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Magnetic effects on nonlinear mechanical properties of a suspended carbon nanotube
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We propose a microscopic model for a nanoelectromechanical system made by a radio-frequency driven
suspended carbon nanotube (CNT) in the presence of an external magnetic field perpendicular to the current. As
a main result, we show that, when the device is driven far from equilibrium, one can tune the CNT mechanical
properties by varying the external magnetic field. Indeed, the magnetic field affects the CNT bending mode
dynamics inducing an enhanced damping as well as a noise term due to the electronic phase fluctuations. The
quality factor, as observed experimentally, exhibits a quadratic dependence on external magnetic field strength.
Finally, CNT resonance frequencies as a function of gate voltage acquire, increasing the magnetic field strength,
a peculiar dip-peak structure that should be experimentally observed.
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I. INTRODUCTION

Nanoelectromechanical Systems (NEMS) made of sus-
pended carbon nanotubes (CNTs) have received increasing
attention recently.!® These devices are ideal for NEMS
applications due to the extreme mechanical properties of CNTs
(low mass density and a high Young’s modulus), resulting in
a wide range of resonance frequencies for the fundamental
bending mode vibration [from MHz up to GHz (Ref. 9) range].
For instance, this has made it possible to operate with ultrahigh
frequency devices and therefore explore the quantum ground
state of a macroscopic object.!’

On the other hand, CNT-based electromechanical devices
working in the adiabatic regime (resonator frequencies in
the MHz range compared to an electronic hopping frequency
from the leads of the order of tens of GHz) have attracted great
interest due to the extremely large quality factors (Q > 10°)
attainable.”>>!! Large quality factors allow one to tune CNT
mechanical properties, e.g., the resonance frequency of the
bending mode, by adjusting electronic parameters such as
gate and bias voltages with a resolution of a few MHz.>!2
Furthermore, it has been recently demonstrated that the
application of a static magnetic field perpendicular to the
CNT device can be used as another useful tool for tuning
its mechanical characteristics,! as the electronic current flow
through the CNT beam is affected by the Lorentz force.

The properties mentioned above are due to the fact that
suspended CNTs, at cryogenic temperatures, behave as quan-
tum dots'*!5 with a strong interplay between single-electron
tunneling and bending mode mechanical motion.>!>!16-1° This
means that the electronic current is very sensitive to the CNT
bending mode dynamics and can be used as a quantum (due to
the intrinsic quantum nature of the charge carriers) mean for
studying its mechanical characteristics.

Motivated by recent experiments,'? in this paper we study
a general model describing the mechanical properties of a
radio-frequency driven suspended CNT-based NEMS in the
presence of a magnetic field transverse to the CNT oscillation
plane. To study this system, we employ the same model
adopted by some of us in Ref. 16. There we showed that
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the effects of damping, spring stiffening, and softening, and
nonlinearity observed in CNT-based NEMS devices in the
absence of a magnetic field>*?° can be understood in terms of a
very simple schematization for the CNT device: the electronic
part is described by a single electronic level'®?! coupled to
two metallic leads, while the mechanical part is described by
a single vibrational degree of freedom describing the bending
mode.?> The interaction between electronic and mechanical
parts is described by means of a simple charge-displacement
coupling.'®?! Due to a very large separation between slow
vibrational and fast electronic time scales, it can be shown
that the CNT bending mode mechanical dynamics is ruled
by a classical Langevin equation.?’>*=% In other terms, the
vibrating CNT can be fruitful described as an effective
harmonic spring embedded in a nonequilibrium environment
consisting of both the nanotube itself and by the macroscopic
voltage-biased leads. Furthermore, the external antenna effects
are included introducing a forcing term in the Langevin
equation. In Ref. 16, we explored the nonlinear vibrational
regime of the CNT dynamics, showing that nonlinear effects
are obtained by applying large external antenna amplitudes
due to the dynamical effects. We were also able to reproduce
qualitatively, in the linear response regime, the shape of the
CNT bending mode frequency renormalization curve as a
function of electronic gate and bias voltages. In particular,
we were able to predict features (formation of a double
dip feature), at that time not yet observed, that have found
successive experimental observation.'?

In this paper we extend the approach developed in Ref. 16
to the case when the a transverse magnetic field is applied
to the CNT device. The application of a field perpendicular to
the current flux introduces an electronic tunneling phase which
depends on the mechanical CNT displacement and therefore
modifies all the terms describing the CNT-resonator dynamics.
The effective force acting on the resonator is modified by
a pure nonequilibrium correction term proportional to the
magnetic field as well as to the electronic current.’' This
provides an interesting resonance frequency renormalization
effect as a function of the magnetic field strength. We find that,
increasing the magnetic field, the peculiar features (single or
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double dip) observed in the bending mode resonance frequency
against gate voltage curves get distorted and acquire a dip-peak
structure that should be experimentally observed. In particular,
this effect should be more easily detectable at bias voltages that
exceed the broadening due to tunnel coupling. Our analysis
concerns also the study of the device response when the CNT-
resonator motion is actuated by an external antenna at fixed
frequency and amplitude. In this case, the current-gate voltage
characteristic exhibits specific structures corresponding to
the mechanical resonances (antenna frequency equal to the
bending mode frequency).

Finally, we explored the effect of the external magnetic
field on the mechanical damping experienced by the CNT
studying the behavior of quality factors. The magnetic field is
shown to provide an additional damping mechanism for the
CNT mechanical motion. Interestingly, a quadratic decrease
of the quality factor Q as a function of the external magnetic
field strength emerges, in quantitative agreement with the
experiment performed in Ref. 1. We’ve also shown that, at a
fixed gate, bias voltage, and temperature, if charge and current
variations of the opposite sign occur, damping increases and
Q is reduced. Vice versa, charge and current variations of
the same sign reduce damping with a consequent increase of
quality factors.

The paper is organized as follows: In Sec. II we discuss the
model, In Sec. III we construct, by means of the adiabatic
approximation, the stochastic Langevin equation for the
dynamics of the CNT resonator including magnetic field and
external antenna effects. In Sec. IV we present numerical
results.

II. MODEL

We consider the system sketched in Fig. 1, which shows a
single wall CNT suspended between two normal-metal leads.
An external magnetic field H is applied perpendicular to the
CNT oscillation plane. We also restrict the CNT mechanical
degrees of freedom to the low-frequency bending mode and
model it as a harmonic oscillator with frequency wy.

The electronic part of the CNT device is modeled as a
single electronic level coupled to the leads through standard
tunneling terms.'®?* The electronic Hamiltonian is

Ha = Ugaed'd + Y Vi (0)6] yd + He + Y eral) oyl
ko ko

(1)

where the CNT’s electronic level has energy Uy, With creation

(annihilation) operators c?T(c? ). The operators 6;0{(6;(,&) create

Source
(Left)

FIG. 1. (Color online) A carbon nanotube (CNT) subject to an
external magnetic field H suspended between two normal-metal leads
biased by a voltage e Vijas-
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(annihilate) electrons with momentum k and energy &, =
Ey.o — Ly in the left (o = L) or right (¢ = R) free metallic
leads. The chemical potentials in the leads @, and g are
assumed to be biased by an external voltage e Vijos = tir — -

In the presence of a magnetic field, the phases of the
tunneling amplitudes with the leads depend on the CNT
displacement x 3334

VE ) = Vire ™, Vi) = Vioge'?™, 2)

where p =d8eHL/2h gives the CNT momentum change
induced by the Lorentz force when an electron tunnels from the
CNT to a lead, and é ~ 1 is a numerical factor determined by
the spacial profile of the fundamental mode.>> Above, e is the
modulus of the electron charge, 7 is the Plank constant, and L
is the CNT length. Slow time varying tunneling amplitudes
Vi(t) are also relevant in the case of adiabatic quantum
pumping through quantum dots.?>3¢ Furthermore, when the
external magnetic-field values are sufficiently small, such as
the Zeeman splitting is negligible compared to broadening due
to tunnel coupling, we can neglect the effect of the electronic
spin degrees of freedom.

For the sake of simplicity, we will suppose symmetric
coupling Vi1 = Vi g and a flat density of states for the
leads pio > po, considered as thermostats at finite temper-
ature 7', within the wide-band approximation (Vi 4 = Vi,
o = L,R).>"* Definitely, the total tunneling rate is A’ =
Y wer rTiTa, with To = 2794 | Vi o|? /R

The Hamiltonian of the mechanical degree of freedom is
given by

. »” o,
Hose = % + Emwox’\ s (3)

characterized by the frequency wy and the -effective
mass m (k = mwg). The charge-displacement interaction is
provided by?7-38

Hi = 130, “
where A is the charge-displacement coupling strength and 2 =
d'd represents the electronic charge-density on the CNT.*
Definitely, the overall Hamiltonian is

7:[ = ﬂel + I:IOSC + I?im- (5)

For the experiment discussed in Ref. 1, one has a strong
separation between vibrational (wo ~ 500 MHz >~ 2 peV)
and electronic time scales (I' >~ 50 Ghz) so that we can
solve our model in the adiabatic limit, wo/I" < 1. The
experimental values of bias voltages and temperatures allow
also a semiclassical treatment of the oscillator dynamics.?*2%4
In this paper, we will measure lengths in units of xo = r, where
r is a small fraction of CNT radius (r = 60 pm) appropriate
to resolve the CNT bending dynamics at relatively small
temperatures (7 =~ 25 mK). For the sake of simplicity, we
will indicate dimensionless displacement variable with x.
Energies are measured in units of 21" = 200 ueV, and times in
units of 7y = 1/wy. In terms of these units, the dimensionless
spring constant is k/ ma)g ~ 1, since, following Ref. 1,
the effective mass of the nanotube is m = 1.3 x 102! kg.
Definitely, the adiabatic ratio is wy/I" = 0.01, while the
dimensionless temperature kg7 = 0.01. Magnetic fields are
measured in terms of the quantity B = % where our magnetic
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field unit is Hy = 2h/eLr ~ 16.6T, since the CNT length
is L ~ 700 nm. Throughout this paper, we keep fixed the
dimensionless charge-displacement coupling strength to A =
0.1 (our force unit is 7I'/r), corresponding to an estimate
E, = 22 /2k ~ 1peV, implying a moderate coupling between
the electronic and vibrational degrees of freedom (£, /hwy =
0.5). Summarizing, the regime of the relevant parameters is
hwy >~ E, ~ kpT < eV < Al

In the next section, we show how adiabatic approximation
works on the coupled electron-oscillator problem in the
presence of a transverse magnetic field.

III. ADIABATIC APPROXIMATION

As analyzed in the previous section, we work in the physical
regime where the vibrational motion of the CNT resonator is
“slow” with respect to all electronic energy scales and can be
considered “classical”: wy < I'. This regime of the parameters
leads to the adiabatic approximation for the electronic prob-
lem. In contrast to previous works that treated the adiabatic
approximation in the absence of a magnetic field,’*2° we
here investigate the effect of a transverse magnetic field on
the electronic problem described by the Hamiltonian Eq. (5).
We remark that the adiabatic approximation has been used
successfully for the study of spectral and transport properties
of organic semiconductors.*'** In Appendix A, we have
discussed in detail how the adiabatic approximation for the
electronic problem works in the presence of a transverse
magnetic field. In next subsection, we show that, even in
the presence of a transverse magnetic field, the dynamics
of the CNT resonator can be accurately described by a
stochastic Langevin equation. Moreover we discuss the spatial
dependence of the coefficients obtained in the adiabatic
expansion of the electronic charge density and current.

A. Langevin equation for the oscillator

In the absence of a magnetic field, the effect of the electronic
bath and the charge-displacement coupling on the oscillator
dynamics gives rise to a stochastic Langevin equation with a
position dependent dissipation term and white noise force.?*
As in Ref. 16, even in the present case the equation for the
oscillator dynamics can be written as follows:

mx + A(x)x = F)(x) + v D(xX)§(t) + Acxi COS(Wexil), ©
E®) =0, (EM®EE)) =81 —1),

where £(¢) is a standard white-noise term. We have included in
our schematization the effect of an external antenna exciting
the motion of the CNT, where Ay, wex represent the antenna
amplitude and frequency, respectively. In this section, we
describe how all the terms appearing in the above equation
modify in the presence of an external transverse magnetic
field.
The total force acting on the CNT resonator is

F = —kx — X{(A)(x,v) + H{)(x,v). (7)

The linear elastic force exerted on the oscillator is modified
by two relevant nonlinear correction terms: the former is
proportional to the electronic charge density on the CNT level
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Eq. (A7), while the latter is proportional to the electronic cur-
rent Eq. (A17). The first term, due to the charge-displacement
interaction on the CNT resonator and proportional to A was
already discussed in Refs. 2 and 16. Far from equilibrium
and in the presence of a magnetic field, a magnetomotive
coupling between the CNT-resonator displacement and the
electronic flow comes into play. Actually, the transverse
magnetic field introduces a phase in the electronic tunneling
that is proportional to the CNT displacement as well as
on the field strength. This originates a Lorentz-like additive
correction, linear in the magnetic field strength and in the
electronic current, to the average force acting on the resonator
[last term in Eq. (7)].

In the limit of the adiabatic approximation, the force Eq. (7)
can be decomposed in different expansion terms. It explicitly
depends on the oscillator position x through Ugye(x) = Ugate +
Ax and velocity v. The force is

F(x,v) = F(O)(x) + F(])()C,U), (8)
where
Foy(x) = —kx — M) 0)(x) + H () (0)(x), &)

and

A

Fuy(x,v) = —A{A) 1) (x,v) + H{I)y(x,v)

= —Ax)v. (10)
The total damping term A(x) is given by three contributions,
A(x) = Ax) + AT () + AT (), an
where both
AM(x) = ARy(x), (12)

coming from the charge-displacement coupling, and
A"(x) = —HUp)(x), (13)

due to magnetic field coupling, are positive definite. The
function A#*(x) is proportional to both charge-displacement
coupling strength A and magnetic field H,

A" (x) = ARy (x) — HU(x), (14)

and is not positive definite. Remarkably, we have verified that
the whole sum appearing in Eq. (11) is positive definite for
the parameter regime discussed in this paper. This shows that,
using a spinless fermionic model in the presence of normal
(not ferromagnetic) electronic leads, the CNT resonator
experiences no negative damping regions.

In our description, a fluctuating term has to be included
to take correctly into account the effect of the bath degrees
of freedom. When a magnetic field is present, the force-force
fluctuations are given by three contributions (see Appendix B),

(SE®SE (1)) = A2 (8A(1)8A(t)))
— HAL(BAMSI(2)) + (81(2)87(1"))]
+ H*(81(1)81(1))), (15)
where we get a mixed current-density fluctuation contribution

[(8A)ST (1)) + (81(1)8A(1'))], and a current-current fluctua-
tion contribution (81, (¢)81(t')) to the noise.
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In the adiabatic limit, exploiting the effect of the “fast”
electronic environment on the oscillator motion, one derives

(SE®SE()) = D(x)8(t — 1)), (16)
where in the presence of a magnetic field we have
D(x) = D*(x) + D" (x) + D"*(x), (17)
with
dhow
D' (x) = ,\Zh/ 5 Go(@N)G(@.0)
. / dhe R fi(w) + 1Tk fr(@)
B 27 [(hw — Ugue(x)]? + [RT]2/4)?
x (ATL[1 — fr(w)] +ATg[1 — fr(@)]}  (18)

and
o eH dho, . 2
D (x) = TA/§|G(O)(a),x)| C(w,x)

X (2 @) 2 (@) — 26" @) g @)
- / dhw W'y +hlp
=eAH | —
27 {[hw — Ugae(x)])? + [RT]?/4)2
x {[RT L fr(@)[1 — fr(@)] — [AT ] fr()

x [1 = fr(@)]}, (19)
where C(w,x) = —ZImeo)(a),x) is the electronic spectral

function of the electronic level defined in Eq. (A9). The
noise strength contribution coming from current-current
fluctuations is

2 dh
D (x) = %HZ / — Cfi@) — fr(@)PT(w.x)
T

X [1 = T(w,0)] + {fr(@)[1 = fr(w)]
+ fr(@)1 = fr(@)T(®.x), (20)

where T (w,x) = I’TFC(w,x). In the absence of bias voltage,
one has D(x) = 2kpT A(x), that is, the fluctuation-dissipation
condition is verified for each fixed position x. Moreover, it is
possible to show that in the chosen units, the dimensionless
damping A(x) [Eq. (11)] and diffusive term D(x) [Eq. (17)]
result proportional to the adiabatic ratio wg/ .

It is important to point out that, when there is no intrinsic
charge-displacement coupling (A = 0), in the absence of the
antenna effects and at zero bias (Vi = 0), the oscillator is
still governed by a Langevin equation

mi + A (x)x = kx + v DH(x)E(1), 2n
with a harmonic force Fp)(x) = —kx, an intrinsic positive-

definite dissipative term A (x), and a diffusive term D (x)
proportional to the thermal current-current noise. Looking at
Egs. (13) and (20) together with Eq. (10), one can clearly
see that a natural quadratic dependence of damping and
diffusive strength on the magnetic field emerges. This can
be explained observing that, even at zero bias voltage, the
electronic tunneling events, whose phase is dependent linearly
on the CNT displacements as well as on the magnetic-field
strength, perturb the CNT mechanical motion with a force
with zero average (due to (IY =0, H can be also different
from zero) and square mean proportional to the magnetic
field square. Definitely, even in the absence of external bias
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voltage Vpiss, the magnetic field applied perpendicular to the
CNT couples to the bending mode dynamics behaving as a
surrounding thermal bath at leads temperature kz T .

We end this section pointing out that our system is
conceptually different from those discussed in Refs. 34 and 30.
In Ref. 34, the authors use a normal and a ferromagnetic lead
and observe negative damping and consequent nanoelectrome-
chanical self-excitations of the CNT-resonator system. In that
case, a strong correlation of tunneling processes of spin up and
spin down electrons is realized from and to the leads, which
results in a pumping of energy in the mechanical vibrating
CNT. Instead, when the CNT is described as a single spinless
electronic level, electrons tunnel randomly from the leads to
the CNT dot (and vice versa) and interact with the mechanical
resonator through a coupling between the CNT charge density
and the CNT displacement x. By virtue of this interaction,
uncorrelated random tunneling events from and to the leads
(assumed at equilibrium) perturb the CNT displacement x,
resulting in a diffusive motion of the mechanical resonator.
Indeed, in this case the positive damping or friction is induced
by the retardation of the electronic degrees of freedom, which
do not respond immediately to a change in x (first nonadiabatic
correction).”*?” When a transverse magnetic field is applied,
electronic tunneling processes lead to random changes of the
nanotube momentum, which results in a diffusive motion in
its phase space. Therefore, even in the presence of a magnetic
field, the effect of the electronic environment on the vibrating
CNT can be described by an uncorrelated (multiplicative)
white noise and positive definite friction. As we will see below,
at thermodynamic equilibrium, the noise strength is directly
related to the electronic current-current fluctuations across the
CNT dot which are naturally positive definite and proportional
to the friction term Eq. (13). Finally, we mention that in Ref. 30,
it has also been verified that in the case of a double quantum dot
with the oscillator coupled with the difference of population
between the dots, one can have a negative friction term in some
regions of configuration space of the oscillator.

B. Spatial dependence of the Langevin equation coefficients

In this section we perform a systematic study of the spatial
dependence of the total force, the damping (see Fig. 3) and
diffusive terms (see Fig. 4) as a function of the bias voltage as
well as on the magnetic-field strength.

As concerns the total force acting on the CNT resonator,
we point out that, for the magnetic field strengths investigated
in this paper, the effective potential preserves its parabolic
shape with a displaced minimum and renormalized curvature.
For instance, when a left-to-right current flows through the
device (see the sketch in Fig. 1) in the presence of a positive
magnetic field (outgoing from the sketch reported in Fig. 1),
the CNT-resonator effective potential minimum is displaced
towards positive displacements x with respect to the minimum
set by the charge-displacement interaction [see Figs. 2(a)
and 2(b)]. In Fig. 2, one can observe that the minimum
of the effective potential acting on the resonator depends
linearly on the magnetic field strength. This comes from the
linear dependence on the magnetic field of the Lorentz-like
correction term to the force, Eq. (9). In particular, as shown
in Fig. 2(a), in the low bias regime for the device (small
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FIG. 2. (Color online) (a) Minimum of the effective potential
[coming from the force Eq. (9)] affecting the CNT resonator as a func-
tion of the magnetic field at low bias e Vijps = 0.12T (Viyips = 20 uV
in our units). Solid (black) line indicates Ugye = 0, dashed (red)
line Ugye = 0.45 (Vhias = 90 'V in our units), dotted (green) line
Ugaie = 1.0 (Vpias = 200 'V in our units). (b) Same as above at large
bias e Vias = 1.5AT (Vi = 300 1V in our units). Solid (black) line
indicates Ugy = 0, dashed (red) line Ugye = 0.75 (Viias = 150 uV
in our units), dotted (green) line Ugye = 1.5 (Vhias = 300 1V in our
units).

compared to the broadening of the CNT level), the larger
is the gate voltage, the smaller is the displacement of the
potential minimum as a function of the external magnetic field
with respect to the shift produced by the charge-displacement
interaction [whose position is indicated by a (black) square
for Ugye = 0, a (red) circle for Ugge = 0.45 (Vpjas = 90 uVin
our units), and a (green) triangle Ugye = 1.0 (Vpias = 200 uV
in our units)]. This can be explained observing that in the low
conducting regime of the device the resonator is less effectively
coupled with the electronic subsystem. In the large bias regime
[Fig. 2(b)], a smaller magnetic field is sufficient to displace
the potential minimum of the same quantity produced by the
sole charge-displacement interaction on the CNT. Again,
the larger the gate voltage, the smaller the displacement of the
potential minimum as a function of the external magnetic field
with respect to the shift produced by the charge-displacement
interaction.

The renormalization of the effective potential curvature,
that is, of the resonance frequency of the resonator, will be
discussed in subsection A of the next section.

In this section, we limit ourselves to discuss the damping
term A(x), since for the diffusive term D(x), unless explicitly
stated, a similar analysis can be done. As shown above [see
Eq. (11)], we can distinguish between three contributions to the
friction affected by the oscillator: a pure charge-displacement
contribution A*(x), depicted in Fig. 3 with a solid (black) line,
already discussed in Refs. 24 and 30; a damping contribution
due to current-current fluctuations A” (x), depicted in Fig. 3
with a dotted (blue) line; a mixed damping term due to
current-density fluctuations (not positive definite), indicated
by A*(x) and depicted in Fig. 3 with a short-dashed (red)
line. The total damping A(x) is reported with a dashed (pink)
line. As one can observe in panel (a), at low bias voltage, when
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FIG. 3. (Color online) Spatial dependence of the dimensionless
damping coefficient A(x) at low bias (a)—(c) and at large bias voltage
applied (d)—(f). See main text for discussion.

the external magnetic field strength is smaller than charge-
displacement coupling A, the damping contributions coming
from the current-current A”(x) and current-density A*"(x)
fluctuations are negligible with respect to that generated by
the pure charge-displacement contribution A*(x). In panel (a),
A*(x) and A" (x) have a single peak structure centered at
x — 2Ugye /A =~ 0, while A*¥ (x) is an odd symmetric function
with respect to this point. We point out that these peculiar
structures are visible only at larger values of magnetic field
[Figs. 3(b) and 3(c)]. The total damping affecting the resonator
is peaked at configurations where large density variations
take place |x —2Ugye/A| < AI'/A. Indeed, the density of
the CNT level goes from a region x — 2Ugye/A < —hRI'/A
corresponding to almost completely filled states ({n) ~ 1) to
a region x — 2Ugye/A > hI'/A corresponding to completely
empty states ((7) ~ 0). Definitely, the CNT level experiences
a unit charge variation across the [x — 2Ugae/Al <hAI'/A
region. %10

At large bias voltages applied [panel (b)], A*(x) has
two peaks centered at x — 2Ugae/A = eViias/2A and x —
2Ugate /A = —eViias/2A, Tespectively. A (x) shows the same
behavior, while A*7(x) is an odd symmetric function with
respect to these two points. As in panel (a), A7(x) and
A* (x) are negligible with respect to A*(x). The total damping
affecting the resonator is peaked at configurations where the
CNT level experiences a half unit charge variation across the
|x — 2Ugae /X £ € Vhias/2A| < AT/ regions.'>10

When the external magnetic field is turned on, an enhanced
damping as well as as noise strength emerges with a quadratic
dependence on the magnetic field intensity, Egs. (11)—(17). In
Figs. 3(b) and 3(c), one can observe that, as the dimensionless
ratio B/A is equal to 1, the total damping affecting the
resonator is only slightly perturbed by the application of the
magnetic field. At low bias, A(x) preserves its single peak
structure with an enhanced strength [dashed (pink) curve
in Fig. 3(b)]. At large bias, the strength of the two peaks
becomes asymmetric, with an enhanced damping of the peak
at x — 2Ugate /A =2 —e Viias/2. This effect can be explained as
follows: When a magnetic field is applied to the device, the
resonator starts to feel even the variations of the electronic
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x-2U __ /n
gate
FIG. 4. (Color online) Spatial dependence of the dimensionless
diffusive coefficient D(x) at large bias voltage applied (a)—(c). See
main text for discussion.

current flowing through the CNT as a function of the gate
voltage [see Eq. (9)]. These current variations are positive for
X — 2Ugae /A < 0 and negative otherwise. At x — 2Ugye /A =
—eWoias/2, large negative variations of the electronic density
and positive variations of the electronic current cooperate
giving an enhanced damping.

We intend now to study the regime realized when the exter-
nal magnetic field strength is larger than charge-displacement
coupling strength A. In this case, the contribution to the
damping coming from the current-current fluctuations A (x)
are dominant with respect to those corresponding to charge-
displacement A”(x) and current-density A*" (x) fluctuations.
In the low bias regime, the total damping term preserves its
single peak structure which, due to the intrinsic asymmetry of
the current-density term A*(x), is slightly distorted. For the
same reason, in the large bias regime, the double dip structure
of the total damping term is preserved with an enhanced
asymmetry. In the large magnetic field regime, it is important
to point out the particular spatial dependence of the noise
strength D(x) [Figs. 4(c)—4(f)]. Here, the noise contribution
due to the current-current fluctuations [ D (x)] emerges with
the characteristic double peak structure even at low bias regime
[dotted (blue) curve in Fig. 4(c)]. Comparing the dashed (pink)
curves in panel (c) of Figs. 3 and 4, one can observe that, even at
low bias voltage, the application of a large magnetic field drives
the CNT resonator far out of equilibrium, breaking the validity
of the Einstein relation D(x) = 2kg Tt A(x) with an effective
temperature. Far from equilibrium, this relation is strictly valid
only at very low bias voltages.>**? In order to clarify this point,
in Fig. 5(b) we have plotted the ratio D(x)/2A(x) as a function
of the CNT displacement x, for small bias voltage e Vyi,s = 0.1
keeping fixed A = 0.1 and gate voltage Ugye = 0.0. As the
reader can observe, the solid (black) line (representing the
result for zero magnetic field) can be safely considered
constant and lies above the thin straight line representing the
equilibrium temperature kg7 = 0.1. For small bias voltages
(eVbias < 0.4hT") the nonequilibrium electronic bath affects
the CNT vibrating dynamics as a standard thermal bath at an
effective temperature that in this case is kg T >~ 0.104. In
Fig. 5(a), we have shown how the ratio D(x)/2A(x) against
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FIG. 5. (Color online) (a) Spatial dependence of the ratio
D(x)/2A(x) at fixed gate voltage Ugy = 0.0 and zero magnetic
field B = 0.0, electron-oscillator coupling A = 0.1, temperature
kpT = 0.1, for different values of the bias voltage: solid (black)
line e Vys = 0.0, dashed (red) line e Vy,;,s = 0.25, dotted (green) line
eVyias = 0.5, and dashed-dotted (blue) line e Vi, = 1.0. (b) Same as
(a) at fixed gate voltage Ugye = 0.0 and bias voltage eVyiys = 0.1,
for different values of the magnetic field strength: solid (black) line
B = 0.0, dashed (red) line B = 0.1A, dotted (green) line B = 1.0A,
and dashed-dotted (blue) line B = 5.01.

displacement x starts to differ more and more from the straight
equilibrium line kg T = 0.1 as the bias voltage is increased.

When the magnetic field is turned on, the D(x)/2A(x)
curves get asymmetric as a function of displacement deviating
more and more from a straight line as the magnetic field
strength is increased. One can note that, even for the case
with B = 5A, the dotted (green) line curve deviates from the
equilibrium temperature line by 10% at most for negative
displacements and by 20% at most for positive displacements.
The origin of this asymmetrization effect can be ascribed
the to so-called mixed terms, A*¥ (x) and D*# (x) which are
not positive definite. They are negative for x — 2Ugye/A < 0,
where one has electronic density and electronic current
variations of opposite sign (this region is characterized by
an enhanced damping), and positive otherwise.

In the next section, we study numerical results of our
model concerning mechanical properties of CNT resonator
(resonance frequency and quality factor) as well as the
electronic observables inherent to the transport problem (7-V
characteristic).

IV. MECHANICAL AND ELECTRONIC
CHARACTERISTICS OF THE DEVICE

Given the assumption about the separation between the
slow vibrational and fast electronic (tunneling) time scales,
the problem of evaluating a generic observable (electronic or
not) of the system reduces to the evaluation of that quantity
for a fixed position x and velocity v of the oscillator, with the
consequent averaging over the stationary probability distribu-
tion P(x,v). From the solution of the Langevin equation (6),
one can determine the distribution P(x,v) which allows us to
calculate all the electronic observables O:

(0) = /dxva(x,v)O(x,v). (22)
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We analyze in the next section the effects of the magnetic
field on the mechanical as well as electronic properties of the
device.

A. Resonance frequency renormalization
and current-voltage curves

In this section, we address the magnetic field effects on the
renormalization of the CNT-resonator resonance frequencies
and its back-action effects on the current voltages curves of
the device. In order to study the CNT resonance frequency
renormalization as a function of the gate voltage, we have
compared results coming from two ways of evaluation of
the resonance frequencies. In the first method, referred to
as static, we evaluate the position of the minima of the
static potential arising from the generalized force acting on
the resonator [Eq. (9)]. In the second method, referred to as
dynamic + antenna, we have analyzed, at every fixed value of
the gate voltage, all the traces of electronic current as a function
of the antenna frequency reporting with a red thin (blue thick)
line the resonance frequency values with positive (negative)
current change Al = I — I with respect to background value
Iy obtained in the absence of the antenna [see Figs. 6(b)—6(d)].

In Fig. 6, we report the resonance frequencies of the CNT
resonator as a function of the gate voltage comparing the two
methods outlined above. We address the low bias regime in
panels (a) and (b), while the large bias regime is investigated in
panels (c) and (d). In Fig. 6(a), different curves, from thicker to
thinner, refer to increasing magnetic field applied to the device
B = 0.0-1.5-3.0. The same description was done in panel (c),
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FIG. 6. (Color online) (a) Resonator frequency against effective
gate voltage calculated as minimum of the effective potential in
the static approximation at small bias e Vi, = 0.1A" for different
magnetic field values: solid thick line B = 0.0, solid normal-
thickness line B = 1.5, solid thin line B = 3.0. (c) Same as (a) at
large bias e Vs = 1.5AI for different magnetic field values: from
thicker to thinner line B = 0.0-0.1-0.2-0.3-0.4. (b)—(d) Resonator
frequency calculated using an external antenna (with Ay = 1073)
at mechanical resonance against effective gate voltage for same
parameters of (a)—(c), respectively. Dashed (red online) and solid
(blue online) portions of each curve indicate resonance frequency
values with positive and negative current change A, respectively. In
(d), only curves referring to magnetic field strengths B = 0.0-0.2-0.4
are reported.
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where different curves refer to increasing magnetic field in the
range B = 0.0-0.2-0.4. The thicker (black) lines in panels
(a) and (c), corresponding to the absence of magnetic field,
reproduce qualitatively all results experimentally observed in
Ref. 12: when bias voltages are smaller than the broadening
due to tunnel coupling [panel (a)], the resonance frequency
shows a single dip as a function of gate voltage. Atbias voltages
that exceed the broadening due to tunnel coupling [panel
(c)], the resonance frequency shows a double dip structure.
Actually, in this regime, the onset of a double dip structure was
already predicted by us in Ref. 16. It is important to point out
that the resonance frequency renormalization curves obtained
in the presence of the external antenna [Figs. 6(b)-6(d)] have
the same qualitative behavior (as a function of the gate) of those
obtained in the static approach. In the presence of an external
antenna with a finite amplitude, renormalization effects in the
resonance frequencies are less pronounced due to nonlinear
softening.'®

As already analyzed in Refs. 2 and 16, when the device is
in a low current-carrying state, a peak in the current-frequency
curve signals the mechanical resonance [whose position is
indicated by thin (red) lines in Figs. 6(b)-6(d)], while in a high
current-carrying state, a dip in the current-frequency curves is
observed [whose position is indicated by thick (blue) lines
in Figs. 6(b)-6(d)]. In the presence of a transverse magnetic
field, the different character of low and high conducting states,
signaled by a peak or a dip in current-frequency curves, is
preserved [curves (2) and (3) in Figs. 6(b)-6(d)].

The peculiar features of CNT-resonator frequency renor-
malization as a function of the gate can be explained as follows.
In the absence of magnetic field, the resonator frequency
renormalization is maximum at electronic configurations
where the the CNT level experiences the largest charge-density
variations against the gate voltage,

, 9(A)
kett =k + X 20, . (23)

ate | x=xmin

Actually, at low bias voltages, a unit charge density variation
across the region where the small conduction window is placed
|Ugare| < AI" [solid (black) thick line in Fig. 6(a)] occurs.
At large bias voltages, the CNT frequency renormalization
is larger at electronic configurations where the CNT level
experiences a half unit charge variation, that is, at |Ugaye —
eVpias/2| < RI" and at |Ugye + € Viias/2| < AT.

When the transverse magnetic field is turned on, the
above scenario modifies as follows. The resonator frequency
renormalization is larger at electronic configurations where the
CNT level experiences the largest charge density and current
variations against the gate voltage,

EY0)) ~ ()

kefr = k + A2 —AH
U, Ugne |,

(24)

ate | x=1xmin =Xmin

Atlow bias voltage, the single dip feature in the CNT-resonator
resonance frequency gets distorted [solid normal-thickness
line in Fig. 6(a)] and acquires, in the limit of large magnetic
field [solid thin line in Fig. 6(a)], a dip-peak structure that could
be experimentally observed. Actually, the peak observed at
Usgae > 0.3 corresponds to a hardening of the CN'T-resonator
resonance frequency. This effect can be explained as follows:
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FIG. 7. (Color online) (a) Resonator frequency against magnetic
field strength calculated as minimum of the effective potential in
the static approximation at small bias eVy;,s = 0.12I" for different
gate voltage values: solid (black) line Uy = 0.0, dashed (red) line
Ugae = 1.0, dashed (red) line marked with a full circle Ugye = —1.0,
dotted (green) line Ugye = 2.0, dotted (green) line marked with a full
circle Ugye = —2.0. (b) Same as (a) at large bias eVyi,s = 1.54T for
same gate voltage values of (a).

when a magnetic field is applied to the device, the resonator
starts to feel even the variations of the electronic current
flowing through the CNT as a function of the gate voltage [see
Eq. (24)]. These current variations are positive for Ugye < 0
and negative otherwise. At Ugye = 0.3, the positive (due to the
positive sign of the magnetic field) variations of the electronic
current overcome the negative variation of the electronic
density giving a hardening in the CNT resonance frequency.
At Ugye = —0.25, one has negative variations of both density
and current, obtaining a more pronounced softening in the
resonance frequency. The effect outlined above is more
pronounced in the large bias regime [see Fig. 6(c)]. Here,
the magnetic field gives an enhanced softening dip at Ugye 2
—eVbias/2 and a hardening peak at Ugye > €Vpias/2, Where
positive variations of the electronic current cooperate with
negative variation of the electronic density. In both low and
high bias regime, the hardening effect outlined above could be
experimentally observed.

We can now complete the analysis of renormalization
frequency effects by studying their dependence on the mag-
netic field strength at fixed gate voltage. In Fig. 7(a), we
show the resonance frequency curves in the low bias voltage
eWpias = 0.1 regime obtained in the static approximation
against magnetic field strength for different values of the
gate voltages. Both in the low [panel (a)] and high voltage
regimes [panel (b)], one can observe that only when the
device is in high conducting state [solid (black) curve for
Ujgae = 0.0] the resonance frequency curves show a quadratic
dependence on the magnetic field strength. We have verified
numerically that this quadratic behavior is present only for a
very narrow interval of gate voltage values |Ugae| < 0.2AT.
When the device is pushed to low conducting states [dashed
Ugae = 1 (red) and dotted Ugye = 2 (green) lines in Fig. 7(a)]
the resonance frequency curves change character showing
a linear dependence on the magnetic field strength (in the
range of magnetic field values experimentally investigated,
|B| < 1). In particular, for positive gate voltages one has an
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increase of the frequency going towards a hardening effect. For
negative gate voltages (curves are marked with full circles),
frequency decreases obtaining an enhanced softening. In the
high voltage bias regime, the same behavior can be observed,
but with a larger renormalization of frequencies in the magnetic
field strength interval. This difference is easily understood
observing that in this case the correction to the CNT frequency
is proportional to the magnetic field strength [see Eq. (24)].
The effect outlined above can be explained as follows. When
the device is in a high conducting state (|Ugye| < 0.27T), the
CNT dynamics is effectively strongly coupled to the electronic
current flow. In this case, the equilibrium displacement Xy,
(discussed in the previous section in Fig. 2) of the CNT is
more easily tunable as a function of the magnetic field strength
giving an effective quadratic dependence of the last term of

Eq. (24) on it (actually 36(;_1)|x=xmm gets a linear dependence
gate

on H). When the device is in a low conducting state, the CNT
equilibrium displacement x.,;, depends only slightly on the
magnetic field strength, therefore the coefficient % | =y 10
Eq. (24) is practically constant in all the range of physically
investigated magnetic field values.

Coming back to Fig. 7(a), one can see that in the low bias
regime and for Ugye = 0.0 frequency decreases for positive
magnetic field strength and then reaches a minimum for
B >~ 0.8. On the contrary, in the high bias voltage regime
[panel (b)], the frequency has a minimum for a smaller
value of the magnetic field B ~ 0.05. We have verified
numerically that for Ugye = 0 the minimum position of the
frequency-magnetic feld curve is proportional to the magnetic
field strength for which one has a zero displacement for the
CNT, Bpin & B(x = 0)/2. These two quantities go to zero
increasing the bias voltage. This behavior can also be expected
looking at Fig. 2(b), where one can see that, if the bias voltage
is sufficiently large, a smaller and smaller positive magnetic
field is required to put the CNT displacement to zero.

The peculiar renormalization frequency effects discussed
above have a nontrivial back-action effects on the electronic
density and current-gate voltage characteristic of the device.
In Fig. 8, we study the electronic CNT level density and
current as a function of the gate voltage in the presence of
an external antenna at fixed amplitude and frequency wex =
0.9975 [corresponding to the horizontal line in Fig. 6(b)]
in the low bias regime of the device.** When the external
antenna frequency becomes equal to the proper frequency of
the resonator, we observe a dip structure in both density and
current at a gate voltage corresponding to high conducting
states of the device [solid (black) line in Figs. 8(a) and
8(b)]. This feature, that could be experimentally observed,
is considered as a “dip” with respect to corresponding curves
in the absence of antenna or with an antenna frequency far
from the range of the proper frequencies of the CNT resonator
(not shown in Fig. 8).

When a transverse magnetic field is applied to the device,
the CNT frequency renormalization profile as a function of the
gate voltage changes (see Fig. 6). Therefore, the mechanical
resonance condition between the external antenna frequency
and the proper frequency of the resonator occurs at different
electronic gate voltages. For sufficiently large magnetic fields,
the resonance can occur in correspondence of a low conducting
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FIG. 8. (Color online) (a) Average electronic current flowing
through the CNT level at low bias (e Vy;,s = 0.1) as function of the
gate voltage for different values of the magnetic field and in the
presence of a external antenna applied to the device at fixed frequency
Wext = 0.9975 and amplitude: solid (black) line Aeyx = 1073, dashed
(red) line B = 1.0A«, = 10727, dotted (green) line B = 1.5A =
10729, dashed-dotted (blue) line B = 1.0A = 10723, (b) Average
electronic density on the CNT level for the same parameter values as
in (a). See the main text for detailed discussion.

state of the device. As one can observe in Figs. 8(a) and 8(b),
a dip structure in the electronic density at a more negative gate
voltage and corresponding current peak [dotted (green) and
dashed-dotted (blue) lines in Figs. 8(a) and 8(b)] is visible.
Actually, the above structures are broadened due the reduction
of the quality factor as a function of the magnetic field. In
the limit of very large magnetic fields, if we keep fixed the
amplitude of the external antenna, the fine structures outlined
above are completely washed out due to the decrease of the
device quality factors.

B. Device quality factors

One of the main findings of Ref. 1 is the observation of a
quadratic dependence of the device quality factor Q on external
magnetic field strength. Within our model, as also stressed
in the previous sections, such a quadratic dependence on B
emerges naturally. In order to include back-action effects of
the out-of-equilibrium electronic bath on the resonator, we
have calculated the average device quality factor as

0 1
0= /;oo dx A(X)P(x), (25)

where A(x) is the total damping at a particular resonator
displacement x and P(x) is the reduced displacement distri-
bution probability of the CNT resonator. We have verified that
this particular way of extracting quality factors is completely
equivalent to measure the width half high in the current-
frequency curves obtained in the linear response to an external
antenna exciting the nanotube motion.'®

Motivated by the experiment performed in Ref. 1 and by
recent experimental study on a similar CNT device,'? we here
performed a systematic study of the quality calculated from
our model as a function of the bias, gate voltage, as well as
on the magnetic field. In Figs. 9(a) and 9(b), we investigate
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FIG. 9. Device quality factor as a function the gate voltage Uy
for different magnetic field strengths at low (a) and large (b) bias
voltage. (c), (d) Same as above for the average total damping (A(x))
of the system. (a)—(c) Solid thick line B = 0.0, solid normal-thickness
line B = 1.5, and solid thin line B = 3.0. (b)—(d) Solid thick line
B = 0.0, solid normal-thickness line B = 0.2, and solid thin line
B =04.

the device quality factor Q as a function of gate voltage in the
low and large bias voltage regime, respectively. In the absence
of a transverse magnetic field, we reproduce the qualitative
behavior obtained in the experiment of Ref. 12. When bias
voltages are smaller than the broadening due to tunnel
coupling, the quality factor shows a single dip feature [solid
(black) thick line in Fig. 9(a)]. At bias voltages that exceed (or
are equal to) the broadening due to tunnel coupling, the quality
factor shows a double dip structure [solid (black) thick line in
Fig. 9(b)]. This behavior, already addressed in Refs. 12 and 16,
can be easily explained looking at the average charge and
dissipation of the CNT resonator. As also discussed referring
to total damping affecting the CNT resonator in Sec. III B, at
low bias voltage and in the absence of magnetic field, the total
average damping affecting the resonator is peaked at electronic
configurations where the CNT level experiences a unit charge
variation across the region where the small conduction window
is placed |Ugye| < AT [solid (black) thick line in Fig. 9(c)]. At
large bias voltages, the conduction window, whose extension
is proportional to e Vs, becomes larger than the broadening
of the CNT level, so that the total average damping affecting
the resonator is peaked at electronic configurations where the
CNT level experiences half unit charge variations, that is,
at |Ugae — € Viias/2| < AT and |Ugae + € Viias/2| < AI'. When
the transverse magnetic field is turned on, the above scenario
modifies as follows. At low bias voltages, the total damping
affected by the CNT resonator increases quadratically with the
field at every point in the configuration space of the oscillator.
Moreover, the CNT-resonator distribution probabilities P (x)
depend slightly on the magnetic field as well as on the gate
voltages and are actually centered at configurations close to
the harmonic potential minimum x ~ 0 in the absence of
charge-displacement interaction A. The overall result is an
enhanced average total damping as one increases the magnetic
field [solid normal-thickness (B = 1.5) and thin (B = 3.0)
(black) lines in Fig. 9(c)] and a corresponding decrease of
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FIG. 10. Device quality factor as a function the magnetic field

strength B for different bias voltages (solid thick line e Vy,s = 0.1,

solid normal-thickness line eV}, = 0.75, and solid thin line eV}, =

1.5) at low (a) and high (b) conducting states. (c),(d) Device quality

factor as a function of the bias voltage e Vi, for different magnetic

field strengths at low (c) and high (d) conducting states. (c) Solid

thick line B = 0.0, solid normal-thickness line B = 0.05, and solid

thinline B = 0.1. (d) Solid thick line B = 0.0, solid normal-thickness
line B = 0.25, and solid thin line B = 0.5.

the quality factor in all the gate voltage range investigated
[solid normal-thickness (B = 1.5) and thin (B = 3.0) (black)
lines in Fig. 9(a)]. At large bias voltage, the P(x) still
depends only slightly on the magnetic field but is very
spread on the configuration space. Therefore, the average in
Eq. (25) reproduces the spatial dependence structure of the
total damping coefficient reciprocal 1/A(x). The double peak
structure of the average total damping term [solid thick (black)
line in Fig. 9(d)] is canceled by the magnetic field, giving a
single peak at Ugye = €Vpias/2 Where a cooperation between
negative charge density and positive current variations take
place [solid normal-thickness (B = 0.2) and thin (B = 0.4)
(black) lines in Fig. 9(d)]. As a consequence, the quality
factor loses its double dip structure getting a single dip at
Ugate = —€Vpias/2 [solid normal-thickness (B = 0.2) and thin
(B = 0.4) (black) lines in Fig. 9(b)].

We intend now to study the device quality factors as a
function of the transverse magnetic field B comparing different
conducting states of the device. In Fig. 10(a), one can observe
calculated device quality factors as a function of the magnetic
field at a low conducting state of the device (Ugye = 0.45).
Different curves, from thicker to thinner, refer to increasing
bias voltages applied eVi;s = 0.1-0.75-1.5. At every fixed
bias voltage, a clear quadratic dependence of the total average
damping on the magnetic field strength is observed (not shown
in Fig. 10), with a Lorentzian shape of the quality factor
curves [see Fig. 10(a)]. It is important to point out that the
range of magnetic field strengths experimentally investigated
in Ref. 1, B =0 — 3T, corresponds to small magnetic fields
in our units (we recall that Hy = 16.6T"). Remarkably, at low
bias and small magnetic fields, a quadratic decrease of the Q
against magnetic field is observed [see solid thick (black) line
in Fig. 10(a)]. In Fig. 11, we show the quantitative agreement
between experimental and calculated quality factors against
magnetic field when the device is in a low conducting state,
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FIG. 11. (Color online) Device quality factor as a function
the magnetic field strength. Squares represent experimental values
obtained in Ref. 1 at 7 = 25 mK, V,;,s = 0.3 mV, and distance from
the current peak Uy = —90 mV. Solid (red) line is calculated Q at
kgT = 0.01, eWyjps = 0.1, and Ugye = 0.45.

with e Viias = 0.1 and Ugye = —0.45. The slight increase of the
quality factor Q as a function of the field for small magnetic
fields is due to asymmetry introduced by the gate voltage
Ugae = 0.45 applied to the device [see also Fig. 10(a)]. For
gate voltage equal to zero, that in the high conducting state of
the device, the calculated Q against B curve is a parabola with
a maximum at zero magnetic field applied.

Coming back to Fig. 10(a), one can observe an interesting
increase of the quality factor peak as a function of the
bias voltage. In particular, for eVyjs = 1.5 [thinner line in
Fig. 10(a)] a quality factor peak at B 2~ Ugye/2 = 0.225
occurs. This can be directly related to the average total damping
dip, not shown in Fig. 10. This effect can be explained noting
that, when the bias voltage applied to the electronic device
is increased, a transition from a single peak to a double peak
structure in the spatial dependence total damping affected by
the CNT resonator can be observed [compare Figs. 3(a) and
3(d)], while at the same time, the displacement distribution
probabilities P(x) spread on the configuration space remain
centered at configurations close to the harmonic potential
minimum x =~ 0 characteristic of the low bias regime. The
overall result is a reduction of the average total damping
affecting the CNT resonator whose minimum is translated
by a quantity proportional to the gate voltage applied to the
device. This argument becomes even more clear when no gate
voltage is applied to the device which is therefore placed in
a high conducting state. In this case a perfect symmetry of
Q-factor curves with respect to zero magnetic field is obtained
[see Fig. 10(b)].

We end this section with a study of the device quality
factors as a function of the bias voltages and magnetic fields
comparing low and high conducting states of the device. In
Fig. 10(c), one can observe calculated device quality factors
as a function of the bias voltages at a low conducting state
of the device (Ugae = 0.45). Different curves, from thicker to
thinner, refer to increasing magnetic field applied to the device
B = 0.0-0.05-0.1. At zero magnetic field, a clear double dip
feature in the quality factor Q, as experimentally observed
in Ref. 12, is visible. This can be explained looking at the
average total damping and in terms of the average charge
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present on the CNT level. The total average damping, in
the absence of magnetic field, has two peaks at eVyjas =
—2Ugye = —0.9 and at e Vyjps = 2Ugye = 0.9. Indeed, as also
discussed previously, the total average damping is peaked at
electronic configurations where the CNT level experiences
half unit charge variations, that is, at |Ugye — € Vpias/2| < I’
and |Ugae + € Viias/2| < hT'. Therefore, when the edges of the
conduction window (whose width is proportional to e Vi)
meet the CNT level energy (given by Ugye), @ maximum
total average damping (minimum quality factor) is observed.
As also discussed in reference to Fig. 9, the double peak
structure of the average total damping term is canceled by the
magnetic field, giving a single peak at e Vyjys = —2Ugqe Where
a cooperation between negative charge density and positive
current variations takes place. As a consequence, the quality
factor loses its double dip structure getting a single dip at
eVpias = —2Ugae [solid normal-thickness (B = 0.05) and thin
(B = 0.1) (black) lines in Fig. 10(c)].

In Fig. 10(d), we show calculated device quality factors
as a function of the bias voltages at a high conducting state
of the device (Ugye = 0.0). Different curves, from thicker to
thinner, refer to increasing magnetic field applied to the device
B = 0.0-0.25-0.5. As above, at zero magnetic field, a single
dip feature in the quality factor Q, as experimentally observed
in Ref. 12, is visible. This behavior can be discussed with
the same argument given for discussing Figs. 9(a) and 9(b),
where a reduction of the total average damping as a function
of the bias voltage applied to the device was observed. Again,
a decrease of the quality factor in all the gate voltage range
investigated as a function of the magnetic field is observed [see
Fig. 10(d)].

V. CONCLUSIONS AND DISCUSSION

In conclusion, we have studied a CNT-based electronic
transistor in the presence of an external magnetic field
perpendicular to the current flux. The main result is that a
magnetic field can be used as a useful tool to tune and probe the
mechanical characteristic of the bending mode CNT dynamics.
Indeed, a Lorentz-like force acting on the electronic current
flowing through the CNT comes into play coupling with the
bending mode of the beam itself.

Within our approach, we were able to show that all the
terms describing the CNT-resonator dynamics are modified by
the external magnetic field. First of all, the total effective force
is modified by a pure nonequilibrium correction term propor-
tional to the magnetic field strength as well as to the average
electronic current. This provides several interesting resonance
frequency renormalization effects. The peculiar (single or
double dip) features in the CNT-resonator resonance frequency
against gate voltage, obtained in different conducting regimes
for the device, get distorted and acquire, in the limit of large
magnetic field, a peculiar dip-peak structure that should be
experimentally observed. Furthermore, resonance frequencies
depend quadratically on the magnetic field strength if the
device is a high conducting state, and linearly otherwise.

The transverse magnetic field has been shown to give also
an enhanced damping as well as a noise term originating from
the electronic phase fluctuations induced by the displacements
of CNT itself. In particular, a systematic study of device quality
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factor as a function of gate and bias voltage in the presence
of the magnetic field has also been performed. All results are
discussed observing the average charge and electronic current
variations with respect to gate voltage applied to the device and
can be summarized as follows. At a fixed electronic conducting
regime, if negative charge variations and positive current
variations occur, one has an enhanced damping reducing
the quality factor of the device. Vice versa, negative charge
variations and negative current variations reduce damping with
a consequent increase of quality factors. Within our model, a
quadratic dependence of the device quality factor Q on external
magnetic field strength, experimentally observed in Ref. 1,
naturally emerges. This behavior is understood in terms of a
back-action of quantum electronic current flow fluctuations on
the bending mode dynamics.

Finally, when the device is actuated by an external antenna
at fixed frequency and amplitude, the device current-gate
voltage response is modified by fine structure features any time
the mechanical resonance with the proper nanotube oscillation
frequency occurs. These structures can be tuned as a function
of the external field and could be experimentally observed. In
this sense, we have shown that, only exciting the CNT motion
with application of an external radio-frequency antenna, one
can observe a magnetic field dependence of the electronic
current.

We point out that throughout this paper we do not take
into account a magnetic field with a component longitudinal
to the CNT resonator. This issue has been recently addressed
in Ref. 12 and explained in terms of a more sophisticated
theoretical schematization of the CNT-resonator electronic
structure which has a cylindrical quasi-one-dimensional shape.

We end this section noting that it could be of outstanding
interest to study the possibility to include quantum corrections
to the oscillator dynamics as well as spin degrees of freedom*
and electron-electron interaction effects® in the low bias
regime. In particular, it has been recently proposed to study
the CNT bending mode dynamics by employing the spin-
orbit coupling between a single spin and nanomechanical
displacement**3 in the presence of a magnetic field. Quan-
tum corrections becomes important when the resonator and
electronic time scales are of the same order on magnitude.
In this direction, it was shown in Ref. 33 that a magnetic
field applied perpendicular to the CNT results in negative
magnetoconductance due to quantum vibrations of the tube
inducing an Aharonov-Bohm-like effect*” on the electrons
crossing the device. Work in this direction is in progress.
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APPENDIX A: ADIABATIC APPROXIMATION FOR THE
ELECTRON PROBLEM IN THE PRESENCE OF A
MAGNETIC FIELD

In this appendix, we show how the adiabatic approximation
on the electronic CNT level Green function works in the
presence of a transverse magnetic field. Assuming a slow time
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dependence of electronic Green functions on the resonator
displacement x, we are able to calculate truncated expressions
for the CNT level Green functions which acquire a “slow”
time dependence and, at first order, a linear correction in the
oscillator velocity. As a result of the adiabatic approximation,
the truncated CNT level Green functions will depend on
the instantaneous value of the position and velocity of the
resonator G™* =~ (w,x,v).

The adiabatic expansion of the Fourier transformed retarded
CNT level Green function is

G’ (w,x,v) = G(p)(w,x) + G(})(w,x,v), (A1)
where the expression of G{O)(w,x) is
Gy (@.0) : (A2)
w,x) = s
© i — Ugye(x) + thT/2
and that of G{},(w,x,v) is
r - r aG(O)(w’x)
Giy(@,x,0) = 1hUgae(x) G () (@0, X) ——— (A3)

ohw

Above, Uggre(x) = Ugare + Ax and the dot indicates the time
derivative Ugate = A% = Av.

Using the adiabatic approximation34 x(t) — x(tr) ~
X(tp)(t; — t2), we obtain for the lesser and greater components
of the leads’ self-energy in Fourier space

leads(CU,U) x~ Elzads,(O)(w) + Zieads,(1)(@,v), (A4)
where the expression of X o) (@) is
Eieads.0)(@) = 1[ATL fr(w) + ATk fr(®)], (AS5)

and that of g5, (1)(@,v) is

ieads,(H(w,V) = —zel:l(a[hFLfL(w) + hFRfR(CU)]>v-
d[eVbias]

(A6)

Above, we have defined H = 2ph /e. The adiabatic correction
to the lesser component of the leads’ self-energy in Eq. (A6) is
entirely due to the transverse magnetic field and represent one
of the main results of the present paper, in contrast to previous
works where magnetic field effects in the adiabatic expansion
were not considered.!6-2429:30:40

Definitely, for the CNT level occupation we get

(A)(x,v) = () 0)(x) + (A)a)(x,v), (A7)

where at zero order in the adiabatic expansion

dh
(o) (x) = / @)+ fr@]C@.0,  (AY)

with the spectral function C(w,x) = —2ImG(’0)(a),x) of the
CNT level given by

hl’

@) = G U )P + T4

(A9)

The first-order corrections in the adiabatic expansion are linear
in the oscillator velocity

(M) 1y(x,v) = V[Ray(x) + R)(x)], (A10)

PHYSICAL REVIEW B 87, 155435 (2013)

with
R(l)(x) = F / ?&r (@)C(w,x)T (w,x), (A11)
61'7 dh(,() ?)
Roy(x) = > ?&F (0)C(w,x), (A12)

where we have defined the transmission function T (w,x)

AT hT g

= Al
T = o~ Upeto? + irp/ay AP
and
m, _ _ Olf(w) + fr(®)]
g (w) = v , (A14)
@, _ _0lfL(@) + fr(®)]
g+ (w) = eV ) (A15)

Above, R(1y(x) is the the adiabatic correction to the density
related to the charge-displacement coupling described in the
interaction Hamiltonian Eq. (4), already described in many
papers in the literature.*?%3% R ,)(x) is the adiabatic correction
exclusively due to magnetic-coupling effects modifying the
electronic phase of electrons flowing from the leads to the
CNT.

Finally, in the hypothesis of symmetric coupling to the
leads I'; = I'g, one can calculate the adiabatic expansion for
the symmetrized current (y =[(,) — (fR)]/Z,

“ e dho
(I)(x,v) = —/—|G’(w,x)|2[2“><w,v)E“(w,v)
nh 2T

— b (w0 =R <(w,v)]. (A16)
Using Egs. (A1) and (A4), we get
(IY(x,v) = (D))(x) + (D ay(x,v), (A17)
where
“ dhow
(Hoy(x) = eFf g[fL(w) — fr@)]C(w,x), (Al8)
with linear corrections in the oscillator velocity
(I)1y(x,v) = v[Uq)(x) + Upy(0)], (A19)
with
Ugy(x) = —% dzh—‘“g(_“(w)C(w,x)T(w,x), (A20)
JT
2 rdn
Upy(x) = —%H/ 2—:g(_2)(a))T(a),x), (A21)
where we have defined
e D(w) = 3[fL(w;h— fR(CU)]’ (A22)
w
@, _ lfi(w) — frl)]
gl (w) = Vo] ) (A23)

As already discussed, referring to adiabatic corrections to
the average charge density of the CNT level, U)(x) is the
the adiabatic correction to the electronic current related to the
charge-displacement coupling described in the interaction
Hamiltonian Eq. (4), already described in Refs. 26 and 27.
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Up)(x) is the adiabatic correction to the current exclusively
due to magnetic-coupling effects. As shown in Sec. III Al,
Eq. (A21) is one of the main results of the present paper,
describing the increase of damping acting on the CNT
resonator given by the application of a transverse magnetic
field.

APPENDIX B: CURRENT-CURRENT AND
DENSITY-CURRENT FLUCTUATIONS

In this appendix, we illustrate how the calculation of the
force-force fluctuation [Eq. (15)] can be performed with the
nonequilibrium Green-function approach. In particular, here
we show how one can calculate in the adiabatic approximation
the current-current

S(t,t") = (81(1)s1(t")) (B1)
and the density-current
M(t,t") = ([8A()81(t") + 81(1)8A(1")]) (B2)

fluctuation terms appearing in Eq. (15). Recalling that I=
Iy — Ig)/2, it is easy to see that S(¢,#') is made of three
contributions,

S@t.t') = 3[SL@t.t) + Sp(t.t) + SLr(t.t)],  (B3)

where
Sp(t,t')y = ($IL(1)s1,. (1)), (B4)
Sr(t,t") = (8Ir(1)81r (1)), (BS)
Ser(t,t') = —({811.(1),8Tr(1)}). (B6)

The density-current fluctuation term M(¢,¢’) is given by

M(t,1') = §[Mg(t.1') — M(t,1)], (B7)

where
My (t,t') = ({81.(1),8a(t")}), (B8)
Mg(t,t') = ({81r(t),8()})). (B9)

Above, {A,B} = AB 4+ BA is an anticommutator. In this
appendix we limit to calculate S (z,t') and My (¢,t) in the
adiabatic approximation, since for the other fluctuation terms
the derivation is similar.

We recall the expression for the current operator (through
the left barrier),>°

/ e
L=
h k

[Vircid — Vi died. (B10)

We define SfL(t) = fL(t) — (fL), and plan to evaluate the
correlation function (we set Vy ; = V;),

1 o “
Sp(t,t) = §<{81L(t)a51L(t/)})
1 “
= 5<{1L<z>,1L<z’>}> —(I)?

1 g i i
- E(%) Z[Vk Vie (e ()d(t)e, (t)d(t'))
k,k

— ViV (el )d@)d! (@ Yer ()
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— ViV ld e (el (Hd ()
+ VIV (Ocn(t)d (e (1))] + Hee. — (I)%
(B11)

The Fourier transform of S is called the noise spectrum;
in what follows we shall be particularly concerned with its
zero-frequency component, S(0) = [ d(r —t')S(r —t'), that
is, the relevant quantity in the adiabatic expansion. In order to
evaluate the (nonequilibrium) expectation values occurring in
Eq. (B11) in a systematic way, we first define the following
contour-ordered two-particle Green functions (we follow
Ref. 50),

Gi'(x.7) = ¥ (Teci(md()e(t)d(T).
G5 (r,7") = 2 {Teel()d()d (2w (),

(B12)
G$l(z,1') = 2(Ted (t)ern(r)c) (r)d(T')),

Gz, 7)) = 1*(Ted ()er(r)d (T )ep (T))).

The nonequilibrium noise correlator is then given by

1 2
Sp(t,t) = —(%) Y ViV G @t

2 k.k!
— VG (1)) = ViV G (1)
+ VIVEGE ™ (1,)] + Hee. — (1), (B13)

where G¢“”(1,1') are the greater-than components of the
contour-ordered counterparts Gfd(r,r’) defined in Eq. (B12).
In the adiabatic approximation, we consider the zero-order
terms of all Green functions G. After lengthy but straightfor-
ward calculations, starting from Eq. (B13) we get (we follow
Ref. 50)

Sty = [Sp(t,1") + Sr(t.t') + Spr(1,1)]/2
= D (x)8(t — 1), (B14)
where D (x) is given by Eq. (20) of the main text. Equa-
tion (20) is a well-known, and important, result. The first
term accounts for thermal noise (i.e., it vanishes at zero
temperature), while the second term is a nonequilibrium term
(shot noise), which vanishes at zero bias.
For the mixed current-density contribution in the second
line of Eq. (15), we have (for the left lead)

M (t,t") = ({81.(1),8n(t")})
(I ()} — 200)* (7)?
Le T oyt ,
= 2 [Viley, (0d(0d' ()d ()
kr
— Vi (d(0)cr, (d' (tHd(t))] + Hee.

—2(I)*(A)*.

(B15)

As for the the current noise spectrum S, in what follows
we shall be particularly concerned with the zero-frequency
component of My (t,t'), Mi(w =0) = [d(t —t )Mt — '),
that is, the relevant quantity in the adiabatic expansion. In order
to evaluate the (nonequilibrium) expectation values occurring
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in Eq. (B15) in a systematic way, we first define the following
contour-ordered two-particle Green functions:

G (x, 7)) = Tec] (Dd(n)d  (t)d (),

B16
G (x,7') = 1*(Ted! (), (1)d' ()d (). (B16)

In terms of the previous Green function in Eq. (B16), The
nonequilibrium current-density noise correlator M is then
given by

/ Le cd,> /! * ca,> !
MiGt) = =3 [V GV () = Vi Gyl (1,0)]
kr

+H.c. — 2(I.)*(h)?, (B17)

where Gﬁlfd’>(t,t/) are the greater-than components of the

contour-ordered counterparts Glled(r, t’) defined in Eq. (B16).
Following the same reasoning as in the previous section, one
can show that

Mp(t,t) ~ §{G>(I,t/)|:/. drlG(t,‘cl)EL(‘cl,t/):I
C

- G<(t/,t)|:/ dt; ZL(t,rl)G(rl,t’)j|
C

PHYSICAL REVIEW B 87, 155435 (2013)

+ G<(t,t/)[/ drlG(t,tl)EL(rl,t/)}
C

—G>(t,,t)|:/dflzL(l‘,Tl)G(Tl,t,)] },
c
(B18)

where X, is the self-energy contribution due to the coupling to
the left lead and the integration is extended along the Keldysh
contour. The function

f@t)= [/ dTlG(tafl)EL(fl»t/)} (B19)
c
can be calculated using Langreth’s rules,”” giving
70 = [dnG ) + G E ), (B20

where X{ is the advanced component of the left lead
self-energy. In the adiabatic approximation, we consider the
zero-order terms of all functions G and X. After lengthy but
straightforward calculations, starting from Eq. (B18) we get

M(1,1") = [Mg(t,t') = My(1,1)]/2 = D"*(x)8(1 — 1),
(B21)
where D#*(x) is given by Eq. (19).
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