency of the photon, 2 is the angular frequency of the
rotating nanosphere, n;(w) = [exp(fiw/kgT;) — 117! is the
Bose-Einstein distribution function, 7; (j = 1, 2) is the tem-
perature of the sphere and substrate, kg is the Boltzmann
constant, and o(w) = R3[e(w) — 1]/[e(w) + 2] is the elec-
trical polarization of the nanosphere with €(w) being the
permittivity of silica. The Green’s function G(w) is given by

_ i [ , Kk k2
G . dk k 2ik.d l _ _Z S_O , 2
(w) 2/0 ke [(kz > Ip+ 2. (2)

where kj and k, = v'kj — ki represent the parallel and vertical
wave vectors, kg = w/c is the total wave vector with ¢ being
the velocity of light in the vacuum, and r, and r,, are the reflec-
tion coefficients for the polarizations of the transverse electric
(TE) and transverse magnetic (TM) modes, respectively. For a

graphene-covered substrate, the reflection coefficients can be
given analytically as follows [29,30],
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where €] = 1, €2 = €up, kj; = Vejki —kﬁ (j=1,2),0=
o /no represents the normalized graphene conductivity, and 79
is the free-space impedance. The conductivity of graphene,
as discussed in the Appendix, relies on various parameters
including the angular frequency w, quasi-Fermi energy ur,
temperature 7, and relaxation time 7. In this analysis, we
adopt a value of t = 1 ps, which is consistent with recent ex-
perimental findings [31]. It is worth noting that the dominant
SPP mode in graphene is the TM mode, while the TE mode
exhibits relatively weaker characteristics [32]. By equating
the denominator of Eq. (4) to zero, we derive the dispersion
relation of the SPP for the TM mode.

III. RESULTS AND DISCUSSIONS

The amplification (gain) or absorption (loss) of SPPs is
determined by the real part of the graphene conductivity,
as depicted in Fig. 1(b). The negative and positive signs of
Re[o (w)] represent the gain and loss of the excited SPPs in
graphene, respectively. As anticipated, for small values of the
quasi-Fermi energy (ur), graphene is predominantly char-
acterized by dissipative losses. However, for up larger than
about 15.8 meV, specific THz bandwidths exhibit a negative
conductivity, indicating the presence of gain, and the gain
bandwidth enlarges greatly with increasing the quasi-Fermi
energy.

The vacuum friction experienced by the rotating
nanosphere is linked to the LDOS at its position, which
is directly proportional to Im[G(w)] [14,33]. The behavior
of Im[G(w)] for a dielectric substrate coated with graphene
is depicted in Fig. 2(a), where the separation d is fixed at
300 nm. According to the fluctuation-dissipation theorem,
the LDOS should always be positive in a lossy system.
For instance, in the case of a bare silica substrate [15],
Im[G(w)] is positive across the entire spectrum. However,
in our system, the LDOS represented by Im[G(w)] can
exhibit both positive and negative values, depending on
the magnitude of the quasi-Fermi energy. When graphene
functions as a lossy material at a low up, Im[G(w)] is a
positive value throughout the spectrum range. Remarkably, as
wr surpasses 15.8 meV, Im[G(w)] within the gain bandwidth
becomes negative, accompanied by a broadband resonant
spectrum. This intriguing negativity of Im[G(w)] within the
gain bandwidth opens up the possibility of torque reversal for
the rotating sphere.

The enhancement of the LDOS is typically associated
with the excitation of hyperbolic modes [12] or surface
modes [14,15]. In our system, the resonant behavior ob-
served in Im[G(w)] can be attributed to the SPPs supported
by graphene. For ur = 10 meV, the SPP corresponds to a
lossy surface wave, and the Green’s function exhibits positive
values across the entire momentum space. The k dependence
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FIG. 2. (a) Im[G(w)] for a dielectric substrate €z, = 2 covered
by an active graphene sheet; (b) and (c) represent Im[G(w)] con-
tributed by different wave vectors with ur = 10 meV and ur =
50 meV, respectively. The green dashed lines in (b) and (c) represent
the dispersion of SPPs for the TM mode.

of Im[G(w)] is consistent with the dispersion relation of the
SPP in graphene, as illustrated in Fig. 2(c). Remarkably, as
wr increases to 50 meV, the SPP transforms into an amplified
surface wave, leading to a negative value of the Green’s func-
tion [see Fig. 2(c)]. It is important to note that outside the gain
bandwidth, Im[G(w)] remains positive but is negligibly small.

The variation of the calculated friction torque with re-
spect to up is shown in Fig. 3(a) for different separations.
The nanosphere’s rotation frequency is fixed at 5 GHz,
which is available in recent experiments [18,19]. Initially, as
ur increases from O to the critical gain value, the friction
torque remains nearly constant and positive. This positive
friction exerts a resisting effect, impeding the rotation of the
nanosphere. However, as (. continues to increase, the friction
torque rapidly decreases and eventually becomes negative,
giving rise to a remarkable phenomenon of negative friction.
This negative friction creates a positive feedback, driving
the nanosphere to higher rotational speeds. Furthermore, the
magnitude of the friction is found to be dependent on the sep-
aration distance, as indicated by the values of d = 250, 300,
and 350 nm. Decreasing the separation distance is favored
for the manifestation of negative vacuum friction. The role
of temperature in the friction torque is also noteworthy, as de-
picted in Fig. 3(b). The friction torque exhibits an increasing
trend with rising the temperature, resembling the conclusions
in Ref. [18]. For instance, considering pr = 100 meV, the
friction torque at 73 = 7T, = 400 K is about four times and
two times as large as that at 200 and 300 K, respectively. This
demonstrates the significant influence of temperature on the
friction torque.
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FIG. 3. (a) Friction torque vs quasi-Fermi energy of graphene
under different separations, where the temperature 7 = 300 K is
fixed. (b) Friction torque vs quasi-Fermi energy of graphene under
different temperatures, where the separation d = 300 nm is fixed.
We set the rotational frequency 2/27 = 5 GHz and €, = 2.

Now we consider the choices of dielectric substrates to re-
alize negative friction torque. The permittivity of the dielectric
substrate modulates the SPPs of graphene [30,34], and thus
the corresponding LDOS. The friction torque versus different
substrates is shown in Fig. 4(a), wherein the rotation fre-
quency is fixed at 5 GHz. Our results suggest that the negative
friction manifests greatly with a lower refractive index of the
substrate. This is because the decay tail of the SPPs becomes
large for a substrate with a lower refractive index, enhancing
the LDOS at a fixed separation distance. The friction torque
shows quite different features for polar substrates of SiO,
and SiC, due to the presence of SPhPs. Here, the dielectric
functions of SiO; and SiC are described by the Drude-Lorentz
mode, given in Ref. [18]. Interestingly, the friction torque is
positive for a graphene-covered SiO, substrate, indicating a
resisting effect, while it turns to negative values for the case
of SiC, although the magnitude is greatly attenuated. As the
rotation frequency increases to 5 THz, the friction torque as
a function of quasi-Fermi energy is shown in Fig. 4(b). For
large urp (e.g., 100 meV), the friction torque increases by
three orders of magnitude compared with the case of 5 GHz.
Moreover, a negative torque can be found even for the covered
substrate of SiO,.

To uncover the underlying mechanism, Im[G(w)] for po-
lar substrates covered by a graphene sheet are shown in
Figs. 5(a) and 5(b). The Im[G(w)] contributed from the SPPs
are relatively broadband and could be negative due to the
gain properties at a large wr. However, Im[G(w)] contributed

045406-3



LIXIN GE

PHYSICAL REVIEW B 108, 045406 (2023)

~~
[}
~
W
|
|
|
7

€= 1.5; 85ub:2.()
€,=2.5 -~ SiO2

Toque (XIO‘28 Nm)

—
o
1

~
o
N
(e} [
1

1
(o))
1

Toque (x1 0 Nm)

5 THz

—
o

T
100 150

S
W
[w)

He (meV)

FIG. 4. Friction torque vs quasi-Fermi energy of graphene under
different substrates for (a) /27 = 5 GHz and (b) /27 =5 THz.
Here, we set d = 300 nm, 7 = 300 K.

from the SPhPs are narrowband and mainly positive due to
its loss feature. At a low rotation frequency, the localized
SPhPs in silica nanosphere couple mainly with the SPhPs
of the silica substrate, while their coupling with SPPs in
graphene is secondary. Thus, the total friction is positive
for graphene-covered SiO,. As the rotational frequency is
high [e.g., 5 THz in Fig. 4(b)], the resonance of a(w — 2)
in Eq. (1) is shifted by 5 THz correspondingly. Due to
the mismatched resonances, the coupling between localized
SPhPs in the nanosphere and SPhPs in the substrate de-
creases greatly. Hence, the friction torque turns to negative
for graphene-covered SiO, at the THz rotational frequency.
Similar discussions could be applied to SiC as well. The reso-
nant frequency of localized SPhPs in the SiO, nanosphere and
SPhPs of SiC is mismatched even at low rotational frequency.
The negative friction is attributed to the dominant coupling
between the gain SPPs in the substrate and the localized
SPhPs in the nanosphere. As a result, the friction torque for a
graphene-covered substrate of SiC could be negative for both
low and high rotational frequencies.

Figure 6(a) shows the variation of the friction torque M,
as a function of the rotation frequency for different substrates
covered by a graphene sheet. The results reveal a proportional
relationship between M), and the rotation frequency within
the range from the microwave to the sub-THz regime. For
a graphene-covered SiO substrate, M, exhibits a positive
value. Conversely, for covered substrates with a dielectric
constant of ey, =2 and SiC, M, demonstrates a negative
behavior across a wide frequency range. In an experimental
setup, it is important to consider the air resistance acting on

(a) 120 7 SPP
.
1
I
1
/>-\ 804 " G =
[5) | _-1
£ | - Im[G(e)]
= | - max
= 40— ] g~ g
1
\ _ -
0 T T T
0 10 20 30 40
SPP
(b) 120 ; 1 0
1
1
I
1
—~ 804 P
e .’ 7
g I ) I
N | _ -
5 : -
3404 _-
\ -7 —max
\ o - I
0 T T T T T T "
0 10 20 30 40

®/27 (THz)

FIG. 5. Im[G(w)] for a graphene-covered substrate of (a) SiO,
and (b) SiC. The arrows indicate the resonant exciations of the SPPs
in graphene and SPhPs in the polar substrates. The dashed lines
represent the gain/loss boundary of graphene.

the rotating nanosphere within the vacuum chamber,which is

written as [18]
QCR* |2
Mair = P ( ) Mees , (5)
11.976 wkgT

where mg,, = 4.8 x 1072 kg is the mass of the air molecule,
and p represents the air pressure. Clearly, M, is positive and it
is proportional to the rotation frequency. Figure 6(a) indicates
that the negative friction arising from the substrate with eg,, =
2 surpasses the air resistance by approximately fourfold for
a pressure of p = 107!° Torr, while the negative friction for
the graphene-covered SiC substrate is relatively small, being
overshadowed by the air resistance.

The friction torque exhibits oscillating spectra when the
rotation is up to the THz level as shown in Fig. 6(b). There
are three or four resonance dips for the selected substrates.
The oscillation is attributed to the large shifting of the res-
onance of a(w — €2), and thereafter the coupling between
localized SPhPs in the nanosphere and surface modes in
a graphene-covered substrate is modulated by rotation fre-
quency. Interestingly, the friction torque for graphene-covered
SiO; can turn into a negative sign, unlike the case of low
frequency in Fig. 6(a). At the resonant frequencies, the magni-
tudes of the negative friction could be about three times of the
air resistance. As for the SiC substrate, the negative vacuum
friction experiences a remarkable enhancement compared to
low rotation frequencies. It is worth noting that the magnitude
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FIG. 6. (a) The friction torque vs the rotational frequency from

the microwave to sub-THz regime. The minus sign in the legend

represents the negative friction. (b) The contrast of friction torque
and air resistance at the THz regime. ur = 100 meV.

of the negative torque can be further amplified by decreasing
the separation or increasing the temperature [18].

IV. CONCLUSIONS

In conclusion, this paper unveils the intriguing phe-
nomenon of negative vacuum frictions within a THz gain
system, where the direction of friction is along the object’s
motion. The proposed system comprises a rotating silica
nanosphere and a dielectric substrate coated with an active
graphene sheet. By manipulating the quasi-Fermi energy of
graphene, the sign of the friction torque exerted on the rotating
nanosphere can be switched between positive and negative.

Negative torque is achieved when the quasi-Fermi energy is
large, owing to the remarkable THz gain properties of the
graphene sheet. Furthermore, we showcase the dependence of
friction magnitude on factors such as distance, temperature,
and the dielectric responses of the substrate. We also demon-
strate that the torque generated by negative friction surpasses
the resistance from the surrounding air across a broad range
of rotational frequencies. Our finding provides another avenue
for driving the rotation of nanoparticles with ultrafast speed.
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APPENDIX: THE CONDUCTIVITY OF AN ACTIVE
GRAPHENE SHEET

The graphene sheets shows unique optoelectric properties,
due to its gapless Dirac spectrum. The population inversion of
charge carriers in a graphene sheet can be obtained under an
optical excitation or electrical bias. Then, the graphene con-
ductivity contributed by the intraband and interband transition
is written as [35,36]

e?  i2kgT KF
=& BT wr
o) = e+ i) n[ e (k,ﬂ)]

2 ho —2
+ e_tanh <C()—//LF)

4h 4kgT

e h o —g(hw/2

ie w/ 8) — g(hw/ )dx, (AD)
ah Jo  (iw)?* — 4x2

where pup is the quasi-Fermi energy, depending on the
strength of the photoexcitation or electrical bias, e is
the electron charge, t is the momentum relaxation time
of charge carriers, the effective temperature 7 is assumed to
be the lattice temperature [36], and

_ sinh(x/kgT)

~ cosh(up /kgT) + cosh(x/kzT)’
The interband transition leads to the population inver-

sion, whereas the intraband transition causes the absorption.

Fortunately, the graphene conductivity due to the interband

transition can prevail over the intraband absorption at a suffi-
ciently strong excitation, resulting in negative Re[o (w)].
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