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A B S T R A C T

Heat capacity and magnetic measurements were used to extract superconducting parameters for deposited 
NbTiN films in the bulk limit, including the critical temperature, the ratio of the superconducting gap to the 
critical temperature, the phase coherence length, and the upper critical field. We found that the film is a strong 
coupling superconductor, with a small phase coherence length, consistent with trends reported in the literature. 
Due to the large thickness, these materials correspond to 3D analogues of bulk NbTiN. The upper critical fields 
determined from heat capacity and magnetic field measurements are different, emphasizing the sensitivity of 
magnetic field measurements to defects. The Ginzburg number is much smaller compared to high-Tc super
conductors, while magnetic relaxation measurements point towards a Kim-Anderson vortex creep regime.

1. Introduction

The ternary compound niobium-titanium-nitride (NbTiN) is a su
perconductor with a relatively high critical temperature, Tc ≅ 15 K, 
which has multiple practical applications, including in field sensing as 
nanowire-single-photon detectors [1–6], as superconductor-insulator- 
superconductor mixers [7–11], impedance-matched absorber coatings 
[12], and superconducting coating cavities and resonators [13–20]. 
Nanowire single-photon detectors based on NbTiN are characterized by 
a close-to-unity efficiency [21–23], fast recovery time due to a low ki
netic inductance, low timing jitter due to high switching current 
[23–27], high photon number resolving, and extremely low noise/dark 
counts [28–32]. NbTiN has a good chemical and physical stability with a 
reduced amount of nitrogen vacancies [33], the main drawback of 
niobium nitride that makes it less useful for thin films applications [34,
35]. In addition, the disorder observed in ultra-thin films induces 
localization of Cooper pairs [36,37]. This renders these materials a 
valuable candidate for super-insulator applications.

Since the applications of NbTiN, as well as the investigations on the 
more exotic properties, are related to the transport properties, most 
studies have been focused on conductivity and current-voltage mea
surements. Reported investigations focusing on other physical proper
ties are scarce [38]. To close this gap, the aim of this paper is to provide a 

systematic study of the magnetic and heat capacity properties of NbTiN 
films of general interest for low temperature applications. These films 
are thick and their properties are closer to a hypothetic bulk NbTiN with 
the ratio N/(Nb+Ti) =1. We should also add that thick film properties 
provide a first order approximation to thin film properties that may be 
useful for superconducting device design.

2. Experimental methods

A series of NbTiN films were sequentially deposited on undoped cz-Si 
(001) wafers (ρ =20 Ω− cm). The deposition was performed by co- 
sputtering Nb (0.9995 purity) and Ti (0.9999 purity) via pulsed DC 
magnetron sputtering in a nitrogen-rich environment in a stainless steel, 
ultrahigh vacuum (1 × 10− 9 Torr base pressure) chamber at ambient 
temperature. Rutherford backscattering spectroscopy analysis revealed 
a (Nb0.63Ti0.37)0.50N0.50 stoichiometry. Prior to fabrication, both the 
chamber walls and substrate holder were coated with a NbTiN passiv
ation layer to avoid the possibility of sample contamination by ferro
magnetic media. The thickness of the NbTiN layer was 3400 nm. Chips 
of 0.28 × 0.28 cm2 with 0.1 mg of NbTiN layer were cut from the wafer 
for measurements. The corresponding mass density is 3.75 g cm− 3. For 
comparison with other results, data extracted from magneto
conductance measurements yielded a mass density of 3 and 3.6 gcm− 3 

* Corresponding author.
E-mail address: cimpoias@usna.edu (E. Cimpoiasu). 

Contents lists available at ScienceDirect

Physica C: Superconductivity and its applications

journal homepage: www.elsevier.com/locate/physc

https://doi.org/10.1016/j.physc.2025.1354813
Received 20 August 2025; Received in revised form 26 September 2025; Accepted 2 November 2025  

Physica C: Superconductivity and its applications 639 (2025) 1354813 

Available online 3 November 2025 
0921-4534/Published by Elsevier B.V. 

https://orcid.org/0000-0002-0035-6096
https://orcid.org/0000-0002-0035-6096
mailto:cimpoias@usna.edu
www.sciencedirect.com/science/journal/09214534
https://www.elsevier.com/locate/physc
https://doi.org/10.1016/j.physc.2025.1354813
https://doi.org/10.1016/j.physc.2025.1354813


for films of 6 and 9 nm, respectively [39]. Grazing incidence X-ray 
diffraction data provided the d-spacings for the thick NbTiN films. Data 
confirm the cubic structure with an average value of the lattice 
parameter a = 0.440 ± 0.003 nm. This value is close to 0.435 ≤ a ≤
0.441 nm reported elsewhere for NbTiN films (although with different 
stoichiometries and deposited on different substrates) [40–42]. How
ever, we cannot exclude a variation of the compositional ratio in the 
depth of the sample. Such a variation has been seen before by XPS depth 
profile investigation on NbTiN thin films of different thickness [41]. We 
also cannot exclude grain boundaries, other defects, or a certain level of 
disorder. The heat capacity and the magnetic properties were investi
gated using a Physical Properties Measurement System by Quantum 
Design platform equipped with the heat capacity, dc/ac susceptibility, 
and vibrating sample magnetometry options.

3. Results and discussions

3.1. Heat capacity

The temperature T and field B dependence of the heat capacity C (T, 
B) of the NbTiN film were found by measuring first the heat capacity of 
the silicon substrate without the film, followed by the measurement of 
the silicon substrate with the film. The heat capacity of the film was 
found by subtracting the two signals. Raw data are shown in Fig. 1.

The results for zero magnetic field are displayed in Fig. 2(a) and 
show the jump typical for the superconducting transition. Although the 
method is affected by the noise, the data are reasonable and main fea
tures can be discerned. The measured heat capacity contains contribu
tions from phononic, electronic, and superconducting degrees of 
freedom [43,44]. Above the critical temperature Tc, the normal state 
heat capacity Cn, has two contributions, one from the electronic system, 
which is linear in temperature, Cel(T) = γT, and one from the phonons of 
the lattice, which is cubic in temperature, Cph(T) = βT3. Thus, Cn =

γT+βT3 for the temperature range explored. The Sommerfeld coefficient 
γ is proportional to the density of states of electrons N(εF) at the Fermi 
energy εF and is usually temperature independent for a normal metal 
although this may not be the case for compounds with strong electro
n–phonon coupling [45]. β depends on the Debye temperature θD as θ− 3

D 

and is not expected to change in the superconducting state.
The two contributions can be extracted using the plot of C(T)/T = γ +

βT2 vs T2 at high temperatures where C=Cn. As seen in Fig. 2(b), this plot 
is linear at temperatures above the superconducting transition. The 
electronic part of the heat capacity is obtained by subtracting the pho
nonic contribution extrapolated from the normal state above critical 
temperature Cel(T) = C(T)-βT3. The electronic heat capacity divided by 
temperature Cel/T versus T is shown in the inset to Fig. 2(b). The critical 
temperature, recorded at the mid jump, is Tc = 14.8 K. Previously it was 
reported that Tc for a sample with the ratio N/(Nb+Ti) =1 increases 
slowly above d = 50 nm and reaches Tc = 14.7 K for d = 200 nm [41]. 
This result is very close to Tc = 14.83 K for our films with d = 3400 nm 
and approaching the bulk limit. It is important to note that other thin 
films we fabricated using a similar method showed a similar Tc, indi
cating that the critical temperature is not dependent on thickness for our 
materials.

The extrapolation of the normal state Cel/T to T = 0 provides the 
Sommerfeld coefficient.

Data obtained from the linear fit for the normal state yield γn = 2.22 

±0.22 mJ mol− 1 K− 2 and the Debye temperature, θD =

(
12π4R

5βn

)1/3

=

345 K, with γn = γ /ν, βn = β /ν, where ν is the number of moles and R =
8314 mJ K− 1mol− 1, the universal gas constant. The observed value of γn 
is higher than for some pure metals, like Au, Ag, Cu, Al, but smaller than 
for Zr (3.03 mJ mol− 1 K− 2) or Ir (3.14 mJ mol− 1 K− 2) [46]. A compar
ison of γn with other published results obtained from the photoresponse 
in the time domain [39,45] for two ultra-thin films of different thick
nesses (6 and 9 nm) can be performed assuming Nb0.6Ti0.4 N and the 
mass density provided in the above cited references. For both films, γn ≈

1.86 mJ mol− 1 K− 2, which is smaller than the extracted value for our 
samples.

For the phononic coefficient, results from Refs. 39 and 47 yield βn =

0.067 and 0.158 mJ mol− 1 K− 4 for the two films, assuming Cph ∝ T3. 
These values are different than βn = 0.047 mJ mol− 1 K− 4 for our thick 
film. This discrepancy might be the result of the fact that, for ultra-thin 
films, the expected Cph ∝ T3 is not obeyed. The interplay between 
phonon softening due to the strong influence of the surfaces of the film 
and constituent grains, which increase the phonon heat capacity Cph 
[48], and the depletion of long wavelength phonon states at low tem
peratures that occurs when the wavelength of thermal phonons becomes 
longer than the film thickness [49] might result in a different temper
ature dependence. Actually, a more recent model suggests that the 
low-temperature phonon heat capacity Cph for ultra-thin films does not 
follow the Debye cubic dependence on temperature, but rather Cph ∝ T4, 
due to quantum confinement [50]. This model shows a reduction in Cph 
with decreasing film thickness associated with the reduction in the 
density vibrational modes (which store heat as internal energy) at low 
temperatures. It is worth noting that the model recovers the Debye 
dependence, Cph ∝ T3, as the thickness of the film becomes sufficiently 
large, like in our case. A similar thickness dependence of γn could be 
inferred if confinement is invoked [51]. Therefore, γn for thick films like 
ours should be larger compared to the value for thin films, as, indeed, 
our results confirm.

The Debye temperature of 345 K is much higher than the 231 K 
calculated for the film of 9 nm thickness of Ref 39. Actually, it was found 
that a reduced thickness of metallic films decreases θD as the role of 
surface phonons become more important [52]. However, 345 K is 
smaller than the only θD values that we found in the literature for 
NbxTi1-xN, which would span between 634 K for x = 0 and 924 K for x =
1 [53]. We should note that the Debye temperatures from Ref. 53 were 
computed for a putative ideal bulk NbxTi1-xN from first principles and 
not extracted directly from experimental results.

The normalized jump of heat capacity at Tc from the inset of Fig. 2(b)
is ΔCes/γTc = 2.19±0.25, which is larger than the theoretical value Fig. 1. Raw data of heat capacity measurements of NbTiN film deposited on a 

Si substrate. The arrow points to the superconducting transition.
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ΔCes/γTc,BCS = 1.43 proposed for weak coupling BCS superconductors. 
Note that similarly high values were reported for Nb3Sn (ΔCes/γTc = 2.5 
[54]). According to the single-band α-model [55], all thermodynamic 
quantities, ΔCes(T)/γTc included, are scaling functions of the parameter 
α ––– Δg(0)/kBTc, where Δg(0) is the zero-temperature superconducting 
gap: 

ΔCes

/
γTc = ΔCes

/
γTc,BCS(α/αBCS)

2 (1) 

with αBCS ≈ 1.764. Consequently, Eq. 1 yields Δg (0)/kBTc = 2.18±0.27 
for the samples reported here. This result confirms that our material is a 
strong coupling superconductor. The temperature dependence of 
measured Ces(T)/γTc, together with the calculated values for α = 2.18 
and the universal αBCS = 1.764 are shown in Fig. 3. The temperature 
dependence of the curve with α = 2.18 was obtained by the interpolation 
of data from Ref [55].

For comparison, terahertz time-domain transmission spectroscopy 
measurements found Δg (0)/kBTc = 1.86 for a 280 nm film of 
Nb0.5Ti0.5N0.28 [56], 2.0 for a thick film, and 2.55 for a mesh-shaped 
film, respectively [57]. Moreover, tunneling spectroscopy data on 
Nb0.8Ti0.2 N thin films found Δg (0)/kBTc = 2.05 [58] but in the presence 
of several weaker gaps, indicative of a multiphase composition. Also to 
note, these measurements were done on samples in the dirty limit l < ξ0) 
when Δg (0)/kBTc is depressed for single-band materials with anisotropic 
superconducting order parameters [59]. For NbN, values between 2.04 
[60] and 2.12 [61] were reported. The spread in the value of α = Δg 
(0)/kBTc can be related to the sample stoichiometry, more specifically, 
to the amount of nitrogen incorporated in the crystalline structure. The 
increase of the concentration of light nitrogen ions leads to an increase 
of the phonon frequencies and Tc [62]. Changes in the ratio Tc/ωln could 
affect the measured α/αBCS ratios according to the strong-coupling cor

rections [63], which predict that Δ(0)
kBTc

= αBCS

[

1 + 12.5
(

Tc
ωln

)2
ln
(

ωln
2Tc

)]

, 

where ωln is the characteristic phonon frequency [62].
We also performed heat capacitance measurements at various 

applied magnetic fields up to 9 T. A similar analysis found that the 
applied field does not significantly change γn and θD, as seen in Table 1.

3.2. AC magnetic susceptibility

AC susceptibility was measured at two static fields of 0.025 T and 0.5 
T and amplitudes of the alternative field spanning from 0.1 to 0.9 mT at 
frequencies between 11 Hz and 10 kHz. Fig. 4(a) shows the temperature 
dependence of both in-phase χ’ and out-of-phase χ’’ components of the 
AC susceptibility as measured at a frequency of 332 Hz for a static field 
μ0H = 0.025 T. Data taken for μ0H = 0.5 T are similar except that they 
are shifted 0.2 K toward lower temperatures. We focused here on mea
surements at 332 Hz as the dissipation at high AC-amplitude and 

Fig. 2. a). Temperature dependence of NbTiN film on a Si (100) substrate in zero magnetic field. b) Plot of C/T vs. T2 for the same field. The high temperature line is 
the fit with the equation C/T = γ +βT2. Inset: temperature dependence of the electronic heat capacity divided by temperature as obtained after subtraction of the 
phonon contribution.

Fig. 3. Temperature dependence of the normalized superconducting heat ca
pacity and the curves obtained with the α-model. The continuous curve is for α 
= 2.18 and the dashed one is for αBCS = 1.764 (BCS model).
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frequencies above 1 kHz is significant and led to errors in the temper
ature reading since the temperature sensor is not mounted on the sam
ple. In addition, relaxation is smaller than at the lowest frequencies. As 
seen from Fig. 4(a), there is one predominant peak of χ”, supporting the 
idea of a single superconducting phase. The peak is also very slightly 
dependent on frequency. The temperature Tp of the peak of χ” provides 
the temperature dependence of Jc (Tp) = ha/d, where ha is the amplitude 
of the AC-field and d is the thickness of the sample. Fig. 4(b) shows the 
dependence of Jc as obtained from susceptibility data as a function of 
reduced temperature t = 1-(T/Tc)2. In the restricted shown temperature 
range, Jc = Jc0(B)[1-(T/Tc)2]2.6 for both fields. The continuous lines are 
fits with power low dependence Jc = Jc0tα.

The real part of the AC susceptibility χ’ was used to determine the 
upper critical field Bc2 [64] using a frequency of 32 Hz and a field 
amplitude µ0ha = 0.1 mT. Fig. 5 shows the temperature dependence of 
Bc2 (phase diagram) as extracted from heat capacity (circles) and 
AC-susceptibility (triangles) measurements, respectively. There are 
discrepancies between the two dependencies, likely because the mag
netic measurements are more sensitive to defects and surface effects 
[65] compared to thermal measurements, which probe the super
conducting volume which vanishes at the upper critical field value. Here 
we use Bc2 obtained from the heat capacity measurements to estimate 
the zero temperature Ginzburg-Landau coherence length ξ(0) according 

to the formula ξ(0) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Φ0
2π

(

Tc|
dBc2
dT |Tc

)− 1
√

. Parameters extracted from 

heat capacity measurements yield ξ(0) = 2.55 nm. Literature reports a 
tendency of decreasing ξ(0) with increasing the film thickness, with a 
somewhat weaker dependence on composition. Thus, ξ(0) has values 
between 5.3.and 6.47 nm (depending on composition) for a 10 nm thick 
film [66–68] (but also 4.6 and 4.9 nm for similar thickness [69]), 4.65 
and 4.35 nm for a thickness of 15 and 20 nm, respectively [36], and 3.8 
nm for a film of 500 nm [70]. Accordingly, our films are consistent with 
a 3D superconductor because the thickness d >> ξ(0).

3.3. DC magnetic susceptibility

The field H dependence of the magnetization M is shown in Fig. 6(a)
for temperatures between 5 and 15 K. M was corrected for the 
diamagnetic contribution of the substrate using magnetization data at T 
> Tc [see the Inset to Fig. 6(a)].

One observable feature of the hysteresis is the asymmetry between 
the flux entry and flux exit magnetization. In bulk superconductors, such 
an asymmetry was observed before and discussed by Gokhfeld et al. [71] 
based on the extended critical state model [72] using an induction 
B-dependent Jc. In the case of films, the application of the model is 
complicated by demagnetization effects, which amplify the applied field 
at the edges of the film and generate an important curvature of H. As a 
result, the flux penetration depends nonlinearly on the applied field 
[73]. Further progress towards understanding asymmetric hysteresis 
used edge barriers and B-dependent critical current [74]. Since the 
above-discussed models use an induction dependent critical current 
density Jc(B), which complicates the evaluation of the applied field 
dependence of the critical current density, we use the critical state 
approximation (Bean relationship) [75] for a qualitative evaluation of 
Jc(H): 

Table 1 
Data on the field dependence of Tc and normal state as extracted from heat 
capacity measurements for a (Nb0.63Ti0.37)0.50N0.50 thick film.

B (T) Tc (K) γn (mJ/mol/K2) βn (mJ/mol/K4) θD (K)

0 14.8 2.72±0.24 0.047 345.1
1 14.6 2.0 ± 0.32 0.049 341.0
3 14.3 2.41±0.25 0.048 343.1
5 13.3 1.94±0.23 0.048 344.0
7 12.1 1.72±0.24 0.048 343.8
9 11.2 1.89±0.22 0.048 344.6

Fig. 4. a) Temperature dependence of the real χ’and the imaginary χ” parts of the AC susceptibility as measured at a constant field of 0.025 T and a frequency of 332 
Hz for amplitudes of the alternating field between 0.1 and 0.9 mT. b) Critical current dependence on the reduced temperature t = 1-(T/Tc)2.
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Jc =
20(M+ − M− )

a(1 − a/3b)
(2) 

Here, M− and M+ are the magnetization on sweeping fields up and 
down, and a = b = 0.28 cm are sample sizes perpendicular to the applied 
field. After a rather fast decrease at low fields (μ0H < 3 T at 5 K, and this 
limit shifts to lower fields at higher temperatures), the decrease of Jc 
follows an exponential law at higher field with a T-dependent exponent 
Jc ∝ exp[-ζ(T)B]. The observed exponent is small, ζ < 1 T− 1 for 5 < T < 9 

K, but increases rapidly temperatures, ζ(11K) = 2.06 T− 1 and ζ(13K) 
=3.6 T− 1, as seen in Fig. 6(b).

3.4. Magnetic relaxation

The features of the relaxation are important for the vortex dynamics 
in superconducting systems as they depict the resilience of NbTiN to 
fluctuations. Specifically, relaxation becomes important for applications 
that use persistent currents of high intensity. The strength of thermal 

fluctuations is quantified by the Ginzburg number Gi = 1
2

[
μ0kBTc

4πBc(0)2ξ3

]2 

[76]. In the case of NbTiN, Gi = 10− 6 when using parameters from 
Ref. 70 and our values for the coherence length. For comparison, this is 
two orders of magnitude higher than for NbTi (Gi ~ 10− 8) [77], but 
much lower than for high-Tc superconductors (Gi ~ 10− 2) [76].

The time t dependence of the total magnetic moment m=MV was 
measured on the flux enter branch with the magnet in the persistent 
mode. Here V is the estimated volume of the film. Magnetic relaxation 
measurements were performed at μ0H = 0.25, 0.5, and 0.75 T. The first 
data points were taken 100 s after charging the magnet for each applied 
field and temperature. The dependences of ln|m| on ln(t) for the three 
fields as measured at 8, 10, and 12 K are shown in Fig. 7(a). All data 
display a logarithmic decay at all temperatures and fields according to 
Anderson-Kim model [78]. Usually, such a dependence is characterized 
by a relaxation rate S and by an effective creep activation energy U* 
which are defined below [79]: 

S = −
dln(m)

dln(t)
=

kBT
U∗

(3) 

The temperature dependence of the relaxation rates S for the three 
applied fields H is shown in the Fig. 7(b), whereas the inset to Fig. 7(b)
shows the temperature dependence of the effective creep activation 
energy. The values of S are larger than the universal minimum for the 
creep rate at a given temperature T, set by S ∼ G1/2

i T/Tc, below which 
relaxation cannot be reduced [80]. At low temperatures, S slowly in
creases with increasing temperature, more conspicuously observed at 

Fig. 5. Field-temperature phase diagram as obtained from heat capacity and 
AC susceptibility data as measured at 32 Hz and 0.1 mT AC-field amplitude.

Fig. 6. a). Field dependence of the magnetization for a (Nb0.63Ti0.37)0.50N0.50 thick film as measured in the temperature range 5-to-15 K. Inset: data taken at T = Tc. 
b) Field dependence of the critical current density. Continuous lines (black) overlaid on measured data are fits with the exponential dependence at intermediate 
field strength.
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the lowest field, which is consistent with the Anderson-Kim model (weak 
variation of U*). An extrapolation to zero does not suggest a zero 
relaxation, a fact that we attribute to the important role of the electro
magnetic noise at low temperatures [81]. At higher fields, there is a 
sharp increase of the relaxation rate at higher temperatures. This might 
be explained by the increase of the density of vortices whereas the 
density of pinning sites remains constant.

The decrease of U* with field and temperature is the result of a 
several factors as it depends on temperature T, field H, and current 
density J [82]. The high values of U*, the two-dimensionality of the 
material, and the rather long magnetic penetration length [70] are 
favorable to the activation of almost rigid vortices (Anderson-Kim 
regime). However, more investigations would be necessary to establish 
the regimes of the creep in NbTiN films.

4. Conclusions

In summary, we measured the heat capacity and the magnetic 
properties of deposited NbTiN films and determined the key electronic, 
phononic, and superconducting parameters characterizing this material. 
We found that the zero-temperature coherence length was much smaller 
than the film thickness, therefore, these results correspond to the bulk 
limit of NbTiN. This is important as the synthesis of NbTiN in the bulk or 
single crystal form remains to be reported.

We found that the normalized jump of heat capacity at Tc is larger 
than the theoretical value proposed for weak coupling BCS supercon
ductors and suggests an extremely strong coupling regime for NbTiN. 
The Bc2 values as determined from magnetic measurements are smaller 
compared to the values extracted from the heat capacity, which brings to 
light the effect of the defects on Bc2. The H-dependence of the DC 
magnetization was used to determine the field dependence of the critical 
current density Jc, while the AC susceptibility measurements provided 
information on the temperature dependence of Jc. However, the tem
perature range in which the latter quantity was measured was restricted 
due to the very small separation of the peaks of χ’’. Magnetic relaxation 
measurements found that the effective creep activation energy was 

rather high, suggesting a Kim-Anderson dependence with rigid vortices 
excited above energetic barriers. However, the latter assumption needs 
more investigations.
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