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We propose the use of phonon-mediated interactions as an entanglement resource to engineer Einstein-
Podolsky-Rosen correlations and to perform teleportation of collective spin states in two-dimensional ion
crystals. We emulate continuous variable quantum teleportation protocols between subsystems corresponding
to different nuclear spin degrees of freedom. In each of them, a quantum state is encoded in an electronic spin
degree of freedom that couples to the vibrational modes of the crystal. We show that high fidelity teleportation
of spin-coherent states and their phase-displaced variant, entangled spin-squeezed states, and Dicke states, is
possible for realistic experimental conditions in arrays from a few tens to a few hundred ions.
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Introduction. Correlated quantum states, such as entangled
spin-squeezed states, have been predicted to offer a signif-
icant gain in sensing and communication applications [1].
While great progress has been achieved using macroscopic
atomic ensembles in optical cavities or vapor cells [2-11],
these systems typically lack the level of quantum control over
motional degrees of freedom desired for more general quan-
tum information tasks. Arrays of two-dimensional trapped-ion
crystals [12—18] are emerging as a promising platform where
one can scale up the number of ions while retaining full or
partial quantum control over vibrational modes and all-to-all
internal state connectivity. These capabilities can thus open
an exciting opportunity for entanglement generation using
collective spin systems. In the context of quantum information
processing, quantum teleportation is one of the most useful
resources [19-27] that unravels the power of entanglement for
quantum communication [28,29], protection of quantum in-
formation [30,31], transduction and energy transport [32,33],
testing information scrambling with its connections to quan-
tum gravity [34-39], and implementing quantum computing
modules [40—42]. While teleportation of optical and spin co-
herent states have been experimentally demonstrated using
large atomic ensembles [43,44], teleportation of collective
entangled spin states in trapped ion platforms that enjoy
control over both internal and external degrees of freedom
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[36,45,46], as required for most quantum information process-
ing tasks, is still pending. Here we demonstrate that quantum
teleportation of collective spin-states can be implemented in
current two-dimensional (2D) crystal arrays in a Penning trap
using the center-of-mass motional mode as an entanglement
resource. The proposed scheme is analogous to the contin-
uous variable quantum teleportation scheme of Braunstein
and Kimble (BK) [21], however, instead of relying on mea-
surement based schemes for entanglement generation [47],
our system uses unitary phonon-mediated all-to-all spin-spin
interactions. Measurements, enabled by spectroscopic resolu-
tion of internal spin levels of ions, are only used for the act
of teleportation [44] at the end of the protocol. The access to
long-range spin-spin interactions in trapped ion arrays [12,45]
allows for the initialization of entangled states [13], which
we show can also be teleported. Our proposed model thus
opens a path for studying quantum information processing
with multilevel collective spin systems by employing multi-
partite entanglement. Additionally, it enables implementation
of continuous variable quantum information protocols [48]
without the overhead of additional nonlinearities, which are
typically engineered under carefully controlled conditions in
pure phononic systems [49-51]. Moreover, since the phonon
modes in trapped-ion systems are very long-lived, our system
does not suffer from the detrimental losses faced by photons.
Finally, while we focus here on states within the same spatial
ensemble, the applicability of the same protocols in bilayer
arrays or 3D crystals [52] could enable the possibility to
teleport states between spatially separated layers.

Setup. We consider a 2D trapped ion crystal made of *Be™
ions in a Penning trap as schematically shown in Fig. 1(a).
The crystal is located in the X-Y plane and it is subjected to
a strong magnetic field (B ~ 4.5T) along the Z — direction
that sets the quantization axis and allows us to work in the

Published by the American Physical Society
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FIG. 1. (a) Schematic for a two-dimensional trapped ion crystal
made of °Be* ions located in the (X, ¥) plane as realized in the Pen-
ning trap at NIST [53]. A strong magnetic field B results in splitting
of the internal Zeeman levels as shown in the inset. The nuclear spins
form distinctly addressable ensembles [ = a, b, c. An optical dipole
force (ODF) implemented by Raman beams [pink] couples each
nuclear spin ensemble to a common transverse vibrational mode of
the ions. Three spin ensembles are resonantly driven by microwaves
with Rabi frequencies 2;, | = {a, b, c}, to implement the teleporta-
tion circuit. (b) The initial states of the nuclear spin ensemble are
shown on the corresponding Bloch spheres. From left to right, spin
ensembles a [yellow] and b [green] are initialized along —S, and +S,
directions, respectively, with circular noise distributions representing
their initial spin-coherent states. The ensemble c¢ [red] is initialized
along —S, direction with its elliptical noise distribution representing
an input spin-squeezed state. (c) Schematics of the teleportation
protocol: it consists of different stages (S7-S4) as discussed in the
text. The times for dynamical processes are given by f; = trums + fgs
(see also text), and ¢ = ty + tcL, where fc is the duration to receive
classically communicated measurement results and performing local
rotations on ensemble b.

Paschen-Back regime [54] with decoupled electronic (with
J = 1/2) and nuclear (with I = 3/2) hyperfine-Zeeman states
as shown in the inset of the Fig. 1(a). In our scheme, the
ions are initialized in three out of a total four nuclear spin
states [55], m; = 3/2(l = a), 1/2(I = b), =3/2(l = ¢), with
Ni—ap.c 10ns in each nuclear spin ensemble. In this way we
have access to three distinct choices of qubit degrees of
freedom per atom, each one characterized by the {|e;), |g;)}
levels with energy splitting w;, where the labels g, e denote
the my = —1/2, 1/2 electronic states respectively. Thanks to
the large energy separation, w; = w; — wp ~ 500 MHz [55],
the different nuclear spin subensembles can be independently
controlled with negligible coupling between them by mi-
crowave drives, with Rabi drive strength 2; and frequency
P, as schematically shown in Fig. 1(b).

We further assume the ions are driven by interfering laser
beams with a beat-note frequency p as shown in Fig. 1(a).
The beams are applied off-resonantly (detuned by ~20 GHz)
to the nearest optical transition spanned by the %P3, manifold.
Their polarization and orientation are set to couple the spin
degree of freedom to the axial modes of the crystal and w is
set to be close to the center-of-mass (COM) mode frequency
of the crystal, wy to avoid excitation of other modes [cf.
inset of Fig. 1(a)]. The net result is the generation of an
electronic-spin-dependent optical dipole force (ODF) on the

ions [12] that acts approximately in the opposite direction
for the m; = 4 1/2 states [up to a small correction €; which
turns out to be irrelevant for the physics in consideration (see
Ref. [56])].

Assuming the motion of the ions has an axial extent that
is small compared to the wavelength of the moving lattice,
by going to the rotating frame of the beat-note frequency, the
Hamiltonian of the total system can be written as (i = 1):

H = H, + Hopr, (1

By =Yy lnSt+ /28, e + He.)
the applied microwave drives and ﬁODF = Syimim +
Y icabe S50 +m")S,  the ODF  Hamiltonian  with
Oy = wy — pn [57]. Here, we introduced the COM phonon
annihilation (creation) operator /(") and S/, = 1 Z’}/I:l ol
the collective spin operators, with « = (x,y,z) and
Sé: = S‘f‘ + iS‘; the corresponding raising and lowering
operators. The spin-phonon coupling is denoted by g;, and
N =), N, is the total number of ions in the crystal. Note
that the values N; are set by the initial preparation and they
are conserved during the interaction of the ions. For each
ensemble, the single ion coupling g; is inversely proportional
to the one-photon Raman detuning, and thus can be slightly
different for each of the nuclear spin ensembles by the order
of just a few percent.

In a frame rotating at the microwave drive frequency, res-
onant with the nuclear spin transition w; = a)ZD, we rewrite
the Hamiltonian A in the dressed (rotated) basis. The dressed
states are eigenstates of the microwave drives, and are ex-
plicitly given by |1/) = (lg) + ler))/~/2 and |41) = (lg;) —
ler))/ V2 as shown in Fig. 1(b) on the corresponding Bloch
spheres. In terms of the collective spin operators in the
dressed frame (—=S! — §, 3)1 — Sf,, 8! — §1), the Hamilto-
nian reads [57]

describes

A 5 81 o st 4l TR
A=>"8 = “=(n+m")S + sum'm. (2)
[ [ \/ﬁ

We further consider the special case where the spin ensem-
bles a, b, c are initially spin-polarized [56] along —S,, +S;
and —S, direction of their corresponding Bloch sphere, re-
spectively [see Fig. 1(b)]. Following such initialization, the
ensemble ¢ is subjected to a unitary operation that trans-
forms the state into a spin coherent state (which can also
be slightly displaced from the initial mean magnetization),
a spin squeezed state, or a Dicke state [58—60]. This is the
state we aim to teleport. We implement the teleportation
protocol consisting of different stages (S7-S4) as outlined in
Fig. 1(c), involving an entangling operation (S7/) between a
and b ensembles, followed by a beam-splitter (S2) interaction
between a and ¢ ensembles. The outcomes of the measure-
ment performed (S3) on the latter two are then classically
communicated to ensemble b, enabling us to perform spin
rotations (S4) on ensemble b to retrieve the teleported state.
Teleportation protocol. For the first stage of the teleporta-
tion protocol, we set 2. = 0 in Eq. (2), since we do not want
ions in this state to participate in the dynamics. Assuming
that |A%| = |8y — Q| > g1, with Qup = (2, + €25)/2 and
Sap = (2, — ©2p)/2 we can adiabatically eliminate the COM
phonon mode. By going to a rotating frame defined by the
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unitary transformation U = e/@a(SI+S4MM1 - we obtain an

effective spin-spin interaction Hamiltonian of the form [56]:
ﬂab = _Xab(sigf + Sigi)
- Xaagfsf - Xbbgfgzb + Sab(gza - Szb) (3)

Here xoo = (848w)/ (AN A%L), with {a, @'} € {a, b}. The first
line in Eq. (3) describes flip-flop processes between the two
different spin ensembles. The second line, up to constants
of motion that we have omitted, includes the self-interaction
terms plus an energy shift arising from the two different
Rabi frequencies. We wish to employ this Hamiltonian to
generate correlated excitations between the ensembles a and
b. To do so, as mentioned above, we initialize the a, b en-
sembles in fully polarized states with opposite magnetization,
e.g., in eigenstates of Sf and 3;’ with eigenvalues —N,/2
and N, /2, respectively. When H,;, is applied to these states,
the flip-flop term SiSf simultaneously generates a spin |1,)
excitation in the a ensemble and a spin || ;) excitation in the
b ensemble as desired. This process, however, imposes an en-
ergy cost of x,,N, + xuNp arising from the self-interactions.
This energy penalty can be compensated by an appropriate
choice of the Rabi frequencies driving the a, b ensembles.
Specifically by setting 84 = XaalNa = xouNy = XN one can
approximately cancel the energy penalty [56]. The above
discussion is valid in N, ~ N, > 1 limit, where we can use
the mean-field approximation (i.e., OR — O(R) + R(O) —
(O)(R)) and approximate SS¢~ 2(S%)8* = —N,S¢ and
8PS ~ 2(8h)SP = N, SP plus constant terms.

To mathematically formalize the excitation process, we
utilize the Holstein-Primakoff (HP) transformation and ap-
proximate the collective spin operators by bosonic operators:
8¢ ~ N, 8¢ ~ JN.&" and 8% ~ /Nyb up to lead-
ing order in 1/N,p., such that S’fc % «/NI/ZY s S’y‘“c 5
—/Noc/2P, . and SA'f ~ /Ny/2P,. Here we have defined
X = \lﬁ(lA+ ", B = i,\\;ﬁ(f_ [, which satisfy the standard
commutation relation [X;, ;] = i for [ = a, b, ¢ and simplify
the spin-exchange Hamiltonian to a two-mode squeezing
(TMS) interaction that generates correlations between two
bosonic modes [8,56] :

Hrvs ~ —xaoN[a'b" + ba) 4)

with N ~N, ~N,. The correlated creation of pairs
of spin excitations from the initial state results
in a thermofield double (TFD) state of the form
[Y¥ap) = (1/ coshr) fo:o(—i)" tanh” r |n, n). Here r = N ypt
is the magnitude of the two-mode squeezing parameter
determined by the interaction time [61]. The TFD state
features an exponential growth and attenuation of the
bosonic hybrid quadratures defined as XT = (B, + X,)/+/2
and Pt =X, +P,)/v2, so XF(t)=XF(0)e* N and
PE(t) = P (0)e™*@' . For yx., <0 and in the ideal
case of infinitely large interaction time, one reaches
the Einstein-Podolosky-Rosen (EPR) conditions [62,63],
Islideal = —deeal and Xbide"‘l = —ﬁ(ideal, or in terms of the spin
variables (assuming the validity of HP with N — o0),

S;deal,b _ S;deal,a — 0, S;deal,a + S;deal,b =0 (5)
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FIG. 2. (a) Entanglement parameter V; [Eq. (6)] as a function
of r = Nyt with ¢ the interaction time. Orange solid and green
dashed lines represent the full model (FM) and effective spin model
(ESM) dynamics. (b) Beam-splitter step: Dashed and corresponding
solid lines show the dynamics obtained under the ESM and HP
approximations, respectively. The vertical black lines in (a) and (b)
correspond to interaction times where the TMS and BS operation are
truncated, respectively. Throughout our analysis, we assume param-
eters Q, = Q. = —27 x 19.1 kHz, @, = —27 x 18.8 kHz, g, =
8» = 8- = 2m x 3.6 kHz, and 6,;/(2w) = —26 kHz. The dynamics
is simulated with N, = N, = N, = N = 70.

Thus, in such an ideal limit, their variances V [.] become negli-
gible, V[S;deal.b _ S;deal,a] — 0 and V[S;deal,a 4 Sgdeal,b] - 0.
Away from the ideal case, the development of entanglement,
in terms of spin operators, can be witnessed by the inequality

V82— 8]+ V8 + 8]
“ (S5 + {2

which serves as an entanglement witness [64—66]. In Fig. 2(a),
we plot V; with increasing r both for the full model (FM)
under the Hamiltonian in Eq. (2) and the effective spin model
(ESM) described by Eq. (3). The entanglement between the a
and b ensembles starts building up as soon as the interaction
becomes operational. The maximum entanglement is achieved
at 7 = Fmin = N Xaptrvs, the point where V; is minimum. For
t > trys finite size effects start playing a role and as V; in-
creases above its minimum value, and it is no longer a useful
quantifier of the entanglement.

Following the BK teleportation scheme [21], setting fms
when V; is optimal, the next step is to engineer an effec-
tive beam-splitter (BS) operation. We again start from the
spin/phonon Hamiltonian in Eq. (2) but at this stage of the
protocol, we set 2, = 0, since we want to freeze the dynamics
in the state of ensemble b. Akin to the previous stage, we
adiabatically eliminate the phonon mode and go to a rotating
frame, now set by U = e//r(Si+8i+'mt where £, a frequency
that depends on system parameters, can be chosen such that
we obtain only a BS operation (see below). This rotating
frame leads to an equation similar to Eq. (3), and we again
obtain an effective spin-spin interaction, but with ¢ replacing
b. In contrast to the prior case, we now want to initialize en-
semble ¢ with a large spin projection along the same direction
as a, e.g., with most of the ions aligned along the south pole
of the dressed ¢ Bloch sphere. Under this condition, when H,,
is applied to the joint state, the flip-flop term SiS’j_ transfers a
spin excitation |1,) in the a ensemble to a spin |1,.) excitation
in the ¢ ensemble and vice versa for the 5’15’2 term, as desired
for a BS. Note that in this case the self-interactions do not
generate an energy penalty. Nevertheless, they can induce a

<1, ©6)
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FIG. 3. (a) Measurement outcome probability distribution function P(M¢, M?) of an input spin-coherent state. More examples are shown
in Ref. [56]. (b) Teleportation fidelity for different measurement outcomes. (c) Top row: the Husimi-Q function of SC, PDSC, SS, and DS
(with k. = 1) input states, respectively. Bottom row: Husimi-Q function of teleported states.

small self-generated precession of the collective spins in the
a, ¢ ensembles that we want to ideally remove. So we set
Q, = Q, and adjust f, to approximately cancel it (see Ref.
[56]). In the HP approximation limit, the effective interaction
between the a and ¢ bosons reads now [56]:

Hgs = — xuNl[a'e + é'a). @)

Here we defined the effective mode frequency Ajf = 8y — f»
and assumed ¥ N, ~ xcecN, = ¥N, and N, ~N. ~ N. To
realize the required 50-50 BS operation, the BS Hamilto-
nian is applied for a time Ny..tgs = /4 (Fig. 2(b), ie.,
when ensemble c is slightly displaced from the initial mean
magnetization).

Asaresultatt; = tgg + frms, We obtain S?(tf) = (S;'(O) +
$4(trwis))/~/2 and S¢(1r) = (8£(0) + S¢(trms))/~/2. Projec-
tive measurements to infer z—components of the a and ¢
ensembles then cause a collapse according to S’?(tTMs) =
B — 85(0) and S5 (rrms) = By — §5(0), with B./v/2 = M¢ =
(ky — N,/2) and ﬂy/ﬁ = M{ = (k. — N./2), the measured
outcomes where k,. are the number of excitations in
the spin ensembles. Ideally, due to the EPR property in
Eq. (5), the state of ensemble b is immediately projected ac-
cording to, $194 (1) = /2M4(t;) — 85(0) and §i9ab (1) =
—V2ME(ty) + 85(0).

These equations reflect that the projected state of ensemble
b is simply a “rotated” state of the input state of the en-
semble c. By employing our knowledge of the measurement
outcomes M{"“, we can apply rotations of ensemble b given by
0b = ﬁnDAr(:By’ B:), where Dr(ﬁy’ B) = exp[i(z/Nb)(,Bsz +
,ByS‘;’ )] [56], and D, = exp(inS‘f ), which complete the desired
teleportation.

Numerical calculations. We numerically simulate the
many body spin-ensemble teleportation protocol using exact
diagonalization (ED). In Fig. 3(a) we show the results
when the input state p.(0) is a spin-coherent state for
which the most probable outcome is g, =0, B, =0. To

compare the teleported state i)b(t;r) to the input state for the
most probable outcome, in Fig. 3(c), we plot the Husimi-Q
functions, i.e., Q(0, ¢) = (1/47){¥sc(0, @)|pc(0)[¥sc(0, ¢))
of four different input states of ¢ given by a spin coherent
state |Ysc(mr/2, )) (SC), a phase-displaced spin coherent
exp(—i¢c$’§)|1//sc(n/2,n))(PDSC), a spin-squeezed state,
[Wss) = exp(—ighs (59%) Wrsc(r /2, 7)) (SS), and a Dicke
state,  [ps) = exp(—i[r/2]87)SS [¥sc(mr, 0))(DS)  with
one excitation. Here [ysc(6, ¢)) represents a generic spin
coherent state [67]. The Dicke state is included here to show
that the teleportation protocol applies also for such states,
while we note that their preparation as input states would
need a higher order nonlinearity or a heralding protocol [68].
We also show (bottom row) their teleported versions. For
all cases, the mean orientations and noise distributions of
the teleported states match the ones of the input. To make
a more quantitative comparison, we compute the Uhlmann

fidelity F (M2, MS) = [Tr(,/V/e0)ps(t IW/PO)P  [69]
between the input and teleported SC states for different
measurement outcomes and show it in Fig. 3(b) for
N, =N, =N,=N =70. Similar results are shown for
PDSC, SS, and DS states in Ref. [56].

For the most probable outcomes 1\71?,1\71;, the fideli-
ties are given by FSC(MZ,MZC) :FPDSC(MZ,MZC) =0.99,
Fss(M¢, M¢) = 0.98, and Fps(M¢, M?) = 0.99. With the cur-
rent protocol, for an input phase ¢.(0) = 6°, we obtain a
teleported state with a phase ¢y, (t;r) = 5.34°. For the SS states

we obtain a squeezing parameter Eb(t;r) = —3.17(dB), for an
input state with £.(0) = —4.15(dB). The errors are limited by
curvature corrections due to finite ion number. For the average
fidelity F = ZM&M_C P(M?, MZ)F (M, M) we obtain the av-
erages fidelities to be Fsc = Fppsc = 0.87, Fss = 0.85, and
Fps = 0.68 for the corresponding input states with N = 70.
To further assess how the available entanglement affects
the performance of the teleportation, we plot the average fi-
delity as a function of 7 up to ry;, for a fixed number of ions &V,

L022019-4
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FIG. 4. (a) Numerically computed average teleportation fidelity
for SC and SS input states as a function of entangling interaction time
r = N xut. The entangling time is increased until r = 7y, time at
which entanglement witness is optimal for N = 70. (b) The average
teleportation fidelity scaling with the number of ions N for SC and
SS input states.

as shown in Fig. 4(a). We numerically average the fidelity both
with the ED and the discrete truncated Wigner approximation
methods [56]. As expected, there is a monotonic increase in
the average fidelity against r both for the SC and SS states
and the fidelity closely follows the analytic expression ob-
tained with the HP solution [56,70-72] at short times. For
longer times, finite size effects are reduced by increasing N
(see Ref. [56]). In Fig. 4(b) we compute the average fidelity
scaling with N for the SC and SS cases. We find a scaling
Fsc ~ 1 —[0.56/(N%3)] and Fsg ~ 1 — [0.62/(N°3*)].

Experimental considerations. Many of the necessary ingre-
dients for the protocol have been individually demonstrated
already in Penning traps: Population of various nuclear spins
levels using rf pulses have been achieved in *Be™ [55]. Global
subensemble rotations enjoy fidelities as high as 99%. The
COM mode has been cooled down close to its ground state
value [73] and the observed phonon damping rate y,, is mostly
irrelevant. Since the dominant decoherence channel is single
spin dephasing induced by Rayleigh and Raman scattering
with rates I'g; > I'rp [57] the main limitation is the require-
ment [ritrms < Vi, tsT'ri K 1and #,T'r; < &.(0). For current
experimental parameters g, ~ g, ~ g ~ 2w x 4kHz, N ~
70 and I'g; &~ 250 s~!, we expect to achieve a TMS parameter
r =~ (0.55 and therefore an average teleportation fidelity of
F ~ (.75 for a coherent state and F' ~ 0.65 for a SS state with
£.(0) ~ —5.3dB.

Fluorescence measurements have been also demonstrated
[13] for a single nuclear spin component m; = +3/2 pre-
pared via optical pumping [12,74]. Even though the collection
efficiency in current experiments may be just at the thresh-
old needed to avoid errors from off resonant light scattering
into other nuclear spin states during detection, in the future,
improved detection efficiency can be gained by using high-
aperture lenses or a build-up cavity. Alternatively, instead of
nuclear spins, an additional narrow optical transition enabled
by optical-metastable-ground-states [75-78], could signifi-
cantly enhance the detection fidelity. For example, instead of
9Bet, one can use ¥*Cat, and during the measurement step,
transfer the qubits to the 2Ds /2 level.

Outlook. While in this work we have focused on how
to achieve entanglement generation and teleportation in a

trapped ion architecture, our scheme can be implemented in
any system featuring collective spin-spin interactions. For
example, it could be realized in arrays of ' Sr atoms inside
an optical cavity where all 10 nuclear spin ground levels can
be coupled to the long-lived metastable 3P, or p; states via
photon exchange. In this system all the ten transitions can
be independently addressed as demonstrated in clock exper-
iments [79]. Besides the elastic interactions, one will need to
account for the inelastic interactions arising from the finite
lifetime of the cavity photons, but as explained in Ref. [8],
as long as the collective cooperativity is high, teleportation
should be possible. Alternatively instead of long-lived in-
ternal levels, addressable momentum states can be used as
a pseudospin degree of freedom, as recently experimentally
demonstrated in optical cavities with Rb atoms [80,81]. An-
other relevant type of system where our protocol could be
implemented is an array of polar molecules, or magnetic
atoms, with rotational or hyperfine states coupled by dipo-
lar exchange interactions, and prepared in separate layers as
experimentally reported [82—-84]. While dipolar interactions
are not genuinely all-to-all, by engineering Heisenberg in-
teractions via floquet pulses in mobile molecules [85] or via
electric field control in pinned arrays [86], one can effectively
make the interactions collective as numerically studied in
Ref. [87] and experimentally confirmed in dipolar systems
[85,86].

Another direction to pursue and complement current work,
is to take advantage of long-lived phonon modes, which can be
cooled down in current experiments, as extra active channels.
The hybrid spin-phonon architecture can offer even broader
capabilities. One specific advantage is faster preparation time
scales compared to the pure spin case discussed here, and thus
less sensitivity to decoherence with the only overhead being
an additional transfer operation between the phonon mode and
a spin degree of freedom for readout [88].

Finally, while we have focused on spins in the same
spatial ensemble, teleportation between spatially separated
ensembles could be achieved in crystal bilayers or 3D crys-
tals [52] by using the addressable sections of the crystal as
collective spin degrees of freedom. Furthermore, five effec-
tive channels, e.g., four nuclear spin sub-ensembles and one
active phonon mode, opens also the exciting possibility to
implement protocols to disentangle scrambling and decoher-
ence via quantum teleportation [36—38]. Beyond teleportation,
similar schemes could be used for retroactive squeezing gen-
eration and enhanced displacement sensing in the Penning
trap [5].
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