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Intraparticle entanglement of individual particles such as neutrons could enable another class of scat-
tering probes that are sensitive to entanglement in quantum systems and materials. In this work, we
present experimental results demonstrating quantum contextuality as a result of entanglement between
the spin and energy modes (i.e., degrees of freedom) of single neutrons in a beam using a pair of resonant
radio-frequency neutron spin flippers in the modulated intensity with zero effort configuration. We veri-
fied the mode entanglement by measuring a Clauser-Horne-Shimony-Holt contextuality witness S defined
in the spin and energy subsystems, observing a clear breach of the classical bound of |S| < 2, obtaining
S = 2.40 4 0.02. These entangled beams could enable alternative approaches for directly probing dynam-
ics and entanglement in quantum materials whose low-energy excitation scales match those of the incident

entangled neutron.

DOI: 10.1103/PhysRevApplied.22.L.031005

Introduction. The multitude of demonstrations of the
physical limits of determinacy inherent to quantum super-
position and its extension, quantum entanglement [1], all
point directly to their fundamental utility [2,3]. Quantum
contextuality implies that even for observables at the same
location in space and time (i.e., within a single parti-
cle [4]) there are still no hidden variables that determine
observations [5]. In other words, the specific values for
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the observables are “decided” at the moment of mea-
surement. Bell’s theorem clarifies the way to rigorously
distinguish between the case where particles hold informa-
tion about their internal states or if those states are actually
determined only at the instant of wave-function collapse.
With carefully constructed experiments and closed loop-
holes supporting the latter case, it is becoming clear that
quantum entanglement is an indispensable common ele-
ment underlying fundamental physics, and may even be
involved in the threads of spacetime itself [6-9].

In general, there is an intense motivation to develop
methods that probe entanglement in a more direct manner
in order to provide independent evidence and facilitate

© 2024 American Physical Society
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observation of entanglement in materials [10,11]. How-
ever, determining whether a system is entangled typically
requires careful linking of theory and experiment. The
methods investigated in this work are designed to be model
agnostic, which may allow direct extraction of informa-
tion about quantum entanglement obtained from neutron
spectroscopy experiments without the need for extensive
modeling and prior knowledge of the sample’s dynam-
ics. Instead of analyzing only the neutron spectrum scat-
tered from a sample with conventionally prepared neutron
beams, proof-of-concept efforts have shown how one can
utilize neutron beams that are themselves prepared in an
entangled state in order to probe entangled samples [12].

By performing calibrated polarization measurements
using a neutron resonant spin-echo (NRSE) instrument
[13], we can obtain sufficient information on the cor-
relations between the spin and energy observables of a
single neutron to demonstrate the violation of a contex-
tual Bell-like inequality [14—16]. Such a distinguishing
demonstration is referred to as the construction and mea-
surement of an entanglement witness. The theory used to
extract information about the entanglement of a system
from witness measurements is already well established
[17,18]. This type of measurement essentially amounts to
entangling the different degrees of freedom of individual
neutrons in a way that can be verified with established
neutron scattering instrument techniques. For instance, the
energy, spin, and path subsystems of an individual neu-
tron can be entangled with each other using an NRSE
instrument [14]. Quantum contextuality is demonstrated by
preparing and then experimentally measuring a Clauser-
Horne-Shimony-Holt (CHSH) entanglement witness with
the spin and path subsystems of the neutron [19] or by
preparing a Mermin witness with tripartite entanglement
of spin, path, and energy [20].

In this work, we demonstrate the entanglement of the
energy and spin distinguishable subsystems within a neu-
tron as it is manipulated by a variant of NRSE spectroscopy
called MIEZE (Modulated IntEnsity with Zero Effort).
This entanglement is demonstrated by measuring a CHSH
witness value of 2.40 &£ 0.02. This result is above the clas-
sical limit of 2 and corresponds to the expected value of
a maximally entangled result of 24/2 x C where C = 85%
is the MIEZE contrast (see Methods). Such a measurement
substantiates the viability and practicality of preparing an
entangled neutron beam with a time-focusing condition in
contrast to conventional NRSE. In other words, this work
(in contrast to previous work) demonstrates that an estab-
lished spectroscopy technique, with permanently installed
incarnations such as the RESEDA beamline at FRM-
IT [21,22], is intrinsically configured to exploit neutron
spin-energy entanglement. Since the MIEZE technique
already requires spin-energy correlations to achieve neu-
tron measurements of dynamical excitations with both high
intensity and high resolution, it opens another potentially

more effective and complementary avenue for intraparticle
entanglement to serve as a probe for quantum materials,
particularly in magnetic systems displaying a large degree
of entanglement such as quantum spin liquids [23].

Methods. We first construct a particular CHSH witness
using the spin (s) and energy (e) degrees of freedom of
the neutron, which are treated as two distinguishable sub-
systems leading to the tensor-product Hilbert state space
‘H ="H, ® H, [15]. Both H and H, describe two-level
(i.e., qubit) subsystems: H; is the usual subspace of a non-
relativistic two-component spin-1/2 spinor and H, is the
subspace spanned by two energy states. The energy sub-
space can be described as two dimensional because the
neutron can only access two energy states at each specific
instance in time. We denote the relative phases of the spin
and energy states by o and y, respectively. We now define
two pairs of observables o°(¢;) and o¢(y;) with i € {1,2},
which act on the corresponding subsystems; these opera-
tors are associated with azimuthal angle «; (y;) in the x-y
plane of the corresponding Bloch spheres:

o*(a;) = cosa; o) + sinq; ays, (1a)
o°(y:) = cosy; 0, +siny; oy (1b)

The projectors P*(«;) and P¢(y;) for the observables o (¢;)
and o°(y;) are defined, respectively, as

PS(a) = L {eul, |ai>=%, (2)
|Ey) + eM|E_)

Py = vy (wil, )= —. 2b

) = lyvadvil,  1vi) 7 (2b)

Next, we define the CHSH witness S as

S =E(ai,y1) + E(a1,y2) + E(az, 1) — E(2,¥2), (3)

where the joint expectation values E(a;,y;) for i,j €
{1,2} are defined as

E(ai,y) = (Ylo*(@)o(y)1¥) “4)

for a state |¢) € H. By decomposing each observable into
two projectors (geometrically represented by the antipodal
points on the equator of the Bloch sphere), we can write
each expectation value as

Zk,l(_l)kHN(ai + km, Vi + Im)
Zk,,N(oz,-—i-kn,y, + Imr)

E(a;,y)) = , ()

with k, [/ € {0, 1}. It follows that to determine each expec-
tation value, measurements of at least four different phase-
shift settings are needed, namely {N(a; + km,y; + Im)}
with k,7 € {0, 1}.

L031005-2
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Evolution of the total neutron wave function through the MIEZE instrument. After emerging from the polarizing V cavity

and first /2 flipper, the spin-phase coil tunes the spin phase of the neutron state |) according to Eq. (8), resulting in the state [v).
After the spin-phase coil, the neutron wave function is split both energetically and spatially by the first rf flipper (RF1), resulting in
a maximally entangled Bell state [26]. After the second rf flipper (RF2) and second 7 /2 flipper, the state is given by |,), which is
still maximally entangled. The analyzer acts like a projective measurement in the spin subsystem, producing an intensity oscillation
in time, which is then measured by the detector. The detector is mounted on a longitudinally translating stage that adjusts the relative
energy phase y given by Eq. (14). Additional weak magnetic guide fields in the y direction are not shown. The states |v/3) and |v4)
are both given by Eq. (12). The wavepacket sizes and spatial separations are greatly enhanced for clarity.

No classical assignments of eigenvalues of observables
by a local hidden variable theory can violate the CHSH
inequality |S| < 2, but quantum mechanical expectations
can [24]. The maximum value for S set by quantum
mechanics is the Tsirelson bound of 2+/2 [25]. Therefore,
we have a straightforward criteria to detect the presence of
quantum correlations, namely

|S| <2 (classical statistics),

IS| < 2+/2  (quantum statistics).

Any state violating the CHSH inequality is necessarily an
entangled state in the spin and energy degrees of freedom.
For the witness given in Eq. (3), the maximum violation
of the CHSH inequality occurs when o) + y; = —m/4 and
0 —ar =y, —y =nr/2[15]

We now present a detailed description of the neutron
state manipulations performed by a prototypical MIEZE
beamline as shown in Fig. 1, thereby connecting the exper-
imental measurement to the evaluation of the witness. The
standard MIEZE setup consists of two resonant rf neutron
spin flippers operated at different frequencies to create an
intensity modulation of the neutron wave function after
polarization analysis, resulting in a time-oscillating signal
[27,28]. In the absence of additional magnetic fields, this
beating frequency, commonly called the MIEZE frequency,
is given by

wn = 2(wy — wy), (6)

where w; (w;) is the angular frequency of the first (second)
rf flipper. Quantum mechanical treatments of the NRSE
and MIEZE techniques have previously been described
[29,30], and their relevant aspects are included later in
this section. Additional details on the derivation of the
entanglement witness and the necessary approximations
are provided within the Supplemental Material [31].

The experiment was performed on the CG-4B polarized
test beamline at the High-Flux Isotope Reactor (HFIR) at
Oak Ridge National Laboratory (ORNL), following ini-
tial measurements at FRM-II’s RESEDA instrument [31].
At CG-4B, the neutron beam is prepared by a silicon
monochromator with wavelength 0.55 nm and bandwidth
AM/L =~ 0.2% [32]. The neutrons are then polarized using
a V cavity, ensuring that they have a well-defined ini-
tial spin state (96% average polarization). They then pass
through a 7/2 flipper that initiates the neutron precession,
creating a superposition of spin-up and spin-down states:

M+ 1)
V2

where E, is the initial neutron energy and the quantiza-
tion axis is chosen to be in the guide field direction (the
¥ direction in Fig. 1). After exiting the first 7 /2 flipper,
the neutron travels through a static-field spin-phase coil,
which produces a small magnetic field that is used to tune
the neutron spin phase «. The relative spin phase is given
by the usual Larmor precession formula:

o= y”;"k / deB(), (8)

where y, > 0 is the magnitude of the neutron gyromag-
netic ratio, m the neutron mass, A the neutron wavelength,
and [ d¢B(¢) the magnetic field integral experienced by
the neutron along the path £ through the coil. The field inte-
gral contribution from the spin phase coil is well approx-
imated by [ d¢B(¢) ~ BL for a field region of length L
and uniform field strength B. The input state to the first rf
flipper up to a global phase factor is thus

Vo) = |Eo), (7

1) +e™l)

1Y) = 7

|Eo). ®

L031005-3
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The neutron then proceeds through the two rf flippers,
which in the MIEZE configuration are run at different
frequencies. The first rf flipper (RF1) running at a fre-
quency w; coherently changes the energy of the spin-up
and spin-down states of the neutron. The change in energy
corresponds to a change in velocity, and thus the up and
down spin states separate spatially along the beamline (Z in
Fig. 1). The resonant spin flip in the first rf flipper entangles
the incident polarized neutron in spin and energy [15,33]:

1t Eo) = [V EL), ) Eo) = It EL),

where E', = Ej + how,. Immediately after exiting the first
rf flipper, the wave function of the neutron is then given up
to a global phase factor by the maximally entangled Bell
state [26]

I EL) + o)y B
NG

For more details on the origin of the relative phase in
Eq. (10), see Refs. [34,35]. After exiting the second rf flip-
per (RF2), which again flips the neutron spin and changes
the relative kinetic energy, the two states are longitudi-
nally separated, with the lagging spin state having a greater
energy; the neutron wave function up to a global phase
factor is given by

[VBell) =

(10)

|T EJr) e wmt)l\l/ E*)
|l/}2) = ﬁ > ( )

where £y = Ey & h(w, — wy); this state is still a maxi-
mally entangled Bell state. After the final v /2 flipper and
the spin analyzer, which transmits only the spin-up state,
the resulting neutron state becomes

1 ,
W3) =73 [IE4) + et E) ] [1). (12)

Note that the neutron state after the analyzer is no longer
mode entangled between the spin and energy subsystems
as the analyzer acts as the projection operator P*(o = 0)
shown in Eq. (2a). Together, the spin-phase coil and ana-
lyzer act as a general projection operator P*(«) for the spin
subsystem.

In a typical MIEZE experiment, the detector is placed at
the focusing point z; where the two wave packets recom-
bine such that [(z, |EL)? = | (zr |E_)|?>. Complete recom-
bination occurs only at a single point in space, but if the
longitudinal beam coherence length 8, = A%/AAX is appre-
ciably larger than the longitudinal spatial separation of the
two spin states when the neutron is detected, then there
is effectively a finite region of recombination [36—38].

The region of recombination is determined by the MIEZE
focusing condition given by

L — BL
e Wy — W n Vn ’ (13)
L, w1 2w1L,

where L is the distance between the two rf flippers, L, the
distance between the second rf flipper and the detector, and
BL the field integral due to the spin-phase coil [39]. This
equation is simplified to neglect the length of the rf flipper
itself and the static fields between the rf flippers (see Ref.
[40] for a more complete focusing equation). Notice that
the focusing condition does not depend on the wavelength
of the neutron, which is key to the effectiveness of the
MIEZE technique since more neutrons from the source can
be utilized. If allowed to further propagate, the wave pack-
ets begin to spatially separate once more, resulting in the
defocused state |y/4) shown in Fig. 1, which is mathemat-
ically equivalent to Eq. (12). When the focusing condition
is applied, the relative energy phase at the detector position
takes the simple form

miw,,

h

y =222, (14)
where § is the displacement of the detector from the focus-
ing point. Therefore, at some point § away from z; for a
particular detector time channel ¢;, we measure the neutron
intensity as

1 4+ cos(o + y + wut;)
2 2

Vs (t)|* = (15)

which is equivalent to an N («, y) term in Eq. (5), again up
to a global phase factor and fit parameters. Taking y = 0
at the focusing point, we must scan the detector longitu-
dinally to adjust the energy phase (see Fig. 1). Therefore,
the location of the detector and kinematic recombination
of the two states act as a general projection operator P¢(y)
for the energy subsystem. From this analysis, we have
shown that the spin phase coil, rf flippers, second 7 /2
flipper, analyzer, and detector mathematically represent
a joint projective measurement with projection operator
P(x)P¢(y), allowing us to measure the CHSH witness
defined in Eq. (3).

Results. The beamline was prepared in the MIEZE
configuration using transverse rf flippers with high-
temperature superconducting (HTS) coils generating the
static magnetic field with HTS films at the boundaries to
ensure sharp field transitions and improve field homogene-
ity [41-43]. The frequency of the first rf flipper was set
at fi = 45 kHz and the second at f, = 50 kHz, resulting
in a MIEZE frequency w,,/(2mw) = 10 kHz, which can be
pushed into the MHz regime in the future [31,44,45]. The
distance between the rf flippers was L; = 85 mm, which

L031005-4
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FIG. 2. Relative intensities (see Ref. [31] Sec. B for more
details) collected at specific detector translation positions and
scanned through the spin phase « at each detector position § rel-
ative to the MIEZE focusing condition [see Eq. (13)], which is
proportional to the energy phase y [see Eq. (14)]. The frequen-
cies of RF1 and RF2 were set at 45 and 50 kHz, respectively.
Negative values represent translation away from the analyzer.

with a balanced guide field integral along the beamline
[BL=0 in Eq. (13)] sets L, = 765 mm. The measure-
ments consisted of independently scanning the spin and
energy phases. The spin phase « is adjusted by tuning
the current in the HTS spin phase coil, which consisted
of two rectangular coils in Helmholtz configuration sur-
rounded by HTS films. The field integral of the coil
changes by BL ~ 250 m T mm per ampere of applied cur-
rent. A 27 phase shift of o required a field integral of
about 25 m T mm, corresponding to approximately a 0.1 A
change in current (see Fig. 2). Therefore, the spin-phase
current was scanned from —1.00 to —0.88 A in 0.01 A
steps. The other guide fields through which the neutron
passes together contribute a small constant value to the
spin phase; this additional global phase was neglected
as the guide fields were not changed during the experi-
ment. Neutrons were counted with an Anger camera [46]
mounted on a translation stage. A detector translation
range of 70 mm covered a 27 energy-phase-shift range as
shown in Fig. 2.

The normalized intensities [31] at the combined « and y
phases was fit with a global cosine function 4 + B cos(a +
y) as shown in Fig. 3. The fitted parameters 4 and B
were used to determine the expectation values defined by
Eq. (5). These expectation values E(w,y) were applied
to the CHSH witness [Eq. (3)], which yielded a value
of 2.40 £0.02, well above the classical limit of 2; the
observed witness value is also the maximum possible value
with our 85% MIEZE contrast, determined by the same fit.

f1 =45 kHz, f, = 50 kHz, Witness value from fit: S = 2.4

No
© o o~
~ 0 O o

g
o

© o o
N s

Relative Intensity : N(ts)/,
o
18]

o
=

e
o

Spin + Energy phase (a + y) in i radians

—— Classical limit : Contrast = 0.7071 —— One time channel
—— Quantum limit: Contrast = 1.0 { Cosine fits
—— Witness function fit: Contrast = 0.85

FIG. 3. Data from Fig. 2 fitted with 4 + Bcos(« + y) in
accordance with Eq. (15) and with the extracted parameters A
and B, the commensurate witness value is then calculated from
Egs. (5) and (3). The blue colored area indicates the regime
where the witness value S is strictly quantum, while the red area
indicates values of S that can arise from quantum or classical cor-
relations. The error bars are shown for the measured intensities,
which indicate the standard deviations resulting from counting
statistics.

Conclusion. Based on recent theoretical and experi-
mental work regarding mode-entangled neutron beams
[12,14-16], we have applied the theoretical procedure to
rigorously construct a spin-energy entanglement witness
using established MIEZE instrument configurations. The
effectiveness of high energy-resolution neutron spin-echo
spectroscopy techniques such as MIEZE fundamentally
comes from labeling neutrons of varying energies with
commensurate Larmor spin precessions. The procedure for
witnessing spin-energy entanglement demonstrated here
points to the utilization of the quantum properties of
Larmor-labeled neutrons in inelastic neutron spectroscopy.
High contrast and phase stability are the key requirements
that must be ensured. The next steps will be to measure
how suitable samples change the CHSH quantum contex-
tuality witness value. Of note, with the MIEZE setup it
is clear that the spin measurement at the analyzer is the
point where the beam loses its spin-energy entanglement,
and therefore the difference in signal with a sample placed
before and after the analyzer would clarify the effects of
an entangled neutron beam. Thus, this work represents a
significant iteration toward a more direct and accessible
method for probing entanglement in quantum materials.
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