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ABSTRACT

We demonstrate nonreciprocal critical current in 65 nm thick polycrystalline and epitaxial Nb thin films patterned into tracks. The nonre-
ciprocal behavior gives a supercurrent diode effect, where the current passed in one direction is a supercurrent and the other direction is a
normal state (resistive) current. We attribute fabrication artifacts to creating the supercurrent diode effect in our tracks. We study the varia-
tion of the diode effect with temperature and the magnetic field and find a dependence with the width of the Nb tracks from 2 to 10 um.
For both polycrystalline and epitaxial samples, we find that tracks of width 4 um provide the largest supercurrent diode efficiency of up to
~30%, with the effect reducing or disappearing in the widest tracks of 10 um. We propose a model based on the limiting contributions to
the critical current density to explain the track width dependence of the induced supercurrent diode effect. It is anticipated that the super-
current diode will become a ubiquitous component of the superconducting computer.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0141576
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I. INTRODUCTION Several recent experiments have reported the Josephson diode
effect in devices with exotic barrier materials.”’™*”

In addition to the Josephson diode effect are reports and pre-
dictions for an intrinsic supercurrent diode effect. Theoretically, an
intrinsic effect can occur in superconducting material systems with
symmetry breaking, such as broken inversion symmetry’*™* or
broken time-reversal symmetry.””>*"*** Therefore, much attention
has been paid to observations of the supercurrent diode effect in
exotic materials systems such as multilayers with noncentrosym-

: 4346 .
metric structure” " and systems with time-reversal symmetry

The supercurrent diode is an analog to rectification in semi-
conductor pn junctions, where current is allowed to flow only in
one direction. In the supercurrent diode, the critical current of the
device (I.) is nonreciprocal (I # I”), leading to the situation
where a dissipationless supercurrent can pass in one direction, but
upon reversing the current direction, the device becomes resistive.
It has been suggested that a supercurrent diode may become a
useful component for digital processing in a superconducting
computer.

Nonreciprocal I. behavior has been predicted and observed
prior to the common use of the term supercurrent diode effect.
Some notable early experimental works include superconducting
foils under external magnetic fields' and reports in superconduc-
tor—ferromagnet hybrid systems.”™

Theoretically, a nonreciprocal I, can manifest in Josephson
devices with anomalous ¢, phase differences”” or when the barrier
materials have symmetry breaking.*” A common requirement of
such predictions is that the barriers contain exotic materials such
as ferromagnetic multilayers,'’”'® topological insulators,'”’ ™" Weyl
semimetals,”” > materials with large spin-orbit coupling,z’i’% or
that the electrodes are unconventional superconductors.”” >’

breaking.”” In order to fully understand the interesting and novel
new physics of such systems, it is important to be able to distin-
guish between the supercurrent diode effect, which is intrinsic to
the material and which is induced as a result of device fabrication.
An induced supercurrent diode effect can occur in tracks of
s-wave superconductors without intrinsic inversion or time-reversal
symmetry breaking, such as Nb."*°' The induced supercurrent
diode effect is attributed to non-perfect device fabrication leading
to imperfections in the edges of the tracks. Therefore, the edges of
the tracks are unlikely to be identical, which can lead to the
unequal generation, penetration, and expulsion of vortices on
the opposite edges of the tracks, resulting in rectification."*””
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The ability to induce a supercurrent diode effect without require-
ments for exotic materials is useful from a practical point of view
since established industrial processes tend to be based on s-wave
superconductors such as Nb.

In this work, we report measurements on Nb thin films pat-
terned into tracks of varying widths. From our field and tempera-
ture dependent measurements of the induced supercurrent diode
effect, we report three key experimental observations. First, our Nb
tracks are 65nm thick, refining the thickness in which the super-
current diode effect manifests. Second, by varying the width of the
tracks, we observe a dependence on the diode effect with track
width. Third, we establish that single crystal epitaxy is not a condi-
tion for the diode effect by measuring both polycrystalline and epi-
taxial samples. We report our observed diode effect as an efficiency
LI
e
observed track width dependence in terms of the critical current
densities in our devices and conclude that the induced supercurrent
diode effect is a particularly important consideration in track
widths where vortex penetration contributes significantly to the
overall critical current density.

parameter 7 = Finally, we propose a model to explain our

Il. METHODS

Nb films are deposited by dc magnetron sputtering in the
Royce Deposition System.”” The magnetrons are mounted below,
and confocal to, the substrate with source-substrate distances of
134 mm. The base pressure of the vacuum chamber is 3 X
10" mBar with the substrate at room temperature and 1 x
10-8 mBar with the substrate at 1000°C. Nb is grown at a rate of
0.06 nm/s at an Ar (6N purity) gas pressure of 3.6 x 10> mBar to a
nominal thickness of 65nm. The growth rate and film thicknesses
are checked by x-ray reflectivity. The first Nb sample was deposited
at room temperature on the Si/SiO, substrate, and the second Nb
sample was deposited at an elevated temperature of 1000°C onto a
single crystal a-plane Al,O3 substrate to promote epitaxial growth.

Samples are fabricated into tracks using a direct laser writer to
define resist masks in the S1813 photoresist, and reactive ion
etching at 130 W in a 1:2 Ar:SF6 plasma to etch the Nb films. After
fabrication, devices are measured in a continuous flow *He cryostat
with 3T horizontal superconducting Helmholtz coils. Traditional
4-point-probe transport geometry is used to measure the
current-voltage characteristic of the tracks with a combined Keithley
6221-2182A current source and nano-voltmeter in pulse mode with
1 ms pulses and a 1% duty cycle to avoid a reduced retracking I. due
to heating. Varying the duty cycle from 1% to 50% resulted in no
changes to the reported I.. The schematic of the fabricated devices
and measurement geometry is shown in Fig. 1(a).

The sample grown at room temperature has a superconducting
T, of 875K and a residual-resistivity ratio (RRR) of 2.8, giving an
estimate for the mean free path (£) of 6 nm—indicating a polycrys-
talline microsctructure. The second sample has a higher T. of
9.05K and a RRR of 30, giving an estimate for ¢ of 96 nm, consis-
tent with an epitaxial microstructure. The increased ¢ is expected
for the epitaxial Nb due to the decrease in crystallographic defects
such as grain boundaries. The properties of our polycrystalline Nb
thin films are reported elsewhere.”*

ARTICLE scitation.org/journalljap

lll. RESULTS

Figure 1 shows the supercurrent diode effect in the polycrystal-
line sample with 4 um wide track. Figure 1(b) shows the current—
voltage (I-V) characteristic of our track at applied fields where the
diode effect is found to be maximum. I and I_ are extracted from
the I-V when the voltage reaches a small threshold value. Large
nonreciprocal I and I” can be seen in the I-V characteristic.
When the field polarity is reversed, the nonreciprocal I and I are
also reversed. In the normal state of the device, the I-V curve shows
a slight non-linear dependence, which we attribute to Joule heating
as a result of the large current densities. Our measurements at lower
current densities (e.g., in wider tracks or at warmer temperatures)
show I-V curves following the expected linear metallic behavior.

Figure 1(c) shows the out-of-plane applied field dependence
of I:r and I7. Due to the diode effect, unexpectedly, the maximum
values of I, do not occur at the zero applied field. We attribute this
to the vortex penetration field, which is discussed later. The pre-
sented field sweep is acquired by sweeping from the negative to the
positive field. A similar curve with the same features is obtained by
sweeping from the positive to negative field. The sign of the I1/I-
maximum with the positive/negative field does not change with
temperature or the field sweep direction and appears to favor
having the I (I”) maximum in the positive (negative) field.
Across the 11 samples in our study showing the diode effect, when
keeping the device mounting and wiring geometry the same, I
(I7) maximum appears in the positive (negative) field with a ratio
of 83. The I1/I7 maximum with positive/negative field can be
reversed by swapping the current wiring direction [Fig. 1(a)].
Figure 1(d) shows the extracted diode efficiency 7, where peak effi-
ciency is achieved around the fields corresponding to IF/I-
maximum. The maximum in 7 corresponding to the maximum in

I is a common feature of our data, however, we believe that this is ¢
a consequence of how 7 is defined rather than being a fundamental :

feature of the induced supercurrent diode. We note a sight asym-
metry and digitization in the high field # values in this device,
Fig. 1(d). The asymmetry in 7 at high fields is present in some of
our devices and may indicate that the diode effect persists to high
fields in some devices. The digitization of 7 at high fields is a result
of determining I. from the finite current step size in the I-V
measurements.

Our interpretation of the origin of the supercurrent diode
effect relies upon our samples being in the limit where the critical
current is determined by the vortices in the system, as opposed to
being the depairing current. From the I.(B) dependence, it is possi-
ble to extract the maximum super-heating field of the Meissner
state,” B. The inset to Fig. 1(c) shows the low field I, with linear
fits (dashed lines). B; corresponds to the interpolated intercept of
the fits to the low field data, when the B offset is taken into
account. From the four linear fits shown in Fig. 1(c) inset, we
obtain B; = 10 + 1 mT. The expression,”® B, = ¢,/(v/37xEw), pro-
vides an order of magnitude estimate for B, where ¢, is the flux
quantum and ¢ is the Ginzburg-Landau coherence length
(6 =11.6nm for polycrystalline thin film Nb’*). For w = 4um,
B, =8.2mT, in approximate agreement with our experimental
findings. This indicates strongly that in the region where the diode
effect is observed the critical current is determined by the vorticies.
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Figure 2(a) shows a scanning electron microscope image of
the epitaxial 65nm thick Nb sample patterned into 4um wide
track. To avoid charging during imaging, a thin Au layer is depos-
ited over the whole sample. Imaging of multiple tracks reveals the
following: first, some hardened resist residue remains on the
devices at the sidewalls. We do not believe that the resist residue
contributes to the observed diode effect; second, all our devices
have a low line-edge roughness in the range of 10-40 nm with no
significant differences between opposite edges. This implies that the
fabrication artifacts believed to be responsible for the induced
diode effect are subtle.

Figure 2 shows the supercurrent diode effect in the epitaxial
65nm thick Nb sample patterned into 4um wide track at 5K.
From the comparison with the polycrystalline device presented in
Fig. 1 of the same track width and measurement temperature, the
epitaxial device shares many of the same features with the following
differences. From the I-V characteristic, Fig. 2(b), the residual resis-
tance of the epitaxial sample is lower than the polycrystalline
sample. This sample also displays slightly non-linear dependence,
consistent with Joule heating. The tracks patterned from the
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epitaxial sample have an I. about twice that of the polycrystalline
track, shown in Figs. 2(b) and 2(c). The increased I, in the epitaxial
sample is most likely due to the combination of increased gap
(higher T.), decreased grain boundaries, and increased mean free
path compared to the polycrystalline sample. As shown in
Fig. 2(d), the measured maximum 7 in this condition is smaller
than the polycrystalline sample.

We next study the track width dependence of the supercurrent
diode effect in the polycrystalline and epitaxial Nb samples. For poly-
crystalline Nb, the London penetration depth 1; = 96 nm,™* provid-
ing an estimate of the Pearl penetration depth Ap = 212/t ~ 300 nm.
For comparable epitaxial Nb, A; tends toward bulk’ providing an
estimate Ap ~ 50 nm. Other works have considered tracks in the
limit w/Ap = 1/25" and w/Ap = 2;*° however, here we explore a
new limit where the width of the tracks is far greater than the Pearl
penetration depth, w >> Ap, covering between 10 < w/Ap < 200. In
this new limit, we observe a significant superconducting diode effect
and report a width dependence in our samples.

Figure 3 shows the full track width and temperature depen-
dence of the supercurrent diode effect in the epitaxial and
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FIG. 1. Supercurrent diode effect in polycrystalline 65 nm thick Nb patterned into a 4 uzm wide track, measured at 5 K. (a) Schematic cross section of the Nb track device
showing the applied field and measurement current direction (not to scale). (b) Current-voltage characteristic of the device measured at the +3 mT applied out-of-plane
field. (c) Extracted critical currents (I and /) with the out-of-plane applied field, the inset shows the low field region with fitting to the model described in the text. The
uncertainty in determining /; is the current step size and is smaller than the data points. (d) Diode efficiency 7 corresponding to the dataset in (c).
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FIG. 2. Supercurrent diode effect in epitaxial 65nm thick Nb. (a) Scanning electron microscope image of a 4 um wide track. (b)—(d) Electrical transport characteristic of a
4 um wide track, measured at 5 K. (a) Current-voltage characteristic of the device measured at +7 mT applied out-of-plane field. (b) Extracted critical currents (I~ and /)
with the out-of-plane applied field. The uncertainty in determining I is the current step size and is smaller than the data points. (c) Diode efficiency 7 corresponding to the

dataset in (b).

polycrystalline Nb samples. Considering first the epitaxial sample,
Fig. 3(a), two samples of at w = 7 and 10 um did not show finite 7.
In these two tracks, I. at low temperatures exceeded the maximum
output of our current source (100 mA), limiting the range of tem-
peratures we could measure. For the narrower samples which
showed 7, the temperature dependence shows similar trends for
all samples, with the largest 7 at 1.8K, and 7 decreasing with
warming.

Figures 3(b) and 3(c) presents the track width dependence of
7 at fixed temperature. At 1.8 K, a clear peak in 7 is found for the
4um track, with n decreasing linearly for narrower or wider tracks.
At 5K, the peak in 7 is broader, with w =4 and 5um showing
similar 7. Again, for narrower or wider tracks 7 decreases linearly
with width. Linear fits the decay of 1 for tracks of 4, 5, 6, and 7 um
are presented as dashed lines.

In the polycrystalline Nb samples, Fig. 3(d), tracks in the
width regime 3 < w < 5um follow a similar temperature trend
where 7 is the largest for temperatures of 4 or 5K and decreases
from the maximum value as the temperature is cooled or warmed.
Tracks with w > 7 um show the largest 7 at the lowest temperature,

with 77 decreasing as the temperature is warmed. Considering the
track width dependence of 7 at fixed temperature, Figs. 3(e)
and 3(f), n shows the largest value for tracks of w =3 or 4um.
Upon increasing w, 1 decreases linearly between 7 < w < 10um at
1.8 K and between 5 < w < 10um at 1.8 K. The 5um track at 1.8 K
is a outlier to this trend. Linear fits to the decay of 1 for tracks of
7,8, and 10um are presented as dashed lines.

In an attempt to further understand the origin of the diode
effect and the role of vorticies, we perform initialization experi-
ments on one of our tracks. Figure 4 shows the epitaxial 65nm
thick Nb sample with 5um wide track at 6 K. (a)-(f) shows the
initial state of the device after the zero applied field cools and the
conditions necessary to initialize the supercurrent diode effect in
the device. At the zero field cooled condition in Fig. 4(a), the
device already shows a small diode effect of 7 = 6%, presumably
due to the small trapped flux in the superconducting magnet.
Figures 4(a)-4(f) present the results of performing sequentially
larger field sweeps. Starting from the zero applied field, we observe
a crossover in I /I at approximately 1 mT. The crossover at 1 mT,
where 17 =0, likely corresponds to the true zero field condition.
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Trapped magnetic flux is a common feature of superconducting
coils. Here, we choose not to perform background subtraction of this
effect, and we present the dataset “as measured.” Due to the larger
field step size used to acquire the data presented in Figs. 1 and 2, the
small trapped flux is not visible in those datasets. A further conse-
quence of the trapped flux is that our devices will have been cooled
through the superconducting transition in a small magnetic field,
which will contribute flux vorticies in the as cooled state. The depen-
dence of the diode effect on field cooling was not investigated in this
study. The maximum in I7" is at about 4 mT. As in Figs. 1 and 2, the
maximum diode effect, 7, corresponds to the maximum in Ic*. At
larger fields, the effect reduces, and Ij = I~ at about 20 mT.

In Fig. 4, comparing the out and return field sweep directions,
there is a hysteretic behavior in I, and, hence, 7. Considering Fig. 4(e),
the hysteresis is particularly observable in I between 10 and 20 mT
but is present over the whole field range where n # 0. The hysteretic
behavior with field history suggests that the diode effect is sensitive to
the field history of the track. We expect that the preceding field
history establishes different vortex states in the track, which, therefore,
influences the magnitude of 7. The largest hysteresis between 10 and
20 mT is reproduced in subsequent larger field sweeps [Fig. 4(f)].

IV. DISCUSSION

From the presented experimental data, we can report three key
experimental observations. First, at 65 nm thick, our films are in a

ARTICLE scitation.org/journalljap

distinct mid-range thickness with respect to other works in the
field.">*® In this mid-range thickness, we have shown that a diode
effect is possible. Second, by varying the width of the tracks, we
observe an unexpected dependence of the diode effect with track
width. Third, we extend previous work,” which considered only
epitaxial Nb and demonstrate that the supercurrent diode effect is
present in both polycrystalline and epitaxial Nb.

In our polycrystalline Nb, the coherence length is 11.6 nm,”
which is much less than the thickness of the 65nm film studied
here. Our results, therefore, suggest that the supercurrent diode effect
reported here does not rely upon subtle interfacial effects, which
may play an increasing role when the film thickness is comparable to
the coherence length. An added benefit of using thicker films is that
at 65 nm, Nb has a near bulk T,, which makes our devices useful for
integrating with Nb-based computing schemes operating at 4.2 K.

Our data show that the induced supercurrent diode effect
depends upon the width of the track. From our data, we can esti-
mate the upper limit of track width for the supercurrent diode
effect. For the polycrystalline film, extrapolating the linear fit
shown in Figs. 3(e) and 3(f) n =0 for w between about 12 and
13 um. In the epitaxial film, n = 0 is observed at 5K for w = 7 um.
Extrapolating the data at 1.8 K suggests that n = 0 for w ~ 8 um. In
the epitaxial sample, i also reduces in the narrowest tracks, but this
trend is not reproduced in the polycrystalline sample.

We propose that the induced diode effect does result from
asymmetric properties in the two edges of our tracks. This
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FIG. 3. Supercurrent diode effect in epitaxial and polycrystalline 65 nm thick Nb patterned into tracks (a) and (d) The maximum diode efficiency parameter, n, with temper-
ature for a series of tracks with varying width for the epitaxial and polycrystalline samples, respectively. (b), (c) ,(e), and (f) Corresponding track width dependence of 7 at
(b) and (e) 1.8K and (c) and (f) 5K. Solid lines in (a) and (d) represent guides for the eye, while dashed lines in (b), (c), (e), and (f) show linear fits the decay of 7 for

the widest tracks.
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FIG. 4. Initialization of the supercurrent diode effect in epitaxial 65 nm thick Nb
patterned into 5 um wide track at 6 K. (a)—(e) /7/I; with sequentially larger field
sweeps on a semi-log scale. Before each sweep, the sample was briefly
warmed above T, and cooled again in the zero applied field. The uncertainty in
determining /; is the current step size and is smaller than the data points.

asymmetry causes unequal generation, penetration, and expulsion
of vortices on the two edges of the tracks, resulting in the observed
rectification. Each edge has a different critical current density
required for penetration of magnetic vortices, j,e,. This could be
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FIG. 5. Width dependence of the critical current densities in Nb fracks.
Experimental data for the nominal critical current density at 5 K for all devices in
this study. The polycrystalline tracks are fit to Eq. (1), with a best-it value
Bpen = 11 &+ 1mT. Also shown are literature values for polycrystalline Nb
depairing current™® (j5i) and depinning current™ (j,in). We define three regions
depending on which mechanism determines the critical current density of our
tracks, see text.

induced by the asymmetric edge roughness mechanism of Hou
et al.*® or, more generally, by any local changes in the supercon-
ducting gap such as, most probably, the edge profile. The diode
effect in our tracks, therefore, relies on being in a regime where the
critical current density (jc) of the tracks is limited by flux vortice
entry. We know this to be the case from our analysis of the I.(B)
dependence of Fig. 1(c), inset. The requirement for the track to go
normal is, therefore, flux penetrating the track from the edge barri-
ers continuously and flux vortices moving freely across the track
without being pinned.

There are three possible mechanisms to limit the critical
current density j. of our superconducting tracks. The ultimate limit
is the depairing current, jy,,. Where the critical current of the
track is limited by flux vortices, the critical current density is
limited by the greater of the current density required for penetra-
tion of magnetic vortices, jen, and the current density required to
depin the vortices, j i.

For our Nb tracks, we can reasonably assume that ju is an
intrinsic material property and j,;, is a property of the film, both of
which do not depend on track width. On the other hand, it has been
shown that j ., depends on the track width (w) according to™®

2nB pen

HoVdw

Jpen = > )

where d is the film thickness, By, is the minimum field for vortex
penetration, and g, is the magnetic permeability of free space.
Figure 5 shows the experimentally determined maximum nominal j,
at 5K for both the epitaxial and polycrystalline Nb tracks. jpe, is
fitted to the polycrystalline dataset with B ., a free fitting parameter,
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returning a best-fit value of 11 + 1 mT. Note that B, is likely a
combination of the applied and self-magnetic fields in our system.
Also plotted are the experimentally determined j 4 from II'in et al
for narrow polycrystalline Nb t{a_tcks36 and j i, from Zhu et al. for a
110 nm polycrystalline Nb film.”

Considering the fit to the polycrystalline Nb tracks, it is possi-
ble to divide Fig. 5 into three width regions. For narrow tracks
occupying region I (w < wy), the critical current density in the
track is limited by j,;. Since vortices do not contribute to j, our
conjecture is that it is not possible for fabrication to induce a
supercurrent diode effect in this region. For intermediate region II
(wy <w < wy), the critical current is limited by j,e,. In this
region, the track goes normal when the transport current equals
jpens and a diode effect can be induced by device fabrication if j e,
is asymmetric on each edge. For wide tracks in region III (w > w,),
the critical current is no longer limited by j,.,. Here, upon applying
a transport current, first vortices enter the track at the edges at
transport current exceeding j,.,. However, these vortices become
pinned, preventing the track from going normal. It is only when
the transport current exceeds j,;, that vortices can move and the
track goes normal. In region III, the induced diode effect should be
suppressed as j,i, is an intrinsic material property and, therefore,
likely to be uniform across the width of the track.

Comparing the width dependence of j. in Fig. 5 to our experi-
mental data on the width dependence of the supercurrent diode
effect in Fig. 3, we can make the following observations and predic-
tions. We expect that the induced diode effect will be suppressed in
region III, which for the polycrystalline dataset is at w ~ 13 um.
This width corresponds well with our extrapolation to 7 =10 in
Figs. 3(e) and 3(f). We can also use the model to predict that
w = 600 nm is the upper boundary of region I for polycrystalline
Nb. Therefore, tracks narrower than about 600 nm should not
show an induced supercurrent diode effect, however, fabrication of
tracks that narrow would require a change in fabrication methodol-
ogy. Finally, applying similar analysis to the epitaxial Nb tracks, we
conclude that both jpe, and j,;, must be higher in the epitaxial Nb.
Interestingly, a higher j,., would suggest that region I extends to
wider epitaxial tracks compared to polycrystalline tracks, which
would be consistent with our observation of reduced 7 in the nar-
rowest epitaxial tracks in Figs. 3(b) and 3(c).

V. CONCLUSIONS

In conclusion, we report on the induced supercurrent diode
effect in 65nm thick polycrystalline and epitaxial Nb films pat-
terned into tracks. Consistent with previous works, the supercon-
ductor itself does not require any intrinsic inversion symmetry
breaking and the layer can be significantly thicker than the coher-
ence length. Our experimental results and model suggest that in
order to distinguish between the intrinsic and induced supercurrent
diode effect in a materials system, the critical current density in the
fabricated devices should be limited by j,; and not by flux vorti-
ces. Therefore, claims of the intrinsic diode effect should only be
made for devices limited by jpar (occupying region I of Fig. 5).
This is particularly relevant for the study of exotic materials to
isolate the proposed intrinsic effect from the fabrication induced
effect we report here.
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For technological applications, it would be possible to manip-
ulate the devices edges to create local differences in jpe, for
example, by engineering edge roughness or by changing the super-
conducting properties of one edge by ion implantation and, there-
fore, control induced diode effects.

Our largest reported diode efficiency is n ~ 30% in a 4um
wide track at 5 K. We report that the supercurrent diode effect can
be observed in Nb tracks over a range of track widths applied
out-of-plane applied fields and temperatures. Our results show a
track width dependence, where for the widest tracks in this study,
we report that the diode effect reduces or disappears altogether. We
present a model of the critical currents in the track to account for
our observed width dependence.
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