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Cold ions in traps are well-established, highly controllable systems with a wide variety of applications in
quantum science, precision spectroscopy, clocks, and chemistry. Nanomechanical oscillators are used in
advanced sensing applications and for exploring the border between classical and quantum physics. Here,
we report on the implementation of a hybrid system combining a metallic nanowire with laser-cooled ions
in a miniaturized ion trap. Operating the experiment in the classical regime, we demonstrate resonant and
off-resonant coupling of the two systems and the coherent motional excitation of the ion by the mechanical
drive of the nanowire. The present results prove the feasibility of mechanically coupling ions to
nanooscillators and open up avenues for mechanically manipulating the motion of trapped ions as well
as for the development of ion-mechanical hybrid quantum systems.
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Laser-cooled ions stored in harmonic traps [1] count
among the best controlled physical systems [2]. They are a
leading platform for quantum computing [3-5] and quan-
tum simulation [6-8], form the basis of some of today’s
most accurate clocks [9], and have enabled new types
of ion-neutral collision and chemical experiments at
very low energies [10—12]. Their unique properties have
also been harnessed in hybrid experiments with ultracold
atoms [13,14].

Traditionally, trapped ions have been manipulated using
laser [2], electric [15,16], magnetic, and microwave [17,18]
fields. An intriguing prospect is their manipulation by other
types of oscillators, e.g., other trapped ions [19-21]
or nanomechanical systems. As explored theoretically in
Refs. [22-27], ion-mechanical hybrid systems offer pos-
sibilities for extending the available techniques for the
cooling, manipulation, control, and readout of both con-
stituents with the ultimate aim of realizing novel hybrid
quantum systems [28,29] in which entanglement between
ions and mechanical objects can be realized.

Similarily, the research on mechanical oscillators on the
nanometer scale has progressed rapidly in recent years.
Their properties as objects on the border between classical
and quantum physics make them intriguing candidates for
the realization of ion-mechanical hybrid systems [30].
Cryogenic cooling of nanomechanical oscillators in com-
bination with other cooling techniques has made it possible
to prepare them [31-35]. They have also been successfully
coupled to ultracold atoms [36—40].
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Here, we present an experiment combining trapped,
laser-cooled *°Ca* ions in a miniaturized linear radio
frequency (RF) ion trap with a conductive nanowire [41]
as previously explored theoretically in Ref. [27]. A bias
voltage applied to the nanowire coupled the two systems
by their mutual electrostatic interaction. Operating in the
classical regime, the present setup represents a first step
towards realizing a quantum hybrid system. We realized the
resonant and off-resonant coupling of the two systems and
the coherent motional excitation of the ion by the mechani-
cal drive of the nanowire. Resonant excitation of the motion
of trapped ions, ranging from single ions to small linear
Coulomb crystals, was achieved and manipulation of the
ion motion was demonstrated by the variation of different
coupling parameters.

Figure 1 shows a schematic of the experimental setup
with the most important components. Ions were confined
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FIG. 1. (a) Schematic of the experimental setup, see text for
details. (b) Fluorescence image of a single trapped ion at rest (top)
and driven by the nanowire (bottom).
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and laser cooled in a microstructured linear-quadrupole RF
trap [10]. The trap consisted of four wafers at a separation
of 400 pm fabricated from laser-cut aluminium oxide
sputtered with gold following the layout proposed in
Ref. [27]. Two diagonally opposed wafers formed the
RF electrodes (frequency frr=21.629 MHz, Vir = 50 V).
The remaining two wafers were sectioned into seven
individually addressable segments of 400 pm length to
which static voltages were applied for confining the ions
along the longitudinal axis of the trap and manipulating the
position of the ions. The secular oscillation frequencies
of the ions were measured using resonant motional exci-
tation by additional RF fields applied to one of the trap
electrodes [42]. “°Ca™ ions were loaded by photoionization
of Ca atoms emanating from an oven source using two
diode laser beams at 423 nm and 375 nm inside the trap.
The ions were Doppler laser cooled on the (45)2S;/, <>
(4p)*Py /2 < (3d)*D;, system of optical cycling transi-
tions using diode laser beams at 397 nm and 866 nm [10].
The laser beams were inserted at an angle of ~45° to all
principal trap axes (see Fig. 1) to ensure cooling in all
spatial directions. The ions were observed by imaging their
resonance fluorescence generated during laser cooling onto
an electron-multiplying charge-coupled device camera
coupled to a microscope [Fig. 1(b)].

The nanomechanical oscillator used was a Ag,Ga
cantilever positioned at the tip of a tungsten support with
250 pm base diameter and ~4.8 mm length. The length
of the nanowire was measured with a microscope to be
~16 pm with a diameter of 150 nm as specified by the
manufacturer. The oscillator was mounted on three nano-
positioners allowing its free deployment in all spatial
directions inside the trap. The wire was mechanically
driven in the direction of the longitudinal trap axis (z)
by a piezoelectric actuator attached to the assembly.

With the ions cooled close to the Doppler temperature and
the nanowire kept at room temperature, the number of
motional quanta of the ion and nanowire were estimated to
be of order 50 and 107, respectively. Under these conditions,
both subsystems behaved as coupled classical oscillators.

The eigenmodes and, therefore, also the vibration
frequencies of mechanical oscillators are determined by
their mass, material, and geometry. To characterize the
vibrational modes of the present nanowire, the drive
frequency fgive applied to the piezo was scanned. Its
oscillations were measured by imaging the tip of the
oscillator placed in the waist of a focused laser beam onto
a dual-element Si PIN photodiode [43,44]. Figure 2(a)
shows a mechanical excitation spectrum thus obtained in
the frequency interval from 100 to 500 kHz.

In this range, the strongest mechanical response was
found around fg4;,. =422 kHz. Structural mechanics
simulations performed with the comsoL Multiphysics
program [45] indicate that this resonance corresponds to
the n =4 eigenmode [46] which represents a combined
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FIG. 2. (a) Mechanical excitation spectrum of the nanowire.
The features represent excitations of the eigenmodes n of the
nanowire on its support. The strong n = 4 mode at 422 kHz was
used for the excitation of the ion. The black dashed lines
correspond to eigenfrequencies obtained from theoretical model-
ing. (b) Histograms of arrival times of resonance-fluorescence
photons of the ions correlated with the periodic drive signal of the
nanowire under near-resonant (top) and far off-resonant (bottom)
motional excitation by the mechanical oscillator. The black
dashed lines represent fits of the data.

oscillation of the nanowire and its support. From the
spectrum, the quality factor of the resonator on this
combined resonance is estimated to be Q = 117.

To demonstrate the coupling of the ion-nanowire system,
the motional excitation of the ions by a resonant drive of the
mechanical oscillator was explored. For this purpose, the
piezo frequency was set to the mechanical resonance of
the nanowire at 422 kHz. The center-of-mass oscillation
frequency of the ion along the longitudinal trap axis was
matched by suitably adjusting the static potentials applied
to the electrodes. Close to resonance between the nano-
wire and ion oscillations, both systems coupled effi-
ciently. This resulted in a transfer of energy from the
mechanical oscillator to the ion [27] which manifested
itself as a blurring of the ion in the fluorescence images
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due to its motional excitation [compare bottom with top
image in Fig. 1(b)].

To quantify the motional excitation of the ions, a photon-
correlation method was employed. During driven oscilla-
tions in the trap, the ions experienced periodically varying
Doppler shifts with respect to the cooling lasers modulating
their resonance fluorescence [47-49]. The arrival times of
fluorescence photons on a photomultiplier tube (PMT)
were correlated with the periodic piezo drive at f4;,. using
lock-in detection. Maximum ion velocities v,,, were then
extracted by fitting the time-resolved fluorescence profiles
R(1) to the expression

R (r/2)
O(T/2)2 4[5 — kvyay cOS (w1 — )2

R(1) = (1)

where R is the scattering rate on resonance, [" the natural
linewidth of the transition, ¢ the detuning of the cooling-
laser frequency from resonance for an ion at rest, k is the
projection of the wave vector of the laser on the direction
of motion of the ion, w is the oscillation frequency, and ¢
is a phase determined by the initial conditions of the
experiment.

Figure 2(b) shows typical time-resolved fluorescence
traces for a near-resonant (f ;.. = 421.0 kHz, top panel)
and far off-resonant (f4;,. = 366.2 kHz, bottom panel)
mechanical drive of the ion motion. In these measurements,
a voltage V,, = 1.2 V was applied to the nanowire which
was sinusoidally driven with a voltage Ve,, = 5 V applied
to the piezo. The equilibrium distance between the ion and
the nanowire was determined from a fit to experimental
data as d~300 pm (see below). A modulation of the
fluorescence yield can be seen at strong excitation while the
signal appears largely unmodulated with an off-resonant
drive. The maximum ion velocities v,,,, during oscilla-
tion were determined to be vy, = 55.3 +2.0 m/s and
1.1 £2.2 m/s for the examples shown at the top and
bottom in Fig. 2(b), respectively.

To confirm that the motion of the ion was indeed a
consequence of the mechanical action of the nanowire
rather than a spurious excitation from oscillating stray
electric fields in the experiment, the frequency of the
voltage applied to the piezo to drive the nanowire was
scanned across the strong mechanical resonance at
422 kHz, observed in Fig. 2(a). In each scan step, the
oscillation frequency of the ion along the z axis was
matched to the piezo drive frequency with an accuracy
of +0.2 kHz by adjusting the static trapping potentials. The
motional excitation of the trapped ions was quantified as
above by measuring their maximum velocities v,,,, using
the photon correlation method. Figure 3 shows the squared
maximum velocities vZ,, of the ions (red crosses), which
are proportional to their maximum kinetic energy in the
trap, in relation to the piezo drive frequency and super-
imposed onto the mechanical drive spectrum of the
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FIG. 3. Squared maximum velocities v2,, (data points) of two

trapped ions over a range of drive frequencies f 4. applied to the
nanowire. Light gray crosses represent individual measurements,
red crosses their average, and the error bars a combination of the fit
errors for determining v,,,, from time-resolved ion-fluorescence
profiles and the statistical standard error of the mean of all
measurements. Orange trace: mechanical excitation spectrum of
the nanowire of Fig. 2(a). Motional excitation of the ion could only
be observed around the mechanical resonance of the nanowire
demonstrating the resonant coupling of the two systems. Purple
dashed line: classical dynamics simulations of the mechanical ion
excitation at the specific experimental parameters. Traces are
normalized to the experimental data for comparison.

nanowire (orange trace). The measurement was performed
with a string of two ions.

Figure 3 demonstrates that the motion of the ions is only
excited when the piezo resonantly drives the motion of the
mechanical oscillator. This direct correlation of the ion
motion with the vibration of the nanowire proves the
mechanical nature of the ion excitation and thus the
successful coupling between the two systems. The dashed
purple curve in Fig. 3 represents the results of a classical
simulation of the motional excitation of a single ion by the
action of the nanowire following the model of Ref. [27].
Briefly, the simulation treats the excitation of the ion by
the nanooscillator by approximating the system as two
oscillating point charges which interact via their mutual
Coulomb repulsion corresponding to the leading term in a
multipole-expansion of their mutual electrostatic inter-
actions [50]. The classical equations of motion of the
ion were solved using a Velocity-Verlet algorithm [51].
Further details of the modeling are given in Ref. [27] and
Supplemental Material [52].

While this simplified treatment cannot capture the
asymmetric line shape of the mechanical resonance of
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FIG. 4. Maximum ion velocities v,,, as a function of (a) the
voltage V ,, of the piezo actuator driving the nanowire, (b) the ion-
nanowire distance d, (c) the voltage V., applied to the nanowire,
and (d) the number of ions in the trap. Dashed lines show the results
of a classical simulation of the system. Light gray crosses represent
individual measurements, red crosses their average, and the error
bars a combination of the fit errors for determining v,,,, from time-
resolved ion-fluorescence profiles and the statistical standard error
of the mean of all measurements.

the nanowire (which we attribute to overlapping mechani-
cal modes of the entire assembly), it reproduces the general
features of the frequency response of the excitation of the
ion by the nanooscillator. The modeling also shows that
the degree of motional excitation of the ion results from the
balance of its continuous cooling by the lasers with the
transfer of energy from the nanowire.

To further explore the properties of the coupled system,
its response to variations of salient experimental param-
eters was studied. Figures 4(a) and 4(b) show the
maximum velocities of the ions excited by the nano-
oscillator on the 422 kHz resonance as a function of the
piezo drive voltage and the ion-nanowire distance,
respectively. As expected, the excitation of the ions is
increased with increasing the oscillation amplitude of
the nanowire, i.e., with increasing piezo voltage, and
decreased with increasing distance between the two
subsystems. The dashed blue lines show least-squares
fits of the classical simulation model [27] to the combined
data (see Supplemental Material [52] for details of the
procedure). The good agreement illustrates that the
dynamics of the system is well captured by the theory.

Figure 4(c) shows the variation of the ion’s maximum
velocity subject to the resonant drive at varying bias

voltages applied to the nanowire. The coupling, and hence
the motional excitation of the ion, seem to increase linearly
with the charge on the nanowire in the voltage range
studied. The dashed blue line shows the results of simu-
lations assuming the same parameters as used in Figs. 4(a)
and 4(b). While the simulation captures the trend correctly,
it predicts a weaker dependence of the ion velocity on the
nanowire voltage than observed experimentally. We attrib-
ute this discrepancy to the simplifications of the model, in
particular to the neglect of asymmetries in the charge
distribution of the nanowire on its holder, i.e., to higher-
order terms in the multipole expansion of the electrostatic
interaction between the two systems, and to the possible
presence of stray electric fields in the setup.

Finally, Fig. 4(d) shows the dependence of the maximum
velocity on the number of trapped ions subjected to the
drive by the nanooscillator. It can be observed that the
kinetic energy imparted to each ion is independent of
the other ions in the trap, consistent with the notion that
the center-of-mass motion of the entire ion crystal is excited
by the nanowire.

The present study demonstrated the coupling of trapped
ions to a nanomechanical oscillator in the classical regime.
With the ions cooled close to the Doppler limit and a
“heavy” nanowire held at room temperature, we estimate
thermal decoherence rates of order y;,, ~ 10 Hz and y,,, ~
100 GHz for the two subsystems, respectively. With an
estimated coupling strength g of a few Hz [27], the
decoherence rates by far exceed the coupling strength so
that the system is firmly operating in the classical regime.

The present results prove the principle feasibility of
coupling both systems and lay the foundations for further
developing the experiment towards a genuinely quantum
hybrid system. As a first step, cooling the ion into the
quantum regime of motion in the trap by, e.g., resolved-
sideband methods [2] paves the way for generating differ-
ent quantum states of ion motion through the action of the
classical mechanical oscillator as explored theoretically in
Ref. [27]. Here, in addition to mechanically driving the ion,
the nanowire can be positioned to introduce anharmonic-
ities into the trapping potential which can be used for the
deterministic generation of non-Gaussian motional states of
the ion.

To realize a full quantum hybrid system, the nanowire
also needs to be cooled to the quantum regime ensuring
sufficiently small thermal decoherence rates. This is not
achievable with the present “heavy” nanowire, but could be
reachable using low-mass, high-Q oscillators like carbon
nanotubes in a dilution-refrigerator environment. As shown
theoretically in Ref. [27], under these conditions the
exchange of discrete phonons between the two subsystems,
their quantum entanglement, and their mutual sympathetic
cooling become a possibility.

A resonant motional excitation of the ions can of course
also be achieved by simply applying a resonant “tickle” RF
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to any of the trap electrodes [42]. Indeed, this technique
was also used here to independently determine the ion
motional frequencies. By contrast, the nanowire in the
present experiments effectively acted as a miniaturized,
movable, oscillating trap electrode which resonantly cou-
ples to the ions in a controllable fashion. Moreover, as
demonstrated here the nanowire drives the ion through its
mechanical motion rather than purely electrically. Thus, the
distinct features of using nanomechanical oscillators for the
laserless manipulation of the ions are their capability to
precisely shape the trapping potentials, to easily control the
mechanical drive strength, and to accurately adjust the
coupling strength by varying their position and voltage.

In addition, the present experiment could be further
developed in a variety of directions. Driving the nanowire
optically may offer more localized control over its oscil-
lation without driving other parts of the assembly such as its
holder [43]. Integrated optics could improve the optical
in situ readout of the nanowire resonances. Lastly, the use
of other types of nanomechanical oscillators such as
membranes as candidates for the mechanical quantum-
state manipulation of ions could be investigated.
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