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We have investigated the transport properties of optimally doped Pr,_,Ce,CuQO,_s (PCCO) nanobridges
with width down to 100 nm. The critical current density of the nanobridges approaches the Ginzburg-Landau
theoretical limit, which demonstrates nanostructures with properties close to the as-grown films. The current
voltage characteristics are hysteretic with a sharp voltage switch, of the order of a few millivolts, that we interpret
with the occurrence of a hot spot formation. The values of the retrapping current and the voltage switch obtained
by modeling the heat transport in the nanobridges are very close to the experimental ones. This feature, together
with the extremely short recombination times, make PCCO nanostructures attractive candidates for ultrafast

single photon detectors.

DOI: 10.1103/PhysRevB.94.060503

The microscopic mechanism at the origin of high critical
temperature superconductors (HTS) is still elusive, due to
the complexity of the systems, with various intertwined
degrees of freedom and nanoscale local orders simultaneously
at play [1]. Recent advances in nanopatterning techniques
have paved the way for studying fundamental aspects of
HTS on the nanoscale. YBa,Cu3zO;_s5 (YBCO) nanodots,
for example, have shown the potentiality to uncover a small
subdominant imaginary order parameter [2]. YBCO nanowires
[3,4] are another example of nanodevices that can open new
experimental routes. Nanowires with dimensions compara-
ble with the coherence length of the recently discovered
charge density wave (CDW) [5,6] ordering (of the order of
10 nm [7,8]), may allow one to study the interplay with the
d-wave superconductivity and the possible relationship to
the pseudogap state [9]. HTS nanoscale superconductivity
can therefore be instrumental in clarifying the phenomena
at the origin of the very complex phase diagram of cuprate
superconductors.

Up to now, most of the attention has been devoted to
the nanostructuring of the hole-doped cuprates, in particular
YBCO [3,4,9-14]. The study of compounds from the electron-
doped side of the cuprates phase diagram, for example,
Pr;_Ce,CuO4_s; (PCCO), has been hindered by the chal-
lenging synthesis; to obtain superconducting samples, one
needs to simultaneously control the chemical doping and
the oxygen content [15]. The experimental data available
for the electron-doped cuprates suggest that there are both
commonalities and differences between the two families [16].
Some features like the d-wave symmetry [17] of the order
parameter have been shown to be universal suggesting the
theoretical approaches to explain the pairing mechanism
for hole-doped superconductors have to contemplate the
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phenomenology of the electron-doped counterpart to the same
extent.

In addition, HTS nanoscale devices can be of high relevance
for applications where the short quasiparticles recombination
times of 1-10 ps typical of the cuprates [18,19] can be
instrumental in achieving the ultimate limit of ultrafast single
photon detection [20].

In this Rapid Communication we report a study of the
transport properties of electron-doped PCCO nanobridges with
dimensions down to 100 nm and carrying a supercurrent close
to the theoretical Ginzburg-Landau value, a limit which is
difficult to achieve even for conventional superconductors
[21]. This is indicative of nanobridges which do not undergo
degradation upon nanopatterning, preserving properties close
to the as-grown film. The current-voltage characteristic of the
nanobridges presents a sharp voltage switch, of the order of a
few millivolts, from the superconducting state to the resistive
state, that we interpret in terms of hot spot formation [22].
This feature, not found in state-of-the-art YBCO nanobridges
[23,24], is due to the different thermal conductivity between
the two cuprate families and the different thermal boundary
resistance between the films and the substrate, making the
electron-doped compounds extremely attractive materials to
engineer nanowire-based single photon detectors.

The 75-nm-thick Pry_, Ce, CuOy4_s (x = 0.15 giving highest
Tc) films were grown by pulsed laser ablation deposition on
a (100) (LaAlO3)3-(Sr,TaAlOg)g7 substrate, as described
elsewhere [25]. A 35-nm-thick Au film was deposited in
situ to ensure good adhesion to the PCCO. To define the
nanostructures, we used electron-beam (e-beam) lithography
in combination with a carbon mask and a gentle ion milling.
More details on the patterning procedure are described
elsewhere [4,23,26]. Figure 1(a) shows a scanning electron
microscope (SEM) image of a typical nanowire. The rounded
corners of the nanowire have been designed to minimize
the effects of current crowding [4,27]. Figure 1(b) shows a

©2016 American Physical Society
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FIG. 1. (a) Scanning electron microscope picture of a 250-nm-
long and 150-nm-wide nanowire. (b) Schematic view of the cross
section of the nanowire. The slope of the bridge sidewalls is 65°,
making the lateral extension of the PCCO/Au bridge sidewalls
roughly 58 nm.

cross-section schematics of the nanowire. The slopes of the
sidewalls of the nanowire have been inferred from SEM and
atomic force microscopy (AFM).

Figure 2 shows the temperature dependence of the resistive
transition for one of the measured nanowires capped with
Au. The curve clearly presents two transition temperatures:
the highest is the superconducting transition of the wide
electrodes, and the lowest is attributed to the nanowire.

Current-voltage characteristics (IVCs) were measured at
different temperatures, as shown in Fig. 3, in a four-point
configuration. The critical current /- of the nanowire is
determined with a voltage criterion of 10 V. The value
of Ic allows one to determine the critical current density
Jec =1Ic/A, where A =w x h is the cross section of the
nanowire, determined by SEM/AFM images [see Fig. 1(b)]. A
common feature of the IVC, for all the measured nanowires, is
the presence of a hysteresis whose appearance/disappearance
in temperature is nanowire dependent. Also, the extrapolation
of the IVC at high voltage does not intersect at the origin (as
shown in the inset of Fig. 3), but at a finite excess current lexc
due to Andreev reflection [28].

The quality and homogeneity of the superconducting
nanowires can be assessed by comparing the critical current

0 12 14 16 18 20 22 24

FIG. 2. Temperature dependence of the resistance of nanowire
S3, measured with a dc current of 1 A. Cooling down the nanowire,
first the electrodes turn superconducting, then the nanowire. Inset:
Schematic view of the nanowire used for the model. The nanowire
has alength L, a width w, and a thickness /. In the model, we consider
the formation of a hot spot that turns the central red part normal, over
alength L,. The temperature changes continuously from this normal
part to the outer limits of the semicircle, where it equals the bath
temperature.
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V (mV)

FIG. 3. IVC atdifferent temperatures for nanowire S3. For clarity,
we chose to show only one curve every 2 K. Inset: IVC at low
temperature, showing the switch between the superconducting state
to the resistive state and the hysteresis and the presence of finite
excess current Ioy..

density, obtained experimentally, with the theoretically ex-
pected value. In the case of nanowires with cross sections
smaller than the Pearl length defined as A, = Aé / h, where Aq
is the London penetration depth, this value is given by the
Ginzburg-Landau (GL) depairing limit:

Dy

=—2 1
33277 toAgEap @

JoL

with ®y = 2.15 x 107! T m? the superconducting flux quan-
tum, (o the vacuum permeability, and &,;, the coherence length
in the ab planes.

We can obtain the value of Xy by measuring the tem-
perature dependence of the amplitude of the modulation
of a nanowire-based superconducting quantum interference
device. We fabricated nanoSQUIDs in the Dayem bridge
configuration, as shown in Fig. 4(a). The critical current of
ananoSQUID, as a function of an externally applied magnetic
field, is shown in Fig. 4(b). From this dependence we extract
the critical current modulation depth Alc(T) = IF™(T) —
Iglin(T), which allows one to calculate the screening factor of
the SQUID ﬁszt'(T) ~ IF™(T)/Alc(T) [29], assuming the
Likharev-Yakobson expression for the current phase relation
of the nanowire [30-32]. Furthermore, the screening factor can
be expressed as 157 (T') Lioop(T)/ Do. Here Lo, represents the
total loop inductance of the nanoSQUID in our case governed
by the kinetic inductance L(7') of the nanowires. To extract
the value of the London penetration depth, following Ref. [29],
we have numerically calculated Lio,, at each temperature by
solving the Maxwell and London equations describing the
Meissner state on our nanoSQUID geometry, and assuming
that the temperature dependence is given by the two-fluid

model for the London penetration depth A; = Ag————.
N 1=(T/Te)?

The experimental values of ,Bszt'(T) can be fitted with the
numerical one by using the London penetration depth A as
the only free parameter. As shown in Fig. 4(c), there is good
agreement between the data and numerical calculations in the
whole temperature range using A9 = 540 nm. This value is
roughly a factor of 2 higher than the values previously reported
on single crystals of PCCO [33-35]. A similar increase was
also reported for YBCO [36] and attributed to a higher level
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FIG. 4. (a) Scanning electron microscope picture of a nanoSQUID in the Dayem bridge configuration. The loop area is 1.2 x 1.1 um?.
(b) Critical current as a function of the applied magnetic field measured on the same device at 7 = 7.5 K (upper panel) and close to
the critical temperature (lower panel). (c) Comparison between the experimental (crosses) and the theoretical (dashed line) values of the
screening inductance factor 8, as a function of the temperature. The experimental values of 8, have been extracted from the critical current
modulation depths, while the theoretical ones have been obtained by determining the loop inductance through numerical computation, assuming

Az = 540 nm.

of granularity in the thin films compared to single crystals. It
has also been observed in YBCO nanowires [37].

We also measured the value of B., = CDg/Zﬂéfb =5.1T,
which gives us an estimate for &,, >~ 8§ nm at 2 K, in agreement
with previous measurements [35,38,39]. With the value of X
and &,, we obtained a theoretical depairing critical current
density J&** = 4.3 x 10° A/cm? at T = 2 K. The J¢ values
of our 100- and 200-nm-long nanowires with width w down
to 100 nm are in the range 2.1-4.2 x 10° A/cmz, therefore
approaching the theoretical limit and confirming the high
quality of the devices. This fact is a strong indication that the
switching observed in the IVC is not caused by the presence
of local grain boundaries and/or defects. The length of our
bridges, L ~ 200 nm, is much larger than the superconducting
coherence length (§,, >~ 8 nm). In this limit such nanobridges
cannot be considered Josephson junctions [32]. Therefore, we
can rule out any Josephson dynamics related model such as
the resistively and capacitively shunted junction model [40,41]
being responsible for the observed hysteresis.

Instead, the origin of thermal hysteresis can be understood
as follows. In the superconducting state, I < I¢, the temper-
ature of the quasiparticles inside the wire is equal to that of
the substrate Tj. As soon as the GL maximum critical current
is reached, the voltage drop across the wire generates a hot
spot caused by Joule heating. At sufficiently high bias, the
whole wire becomes normal. If one now reduces the bias
current from high values, the normal part gradually shrinks.
Switching back to the superconducting state occurs at the
retrapping current, /,, which is lower than the critical one,
I, < Ic(Ty), since the Joule heating in the hot spot elevates
the temperature of the wire. I, is determined by the condition
I, = Ic¢(Ins), where Tns > Ty is the minimal temperature at
the boundary between normal and superconducting parts (NS
boundary) of the wire at which the normal hot spot in the wire
still exists. This mechanism is well known for low temperature
superconductors [42,43].

To make our analysis more quantitative, we propose a
simple model in the spirit of Refs. [43—-45]. We consider the
wire of length L, width w, and thickness 4 as shown in the
inset of Fig. 2. We assume that the central part of it with length
L, becomes normal due to Joule heating, and the power 7V is

generated in this segment. This power is carried away into the
leads by quasiparticles, which are supposed to be decoupled
from the phonons on a scale comparable with the wire length
[46]. We also assume that both leads are identical and that the
electronic temperature at the edges of the semicircular parts
of the leads, shown in the inset of Fig. 2, equals to Tj. Finally,
we assume that large thermal boundary resistance is present at
the interface between the substrate and the film. In this case,
applying the boundary condition at the NS interface we obtain
the equation for temperature in the superconducting part of the
wire in the form

dT 1V L, L
—_— =, — <x <,
dx 2 2 2
where k¢ (T) is the electronic part of the thermal conductibility.
A similar equation determines the temperature profile in the
leads. The solution of these equations is described in the
Supplemental Material [47]. It has been experimentally shown
[16] that k¢ (T) in PCCO is a linear function of temperature,
ke(T) = BT (B = 0.06 W/K2 m), in the low temperature limit
T < T* ~ 0.5K. Inthis regime it probably exhibits a universal
disorder independent behavior similarly to other d-wave
cuprate superconductors [48,49]. In the normal state, i.e., at
T > T¢, the Wiedemann-Franz law should hold and «¢(7T) =
LT/p, where £ = n%k%/3e* ~ 2.45 x 1078 WQ/K? is the

whicei(T) @
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FIG. 5. Experimental critical and retrapping currents (circles) as
a function of the temperature for nanowire S3. Calculated retrapping
current, obtained from the numerical solution of Eq. (4) witha = 3.7.
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TABLEI. Parameters of five nanowires with different length L and comparison of the values obtained for the retrapping current and voltage
from the experimental curves (expt.) to the one calculated with the model (model), at 7 = 3 K.

Device L (nm) Ry () 7Y™ (K) J. (10° A/cm?) Iexe (MA) e Jmodel et y/model
S1 200 17.42 17 2.1 0.122 0.148 0.151 0.44 0.25
S2 100 12.35 17 2.2 0.127 0.165 0.169 0.37 0.25
S3 200 12.26 17 3.8 0.117 0.233 0.238 0.7 0.74
S4 100 11.82 18 42 0.125 0.275 0.261 1.02 0.80
S5 200 9.09 16.5 3.8 0.141 0.305 0.302 0.84 0.73

Lorentz number and p is the resistivity of the material in the
normal state [47]. Unfortunately, the temperature dependence
of the electronic thermal conductivity of PCCO is not precisely
known in the intermediate temperature interval 7% < T < T,
which is relevant for our measurements. Provided the impurity
scattering of electrons is sufficiently weak, its competition with
the phonon scattering may result in nonmonotonic k¢ (7") with
a peak slightly below the critical temperature [50], as observed
in YBCO. However, a reasonable assumption is that in our
nanowires, k¢ (7) monotonically decreases with decreasing
temperature in the temperature interval 2 K < T < 8 K, where
the hysteretic IVC are observed (see Fig. 5). This assumption
is supported by measurements of the thermal conductivity in
bulk PLCCO, NCCO, and PCCO samples [51-53], in which
a monotonous dependence has been observed, even though
in these measurements it was not possible to separate the
electronic contribution from the phonon one [46]. Following
the predictions of Refs. [48,50], we use a simple phenomeno-
logical model k. (T) = ()1£T3/,0TC2 for T* < T < 8 K. This
leaves only « as an adjustable parameter in the model.

Solving Eq. (2) and a similar equation for the leads we find
[47]

1v al(Tis — T)

A , 3
2 4TC2 (R\f/ire + Rlead) ( )

where R‘iire = Ry(1 — L,/L)/2 is the normal state resistance

of the wire segment L, /2 < x < L/2, Ry is the normal state
resistance of the whole wire, and Rje,q iS the normal state
resistance of the semicircle part of a lead shown in the inset
of Fig. [2]. Equation (3) should be supplemented by the
conditions I = Ic(Tns) and V = (I — Iexc)RyL,/L. From
these equations we find both L, and 7Tys as a function of
the bias current. Under simplifying assumption R‘fm > Rieads
which is approximately valid in our experiment, the retrapping
occurs at L, = L/2 [47]. It leads to the expressions for the
retrapping current,

(I = Isc)Ry  @L(Ts — 1))
4 TCZRN
and the retrapping voltage, V, = (I, — Iexc)Ry /2. The cal-

culated retrapping current as a function of temperature is
shown in Fig. 5. The best agreement to our experimental

I,
I, = Ic(Ins),

G

data is found with the adjustable parameter « = 3.7. This is
a relatively big value: with this number, the low temperature
formula for the thermal conductivity will exceed the normal
state Wiedemann-Franz expression at T = T, which indicates
the possible existence of a peak in the « (7)) dependence in
agreement with the theory [50] and with experiments with
other d-wave superconductors [51,54]. It is, however, unlikely
that there is a significant peak in the electronic contribution to
the thermal conductivity below 8 K, since this would induce a
discontinuity in the temperature dependence of the retrapping
current and since it has not been seen in experiments [53].
Using o = 3.7, we calculated the values for the retrapping
current and voltage for several nanowires, as presented in
Table I. The obtained values of I, are in excellent agreement
with the experimental ones, also reported in the Table I
However, for V,, the experimental values may exceed the
theoretical ones by up to 30%. It is expected, since V, is more
sensitive to the model assumptions about the value of L, at
the retrapping. The latter may exceed L /2, which our model
predicts, if one takes into account the finite resistance of the
leads.

In conclusion, we have reported nanopatterned devices
made from an electron-doped cuprate. The quality of the
nanowires is demonstrated by the high current density they
can carry without dissipation and by the observation of the
nanoSQUIDs magnetic field modulations over the whole
temperature range up to 7¢. The IVC of the devices shows
a clear switch from the superconducting to the resistive state,
in contrast to what is observed in YBCO nanowires. Our results
can be explained in terms of thermal hysteresis, where a hot
spot is created in the wire. In our model, we calculate how
the heat is dissipated. The estimated values of the retrapping
current are in excellent agreement with the measured ones.
The presence of the switching voltage makes PCCO an
attractive material for superconducting nanowire single photon
detectors.
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