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We show that by magnetically trapping a superconducting microsphere close to a quantum circuit, it is
possible to perform ground-state cooling and prepare quantum superpositions of the center-of-mass
motion of the microsphere. Due to the absence of clamping losses and time-dependent electromagnetic
fields, the mechanical motion of micrometer-sized metallic spheres in the Meissner state is predicted to be
very well isolated from the environment. Hence, we propose to combine the technology of magnetic
microtraps and superconducting qubits to bring relatively large objects to the quantum regime.

DOI: 10.1103/PhysRevLett.109.147205

The field of nanomechanical resonators aims at cooling
and controlling the mechanical motion of massive objects
in the quantum regime, and is a subject of interest for both
fundamental and applied science [1]. The spectacular
progress in this field has led to the achievement of ground-
state cooling in a high-frequency micromechanical resonator
using cryogenic refrigeration [2], and in cavity electro-[3]
and optomechanical [4] systems using sideband cooling
techniques [5]. The main challenge in these types of experi-
ments is to overcome the heating and decoherence produced
by clamping losses. These pose an even greater challenge for
the experimental realization of some of the promised appli-
cations in the field, such as the preparation of quantum
superposition states [6], which aim at the very fundamental
goal of testing the validity of quantum mechanics when
large masses are involved [7]. Recently, a radical solution
to this problem has been proposed, namely, to unclamp
the mechanical resonator and to use optical levitation instead
[8—12]. This is predicted to significantly improve the isola-
tion of the mechanical motion from the environment, even at
room temperature. The archetypical scenario is a dielectric
nanosphere trapped with optical tweezers inside a high-
finesse optical cavity. The dependence of the cavity reso-
nance frequency on the center-of-mass position of the sphere
yields an optomechanical coupling that can be employed to
perform ground-state cooling [8,9], as well as prepare quan-
tum superposition states [8,11]. Remarkably, levitation is
also the key ingredient in a recent proposal to prepare large
spatial superpositions, namely, of the order of the size of
the nanosphere [7,13].

A common feature in the vast range of optomechanical
systems [1], including optically levitating mechanical oscil-
lators [8—12], is that photons are used to cool and manipulate
the mechanical motion. This introduces two important
limitations that are indeed the main sources of decoherence
for optically levitating objects: (i) scattering of photons,
which produce position-localization decoherence [8,9,13],
and (ii) absorption of photons, which increase the bulk
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temperature of the object and, consequently, the decoherence
due to emission of blackbody radiation [7-9,13]. In this
Letter, we propose a levitating mechanical resonator experi-
mental setup that does not employ photons, but magneto-
static fields. Therefore, it not only avoids clamping losses due
to levitation but also circumvents the limitations (i) and
(ii) above due to the absence of photons when trapping,
cooling, and coherently manipulating the object. Hence,
this mechanical oscillator is predicted to be very well isolated
from the environment and, consequently, to yield large me-
chanical quality factors and long coherences times. The
proposal consists in magnetically trapping a superconducting
microsphere in the proximity of a quantum circuit (e.g., LC
oscillator or flux qubit) [ 14]. The magnetic field employed in
the magnetic trap is expelled (see Fig. 1) due to the Meissner
effect from the superconducting sphere. The flux passing
through the pickup coil of the quantum circuit depends on
the center-of-mass position of the sphere. This leads to a
significant quantum magnetomechanical coupling with the
center-of-mass motion. Here we show that ground-state
cooling and the preparation of quantum superpositions can
be achieved within the same experimental setup for super-
conducting spheres (e.g., Pb) in the um regime with masses
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FIG. 1 (color online). (a) Scheme of the AHC with a pickup
coil. (b) Quadrupole field created by the AHC. (c) Field expelled
by the sphere in the Meissner state.
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of ~10'* amu. We remark that the negligible decoherence
due to blackbody radiation (the bulk temperature of the
sphere is cryogenic) makes this setup ideally suited to imple-
ment the protocols introduced in Refs. [7,13] to prepare large
superpositions using time-of-flight experiments.

More specifically, we consider a superconducting
microsphere of radius R and mass M that is in the
Meissner state, cooled below a certain temperature 7c.
The penetration length A and coherence distance ¢ are
such that R > A, £. In this regime, one can approximate
that the magnetic induction B is zero in the whole interior
of the superconductor. The microsphere is confined into a
three-dimensional harmonic potential created by a mag-
netic microtrap [15]. While the proposal does not rely on a
particular trapping scheme, we consider here a quadrupole
trap created by two circular coils of radius / > R in an
anti-Helmbholtz configuration (AHC), i.e., the coils are
coaxial, separated by a distance /, and have opposite cur-
rent intensity / (see Fig. 1). This trap creates an harmonic
potential of the form Vi, = M[w?#? + w? (5% + £2)]/2.
The trapping frequency w, can be obtained analytically
using the image method [16] due to the cylindrical sym-
metry of the system (see Supplemental Material [17]).
The transverse frequency can be derived by replacing the
sphere with an effective magnetic moment. Their expres-
sions are given by w, = 1.49\/(uo/p)I/I* and 0 | = w,/2;
Mo 1S the vacuum permeability and p the density of
the microsphere, which is assumed to be homogeneous.
What is noteworthy is that the field at any point of
the sphere is required to be smaller than the critical field
Bc in order to allow superconductivity; this yields an
upper bound on the radius of the sphere R < R, =
1.39B¢/(w,\/top)-

At some distance d from the center of the trap and
coaxially with the AHC (Fig. 1), a remote pickup coil of
radius r is placed (the perpendicular configuration might
also be considered, see Supplemental Material [17]). The
pickup coil is connected to a quantum LC oscillator or to a
flux qubit [14] placed outside the magnetic field of the trap.
As shown below, the quantum magnetomechanical cou-
pling for both cases depends on the dimensionless parame-
ter n = x,pPL,(0)/ Dy, where xzp = {/h/2Mw,) is the
mechanical zero point motion, ®, = 7h/e is the flux
quantum, and ®.(0) is the derivative with respect to
the axial motion of the center of mass evaluated at its
equilibrium position of the flux threading the pickup coil;
®’,(0) can also be evaluated analytically using the image
method [16], and its approximated expression for R <K [, r
is given by ®L,(0) = 2.7uo(I/P)R>r?/(d*> + r*)3/? (see
Supplemental Material [17] for further details).

For an LC oscillator, consisting of an inductor L con-
nected to a capacitor C, the Hamiltonian is given by H; - =
[® - . ()P/(L) + 0°/(20), with [®, O] = ih. By
expanding P, (X) linearly in £, one obtains the linear
Hamiltonian H; . = hw,cata + hg c(@t + a)bt + b).

We used £ = xzp(l;Jr +b) and d = ®,,(at + a), where

®,, = yh/(2Cw, ) is the zero-point flux, w;c= 1/J/LC
is the LC resonator frequency, and g;- = € cm, with
€,c = ©y®,,/(hL), is the magnetomechanical coupling
rate. Alternatively, one can consider a three-junction flux
qubit [14,18]. The two qubit states correspond to the
persistent currents of amplitude , flowing clockwise or
counterclockwise in a loop of radius r. When the qubit is
operated in the vicinity of the degeneracy point f(®.,) =
d,, /Py — 1/2 =0, the Hamiltonian of the qubit on
the basis of the persistent current states reads H, =
—héd,/2 — hAG, /2. Here 6, (i = x, y, z) are the usual
Pauli matrices, € = vf(P,y) is the bias (where v =
2®y1,/h), and A is the tunneling amplitude. Thus, by
expanding &(X) = &(0) + € (0)% to first order in %, one
obtains the quantum magnetomechanical Hamiltonian
(the harmonic oscillator energy is also included)

Pt — 55 -

| >

6, — =6, — g0, (b" +b). (1)

N m

Here, € = €(0), and g, = v7 is the nonlinear magneto-
mechanical coupling. The energy levels of the qubit are
separated by a frequency w, = v €> + A?. It is remarkable
that with typical numbers (see below), v is only two or
three orders of magnitude lower than €; ., since the cou-
pling to the flux qubit provides a nonlinearity to the me-
chanical motion. For this reason, we concentrate hereafter
on the coupling with the flux qubit in order to discuss
ground-state cooling and the preparation of quantum
superpositions. However, due to its larger coupling, the
LC oscillator would be definitely more appropriate for
performing cooling or any other Gaussian dynamics (e.g.,
preparation of squeezed states, or entanglement and tele-
portation in the case of several spheres). In this case, a
parametric driving in the magnetomechanical coupling
(e.g., with a time-dependent inductance [19]) would be
required. We remark that, while we do not consider it
here, coupling to the transversal motion also leads to a
significant magnetomechanical coupling.

Decoherence in superconducting qubits is modeled
with a master equation containing the following
Lindbland terms [14] (written in the eigenbasis of the
qubit): spontaneous emission Ly[p] = [y(26_pbo, —
po.6_ — 6,.6_p)/2, and pure dephasing I',, L [p] =
I',(6,p6, — p)/2. The decoherence rates are related to
the relaxation time T, = 1/, which is the time required
for the qubit to relax from the excited state to the ground
state, and to the dephasing time T, = (I'y/2 +T,)",
which is the time over which the phase difference be-
tween two eigenstates become randomized.

The distinctive feature of this proposal is that the deco-
herence in the mechanical oscillator, when accounting for
known sources, is predicted to be very small, since both
(1) clamping losses and (ii) scattering of photons are
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absent. Similarly as in the proposal of optically levitating
dielectrics [8,9,11], other sources are also negligible:
(iii) damping created by the background gas yields a me-
chanical quality factor that can reach extremely high values
at sufficiently low pressures; this is given by [8,9] Q. =
/Y = 10", where y,,, = 16P/(wvRp), P~ 1010 Torr
is the environmental pressure, and ¥ the thermal mean
velocity of the air molecules; (iv) decoherence due to black-
body radiation [7,9,13] yields rates at the Hz regime due to
the cryogenic bulk temperatures of the metallic supercon-
ducting microsphere (in optical levitation, the bulk tempera-
ture of the object is heated due to light absorption);
(v) internal vibrational modes are decoupled (due to their
higher frequency) to the center-of-mass motion for
micrometer-sized objects (see Ref. [11] for a detailed analy-
sis based on quantum elasticity). Other sources of decoher-
ence particular to this proposal are as follows: (vi) damping
due to hysteresis losses in the superconducting coils
yield Q > 10'0 (specially for small fluctuations in the
position—see the Supplemental Material [17] for details);
(vi) fluctuations in the trap frequency lead to decoherence
with a rate given by [20] T, = 7w?S,Qw,)/16,
where S,(2w,) is the one-sided power spectrum of the
fractional fluctuation in the resonance frequency (see the
Supplemental Material [17] for details); I',, ~ Hz can be
obtained for /S, (2w,) = 10~°/+/Hz; (vii) fluctuations in
the trap center also lead to decoherence with the rate [20]
I', = 7wiS(w,)/4x;,, where in this case S, is the one-
sided power spectrum of the position fluctuations; I', ~ Hz
can be obtained for position stability +/S,(w,)/x,, ~
1074 /+/Hz; (viii) within the trapping frequencies in the
kHz regime, which are much smaller than the energy gap
(100 GHz), the superconductor can be considered to act
instantaneously to external fields; and (ix) finally, we remark
that the flux qubit present in the setup can always be
decoupled from the center-of-mass motion by switching
off the driving such that the coupling is off resonant (see
below). Thus, at sufficiently low pressure and for super-
conductors in the Meissner state, the center of mass of
micrometer-sized metallic spheres is (according to the
sources of decoherence that we have considered) effectively
decoupled from the environment. This assumes very stable
traps both in the frequency and in the equilibrium positions.
Other sources of decoherence might be relevant in a real
experiment; for instance, coupling to bond paramagnetic
centers on silicon surface has been experimentally observed
at distances of few micrometers [21].

We now focus on ground-state cooling of the mechanical
motion. To this end, a resonant coupling between the qubit
and the mechanical resonator is required [22,23]. Note
however that the energy splitting of the qubit w, (in the
GHz regime) is much larger than the mechanical frequency
w, (in the kHz-MHz regime) of the oscillator. This scenario
has been studied both experimentally and theoretically in
Ref. [24], where a flux qubit has been coherently coupled

to a slow LC oscillator. This is achieved by driving the flux
qubit with an applied ac flux with frequency w, (in the
GHz regime) and amplitude € (in the kHz-MHz regime).
In this case, the total Hamiltonian reads ﬁ, = Hym +
H give> Where Hygye = hQ cos(w 7). Recall that the dy-
namics of the qubit and the mechanical oscillator (which is
decoupled from the environment) is given by the master
equation p = —i[H!, pl/h + Lo[p] + L,[p], where H!is
the total Hamiltonian written in the eigenbasis of the qubit.
By moving to a rotating frame of the qubit at a frequency
w 4, performing a rotating wave approximation (RWA)
(valid provided that w; ~ w; > w,, g¢), transforming to
the diagonal basis of the qubit, moving to the interaction
picture, and performing a second RWA (assuming w, =
@, > g0, [0, I,, where @, = (80> + 0?2 S =
Wy — W, Q = Qsina, and tana = A/e€), one arrives at

p=2[3(6-b" +He) p)+ Li[p] @)

The effective magnetomechanical coupling is given by
g = gocosasinB, where tan3 = Q/8w. The dissipation
of the qubit is given by L[] and contains both dephasing
I';(6,p6, — p)/2 and transitions in both directions
IyQRo+p6+ — pé-6+ — 6+6+p)/2. The rates are
given by I =T,cos’B+ [ysin*(B)/2 and Iy =
' sin?(B) + T'o(1 £ cosB)?/2. Typically, § < Ty, T,
which allows to adiabatically eliminate the qubit [25].
This leads to an effective master equation describing the
mechanical oscillator density matrix that can be used to
obtain a dynamical equation for the mean phonon number
occupation A = hTh, namely, (n) = —T(A) + A, + Ty
The cooling rate is defined as ' = A_ — A, where

282 _I -1
A+ = 1 .
SNCT rl)< T F rT> ©)

The rate ', takes into account the external sources of
heating in the mechanical oscillator (e.g., due to trap
fluctuations), which are assumed to be much smaller than
I'. The final phonon number occupation is given by (A), =
Ay +I'y)/I'. In Fig. 2, it is shown that ground-state

(a) 10
(b)l‘S
2 - ]0
< 0.1 =
001 05
0.001Ls 00
00 0.1 02 03 04 05 00 01 02 03 04 05
B(m) B(m)

FIG. 2 (color online). The (a) steady-state phonon number
occupation {A), (assuming I',,, = 0) and (b) the cooling rate
' over I' = g%cos(a)/T, are plotted as a function of B for
I', /Ty = 0 (solid blue line), I', /Ty = 0.1 (dashed red line), and
I', /Ty = 1 (dotted orange line).
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cooling can be achieved within a wide range of B with
cooling rates of the order of ~g%cos?(a)/T (a < 7/2 is
also required).

The nonlinearity given by the presence of the qubit
can be employed to prepare quantum superpositions
of the mechanical oscillator [22]. First, we rotate the
Hamiltonian Eq. (1) to the eigenbasis of the qubit, move to
the interaction picture (using as a free part the qubit energy
term), and perform the RWA (valid provided w, > g).
We arrive at Hypy = H,, + hw,6, — g6 x/xzp, where
g = gocosa and H,, = AZ/(2M) + Mw?%?/2. This can
be rewritten as Hypy = ho, /26, + T1(x6,)H,,T(x6.),
where T(a) = exp[—i pax,,/h] is the translational operator
[such that TT(@)2T(a) = % + ax,l, x =2g/w, is a
dimensionless parameter, and the constant term —hg?/w,1
has been dropped out. The Hamiltonian written in this form
points out the key property used in the protocol, namely, the
center of the harmonic trap depends on the spin state of the
qubit [see Fig. 3(a)]. Hence, by initially preparing the joint
system into the state |W,)=|+,0Y=(|1,0)+]],0))/+2—
that is, the qubit in the superposition state is |[+) = (| 1)+
| 1))/~/2 and the mechanical oscillator in a pure state |0) with
%%) = o>—the joint state evolves after time 1, = 7/ w, into
the entangled state

W) = —=[7(-2011L.0)+ TROILOL  @4)
V2

Hence, the mechanical oscillator is in a spatial quantum
superposition state [Fig. 3(b)], where the wave packets are
separated by a distance [, = 4 yx,, = 8x,,¢ /w,. The over-
lap is given by (OITT(=2x)T(2x)|0) = exp[—1/(80?)],
and thus 8> < [2 is required. If this condition is not fulfilled
for o = x,,, one can consider squeezing the initial state by
first adiabatically opening the trap to a lower frequency
w; < w,, then evolving for a short time 7 < w; ! with
the original frequency w,, and finally opening again such
that the state evolves freely up to a width of o = {x,,, where
the squeezing parameter is given by { = (0,7) "o,/ 0,
(see the Supplemental Material [17] for further details). The
superposition can be probed by performing tomography of
the qubit during the evolution of the joint state within a time

\ i/ /wt H> \/ 1)
W\

D——c

2xxzp tr

FIG. 3 (color online). Scheme of the protocol to prepare quan-
tum superpositions of a mechanical oscillator using the para-
metric coupling to a qubit. (a) The state |+)|0) that is prepared
at t = 0 and recovered at ¢ = 2r*. (b) The superposition state
Eq. (4) that is created at t = r*.

window ¢ € [0, 2r*], such that the collapse at r = ¢* [due to
the entangled state Eq. (4)] and revival at t = 2¢* (due to the
product state) of the purity of the qubit state can be observed.
Decoherence in the qubit can be neglected provided
2t* < T,. Note that for long coherence times in the qubit,
the superposition size could be increased by performing a
spin flip after each ¢, evolution, or alternatively, by opening
the trap to a frequency o’ < w,.

Regarding the experimental feasibility of this proposal,
we consider a microsphere made of Pb, with density p =
11360 kg/m?, penetration depth A = 30.5 nm, coherence
length ¢ = 96 nm (evaluated at T = 0), critical tempera-
ture Tc = 7.2 K, and critical field B- = 0.08 T. The mag-
netic trap is made using AH coils of radius / = 25 pm and
current / = 10 A (assuming materials with critical current
J.=7X 10" A/m? [26]) such that w, = 27 X 40 kHz
and R, = 3.7 um. Thus, we consider a sphere of radius
R = 2 pm. The pickup coil has a radius r = 24.5 pm and
is placed at d = 17.5 um (outside the AHC). This yields
n = 1.1 X 1077, For the flux qubit, we use [14] v = A =
27 X 10 GHzand T, = T, = 10 ws, and hence we obtain
8o =2m X 1.1 kHz,I'y = 27 X 16 kHz, and I' , = T'y/2.
For an LC oscillator with C = 1 pFand L = 0.1 nH [14],
the magnetomechanical coupling is nearly two orders of
magnitude larger, namely, g;c = 27 X 78 kHz. Ground-
state cooling can thus be achieved provided the external
decoherence rates are I'.,, = 100 Hz, which demands
damping processes with Q = 108 (assuming an environ-
mental temperature of 100 mK). Due to decoherence of the
qubit, squeezing the mechanical oscillator by a factor of
{ ~ 0.1 is required to prepare quantum superpositions;
this renders its experimental realization more challenging
(see the Supplemental Material [17]).

We have shown that micrometer-sized superconducting
metallic spheres with masses of ~10'* amu can be
brought to the quantum regime. From a broader perspec-
tive, while cavity optomechanics uses the technology
developed for laser trapping, cooling, and manipulation
of atoms and ions, here we propose to merge the tech-
nologies of the growing fields of magnetic trapping of
atoms and superconducting qubits to bring massive ob-
jects into the quantum regime. The combined properties
of levitation, low bulk temperatures, and large masses
make this setup ideally suited to the design and imple-
mentation of protocols where the object is released from
the trap in order to expand the wave function. This can be
used to create large superpositions [13] in order to test
fundamental questions [7] and design ultrahigh sensitive
detectors.

We acknowledge funding from EU project MALICIA,
DFG SFB 631, and Spanish Consolider Project
NANOSELECT (CSD2007-00041) and MAT2012-35370.

Note added.—We have become aware of a recent pro-
posal of a levitated magnetomechanical system by Cirio,
Brennen, and Twamley [27].
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