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We investigate superpositions of two-mode squeezed states (TMSSs), which have potential applications in
quantum information processing and quantum sensing. We study some properties of these nonclassical states
such as the statistics of each mode and the degree of entanglement between the two modes, which can be higher
than that of a TMSS with the same degree of squeezing. The states we consider can be prepared by inducing
two-mode Jaynes-Cummings and anti-Jaynes-Cummings interactions in a system of two modes and a spin-%
particle, for instance, in the trapped ion domain, as described here. We show that when two harmonic oscillators
are prepared in a superposition of two TMSSs, each reduced single-mode state can be advantageously employed
to sense arbitrary displacements of the mode in phase space. The Wigner function of this reduced state exhibits
a symmetrical peak centered at the phase-space origin, which has the convenient peculiarity of getting narrower
in both quadratures simultaneously as the average photon number increases. This narrow peak can be used as
the pointer of our quantum sensor, with its position in phase space indicating the displacement undergone by the

oscillator.

DOI: 10.1103/PhysRevA.103.062405

I. INTRODUCTION

In quantum mechanics, the superposition principle is the
origin of fascinating nonclassical attributes of quantum states
such as quantum coherence [1], squeezing [2], and entan-
glement [3]. Great efforts, both theoretical and experimental,
have been made in order to generate nonclassical states
and to investigate their properties, since these states have
a wide range of applications in quantum information pro-
cessing [4-10], quantum-enhanced metrology [11-14], and
fundamental tests of quantum mechanics [15,16].

Consider the two-mode squeezed state (TMSS), which is
an entangled state of two bosonic modes [2]. This kind of
correlation exhibits Bell nonlocality [15], a key ingredient
to demonstrate the Einstein-Podolsky-Rosen paradox [17,18]
(fundamental test of quantum mechanics), to implement quan-
tum teleportation in continuous variables [19] (manipulation
of quantum information), and to detect very weak fields
[20] such as the gravitational waves [21] (quantum metrol-
ogy). Another intriguing nonclassical state is the so-called cat
state, a quantum superposition of two diametrically opposed
coherent states, which has been employed to demonstrate
Schrodinger’s famous cat paradox and has been used as a
resource for quantum information processing [22—40].

Here we are interested in nonclassical states that connect
the concepts of both TMSSs and cat states, namely, a su-
perposition of TMSSs with the same amplitudes but opposite
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phases. There are already theoretical proposals for their gen-
eration in microwave cavities [41] (that could also be adapted
for the context of optical cavities or solid-state-based sys-
tems), in trapped ions [42], and by using the parity operator
[43]. Nevertheless, the literature lacks studies of their proper-
ties and applications, which is our goal here.

We first analyze the statistics of each reduced single-
mode state (RSMS) of a superposition of TMSSs. For the
symmetrical balanced superposition, which we call the even
TMSS, we show that there is bosonic superbunching [44,45],
an effect with potential applications for advanced imaging
techniques (such as ghost interference and imaging) as well
as efficient nonlinear light-matter interaction [46—52]. In con-
trast, for small squeezing parameters, each single mode of the
asymmetrical balanced superposition (odd TMSS) presents
two-photon anticorrelation [44,45], a desired behavior for
single-photon sources [53]. Remarkably, each mode of the
even and odd TMSSs behaves as a pseudothermal state,
which consists of thermal states with only even and odd Fock
excitations, respectively. In addition, we investigate the en-
tanglement degree between the modes of such catlike states,
which can be higher than that of the TMSS in certain param-
eter regimes. Since entanglement is a resource of quantum
states, this may be an advantage for quantum information
processing.

Afterward, we show that the RSMS of either the even or
the odd TMSS can be used to sense the amplitude of arbitrary
single-mode displacements acting on a harmonic oscillator.
The Wigner functions of these RSMSs each have a sym-
metrical peak centered at the phase-space origin, which gets

©2021 American Physical Society
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narrower in both quadratures simultaneously as the squeezing
parameter and the average number of excitations in the state
increase, but without violating Heisenberg’s uncertainty rela-
tion. This narrow peak works as the pointer of our quantum
sensor, with its position in the phase space indicating the
displacement undergone by the oscillator, which could phys-
ically describe, for instance, an optical [40] or a microwave
resonator mode [35,54,55], vibrational modes of trapped ions
[42,56], or a nanomechanical oscillator [57]. In this sense,
our sensor is able to probe any time-dependent classical force
inducing a displacement on a quantum resonator [58].

Several studies have attempted to figure out the ultimate
limits of measuring forces and displacements on an oscillator
[59], beating the standard quantum limit and even reaching the
Heisenberg one [11,54,60-66]. However, it worth stressing
that this is not our goal. Hence, as similarly considered in
Ref. [58], which described the determination of both parame-
ters of a displacement acting on an oscillator, the idea we put
forward here is the possibility of sensing displacements under-
gone by a quantum resonator with a single-mode sensor state
robust against phase errors when measuring a phase-space
quadrature. Furthermore, our results hold regardless of the
displacement strength, not being limited to small amplitudes
as is the case for grid states [58].

The paper is organized as follows. Section II outlines the
procedure for generating superpositions of TMSSs by cou-
pling a two-level quantum system with two bosonic field
modes and presents the expressions for the two-mode su-
perposition and the reduced density matrices. In Sec. III we
present the relevant statistical properties for those states, such
as Wigner functions and populations in the Fock basis, and
also the second-order correlation function g®(0), discussing
the properties of antibunching and superbunching, and show
that odd TMSSs can be used as a source of single photons in
two modes. Section IV provides the entanglement properties
of the superpositions of TMSSs and shows that, for a certain
regime of parameters, the superpositions of TMSSs show
more entanglement than TMSSs. In Sec. V we present basic
concepts of quantum metrology and discuss potential appli-
cations of even and odd TMSSs in detecting small coherent
forces in any direction (they are sensitive to displacements in
all directions in phase space). In Sec VI a simulation of the
process for generating even and odd TMSSs in the trapped-
ion domain is presented. The process involves coupling the
electronic state of the ion with two of its motional degrees of
freedom using a two-color laser field. We also discuss the pro-
cess of probing the Wigner function. Section VII summarizes
the results and presents the conclusions.

II. GENERATION OF SUPERPOSITION OF TWO-MODE
SQUEEZED STATES

Two-mode squeezed states can be generated by coupling
two bosonic modes with a two-level quantum system (a qubit)
via the Hamiltonian (& = 1)

H = —(x*ab+ xa'b" o,

b'o~)— (x*abo~™ + xa'b'o™),
(1)

= —(x*abo™* + xa'

where x is the coupling strength; a (a') and b (b') are
the annihilation (creation) operators for the bosonic modes;
oy = |[+)(+]| — |—)(—| is the Pauli-X operator, with |*) =
\%(|g) =+ |e)), where |e) (|g)) is the excited (ground) state of

the two-level system; and ot = %(ax = ioy) are the fermionic
raising and lowering operators. The two terms in the second
line of Eq. (1) are a two-mode Jaynes-Cummings interaction
and a two-mode anti-Jaynes-Cummings interaction.

The coupling Hamiltonian H can be realized in various
platforms. In Sec. VI we describe how it may be implemented
in a trapped-ion setup.

We consider the case where the two-level system is ini-
tially in the superposition state |¢y) = %ﬂ—) + e +)) =
[cos(p/2)|g) + isin(¢/2)|e)] while the two bosonic modes
are both in the vacuum state [{) = |0, 0). Thus the initial
state of the composite system is separable |Wy) = |¢o)|¥o)
(the tensor product symbol is omitted for brevity). After
applying the coupling H for time t the composite system
evolves to

W) = e T |Wy) = 7 (=)W (&) + e |+H) [y (=€),
(2
where
W) = e<f*“”—$f”*>|o 0)
=— Z( ¢ tanh r)"|n, n) (3)

is the TMSS which we parametrize by £ = —ixt = re’, with
the squeezing parameter r = |x |t and squeezing angle 6 =
arg(§) [67].

From Eq. (2) the bosonic modes are projected onto a
TMSS by measurement of the two-level system in the X
basis {|+), |—)}. Starting from the TMSS, the reduced density
matrix of one mode (found by tracing out the variables of the
other mode) is a thermal state

(o]

pth—(l—?»)z)»"ln Z(1+ h),1+,| n)(nl, @)

= n=|

with the average number of excitations (n)gy = Tr(a*a,oth) =
sinh? r = ﬁ and A, = tanh? r [67].

More interesting results emerge when the two-level system
is projected onto the Z basis {|e), |g)}. In this basis Eq. (2)
becomes

V(. @) =

&)1V, ¢)) —

le) (&, 9)), ()

2/\/ f 2J\f

where

[V (&, 9)) = NollY (€)) £ Iy (=§))] (6)

are superp051t10n states of two diametrically opposed TMSSs,
with N3 |? = zﬁ and €, = cos ¢. When the two-
level system is projected onto |g) (]e)) the bosonic modes
are projected onto the catlike state |, (£, ¢)) [|[¥—(&, @))].
Since ¢ € [0,27) and [Y+(§, ) = [V-(§, ¢ + 7)), it is
sufficient to analyze just the properties of one of these
states, e.g., |V (&, 9)). We refer to the states that emerge
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when ¢ =0 and ¢ = 7 as even and odd TMSSs, respec-
tively, [ye(§)) =[y1(5,0) = [Y_(§, 7)) and [Yo(§)) =
[V (&, m)) = |¥_(&,0)), because they comprise only even
and odd bosonic excitations

;

We©) = /122 (=A%) 20, 20), (1)

Il
=}

n

-2 &

Wo(§) = (=A%) ™ 20 4 1,20 + 1).

>
K
j

n=0

®)

When the two modes are in the state | (€, ¢)) the reduced
density matrix of each mode is

p(r @) =21 = AN D AL+ (—1)" cos glin) (nl.
n=0
©)

which is independent of the squeezing angle 6. Specifically
for the even and odd TMSSs, we have the RSMSs

o0
pe = (1=27) ) 27" 2n)(2nl, (10)
n=0
po=(1-21) ) a2n+1)2n+1. (1)
n=0

As the even and odd TMSSs [Egs. (7) and (8)] are built
from the superposition of TMSSs, whose reduced single-
mode states are described by thermal states [Eq. (4)], it is
not surprising that the reduced single modes of the even and
odd TMSSs behave as pseudothermal states. We can indeed
identify that by rewriting Eqgs. (10) and (11) in terms of (n)u
and comparing them with py,, namely,

_ 1+ 2(n)m > (mﬁ:’
P T g (1 + (n)g)2H! |2n) (2nl, (12)
1 —|—2(n> i (n)2n+1
o= (n)n - Z 1+ (n)t:l)(2n+l)+l 12n +1)(2n + 1].

n=0
(13)

From these expressions one can recognize pg and pp as
even and odd thermal states (pseudothermal states), respec-
tively [68], which are particular cases of binomial negative
states [69]. Even thermal states (even RSMSs) can also be
generated through a parametric pumping field with fluctua-
tions [70].

III. STATISTICAL PROPERTIES

Let us discuss the properties of each single mode
of the catlike state. Since p(r,¢) is diagonal in the
Fock basis, with populations P,(¢) = 2(1 — )\,)I./\/Lrlz)»’,‘[l +
(—1)"cos ¢], the Wigner function of this state can be writ-
ten as W(gq, p) =Y oo PaWa(q, p), in which W,(q, p) =
(2/71)(—1)”L,,(4s2)e’252 is the Wigner function of the Fock
state |n), with the Laguerre polynomial L,(x) and s* = ¢*> +
p?. Here ¢ and p are the eigenvalues of the position and
momentum quadrature operators of the mode § = a + a' and

n

FIG. 1. Statistical properties of the reduced single-mode states:
populations in the Fock basis of the (a) thermal state (P™) and for
each mode of the (c) even (PF) and (e) odd (P°) TMSSs for the
squeezing parameter r = 1.5 (light gray for odd occupation) and
(b), (d), and (f) Wigner functions for the same reduced single-mode
states, respectively.

p=i(a" — a), respectively, representing the dimensionless
amplitudes of the mode quadratures in phase space [71].
First we observe that p(r, ¢) reduces to the thermal state
pm When ¢ = {7, 37”} because | (§, ¢ = 7, 37”)) reduces to
| (£)) except for a global phase factor. The Wigner function
of the thermal state py, is given by the two-dimensional Gaus-

sian function

2 2
Wag. p) = = o~ il (=255
T 2nman+1
21—4, 1—& 5
= w1y P <—2m(6] +p )>, (14)

while for each single mode of the even (pg) and odd (pp)
TMSSs the Wigner functions are each described by sums of
two two-dimensional Gaussian functions

WEO ((], 17)

1—A,
= wEo<(1 — A;)exp [_2(1 T )\r>(q2 + Pz)]

(1 +Ar)exp [—2(1tir>(42+172):|>, (15)

with wgy = 7~ and wp = (wA,) L.

Figure 1 shows the populations and the Wigner function
for pm (P,‘lh and W), pg (Pf and Wg), and po (Pno and W) for
the squeezing parameter r = 1.5. We observe that the profile
of the populations for pr and pp are very similar, namely,

sz = Pt =(1- A2)A21 that is, the probability distribu-
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FIG. 2. (a) Second-order correlation function at zero-time delay
£?(0) as a function of the squeezing parameter r, via A, = tanh?(r),
for the thermal state (py) (black solid line), the RSMSs of the
even (pg) (orange dashed line) and odd (o) (blue dot-dashed line)
TMSSs, and the single-mode squeezed state (|SS)) (black dotted
line). (b) Probability of projecting onto the odd TMSS (Py) (ascend-
ing blue line) and probability of it having a single-photon in each
mode (Pl(’ ) (descending orange line) as a function of 1.

tion of po is shifted by one unit compared with the distribution
of pg.

Accordingly, the average number of excitations is related
by (n)o = (n)g + 1, where (n)p = Tr(a'apg) =222/(1 —
12). Moreover, we notice that PX and P? are very similar to
P except for a normalization factor and for being nonzero
only for even and odd Fock numbers, respectively, which
illustrates the pseudothermal behavior of each mode of the
even and odd TMSSs. It is also important to notice in Fig. 1 a
concentrated profile of Wigner functions around the phase-
space origin for both pg and pp, which can be useful for
metrological purposes, as we discuss in Sec. V.

We can also investigate the statistics of pg and pp using the
second-order correlation function at zero-time delay g»(0) =
(a‘a’aa)/(a’a)?,

@) 137 >
e O =2+ 5" >2 forpp, (16)
2(1 — 22
20 =2 (—'2 <2 for po. (17
(1422)

For large values of the squeezing parameter (A, — 1 or,
equivalently, for » > 1) we observe that the correlation func-
tions g?(0) of pr and pp become indistinguishable and tend
to the thermal one, i.e., g(ﬂzl)(O) = 2. In contrast, when the
squeezing parameter is small, the RSMSs of the even and
odd TMSSs present comgletely opposite statistics: While pp
exhibits antibunching [g(o)(O) < 1], pg displays superbunch-
ing [gg)(O) > 2]. To be more specific, gg)(O) >2Vr>0

(A, >0) and ¢2(0) < 1 for 0 < &, < vv/5 -2~ 049 <

0 < r <tanh™'v+/5 — 2~ 0.86. Figure 2(a) displays the
change of g»(0) with A, for py, p&, po and the single-mode
squeezed state |SS) = elre at=re’a’®) 2|0), with g(szs) O)=2+
1/X,. We have included the latter for the sake of comparison,
since it has the same average number of excitations of each
single mode of the TMSS ({n)ss = (n)w) and presents super-
bunching. Remarkably, each mode of the even TMSS exhibits
more superbunching than if it were in a single-mode squeezed
state [gE)(O) > g(szs? (0) > 2] within the parameter range 0 <

A <A2—-1~041 <0< r<tanh™'v/4/2—1~0.76.

Due to the aforementioned attributes, each mode of the
even and odd TMSSs is quite suitable for quantum devices
related to advanced imaging techniques and single-photon
generation, respectively. A single photon may be produced
in each of the two modes when the odd TMSS is produced.
The probability of projecting onto the odd TMSS is Py =
Ar/(1 4 A,). The proportion of the odd TMSS described by
two single photons is P? = 1 — A2. Production of high-purity
states of two single photons requires A, — 0, which comes
at the expense of a low production probability Py, as shown
in Fig. 2(b). It is worth noting that the qubit may be used to
herald projection onto the odd TMSS.

IV. ENTANGLEMENT

Considering a bipartite system in a pure state, the degree
of entanglement between the subsystems can be quanti-
fied through the linear entropy E = -4(1 — ), where y =
Tr(pf) is the purity of one of the subsystems described by
the reduced density matrix p; and d = dim p;. Since our sub-
systems are bosonic modes, with infinite-dimensional Hilbert
spaces, 0 < E < 1 such that E = O for separable states while
E =1 for maximally entangled continuous-variable states.

For the TMSS | (§)), the degree of entanglement is

1—A,
E =1-—, 18
T™ss (1) e (18)
while for the general superposition |y (€, ¢)),

1—A2\ (1 2+ A2 —€,)?
=1 (55 i o op @

1 +)\;2« [(1 +6¢)+)‘r(1 - qu)]z
Here E,(r) = Etmss(r) for any »r when ¢ = {%, 37”} —> €y =

0, which is not a surprise, since we have seen in Sec. III that
p(r, ¢) reduces to py, for these values of . The same degree of
entanglement also occurs when A, = \/(1 +e€,)/(1 —¢€,) or
r — 00. Notably, E,(r) > Equss(r) forg € (Z,7)U (, )
provided 0 < A, < \/(1 +¢€,)/(1 —€,). In this range, for
the same value of the squeezing parameter r, the entan-
glement degree in the catlike TMSSs becomes higher than
that in the TMSS. Curiously, it can reach high values even
for r < 1, namely, E,(r) ~ 0.5 for ¢ =7+ and r~
|B1/2 considering |B| < 1, for which we have |y, (&, ¢)) =
(10, 0) — sgn(B)e’@+7/2|1, 1))/\/5, i.e., a maximally entan-
gled qubit state. By contrast, Eryss(r) & B%/2 <« 1 under
the same conditions, for which we have |y (§)) ~ (|0, 0) —
(B1/2)e? |1, 1))//1 + |B]2/4 ~ |0, 0), i.e., a separable state.
This means that it is possible to generate much more entangle-
ment between the modes with a lower squeezing parameter
by exploiting the catlike states instead of the TMSS, in-
dicating an advantage from the point of view of quantum
information science. Figure 3 illustrates the above results.
It is worth noting that the even (¢ = 0) and odd (¢ = 7)
TMSSs have the same entanglement degree Eg(r) = Eo(r) =
1—(1- )»%)/(1 + kf), which is always smaller than or equal
to that for the TMSS. Despite that, we show in the next section
that their RSMSs can be employed for quantum metrological
purposes.
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FIG. 3. (a) Density plot showing the entanglement between the
two modes [E,(r)], when they are in the catlike state [y (7, ¢)),
as a function of the initial-state relative phase ¢ and the two-mode
squeezing parameter r via A, = tanh?(r). The dashed lines delimit
the region for which E, (r) surpasses the entanglement of the TMSS
[Ermss(7)]. (b) Entanglement degree as a function of A, correspond-
ing to the states |y (£)) (orange dashed line), |y (£, ¢)) (blue solid
line), and |yg o(£)) (green dot-dashed line), considering ¢ = 7 + B,
with 8 = 7 /10. One can notice here that the entanglement outper-
forming occurs even for small values of r, reaching its maximum for
r &~ |B|/2 (A, ~ r¥) when | 8| < 1. Surprisingly, under this condition
an extreme contrast between the entanglement in the catlike state
and in the TMSS takes place; while the latter is essentially a sepa-
rable state given by the two-mode ground state [|y(§)) =~ (|0, 0) —
(B1/2)e?|1,1))//1 + |B12/4 — Ermss(r) ~ 0.05 for the consid-
ered parameters], the former is approximately a maximally entangled
qubit state [|v, (&, @) =~ (|0, 0) —ie®|1,1))/v/2 — E,(r) ~ 0.5].
The even and odd TMSSs have the same entanglement degree, which
is always smaller than or equal to that for the TMSS. (c) Populations
of the catlike state [P,(¢)] [blue (dark gray) bars] and the TMSS
(P™SS) [orange (light gray) bars] for r = B/2 and ¢ = 7 + B, with
B =m/10.

V. QUANTUM METROLOGY

Quantum metrology takes advantage of the properties of
quantum mechanics to better estimate parameters involved in
dynamical processes, using quantum states as probes [72].
The process of estimating a parameter y follows a specific
sequence of steps, known as the protocol of estimation [73]:
(i) The probe state is prepared in an initial and determined
configuration, represented by the density matrix p; (ii) the
initial state evolves through a dynamical process, which is
represented by a unitary evolution operator U (y) such that
the final configuration of the system is dependent on the
parameter y; (iii) the final state p(y) is measured, giving
results yes(k ), with associated probabilities P, (y); (iv) these
results are used to estimate the parameter y. It is important
to note that different results k come from separate processes
of measurement. The average value of the parameter can
then be calculated with the individual estimation yeq (k) as
(Vest) = D, Yest(K)Pc(y), with ", P.(y) = 1. The deviation
of the parameter can be defined as (Ay)? = ((Vest — (Vest))?)
and its lower bound is proportional to the inverse of the Fisher

-4 _
4 8 8 1 g

FIG. 4. Comparison of the Wigner function and its projections of
the single-mode squeezed state (projections in light gray dot-dashed
curves) with the projections of the RSMS of the even TMSS (black
solid lines), with » = 1.5 and the vacuum state |0) (red dashed lines).
The projections of the RSMS of the even TMSS display tails because
they are described by the summation of two two-dimensional Gaus-
sian functions [see Eq. (15)].

information (( 74,75] with respect to the parame-
ter y and represents the maximum quantity of information that
can be obtained with respect to y through the probability set
{P.(y)}, as derived from the Cramér-Rao inequality [76,77].
Although this is the main method of estimation of the param-
eter we discuss, nonlinear methods of estimation for quantum
metrological purposes are also available [78—80].

Given a generator U (y) for the transformation on the den-
sity matrix which leads to the final state p(y), the quantum
Fisher information for y with probe state p can be written
as F(y) = 4{AU(»)]? if p is a pure state, with [AU(»)]*> =

W) — U and FO) =2, G160 if

p is mixed, where §; and |j) stand for the eigenvalues and
eigenvectors of p, respectively.

Single-mode squeezed states are widely used in quan-
tum metrology due to the reduction of fluctuations in one
of the quadratures of the bosonic mode [81-83]. The fact
that the Wigner functions of each mode of the even and
odd TMSSs are invariant under rotations and sharply con-
centrated around the origin of the phase space (Fig. 1)
motivates the study of applications of those states in quantum
metrology.

Figure 4 shows a comparison between the Wigner func-
tions of a single-mode squeezed state, with reduced noise in
one of the quadratures, the RSMS of the even TMSS, for
the same value of the squeezing parameter r, and a vacuum
coherent state. The single-mode squeezed state has a more
concentrated probability distribution profile than the RSMS.
However, we would like to point out that the symmetry of
the Wigner function (around the origin of the phase space)
of the even and odd RSMSs implies a robust and sensitive
scheme for applications in quantum metrology, since that
peak, whose width can be controlled by the squeezing parame-
ter r, allows for probing small displacements in any direction,
as described in detail in the next section. Furthermore, the
Wigner function still presents thermal contributions along
broad regions of the phase space, so, despite the concentrated
peak around the origin, the Heisenberg uncertainty principle

dIn[P,
“[dy(y)] )2) [
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-—-SMSS /2 < 0 < 7/2
6ol * SMSS —m <6<
+ Odd RSMS

= Even RSMS

FIG. 5. (a) Quantum Fisher information F;, as a function of A,
and (b) average number of excitations in the bosonic field (n) for
each state. If the direction of squeezing in phase space matches the
displacement direction, single-mode squeezed states are well suited
for measuring the displacement. This is shown by the quantum Fisher
information Fy of the solid black curve. If the angle 6 between the
squeezing direction and the displacement direction is large, it can
be more efficient to measure the displacement using the RSMS of the
even or odd TMSS. This is seen by comparing the red star curve (the
black dashed and red star curves show the average Fy values obtained
with SMSSs when 6 is spread over a range) with the blue circle
and pink square curves. Here A, = tanh’ r describes the amount of
squeezing. Note also that for small values (A, < 0.3) the odd RSMS
presents a larger Fp than the SMSS. In particular, for A — 0, the
odd RSMS (blue circles) approximates to the single-photon state |1)
and the SMSS to the vacuum |0). From (b) it can be seen that F;
behaves linearly for all states and, in particular, for small values of
A, Fo({n)) ~ 4(2(n) + 1), with (n) the average number of excitations
for each corresponding state. Note also that the red star, blue circle,
and pink square curves overlap in (b), corresponding to the SMSS
(=7 < 0 < 7) and odd and even RSMSs, respectively. We also in-
cluded in (b) the quantum Fisher information for a coherent state |o)
represented by the blue dot-dashed line, which presents a constant
value of Fp = 4.0.

is not violated. For estimation of displacement, we employ
the general quadrature operator X (¢) = ae™'® 4 a'e®, which
corresponds to position and momentum operators for ¢ =
0, /2, respectively. Figure 5 shows the quantum Fisher in-
formation for the RSMSs of the even and odd TMSSs and
for the single-mode squeezed state, for estimation of po-
sition amplitudes of the mode. Although the single-mode
squeezed state shows better results for the quantum Fisher
information (for a specific quadrature), by employing a mea-
surement scheme of the Wigner function [84], the even and
odd RSMSs could be employed to detect small coherent
forces.

For our state, differently from the single-mode squeezed
state, one does not need to worry about the phase of the
displacement due to the symmetry of its Wigner function
around the origin, as we see in Fig. 4. Thus, although both
variances of the quadratures X and P increase with the amount
of squeezing A as (3A% + 1)/(1 — A?) and (A> + 3)/(1 — A?)
for the even and odd RSMSs, respectively, the RSMSs still
can be very useful to detect small displacements and, con-
sequently, small forces, by monitoring the Wigner function
of the reduced mode state. This is described in detail in the
next section, showing in particular how these ideas can be
implemented in trapped-ion systems.

VI. ION IMPLEMENTATION

Two-mode squeezed states can be generated by a com-
bination of Jaynes-Cummings and anti-Jaynes-Cummings
interactions, as we see in Eq. (1). In this section we describe
how these interactions can be realized to produce an entangled
state of two motional modes of a single trapped ion, which
could be used for enhanced force sensing. In Ref. [42] similar
effective Hamiltonians are proposed, but the proposal involves
two trapped ions and other types of two-mode squeezed states
are considered.

Electronic states of a single trapped ion can be coupled
to the ion’s motion using a laser field. When the laser field’s
wave vector projects onto two motional modes (x and y), the
Hamiltonian describing the coupling (within the interaction
picture and after taking the rotating-wave approximation) is

Q . . —iwxt T pioxt : —iwyt T iwyt
HF — 5 e—tAremx(ae +a'e )emy(be YELb' e )O.-‘r + H.C.,
(20)

where Q2 is the coupling strength, A is the detuning of the
laser field from the atomic resonance, a', b" and a, b raise and
lower the states of the x and y modes, and w; are the motion
mode frequencies. In addition, o* and o~ act on the ion’s
internal state and the Lamb-Dicke parameters are defined by

h
ﬂi=ki1/%, 21

where k; is the projection of the laser field’s wave vector in the
i direction and m is the ion mass.

When a two-color coupling field satisfying A = £(w, +
wy) is used, provided the system is within the Lamb-Dicke
regime 12(2n, + 1) and n?(2n, + 1) < 1 (n; is the number of
phonons in the i mode), the coupling Hamiltonian becomes

Hee = —%nxr/yQo*(ab +a'b") +He.
= —inmyQo(ab+a'b") (22)

after another application of the rotating-wave approximation.
Identifying x = 17.1,€, this Hamiltonian is equivalent to
Eq. (1) for real-valued .

The coupling laser field drives second-order sideband
transitions which are relatively weak. This implementation
requires the coupling dynamics to be faster than the decoher-
ence time 1,7,£2 >> y, also off-resonant excitation of stronger
transitions must be avoided 2 < wy + wy.

If the system is initialized in |W(r = 0)) = |g)|0, 0), then
after evolution under Hp given by Eq. (22), followed by
projection of the electronic state onto |g) (]e)), the motional
modes of the trapped ion can be prepared in the even (odd)
TMSS in principle. Projective measurement of a trapped ion’s
electronic state is commonly accomplished with near-unity
fidelity by detecting laser-induced fluorescence detection [56].
We note that if the ion is in state |g), the scattering of fluores-
cence photons destroys the ion’s motional state. If the ion is
in projected onto the nonfluorescing state (|e)), the motional
state (the odd TMSS) will be unperturbed.

In Fig. 6 we plot the fidelity of the states which evolve un-
der the effective Hamiltonian Heg [Eq. (22)] as compared with
the states evolved under the full Hamiltonian Hr [Eq. (20)].
The effective Hamiltonian describes the squeezing dynam-
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FIG. 6. The squeezing dynamics in a trapped ion system is
captured well by H.: The fidelity (represented by the red solid
decreasing curve) shows the overlap of the state evolved according to
the effective Hamiltonian H.g (black dot-dashed curve) with the state
evolved according to the full Hamiltonian Hr (black solid line). The
evolution of the average number of excitations in the bosonic fields
is also shown.

ics well up to yxt =r = 1. The parameters considered are
w, =10,0, =12, Q2 = w,/20, and n, = n, = 0.1. We also
show the evolution of the average number of phonons (n) =
a'a+b'b.

Now we describe how these states can be employed to
detect small forces by measuring the Wigner function of one
of the modes based on the protocol given in Ref. [84]. By
tracing out one of the modes, one can see that the Wigner
function of the reduced state is completely symmetric around
the origin (see Fig. 4). Thus, one does not need to worry about
the phase of the coherent displacement applied to the ion trap.

A weak coherent force applied on either the ion or the ion
trap causes a displacement D(a) = e%? ~%“ of the mode state,
resulting in a state p(a) = D(a)p,D~!(t), where p, is the
reduced density operator of the motional state. The phase and
amplitude of the complex parameter « indicate the direction
and intensity of the displacement operation in the phase space.
At this point a laser pulse resonant to the |g) <> |e) transi-
tion (the carrier transition) is applied, whose Hamiltonian is
given by (keeping terms up to n?) H, = Q/2[1 — n*(a’a +
%)]ax. Adjusting the interaction time t such that Qn?t/2 =
7 /2, the evolution operator will be given by U = e~ ®
e~i(@=md'a/D) with & = Qr/2 — /4. As shown in [84], the
evolved state of the system, U p(a)|e)(e|U !, will be

[le) cos(® — wa'a/2) — i|g) sin(® — wa'a/2)]p(a)
x [(e] cos(® — wa'a/2) + i(g|sin(® — wa'a/2)] (23)

and then the population inversion P,, = (o,) of the ion will
give, apart from a constant factor, the value of the Wigner
function at the position ¢ = (¢ — ip)/2 in phase space, i.e.,
P,y o W(a) [84]. For the even (odd) TMSS, when there is

no force acting on the ion, this results in « = 0 and conse-
quently the maximal (minimal) value of the atomic population
inversion. However, for small values of ||, which are larger
than the width of the central peak of the Wigner function, the
population inversion would result in nearly zero, thus allowing
us to detect the action of small coherent forces applied in any
direction.
VII. CONCLUSION

In this work we have presented the statistical properties
of superpositions of two-mode squeezed states with relative
phase factors, giving special attention to two cases of rela-
tive phase, corresponding to the even and odd TMSSs. The
reduced single-mode states of the even (pg) and odd (pp)
TMSSs, obtained by tracing out one of the bosonic modes,
present populations in the Fock basis which resemble thermal
distribution, thus illustrating the pseudothermal behavior of
those states. Furthermore, we investigated the second-order
correlation function of pg and pp and showed that, for small
squeezing parameters, pg presents superbunching behavior,
while pp presents antibunching, thus making it a potential
source of single photons. We studied entanglement between
the two bosonic modes corresponding to the superposition of
TMSSs; for small values of the squeezing parameter r and
specific relative phase angle ¢, the superpositions show a
larger degree of entanglement than TMSSs, generating a max-
imally mixed state in each of the RSMSs when tracing out one
of the mode variables. We also studied the pseudoprobability
distributions related to pr and pp in phase space, given by
the Wigner function W (g, p). We pointed out that the profiles
of both RSMSs narrow around the phase-space origin as the
squeezing parameter is increased. For pg and pg, the symme-
try of W(q, p) makes the states sensible to weak forces in any
direction of the phase space, in contrast with the single-mode
squeezed state. Finally, we described how the states discussed
above can be generated and how they can be employed to
measure weak forces in the trapped-ion domain, by deriving
effective two-mode Jaynes-Cummings-like interactions, thus
motivating applications in quantum information processing,
quantum metrology, and quantum sensing of small coherent
displacements.
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