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The Goos-Hinchen (GH) shift describes a phenomenon in which a specularly reflected beam is
translated along the reflecting surface such that the incident and reflected rays no longer intersect at the
surface. Using a neutron spin-echo technique and a specially designed magnetic multilayer mirror, we have
measured the relative phase between the reflected up and down neutron spin states in total reflection. The
relative GH shift calculated from this phase shows a strong resonant enhancement at a particular incident
neutron wave vector, which is due to a waveguiding effect in one of the magnetic layers. Calculations based
on the observed phase difference between the neutron states indicate a propagation distance along the
waveguide layer of 0.65 mm for the spin-down state, which we identify with the magnitude of the giant GH
shift. The existence of a physical GH shift is confirmed by the observation of neutron absorption in the
waveguide layer. We propose ways in which our experimental method may be exploited for neutron

quantum-enhanced sensing of thin magnetic layers.

DOI: 10.1103/PhysRevLett.134.093803

Introduction—The Goos-Héinchen (GH) shift, in which
incident and reflected rays do not exactly intersect at the
reflecting surface, was first experimentally confirmed for
light in 1947 [1,2]. Although the longitudinal GH shift for
light beams is often of similar magnitude to the wavelength
of the light used, much larger shifts as large as 1 mm,
dubbed giant GH shifts, have recently been calculated for
resonant structures [3] and are now proposed as the basis
for ultrasensitive devices for measuring temperature [4] and
relative humidity [5]. The electron GH effect is also being
investigated for its potential application in semiconductors
and graphene-based nanostructures [6].

About a decade ago, de Haan er al. [7] attempted to
confirm the existence of the GH effect for neutrons, the first
type of matter waves to be explored. Using the technique of
neutron spin echo, they measured the difference in phase
between the up and down neutron spin states reflected from
a magnetic mirror made of Permalloy. Unfortunately,
the phase difference in this case was small, and critics
suggested that the experimental result could have been
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caused by neutron depolarization [8,9]. Furthermore, critics
noted that the phase difference between states is not a direct
confirmation of the relative GH spatial shift of the neutron
spin states, which must be inferred from theory when only
the relative phases are measured. Theory predicted a
maximum GH shift of 2.8 pm for the experiment reported
in [7]. Several theoretical studies of the GH effect for neu-
trons have been published [10-12], at least one of which
[11] proposed increasing the magnitude of the effect by
using multilayered magnetic structures; we have adopted
this approach using a specially designed multilayer.
Sample design and experiment—The composition of our
multilayer, fabricated by Swiss Neutrons AG, is shown in
Fig. 1 and Table I. Vacoflux 50©, a commercially available
FeCoV alloy (Vacuumschmelze GmbH & Co. KG) with an
elemental composition of 49% Fe, 49% Co, and 2% V by
weight, has two important properties. First, it is magneti-
cally soft and, when deposited in a manner introducing
appropriate strain, can be magnetized by a modest 20 mT
magnetic field along an in-plane easy axis, remaining fully
magnetized when removed from the field [13]. Second,
the composition of Vacoflux leads to a neutron scattering

© 2025 American Physical Society
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FIG. 1. (a) Sketch of the experimental setup. The neutron (purple) initially polarized in the (|1), +[{),)/ V/2 state is spin-path
entangled by the first set of radio-frequency (rf) flippers, resulting in an incident state with a wavepacket separation £. During reflection,
the spin-up (orange) and spin-down (blue) state experience a different GH shift; the relative GH shift is labeled §. Finally, the second pair
of flippers disentangles the reflected state, which recombines the two wavepackets (producing a neutron spin echo when the reflecting
sample is non-magnetic). The composition of the multilayer sample is displayed in Table I. Experiments were performed with the
magnetization of the sample in the X and J directions. The weak guide field at the sample position is labeled B,. The incident grazing
angle a, GH shift, and wavepacket separation are all exaggerated for clarity. (b) Calculated probability densities of both spin states |y;|?
with i€ {1, ]} (with § as the quantization axis) in the various layers relative to an incident planewave state with unit amplitude,
A =0.9 nm, and a = 0.34° using the optical transfer matrix formalism [17]. There is a strong resonance of the spin-down state in the
lower FeCoV layer while the spin-up state has negligible probability density beyond the Ti layer. The spin-up, spin-down, and nuclear

SLDs are labeled py, p, and p,, respectively.

length density (SLD) that is close to zero for spin-down
neutrons whose magnetic moments are aligned with the
magnetization direction in the alloy layer. The NiMo layer
contains 9.7 + 1.5% Mo (atomic percent), which is suffi-
cient to ensure that there is no magnetic neutron scattering
from this layer [14]. Because the Vacoflux layer closest
to the substrate has positive SLD layers on either side (Si
above and NiMo below), we anticipate a waveguiding, or
Fabry-Pérot, effect for spin-down neutrons in this layer and
no such effect for spin-up neutrons [15,16].

A sketch of the experimental geometry is shown in
Fig. 1(a). Our entangled-neutron reflection experiment
used the Larmor beamline at the ISIS neutron and muon
source in the United Kingdom. Two radio-frequency (rf)
neutron spin flippers separated by a distance of ~1.5 m
operating at a frequency of 1 MHz with the boundaries of
their static magnetic fields perpendicular to the direction
of neutron travel were used to mode-entangle (i.e., intra-
particle entangle) the spin and path states of the incident
neutrons [18-20]. The two flippers before the sample
induce a phase difference between the neutron spin states,
which is reversed by two similar flippers after the scattering
sample, thereby producing a neutron spin echo when the
reflecting sample is nonmagnetic [21]. This relative phase
0, commonly called the Larmor phase, is given by 6, =
k - € = 2fmAL/h, where the entanglement length & = |€| is
the wavelength-dependent spatial separation of the two
entangled spin states after exiting the second rf flipper, k =
(ky, ky, k;) the neutron wave vector, f the rf frequency, m
the mass of the neutron, L the distance between each pair of
rf flippers, and A the neutron wavelength [22]. For all
measurements in this experiment, the spatial separation
of the spin states was purely along the direction of travel k
of the neutron, and the wavelength-dependent Larmor

phase was fixed to 6, ~[4.8 x 10* nm~!]4, which also
fixes &~ [7.6 x 10°> nm~']42.

The premagnetized multilayer was mounted in reflection
geometry with its magnetization M, either parallel or
perpendicular to a weak (~0.5 mT) magnetic guide field
B, = —B,y used to define the quantization axis for the
neutron spins. This field had no effect on the sample mag-
netization. A grazing incidence angle of a = 0.34 £ 0.02°
was used during the experiment, ensuring that neutrons
with 12 0.4 nm fell within the region of total external
reflection of the multilayer. A supermirror bender with its
blades parallel to the neutron scattering plane of the
experiment was used as a polarization analyzer and a
linear, scintillation-based, position-sensitive, neutron
detector with a 1D pixel size of 0.64 mm in the neutron
scattering plane was used. The neutron beam dimension

TABLE L. Table of nominal layer thicknesses and nuclear (p,,),
magnetic (p,,), and imaginary (Im[p]) scattering length densities
of the sample. The non-magnetic sample used for normalization
of the echo polarization consisted of a 100 nm thick NiMo layer
on a Si substrate. The SLDs of the FeCoV layers were calculated
assuming 95% bulk density and 92% of the bulk magnetic
saturation (1.8 x 107 Am™").

Thickness P P —Im[p]
Material (nm) 10 nm™2 10* nm=2 1077 nm™2
TiO, 4 2.63 0 0.54
Ti 50 —-1.91 0 0.96
FeCoV 50 4.81 4.66 4.5
Si 50 2.07 0 0.024
FeCoV 50 4.81 4.66 4.5
NiMo 100 8.73 0 1.0
Si Substrate 2.07 0 0.024
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perpendicular to the scattering plane was 20 mm. Two slits
defined the width of the observed neutron beam in the Z
direction of Fig. 1(a); the first 0.5 mm wide slit was
positioned 25 cm before the sample and the second 2 mm
wide slit 35 cm behind the sample to limit background
scattering. The spin echo was established using a reflecting
sample consisting of a 100 nm layer of NiMo on a silicon
substrate; the NiMo composition and substrate dimension
were identical to that used for the multilayer sample.

For values of the component k, = (2z/1)sina of the
neutron wave vector perpendicular to the reflecting
surface of a sample that are below the critical values for
the spin states, neutrons are usually totally externally
reflected. For both measurements of our multilayer in
the parallel (M, ||B,) and perpendicular (M, LB,)
orientations, the incident neutron state is given by |yi,) =
(e7%/2[1), + €%/2|]),)/V/2. After reflection, the neutron
state is determined by the application of the appropriate
optical transfer matrix M:

Ml = diag(re't, rjer), M+t =uMly, (1)
where U is the appropriate change-of-basis matrix and
rTe"‘ﬁT and r| e’ are the complex reflectances for the spin-
up and -down states, respectively. The reflectances for each
spin state can be calculated using the standard optical
transfer matrix formalism [17], and the general framework
of Ref. [23] was utilized to analyze measurements in the
spin-echo modality [24].

Assuming perfect beam polarization, when the magneti-
zation of the sample is parallel to the magnetic guide field at
the sample position, the experimentally measured spin echo

polarization P! and reflectivity R| are given in the plane-
wave limit by

2rTr¢

2 2
rT—i—ri

2 2
rT+r¢

Pl = cos(py — ). Rl = (2)

The Larmor phase 8, varies extremely rapidly with neutron
wavelength at an rf frequency of 1 MHz, and we lack the
wavelength resolution (~5 x 107> nm) to resolve such a
rapidly oscillating phase [24]. Therefore, the polarization
and reflectivity in the perpendicular case become

2
PL= ﬁ[l +cos(¢pr — )],

R+ =Rl (3)

Because the measured polarization contains the phase
information from the spin states, we can extract the GH
shift. According to the Artmann-Carter-Hora (ACH) theory
of the GH shift, the GH shift for each spin state is given by
5; = (0¢;/ ok.) cota, where ¢; fori € {1, | } is the phase of
the neutron [33,34]. As our experiment is only sensitive to
the relative GH shift between the two spin states, we also
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FIG. 2. (a) False color plot of the observed neutron polarization
plotted against detector pixel and neutron wavelength for the
sample magnetization parallel to the guide field B, [c.f. Fig. 1(a)].
(b) Measured polarization Pﬂ summed over the detector at
constant momentum transfer. The blue curve represents the
polarization from a transfer matrix simulation described in the
text. Notice that the polarization ranges from —1 to 1. (¢c) Mea-
sured sum of up- and down-spin state reflectivity Rl. The red
curve shows the result of the same simulation but with Im[p] in
the second FeCoV layer increased by a factor of 7.5 from the
table value.

define the relative GH shift as 6 = 6| — &4, which is shown
in Fig. 1(a).

Results—Even though the incident neutron beam in our
experiment was well-collimated in the scattering plane, its
angular divergence covered several detector pixels as
shown in the false-color plot of echo polarization versus
pixel and neutron wavelength A shown in Figs. 2(a)
and 3(a). Summing the measured neutron intensity at
constant momentum transfer leads to the plots of echo
polarization versus A shown in Figs. 2(b) and 3(b) for two
orientations of the sample magnetization.

The curves in Figs. 2(b) and 3(b) represent a transfer
matrix simulation convolved with the angular divergence of
the neutron beam implied by the pixel size of the detector
and the footprint of the neutron beam on the sample. These
simulations use the SLDs and layer thicknesses given in
Table I, except for the case of the lower FeCoV layer, where
we find a slightly better fit to the data with a thickness of
48 nm instead of the nominal 50 nm. For the most part, the

093803-3
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FIG. 3. Similar plot as Fig. 2 for (a) and (b) P+ and (c) R*.
Notice in (b) that the polarization ranges from 0 to 1. In (c), Im[p]
in the second FeCoV layer was increased by a factor of 2.5 from
the table value.

echo polarization is not particularly sensitive to the precise
values of the SLDs given in Table 1. The exception to this
rule is the spin-down SLD of the lower FeCoV layer which
determines the position of the sharp structure that occurs
around 0.9 nm in Figs. 2(c) and 3(c). The value given in
Table I is slightly less (92%) than would be obtained using
the bulk saturation magnetization of Vacoflux and has been
chosen to give the correct position of the sharp jump in
the echo polarization. Between the two data sets, only «
has been slightly adjusted by less than 0.01°, within the
potential error made in remounting the sample. The GH
shifts for up and down states calculated from the parameters
of our multilayer are plotted for both spin states in Fig. 4(a),
showing a very large resonance for the down-spin state at
k. = 0.04 nm~! corresponding to 4 = 0.9 nm at a grazing
angle of incidence of @ = 0.34°. At its peak, this resonance
corresponds to a calculated GH shift of 5, ~ 0.65 mm. The
calculated GH shift for the spin-up state is negligible for
42 0.6 nm, so we can approximate 6 ~ 4.

While the measurement of the relative phases between
the two states, taken together with the traditional ACH
theory of the GH effect, predicts a giant GH shift for the
down-spin state, the experiment as described so far does not
directly detect the shift. However, Vacoflux contains a
substantial fraction (49%) of cobalt which has a relatively
large neutron absorption cross section. When this is

(@)
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&
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@)
0.0 i T i i
0.4 0.6 0.8 1.0 1.2
Wavelength [nm]
(®)
1} Ee—
iy
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g
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] pE—,
0.4 0.6 0.8 1.0 1.2
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FIG. 4. (a) Calculated values of the GH shifts using the ACH

formula for the up (orange) and down (blue) neutron spin states.
(b) Calculated reflectivities Ry and R . For both (a) and (b), a
grazing incidence angle of a@ = 0.34° is used and absorption is
included using the values of Im[p] displayed in Table 1. The
correlation between the dip in reflectivity and the large GH shift
is discussed in Ref. [24].

included in the simulation, there is a significant change
in the calculated reflectivity for the spin-down state with
no change for the spin-up state as shown in Fig. 4(b).
Simulations verify that the lower FeCoV layer is the main
contributor to the change in the down-state reflectivity. The
reason that the lower FeCoV layer plays this important role
is suggested by Fig. 1(b): the down-state SLD for FeCoV is
close to zero and the lower FeCoV layer is surrounded on
both sides by layers with positive SLDs. Thus, the lower
FeCoV layer acts as a trapping potential for neutrons which
are waveguided within this layer, parallel to the sample
surface. Because down-state neutrons see the lower FeCoV
layer as a waveguide, they can be absorbed by the cobalt
nuclei in this layer as they travel in the layer parallel to the
sample surface. The resonant dip in the reflectivity of the
down state corresponds to greatly increased absorption
which, in turn, occurs because neutrons travel a large
distance in the lower FeCoV layer. The observation of the
resonant dip in reflectivity in the critical region is thus
direct evidence for a GH shift in our multilayer.

Figures 2(c) and 3(c) show plots of the sum of the
measured up- and down-state reflectivities for our multi-
layer normalized to the average simulated values for
wavelengths between 0.6 nm and 0.75 nm. The deep
resonant dips corresponding to the giant GH shift are clear
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although the magnitudes of the dips depend on sample
orientation. To account for the observed depth of the dip
using the transfer matrix simulation, we need to increase
Im[p] in the lower FeCoV layer from the table value of
—4.5x 1077 to —3.4 x 10~® nm~2 when the sample mag-
netization is parallel to the magnetic guide field and
to a value of —1.1 x 107® nm™? in the perpendicular-
magnetization case. Thus, while the dip in the reflectivity
is a direct manifestation of the GH shift, its magnitude is
not described by the standard optical theory incorporating
neutron absorption alone. However, as Sears [35] has
pointed out, Im[p] should include all channels which cause
neutrons to be “lost,” including both coherent and incoher-
ent scattering in addition to absorption. Since the known
incoherent scattering of FeCoV is small, we conclude that
there is significant neutron scattering within the lower
FeCoV layer and that this scattering depends on the
direction in which the waveguided neutron travels in the
layer. This is hardly surprising given the manner in which
the layer is intentionally strained during deposition in order
to create a preferred direction for remanent magnetization.
Significant small angle scattering, attributed to uncorrelated
magnetic domains, has been reported for multilayers in
which one component was an FeCoV layer of slightly
different composition than that used in our experiment [36].

Conclusion—In conclusion, we have provided strong
experimental evidence for a giant Goos-Hinchen shift for
neutron matter waves. The measured phase difference
between up- and down-state reflected neutrons is well-
described by the usual optical transfer matrix formalism,
and the existence of a resonant dip in the reflectivity below
the critical reflection wave vector confirms that down-state
neutrons have an extended dwell time in our multilayer
sample and thus a concomitant large GH shift [24]. Based
on the agreement of the measured relative phases and the
standard optical theory we can use the ACH theory to
estimate the GH shift as 0.65 mm.

Finally, we note that measurements of the phase differ-
ence between up and down neutron spin states reflected
from magnetic layered systems may be useful for some
applications. For example, in entangled-beam reflecto-
metry [23] the phase difference can be measured for very
thin and weakly magnetic layers below the critical angle
where the reflectivity is unity for both neutron states.
Standard spin asymmetry measurements used in polarized
neutron reflectometry may be very hard to apply for such
samples because the asymmetry occurs only at high
momentum transfers where the reflectivity is very low.
Thus, we conjecture that phase measurements below the
critical edge may be exploited for enhanced quantum
sensing of magnetism in two-dimensional systems.
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