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We use signal enhancement in a quantum resonator for the characterization of a thin layer of vanadium hydride
using neutron reflectometry and demonstrate that pressure-concentration isotherms and expansion coefficients
can be extracted from the measurement of totally externally reflected neutrons only. Moreover, a consistent data
analysis of the attenuation cross section allows us to detect and quantify off-specular and small angle scattering.
As our experiments are effective direct beam measurements, combined with resonant signal enhancement,
counting times become considerably reduced. This allows us to overcome the challenges resulting from the
comparatively low brilliance of neutron beams for grazing incidence scattering experiments. Further, we discuss
the potential of resonant enhancement to increase any scattering, which is of particular interest for grazing
incidence small angle neutron scattering and spectroscopy.

DOI: 10.1103/PhysRevB.103.235423

I. INTRODUCTION

Over the last decades surface science has advanced con-
tinuously and considerably. This is related to the increased
interest in surfaces and interfaces among the scientific
community and their importance for many technological
applications. The understanding of surface and interfacial
properties of materials as well as interfacial processes in terms
of structural, morphological, and compositional changes is
of crucial importance in many scientific fields that include
chemistry, physics, biology, and engineering.

Driven by the need to characterize surfaces and inter-
faces, experimental methods and probes have been developed
and improved to enter previously inaccessible territories. For
instance, the advancements of atomic force [1] and elec-
tron [2] microscopes resulted in totally new opportunities
for science and technology. The developments of both meth-
ods resulted in compact and readily available instruments,
which are now used routinely. Another example is the de-
velopment of photoelectron spectroscopy [3] or surface x-ray
scattering in general. With the development of synchrotron
x-ray sources providing flexible wavelength and high bril-
liance, previously unachieved sensitivity was reached for
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compositional and structural studies of surfaces. For instance,
the electron density across interfaces can be extracted with
Angstrém resolution from the specular (incident beam angle
equals exiting beam angle) reflectivity of x rays. Further, off-
specular or grazing incidence scattering provides information
about in-plane ordering and fluctuations, and spectroscopy
provides element specific information.

In reflectivity measurements, the incident beam impinges
onto a sample surface under a shallow angle and optical
effects, e.g., total external reflection, have to be taken into
account. At the critical wave vector for total external reflec-
tion, the incident and reflected wave fields are in phase at
an interface, which amplifies scattering from impurities or
roughness [4]. For more complex structures, like single [5]
or multilayers [6], scattering is amplified whenever a standing
wave field develops, which is referred to as resonant enhanced
or resonant diffuse scattering. Theoretically, the scattering
from rough surfaces can be described in the framework of
a first order perturbation theory, the distorted wave Born
approximation, as described in Ref. [7], which was later ex-
tended to layered structures [8]. For resonance effects at very
small momentum transfers, it may happen that scattering from
the evanescent wave field leads to intensity missing from the
totally externally reflected signal, which shows up as dips in
the total reflection region [9,10].

However, sensing light element or magnetism in buried
interfaces is challenging by using x rays. Still, such materials
are highly important, and many scientific questions are not
yet resolved. Examples of such questions are the dynamics
of lithium [11] and protons [12] in thin films for battery or
fuel cell applications, and biology [13], or the diffusivity of
water in cell membranes [14], proteins, or micelles [15]. One
other area of research which is highly relevant for technology

Published by the American Physical Society
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and the development of new materials is the understanding of
surface dynamics in polymers and glasses [16—18].

Compared to electrons and photons, neutrons are sensitive
to light elements in the presence of heavy ones and can pen-
etrate deep into matter, as they interact with the nuclei and
allow the study of slow dynamics. Moreover, the sensitivity to
the nucleus allows contrast variation experiments by isotope
substitution. The drawback of neutron scattering methods,
however, is that they are only available at large scale facilities
and that the brilliance of nowadays neutron sources is limited.
As a result, many neutron scattering studies are flux limited,
an issue that is particularly relevant for small sample volumes
or surface scattering studies.

The experimental method in neutron scattering provid-
ing information about interfaces is neutron reflectometry, the
equivalent to x-ray reflectometry. In the case of neutrons, it is
the density profile of the isotopes across an interface that is
extracted from the specularly reflected intensity. For recent
reviews on neutron reflectivity see Refs. [19,20]. As for x
rays, lateral fluctuations result in additional scattering, which
is known as off-specular or grazing incidence scattering [21].

The signal scattered from a thin film can become signifi-
cantly enhanced and the sensitivity of neutron studies can be
improved if resonant effects are used. Pfeiffer er al. measured
the wave field in a neutron resonator emitted along the sample
horizon and showed that effectively a coherent microbeam
of neutrons can be generated by this method [22]. The en-
hancement factor for scattering and absorption experiments
using neutron resonators was calculated by Radu ef al. [23]
for multilayer systems. Over the years, resonators have been
applied to enhance the absorption and subsequent emission
of gamma radiation [24] or alpha particles [25] in order to
improve the depth sensitivity of neutron reflection measure-
ments, as well as amplify the surface scattering signal in
diffraction [26]. The magnetic moment of the neutron allows
us to probe the magnetic induction in layered structures. In
this context resonant enhancement was used for the study of
magnetic domains [27], noncollinearity [28], as well as the
proximity effect at the ferromagnet-superconductor interface
[29]. A review on the use of planar neutron waveguides can be
found in Ref. [30]. Moreover, it was shown that the incoherent
scattering from hydrogen in a thin layer of vanadium can be
detected, which brings into reach inelastic and quasielastic
neutron scattering studies of the dynamics in thin films [31].
Following along the same line the interfacial dynamics of a bi-
continuous polymer in a sponge phase was revealed by using
a resonant enhancement in the adjacent substrate [32,33].

In the present work we use polarized neutron reflectometry
to characterize a quantum resonator thin film. The absorption
and scattering from the thin film at the resonance conditions
appear as intensity missing from the totally externally re-
flected neutrons, i.e., as dips in the reflectivity profile. The
momentum transfer and missing intensity associated to these
dips can be connected to the composition and thickness of the
resonating layer. In particular, the missing intensity is very
sensitive to any scattering, coherent as well as incoherent. This
opens opportunities to obtain information on, for instance,
the thin film composition and thickness by measuring the
total external reflection region only, which, because of the
high intensity of the incident and reflected beams, allows for
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FIG. 1. (a) Scheme of the structure of the vanadium hydride
resonator thin film. (b) Spin up (red line) and spin down (blue
dashed line) scattering length density (SLD) profiles of the sample.
Dimensions are not to scale.

short counting times, thus faster experiments. This is critical
in particular for time-resolved or in situ parametric studies,
where the composition or thickness of the layer changes as
a function of external parameters, such as temperature, gas
exposure, or magnetic field.

As the model system for our studies, we have chosen a thin
film of vanadium hydride, a system which scatters mainly in-
coherently. This system offers the possibility to build neutron
resonators in a straightforward way [31], and the bulk prop-
erties have been studied extensively with neutron scattering
methods during the 70’s [34]. More recently, it was shown that
the thermodynamics [35] and diffusivity [36] of hydrogen in
thin vanadium films drastically changes with respect to bulk.
However, the optical methods used in these studies are indirect
and a verification of the results with neutrons being directly
sensitive to the hydrogen is strongly desirable.

The aim of the study is to quantify the hydrogen con-
tent inside the vanadium hydride thin film as a function
of applied hydrogen pressure, which allows us to extract
pressure-concentration isotherms and expansion coefficients.
To improve the robustness of our approach we combine the
quantum resonator with magnetic contrast variation [37] to
tune the height of the potential well of the resonator. Our
results show that information of the composition of the model
vanadium hydride resonator thin film can be reliably extracted
from the region of total external reflection.

II. METHODS
A. Sample

The scheme of the vanadium hydride resonator thin film
is shown in Fig. 1. The sample was grown by magnetron
sputtering on a MgO substrate, following an earlier protocol
for the growths of vanadium films [38,39]. It consists of a
~110 nm thick film of vanadium confined between two iron
layers with thicknesses of ~16 nm. Vanadium is known to
readily absorb hydrogen while iron does not at the conditions
of our experiments. Indeed, since the hydrogen concentration

235423-2



RESONANT ENHANCEMENT OF GRAZING INCIDENCE ...

PHYSICAL REVIEW B 103, 235423 (2021)

depends exponentially on the enthalpy of absorption, which
takes values of —0.30 eV and +0.29 eV per hydrogen atom
for hydrogen in vanadium [40] and iron [41], respectively, the
hydrogen concentration in the iron layer can be completely
neglected in the present pressure and temperature range. The
transport of hydrogen to the vanadium layer is insured by
the large diffusivity and low activation energy of hydrogen
permeation in high-purity iron [42]. A capping layer of Al,O3
prevents oxidation of the vanadium layer, and an outermost
palladium layer facilitates the dissociation of hydrogen. Two
monolayers of vanadium are used as seed layers to ensure
the growth of the following layers [38,39]. The sample was
characterized by x-ray and neutron reflectometry in a previous
study and displays the predicted dips in the total external
reflection region [31].

B. Neutron reflectometry

Polarized neutron reflectometry has been performed at
SuperADAM [43,44] at the Institut Laue Langevin (Greno-
ble, France). A fixed neutron wavelength of A = 5.225 A
with incident polarization of 99.7% has been selected by a
highly oriented pyrolytic graphite (HOPG) monochromator
with double band pass mirror polarizer. The incident col-
limation for this experiment was 0.16 mrad. Taking into
account AA/X = 0.5%, this results in a resolution in momen-
tum transfer Q. of AQ, = 1.2 x 10~* A~!, which is sufficient
to resolve the dips resulting from the quantum resonator in the
region where total external reflection occurs.

In contrast with our previous experiment on this system
[31], the polarization of the reflected signal is here not ana-
lyzed, as it is not required for the purpose of the measurement.
It follows that only two reflectivity profiles are measured,
corresponding to spin up and spin down polarized neutrons.

An ultrahigh vacuum (UHV) chamber with windows for
the neutron beam was used to apply a well-defined pressure
of hydrogen to the sample. Baking of the sample chamber
resulted in a base pressure below ~10~% mbar prior to ex-
posure to hydrogen gas. A set of manual valves with external
connectors allowed us to introduce hydrogen from a pressur-
ized hydrogen bottle into the chamber. To eliminate impurities
below ppb level the hydrogen was filtered through a NuPure
purifier. The temperature was controlled by a Lakeshore tem-
perature controller connected to an external heating jacket
minimizing thermal gradients. The temperature of the sample
was kept at 473 K.

In order to maintain the polarization of the neutrons over
the large sample environment, a magnetic field of about 30
Oe was applied using a large coil encompassing the sample
chamber. Note, however, that this field did not allow us to
saturate the magnetic moments of the iron layers.

C. Fit of the reflectivity profiles

The measured reflectivity profiles were fitted using an
in-house developed software [45—47]. For each layer, the
thickness and roughness, the real, imaginary, and magnetic
part of the SLD (here denoted SLD;¢a1, SLDjy,, and SLD ),
and a scaling factor to the magnetic SLD were included in the
model. The starting values of the fits are reported in Table 1.

TABLE 1. Starting values of the fit of the reflectivity profiles,
except (k) the thickness of the VH, layer evaluated with starting
values in the range 1100-1200 A and (x%) the SLD,y of the VH,
layer with values in the range —0.20 x 1076 to —2.20 x 1076 A~2,

Thickness SLDycal SLD;,, SLDag

Layer &) (10°A=2)  (10°A%) (10°A?
Pd 13.0 3.98 1.3 x 1073 0

AL O3 70.3 5.67 3.0x 107 0

\ 75 -0.31 1.0 x 1073 0

Fe 157 8.02 6.0 x 107 5.12
VH, 1100(x)  —0.60(xx) 5.0 x 1073 0

Fe 157 8.02 6.0 x 107 5.12

\ 75 —0.31 1.0 x 1073 0
MgO 00 5.98 9.4 x10°° 0

As further explained in the results section, the reflectiv-
ity profiles are fitted over two regions: in the Q, range of
0.004 < Q. < 0.025 A~! and in the Q, range of 0.004 <
0, £0.017 A’l, which will be referred to as “extended” and
“pre-edge” regions in the discussion. Note that both regions
have limited Q range compared to a standard full reflectivity
profile, which is required to accurately determine all the pa-
rameters characterizing the sample, which we have measured
in a previous study [31]. Because of said limited Q range, the
roughness of all layers converges to zero and is kept fixed.
Similarly, most parameters that do not significantly impact the
reflectivity profiles are kept fixed to the values determined in
the previous study [31]. Free parameters are, for the extended
region, the thickness, SLD;., and SLDjy, of the VH, layer, the
SLDyeq of the Fe layers, and a scaling factor to the magnetic
SLD. For the pre-edge region, free parameters are only the
thickness, SLDy., and SLDj,,, of the VH, layer.

D. Theoretical description of the quantum resonator

In order to give a qualitative description of the positions of
the dips in the total reflectivity resulting from the absorption
and scattering inside a neutron resonator, we use the quantum
mechanical textbook model system of a particle (the neutron)
in a box with infinite walls (infinite SLD). Note that this is
a toy model intended to highlight the relationship between
the positions of the resonances and the parameters associated
with the thin film, such as the thickness of the layer and its
SLD. For more detailed calculations of resonant enhancement,
including of the signal amplification, we refer to literature
[23,45].

The momenta for resonances in a quantum mechanical
resonator can be calculated from the following relation:

kiz = — ey

where k; , = k; sino; = 27” sin ¢; is the component of the neu-

tron wave vector along the z axis, parallel to the surface
normal, m is the order of the resonance, and d is the thickness
of the resonator. For small incident angles the sinus function
can be Taylor expanded and we can calculate the angle and
wavelength for the resonances, depending on whether the
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FIG. 2. Position of the first four resonances, m = 1-4, in Q, de-
pending on (a) the SLD with respect to vacuum and (b) the thickness
of the resonator.

experiments are done on an angle dispersive or time-of-flight
instrument, respectively:

Am = — sina;, )
m
in 2 3)
o m = arcsin —.
’ 2d

In the above equations we have not considered refraction
effects, which occur if the SLD of the resonator and the
material from which the incident beam enters the sample are
different, which is usually the case. Taking refraction into
account Eq. (3) becomes:

mA

2

®jm = arccos | n? — (§> , 4

withn =+v'1 — % the refractive index for neutrons, which
is close to one.

Alternatively, the positions of the resonances can be ex-

pressed in terms of the momentum transfer along the surface

normal:
4 mi\ 2
, = —.]1—n? — 1, 5
(0 . \/ n® + (2d> )

which develops in:

2
0. =2,/27 SLD +n2'Z—, (6)

which clearly shows that the positions of the resonance Q,
depend on both the SLD and the thickness d. This is further
shown in Fig. 2, where Q. of the first four resonances, m = 1—
4, is calculated according to Eq. (6) and in dependency of the
SLD (left panel) and thickness (right panel). While Eq. (6)
always has solutions for SLD > 0, in the case where SLD <
0, the solutions are real numbers only if:

my/T
d { ———.
~/—2 SLD
Since the SLD and the thickness of the resonator both
influence its position in Q., this has to be taken into ac-
count for investigation of films for which both quantities
change at the same time. This happens for many studies that
are relevant in neutron reflectometry experiments, like, e.g.,
hydrogen loading in metals or swelling of organic layers.
In magnetism the layer thickness typically remains constant,

N

and the magnetization can be extracted directly from the po-
sitions of the resonances. However, one may note that the
above calculations assume an infinite height of the resonator
walls, which does not hold in real experiments. Accordingly,
the resonator thickness calculated by Eq. (6) will overestimate
the width of the resonator.

Below the critical angle of total external reflection, “dips”
in the reflectivity are visible if signal is missing from the re-
flected beam. This signal can either be transmitted, absorbed,
or scattered. The total flux must be conserved, and we can
write:

ILh=R+Tr+A+S, (8)

with Iy, R, Tr, A, S the incident beam, reflected, transmitted,
absorbed, and scattered intensities, respectively. Below the
critical momentum for total external reflection, the transmitted
intensity is zero, Tr = 0. It follows that any intensity missing
from the reflected beam must be either absorbed or scattered.
For neutrons, the scattering can be coherent or incoherent.
The incoherent scattering is isotropic and can therefore, for
the purpose of reflectivity measurements, be treated in the
same way as absorption. Coherent scattering can be Bragg
scattering from crystal planes, small angle neutron scattering
(SANS), or off-specular scattering from density fluctuations
or magnetic domains. The long wavelength used on reflec-
tometers to probe small Q values is typically above the Bragg
cutoff for most materials, which means that Bragg scattering
can be neglected. On the other hand, SANS or off-specular
scattering may be present for films with in-plane fluctuations
of the SLD [21].

Considering the above discussion, the depth of the dips in
the totally reflected intensity can be calculated as follows:

Ly = N(47 (Zaps + 2inc) + SlOWQ)v (9)

with X, the incoherent scattering cross section, X, the
absorption cross section, Sjowq the scattering from fluctuations
in the SLD, and N a factor accounting for the wave-field
enhancement in the resonator. X, and X, are calculated
from the tabulated nuclear cross sections and therefore the
depth of the dips provides a measurement of concentrations,
which is independent of the positions of the resonances and
only related to absorption and incoherent scattering, if no
scattering to low Q is present. In turn the scattering towards
low Q can be quantified via the signal still missing from the
reflected beam after considering the incoherent scattering and
absorption.

II1. RESULTS

We have measured the spin up and spin down reflectiv-
ity profiles of the vanadium hydride resonator thin film at
T =473 K and at different hydrogen pressures. Figure 3(a)
depicts the spin up signal measured on the position sensitive
detector (PSD) for the lowest pressure data, for which the
vanadium layer is assumed free of hydrogen. The region of
interest (ROI) from which the specular line is extracted is
marked [A]. Note that a significant amount of scattering is
present outside of the specular ROI, in the arbitrarily defined
ROI marked [B], which then represents nonspecular signal.
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Specular intensity

Non-specular intensity

FIG. 3. (a) Color map of the spin up intensity measured on the
PSD at T = 473 K for the lowest pressure data. The ROIs of inte-
gration are marked by black rectangles: [A] specular ROI, and [B]
nonspecular ROI. The positions of the resonances are marked by
vertical dashed lines. (b) Integrated spin up intensities: (black line)
specular ROI for lowest pressure data, (blue line) nonspecular ROI
for lowest pressure data, (red line) specular ROI for P &~ 200 mbar
data, (orange) nonspecular ROI for P ~ 200 mbar data. The positions
of the resonances for the lowest pressure data and for the P ~
200 mbar data are marked by vertical dashed lines and vertical dotted
lines, respectively. The order of the resonances is also indicated.

In Fig. 3(b) we show the integrated spin up intensity over
the specular and nonspecular ROIs. It is clear by comparing
the specular (black line) and nonspecular (blue line) intensi-
ties that, at the positions of the resonances (vertical dashed
lines), diffuse scattering is present, which appears as sharp
peaks in the nonspecular channel. This amplified nonspecular
signal, in resonance condition, has been referred to as gener-
alized Yoneda wings [7,8].

Note that these peaks in the nonspecular ROI are on top
of a large background. Figure 3(b) also shows the spin up

(a) Spin up

specular (red line) and nonspecular (orange line) intensities
for the ~200 mbar data, where a significant amount of hy-
drogen is expected to be present in the vanadium hydride
layer. The large background in the nonspecular channel is
essentially identical for the lowest pressure data and for the
~200 mbar data, which indicates that it originates from ef-
fects independent of the hydrogen content. This broad signal
could then originate from blooming effect on the detector, to
some extent from low-Q scattering from the substrate due to
overillumination of the thin film, or potentially from low-Q
scattering from the vanadium (excluding hydrogen) and iron
layers, for instance off-specular magnetic scattering from the
unsaturated iron layers.

Conversely, the position and intensity of the peaks in the
nonspecular channel, which are associated to diffuse scat-
tering from the sample and specifically from the vanadium
hydride layer, clearly depend on the hydrogen pressure, hence
on the hydrogen content. This is further shown in Fig. 4 that
shows the specular reflected intensity of spin up (left panel)
and spin down (right panel) polarized neutrons for all mea-
sured pressure points. There is a clear shift of the positions
of the resonances, marked m = 2-4, toward lower Q, values,
with increasing hydrogen content, as is expected from the
model discussed in Sec. IID.

To further describe the data we distinguish two regions in
the reflectivity profiles: the region of total external reflection
(hereafter referred to as “pre-edge”), for Q, < 0.017 A~!, and
the region where the beam penetrates the sample, above this
value. In the pre-edge region, the dips associated to the reso-
nances are well visible in both spin up and spin down profiles.
Above Q. =0.017 A~!, the interference fringes resulting
from beams partially reflected at the different interfaces are
well visible, in particular where a large contrast between the
iron and vanadium is present for the up polarized neutrons
[Fig. 4(b)].

We have performed a fit of the reflectivity profiles over
the pre-edge and extended regions. The results of the fit are

(b) Spin down

1.0 1.0
m=4, .Q" ﬁ
P ] s ‘ ) P [mbar]
08l m=3, '\ ) Y 08+ .
ot F R ﬂ-N I 500
% g \' '-’\ I 200
5 s ‘ N \ 8 P2
.g 0.6 - \ \ R g 0.6 - R ;460
= d ? \ i, = :
z % Ve N z 4.5
g 04 ‘ N e 2 04 32
Ar . Py ! 1 Ar 1 2.0
e} g e}
&) i VY, O 13
" v I o
| 0.42
0.2+ m=3 i 021 ] % part
‘m=2 — fit
00 L L L L L 00 L L L L L
0.005 0.010 0.015 0.020 0.025 0.005 0.010 0.015 0.020 0.025
Q. [A71] Q. A1)

FIG. 4. Reflected intensity of (a) spin up and (b) spin down polarized neutrons at 7 = 473 K and at different hydrogen pressures. The count
rate is normalized to monitor and the data for different pressures are vertically offset by 0.05 for clarity. The critical edge Q. at Q, < 0.017 A,
which is the upper limit of the total external reflection region, is shown as a black vertical line. The resonances, marked m = 1-4, are indicated
by black dashed lines. Fits over the extended region are marked by black lines.
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TABLE II. Parameters from the fit of the extended and pre-edge
regions. Uncertainties are estimated of the order of 1% for the thick-
ness values and 10% for the SLD,.,; and SLD;,, values.

Extended region

Pressure Thickness SLD,cq SLD;,,
(mbar) A) (1070 A-2) (108 A-2)
~2.0 x 107° 1071(11) —0.32(4) 0.44(5)
0.42(5) 1077(11) —0.39(4) 0.43(5)
0.77(5) 1076(11) —0.45(5) 0.45(5)
1.3(1) 1080(11) —0.51(6) 0.48(5)
2.0(1) 1084(11) —0.54(6) 0.52(6)
3.2(1) 1087(11) —0.61(7) 0.55(6)
4.5(1) 1091(11) —0.66(7) 0.55(6)
7.0(2) 1094(11) —0.75(8) 0.60(6)
14.0(5) 1100(11) —0.80(8) 0.59(6)
26(1) 1103(12) —0.87(9) 0.64(7)
~200 1170(12) —1.91(20) 0.91(10)
~500 1171(12) —1.98(20) 0.94(10)
Pre-edge region

Pressure Thickness SLD,cal SLDj,
(mbar) A) (100 A~2) (1078 A~2)
~2.0 x 107° 1067(11) —0.36(4) 0.43(5)
0.42(5) 1074(11) —0.44(5) 0.44(5)
0.77(5) 1081(11) —0.45(5) 0.42(5)
1.3(1) 1085(11) —0.52(6) 0.47(5)
2.0(1) 1091(11) —0.53(6) 0.49(5)
3.2(1) 1092(11) —0.62(7) 0.49(5)
4.5(1) 1094(11) —0.67(7) 0.49(5)
7.0(2) 1096(11) —0.74(8) 0.54(6)
14.0(5) 1106(12) —0.80(8) 0.54(6)
26(1) 1110(12) —0.85(9) 0.59(6)
~200 1171(12) —1.90(20) 0.87(9)
~500 1170(12) —1.99(20) 0.92(10)

summarized in Table II. The values of the thickness of the
VH, layer from the fit of the pre-edge and extended regions
are in good agreement, with an average difference of less than
1%, and agree well with the value reported earlier and ex-
tracted from a much larger Q range [31]. The values extracted
for SLD,, for the VH, layer are consistent within about 2%
between the pre-edge and extended regions. Moreover, the
SLD values associated to the lowest data point, —0.32(4) x
107% A2 and —0.36(4) x 107® A2 from the extended and
pre-edge regions, respectively, are very close to the calculated
one, SLD¢op = —0.319 x 107® A~2, assuming a mass density
of pure vanadium of 6.08 g cm ™3 and tabulated values of the
bound coherent scattering length. Note that the residual stress
in the thin vanadium film results in lattice distortion and slight
deviations of the density value. The values of the imaginary
part of the SLD, SLD;,,, are in average about 6% lower for the
fits of the pre-edge region than of the extended region, which
can be rationalized as an artifact of the fitting procedure due
to the insufficient number of degrees of freedom. Indeed, a
full reflectivity is necessary to accurately obtain all the pa-
rameters that characterize the film by fitting, as we performed
previously [31]. However, note that the differences between

the results of the fit of the pre-edge and extended regions are
small compared to the standard errors of the fitted parameters
and that these standard errors are sufficiently small compared
to the variation of the fitted parameters for the purpose of
this experiment. It follows that, given the available degree
of precision, the information on the real and imaginary part
of the SLD and the thickness of the vanadium hydride layer
are essentially identical when extracted from the pre-edge and
extended regions of the reflectivity profiles.

IV. DISCUSSION
A. Hydrogen concentration extracted from the coherent SLD

The coherent SLD.,, of the compound sample VH, can
be calculated from the number density nyy, and the coherent
scattering lengths according to:

SLD¢on = nVHx[bcoh,V + XbCOh,H]1 (10)

where beonv and beony are the coherent scattering lengths
of V and H, with values of —0.443 fm and —3.7409
fm, respectively. The number density nyy, depends on the
Avogadro constant N4, the molar mass of the compound
My, = My + xMy, with My = 50.9415 g mol ™! and My =
1.00784 g mol~!, and the density of the compound Py
according to:

Ny pvhx
NyHx = . (1 1)
My

The compound density pyy, can be estimated from the
density of pure V, py, considering the volume expansion upon
hydrogen uptake. The density of the clamped vanadium of
py = 6.308 g cm 3 is calculated from published values of the
lattice parameters in iron-vanadium superlattices [38]. Fur-
ther, we assume a linear lattice expansion with an expansion
coefficient of o =~ 0.145 upon loading with hydrogen (see
Sec. IVE). We get:

1+xAMT$ .
PVHY = PV Trxa ) (12)

which results in p ~ 5.94 g cm ™3 for x = 0.5. It follows that
Eq. (10) simplifies to:

ny[beohv + xXbeonul

SLDeon = 14+ xa

(13)

The dependency of SLD,,, with respect to hydrogen con-
tent x is shown in Fig. 5. The relationship is almost linear
with x in the interval x = 0-0.5 and may be approximated by
a linear function with the limits of SLD.y,(V) = —0.330 x
1076 A=2 and SLD¢,(VHps) = —1.609 x 107¢ A=2. More-
over, the effect of expansion is minor as seen by the dashed
line in Fig. 5, and the change in SLD between x = 0 and 0.5
is almost directly proportional to the composition of the layer.
Note, the expansion is only about 7% (from « ~ 0.145) and
the shift in the Q, positions of the resonances [cf. Eq. (6)] is
mainly determined by the change in composition of the VH,
layer.
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FIG. 5. Coherent SLD (line) plotted versus hydrogen content
according to Eq. (13). The experimental values of the SLD from the
fit of the extended region are indicated by markers. The dashed line
shows SLD values if the volume expansion is neglected.

B. Hydrogen concentration extracted from the
attenuation coefficient

According to the optical theorem [48], the attenuation of
the scattering intensity is linked to the complex nature of the
scattering process according to

= (4—n>F” (14)
Oy = A s

where o; is the total collision cross section per nucleus, i.e.,
the cross section associated to the attenuation process, and
F” is the imaginary part of the forward scattering amplitude
per nucleus, F = F' 4+ iF”. F” contains two terms: The first
is associated to the complex part of the SLD, b” from b =
b — ib", which itself is linked to the absorption cross section
through b” = o,ps/(21), and the other is a term associated to
the diffuse scattering and involves S(g), the static structure
factor. Based on the same considerations as in Sec. IID for
the missing signal at the resonances, we consider that the
sources of diffuse scattering, in the Q-range considered, are
the isotropic incoherent scattering and, potentially, SANS or
off-specular scattering. The full expression of F” becomes:
F" =b" + kb, + kbjg,q- (15)

mnc

Combining Egs. (14) and (15), the total attenuation cross
section for the compound sample VH, is:

Et ~ Eabs + 2:inc + z:lowQ- (16)

The cross section associated to low-Q scattering, Xjowq, has
to be treated as a variable in our analysis. The incoherent
and absorption cross sections for the compound, X, and
Yabs, are calculated from the tabulated nuclear cross sections
according to:

_nhy [Ginc,V + xainc,H]

Yine = s 17

ne o (I7)

S 1y [Cabs,v + XOabs H] i (18)
abs 1 + xa )»0 P

with oi,c,v = 5.08 barn and i g = 80.26 barn, and oypsv =
5.08 barn and o, = 0.3326 barn at Ag = 1.798 A [49]. The

12

I Einc e ElowQ,() e Et (calc.)
07— B = = Towqe KA Seer (exp.)

¥ [em™?]

-
—_-— - -

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Hydrogen content z

FIG. 6. Cross sections plotted versus hydrogen content: inco-
herent ¥, (red line), absorption X, (green line), x-independent
low-Q scattering Xjowq0 (blue line), x-dependent low-Q scattering
with Zjowox = 2.75 cm™! (dashed blue line), and the sum of these
four cross sections %; (black line). The experimental values of the
attenuation cross section from the fit of the extended region X . are
indicated by black markers.

dependencies of Xj,. and X,,s with the hydrogen concentra-
tion are shown as red and green lines, respectively, in Fig. 6.
The fitting procedure defines the attenuation entirely by the
imaginary part of the SLD and links it to the absorption cross
section [46,47], with SLDjy, = nyu.b, which leads to

Tieft = 2ASLDjp. (19)

Using Egs. (19) and (16), the SLD;y, can be extracted for each
value of x:

2:t,eff = 2:abs + 2inc + 2lowQ- (20)

Let us first assume that X, is independent of x, i.e.,
the hydrogen does not contribute significantly to the low-Q
scattering. Then Xjowq = Ziowq,0 and Eq. (20) can be solved
for x:

A
(et — Ziowo) — Av (Cfabs,v,\—U + Ginc,v)

— . 2D
A (Ziett — ZiowQ0) — My (Uabs,H)fL_O + Uinc,H)

The value of Xjowq, is obtained from the lowest pressure
data and we get T or = 4.57 cm ™! and Tjow00 = 3.09 cm™!
for the extended region, so 68% of the attenuation cross sec-
tion is due to low-Q scattering. For the pre-edge region, we get
Sierr = 4.46 cm™ !, Yiow,0 = 2.98 cm~!, and a ratio of about
67%. Following this approach, the maximum hydrogen con-
tent in the film, for the highest-pressure data, is estimated at
x = 1.04(12) and x = 1.01(12) for the extended and pre-edge
regions, respectively. These values are significantly above the
value of x = 0.66(5) extracted from the coherent SLD, which
suggests that the hypothesis that X,,q is independent of x is
incorrect.

To overcome this discrepancy we may consider instead a
linear increase of Ziowg With X! Ziowg = ZiowQ,0 + X ZiowQ, x>
meaning that a fixed amount of scattering at low Q is in-
dependent of x and that a fraction of the scattering at low
Q is proportional to x. It follows that Eq. (20) expands in a
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quadratic form Ax?> + Bx + C = 0, with:
A=—a 2:lowQ,)n (22)

B = a(Ziefr — ZiowQ,0)

A
- 2:lowQ,x — ny (O-abs,l-l)\_ + Uinc,H) , (23)
0

A
C = (Ziefr — ZiowQ0) — v <0abs,V)L_ + Uinc,V>» (24)
0

with quadratic solutions that do not simplify analytically.
The value of Xjoq0 is obtained from the lowest pressure
data. As there are two unknown variables, x and Xjow(, x, the
problem cannot be solved without additional information. We
may use the maximum hydrogen content, x = 0.65(6) and
x = 0.63(6) for extended and pre-edge regions, respectively,
extracted from the analysis of the coherent SLD, which then
gives XjowQ,x = 2.75 cm~!. The calculated cross sections
are shown in Fig. 6 together with the values extracted from
the fits.

C. Low-Q scattering

The analysis of the attenuation cross section shows that
the data cannot be explained without a significant fraction of
scattering to low Q. This result is consistent with the obser-
vation of nonspecular scattering presented in Fig. 3, where
we identified a large background that is independent of the
hydrogen content, and sharp peaks associated to the enhanced
scattering from the vanadium hydride layer at the positions of
the resonances.

By analogy, the large background from Fig. 3(b) is asso-
ciated to the term Xj,wqpo of the attenuation cross section.
As mentioned in Sec. III, the origin of this x-independent,
large background could be the blooming effect on the detector,
low-Q scattering from the substrate due to overillumination of
the thin film, low-Q scattering from the vanadium and iron
layers due to lateral heterogeneities, or off-specular magnetic
scattering from the iron layers.

Similarly, we associate by analogy the term Xjowq,. of
the attenuation cross section to the sharp nonspecular peaks
in Fig. 3(b). The positions of the peaks in the nonspecu-
lar channel is reciprocal to the positions of the dips in the
specular channel and, as shown earlier, essentially depends
on the SLD of the vanadium hydride layer, thus on the hy-
drogen content. Similarly, the intensity of the nonspecular
peaks depends, partly, on the hydrogen content, as discussed
in Eq. (9). However, the intensity also depends on the overil-
lumination through the sample and substrate footprint, which
is not simple to account for for nonspecular scattering, and on
the amplification factor from the resonance, which depends
on the order of the resonance and varies with the incident
angle 6;. It follows that, while the presence of nonspecular
scattering, which contributes to the attenuation cross section,
is confirmed, we cannot dissociate the contributions from the
incoherent scattering, from the off-specular scattering, or from
potential SANS.

Indeed, at T = 473 K the VH, system is in the o phase, or
o’ phase at larger hydrogen content, where the hydrogen is in
a liquidlike state [50-53]. However, the temperature is close

to the critical temperature of the coexistence of the (o + 8)
and (o + ¢) phases, below which V,H precipitates are found
[50-53]. It has been shown that such hydride precipitates,
as observed in the 8 phase, give rise to SANS [54]. We can
rationalize the x-dependent low-Q scattering, identified from
the attenuation cross section analysis, as SANS originating
from the presence of hydride precipitates. While SANS may
also contribute to the intensity of the peaks in the nonspecular
channel, it could also occur at larger Q values, which corre-
spond to shorter length scales.

The analysis of the attenuation cross section thus provides
valuable information on the scattering process at low Q at no
extra cost in neutron beam time. While these low-Q scattering
processes cannot be distinguished and identified from this
method alone, their summed contribution can be accurately
quantified. Considering additional sources of information,
such as the standard analysis of the SLD, or the distribution
of intensity in specular and nonspecular channels by using a
PSD, one can evaluate which effects are likely to be at the
origin of the missing signal.

In a parametric study such as the one presented here, we
have demonstrated that one can distinguish terms in the at-
tenuation cross section based on their dependency with the
scanned parameter. A similar measurement could for instance
be performed on the hydrogen-free resonator thin film, while
varying the applied magnetic field, to quantify the contribu-
tion of the off-specular scattering from the magnetic domains
of the iron layers to the attenuation cross section. In a sim-
ilar fashion, for a system where the composition is known,
one could quantify the SANS signal as a function of the
temperature.

D. Cross-section measurements

For the discussion above we have considered the bound
scattering cross sections. In particular, the tabulated cross sec-
tions used then correspond to the low-temperature response
of the V and H nuclei. Because of the fairly high temperature
of 473 K, the total cross section of V is increased due to
the activation of additional inelastic channels. Conversely, the
hydrogen atoms are in their ground state and their inelastic
scattering from the lattice dynamics can be neglected. Yet,
inelastic scattering from the diffusion motions of H can be ex-
pected as incoherent quasielastic neutron scattering (QENS).
The inelastic scattering of V (lattice dynamics) and H (QENS)
are here ignored and are compensated in the analysis by the
terms Xiowq,0 for V and Ziowq, « for H.

In a similar fashion, the total hydrogen cross section is
dependent on the neutron wavelength. Indeed, at low con-
centrations hydrogen in vanadium is often described as a
lattice gas, which implies that, rather than the bound cross sec-
tion, the free hydrogen scattering cross section Ofee = iabound
might be applied. However, in neutron scattering experiments
hydrogen is detected as a particle in an anisotropic harmonic
potential [54,55] and is associated to the cross section:

32 1,
Oaho A Obound | 1 — 26 + E &gy + ZSI s

Ex (i=1,2) ! +2 (25)
= ; €= <€ —&.
hop 3°1 T3

& =
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FIG. 7. Relative change in volume AV/V of the VH, layer plot-
ted as a function of hydrogen content x, extracted from the fits of the
(a) extended and (b) pre-edge regions. The black line is the fit to the
data assuming a linear expansion.

Here E, is the energy of the neutron and hw,;, are the en-
ergy levels associated with the tetragonal symmetry (hard
and soft modes), which are fiw; = 167(6) meV and fw, =
123(6) meV for hydrogen in o-VH, [56]. Considering A =
5.225 10\, we get an incoherent cross section of oup, & 0.96 x
Oinc = 76.80 barns, which is very close to the bound value of
Obound = 80.26 barns.

These two effects of increase of the total cross section
of V and H due to thermally activated inelastic scattering
and decrease of the total cross section of H (from the bound
value) due to its behavior as anisotropic harmonic oscillator,
are here minor and cannot explain the missing intensity from
the reflected beam, which is attributed in the analysis to low-
Q scattering. However, would the nonspecular scattering be
known and quantified, and because of the high sensitivity of
our method to detect any scattering similarly to direct beam
measurements, the inelastic scattering cross section, or more
generally the total cross section, could be estimated.

E. Expansion coefficients

Due to the clamping on the MgO substrate, the change
in volume AV/V of the film induced by the hydrogen is
restricted to the direction normal to the surface:

AV/)V = AL/L ~ AL/Ly, (26)

where AL is the change in thickness L and Ly is the thickness
of the pure vanadium film. Figure 7 depicts the relative vol-
ume change AV/V, obtained from the fit to the reflectivities,
plotted as a function of the hydrogen content. Linear expan-
sion coefficients of Av/Q2 = 0.145(2) and 0.143(7) are found
for the extended and pre-edge regions, respectively. Note that
these expansion coefficients are based on a model in which
the distribution of hydrogen in the vanadium hydride layer is
homogeneous.

The expansion coefficients for clamped bulk vanadium
are Av/Q2 = 0.18-0.19 for H in octahedral sites [57,58] and
0.11-0.135 for H in tetrahedral sites [S8—64]. The expansion
coefficient extracted from our analysis compares well with
these values but is slightly larger than the reported values for
the hydrogen in tetrahedral sites. This can be rationalized by
the possible occupation of some octahedral sites due to the

10% ; ‘ ‘
+44 Extended region/SLD.,p
103L @ Pre-edge region/SLDcoy 1
m  Extended region/%;
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FIG. 8. Isotherm of VH, based on the hydrogen concentrations
determined from the fit of SLD.,, for the extended region (black
diamonds), pre-edge region (red circles), and from the analysis of
%, for the extended region (blue squares). The pressure axis is in
log scale, and the lowest pressure point for which x &~ 0 is not
represented. Note that the error bars of two isotherm profiles are
omitted for clarity. The black circles and lines represent the isotherm
at 473 K reproduced and adapted from Schober et al. [65].

tetragonal distortion induced by the substrate as well as by the
low-Q scattering indicating hydride precipitates. Assuming a
mixed occupancy we calculate 64(3)% of the hydrogen atoms
occupying tetrahedral sites and 36(3)% octahedral sites from
our expansion coefficient measurement.

F. Isotherms

The pressure-concentration isotherm based on the hydro-
gen concentrations determined from SLD.,, are shown in
Fig. 8, for the extended (black diamonds) and pre-edge (red
circles) regions. The isotherm extracted from the attenuation
cross section (X;) for the extended region (blue squares)
is also represented. Within the experimental uncertainty the
three isotherms are identical, which is a proof-of-concept
that consistent information can be obtained by the proposed
method.

Note, however, that the presented data are systematically
offset in the low-pressure region with respect to previously
reported data [65-67]. For comparison the 473 K isotherm
reported in Ref. [65] is reproduced in Fig. 8 as a black line
and circles. This systematic offset at low pressure is due to
an unforeseen issue with the pressure sensor readings that
overestimated the actual pressure in the sample chamber. Un-
fortunately, the data cannot be properly corrected as the issue
cannot be precisely accounted for. However, the high-pressure
data, for which the pressure was measured by the pressure
regulator of the hydrogen bottle, are in excellent agreement
with the reported data.

V. SUMMARY AND CONCLUSIONS

In this paper we establish resonant enhancement in a quan-
tum resonator for the study of thin films. We analytically
calculate the positions of the resonances, which turn out to
be dependent on the thickness and the SLD of the resonator
layer. We show that the composition and thickness of a
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resonator film can be extracted reliably from fits to the inten-
sity missing from the totally externally reflected intensity. At
this condition, the neutron flux is large as the measurement is
an effective direct beam measurement. Moreover, the intensity
missing from reflection is related and very sensitive to any
attenuation of the beam, may it be absorption or scattering in
the resonator layer. This provides a consistency check for the
determined composition of the film. Moreover, the method is
sensitive to any scattering and allows the indirect detection of
small angle scattering as well as potential changes in the neu-
tron scattering cross sections due to the dynamics in the film.
As a model system we study a vanadium hydride resonator
thin film. We show that the SLD and the thickness of the
layer can be reliably extracted from fits to the position and
depth of the dips in the region of total external reflection.
We demonstrate that the evaluation of the attenuation cross
section provides a very good consistency check for the hy-
drogen concentrations in the film extracted from the SLD
values. From the results we construct pressure-concentration
isotherms of vanadium hydride at 7 = 473 K. In addition, we
determine the expansion coefficients of the resonator layer un-
der hydrogen loading indicating a mixed site occupancy above
the critical point, which is in line with earlier findings. More-
over, the consistency checks of the beam attenuation allow us
to identify additional scattering to low Q, which is hard to
measure directly. We relate this scattering to small angle scat-
tering emerging from hydride precipitates, which are expected
for temperature close to the critical one. We have shown that
equivalent information can be obtained from the analysis of
the SLD, from the analysis of the dips in the region of total ex-
ternal reflection only, and from the attenuation cross section,
which is thus a proof-of-concept of the presented method.

Our method has huge potential to trace changes in com-
position and thickness of layers as a function of external
parameters, like temperature, gas exposure, or magnetic field,
since it allows fast, time-resolved, in situ studies. The short
measurement times are also beneficial for experiments re-
quiring data on different sample positions or orientations as
required for imaging or tomography of inhomogeneous in
buried interfaces in thin films [68]. Moreover, the enhance-
ment of scattering allows to detect small angle or inelastic
scattering and is another step towards the study of dynamics
in thin films with neutrons. The example of vanadium hydride
demonstrates the potential of the method but resonators may
be constructed for many systems making our approach widely
applicable. Materials with elements with a negative SLD,
other than vanadium, are ideal to form good resonators. Ex-
amples are lithium or hydrogen, which are of great interest for
energy research, soft matter physics, pharmacy, and biology.
For instance, a lipid membrane confined between sapphire
and heavy water may result in a resonating wave field, which
should allow the study of membrane dynamics as well as
diffusion into and through membranes.

Access to the raw experimental neutron data is provided
according to the ILL data policies [69].
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