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NbN thin films are considered as a promising alternative candidate to
conventional Al superconducting electrodes for Josephson junction
devices, superconducting qubits and quantum logic circuits. Herein,
by co-growing ferromagnetic Co with superconducting NbN, self-
assembled NbN-Co vertically aligned nanocomposite (VAN) thin
films have been successfully deposited on a MgO substrates, with
NbN in its cubic superconducting phase. The obtained VAN meta-
materials exhibit epitaxial growth of NbN with uniformly dispersed
Co nanoplates. Further physical property characterization reveals
that the NbN—-Co VAN presents ferromagnet properties with strong
out-of-plane magnetic anisotropy and optical anisotropy. This
hybrid metamaterial system could find future applications in super-
conducting spintronic devices and quantum computing devices.

Introduction

Quantum computing devices using arrays of Josephson junction
devices as quantum qubits have recently attracted great
interest." Several superconducting materials have been used in
Josephson junction devices, such as Al, Nb, NbSe, and MgB,.*®
Considering its relatively high 7. and type-II superconducting
nature, as well as its recently demonstrated enhanced coherence
time,” NbN has recently grown as one of promising alternative
candidates to the conventional Al for superconducting electrodes
for Josephson Junction devices, superconducting qubits and
quantum logic circuits."”** The superconducting transition tem-
perature (T.) of NbN can be up to 16 K. It shows a large energy gap
(4 ~ 2.6 meV) and a high upper critical field (H, ~ 36 T).">'> The
combination of a high T, and small coherence length also makes
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New concepts

Superconducting materials have been studied for the past few decades.
More recently, the demand for superconducting materials has increased
as the superconductor-based quantum computing field develops. Among
all superconducting quantum qubit candidates, NbN is considered as a
promising one, with enhanced coherence time compared to the
conventional Al-based superconducting qubits. Introducing magnetic
nanostructures in superconducting NbN thin films could allow
additional means of property tuning and coupling. In this work, we
demonstrate the growth of epitaxial NbN-Co as a vertically aligned
nanocomposite (VAN) thin film on a MgO substrate using the pulsed
laser deposition (PLD) method and compared it with a NbN reference
film. For the proposed NbN-Co VANs, Co is a robust ferromagnetic
material and could grow as a secondary phase in the NbN matrix. By
integrating the ferromagnetic Co nanostructures in the NbN matrix,
ferromagnetic spin inside the superconducting thin film could be
coupled with the vortex flux lines in the NbN matrix, which can generate
a unique response different from that of traditional single-phase
superconductor materials. This novel hybrid metamaterial, coupling
ferromagnetism and superconductivity, can be applied in future
superconducting spintronic devices and quantum computing devices.

it possible to fabricate very thin NbN films with a reasonable
superconducting transition temperature, which is important for
superconducting nanowire single-photon detectors (SSPDs or
SNSPDs).'%'®

Another important consideration is that NbN can be epitaxi-
ally grown using various growth techniques on a range of
substrates, and thus presents great potential for future integra-
tion with typical integrated circuit (IC) processing methods.">"°
The growth techniques include magnetron sputtering, molecular
beam epitaxy, pulsed laser deposition (PLD), chemical vapor
deposition and atomic layer deposition.">?*°?> For example,
Treece et al. demonstrated that high quality NbN thin film can
be fabricated by PLD.>* Chockalingam et al. deposited epitaxial
NDN thin film by magnetron sputtering with superior transition
temperature.'® The substrate selections are versatile, including
Si, MgO, c-cut sapphire, and r-cut sapphire, among which NbN
thin films deposited on c-cut sapphire and MgO show the best
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superconducting performance.”® Many of these are IC-
fabrication-compatible substrates.

Based on the classical superconductivity theory, supercon-
ductivity (SC) and ferromagnetism (FM) mutually exclude each
other in one material and thus they rarely co-exist in a single
material.>* As the demands for both fundamental studies and
quantum computing materials increase, there are growing inter-
ests in fabricating SC/FM heterostructures.”> >’ In SC/FM hetero-
structures, the interplay between SC and FM gives rise to many
novel phenomena, including spin-triplet superconductivity,>*>°
superconducting order parameter oscillation,’**" vortex pinning
effects,>** and topological superconductivity.****> The unique
physical properties make SC/FM heterostructures promising
candidates for future quantum computing device designs. For
example, incorporating magnet components in NbN films could
allow magnetic-superconducting coupling and thus lead to
dynamic switchable superconducting current via an intrinsic
magnetic field or applied magnetic field.

In this work, we demonstrate the growth of epitaxial NbN-
Co as a vertically aligned nanocomposite (VAN) thin film on a
MgO substrate using the PLD method and compared it with a
NbN reference film. VAN-based thin films have been demon-
strated in a range of systems, including oxide-oxide VANs,>®
oxide-metal VANs,?>”™° nitride-metal VANs,*° and other com-
plicated three-phase VANs.*"** These VAN thin films present
strong multifunctionality, coupled functionality, vertical strain
coupling and structural and property tunability.”*™** For the
proposed NbN-Co VANS, Co is a robust ferromagnetic material
and could grow as a secondary phase in the NbN matrix. As
shown in Fig. 1, by integrating the Co nanostructures inside the
NDN thin film, magnetic moment inside FM Co pillars could be
coupled with the vortex flux lines in the NbN superconducting
matrix. This novel hybrid metamaterial coupling ferromagnet-
ism and superconductivity can be applied in future supercon-
ducting spintronic devices and quantum computing devices.

Experimental details
Thin-film growth

The self-assembled thin films were deposited under vacuum
using PLD (with a KrF excimer laser, A = 248 nm). A combined
target was used for the deposition. As shown in Fig. S1 (ESIT), a
very thin Co strip (~1 mm) was glued on the NbN target with
silver paste. Based on the deposition results, the growth rate of
the Co is slightly higher than that of NbN. All the films were
deposited under vacuum at 700 °C.

Structure and physical-property characterization

The microstructure of the films was characterized using X-ray
diffraction (XRD, PANalytical Empyrean), transmission electron
microscopy (TEM), and scanning transmission electron micro-
scopy (STEM) (FEI TALOS™ 200FX operated at 200 kV, and
FEI TITAN™ G2 80-200 with a Cs probe corrector and
ChemiSTEM™ technology, operated at 200 kV), and STEM
electron-dispersive X-ray spectroscopy (EDS). The magnetic
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Magnetic spin

Fig. 1 Schematic drawing of the ferromagnetic/superconducting hetero-
structure design (the red arrows indicate the magnetic moment of Co).

response was measured using a quantum design MPMS-3 SQUID
magnetometer. Superconductivity R-T measurements were per-
formed using a physical property measurement system (PPMS)
with AC current (through a four-point probe measurement).

Results and discussion

The pure NbN film was directly deposited on MgO, and the
NbN-Co thin films were fabricated by co-growing Co with NbN
under vacuum. The crystal structures of both films were char-
acterized using XRD, as shown in Fig. 2. The XRD patterns of both
the NbN and NbN-Co samples show peaks appearing at 20 = 40.8°
and 88.9°. They match very well with the (002) and (004) reflec-
tions of face-centered cubic (fcc) NbN (JCPDS no. 38-1155),
indicating the NbN(002)//MgO(002) orientation and highly tex-
tured film quality. Cubic-phase NbN was also reported to exhibit
the best superconductivity among the various NDbN crystal
structures.'**® However, Co peaks cannot be identified from the
XRD pattern due to the low concentration. It is worth noting that
the NbN peak intensity of the NbN-Co thin film is stronger than
that of the pure NbN thin film, indicating a better film quality of
the NbN-Co thin film than the pure NbN film. To verify the film
quality, a rocking curve measurement was conducted on both
pure NbN and NbN-Co thin films, and the results are shown in
Fig. S2 (ESIt). It is worth noting that there are two sharp peaks
from the NbN-Co composite thin film, while only one peak is
identified for the pure NbN thin film. The two peaks could be
from the two strain states of the NbN in the composite film, the
bulk matrix and the strained interface area with Co. The FWHM
of the rocking curve of the NbN-Co composite is smaller than that
of pure NbN, which proves the better film quality of the NbN-Co
composite. This could result from the strain effect, with a similar
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Fig. 2 XRD of NbN and NbN-Co thin films on MgO; both films show a c-
NbN(002)//MgO(002) orientation.

result having been previously reported by Huang and co-
workers.”” Since the lattice parameter of bulk cubic NbN is a =
4.45 A, which is slightly larger than that of the MgO substrate (a =
4.21 A), integrating the smaller Co lattice structure inside the NbN
thin film can reduce the in-plane strain between the film and the

Fig. 3
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substrate. Besides this, RT measurements were conducted on the
pure NbN thin film with a physical property measurement system
(PPMS), and the results are shown in Fig. S3 (ESIt). With the
temperature decreasing from 200 K to 1.8 K, there is a sharp drop
in the resistance (from 2 Ohm to 0 Ohm) around 4 K, indicating
that the superconductivity transition temperature is 4 K.

To investigate the morphology and crystal structure, (S)TEM
analysis was conducted on both films. The thicknesses of the
NbN and NbN-Co films are both around 50 nm. As shown in
Fig. S4 (ESIt), the pure NbN thin film is epitaxially grown on the
MgO substrate, and the HRSTEM image confirmed that the
NDN thin film has a cubic structure, agreeing well with the XRD
result. A slight distortion of the lattice structure was also
identified in the NbN layer, which could result from the lattice
mismatch between NbN and MgO. Further, STEM and EDS
analyses were conducted on the NbN-Co film and the results
are shown in Fig. 3. Very interestingly, the Co pillars are
uniformly distributed inside the NbN matrix. In addition, it
was investigated that the Co strip size on the NbN target can
highly influence the Co nanoplate growth. As shown in Fig. S5
(ESIY), a larger Co strip would lead to larger Co nanoplates with
less spacing, and a thinner Co strip could lead to more ordered
Co nanoplates. As shown in Fig. S6 (ESIt), by counting the area

o
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(a) EDS mapping, (b) line profile, and (c) HAADF-STEM image of a cross-section of the NoN—-Co thin film. (d) The corresponding FFT of the STEM

image in (c). NbN is confirmed to be a cubic structure, and Co is confirmed to be hcp Co. The Co growth direction is [1010]. The cross-section image was

taken for [010] NbN or [0001] Co.
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of Co nanoplates in the Plan-View (PV) image, the Co concen-
tration can be estimated to be around 16% in volume density,
where the EDS composition analysis also agrees with this
estimation.

Since the Co peaks can hardly be detected via the XRD
pattern, high-resolution STEM was performed on the NbN-Co
thin film to understand the orientation and crystallinity of the
Co pillars. As shown in Fig. 3c, it can be observed that the NbN
matrix is still maintained in a single crystal cubic phase with
embedded Co pillars, which match well with the XRD result.
The crystal structure of Co is confirmed to be hexagonal close
packed (hcp) with [1010] as the out-of-plane direction (the
imaging zone axis of Co is in the [0001] direction). To under-
stand why the Co is grown in such orientation, lattice calcula-
tions were conducted, and suggest that the lattice strain
between Co and NDbN plays an important role. The schematic
drawing of the Co orientation is shown in Fig. S7 (ESIt). For the
cubic NbN, the lattice parameter is a = 4.45 A. For the hep Co,
the lattice parameter a = b = 2.51 A, and ¢ = 4.07 A. For the fcc
Co, the lattice parameter a = 3.54 A. The d-spacing of the hcp Co
(1100) plane can be calculated to be 2.17 A, which is close to

X-ray counts (a.u.)

1 2 3
Distance (nm)

EDS Line profiles

Fig. 4
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one half of the lattice parameter of NbN a = 4.45 A, and the
lattice mismatch is only 2.5%. Also, the d-spacing of the hep Co
(0001) plane can be calculated to be 4.07 A, which also matches
well with the NbN lattice parameter, and the lattice mismatch is
around 8.6%. For the fcc Co, the lattice mismatch is very large
(22.8%), which can lead to a large strain field inside the thin
film. Therefore, a low strain field within in-plane can be
achieved when the Co nanopillars are in the hep structure with
the [1010] out-of-plane direction. Such a strain relation can
explain the preferred orientation of the Co pillars inside the
NbN-Co thin film.

PV STEM and EDS analyses were also performed on the
NbN-Co sample to examine the distribution of the Co pillars,
and the results are shown in Fig. 4. Instead of growing into the
typical cylindrical shape (as illustrated in Fig. 1), the Co grows
as rectangular nanoplates in two orthogonal orientations along
the a- and b-axes of the NbN crystal structure. Based on the HR-
STEM image shown in Fig. 4c, it can be observed that, along the
longer side of the Co nanoplates, the lattice of Co matches very
well with the lattice of the fcc NbN matrix, and the Co orienta-
tion is further confirmed to be in the hcp crystal structure with

P it
:.:,. e P
s ==

Nb-red
Co-green

(a) and (b) HRSTEM, (c) EDS line scan and (d) EDS mapping of a plan-view sample of the NoN-Co thin film. The Co plates are in two equivalent

orientations along the x and y axis of the NbN crystal structure in-plane. The images are taken in the zone axis of [001] NbN or [1010] Co.

This journal is © The Royal Society of Chemistry 2025
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the [1010] out-of-plane direction. This plate shape can also be
explained by the above lattice misfit calculations. The longer
side of the Co nanoplates is along the [0001] direction of the
hep Co crystal with the (0002)Co//(020)NbN and a small misfit
of about 2.5%, while the shorter side is along the [1120]
direction of Co with (1120)Co//(200)NbN and a large misfit of
15.4%. With such an orientation and morphology, the total
strain energy is highly reduced to make the structure stable.
The EDS mapping indicates that the Co plates are very thin with
the width of 1 nm, and the length of the plates varied from 5
to 10 nm.

To examine the influence of the Co nanoplate incorporation,
the magnetic response of both NbN and NbN-Co was measured
using a magnetic property measurement system (MPMS), and
the results are shown in Fig. 5. The pure NbN has no obvious
magnetic response, and a strong ferromagnetic response is
obtained in the NbN-Co thin film. It is interesting that the
magnetic anisotropy of the NbN-Co thin film is not strong, and
the coercive field in-plane and out-of-plane is comparable, in
the range from —820 Oe to 820 Oe. The coercive field of the
NbN-based SC/FM structure has not been reported before, and
our coercive field range is comparable with some YBCO-based
and Nb-based multi-layer SC/FM structures.*®*”>" This magnetic
anisotropy is weaker than that of cylindrical Co nanopillars
reported previously in a Co-ZrO, VAN system.*” This is perhaps
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due to the nanoplates having one dimension approaching the
paramagnetic limit, which results in a lower magnetic response.
This could be attributed to the unique shape of the Co nanos-
tructures, because the Co nanostructure grows with the nano-
plates and those nanoplates have two orientations that are
perpendicular to each other. Such a plate-like shape makes the
in-plane and out-of-plane response comparable. The ferromag-
netic response indicates that we have successfully implanted the
magnetic dipole inside the NbN thin film with Co nanoplates.

The size and density of the Co nanoplate can influence both
the magnetic and superconducting performance. If the Co nano-
plates become thinner and longer, the out-of-plane magnetic
anisotropy could become stronger. If the spacing between Co
nanoplates becomes smaller, the Co concentration could increase,
leading to a stronger magnetic response. However, such a high Co
concentration could also further reduce the superconducting
performance of the overall NbN-Co films. Therefore, maintaining
a good balance in the Co concentration between magnetic
response and superconductivity is important.

Such magnetic and superconducting hybrid structures in
NbN have not been previously reported. In previous reports,
some attempts of FM/SC have been reported for other super-
conductors using other means, such as impurity doping,>>?
multi-layer structures,”*>® and nanoparticles on the surface.
Previous reports point out that the magnetic flux pinning effect

56,57
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Fig. 5 Magnetic response of pure NbN and NbN-Co thin films grown on a MgO (001) substrate: (a) out-of-plane (OP) M—H loop measured at 300 K for
NbN, (b) OP M—H loop measured at 10 K for NbN, (c) in-plane (IP) and OP M—H loops measured at 300 K for NoN-Co, and (d) IP and OP M-H loops

measured at 10 K for NoN-Co (with correction factors applied).
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Fig. 6 HRSTEM and EDS mapping of a cross-section of the NbN-Co/Nb/NbN-Co multilayer thin film. High epitaxial quality can be detected from the

multilayer structure.

from the interaction between a ferromagnet and superconductor
plays an important role.”**® The reasons to select Co nanoplates
for this case are: (1) secondary phase incorporation could have
fewer impacts on the overall structural and superconducting
properties of the matrix than addition of dopants. In this work,
the Co nanoplates are growing epitaxially in the NbN matrix and
have minimal impacts on the structure; (2) the anisotropic Co
nanoplates could also introduce out-of-plane magnetic anisotropy,
while uniform doping is an isotropic method. Therefore, compared
with the previous reports, of either impurity doping or nano-
particles on the surface, the epitaxial NbN-Co nanocomposite
structure in this work can generate a more ordered magnetic field.

In addition, Co is a type of plasmonic material. Therefore, the
optical response was characterized. As shown in Fig. S8 (ESIt),
the permittivity of the pure NbN on MgO is consistent with other
NDN thin films previously reported.® NbN-Co exhibits strong
Type-II hyperbolic dispersion, ie., the in-plane permittivity is
negative and the out-of-plane permittivity is positive, which
indicates the strong optical anisotropy of this unique structure.

Furthermore, the TEM characterization indicates that the
NDbN matrix is in a single crystal phase, which offers more
opportunity for epitaxial growth with other materials. To con-
firm this, a multilayer structure of a NbN-Co/NbN thin film was
fabricated, and the TEM characterization results are shown in
Fig. 6. The HRSTEM indicates that the NbN-Co layer can grow
over the NbN layer with cube-on-cube epitaxy, where the NbN is
in a single crystal-like cubic structure throughout the entire
film. In addition, the size and pillar-pillar distance of the Co
nanoplates are on the nanometer scale, which is much smaller
than that in previous reported work, and this can lead to better

This journal is © The Royal Society of Chemistry 2025

interaction with the superconductor.”®®* With such a unique

structure and magnetic response, it could be coupled with the
superconductivity of the NbN thin film to be applied in the
quantum computing field.

Conclusion

In summary, NbN and NbN-Co thin films have been successfully
deposited on a MgO substrate with a cube-on-cube epitaxy
between the NbN matrix and the MgO substrate. The obtained
pure NbN thin film exhibits superconductivity at ~4 K. In the
NbN-Co thin film, the Co is in the hep crystal structure, and it
grows with the nanoplates embedded inside the NbN matrix in
the [1010] out-of-plane direction. Based on our calculations, such
orientation can greatly reduce the in-plane lattice-misfit and the
adaptation of the plate geometry minimizes total strain energy in
the film. By incorporating the Co nanoplates inside the NbN thin
film, a strong ferromagnetic response can be detected from the
NbN-Co thin film, and the unique hybrid nanocomposite gen-
erates a domain-like magnetic dipole on each Co plate. Such
structure may be applied in future superconducting spintronic
devices and quantum computing devices.

In addition, to achieve better superconducting properties, the
growth conditions of both pure NbN and NbN-Co thin films
shall be further optimized to minimize the potential poisoning
effects from Co. In addition, other potential ferromagnetic
materials could be explored in the future beyond Co, such as
Fe, Ni and NigoFe,o. These new ferromagnetic nanoinclusions
may exhibit similar properties within such a unique structure.
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