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Lattice Mismatch-Driven In-Plane Strain Engineering for
Enhanced Upper Critical Fields in Mo2N Superconducting
Thin Films

Aditya Singh, Divya Rawat, Victor Hjort, Abhisek Mishra, Arnaud le Febvrier,
Subhankar Bedanta, Per Eklund,* and Ajay Soni*

Transition metal nitrides are a fascinating class of hard coating material that
provides an excellent platform for investigating superconductivity and
fundamental electron-phonon (e-ph) interactions. In this work, the structural,
morphological, and superconducting properties have been studied for Mo2N
thin films deposited via direct current magnetron sputtering on c-plane Al2O3

and MgO substrates to elucidate the effect of internal strain on
superconducting properties. High-resolution X-ray diffraction and
time-of-flight elastic recoil detection analysis confirm the growth of
single-phase Mo2N thin films exhibiting epitaxial growth with twin-domain
structure. Low-temperature electrical transport measurements reveal
superconducting transitions at ≈5.2 and ≈5.6 K with corresponding upper
critical fields of ≈5 and ≈7 T for the films deposited on Al2O3 and MgO,
respectively. These results indicate strong type-II superconductivity, and the
observed differences in superconducting properties are attributed to
substrate-induced strain, which leads to higher e-ph coupling for the film on
MgO substrate. These findings highlight the tunability of superconducting
properties in Mo2N films through strategic substrate selection.

1. Introduction

Superconductivity in thin films has garnered significant atten-
tion due to their well-defined geometry, enhanced surface-to-
volume ratio, and remarkable sensitivity to external stimuli,
making them ideal candidates for a diverse technological ap-
plications, including single-photon detectors, superconducting
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quantum interference devices, and quan-
tum computing.[1,2] The ability to tune
the superconductivity in epitaxial thin
films, in comparison to the bulk counter-
parts, enables precise control over critical
parameters such as carrier density, con-
formality to curved surfaces, thus allow-
ing functionalities like manipulation of
magnetic flux and switching in Joseph-
son junctions.[3] Among the various ma-
terial systems explored for thin film func-
tionalities, the Transition Metal Nitrides
(TMNs) stand out due to their multi-
disciplinary array of technological appli-
cations arising from their thermal sta-
bility, refractory character, and chemical
resistance.[4–6] Epitaxial growth of thin
films of TMNs on various substrates al-
lows for precise control of morphology
and structures at the atomic-level, fur-
ther enhancing their potential for ad-
vanced quantum technologies. TMNs
display a range of functional properties,

including superconductivity,[7,8] quantummagnetism,[9,10] excep-
tional hardness[11–13] making them suitable for applications in
electronics, energy storage, photocatalysis, supercapacitor elec-
trodes, and beyond.[5,13]

Within the TMN family, niobium, scandium, and titanium
nitrides have been widely studied for their superconduct-
ing behavior, thermal management, and compatibility with
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Figure 1. a) XRR plot for MN/Al2O3 and MN/MgO (XRR is shifted vertically for visual clarity), b) 𝜃-2𝜃 XRD patterns. Pole figures indicating single-phase
epitaxial growth for c) MN/Al2O3 and d) MN/MgO.

device integration.[14–16] However, molybdenumnitrides (Mo─N)
present a more complex case owing to their rich phase dia-
gram, where even minor changes in temperature or nitrogen
content can lead to multiple competing phases.[17] Previous re-
search on Mo2Nx systems has explored the impact of nitro-
gen and argon content in the plasma during the sputtering on
the superconducting properties,[18] magnetization behavior of
different Mo2Nx phases,

[19] thickness-dependent superconduct-
ing properties of polycrystalline Mo2N films grown on AlN-
buffered Si substrates,[20] surface-induced suppressed supercon-
ductivity using low-temperature tunnelling spectroscopy.[21] The
performance of these films is limited by either the formation
of different Mo─N phases that coexist with Mo2N or the de-
viation of Mo2N from the perfect stoichiometry. Despite these
efforts, comprehensive investigations on phase-pure and stoi-
chiometric Mo2N thin films grown on substrates such as Al2O3
(MN/Al2O3) and MgO (111) (MN/MgO) are lacking, particu-
larly where the detailed structural and low-temperature studies
are involved. Moreover, recent theoretical predictions[22] using
Eliashberg formalism estimate a superconducting critical tem-
perature (Tc) ≈15.8 K for Mo2N with a strong e-ph coupling con-
stant of ≈1.2. These findings highlight the need for experimen-
tal validation, particularly since strain induced by lattice mis-
match can modify the e-ph interactions and potentially enhance
superconducting properties. In general, the in-plane compres-
sive strain flattens the electronic bands, leading to an enhanced
density of states near the Fermi energy, thereby elevating the
superconducting Tc.

[23]

In this work, we report a detailed study on superconductivity
in phase-pure cubic Mo2N thin films grown on c-plane Al2O3
and MgO (111) substrates, via DC reactive magnetron sputter-

ing. The films exhibit a well-defined twin domain structure, as
confirmed by X-ray diffraction (XRD) and pole figure analysis.
Composition and stoichiometry are determined using Time-of-
Flight Elastic Recoil Detection Analysis (ToF-ERDA), affirming
near-ideal nitrogen incorporation. [The details are presented
in Figure S1, Supporting Information] Temperature-dependent
electrical transport measurements reveal superconducting
transitions with Tc up to ≈5.6 K. The upper critical field (Hc2)
for the MN/MgO shows a significant enhancement (≈25%)
from MN/Al2O3. Despite having the same composition, the
enhancement is related to the effect of in-plane compressive
strain on the MN/MgO as compared to the in-plane tensile strain
on the MN/Al2O3, which leads to the modulation of Cooper pair
formation. Magnetic measurements provide the details of lower
critical fields (Hc1), coherence lengths, and penetration depths,
which support the robust type-II superconducting character
of the films. Additionally, the Debye temperature of the thin
films is estimated from the fitting of the thermal response of
resistance with the Bloch-Grüneisen model, thereby providing
a critical insight into e-ph interactions. These results demon-
strate that epitaxial MN/MgO can serve as a viable platform for
superconducting applications with tunable physical properties.

2. Results and Discussion

The composition of the films is determined from the ERDA
(Figure S1 and Table S1, Supporting Information) and found
to be Mo2N0.96 and Mo2N0.97 for MN/Al2O3 and MN/MgO, re-
spectively, which is very close to the stoichiometric Mo2N phase,
within the error limits. The thickness of the films is estimated by
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Figure 2. Temperature-dependent resistance of a) MN/Al2O3 and b) MN/MgO. The inset shows dR/dT plots for estimation of Tc, and temperature-
dependent magnetization of c) MN/Al2O3 and d) MN/MgO. The Tc in the insets is supporting the observation in transport measurements within the
error limits of the techniques.

X-Ray Reflectivity (XRR) (Figure 1a) and is found to be ≈130 ±
5 nm with estimated roughness of ≈2 and ≈5 nm for MN/Al2O3
and MN/MgO, respectively. The mass density of the films ex-
tracted from XRR is presented in Table S1 (Supporting Informa-
tion). Figure 1b displays the XRD patterns of the two samples,
where the substrate peaks for (0001) Al2O3 and (111) MgO are
visible at 2𝜃 ≈ 41.7° (PDF 00-046-1212) and at 2𝜃 ≈36.6° (PDF
01-071-6452) and are split due to the diffraction coming from the
K𝛼1- K𝛼2 lines, respectively. The peak at 2𝜃 ≈37.7° (d-spacing 2.38
Å) for MN/Al2O3 and 2𝜃 ≈37.2° (d-spacing 2.42 Å) for MN/MgO
corresponds to the (111) plane of cubic Mo2N with a dominant
out-of-plane orientation. The shift in the intense MN-111 peak
is because of the substrate-driven stress. The in-plane orienta-
tion of the films is further demonstrated by the pole figure anal-
ysis of the 200-reflection of Mo2N, observed at 2𝜃 ≈ 43.5° for
MN/Al2O3 and ≈42.5° for MN/MgO, as shown in Figure 1c,d).
The six poles of Al2O3 112̄3, at Ψ = 61.5° and six poles of c-
Mo2N 200, at Ψ = 55.5° in Figure 1c indicates epitaxial twin-
domain growth, a common feature for cubic structures on both
the substrates.[24–26] In Figure 1d, three prominent poles are ob-
served at Ψ = 54.7°, corresponding to MgO 200-reflections from
the substrate alongside six poles from the Mo2N (200) planes,
spaced every 60° in 𝜑, with some overlapping the MgO poles.
Since both MgO and Mo2N are cubic, their 200 poles are ex-

pected to align at Ψ = 54.7° in a stress-free state. However, the
Mo2N poles appear at a slightly higher Ψ (≈55.5°), indicating in-
plane compressive strain in the film consistent with observations
in Figure 1b. The epitaxial relationship of Mo2N on both sub-
strates is as follows: (111) Mo2N || (0001) Al2O3 (out-of-plane) and
[112̄]Mo2N || [101̄0] Al2O3 (in-plane); and (111) Mo2N || (111) MgO (out-
of-plane) and [110] Mo2N || [110] MgO. The morphological studies,
as well as the AFM images, reveal a smooth surface with voids
and grain boundaries, provided in the (Figure S2a–d, Supporting
Information).
Comprehensive characterization using ERDA, XRD, and pole

figure confirms that both films consist of a single-phase Mo2N
with identical composition. Epitaxial growth is observed on both
c-plane Al2O3 and MgO (111) substrates, with twin domains
present in each case. Despite the consistent composition, a no-
table shift in the XRD peak positions is observed between the two
films, attributed to strain induced by their epitaxial relationship
with the respective substrates. Comparing with the XRD peaks
of stress-free Mo2N (37.4°) as a reference, the MN/Al2O3 film ex-
hibits a peak shift indicative of in-plane tensile strain, while the
MN/MgO film shows a shift consistent with in-plane compres-
sive strain.
The onset of superconductivity in the thin films is estimated

from electrical transport and magnetization measurements. The
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Figure 3. Low temperature magnetoresistance measurements for a) MN/Al2O3 and b) MN/MgO. Upper critical field with Ginzburg-Landau fitting of
c) MN/Al2O3 and d) MN/MgO.

R (300 K) for the films is ≈3.33Ω and ≈2.65Ω for MN/Al2O3 and
MN/MgO, respectively, which is attributed to the increased grain
boundary scattering in the MN/Al2O3 as compared to MN/MgO
(Figure S2c,d, Supporting Information). In order to study the

quality of thin films, the residual resistivity ratio,RRR = 𝜌 (300 K)

𝜌 (6K)
,

is calculated for both the thin films, which are found to be ≈1.22

for MN/Al2O3 and 1.14 for MN/MgO. The significantly higher
RRR compared to previously reportedMo2N thin films on Si sub-
strates (RRR ≈0.9)[20] indicates a superior crystallinity, reduced
defect density, and larger grain sizes with fewer macroscopic im-
perfections. The R-T data (Figure 2a,b) confirm the metallic na-
ture of the films with the Tc estimated from the derivative plot of
resistance (inset of Figure 2a,b), which shows the Tc ≈5.2 K (for
MN/Al2O3) andTc ≈ 5.6 K (forMN/MgO). The estimatedTc is fur-
ther corroborated by magnetization measurements of the Meiss-
ner effect (Figure 2c,d). Magnetization data (M-T) obtained using
both field-cooled (FC) and zero-field-cooled (ZFC) protocols ex-
hibit robust diamagnetic behavior with a Tdia

c = 5.2 K and Tdia
c =

5.4 K, for MN/Al2O3 and MN/MgO, respectively. Furthermore,
the M-T data in both ZFC and FC protocols are separated thus
confirming the presence of flux pinning in the films.[27,28] In or-
der to rule out the possibility of substrate-induced superconduc-
tivity, M-T measurements of bare substrates (Figure S3a,b, Sup-
porting Information) are performed, showing no signs of super-

conductivity. The higher Tc for the MN/MgO film as compared to
MN/Al2O3 is associated with the compressive in-plane strain.[29]

Two-step superconducting transitions (inset of Figure 2a,b) com-
monly arise from applied forces such as pressure, magnetic
fields, strain, and proximity effects, and are observed in several
other thin films as well.[30–32] The temperature dependence of
resistivity above the Tc (9–200 K) is analysed using the Bloch
Grüneissen (BG) model,[33] by taking account of the e-ph inter-
actions. The fitting of the resistivity data (Figure S4, Support-
ing Information) strongly suggests that e-ph interactions are the
dominant scatteringmechanism forMo2N thin films.[34] The e-ph
coupling strength, estimated using McMillan’s relation[35] with
a Coulomb pseudopotential μ* = 0.13, is found to be ≈0.75 for
MN/Al2O3 and ≈0.76 for MN/MgO (Section SD, Supporting In-
formation). This result highlights the enhancement of e-ph inter-
actions due to compressive strain in MN/MgO compared to the
tensile strain in MN/Al2O3.
Low-temperature magnetoresistance measurements (Figure

3a,b) revealed an increasing Tc width with appliedmagnetic field,
which is a characteristic signature of type-II superconductors.[36]

The upper critical field Hc2, is estimated using suing the Tonset
c

criterion, with the normal state resistance taken at ≈6.1 K, and
by fitting the data with the Ginzburg-Landau (GL) model with an
extrapolation to determine the Hc2(0) for both films. According
to the GL model, the critical field at a temperature, T is given by

Adv. Mater. Interfaces 2025, 12, e00586 e00586 (4 of 8) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 22, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202500586 by U
ppsala U

niversity L
ibrary, W

iley O
nline L

ibrary on [31/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 4. M- H plots (a,b) and Hc1 versus T (c,d) plots of MN/Al2O3 and MN/MgO, respectively.

Hc2 (T) = Hc2 (0)
(1−t2)
(1+t2)

, where t is the reduced temperature given

by t = T
Tc
and Hc2(0) is upper critical field at 0 K. Based on this

model, the estimated Hc2(0) is found to be ≈5.1 T for MN/Al2O3
and ≈7 T for MN/MgO, which is more than 25% enhancement
in the MN/MgO than MN/Al2O3.
The enhancements are attributed to the increased flux

pinning potential resulting from a compressive in-plane
strain on MN/MgO in contrast with the tensile in-plane
strain in MN/Al2O3, and also correlate with enhanced e-ph
interactions.[23,37,38] To understand further the nature of the
superconductivity and the limiting mechanism of the Cooper
pair formation, it is important to dive deeper into themechanism
governing Hc2. For this, the Werthamer–Helfand–Hohenberg
(WHH) formula Horb

c2 (0) = −0.693Tc(
dHc2

dT
)
T=Tc

,[39] is used for

estimation of the zero-temperature orbital limited upper critical
field, Horb

c2 (0). The calculated values are ≈4.4 T for MN/Al2O3
and ≈5.8 T for MN/MgO. These estimates are lower than the
Hc2(0) estimated from GL fitting. In general, the upper limit
on Hc2 is given by the Pauli Paramagnetic limit, which is given
by Hp = 1.86Tc (9.6 T for MN/Al2O3 and 10.3 T for MN/MgO).
The estimation and analysis clearly indicates a conventional

BCS-type superconductivity.[40] To understand the mechanisms
of Cooper pair breaking in type-II superconductors under an
applied magnetic field, both orbital and spin-paramagnetic
effects on the Hc2 are considered. According to the Maki theory,
the Maki parameter (𝛼), which quantifies the relative strength

of these effects, is defined as 𝛼 =
√
2

Horb
c2 (0)

Hp(0)
,[41] The 𝛼 values

are found to be ≈0.64 (for MN/Al2O3) and ≈0.8 (MN/MgO),
both less than 1, confirming that the superconductivity in Mo2N
thin films is limited by orbital depairing mechanisms. The GL

coherence length (𝜉GL), is calculated by 𝜉GL =
√

𝜙0

2𝜋Hc2(0)
, where ϕ0

= 2.068 × 10−15 T.m2 is magnetic flux quantum. The coherence
length is found out to be ≈8.01 and ≈6.85 nm for MN/Al2O3 and
MN/MgO films, respectively.
In order to estimate the Hc1 of the samples, we have used the

Meissner–Ochsenfeld criterion on the M-H measurements be-
low Tc (Figure 4a,b).

[42] The obtained Hc1 at different tempera-
tures is analysed using the equation

Hc1 = Hc1 (0)

[
1 −

(
T
Tc

)2
]

(1)

Adv. Mater. Interfaces 2025, 12, e00586 e00586 (5 of 8) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 1. Superconducting parameters of MN/Al2O3 and MN/MgO.

Sample Thickness [nm] Tc [K] Hc1(0) [Oe] Hc2(0) [T] Horb
c2 (0) [T)] Hc [Oe] 𝜉GL [nm] 𝜆 [nm] 𝛼

MN/Al2O3 130–135 5.18 135 5.12 4.37 1469 8.01 197 0.64

MN/MgO 130–135 5.57 39 6.98 5.83 814 6.85 416 0.8

where Hc1(0) is lower critical field at 0 K. The obtained Hc1(0)
values for MN/Al2O3 and MN/MgO are found to be ≈135 and
≈39 Oe, respectively. Further, we have estimated the supercon-
ducting penetration depth (𝜆GL) by Hc1 =

𝜙0

4𝜋𝜆GL
2 ln( 𝜆GL

𝜉GL
), and 𝜆GL

is found to be ≈197 and ≈416 nm for MN/Al2O3 and MN/MgO,
respectively. The GL parameter (KGL) given by 𝜅GL =

𝜆GL

𝜉GL
is found

to be ≈24.6 and ≈60.7 for MN/Al2O3 and MN/MgO, respectively.
The values are much greater than 1√

2
, indicating a strong type-II

superconductivity. To assess the superconducting condensation
energy, the thermodynamic critical field (Hc) is evaluated using
the relationHc1(0)Hc2 (0) =Hc

2 ln 𝜅GL and found to be≈1469 Oe
for MN/Al2O3 and ≈814 Oe for MN/MgO. All the characteristic
superconducting parameters for both thin films are tabulated in
Table 1.
Considering bothHc1 (T) andHc2 (T) for the films, the super-

conducting phase diagram is presented in Figure 5a,b, showing
distinct superconducting, intermediate, and normal states. The
detailed analysis of the phase diagram confirms the thin films to
be a strong type-II superconductor. These findings highlight the
potential of Mo2N thin films for integration into next-generation
superconducting quantum and power electronic devices.

3. Conclusion

In summary, a significant enhancement of ≈25% in theHc2(0) of
MN/MgO is attributed to e-phmodulation arising from compres-
sive in-plane strain, which enhances flux-pinning potential and
overall superconducting performance compared to the tensile-
strained MN/Al2O3. These findings demonstrate the crucial role
and impact of strain engineering in tuning the superconducting
behavior of transition metal nitride thin films. In comparison
with earlier studies where improvements in Hc2 were primarily

achieved through external pressure, chemical doping, or disor-
der engineering, our work establishes substrate-induced intrin-
sic strain as a clean and effective pathway for tuning supercon-
ductivity in transition metal nitride thin films. The results high-
light strain engineering as a powerful alternative to conventional
approaches, with the additional advantage of being compatible
with scalable epitaxial growth. Looking ahead, the current system
can be further optimized by selecting substrates with larger lat-
tice mismatches, which are expected to induce stronger intrinsic
strain effects. Complementary routes such as controlled doping,
post-growth annealing, and thickness-dependent growth strate-
gies could also be employed to fine-tune the carrier density, crys-
tallinity, and pinning landscape, thereby pushing the supercon-
ducting performance even further. This work paves the way for
their application in kinetic inductance devices, superconducting
qubits, andminiaturization of superconducting interconnects for
next-generation electronic technologies, highlighting the signifi-
cant impact of strain on the superconducting properties of Mo2N
films.

4. Experimental Section
Thin Film Deposition: Molybdenum nitride thin films were grown on

sapphire (Al2O3 (0001)) and MgO (111) substrates, by DC reactive mag-
netron sputtering in an ultrahigh vacuum chamber.[43] Before deposition,
the MgO substrates were cleaned by multiple sonication cycles first in i) a
Hellmanex soap solution (≈3 mins), followed by ii) deionized water (two
times for ≈5 mins), iii) acetone (≈10 mins), iv) ethanol (≈10 mins), and
finally dried with compressed nitrogen gas.[44] This procedure helps in the
removal of possible hydroxides and carbonates present on the surface. The
substrates were kept in the deposition chamber and evacuated to a pres-
sure of ∼8.9 × 10−9 Torr and the substrate temperature was kept at ≈500°

C. The deposition of Mo2N was carried out with a mixture of Argon and
Nitrogen (flow rates of Ar ≈22 sccm and N2 ≈33 sccm).

Figure 5. Phase diagram showing the superconducting, intermediate, and normal state of the a) MN/Al2O3, b) MN/MgO. Note: To distinguish between
Hc1 and Hc2, we have chosen two independent y axes.
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Characterisation Studies: The compositions of the films were deter-
mined by ToF-ERDA using ≈36 MeV 127I9+ ions as a probing beam with
an incidence angle ≈67.5°, and a recoil angle ≈45°.[45] The data were anal-
ysed using the Potku code.[46] The crystal structure was investigated by
XRD using a PANalytical X’Pert Pro diffractometer in Bragg-Brentano ge-
ometry and equipped with a Cu K𝛼 source operated at≈45 kV and≈40mA.
The incident optics had a ≈0.5° divergence slit and a 0.5° anti-scatter slit,
and the diffracted optics included a ≈5.0 mm anti-scatter slit, a 0.04 rad
Soller slit, a Ni-filter, and an X’Celerator detector measuring in ≈0.008°

step sizes with an equivalent counting time of ≈19 s per step. For XRR,
the PANalytical X’Pert Pro diffractometer was operated in line-mode with
a hybrid mirror module with ≈0.5° divergence slit for incident optics and
a ≈0.125° divergence slit for the diffracted optics. For the pole figure, the
instrument was operated in point-mode with a crossed-slit module set at
2 × 2 mm as incident optics, and a ≈0.27° parallel plate collimator for
diffracted optics. Scanning electron microscopy (SEM) was performed us-
ing a Zeiss Sigma 300 with the field emission gun was operated at 2 kV.
The atomic force microscopy (AFM) images of the films were taken using
Bruker Dimension Icon AFM.

Physical and Magnetic Properties Measurements: The low-temperature
electrical transport properties were performed using the physical property
measurement system (PPMS, Quantum Design make). The temperature-
dependent magnetization measurements were carried out using an
MPMS3 SQUID-VSM magnetometer (Quantum Design make). In the
zero-field-cooled (ZFC) protocol, the sample was first cooled from room
temperature down to≈2 K in the absence of an externalmagnetic field, and
the magnetization was recorded during the subsequent warming cycle in
the presence of a ≈5 Oe field. For the FC measurement, the sample was
cooled in the presence of the same constant external magnetic field, and
themagnetization was recorded continuously during this cooling process.
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