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1. Introduction

Since their experimental discovery in 2015, Weyl semimetals have generated

a large amount of attention due their intriguing physical properties that arise
from their linear electron dispersion relation and topological surface states.
In particular, in the field of nonlinear (NL) optics and light harvesting, Weyl
semimetals have shown outstanding performances and achieved record NL
conversion coefficients. In this context, the first steps toward Weyl semimetal
nanophotonics are performed here by thoroughly characterizing the linear
and NL optical behavior of epitaxially grown niobium phosphide (NbP) thin

In recent years, Weyl semimetals (WSMs)
have attracted a large amount of attention
in solid-state research. Their unique prop-
erties are determined by a single touching
point of the conduction and valence bands
in the electronic band structure, which
features a linear electron dispersion.? In
this so-called Weyl cone, electrons behave

films, covering the visible to the near-infrared regime of the electromagnetic
spectrum. Despite the measured high linear absorption, third-harmonic gen-
eration studies demonstrate high conversion efficiencies up to 10™% that can
be attributed to the topological electron states at the surface of the material.
Furthermore, nondegenerate pump—probe measurements with sub-10 fs
pulses reveal a maximum modulation depth of =1%, completely decaying
within 100 fs and therefore suggesting the possibility of developing all-optical
switching devices based on NbP. Altogether, this work reveals the promising
NL optical properties of Weyl semimetal thin films, which outperform bulk
crystals of the same material, laying the grounds for nanoscale applications,
enabled by top-down nanostructuring, such as light-harvesting, on-chip fre-

as massless, quasi-relativistic fermions
and are described by the corresponding
solution to the Dirac equation, the Weyl
equation.’] These Weyl nodes always
appear in pairs of opposite chirality, sepa-
rated in momentum space and connected
by topologically protected surface states
(Fermi arcs).[*5) This peculiar electronic
structure gives rise to material properties
such as a high electron mobility,®”) low
temperature superconductivity,®1% a huge
magnetoresistance,1'?l a strong anoma-
lous Hall effect,”"*13] and the Adler—Bell-

quency conversion, and all-optical processing.
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Furthermore, the exceptional electronic properties of WSMs
lead to outstanding optical properties that have been thor-
oughly investigated. It was shown that the second-order suscep-
tibility of tantalum arsenide (TaAs) is two orders of magnitude
larger than for high refractive index non-centrosymmetric die-
lectrics,!® an efficient nonlinear (NL) photocurrent generation
was also demonstrated,” the near infrared glass-coefficient
was found to be the strongest so far reported?! and efficient
catalytic activity was observed for the hydrogen evolution reac-
tion.?l So far, experimental reports were limited to bulk!?223]
or micro structuring of the bulk crystal,#1%2% representing a
natural restriction to the development of on-chip applications.

In this work, we investigate the linear and NL optical
response of recently reported epitaxially grown thin films?*2]
of the prototypical type-I WSM niobium phosphide (NbP) and
compare them to the performance of the bulk single crystal.l'!
We determine the linear refractive index and extinction coeffi-
cient of NbP in the visible to near infrared regime by spectral
ellipsometry and find them to be in reasonable agreement with
theoretical predictions.??! Third-harmonic generation (THG)
and ultrafast non-degenerate pump-probe spectroscopy are
used to measure the nonlinear optical response and electronic
dynamics with sub-10 fs resolution. We show that the thin film
reaches a THG conversion efficiency of above 107% and an
ultrafast modulation depth of 1%, surpassing the response of
the NbP bulk crystal in both cases. We attribute this improve-
ment to the highly reduced volume of the thin film, which
increases the interaction of the probing light with the topo-
logical surface states and minimizes linear absorption.

Altogether, our work demonstrates that the optical proper-
ties of epitaxially grown NbP thin films highly outperform
their bulk counterpart, placing WSM thin films as promising
candidates for on-chip all-optical switching and frequency
conversion processes. Moreover, the NbP films pave the way
for further control over the linear and NL optical response by
enabling top-down fabrication techniques of WSM plasmonic
nanodevices.?%’]

2. Results and Discussion

NbP (001) thin films were grown by molecular-beam epitaxy
along the [100]-direction of atomically flat MgO substrates.l*"!
To compensate for the MgO-NbP lattice mismatch, a Nb seed
layer is grown with an in-plane rotation of 45° to the MgO
substrate and phosphorized prior to the epitaxial growth of
NbP (001). The layer growth is monitored in situ via reflec-
tion high-energy electron diffraction (RHEED) at all stages.
Figure 1a shows the X-ray diffraction (XRD) pattern of the NbP
thin film used in this work, which displays only the MgO sub-
strate (002) and the NbP film (004) peak, demonstrating that
the NbP film grows in a single crystalline fashion along the
[001] direction, corresponding to the c-axis of the I4;md, crystal
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structure of NbP. Streaky RHEED patterns along the in-plane
directions are observed on this sample, indicating layer by layer
growth, as exemplified in the inset of Figure la. Furthermore,
the presence of X-ray reflectivity (XRR) oscillations (Figure 1b)
confirms the structural long-range order and low roughness of
the film. A numerical fit to the oscillations results in a thick-
ness of 16 nm.

In order to obtain the dielectric function and therefore
the optical constants n(w), k(@) of the NbP thin film, we per-
formed spectral ellipsometry measurements. To maintain
Kramers—Kronig consistency and extract the real and imaginary
parts of the dielectric function &(w) and &(w), respectively,
(Figure 1c) a numerical model was fitted to the ellipsometry
data, considering Drude conductivity in the near infrared("32
and Lorentz curves in the visible regime. In contrast to
common noble metals,? the real part &(w) is positive over the
entire measured range and grows toward longer wavelengths.
Only at the short wavelength limit =300 nm, the sign changes,
corroborating theoretical calculations.?®! At the same time,
the imaginary part &(w) is dominant and one order of mag-
nitude larger than for most noble metals in the same spectral
regimel33l and underlines the semimetallic character of NbP. It
should be noted that an out-of-plane anisotropy found in the
theoretical calculations was not observed here.?¥ Most likely,
the small thickness of the film prevents significant signs of the
anisotropy to appear in the ellipsometry data.

Using the relations & = n? — k? and ¢, = 2nk, the dielectric
function can be converted to the refractive index n(w) and the
extinction coefficient k(w), as shown in the Supporting Infor-
mation. Remarkably, the refractive index stays nearly constant

over the spectrum with slightly anomalous dispersion j—z >0 |,

while the extinction coefficient shows a peak =350 nm and
monotonically grows for increasing wavelengths. The values
of the optical constants are further confirmed by transmission
(orange) and reflection (blue) measurements that are shown in
Figure 1d. The high refractive index combined with the strong
linear absorption leads to a maximum transmission of only
30% and a reflection that stays below 50%. The measurement is
modeled by finite-difference time-domain (FDTD) simulations
that reproduce the achieved data with good agreement (see
dashed lines in Figure 1d).

Next, the third-order NL optical response of the NbP film is
further investigated. THG is generally described by the NL sus-
ceptibility ¥®(3ay) and corresponds to the conversion of three
incident photons of frequency @, into a single higher energy
photon with three times the original frequency wryg = 3@, or

equivalently Apc :% 2033731 Consequently, Figure 2a shows

respective THG spectra for fundamental wavelengths ranging
from 1400-1950 nm, located at the respective third harmonic
wavelengths. Furthermore, in a power dependent measurement
in Figure 2b, the THG power clearly scales nonlinear with the
excitation power. The inset shows a linear fit on a double-log-
arithmic scale, resulting in a slope close to three what proves
the third-order nature of the observed signal. By directly meas-
uring the THG power, we estimate a maximum efficiency of
the NDbP film to be g = 107%9%, notably more than one order
of magnitude larger than for the bulk crystal measured under
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Figure 1. a) XRD pattern of the NbP film, with the (004) peak of NbP and the (002) peak of the MgO substrate indicated. Inset: In situ RHEED pat-
tern of NbP, along the [110] direction. b) XRR measurement of the NbP film with the corresponding fit indicated by the dashed line. c) Real (blue) and
imaginary (orange) part &(w) and & (), respectively, of the dielectric function of NbP as determined by spectral ellipsometry. The shaded backgrounds
indicate the spectral regime of the visible (green) and infrared (purple) beam of the pump—probe experiments. d) Transmission (orange) and reflection
(blue) measurements of a NbP film at normal incidence with the respective results from FDTD simulations (dashed lines).

identical conditions (Supporting Information), three orders of
magnitude larger than that of a germanium thin film, and only
one to two orders of magnitude smaller compared to resonant
germanium nanostructures.83’

To understand the origin of the measured THG, we inves-
tigated the signal in dependence on the fundamental beam
polarization, shown in Figure 2¢,d, for 1400 and 1800 nm excita-
tion wavelengths, respectively. Evidently, at 1400 nm the THG
signal clearly peaks when the incident electric field is aligned
with the b-axis of the crystal, while at 1800 nm it appears as
almost polarization independent with a small dip at the a-axis.
Interestingly, the bulk symmetry of the 4 mm symmetric NbP
crystal can only generate THG with a fourfold polarization pat-
tern.1353¢] However, at the surface of the material, the symmetry
of the structure reduces to a C,,-symmetry**#l that allows
twofold polarization patterns, indicating that the observed
THG is mostly generated by the surface states of NbP. A fit-
ting of the nonzero tensor elements are shown by solid lines
in Figure 2c¢,d, giving a good agreement with the experimental
data (more details can be found in the Supporting Informa-
tion). As it was recently shown that the surface states in identi-
cally fabricated NbP thin films are almost exclusively topo-
logical, due to a suppression of the trivial surfaces’ states via
atomic engineering,3°! we attribute the high observed efficiency
to the topological surface states of NbP, in particular as they
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were shown the generate extremely high signal in other topo-
logical materials.[*!l Figure 2e shows the relative THG efficiency
over the excitation wavelength range from 1400-1950 nm with
a clear peak =1800 nm. A comparison with calculations of the
bandstructure of NbP?#3% indicates that the small plateau in
the conduction band, located at the I'-point of the Brillouin
zone is responsible for this resonance. Here the energy differ-
ence of valence and conduction bands equals the energy of the
third-harmonic photon, enhancing the third-order NL process
with two virtual electron states (for more details refer to Sup-
porting Information). A comparison with the performance of
the bulk NDbP crystal shows that the THG has a comparable
behavior (Supporting Information), but the resonant increase is
not as large as for the thin film. This is not surprising since the
latter is fully penetrated by the incident light, making it there-
fore possible to interact with the topological surface states at the
top and the bottom of the film. Finally, it should be noted that
due to the growth direction and the geometry of experimental
setup, the NbP film is illuminated along the polar c-axis of the
crystal where it appears centrosymmetric and consequently the
previously reported efficient second-harmonic generation could
not be observed.[1843]

Next, we investigated the ultrafast optical response of the
NDP films, using nondegenerate pump—probe spectroscopy
with sub-10 fs pulses in the 600-1000 nm wavelength range.
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Figure 2. a) Relative THG spectra of the NbP thin film for different fundamental wavelengths ranging from 1400-1950 nm. b) Power dependence of
the measured THG signal on the excitation power. The inset shows the same data on double logarithmic scale. A linear fit is shown by the dashed line,
giving a slope of 3.1. ¢,d) Polarization dependence of the THG signal at 1400 nm (c) and 1800 nm (d). The solid line represents a fit of the nonlinear
tensor elements to the data. e) Extracted relative THG efficiency for the NbP thin film at excitation wavelengths from 1400-1950 nm. The error bar is

estimated from the uncertainty of the power measurement.

Dichroic beam splitters were used to divide the broadband
beam into two beams of separate spectral components, the vis-
ible (600-750 nm) and infrared (750-1000 nm), which could act
as pump and probe pulses interchangeably, while a motorized
stage allowed us to tune the optical delay between them (more
details can be found in the Experimental Section). The resulting
differential reflectivity spectrum of the bulk (top graphs) and
thin film (bottom graphs) are shown in Figure 3a—d for both
pump/probe configurations. To understand the observed
response, the electronic behavior in the Weyl cone is sketched
in Figure 3e,f, following previous reports on ultrafast dynamics
in WSMsl?223#l and graphene.**%l Starting from the intrinsic
band structure, electrons absorb the incident pump photons
and get promoted into the conduction band (Figure 3e). Via
electron—electron (fast) and electron—phonon (slow) scattering,
the excited electrons relax to lower energy states. As the density
of states highly reduces toward the Weyl node, the relaxing elec-
trons accumulate and delay the recombination process, leading
to the formation of electron and hole seas above and below the
Weyl node, respectively. Then, when the probe photons arrive,
the optical response depends on whether their energies are
high enough to excite electrons above the occupied states in
the valence band (Figure 3f). Due to the lower energy of pho-
tons in the infrared beam, this is the case when probing with
the visible beam and the arriving probe photons experience an
increased absorption and thus a negative change of the reflec-
tivity is observed (Figure 3a). This is not the case, however,
when pumping the bulk crystal with the visible and probing
with the lower energy infrared beam (Figure 3b). Here, photons

Adv. Mater. 2022, 34, 2106733 2106733 (4 of 8)

in the high energy part of the probe beam (760-820 nm) are still
absorbed by electrons and the change in reflectivity is negative
but grows toward higher wavelengths. On the other hand, for
wavelengths longer than 850 nm, the energy of the photons is
no longer sufficient to excite valence electrons to available states
and optical absorption is therefore Pauli blocked. As a conse-
quence, the relative change of reflectivity becomes positive as
the absorption of the materials gets reduced. In the interme-
diate regime =830 nm, a mixture of both situations is present
that leads to a vanishing change in reflectivity. A better repre-
sentation of the detected sign change is shown in Figure 4b,
where the modulation at the temporal overlap (t = 0 fs) for
each probe wavelength is displayed. Recent theoretical calcula-
tions of WSM’s in ultrafast laser fields*] predicted that the fast
electron—electron scattering toward the Weyl node happens in
the first 10 fs after the pump pulse arrives. Even though this
is at the limit of the temporal resolution of the experimental
setup, we attribute the sharp peak at the temporal overlap in
Figure 3a,b to this ultrafast relaxation, visible in the single traces
at selected 715 and 785 nm probe wavelengths in Figure 4a. A
zoomed-in image of the first 500 fs can be found in the Sup-
porting Information. After the initial = 10 fs peak, a slower
decay is observed, which can be fitted by an exponential decay
function and can be fitted to the measured data resulting in 30,
97, and 97 fs for a probe wavelength of 715, 785, and 915 nm,
respectively, as shown in Figure 4a. This is at the same scale as
previously reported values for NbP crystalsi?Z or 2D graphene
layers and comparable materials.[*6*-% A very slow response
with >100 ps characteristic decay time is found afterwards,
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Figure 3. a—d) Itrafast pump—probe reflective spectroscopy of the bulk NbP crystal (a,b) and the thin film (c,d). The shaded background indicates the
IR pulse (green, (a), (c)) or visible pulse (purple, (b), (c)) acting as pump beam, respectively. The dashed lines indicate the probe wavelength shown
in Figure 4a,b. e,f) Sketch of the electron dynamics in the Weyl cone at the arrival of the pump pulse (t =0 fs) (e) and at the arrival of the probe pulse

> 0fs) (f).

which is attributed to phonon-phonon scattering and is there-
fore present for all probe wavelengths. The measured change of
reflectivity for the NbP thin film, shown in Figure 3c,d, mark-
edly differs from the response of the bulk crystal. In particular
at the temporal overlap, the sign of the modulation is negative
for all probe wavelengths. When pumping with the infrared
beam while probing with the visible beam (Figure 3c), the
behavior of the film is comparable to that of the bulk crystal
and therefore gives a response with the same sign and compa-
rable magnitude. This can be attributed to the higher extinction
coefficient in the pump wavelength regime and therefore ultra-
fast dynamics that are dominated by linear absorption, similar
to the bulk case. On the other hand, when pumping with the
visible beam (Figure 3d), the shape of the modulation differs
fundamentally. The maximum change of reflectivity has a con-
stantly negative sign and lacks a significant spectral depend-
ence on the probe wavelength and completely decays within
100 fs. Moreover, a power dependence of the modulation depth
(Supporting Information) shows a clear linear scaling with
increasing pump intensity. This indicates that the change in
reflectivity is caused by a pump-induced change of the refrac-
tive index that can be described by n(Ipump)= 10 + 1 Tpump-""
Here, ny indicates the complex linear refractive index while the
nonlinear coefficient n’encompasses the effective nonlinear
refractive index n, and the two-photon absorption coefficient f3.
The first corresponds to a change of the real part of the refrac-
tive index, while the latter represents a change of the imaginary
part. Even though both processes are third-order nonlinear
effects, the high peak electric field strengths and the high third-
order susceptibility of NbP as revealed by the pronounced THG
efficiency lead to the observed modulation. Simulations shown
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in Figure S5, Supporting Information, show with good agree-
ment that the observed modulation corresponds to a homoge-
neous change of the complex refractive index by roughly 5%.
For three representative probe wavelengths, single temporal
traces are shown in Figure 4c, including exponential decay
functions convoluted with the instrument responds function
(IRF) of the system that were fitted to the measured data. The
resulting time constants of 32, 33, and 55 fs for 785, 835, and
950 nm probe wavelengths, respectively, evidence the ultrafast
nature of the measured modulation. The fact that these values
are in the same range as reported for all-optical modulations
in dielectric materials®3 further corroborates the nonlinear
nature of the observed signal.

We explain the difference between the electronically domi-
nated dynamics in the bulk crystal and the nonlinear optical
modulation in the thin film with the fact that even though
both have the same nonlinear properties, linear absorption
in the bulk crystal is too dominant and therefore limits direct
pump and probe pulse interactions necessary for all-optical
modulations. Comparing the maximum change in reflectivity
of —0.8% for the NbP film shows this is in the same range as
reported values for 2D perovskite nanosheets¥ and amor-
phous gallium phosphide thin films.>*l The temporal traces
in Figure 4c reveal another interesting feature of the thin
film. At long delay times, a negative to positive sign change is
found when increasing the probe wavelength, as noticeable in
Figure 4d at a fixed 2 ps delay time. The modulation is negative
for wavelengths shorter than 850 nm and becomes positive for
longer wavelengths, while completely vanishing in between. As
the wavelength of the sign change is close to the corresponding
value for the bulk crystal at the temporal overlap (Figure 4b),
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Figure 4. a) Single time traces for the bulk NbP crystal at 715 (blue), 785 (beige), and 915 nm (dark red) probe wavelengths, respectively. The solid lines
represent a fit of an exponential decay function to the slow decaying part of the signal. b) Maximum relative change of reflectivity at the overlap of pump
and probe pulse (t = 0 fs) for the NbP thin film (blue) and bulk crystal (orange). c) Time traces of the NbP thin film at 785 (blue), 835 (beige), and
950 nm (dark red) probe wavelengths, respectively. The solid lines represent fittings of an exponential decay function, convoluted with the instrument
response function of the system. d) Relative change of reflectivity after the ultrafast relaxation (¢t = 2 ps) for the NbP thin film (blue) and bulk crystal
(orange). The shaded backgrounds in (b) or (d) indicate the visible (green) or infrared (purple) beam acting as the pump, respectively.

we attribute this slow response again to the carrier dynamics
in the Weyl cone. Since the pump beam travels through the
entire thin film (which consists of only 15-20 unit cellsi?4),
the number of available states around the illuminated spot is
significantly reduced compared to the bulk crystal. Therefore,
the relaxation process of the electrons is further delayed and
the electron accumulation above the Weyl node is still visible
after 2 ps. This indicates that when probing with a wavelength
of 850 nm, the beam exhibits a strong optical modulation from
the pump beam and the nature of the Weyl cone prevents linear
absorption effects. Therefore, the ultrafast signal completely
decays in less than 100 fs, lacking a slow residual component.
This suggests that further engineering would allow (nano)
devices based on NDP with all-optical switching bandwidths
of up to 10 THz, outperforming other systems such as indium
tin oxide (ITO) at the epsilon near-zero wavelength by almost
one order of magnitude.”>’! Even for the other probe wave-
length in the infrared pulse, the ratio between the peak ultra-
fast modulation and the slow relaxing tail is large enough to
obtain clear on- and off-states, emphasizing NbP as a promi-
sing material for all optical switching. It should further be
noted that the slow response far from the sign change region
appear temporally almost constant, even for longer timescale
measurements (see Supporting Information). This indicates
long electronic lifetimes in the nanosecond time range and
could be a promising property for light harvesting or detection
applications.
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3. Conclusion

We have investigated the linear and third-order NL optical prop-
erties of a NbP thin film with a bulk single crystal as reference.
Even though the imaginary part of the linear dielectric function
was measured to be dominant over the studied spectral range,
we detected strong THG from the thin film, exceeding the effi-
ciency of the bulk material by more than a factor of 12. More-
over, a clear contrast in the response of the two samples was
found through ultrafast differential reflectivity measurements.
We observed the electron dynamics change from an optical
absorption dominated response in the bulk crystal to an optical
NL regime in the thin film, enabling sub-100 fs reflectivity mod-
ulations at wavelengths close to 850 nm. Our work strengthens
the potential of WSM thin films as promising material plat-
forms with possible applications in the fields of nanophotonics,
including all-optical switching, efficient frequency conversion,
and light harvesting.

4. Experimental Section

Sample Fabrication: The NbP thin films were grown by molecular-
beam epitaxy in a custom made ultra-high vacuum chamber
(Pvase = 1 x 107'° mbar), using electron-beam heating of a niobium rod
and parallel thermalization of a gallium phosphide compound effusion
cell to get the phosphide species. A cross-beam mass spectrometer was
used to calibrate the atomic fluxes, while the substrate temperature was
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controlled by radiation heating. More details on the fabrication of the
NbP films can be found published elsewhere.[4]

The bulk NbP crystals were grown via chemical transport reaction
with iodine as transport agent and a temperature gradient from 850 °C
at the source to 950 °C at the sink. Beforehand, a polycrystalline
powder of NbP was synthesized from niobium and red phosphorus
via direct chemical reaction at 800 °C. More detail on the fabrication
and characterization of the single NbP crystals can be found
elsewhere.['?]

Sample Characterization: XRD and XRR measurements were
performed with a commercial diffractometer from Bruker, using Cu
Ker radiation. In situ RHEED monitoring was performed with a 15 kV
electron beam. Ellipsometry measurements were done with a variable-
angle spectroscopic ellipsometry (VASE) instrument from J. A. Woollam
over the visible to near-infrared spectral range (300-2000 nm). The
numerical fitting was performed with the WVASE software from the
same company, using a model of multiple Lorentz-like peak functions
and a Drude dispersion model in the low energy regime. The same
tool was used to perform the linear transmission and reflection
measurements.

THG Experiments: The used laser system comprised a Yb:KGW Pharos
1030 nm pump laser with a repetition rate of 200 kHz that pumped a
collinear optical parametric amplifier (OPA) Orpheus-HP (both by Light
Conversion Ltd.). The output of the OPA could be freely tuned from
300 nm and 3 um with an approximate pulse duration of 180 fs that
was then sent to a microscope with a 100x/ numerical aperture (NA) =
0.9 objective that focused the beam on the sample. The generated
THG light was then collected by the same objective (reflection) or
by a NA = 0.6 objective (transmission) and subsequently sent to a
spectrometer or a calibrated silicon powermeter (Newport). Due to
spectral limitations of the experimental setup, reflection measurements
could only be performed from 1500-1650 nm. For polarization dependent
measurements, a waveplate (1/2) was placed in the beam path before
the microscope.

Pump—Probe Experiments: The same laser system as for the THG
experiments was used to pump a 5 mm-thick sapphire plate at 1120 nm
with an average power of 600 mW to generate 3 m\W of supercontinuum
(SC) light. A multiphoton intrapulse interference phase scan device
(MIIPSBox640-P by Biophotonic Solutions Inc.) was used to temporally
compress the pulse to below 10 fs full-width at half maximum at the
sample position. The measured autocorrelation of the two pulses
are shown in the Supporting Information. A motorized delay line
in combination with dichroic beam splitters allowed the authors to
divide the spectrum in two 600-750 and 750-1000 nm independent
beams with a controllable temporal offset and below 1 fs accuracy. To
minimize dispersion effects, low group velocity dispersion mirrors
and a dispersion-free reverse Cassegrain objective with NA = 0.5 were
used to direct and focus the beams onto the sample. The experiments
were conducted with a 5:1 (pump:probe) power ratio, using average
powers of 10 and 2 uW for pump and probe pulses, respectively. The
collected signal was then sent to a spectrograph coupled to a low-noise
photodiode (FEMTO). Lock-in detection was used by modulating the
pump beam with a mechanical chopper operating at frequencies below
1 kHz. The instrument response function of the system is described by
a Gaussian function with a full-width half-maximum of 10 fs (Supporting
Information), that approximates the convolution of pump and probe
pulses. More details on the experimental pump-probe setup can be
found published elsewhere.l>"

Numerical Simulations: The numerical simulations were performed
with the commercially available software Lumerical FDTD. Perfectly
matched layer and periodic boundary conditions were used to mimic an
infinitely extended sample surrounded by infinite space. A broadband
plane wave source at normal incidence illuminated the sample. Field
monitors above and below the film were used to collect the data for
reflection and transmission calculations, respectively. The measured
dielectric function of the MgO substrate and the NbP film were
implemented as material data for the simulations.
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