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High-precision force sensing using a 
single trapped ion
Peter A. Ivanov1, Nikolay V. Vitanov1 & Kilian Singer2

We introduce quantum sensing schemes for measuring very weak forces with a single trapped ion. They 
use the spin-motional coupling induced by the laser-ion interaction to transfer the relevant force 
information to the spin-degree of freedom. Therefore, the force estimation is carried out simply by 
observing the Ramsey-type oscillations of the ion spin states. Three quantum probes are considered, 
which are represented by systems obeying the Jaynes-Cummings, quantum Rabi (in 1D) and Jahn-Teller 
(in 2D) models. By using dynamical decoupling schemes in the Jaynes-Cummings and Jahn-Teller 
models, our force sensing protocols can be made robust to the spin dephasing caused by the thermal 
and magnetic field fluctuations. In the quantum-Rabi probe, the residual spin-phonon coupling 
vanishes, which makes this sensing protocol naturally robust to thermally-induced spin dephasing. We 
show that the proposed techniques can be used to sense the axial and transverse components of the 
force with a sensitivity beyond the yN/ Hz  range, i.e. in the xN/ Hz  (xennonewton, 10−27). The Jahn-
Teller protocol, in particular, can be used to implement a two-channel vector spectrum analyzer for 
measuring ultra-low voltages.

Over the last few years, research of mechanical systems coupled to quantum two-level systems has attracted great 
deal of experimental and theoretical interest1,2. Micro- and nano-mechanical oscillators can respond to very 
weak electric, magnetic and optical forces, which allows one to use them as highly sensitive force detectors3. For 
example, the cantilever with attonewton (10−18 N) force sensitivity can be used to test the violation of Newtonian 
gravity at sub-millimeter length scale4. With current quantum technologies coupling between a nanomechanical 
oscillator and a single spin can be achieved experimentally by using strong magnetic-field gradient. Such a cou-
pling paves the way for sensing the magnetic force associated with the single electron spin5. To this end, a recent 
experiment demonstrated that the coherent evolution of the electronic spin of an individual nitrogen vacancy 
center can be used to detect the vibration of a magnetized mechanical resonator6.

Another promising quantum platform with application in high-precision sensing is the system of laser-cooled 
trapped ions, which allows excellent control over the internal and motional degrees of freedom7. Force sensitiv-
ity of order of 170 yN Hz−1/2 (10−24 N) was reported recently with an ensemble of ions in a Penning trap8. Force 
measurement down to 5 yN has been demonstrated experimentally using the injection-locking technique with a 
single trapped ion9. Moreover, force detection with sensitivity in the range of 1 yN Hz−1/2 is possible for single-ion 
experiments based on the measurement of the ion’s displacement amplitude10.

In this work, we propose ion-based sensing schemes for measuring very rapidly varying forces, which follow 
an earlier proposal11 wherein the relevant force information is mapped into the spin degrees of freedom of the 
single trapped ion. In contrast to11, the techniques proposed here do not require specific adiabatic evolution of 
the control parameters but rather they rely on using Ramsey-type oscillations of the ion’s spin states, which are 
detected via state-dependent fluorescence measurements. Moreover, we show that by using dynamical decou-
pling schemes, the sensing protocols become robust against dephasing of the spin states caused by thermal and 
magnetic-field fluctuations.

We consider a quantum system described by the Jaynes-Cummings (JC) model which can be used as a highly 
sensitive quantum probe for sensing of the axial force component. By applying an additional strong driving 
field12,13 the dephasing of the spin states induced by the residual spin-phonon interaction can be suppressed such 
that the sensing protocol does not require initial ground-state cooling of the ion’s vibrational state. We show that 
the axial force sensing can be implemented also by using a probe represented by the quantum Rabi (QR) model. 
Because of the absence of residual spin-motional coupling in this case, the force estimation is robust to spin 
dephasing induced by the thermal motion fluctuations.
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Furthermore, we introduce a sensing scheme capable to extract the two-dimensional map of the applied force. 
Here the quantum probe is represented by the Jahn-Teller (JT) model, in which the spin states are coupled with 
phonons in two spatial directions. We show that the two transverse components of the force can be measured 
by observing simply the coherent evolution of the spin states. In order to protect the spin coherence during the 
force estimation we propose a dynamical decoupling sequence composed of phonon phase-shift operators, which 
average to zero the residual spin-phonon interaction.

We estimate the optimal force sensitivity in the presence of motional heating and find that with current ion 
trap technologies force sensitivity better than 1 yN Hz−1/2 can be achieved. Thus, a single trapped ion may serve 
as a high-precision sensor of very weak electric fields generated by small needle electrodes with sensitivity as low 
as 1 μV/m Hz−1/2.

1D Force Sensing
Jaynes-Cummings quantum probe. In our model we consider a single two-state ion with a transition 
frequency ω0, in a linear Paul trap with an axial trap frequency ωz. The interaction-free Hamiltonian is 

 σ= + ωˆ ˆH H x z0 a 2
0 , where ω=ˆ ˆ ˆ†H a ax za   describes the small axial oscillation of the ion with ˆ†a  (â) being the 

respective creation (annihilation) operators of phonon excitation. Consider that the ion interacts with a laser field 
with frequency ωL and wave vector k pointing along the trap axis, which is described by the interaction 
Hamiltonian λ σ ω= − + . .+Ĥ cos kz t{ ( ) H c }I L  where λ is the respective interaction strength. We assume that the 
laser frequency is tuned near the red-sideband transition ωL =  (ω0 −  Δ ) −  (ωz− ω), with detuning ω, while Δ  is the 
detuning of the AC-Stark shifted states with respect to ω0. Transforming the Hamiltonian +ˆ ˆH HI0  in to rotating 
frame by means of = ω ω ω σ− − + −∆ˆ ˆ ˆ†

U t e( ) i a a t{ ( ) ( ) /2)}z z0  and assume rotating-wave approximation and Lamb-Dicke 
limit we have14–16

  ω σ σ σ= +
∆

+ +− +ˆ ˆ ˆ ˆ ˆ† †H a a g a a
2

( ), (1)zJC

Here, σx,y,z are the Pauli matrices, σ± are the respective raising and lowering operators for the effective spin system, 
g =  ηλ determines the strength of the spin-phonon coupling and η is the Lamb-Dicke parameter (η ≪  1).

The external time-varying force with a known frequency ωd =  ωz −  ω, e.g., F (t) =  F cos(ωdt), displaces the 
motional amplitude of the ion oscillator along the axial direction, as described by the term

= + .ˆ ˆ ˆ†H z F a a
2

( ) (2)F
xa

Here  ω=z m/2ax z  is the spread of the zero-point wavefunction along the axial direction and F is the parameter 
we wish to estimate. The origin of the oscillating force can be a very weak electric field, an optical dipole force, 
spin-dependent forces created in a magnetic-field gradient or a Stark-shift gradient, etc. With the term (2) the 
total Hamiltonian becomes

= + .ˆ ˆ ˆH H H (3)FT JC

In the following, we consider the weak-coupling regime g ≪  ω, in which the phonon degree of freedom can be 
eliminated from the dynamics. This can be carried out by applying the canonical transformation =ˆ ˆU eS to ĤT (3) 
such that = −ˆ ˆˆ ˆH e H eS S

eff
JC

T  with ω σ σ= − + Ω −+ −ˆ ˆ ˆ ˆ ˆ† †S g a a g a a( / )( ) ( / )( )F
17. Keeping only the terms of order of 

g/ω we arrive at the following effective Hamiltonian (see the Supplement for an overview of the derivation),

  
σ σ

ω
σ=

∆
− Ω − ′ ′ = .

∼
ˆ ˆ ˆ ˆ ˆ†H H H g a a

2
, (4)z F x zeff

JC
JC JC

2

This result indicates that the spin-motional interaction in Eq. (3) shifts the effective spin frequency by the 
amount ω∆ = ∆ −

∼ g /2 , while the effect of the force term is to induce transitions between the spin states. The 
strength of the transition is quantified by the Rabi frequency ΩF =  gzaxF/2ħω, which is proportional to the applied 
force F. Hence the force estimation can be carried out by observing the coherent evolution of the spin population 
that can be read out via state-dependent fluorescence.

The last term ′Ĥ CJ  in Eq. (4) is the residual spin-motional coupling. This term affects the force estimation 
because it can be a source of pure spin dephasing18. Indeed, the σz factor in ′Ĥ CJ  induces transitions between the 
eigenstates |± 〉  of the operator σx depending on the vibrational state of the oscillator. As long as the oscillator is 
prepared initially in an incoherent vibrational state at a finite temperature this would lead to a random compo-
nent in the spin energy. As we will see below, by using dynamical decoupling the effect of the pure spin dephasing 
can be reduced.

The sensing protocol starts by preparing the system in state ρ ρ= |↑〉〈↑|⊗ˆ ˆ(0) sco , where ρ̂ sco  stands for the 
initial density operator of the oscillator. According to Eq. (4), the evolution of the system is driven by the unitary 
propagator = −ˆ ˆU t e( , 0)C

H t
J

i /
C

eff
J
. Assuming for the moment that ρ =ˆ 0 0sco  where n  is the harmonic oscillator 

Fock state with n phonon excitations, the probability to find the system in state ↑  is

= Ω↑P t t( ) cos ( ), (5)F
2
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where for simplicity we set Δ  =  g2/ω, hence ∆ =
∼ 0. In this case, the effect of ′ĤJC automatically vanishes such that 

the signal exhibits a cosine behavior according to the effective Hamiltonian (4). An initial thermal phonon distri-
bution, however, would introduce dephasing on the spin oscillations caused by thermal fluctuations. The spin 
coherence can be protected, for example, by applying a sequence of fast pulses, which flip the spin states and 
average the residual spin-motional interaction to zero during the force estimation19. On the other hand, because 
the relevant force information is encoded in the σx term in Eq. (4), continuously applying an additional strong 
driving field  σ= ΩĤ xd  in the same basis12,13, such that → +ˆ ˆ ˆH H HT T d, would not affect the force estimation but 
rather will suppress the effect of the residual spin-motional coupling. Indeed, going in the interaction frame with 
respect to Ĥd, the residual spin-motional coupling becomes (see the Supplementary Information).

ω
′ = + − + − + .Ω − Ωˆ ˆ ˆ†H t g e e a a( ) ( ) (6)

t t
JC

2
2i 2i

The latter result indicates that the off-resonance transitions between states |± 〉  induced by ′ĤJC are suppressed 
if g2/2ω ≪  Ω. By separating the pulse sequences from t =  0 to t/2 with a Hamiltonian +ˆ ˆH HT d, and then from t/2 
to t with a Hamiltonian −ˆ ˆH HT d, the spin states are protected from the thermal dephasing and the signal depends 
only on the Rabi frequency ΩF at the final time t. Note that the effect of the magnetic field fluctuations of the spin 
states is described by an additional σz term in Eq. (4), therefore the strong driving field used here suppresses the 
spin dephasing caused by the magnetic-field fluctuations, as was experimentally demonstrated20,21.

In Fig. 1(a) we show the time evolution of the probability P↑(t) for an initial thermal vibrational state. Applying 
the driving field during the force estimation leads to reduction of the spin dephasing and hence protecting the 
contrast of the Rabi oscillations, see Fig. 1(b). We note that a similar technique using a strong driving carrier field 
for dynamical decoupling was proposed for the implementation of a high-fidelity phase gate with two trapped 
ions22,23.

The shot-noise-limited sensitivity for measuring ΩF is

δΩ =
∆

ν

↑
∂

∂Ω
↑

P t( )
,

(7)
F P t( )

F

where ∆ = −↑ ↑ ↑P P P(1 )  stands for the variance of the signal and ν  =  T/τ is the repetition number. Here T is the 
total experimental time, and the time τ includes the evolution time as well as the preparation and measurement 
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Figure 1. (a) Time-evolution of the probability to find the system in spin state ↑  for the JC system. We 
compare the probabilities derived from the original Hamiltonian (3) (dots) and the effective Hamiltonian (4) 
(solid lines). We assume an initial thermal distribution with a mean phonon number n =  1.2. The parameters are 
set to g =  4 kHz, ω =  170 kHz, Δ  =  g2/2ω, zax =  14.5 nm, F =  20 yN and Ω =  10 kHz. For the same initial state but 
in the absence of driving field (Ω =  0), the signal loses contrast (blue dashed line). (b) Contrast of the Rabi 
oscillations defined as S =  P↑ (t2) −  P↑ (t1) with t1 =  π/2ΩF and t2 =  π/ΩF with ΩF =  60 kHz as a function of the 
mean phonon number n.
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times. Because our technique relies on state-projective detection, such that the preparation and measurement 
times are much smaller than the other time scale, we assume τ ≈  t. Using Eqs (5) and (7) we find that the sensitiv-
ity, which characterizes the minimal force difference that can be discriminated within a total experimental time 
of 1 s, is

ω
= .F T

gz t (8)x
min

a



In Fig. 2 we show the sensitivity of the force estimation versus time t for different frequencies ω assuming an 
initial thermal vibrational state. For an evolution time of 20 ms, force sensitivity of 2 yN Hz−1/2 can be achieved.

Increasing the interaction time t improves the force sensitivity until the random noise compromises the signal 
contrast. Let us now estimate the effect of the motional heating which limits the force estimation. Indeed, the 
heating of the ion motion causes damping of the signal, which leads to14

= + Ωγ
↑

−P t e t( ) 1
2
[1 cos (2 )], (9)

t
F

where γ is the decoherence rate. We assume that γ ∼ n xa  where 
n xa  stands for the axial ion’s heating rate. Thus 

using Eqs (7) and (9) we find

ω
=

− Ω

Ω
.

γ

γ

−

−F T
gz t

t e
t e

1 cos (2 )
sin (2 ) (10)x

F
t

F
tmin

a

2

Optimizing Eq. (10) with respect to t and ΩF
24 we obtain

ω
= .F T

gz
n e2

(11)x
xmin

a
a



Using the parameters in Fig. 2 with ω =  180 kHz and assuming = .n 0 01xa  ms−1  25,26 we estimate force sensi-
tivity of 2.4 yN Hz−1/2. For a cryogenic ion trap with heating rate in the range of =n 1xa  s−1 10 and evolution time 
of t =  500 ms, the force sensitivity would be 0.8 yN Hz−1/2.

Quantum rabi model. An alternative approach to sense the axial component of the force is to use a probe 
described by the quantum Rabi model,

 ω σ= + +ˆ ˆ ˆ ˆ ˆ† †H a a g a a( ), (12)xQR

which includes the counter-rotating wave terms. This Hamiltonian can be implemented by using a bichromatic 
laser field along the axial direction27. In the weak-coupling regime, g ≪  ω, we find by using the unitary transfor-
mation =ˆ ˆU eS with ω σ= − − − Ω −ˆ ˆ ˆ ˆ ˆ† †S g a a g a a( / ) ( ) (2 / )( )x F  that (see the Supplement)

σ= − Ω .Ĥ 2 (13)F xeff
QR



In contrast to Eq.  (4), now the effective Hamiltonian (13) does not contain an additional residual 
spin-motional coupling, which implies that the spins are immune to dephasing caused by the thermal motion 
fluctuations, see Fig. 3. Thereby the force estimation can be carried out without additional strong driving field. 

2.5

3.0

3.5

4.0

10 15 20

ω = 220 kHz

ω = 180 kHz

ω = 200 kHz

Time (ms)

S
en

si
tiv

ity
 (y

N
 H

z-1
/2

)

Figure 2. The sensitivity of the force measurement versus time t for various values of ω. We assume an 
initial thermal vibrational state with a mean phonon number n =  1. The solid lines represent the analytical result 
given by Eq. (8) while the dots are the exact numerical solution with the Hamiltonian (3) including the strong 
driving term. The other parameters are set to g =  4 kHz and Ω =  7 kHz.
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Because of the extra factor of 2 in (13) now the probability to find the system in state ↑  is P↑(t) =  cos2(2ΩFt). 
Using that and following the same step as above we find that the optimal force sensitivity is,

ω
= .F T

gz
n e

2
2

(14)x
xmin

a
a



Up to now we have considered probes that are responsive only to the axial component of the force. In the 
following we propose a sensing technique that can be used to detect the two transverse components of the 
time-varying external force.

Jahn-Teller quantum probe. In conventional ion trap sensing methods, the information on the force direc-
tion can be extracted by using the three spatial vibrational modes of the ion10,28. Such an experiment requires an 
independent measurement of the displacement amplitudes in each vibrational mode, which, however, increases 
the complexity of the measurement procedure and can lead to longer total experimental times. Here we show 
that by utilizing the laser-induced coupling between the spin states and the transverse ion oscillation we are able 
to detect the transverse components of the force by observing simply the coherent evolution of the spin states.

Indeed, let us consider the case in which the small transverse oscillations of the ion with a frequency ωt 
described by the Hamiltonian ω= +ˆ ˆ ˆ ˆ ˆ† †( )H a a a ax x y yt t  are coupled with the spin states via Jahn-Teller interac-
tion. Such a coupling can be achieved by using bihromatic laser fields with frequencies ωb,r =  ω0 ±  (ωt −  ω) tuned 
respectively near the blue- and red-sideband resonances, with a detuning ω, which excite the transverse x and y 
vibrational modes of the trapped ion. The interaction Hamiltonian of the system is given by29,30

  ω σ σ= + + + + + .ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ† † † †( )H a a a a g a a g a a( ) ( ) (15)x x y y x x x y y yJT

Here βˆ
†a  and βâ  are the creation and annihilation operators of phonon excitations along the transverse direction 

(β =  x, y) with an effective frequency ω. The last two terms in Eq. (15) describe the Jahn-Teller E ⊗  e spin-phonon 
interaction with a coupling strengths g. In the following, we assume that a classical oscillating force with a fre-
quency ωd =  ωt −  ω displaces the vibrational amplitudes along the transverse x and y directions of the quantum 
oscillator described by

= + + +��ˆ ˆ ˆ ˆ ˆ† †H z F a a
z F

a a
2

( )
2

( ), (16)F
x

x x
y

y y
t t

where ω=z m/2t t  is the size of the transverse ion’s harmonic oscillator ground-state wavefunction. Fx and Fy 
are the two transverse components of the force we wish to estimate. With the perturbation term (16) the total 
Hamiltonian becomes

= + .��ˆ ˆ ˆH H H (17)FT JT

Assuming the weak-coupling regime, g ≪  ω, the two phonon modes are only virtually excited. After perform-
ing the canonical transformation =ˆ ˆU eS of ĤT (17), where
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Figure 3. Time-evolution of the probability to find the system in spin state ↑  for the QR system. We 
assume an initial thermal vibrational state with a mean phonon number n =  1.2. Due to the absence of residual 
spin-motion coupling the Rabi oscillations are robust with respect to the spin dephasing caused by the thermal 
fluctuations. We compare the probability derived from the Hamiltonian = +ˆ ˆ ˆH H HR FT Q  (blue triangles) with 
the analytical solution P↑(t) =  cos2(2ΩFt) (solod line). The parameters are set to g =  4 kHz, ω =  170 kHz, 
zax =  14.5 nm, F =  20 yN.
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ω
σ

ω
σ= −




 +

Ω 




+ −



 +

Ω 




ˆ ˆ ˆ ˆ ˆ† †( )S a a g
g

a a g
g

( ) ,
(18)

x x x
x

y y y
y

we obtain the following effective Hamiltonian (see the Supplement)

 σ σ= − Ω − Ω + ′ .ˆ ˆH H (19)x x y yeff
JT

JT

Here Ωx,y =  gztFx,y/ħω are the respective driving Rabi frequencies of the transition between spin states ↑  and 
↓ . The last term in Eq. (19) is the residual spin-phonon interaction described by

ω
σ′ = −ˆ ˆ ˆ ˆ ˆ† †( )H g a a a a2i , (20)z x y x yJT

2

which can be a source of thermal spin dephasing as long as the two phonon modes are prepared in initial thermal 
vibrational states.

The two-dimensional  force sensing protocol  star ts  by preparing the system in state 
ψ = ↑ + |↓ ⊗ |  〉↑ ↓c c(0) ( (0) (0) ) 0 , 0x y , where c↑,↓ (0) are the respective initial spin probability amplitudes and 

| 〉n n,x y  stands for the Fock state with nβ excitations in each phonon mode. According to the effective Hamiltonian 
(19) the evolution of the system is driven by the free propagator = −ˆ ˆU e H t

JT
i /eff

JT
. Neglecting the residual 

spin-motional coupling (20) the propagator reads

= 

−




.ˆ

⁎ ⁎U t a b
b a

( , 0)
(21)JT

0

Here = Ω
∼a tcos( ) and = Ω

∼ξ−b e ti sin( )i  are the Cayley-Klein parameters, which depend on the rms Rabi fre-
quency 


Ω =
∼

ω ⊥

��
Fgz t , which is proportional to the magnitude of the force = +⊥

��
F F Fx y

2 2. In addition to ⊥

��
F , we 

introduce the relative amplitude parameter ξ = − ( )tan
F
F

1 y

x
. Assuming an initial state with c↑ (0) =  1, c↓ (0) =  0, the 

respective probability to find the system in state ↑  is = Ω
∼

↑P t t( ) cos ( )2 , which implies that the Rabi oscillations 
depends only on the magnitude of the force, see Fig. 4(a). Using Eq. (7) we find that the shot-noise-limited sensi-
tivity for measuring the magnitude of the force is given by
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Figure 4. (a) Time-evolution of the probability to find the system in spin state ↑  for the JT system. We 
compare the probability calculated from the Hamiltonian (17) assuming the initial states ψ| 〉 = |↑〉|  〉(0) 0 , 0x y  
(red dots) and  ψ = ↑ + ↓ |  〉−(0) 2 ( ) 0 , 0x y

1/2  (blue triangles) with those given by the effective Hamiltonian 
(19) (solid lines). The parameters are set to g =  4 kHz, ω =  170 kHz, zt =  12 nm, Fx =  20 yN and Fy =  15 yN.  
(b) Oscillations of the signal for fixed t as a function of the phase φ for an initial superposition spin state.
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ω
= .⊥



F T
gz t2 (22)min

t

In the presence of motional heating of both vibrational modes, the signal is damped with decoherence rate 
γ ∼ + 〈 〉 n nx y , where βn  is the heating rate along the β spatial direction. Therefore we find that the optimal 
force sensitivity is

ω
| | = 〈 〉 + 〈 〉 .⊥

��
� �F T

gz
n n e

2
2( )

(23)x ymin
t



It is important that due to the strong transverse confinement the sensing scheme for measuring ⊥

��
F  is less 

sensitive to the ion’s heating31,32. Using the parameters in Fig. 4 and assuming 〉 = 〈 〉 = n n 1x y  s−1 we estimate 
force sensitivity of 0.6 yN Hz−1/2.

In order to detect the parameter ξ we prepare the spin state in an initial superposition state with c↑ (0) =1/  2  
and c↓ (0) =  eiφ/ 2 . Then the probability oscillates with time as

ξ φ= + − Ω .
∼

↑P t t( ) 1
2
[1 sin( )sin (2 )] (24)

Hence, for fixed evolution time t, the Ramsey oscillations versus the phase φ provide a measure of the relative 
phase ξ, see Fig. 4(b).

In fact, Eq. (24) allows one to determine both the magnitude of the force Ω∼  and the mixing parameter ξ from 
the same signal when plotted vs the evolution time t: Ω

∼  is related to the oscillation frequency and ξ to the oscil-
lation amplitude. The parameter ξ can be determined also by varying the externally controlled superposition 
phase φ, until the oscillation amplitude vanishes at some value φ0; this signals the value ξ =  φ0 (modulo π).

Finally, we discuss the dynamical decoupling schemes, which can be used to suppress the effects of the term 
′ĤJT (20) during the force estimation. In that case, applying continuous driving field, e.g., along the σx direction, 

would reduce the thermal fluctuation induced by ′ĤJT, but additionally, the relevant force information, which is 
encoded in the σy term in (19), will be spoiled. Here we propose an alternative dynamical decoupling scheme, 
which follows the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence33,34, in which, however, the single instan-
taneous π pulse is replaced by the phonon phase-flip operator =π

πˆ ˆ ˆ†
R e a ai x x. Such a phonon phase shift Δ ωxτ =  π 

can be achieved by switching the RF potential of the trap by the fixed amount Δ ωx for a time τ35. The effect of πR̂  
is to change the sign of the ′ĤJT such that ′ = − ′

π π
ˆ ˆ ˆ ˆ†
R H R HJT JT but it leaves the other part of the Hamiltonian (19) 

unaffected. Using that the pulse sequence = π π
ˆ ˆ ˆ ˆ ˆU R U R U1 JT JT eliminates the residual spin-phonon coupling in the 

first order of the interaction time t, a high-order reduction can be achieved by the recursion = π π− −
ˆ ˆ ˆ ˆ ˆU R U R Un n n1 1, 

which eliminates the spin-phonon coupling up to nth order in t36,37.

Summary and outlook. We have proposed quantum sensing protocols, which rely on mapping the relevant 
force information onto the spin degrees of freedom of the single trapped ion. The force sensing is carried out by 
observing the Ramsey-type oscillations of the spin states, which can be detected via state-dependent fluores-
cence. We have considered quantum probes represented by the JC and QR systems, which can be used to sense 
the axial component of the force. We have shown that when using a JC system as a quantum probe, one can apply 
dynamical decoupling schemes to suppress the effect of the spin dephasing during the force estimation. When 
using a QR system as a probe, the absence of a residual spin-phonon coupling makes the sensing protocol robust 
to thermally-induced spin dephasing. Furthermore, we have shown that the transverse-force direction can be 
measured by using a system described by the JT model, in which the spin states are coupled with the two spatial 
phonon modes. Here the information of the magnitude of the force and the relative ratio can be extracted by 
observing the time evolution of the respective ion’s spin states, which simplify significantly the experimental 
procedure.

Tuning the trap frequencies over the broad range, the force sensing methods proposed here can be employed 
to implement a spectrum analyzer for ultra-low voltages. Moreover, because in the force-field direction sensing 
the mutual ratio can be additionally estimated our method can be used to implement a two-channel vector spec-
trum analyzer. Finally, the realization of the proposed force sensing protocols are not restricted only to trapped 
ions but could be implemented with other quantum optical setups such as cavity-QED38 or circuit-QED systems39.

After the submission of the manuscript we become aware for related experimental force sensing work40.

References
1. Treutlein, P., Genes, C., Hammerer, K., Poggio, M. & Rabl, P. Cavity Optomechanics ed. Aspelmeyer, M., Kippenberg, T. & Marquardt, 

F. (Berlin: Springer).
2. Kurizki, G. et al. Quantum technologies with hybrid systems. Proc. Natl. Acad. Sci. USA 112, 3866 (2015).
3. Stowe, T. D. et al. Attonewton force detection using ultrathin silicon cantilevers. Appl. Phys. Lett. 71, 288 (1997).
4. Geraci, A. A., Smullin, S. J., Weld, D. M., Chiaverini, J. & Kapitulnik, A. Improved constraints on non-Newtonian forces at 10 

microns. Phys. Rev. D 78, 022002 (2008).
5. Rugar, D., Budakian, R., Mamin, H. & Chui, B. Single spin detection by magnetic resonance force microscopy. Nature 430, 329 

(2004).
6. Kolkowitz, S. et al. Coherent Sensing of a Mechanical Resonator with a Single-Spin Qubit. Science 335, 1603 (2012).
7. Blatt, R. & Wineland, D. Entangled states of trapped atomic ions. Nature 453, 1008 (2008).



www.nature.com/scientificreports/

8Scientific RepoRts | 6:28078 | DOI: 10.1038/srep28078

8. Biercuk, M. J., Uys, H., Britton, J. W., VanDevender, A. P. & Bollinger, J. J. Ultrasensitive detection of force and displacement using 
trapped ions. Nat. Nanotechnol. 5, 646 (2010).

9. Knünz, S. et al. Injection Locking of a Trapped-Ion Phonon Laser. Phys. Rev. Lett. 105, 013004 (2010).
10. Maiwald, R. et al. Stylus ion trap for enhanced access and sensing. Nat. Phys. 5, 551 (2009).
11. Ivanov, P. A., Singer, K., Vitanov N. V. & Porras, D. Quantum Sensors Assisted by Spontaneous Symmetry Breaking for Detecting 

Very Small Forces. Phys. Rev. Appl. 4, 054007 (2015).
12. Zheng, S.-B. Quantum-information processing and multiatom-entanglement engineering with a thermal cavity. Phys. Rev. A. 66, 

060303(R) (2002).
13. Solano, E., Agarwal, G. S. & Walther, H. Strong-Driving-Assisted Multipartite Entanglement in Cavity QED. Phys. Rev. Lett. 90, 

027903 (2003).
14. Wineland, D. J. et al. Experimental Issues in Coherent Quantum-State Manipulation of Trapped Atomic Ions. J. Res. Natl. Inst. Stand. 

Technol. 103, 259 (1998).
15. Häffner, H., Roos, C. F. & Blatt, R. Quantum computing with trapped ions. Phys. Rep. 469, 155 (2008).
16. Schneider, C., Porras, D. & Schaetz, T. Experimental quantum simulations of many-body physics with trapped ions. Rep. Prog. 75, 

024401 (2012).
17. Zueco, D., Reuther, G. M., Kohler, S. & Hänggi, T. Qubit-oscillator dynamics in the dispersive regime: Analytical theory beyond the 

rotating-wave approximation. Phys. Rev. A 80, 033846 (2009).
18. Viola, L., Knill, E. & Lloyd, S. Dynamical Decoupling of Open Quantum Systems. Phys. Rev. Lett. 82, 2417 (1999).
19. Yang, W., Wang, Z.-Y. & Liu, R.-B. Preserving qubit coherence by dynamical decoupling. Front. Phys. 6, 2 (2011).
20. Timoney, N. et al. Quantum gates and memory using microwave-dressed states. Nature 476, 185 (2011).
21. Webster, S. C., Weidt, S., Lake, K., McLoughlin, J. J. & Hensinger, W. K. Simple Manipulation of a Microwave Dressed-State Ion 

Qubit. Phys. Rev. Lett. 111, 140501 (2013).
22. Tan, T. R. et al. Demonstration of a Dressed-State Phase Gate for Trapped Ions. Phys. Rev. Lett. 110, 263002 (2013).
23. Bermudez, A., Schmidt, P. O., Plenio, M. B. & Retzker, A. Robust trapped-ion quantum logic gates by continuous dynamical 

decoupling. Phys. Rev. A. 85, 040302(R) (2012).
24. Huelga, S. F. et al. Improvement of Frequency Standards with Quantum Entanglement. Phys. Rev. Lett. 79, 3865 (1997).
25. Chiaverini, J. & Sage, J. M. Insensitivity of the rate of ion motional heating to trap-electrode material over a large temperature range. 

Phys. Rev. A. 89, 012318 (2014).
26. Brownnutt, M., Kumph, M., Rabl, P. & Blatt, R. Ion-trap measurements of electric-field noise near surfaces. Rev. Mod. Phys. 87, 1419 

(2015).
27. Pedernales, J. S. et al. Quantum Rabi Model with Trapped Ions. Sci. Rep. 5, 15472 (2015).
28. Munro, W. J., Nemoto, K., Milburn, G. J. & Braunstein, S. L. Weak-force detection with superposed coherent states. Phys. Rev. A. 66, 

023819 (2002).
29. Porras, D., Ivanov, P. A. & Schmidt-Kaler, F. Quantum Simulation of the Cooperative Jahn-Teller Transition in 1D Ion Crystals. Phys. 

Rev. Lett. 108, 235701 (2012).
30. Ivanov, P. A., Porras, D., Ivanov, S. S. & Schmidt-Kaler, F. Simulation of the JahnTellerDicke magnetic structural phase transition 

with trapped ions. J. Phys. B: At. Mol. Opt. Phys. 46, 104003 (2013).
31. Turchette, Q. A. et al. Heating of trapped ions from the quantum ground state. Phys. Rev. A. 61, 063418 (2000).
32. Zhu, S.-L., Monroe, C. & Duan, K.-M. Trapped Ion Quantum Computation with Transverse Phonon Modes. Phys. Rev. Lett. 97, 

050505 (2006).
33. Carr, H. & Purcell, E. M. Effects of Diffusion on Free Precession in Nuclear Magnetic Resonance Experiments. Phys. Rev. 94, 630 

(1954).
34. Meiboom, S. & Gill, D. Modified SpinEcho Method for Measuring Nuclear Relaxation Times. Rev. Sci. Instrum. 29, 688 (1958).
35. Singer, K. et al. Colloquium: Trapped ions as quantum bits: Essential numerical tools. Rev. Mod. Phys. 82, 2609 (2010).
36. Lee, B., Witzel, W. M. & Das Sarma, S. Universal Pulse Sequence to Minimize Spin Dephasing in the Central Spin Decoherence 

Problem. Phys. Rev. Lett. 100, 160505 (2008).
37. Khodjasteh, K. & Lidar, D. A. Fault-Tolerant Quantum Dynamical Decoupling. Phys. Rev. Lett. 95, 180501 (2005).
38. Dimer, F., Estienne, B., Parkins, A. S. & Carmichael, H. J. Proposed realization of the Dicke-model quantum phase transition in an 

optical cavity QED system. Phys. Rev. A. 75, 013804 (2007).
39. Ballester, D., Romero, G., Garcia-Ripoll, J. J., Deppe, F. & Solano, E. Quantum Simulation of the Ultrastrong-Coupling Dynamics in 

Circuit Quantum Electrodynamics. Phys. Rev. X. 2, 021007 (2012).
40. Shaniv, R. & Ozeri, R. Quantum Lock-in Force Sensing using Optical Clock Doppler Velocimetry. Preprint at arXiv. 08645 (1602).

Author Contributions
P.A.I. developed the concept. The main calculations and numerical simulations are performed by P.A.I. and 
N.V.V.K.S. contributed to the analysis of the results. All authors wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Ivanov, P. A. et al. High-precision force sensing using a single trapped ion. Sci. Rep. 6, 
28078; doi: 10.1038/srep28078 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	High-precision force sensing using a single trapped ion
	1D Force Sensing
	Jaynes-Cummings quantum probe. 
	Quantum rabi model. 
	Jahn-Teller quantum probe. 
	Summary and outlook. 

	Author Contributions
	Figure 1.  (a) Time-evolution of the probability to find the system in spin state for the JC system.
	Figure 2.  The sensitivity of the force measurement versus time t for various values of ω.
	Figure 3.  Time-evolution of the probability to find the system in spin state for the QR system.
	Figure 4.  (a) Time-evolution of the probability to find the system in spin state for the JT system.



 
    
       
          application/pdf
          
             
                High-precision force sensing using a single trapped ion
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28078
            
         
          
             
                Peter A. Ivanov
                Nikolay V. Vitanov
                Kilian Singer
            
         
          doi:10.1038/srep28078
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28078
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28078
            
         
      
       
          
          
          
             
                doi:10.1038/srep28078
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28078
            
         
          
          
      
       
       
          True
      
   




