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Insights into the role of interactions in determining the macroscopic state of a system can be ob-
tained by observing its evolution with an isothermal variation of density. We explore the isothermal
evolution of the electron gas in AlO,/SrTiOs by a continuous gate-controlled tuning of its carrier
density across the phase diagram exhibiting a superconducting dome. It is seen that condensation of
the ordered phase leads to non-monotonic isotherms within the superconducting dome. The system
undergoes dynamic change lasting tens of seconds following changes in gate voltage near the onset
of the transition, revealing a strong impact of structural defects and distortions of the substrate on
the superconducting state. These observations suggest that AlO,/SrTiOs is a promising platform
to study time-dependent kinetic processes at the onset of superconductivity.

Understanding the evolution of the macroscopic state
of a many-body-system with variation of particle number
density is a topic of general interest in condensed matter
physics. A large variety of solid-state systems exhibit a
superconducting dome in the phase diagram. The key
aspect of a superconducting dome is the non-monotonic
variation of critical temperature (7}) as a function of car-
rier density (n), accompanied by an absence of super-
conductivity in underdoped and overdoped regimes (Fig.
la). Apart from unconventional superconductors [1] in
which this feature is well-known, it has been seen in cer-
tain conventional superconductors [2-5], electron gases
in oxide heterostructures [6-10] and atomically thin ma-
terials [11-13]. One of the main points of interest in ex-
perimentally exploring such a phase diagram is to study
how the system evolves under a variation of the carrier
density. However, it is not practically feasible to tune
the carrier density continuously in most superconductors.
Phase diagrams of bulk superconductors are studied by
heating or cooling multiple samples with certain fixed
values of carrier density (determined by chemical dop-
ing or modification of lattice structure with pressure). In
gate-voltage-controlled systems, the carrier density n is
usually stabilized at certain fixed values of the gate volt-
age V; and the superconducting transition is induced by
continuously varying the temperature. In other words,
the phase transition is induced along an isochore (Fig.
la) without changing n. The primary aim of this work is
to probe the evolution of a superconducting system along
a series of isotherms [14] to study the impact of changes
in electron density on the macroscopic state. The exper-
iment reported here was conducted in an AlO,/SrTiO3
heterostructure. Our first objective is to map isothermal
changes in resistance as a function of electron density
close to the top of the superconducting dome (marked by
the temperature T,, in Fig. la). The second objective
is to investigate non-equilibrium effects associated with
the onset of superconductivity by measuring the stabi-

lization time (7) for attainment of steady state following
a rarefaction of the electron gas.

An AlO, /SrTiO3 heterostructure was prepared by
evaporating 2 nm of Al on the surface of a SrTiO3 crys-
tal under ultra-high vacuum using a method described
in Refs. 15, 16. A conducting two-dimensional electron
gas (2DEG) is created by the doping of Ti 3d levels
[17]. (Further details are provided in Supplemental Ma-
terial [18].) Transport measurements were carried out by
contacting the 2DEG with ultrasonic wire-bonding (Fig.
1b). First, the four-probe resistance (R) was measured as
a function of the temperature (T") for different values of
the gate voltage (V) allowing us to determine the Vj, cor-
responding to the maximum critical temperature T,,, of
the dome. Fig. 1c shows the results when V; is changed
from 60 V to -60 V (in steps of 10 V), corresponding to
a progressive reduction of carrier density. Fig. 1d shows
the set of curves for the reverse direction of change in Vj,.
(See Supplemental Material [18] for more results.) The
critical temperature (T¢) is defined to be the tempera-
ture where the slope of the superconducting resistance
drop (4£) is maximum. The variation of T, with Vj, is
shown in Fig. le. The domes for decreasing and increas-
ing directions of gate voltages show a hysteresis with the
maximum 7, appearing at different values of V,. Hys-
teresis with changes in gate voltage may result from the
presence of charged defects (mobile oxygen vacancies or
charge traps) in the SrTiOg3 dielectric [9] and /or the time-
dependent response of ferroic domains of the substrate to
an applied electric field [19]. Such factors lead to different
doping configurations for forward and backward sweeps
of V. In Fig. 1f, the superconducting dome is repre-
sented as the variation of T, with respect to the high-
temperature resistance at 500 mK (Ry). The maximum
of T, occurs for Ry ~ 1.5 - 1.6 k€ for both directions
of change of V,. This confirms that the relevant param-
eter for identifying the maximum critical temperature of
the superconducting dome is indeed the carrier density.
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FIG. 1. (a) Schematic of a superconducting dome phase diagram plotted as a function of temperature (7') and carrier density
(n). The range of carrier densities accessible in our experiments (from nz to ng) lies within the superconducting dome. (b)
Schematic diagram of the heterostructure with wire bonded-contacts. (c, d) Four-probe resistance (R) is measured as a function
of temperature (T') for different values of gate voltage V,. The dc current applied is 20 nA. (e) The critical temperature T,
plotted as a function of V. Arrows indicate the chronological order in which the data, presented in (c) and (d), pertaining to
these points was acquired. (f) T, plotted as a function of Ry (the resistance at 500 mK). Solid lines are guides to the eye. (g)
Resistance (R) measured with a continuous variation of V; (at a rate of 0.28 V/s). The current applied is 20 nA.

The result of a continuous tuning of V, (at a sweep rate
of 0.28 V/s), first in backward sweep (BS) and then in
forward sweep (FS), is shown in Fig 1g. In their study
of the electron trapping mechanism in LaAlO3/SrTiOs3,
Yin et al. [20] observed that electromigration and clus-
tering of oxygen vacancies may give rise to an evolution
of the 2DEG resistance for several seconds after the V,
has been stabilized following a ramp. We observe a sim-
ilar effect in Fig. 1g (marked by a dashed circle). R in-
creases with decreasing V;, during the BS, and continues
to increase for a few seconds even after the V,; sweep di-
rection is changed to FS. For all measurements reported
in this paper, the sheet resistance (per square) can be
obtained by multiplying the four-probe resistance by a
factor of 3.2 (calculated from the geometry of the con-
tacts). From Hall effect measurements at 4 K, the carrier
density is found to be 1.8x10'3 cm~2 and 2.9x10'3 cm 2
for V of -80 V and 80 V respectively.

The result of isothermal tuning of carrier density is
presented in Fig. 2. The gate voltage is tuned first in
BS from 100 V to - 100 V (Fig. 2a), then in FS from
-100 V to +100 V (Fig. 2b) at a sweep rate of 0.28
V/s. At 395 mK, well above the onset of the macro-
scopic superconducting phase, we see the expected metal-
lic behaviour of monotonic decrease (increase) in R with
increase (decrease) in carrier density. At 325 mK, the
evolution of R becomes non-monotonic with three dis-
tinct regions emerging (marked I, II, III). In region II,

% is positive. Here, a reduction of the carrier density

is accompanied by a reduction of the resistance. This
non-monotonicity of the isotherm can be interpreted as
a signature of the development of the superconducting
phase. A prototypical system with a superconducting
dome (Fig. 2c) is composed of weakly interacting carri-
ers in the overdoped regime (with large carrier density
n). As n is progressively reduced at constant tempera-
ture (below T, of the dome), first there is an augmen-
tation of the mean-field superconducting gap followed by
a gradual loss of phase coherence towards lower densi-
tites in the underdoped regime. In Fig. 2c¢, the line Ty p
denotes schematically the mean-field transition tempera-
ture and Ty denotes the upper bound on the phase order-
ing temperature (following the theoretical work by Emery
and Kivelson [21]). In the overdoped (OD) and under-
doped (UD) regimes, outside the superconducting dome,
the system is expected to show the characteristic of a
normal conductor with negative j—ﬁ. This corresponds to
regions I and IIT of the R — n isotherm for T' < T,,,. At
intermediate densities, due to the formation of finite su-
perfluid density within the superconducting dome, there
is a deviation from this behaviour marked by a sharp
drop in resistance. This causes the change in slope with

positive Z—f in region II of the isotherm.

We will now discuss about the measurement of dy-
namic change in R following a gate-induced change in
carrier density. The gate voltage is ramped from high to
low V, at a rate of 0.28 V/s, progressively reducing n,
before it is stopped at a certain value of V; (where it is
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FIG. 2. (a, b) Variation of R as a function of V; at three
different temperatures is shown for BS (a) and FS (b) re-
spectively. DC current applied was 20 nA. (c) Ilustration
of expected variation of R (left-hand axis) as a function of
carrier density n along isotherms of a system exhibiting a su-
perconducting dome. The phase diagram is represented with
temperature T along the right-hand axis.

thereafter held steady). The resistance R is then moni-
tored with time ¢. This set of measurements is performed
at 480 mK (Figs. 3a and 3b) and 325 mK (Figs. 3c and
3d), stopping the V, ramp at values of -70 V (BS1), -85 V
(BS2) and -95 V (BS3). At 480 mK, R becomes steady
after a few seconds (Fig. 3b). This can be explained
as an effect of the motion of charged defects within the
bulk substrate (as mentioned earlier). Upon lowering the
temperature to 325 mK, the dynamic change with time
becomes quite different. Instead of an increase in R, we
observe a larger reduction in R (Fig. 3d). More impor-
tantly, the evolution takes place over a much longer time
before an almost steady state is reached (Fig. 3d). At
Vy=-70 V, even after 500 seconds of wait, R still contin-
ues to reduce with time, showing that the time to reach
a steady state is even longer. To quantify the charac-
teristic timescales, we fit the data in Figs. 3b and 3d
to the function R(t) = Ro+ a e~*/™ + B t with Ry, a,
B and 7 as fit parameters. The term S t accounts for
the gradual change in resistance at large t. The term «
e~'/T captures the sharp change in resistance just after
t=0 with a characteristic time 7. 7 is found to be 5 s,
3 s, 3 s for V; values of -70 V, -85 V, -95 V respectively
at 480 mK (Fig. 3b). At 325 mK (below T, of the su-
perconducting dome), these increase to 68 s, 28 s and 19
s respectively (Fig. 3d). The increase in 7 appears to
be directly related to the development of the supercon-
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FIG. 3. (a,b) V; is swept at 0.28 V /s at 480 mK temperature.
(a) shows the ensuing change in R. Three sets of measure-
ments are shown (BS1, BS2 and BS3). Dynamic change in R
upon stopping V, sweep is shown in (b). DC current applied
is 20 nA. (c,d) The same experimental protocol described in
(a,b) is followed, at 325 mK. Variation of R during V, sweep
is shown in (c). Dynamic change in R after stabilizing Vj is
shown in (d).

ducting phase. To cross-check this inference, we repeated
these measurements in presence of a magnetic field.

The evolution of 2DEG resistance as a function of the
magnetic field B was measured for different fixed values
of V, (Figs. 4a and 4b). We then measured the evolution
of resistance with a continuous tuning of V; at different
values of B, with the temperature at 50 mK. These iso-
lines of constant magnetic field are shown in Fig. A4c.
Vy was first changed in BS from 100 V to -100 V, then
in FS from -100 V to 100 V (at a rate of 0.21 V/s). A
clear difference is observed between the curves for BS
and FS. A rapid drop in R is seen at the beginning of
the FS, for field values below 400 mT. At low fields, a
prominent region of positive % appears (indicated by a
dashed curve) during forward V; sweeps. This region is
however barely visible in backward V, sweep. This dif-
ference, we may infer, is related to the kinetics of the
superconducting state. The microscopic configuration of
the superconducting electronic system evolves differently
during the introduction of carriers (FS) as compared to
the depletion of carriers (BS). The electronic system is
likely to be composed [7, 22, 23] of several superconduct-
ing islands. The degree of phase coherence between these
islands determines the extent of macroscopic order. The
rapid drop in R, seen at the beginning of the FS (Fig. 4c)
for field values less than 400 mT, suggests the formation
of large phase coherent superconducting droplets upon
the reversal of sweep direction of V;. (See Supplemental
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FIG. 4. (a,b) R is measured as a function of magnetic field (B) for different values of V;; at 80 mK. DC current applied is 20

nA in (a) and 100 nA in (b).

(c) R is measured as a function of V; for different values of B at 50 mK. Vj is first swept in

back sweep (BS) and then in forward sweep. (FS) at 0.21 V/s. Time increases from left to right. DC current applied is 50 nA.
Dashed lines correspond to regions where < T is positive. (d) V4 is swept at 0.21 V/s from 100 V to -95 V with progressive
depletion of the electron gas at different values of B (left of dotted line). Then Vj is stabilized and dynamic change in R is
recorded with time (right of the dotted line). Solid lines are fits to the data. DC current used is 10 nA.

Material [18] for the outcome of varying V,, sweep rates.)
As we will discuss now, the development of supercon-
ducting islands may be strongly influenced by intrinsic
properties of the SrTiO3 dielectric.

The dynamic change of R for attainment of steady
state was measured by ramping V, down till -95 V (at
0.21 V/s) and recording the ensuing temporal evolution
(Fig. 4d). At high fields, R increases for a certain time
(7 of 16 s at 900 mT and 22 s at 700 mT) before stabiliz-
ing at a steady value. At 500 mT, a different behaviour
sets in. There is a momentary increase in R followed by
a slow drop over an extended period of time. 7 is esti-
mated to be 233 s. (See Supplemental Material [18] for
further discussions.) At lower fields, R drops by larger
amounts when the V; sweep is stopped at -95 V. The no-
ticeable difference of dynamic change behaviour at high
and low fields can be explained by the fact that the low
field behaviour is determined by the kinetics of super-
conducting islands. The resistance drop corresponds to
the condensation or the increase in size of such islands.
These estimated times of several seconds are difficult to
explain in terms of a purely electronic mechanism. Such
large timescales are possibly related to the properties of
the Sr'TiOg3 substrate hosting the 2DEG. It is known that
relaxation processes due to movement of oxygen vacan-
cies inside SrTiOs, upon the application of an electric
field [20] or ultra-violet radiation [24], may last for sev-
eral seconds or even minutes. The motion of such charged
defects under an electric field in our system can account
for the observed values of 7 in the high temperature (Fig.
3b) or high-field (Fig. 4d) normal state. The moving de-
fects may provide a fluctuating potential landscape for

the electrons, affecting the nucleation of superconduct-
ing droplets or the expansion of phase coherent supercon-
ducting islands. A small increase in the fraction of super-
conducting electrons will result in a significant reduction
of the resistance. Accordingly, the dynamic change in
resistance will be larger in magnitude and appreciable
over a longer span of time with the onset of supercon-
ductivity. Another phenomenon of interest here is the
existence of ferroic domains within SrTiO3. The impact
of structural domains of Sr'TiOg on the properties of the
conducting electronic system at the surface has been ob-
served with scanning probe microscopy [25-27] and trans-
port experiments [28]. Pesquera et al. [19] demonstrated
that polar domains in SrTiOz under an applied electric
field exhibit relaxation times of several tens of minutes
(at 36 K temperature). Therefore, the large 7 observed in
our experiments may also be related to the relaxation of
structural domains within the dielectric and their influ-
ence upon the superconducting state. These observations
may help to explain the spike-like features in the resis-
tance of the 2DEG seen in Figs. 3d, 4c and 4d. These
can result from sudden transformations in the arrange-
ment of trapped charges or ferroic domains within the
substrate, which influence the properties of the interface
electronic system. It is noteworthy that such spike-like
features in resistance are visible only at temperature and
magnetic field values low enough for the onset of super-
conductivity to have taken place. These are not visible
in the normal state, corroborating our inference that the
2DEG in AlO, /SrTiOg3 is much more sensitive to struc-
tural defects/deformations of the substrate in the super-
conducting state than in the normal state.



We have explored the superconducting dome in an
AlO, /SrTiO3 heterostructure by continuously varying its
carrier density with a gate voltage V; and measuring the
evolution of resistance R. The R-V, isotherms are ob-
served to be non-monotonic below the maximum criti-
cal temperature of the superconducting dome due to the
non-monotonic variation of superfluid density as a func-
tion of carrier density. Dynamic change of tens of seconds
is observed following a change of gate voltage close to the
phase transition, highlighting the sensitivity of the super-
conducting state to structural defects and deformations
of the underlying substrate. The large timescales make
AlO,/SrTiO3 a unique platform to study the real-time
kinetics of the growth of the ordered superconducting
state. Scanning probe microscopy on superconducting
NbTiN has revealed large timescales for fluctuations near
criticality [29]. Probing AlO, /SrTiOs with such tech-
niques may yield interesting results. Transport exper-
iments on ultrathin superconductors [11-13] with gate-
voltage-tuning of carrier density, as outlined in this work,
may provide further insights about the kinetics of super-
conductivity in low dimensions.
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Supplemental Material

1. Sample fabrication

The AlO,, /SrTiOg3 heterostructure was prepared using a commercially available (001)-oriented SrTiOs crystal (mea-
suring 5 mm x 5 mm x 0.5 mm). The SrTiO3 crystal was placed inside an UHV (ultrahigh vacuum) chamber. An
annealing step was performed to clean the surface contamination. The sample was heated to 600°C for 1 minute.
Then the temperature was allowed to reduce, and 2 nm of Al was evaporated using a Knudsen cell at a temperature
higher than room temperature (200° C). The rate of deposition of Al was 0.002 nm/s. This produces an AlO,/SrTiO3
heterostructure with a conducting electron gas at the interface. The backplane of the SrTiOg3 crystal was glued to
a copper plate with conductive silver paint to serve as the gate electrode. The resistance of the SrTiOs substrate
between the surface with 2DEG and the gate electrode is greater than 100 GS2.

2. Superconducting transition at a gate voltage of -100 V

We have presented data in the main text (Fig. 3d) of a significant reduction in resistance with time when the
gate voltage sweep is stopped at V; values of -70 V, -85 V and -95 V. This measurement was done at 325 mK. The
resistance measured is finite because this temperature is still above the temperature at which resistance becomes zero.
The variation of resistance showing the full superconducting transition as a function of temperature, at a fixed gate
voltage of -100 V, is shown in Fig. S1.
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200 300 400 500
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FIG. S1. Variation of resistance (R) as a function of temperature (T') at a gate voltage of -100 V. The current applied was 20
nA. The critical temperature (defined as the point of maximum slope %) is 324 mK.

3. The result of variation of gate voltage sweep rate on the evolution of resistance

In the main text, we identified two possible causes for the large timescales in dynamic change behaviour of the
resistance R following a continuous change of the gate voltage V; near the onset of superconductivity. These were the
motion of charged defects (primarily oxygen vacancies) within the bulk dielectric, and the relaxation of ferroic domains
in the substrate. Both of these are known to exhibit dynamics lasting several seconds. Given this explanation, one can
expect that a variation of the sweep rate will result in visible changes in the evolution of resistance. This experiment
is shown in Fig. S2. V, was swept in both back sweep (BS) and forward sweep (FS) at 50 mK temperature with an
applied magnetic field of 275 mT. Two different sweep rates were used: 0.21 V/s (fast) and 0.06 V/s (slow). The
overall variation of R is clearly less for the slower V, sweep in comparison to the faster one.
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FIG. S2. Variation of resistance (R) with gate voltage (V) sweep. The temperature is 50 mK and applied magnetic field is
275 mT. The experimental protocol is the following. Vj is ramped from 0 V to 100 V (not shown). Then, it is reduced in
backsweep (BS) from 100 V to - 100 V. V is held at -100 V for two minutes and then swept back to 100 V in forward sweep
(FS). This set of measurements is carried out for two different V; sweep rates. The DC current used is 10 nA.

4. Dynamic change of resistance at different magnetic fields

The dynamic change of resistance R of the 2DEG following a sweep of the gate voltage was studied at different
magnetic fields and the data was presented in Fig. 4d of the main text. The data was fitted to the function R(t) = Ro+
a e YT 4+ B t. T is the characteristic time over which the sharp change in R occurs once the gate voltage value is
stabilized at -95 V. « is the magnitude of this drop (with the fractional change given by «/Rg). As the magnetic
field is progressively reduced starting from 900 mT, a huge increase in 7 is observed at 500 mT. The plot showing the
dynamic change of R at 500 mT is shown in Fig. S3. This is the same plot as shown in Fig. 4d of main text - it is
reproduced here for clarity. R continues to increase for the initial 10 seconds, after which the trend reverses and a
gradual reduction in R begins. The estimated values of 7 and «/Ry for the different values of magnetic field (from
the dataset in Fig. 4d of main text) are shown in Fig. S4.

500 mT
2.78
g 276
h'd
2.74
0 200 400 600
time (s)

FIG. S3. This plot is reproduced from Fig. 4d of the main text for clarity. It shows the dynamic change of resistance R with
time t at 500 mT after the gate voltage sweep is stopped at -95 V.
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FIG. S4. The estimated values of 7 and a/ Ry from the dataset in Fig. 4d of main text.



