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ABSTRACT

Non-reciprocity in the critical current has been observed in a variety of superconducting systems and has been called the superconducting
diode effect. The origin underlying the effect depends on the symmetry breaking mechanisms at play. We investigate superconducting
micro-bridges of NbN and also NbN/magnetic insulator (MI) hybrids. We observe a large diode efficiency of ~30% when an out-of-plane
magnetic field as small as 25 mT is applied. In both NbN and NbN/MI hybrid, we find that the diode effect vanishes when the magnetic field
is parallel to the sample plane. Our observations are consistent with the critical current being determined by the vortex surface barrier.
Unequal barriers on the two edges of the superconductor strip result in the diode effect. Furthermore, the rectification is observed up to 10K,

which makes the device potential for diode based applications over a larger temperature range than before.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0109753

In the presence of symmetry breaking potentials, the magnitudes
of critical currents of a superconductor (SC) are unequal for the two
bias polarities.' ® This phenomenon is called the superconducting
diode effect (SDE) and may arise due to simultaneous breaking of
time reversal symmetry (TRS) and inversion symmetry (IS). The effect
has gained attention in recent times for its potential applications in
non-dissipative electronics. Assuming the critical current of SC to be
determined by the critical depairing mechanism, theoretical models
for the SDE rely on out-of-plane Rashba spin-orbit coupling,” "
valley-Zeeman interaction,"* etc., for the IS breaking and an applied
magnetic field for the TRS breaking. As a result, SDE in SC is related
to the emergence of a chiral superconducting order.” """’

The field witnessed an upsurge of reports spanning a range of
systems such as van der Waals material with noncentrosymmetric
crystal potential —MoS,,” synthetic super lattice of Nb/V/Ta," planar
Josephson junction arrays of Al on InAs,”'® magnetic proximity cou-
pled hetero-structures of van der Waals materials,"” etc. These studies
of the SDE primarily rely on the combination of magnetic fields and

spin-orbit coupling, giving rise to magnetochiral anisotropy." " **

Furthermore, it has been reported that an out-of-plane magnetic field
can cause the diode effect due to valley-Zeeman spin-orbit interaction
in NbSe, [14] or the imbalance in valley occupation in the case of
twisted tri-layer graphene.'” A recent experimental report has demon-
strated non-reciprocal critical current in superconductor films as well
as their hybrid with magnetic insulator employing small to no mag-
netic fields.”” Through careful experiments, spin-orbit coupling was
ruled out as the origin of the SDE. Instead, IS breaking in those experi-
ments is provided by the non-identical edges of the superconducting
film.

While a majority of the theoretical work has focused on the criti-
cal depairing mechanism, the critical current in type II superconduc-
tors is often determined by the vortex surface barriers.”" > The
supercurrent tries to pull vortices nucleated on one edge toward
the other side, where they can be annihilated. At low supercurrents,
the Bean-Livingston surface barrier”” is strong enough to prevent the
vortices from entering the superconductor. However, at a large enough
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current, which becomes the critical current, the Lorentz force over-
comes the surface barrier resulting in flux flow through the film and
destruction of the superconducting state.”*”” In the case of a thin film,
the lowest surface barrier is typically offered by the side surfaces for
out-of-plane vortices resulting in a critical current significantly lower
than the critical depairing current. Considering this mechanism,
unequal vortex barriers owing to asymmetric local defects on the two
side surfaces have been predicted to result in the SDE.”

In this article, we find SDE in NbN micro-bridges in an out-of-
plane magnetic field. Furthermore, to investigate the effects of an in-
plane exchange field, we study NbN/YIG and find no diode effect with
in-plane applied fields. Since our device geometry avoids fringe fields
caused by YIG from entering NbN, the absence of diode effect pro-
vides a test of the fringe-field mechanism of SDE put forth by Hou
and co-workers.”” We attribute our observations to the critical current
being determined by the vortex flow. Our results confirm that the SDE
is caused by unequal vortex barriers on the two side surfaces of the
ﬁl m.27,2‘)

Our experiments use SiO, (100 nm) on Si and epitaxial Y;FesO;,
(YIG) (100 nm) on gadolinium gallium garnet as substrates. A positive
photo-resist was spun on the substrates, which was then patterned to
microdevices via photo-lithography. The patterned sample was
cleaned by soft sputtering Ar" ions in an ultra-high vacuum chamber,
to eliminate any residual photo-resist and adsorbates. Furthermore,
NbN thin film was deposited using reactive DC magnetron sputtering
at room temperature, at a base pressure < 10 mbar. The sample was
then dipped in acetone to lift off the film, resulting in microdevices. A
standard four-point measurement configuration using a DC source
and a nano-voltmeter was employed for the measurements [inset of
Fig. 1(a)].

We first present the results of experiments on the 20 nm thick
NbN device on SiO, demonstrating non-reciprocity of the critical cur-
rent, I.. The device is a micro-bridge of lateral dimensions 1 x 4 umz.
The resistance vs temperature dependence of the device shows a broad
transition to the superconducting state at T, = 7.5 K [refer to Fig. S3 in
supplementary material], which corresponds to a Bardeen-
Cooper-Schrieffer energy gap 2 Ag =4.05 kg T equivalent to 1.3 meV,
where kg is the Boltzmann constant. The Ginzburg-Landau coherence
length is estimated as” Equ = /h/pyNperAy =~ 13.3 nm, where
N =~ 10%/(m’eV) is the density of states in NbN at the Fermi level
and e is the electronic charge. This places the Pearl length® (Zp
= 2/; /t) ataround 25 im (> w) ensuring a spatially uniform current
through the film. Here, 4;, is the London penetration depth, derived
using A; = \/hpy /7Ty, where I =4, w =1 um, and t=20nm
are length, width, and thickness of the bridge, respectively. py is the
resistivity in the normal (N) state at low temperature when resistance
is 400 Q, and py is the magnetic permeability in free space.

The current-voltage (IV) characteristics of the device as a func-
tion of magnetic field in the z direction exhibits a decay of I. with
magnetic fleld up to ~100mT [Fig. 1(a)] and saturates for larger
fields. We notice that the magnitude of maxima of critical currents
(/80 uA) in the two bias polarities are asymmetric about B= 0, indi-
cating the emergence of non-reciprocity with respect to magnetic field.
We plot the variation of I” and I as a function of magnetic field [Fig.
1(b)], and notice that I* > I, when B < 0 and vice versa when
B > 0, demonstrating rectification. The figure of merit of the diode

efficiency is defined by Q = ?:, . The maximum efficiency of our
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FIG. 1. (a) IV curves of the device at T = 2K, as a function of magnetic field in the
out-of-plane z direction. Inset: schematic of the device used for experiments with
the measurement configuration. (b) Critical current as a function of magnetic field
extracted from (a), for positive and negative bias polarities. The precision of /; is
limited by step-size of the current sweep; this is 5 pA in our measurements. (c)
Diode efficiency vs magnetic field, for three configurations of 6 and ¢ as specified
in the legend. § = 90° and 6 = 0° correspond to the configuration where the sam-
ple plane is parallel and perpendicular to the magnetic field, respectively. ¢ is the
angle between / and B, when the sample plane is parallel to the magnetic field.
¢ =0° and ¢ = 90° correspond to /|| B and / L B, respectively. (d) Schematic
depiction of the vortex instabilities at the two edges which determine the critical cur-
rent. The arrows indicate forces on the vortices due to the transport current (green),
the Meissner current (orange) generated by the applied magnetic field (assumed
positive), and the vortex surface barrier (magenta). For transport current along —y
(left panel), the critical current is determined by the left edge for B <20 mT [corre-
sponding to positive slope in (b)] and the right surface for 20 mT < B =< 100 mT
[negative slope in (b)]. For transport current along y (right panel), the left edge
determines the critical current at low B (> 0).

device is ~0.3 at T=2K and B ~ * 25mT, illustrating a robust
diode effect in the device. To investigate the underlying mechanism
causing the diode effect in NbN, we study the variation of Q as a func-
tion of angle between the current and magnetic field directions. We
find that the diode effect vanishes when the applied magnetic field is
in the plane of the sample, irrespective of the in-plane angle (¢) [Fig.
1(c)]. The critical current as a function of out-of-plane magnetic field
has previously been studied in NbN; however, there was no report of
non-reciprocity of the critical current.”” In our experiments, three out
of seven devices did not show any SDE despite fabrication under iden-
tical conditions, implying that the feature is highly sample dependent.
We interpret our findings assuming that the critical current is
determined by the vortex flow.”*** As discussed above, the critical cur-
rent in our sample is the value at which the Lorentz force acting on
out-of-plane vortices is able to overcome the net surface barrier and
drive the vortices through the film. Following Ref. 27, we depict the
forces on the relevant vortices near the left and the right edges in
Fig. 1(d). Since the microstructure at the two edges are never identi-
cal,””>* we assume the surface barrier at the right edge to be larger.
Let us first consider the case of transport current along —y [Fig. 1(d),
left panel]. At zero B, the critical current is determined by the weaker
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left edge surface barrier. As B (> 0) is increased, the Meissner screen-
ing currents caused by finite B exert additional forces on the vortices,
thereby reinforcing the left surface barrier [Fig. 1(d), left panel] and
enhancing the critical current. Since the Meissner response reinforces
the left surface barrier while weakening the right surface barrier, at
B~ 20 mT, the vortex instability determining the critical current
shifts to the right edge. Thus, the critical current decreases linearly
with B.***7**** On the other hand, for transport current along +j
[Fig. 1(d), right panel)], the left surface barrier is weakened by the
Meissner currents leading to a linear decrease in the critical current.
Combining these two cases, we see that the diode efficiency should
increase linearly with B at low fields, as observed in Fig. 1(c). At
B = 50mT, the relevant vortex surface barrier has been lowered suffi-
ciently such that bulk vortex pinning begins to determine the critical
current. Therefore, the diode efficiency decreases, as the IS breaking
caused by the surfaces starts to become irrelevant. The efficiency
appears to saturate, instead of going to zero, possibly due to an internal
and disorder-mediated IS breaking in the bulk pinning.
Complementing this qualitative analysis, we now extract the so-
called maximum super-heating field of the Meissner state”* B from
our recorded critical current dependence on B [Fig. 1(b)]. This is the
magnitude of B at which the linear decrease in I. valid at low fields
intercepts the magnetic field axis [blue dashed lines in Fig. 1(b)], when
the whole curve is shifted along the B axis to make the critical current
maximum occur at B= 0. We obtain four values for B; (60, 70, 82, and
120 mT) from the four linear interpolations, each corresponding to the
instability of a specific vortex (flux up or down) on a specific side (left
or right). The difference in values of B, probably arises due to different
local superconducting properties near the two edges. The extracted

scitation.org/journal/apl

values of B, fit well with the theoretical order-of-magnitude estimate
of ~30 mT obtained using the expression:” B, = ¢,/ (V3néw),
where ¢, is the flux quantum.” The agreement between the B; values
obtained from our experiment and theory supports the validity of our
assumed vortex mechanism of the critical current. Further confidence
is gained from two observations: (i) variation of the critical current on
a field scale of B, which is much smaller than the critical fields of
NbDN, and (ii) consistence between theoretical and experimental values
of B; in our work as well as the experiments by Hou and co-workers,
who recorded an order of magnitude smaller B, than ours due to their
much wider samples.

With the aim of examining the helical superconducting
state”*”'"" and the fringe field mechanisms of SDE, we study SC/
magnetic insulator hybrids of NbN/YIG. Since our NbN film is grown
on a much wider YIG film, our device design practically eliminates the
effect of fringe fields on NbN [Fig. 2(a)]. Diode effect in SC/ferromag-
net hybrids has previously been reported, where the ferromagnet is
metallic’”” *” and insulating."” We chose to study an SC/MI hybrid
owing to its advantages for non-dissipative electronics and to eliminate
a parallel electron transport channel. In our NbN/YIG device, the criti-
cal current exhibits non-reciprocity with diode efficiency factor ~13%
[Fig. 2(b)]. In the configuration where the magnetic field is nominally
in the plane of the sample, we observe that the Q(B) [Fig. 2(c)] is iso-
tropic with respect to the direction between magnetic field and cur-
rent. The diode characteristics can be attributed to a possible
misalignment of the sample with respect to the magnetic field, where
the out-of-plane magnetic field is non-zero. Even a minor misalign-
ment ~ 3° is sufficient to lead to the observed diode non-reciprocal
behavior. Furthermore, isotropic behavior in the ¢ dependence
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FIG. 2. (a) Schematic of the device cross section. The black wavy lines indicate that the dimension of NbN is orders of magnitude smaller than YIG/GGG. The measurement
geometry is the same as in Fig. 1. YIG spreads over the whole substrate making fringe field on the SC device negligible. (b) Critical current as a function of magnetic field for
NbN/YIG device, for positive and negative bias polarities. (c) The diode efficiency vs magnetic field plotted at different angles between direction of magnetic field and current
as specified in the legend. (d) and (e) Resistance vs magnetic field in the out-of-plane direction for currents in both bias polarities at (d) 1.78 mA and (e) 1.4 mA. (f) Resistance
switching between SC and normal states by changing magnetic field/bias polarity, showing robust diode effect at 7.3 K. The spikes in transition between SC and N states in the
I curves are due to temperature fluctuations (= 10 mK) which become visible close to T.
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corroborates this inference; any likely contribution from the Rashba
spin-orbit coupling or magneto-chiral effects would result in anisot-
ropy in the in-plane field configuration.”'**" Thus, our experiments
rule out any role of the spin-orbit coupling and associated helical
superconducting states in causing the SDE in our samples. Since our
samples eliminate the fringe field effects, we observe basically zero
SDE in our SC/MI sample under the in-plane field configuration. This
supports the fringe-field mechanism™ of SDE in samples with equal
width of SC and MI layers (V/EuS), where the fringe fields affect the
SC. The SDE in our SC/MI sample is due to the same vortex mecha-
nism as discussed above, and we obtain B, of ~ 100 mT from our
experimental data [Fig. 2(b)]. Thus, the MI plays no important role in
the SDE observed here.

Furthermore, the switching between SC and N states is illumi-
nated by analyzing the horizontal line-cut profiles of the surface plots
[Figs. 2(d) and 2(e)] of IV curve at different B [refer to Fig. S1(b) in
supplementary material]. The device exhibits I. = =2 mA at B=0.
We plot the resistance of the device vs B at fixed values of current
|I| < |L| [Figs. 2(d) and 2(e)]. We observe switching between SC and
N states, in addition to maintaining the non-reciprocity with respect
to the two bias polarities. The critical field B, (field at which the device
transitions from SC to normal state) increases with a decrease in the
current at which the resistance is measured. Furthermore, we notice
that B, is asymmetric about B=0. For instance, for a given bias
polarity + 1.4mA [Fig. 2(e)], B =180 mT and B = —120 mT.
These observations are consistent with the correlation between B.(T')
and I (T) of a superconductor. For each value of current, there exists a
region of magnetic field where the device is superconducting in the
positive bias and normal in the opposite, and vice versa. Keeping the
magnetic field constant within the regime of non-reciprocity, we can
observe the canonical diode effect [Fig. 2(f)] over multiple measure-
ment cycles. The resistance of the device indicates switching from the
SC state to the N state and vice versa by reversing the polarity of either
the magnetic field or current bias. In the switching curve correspond-
ing to I ¥, there are additional sporadic jumps to normal state, which
are primarily arise from vortex instabilities due to small temperature
fluctuations. Over multiple measurement cycles we found that these
jumps are random in nature and absent at lower temperatures. We
observe magneto-resistance switching up to 10 K [Fig. S2(b) in supple-
mentary material], enhancing the temperature regime in which the SC
diode based experiments can be performed.

We have reported a robust superconducting diode in NbN and
NDbN/YIG microdevices, with a diode efficiency of ~ 30%. The absence
of rectification in the in-plane field with a magnetically saturated YIG
film provides complementary evidence to the report of Hou et al.”’
that fringe fields are responsible for their observations on V/EuS. All
our observations are consistent with the vortex surface barrier mecha-
nism of the critical current. In our best devices, we find the resistance
switching persistent up to 10 K which marks an advancement in the
temperature range in which the diode based applications can be
functional.*”

See the supplementary material for additional measurements of
the devices discussed and measurements on more devices.
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