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T erahertz time-domain spectroscopy is used to perform

the first detailed studies of the electrodynamic prop-

erties of MoRe (60%/40%) films with thicknesses ranging

from 10 to 100 nm. Films are prepared by magnetron sput-

tering technique on silicon substrates. The critical tem-

peratures vary from 6.5K (for 10 nm film) to 9.5K (for

100 nm film). Spectra of complex permittivity, conductiv-

ity, refraction index, surface impedance and reflection coeffi-

cient for the films are acquired at frequencies 0.15–2.4 THz

(wavenumbers 5–80 cm−1) and in the temperature interval

T=5–300K. For all films, temperature dependencies of the

superconducting energy gap, penetration depth, supercon-

ducting condensate plasma frequency, and normalised super-

fluid density are obtained on a quantitative level. It is shown

that the reduction of film thickness leads to a strong decrease

of the critical temperature and magnitude of the energy gap.

The observed suppression of superconductivity is assigned to

reduction of the superconducting order parameter due to the

contribution to the free energy of the electronic energy states

at the surface of superconductor. The MoRe films with the

obtained characteristics can be used in designing advanced

superconducting electronic devices.

Introduction

Molybdenum-rhenium superconducting alloys continue to
attract the attention of researchers from a fundamental
viewpoint because of their intriguing properties in the
superconducting (SC) state as well as their significant
potential for use in modern electronics. Mo1−xRex films
exhibit superconductivity with a superconducting criti-
cal temperature Tc reaching up to 15K,1–4 which is of
the order of magnitude higher than Tc = 0.9 K in Mo
and Tc = 1 K in Re.5 The compounds are s−wave type-
II superconductors, with the upper critical field of 8T at
4K.6–8 There are indications of a two-band/two-gap su-
perconductivity in the MoRe alloys9,10 allowing to con-
sider them as materials for the studies of multiband su-
perconductivity. As an intriguing property, one can con-
sider an electronic topological transition that is observed
around the critical concentration xc = 0.1111–13 mak-
ing MoRe an ideal playground for study of time-reversal
symmetry breaking in unconventional superconductors.14

Thin MoRe films exhibit excellent superconducting prop-
erties,15 stable chemical, electrical and mechanical char-
acteristics,15–17 high radiation stability,18 ability to make
good electrical contact with carbon-based materials (gra-
phene, carbon nanotubes),19 stability for electron beam
lithography.20 All of these properties have revived a lively
interest in MoRe alloys in the context of their use in devel-
oping elements for modern electronic systems. As a trans-
parent for carriers interface to graphene and carbon nan-
otubes,8,19 MoRe films are promising for the development
of elements for quantum computation21,22 and quantum
memory.23,24 Few nanometers thick MoRe films can be
used for the fabrication of SQUID-on-tip devices with en-
hanced characteristics20,25 and spin-qubit elements.26,27

The growing interest in thin MoRe films has emerged
among communities working on developing sensitive single-
photon detectors.15,28 These detectors commonly use
NbN thin films with the critical temperature Tc close to
9K (for a 4 nm-thick film).28 With the doubled SC en-
ergy gap 2∆ ≈ 6 meV (for 15 nm thick film),29 high quan-
tum efficiency NbN-based detectors operating in visible
and middle infrared spectra regions can be realized.28 To
achieve even lower, terahertz (THz) working frequencies,
superconductors with smaller gap values are necessary.
Numerous compounds fit this requirement, such as MoSi
(2∆(0) = 2.28 meV), MoGe (2∆(0) = 2.2 meV), WSi
(2∆(0) = 1.52 meV), and NbSi (2∆(0) = 0.94 meV), as
reported in Ref.30 (here ∆(0) stands for the SC energy
gap at zero temperature). However, their critical temper-
atures are rather low even for bulk samples. Thin MoRe
films stand out because of their relatively high Tc values,
which is close to that for NbN films.

Thus, detailed studies of the electrodynamic proper-
ties of MoRe films in sub-terahertz and terahertz fre-
quency domains are needed. In this frequency range the
temperature evolution of the superconducting gap can
be spectroscopically traced in detail and analyzed. In
addition, operating frequencies of electronic communica-
tion systems of the next generation indeed belong to this
range. Since such studies have not been reported so far,
our goal was to perform the first systematic measure-
ments and analyses of the electrodynamic characteristics
of Mo0.6Re0.4 films with various thicknesses at frequen-

1 Zhukova et al., Mesoscience & Nanotechnology,
volume 1, issue 1, 01002 (2023)

https://jmsn.colab.ws/
https://doi.org/10.64214/jmsn.01.01002
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-5482-9477
https://orcid.org/0000-0003-3324-2893
https://orcid.org/0000-0002-5409-9849
https://orcid.org/0000-0001-7998-9023
https://orcid.org/0000-0003-0126-203X
https://orcid.org/0000-0002-1517-4877
https://orcid.org/0000-0001-5085-5195
https://orcid.org/0000-0003-1204-9664
https://orcid.org/0000-0001-8882-3930
https://orcid.org/0000-0002-5317-0818
https://colab.ws/


Article

cies f = 0.15 − 2.4THz (wavenumbers ν = 1/λcm =
5 − 80 cm−1, where λcm is radiation wavelength in cm)
and in the temperature interval T = 5− 300K.

Results and discussion

Experimental procedure. The Mo0.6Re0.4 films were pre-
pared by magnetron sputtering on highly insulating and
thus transparent for terahertz radiation silicon substrates
of thickness ≈0.5 mm, as described in Ref. 20 Films thick-
nesses were 10, 15, 20, 30, 50, 70, and 100 nm. Tera-
hertz characteristics of the films were determined using
the commercial TeraView TPS Spectra 3000 time-domain
spectrometer by measuring complex-valued (amplitude
and phase) transmission coefficient spectra of the films
on the substrates. Temperature-dependent THz spectra
of the real parts of permittivity ε′(ν, T ) and conductiv-
ity σ′(ν, T ) of the MoRe films were calculated with the
TeraCalc software. This employs numerical solution of
the system of two essentially non-linear equations for the
amplitude Tr(ε′, σ′) and the phase φTr(ε

′, σ′) of the com-
plex transmission coefficient Tr(ε′, σ′) exp[iφTr(ε

′, σ′)] of
a two-layered system (a film on a substrate), see Eqs. (1)–
(5) in Supporting Information. Other quantities, such
as the real and imaginary parts of the complex refrac-
tive index n∗ = n+ ik, and the surface impedance Zs =
Rs+ iXs, were also calculated using standard expressions
(see, e. g., textbook31). THz parameters of the Si sub-
strates were determined beforehand. Measurements were
performed in a quasi-optical configuration of the mea-
surement scheme of the spectrometer, with a homemade
helium-flow cryostat equipped with Mylar windows.

Normal state. Figure 1a shows room-temperature spec-
tra of transmission coefficient Tr of the bare silicon sub-
strate and of substrates with Mo0.6Re0.4 films of thick-
ness 10, 20, 50, and 100 nm. The periodic oscillations
in the spectra arise from the interference of the elec-
tromagnetic waves inside the plane-parallel transparent
substrate, which can be considered as a Fabry-Pérot res-
onator. The interval ∆ν between oscillations is mainly
determined by the substrate refraction index n and thick-
ness d: ∆ν = (2nd)−1, while the amplitudes of the peaks
are determined by the transparency of the films. For
the bare substrate, the transmission of the interferomet-
ric peaks reaches nearly unity, while the transmission of
the peaks for the samples with MoRe films is significantly
lower (at about two orders of magnitude for the 100 nm
thick film). There is a phase shift at about π between
the maxima observed for the bare substrate and the sub-
strates covered with MoRe films. This is a consequence
of impedance matching of the silicon-air interface by con-
ducting Mo0.6Re0.4 film with a thickness smaller than the
skin depth. The phenomenon was considered in detail in
Refs.32,33

Spectra of transmission coefficient of all samples, as
well as frequency dependences of conductivity and per-
mittivity of all films did not reveal any significant changes
during cooling from 300K down to the critical tempera-
ture Tc, in accordance with the literature data.34 At all
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Figure 1. a – Room-temperature spectra of the transmission coef-
ficient of Mo0.6Re0.4 films of various thicknesses deposited on silicon
substrates. Periodic oscillations are due to the Fabry-Pérot effect –
i. e. interference of electromagnetic waves inside plane-parallel sub-
strate. b – Room-temperature dispersionless conductivity spectra
of Mo0.6Re0.4 films of thickness d = 50nm and d = 10nm. c –
Thickness dependence of AC conductivity σ′ (left axis) and surface
resistance Rs = (σ′d)−1 (right axis) in the normal state (T > Tc).
Inset shows thickness dependence of AC resistivity ρ′ = 1/σ′ and
mean-free path l, determined from fit of ρ′(d) with Eq. (1), for
charge carriers in the films. Lines show least-square fits based on
expression (1) from Ref.35

temperatures in the normal state (at T > Tc) the con-
ductivity spectra of all films were dispersionless, indicat-
ing the metal-type response in the low-frequency limit
(ν ≪ γ, where γ is the scattering rate of carriers) of the
Drude conductivity model.36,37 This is demonstrated in
figure 1b, where the conductivity spectra of two films,
10 nm and 50 nm thick, are shown as examples. Figure 1c
shows the dependence of the normal-state AC conductiv-
ity σ′, AC resistivity ρ′ = 1/σ′, and surface impedance
(σ′d)−1 on the thickness d of the MoRe films. It is seen
that the dependences are well described by the following
expression obtained for granular films accounting addi-
tional scattering effects at film surface and grain bound-
aries38

ρ(d) = ρ0

(
1 +A

l0
d

)
. (1)

Here, ρ0 and l0 are the bulk resistivity and the bulk mean
free path of the charge carriers, respectively, and A is a
constant of the order of unity. Fitting the ρ(d) depen-
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Figure 2. a, b, c – Frequency dependence of the transmission
coefficient (a), the real part of AC conductivity (b), and the real
part of dielectric permittivity (c) for 10 nm-thick Mo0.6Re0.4 film
on silicon substrate, measured at different temperatures above and
below Tc. Oscillations in the spectra in panel a are due to the in-
terference of radiation within the plane-parallel Si substrate. Red
dashed envelope line shows that the oscillations at T = 4.4K dis-
play broad maximum around the value 2∆/hc. Inset in panel c
represents radiation penetration depth39 δ = (2πkν)−1 above and
below Tc (here k is the extinction coefficient); vertical bar marks
SC energy gap at 4.4 K. Solid lines in panels b and c are the least-
square fits with BCS expressions.40

dence by Eq. (1) allows to determine l0 = 10nm and
ρ0 = 75µΩ·cm. The value l0 = 10nm is more than
two times larger than l = 4.2 nm obtained for MoRe al-
loy.14 Taking the Fermi velocity vF = 2.34 · 107 cm/s,14

we estimate the scattering rate of charge carriers γ =
vF /(2πcl0) ≈ 120 cm−1 (c is the speed of light). This
value lies above our working frequency interval, thus con-
firming that the normal-state response of the films corre-
sponds to the low-frequency limit of the Drude conduc-
tivity model.

Superconducting state. Spectra of transmission coeffi-
cient, conductivity and permittivity of all studied films

undergo strong changes when these films enter the SC
state. This is demonstrated in figure 2 by the spectra
obtained for 10 nm-thick MoRe film on silicon substrate
(see also the spectra for 50 nm-thick MoRe film on silicon
substrate in figure S1 in Supporting Information). These
changes are typical for SC films as it was first demon-
strated by Tinkham and coworkers41–44 and reproduced
later by other researchers in numerous experiments on
conventional and high-Tc superconductors. As described
below, by analyzing the spectra of the real parts of con-
ductivity (σ′) and permittivity (ε′) through model fitting,
we enable accurate determination of the critical temper-
ature Tc (with an accuracy ±0.2 K) and the energy gap
∆ (with an accuracy ±0.14 meV), as well as other char-
acteristics of the SC state for MoRe films. At the low-
est achievable temperature T = 4.4K, the envelope for
the interferometric peaks in the transmission spectrum
(dashed red line in figure 2a) displays broad maximum
around the value 2∆/hc (where h is Planck’s constant),
corresponding to the SC gap. The THz conductivity that
characterizes absorption of radiation becomes suppressed
at below 50 − 60 cm−1, showing a kink around 2∆/hc
(figure 2b). Also, the dielectric permittivity strongly de-
creases below 20 cm−1 (see Ref.45) according to the rela-
tionship ε′ = −(νSC

pl /ν)2 representing dielectric response

of SC condensate, where νSC
pl = (2πc)−1

√
4πnee2/m∗ is

the plasma frequency of SC condensate, ne is the density
of electrons in SC condensate, e is the electron charge,
and m∗ is the electron effective mass. The dielectric per-
mittivity reaches large negative values that characterise
the inductive response of Cooper-pairs condensate un-
der the zero-frequency delta function in the conductivity
spectrum. The superconducting transition also leads to
strong changes in other electrodynamic quantities. Fig-
ure 3 shows the temperature evolution of the spectra of
real and imaginary parts of the complex refraction coef-
ficient n∗ = n + ik of the 10 nm-thick film (similar data
for 50 nm-thick film is shown in figure S2). In the normal
state, n ≈ k ∼ (σ′/ν)0.5, as expected for a good conduc-
tor.36,37 Below Tc, the extinction coefficient k strongly
increases and refraction index n decreases, leading to a
strong enhancement in the bulk reflection coefficient R
below 2∆/hc (inset in figure 3b).� Similar spectra for the
50 nm-thick film are presented in figure S2. One can see
in figures 2b and 3a that in the SC state at low wavenum-
bers, ν < 2∆/hc, there is significant scattering in the ex-
perimental data for the conductivity σ′ and the refraction
index n; it is especially pronounced for the 50 nm-thick
film (figures S1 and S2). The reason is that the trans-
mission spectra measured in the SC state are mainly de-
termined by the large negative permittivity ε′ and the
large positive extinction coefficient k. As a result, both
quantities ε′ and k are determined much more precisely
compared to σ′ and n.32,33,46

To add more to the THz electrodynamic properties of

�Note that an ideal s−wave superconductor at T = 0 and
ν < 2∆/hc would have zero AC conductivity σ′ and large negative
permittivity ε′ values leading to n = 0 and k ≫ 1. This case would
correspond to an ideal reflector with a bulk reflection coefficient31

Rbulk = [(n− 1)2 + k2]/[(n+ 1)2 + k2] = 1.
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Figure 3. a, b – Frequency dependence of the refraction coefficient
(a) and the extinction coefficient (b) for 10 nm-thick Mo0.6Re0.4
film on silicon substrate measured at temperatures above and below
Tc. Solid lines in panel b for T = 4.4K and T = 6K are the least-
square fits with BCS expressions;40 lines corresponding to normal-
state spectra at T = 10K are plotted according to the low-frequency
limit (ν ≪ γ) of the Drude conductivity model:36,37 n ≈ k ≈
(σ′/ν)0.5. Inset in panel b shows spectra of the bulk reflection
coefficient calculated according to the expression Rbulk = [(n −
1)2+k2]/[(n+1)2+k2]; vertical bar marks SC energy gap at 4.4K.

the studied Mo0.6Re0.4 films, we present in figure 4 the
spectra of the real Rs and imaginary Xs parts of sur-
face impedance Zs = Rs + iXs. For a thin film, it reads
Zs = (σ∗d)−1 = σ′[d(σ′2 + σ′′2)]−1 + iσ′′[d(σ′2 + σ′′2)]−1,
where σ∗ = σ′ + iσ′′ is the complex-valued conductivity
of the film material. At T > Tc we observe dispersion-
less dependences Rs and Xs ≈ 0 on the wavenumber,
as expected for a good conductor.37,47 In the SC state,
the real impedance Rs (related to absorption) is strongly
suppressed, while the frequency dependence of Xs has
a broad maximum around the doubled gap frequency.
These findings are typical fingerprints of a superconduct-
ing response.48

Although MoRe compounds are considered as two-
band superconductors,9,10 we do not observe any corre-
sponding feature in the measured THz spectra (figures 2–
4, as well as figures S1 and S2). The reason might be
that the contribution to the electrodynamic response of
one of the bands considerably exceeds the contribution of
the other band. Thus, in order to model the experimental
spectra, we used the BCS expressions derived for a single-
band superconductor.40 The fitting results shown by the
solid lines in figures 2–4, S1–S2 describe the experimental
spectra quite well. From figure 2b we see that the mea-
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Figure 4. a, b – Frequency dependence of the real Rs (a) and the
imaginary Xs (b) parts of the surface impedance Zs = Rs + iXs =
(σ∗d)−1 = σ′/[d(σ′2 + σ′′2)] + iσ′′/[d(σ′2 + σ′′2)] of 10 nm-thick
Mo0.6Re0.4 film on silicon substrate measured at temperatures
above and below Tc; σ∗ = σ′ + iσ′′ is the complex conductivity.
Solid lines are the least-square fits with BCS expressions.40 Inset
in panel b shows Rs and Xs spectra of bulk material calculated
using the formulas Rs = Z0n/(n2 + k2), and Xs = Z0k/(n2 + k2),
where Z0 = 376.7Ω. In normal state |Rs| ≈ |Xs|, as expected in
the low-frequency limit (ν ≪ γ) of the Drude conductivity model;36

at T < Tc both quantities strongly decrease.48 Vertical bar marks
SC energy gap at 4.4K.

sured conductivity values are slightly above the BCS re-
sults, indicating extra below-gap absorption that may be
due to bulk and/or surface defects. The performed fitting
of the spectra allows us to determine temperature depen-
dences of characteristics of the SC condensate – namely,
the plasma frequency νSC

pl , the London penetration depth

λL = 1/(2πνSC
pl ), the normalised superfluid density 1/λ2

L

and the energy gap (figure 5). The temperature depen-
dences of νSC

pl , λL and 1/λ2
L are in agreement with the

expressions of two-fluid superconductivity model:47

νSC
pl (T ) = νSC

pl (0)

√
1− (T/Tc)

4
, (2)

λL(T ) =
λL(0)√

1− (T/Tc)
4
, (3)

The temperature dependences of the gap energy values for
the MoRe films of different thicknesses are well described
by the BCS-like empirical expression49
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2∆(T ) ≃ 2∆(0) tanh

{
1.82

[
1.081

(
Tc

T
− 1

)]0.51}
. (4)

In the above expressions (2)–(4) νSC
pl (0), λL(0), and 2∆(0)

represent zero-temperature values of the corresponding
quantities. The doubled SC gap values obtained for all
films are below 3 meV, so that the corresponding gap fre-
quencies 2∆(0)/hc < 24 cm−1 are smaller than the esti-
mated scattering rate γ ≈ 120 cm−1. This means that we
deal with the dirty-limit superconductivity for all tested
MoRe films.

Earlier, it was shown9 that the superfluid density in
Mo0.6Re0.4 polycrystalline samples cannot be explained
within the framework of a single-band approach, since
they show clear deviation from single-band behavior at
low temperatures 2-6K. Those data were described con-
sidering a two-band approach with the energy gaps 2∆1 =
3.9meV and 2∆2 = 1meV. The gap value 2∆(0) =2.9meV
obtained in our experiment for the thickest (100 nm) film
falls between 2∆1 and 2∆2.

Thickness dependence of THz characteristics of
Mo0.6Re0.4 films in superconducting state. Figure 6
presents the dependences of the penetration depth λL(0),
the critical temperature Tc and the SC gap energy 2∆(0)
on the thickness d of the MoRe films. The reduction

of the film thickness leads to an increase of the pene-
tration depth and the decrease in both the critical tem-
perature and zero-temperature energy gap. The ratio
2∆(0)/kBTc = 3.8 ± 0.2 is slightly higher than the stan-
dard BCS value 3.52 for weak-coupling regime, and this
indicates moderately strong electron-phonon coupling in
the MoRe films (kB is the Boltzmann constant). By fit-
ting the experimental dependence of λL(0) on d using the
expression50

λL(d) = 0.62λ0

√
ξ0
l(d)

, (5)

which is valid in the dirty limit, we are able to esti-
mate the bulk BCS coherence length ξ0 = 26nm; λ0

corresponds to the bulk penetration depth. The result
of the fitting is shown in figure 6a by solid line. Tak-
ing 2∆(0) = 3 meV as typical energy gap for bulk ma-
terial (according to figure 6c) and the Fermi velocity14

vF = 2.34 · 107 cm/s and using well-known expression50

ξ0 = ℏvF /(π∆), we get the value of the BCS coherence
length ξ0 ≈ 33 nm that is close to the above estimate
ξ0 = 26nm. It makes possible to estimate the Ginsburg-
Landau parameter κ = λL/ξ ∼ 10, indicating type-II
superconductivity in MoRe films. Using the dirty-limit
expression50

ξ(d) = 0.855
√

ξ0l(d), (6)

we can evaluate the dependence of the coherence length
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ξ on film thickness. The result is shown in the inset of
figure 6a together with the thickness dependence of the
mean free path l. For all films, we have ξ(d) > l(d), what
again confirms the dirty-limit SC. Smallness of the coher-
ence length ξ and the mean free path ℓ with respect to
both the penetration depth in normal state δ = (2πkν)−1

and in SC state λL (see insets in figures 2c, S1c, and 5b)
means that the local approach holds in the normal and
SC states of the studied Mo0.6Re0.4 films.

Let us consider the suppression of superconductiv-
ity in thin films that is accompanied by a reduction of
both the critical temperature and the energy gap. Since
Mo0.6Re0.4 films are binary alloy, such suppression could
be due to disorder. Maekawa and Fukuyama51 were the
first to analyze the suppression caused by Cooper pairs lo-
calization in disordered thin films leading to an enhanced
Coulomb repulsion and suppressed electronic density of
states. They obtained the following expression

ln

(
Tc

T bulk
c

)
=

− 1

2

(g1 − 3g′)N(0)e2R□

2π2ℏ

[
ln

(
5.5

ξ0
l

T bulk
c

Tc

)]2
− 1

3

(g1 + g′)N(0)e2R□

2π2ℏ

[
ln

(
5.5

ξ0
l

T bulk
c

Tc

)]3
,

(7)

where g′ < 0 stands for the attractive interaction re-
sponsible for Cooper pair formation, g1 > 0 character-
izes Coulomb repulsion, N(0) is the electronic density of
states at the Fermi level per spin, R□ is the sheet resis-
tance, and T bulk

c is the critical temperature of bulk sam-
ple. The expression (7) with the parameters g′ = −0.2
and g1 = 7 describes the experimental Tc(d) data quite
well (dashed line in figure 6b), but the value g1 = 7 seems
to be too large as compared with g1 ∼ 1, considered in
Maekawa and Fukuyama’s paper.

Alternatively, we can use the theory of Finkel’shtein52

based on the renormalization group approach and leading
to the following expression

Tc

T bulk
c

= e−1/γ

[
1 +

√
t/2/(γ − t/4)

1−
√
t/2/(γ − t/4)

]1/
√
2t

, (8)

where t = e2R□/(2π
2ℏ), γ = 1/ log (T bulk

c τ), and τ is
the transit time. Taking the Fermi velocity vF = 2.34 ×
107 cm/s14 and thickness-dependent mean free path (see
inset of figure 6a), we conclude that the expression (8)
cannot reproduce our experimental data (see red line in
the inset of figure 6b), since we should consider unrea-
sonably short bulk mean free path, l0 = 0.56 Å (see blue
line in the inset of figure 6b).

Following the paper of Simonin53 we consider a sur-
face contribution� to the Ginzburg-Landau free energy

�The author adds the term proportional to an integral
∫
S ψ

2ds
over the surface of a superconductor into the free-energy functional,
where ψ is the normalized order parameter. This leads to the mod-
ification of the boundary conditions and results in the suppression
of Tc.

0 2 0 4 0 6 0 8 0 1 0 02 . 0

2 . 4

2 . 8

6

7

8

9

0 2 0 4 0 6 0 8 0 1 0 0

3 0 0

4 0 0

5 0 0

0 2 0 4 0 6 0 8 0 1 0 00
5

1 0
1 5

0 5 0 1 0 0 1 5 0 2 0 00 . 7
0 . 8
0 . 9
1 . 0

2�
 (0

) (m
eV

)

d   ( n m )

c
2 � � ( 0 ) S

3 . 2

3 . 6

4 . 0

4 . 4

4 . 8

2�
�(0

) / 
k BT

c

2 �  ( 0 )  /  k B T c

T c 
(K)

b M F

S

d  ( n m )

� L
(0)

 (n
m)

a
d  ( n m )

l  ( n m )
�  ( n m )

T c 
/ T

 bu
lk

c

R s  ( Ω )

F

F
M F

Figure 6. a, b, c – Thickness dependence of the zero-temperature
London penetration depth λL(0) (a), the critical temperature (b),
the superconducting energy gap 2∆(0) and the ratio 2∆(0)/kBTc
(c) for Mo0.6Re0.4 films. Solid line in panel a is the least-square
fit according to Eq. (5). In panel b the dashed line (labelled MF)
is a result of calculation according to the expression (7) taken from
Maekawa and Fukuyama’s paper,51 and solid line (labelled S) cor-
responds to the least-square fit with the expression (9) taken from
Simonin’s paper.53 In panel c the solid line (S) shows a fit with
2∆(d) ∼ (1 − const/d), see Eq. (9). Inset in panel a: thickness-
dependent coherence length and electron mean free path. Inset
in panel b: dots – the dependence of the critical temperature of
Mo0.6Re0.4 films on their surface resistance; dashed line (MF) –
least-square fit with expression (7); blue line (labelled F) – fit ac-
cording to the expression (8) taken from Finkel’shtein’s paper52

(vF = 2.34 · 107 cm/s and l0 = 0.56 Å); red line (F) – calculation
using the expression (8) with the same parameters as before, but
with the thickness-dependent mean free path, see inset in panel a.

functional that leads to decrease in the density of states
near the surface. This effect becomes significant in thin
films where the surface-to-volume ratio is dominant. The
theory of Simonin predicts the following dependence

Tc(d) = T bulk
c

(
1− dc

d

)
, (9)

where dc = 2a/N(0)V is the critical thickness, corre-
sponding to Tc = 0, a is the Thomas-Fermi screening
length that is of the order of lattice parameter, V is the
interaction potential, and N(0)V is the bulk interaction
potential. The expression (9) describes well the exper-
imental data with the ratio 2a/N(0)V = 1.2 nm (solid
line in figure 6b). Taking a ≈ 0.3 nm for Mo0.6Re0.4, we
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obtain a quite reasonable value for the interaction poten-
tial N(0)V ≈ 0.5. This allows us to conclude that the
reduction of the order parameter near the surfaces of SC
films can be considered as a more appropriate mechanism
of suppression of superconductivity in the studied films.
We note that similar results have been obtained for pure
molybdenum films.54

According to figure 6c, the ratio 2∆/kBTc = 3.8± 0.2
seems to be thickness-independent, suggesting that the
critical temperature depends on the film thickness in the
same way as the energy gap. This is demonstrated by
a fit of the experimental dependence 2∆(d) with an ex-
pression 2∆(d) ∼ (1− const/d) that is similar to Eq. (9).
We thus suggest that the suppression of both the critical
temperature and the SC energy gap are governed by the
same mechanism – the alteration of the boundary con-
ditions caused by the surface term introduced in the GL
functional, resulting in change of the interaction potential
N(0)V .

Conclusion

The first systematic studies of terahertz electrodynamic
properties of Mo0.6Re0.4 films of thicknesses ranging from
10 to 100 nm and corresponding critical temperatures from
6.5 to 9.5 K are performed at frequencies 0.15− 2.4THz
and in the temperature interval T = 5 − 300K. The
spectra of conductivity and permittivity are described
within the BCS single-band approach. The obtained ratio
2∆(0)/kBTc = 3.8 ± 0.2 slightly exceeds the BCS value
3.52, demonstrating moderately strong electron-phonon
coupling. The temperature dependencies of the supercon-
ducting energy gap, the penetration depth, the supercon-
ducting condensate plasma frequency and the normalized
superfluid density are reproduced within the two-fluid su-
perconductivity model. A strong decrease in the critical
temperature and the energy gap in thin MoRe films is
associated with the suppression of the mean supercon-
ducting order parameter due to a decrease in the local
electronic density of states in MoRe films near their sur-
faces. Although our thinnest films have slightly smaller
values of the critical temperature than those obtained
earlier,28 the values Tc(d) are still higher than the criti-
cal temperatures of the alloys30 MoSi, MoGe, WSi, NbSi,
mentioned in the Introduction section. This makes MoRe
alloy a perspective material for the design of elements and
devices of advanced electronics and optoelectronics, for
example, single-photon detectors, high-Q resonators for
frequency locking systems (see figure S3), etc.
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