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We propose a scheme for spin-based detection of the bending motion in suspended
carbon-nanotubes, using the curvature-induced spin-orbit interaction. We show that the resulting
effective  spin-phonon coupling can be used to down-convert the high-frequency
vibration-modulated spin-orbit field to spin-flip processes at a much lower frequency. This
vibration-induced spin-resonance can be controlled with an axial magnetic field. We propose a
Pauli spin blockade readout scheme and predict that the leakage current shows pronounced peaks
as a function of the external magnetic field. Whereas the resonant peaks allow for frequency
readout, the slightly off-resonant current is sensitive to the vibration amplitude. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.3698395]

Carbon nanotubes (CNTs) have been shown to be an
ideal playground for realizing both spintronic nanodevices'+
and high-frequency nano-electromechanical systems with
high- Q resonators.> ® This makes nanotubes interesting can-
didates for the development of quantum electromechanical
systems,”'® which however crucially relies on advanced
schemes for sensitive motion detection and electromechani-
cal readout. In this letter, we propose a new basic scheme of
built-in, spin-based motion detection, which allows for a sen-
sitive readout of ultra-high frequencies and tiny vibration
amplitudes.

Indeed, the spin-orbit (SO) interaction, recently demon-
strated to be important in CNTs,'"'? provides a new way to
weakly couple the electron spin to the vibrational motion
through the effect of the latter on the electron-orbits. To uti-
lize the cross talk of spin and vibrations via SO interaction
for the readout of the vibration frequency and amplitude, one
needs a selective sensitivity to spin-flip processes. This is
provided by the well established technique of Pauli spin
blockade spectroscopy, which was successfully used to study
the effects of nuclear and impurity spins in nanotube quan-
tum dots.'?™'® The SO interaction breaks the fourfold degen-
eracy of the energy spectrum of the CNT,'"!'? defining new
effective Kramers two-level systems that have been the sub-
ject of valley-tronics proposals, e.g., Ref. 17, which have
motivated this work.

In contrast, we investigate a working point where the real
spin is the degree of freedom. We propose a high-frequency
vibration readout using the SO interaction induced spin-flip
leakage current in a half-suspended double quantum dot. Most
interestingly, this scheme provides a built-in down-mixing of
the vibrational frequency, which may even enable time-
resolved measurements of the nanotube. Moreover, it provides
sensitive access to the vibrational amplitude. The scheme can
additionally be considered as driving-free, a feature which has
been emphasized to be important in Ref. 18. The outline of
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this letter is as follows: We first discuss the central idea of
down-mixing an effective high-frequency spin-orbit field,
driven by the flexural nanotube vibrations, to a low-frequency
modulation of a spin-flip rate. We then outline the derivation
of this spin-orbit field from a microscopic model. Finally, we
describe a readout scheme for the vibrational frequency using
the Pauli spin blockade.

Down-mixing the high-frequency spin-orbit field. We
consider a CNT, clamped between a source, a central gate,
and a drain electrode, see Fig. 1(a). Only one part of the
CNT is suspended, while the other is fixed on the substrate.
By electrostatic gating, two quantum dots are defined in the
nanotube—one on the suspended part and one on the fixed
part. In this section, we focus on the suspended, vibrating
part of the nanotube. As explained below, in the presence of

(a)

nanotube|

z
[VK)
0.4 A®B) -
(b)
1K) \\

L
> L] L]
z ) ||
> 0
g source ,-‘* P
c AT
b
5, R~ 7 == [\
drain
[VK —?—
-0.8
0 0.5 1 15 2
B (T)

FIG. 1. (a) Setup with a partly suspended, vibrating CNT. (b) Schematic
diagram of the Pauli spin blockade. Interdot tunneling is suppressed when
an electron entering the left dot creates a triplet state with the electron
trapped in the right one, since the triplet with two electrons on the right dot
involves a high orbital excitation indicated by the dashed level. Vibrations
of the left dot can lift this blockade by rotating the spin through spin-phonon
coupling, creating a singlet state which allows interdot tunneling to proceed
through the ground state orbital. (c) Spectrum of a CNT, Eq. (2), as a func-
tion of the magnetic field B applied along the unbent CNT.
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a high magnetic field, it constitutes a well-defined two-level
spin system (TLS) with an effective spin-phonon coupling
due to the interplay between SO interaction and flexural
vibrations of the nanotube. The energy splitting A of the
TLS is tunable with the magnetic field. The flexural mode of
the vibrating CNT, affecting the spin states via the spin-
phonon coupling, is supposed to have a frequency
f = w/(2n) ~ 2GHz ~ 8.3ueV." The coupling constant, /,
depends on the vibrational amplitude as well as on the spin-
orbit coupling strength.zo A lower bound to the coupling
strength, at zero-point fluctuations, is estimated to be
7.~ 0.01ueV." We consider that deflections are generally
larger than this; hence, the vibration can be treated classi-
cally, resulting in an effective time-dependent spin-orbit
field. Assuming furthermore that the deflection amplitudes
are smaller than the critical elmplitude21’26 (=~ 4nm/+/Q) and
that the Q-factor is on the order or smaller than 1500 we can
neglect nonlinear mechanical effects for 1 < 0.5ueV. We
then obtain an electron spin resonance (ESR) type model

Hesg = AS., + icos(wt)sx, (1)

where S, S. are the electron spin 1/2 operators. Importantly,
when tuning A to match the frequency w, the coupling is small
with respect to this, 4 < A, such that the narrow spin-
resonance of width ~ 4 is contained in the range
|hew — A| < |hew + Al, where the rotating wave approximation
(RWA) is applicable. We then find that the transverse compo-
nent of the spin performs a Larmor precession with a high-
frequency A ~ @, whereas the z component oscillates at the
Rabi-frequency Qp = /1~ '[(A — liw)* + (%)2]% and the time-
dependent spin-flip probability is Wy (f) = sin(Qgr?/2)
x 2 /(72 4+ 4(A — hw)?). We observe: (i) At resonance, the
spin-flip rate is maximal and the vibration frequency can be
found from the resonant value of A = fiw. (ii) Slightly away
from resonance, / < |A — ho| < |A + ho)|, the spin-flip rate
depends on the vibration amplitude as A% /(4(A — hw)?) allow-
ing A to be read out. (iii) At resonance, the down-conversion of
the original driving frequency is maximal, Qr ~ 1/2h < .
One can thus detect high-frequency vibrations by using the
spin-phonon resonance effect introduced here, which is intrin-
sic to the CNT and which can be addressed by tuning a mag-
netic field. Inserting typical values for CNTs,** a down-mixing
factor of w/Qg ~ 2hw/L ~ 1700 is obtained. We emphasize
that the weakness of the spin-phonon coupling A guarantees
that both the width of the spin-flip resonance peak is small and
that the down-mixing ratio is large.

Spin-phonon coupling in nanotubes. We now outline the
derivation of the model (1). In the presence of a strong con-
finement potential, the ground state multiplet of a CNT quan-
tum dot is nearly fourfold degenerate, and described by the
product states |st) of spin (s€ {],|}) and isospin
(t € {K,K'}). Exact degeneracy is broken by spin-orbit
interaction'"'? and by lattice disorder causing isospin mix-
ing."” The quantum dot Hamiltonian for this subspace was
derived in Ref. 23,

. A 1 . A N
Hy = —Ave; - S ® 13 — EAKK"CI + 1B - S + p1on,B - €73

(@)
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Here, the curvature enhanced spin-orbit coupling, Ao, leads
to a spin polarization along the nanotube axis e;. Various
types of disorder break the symmetry of the honeycomb lat-
tice and lead to intervalley scattering, which we incorporate
through the isospin hybridization amplitude Aggs. Addition-
ally, the external magnetic field, B = Be., applied along the
axis of the unbent CNT, gives rise to an orbital and spin Zee-
man effect through yu, and . For deflections with curva-
ture radii much larger than the quantum dot length the model
(2) still applies.”®> The evolution of the spectrum with the
magnetic field is shown in Fig. 1(c). At high fields, the spec-
trum splits into two sectors with fixed isospin and we con-
centrate on the TLS defined in the isospin K sector. The
level-splitting between these two upper states | T K), | LK )
is given by A= pB+1([(Aw—2unB) + Al —
[(Ago + 24,B)” + A%K,}%) with an exact crossing at
1
|Beross| = [i—%f (uzAb if/uz)r’ indicated by the vertical line in
Fig. 1(c). The spin-phonon coupling can now be obtained by
treating the vibrations as instantaneous deflections of the
CNT.?° The displacement of a point on the nanotube is given
by the displacement vector u(z,¢), see Fig. 1(a). The time-
dependent tangent vector of the vibrating CNT written as
function of z, with the coordinate z along the axis of the
unbent nanotube, reads e; ~ e Jr%u(z, 1), where we con-
sider deflections small compared to the nanotube length. We
assume that the bending vibration takes place in the x-direc-
tion and have a harmonic time-dependence. The resulting

effective spin-phonon Hamiltonian is H,_p, = Acos(w?)S, ®
73, with the coupling parameter
du,

A= ASOE' 3

The spectrum of a quantum dot located on the vibrating part
of the CNT is consequently determined by Hy + ﬂs,ph. For
high magnetic fields B & B, the isospin decouples from
the real spin states and we can project onto the isospin-K sec-
tor, obtaining the ESR model (1).

Readout using Pauli spin blockade. We suggest to detect
the vibration directly by measuring the charge current in a
double dot setup in the spin-blockade regime, as shown in
Fig. 1(b). The dots are coupled with interdot tunnel ampli-
tude #4q, controlled by the center gate voltage and by Cou-
lomb charging effects. Only the left dot experiences the
time-dependent spin-orbit field due to spin-phonon coupling
to the vibrations. In the high magnetic field regime, we can
focus on those energy levels of the left and right quantum
dot, o € {L,R} differing only by the spin degree of freedom,
s € {1,]}, that we denote by e,,. We account for both the
intradot Coulomb interaction (U) and the interdot interaction
(U"). We tune the double dot into the spin-blockade regime
by gating the right dot such that it is always occupied by an
electron with s =, see Fig. 1(b). By a proper choice of the
bias window, one can restrict the transport to involve only
the one- and two-electron states, |0, )| 1,1),| |, ), and
|0, T1). Here, the first and second indexes denote the occupa-
tion of the K states of the left and right quantum dots, respec-
tively. The time-dependence of the spin-orbit field induced
by the vibrations results in a constant vibration-induced spin-
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flip amplitude (1, | [Hs pn| |, |) = /4. This has been found
by performing a unitary transformation, U= exp(—la)tS ),
to the rotating frame and applying the RWA. When tuning
with the gate voltages the singlet states | T, |) and |0, 1]) to
be resonant, e} + er| + U = ert +er| + U, transfer of
electrons with s =7 from the left lead to the right lead pro-
ceeds via the processes [0, |) — |T,]) — 2500,11) — [0, ]).
However, as soon as an electron with spin s =] enters the
left dot, transport is blocked, until the spin-phonon coupling
1nduces a transition between triplet and singlet states,
[1, 1) 2, IT,1). This physical picture is confirmed by our
calculation of the leakage current I =Wq)—0,)P0,1]),
where W 1)—(0,)) 1 a transition rate and the occupation
probability P for state |0, | T) is calculated from a master
equation, cf. Ref. 17, neglecting thermal broadening effects
for mK temperatures (Vpias, A > kgT). Fig. 2 shows the leak-
age current as a function of the two experimentally tunable
parameters, B and t4q (through the central gate). It exhibits
two sharp resonances where the spin-flip rate becomes maxi-
mal; this is reached by tuning the magnetic field such that
A= hw*xty. The width of these peaks—as function of
both B and rg3—is on the order of 4, see the upper panel of
Fig. 2.

The vibrational frequency can be determine
—independent of fqg—from 7w =1[A(By) + A(B,)], and
the required value of Ay, can be obtained independently
by measuring the spectrum in Fig. 1(c).'"* For
Ak < |Ao*2p1,3B|, this simplifies to fiw ~ 3 u (B +
B;) — Ay, and Ay, can be read off directly at B =0 in
Fig. 1(c).

As shown in Fig. 3(a), the coupling constant 4 deter-
mines the broadening of the leakage current peaks and also
slightly affects their positions for a fixed value of #44. There-
fore, the readout depends strongly on the coupling constant 4
and through this on the deflection amplitude, d”; = 2/As. It
determines the resolution of the magnetic field, required to
make the effect, enabling frequency readout, measurable, see
Fig. 3(b). In Fig. 3(c), we also show the current as a function
of the coupling strength, being proportional to the vibration
amplitude. The sensitivity of the near-to resonant current to
the vibration amplitude can be tuned with the magnetic field,
which renders also the amplitude readout possible, by com-
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FIG. 2. Charge current as a function of the magnetic field detuning 6B =
B — Byes from the resonant value (A(Byes) = iw) and the inter-dot tunneling
t44, both in units of A.
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FIG. 3. (a) Current as a function of the magnetic field B and the coupling A.
In (b) and (c), cuts in the parameter space are shown, as indicated in (a) by
the vertical and horizontal lines, respectively. The colors of these lines cor-
responds to curves shown in (b) and (c). With the typical parameters (Ref.
22) and t49 = 1.0peV, I' = 1GHz, we estimate the maximal leakage current
~40pA.

paring different slightly off-resonant current values with cal-
culations. In the limit of ground state fluctuations
(d”‘ =6x 1073 and 2~ 0.01ueV), the broadening of the
current is given by B ~ 0.2mT. This indicates, that our
scheme may be even able to resolve ground state fluctuations
when a magnetic field resolution in the regime of mT is
available. In addition, the presented detection scheme might
be also very interesting for highly sensitive nanotube
resonator-based mass and strain sensing.

Note added in proof: While completing the manuscript,
we became aware of a complementary work exploring the
spin-phonon coupling in a CNT in the quantum limit.*
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