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S1 - Fabrication and device parameters

We found it difficult to exfoliate large area, few layer 2H-NbSe2 flakes and especially difficult to
pick-up flakes for the purpose of fabricating more complicated stacks. To achieve a higher yield of few
layer flakes, we typically use an O, plasma cleaning process, which increases the NbSe2 adhesion to the
Si02 substrate. However, the O2 plasma cleaning process makes it nearly impossible to pick-up flakes from
the substrate.
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Figure S1 — Exfoliation and stacking of NbSe: and stacking a NbSe;. First row shows the two-step exfoliation
we use to exfoliate NbSe, that can be picked up. The second row illustrates the standard dry transfer technique we
use with the first layer being a via contact, hBN with embedded contacts, to both preserve and make electrical
contacts.

To prepare complicated stacks that include NbSe; or to fully encapsulate NbSe, with hBN, we use
a two-step exfoliation method which allows us to pick up NbSe,. We note that the yield in the two-step
exfoliation is lower than using single-step with O2 plasma, making it time consuming to find large uniform
crystals that are below three layers. Figure S1 summarizes the procedure for making a fully encapsulated
NbSe; device. First, we mechanically exfoliate NbSe, on ‘blue tape’ (Semiconductor Equipment Corp.,



Blue Low Tack Roll 18733) which is less sticky than the conventional tapes used to exfoliate graphene on
hBN. Then, we place the tape with exfoliated NbSe, on a piece of homemade PDMS
(polydimethylsiloxane) stamp which was baked for several days to a week to reduce the adhesive properties.
Last, we place the PDMS stamp on a Si/SiO; chip, and remove it slowly. At this point we optically search
for NbSe; flakes on the Si/SiO2 chips and prepare the stack using the via contact technique' and the dry
transfer technique®. All steps are done in side of a Nitrogen atmosphere glovebox with <0.5ppm O,. To
make the stack we first pick up the via contact (hBN embedded with metallic contacts) using PPC. We then
pick up the NbSe; flake and transfer on a second hBN. We start placing the stack down at 90C to minimize
bubbles in the stack, and pick the slide up at 120C.

We fabricated and measured both single encapsulated and fully encapsulated devices. The
superconducting transitions, H.q, H.,, T¢1, T, (low and high transitions are taken here as 0.1 and 0.9 of the
normal resistance respectively) are used to compare different samples. The variance in the transitions is
similar for single and fully encapsulated samples. As a result, we cannot declare at this stage if full
encapsulation is important for measuring pristine 2H-NbSe, superconducting properties. In figure S2 we
present a summary of the Ginzburg Landau coherence length for all measured devices (estimated from the

oz (1- Tl)) which we
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find to quantify well the quality of the samples, & ”GL, vs T, for both single and fully encapsulated devices.

linear temperature dependence of the critical magnetic field near B=0, H.,(T) =

The overall insensitivity may be due to the relatively high electron density, ~10° - cm~2, per layer.
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Figure S2 — Comparison of single and fully encapsulated devices. The Ginzburg-Landau coherence length in-
plane is shown as a function of T,, for all measured devices.

The table below summarizes the parameters for the three main devices shown in the paper. Each
device had multiple contacts that showed similar results. For information on other measured devices see
S5.

Device Layer # R[Q] Tc [K] H, [T] &y [nm] l [nm]
002 1 106 3.5 1.57 14.4 33

003 2 72 5 3 10.4 24

024 4 28 6.2 53 7.8 31.1




We estimate the coherence length from the perpendicular critical magnetic at the limit T = 0,
@
H (T =0) =—=2
c2( ) 21r( 6”)2
clean limit, & < .

. The numbers are summarized in the table above showing that our samples are in the

S2 — Heating discussion

Joule heating of micron size 2D superconductors can happen due to finite resistance at finite
temperature of the SC or due to finite contact resistance at the interface between the embedded gold
electrodes and NbSe,. The measured 4-probe sheet resistance of few layered NbSe2 is Rg~17 — 1100
depending on layer number and the contact resistances are of the order of 100’s of ohms.
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Figure S3 — Heat balance equation and heating at jumps. a. Solution of the heat balance equation for § = 6 and
U = 24K for varying p = R,I?/A. For low p Tgy~Tpp, Tor all temperatures, as p is increased a ‘hump’ is observed
around a finite T, which turns into an instability with two stable solutions. At low T, the two stable solution are
Ter = Tpp and Tep = Tsgeuration > Tpn, Showing that a heat balance equation can create saturation in the sample for
high enough power. One feature we do not observe in experiment is the jump as a function of p of T, to T}, b. Line
traces of Rp versus I at low magnetic field at T = 250mK. Jumps are observed at a finite current. ¢. Summary of

the power, P = Ry - I3, at the jump point for different magnetic fields. The blue and red dots correspond to the two
sides of the observed hysteresis, see S8. Data in panels b and ¢ are from the quadrilayer device.

To calculate the heating of the SC a heat balance equations is needed?,
— B B
p=4-(1h-1h).
where P = R(T) - I? is the power coming in, R(T) = R, - exp (— kLT) is the resistance of the SC, U is the
B

activation energy, I is the sourced current, A4 is a conversion factor, T,; will be the temperature of the SC,
Ty will be the temperature of the main source for thermal equilibration and f is the exponent. This
formalism will give saturation at low temperature for a finite power. The fits to our data sets work for U <
10K which are measured only close to H.,. Another feature of the heat-balance equation which isn’t
observed in the measured data is a jump in T; as the power gets to a critical value, see figure S3a at Ty, —
0.

To check if the jumps observed for the 4-layer device are due to trivial heating we plot the power
at the jump point for several magnetic fields, figure S3b-c. In panel b we show the resistance in logl0 at
high currents. In panel b we show the inferred power at the jumps. The power is evidently not constant at
these points suggesting that a simple heating picture is not enough.



In the case of heating from the contact resistance, assuming again that thermalization happens
through the contacts, we would anticipate that the sample would heat uniformly, a fact that we do not
observe in the non-local measurement shown in the manuscript in figure 5. Another experimental evidence
is that we do not see a change in the normal state resistance which is temperature dependent at higher
temperatures above T.

Summarizing, although heating may be the main source for the observed effect, the non-equilibrium
phase diagram exhibits a wealth of physics which goes beyond a heat-balance equation. We have further
results that are out of the scope of this paper and will be published independently that show a physical effect
that cannot at this point be connected to heating. As our TDGL simulations, see main text and S3-4, exhibit
most of the measured features we work under the assumption that vortex physics is the correct picture,
albeit heating may still play a role at higher current, but not the dominant one.

S3 — Non-linearity at base temperature
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Figure S4 — Non-linear V-I characteristics at base temperature. a,b. Differential resistance measurements vs
DC current for the monolayer 002 and quadrilayer 024 devices correspondingly, showing non-linear
characteristics for our AC excitation and smallest DC current. In (a) the non-linearity is shown as a function of
magnetic field. In (b) the non-linearity is shown for two longitudinal voltage probes at 3.6T, just above the onset
of resistance with magnetic field above the noise-floor. The dashed lines are fits to a quadratic dependence on
DC current.



S4 — Activated behavior at equilibrium
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Figure S5 — Activated behavior sensitive to magnetic field. a. Temperature dependence of the resistance
measured at equilibrium with a small AC current for different magnetic fields for the quadrilayer device. A linear
slope is seen for all traces in logR verus 1/T indicating activated behavior. b. Summary of the fitted activation
energies versus magnetic field in log-scale. A cross-over is observed around 50mT to a logarithmic dependence
as expected from the long-range vortex interactions in 2D. Errorbars denote SE.

S5 — Summary of critical currents

Figure S6a summarizes the critical current densities, /¢ /o = % (W the flake width), dependence

on layer number for all measured devices in log-scale at B = 0. Overall an exponential dependence is
observed for the lower critical current density and a weaker dependence for the upper critical current

density. Both critical currents converge at four layers. Theoretically J, can be due to the cooper pair
nee

= (n, 1s the superfluid electron density, A the SC gap, m the mass of the

breaking current density, JP? =
mvg

carriers and vy the Fermi velocity), or due to the Ginzburg-Landau thin-film critical current density, J¢L =

HCZ
6VemKd’
the order of /¢~ which we associate to J,. Figure S6b shows ], at B = 0 as a function of H,, with a linear
fit to /L giving 1~280 — 310nm (for £(* = 8 — 10nm) on the order of Ay, = 250nm.

At B = 0 ], is roughly ~10*°A/m? two order of magnitude lower than an estimate of JP? but of

At sufficiently large magnetic fields, a substantial number of vortices exist in the SC sample, which
can be pinned either collectively or by disorder. We can attempt to understand dissipation at these fields in
terms of the motion of these vortices. In this picture, the lower critical current density, J., is indicative of
the minimal Lorenz force needed to free pinned vortices. At intermediate magnetic fields we observe that
J. <J, for all sample thicknesses studied here, as expected for a type-II SC with weak vortex pinning*>.
Two possible limits exist for the depinning force, depending on whether it is single vortices or a collectively
pinned vortex bundle that is being depinned**. We can convert J,. to these two limiting forces. In the limit
of single vortex depinning, the critical force acting on a single vortex is Fg;; = J.¢,t, while in the collective

limit, the force acting on all vortices collectively is Fyy = Ny « Fgy (N = Z—A is the number of vortices in
0
the sample, A = LW is sample area and L is the sample length). The two conversions from Jc to force are

shown in figure S6¢ as dashed and full lines respectively. The blue, red and black traces represent the data
for the monolayer, bilayer and quadlayer device respectively. The correct depinning force will depend on



the size of the vortex bundle which should increase at larger magnetic fields* and reside between the two
limits, see illustrations in the figure. Measurement on other samples of corresponding layer number show
similar force magnitudes, though the critical magnetic field varies between samples which shifts the
position of the curves. We find an exponential increase of the vortex depinning force with increasing layer
number. We postulate that the increase is due to enhancement of SC with layer number due to the tunnel
coupling between layers or due to correlated pinning between layers as observed by the increase in T,,, the
SC gap or the superfluid stiffness with layer number.
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Figure S6 — Behavior of the critical currents in the few layer limit. a. Summary of the critical current densities

for various devices plotted versus layer. b. Dependence of J, at B =0 on H_,. A linear fit to J, = 6\/%;2" ry

shown. ¢. Conversion of I, to the force acting on the vortices in the two limits where the force acts on a single
vortex, dash lines, and on all vortices in the sample, full line. The conversion formulas are noted and illustrations
for the vortex bundle state which will get depinned at the lowest current. Note that the upper x-axis denote the
mean distance between vortices in a triangular lattice, a, = }% . %, which is longer for smaller B and shorter
for larger B.

S6 — TDGL simulations — No pinning

We use deterministic TDGL equations®® to describe the dynamics of the 2D superconductor in the
presence of both a magnetic field as well as a sourced current. The key quantities to monitor are the complex
superconducting order parameter |Ale!?, the charge density p as well as the current density j. The
electromagnetic fields are represented by the vector potential /T(t) and scalar potential ©(t). We choose

units by 7 = ¢ = e = 1 which means that the superconducting flux quantum &, = ;‘—: =7

The equations to solve are
1 ) 1 ) . Y
5 (@ +2i¥)A = ﬁA[r — BIAIZ] + [V — 2iA(t)] A
¥Y—-0

p= AT A%

j = o(~V¥ = 3,A(®)) + = Re [A* G -24) A]



Here D is the normal state diffusion constant, W is the electrochemical potential per electron charge, ¢ =
/6D is related to the superconducting coherence length &, = E/\/%, where ¢ is the spin-flip scattering

time, A7 is the Thomas-Fermi static charge screening length and £ is a system dependent constant that sets
the magnitude of the order parameter. For definiteness we measure lengths in units of & and time in units

2
of % (which we write simply as D=1 since £ is our unit of length) and choose parameters g = 1, ¢ = 0.1,
2
7D =% and % = 0.1. We chose those units for definiteness, but verified that none of the general
conclusions is lacking. To close this set of equations we supplement them with the continuity equation

and the Poisson equation for the scalar potential
V20 = —4mp

Using a finite elements approach we solve the coupled partial differential equations with periodic
boundary conditions in the y-direction while being open in the x-direction (choosing first derivatives to
vanish at that boundary as a boundary condition). We discretized time in steps of DAt = 0.0001, but
verified numerically that the results obtained are converged upon decreasing this numerical parameter
further. For finite sourced current we choose the boundary conditions of the current density such that the
one end of the open boundary acts as a particle source while the other acts as a drain j,(x = 0,y,t) =
Je(x =L,y t) = j,with L the size of the system. The initial conditions for all other variables but the order
parameter A are chosen to be zero at t = 0, while for A(x, y,t = 0) we choose initial values drawn from a
random uniform distribution in the interval [0,0.001]. For given external magnetic field B and zero external
electric field we determine A from V X A = B assuming Coulomb gauge.

We concentrate on a geometry which has open boundaries along the x direction and periodic
boundary conditions along the y direction. The system we consider is thus a torus. However, when vortices
move in a slap geometry with open boundaries vortices are destroyed at the one end and created at the other
giving similar physics.

S7 — Simulating B-T phase diagram at equilibrium with no pinning

We find that TDGL simulation of the B-T phase diagram, figure S7b (see also S5), with no pinning
and no thermal fluctuations qualitatively reproduces the transition from the normal state to the activated
region seen in the experiment, figure 1d and S7a. Due to the absence of pinning and thermal fluctuations in
the TDGL simulation, the activated behavior is not captured well in this model. However, the dependence
of the critical field on temperature is captured well. One of the findings of the TDGL simulation, see
supplemental movies M1-M3, is that for samples of the sizes typically achieved in exfoliated monolayers,
edge effects are of importance, and the details of the sample geometry play a significant role in the shape
of the critical field line as a function of temperature.
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Figure S7 — Comparison of TDGL simulation with no pinning to experiment. a. Experimental phase diagram
for the quadrilayer device as shown in the manuscript, figure 1. b. TDGL B-T phase diagram.

S8 - Simulating TDGL including disorder

To include disorder we generalize the above equations, S6, by replacing r — r(x,y). We rewrite
r(x,y) = rof (x,y) with ry setting the superfluid stiffness without disorder and f(x,y) describing the
disorder effects. As f(x,y) we choose

N o .
f(x,y):1—25i,exp(_(x (le) W (2}’1) )'
i=1

where N describes the total number of de}ects, (x;,v;) denotes the position of the i-th defect and §; is the
i-th defect’s strength. We draw x; and y; from a uniform distribution (0, L] as well as §; from (0, 8,451

S9 — Hysteresis at low B

Hysteresis in measured resistance is observed with current sweeps at low fields. Figure S8 shows
on the right the full measured diagram with a dark line showing the 0.01 - Ry, and 0.99 - Ry resistance
contours. The finite magnetic regime above ~350mT show no hysteresis. The two left contours show
zoom-ins on lower and lower magnetic field regimes at higher absolute currents. This lower regime exhibits
a jump in the resistance which is hysteretic. This is observed by the differences in the positive and negative
direct currents scans and by the black line shown in the upper middle panel representing the position where
the jump occurs in the lower middle panel.
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Figure S8 — Hysteresis of resistance jumps. Resistance, Ry = Vp/Ipc, colormap in log-scale. The right panel
shows the full measurement done by sweeping positive to negative currents. The data around zero current is
removed due to artifacts of division by zero.

S10 — Temperature dependence at non-equilibrium

The non-equilibrium, finite DC current, behavior is shown in figure S9a-c for three magnetic fields
representative of the different observed physical regimes. The blue to green traces show Rp-(1/T) for the
same current range on all plots. At 10mT the activated behavior only weakly depends on the current
amplitude while at 600mT it depends strongly and stops behaving activated at intermediate currents. At
higher currents at 200mT and 600mT, yellow to red traces, shows saturation of Rp-(1/T) as 1/T — oo,
while for 10mT no such behavior is observed. Jumps are observed both at 10mT and 200mT which reduce
in amplitude and disappear at increased magnetic field.
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Figure S9 — Temperature dependence of resistance at non-equilibrium. a-c. R, shown in log-scale vs inverse T
for varying Ip. for three representative magnetic fields 10mT, 200mT and 600mT. Blue to green traces represent the
same I in a-c. Yellow to red represent larger currents as noted in each legend.



Figure S10 summarizes phenomenologically the observed phases at our lowest measuring
temperature, T~250mK. The dashed lines are inferred from resistance contours from figure S9, the colored

circles are from the different observed crossovers shown in figure S8 between the two activated regimes
and between the activated to saturated regimes. The grey area is shown for currents we cannot associate
with activation or saturation behaviors.
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Figure S10 — Non-equilibrium phase diagram. Dashed lines and colored circles are inferred from measurements. The
underlying colors represent the different phenomenological regimes discussed in more detail in the supplementary and
the manuscript.

To clarify the temperature dependence, we draw three phase diagrams showing the inferred physical
regimes as a function of temperature and current for three different magnetic fields. The phase diagrams are
shown in figure S11. The cross over from the normal state is shown by the black contour in case of a
continuous change in resistance, while for a jump in the resistance a red line is shown (for hysteresis see S8).
The point which we get to the noise floor is shown by the black dashed line. A further red dash line is shown
when a discontinuity is observed below the continuous drop form the normal state. For the lowest magnetic

fields, left phase diagram, we cannot extrapolate what is the nature of the physical state below the jump and
it is shown in turquoise.



Finite B, I-T Phase Diagrams
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Figure S11 — Non-equilibrium I-T phase diagrams. a-c. Phase diagrams summarizing S9 and S10.
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