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We develop a nonlinear theory of the electronic transport in superconductors in the framework of the
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. time-dependent Ginzburg-Landau (TDGL) equation. We utilize self-consistent Gaussian approximation
Published online: 20 September 2018 and reveal the conditions under which the current-voltage V(/) dependence (I-V characteristics)

: acquires an S-shape form leading to switching instabilities. We demonstrate that in two-dimensions the
emergence of such an instability is a hallmark of the Berezinskii-Kosterlitz-Thouless (BKT) transition
that we have detected by transport measurements of titanium nitride (TiN) films. Our theoretical
findings compare favorably with our experimental results.

A panoply of nonlinear and instability effects in electronic transport in superconductors includes instabilities
stemming from overheating and vortex contraction effects and switching instabilities triggered by vortex
depinning-like instabilities'. The signatures of these instabilities are the related S-shaped I(V) dependences. The
common view assign the emergence of S-like I(V) curves to the classical overheating of an electron gas by the
external field' . If a bottleneck of the relaxation process is the energy transfer from electronic system to the ther-
mal bath, the effective temperature of electrons T, becomes higher than the temperature of phonons T,,. A steep
temperature dependence of the resistance R(T) is viewed as a signal that the system in question has a tendency
towards an instability> In particular, thermal instabilities are likely to develop near the superconducting transi-
tion temperature T.. The reason is the sharp R(T) dependence in the critical vicinity of T, primarily due to diver-
gent Aslamazov-Larkin contribution ~1/1In(T/T,). The applicability of the above model to superconducting films
was examined in work® and it was revealed, in particular, that the power-balance equation®* correctly describes
the behavior of the I-V curves of thin superconducting films at 7> T.. At these temperatures, however, bistability
is absent in films and develops only at T < T..

At the same time, the early classical works by Gorkov® and Masker, Marcelja and Parks’ suggested the exist-
ence of the intrinsic I-V, purely superconducting instabilities caused by the superconducting (SC) fluctuations
rather than the overheating effects. In one dimension the analysis presented by Tucker and Halperin® utilized
the dynamical Hartree - Fock approximation and indicated the possibility for instability. Similar instability
was found in°® for 1D TDGL. Experiments on quasi-1D and 2D superconducting systems revealed instability
effects!®-13, where voltage jumps were found in the current driven settings!*-'”. Moreover, experiments on systems
with Cooper pair chanel revealed that while the high-resistive branches of the I(V) curves may fairly well fit the
overheating behavior, the latter fails to describe the low-resistance branches'®. This calls for a thorough under-
standing of the role of the intrinsic SC fluctuations-induced instabilities not related to overheating effects and the
associated with them emergence of hot spots and/or moving heating domains. Our paper takes up on the task
and expands the self-consistent approach following refs'*-? that provides a quantitative description of transport
instabilities in superconductors.

Thermal Fluctuations and Electric Field in TDGL Equation
The model. The GL free energy has a standard form?*
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with ¥ being the order parameter, D being the dimension of the system and A being either the cross section
for the wire (for the 1D case) or the thickness of the film. In the GL potential term, T, is the mean-field crit-
ical temperature. The GL coefficients define as usual the superconducting coherence length & =h%(2m"aT,)
and the London penetration depth A\*=bc*m”/(16me*aT,y). The relaxation dynamics of the superconducting
order parameter in the presence of electric field E is described by the gauge-invariant TDGL equation® with the
Langevin white noise:

) ,e*cp] 1 6,
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Here the order parameter relaxation time is given by Fal = ﬁzfy/ (2m*), where the inverse diffusion constant /2,
controls the time scale of the dissipation dynamical processes. The scalar potential for constant homogeneous
electric field applied along the x axis is ¢ = —Ex. The thermal forces, which induce the thermodynamical fluctu-
ations, satisfy the fluctuation-dissipation theorem

(i, T, ) = j—gar — ) — ). 5

The electric current density includes two components, ] =], +J,, where J,, = 0, E is the current density contrib-
uted by the Ohmic normal part and J is fluctuation supercurrent density given by
ie*h
= ——(U*VU — UVU*).
k= o ) @)

Characteristic scales and dimensionless variables. We will be measuring the distances in the units of
the coherence length &, the time in the units of the GL “ relaxation” time?>* 74, =v£%/2. The fluctuation strength
is characterized by the parameter

w = 2m(Te? N AR EP™?), )

where D is dimensionality of the system; A is the thickness for D=2 or the cross-section area for D= 1. The order
parameter is normalized by U2 = (2aT,/b)v* and electric field by E = E; £, where

Eg = 2h/ve*e’. (6)

The TDGL Eq. (2), written in dimensionless units reads,

1, t—1 2, =
[DT—EV]dH——Z v+ ke =C,

(7)
where t=T/T, D, = % + i€ and (= (2aT,)**/b'?, the white noise correlation takes a dimensionless form:
(T, I, 7)) = 2wtb(x — t))o(T — 7). (8)

Finally, the dimensionless current density j, =J/J;, with ¢, = cH,&/2m A% as the unit of the current density, is

3 _i * _ *
) = 2(¢ Vi — Vo). )

Finally, the GL conductivity is

0o = Jor/Egp = €2 4mA%. (10)

The Self - Consistent Approximation Calculation of the I-V Curve
In what follows we will use the Hartree - Fock type self-consistent Gaussian approximation (SCGA)**-2 used
in the past to calculate fluctuation contribution to magnetization®’, Nernst effect®> and conductivity above T,

Dynamical Gaussian approximation. The TDGL in the presence of the Langevin white noise, Eq. (7), is
nonlinear, so cannot generally be solved. Since we will need only the thermal averages of quadratic in 1) quanti-
ties, like the superfluid density and the electric current, a sufficiently simple and accurate approximation (similar
in nature to the Hartree-Fock approximation in the fermionic models) is the gaussian approximation®?%?. The
nonlinear ||y term in the TDGL Eq. (7) is approximated by a linear one 2(|1)|*)7 (there are two possible con-
tractions between 1", ¢ in |11, see discussion of this point in!*-2!):

1o, t—1 2 e
DT—EV +T+2(W1I)¢(r, T) = ((r, 7). (11
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For stationary homogeneous processes considered here, the superfluid density {|1|?) is just a constant. Now
it takes a form,

1, ju
D, — =V* + e(r, 7) = ((r, 7),
D, = 29 + efote 1) = {le, ) )
where the excitations energy gap® is,
1—t 2

€= — + 2 .
L aqiup) )

The solution therefore can be written via the Green’s function,
P, 7) = f dr, f dnG(n, 7 1y, B (1, 7). (14)

Then the superfluid density, using the noise correlator, Eq. (8), can be expressed via the Green’s function as,
(i, m)F) = 20t [dr, [drG (s, 7 1 )G, 7 1, 7). (15)
and is a function of the parameter ¢ which is determined self consistently by Eq. (13).

Green’s function for a homogeneous constant electric field.  To calculate the response of the system,
one needs the Green’s function in the presence of electric field:

1 g r, — r)
Gy 1y, 7) = 0(7)Wexp{—sr - 52;—4 - %T(xl PR .l |

(16)

The invariance with respect to the time translations is already taken into account by setting 7=, — 7,. Using
these expressions, the superfluid density of Eq. (15) takes a form,

wt

o dr
(r, 7—)2 = ex|
(106 DF) = 55 e

3
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17)

The integrand in Eq. (17) is divergent as 1/7 when 7— 0 when D > 1. The cutoft 7, is thus required to account
for the inherent UV divergence of the Ginzburg-Landau theory and it will be addressed below.
Finally the gap equation assumes the form

5——1_t+ wt foo dTﬁxp
5 QP20 ), D

3
—2eT — EZT—].
12 (18)
After (numerical) solution for the energy gap €, we turn to calculation of the supercurrent. While the upper
limit of the integration in Eq. (18) is safe (both terms in exponent are positive), the lower limit (UV) depends on
dimensionality.

In the paper [*°], it was shown that 7, in time dependent Ginzburg Landau and the energy cutoff A in static
Ginzburg Landau theory are related by

hZ
C2mrEPNeE (19)

Teut

where -y is Euler constant and A is the energy cutoff>*. Our calculation show that taking value 7, from 0.1 to
10, the physical quantities is essentially unchanged and is taken as 7,,,= 1 in what follows.

The electric current density. The dimensionless supercurrent density along the electric field direction x,
defined by Eq. (9), expressed via the Green’s functions is

(if) = iwt fdrsz’G*(rl, I, T — T’)QG(rl, r, 7—T7) 4+ cc
* 0x

(20)
Performing the integrals, one obtains,
sy wtE dr 7’
(i) = 2D DP2 fTD/Z—leXp —2e7 - & 0 (1)
Returning to the physical units, the total electric current density reads
2
J. = E{o, + “T%: f dr exp| —2eT — £ T—3
x n 2D,/TD/2T£0 FDR-1" Eg ) 12 > 22)
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Figure 1. The I-V curves of 1D Sn nanowires'° at different temperatures. The points are the experimental data
and the solid lines are the theoretical results.

where E¢; was defined in Eq. (6) and w is the dimensionless fluctuation stress parameter. The gap equation deter-
mining the dimensionless energy gap ¢ in this units is

2
D Sl V) R de expl—2e7 — E |7
2 2D—27TD/21—;0 7_D/z” Eg ) 12 '

(23)

The dynamical instability point. The dynamical instability transition temperature on the phase diagram,
T, see Fig. 1, defined as a maximal tem }perature at vyh1ch the instability appears. Mathematically is determined by
vanishing of the first two derlvatlves, = 0. Differentiating the current, Eq. (22) (via chain rule of

the gap equation), results in:

2 3
o, T, w dr E |71
+ D DI2 fTD/Zfl"Xp 2T = | 2
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Now the dynamical instability transition temperature T" is determined numerically taking into account the
gap Eq. (18).

Comparison with Experiments and Discussion

The results are first applied to a one dimensional superconductors - metallic wires and then for several qualita-
tively different types of 2D superconductors (as explained above, it is very difficult to observe the instability phe-
nomenon in purely 3D materials, although in layered high T, cuprates close to T, the fluctuations become nearly
3D and the phenomenon was observed in magnetic field"’.

I-V curves of 1D Sn nanowires. We start with 1D nanowires. Granular superconducting Pb and S nano-
wires of quite regular cross - section and length have been produced by electro - deposition in nanoporous mem-
branes!?. It is important to note that the series of experiments of ref.! on Pb and Sn nanowires is the only one
(known to us) in which both the current and the voltage drives were employed. This allows a qualitative under-
standing of the important difference between the dynamical behaviour two. We focus on the voltage drive I-V/
curves of Sn.

The I-V curves, measured using the voltage drive at three temperatures, are shown by dotted lines in Fig. 1.
The voltage drive employed clearly demonstrates the non - monotonic character below the onset T, ~ T, =3.8K
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Figure 2. The I-V curves of TiN thin film at different temperatures. (a) The I-V curves shown in double
logarithmic scale. Dotted line corresponds to & =3 in Vo< I* dependence, dashed line corresponds to a=1.
Inset: temperature dependence of v exponent. Arrow marks the BKT transition temperature defined from the
condition a= 3, Tgxr =~ 3.03 K. (b) The I-V curves are shown in the linear scale. Solid lines are the theoretical
curves according to Eqs (22, 23). Arrows mark the direction of the voltage jump: with the current increasing
from zero—jump up; with the current decreasing to zero—jump down. Inset: The temperature dependence of the
fitting parameter w. At T ~ Tp; parameter w reaches the maximum.

slightly above the bulk temperature of Sn (T.=3.72 K). An experiment on the same sample (see Fig. 3b in ref.1°)
demonstrates the voltage jumps over unstable domains of the dynamical phase diagrams. The jumps are more
pronounced in Pb, see Fig. 3a of ref.!. This is consistent with the existence of the dynamical instability and was
observed in numerous experiments (see 2D examples below).

The experimental data are fitted by Eqs (22, 23) for D=1, see solid curves. The normal-state conductivity is
given, 0, =3.6-10* (*m)~!, nanowires are 50 ;im long with 55 nm in diameter. Measured material parameters
are: coherence length® £ =210 nm, penetration depth A =420 nm and the normal conductivity was obtained
from the red doted line in Fig. 1. The values of fitting parameters are: the conductivity ratio k= o¢,/05, =0.08 and
the fluctuation strength parameter w=0.004, the value w estimated from Eq. (5) isw ~ 10" ~.

This experiment has been already attempted to discuss in the framework of TDGL equations neglecting ther-
mal fluctuations in ref.?, but only a qualitative explanation of S-shaped V(I) curves was achieved. Our approach
yields the theoretical curves providing a fair agreement with the experiment and demonstrate that thermal super-
conducting fluctuations play the prime role in forming the instability.

I-V curves of thin quasi-2D TiN films below Tc.  The overheating model' predicts that bistability occurs
in V(I) at T < T.. In experiment on thin films where the superconducting transition occurs in two stages®?, the
bistability develops at T < Tyxy". Thus the naive thermal balance theory does not describe the switching behavior
of a 2D system near Tyipand in what follows we check if the experimental data can be reasonably fit by formulas
of the inherent superconducting instability derived above. Before doing that, however, we present qualitative
consideration indicating that in 2D the instability emerges at T < Tyzr-

Now we turn to the analysis of experimental data. The measurements were taken on the titanium nitride (TiN)
film having the thickness d =7 nm, the sheet resistance in the normal state R = 320Q (0,=4.3-10* (Qcm)™")
and the superconducting critical temperature T, = 3.06 K. The film was formed on the Si/SiO , substrate by the
atomic layer deposition. Temperature dependence of the resistance of this film has been examined in** where it
was shown that the film is quasi-2D in the considered temperature range. The sample was patterned into bridges
50 pum wide and 250 pm long. Transport measurements are carried out using low-frequency ac and dc techniques
in a four-probe configuration. The current drive was applied in a wide temperature range.

We identify the BKT transition to superconducting state from the analysis of V(I) curves (see Fig. 2a) by the
jump in the exponent « in the V ~ I*-dependence, =1 +» a = 3. Upon further cooling down, the bystabilily of
V(I) curves with respect to applied current (see arrows if Fig. 2b) develops and we observe voltage jumps between
the low-resistive and high-resistive states. The I-V dependencies calculated using Eqs (22, 23) for D =2, for dif-
ferent temperature are shown in Fig. 2b as solid curves. The experimental data are fitted best with T,,=3.065K
and k=0.08 which is close to k=o0,/05, = 0.05, where we take o, = 2mc2¢3/D)? (see Eq. 10) and D is the diffu-
sion constant D = 0.7cm?/sec>**; = 8.2 nm; A\;= 0.6 mkm. The fitting parameter is w=4-10"*+8-107* (see inset
in Fig. 2b) which is in agreement with w=5-10~* estimated from Eq. (5). One further sees that in the low voltage
region fitting is expectedly worse since in the nonlinear response regime the superconducting fluctuations are
practically absent. The values of the parameters w and k were determined from fitting of experimental V(I) at
currents I > 1, i.e. in the regions of instability and linear response. The linear resistance at currents I > I, is practi-
cally independent on temperature. Since this linear response is determined by o,, we assume that k does not
depend on temperature as well. The parameter w that characterizes the fluctuation strength (5) demonstrates the
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Figure 3. The I-V curves of FeSeTe thin film'" at different temperatures. The points are the experimental data
and the solid lines are the theoretical fitting results.

maximum around T' ~ Ty, which is natural since fluctuations are expected to enhance around the transition
temperature?. The observed instability gets very quickly suppressed by the magnetic field (see Supplementary).
A simple qualitative picture one can think of is as follows. If the magnetic field suppresses superconductivity, it
should suppress the superconducting fluctuations as well.

Layered materials. Instability in the form of the voltage jumps was observed recently in FeSeTe thin film
on Pb(MgNDb)TiO substrate!l. Only the current drive was used, so that the S-shaped I-V curved cannot be deter-
mined. Only the voltage jumps were observed close to T.. The thickness of FeSeTe thin films is 200 nm. The layer
distance L, = 0.55nm?*. Here, the normal-state conductivity is taken to be o, =1.3-10%(Q*cm) ..

The calculated I-V curves of the 2D FeSeTe thin film with different temperature are shown in Fig. 3 as solid
curves. The experimental data of FeSeTe in a current driving setup from ref.!! are fitted best by the following val-
ues of parameters: T,y=7K, k=0,/05;,=0.07 and the fluctuation strength parameter w=10.01.

As well as in TiN film (Fig. 2b), the theoretical I-V curves for FeSeTe predict a re-entrant behavior for
T < Tyxr ~ 6K (at T < 6K the low-voltage part of the V(I) curve is Voc 1%, where ava 3 at 6 K and increases with
cooling down'!). This re-enrance of V(I) is hard to observe directly in the current driving experimental setup.
Experiments show that the current driven measurements lead to the “jump” in the I-V curves and the voltage
driven measurements lead to the re-entrant S-Shaped I-V curve in the superconducting nanowires at low
temperature’.

Other layered materials. The instability in the ultra-thin granular YBa,Cu;0,_s nanobridges was clearly
observed in a series of works in ref.?>. Unfortunately a 2D or a 3D model cannot quantitatively describe these
I-V curves since the fluctuations in this layered material and the temperature range can be described by a more
complicated Lawrence - Doniach model. The generalization is possible but was not attempted in the present work.

Also, the “jump” I-V curves in a current driven setup was also reported in BSCCO that is clearly 2D.
Unfortunately, I-V curve at the zero magnetic field was measured only at one temperature (76 K for T.=85.2K).

Conclusion

In this paper, I-V curve of a D-dimensional superconductor including the thermal fluctuations effects is calcu-
lated in arbitrary dimension using the dynamical self consistent gaussian approximation method. It is shown
how the thermal fluctuations generate the S-shaped instability of I-V curves. The results are applied to analyse
the transport data on various materials that possess sufficiently strong fluctuations in 1D or 2D. While it is
found that the unstable region can exist also in 3D, the S-Shaped I-V curve in realistic materials show only in 1D
superconductors.

References

1. Gurevich, A. V. & Mints, R. G. Self-heating in normal metals and superconductors. Rev. Mod. Phys. 59, 941 (1987).

2. Volkov, A. F. & Kogan, S. M. Physical phenomena in semiconductors with negative differential conductivity. Sov. Phys. Usp. 11, 881
(1969).

3. Wellstood, F. C., Urbina, C. & Clarke, J. Hot electron limitation to the sensitivity of the dc superconducting quantum interference
device. Appl. Phys. Lett. 54,2599 (1989).

4. Echternach, P. M., Thomas, M. R., Gould, C. M. & Bozler, H. M. Electron-phonon scattering rates in disordered metallic films below
1 K. Phys. Rev. B 46, 10339 (1992).

5. Postolova, S. V., Mironov, A., Yu. & Baturina, T. I. Nonequilibrium transport near the superconducting transition in TiN films. JETP
Lett. 100, 635 (2015).

6. Gor 'kov, L. P. Singularities of the Resistive State with Current in Thin Superconducting Films. Sov. Phys. JETP Letters 11, 32 (1970).

7. Masker, W. E., Marcelja, S. & Parks, R. D. Electrical Conductivity of a Superconductor. Phys. Rev. 188, 745 (1969).

8. Tucker, J. R. & Halperin, B. I. Onset of Superconductivity in One-Dimensional Systems. Phys. Rev. B 3, 3768 (1971).

SCIENTIFICREPORTS| (2018) 8:14104 | DOI:10.1038/s41598-018-32302-8 6



www.nature.com/scientificreports/

9. Vodolazov, D. Y., Peeters, F. M., Piraux, L., MatefiTempfli, S. & Michotte, S. Current-Voltage Characteristics of Quasi-One-

Dimensional Superconductors: An S-Shaped Curve in the Constant Voltage Regime. Phys. Rev. Lett. 91, 157001 (2003).

10. Michotte, S., Matefi-Tempfli, S. & Piraux, L. Current-voltage characteristics of Pb and Sn granular superconducting nanowires. Appl.
Phys. Lett. 82, 4119 (2003).

11. Lin, Z. et al. Quasi-two-dimensional superconductivity in FeSe, ;Te, ; thin films and electric-field modulation of superconducting
transition. Sci. Rep. 5, 14133 (2015).

12. Xing, Y. et al. Quantum Griffiths singularity of superconductor-metal transition in Ga thin films. Science 350, 542 (2015).

13. Xing, Y. et al. Superconductivity and Quantum Phase Transition in Macro-Size Monolayer NbSe2 arXiv:1707.05473 (2017).

14. Xiao, Z. L. et al. Flux-flow instability and its anisotropy in Bi,Sr,CaCu,Oy. s superconducting films. Phys. Rev. B 59, 1481 (1999).

15. Grimaldi, G., Leo, A., Nigro, A., Pace, S. & Huebener, R. P. Dynamic ordering and instability of the vortex lattice in Nb films
exhibiting moderately strong pinning. Phys. Rev. B 80, 144521 (2009).

16. Doettinger, S. G. et al. Electronic Instability at High Flux-Flow Velocities in High-Tc Superconducting Films. Phys. Rev. Lett. 73,
1691 (1994).

17. Samoilov, A. V., Konczykowski, M., Yeh, N. C,, Berry, S. & Tsuei, C. C. Electric-Field-Induced Electronic Instability in Amorphous
Mo,Si Superconducting Films. Phys. Rev. Lett. 75, 4118 (1995).

18. Ovadia, M., Sacepe, B. & Shahar, D. Electron-Phonon Decoupling in Disordered Insulators. Phys. Rev. Lett. 102, 176802 (2009).

19. Kovner, A. & Rosenstein, B. Covariant Gaussian approximation. I. Formalism. Phys. Rev. D 39, 2332 (1989).

20. Kovner, A. & Rosenstein, B. Covariant Gaussian approximation. IL. Scalar theories Phys. Rev. D 40, 504 (1989).

21. Wang, J. E, Li, D. P, Kao, H. C. & Rosenstein, B. Covariant gaussian approximation in Ginzburg-Landau model. Ann. Phys. 380, 228
(2017).

22. Abrikosov, A. A. In Fundamentals of the Theory of Metals North Holland, Amsterdam (1988).

23. Rosenstein, B. & Li, D. Ginzburg-Landau theory of type II superconductors in magnetic field. Rev. Mod. Phys. 82, 109 (2010).

24. Larkin, A., Varlamov, A. In Theory of Fluctuations in Superconductors, Clarendon Press, Oxford and references therein (2005).

25. Tinh, B. D, Li, D. & Rosenstein, B. Electrical conductivity beyond a linear response in layered superconductors under a magnetic
field. Phys. Rev. B 81, 224521 (2010).

26. Ullah, S. & Dorsey, A. T. Effect of fluctuations on the transport properties of type-II superconductors in a magnetic field. Phys. Rev.
B 44, 262 (1991).

27. Schmid, A. Diamagnetic Susceptibility at the Transition to the Superconducting State. Phys. Rev. 180, 527 (1969).

28. Tinh, B. D. & Rosenstein, B. Theory of Nernst effect in high-Tc superconductors. Phys. Rev. B 79, 024518 (2009).

29. Jiang, X., Li, D. & Rosenstein, B. Strong thermal fluctuations in cuprate superconductors in magnetic fields above Tc. Phys. Rev. B 89,
064507 (2014).

30. Chen, Y.]. et al. Superconducting fluctuations and the Nernst effect in high-Tc superconductors. Supercond. Sci. Technol. 26, 105029
(2013).

31. Douglass, D. H. Jr. & Blumberg, R. H. Precise Critical-Field Measurements of Superconducting Sn Films in the London Limit. Phys.
Rev. 127, 2038 (1962).

32. Baturina, T. L et al. Superconducting phase transitions in ultrathin TiN films. Euro Phys. Lett. 97, 17012 (2012).

33. Postolova, S. V. et al. Reentrant Resistive Behavior and Dimensional Crossover in Disordered Superconducting TiN Films. Scientific
Reports 7,1718 (2017).

34. Hsu, E-C. et al. Superconductivity in the PbO-type structure a-FeSe. Proc. Natl. Acad. Sci. USA 105, 14262 (2008).

35. Bar, E., Levi, D., Koren, G., Shaulov, A. & Yeshurun, Y. Transport properties of ultra-thin granular Yba,Cu;0,_; nanobridges. Physica
€506, 160 (2014).

Acknowledgements

L.Q, D.L. and B.R. are grateful to Professor Jian Wang, Professor Guang-Ming Zhang and Dr. Ying Xing for
valuable discussions. S.V.P. and A.Yu.M. are grateful to Dr. Tatyana I. Baturina for initiating the experimental work
on TiN films. B.R. is grateful to School of Physics of Peking University and Bar Ilan Center for Superconductivity
for hospitality. B.R. was supported by NSC of R.O.C. Grants No. 103-2112-M-009-014-MY 3. The work of D.L.
also is supported by National Natural Science Foundation of China (No. 11674007). The work of V.M.V. was
supported by the U.S. Department of Energy, Office of Science, Basic Energy Science, Materials Sciences and
Engineering Division. The work of A.Yu.M. was supported by RFBR, grant No. 16-02-00803-a. The work of S.V.P.
on the analysis of the experimental data was supported by Russian Science Foundation under Grant No. 15-12-
10020.

Author Contributions
L.Q., D.L. and B.R. developed the theory. A.Yu.M., S.V.P. performed the experiments on TiN films. V.M.V,
A.Yu.M. and S.V.P. analyzed the data on TiN films. All authors wrote the manuscript and discussed the results.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32302-8.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14104 | DOI:10.1038/s41598-018-32302-8 7


http://dx.doi.org/10.1038/s41598-018-32302-8
http://creativecommons.org/licenses/by/4.0/

	Dynamical instability of the electric transport in superconductors

	Thermal Fluctuations and Electric Field in TDGL Equation

	The model. 
	Characteristic scales and dimensionless variables. 

	The Self - Consistent Approximation Calculation of the I-V Curve

	Dynamical Gaussian approximation. 
	Green’s function for a homogeneous constant electric field. 
	The electric current density. 
	The dynamical instability point. 

	Comparison with Experiments and Discussion

	I-V curves of 1D Sn nanowires. 
	I-V curves of thin quasi-2D TiN films below Tc. 
	Layered materials. 
	Other layered materials. 

	Conclusion

	Acknowledgements

	Figure 1 The I-V curves of 1D Sn nanowires10 at different temperatures.
	Figure 2 The I-V curves of TiN thin film at different temperatures.
	Figure 3 The I-V curves of FeSeTe thin film11 at different temperatures.




