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Resonantly induced friction in driven nanomechanical systems
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We propose a new mechanism of friction in resonantly driven vibrational systems. The form of the
friction force follows from the time- and spatial-symmetry arguments. We consider a microscopic
mechanism of this resonant force in nanomechanical systems. The friction can be negative, leading
to an instability of forced vibrations of a nanoresonator and the onset of self-sustained oscillations

in the rotating frame.

The physics of friction keeps attracting attention in
diverse fields and at different spatial scales, from cold
atoms to electrons on helium to locomotion of devices
and animals [IH5]. An important type of systems where
friction plays a critical role and where it has been studied
in depth, both theoretically and experimentally, are vi-
brational systems. The simplest form of friction in these
(and many other) systems is viscous friction. For a vi-
brational mode with coordinate ¢, the viscous friction
force is o< ¢. It describes a large number of experiments
on various kinds of vibrational systems, nano- and mi-
cromechanical modes and electromagnetic cavity modes
being examples of the particular recent interest [6] [7].

In vibrational systems, viscous friction is often called
linear friction, to distinguish it from nonlinear friction,
which nonlinearly depends on ¢ and ¢. Phenomenologi-
cally, the simplest nonlinear friction force is o ¢?¢ (the
van der Pol form [8]) or o< ¢* (the Rayleigh form [9]).
Both these forms of the force are particularly important
for weakly damped systems. This is because in such sys-
tems the vibrations are nearly sinusoidal, whereas both
forces have resonant components which oscillate at the
mode frequency. Moreover, both forces lead to the same
long-term dynamics of a weakly damped mode and in
this sense are indistinguishable [I0, [11].

External driving of vibrational modes can modify their
dissipation. The change has been well understood for
a periodic driving tuned sufficiently far away from the
mode eigenfrequency. Such driving can open new decay
channels where transitions between the energy levels of
the mode are accompanied by absorption or emission of
excitations of the thermal reservoir and a drive quan-
tum Awp, with wr being the drive frequency [12]. This
can lead to both linear [I3| [14] and nonlinear friction
[15] [16]. It has been also found that, in microwave cav-
ities and nanomechanical systems, resonant driving can
reduce linear friction by slowing down energy transfer
from the vibrational mode to two-level systems due to
their saturation [I7THI9).

In this paper we consider nonlinear friction induced by
resonant driving, which significantly differs from other
forms of friction. We show that, in nanomechanical sys-
tems, the proposed friction can become important al-
ready for a moderately strong drive and can radically

modify the response to the drive, including the onset of
slow oscillations of the amplitude and phase of the driven
mode with the increasing drive [20].

Phenomenologically, a mode with inversion symmetry
driven by a force F(t) = F coswpt can experience a res-
onant induced friction force (RIFF) of the form

frirr = nrIFrF(t)qq. (1)

Such force has the right spatial symmetry, as it changes
sign on spatial inversion (¢ - —¢ and F' — —F), and is
dissipative, as it changes sign on time inversion t — —t.
The driving frequency wp is assumed to be close to the
mode eigenfrequency wp, so that the force fripr has a
resonant component. Parameter nrypr is the friction co-
efficient, which is undetermined in the phenomenological
theory. Not only the magnitude, but also the sign of
nrirF are not determined, as the very onset of the force
friFF is a nonequilibrium phenomenon.

The form of the RIFF reminds the form of the van der
Pol friction force, except that ¢? is replaced by F(t)q. In
some sense, the force F'(t) is “smaller” than the displace-
ment ¢ near resonance: this is the well-known effect that
a small resonant force leads to large vibration amplitude
for weak damping. Therefore fripr can be significant
if there is a mechanism that compensates the relative
smallness of F'(t).

For nanomechanical resonators, a simple microscopic
mechanism of the RIFF is heating. The absorbed power
F(t)g leads to a temperature change 67, which can be
relatively large due to the small thermal capacity of
a nanoresonator [generally, the temperature change de-
pends on the coordinates in the resonator, see Appendix].
In turn, the temperature change modifies the resonator
eigenfrequency wy, for example, due to thermal expan-
sion, cf. [21 22]. To the lowest order in 6T, the eigenfre-
quency change is dwg = —A,07 with the coefficient A,
depending on the spatial structure of the mode and the
temperature field.

In many cases, the relaxation time of the temperature
in the resonator is much longer then the vibration period
tp = 27 /wp. Then the temperature change is propor-
tional to the period-averaged power,

t+tp
ST(t) = Ar[F(1)q(t)]av = Mrti! / dt'F(t')q(t")
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(in fact, 6T is spatially nonuniform, see Appendix). As a
result, the restoring force —mwéq is incremented by fr,

fr(t) = 2mworo Az [F(£)4(t)]av (t) (2)

The force fr(t) is a specific form of the RIFF. The ther-
mal mechanism is not the only RIFF mechanism, but it
is often important, and moreover, the ratio of the con-
ventional nonlinear friction to the RIFF contains a small
parameter, see Appendix.

We now consider the dynamics of a driven nanores-
onator in the presence of RIFF. Nanoresonators are of-
ten well described by the Duffing model, which takes into
account a quartic nonlinearity [10]. The Hamiltonian of
the Duffing oscillator in the absence of coupling to the
thermal reservoir is

Hy = %(p2 + wig?) + i'yq4 — qF coswpt. (3)
Here p is the oscillator momentum. We have set the
mass m = 1. For concreteness, we assume that the Duff-
ing nonlinearity parameter v is positive. The driving is
assumed resonant, |wr — wp| < wp, and comparatively
weak, so that |v|(¢?) < w3.

To analyze the behavior on the time scale long com-
pared to wgl, one can change to the rotating frame and
introduce slowly varying in time canonically conjugate
coordinate ¢ and momentum pg (the analogs of the
quadrature operators)

q(t) +iwp'p(t) = (wr) "2 (qo + ipo) exp(—iwrt).

In the standard rotating wave approximation (RWA),
from Eq. we obtain Hamiltonian equations for ¢g, po
with the time-independent Hamiltonian Hrwa,

(Go)r = OpoHrwa, (Po)a = =04 Hrwa,

3y 2 22

dw = wp — wp. (4)

1
Hrwa (qo,po) = —§5w(q(2) +p3) +

7FQ0/2\/5F7

It is well-known how to incorporate linear friction into
the RWA-equations of motion starting from both a mi-
croscopic formulation and the phenomenological friction
force —2I'q [23H26]. An extension to the RIFF is straight-
forward. Keeping only smoothly varying terms in the
equations for ¢g,pg, in the case of the heating-induced
RIFF we obtain the following equations of motion:

do = —T'qo — Jrpd + Opo Hrwa,
Po = —I'po + Jrqopo — Ogo HrwA - (5)

Here Jp = w},/ 2F)\w)\T/2. In Eq. H we have disre-
garded noise. It is typically weak in weakly damped
nanoresonators and leads primarily to small fluctuations
about the stable states of forced vibrations and occa-
sional switching between the stable states in the range of
bistability, cf. [26H32] and references therein; here we do
not consider these effects.

The parameter Jr that characterizes the RIFF in-
creases with the driving amplitude F'; the RIFF also
increases with the vibration amplitude A = [(¢¢ +
p2)/wr]'/?. From Eq. , the effects of the RIFF become
pronounced for |JrA| ~ T and should be seen already for
a moderately strong drive if the decay rate I' due to the
linear friction is small.

If the linear friction and the RIFF can be disregarded,
the values (gst, pst) of (go,po) at the stationary states of
forced vibrations are given by the conditions 0, Hrwa =
Opo Hrwa = 0, which reduce to equations

3y

— g — dwqs = F/2y/wp, Dst = 0. (6)
¥

8w

The equation for g has one real root in the range of
F, w where the oscillator is monostable in the weak dis-
sipation limit or 3 real roots in the range of bistability.
In the latter range, of primary interest for the analysis of
the RIFF is the root with the maximal gy, and in what
follows gy refers to this root. For small I' and Jr = 0
it corresponds to a stable state of forced vibrations at
frequency wp, as does also the real root ¢g in the range
of monostability [33]. In the both cases, the considered
(gst, pst) corresponds to the minimum of Hrwa -

For Jr > 0 the RIFF can lead to instability of the
forced vibrations. Indeed, to the leading order in T, Jr,
the sum of the eigenvalues of Egs. linearized about
the stable state is —2I" + Jrqs;. When this sum becomes
equal to zero, the system undergoes a supercritical Hopf
bifurcation. This means that, for Jrgs > 2I', the state
of forced vibrations with constant amplitude and phase
becomes unstable. The amplitude and phase oscillate in
time, which corresponds to oscillations of the system in
the rotating frame about (gst, pst)-

For small T" and Jrgs (the condition is specified be-
low), one can think of the steady motion in the rotating
frame as occurring with a constant value of the Hamil-
tonian Hrwa along the Hamiltonian trajectory , see
Fig. [{a). This value is determined by the balance of
the damping o I' and the RIFF. The dissipative losses
x I drive Hrwa toward its minimum, whereas the RIFF
pumping increases Hrwa. The stationary value of Hrwa
can be found by averaging over the trajectories the
equation of motion for Hrwa (qo, po), which follows from
Eq. . We denote such averaging by an overline,

1 t+T(Hrwa ) , ,
_— dt'U(t'; Hr ,
i | (t's Huwa)

where U(t; Hrwa) is a function calculated along the tra-
jectory () for a given value of Hrwa and T(Hrwa ) is the
period of motion along this trajectory. After straightfor-
ward algebra we obtain from Egs.

dHgwa /dt

1

= m— dgo dpo (=21 + Jrqo) . (7)
T(Hrwa) /S(HRWA)
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FIG.1. (a)The Hamiltonian trajectories (4]) for different val-
ues of hrwa & Hrwa and the scaled field strength g = 2/27.
The driven oscillator is bistable for this 4, and shown are the
trajectories that circle the large-amplitude state at the min-
imum of hrwa, which is stable in the absence of RIFF. The
trajectories have a horse-shoe form away from the minimum of
hrwa also where the oscillator is monostable. (b) The scaled
ratio of the relaxation rates K, Eq. (8)), as a function of the
scaled RWA energy h o< Hrwa, Eq. (9)

Here, S(Hrwa) is the area inside the Hamiltonian tra-
jectory with a given Hrwa .

From Eq. (7), the stationary (and stable) value of
Hgwa is determined by equation

(Jrgst/2T) K =1,

—1
K= qs_tl/ qo dqo dpo [/ dqo dpol . (8)
S(Hrwa) S(Hrwa)

Parameter K gives the ratio of the relaxation rates due
to the RIFF and the linear friction. It is the dependence
of K on Hrwa that allows one to find the stable value
of Hrwa from Eq. . This dependence is illustrated in
Fig. [I[(b).

Figure [I] is plotted in the scaled variables Qo, Py and
for the scaled Hamiltonian hgwa = (6v/F*)'/? Hrwa,

hrwa = i(@% + P2)? - %5_1/3(62(2) + Py)? — Qo,
Qo= q0/C, Po=po/C, ¢ = (4F/37)3wi/? (9)

Function hgwa depends only on one dimensionless pa-
rameter, the scaled strength of the driving field

B = 3yF? /32w (0w)?.

As seen from Fig. b) and also from Eq. (E[), K=1
where h o< Hgwa is at its minimum. Importantly, K
monotonically decreases with increasing Hrwa in a broad
range of Hrwa. This decrease holds both in the range of
8 where the oscillator is bistable and where it is monos-
table in the absence of the RIFF. Therefore, in the pres-
ence of the RIFF, once the condition of the onset of os-
cillations in the rotating frame is met, Jyqs > 2T, these
oscillations are stabilized at the value of Hrwa given by
K = K(Hrwa) = (2T'/Jrgys < 1. We emphasize that
the frequency of these oscillations 27 /T(Hgwa) is small
compared to wp, yet it exceeds I and Jpgss.

The parameter Jrgs; depends on the amplitude of the
driving field F' and the frequency wg. By varying F' and
wp one can control the stable value of Hrwa and thus
the amplitude and frequency of the oscillations in the ro-
tating frame. Remarkably, these oscillations become sig-
nificantly nonsinusoidal already for comparatively small
difference between Hrwa and its minimal value. This is
seen in Fig. b). The profoundly non-elliptical trajecto-
ries are a signature of nonsinusoidal vibrations. Formally,
the oscillations are described by the Jacobi elliptic func-
tions, which allows finding their Fourier components in
the explicit form [34].

The instability of the forced vibrations at the drive
frequency and the onset of nonlinear self-sustained oscil-
lations in the rotating frame lead to a qualitative change
of the power spectrum of the driven oscillator. The -
shaped peak at the drive frequency wp disappears, and
instead there emerge multiple equally spaced peaks on
the both sides of wp that correspond to the vibration
overtones in the rotating frame. The spacing between
the peaks is small compared to wp. The widths of the
peaks are determined by phase diffusion due to the noise
in a nanoresonator, in particular, the thermal fluctua-
tions of Hrwa around its stable value and the related
fluctuations of the frequency 27/T(Hgwa). These fluc-
tuations are efficiently averaged out by the relaxation,
the process reminiscent of motional narrowing in NMR
[26, [35]. Therefore the widths of the peaks should be
much smaller than the damping rate I'.  Such behavior
has indeed been observed in the experiment [20].

In conclusion, we have shown that, from the symme-
try and resonance arguments, a resonantly driven vibra-
tional mode can experience a specific friction force. This
force, the RIFF, is nonlinear in the mode coordinate and
explicitly depends on the driving force. We considered
a microscopic mechanism of the RIFF in nanomechanics
associated with the driving-induced spatially nonuniform
heating of a nanoresonator and the resulting change of
the mode eigenfrequency. The RIFF can be negative.
In this case, already for a moderately strong resonant
drive, it can lead to an instability of forced vibrations of
a weakly damped nonlinear mode, qualitatively modify-
ing the familiar response of such a mode to a resonant
drive. The instability causes the onset of self-sustained
oscillations in the rotating frame. In turn, this leads to
a characteristic structure of the power spectrum of the
driven mode.

MD is grateful for the warm hospitality at Caltech.
MD and MLR acknowledge partial support from the NSF
(Grant no. DMR-1806473). GR and EMW acknowledge
partial support from Deutsche Forschungsgemeinschaft
through the collaborative research center SFB 767.

Appendix A: Thermally induced nonlinear friction

Here we discuss the temperature change and the result-
ing change of the vibration eigenfrequency of a resonantly



driven nanomechanical resonator. In the units used in
the main text, where we set the effective mass equal to
unity, the displacement at the mode antinode has dimen-
sion [g] = g'/?cm, whereas the resonant force has dimen-
sion [F] = g'/2cm/s?. If we consider a flexural mode in
a quasi one-dimensional beam or a string, the displace-
ment as a function of the coordinate = along the beam is
u(z,t) = plrl)/QqS(x)q(t), where p1p is the density per unit
length and ¢(z) gives the shape of the mode, [ ¢?dz = 1.
The energy in the driving field is — [ daf(z,t)u(z,t),
where f(z,t) is the “true” force per unit length. If we
think of the force-induced term in the equation of mo-
tion as [p1pi(x)]r = f(z,t), then we have for the force
in the equation for ¢ [Eq. (3) of the main text] the ex-
pression F(t) = pl_é/z J dz f(z,t)¢(z). Experiments on
nanomechanical systems can be usually well described if
one assumes that the force f(z,t) can be factored into
a space- and time-dependent parts, f(z,t) = fup(z) fi(t).
Then

F(t) =i *5lt) [ do ful)(o). (A1)

The power dissipated by the force per unit length is
f(x,t)0pu(x,t). For a uniform isotropic resonator, the
full equation for the increment of the temperature field
is

C 00T = k,020T + f(x,t)0u(x,t)/S, (A2)
where C). is the specific heat of the resonator per unit
volume, k, is the thermal conductivity, and S is the
cross-section area. We assume here that the tempera-
ture is constant across the resonator; an extension to a
more general case, including the Zener thermoelastic re-
laxation [36] (see also [37]) is beyond the scope of this
paper.

Equation has to be complemented by the bound-
ary conditions. Often it is assumed that the temperature
at the boundary of a nanoresonator is fixed by the sup-
port [22], a condition that applies if the support has a
large mass and a high thermal conductivity, for example.
Equation can be then solved by expanding 6T (z,t)
in the orthogonal eigenmodes T),(x) of the temperature
field in the absence of the drive,

(the analysis can be easily extended to a more compli-
cated geometry of the resonator and to more complicated
boundary conditions than 7, = 0).

The major contribution to the temperature change
comes from the mode T,,(z) that has the form close to
that of f(x)¢(zx). It depends on the boundary conditions
for the temperature field, the spatial structure of the dis-
placement field of the mode ¢(x), and also the coordinate
dependence of the driving field.

For dielectric nanoresonators the thermal conductiv-
ity is comparatively low. At room temperature k,

10 erg/(cm-s-K), and the specific heat is C, ~
107 erg/(cm3 - K). Then for the resonator length [, ~
10 pm, the relaxation time of low-lying thermal modes
is 77 ~ C.12/k, ~ 1075 s. This time significantly ex-
ceeds the period (reciprocal frequency) of the vibrational
modes, which is typically below 107¢ — 10=7 s. Then
the temperature field averages out the oscillating terms
in f(z,t)0u(z,t) in Eq. (A2). At the same time, 77 is
typically much shorter than the relaxation times of low-
lying vibrational modes, which often exceeds the vibra-
tion period by a factor > 10*. In this important case
the temperature adiabatically follows the vibration am-
plitude.

The driving-induced temperature change is then of the
form 0T (z,t) = > ¢, (t) T (2) with

en = pr2(5C) I / 0z To(2)$(@)[f (2, 1) dlavs
(A3)

where [...].y indicates averaging over the vibration pe-
riod. For low-lying vibrational modes and for a weakly
nonuniform driving force f(z,t) the major contribution
to 0T(x,t) comes from low-lying temperature modes,
with A, ~ 1/77. Then the magnitude of the temper-
ature change averaged over the resonator is

HIE®)()]av-

We note that the assumption of the temperature be-
ing constant in the resonator cross-section requires that
C,13 [k, (1. is the typical transverse dimension) be much
shorter than the vibration period, the condition well sat-
isfied for the typical {1 < 0.1 pum.

The temperature change causes a change of the vi-
bration frequency. There are several mechanisms of this
effect [II]. One of them is the coupling of the mode to
the phonons in the nanoresonator that is nonlinear in the
mode strain. This coupling is fairly general. It emerges
already from the combination of the standard cubic cou-
pling of the considered low-frequency mode (in particu-
lar, a flexural mode) to acoustic phonons and the geomet-
ric nonlinearity, but it also comes from other terms in the
nonlinear Hamiltonian of the vibrations in the resonator.

Phenomenologically, the mechanism can be described
by taking into account the term in the free energy den-
sity of the nanoresonator 6., which is quadratic in the
linear strain tensor é(r) and linear in the temperature
change 0T (r). A simplified form of this term in the one-
dimensional model for a flexural mode is

OF = f’y]:/dx(ST(x)(aiu)Q,

6T ~ 12k, 1S~

(A4)

where £ is the coupling constant; it is determined by
the thermal expansion coefficient, the specific heat, and
the resonator geometry [I1]. The elastic part of the free
energy in the harmonic approximation can be written as
Fr = 27 [ dz [02u]? with v, determined in the stan-
dard way by the elasticity and the geometry [38]; this



term gives the vibration frequency wg for constant tem-

J

perature. It corresponds to the potential energy of the
mode written as wiq?/2.

Then the change of the vibration frequency due to the temperature change is

dwo = _(woplD)_l'V}'/dx 5T(x)(3§¢)2.

(A5)

From Egs. (Al), (A3), and (A5) we find that, for a slow thermal relaxation, the resonant driving induced force in

the equation for ¢(t) is

fr =GrlF®)iD]aa(t),  Gr=2v7(ppSC) ™' Y A /dl’ T (2)p(2) fop()

< [ (w330 [ / dxfsp(ww(w)}

(A6)

The coefficient G gives the coefficient 2mwoA, A7 in Eq. (2) of the main text, with the account taken of the spatial

dependence of the temperature change.

It should be noted that the coupling also leads
to the standard nonlinear friction, with the friction force
that corresponds to ¢%¢ or ¢ in the phenomenological
picture [T1]. However, in the considered case of slow ther-
mal relaxation this force has an extra factor o (77wp) 2.

Therefore it can be small compared to the force fr.

In prestressed nanoresonators, an important mecha-

(

nism of the coupling of the frequency and temperature
changes is related to the change of the tension due to
thermal expansion, cf. [22] and references therein. It
can be analyzed in a way similar to that described above
and leads to a qualitatively similar result. If the thermal
expansion coefficient is positive, this mechanism leads to
the decrease of the vibration frequency with an increasing
drive strength, as does the geometric nonlinearity.

[1] A. Vanossi, N. Manini, M. Urbakh, S. Zapperi, and
E. Tosatti, [Rev. Mod. Phys. 85, 529 (2013).

[2] A. Bylinskii, D. Gangloff, and V. Vuletic, Science 348,
1115 (2015).

[3] D. G. Rees, N. R. Beysengulov, J.-J. Lin, and K. Kono,
Phys. Rev. Lett. 116, 206801 (2016).

[4] J. Crassous, A. Humeau, S. Boury, and J. Casas, Phys.
Rev. Lett. 119, 058003 (2017).

[5] K. Tian, D. L. Goldsby, and R. W. Carpick, Phys. Rev.
Lett. 120, 186101 (2018).

[6] D. F. Walls and G. J. Milburn, Quantum Optics
(Springer, Berlin, 2008).

[7] S. Schmid, L. G. Villanueva, and M. L. Roukes,
Fundamentals of Nanomechanical Resonators (Springer,
Switzerland, 2016).

[8] B. van der Pol, The London, Edinburgh, and Dublin Phil.
Mag. and J. Sci. 2, 978 (1926).

[9] J. W. S. Rayleigh, The Theory of Sound, 2nd ed., Vol. 1
(Dover (New York, 1945), 1894).

[10] R. Lifshitz and M. C. Cross, in Review of Nonlinear Dy-
namics and Complexity, edited by H. G. Schuster (Wiley,
Weinheim, 2008) pp. 1-52.

[11] J. Atalaya, T. W. Kenny, M. L. Roukes, and M. I. Dyk-
man, Phys. Rev. B 94, 195440 (2016).

[12] M. I. Dykman, Sov. Phys. Solid State 20, 1306 (1978).

[13] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardst,
Rev. Mod. Phys. 86, 1391 (2014).

[14] M. Aspelmeyer, T. Kippenberg, and F. Marquardt, eds.,

Cavity Optomechanics: Nano- and Micromechanical Res-
onators Interacting with Light (Springer, Berlin, 2014).

[15] Z. Leghtas, S. Touzard, 1. M. Pop, A. Kou, B. Vlas-
takis, A. Petrenko, K. M. Sliwa, A. Narla, S. Shankar,
M. J. Hatridge, M. Reagor, L. Frunzio, R. J. Schoelkopf,
M. Mirrahimi, and M. H. Devoret, Science 347, 853
(2015).

[16] X. Dong, M. I. Dykman, and H. B. Chan, Nature Com-
munications 9, 3241 (2018).

[17] J. Gao, J. Zmuidzinas, B. A. Mazin, H. G. LeDuc, and
P. K. Day, Appl. Phys. Lett. 90, 102507 (2007).

[18] J. Gao, M. Daal, J. M. Martinis, Anastasios Vayonakis,
J. Zmuidzinas, B. Sadoulet, B. A. Mazin, P. K. Day, and
H. G. Leduc, Appl. Phys. Lett. 92, 212504 (2008).

[19] V. Singh, O. Shevchuk, Y. M. Blanter, and G. A. Steele,
Phys. Rev. B 93, 245407 (2016).

[20] A loss of stability of forced vibrations with the increasing
resonant driving was recently observed in nanomechani-
cal resonators by E. Weig et al.

[21] R. A. Barton, I. R. Storch, V. P. Adiga, R. Sakakibara,
B. R. Cipriany, B. Ilic, S. P. Wang, P. Ong, P. L. McEuen,
J. M. Parpia, and H. G. Craighead, Nano Lett. 12, 4681
(2012).

[22] M.-H. Chien, M. Brameshuber, B. K. Rossboth, G. J.
Schiitz, and S. Schmid, |[Proc. Nat. Acad. Sci. USA 115,
11150 (2018),

[23] N. N. Bogolyubov, On Some Statistical Methods in Math-
ematical Physics (in Russian) (Acad. Sci. Ukr. SSR,


http://dx.doi.org/ 10.1103/RevModPhys.85.529
http://dx.doi.org/10.1126/science.1261422
http://dx.doi.org/10.1126/science.1261422
http://dx.doi.org/10.1103/PhysRevB.93.245407
http://dx.doi.org/10.1021/nl302036x
http://dx.doi.org/10.1021/nl302036x
http://dx.doi.org/ 10.1073/pnas.1804174115
http://dx.doi.org/ 10.1073/pnas.1804174115

Kiev, 1945).

[24] 1. R. Senitzky, Phys. Rev. 119, 670 (1960).

[25] J. Schwinger, J. Math. Phys. 2, 407 (1961).

[26] M. I. Dykman and M. A. Krivoglaz, in Sov. Phys. Re-
views, Vol. 5, edited by I. M. Khalatnikov (Harwood Aca-
demic, New York, 1984) pp. 265441, web.pa.msu.edu/
dykman/pub06/DKreview84.pdf.

[27] J. S. Aldridge and A. N. Cleland, Phys. Rev. Lett. 94,
156403 (2005).

[28] H. B. Chan and C. Stambaugh, in Fluctuating Nonlinear
Oscillators: From Nanomechanics to Quantum Supercon-
ducting Clircuits, edited by M. I. Dykman (OUP, Oxford,
2012) pp. 165-197.

[29] J. Moser, J. Giittinger, A. Eichler, M. J. Esplandiu, D. E.
Liu, M. I. Dykman, and A. Bachtold, Nat. Nanotech. 8,
493 (2013).

[30] M. Defoort, V. Puller, O. Bourgeois, F. Pistolesi, and
E. Collin, Phys. Rev. E 92, 050903 (2015).

[31] D. Davidovikj, J. J. Slim, S. J. Cartamil- Bueno, H. S. J.

van der Zant, P. G. Steeneken, and W. J. Venstra, Nano
Lett. 16, 2768 (2016).

[32] R. J. Dolleman, P. Belardinelli, S. Houri, H. S. J. van der
Zant, F. Alijani, and P. G. Steeneken, arXiv e-prints ,
arXiv:1812.09295 (2018).

[33] L. D. Landau and E. M. Lifshitz, Mechanics, 3rd ed. (El-
sevier, Amsterdam, 2004).

[34] M. I. Dykman and V. N. Smelyanskii, Zh. Eksp. Teor.
Fiz. 94, 61 (1988).

[35] O. Maillet, X. Zhou, R. Gazizulin, A. Maldonado Cid,
M. Defoort, A. D. Fefferman, O. Bourgeois, and
E. Collin, Phys. Rev. B 96, 165434 (2017).

[36] C. Zener, Phys. Rev. 52, 230 (1937).

[37] R. Lifshitz and M. L. Roukes, [Phys. Rev. B 61, 5600
(2000).

[38] L. Landau and E. Lifshitz, Theory of Elasticity, 3rd ed.
(Butterworth-Heinemann Ltd., Oxford, 1986).


http://dx.doi.org/ 10.1103/PhysRevE.92.050903
http://dx.doi.org/10.1103/PhysRev.52.230
http://dx.doi.org/10.1103/PhysRevB.61.5600
http://dx.doi.org/10.1103/PhysRevB.61.5600

	Resonantly induced friction in driven nanomechanical systems
	Abstract
	A Thermally induced nonlinear friction
	 References




