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Negative friction refers to a frictional force that acts in the same direction as the motion of an object, which has been
predicted in terahertz (THz) gain systems [Phys. Rev. B 108 045406 (2023)]. In this work, we investigate the enhancement
of the negative friction experienced by nanospheres placed near a graphene substrate. We find that the magnitude of negative
friction is related to the resonant coupling between the surface plasmon polaritons (SPPs) of the graphene and localized
surface phonon polaritons (LSPhP) of nanospheres. We exam nanospheres consisted of several different materials, including
Si0,, SiC, ZnSe, NaCl, InSb. Our results suggest that the LSPhP of NaCl nanospheres match effectively with the amplified
SPPs of graphene sheets. The negative friction for NaCl nanospheres can be enhanced about one-to-two orders of magnitude
compared to that of silica (SiO,) nanospheres. At the resonant peak of negative friction, the required quasi-Fermi energy
of graphene is lower for NaCl nanospheres. Our finds hold great prospects for the mechanical manipulations of nanoscale

particles.
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1. Introduction

In classical physics, friction is typically described as the
resistance generated between two objects in contact due to
electromagnetic interactions at their surfaces. In quantum
physics, non-contact friction can also arise when two ob-
jects move relative to each other without direct contact,!'=3
which is caused by vacuum fluctuations and the Doppler
effect, even at the absolute zero.?! The quantum fric-
tion between two sliding objects have been investigated

[4-13] guch as materials con-

in a variety of configurations,
sisted of metal,['*! dielectric,!>° graphene,!”*! topological
materials,['%!! space—time-modulated media,!'?! etc. The
quantum frictions were also predicted between moving atoms
and plates. [13-1°]

On the other side, the rotation of objects in vacuum
would slow down its rotating speed due to the quantum

friction.17-19

I As rotating nanoparticles approach a planar
substrate, the friction torque can be amplified by several or-
ders of magnitude at short separations,!?>23 because of the
localized surface modes, such as surface plasmons polaritons
(SPPs),[?% surface phonon polaritons (SPhPs), [?%2!] magnon—

5,221 or hyperbolic modes.[?3! When the sub-

polariton mode
strate breaking parity symmetry or/and time-reversal symme-
try, a dissipationless friction force was predicted for a rotating

particle.[??! Levitation and rotating a nanoparticle at GHz
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speeds have been realized in recent experiments.!?°-28] More-
over, the separation within a submicrometer scale between
the rotating particles and the substrate was reported by Ju et
al.”?* For the ceramic material of BST, the friction torque of
nanospheres can be up to the order of 10723 N-m due to the
resonance of SPhPs at GHz frequencies.**! Thanks to the low-
frequency SPhPs in BST, the experimental detection of quan-
tum friction was successfully observed and claimed by Li et
al.Bl

Negative friction means that the frictional force acts in
the same direction as the motion of an object, resulting in the
object being accelerated rather than hindered.*?! Clearly, in
a closed system, negative friction violates the law of energy
conservation in thermodynamics. To realize negative friction,
it is essential to introduce a gain medium, therefore the system
can continuously acquire energy from an external source (such
as an applied current or an external laser). Graphene sheets
can serve as a terahertz gain medium when subjected to ex-

[33-35] 1n its gain state,

ternal pumping light or an electric bias.
the surface plasmon of graphene can be amplified by external
pump, and transfer its momentum to the nanoparticles through
vacuum interaction, leading to the exotic negative friction.

In this work, we investigate the enhancement of nega-
tive friction for rotating nanospheres near an active graphene

sheet. The negative friction torque can be enhanced greatly
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by resonant coupling between the LSPhP of the nanoparticles
and the SPPs of graphene. We compared the frictional torques
of nanoparticles made from different materials. We find that
the LSPhP of NaCl nanospheres matches effectively with the
SPPs of graphene. The maximum value of the negative friction
torque for NaCl nanospheres corresponds to a lower quasi-
Fermi level and is increased by two orders of magnitude com-
pared to silica (SiO,) under the same conditions. At the end,
the influences of relaxation time, temperature, and the separa-
tion on the enhancement of negative friction are discussed.

The structure of this paper is organized as follows: In Sec-
tion 2, we describe the theoretical framework for the friction
torque of rotating nanospheres and the dielectric model for the
used materials. Transitioning to Section 3, we present the nu-
merical results of negative friction for different nanospheres,
with a detailed discussion on the resonant coupling between
the LSPhP in nanospheres and the SPPs of graphene sheets.
The parameters of systems such as the temperature, separation
are also discussed.

2. Theoretical models

The schematic diagram of the system is shown in Fig. 1.
A rotating nanosphere with a radius R is suspended in a vac-
uum. The distance from the center of the nanosphere to the
substrate is d. The rotation axis of the nanosphere is parallel to
the x-axis. According to the fluctuation—dissipation theorem,

the friction torque of the nanosphere is given as follows: 2"
2 [t
My == [ m(@—-2)-mi(0)
x Im[a(w — Q)] Im[G(w)]do, (1)

where 7 is the reduced Planck constant, @ is the angular fre-
quency of fluctuating photons, €2 is the angular frequency
of the rotating nanosphere, n;(®) = [exp(h®/kgT;) — 1]~
is the Bose—Einstein distribution function, 7; (j = 0,1) rep-
resents the temperature of the substrate and the nanosphere,
kp is the Boltzmann constant, o(®) is the polarizability of
nanospheres, and G(®) is the Green’s function. The polariz-
ability and Green function can be expressed as

_R3 &p(@) —1
Ep() +2

C e K2 2

Fl) — L 2ik.d |k kg
G(w) = 5/0 Ky iy e2ik [(kzz>rp+rS2kZ], 3)
where &p(®) is the permittivity of nanosphere, k|| and k; =

A/ k(%fkﬁ represent the parallel and vertical wave vectors,

ko = w/c is the total wave vector with ¢ being the velocity of

(o)

; 2

light in the vacuum, 75 and r, are the reflection coefficients for

transverse electric (TE) and transverse magnetic (TM) modes,

respectively. For a graphene sheet placed on a dielectric sub-
strate, the reflection coefficients can be given by the following

formula: 36371
ki, — ko, — ko6
e )
ki + ko, + ko6
& /ki,—&/ky -6 ko
_a/h—e/k—6/ s

r - A b
P e /ki+ & ko + 6 ko

where € = 1, & = &y, kj; = ./g,-k%fk,zn, (j=12), 6=

o /Mo represents the normalized conductivity of graphene, and
n is the impedance of free space. The graphene conductivity
is contributed by the intra-band and inter-band transitions, and
the expression is written as[3%3%1

82 iZkBT UF
B 0 E
h (o +1/7) n[ texp (kBTﬂ

2 -2
+e— tanh (ha) ‘uF)

o(0) =

4h 4kgT
ie’ho [~ g(x) —g(how/2)
d 6
ah o (ho)2—dx2 0 ©

where Up is the quasi-Fermi energy, depending on the inten-
sity of photoexcitation or electrical bias, e is the charge of an
electron, and 7 is the momentum relaxation time of the charge
carriers. The effective temperature 7 is assumed to be the lat-
tice temperature. The auxiliary function g(x) is given by

B sinh(x/kgT)
~ cosh(ug/kgT) +cosh(x/kgT)"

8(x) (N

The dielectric constant of the nanospheres can be expressed

using the Lorenz’s mode] [4°]

N 2 2
8(60)2&%—2 30;(%0,1 wro,l)

. 27. b)
=1 Otp, — O° —10%

®)

where € is the permittivity in the high-frequency limit, o
is the longitudinal polar-optic phonon frequency, @ro; is the
transverse polar-optic phonon frequency, % is the damping co-
efficient. The Lorenz parameters for different materials are
listed in Table 1.140!

Fig. 1. Schematic view of the system under study. The rotating
nanospheres is suspended in a vacuum. The semi-infinite dielectric
plate is covered by graphene, which can be a gain medium under an
external pumping light or electric bias. The nanosphere rotates around
the x-axis, and the distance from the center of the nanosphere to sub-
strate is d.
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Table 1. Lorenz parameters for different materials. |

40]

Sem.? £ wro % 1012 (rad/s) o o % 1012 (rad/s) 11 % 10'2 (rad/s)
ZnSe 5.4 39.00 46.34 0.70
InSb 15.7 33.91 36.17 0.57
SiC 6.7 149.37 182.52 0.90
NaCl 2.22 30.90 50.37 1.20
SiO, 2.09 6mx{11.67,10.64, 10.58, 7.99,4.34 } 6mx{11.86,11.12, 11.06, 8.14, 5.25} 61 x{0.0443, 0.1553, 0.0042, 0.1294,0.5414 }

3. Results and discussion

The friction torque exerted on the nanosphere is linked
to the local photonic density of states (LDOS) at its location,
which is proportional to Im[G(®)]. As illustrated in Fig. 2,
the Im[G(®)] can be positive or negative, depending upon
the magnitude of up in graphene. We set the momentum re-
laxation time T = 1 ps in the calculations, which is consis-

(411 For a low quasi-Fermi en-

tent with the experiment results.
ergy, the graphene sheet behaves as a lossy material. Hence,
Im[G()] is positive throughout the entire spectrum. This pos-
itive LDOS represents the action of hinders, as dictated by the
fluctuation—dissipation theorem. It is noteworthy that as the
U surpasses 16 meV, the resonance peaks of Im[G(®)] turns
to be negative values.??) The negative LDOS is attributed to
the amplified SPPs in graphene, which can lead to a reversal of
the friction torque. The resonant frequencies of Im[G(®)] in-
creases monotonously with yr as shown in the inset of Fig. 2.
When pp is smaller than 100 meV, the resonance frequency of
Im[G(®)] is lower than about 11 THz.

3

pr=>5meV ——— pr =10 meV
9 Ay - - - - =20 meV pr =30 meV
! pr =50 meV pr =100 meV

Im[G(w)] (arb. units)

w/2m (THz)

Fig. 2. The imaginary part of the Green’s function via the photon fre-
quency under different quasi-Fermi energies of graphene sheet. The
permittivity of the dielectric substrate is &y, = 1.5. The inset shows the
resonant frequencies of Im{G(®)] as a function of quasi-Fermi energy.
Here, we set the distance d = 300 nm and the temperature 7' = 300 K.

The real part of permittivities given by the Lorentz model
are shown in Fig. 3(a) for different materials. Interestingly,
the Reststrahlen effect (corresponding to Re[e] < 0),4%) due to
the strong interaction between electromagnetic waves and the
lattice vibrations (phonons) in material, can be found at THz
and infrared frequencies. The Reststrahlen bands start from
about 5 THz for materials of NaCl, ZnSe, and InSb, whereas

the start frequencies are larger than 10 THz for material of
SiO; and SiC. The polarizability of nanospheres o (@) for var-
ious materials are shown in Fig. 3(b). The o (®) exhibits reso-
nance response, corresponding to the excitation of LSPhP for
Re{e(w)} = —2, as indicated from Eq. (2). As expected, SiO,
shows four resonance peaks, whereas other materials display
a single resonance peak. For the materials of NaCl, ZnSe,
and InSb, the resonance frequencies are lower than 10 THz,
and the o/(®) of NaCl nanosphere is the strongest. As we can
see, the polarizability resonances for nanospheres composed
of phononic materials appear at THz or mid-infrared regime,

while the resonances appear at visible and near-infrared fre-

quencies for metallic nanoparticles.4>4!
60
30+
3 !
L, 0F
Q
~ | ——ZnSe
---- InSb
—30} NaCl
—SiC
r SiOq
_601 n n P

10—20 £

10—22i
8,102
R
10-2]
7285 . e .
10 1 10 50
w/2m (THz)

Fig. 3. (a) The real part of permittivity via angular photon frequency
for different materials. (b) The imaginary part of polarizability of
nanospheres. The radius R = 75 nm.
Figure 4(a) shows the friction torque of nanospheres for
different materials. At the beginning, the friction torque is
positive for all presented materials when g increases from

zero. As Up increases further, the friction torque turns from
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positive to negative sharply. Clearly, there is zero-friction phe-
nomenon for specific value of up, wherein the quantum fric-
tion that hinders object movement disappears. On the other
side, the magnitudes of negative friction are strongly depen-
dent on the materials of nanospheres. The negative friction
torque M, is weak for SiC, which is attributed to the mismatch
between the LSPhP of SiC and the graphene SPPs. The neg-
ative M, for SiO, increases with g, and the torque is about
—4 % 10728 N-m at Ur = 100 meV. For InSb nanospheres, the
negative M,, is comparable with that of SiO,, whereas the max-
imum of the M, appears at a much lower pg (about 35 meV).
Remarkably, the giant enhancement of negative friction torque
is revealed for ZnSe and NaCl nanospheres. The maximum
values of negative torque are approximately —1.6 x 10727 N-m
at up = 40 meV for ZnSe, which has been enhanced sev-
eral times compared the negative torque of SiO, nanosphere
at urp = 100 meV. The enhancement of negative friction is
most prominent for NaCl. The peak of negative M, is about
—6.5x 10727 N-m at the up = 36 meV. For a comparison,
the negative friction torque of SiO, nanosphere is only about
—1.1 x 10728 N-m at up = 36 meV, and the friction torque of
NaCl is enlarged by dozens of times. The giant enhancement
is attributed to the strong coupling between the LSPhP of NaCl
nanospheres and the SPPs of graphene.

(a)

4

o

Torque (10~27 N-m)
g
1
1
\
!
i

|
~
T

GrapheneQegy), = 2
" 1 "

_8 . L
0 50 100 150
pr (meV)
g
4
7
=)
Z
o
3
jop
5
E
GrapheneQeg,;, = €sio,
— L L
85 50 100 150
pr (meV)

Fig. 4. (a) The friction torque on nanospheres as a function of quasi-
Fermi energy of graphene sheet. The substrate composed of a graphene
sheet covered on a semi-infinite dielectric plate with &, = 2. (b) The
substrate is graphene sheet placed on a semi-infinite SiO; plate. We set
the temperature 7' = 300 K, the radius R = 75 nm, the rotation frequency
Q/2n =5 GHz, and d = 300 nm.

The coupling of the SPhPs and SPPs produces the
mixed mode, called the surface plasmon—phonon—polaritons
(SPPPs).[**1 The substrate consists of graphene-covered SiO»
would enrich the phenomena of friction torque, due to the cou-
pling of the SPhPs of SiO, and graphene SPPs. The friction
torque via the quasi-Fermi energy is shown in Fig. 4(b). The
friction torque for SiO; nanospheres is always positive. This is
because the LSPhPs in SiO; nanospheres predominantly cou-
ple with the SPhPs of the SiO; plate, while their coupling with
graphene plasmon is secondary. By contrast, strong negative
friction torque still persists for NaCl and ZnSe nanospheres.
This is because the LSPhPs in NaCl and ZnSe nanospheres
couple primarily with the amplified SPPs in graphene, rather
than with the SPhPs of SiO; plate. The results show that the
peaks of negative friction torque decrease slightly compared
with the case of Fig. 4(a), and the up for maximum negative
friction shifts to a relatively large value.

Next, we consider the friction torque changed with the
relaxation time 7, which is an important parameter of active
graphene sheet. The friction torque of NaCl nanospheres un-
der different relaxation time is shown in Fig. 5(a). The results
suggest that the relaxation time plays an important role in the
negative friction torque. The friction torque for 7 = 0.4 ps is
almost the same as that of 7 =1 ps. As the relaxation time re-
duces to 0.2 ps, the friction torque becomes negative only for
a specific window of up. When the 7 declines to 0.1 ps, the
friction torque become positive over all range of up. Practi-
cally, the relaxation time 7 ~ 1 ps at room temperature was ex-
perimentally reported in multilayer epitaxial graphene.[*>:46]
Moreover, the relaxation time T larger than 1 ps has been ob-
served in optical pumped graphene. +!

A higher temperature could enhance the negative fric-
tion torque further as shown in Fig. 5(b), where we fix the
Ur = 35 meV. As shown before, the friction torque is positive
when the relaxation time is as small as 0.1 ps. When the pa-
rameter T increases, the friction torque increases slightly, and
then turns to negative values sharply. The sign transition from
positive to negative is sharp, wherein the relaxation time for
the transition is dependent on the temperature. The larger the
temperature, the larger of the relaxation time required at the
transition. For example, the minimum relaxation time for neg-
ative friction is about 0.15 ps at 200 K, whereas the time is
about 0.4 ps at temperature 500 K. Interestingly, the negative
friction is almost unchanged when the relaxation time is larger
than the transition one. The magnitude of negative friction for
500 K is about 2 and 3 times of those for 300 K and 200 K,

respectively.
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—o—71=0.1 ps

Torque (10727 N-m)

10 70 9-0""070‘0
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046600 000000000000000¢
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Fig. 5. (a) The friction torque on NaCl nanospheres under different re-
laxation time. The temperature 7 = 300 K. (b) The friction torque on
NaCl nanospheres as a function of relaxation time under different tem-
peratures. We set up = 35 meV. Other parameters are kept the same as
those in Fig. 4(a).

0

|
—
o

---- R=50 nm, T=300 K
—— R=175nm, T=300 K
—-—R=100 nm, T=300 K

—— R=75 nm, T=500 K

|
o
S

Torque (1027 N-m)

—30 1 1 1
3 4 5 6 7

d/R

Fig. 6. The friction torque on NaCl nanospheres as a function of nor-
malized separation. We set i = 35 meV, and other parameters are kept
the same as those in Fig. 4(a).

Finally, we consider the influence of the separation on
friction torque under different configurations, as shown in
Fig. 6. For different radii of NaCl nanospheres, the mag-
nitude of negative friction declines with increasing the sep-
aration. When the separation d ~ 3R, the negative friction
torque at 300 K is at the order of 10726 N-m, and it is two or-
der larger than that of air resistance with pressure 10~'% Torr
(1 Torr=1.33322x10? Pa).3?) Compared with the case of
300 K, the negative friction torque for radius of 75 nm can
be enhanced further at 500 K. It is worth mentioning that the
separation in this work is set under the condition of d > 3R,

and it is possible to further enhance the negative friction at

even closer distances (d < 3R). However, the electric-dipole
model for rotating nanospheres may not be applicable at ex-
tremely close distances, and a more accurate model needs to
be developed.

4. Conclusion and perspectives

In summary, this work demonstrates the giant enhance-
ment of negative friction via resonant coupling between
LSPhP of nanosphere and SPPs of graphene sheets. For com-
parisons, the rotating nanosphere consisted of different ma-
terials are investigated. We found that the LSPhPs in NaCl
nanospheres match effectively with the graphene SPPs. The
magnitude of negative friction for NaCl is enhanced with one-
to-two orders compared to that of SiO,. Moreover, the quasi-
Fermi energy at the maximum of negative friction is lower for
NaCl, which is highly preferred for real experiments. The in-
fluences of the relaxation time, temperature, and the separation
on the enhancement of negative friction have been discussed.
Our concepts of negative friction and its enhancement are also
expected to be found in other gain materials, such as semicon-

ductors, which would be a meaningful direction in future.
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