
PHYSICAL REVIEW RESEARCH 6, 013199 (2024)

Micrometer-size spatial superpositions for the QGEM protocol via screening and trapping
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The quantum gravity-induced entanglement of masses (QGEM) protocol for testing quantum gravity us-
ing entanglement witnessing utilizes the creation of spatial quantum superpositions of two neutral, massive
matter-wave interferometers kept adjacent to each other, separated by a distance d . The mass and the spatial
superposition should be such that the two quantum systems can entangle solely via the quantum nature of
gravity. Despite being charge-neutral, many electromagnetic backgrounds can also entangle the systems such as
the dipole-dipole and Casimir-Polder interactions. To minimize electromagnetic-induced interactions between
the masses, it is pertinent to isolate the two superpositions by a conducting plate. However, the conducting plate
will also exert forces on the masses and hence the trajectories of the two superpositions would be affected. To
minimize this effect, we propose to trap the two interferometers such that the trapping potential dominates over
the attraction between the conducting plate and the matter-wave interferometers. The superpositions can still be
created via the Stern-Gerlach effect in the direction parallel to the plate, where the trapping potential is negligible.
The combination of trapping and shielding provides a better parameter space for the parallel configuration of the
experiment, where the requirement on the size of the spatial superposition, to witness the entanglement between
the two masses purely due to their quantum nature of gravity, decreases by at least two orders of magnitude as
compared to the original protocol paper.
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I. INTRODUCTION

One of the biggest challenges in theoretical physics is to
test the nature of gravity, whether gravity obeys the rules of
quantum mechanics or not. As we know, it is extremely hard
to detect the carrier of the gravitational interaction, known
as the graviton, a massless spin-2 quanta [2]. However, a
protocol known as the quantum-gravity induced entanglement
of masses (QGEM) [1]1 proposes a table-top experiment that
exploits fundamentally quantum properties such as quantum
superposition and quantum entanglement to witness the quan-
tum nature of gravity. The quantum nature of gravity can
be evidenced by witnessing the quantum entanglement at the
level of Newtonian potential despite h̄ factors canceling out in
the observable. This is due to the fact that even at the New-
tonian level the gravitational interaction is being mediated

*martine.schut@rug.nl
1See also Ref. [3], which appeared on the same day as Ref. [1]. The

original results of Ref. [1] were first reported in the conference talk
in Bangalore [4].
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by the virtual excitations of the massless spin-2 graviton, see
Refs. [1,5–10]. Due to the quantum nature of the gravitational
interaction, the potential is an operator-valued entity, as shown
in Refs. [6,11], see also textbook [12], and noted reviews on
this topics [13,14].

The QGEM’s observation is very similar to Bell’s original
idea of testing quantum mechanics [15], and also the observa-
tion made in Refs. [16,17] that the quantum correlation exists
for the large angular momentum systems despite h̄ → 0 limit.
Naturally, the detected entanglement can only be generated
by quantum interactions between the test particles, according
to the local operations and classical communication (LOCC)
principle [18]. Hence, only if gravity is a quantum entity will it
generate the entanglement between the two spatially quantum
superposed masses [1,6,11].

A similar protocol involving photon and matter entan-
glement due to the quantum nature of gravity reveals the
quantum properties of the spin-2 nature of the graviton [19].
Furthermore, a QGEM can test the quantum version of the
equivalence principle [20], potentially test the fundamental
nonlocality in quantum gravity [11], and test theories that
possess a massive graviton [21]. Recently, a complementary
probe to the quantum nature of gravity has been proposed
in the context of the measurement process of the quantum
state of matter in the presence of a quantum gravitational
interaction [22].
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Given the import of this protocol it is pertinent to study the
realization of the experimental protocol discussed in Ref. [1].
The QGEM protocol relies on the creation of two massive
spatial superpositions kept adjacent to each other. Introducing
a minimum distance between the two neutral masses should
take into account any electromagnetic interactions, such as the
Casimir-Polder interaction, and dipole-dipole interactions, as
they cause a major source of decoherence for the matter-wave
interferometers, see the discussions in Refs. [23–25]. It was
suggested in Ref. [1] that the two masses of ∼10−14 kg, in
spatial superposition of width �x ∼ 250 µm and separated by
a minimal distance d ∼ 200 µm (see Fig. 2) in a time ∼2 s will
generate a detectable quantum gravity-induced entanglement
phase.

The creation of a spatial superposition can be achieved by
considering the test masses to be diamondlike microspheres
with NV-center defects [1], where a spin is embedded in
the NV center of each test mass, which can interact with an
external inhomogeneous magnetic field. Using the coupling of
the inhomogeneous magnetic field to the spin, one can create
a spatial superposition, similar to in the Stern-Gerlach (SG)
apparatus, see Refs. [1,26–34]. Similarly, the SG apparatus
can be used to reverse the spatial splitting to close the one-
loop interferometer. Spin measurements of repeated runs are
necessary to build the entanglement witness [35], which can
determine the generation of the entanglement with a certainty
dependent on the witness (generally taken to be the partial
positive transpose witness, see Refs. [36–38]) and number of
measurements.

Many outstanding challenges arise from the entanglement
phase being very small compared to the noise which in-
duces dephasing/decoherence. Besides the above-mentioned
noise such as the gravity gradient and relative acceleration
noise [39–41], there is a dephasing due to heavy mas-
sive object near the experiment, e.g., cryogenic devices and
vacuum pump [42]. There is also decoherence due to the
heating of the crystal and the interaction with the black body
photons and leftover air molecules in the vacuum cham-
ber [1,23,37,38,43,44]. The decoherence rates are based on
earlier computations of [45–47]. Next to that, although the
test masses are considered neutral objects, there are also elec-
tromagnetic interactions between the test masses and between
the test mass and its environment [23–25,33], such as Casimir-
Polder and dipole-dipole interactions. These electromagnetic
interactions also decohere the matter-wave interferometer.
Furthermore we have to ensure that we obtain a pure state
to initialize the experiment. There are experimental efforts to
obtain the ground state of a quantum system, in particular, the
motional ground state [48,49] and exceptionally heavy object
such as one obtained by the LIGO collaboration [50]. These
examples may be considered as masses can be prepared close
to the a pure state.

However, above all these experimental constraints, the
most daunting task is yet to create a macroscopic spatial
quantum superposition. In this paper, we address the re-
quirement on spatial superposition by introducing the idea of
electromagnetic screening in combination with the trapping
of the particle to optimize the entanglement phase due to the
quantum nature of the graviton. The introduction of the elec-
tromagnetic screening in the QGEM setup was first introduced

FIG. 1. Two test masses of mass m, labeled 1 and 2, in the par-
allel configuration. The superposition width is �x, and the distance
between the |↑〉 states is d .

in Ref. [23], and then in Ref. [24] where the authors studied
various dephasing/decoherence effects.

It was noticed earlier that an alternative configuration
called the ‘parallel’ configuration of the test masses (Fig. 1)
improves the entanglement generation and improves the en-
tanglement witness [43], see Refs. [37,38,44]. The effect of
screening in a parallel setup was therefore explored to investi-
gate the common mode rejection [24], where the dipole-dipole
and Casimir-Polder interaction between the test masses and
the plate were considered. The conducting plate that separated
the two test masses is also responsible for exerting forces on
the two halves of the quantum superposition [23,38], resulting
in a setup where the trajectories of the superposition were
drifted towards the conducting plate. To minimize the effect
of attraction towards the conducting plate, we will consider
a new setup here where we will consider creating the su-
perposition in a magnetic trapped potential, see Ref. [33],
and we optimize the size of the superpositions. We will find
that the combination of shielding and trapping improves the
entanglement phase, and relaxes the experimental constraints
that were imposed to witness the entanglement in the original
setup by almost 2 orders of magnitude [1].

II. LINEAR VERSUS PARALLEL EXPERIMENTAL SETUP

We consider two test masses with an embedded electronic
spin in each (often taken to be the NV-centered diamond crys-
tal). To create the superposition, we take a simple route and
divide the trajectories into three phases, similar to Ref. [1].2

Phase 1. The creation of a spatial superposition from a spin
superposition. We assume that the spin is aligned with the NV
axis and that is in the x̂ direction. The embedded spin in the
test masses can be brought into a superposition by applying
a π/2 pulse. Using the coupling between spin and magnetic
field, by applying a magnetic field for a time τa the spin
superposition becomes a spatial superposition in the presence
of the inhomogeneous magnetic field of the SG apparatus. The
width of the spatial superposition, �x, depends on the type of
material, the magnetic field applied, and the time τa.

Phase 2. After the magnetic field that creates the spatial
superposition has been applied, the two test masses interact
for a time τ .

2There are other schemes as well to use the optomechanical setups
such as Refs. [19,51] to test the quantum nature of gravity in a
laboratory. In this paper, we are solely interested in studying the
non-Gaussian Schrödinger cat states with the spatial superpositions.
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FIG. 2. Two test masses of mass m, labeled 1 and 2, in the
linear configuration. The superposition width is �x, and the distance
between the |↑〉 states is d + �x.

Phase 3. Again a magnetic field is applied for a time τa, this
time to recombine the spatial superposition into the spin su-
perposition. Variations of this scheme have been constructed
to create superposition via different schemes [28,30,33] to
get a very large superposition size of order 1000 μm, see
Refs. [31,32].

During the total time τ + 2τa, the initially nonentangled
systems become entangled if the gravitational interaction is
quantum. The initially separable system

�(t = 0) = 1
2 (|↑〉 + |↓〉)1 ⊗ (|↑〉 + |↓〉)2 (1)

becomes a nonseparable system

�(τ ) = eiφ

2
(|↑〉1|↑〉2 + eiφ1 |↓〉1|↑〉2

+ eiφ2 |↑〉1|↓〉2 + |↓〉1|↑〉2), (2)

where the phase is picked up via the quantum gravitational
interaction. The phase of each superposition instance is given
by φ ∼ S/h̄ = Uτ/h̄ with U the gravitational potential. In
the gravitational potential, the largest contribution comes
from the tree-level exchange of a virtual graviton between
the test masses, in the nonrelativistic regime of a perturba-
tive quantum gravity theory in the weak field limit, which
gives the operator-valued potential Û = Gm2/r̂, as argued in
Refs. [1,5,6]. As shown in Ref. [6], only a quantum gravity
interaction results in the generation of entanglement. Since the
potential is dependent on the distance, the phase and thus the
entanglement are dependent on the configuration of the test
masses. Figures 1 and 2 show the two possible configurations
named parallel (denoted here by “par”) and linear (denoted
here by “lin”), respectively. The phases φ1 and φ2 picked up
by the parallel and linear configurations, respectively, are

φ
par
1 = φ

par
2 = Gm2√

d2 + (�x)2

τ

h̄
− φpar, (3)

φlin
1 = Gm2

d

τ

h̄
− φlin, φlin

2 = Gm2

d + 2�x

τ

h̄
− φlin, (4)

with the global spin φ given by

φpar = Gm2

d

τ

h̄
, φlin = Gm2

d + �x

τ

h̄
. (5)

More precisely, the total accumulated entanglement phase is
given by ∫ τ+2τa

0
dt (ω1(t ) + ω2(t )),

where ω1,2 τ ≡ φ1,2 and the time dependence comes from the
time dependence in creating �x. However, as an approxima-
tion we consider �x here to be time-independent, i.e., only the

entanglement generated during the phase 2 during which the
superposition width can be considered constant over a time τ ,
is taken.

To quantify the entanglement we consider the negativity,
for which we need to find the eigenvalues of the partial trans-
pose of the density matrix. These eigenvalues, for a density
matrix ρ = |�(t )〉〈�(t )| found from Eq. (2), are given by

λ1,2 = ±1

2
sin

(
φ1 + φ2

2

)
, (6)

λ3,4 = 1

2
± 1

2
cos

(
φ1 + φ2

2

)
, (7)

where φ1,2 are dependent on the configuration and given in
Eqs. (3) and (4). The eigenvalues λ3,4 � 0 always, while λ1 =
−λ2 indicates that always: λ1 or λ2 � 0. Thus the negativity,
N , defined as the absolute value of the sum of all negative
eigenvalues of the partial transpose of the density matrix, can
be expressed as

N = 1

2

∣∣∣∣sin

(
φ1 + φ2

2

)∣∣∣∣. (8)

For d > 0 and �x > 0, the φ1 + φ2 > 0 is always positive for
the linear setup, while it is always negative for the parallel
setup.3 This means that due to the absolute signs in Eq. (8),
this expression is applicable to both setups. In general, it is
found that the parallel setup [43] outperforms the linear setup
in terms of entanglement generation for the timescale con-
sidered in the QGEM proposal [24,37,38,52]. From Eq. (8),
we can also see that since φlin

1 + φlin
2 < φ

par
1 + φ

par
2 (a solvable

inequality that holds for any �x, d > 0), at small times the
parallel setup generates more entanglement than the linear
setup.

In the original proposal [1], the linear setup was consid-
ered, and follow-up papers often considered this setup as
well. For example, reducing the required separation by in-
troducing a conducting screen was considered in the linear
setup [23]. Here, we will consider the same idea of screen-
ing the electromagnetic interactions and additionally we will
consider the trapping of the test masses in the presence of
a conducting screen. However, we will perform our analy-
sis in a parallel setup. In particular, we will show that the
experimental parameters required to measure an entangle-
ment phase of O(10−1) − O(10−2) are greatly relaxed when
considering the trapped parallel setup with electromagnetic
screening. These numbers have been set by the control on
the decoherence/dephasing arising from the gravity gradient
noise and relative acceleration noise and other sources of
decoherence.

III. SHIELDING AND TRAPPING

Considering now the parallel superposition, which opti-
mizes the gravitational entanglement phase for the timescale
relevant to the QGEM experiment, there are ways to further
improve the rate of entanglement generation.

3This is obvious from the definition of the phases for the parallel
setup. For the linear case, one can simply solve the inequality φlin

1 +
φlin

2 > 0 and find that it holds for �x, d > 0.
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A. Electromagnetic shielding

In general, the test masses used in the QGEM experiment
are considered to be diamond microspheres, because they can
contain an embedded spin in their NV center which has nice
properties regarding the spin coherence [54] and optically
read-out properties [55].

A micrometer-size diamond may also have a permanent
dipole of the order 10−2e cm (with e the fundamental electric
charge unit) for spheres of size ∼10 µm [56,57]. Therefore
the two diamond spheres can interact via the dipole-dipole
interaction [33,58]. In the presence of an electric field, it
could also have an induced dipole moment, although this is
generally thought to be relatively small for these types of test
masses with respect to the permanent dipole, see the analysis
of Ref. [24]. Since diamond is a dielectric material, it also
interacts via the Casimir-Polder-interaction [59,60]. Hence,
entanglement between the two test masses can thus be gen-
erated by the dipole-dipole (DD) and by the Casimir-Polder
(CP) interaction, which is mediated by the virtual photon. The
interaction potentials between the two spheres (denoted S-S)
are given by [59,61,62]4

V S-S
DD = 1

4πε0

(
d1d2

r3
− 3(d1 · r)(d2 · r)

r5

)
, (9)

V S-S
CP = −23h̄c

4π

(
ε − 1

ε + 2

)2 R6

r7
, (10)

where ε the dielectric constant of the test mass, ε0 is the
permeability of space, h̄ is the reduced Planck constant, and c
the speed of light. Furthermore, r is the separation between
the two spheres, R is the radius of the test mass (which
we assume to be perfect spheres), and d1 (d2) the electric
dipole moment of test mass 1 (2) which can consist of both
a permanent electric dipole moment and an induced electric
dipole moment in the case of diamond test masses. See also
Refs. [23,24,29,33] for discussions of these interactions in the
context of the QGEM experiment.

Typically, a minimal distance between the test masses
is introduced such that the gravitational-induced interac-
tion dominates by some predetermined factor over the
dipole-dipole and Casimir-Polder interactions. However, as
pointed out in Refs. [23,24], another way to secure that the
gravitational-induced entanglement is dominating is to intro-
duce a grounded conducting plate between the test masses
that shields any electromagnetic interactions between the test
masses, see Fig. 3. A common material for the electromag-
netic shielding would be copper [23], or gold-coated silicon
nitride [24], but one could also use thinner, more exotic mate-
rials such as graphene [64].

Using electromagnetic shielding we may be able to relax
the minimal distance between the test masses. Since the grav-
itational interaction (gravity cannot be screened) is inversely

4In the expression of the Casimir-Polder potential, we have as-
sumed that the separation between the test masses is large compared
to the radius of the spheres. Furthermore, the test masses are assumed
to be perfectly spherically and to consist solely of diamonds. In a
high vacuum environment, the polarizability of a diamond sphere can
be expressed as α = R3(ε − 1)/(ε + 2) [63].

FIG. 3. We show a schematic drawing of the proposed setup
which involves trapping the test masses and using electromagnetic
screening. The grey plane represents the conducting plate and it is
assumed to be clamped. The rainbow-colored shapes represent the
trapping potentials, a spherical test mass can be seen in the right trap.
Note that on top of this trapping potential, there will be the magnetic
field contribution from the SG apparatus by impinging the transient
magnetic field to create the superposition based on Ref. [33], which
will produce a weak confinement in the x̂ direction. The trapping
potential can also create a small departure from the flat potential
along the x̂ direction, see Ref. [53]. As an example in this figure, we
have plotted the trapping potential of Ref. [53] for x ∈ [−10, 10] µm,
z = ∈ [−1, 1] µm at y = 0 [see Eq. (B1)].

proportional to the separation between the two spheres, de-
creasing the separation between the spheres increases the
gravitational entanglement [see Eq. (3)]. An increase in the
entanglement means that some of the experimental parame-
ters that were proposed for setups without electromagnetic
shielding can be now relaxed (these results are presented in
Sec. IV). However, the constraint will now be on how close
to the plate we can bring the test masses. Since the shielding
plate is conducting, there is still a dipole-induced-dipole and
Casimir-Polder interaction between the spherical test mass
and the plate (denoted here by S-P). These interaction poten-
tials are given by [23,60]5

V S-P
DD = −|d|2

z3
[1 + cos2(θ )], (11)

V S-P
CP = −3h̄c

8π

ε − 1

ε + 2

R3

z4
, (12)

where θ is the angle between the vector going from the plate
to the test mass, z is the distance between the plate and the test
mass (see the schematic of Fig. 4), and the magnitude of the
electric dipole moment is denoted |d|. Due to these electro-
magnetic interactions, the spheres will move towards or away
from the plate, depending on the orientation and magnitude of
the sphere’s dipole moment. Since any collision with the plate
should be averted, one either needs to very carefully know the

5For the Casimir-Polder interaction, we have assumed that the di-
electric properties of the test masses are independent of the frequency
of the electric field and we will also assume that its imaginary
part is negligible at low temperatures (see experimental findings
in Refs. [65–67]). For the dipole sphere-plate potential we use the
image dipole procedure [61], see the schematic explanation in Fig. 4.
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FIG. 4. The figure illustrates the dipole moment of the sphere in-
teracting with the conducting plate. The potential in Eq. (11) between
the sphere and the plate is found using the method of images [61]
from Eq. (9), where we assume the plate to be grounded and much
longer than the radius of the test masses. The vector r corresponds to
r in Eq. (9).

initial condition of the test masses (such as dipole moment
orientation) and find the initial distance such that during the
time of the experiment there is no collision with the plate, or
one needs to trap the test masses in the direction towards the
plate. The first setup of test masses that are free to move in the
direction perpendicular to the plane of the plate was examined
in Ref. [24]. The second situation of trapped and shielded test
masses will be considered here. A schematic setup is shown
in Fig. 3.

B. Magnetic trapping

We now analyze the needed characteristics of the magnetic
trapping needed to prevent the test masses from colliding with
the plate.6 For a diamagnetic induced magnetic trapping by
the trapping magnetic field profile BT, the trapping potential

6In the presence of a magnetic field besides Eqs. (9) and (10),
there is also an induced magnetic dipole-dipole potential between
the two diamagnetic spheres given by Udd = 2χ 2

ρ m2|B2|/(4πμ0r3),
where χρ = −6.2×10−9 m3/kg is the mass susceptibility for the
diamond-type crystal, μ0 is the vacuum permeability, m is the mass
of the diamonds, and r is their separation. Being an induced dipole
effect, this potential varies quadratically with an applied magnetic
field. Although this induced magnetic dipole does not significantly
interact with the conducting plate, the dipole-induced magnetic po-
tential can also entangle the two masses, see Ref. [33]. However,
for the magnetic field |B| ∼ O(10–50) μT and for the separation of
d ∼ O(20–60) μm, the induced magnetic dipole potential remains
subdominant compared to the gravitational potential between the two
masses.

is given by

VT = χρm(BT)2

2μ0
, (13)

with χρ as the mass magnetic susceptibility of diamond in
our case and μ0 as the vacuum magnetic permeability. We
require the trap to limit the movement in the direction of the
plate, e.g., z direction, see Fig. 3. Therefore we require that
the trapping potential and the trapping force should be bigger
than the dipole-dipole and the Casimir-Polder potentials and
the forces along the ẑ direction (the direction perpendicular to
the plane of the plate):

VDD + VCP < VT, FDD + FCP < FT. (14)

These conditions put constraints on the magnetic field magni-
tude, and the gradient in the z direction:7

|BT| >

[
2μ0

χρm
(VDD + VCP)

]1/2

, (18)

|∂zBT| >
μ0

χρm|BT| (FDD + FCP). (19)

For a diamond test mass, we have taken the dielectric con-
stant ε = 5.1, the density ρ = 3500 kg m−3, and the magnetic
susceptibility χρ = −6.2×10−9 m3 kg−1. The electric dipole
moment has two contributions, a permanent and the induced
one. The permanent electric dipole moment magnitude has
been measured in Ref. [56] for a silica type crystal with radii
5–10 µm, and was found to be ∼10−4 e m (with e the electric
charge unit), and to have no significant mass-dependence.
Studies on other microspheres [69] indicate that there could
be a volume scaling for the permanent dipole moment. In
the context of the QGEM experiment we consider diamond
spheres of mass 10−16–10−13 kg, which would correspond to
R ≈ 0.2–2 µm. Therefore here we assume a permanent dipole
moment of ∼10−4 e m that is independent of the radius of the
sphere.

The induced electric dipole moment’s magnitude is given
by 4πε0αE , where E is the external electric field that in-
duces the dipole and α is the polarizability of the diamond,
given by R3(ε − 1)/(ε + 2) (see footnote 4). We can con-
sider for example the electric field from a wire. The wire
could be used to create superpositions [30]. The ampac-
ity for copper nanotubes is J = 1013 A m−2 [70], with a

7The force is found from F = −∂V/∂r, for each of the potentials
in Eqs. (11)–(13):

FDD = −3|d|2
z4

[1 + cos2(θ )]ẑ, (15)

FCP = −3h̄c

2π

ε − 1

ε + 2

R3

z5
ẑ, (16)

FT = 2χρm

2μ0

(
BT

∂BT

∂x
x̂ + BT

∂BT

∂y
ŷ + BT

∂BT

∂z
ẑ

)
. (17)

The Casimir-Polder [23,68] and the dipole-dipole interactions are
assumed to be only in the ẑ direction. For the magnetic force, only
the ẑ component is considered in Eq. (19). Furthermore, BT · ∂BT

∂z =
|BT||∂zBT| cos(φ) � |BT||∂zBT| is used to find Eq. (19)
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FIG. 5. The plot shows the minimal magnetic field strength (dot-
ted, red) and its gradient (solid, blue) along the z direction (see Fig. 3
for the geometric setup) as a function of the mass for a diamond
sphere, where the trapping potential overcomes the Casimir-Polder
and the dipole interaction in the ẑ direction. The plate is located
at a fixed distance (30 µm) from the diamond, and we consider the
dipole moment of the diamond to be |d| = 10−4 e m (and the dipole
orientation with regards to the plate is θ = 0). Here, we consider
the mass of the diamond to be 10−14 kg with a radius of 0.88 μm.
The dashed black line indicates the magnetic field strength and its
gradient along the z direction when the dipole moment is assumed
to have a volume scaling, where a sphere of radius 10 µm with
|d| = 10−4 e m is taken as a baseline [56].

thermal conductivity of σ = 4.6×107 Sm−1 at a room tem-
perature [70], the electric field found from Ohm’s law is:
E = J/σ ∼ 2×105 mkg/ s3 A−1. Therefore the magnitude of
the corresponding induced dipole moment for test masses
10−16–10−13 kg would be 5×10−4–5×10−7 e m.

For our present analysis, we will assume that the test
masses are well-isolated and that there is a negligible external
electric field, we will assume here that the magnitude of the
electric dipole moment is mass-independent and it is given
by |d| ∼ 10−4 e m. Furthermore, we assume a maximal effect

from the dipole interaction by taking the angle between the
direction of the plate to the center of mass of the diamond
sphere and the electric dipole moment vector to be θ = 2πk,
k ∈ Z. The minimal values for the magnetic field strength and
the magnetic field gradient in the ẑ direction should be such
that there is no net force towards the plate, the conditions in
Eq. (14) will then yield the plots for the magnetic field BT and
∂zBT. These conditions are plotted with respect to the mass of
the diamond, see Fig. 5, and with respect to the diamond-plate
separation, see Fig. 6.

Since the dipole moment is taken to be mass-independent,
the magnetic field strength scales inversely with the mass [see
Eqs. (11), (12), (13), (18), and (19)]. The dashed-black line
in Fig. 5 also shows the requirement for a dipole moment that
scales with volume, in which case the requirement on the mag-
netic field strength becomes mass-independent. From Fig. 5,
we can see that for the range of diamond masses, relevant to
the QGEM experiment, e.g., 10−16–10−13 kg, kept at a dis-
tance of 30 µm from the plate, we require |BT| > 8.7 µT and
|∂zBT| > 0.58 T m−1, an experimentally reasonable magnetic
field and gradient along the ẑ direction.

The bounds on the magnetic field strength and gradient are
independent of the details of the trapping profile. However,
they are dependent on the separation between the test mass
and the plate, which is partly fixed by the trapping profile in
the sense that a “flatter” trap may require a larger separation.
Figure 6 shows the minimal requirement on the magnetic field
magnitude and the gradient as a function of the separation
between the test mass and the plate. We can see that for the
separations z < 1 µm, the requirements on the magnetic field
increase rapidly. Up to separations of 10 µm we would require
|Bz| ∼ 10 µT and |∂zBz| ∼ 10 T/m.

For the rest of our computation, we will mainly consider
the cases: z = 30 and 10 µm. From the previous calculation,
we find the conditions on the magnetic field and the gradient
of the magnetic field along the ẑ direction for masses in the
range 10−18–10−13 kg:

|BT| > 8.7 µT, |∂zBT| > 0.58 T m−1 (20)

FIG. 6. In this plot, we show the minimal magnetic field strength (dashed, red) and gradient (solid, blue) where the trapping potential
overcomes the Casimir-Polder and dipole interaction towards the plate [see Eqs. (11), (12), (13), (18), and (19)] as a function of the separation
of a diamond sphere and the conducting plate. We plot for two different scales on the y axis. The left plot with linear scale shows the rapid
increase for z < 10−6 m. The right plot with log-scale y axis shows more clearly the numerical values of |Bz| and |∂zB| as a function of z. For
a test mass of 10−14 kg and diamond spheres with an electric dipole moment of |d| = 10−4 e m (and θ = 0).
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for z = 30 µm separation from the plate and

|BT | > 78 µT, |∂zBT | > 16 T m−1 (21)

for z = 10 µm separation from the plate (which is also effec-
tively mass-independent for m ∈ [10−18–10−13] kg).

Both the above-mentioned cases are satisfied by the trap-
ping profile created in Ref. [53] [given in Eq. (B1)]. The
authors of Ref. [53] created a magnetic trap for the feedback
cooling of a nanodiamond, they simulated the levitation of the
nanocrystal by using its weak diamagnetism in combination
with a large magnetic field gradient to counter the gravita-
tional potential. Using the aforementioned profile, we can, for
example, trap the particle in the ŷ, ẑ direction, while allowing
it to move freely in the x̂ direction. The profile of Ref. [53]
was used in Ref. [33] to propose a scheme for the creation of
a macroscopic quantum superposition within the trap.

IV. RESULTS

To witness the quantum nature of gravity, in the parallel
setup, we can construct a witness W , for which we choose the
positive partial transpose (PPT) witness [36–38]. The expec-
tation value of the PPT witness is given as

〈W〉 ≡ Tr
(
WρT2

) = Tr
(∣∣λT2−

〉〈
λ

T2−
∣∣ρT2

) = λ
T2− , (22)

where λ
T2− denotes the most negative eigenvalue of the partial

transpose of the density matrix, which is denoted ρT2 . From
Sec. II, we already know the most negative eigenvalue, see
Eq. (6). However, now we also wish to include the decoher-
ence rate in the density matrix. We will follow the convention
of modeling the decoherence rate as an exponential decay in
the density matrix, see Ref. [71]. The decoherence rate can be
added as follows in the density matrix:

〈i j|ρ∣∣i′ j′
〉 → e−γ τ (2−δi,i′ −δ j, j′ ), (23)

with γ the decoherence rate, and the bra and ket with
i, j, i′, j′ = ↑,↓ select the elements of the density matrix ele-
ments.

By including the decoherence rate in our density matrix,
the expectation value of the witness, e.g. the most negative
eigenvalue, can thus be expressed as [24,36]

〈W〉 = 1

4
− 1

4
e−γ τ

[
e−γ τ ∓ 2 sin

(
φ1 + φ2

2

)]
. (24)

Note that in Eq. (24), when γ = 0 we obtain the expression of
the most negative eigenvalue of the partial transpose density
matrix given by Eq. (6) in the absence of decoherence. In
Appendix A, we give the full derivation of the witness in terms
of it’s minimal eigenvectors and expansion in terms of the
Pauli matrices.

Due to φ1 + φ2 being negative for the parallel setup, the
most negative eigenvalue in Eq. (24) is with the “+” sign. In
contrast, for the linear setup, the argument of the sin function
is positive, and the most negative eigenvalue is with the “−”
sign (see the discussion in Sec. II). The expectation value of
the witness can be approximated for small small-time inter-
vals from Eq. (24), writing in a setup-independent (parallel or
linear) manner gives

〈W〉 ≈ 1
2γ τ − 1

2 |ωent|τ, (25)

FIG. 7. The plot shows the superposition width �x as a function
of the decoherence rate γ . The lines indicate the value of �x such
that 〈W〉 = 0, the area above these lines are the values for �x
for which 〈W〉 < 0, hence, the entanglement can be witnessed. We
have chosen the value of d = 61 µm (the distance between the two
superpositions), which corresponds to a sphere-plate separation of
z = 30 and 1 µm for the conducting plate’s thickness.

where γ is the decoherence rate and we define the entangle-
ment rate as

ωent τ ≡ φent ≡ (φ1 + φ2)/2. (26)

The absolute value is because in the parallel setup, this value is
negative and we would have 1

2 (γ + ωent )τ , while for the linear
setup, the entanglement rate is positive, giving 1

2 (γ − ωent )τ .
We use the absolute sign to write the expectation value of
the witness in a more generic way that is applicable to any
two-qubit setup. We refer to Appendix A for a more detailed
derivation.

For the parallel setup, the entanglement rate is given by

ωent ≡ φ
par
1 /τ =

[
1√

d2 + (�x)2
− 1

d

]
Gm2

h̄
, (27)

where φ
par
1 is given by Eq. (3). If Tr(Wρ) < 0 then the

gravity-mediated entanglement can be detected. This gives us
a relation between the allowed decoherence rate γ and the
entanglement rate ωent:

if γ < |ωent| ⇒ entanglement can be witnessed. (28)

We can find the minimal required superposition width �x
based on the expected decoherence rate from the witness in
Eq. (25) as

�x >

√(
Gm2

Gm2/d − γ h̄ + 〈W〉h̄/2τ

)2

− d2. (29)

This equation is plotted in Fig. 7 as a function of the decoher-
ence rate γ , for a witness value of 〈W〉 = 0 and a separation
of d = 61 µm (which would correspond to a sphere-plate
separation of z = 30 µm and a 1 µm thick plate). The fig-
ures show that a larger superposition width is required for a
larger decoherence rate to find a negative expectation value of
the witness, hence the entanglement.

It should be noted that we have made a few simplifications.
In general, both γ and ωent are time-dependent since they
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TABLE I. The table shows the mass and the superposition width
(�x) required to get the desired entanglement rate of |ωent| =
0.01 Hz, see Eq. (27). For two test masses in a quantum superposition
in their magnetically trapped potentials, and shielded by a conducting
plate of thickness 1 μm. The masses are kept at a distance 30 (second
column), 10 (third column), and 5 µm (fourth column) from the
plate. Hence, the superposition of the masses is separated by the
distance of d = 61, 21, and 11 µm, respectively. For an entangle-
ment rate >0.01 Hz, the expectation value of the witness becomes
negative, see Eq. (28).

�x (µm) �x (µm) �x (µm)
Mass (kg) z = 30 µm z = 10 µm z = 5 µm

10−15 1685 23 7.5
10−14 8.5 1.7 0.65
10−13 0.85 0.17 0.06

are a function of �x for a one-loop interferometer. However,
we have considered them to be constant during the time τ .
The time dependence of �x is determined by the exact split-
ting procedure. After fixing the splitting procedure (see, for
example, Refs. [30,32,72]) one can perform a more detailed
time-dependent analysis of the accumulated phase, decoher-
ence rate, and the witness. To keep the discussion general,
we have neglected the time dependence. This is not a bad
approximation because if we were to consider the superpo-
sition to be created and closed by the pulsed magnetic field
during time τa that is smaller than the interaction time τ ,
during which the superposition can be treated nearly constant
(as in Ref. [1]). During the time τa the entanglement rate and
decoherence rate are smaller because �x is smaller, therefore,
the time-independent analysis done here works quite well.

If the entanglement rate and the decoherence rate are very
close to each other, then the expectation value of the witness
will be small, which means that a lot of repetition of the spin
measurements will be required to detect the entanglement.
Hence, although we presented the minimal superposition
width to witness the expectation value to be negative if we
required the entanglement to be detectable within some finite
number of measurements, we would require a larger �x for
a lower number of measurements. Finding the exact �x re-
quirement is based on some set of a number of measurements
that would require a numerical simulation of the experiment,
such as performed in Refs. [37,38]. Figure 7 (which plots
the minimal �x as a function of γ for d = 61 μm) shows
that the requirements on �x relax for larger masses since
the gravitational interaction strength increases. However, it is
also more difficult to create a superposition for a larger mass.
We have noted that the magnetic trapping profile discussed in
Ref. [33] suggests that we could potentially take a separation
of 21 µm (which would correspond to a sphere-plate separa-
tion of z = 10 µm and a 1 µm thick plate). In Table I, we have
given an overview of the superposition width �x for different
masses and for different values of z (see Fig. 4), such that
|ωent| = 0.01 Hz in the parallel setup.

The values in Table I correspond to the expectation value
of the witness, 〈W〉 = 0, for a given decoherence rate of
γ ∼ O(10−2) Hz. We have selected the decoherence rate
of γ ∼ 10−2 Hz from our previous papers, which seems

reasonable for the ambient temperatures of ∼1 K, based
on scattering with air molecules and black body radiation
[23,36–38,47] and dipole-dipole interactions [25]. Based on
Eq. (28) this would inevitably place a lower bound on the rate
of entanglement to be at least |ωent| > 10−2 Hz and the values
of �x in Table I are the minimal values for detecting entan-
glement. We can see the remarkable change in the size of the
spatial superposition if we bring the two masses close, to d =
21 μm (z = 10 μm from the plate) and d = 11 μm (z = 5 μm
from the plate). For m ∼ 10−14 kg, the spatial superposition
reduces to �x = 1.7 and 0.65 μm, respectively. The extent
that which we can reduce �x for such heavy masses will have
a huge advantage for the QGEM experiment.8

Additionally, the plate will be a source of dephasing, this
was analysed in Ref. [24]. It was found that the dephasing
was mostly due to the permanent dipole of the diamond
(the Casimir-Polder interaction with the plate and thermal
fluctuations of the plate are sub-dominant sources of dephas-
ing). Reference [24] showed that in the worst-case scenario,
restricting the dephasing to 10−1 requires subfemtometer pre-
cision on the position of the superposition instances, showing
that a good control of the dipole is necessary to reduce the
dephasing. Furthermore, precision of the initial conditions
was analysed in Ref. [24]. They estimated a precision of the
order of femtometers is necessary to reduce phase fluctuations
in repeated measurements (in the worst-case scenario). These
results translate approximately to the setup proposed in this
paper, this number can be reduced by mitigating the dipole of
the diamond test mass.

V. CONCLUSION AND DISCUSSION

The electromagnetic screening between the test masses in a
parallel configuration in the QGEM protocol has been known
to relax the experimental constraints, see Ref. [24]. However,
the experimental parameters did not improve that much com-
pared to the linear setup investigated in Ref. [23]. This is
because one has to duly consider the Casimir-Polder and the
dipole interactions between the test mass and the conducting
plate. A recent analysis of Ref. [24] suggested that for mass
of the superposition around 10−14 kg, we would still require
the superposition size to be within �x ∼ O(10–20) μm. A
similar bound was also obtained in Ref. [23] for the linear
setup. Since creating the massive spatial superposition is still
one of the main challenges for the QGEM experiment, if
this requirement of �x becomes less stringent then it will
indeed be a great improvement for the practical aspects of the
experiment.

8We want to consider the z = 5 μm case further as it requires a
detailed study of both the trapping magnetic field profile and the
magnetic field profile due to the SG apparatus. Furthermore, the
induced magnetic dipole interaction mentioned in footnote 6 will
be a constraining factor at distances z = 5 and 10 μm if we cannot
screen the magnetic field as well. However, if we were to screen the
magnetic field via a superconducting screen, this would also induce
a force between the micro-diamond and the screen due to the image
magnetic dipole, which requires further investigation.
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In this paper, we have shown that a combination of elec-
tromagnetic screening and the magnetic trapping of the test
mass can optimize the experimental parameters in the QGEM
protocol. We have shown that the trapping of the test masses
constricts the trajectories in such a way that the superposition
of the test masses is now created parallel to the conducting
plate. Furthermore, the trapping potential forbids the particles
to come very close to the conducting plate as well. This is
possible due to the fact that the trapping potential can provide
a flat direction, where the potential is flat (or weakly confined)
and along this flat direction the superposition can be created.
One such example has been studied recently in Ref. [33].

We have found that the combination of screening and trap-
ping reduces the requirements for the superposition size. For
a mass of 10−14 kg, we would now require the maximum
superposition width of approximately 3.4 µm for an entan-
glement phase of 0.01 rad in 1 s, as opposed to �x ∼ 100 µm
for the same entanglement rate. This is roughly two orders
of magnitude improvement compared to the setup without the
conducting plate [1], and an order of magnitude improvement
compared to the shielded free-fall setup [23,38].

The next task will be to study the common mode fluctu-
ations of the conducting plate in the presence of the trapping
potential and study various sources of decoherence. We intend
to do this in the future paper. The trapping and the shielding
protocol are extremely promising in the realizations of the
QGEM experiment. Therefore we should perform a more de-
tailed analysis to find various electromagnetic and mechanical
sources of decoherence. Furthermore, other sources of noise
such as gravity gradient noise and relative acceleration noise
has to be re-evaluated based on our earlier analysis [72].

Since the most challenging aspect of all is to create a mas-
sive and spatial splitting of the wave function, here we have
shown that the QGEM experiment can be performed for a tiny
splitting of the wave function for a heavy massive object, as
shown in Table I, if we can simultaneously trap and shield the
two matter-wave interferometers. Indeed, creating the initial
state will be a common challenge for any mechanisms for
creating the superposition, see Refs. [48,49], which requires
to be addressed within this trapping potential and beyond the
scope of the current analysis.
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APPENDIX A: WITNESS

The expectation value of the PPT (positive partial trans-
pose) witness, given in Eq. (22):

〈W〉 ≡ Tr
(
WρT2

) = Tr(|λT2− 〉〈λT2− |ρT2 ) = λ
T2− , (A1)

shows that the witness W is defines by

W = |λT2− 〉〈λT2− |, (A2)

it is the partial transpose of the tensor product of eigenvectors
that correspond to the minimal eigenvalues of the partial trans-
pose density matrix. Including decoherence as an exponential
decay, the density matrix of the wave function presented in
Eq. (2) is given by

ρ = 1

4

⎛
⎜⎜⎜⎝

1 e(−iω2−γ )τ e(−iω1−γ )τ e−2γ τ

e(iω2−γ )τ 1 e−i(ω1−ω2 )−2γ τ e(iω2−γ )τ

e(iω1−γ )τ ei(ω1−ω2 )−2γ τ 1 e(iω1−γ )τ

e−2γ τ e(−iω2−γ )τ e(−iω1−γ )τ 1

⎞
⎟⎟⎟⎠,

(A3)

where ω1,2τ = φ1,2 and φ1, φ2 defined in Eqs. (3) and (4) for
the parallel and linear setup, respectively. Note that Eq. (A3)
at t = 0 is a pure state, we assume that the two matter-wave
interferometers can be prepared in an pure state, although this
may be experimentally challenging. After taking the partial
transpose one can find the eigenvalues:

λ1,2 = 1

4
− 1

4
e−γ τ

[
e−γ τ ∓ 2 sin

(
φ1 + φ2

2

)]
, (A4)

λ3,4 = 1

4
+ 1

4
e−γ τ

[
e−γ τ ± 2 cos

(
φ1 + φ2

2

)]
. (A5)

For γ = 0, they reduce to the eigenvalues in Eqs. (6) and (7).
The eigenvectors corresponding to the min eigenvalues for the
parallel (λpar

− = λ1) and the linear case (λlin
− = λ2) are given by

|λlin
− 〉 = (−1,−i, i, 1)T , (A6)

|λpar
− 〉 = (−1, i,−i, 1)T , (A7)

for φ1 = φ2 = 0, and taking |↓〉 → (1, 0)T and |↑〉 →
(1, 0)T . The witness is constructed from Eq. (A2). The witness
matrix can be expanded in terms of the identity matrix I and
products of the Pauli matrices σx, σy and σz. The expansion is
given by

parallel: W+ = 1
4 (1 ⊗ 1 − X ⊗ X + Z ⊗ Y + Y ⊗ Z ),

(A8)

linear: W− = 1
4 (1 ⊗ 1 − X ⊗ X − Z ⊗ Y − Y ⊗ Z ), (A9)

where the expectation value of the witness for the linear case
was derived in Ref. [36], and following Ref. [36] and by
using the decomposition in terms of the Pauli matrix products,
we can find an expression for the expectation value of the

013199-9



SCHUT, GERACI, BOSE, AND MAZUMDAR PHYSICAL REVIEW RESEARCH 6, 013199 (2024)

witness:

Tr(W±ρ) = Tr(ρ) ∓ 2 Im(ρ12) ∓ 2 Im(ρ13) − 2 Re(ρ14)

− 2 Re(ρ23) ± 2 Im(ρ24) ± 2 Im(ρ34). (A10)

By using the density matrix presented previously, see
Eq. (A3), the expectation value of the witness can be com-
puted:

4〈W±〉 = 1 − e−γ t (∓[sin(φ1) + sin(φ2)]

+ 1
2 e−γ t [1 + cos(φ2 − φ1)]). (A11)

By considering the small-time expansion around t = 0, we
can find an approximate expression for the expectation value
of the witness, given by

4〈W±〉 ≈ 1 − (1 − γ t )

[
∓ (φ1 + φ2) (A12)

+ 1

2
(1 − γ t )

(
2 − (φ2 − φ1)2

2

)]
. (A13)

At a linear order in t , the expectation value of the witness is
given by

parallel: W+ = 1
4

(
2γ + 2ω

par
1

)
t, (A14)

linear: W− = 1
4

(
2γ − ωlin

1 − ωlin
2

)
t, (A15)

where ω1,2t ≡ φ1,2 is the entanglement generation rate, and
φ1,2 for the parallel and the linear setups given by Eqs. (3)
and (4), respectively. As discussed in Sec. II, for the parallel
case 2φ1 < 0, while for the linear case φ1 + φ2 > 0, for any
�x > 0. Therefore the witness for the linear and the parallel
case can be given more generically as

W = 1
2 (γ − |ωent|)t, (A16)

where ωent = (φ1 + φ2)/(2t ), see Eqs. (26) and (27).

APPENDIX B: TRAPPING POTENTIAL

The magnetic trapping profile from Ref. [53] that was
used for the feedback cooling of a nanodiamond is given
in Eq. (B1) below. The same profile was used in the
scheme to create a macroscopic quantum superposition in

Ref. [33]:

BT = −

⎡
⎢⎣2a3

√
14
3π

xz

y2
0

⎤
⎥⎦x̂ −

⎡
⎢⎣3a4

√
35
π

z

16y3
0

(z2 − 3y2)

−
a3

√
7

6π
zy

y2
0

+
a2

√
15
π

z

4y0

⎤
⎥⎦ŷ −

⎡
⎢⎣3a4

√
35
π

y

16y3
0

(3z2 − y2)

+
a3

√
7

6π

2y2
0

(4x2 − y2 − 3z2) +
a2

√
15
π

y

4y0

⎤
⎥⎦ẑ, (B1)

where the directions x̂, ŷ, ẑ are as indicated in Fig. 3, y0

is the distance of the bottom of the trap to the magnets,
and the coefficients a2,3,4 are given in units Tesla, and de-
termine the magnetic field strength. These coefficients were
taken to be a2 = −1.3 T, a3 = 0.0183 T, and a4 = 0.72 T in
Refs. [33,53].

Time-dependent electric and magnetic fields can cause
decohere via the dipole-phonon interaction. The proposed
gradients and fields are not large compared with what has been
accomplished experimentally before, and can be achieved
for magnets and coils with reasonable mechanical support.
The largest magnetic field gradients we are talking about [in
Eqs. (20) and (21)] is roughly 10 T m−1, which is being used
regularly in labs. If the time-dependent electric and magnetic
fields do not hit the resonant frequency of the fundamental
tone of the phonons, then the decoherence is also very small.
However, these effects should be considered systematically.

The magnetic field used for creating the superpositions
will perturb the trapping magnetic field most strongly in the
near-flat direction of the trapping potential. This perturbing
magnetic field is switched on and off to create and recombine
the spatial superpositions. The switching time will depend on
the inductance of coils used to create the magnetic gradients
as well as eddy currents, and has been analyzed in Ref. [28].
They give a switching time of ∼100–160 µs, which we expect
that this time will be adequate for the proposed measurements.

In a realistic setup, one also has to consider the practical
issue of forces applied to the system when switching magnetic
fields. These can in principle be minimized with the use of
micro-fabricated coils. For example, for coils of radius 10 μm,
forces of order 10−8 N would act on the system if such a coil
created a 0.01 T field and 100 T/m gradient at a distance of a
micrometer for a current of 0.1 Ampere, which is attainable in
micrometer-scale patterned wires [73]. A detailed experimen-
tal design would need to take such conditions into account and
is left for future work.
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