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1. Introduction

The growing demand for new quantum technologies, together
with the quest for a fundamental understanding of solid matter,
has given birth to a new field: the study of quantum materials.

Quantum materials are solids where non-
universal quantum effects give rise to novel
functionalities that offer prospects for new
forms of electronics, computation, simula-
tion, and sensing. While, in fact, all chemi-
cal compounds exhibit quantum effects
such as chemical bonding, the term quan-
tum materials is best used to describe a
special class exhibiting rare phenomena
such as unconventional superconductivity,
exotic magnetism, quantum critical points,
and topological phase transitions.[1] These
unusual materials share the common
feature that they exhibit nonuniversal
emergent quantum effects, beyond those
found in normal solids, which offer potential
uses in quantum technologies. It is widely
anticipated that quantum technologies,
utilizing these materials, will eventually be

translated into wide-ranging societal impacts by revolutionizing
cybersecurity, drug discovery, materials modeling, and logistics.[2]

Indeed, in the last 5 years, a new generation of quantum devices
has begun to demonstrate some promising real-world implemen-
tations;[3] however, significant improvements in the underlying
material science are still required to fully realize their potential.

A common route to incorporate quantum materials into
practical devices is to prepare thin films or heterostructures using
established deposition techniques, such as magnetron sputtering,
chemical vapor deposition, or molecular beam epitaxy. These
deposition techniques allow for the controlled growth of layered
materials and heterostructure components with atomically perfect
interfaces. As nanoelectronics is rapidly approaching the 2D
limit, the functionality of a heterostructure is often governed by
its interfaces. In addition, several emergent phenomena such
as 2D electron gases, magnetism, and superconductivity have
been shown to exist only at certain interfaces.[4] As the Nobel
Prize laureate Herbert Kroemer famously once stated, “the
interface is the device,” and with the rise of quantum material
heterostructures, this statement is now more true than ever.

Studying the complex nature of quantum materials demands a
complementary range of investigative tools and techniques, with a
sensitivity to surfaces and interfaces, to probe the chemical and
electronic structure. Such techniques include (scanning) transmis-
sion electron microscopy (STEM), low-energy electron diffraction
(LEED), angle-resolved photoemission spectroscopy (ARPES),
scanning tunneling microscopy (STM), polarized neutron
reflectometry (PNR), resonant elastic X-ray scattering (REXS),
resonant X-ray reflectometry (XRR), extended X-ray absorption
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A review of the applications of polarized neutron reflectometry (PNR) for the
investigation of quantum materials is provided. Recent studies of supercon-
ductors, strongly correlated oxides, hydrogen-induced modifications, topological
insulators and chiral magnets are highlighted. The PNR technique uses a
quantum beam of spin-polarized neutrons to measure the nanomagnetic
structure of thin films and heterostructures, with a sensitivity to magnetization at
the scale of 10–2000 emu cm�3 and a vertical spatial resolution of 1–500 nm.
From simple beginnings studying the magnetic flux penetration at supercon-
ducting surfaces, today the PNR technique is widely used for investigating many
different types of thin film structures, surfaces, interfaces, and 2Dmaterials. PNR
measurements can reveal a number of details about magnetic, electronic, and
superconducting properties, in tandem with chemical information including the
stoichiometry of light elements such as oxygen and hydrogen.
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fine structure (EXAFS), nitrogen-vacancy diamond microscopy,
low-energymuon spectroscopy, and β-nuclear magnetic resonance
(β-NMR), just to name a few. Among these techniques, the
method of PNR offers some unique capabilities to characterize
and study quantummaterials in a range of external environments,
i.e., pressure, temperature, atmosphere, and magnetic field.

PNR is a quantum beam technique which capitalizes on the
coherent interference effects of spin-polarized neutron matter
waves reflected from surfaces and interfaces. Analogous to opti-
cal reflection, the neutrons employed in PNR sense the effective
refractive index of the reflecting medium, and undergo con-
structive and destructive interference from multiple interfaces
in stratified media. From the frame of reference of the neutron,
the refractive index of any magnetic material consists of both
chemical (nuclear) and magnetic contributions. Using the
experiment setup schematically illustrated in Figure 1, state-
of-the-art PNR instrumentation therefore provides quantitative
and sensitive information about the local magnetization and
magnetic induction field at surfaces and interfaces, as well as
across nanoscale film thicknesses. Additional low-temperature
and/or high-pressure and magnetic field environments are rou-
tinely employed by PNR to investigate material behaviors under
extreme conditions. Combining standard specular measurements,
with grazing incidence and off-specular techniques, PNR can
examine both vertical and periodic lateral junction arrays with spa-
tial resolutions from 1 to 500 nm (vertical) and 10 nm to 1000 μm
(lateral). This positions PNR as a powerful tool for the study of
nanomagnetism and spin-based effects which are characteristic
features of many quantum materials.

This topical review is designed to introduce researchers
with an interest in quantum materials to the PNR technique.
As the field of quantum materials is expanding rapidly, this
review is not intended to be comprehensive. There are already
several past reviews that independently discuss the applications
of PNR to quantum materials such as superconductors,[5]

strongly correlated oxides,[6] complex magnets,[7,8] hydrogen
capture,[9] and topological materials[10,11] and the interested
reader is encouraged to refer to the latter reviews. However,
the intention here is to provide a comparative overview
of the applications of PNR to these distinct forms of quantum
materials for the first time, providing the cross-linking to
highlight the possibilities of examining complex hetero-
structures combining multiple types of quantum materials.
The outline of the review is as follows. Section 2 provides
a brief introduction to the principles of PNR. In Section 3, we
highlight some recent applications of PNR toward the study of
superconducting materials, strongly correlated oxides, hydro-
gen-induced modifications, topological insulators (TIs), and
chiral magnets. The review concludes with Section 4 which
discusses the future perspectives of PNR for the study of
quantum materials.

2. Theoretical Principles of Polarized Neutron
Reflectometry

The reflection of neutrons from polished surfaces was first
observed by Enrico Fermi and Walter Zinn during the

Figure 1. Schematic of the PNR setup. Divergent neutrons from the source pass through collimation slits creating a thin beam. The beam passes through
a polarizing supermirror which transmits only one neutron spin-state, i.e., spin up (þ) or spin down (�). An additional spin flipper can be used to select
the alternate neutron spin-state when desired. The spin-polarized beam is reflected from the thin film or heterostructure sample, and the outgoing spin-
state of the beam is analyzed using the spin-flipper and analyzing supermirror before the intensity is measured on a detector. The measurement is
performed at a range of angles (ω) and/or neutron wavelengths to construct a full reflectivity pattern of the sample under investigation. Numerous
quantum interface phenomena including hydrogen-induced modifications, chiral magnetism, and superconducting proximity effects can be studied
using PNR.
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Manhattan Project,[12] and was subsequently used to ascertain
the scattering lengths and coherent scattering cross sections
of several elements.[13] In the decade which followed, the concept
was further expanded to include the reflection of neutrons from
magnetic materials,[14] which laid the theoretical foundations for
the use of neutron reflectometry, and in particular PNR, as exper-
imental techniques for the study of magnetic and nonmagnetic
surfaces. Early neutron reflectometry experiments by Hayter
et al. in 1976 explored the ability of magnetic surfaces to spin-
polarize beams of neutrons.[15] During the decade which
followed, neutron reflectometry and PNR were developed as ana-
lytical techniques for studying interfacial phenomena in a variety
of materials.[16–19]

PNR is the measurement of a reflected beam of neutrons
which have been collimated and spin-polarized prior to interact-
ing with a sample. PNR can be conducted with a single wave-
length (monochromatic) or a white (polychromatic) beam of
neutrons. The theory of PNR can be derived by quantum
mechanical or optical means, and has been treated in detail in
several previous works,[20–24] and as such only the main results
will be summarized here. Furthermore, detailed historical
accounts of the evolution of the PNR technique can also be found
in previous works.[25,26] Here, we will consider a simple quantum
mechanical treatment using the 1D Schrödinger equation repre-
senting the change in wave function along the z-axis perpendic-
ular to the reflection interface which lies in the (x,y)-plane,
such that

� ħ2

2mn
þ V zð Þ

� �
Ψ zð Þ ¼ EΨ zð Þ (1)

A neutron interacting with a magnetic surface with magnetic
induction B ¼ μ0ðHþMÞ will experience a potential given by

V ¼ 2πℏ2

mn
ρnuc � μn ⋅ B (2)

where mn is the neutron mass, ρnuc is the nuclear scattering
length density (SLD), and μn is the neutron magnetic moment.
It can be seen from Equation (2) that the potential incorporates a
nuclear and magnetic term. This implies that when a neutron
interacts with a stratified magnetic medium, the reflectivity will
depend on the direction of net magnetization of the layer with
respect to the spin-state of the neutron.

In general, the reflection of neutrons from a heterostructure
comprised of m-layers can be expressed as a sum of plane waves
given by

Ψ0ðzÞ ¼ Ameikz,mz þ Bme�ikz,mz (3)

where Am and Bm are the coefficients for reflection and transmis-
sion, respectively, from the mth interface of the heterostructure.
At grazing incidences of reflection, neutrons see an averaged
density of the scattering lengths in a crystal lattice, called the
nuclear SLD defined as

ρnuc ¼
X
i

Nibn,i (4)

where Ni is the number density of the ith atom with coherent

neutron scattering length bn,i. For a magnetic medium, an addi-
tional term is added to Equation (4) to account for the magnetic
interaction between the neutron spin-state and the magnetism of
the material, resulting in a magnetic SLD given by

ρmag ¼
mn

2πℏ2

X
i

Niμi ¼ C
X
i

Niμi (5)

where C= 2.645 fm μB�1 and Ni is the number density of atoms
with magnetic moment μi. These two SLDs combine to give a
total nuclear and magnetic SLD of

ρ ¼ ρnuc þ ρmag ¼
X
i

Niðbi ∓CμiÞ (6)

where the ∓ sign arises from the incident neutrons being spin-
polarized parallel (þ) and antiparallel (�) to the sample magne-
tization. For materials with a ferromagnetic (FM) or polarized
paramagnetic component, the difference in SLD between the
parallel (Rþþ) and antiparallel (R��) alignment of the neutron
spin-states with respect to the sample magnetization results in
a difference in reflectivity for each spin channel. This difference
is known as the spin asymmetry (SA) ratio which is expressed as

SA ¼ Rþþ � R��

Rþþ þ R�� (7)

Under certain circumstances, the sample magnetization may
not lie strictly either parallel or antiparallel to the neutron spin-
state, but rather at some arbitrary angle. In such scenarios, the
component of the sample magnetization that is perpendicular to
the neutron polarization axis will apply a torque to the neutron,
causing it to flip upon interaction with the sample. This produces
a so-called spin-flip reflected signal, commonly represented by
Rþ� and R�þ. Note that by convention, the state of the incoming
neutron polarization is encoded in the first superscript (X ) in
RXY, whereas the state of the outgoing polarization is encoded
in the second superscript (Y ) of RXY, so that Rþ� refers to a
spin-flip process with a spin-up incident neutron (þ) and
a spin-down outgoing neutron (�). To observe such a process,
a spin analyzer is necessary to measure the outgoing beam from
the sample. In the case that no spin analysis is performed, it is
customary to drop the second superscript and simply write RX.

2.1. Specular Reflectometry

For specular reflectometry, as depicted in Figure 2a, the angle (ω)
of the incident neutron wavevector ki is exactly half the reflected
angle (2θ, i.e., ω= θ) of the final neutron wavevector kf.
The modulus of the resulting wavevector transfer Q is normal
to the sample surface, such that Q=Qz, which is expressed as

Qz ¼ jkf � kij ¼
4π
λ
sinω (8)

This scattering geometry is sensitive to structural and mag-
netic periodicities perpendicular to the plane of the film (i.e.,
along the z-axis). As such, it only detects the average density
and magnetism in the plane of the film, which requires lateral
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homogeneity in order to accurately analyze and fit reflectivity
patterns.

The Born approximation for specular reflection from a
multilayer slab geometry with total thickness L can be
expressed as[20,27]

jRj2 ¼
����4πQz

Z
L

0
ρðzÞeiQzzdz

����
2

(9)

The Born approximation is useful because of its simplicity;
however, it is only a first approximation, and typically deviates
from the exact solution at low Q, where dynamic scattering
effects are important. To this end, most modern software
programs implement more complicated exact matrix methods
(for brevity, not discussed here, refer to ref. [20]). There are sev-
eral different software packages that can be utilized to fit neutron
reflectivity data.[28–31] These packages all utilize an exact numeri-
cal formalism to calculate the reflectivity but vary in their
statistical rigor and programmatic implementation of the tools
used to fit experimental data.

2.2. Off-Specular Reflectometry

For off-specular reflectometry, as depicted in Figure 2b, the angle
(ω) of the incident neutron wavevector ki is no longer exactly half
the reflected angle (2θ, i.e., ω 6¼ θ) of the final neutron wavevector
kf. This results in an additional y-component of the momentum
transfer (Qy) that is sensitive to structural and magnetic periodici-
ties in the plane of the film parallel to the neutron beam. In the
off-specular geometry, the expressions for the modulus of the
y- and z-components of the momentum transfer are

Qy ¼
2π
λ
ðcos αf � cosωÞ (10)

Qz ¼
2π
λ
ðsin αf þ sin αiÞ (11)

where, if αi= αf=ω, the beam is specularly reflected and
Equation (11) reduces to Equation (8) while Equation (10) goes
to zero.

The distinct components of in-plane and out-of-plane momen-
tum transfer (i.e., Qy and Qz), which are accessible with
off-specular PNR, allow sensitivity to depth as well as lateral
periodicities with nuclear and/or magnetic SLD contrast parallel
to the neutron beam. Due to relaxed beam collimation along the
x-axis, resolution in Qx is generally not observed in PNR, while
resolution in Qy is limited by the neutron coherence length,
which is typically on the micrometer length scale.[9] It is, how-
ever, possible to use the grazing incidence diffraction geometry
to resolve much smaller (nm-scale) features in Qx; however, the
geometry is quite different from a standard reflectometry experi-
ment. For a discussion of grazing incidence geometry, refer to
ref. [9].

3. Applications of PNR for the Study of Quantum
Materials

3.1. Superconductors

Superconductors are prototypical examples of quantum
materials due to their ability to conduct dissipationless current
originating from nonuniversal quantum mechanical interactions
(e.g., the formation of Cooper pairs). Historically, the PNR tech-
nique had its birthplace in the study of superconductors.[19,32]

The very first published PNR pattern by Felcher et al. in 1984
investigated the Meissner effect in a Nb superconductor.[32]

This was a hallmark moment as it showcased the utility of the
PNR technique for probing nanoscale magnetic phenomena,
which provided the impetus to apply the technique more widely
to other quantum materials, such as magnets and oxides, which
will be discussed in the later sections of this review.

The reflectometry pattern published by Felcher et al. showed
that, above the critical temperature TC, the neutron reflectometry
pattern of a Nb film was independent of the neutron spin-
state.[32] Meanwhile, below TC, the reflection pattern differed
for spin-up and spin-down neutrons, owing to the scattering con-
trast introduced by the variable induction field at the supercon-
ducting surface. This finding has since been widely reproduced
by various groups. For example, Figure 3a illustrates PNR data
reported by Zhang et al. above the TC of a Nb thin film showing it

Figure 2. PNR scattering geometries. a) Specular PNR geometry, where the angle (ω) of the incident neutron wavevector ki is exactly half the reflected
angle (2θ, i.e., ω ¼ θ) of the final neutron wavevector kf , resulting in a momentum transfer normal to the sample surface with modulus Qz. b) Off-
specular PNR geometry, where the angle (ω) of the incident neutron wavevector ki is not exactly half the reflected angle (2θ, i.e., ω 6¼ θ) of the final
neutron wavevector kf , resulting in a small additional y-component of momentum transfer Qy forming in the plane of the film parallel to the neutron
beam.
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can be fitted such that Rþ= R�.[33] In contrast, below TC, the
neutron spin-states become unequal, showing a clear splitting
in Figure 3b. This can be fitted to a model to extract the neutron
SLD (refractive index), as shown in Figure 3c. This general
approach allows one to extract the magnetic penetration depth
λm. Felcher et al. first reported λm to be 410� 40 Å which was
later confirmed by Zhang et al.[33] A complicating factor in some
PNR analyses is the presence of a NbOx surface layer, which can
introduce a nonmagnetic interface region commonly referred to
as a “dead layer” which has been detected in several PNR studies
(see the references in ref. [33]).

An exciting development since 2019 has been the rise in pop-
ularity of quantum computing using “simple” elemental super-
conductors such as Nb and Al. In particular, Nb/NbOx and Al/
AlOx are widely used in the transmon qubit architecture,[34] as
depicted in Figure 3d. These architectures were the basis of
the first claims (by the Google team in 2019) of a 54-qubit
system that was presented as the first example of “quantum
supremacy,” i.e., the ability to do a specific type of calculation
faster than a classical computer.[3] It is expected that
superconductor/insulator/superconductor Josephson junctions
will remain a key operational component in superconducting

quantum computing based on the transmon architecture. It
appears that this has started to reinvigorate PNR as a tool to study
these types of junctions used in nanoelectronics. The first
experiments on similar structures have recently been published
on Al/Al2O3/Ni/Ga junctions.[35] Currently, there is an interna-
tional effort to identify and solve the material factors inhibiting
qubit performance, such as high error rates, high noise, and low
coherence times,[36] and PNR is expected to help provide insights
into these important problems.

Along with ongoing studies into “classical” superconductors,
the discovery and rise of high-temperature oxide superconduc-
tors such as YBa2Cu3O7�δ (YBCO) in the 1990s motivated
new types of PNR experiments, in particular, searching for prox-
imity effects between different classes of quantum materials.
One system that has been extensively investigated is the
superconductor/ferromagnet YBCO/La1�xSrxMnO3 (LSMO)
heterostructure,[37–40] with a view to studying the competing
order parameters of superconductivity with ferromagnetism.

A key early result in this field was the detection of a magnetic
interface effect in YBCO/LSMO superlattices grown on SrTiO3

(STO), where the PNR patterns showed a modification at the
interfaces.[37] In the preliminary studies, it was unclear whether

Figure 3. a) PNR pattern for a Nb thin film on Si above TC. b) Below TC the PNR signal shows a clear splitting in the neutron spin-states which can be fitted
to determine the nuclear and magnetic SLD profiles. c) Neutron SLD profile for a Nb thin film in the superconducting state. The spin-down and spin-up
profiles refer to the R�� and Rþþ reflectivities, respectively. Adapted with permission.[33] Copyright 1995, American Physical Society. d) An illustration of
the modern application of Nb superconductors in the transmon qubit geometry, where the black box illustrates the components comprised of Nb and
NbOx layers, similar to those depicted by the cross-sectional TEM image on the right. Adapted with permission.[34] Copyright 2022, American Chemical
Society. e) An example of PNR measured in a high-temperature superconductor/ferromagnet YBCO/STO/LCMO heterostructure. f ) Bulk nuclear SLD
(dashed green), nuclear SLD (black), and magnetic SLD (red fill) of the PNR pattern in (e). Reproduced with permission.[50] Copyright 2018, Royal Society
of Chemistry.
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this involved suppression of the LSMOmoment, or an enhanced
moment in the YBCO layer.[37] At this point, a large focus
switched to clarifying the nature of the FM proximity effect.
Several high-profile studies detected modifications to the mag-
netic domain structure and spin-density of the LSMO layer.[38–40]

A major point of discussion was the subsequent measurement of
a moment induced on Cu atoms near the YBCO interface[41,42]

which was taken as an indication of orbital reconstruction, and
later detected by XMCD and PNR.[43]

One important realization in this field was that STO
substrates pose a major problem for reflectometry studies, as
they are subject to twinning and surface-facetting below the
tetragonal-cubic phase transition at �100 K, which leads to a
broadening of the neutron beam and other secondary effects.
For this reason, later studies increasingly began to use alternate
substrates including (La,Sr)(Al,Ta)O3 (LSAT). The work by Uribe-
Laverde et al. first used LSAT substrates to avoid the problems
associated with STO, and compared closely with the earlier stud-
ies.[44] They concluded that the only model that could describe
the PNR data was a magnetic depletion layer at the LSMO inter-
face. More recent work by Prada et al. has also shown that the
deposition sequence of YBCO/LSMO layers impacts on the for-
mation of the depletion layers,[45] and other groups have shown
that the delicate chemistry of the LSMO plays an important
role.[46] The question of whether there is an induced moment
in the superconducting interface warrants additional investiga-
tion. While some PNR studies did not directly detect any induced
moment on the YBCO side, it is pointed out that the magnetic
contrast is small, making this difficult to detect, and indeed, the
data is compatible with a much smaller induced moment in the
Cu, as proposed by Liu et al.[41,42]

We note that an induced moment in the superconducting
layer can also potentially arise from the paramagnetic
Meissner effect, or so-called “inverse proximity” effect. It is a
challenging topic within PNR to detect such effects, given their
small associated magnetization. The feasibility of detecting the
inverse proximity effect has been explored in detail in other
superconductor/ferromagnet bilayers.[47] One approach that
has been shown to enhance the sensitivity of PNR to small
induced moments is the resonant waveguide enhancement
method.[48] Here, multilayer stacks are deliberately designed
such that their resultant SLD profiles create neutron standing
waves, enabling multiple reflections, in a region of interest.
This leads to an enhancement of the neutron wave function
in the resonant layer, and in turn to an enhanced sensitivity
to that layer. This technique potentially allows considerably more
certainty when detecting small variations in the superconducting
component; however, to the best of our knowledge, this approach
has not yet been applied to YBCO/LSMO heterostructures.

Another recent development has been studying superconduct-
ing proximity effects in response to the presence of nonmagnetic
insulator spacer layers in superconductor/insulator/ferromagnet
junctions. Initial work by Prajapat et al. showed a large modula-
tion of the FM magnetization below the critical temperature
of the superconductor in LSMO/STO/YBCO trilayers.[49]

Subsequent work on La1�xCaxMnO3 (LCMO)/STO/YBCO con-
firmed this effect,[50] revealing a depleted interfacial FM magne-
tization as highlighted in Figure 3e,f. Here, the application of an
external magnetic field above the superconducting critical field

was shown to remagnetize the FM interface. This shows that
superconducting order is implicated in the magnetically
depressed interface regions in the FM layer. In a similar vein,
recently, it was also shown that disorder introduced into the
superconductor via targeted ion beam irradiation could also be
used to restore the depleted FM moment of the interfacial
region.[51]

The most recent development in the study of superconductors
has been the discovery of interfacial and 2D superconductors.
Recently, a PNR study elucidated the origin of the unusual super-
conductivity of Ni/Bi interfaces,[52] showing that interfacial alloy-
ing can lead to a new superconducting phase of Ni3Bi. Currently,
there is also growing interest in achieving superconductor/
ferromagnet bilayers for spin-triplet superconductivity.[35]

The prospects for future PNR studies to reveal novel insights into
superconducting heterostructures remain strong in the coming
decade.

3.2. Strongly Correlated Transition Metal Oxide Interfaces

The strong electron-electron interactions in transition metal
oxides (TMOs) lead to a variety of emergent quantum phenom-
ena including superconductivity, colossal magnetoresistance,
multiferroicity, and metal–insulator transitions.[53] The ability
to precisely engineer heterostructures of epitaxial TMOs has
led to these materials being heavily researched as a material sci-
ence platform. Here, PNR has proven to be particularly effective
for the study of layered TMOs. At the interface between TMOs,
the delicate balance between structural, orbital, charge, and spin
degrees of freedom can be altered by small external perturbations
such as chemical doping, strain, and electromagnetic fields.
This gives rise to a whole “zoo” of quantum phenomena which
are not observed in bulk[54] and are highly interesting for elec-
tronics and spintronics applications.[55–57] Many TMOs share
the perovskite structure, which entails that the different compo-
nents of oxide heterostructures have very similar electronic
densities. For this reason, the study of TMO heterostructures
with laboratory X-ray sources is hindered by the limited scatter-
ing contrast. This difficulty is overcome with either resonant scat-
tering synchrotron measurements, or with the use of neutron
scattering techniques, such as PNR.[58,59]

Aside from high-TC superconducting interfaces, spin valves,
and proximity effects, which were discussed in the previous sec-
tion, we have identified three main relevant branches of research
where PNR has been a key technique in understanding oxide
interfaces: interface magnetism, exchange spring and bias,
and interlayer exchange coupling (IEC).

In many oxide systems, one can observe the emergence of
unexpectedmagnetic phases at the interface of two nonferromag-
nets due to charge transfer effects, which can enable super
exchange or double exchange interactions. Due to the depth-
dependent sensitivity to magnetism, even down to 1 unit
cell,[60,61] it is easily understood why PNR is one of the go-to
choices to study these heterostructures. A special mention goes
to the AMO/BMO (with A= Sr, B= La, Nd, M=Mn) systems,
often referred to as delta-doped layers, which have been exten-
sively investigated by PNR. In these systems, by varying the
thickness of the AMO and BMO components—both
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antiferromagnetic (AFM) insulators—it is possible to tune both
the metallicity and the magnetic correlations.[62] The general
trend in these superlattices is that if their components are thin
enough, the charge transfer across interfaces makes it possible to
tune all the magnetic phases observed in the complex manganite
phase diagram.[63] One recent example is the case of SrMnO3/
NdMnO3 (SMO/NMO) superlattices,[64] as shown in
Figure 4a,b, where PNR was used to attribute the emergent mag-
netism to the SMO component, due to the tuning of double
exchange interactions across the AFM interfaces. Notable are
the cases of metallic ferromagnets attained in these digitally syn-
thesized superlattices,[62,64] with ordering temperatures higher
than those of the corresponding solid solutions A1�xBxMnO3,
thanks to the reduced structural disorder.[65] On top of tuning
double exchange mediated ferromagnetism, May et al. found
an unexpected asymmetric magnetic depth profile, correspond-
ing to unequal structural roughness at the upper and lower inter-
faces.[66] In the work by Santos et al., where PNR was used in
combination with polarized neutron diffraction, the authors were
able to show the possibility to modulate canted A-type antiferro-
magnetism with depth-dependent canting angle.[67]

Further important works reported the discovery of
emergent ferromagnetism at CaRuO3/CaMnO3 (CMO)[60] and
LaNiO3/CMO[61] interfaces. In both cases, attentive PNR fitting
of the magnetic depth profile showed FM correlations at both
interfaces between the paramagnet and the antiferromagnet,
with thickness corresponding to one monolayer. This emergent
magnetism results from the reduced valence state of Mn atoms,
due to the small electron leakage from the nearby metallic layer.

Spin and orbital reconstruction also play an important role at
the interface between FM and non-FM TMO layers. The

interfacial reconstruction, which affects the valence electronic
structure, can lead to a degradation of magnetic properties,
and in extreme cases to the formation of magnetic “dead
layers”.[37] PNR studies have shown, for example, reduced inter-
face magnetic moments, which can be used to engineer desirable
functionalities, such as exchange bias.[68,69] Figure 4c shows the
final result of the PNR data fitting for a LCMO/CMO bilayer
deposited on STO. Depending on the stacking order of the
FM and non-FM layers in the heterostructure, it is possible to
tune the interface spin reconstruction, which, in both cases,
results in a depressed magnetic interfacial region. Spin frustra-
tion was found to be 95% larger in the case of the heterostructure
with a STO/CMO/LCMO stacking sequence,[68] as compared to
the STO/LCMO/CMO stacking sequence shown in Figure 4d.
The enhanced spin frustration in the STO/CMO/LCMO hetero-
structure arose due to compressive strain within the crystalline
lattice of the FM LCMO layer, which resulted in an enhanced
exchange bias to the AFM CMO surface layer.

In contrast, ferromagnetism can extend beyond its nominal
depth, as observed in ferroelectric/FM TMO interfaces and man-
ganite/ruthenate films,[70] which are of particular importance for
spintronics devices.[71–73] PNR was also used to visualize the
complex magnetic structure of so-called exchange springs,
obtained in different systems with a fine tailoring of the
electronic reconstruction at the interface between two FM
TMOs with different magnetocrystalline anisotropies.[74,75]

These measurements allowed, through careful fitting procedures
and comparisons of several model structures, the mapping of the
layer-by-layer magnetization depth profile, which was shown to
gradually change from an in-plane to an out-of-plane alignment
of moments.

Figure 4. Key role of PNR in TMO heterostructure studies. a) PNR measurement of SrMnO3=NdMnO3 superlattices unveiled emergent interface fer-
romagnetism in SrMnO3, as schematized in b). Reproduced with permission.[64] Copyright 2016, American Physical Society. c) Rþþ and R�� channels
and model fit of the interface between a FM La0.7Ca0.3MnO3 (LCMO) layer and an AFM CaMnO3 (CMO) layer. d) The corresponding model of interfacial
spin frustration and reconstruction responsible for the sizable exchange bias observed in the LCMO/CMO system under tensile strain. Adapted with
permission.[68] Copyright 2021, American Physical Society. e) PNR of a superlattice composed of LaNiO3 (3ML)/La0.66Sr0.33MnO3 (9ML). f ) Proposed
micromagnetic model showing noncollinear doubling of magnetic structure. Adapted with permission.[76] Copyright 2016, American Physical Society.
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Recent advancements in oxide deposition technology have led
to the successful engineering of long-range coupling in superlat-
tices made of these more complex materials. This type of
coupling is not only interesting to understand the physics of
magnetic interactions over long distances, but it is also
particularly useful in the realization of the so-called synthetic
antiferromagnets. Synthetic antiferromagnets are central to
AFM spintronics because they merge the tunability of ferromag-
netism and the stability of antiferromagnetism to realize “the
best of both worlds.” Even though the IEC leaves signatures
in the magnetometry measurement, these are often not straight-
forward or unequivocal. A direct proof of IEC is, however, easily
obtained by PNR, with the appearance of additional magnetic
Bragg peaks corresponding to higher order periodicities than
the structural order. Figure 4e,f shows a representative example
of a clear doubling of the magnetic structure that generally man-
ifests in the appearance of superlattice Bragg peaks with frac-
tional indices. Figure 4e shows the noncollinear IEC between
manganite layers observed in LaNiO3/La0.66Sr0.33MnO3 hetero-
junctions, due to strong exchange interactions with the nickelate
spiral magnetic order.[76] The visualization of the proposed mag-
netic structure is presented in Figure 4f, where the blue arrows
represent LSMO magnetic moments, and the pink arrow repre-
sents the spiral magnetic order in the spacer.

As a second example, Chen et al. demonstrated through the
use of PNR the realization of a synthetic antiferromagnet
obtained by stacking FM La0.66Ca0.33MnO3 and insulating
CaRu0.5Ti0.5O3.

[77] Here, a full AFM alignment of consecutive
FM layers was obtained due to spin-polarized tunneling through
the spacer. A further IEC heterojunction was recently reported in
SrRuO3=STO systems,[78] albeit with slightly less clear PNR
results. Another very recent PNR study reported the magnetic
fan structure observed in LSMO homojunctions with depth-
dependent Sr and hole doping.[79] Here, the PNR not only con-
firmed the doubling of magnetic periodicity, but also gave a hint
about the origin of the IEC itself. In fact, the detailed depth pro-
files obtained from PNR fitting showed a net magnetic moment
at the highest doping depth, nominally AFM, suggesting a cant-
ing which was later confirmed by neutron diffraction. This cant-
ing, which is strongly hole-doping dependent, as already
observed by Santos et al.,[67] is then imprinted onto the FM part
of the homojunction to form the so-called magnetic fan. To this
end, we particularly want to highlight the advantage of measur-
ing PNR data with polarization analysis, which allows all four
reflectivity channels (i.e., Rþþ, Rþ�, R�þ, and R��)
to be obtained. Only with the help of polarization analysis were
the data displayed in Figure 4e able to unveil the noncollinear
nature of the magnetic doubling represented in Figure 4f.
This is in comparison to earlier works performed without
polarization analysis, such as in Figure 4a,c, where this impor-
tant information was lost in the unanalyzed Rþ and R�

reflectivities.

3.3. Hydrogen-Induced Modifications at Interfaces

Hydrogen, the lightest element, is a quantum defect in many
materials, capable of undergoing tunneling, and introducing
drastic modifications as an electrically active dopant. For this

reason, hydrogen intercalation is a versatile control parameter
for the physical properties of thin films and materials in general.
The impact on the host is multifold, depending on the nature of
the hydrogen species involved, which can be neutral atomic H0,
or positively charged Hþ (proton), but also depends on the posi-
tion that H occupies (e.g., interstitial, grain boundaries, voids,
and defects). Several recent discoveries have sparked great inter-
est in this additional degree of freedom, for example, for the con-
trolled modification of magnetic anisotropy or exchange
coupling,[80–87] of electrical resistivity,[88–90] or even of transition
temperature in unconventional superconductors.[91–93]

Neutron methods are particularly well suited to the study of
hydrogen capture or hydrogen-induced modifications, due to
the negative scattering length of hydrogen, and the possibility
to obtain contrast enhancement through isotopic substitution
with deuterium. In particular, PNR can consistently retrieve
information about hydrogen-induced changes in the nuclear
and magnetic profiles of thin films. For a more detailed review
on PNR capabilities extended to light elements, we address the
reader to ref. [9].

An early application of PNR was to study hydrogen-controlled
giant-magnetoresistive effects in Fe/Nb[82,94] and Fe/V.[81]

Here, the hydrogen is absorbed in the spacer layer, increasing
its thickness and hence directly varying the RKKY coupling
between FM layers. In this case, the advantage of using PNR
was twofold: on one hand it allowed for the quantification of
swelling in the spacer layer, while at the same time providing
clear information about the interlayer magnetic order.

Another clear advantage of PNR for the study of hydrogen-
induced modifications is the possibility to perform in situ and
in operando studies. Other direct techniques with comparable
(or better) sensitivity, in the case of X-ray photoelectron spectros-
copy (XPS) or nuclear methods such as elastic recoil detection
analysis (ERDA), allow the detection of small concentrations
of absorbed hydrogen (e.g.,≤ 0.1 at%), however require high vac-
uum conditions. In this respect, one interesting case study was
the hydrogen exposure of LSMO thin films, which entails a
reversible metal–insulator transition. Initial XPS studies, per-
formed ex situ, showed a discrete amount of absorbed hydrogen
in the manganite lattice,[95] indicating an electron-doping
induced metal–insulator transition. However, shortly after this,
Mazza et al. demonstrated with the use of in situ neutron reflec-
tometry that the effect of hydrogen exposure is in fact oxygen
depletion in a D2 gas atmosphere.[96] The possibility to perform
in situ studies is central in cases such as this one, where the for-
mation of metastable phases can lead to substantially different
conclusions.

In addition to these advantages, PNR provides information
about the magnetic properties of interfaces, which is fundamen-
tal for understanding the working principle of many proton-
based solid-state devices. In this respect, key examples are those
concerning the hydrogen-induced switching of perpendicular
magnetic anisotropy.[87,97] In particular, in operando studies per-
formed by Causer et al. showed the origin of reduced perpendic-
ular magnetic anisotropy at the Co/Pd interface. Through an
accurate fitting of the PNR curves obtained in N2 (Figure 5a,
green curve) and 3.5% H2=N2 atmospheres (Figure 5a, blue
curve), the authors found an enhanced in-plane magnetic
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moment upon hydrogen absorption in the thin alloyed interface
at the boundary between the Co and Pd layers, as shown in
Figure 5b. This indicates that the perpendicular magnetic anisot-
ropy switching effect arises only at the interfacial region where
the Co and Pd atoms are mixed, and not across the entire thick-
ness of the Co layer.

There are two major limitations of PNR in this flourishing
field. The first is the sensitivity limit: small amounts of hydrogen
can be difficult to detect while still having significant electronic
effects on the host material. The second limitation is the long
counting times required for acquiring PNR data which limits
the ability to study the fast kinetics of the absorption process.
In this direction, there is some promising technique-
development research aimed at increasing the sensitivity of PNR
to hydrogen-induced modifications by using resonant waveguide
enhancement methods.[98–100] Figure 5c shows the waveguide
peak of a Nb resonator measured by means of PNR.[98] By adding
a thin FM layer with noncollinear magnetization (obtained, for
example, with an easy axis canted to the applied magnetic field), a
resonant enhancement of R�þ spin-flip intensity is observed
around the momentum transfer Q res. As the position of Q res
depends on the scattering potential, when the scattering potential
of the sample is modified through the absorption of hydrogen,
one can observe a shift in the Q res position, as shown in
Figure 5c. The shift is, in the low concentration limit cH < 30
at%, directly proportional to the hydrogen content. By measuring
the intensity variation at an arbitrary point Q* on the resonance
peak (Figure 5d), the hydrogen absorption kinetics can be
retrieved. As the resonance is a sharp and intense feature, the
shift of the resonance peak can be tracked with a significantly
reduced counting time, typically a few seconds, and with quite
high sensitivity, around 1 at%, as shown in Figure 5d. To dem-
onstrate the precision of the resonant waveguide enhancement
method and its ability to track changes of the sample properties,
the authors of ref. [98] measured PNR simultaneously with the

widely used, albeit indirect, electrical resistivity sampling
approach. As shown in Figure 5d, after the introduction of hydro-
gen, the resonance position displays a linear time dependence
which tracks with the sample resistance (i.e., a property of the
sample known to depend sensitively on the hydrogen content).
While the twomethods rely on completely different physics, their
linear time dependencies can be used to track changes to the
sample and cross-validate the amount of absorbed hydrogen.

These recent examples demonstrate that PNR is a useful tool to
study proton-based device components, especially in synergy
with other in situ techniques, such as FM resonance,[87]

transport,[98] X-rays,[95] and more. The foreseen technical improve-
ments to many reflectometers around the world will also allow
more precise and less time-consuming measurements to be con-
ducted in the future, opening the way to in operando studies.

3.4. Topological Insulators

The discovery of topological phases of matter was the basis of the
2016 Nobel Prize in Physics awarded to Thouless, Haldane, and
Kosterlitz. One aspect of this discovery was the realization that
the mathematical field of topology could be applied to character-
ize electronic structures and classify them using simple groups
of integers known as topological invariants (e.g., Chern num-
bers). This led to the identification of several distinct topological
phases, including 2D and 3D TIs, Weyl, nodal, and Dirac topo-
logical semimetals.[101] Importantly, the unique topological clas-
sifications are actually reflected in distinctive physical properties,
including Dirac surface states, Fermi arc states, Weyl nodes,
spin-angular momentum locking, helical spin polarization, mag-
netoelectric coupling, spin–torque coupling, and giant magneto-
resistance. This has placed topological materials at the forefront
of efforts to develop new forms of electronics for data storage, as
well as classical and quantum computing.

Figure 5. Capabilities of PNR in detecting hydrogen capture and its effect in thin films. a) PNR of Co/Pd bilayers before (i) and during (ii) hydrogen
exposure. b) Nuclear (solid) and magnetic (dashed) SLD depth profiles obtained from the PNR data presented in (a). Reproduced with permission.[87]

Copyright 2019, American Chemical Society. c) Resonant reflectometry showing the shift of the waveguide maximum Qres before (red) and after (blue)
hydrogen exposure of Nb films. d) Fixed-Q scan atQ* (i.e., arbitrary point defined in (c) near the resonance position) and in situ resistance measurement
during hydrogen exposure. Reproduced under the terms of the CC-BY 4.0 License.[98] Copyright 2022, The Authors. Published by Springer Nature Limited.
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The vast majority of existing PNR studies on topological mate-
rials have focused on a single class of material—the 3D strong
TI—and its interaction with magnetism. TIs are bulk insulators
at 0 K with a bulk band gap; however, they exhibit metallic Dirac
surface states with a helical spin texture. Currently, the most
heavily explored materials for 3D TIs are the chalcogenide
semiconductors Sb2Te3, Bi2Te3, and Bi2Se3. It was shown that
magnetic doping, with elements such as Cr, Mn, or V, could
induce long-range magnetic order and convert the TI into a quan-
tum anomalous Hall insulator[102,103] or potentially to an axion
insulator, depending on the relative magnetization direction at
the top and bottom surfaces.[104] The former state has a quantized
Hall conductance, whereas the latter has a vanishing Hall con-
ductance, but exhibits an unusual magnetoelectric effect.[104]

Later work has focused on utilizing the magnetic proximity effect
between a TI/ferromagnet to control the magnetic functionality,
such as the induced anomalous Hall effect and spin-transfer
torque. For this reason, magnetic TIs have become the subject
of a growing number of PNR studies. Two reviews are available
that partially cover the application of PNR to these quantum
materials;[10,11] however, as the field is rapidly evolving, below
an updated summary is provided.

One of the earliest PNR studies of TIs was the work by Li et al.
who investigated a magnetic insulator/TI heterostructure
EuS=Sb2�xVxTe3, where V doping was used to drive the TI
Sb2Te3 magnetic.[105] The authors observed a dramatic enhance-
ment of the proximity exchange coupling strength, overcoming
the limitation of magnetic insulator/nonmagnetic TI hetero-
structures, where the proximity effect is considered to be
weak.[106] In addition, the proximity effect was accompanied
by a decrease in the interfacial magnetism of EuS and to the
emergence of an artificial AFM order.

Another early PNR study of TIs was the work by Collins-
McIntyre et al. who investigated Cr-doped Sb2Te3 layers, finding
a uniform magnetic moment throughout the film layer.[107] This
uniform magnetization is significant given the earlier theories
that proposed that Dirac-surface electronics could substantially
modify the surface magnetic state. While promising, one practi-
cal challenge with this magnetic system is its relatively low Curie
temperature. For this reason, several groups have begun to inves-
tigate magnetic proximity effects by coupling a high-temperature
magnet to a TI, and the latter group soon investigated Co=Cr�
Sb2Te3 structures, showing a moderate enhancement of the
Curie temperature from 87 to 93 K.[108]

A key PNR result was the study of EuS=Bi2Se3 FM/TI hetero-
structures that showed the interface of the TI could possess
room-temperature magnetism induced by proximity to the mag-
netic insulator.[109] This was a promising development compared
to traditional doping of the chalcogenides which generally leads
to low Curie temperatures, below 100 K. Therefore, the proximity
effect was taken as a potential route to achieve room temperature
functionality. However, one of the main goals of introducing
magnetism is to achieve the quantum anomalous Hall effect,
and to-date transport studies on EuS=Bi2Se3 have shown little
or no anomalous Hall contribution.[110]

An outstanding challenge in this field of electronic materials is
that the defects in the TI can lead to unwanted bulk conductivity,
and certain effects such as the quantum anomalous Hall effect
require a very precise level of controlled electron-hole doping.

For this reason, there is a focus on adjusting the material science
of the TI by exploring solid solutions such as ðBi;SbÞ2ðSe;TeÞ3,
together with magnetic dopants to precisely position the chemical
potential (Fermi level) of the TI. This means that there is a chal-
lenge to find chemically compatible magnetic layers, which enable
well-controlled doping and interface charge transfer. Key work in
this area included studies employing CrSb on ðSb;BiÞ2Te3 multi-
layers, which displayed a controllable exchange interaction.[111]

Aside from using traditional transitional metal elements as the
source of magnetism, recent work has also begun to explore rare-
earth components. In particular, a study on Dy-doped Bi2Te3
revealed a complex magnetism, using a combination of muon
spectroscopy and PNR.[112] At room temperature, the magnetism
is disordered with slow magnetic fluctuations, which is more
complicated than simple paramagnetism and superparamagnet-
ism. PNR data at low temperatures showed clear SA, indicating a
large magnetic moment on the Dy sites.[112] Subsequent work
has also examined layers containing a mixture of transition metal
and rare-earth dopants.[113]

An interesting development is the replacement of the fer-
romagnet with AFM components in TI heterostructures. Work
on CrSb/TI structures showed that, even though the CrSb was
AFM, it could magnetize the TI surfaces.[114] In related work,
using PNR and other techniques, it was shown that a MnTe layer
interfaced with ðSb;BiÞ2Te3 led to a shift in the hysteresis loop
and a shift in the transport properties—called a topological
exchange bias effect.[115] More recent work has also examined
the termination-dependent switching of CrSe=ðSb;BiÞ2Te3 inter-
faces.[116] As the magnetism of proximity effects and antiferro-
magnetism are challenging to detect in PNR, new methods
includingmachine learning have been applied to tackle this prob-
lem.[117] A further challenge in this area is the extremely low
magnetization that arises in these dilute magnetic topological
materials. Figure 6a shows the PNR data for a magnetic topolog-
ical heterostructure recorded at T= 7.5 K below the ordering
temperature (i.e., 12 K) of the sample,[115] showing that the
resulting spin-splitting is almost undetectable when plotted on
a log scale. To highlight the differences, it is necessary to plot
the SA as in Figure 6b. This small SA (5%) arises from magnet-
izations as low as 10 emu cm�3 corresponding to the SLD profile
plotted in Figure 6c. Detecting this level of magnetization
requires long counting times and near-perfect polarization
(and associated corrections) in the experimental setup.
Atomically flat interfaces, such as those shown in Figure 6d,
are also advantageous for resolving these low levels of SAs.

Developing on the theme of replacing ferromagnets with AFM
components, a most recent discovery in 2020 was that of an
intrinsic AFM TI MnBi2Te4.

[103] Bulk MnBi2Te4 is perfectly com-
pensated, while PNR measurements show a vanishingly small
magnetization in 10 nm-thick films of MnBi2Te4.

[118] It is
expected that sufficiently thin films of MnBi2Te4, however,
should lead to an uncompensated layer appearing that may be
detectable with PNR. A major challenge, however, is the complex
oxide layer that naturally forms at the ambient exposed inter-
face.[118] Neutron reflectometry was used to characterize the
thickness of this oxide, and importantly, the charge transfer asso-
ciated with the oxide layer was shown to affect the anomalous
Hall effect of the underlying TI structure.[118]
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A practical drawback with some of the existing platforms of
magnetic proximity effects in TIs is air sensitivity, or chemical
incompatibility with existing industrial processes. For this rea-
son, a new stream of research has emerged which studies het-
erostructures of TIs with common spintronic materials,
already used industrially, with high Curie temperatures and well-
understood oxidation behavior. The most popular strand is the
interaction of the TI with a high-temperature garnet oxide film,
such as yttrium iron garnet (YIG).[119] In parallel, some work has
examined the interaction with standard CMOS-compatible met-
als such as Ni and Cu[120] grown on top of a chalcogenide such as
Bi2Te3. Figure 6e shows the PNR pattern of a NiFe=Bi2Te3
bilayer, where a strong spin splitting is evident. A major chal-
lenge is understanding the quantum chemistry and diffusion
of the layers in such structures. The SLD profile in Figure 6f
shows a nonmagnetic region at the interface which has been
attributed to the formation of AFM Ni─Te bonds. PNR was used
to show that the application of a magnetic field partly restores the
magnetization in the interfacial region.[120]

While TIs offer strong possibilities for fundamental explora-
tion, and perhaps future devices, clearly the material science of
their interfaces still poses major challenges. Neutron reflectom-
etry, with its innate depth sensitivity, is a promising way to char-
acterize these interfaces in the future. There is still enormous
scope to expand PNR studies on this topic, as only a small portion
of the possible topological phases have been explored. For exam-
ple, only recently, PNR was used for the first time to examine

heterostructures consisting of nonmagnetic topological crystal-
line insulators such as SnTe, in proximity to magnetic TIs,[121]

or simple ferromagnets.[122] Meanwhile, to the best of our
knowledge, there are currently no PNR studies of other impor-
tant classes of topological materials such as topological
semimetals and topological superconductors, or their many com-
binational heterostructures.

3.5. Chiral Spin Systems

Relativistic spin–orbit interactions synonymous of chiral heli-
magnets enforce the antisymmetric Dzyaloshinskii–Moriya
interaction leading to noncollinear magnetic order and a variety
of quantum phenomena including, quantized winding numbers,
emergent electrodynamics, and topological protection.
Subsequently, chiral helimagnets, or more broadly speaking, chi-
ral spin systems, are a further class of quantum materials where
PNR has emerged as a pivotal technique to resolving their long-
wavelength noncollinear magnetic order. A limited number of
materials display chiral spin order including the family of cubic
chiral magnets[123] such as MnSi, FeGe, MoGe, Fe1�xCoxSi,
Cu2OSeO3, EuPtSi, and GaV4S8,

[124] the monoaxial chiral mag-
nets[125] such as CrNb3S6 and YbNi3Al9 as well as FM heavy-
metal heterostructures.

In the bulk cubic and monoaxial magnets, chiral helimagnetic
order appears as a ground state configuration at zero magnetic
field below themagnetic ordering temperature of thematerial.[123]

Figure 6. a) PNR ofMnTe on a ðSb;BiÞ2Te3 TI measured at 7.5 K in a 700mT in-plane applied field, and b) corresponding SA profile. c) The corresponding
nuclear and magnetic (�10) SLD profile shows a magnetic contribution at the interface of the ðSb;BiÞ2Te3 TI. The onset of the anomalous Hall effect was
observed in the magnetic TI heterostructure below 12 K. It is noted that bulk MnTe is AFM with a Nèel temperature TN � 307 K. d) Cross-sectional TEM
image of the MnTe/ðSb;BiÞ2Te3 heterostructure. Reproduced under the terms of the CC-BY 4.0 License.[115] Copyright 2018, The Authors. Published by
Springer Nature Limited. e) Example of a PNR pattern from a NiFe=Bi2Te3 heterostructure recorded at 7 K. f ) SLD profile of the NiFe=Bi2Te3 hetero-
structure recorded at 7 K shows a nonmagnetic region attributed to an AFM region at the interface. Reproduced with permission.[120] Copyright 2022,
Wiley–VCH.
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In the helimagnetic state, neighboring moments twist with a cer-
tain chirality, left-handed or right-handed, in the plane perpendic-
ular to the propagation axis, which lies typically along a
crystallographic or high symmetry direction. The twisting occurs
as a consequence of the chiral crystal structure which lacks inver-
sion symmetry enforcing the antisymmetric Dzyaloshinskii–
Moriya interaction, resulting in long-period helical spin
modulations. In the presence of external magnetic fields, the hel-
imagnetic state, depending on the crystalline structure and anisot-
ropy, can transform into a range of nontrivial magnetic states,
comprising most commonly of the conical state,[126] tilted conical
state,[127] the 1D soliton lattice state,[128] as well as the 2D
topological skyrmion lattice state.[129]

Within the family of bulk chiral magnets, the most extensively
studied has been that of MnSi, as this was the first compound
identified experimentally to host topological skyrmions in applied
fields near the helimagnetic to paramagnetic transition.[129]

Following this discovery, the field of noncollinear magnetism
underwent a renaissance of research activity, and today the crea-
tion and annihilation of skyrmions as well as their motion under
electric currents has been well documented. Here, Hall measure-
ments revealed a depinning of skyrmions from impurities at
current densities as low as 106Am�2,[130] which is orders of mag-
nitude less than the densities required to induce motion of FM
domain walls. As a result, this has fuelled great interest in the
development of new information storage, logic, and quantum
computation devices which utilize skyrmions.

Consequently, current research is focused on resolving the
magnetic order of chiral magnets prepared as thin films.
Finite-size effects and symmetry breaking at thin-film interfaces
are expected to modify the ground state magnetic configuration
of chiral magnets, leading to alternate forms of magnetic
order which are not stabilized in the bulk crystal. In thin
films exhibiting helimagnetic order, the propagation direction
is most commonly found to lie along the film normal, with
the moments lying in the film plane and aligning ferromagneti-
cally at each given depth.[131–135] As the magnetization varies as a
function of film depth over the helical wavelength λh, and the
moments lie in the plane of the film, PNR is an ideal technique
to investigate the spin order, where the analysis of SA data allows
easy detection and depth-profiling of the in-plane helical
moments.

Early PNR measurements performed on epitaxial MnSi with a
thickness of t= 39.5 nm revealed a helical magnetic order with
λh ¼ 13.9 nm propagating along the film normal.[131] The distinct
change in the magnetic order of the epitaxial film compared to
bulk MnSi was explained to arise from the in-plane uniaxial
anisotropy induced by the epitaxial strain at the interface to
the thin film substrate.[132] PNR data collected with full spin anal-
ysis were used to conclude that the film consisted of both left-
handed and right-handed chiral structures in equal fractions
because Rþ� ¼ R�þ, resulting in a depth-dependent magnetiza-
tion profile consistent with a superposition of left-handed and
right-handed spin-density waves. Additional modeling revealed
that the handedness of a single domain chiral magnet would
manifest itself as a Bragg peak in only one of the spin chan-
nels,[132] where a right-handed helix would produce a peak in
the Rþ� channel, while a left-handed helix would produce a

Bragg peak in the R�þ channel, essentially allowing phase infor-
mation of the magnetic order to be determined.

Continued work on epitaxial MnSi with thickness t= 26.7 nm
established that the helical wavelength was independent of the
film thickness, remaining at a constant value of λh ¼ 13.9 nm
for film thicknesses between t= 7 and 40 nm.[133] Through a
detailed PNR investigation, it was revealed that the magnetic
order comprised of confined helicoids which unwound via dis-
crete steps in the presence of external magnetic fields, as
depicted in Figure 7a. Here, SA information encoded in the dif-
ference between the Rþþ and R�� data was crucial to revealing
the field-dependent magnetization profiles of the out-of-plane
propagating helical order of the film at each corresponding value
of the external magnetic field. As shown in Figure 7b, the SA and
corresponding magnetization profile of the MnSi film was found
to unwind from a two-twist state at low fields (i.e., B= 32mT), to
a one-twist state at intermediate fields (i.e., B= 200–400mT) and
finally into to a forced FM state at high fields (i.e., B= 700mT).
These results were later corroborated by several additional and inde-
pendent PNR and small-angle neutron scattering investigations into
the magnetic order of epitaxial FeGe,[135,136] Fe1�xCoxSi,

[137] and
Fe1�xCoxGe,

[138] which were found to comprise of an integer
number of out-of-plane propagating helical wavelengths which
unwound in the presence of an external magnetic field. Finite size
effects present in the epitaxial films were determined to be respon-
sible for the observed quantization of helicoidal turns, and it was
further demonstrated that the number of helicoidal turns could be
“read out” by electrical transport measurements.

A PNR investigation by Meynell et al. on epitaxial MnSi with a
thickness t= 26.7 nm concluded the observation of in-plane
skyrmions.[139] These findings seemingly contradict the earlier
work described in ref. [133] for measurements performed on
the exact same film. These two contradictory results highlight
some of the difficulties of analyzing PNR data, which requires
the assumption of complex scattering profiles with several inde-
pendent parameters, and from this, the possibility to obtain non-
unique fitting solutions.

A further practical limitation of PNR for the study of chiral
spin systems is that PNR averages in-plane structure along
the x-direction, due to relaxed beam collimation. This prevents
Qx resolution in the plane of the film which limits the ability of
the PNR technique to simultaneously provide resolution in Qx
and Qy needed to resolve complex lateral correlations.[140] As
such, reflectometry alone is not able to provide sufficient angular
resolution to fully resolve lateral correlations such as in-plane or
out-of-plane skyrmion lattices. To overcome this limitation, com-
prehensive neutron scattering investigations employing not only
specular and off-specular PNR, but also near-surface small angle
neutron scattering,[141] are required to resolve all three Q direc-
tions (i.e., Qx , Qy and Qz) for full phase space determination on
a single film.[134]

An intriguing subset of chiral magnets where the
Dzyaloshinskii–Moriya interaction is not an innate property of
the crystal structure, but rather artificially generated through thin
film engineering, is that of heterostructures consisting of FM
and heavy metal layers. In such systems, the Dzyaloshinskii–
Moriya interaction results from the breaking of inversion
symmetry at the interfaces which provides a strong spin–orbit
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coupling leading to a Dzyaloshinskii–Moriya interaction with a
similar magnitude to the Heisenberg exchange.[142] Early pio-
neering works on ultrathin epitaxial films ultimately showed that
skyrmion lattice states could be achieved in 1ML Fe on
Ir(111),[143] albeit at temperatures well below those required
for everyday applications. A proven approach to enhance the ther-
mal stability of the skyrmion lattice is to grow heterostructure
stacks comprised of multiple repetitions of thin FM and heavy
metal layers by sputter deposition.[142,144] To this end, a recent
PNR investigation on in-plane easy axis Co nanodot arrays grown
on Co/Pd underlayers with perpendicular magnetic anisotropy,
reported the observation of room-temperature skyrmions at
ambient pressure in the absence of external magnetic fields.[145]

As shown in Figure 7c, a position-sensitive area detector was
used to simultaneously collect both specular (Figure 7d) and
off-specular (Figure 7e) PNR data on the Co nanodot arrays.
From the extracted SLD profile shown in Figure 7f, the authors
were able to confirm the imprinting of an artificial Bloch-type
skyrmion lattice into the Co/Pd film in the regions beneath
the Co nanodot arrays. These artificially constructed skyrmion
lattice arrays, which are controlled by exchange and magneto-
static interactions, demonstrate an exciting new platform
to use PNR to explore room-temperature ground-state
skyrmion lattices in the future.

4. Conclusion and Outlook

The coming decades are rich with possibilities to deploy PNR to
optimize quantum materials and heterostructures, and this field
is rapidly expanding. It is anticipated that practical quantum tech-
nologies will not simply exploit a single material, but, analogous
to semiconductor fabrication, will combine dozens of separate
materials into a complex “stack” to deliver the desired function-
ality. In this context, the role of interfaces and heterostructures
will become increasingly important. With the innate depth-
sensitivity of PNR, the technique is able to reveal buried features,
thus offering some capabilities not afforded by pure surface sci-
ence probes such as ARPES or STM. This may increasingly come
to the forefront as quantum technology evolves into more com-
plex 3D nanoarchitectures.

The ability to nondestructively study materials during
different stages of device processing and under a variety of
environments (e.g., temperature, magnetic field, pressure, atmo-
sphere) should enable PNR to become a useful technique to
study device processing conditions that are necessary to bring
quantum technology into our everyday reality. In particular, the
ability to track hydrogen gas and moisture content in films and
correlate this with superconducting, electrical, or magnetic perfor-
mance may become critical. In situ transport measurements,[98]

Figure 7. Key role of PNR for the study of chiral spin systems. a) Schematic of the field-induced unwinding of helical moments in epitaxial MnSi with
t= 26.7 nm. b) Measured (black circles) and calculated (red line) SA for epitaxial MnSi at T= 5 K and B= 700, 400, 200, and 32mT and the corre-
sponding magnetic SLD profiles. Reproduced with permission.[133] Copyright 2013, American Physical Society. c) Position-sensitive area detector image
of scattering from a Co nanodot array grown on Co/Pd. d) Specular and e) off-specular scattering profiles and the f ) corresponding nuclear and magnetic
SLD profile of the Co nanodot array grown on Co/Pd. Reproduced under the terms of the CC-BY 4.0 License.[145] Copyright 2015, The Authors. Published
by Springer Nature Limited.
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and other device modalities such as FM resonance,[87] are expected
to increasingly feature on state-of-the-art PNR beamlines as com-
plementary ancillary measurements.

In the short-term there are great opportunities to use PNR to
study the type of junctions relevant to transmon qubit architec-
tures based on classical superconductors, and this field to date,
seems to be heavily underexplored; however, it is well within the
capabilities of current generation PNR beamlines.

In the vast field of TMO interfaces, different trends are arising
to achieve new functionalities for applications. In particular,
there is increased interest in the so-called Mottronics, which
are based on the ability to switch a material from a Mott insulator
to a metallic state. This has been realized via hydrogen-induced
electron doping in several correlated perovskite materials.[146]

Devices based on this concept are perfect candidates for PNR
studies combined with in situ transport measurements, in which
a given resistive state can be correlated with depth-dependent
hydrogen and magnetic profiling.

There is currently a substantial opportunity to expand the
study of magnetic topological phases. The study of magnetic
TIs and proximity effects is expected to grow from the strong
existing foundation. Future work will likely explore other topo-
logical phases including Dirac and Weyl semimetals. Another
underexplored area is that of topological superconductors which
are a platform for error-resistant quantum computing based on
Majorana fermions. However, given the low critical tempera-
tures, improvements in in situ dilution refrigeration for PNR
instrumentation is a key requirement to explore this area.

The integration of complex magnetic structures, such as chiral
spin systems and skyrmion textures, into quantum technology
“stacks” is expected to add further functionality to devices
through the additional degrees of freedom of topology and chi-
rality. In this area, the prevalence of grazing-incidence neutron
diffraction or near-surface small-angle neutron scattering studies
are anticipated to increase as the desire to resolve complex in-
plane magnetic correlations continues to strengthen.[141] A cur-
rent untapped area appears to be PNR investigations of the
monoaxial chiral magnets, which are structures that generally
comprise of 1D topological magnetic soliton lattices making
them ideal textures to study using PNR. One limitation, however,
is the dynamic nature of solitons, and as such, rapid PNR count-
ing times would be required to avoid measuring the time-aver-
aged solitonic structure.

Intensive studies on 2D materials, such as graphene,[147] are
expected to emerge as better neutron instrumentation becomes
available. In particular, high brilliance neutron sources such as
the 5MW source currently under construction at the European
Spallation Source (ESS) in Sweden,[148] and improved instru-
ment designs,[149] will deliver higher focusing and signal-to-noise
ratios required to measure smaller samples to higher Q, and
therefore resolve thinner layers in the range of 0.3–1 nm.

Improvements in thin film deposition will also broaden the
applicability of PNR to new classes of quantum materials. For
example, there have been relatively few thin film studies of heavy
fermion systems, despite these being extensively explored in
bulk. As atomically flat films and surfaces become available,[150]

PNR will become increasingly applicable to these novel quantum
materials.

The growing ability to conduct PNR in vacuum deposition sys-
tems will also allow the technique to progressively expand into
the pure surface science regime.[151] Despite their immense
value as a structural and magnetic probe, neutrons are not ideal
for probing electronic structures, which are an essential aspect in
advanced electronic materials. Therefore, we anticipate a
growing number of studies combining PNR with electronic sur-
face measurement techniques such as ARPES and STM.
Furthermore, as small-scale “lab versions” of these techniques
do exist, it is possible to envision full-feature beamlines in the
future that combine multiple capabilities along with PNR for
“full stack” quantum materials characterization.
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