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In the dissertation we analyse the experimental results and their analysis ob-

tained in our research. The summarization of the results is describe in third chapter

of the thesis. Firstly we describe the optimisation of MoC thin film deposition,

which produced films with high sheet resistance and critical temperature. We study

transport properties of thin films with different thicknesses, which give us a better

understanding of the behavior of our samples near the SIT. We show that the tran-

sition has fermionic scenario and corroborate this statement by STM measurements

showing that the ratio between superconducting energy gap and critical temperature

does not depend on the film thickness, while nonelastic scattering rapidly increases

as thicknesses decreases below 10 nm. We focus on 3 nm MoC thin films on silicon

and sapphire substrates, which are still in superconducting state, but very close to

the SIT. Transport measurements in magnetic field imply, that there is significant

electron-electron interaction described by Altshuler-Aronov theory. In the end, we

will show the results of terahertz spectroscopy of our samples and analyze them with

the same model as in the microwave experiment. We discuss the possible nonequi-

librium superconducting effects, which should be reflected in our experiments as

well as in the experiments performed by other groups on the thin films of similar

materials.

0.1 Tuning the MoC deposition process

As mentioned earlier, the appropriate samples for our purposes are thin films

close to the superconducting-insulator transition. In practice, they are ones which

are still in superconducting state, but with a sheet resistance as high as possible. By

tuning and analyzing the magnetron deposition process, we calibrate the procedure

in order to obtain reproducible samples with well defined appropriate parameters.

0.1.1 Magnetron discharge analysis

In section ?? we generally described the reactive magnetron sputtering process.

Our first inspiration came from [34], where the SIT on MoC thin films was observed

at thickness of 13 Å. For the best deposition conditions we need to be in stable

power regime. The sputtering power is defined by the current and voltage of the

magnetron plasma discharge at specific pressure in the vacuum chamber. In order
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to define best input parameters we measured the IV characteristics of the discharge

at fixed argon pressure and different acetylene pressures (see 1).

Figure 1: IV characteristics of the magnetron plasma discharge for different content of
acetylene - the flow-controller opened to 0, 10, 20, 30, 40 and 50% from bottom to top

The stable regime occurs, when the IV characteristic reaches its local minimum

(The changes of the discharge power are negligible for small current or voltage

fluctuations). We decided to set the magnetron input current to 200mA, which is

the most stable when the acetylene flow-controller is opened to 40% and corresponds

to the voltage of 340 V.

0.1.2 Carbon content influence

The carbon content is tuned by the acetylene partial pressure. It defines the

stoichiometry and the atomic structure of the resulting MoC thin film. In order to

find the best deposition conditions for desired films we needed to prepare several

series of films for different proportions of acetylene in the working gas keeping film

thickness constant.

Film thickness was estimated from the sputtering rate calibration. In order

to define it, we sputtered a testing thin film on silicon substrate with a lift-off

lithography structure (see Fig. 2a) for exactly 3 minutes. After chemical etching the

structure was measured by atomic force microscope (AFM) to get the information

about the film thickness. Fig. 2b shows that the resulting film thickness was 30 nm,

which implies a sputtering rate 10 nm / min.

Besides information on the film thickness, AFM provides us with the topogra-

phy of the film surface, showing the roughness to be below 1.5 nm (see 2c). These

results are promising towards the use of the thin films for patterning of the CPW res-
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Figure 2: a) A silicon substrate for the lift-off lithography, b) AFM measurement of
height profile, c) AFM topography

onator with embedded nanostructures. The roughness measurement was confirmed

by X-ray reflectivity (XRR) for different film thicknesses (See the section below 0.2).

Since the sputtering rate was calibrated, we prepared several 10 nm thin films

at different acetylene partial pressure and measured their RT-characteristics. The

sheet resistance R� and critical temperature Tc were evaluated as a function of the

acetylene pressure. The results can be seen in Fig. 3.

(a) (b)

Figure 3: Acetylene partial pressure (carbon content) dependence of the sheet
resistance (a) and critical temperature (b)

In order to maximize Tc, the optimal acetylene pressure is 3.0 × 10−4 mbar,

which corresponds to the acetylene flow-controller opened at 40%. Thin films pro-

duced above of 5.4× 10−4 mbar were not superconducting, limiting the sheet resis-

tance for 10 nm superconducting film to 420 Ω.

Under the same conditions, we prepared a 30 nm thick sample set for X-ray

diffraction measurement, from which we determined the atomic and crystallographic

structure. The results are shown in Fig. 4.

The bottom curve corresponds to a pure molybdenum film deposited in ar-

gon atmosphere without acetylene. From bottom to top, the content of acetylene
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Figure 4: XRD measurements of samples prepared with different acetylene content -
flow controller opened to 0, 10, 20, 30, 40, 50 and 60% from bottom to top

increases and the top curve represents a film prepared with the acetylene flow con-

troller opened to 60 %. According to comparison with the XRD image database the

relative positions of the peaks are associated with cubic crystallographic structure

(δ-phase). The peaks with the largest amount of carbon are significantly smeared,

which implies that the major part of the film surface is amorphous. The optimal

Tc was achieved for acetylene content corresponding to 40%-opened flow controller

(brown curve in Fig. 4). From absolute values of the peak positions, we deter-

mined the atomic lattice constant a = 4.2 Å. According to the database, the lattice

constant for MoC with pure stoichiometry 1:1 is expected to be a = 4.273 Å. In

detailed study in Ref. [66] it is explained that the change in carbon concentration

from MoC to MoC0.75 leads to a decrease of volume of the elementary atomic unit by

5%, corresponding to 1.7% decrease of the lattice constant. This completely agrees

with our deviation of 0.07 nm.

We used VESTA 3D visualization program for structural models to obtain

image of the MoC cubic structure. In Fig. 5, we compare the simulated cubic

structure with a surface image obtained by STM topography measurement. The

results clearly agree with the view of the structure in plane 111.
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Figure 5: a),b) cubic structure obtained by simulation in VESTA software, c) STM
topography in atomary level demonstrating the cubic phase on 111 plane

Since the STM is not precisely calibrated to define the exact values of length,

the lattice constant couldn’t be precisely measured. However, the qualitative surface

image of the atomic structure in conjunction with the XRD results gives us sufficient

evidence that the crystallographic phase of our sample is of cubic (NaCl like) type.

The stoichiometry was also analyzed by energy dispersive X-ray (EDX) method.

This method requires a much thicker sample, so we prepared one 1000 nm film. The

results of the measurement are shown in Fig. 6.

Figure 6: EDX measurement and corresponding table showing the content of individual
elements in 1 µm MoC thin film

The atomic ratio of carbon and molybdenum is approximately 60:40 in this

case. The increased proportion of carbon is possibly caused by amorphous carbon

islands among crystalline grains of MoC.

More details about MoC thin film deposition and the optimization of deposi-

tion parameters are described in the publication [P2].
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0.2 Transport properties

After the MoC thin films deposition was optimized, we decided to charac-

terize the transport properties of prepared samples. Firstly, we measured the RT

characteristics for samples of different thickness. From the results, we established

the correlation between superconducting properties of the sample and the level of

disorder, which gave us more detailed insight into phase transition between the su-

perconducting and insulating state. Then we performed transport measurements

in perpendicular direct magnetic field, from which we determined basic parameters

such as upper critical field BC2, superconducting coherence length ξ0, diffusion co-

efficient D, Hall coefficient RH , concentration of charge carriers n or Ioffe-Regel

disorder parameter kf l.

Thickness dependence

In order to verify whether the thickness estimation used in sample deposition

corresponds to reality, we prepared four samples with thicknesses 5, 10, 15 and

20 nm and measured them using X-ray reflectivity (XRR) method, to obtain a the

mass density and intensity profile, from which we can extract information about

film thickness, density and roughness (see table 1).

Figure 7: Density and intensity profile measured by XRR

The measured film thickness is in very good agreement with our prediction

from the calibrated sputtering rate. The roughness measurement is consistent with

AFM data (see Fig. 2) and the fact it is below 1.5 nm allows us to prepare structures

with measurable kinetic inductance.

In transport experiments, we first measured the temperature dependence of

sheet resistance for different thicknesses without an applied magnetic field. The

results are shown in Fig. 8a.

The superconducting transitions are very sharp and it can be seen that with

6



Sample 20nm 15nm 10nm 5nm
thickness [nm] 20.08 13.67 11.20 4.74
density [g/cm3] 8.35 8.02 7.71 8.83
roughness [nm] 1.00 0.78 1.25 1.26

Table 1: Results of X-ray reflectivity measurement (XRR) for various thickness MoC
films.

(a) (b)

Figure 8: RT characteristics for samples with thicknesses a) 30, 20, 15, 10, 10, 5, 5,
3 nm (from bottom to top) in zoomed window 0-8 K, b) 15, 10, 10, 5, 5 nm (from bottom
to top) with temperature ranging from room temperature to superconducting transition

decreasing thickness, R� increases and Tc decreases. This behavior is characteristic

for homogeneously disordered superconductors, in contrast with granular supercon-

ductors, where Tc keeps its bulk value and the transition are broadened significantly.

In total, we measured 8 samples with thicknesses ranging from 3 nm to 30 nm. There

are two 10 nm and two 5 nm samples showing different R� and Tc, which is caused

by small changes in argon and acetylene pressures during the deposition process.

We can therefore conclude that R� correlates with superconducting transition onset

better than film thickness.

The negative derivative dR�/dT presented for all samples (fig. 8b) strongly in-

dicates quantum corrections [33] to Drude conductivity caused by enhanced electron-

electron interaction. From the measured data, we extracted the thickness depen-

dence of R� and Tc. The theoretical variation of R� is predicted by classical per-

colation theory with the assumption that the thickness is proportional to the areal

occupation probability in the percolation problem [34]. The thickness proportion

of sheet resistance from this prediction is R�(t) ∼ (t − tc)
−1.3, where tc is mini-

mum thickness for electrical continuity. From the fitting procedure (see fig. 9a) we

determined the value tc = 1.3 nm.
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(a) (b)

Figure 9: Thickness dependence of a) sheet resistance (dots) fitted with
R�(t) ∼ (t− tc)−1.3 (dashed line), b) critical temperature (dots) fitted with

Tc(t) = Tc0(1− tc/t) (dashed line)

The thickness dependence of Tc (see fig. 9b) shows a strong decrease for

thicknesses below 15 nm, which is close to double value of the coherence length

ξ(0) ≈ 5.5 nm determined from the upper critical field, as obtained from the mag-

netotransport measurements. It determines the range of superconducting attraction

so the decrease of Tc is caused by surface effects. As a theoretical approach, one can

take the calculations made by Simonin [63], which considers the decrease in density

of states because of the surface term in GL free energy. The thickness dependence

of critical temperature is then expressed as:

Tc(t) = Tc0(1− tc/t), (1)

where Tc0 is the bulk critical temperature and tc is the critical thickness where

the superconductivity is destroyed. From the fit (Fig. 9b), we determined the

parameters Tc0 = 8.5 K and tc = 2.5 nm.

The resulting values of minimum thickness for electrical continuity and the

superconducting critical thickness found in Ref. [34] are bit smaller: 0.4 nm and

1.3 nm respectively.

Enhanced electron-electron interactions imply the fermionic model of SIT,

which means that the transition from superconductor to insulator state goes through

the metallic state. This model, which describes the dependence of Tc on R� was

developed by Finkelstein [61] as:

log

(
Tc
Tc0

)
= γ +

1√
2r

log

(
1/γ + r/4−

√
r/2

1/γ + r/4 +
√
r/2

)
, (2)
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where r = R�e
2/(2π2~) is dimensionless resistance and γ is the fitting param-

eter, which defines the ratio of the smaller value out of either the diffusive energy

ε/τ (τ is the relaxation time in the normal state) or Thouless energy π2~D/t2 (D is

the diffusion coefficient) to the non-renormalized condensation energy kBTc0, where

Tc0 = 8.5 K. The equation was used to fit the experimental data and the results are

shown in Fig. 10

Figure 10: Critical temperature dependence on sheet resistance (dots) fitted with
Finkelstein formula (dashed line)

The best fit was achieved for γ = 8.3 and Tc0 = 8.5 K. Similar result with

γ = 8.2 was obtained in the original paper by Finkelstein for MoGe thin films with

Tc0 = 7.2 K.

The RT characteristic across the whole temperature range can be used to deter-

mine of the electron transport dimensionality. Standard Bloch–Grüneisen theorem

describing the resistivity temperature dependence gives the positive temperature

coefficient dR�/dT > 0. The sign is changed if the quantum corrections ascribed

to weak localization and electron-electron interactions (Altshuler-Aronov) are sig-

nificant. The correction to the conductivity depends on sample dimensionality and

follows the relationship:

∆GWL + ∆GAA =

A
√
T +BT p/2 for 3D

G00A1 log(kBTτ/~) for 2D

(3)

where p ∈ (3/2, 2), G00 = e2/(2π2/hbar) and A,B,A1 are the normalization

constants. We compared these predictions with the data measured on the MoC

sample with 5 nm thickness in superconducting state as well as in normal state

achieved by an applied magnetic field of 8 T (above Bc2). On the presented graph

(see Fig. 11) we can see that the curves overlap above 20 K and follow the 3D power
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law. Under this temperature, the superconducting fluctuations start to play a role

and the curves differ. The superconducting conductance starts to increase and

diverges to infinity at Tc = 2.3 K, while the normal state conductance decreases

logarithmically as in the 2D case.

Figure 11: Temperature dependence of conductance for 5 nm MoC sample measured at
500 mK and magnetic field B=0 T (red dots) and B=8 T (black dots)

Finkelstein’s mechanism becomes relevant, when the samples effectively be-

have as 2D. This condition seems to be satisfied in our case for all samples at low

temperatures, but the strength of the Tc suppression is given by the value of the

constant γ. In order to analyze its value obtained from the fitting procedure, we

performed magnetotransport and Hall-effect measurements.

Magnetotransport and Hall measurements

From the RT characteristic measurement at different applied magnetic fields,

one can estimate the temperature dependence of the upper critical magnetic field

Bc2(T ). We performed such measurements and the results are shown in Fig. 12.

We can estimate the value of the upper critical field at zero temperature by

Werthamer-Helfand-Hohenberg theory [67] and then the superconducting coherence

length and diffusion coefficient can be determined by using the relations:

Bc2(0) = 0.69
dBc2

dT
Tc (4)

ξ(0) =

√
φ0

2πBc2(0)
(5)

D = 0.407
πkB
e

(
dBc2

dT

)−1
(6)
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(a) (b)

Figure 12: a) Temperature dependence of upper critical magnetic field for samples with
thicknesses 5, 5, 10, 10 and 15 nm (from left to right), b) RT characteristics of 10 nm

MoC sample measured at magnetic fields 0 -8 T (from right to left)

The results are summarized in Tab. 2. The calculated Thouless energy is not

much bigger that the condensation energy kTc, which is consistent with the fact,

that the samples only behave as 2D at low temperatures. In this regime, when

~/τ � π2~D/d2, the suppression of Tc given by Finkelstein’s relation is very slight,

which is inconsistent with our measurements. Since the same argument is also valid

for MoGe [61, 68] and TiN [69–71] thin films, an alternative way to describe Tc

suppression with increasing disorder has to be found.

Additionally we performed Hall-effect measurements at 200 K in fields ranging

from -8 to 8 T. From the results we determined the Hall coefficient RH and charge

carrier densities n = −1/eRH for all samples, which are summarized in Tab. 2. It is

surprising that the carrier density is almost constant at the value 1.7 × 1023 cm−3,

which is in contrast with the measurements on TiN thin films [71]. Therefore, the

decrease of the thickness decreases mobility of quasiparticles in our samples.

t R��� Tc RH × 1011 n× 1023 kf l Bc2 ξ D π2~~~D/d2

[nm] [Ω] [K] [ΩmT−1] [cm−3] kf l [T] [nm] [cm2/s] [K]
30 56 7.95 - - - - - -
20 95 7.6 - - - - - -
15 120 7.4 3.75 1.7 4.1 10.7 5.48 0.52 17.4
10 263 6.5 3.75 1.7 2.8 9.4 5.78 0.53 40
10 344 4.9 3.13 1.9 2 9.5 5.8 0.39 29.4
5 850 2.86 3.8 1.7 1.46 5.3 7.8 0.39 118
5 1100 2.3 3.8 1.7 1.34 5.3 7.8 0.33 100
3 1227 1.3 3.9 1.7 1.3 - - - -

Table 2: Basic parameters of MoC samples with different thicknesses, obtained and
calculated from results determined by magneto-transport measurements
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The level of disorder can be quantified by the Ioffe-Regel parameter kf l, where

kf is the Fermi wave number and l is the mean free path. The quantum phase

transition is expected at kf l ≈ 1. From our measurements, we can estimate kfl in

the free electron model as follows:

kf l =
~(3π2)2/3

e5/3

[
R

1/3
H

R�d

]
(7)

In Fig. 13 we show the dependence of critical temperature Tc and sheet con-

ductance 1/R� on this parameter. From linear extrapolation, we can see that the

conductance reaches zero if kf l equals unity, which is in agreement with Ioffe-Regel

criterion for phase transition to insulating state.

(a) (b)

Figure 13: kf l dependence of a) sheet conductance (dots) with linear fit (dashed line),
b) critical temperature (dots) fitted with Fiory-Hebard prediction (dashed line)

In order to explain the kf l dependence of the critical temperature, we used the

relation introduced by Fiory and Hebard [72]:

Tc
Tc0

= 1− (kf l)
2
c

(kf l)2
: (8)

From the fit, we obtained Tc0 = 8.2 K and (kf l)c = 1.2, which is slightly

larger than unity. From these results we can conclude, that the superconductivity is

destroyed earlier than the insulating state is reached by increasing disorder in MoC.

Therefore, the quantum phase transition from superconducting to insulating state

has an intermediate metallic state as predicted by the fermionic scenario of SIT.

In the following section, we examine this scenario by analyzing further super-

conducting properties of our samples by means of a scanning tunneling microscope

(STM).
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0.3 Tunneling measurements

The transport measurement results presented in the previous section pointed

out, that the superconductor - insulator phase transition has its intermediate metal-

lic state. This scenario is called fermionic, because the Cooper pairs are first broken

by increasing disorder to the conductive electrons, which are subsequently localized

into the insulating state. The alternative scenario is bosonic, where the Cooper pairs

survive with finite local ∆, but they become localized. The ratio 2∆/kBTc increases

in the bosonic scenario, as opposed to fermionic, where it keeps its constant value.

Such behavior can be observed by measuring the density of states using a scanning

tunneling microscope (STM).

We used STM for the measurement of samples with thickness 3, 5, 10 and

30 nm and the results are summarized in the paper [P7]. We showed that in MoC

thin films Tc and ∆ decrease together with increasing disorder, which proves the

fermionic scenario of SIT. Moreover, the scattering parameter Γ , obtained by fit-

ting the spectra with Dynes formula, is rapidly increasing as thickness decreases.

Therefore, strong disorder leads to pair-breaking effects. Nevertheless, for thin films

with t ≥ 5 nm, long range phase coherence was confirmed by mapping of the

Abrikosov vortex lattice. Presence of the vortex lattice means that there are no

strong phase fluctuations, which become important for 3 nm thin films.
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0.4 Field induced SIT in 3 nm MoC film

3 nm MoC thin films prepared on silicon (Si) and sapphire (Al2O3) substrate

are close to SIT. As such, quantum phase transition to the normal state can also be

achieved by increasing the external magnetic field above the upper critical field. We

performed RT measurements at different values of applied magnetic field as well as

the measurement of field dependence of the resistance at fixed temperatures. The

results exhibited a rapid increase of the resistance for T → 0 at B > Bc2. We showed,

that in order to explain this behavior, the superconducting fluctuations combined

with Altshuler-Aronov conductivity corrections should be taken into account.

Detailed measurements by STM under external magnetic field show, that the

normal state reached by magnetic field has an atypical spectroscopic character in

comparison with the normal state at B = 0 and T > Tc, where the constant den-

sity of states was measured. The deviation from the constant density of states

is consistent with Altshuler-Aharonov logarithmic corrections caused by enhanced

electron-electron interactions in disordered systems.

Magnetotransport analysis

In Fig. 14, the RT characteristics at different values of fixed magnetic field are

shown for both samples. The sheet resistance is normalized to the value R�(50 K) ≈

1100Ω. The relative deviation in highest magnetic field B = 8 T between the resis-

tance measured at lowest temperature and at 20 K is very small R(0.3 K)/R(20 K)≈

1.03, which suggests that the field induced transition is fermionic, same as the thick-

ness induced transition.

(a) (b)

Figure 14: RT characteristics measured in magnetic field 0-8 T on 3 nm MoC sample
depositend on a) silicon, b) sapphire substrate
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From the results, temperature dependence of the upper critical field was deter-

mined (See Fig. 15) for different levels of superconducting transition. We can see,

that the fields taken just before the resistance reaches zero qualitatively behave ac-

cording to Werthamer-Helfand-Hohenberg prediction [67]. However, the fields taken

at the beginning of the transition has almost the opposite character, which, in ex-

trapolation, would give its divergence at limit T → 0. Such atypical temperature

dependence of Bc2 was discussed by Spivak in [73] as a consequence of mesoscopic

fluctuations, when in mean field theory the superconducting solutions exist at arbi-

trary B.

(a) (b)

Figure 15: Extracted temperature dependence of upper critical field Bc2 taken at 95%,
75%, 50%, 25%, 10% and 5% level of superconducting transition for sample on a) silicon,

b) sapphire substrate

In both graphs of RT characteristics in Fig. 14, we can see that for higher

fields, the resistance starts to rapidly increase when T → 0. Moreover, on the film

deposited on silicon substrate, the strong reentrant can be seen before the resistance

starts to increase. Such behavior can be explained by superconducting fluctuations

in Cooper channel in 2D systems described by Galitzki and Larkin [74]. They

analyzed three terms contributing to the conductivity: Aslamasov-Larkin (AL) term,

which describes the conductivity of the fluctuating Cooper pairs; density of states

(DOS), which decreases the conductance because of the lower number of electrons

and the Maki-Thomson term, ascribed to the coherent scattering of normal electrons.

They have shown, that all these three contributions have the same order, and they

derived the final formula for the correction to conductivity:

δσ =
4e2

3πh

[
− log

(r
b

)
− 3

2r
+ Ψ(r) + 4(rΨ′(r)− 1)

]
, (9)
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where Ψ(x) is the logarithmic derivative of the Γ function, r = (1/2γ′)(b/t)

with γ′ = exp(γ) = 1.781, and t = T/Tc0 and b = (B − Bc2(T ))/Bc2(0) are the

reduced temperature and the reduced magnetic field.

(a) (b)

Figure 16: a) Galitzki-Larkin (GL) calculations of normalized resistance in different
magnetic field b = B/Bc, b) GL + AA corrections

Fig. 16a shows the calculated curves for different values of magnetic field.

We can see that the reentrant is observed, but in higher magnetic fields the resis-

tance saturates. This is in contrast with our measurement, where the resistance

exhibits a strong increase. As was discussed in detail by Gantmakher [35], the

Althusler-Aronov term accounting for enhanced electron-electron interactions needs

to be taken into account for highly disordered superconductors. Subsequently, the

final relation takes the form:

R−1(B, T ) = σ0 + δσ(B, T )− αe
2

h
log

(
T

T ∗

)
, (10)

where σ0 is the classical conductivity, δσ is the Galitzki-Larkin correction (Eq.

9) and the last term is the above mentioned Altshuler-Aronov correction with T ∗

being the temperature at which this term diminishes. In Fig. 16b the calculated

curves are shown. We can see, that the combination of GL and AA corrections to

the conductivity provides the desired temperature dependence to resistance. Further

improvement can be made by taking into account the atypical dependence of upper

critical field Bc2, which could provide a far greater increase of the resistance and

even better agreement with experiment. From the above, we can conclude that

the normal state achieved by exceeding Bc2 much differs from the normal state for

T > Tc. This behavior can be examined further by measuring the density of states

by STM.
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STM analysis

We have shown in Sec. ?? that the tunneling measurements provide infor-

mation about the density of states, from which the superconducting energy gap ∆

and scattering parameter Γ can be determined. We performed the measurements at

B = 0 and T=500 mK, on two samples deposited on silicon and sapphire substrate.

The results were fitted by standard Dynes formula and they are shown in Fig. 17.

Figure 17: Comparison of tunneling differential conductance at T ≈ 500 mK of 3 nm
MoC film deposited on silicon (red) and sapphire (blue) substrate fitted with Dynes

formula (solid lines). Obtained parameters were: ∆ =0.66 meV, 0.49 meV;
2∆/kTc =3.85, 3.85; Γ =0.18 meV=0.27∆; 0.2 meV=0.41∆ for film on silicon and

sapphire substrate respectively

The thin film deposited on silicon substrate has larger ∆ and smaller scattering

Γ than the film on sapphire substrate. This is consistent with the RT characteristics,

which exhibit superconducting transition at 3.97 K and 2.95 K for the silicon and

sapphire substrates respectively. Since both samples have the same normal state

sheet resistanceR� ≈ 1100Ω and the energy gap ratio 2∆/kTc = 3.85, we can assume

that the substrate influences the superconducting properties, which are better for

the Si substrate. The interface between the substrate and the film could lead to

possible pair breaking, which is stronger for the sapphire substrate.

The topography by STM was made on both samples in order to examine the

influence of the substrate on surface structure. The results displayed in Fig. 18

show the different structure of the samples.

While in the film on sapphire substrate the individual grains are well rec-

ognized, the film on silicon substrate has interesting boomerang-shaped structure.

This could imply the different influence of the substrate on the epitaxial growth of

the film.
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Figure 18: Surface topography taken by STM on 3 nm MoC film on a) silicon, b)
sapphire substrate

Further experiments were performed on the MoC thin film on the silicon sub-

strate. We measured the temperature dependence of the differential conductivity

and the results are shown on graphs below (see Fig. 19).

Figure 19: Temperature dependence of the normalized differential conductance of 3 nm
MoC thin film on Si substrate measured by tunneling spectroscopy

On the 3D graphs we can see the decrease of the superconducting gap, which

completely diminishes at Tc ≈ 4 K. Above this temperature, the background is not

changing anymore and it is approximately constant. Several differential conductance

curves were fitted with the Dynes formula, from which we obtained the temperature

dependence of ∆ and Γ (see Fig. 20). Closing of the superconducting gap with

increasing temperature is in agreement with the BCS prediction. The scattering

parameter Γ increases with temperature, which was also found on thicker films

presented in Sec. 0.3.

Since the differential conductance is normalized to its value at normal state, it

can be assumed, that the superconducting features of the sample scale with the film

surface, as opposed to the normal state features. We verified this assumption by
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Figure 20: Temperature dependence of Dynes scattering parameter Γ (red dots) and
the superconducting energy gap ∆ (black dots) fitted with BCS theory (solid line)

comparing the ∆-map of the picked area of the sample with the topography image

of the same area (See Fig. 21a,b).

Figure 21: Comparison of a) ∆-map and b) surface topography taken by STM at the
same area of 3 nm MoC film on silicon substrate. c) Differential conductance profile

taken along 100 nm line

The relative fluctuations of ∆ have the same order as the surface deviations.

Fig. 21c shows that the fluctuations are sufficiently small to make a statement that

the sample is superconducting homogeneous. Conductance mapping showed that the

correlation between superconducting and surface properties completely diminishes

when the voltage exceeds the superconducting energy gap. We can conclude that

there are not remarkable superconducting features in the normal state.

STM analysis under external magnetic field

Next, we focused on the density of states analysis by STM measurement of

differential conductance under external magnetic field. As we mentioned earlier, the

corrections to the conductivity caused by enhanced electron-electron interactions

are characterized by Altshuler-Aronov (AA) effect [33], which has a logarithmic

dependence in 2D disordered samples. For the density of states this correction has

the following limits :
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δN(E, T ) ∼

log(Eτ), T � E � τ−1

log(Tτ), E � T � τ−1
(11)

In very large energy windows the logarithmic background saturates to the

constant value log(Tτ) in limit E → 0. We can assume the corrected density of

states as follows:

N(E) = Nn +N0 (1 + log(Eτ)) (12)

In STM we primarily measure the tunneling current in dependence on biased

voltage. Taking the above formula 12, the analytic expression of the tunneling

current and corresponding tunneling conductivity can be calculated:

I(V ) = C

∫ ∞
−∞

N(E) [f(E)− f(E + V )]

I(V )
T→0
= CV

(
Nn +N0 log

(
V

τ

))
I(V )

V
= C1 + C2 log(V ) (13)

This formula can be used to describe the experimental results obtained at

B=8 T and T=0.4 K in appropriate limits (see Fig. 22).

(a) (b)

Figure 22: Tunneling conductance I/V measured by STM (blue circles) at temperature
T ≈ 400 mK and magnetic field B =8 T, fitted with the logarithmic voltage dependence
(black solid line) for E � T and the finite temperature saturation (red dashed line) for
T � E. a) X-axis in linear scale from -30 mV to 30 mV, b) X-axis for logarithm of

voltages from 0 to 30 mV

Logarithmic scale 22b shows that the background has the expected logarith-
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mic dependence. The saturation at limit E → 0 is much higher than it is expected

from the ambient temperature (0.4 K). As such, we can introduce an effective tem-

perature, that represents the scattering effect which increases the zero bias conduc-

tance. The value of this parameter can be determined spectroscopically from the

intersection of two asymptotic curves (Eq. 11). The obtained values are in range

0.2 - 0.5 meV, which agrees with the Dynes parameter Γ obtained at B = 0. One

of the explanations could be a finite quasiparticle lifetime, which does not depend

on external magnetic field. We will turn back to this concept later in microwave

analysis of our samples (Sec. 0.6).

Small discrepancies from the logarithmic curve in Fig. 22 can be ascribed to the

additional effects of the magnetic field. They should be more visible in spectroscopy

of the differential conductance dI/dV at low temperature, which directly reflects

the density of states. Altshuler-Aronov effect in magnetic field at finite temperature

leads to corrections in density of states (Eq. 6.1 in Ref. [75]):

δ̃N(E, T,B) = λ̃0

{
f

(
E

T

)
+

λ1
2λ0

[
f

(
E

T

)
+ f

(
E + ωS
T

)
+ f

(
E − ωS
T

)]}
,

(14)

where ωS = eB/me is cyclotron frequency and

f(x) = −1

2

∫ 1/Tτ

0

dy
1

y

sinh(y)

cosh(y) + cosh(x)

,

where τ is a relaxation time, which in our case satisfies the condition τ−1 � E.

The equation has 4 parameters τ−1, Teff , λ̃0,
λ1
2λ0

, which have the following

impact of the resulting DOS curve:

τ−1: increases the curve by additive constant log(τ−1). In our case, we fixed

the value τ−1 = 0.1 eV , which is sufficiently high and in approximate

agreement with results obtained by transport properties on similar samples

(see Sec. 0.2).

Teff : smears the peak at E → 0 and also the Zeeman splitting peaks at E =

±ωS. It defines the value of the zero bias conductance.

λ̃0: normalizes the whole curve.
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λ1

2λ0
: • amplifies the logarithmic dependence as well as the deepening of the

zero bias conductance with increasing magnetic field.

• we numerically found that in our case it should lie in interval <

−1/3 , 0 >.

• if λ1
2λ0
→ −1/3: the deepening with increasing B is strongest, but the

logarithmic dependence at B = 0 vanishes.

• if λ1
2λ0
→ 0: the logarithmic dependence at B = 0 is strongest, but

the deepening with increasing B vanishes (the Zeeman splitting peaks

don’t appear).

• if λ1
2λ0

< −1/3 : the logarithmic dependence at B=0 changes its sign,

which seems nonphysical.

• if λ1
2λ0

> 0: peaks at E = ±ωS change their sign (deepening is changed

to narrowing), which is opposite to our experiment, but such behavior

was observed by Adams in [76]

We used the equation to fit the measured data of dI/dV at T=640 mK and

B=6 T≈ Bc2, where the superconducting DOS should not contribute. The results

are shown in Fig. 23

Figure 23: Normalized differential conductance measured by STM at temperature
T ≈ 400 mK and magnetic field B = 6 T (red circles) fitted with temperature dependent

Altshuler-Aronov correction to DOS (black line)

The obtained effective temperature is Teff = 3.4 K = 0.3 meV , which agrees

with values obtained spectroscopically with approximate limit equations. The devi-

ations of measured data are caused by larger noise in high magnetic field amplified

by numerical differentiation of the measured I(V ) curves.
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In order to fit the experimental data at finite magnetic fields below Bc2 we

have to combine the AA contribution with the superconducting DOS as follows:

N(E) = NS(E)(1 + δN(E)), (15)

where NS is defined by Dynes formula:

NS(E) =
E + iΓ

(E + iΓ)2 −∆(B, T )2
, (16)

where ∆(B, T ) can be approximately obtained from following relations:

∆(T )

∆(0)
= tanh

(
∆(T )

∆(0)

TC
T

)
∆(B)

∆(0)
=

√
1−

(
B

BC2

)2

. (17)

In Fig. 24 the calculated curves for superconducting DOS, AA correction and

their combination respectively in magnetic fields from 0 T to 8 T are shown.
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(a) (b)

(c)

Figure 24: Simulated curves of DOS in magnetic fields from 0 to 8 T according to a)
Dynes formula, b) Altshuler-Aronov (AA) correction, c) combination of Dynes and AA

Finally, we can compare the measured data with the theoretical curves in the

whole range of magnetic fields displayed on 3D graphs (see Fig. 25).

(a) (b)

Figure 25: 3D plot of the magnetic field dependence of a) normalized differential
conductance measured by STM, b) DOS simulated by combination of superconducting

and AA contributions

We can see that the curves, calculated from Eq. 14 using Dynes formula,

describe the measured data very well. The results qualitatively agree for a wide
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range of magnetic fields. The energy gap is closing with increasing magnetic field,

with the minimum in upper critical field Bc2, above which it is opening again because

of other, non-superconducting effects. This effect could be ascribed to Zeeman

splitting in paramagnetic limit, which has the same order as the superconducting

energy gap (∼1 meV). The deepening of the zero bias conductance with magnetic

field above Bc2 can also corresponds to a rapid increase of sheet resistance observed

by transport measurements.

We can conclude that the normal state achieved by magnetic field has peculiar

character and considerably differs from the normal state in B = 0 at temperatures

exceeding the critical temperature Tc. In both cases, the deviations can be ascribed

to AA effects in a disordered system.

0.5 Nanobridge in MoC thin film

The optimized 10 nm MoC thin films were patterned with nanobridges by

electron lithography at IPHT Jena, Germany. Four-probe transport measurements

were performed in cryogenic assembly in our laboratory. The results are summarized

in the paper [P5].
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0.6 Microwave analysis

Complex conductivity characterizes the microwave response of a superconduc-

tor. Its real and imaginary parts represent the contribution of the normal electrons

and Cooper pairs, respectively. The dependence on external electromagnetic field

is well described by Mattis-Bardeen theory, introduced in theoretical review (see

Sec. ??). The complex conductivity can be directly measured, using a coplanar

waveguide (CPW) resonator patterned on the superconducting thin films. As it is

shown in section ??, the quality factor of a CPW resonator reflects the dissipative

losses in the material, so Q ∼ 1/σ1, while the resonant frequency represents the

inductive reflections caused by the kinetic inductance of Cooper pairs (besides the

geometrical factors), so ω0 ∼ σ2.

Disorder in superconductors directly affects CPW resonator behavior. In this

section, we present a microwave analysis of homogeneously disordered MoC thin

films and show that scattering effects are significantly stronger than it is expected

by original MB theory. Subsequently we analyze a granular MgB2 thin film, where

scattering is weak, but the tunneling between individual granules causes detuning

of the resonant frequency in magnetic field, which is characteristic of RF-SQUID

structures.

0.6.1 MoC CPW resonator

We prepared and measured several samples of MoC thin films (see Tab. 3) on

which a CPW resonator was patterned by optical lithography and dry ion-etching.

The resonator was designed to have a quality factor Qext = 30 000 and a resonant

frequency ω0 = 2π × 2.5 GHz for films with a high thickness, where scattering is

negligible (Qint � Qext). This was verified on the 200 nm thick MoC film (sample

4). If the thickness is lowered close to or even below superconducting coherence

length, the kinetic inductance is increased, which decreases the resonant frequency.

Moreover, the scattering process driven by interface scattering centers considerably

suppresses the internal quality factor. Films with 10 nm thickness are optimal for

further implementation of quantum nanostructures [10], so a more detailed exami-

nation of their behaviour in microwave electromagnetic field is needed.
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R�(Ω) t(nm) Tc(K) Q f0(GHz)

Sample 1 173 10 5.8 9600 1.42

Sample 2 182 10 7.2 24000 1.51

Sample 3 169 10 5.5 8300 1.35

Sample 4 18 200 6.7 30000 2.49

Sample 5 380 5 3.8 1700 0.75

Table 3: Summarized properties of the MoC CPW resonator samples

We measured the temperature dependence of the resonant frequency and the

loaded quality factor of our samples. The measured curves were compared with the

Mattis-Bardeen theory ??. The obtained complex conductivity was then recalcu-

lated to complex impedance by using FastHenry 3.0 software, with input values σ1

and λ =
√

1/µωσ2 and output of the form of Z = R + iωL. From the real and

imaginary impedance, we can directly determine Q and ω0 by using the well known

relations [38].

Figure 26: Temperature dependence of the resonant frequency (circles - measured data,
lines - theoretical model) for samples 1, 2, 3, 4 respectively
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In Fig. 26, we compare the measured data of the resonant frequency for

samples 1-4 with the numerical model and as we can see, the theoretical curves fit

the measured data very well.

Figure 27: Temperature dependence of the quality factor (circles - measured data, lines
- theoretical model) for 10 nm MoC sample

The same model was used to describe the quality factor temperature depen-

dence. The internal quality factor was calculated from attenuation constant, which

is defined by the real part of the impedance ??. From the results (Fig. 27) we can

see, that the difference is considerable in a wide temperature range. The standard

MB model is therefore not appropriate to describe the dissipative losses in the disor-

dered superconductors, because of the enhanced scattering effects. A modification

of the model was made by the introduction of the finite quasiparticle lifetime. The

modified model fits our data very well. The details are presented in the paper [P6].
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As it has been mentioned above, the modified Mattis-Bardeen model is appli-

cable in wide frequency range, so it can be used in order to fit the experimental data

from THz spectroscopy. We performed such measurements at Institute of Physics,

Academy of Sciences of the Czech Republic, Prague on the 20 nm MoC film. The

results fitted with the model are presented in Fig. 28. The temperature of the

experiment was too high (T = 0.8 Tc) to resolve, if there is a peculiarity at ω = ∆.

(a) (b)

Figure 28: Terahertz spectroscopy measurement of the real part (a) and the imaginary
part (b) of the complex conductivity (red circles) fitted with modified Mattis-Bardeen
model (solid line) for parameters: T = 0.8 Tc, ∆ = 1.24 meV and s = 0.25 meV=0.2 ∆

However, the experimental results obtained in MoGe and NbN superconductors

demonstrated in Ref. [77,78], exhibited the peculiarity even at higher temperatures.

One of the explanation can be provided by the concept of the nonequlibrium pro-

cesses [14], which could be present in the THz experiments due to the large power

of the THz pulses. Such processes lead to redistribution of the quasiparticles, which

causes the effective cooling of the sample. As it was discussed by Scalapino [79],

this effect is strongest in region (∆/2, 2∆), which is qualitatively consistent with the

mentioned experimental results and also with the Nam model at low temperatures.

One of our future plans in this field is to perform additional THz measurements

on several samples with different properties and analyze them with deeper theoretical

concept considering the mentioned processes.
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0.6.2 MgB2 CPW resonator

The same technique of the CPW resonator and MB model was also used in

granular MgB2 thin film with thickness 300 nm. The temperature dependence of the

complex conductivity is well described by standard Mattis-Bardeen formulas, from

which we can conclude that the scattering in this material is much lower than in ho-

mogeneously disordered superconductors. In addition, we measured the dependence

of the resonant frequency at the lowest temperature in our microwave cryogenic as-

sembly (∼300 mK). Surprisingly, hysteretic periodic detuning was observed. Such

behaviour is characteristic of artificially patterned RF-SQUID, where the detuning

is caused by Josephson inductance, which depends on external magnetic field (see

Sec. ??). We proposed the model of percolation path interrupted by the naturally

created insulating barrier between grains. The more detailed view of the model as

well as the measurement results are shown in paper [P1].
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1 Conclusions

In the submitted thesis, we focused on the analysis of thin films of highly disor-

dered superconductors. The preparation of MoC thin films by magnetron sputtering

was tuned in order to obtain optimal sample properties. The results were samples

with maximized critical temperature Tc and enhanced sheet resistance R�. Material

properties, such as structure, stoichiometry and surface roughness were analyzed by

means of XRD, EDX and STM. The resulting thin films are superconductive homo-

geneous and have cubic δ-phase crystallographic structure of MoC with decreased

carbon content due to lattice vacancies.

Magneto-transport and Hall effect measurements determined that the critical

temperature Tc is well correlated with sheet resistance R� and Ioffe-Regel disorder

parameter kf l, rather than with film thickness. We showed that Finkelsten’s formula

can not be applied in order to explain the Tc suppression, despite the fact that it

qualitatively well describes the transport properties of the disordered superconduct-

ing thin films.

The results from tunneling spectroscopy demonstrated an increase of in-gap

states with decreasing thickness. Moreover, a vortex lattice was observed, proving

the long range phase coherence ascribed to the fermionic scenario of superconductor-

insulator transition (SIT).

A more detailed view of the field induced SIT of 3 nm MoC thin film revealed

an atypical normal state as opposed to the normal state achieved by temperature.

Results of magneto-transport and STM measurements were in agreement with the

Altshuler-Aronov model of enhanced electron-electron interactions. The supercon-

ducting properties of the same MoC samples prepared on different substrates (Si and

Al−2O3) were somewhat different, proving that the interface between the substrate

and the thin film plays a role as a possible pair breaker.

Homogeneous superconducting properties of our thin films near SIT predestine

them for nanotechnology applications. Such prospects were outlined by the trans-

port measurements of a nanobridge patterned on 10 nm MoC film, which exhibited

quantum phase slip-like behavior.

Scattering effects were also analyzed by microwave measurement of CPW res-
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onators patterned in 10 nm and 5 nm MoC films. In order to describe the decrease

of internal quality factor and resonance frequency, a modification of Mattis-Bardeen

theory for complex conductivity was made. Finite quasiparticle lifetime as a pos-

sible source of scattering was introduced as a fitting parameter, and the results

agreed with the Dynes phenomenological parameter Γ obtained from STM. The

new model is applicable in a wide frequency range, which was proved by a terahertz

spectroscopy measurements of σ1 and σ2.

The same CPW technique was used for a granular MgB2 superconductor. The

results showed periodic hysteretic detuning in magnetic field, which is characteristic

of artificially prepared RF SQUID nanostructures. A reasonable model of percola-

tion path interrupted by weak links between the grains was designed and successfully

applied in the fit.

Future plans in the research include further detailed examination of the in-

terface between superconducting thin film and substrate, and transport measure-

ments in higher magnetic fields which could provide an even better understanding of

superconductor-insulator transition in our samples. Since the technology of sample

deposition is optimized and provides reproducible results, application in nanowires

with enhanced kinetic inductance is planned as well. A new design will be proposed

and the quantum properties will be examined in dilution 3He-4He refrigerator. Fi-

nally, the knowledge acquired from MoC investigation will be used in preparation

and application of other disordered superconductors such as WSi, W3Si5, NbN, TiN,

etc.
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mission of a superconducting NbN film, Phys. Rev. B 81, 184529 (2010).

[78] H. Tashiro, Unusual thickness dependence of the superconducting transition of

α-MoGe thin films, Phys. Rev. B 78, 014509 (2008).

[79] Jhy-Jiun Chang and D. J. Scalapino, Nonequilibrium Superconductivity, Jour-

nal of Low Temperature Physics, 31 (1978).

[80] G. J. Milburn, Phys. Rev. Lett. 62, 2124 (1989).

[81] J. Bourassa, J. M. Gambetta, A. A. Abdumalikov Jr, O. Astafiev, Y. Nakamura,

A. Blais, Phys. Rev. A 80, 032109 (2009).

[82] E. A. Tholén, A. Ergul, K. Stannigel, C. Hutter, arXiv:0906.2744v2 (15 Nov

2009).

38



List of publications and conferences

Publications:
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[P2] M. Trgala, M. Žemlička, P. Neilinger, M. Rehák, M. Leporis, S. Gaži, J. Greguš,

T. Plecenik, T. Roch, E. Dobročka, M. Grajcar: Superconducting MoC thin films

with enhanced sheet resistance, Applied Surface Science, 312, 216–219 (2014)

[P3] P. Neilinger, M. Rehák, M. Gregor, M. Žemlička, T. Pleceńık, M. Trgala, P.
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[P4] M. Žemlička, D. Manca, P. Neilinger, M. Grajcar: Cryogenic carbon powder

filters for superconducting qubit measurement, Proceedings of ADEPT 2014
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