Downloaded viaUNIV AUTONOMA DE MADRID on October 10, 2024 at 14:43:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This article is licensed under CC-BY 4.0 @ @

Wwww.acsnano.org

Flux-Tunable Josephson Diode Effect in a
Hybrid Four-Terminal Josephson Junction

Marco Coraiola, Aleksandr E. Svetogorov, Daniel Z. Haxell, Deividas Sabonis, Manuel Hinderling,
Sofieke C. ten Kate, Erik Cheah, Filip Krizek, Ruidiger Schott, Werner Wegscheider, Juan Carlos Cuevas,
Wolfgang Belzig, and Fabrizio Nichele™

Cite This: ACS Nano 2024, 18, 9221-9231 I: I Read Online

ACCESS ‘ [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: We investigate the direction-dependent switching Isp Rl

current in a flux-tunable four-terminal Josephson junction 0.5 Ly t1,
defined in an InAs/Al two-dimensional heterostructure. The '

device exhibits the Josephson diode effect with switching

I,
\
o | I
currents that depend on the sign of the bias current. The =< r ‘
superconducting diode efficiency, reaching a maximum of Iyl = & oy i:':‘/ 0 : ;
34%, is widely tunable—both in amplitude and sign—as a ® ® = 2 ‘

function of magnetic fluxes and gate voltages. Our observations

are supported by a circuit model of three parallel Josephson

junctions with nonsinusoidal current—phase relation. With = -0.5
respect to conventional Josephson interferometers, phase- )

tunable multiterminal Josephson junctions enable large diode [mas @A [Pl lines
efficiencies in structurally symmetric devices, where local

magnetic fluxes generated on the chip break both time-reversal and spatial symmetries. Our work presents an approach for
developing Josephson diodes with wide-range tunability that do not rely on exotic materials.

-0.4 0
IL (mA)

KEYWORDS: superconducting diode effect, multiterminal Josephson junction, superconductor—semiconductor hybrid, 2DEG,
nonreciprocal transport

P ] onreciprocal transport phenomena play a key role in momentum superconductors,'® >’ or multilayered materials,

modern electronics, with semiconductor diodes realizing sizable asymmetries even without external magnetic

serving as the fundamental components for numerous fields.”' ~** An alternative platform proposed to achieve the
devices." In analogy to the semiconductor diode, whose SDE in Josephson devices—where it is usually referred to as
electrical resistance strongly depends on the current direction, the Josephson diode effect (JDE)—relies on a supercurrent
a superconducting diode allows a larger supercurrent to flow in interferometer, where two JJs with nonsinusoidal current—
one direction compared to the other.” Nonreciprocal super- phase relations (CPRs) are combined in a SQUID.*>** Such
currents were recognized already in the 1970s in super- CPRs, containing contributions from higher harmonics than
conducting quantum interference devices (SQUIDs) based on the conventional 2z-periodic component, are routinely
superconducting bridges’ and tunnel Josephson junctions attained in high-quality superconductor—semiconductor planar
(JJs),™ arising as a consequence of the finite loop inductance. materials,”’ > where hybrid JJs host Andreev bound states

Direction-dependent switching currents were also observed in
conventional superconducting thin films and interpreted as a
manifestation of microscopic asymmetries in the device
geometry.6 More recently, the superconducting diode effect
(SDE) has sparked renewed interest, driven by its connection
to the fundamental properties of a diverse range of super-
conducting systems, where the breaking of both inversion and
time-reversal symmetries is required for the effect to occur.
Since its observation in superconducting multilayers,” the SDE
has been the subject of thorough experimental and theoretical
investigation, both in junction-free thin films*~"* and JJs based
on semiconductors with spin—orbit coupling,'*™"" finite-

(ABSs) characterized by high transmission. Key ingredients for
the JDE to occur in this system are the different harmonic
content between the two JJs and a magnetic flux threading the
SQUID loop,” as recently demonstrated in two-dimensional
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(2D) electron®®* and hole® systems, obtaining large diode
efficiencies at equilibrium up to approximately 30%.

Multiterminal JJs are emerging as a promising platform to
investigate supercurrent nonreciprocities. Initial experiments37
identified the JDE and ascribed it to phase-drag effects.”®
Coupling between JJs hosting ABSs realizes Andreev
molecules,””™*" which also give rise to the JDE."”**> Another
line of research focused on multiterminal devices featuring
more than two current ports.44’45 In this configuration, a bias
current applied to one lead controls the switching current and
its nonreciprocity measured between two other leads.
Furthermore, the JDE was achieved by engineering higher
harmonics in the CPR of a three-terminal JJ network threaded
by a magnetic flux.*’

Significant potential of multiterminal JJs lies in the ability to
manipulate multiple phase differences. This capability would
enable the engineering of an all-flux-tunable Josephson diode,
offering versatile device design and control. In this work, we fill
this gap by realizing a superconductor—semiconductor four-
terminal JJ (4TJJ) embedded in a double-loop geometry,
where two superconducting phase differences are independ-
ently controlled via integrated flux-bias lines. Our device,
operated in a two-terminal configuration (i.e., a single bias
current is required), leverages the nonsinusoidal CPRs existing
between pairs of superconducting terminals to realize strong
JDE. Supercurrents and JDE efficiency are tunable by magnetic
fluxes threading the superconducting loops and by gate
electrodes that control the number and transmission of
ABSs. One of the loops is further controlled by gating an
additional JJ with large critical current, allowing for single-loop
operation of the device. Overall, we reach peak JDE efficiency
of +34%. We provide an in-depth explanation of the JDE in
our system by means of a simple circuit model, which maps our
device to the combination of two SQUIDs, or a bi-SQUID.
Simulations are performed both in an idealized case with
minimal assumptions and in an extended version that
accurately captures the experimental results.

The geometry we engineer can be conceptualized as an
interferometer”” with one of the two arms constituted by a
SQUID. This enables flux tunability over the CPR of the arm
and its harmonic content. Consequently, the interferometer
exhibits a tunable arm imbalance, leading to the JDE, whose
efficiency is further controlled by the second flux degree of
freedom. The double flux tunability is a key feature of our
platform, as it provides the two sources of symmetry breaking
required to implement a superconducting diode: spatial
symmetry (here, between two supercurrent paths of the
interferometer) and time-reversal symmetry. Local flux bias
allows wide and fast tuning of the JDE in both amplitude and
sign, including a vanishing diode efficiency in extended regions
of the phase space—that is, the JDE can be suppressed without
fine-tuning of parameters. Moreover, gating of the hybrid JJs
enables electrostatic routing of the supercurrent path and
modulation of the flux dependence of the JDE.

In light of our results, multiterminal JJs in superconductor—
semiconductor hybrid systems offer advantages that are pivotal
for realizing nonreciprocal transport phenomena. The non-
sinusoidal, flux-tunable CPR and the ability to break spatial
and time-reversal symmetries solely through flux biasing enable
the natural attainment of large and controllable diode
efficiencies without the need for sizable magnetic fields. Future
work could expand the study of multiterminal devices to realize
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nonreciprocal transport in the linear regime,

opportunities for innovative applications.

presenting

RESULTS AND DISCUSSION

Flux-Tunable Multiterminal Josephson Junction. The
device under study, consisting of a multiterminal J] embedded
in double-loop geometry, is displayed in Figure 1. It was
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Figure 1. Device under study and measurement setup. (a) False-
colored scanning electron micrograph of a device identical to that
under study. Exposed III-V semiconductor is represented in
green, Al in purple, gate electrodes in yellow, and flux-bias lines in
red. Bias current Igp, flux-line currents I; and I, magnetic fluxes
threading the superconducting loops ®; and ®x, and gate voltages
Vs, Vi, Viw Vi, and Vj are labeled. Superconducting terminals S, L,
M, R, and the common node D are also indicated. (b) Zoom-in of
(a) in the vicinity of the four-terminal Josephson junction. (c)
Schematic representation of the device with the measurement
setup, using the same color labeling as in (a) and (b). Gate
electrodes are not shown.

realized in an InAs/Al heterostructure,””>” where the epitaxial

Al layer was selectively removed to expose the III-V
semiconductor below. We defined four superconducting
terminals, labeled S, L, M, and R, coupled to a common
semiconducting region. Lithographically, the minimum dis-
tances between neighboring terminals were 30 nm (for L-M
and R—M) and 50 nm (for S—L and S—R), while opposite
terminals had separations of 100 nm (L—R) and 120 nm (S—
M). All junctions were short with respect to the super-
conducting coherence length in the InAs 2D electron gas,
estimated to be approximately 600 nm (see the Methods
section). Terminals L, M, and R were connected to a common
node (D) forming two superconducting loops, which enabled
independent control over two phase differences,”"*> ¢, — ¢y
= ¢, and ¢ — ¢y = ¢ (here, ¢, indicates the
superconducting phase of terminal @ € {L, M, R} and ¢y,
was set to zero by convention). This was achieved by passing
currents I} and I through two flux-bias lines, patterned on top
of a uniform dielectric layer, resulting in external magnetic
fluxes @; and @y threading the left and right loop. Gate
electrodes were deposited on the same dielectric layer and
energized by voltages V, (a € {S, L, M, R}) and Vj, allowing
for electrostatic tuning of the electron density in the InAs layer

https://doi.org/10.1021/acsnano.4c01642
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Figure 2. Phase-tunable Josephson diode effect. (a) Differential resistance R as a function of left flux-line current I; and source—drain bias
current Iy, for fixed right flux-line current Iy = 0.1 mA. The map is obtained by merging two data sets recorded with I, ramping from 0 to
either positive or negative values (see white arrows). Switching current nonreciprocities are highlighted by cyan annotations. A point where
the switching current reaches zero is indicated by the yellow arrow. Gate voltages were set to V;, = V3 = 0.1V, Vg =0.1V, V}; = —=0.15 V,
and V; = 0. (b,c) Switching currents I}, and I ,, measured for positive and negative I, respectively, as functions of I, and I. Arrows in (b)
indicate the directions along which magnetic fluxes threading the left and right superconducting loop, ®; and ®y, vary independently. Each
arrow represents the addition of one superconducting flux quantum @, to the corresponding flux. Solid and dotted lines indicate contours of
constant I, and I, respectively, for I%, = 60 nA (cyan) and IZ, =140 nA (black). (d) Superconducting diode efficiency # calculated from (b)
and (c) using eq 1 (see text), as a function of I and Iy. (e—h) As in (a—d), but measured at V; = —1.5 V, which sets the switch JJ to the OFF
state and interrupts the right loop. In (e), the right flux-line current is Iy = 17 pA.

below. While terminals L and M were directly connected to the be negligible with respect to the flux scales over which the
node D via Al strips, a planar JJ (named switch JJ) was device properties varied. Further details regarding materials,
integrated on terminal R. The switch JJ, with a length of 40 nm fabrication, and measurement setup are provided in the
and a width of 5 um, was designed to have a critical current Methods section. Results on a second device, similar to the
much larger than that between any pairs of leads in the 4TJ], one discussed in the Main Text, are presented in the
and therefore, the phase difference across the switch JJ can be Supporting Information (see Figures S6—S10 in Section 4).
neglected for the following discussion. Depending on the gate Devices studied here were employed in a previous work that
voltage V), the switch JJ was employed in two configurations: investigated hybridization of ABSs in multiterminal JJs.>!
V; = 0 (switch ON), where the JJ was conducting and ®y Nonreciprocal Supercurrents in the 2D Phase Space.
could be used to control ¢y, or V; = =1.5 V (switch OFF), First, we present the differential resistance R as a function of
where the JJ was depleted, the right loop was interrupted, and the current bias Iy, and of the left flux-line current I; for fixed
terminal R was reduced to a floating superconducting island. right flux-line current Iy = 0.1 mA. Here, R was measured with
The other gate voltages were set to Vg = 0.1V, V| = Vg = —0.1 standard lock-in techniques and Ig, was swept from 0 to
V, and Vy; = —0.15 V, unless stated otherwise. The device was positive or negative values to avoid retrapping effects. Figure 2a
measured in a dilution refrigerator with a base temperature of shows the result for V; =0 (switch ON): the switching current
about 10 mK. Current-bias experiments were performed in a revealed oscillations of varying amplitude as a function of I,
four-terminal configuration by driving current Is, between S which, notably, were nonreciprocal at positive and negative Igp.
and D and measuring the voltage drop across the device, which For instance, at I = 0.18 mA, we measured switching currents
allowed for the measurement of the switching current I,. I, = 58 nA at It > 0 and I, = 38 nA at Igp < O (see cyan
Along its path between S and D, the current flowed through annotations), where I, > 0 by definition. This resulted in a
the semiconducting region forming the four-terminal JJ, and in superconducting diode efficiency 7, defined as
particular across the S—L, S—M, and S—R junctions. In our . _
geometry, the superconducting loops were designed to limit n= Lo — Iy
their inductance, that could in principle lead to the SDE in the ISJ; + I, (1)
system. The maximum flux variation due to the inductance of a
loop, estimated to be approximately 124 pH (see details in of approximately 21%. We also note that the switching current
Supporting Information, Section S), for a circulating current vanished in a small range around I; & — 60 yA (yellow arrow);
on the order of 100 nA, is ~6 X 107> ®,. This was observed to namely, the device had finite differential resistance at I = 0.
9223 https://doi.org/10.1021/acsnano.4c01642
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Similar maps obtained at different settings of I are presented
in Figure S1 of the Supporting Information.

To efficiently measure the switching currents I3, and the
diode efficiency 5 as functions of both I; and I, we changed
measurement technique and periodically ramped Iy from zero
to the amplitude A = +260 nA with a repetition rate of 133 Hz,
and detected when the voltage drop across the device exceeded
a threshold. The time spent in the low-resistance state,
averaged over 32 consecutive measurements, was converted to
a current, resulting in a rapid measurement of Ij, or I,
(depending on the sign of A) displayed in Figure 2b,c,
respectively. A limitation of this measurement technique was
that values of I, below approximately 10 nA could not be
accurately detected due to the finite voltage threshold, which
gave a finite reading of about 10 nA for small switching
currents and even when the device was resistive for zero bias
current. The switching current oscillated periodically in the 2D
phase space—where the periodicity axes correspond to the
external magnetic fluxes ®; and @y (black arrows in Figure
2b)—forming a pattern characterized by lobe-like features.
The finite slope of the @; and Py, axes with respect to I; and Iy
was due to the cross-coupling between the left (right) flux-bias
line and the right (left) loop, as discussed in Section S of the
Supporting Information. The oscillations of I, exhibited
maxima of approximately 250 nA for @ and @y equal to
integer multiples of the superconducting flux quantum @, = h/
2e (with h the Planck constant and e the elementary charge),
and minima at finite phases where the limit of detection was
reached, consistent with the vanishing switching current
discussed for Figure 2a. We note that the switching currents
were nonreciprocal upon reversal of the current bias, while
their 2D patterns were symmetric to each other with respect to
the origin (I = Iy = 0, corresponding to @ = @y = 0). The
symmetry was particularly visible in the shape of the lobes,
which was inverted as the supercurrent changed sign. In Figure
2c, we plot contours of constant I, (solid lines, obtained from
Figure 2b) and I,, (dotted lines) for two selected values of the
switching current, highlighting the difference depending on the
current polarity. Figure 2d shows the superconducting diode
efficiency calculated from Figure 2b,c by using eq 1. As
expected, 1 reflected the 2D periodic pattern in the phase
space of the switching currents and was widely tunable as a
function of I; and I;. We observed a fully ambipolar character
and large values up to 7 & +21% where I%, had a large gradient
in the phase space, while the efficiency vanished in extended
regions of the phase space without the need for fine-tuning I
and Ij.

Nonreciprocal Supercurrents in Single-Loop Config-
uration. Next, in Figure 2e—h we present the measurements
corresponding to those discussed in Figures 2a—d but with the
switch junction in the OFF state (VJ = —1.5 V). From the
differential resistance as a function of Ig, and I (Figure 2e,
here for Iy = 17 pA), we found periodic oscillations of the
switching current, with I, and I, exhibiting a phase shift from
each other and opposite skewness (in the forward direction for
I}, backward for I ). Consequently, the switching currents
were again nonreciprocal depending on Igp, which indicates a
large JDE; at I} = 0.13 mA, for example, I}, = 130 nA and I, =
68 nA (see cyan annotations), yielding 7 & 31%. We note that,
in this configuration, the switching current did not vanish for
any value of I;, with minimal values of approximately 50 nA,
unlike the case with the switch ON. Measurements of I, and
I;,, as functions of both I and I are shown in Figure 2f,g. The
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2D pattern observed for V; = 0 was no longer present: as
expected, the dependence on the flux @ was suppressed when
the right superconducting loop was interrupted, and
periodicity remained along a single direction. In agreement
with Figure 2e, the switching current oscillations were shifted
in phase (see solid and dotted lines in panel g, corresponding
to constant I’, and I, respectively), and their skewness was
reversed depending on the sign of the current bias. The
superconducting diode efficiency, displayed in Figure 2h for
the data of panels f and g, was also characterized by periodic
behavior as a function of ®; and reached maxima of
approximately 34%.

Gate-Tunable Josephson Diode Effect. Electrostatic
tunability over the supercurrents and the JDE was enabled by
gates controlling the electron density in the semiconducting
region of the 4T]JJ. In Figure 3a, we show the differential

kQ) 0 T 1 b
300 ' . R
¢
&
\_Q/ 0 <>.. N ° )
Z e
e’ ¢ Vy=-15V
-300 ¢ ° Vi=0
-0.8 -0.4 -0.30 -0.15 0
VL, VR (V) VLa VR (V)

Figure 3. Gate-tuning of the switching current and diode
efficiency. (a) Differential resistance R as a function of gate
voltages Vi = Vy and bias current Iy, (swept from negative to
positive values, see white arrow). (b) Maximum Josephson diode
efficiency ™ as a function of V| = Vi. Each point is obtained from
data sets similar to Figure 2b,c,f,g (see Supporting Information,
Section 3 for more details). Circles refer to the case with V; =0,
diamonds to V; = —1.5 V.

resistance as a function of the current bias while the gate
voltages V; and Vy varied simultaneously, for V; =0 and I = Iy
= 0. Here Isp was swept from negative to positive values, thus
displaying both retrapping and switching currents. The
switching current and the retrapping current, respectively
280 and —265 nA at Vi = V = 0, decreased for more negative
voltages, until a finite resistance was measured at I, = 0 for Vi,
= Vg & — 0.35 V. Switching and retrapping currents were very
similar for the full gate voltage range, indicating that the
transition from resistive to superconducting was governed by
phase retrapping, as observed in similar devices.”’

To investigate the voltage-tunability of the JDE, we
measured the switching currents I%, as functions of I and Iy
(as in Figure 2b,cfg) for varying V; and Vi, and, in each
configuration, we extracted the peak value of the super-
conducting diode efficiency, #™** (see Supporting Information,
Section 3 for the details of the extraction procedure). The
result is presented in Figure 3b, where #™ is plotted as a
function of V; = Vj for the two settings of the switch JJ, V; =0
and Vj = —1.5 V. In both cases, as V; and Vy increased, we
observed an increasing trend of #™*, which tended to saturate
when the gate voltages approached zero. For any gate setting,
the diode efficiency was larger at V; = —1.5 V than at V; = 0, up
to 34 and 21% respectively (at V = Vy = 0).

We further characterized the gate dependence of the device
by allowing an asymmetric tuning of V; and Vy (at V; = 0), as
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Figure 4. Routing of the supercurrent. (a) Switching current I}, measured for positive bias current Igp, as a function of flux-line currents I,
and Iy. Measurements are performed with V; = —0.1 V and Vi = —0.5 V. (b) Diode efficiency 7 for the configuration of (a). (c,d) As in (a,b),
but for Vi, = —0.5 V and Vi = —0.1 V. (e,f) As in (a,b), but for V;, = =0.1 V, Vg = =0.1 V, and V}y = —1 V.

shown in Figure 4a—d for the configurations V = —0.1V, Vg = origin of the JDE, we introduce a simple circuit model that
—0.5 Vand V = =05V, Vg = —0.1 V. In each case, the describes the supercurrents of the 4TJJ. We consider the
switching current measured as a function of I and Iy for supercurrent that flows from S to D (or from D to S) via the
positive current bias is displayed in the first panel, while the JJs S—L, S—M, and S—R. The remaining JJs L—M, R—M, and
second panel presents the diode efficiency extracted from I, L—R are not taken into account as they are shorted by
and I;. The two configurations revealed complementary superconducting loops and cannot contribute to the critical
behavior: the switching current oscillations and the diode current between S and D. That is, the 4T]JJ is mapped onto a
efficiency were almost completely suppressed as a function of bi-SQUID as three distinct JJs are connected in parallel. The
@) (ry when Vi) was set to a sufficiently negative value, total current flowing into lead S is thus expressed as
depleting the semiconducting region between terminals S and _ _
L (R). This highlights the possibility of routing the Iy=Io + Iy + Ise = Z I
> ° ; . ) (2)

supercurrents flowing in our device by gating, which enabled *
electrostatic control over the phase dependence of the JDE. where I, is the current flowing from terminal S to terminal &
The results obtained for Vz = —0.5 V (panels a and b) were via the corresponding JJ. First, we consider the minimal model
reminiscent of those previously observed for V; = —1.5 V of a single numerical parameter, schematically shown in Figure
(Figures 2f—h), where data were independent of @r. Sa. Bach of the three JJs, that are identical to each other, is

Finally, we restored the symmetric gate configuration V} = described by one conductive channel with transmission 7,

Vg = —0.1 V and studied the effect of depleting the middle gate resulting in the CPR:>*
Vi setto =1V Fi 4e,f). Here, b d iodi .
'\ set to (see Figure 4e/f). Here, we observed periodic oA sin(d, — &)

oscillations of the switching current along a single direction of I, = —
the phase space, corresponding to the (@ — ®g)-axis. The 2h 1 — zsin? bs— 4,
frequency of these oscillations was doubled compared to the 2 ©)
case in which V.M was not d.epleted (e.g., Figure 2b), consistent with A the induced superconducting gap (A = 180 eV is used
with the exclusion of terminal M from the current pth. As a considering Al leads) and # = h/27. We assume a high
consequence, screening currents induced by the flux-bias lines transmission 7 = 0.9, for which the CPR of eq 3 has a
only circulated in the perimeter of the double-loop geometry, significantly nonsinusoidal character, as harmonics higher than
leading I, and Iy to control the total flux @, — @y (note that the first provide a sizable contribution. The independent
@, and @y were defined with opposite signs in Figure lac). variables in the model are the three superconducting phases
Notably, in this symmetric gate configuration where no current @1, Pr, and ¢g, defined with respect to ¢hy; = 0. The first two
flowed into terminal M, the JDE was essentially suppressed phases are related to the external magnetic fluxes by ¢y r) =
(Figure 4f). Results for additional gate settings are shown in 27D (r)/ P, (neglecting the inductance of the loops, see
the Supporting Information, see Figures S2—SS5. discussion in the Supporting Information, Section S), whereas

Minimal-Model Description of the JDE. To understand ¢s varies depending on current bias Isp. The critical currents
the behavior of our device in more depth and the underlying for the two bias directions are then obtained as

9225 https://doi.org/10.1021/acsnano.4c01642
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Figure S. Minimal-model description of the Josephson diode effect. (a) Schematic representation of the four-terminal Josephson junction
and circuit parameters. (b,c) Simulated critical currents I} and I for positive and negative I, respectively, as functions of the phase
differences ¢b; and ¢hy. The transmission of the three channels is 7 = 0.9. (d) Diode efficiency 7 derived from (b) and (c) as a function of ¢,
and . (e—h) Supercurrents in the four leads as functions of phase 5. The phases of the other leads are indicated in each panel. The four
cases correspond to the colored markers in (d). The value of )5 where I has its maximum I} (minimum I, ), labeled ¢¢ (¢b5), is highlighted
by the red (green) dotted line. (i—1) Schematic representation of the supercurrent flow in the phase configurations shown in (e—h). Red and
green arrows indicate supercurrents for ¢ and ¢g, respectively (i.e., I} and I_). The wider the arrow, the larger the supercurrent.

Ici— = max¢s[ils(¢s)] (4)
In Figure Sb,c, we show IF computed as functions of ¢, and
¢, while the diode efficiency calculated with eq 1 (where I, is
substituted by IF) is displayed in Figure Sd. The critical
currents, fulfilling the condition I!(¢y¢r) = I.(—¢r,—dr),
exhibit patterns that are prominently asymmetric with respect
to ¢, = ¢ = 0 (modulo 27), which leads to a strong JDE with
n up to approximately 27%. The dependence of 7 on ¢ and
¢y reflects the triangular shapes observed for IF, with features
arranged according to three main orientations in the phase
space. The origin of the JDE is investigated by fixing ¢; and ¢y
and computing the CPR of eq 2 as a function of ¢, Is(¢s), and
its components Iy (¢s), Ism(Ps), and Igp(¢hs), all obtained
from eq 3. For simplicity, we always keep ¢ = 0 and select
four values of ¢ (colored markers in Figure 5d), where Iyl is
either zero (¢, = 0, ) or maximal (¢, = 0.78x, 1.227). The
individual and combined CPRs at these phase-space points are
plotted in Figures Se—h. In each case, we identify the values of
¢s that maximize the total current I (g%, red dotted lines) and
its inverse —I5 (g5, green dotted lines), such that I;(¢F) = IE.
The currents flowing to and from terminal S are schematically
depicted in Figure Si—1 for the same ¢, and ¢y, values of panels
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e—h. In the schematics, red (green) arrows show the situation
at %), and their width and direction indicate the magnitude
and direction of the current. We note that all individual CPRs
Is,(¢ps) have the same amplitude ~30 nA and skewness, both
given by the transmission 7 (identical for the three channels),
but notably, Iy (¢s) is phase-shifted by ¢. When ¢ = 0
(Figure Se,i), all components are in-phase and I(¢hs) =
3L, (¢s); hence, a standard nonsinusoidal CPR is obtained.
Positive and negative critical currents are identical, and all
currents are simply reversed between ¢b¢ and ¢b5. In contrast,
when Ig (¢hs) is shifted by ¢ = 0.787 (Figure 5£j), the total
CPR becomes nonreciprocal for positive and negative currents.
The Ig -component is very small at ¢§ but comparable with
Isusr at ¢s; since in both cases Ig;, has opposite sign with
respect to Igycg, this asymmetry leads to I} > I_. A symmetric
scenario is recovered for ¢, = 7, when I is shifted by half a
period from the other components. Here, I always has the
opposite sign to Igy sg, but the same absolute value at ¢, such
that I{ = I; and no JDE is present. Finally, the results obtained
for ¢, = 1.22x (Figure Sh)l), symmetric about ¢ = 7 to ¢ =
0.787, show the same CPRs discussed for Figure 5f,j upon sign
inversion of both current and ¢, confirming that here the JDE

https://doi.org/10.1021/acsnano.4c01642
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Figure 6. Josephson diode effect in the extended model. (a) Schematic representation of the four-terminal Josephson junction and circuit
parameters for the switch-ON configuration (see text for details). (b) Simulated critical current I} for positive current bias, as a function of
the flux-line currents I} and I;. Currents I; and I are calculated from the superconducting phase differences ¢b;, ¢y and the mutual
inductance matrix (see details in the Supporting Information, Section §). Black arrows, whose directions indicate the periodicity axes ¢; and
¢y, represent the corresponding phase winding by 2z. (c) Diode efficiency # as a function of I; and I. (d) Comparison of 7(I;) between
experimental data (green markers, linecut of Figure 2d at Iy = 30 #A) and simulation results (black line, linecut of Figure 6¢ at Iy = 30 pA).
(e) Schematic representation of the four-terminal Josephson junction and circuit parameters for the switch-OFF configuration. (f—h) As in
(b—d), but for the case with switch-OFF. In (h), the experimental data (orange markers) are obtained from Figure 2h for Iy = 30 pA.

is strong and has opposite directions compared to the previous CPR,> associated with a large number of low-transmission
case. channels, is included:

We note that the JDE has been derived within our minimal
model despite the presence of three identical channels, i.e., of

the same harmonic content, whereas in a conventional SQUID I, = ﬁ rasm((ﬁs _ ¢“) + TaSin(¢g —¢)
comprising two JJs the harmonic content must be different 2h 1 — zsin2 B4 “
between the two JJs.”” The multiterminal geometry that we “ 2 (%)

discuss can also be reduced to a conventional SQUID, where
two JJs and a phase degree of freedom (for example, the S—M
and S—R junctions and ¢)) are replaced by an effective JJ of
tunable harmonic content. The effective JJ, together with the
third JJ and the remaining phase difference (in the same
example, S—L and ¢ ), realizes the proposal of ref 29. An

where eAT,/2f is the critical current of the sinusoidal
component and T, the sum of the transmissions of all low-
transmission channels. We note that 7, and T, may vary
depending on junction S—a. This approximation provides a
reasonable description of our devices, as spectroscopic

) d fered b latf lies in th measurements revealed a single channel with high transparency
important advantage oftered by our platiorm les in the accompanied by several channels with significantly lower

possibility of phase-tuning the harmonic content of the transparency among neighboring leads.”" As in the minimal
effective junction, establishing wide and flexible control over model, the JJs L—M, R—M, and L—R are shorted by
) ) )

the JDE. The nonsinusoidal character of the individual CPRs,
which is still a requirement, is obtained in high-transmission
hybrid JJs (as those realized in this work), while our geometry

superconducting loops and cannot contribute to the critical
current from S to D.
With this extended model, we compute the critical currents

eliminates the need for precise control over the transmissions using eq 4 for any settings of ¢b; and ¢bx. The simulated I and
of the single junctions after device fabrication. 1 are shown in Figure 6b,c for parameters 7, = 7 = 0.92, 7y =
Simulations with the Extended Model. After discussing 0.89, Ty = 3.5, Ty = 1.5, and Ty = 3.6. For a better comparison
the origin of the JDE by means of a minimal single-parameter to the experimental results, the quantities are plotted as
model, we extend the latter to better capture the experimental functions of flux-bias line currents I; and Iy, calculated from
data presented in Figure 2. The extended model, which is the phases ¢, and ¢y by applying a linear transformation (see
schematically depicted in Figure 6a, includes three JJs S—L, S— Supporting Information, Section S for more details). A direct
M, and S—R that contribute to the total current according to comparison of the diode efficiency between the experimental
eq 2. For each junction we consider two contributions to the data and the simulation results is provided in Figure 6d, where
current Ig,: in addition to a high-transparency channel, with linecuts of # as a function I} at Iy = 30 pA are plotted.
transmission 7, a component with conventional sinusoidal Simulations reproduced the measurements displayed in Figure
9227 https://doi.org/10.1021/acsnano.4c01642
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2 to a good degree. Calculated critical currents were between
10 and 270 nA, with diode efficiencies up to #™* &~ 25% and
patterns in the 2D phase space closely resembling the
experimental data. By comparing the simulation of # in Figure
6¢ to the result previously obtained with the minimal model
(Figure 5d), we note a reduction of Iyl and broadening of the
features located near (¢, ¢g) = (%, ), modulo 27 (see black
arrows in both figures). This effect, also clearly visible in Figure
2d, is mainly related to the sinusoidal components of the CPR
of eq S, where Ty is substantially smaller than T;p and
marginally related to 7y, only slightly smaller than 7; . This is
expected in the device under study, as the larger length of the
S—M JJ (lithographically of 120 nm) compared to S—L and S—
R (50 nm) reduced both the transmission of the highest-
transmission mode and the number of channels with low
transmission.

The switch-OFF configuration (Figure 2e—h) is investigated
by further adjusting the numerical model based on the
following considerations. When the right superconducting loop
is interrupted, the current flowing from terminal S to R does
not have a direct path to D but must flow across the R—M
junction. Thus, we must include this junction in the model,
with CPR Iy also assumed to have the form of eq 5. The
current path L—M is still neglected, as it is shorted by the left
superconducting loop. In Iy, the phase difference ¢y — ¢y =
¢r is used instead of ¢pg — ¢, and parameters 7gy and Try
substitute 7, and T, (see the schematic of Figure 6e). For
these parameters, we choose the values 7gy = 0.97 and Tyy =
3.2. The other consequence of interrupting the right loop is
that ¢y is not controlled externally with a magnetic flux; hence,
it is first calculated imposing the condition Igx(¢ps — ¢hr) =
Irm(r) (ie, the current flowing from S to R equals that
flowing from R to M), for any value of ¢bs. Once ¢y is
determined, [¥(¢) is computed using eqs 2, 4, and S. The
result for I! is shown in Figure 6f, while the diode efficiency in
the 2D phase space is plotted in Figure 6g. A direct
comparison between experiment and simulation is displayed
in Figure 6h, presenting linecuts of # as a function of I, at I =
30 pA obtained from Figures 2h and 6g.

In agreement with Figure 2f,g, the model produces
oscillations of I. as a function of ¢, between 50 and 240 nA,
with a phase shift when reversing the current direction. This
results in a diode efficiency up to 40%, comparable to the
measured value of ~#34%, and exhibiting an oscillating behavior
depending on ¢y, similar to that in Figure 2h. The higher 5
obtained in the switch-OFF case is understood by considering
the higher asymmetry in the supercurrent distribution obtained
in this setting. In fact, the supercurrent flowed directly from S
to the common node D only via S—L and S—M, which had
largely different transmissions due to the device geometry,
while it had to traverse both S—R and R—M to reach D via R.
This realized a strongly asymmetric situation, where junctions
with different harmonic components led to large diode
efficiencies.”” When the switch was ON (Figures 2d and 6d)
and junction S—R directly connected S to D, the structure of
the device became symmetric. In this configuration, the two
magnetic fluxes broke both time-reversal symmetry and spatial
symmetry in the supercurrent paths, generating the JDE.
Similar arguments apply to the case of Figure 4b,d; however,
setting gates to negative values to deplete parts of the
semiconducting region reduced the maximum switching
current, which also resulted in a decrease of the JDE efficiency
(see Figure 3). The absence of JDE for the situation of Figure
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4f is explained by considering that, with terminal M blocked,
the supercurrent flowed in S—L and S—R only, which were
almost balanced channels. Furthermore, phase tuning could
not break spatial-inversion symmetry with M blocked,
effectively resulting in a single superconducting loop between
L and R. This situation therefore realized the balanced SQUID
device of ref 29, showing no JDE despite the nonsinusoidal
CPR of the individual junctions.

We finally discuss the impact on our results of hybridization
between spatially overlapping ABSs. Hybridization of ABSs was
shown to distort the CPR of individual JJs based on the phase
tuning of nearby JJs.””~*' In the present devices, hybridization
between ABSs was demonstrated by means of local tunneling
spectroscopy’' between two modes in the L—M and M—R JJs.
Since the terminals L, M, and R are shorted by super-
conducting loops, the ABSs hosted by the L-M and M—R
junctions do not contribute to the switching current measured
from S to D. Nevertheless, our devices could host more ABSs
between S and the other leads that hybridize, giving rise to
phase shifts and amplitude modulations in the CPR of
individual JJs. In the present experiment, such an effect
would be challenging to detect. First, a few high-transmission
modes coexist with several low-transmission modes, making
the effect of hybridization in the switching current relatively
small. Second, our measurements do not detect the CPR of the
device and therefore are not sensitive to phase shifts. Instead,
the superconducting phases of individual junctions evolve,
depending on current bias and flux tuning, until a phase escape
event occurs, further complicating the identification of phase
changes. The extended model, which does not consider
hybridization, reproduces the experimental data to a good
degree with realistic JJ parameters and without the need to
introduce hybridization. Similar arguments apply to the effect
of phase drag’® in the InAs region. Phase drag was recently
invoked to describe switching current oscillations and
nonreciprocal switching currents in a flux-controlled multi-
terminal JJ with a geometry comparable to that obtained here
in the switch-OFF configuration.”” As shown by the model of
Figure Ge, periodic switching current oscillations are a natural
result of the current paths containing a superconducting loop
and do not require mesoscopic interactions in the semi-
conducting region. Similarly, the JDE originates from the
nonsinusoidal CPR of the underlying junctions.

CONCLUSIONS

We reported switching current measurements of a 4TJJ in an
InAs/Al heterostructure hosting ABSs with large transmission
probabilities, resulting in nonsinusoidal CPRs between pairs of
terminals. The switching current measured between two
contacts showed a strong dependence on the bias current
direction, resulting in a JDE. The JDE efliciency could be
widely controlled—Dboth in amplitude and sign—by magnetic
fluxes, independently tuned via integrated flux-bias lines and
gate electrodes, which routed the supercurrent to different
transport channels. Other than magnetic fluxes threading the
loops, which are electrically generated on-chip, no magnetic
field was required. In a first gate setting, where transport
through the entire semiconductor region was allowed, the JDE
efficiency was periodically modulated by magnetic fluxes, with
peak values reaching # ~ +21%, including large regions in
parameter space with #7 & 0. When a superconducting arm was
interrupted, introducing a larger asymmetry in the super-
current distribution, a peak efficiency of 1 ~ +34% was
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reached. The 4T]J] was mapped onto a simple bi-SQUID
geometry, with three parallel JJs containing ABSs with large
transmission probability. A theoretical model reproduced the
experimental observations to a good degree, including
switching current and diode efficiency patterns. In our devices,
the JDE is a consequence of the nonsinusoidal CPR and the
multiterminal geometry, which allows breaking of spatial-
inversion symmetry by controlling the magnetic fluxes in the
loops. Unlike realizations based on a single loop, an asymmetry
between junctions is not required. Our work highlights the
potential of phase-tunable multiterminal JJs to engineer JDE
with large and widely controllable efficiencies, without the
need for exotic materials or external magnetic fields, and
underscores the role of these devices as a versatile platform for
upcoming applications.

METHODS

Materials and Fabrication. Devices were realized in a III-V
heterostructure grown by molecular beam epitaxy on an InP (001)
substrate.’® The semiconducting stack (starting from the substrate)
consisted of a 1100 nm thick step-graded InAlAs buffer layer, a 6 nm
thick Ingy,5Gag,sAs layer, an 8 nm thick InAs layer, a 13 nm thick
Iny ;5Gag,5As layer, and two monolayers of GaAs. On top, an epitaxial
15 nm thick Al layer was deposited in situ without breaking vacuum. A
two-dimensional electron gas (2DEG) was confined in the InAs, and
its properties were characterized via measurements performed in a
Hall bar geometry, which gave an electron peak mobility of 18 000
ecm® V7! 57! at an electron sheet density of 8 X 10" cm™. This
resulted in an electron mean free path I, 2 260 nm and a
superconducting coherence length of the 2DEG proximitized by the

Al sheet of &, = +/Avgl,/(xA) ~ 600 nm, with vy the Fermi

velocity in the 2DEG and A the induced superconducting gap.

In the fabrication process, large mesa structures were first isolated,
suppressing parallel conduction between devices and across the
middle regions of the superconducting loops. This was done by
selectively etching the Al layer with Transene type D, followed by a
second chemical etch to a depth of ~380 nm into the III-V material
stack, using a 220:55:3:3 solution of H,0:C4HzO,:H;PO,:H,0,.
Next, features were defined in the Al layer by wet etching with
Transene type D at 50 °C for 4 s. The dielectric, uniformly deposited
on the entire chip by atomic layer deposition, consisted of a 3 nm
thick layer of Al,05 and a 15 nm thick layer of HfO,. Gate electrodes
and flux-bias lines were defined by evaporation and lift-off. In a first
step, S nm of Ti and 20 nm of Au were deposited to realize the fine
features of the gates; in a second step, a stack of Ti/Al/Ti/Au with
thicknesses 5, 340, 5, and 100 nm was deposited to connect the mesa
structure to the bonding pads and to define the flux-bias lines.

Measurements Techniques. Experiments were performed in a
dilution refrigerator with a base temperature at the mixing chamber of
approximatelyl0 mK. The sample was mounted on a QDevil QBoard
sample holder system, without employing any light-tight enclosure.
Electrical contacts to the devices, except for the flux-bias lines, were
provided via a resistive loom with QDevil RF and RC low-pass filters
at the mixing chamber stage and RC low-pass filters integrated on the
QBoard sample holder. Currents were passed through the flux-bias
lines via a superconducting loom with only QDevil RF filters in the
mixing chamber stage. Signals were applied to all gates and flux-bias
lines via homemade RC filters at room temperature.

In all electrical measurements, a bias current Ig, was driven
between terminal S and node D of the device by applying equal and
opposite voltages to S and D via bias resistors, whose resistance was
much larger than that of the device under study. The voltage drop
across S and D was detected in a four-terminal configuration.
Measurements of the differential resistance were performed with lock-
in-amplifier techniques by applying a fixed AC current 6I = 2.5 nA to
D in addition to the DC bias Isp and detecting the AC voltage 6V
between S and D, thus obtaining the differential resistance R = §V/61.
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Measurements of I, were done by periodically ramping I from 0 to
an amplitude A, where A was positive or negative depending on
whether I, or I, was measured; the absolute value of A was adjusted
depending on the gate configuration to be slightly larger than If,. The
signal form was a sawtooth wave, applied at a frequency of f = 133 Hz
using a waveform generator. The voltage drop across S and D was
measured with an oscilloscope (averaging 32 measurements), which
detected the time interval At where the voltage was below a threshold,
hence allowing for the calculation of the switching current as I, = |Al
fAt. The Igp values used in this work did not result in significant Joule
heating. The dilution fridge line where I, was passed had a total
resistance of 5.8 k€2, mainly due to the RC filters at the mixing
chamber level, plus some hundreds of Ohms when the device turned
resistive. For Igp = 300 nA, the dissipated power was approximately
500 pW, which is negligible. The currents I} and Iy were generated via
Yokogawa GS200 units and passed through an RC filter with R = 10
k€, C = 1 uF at the cryostat input. The currents I; and I reached the
sample via superconducting looms with QDevil RF filters at the
mixing chamber level. The resistance of the flux-bias lines, including
looms and filters, was approximately 1 Q and mainly determined by
the filters at the mixing chamber. As long as the flux-bias lines
remained superconducting, we observed no effects related to Joule
heating on the switching current measurements.

The dilution refrigerator was equipped with a superconducting
vector magnet, which, despite not being utilized for the experiments,
produced a small magnetic field offset. Therefore, small offsets in the
flux-bias line currents I; and Iy (up to ~100 yA) were considered in
data sets, in such a manner that the point where Iy = I = 0
corresponded to a point of the phase space where 77 = 0 and I, were
maximal, as expected when no magnetic fluxes thread the super-
conducting loops.

ASSOCIATED CONTENT

Data Availability Statement

Data presented in this work are available at https://zenodo.
org/records/10802361. Further data that support the findings
of this study are available from the corresponding author upon
request.

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.4c01642.

Extended data, including phase-space linecuts at addi-
tional values of flux-line currents and results for different
gate configurations; procedure to extract maximum
diode efficiencies in Figure 3; measurements of a second
device, accompanied by simulations performed with the
extended model; discussion on the relationships
between flux-line currents, external magnetic fluxes,
and superconducting phase differences, including an
estimation of the inductances in the system (PDF)

AUTHOR INFORMATION

Corresponding Author
Fabrizio Nichele — IBM Research Europe—Zurich, 8803
Riischlikon, Switzerland; © orcid.org/0000-0002-6320-
5754; Email: fni@zurich.ibm.com

Authors
Marco Coraiola — IBM Research Europe—Zurich, 8803
Riischlikon, Switzerland
Aleksandr E. Svetogorov — Fachbereich Physik, Universitit
Konstanz, D-78457 Konstanz, Germany
Daniel Z. Haxell — IBM Research Europe—Zurich, 8803
Riischlikon, Switzerland

https://doi.org/10.1021/acsnano.4c01642
ACS Nano 2024, 18, 9221-9231


https://zenodo.org/records/10802361
https://zenodo.org/records/10802361
https://pubs.acs.org/doi/10.1021/acsnano.4c01642?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c01642/suppl_file/nn4c01642_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabrizio+Nichele"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6320-5754
https://orcid.org/0000-0002-6320-5754
mailto:fni@zurich.ibm.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Coraiola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandr+E.+Svetogorov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Z.+Haxell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deividas+Sabonis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

| Article |

Deividas Sabonis — IBM Research Europe—Zurich, 8803
Ruschlikon, Switzerland

Manuel Hinderling — IBM Research Europe—Zurich, 8803
Riischlikon, Switzerland

Sofieke C. ten Kate — IBM Research Europe—Zurich, 8803
Riischlikon, Switzerland

Erik Cheah — Laboratory for Solid State Physics, ETH Ziirich,
8093 Zurich, Switzerland

Filip Krizek — IBM Research Europe—Zurich, 8803
Riischlikon, Switzerland; Laboratory for Solid State Physics,
ETH Ziirich, 8093 Ziirich, Switzerland; Institute of Physics,
Czech Academy of Sciences, 162 00 Prague, Czech Republic

Riidiger Schott — Laboratory for Solid State Physics, ETH
Zurich, 8093 Zurich, Switzerland

Werner Wegscheider — Laboratory for Solid State Physics,
ETH Zurich, 8093 Zurich, Switzerland

Juan Carlos Cuevas — Fachbereich Physik, Universitit
Konstanz, D-78457 Konstanz, Germany; Departamento de
Fisica Tedrica de la Materia Condensada and Condensed
Matter Physics Center (IFIMAC), Universidad Auténoma de
Madrid, E-28049 Madrid, Spain; © orcid.org/0000-0001-
7421-0682

Wolfgang Belzig — Fachbereich Physik, Universitit Konstanz,
D-78457 Konstanz, Germany; ©® orcid.org/0000-0002-
5109-2203

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.4c01642

Notes

The authors declare no competing financial interest.

An initial draft of this work was uploaded to the arXiv preprint
server on December 7, 2023, as the following reference:
Coraiola, M,; Svetogorov, A. E.; Haxell, D. Z.; Sabonis, D.;
Hinderling, M.; ten Kate, S. C.; Cheah, E.; Krizek, F.; Schott,
R.; Wegscheider, W.; Cuevas, J. C.; Belzig, W.; Nichele, F..
Flux-Tunable Josephson Diode Effect in a Hybrid Four-
Terminal Josephson Junction. arXiv. 2023, 2312.0441S.
https://arxiv.org/abs/2312.04415 (accessed December 11,
2023).

ACKNOWLEDGMENTS

We acknowledge fruitful discussions with R. Seoane Souto and
H. Weisbrich. We thank the Cleanroom Operations Team of
the Binnig and Rohrer Nanotechnology Center (BRNC) for
their help and support. WW. acknowledges support from the
Swiss National Science Foundation (grant number
200020_207538). J.C.C. acknowledges support from the
Spanish Ministry of Science and Innovation (Grant No.
PID2020-114880GB-100) and thanks the Deutsche For-
schungsgemeinschaft (DFG; German Research Foundation)
via SFB 1432 for sponsoring his stay at the University of
Konstanz as a Mercator Fellow. W.B. acknowledges support
from the DFG via SFB 1432 (ID 425217212) and BE 3803/
14-1 (ID 467596333). F.N. acknowledges support from the
European Research Council (grant number 804273) and the
Swiss National Science Foundation (grant number
200021_201082).

REFERENCES

(1) Sze, S. M; Ng, K. K. Physics of Semiconductor Devices, 3rd ed.;
Wiley, 2006.

(2) Nadeem, M.; Fuhrer, M. S.;; Wang, X. The Superconducting
Diode Effect. Nat. Rev. Phys. 2023, 5, 558—577.

9230

(3) Fulton, T. A; Dynes, R. C. Current-Phase Relations in
Superconducting Bridges. Phys. Rev. Lett. 1970, 25, 794—797.

(4) Fulton, T. A; Dunkleberger, L. N.; Dynes, R. C. Quantum
Interference Properties of Double Josephson Junctions. Phys. Rev. B
1972, 6, 855—875.

(5) Tsang, W.-T.; Van Duzer, T. V. Dc Analysis of Parallel Arrays of
Two and Three Josephson Junctions. J. Appl. Phys. 1975, 46, 4573—
4580.

(6) Sivakov, A. G.; Turutanov, O. G.; Kolinko, A. E.; Pokhila, A. S.
Spatial Characterization of the Edge Barrier in Wide Superconducting
Films. Low Temp. Phys. 2018, 44, 226—232.

(7) Ando, F.; Miyasaka, Y.; Li, T.; Ishizuka, J.; Arakawa, T.; Shiota,
Y.; Moriyama, T.; Yanase, Y.; Ono, T. Observation of Super-
conducting Diode Effect. Nature 2020, 584, 373—376.

(8) Lyu, Y.-Y,; Jiang, J.; Wang, Y.-L.; Xiao, Z.-L.; Dong, S.; Chen, Q.-
H.; Milosevic, M. V.; Wang, H,; Divan, R,; Pearson, J. E; Wu, P.;
Peeters, F. M.,; Kwok, W.-K. Superconducting Diode Effect via
Conformal-Mapped Nanoholes. Nat. Commun. 2021, 12, 2703.

(9) Daido, A.; Ikeda, Y.; Yanase, Y. Intrinsic Superconducting Diode
Effect. Phys. Rev. Lett. 2022, 128, No. 037001.

(10) Ilig, S.; Bergeret, F. S. Theory of the Supercurrent Diode Effect
in Rashba Superconductors with Arbitrary Disorder. Phys. Rev. Lett.
2022, 128, No. 177001.

(11) He, J. J.; Tanaka, Y.; Nagaosa, N. A Phenomenological Theory
of Superconductor Diodes. New J. Phys. 2022, 24, No. 053014.

(12) Bauried, L.; Bauml, C.; Fuchs, L.; Baumgartner, C.; Paulik, N.;
Bauer, J. M,; Lin, K-Q.; Lupton, J. M.; Taniguchi, T.; Watanabe, K,;
Strunk, C.; Paradiso, N. Supercurrent Diode Effect and Magnetochiral
Anisotropy in Few-Layer NbSe,. Nat. Commun. 2022, 13, 4266.

(13) Hou, Y.; et al. Ubiquitous Superconducting Diode Effect in
Superconductor Thin Films. Phys. Rev. Lett. 2023, 131, No. 027001.

(14) Baumgartner, C.; Fuchs, L.; Costa, A.; Reinhardt, S.; Gronin,
S.; Gardner, G. C.; Lindemann, T.; Manfra, M. J.; Faria Junior, P. E;
Kochan, D.; Fabian, J; Paradiso, N.; Strunk, C. Supercurrent
Rectification and Magnetochiral Effects in Symmetric Josephson
Junctions. Nat. Nanotechnol. 2022, 17, 39—44.

(15) Baumgartner, C.; Fuchs, L.; Costa, A,; Pic6-Cortés, J.;
Reinhardt, S.; Gronin, S.; Gardner, G. C.; Lindemann, T.; Manfra,
M. J.; Junior, P. E. F.,; Kochan, D.; Fabian, J.; Paradiso, N.; Strunk, C.
Effect of Rashba and Dresselhaus Spin—Orbit Coupling on Super-
current Rectification and Magnetochiral Anisotropy of Ballistic
Josephson Junctions. J. Phys.: Condens. Matter 2022, 34, No. 154005.

(16) Costa, A.; Baumgartner, C.; Reinhardt, S.; Berger, J.; Gronin,
S.; Gardner, G. C,; Lindemann, T.; Manfra, M. J.; Fabian, J.; Kochan,
D.; Paradiso, N.; Strunk, C. Sign Reversal of the Josephson
Inductance Magnetochiral Anisotropy and O—zn-like Transitions in
Supercurrent Diodes. Nat. Nanotechnol. 2023, 18, 1266—1272.

(17) Lotfizadeh, N.; Pekerten, B.; Yu, P.; Strickland, W.; Matos-
Abiague, A.; Shabani, J. Superconducting Diode Effect Sign Change in
Epitaxial Al-InAs Josepshon Junctions. arXiv, 2023, 2303.01902.
https://arxiv.org/abs/2303.01902 (accessed November 29, 2023).

(18) Davydova, M.; Prembabu, S.; Fu, L. Universal Josephson Diode
Effect. Sci. Adv. 2022, 8, No. eabo0309.

(19) Pal, B.; Chakraborty, A.; Sivakumar, P. K; Davydova, M.; Gopi,
A. K; Pandeya, A. K; Krieger, J. A.; Zhang, Y.; Date, M,; Ju, S.; Yuan,
N.; Schroter, N. B. M.; Fu, L.; Parkin, S. S. P. Josephson Diode Effect
from Cooper Pair Momentum in a Topological Semimetal. Nat. Phys.
2022, 18, 1228—1233.

(20) Yuan, N. F. Q; Fu, L. Supercurrent Diode Effect and Finite-
Momentum Superconductors. Proc. Natl. Acad. Sci. U.S.A. 2022, 119,
No. e2119548119.

(21) Wu, H; Wang, Y; Xu, Y.; Sivakumar, P. K; Pasco, C;
Filippozzi, U,; Parkin, S. S. P.; Zeng, Y.-J.; McQueen, T.; Ali, M. N.
The Field-Free Josephson Diode in a van der Waals Heterostructure.
Nature 2022, 604, 653—656.

(22) Narita, H,; Ishizuka, J.; Kawarazaki, R;; Kan, D.; Shiota, Y.;
Moriyama, T.; Shimakawa, Y.; Ognev, A. V.; Samardak, A. S.; Yanase,
Y; Ono, T. Field-Free Superconducting Diode Effect in Non-

https://doi.org/10.1021/acsnano.4c01642
ACS Nano 2024, 18, 9221-9231


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Hinderling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sofieke+C.+ten+Kate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+Cheah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filip+Krizek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ru%CC%88diger+Schott"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Werner+Wegscheider"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Carlos+Cuevas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7421-0682
https://orcid.org/0000-0001-7421-0682
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wolfgang+Belzig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5109-2203
https://orcid.org/0000-0002-5109-2203
https://pubs.acs.org/doi/10.1021/acsnano.4c01642?ref=pdf
https://arxiv.org/abs/2312.04415
https://doi.org/10.1038/s42254-023-00632-w
https://doi.org/10.1038/s42254-023-00632-w
https://doi.org/10.1103/PhysRevLett.25.794
https://doi.org/10.1103/PhysRevLett.25.794
https://doi.org/10.1103/PhysRevB.6.855
https://doi.org/10.1103/PhysRevB.6.855
https://doi.org/10.1063/1.321397
https://doi.org/10.1063/1.321397
https://doi.org/10.1063/1.5024540
https://doi.org/10.1063/1.5024540
https://doi.org/10.1038/s41586-020-2590-4
https://doi.org/10.1038/s41586-020-2590-4
https://doi.org/10.1038/s41467-021-23077-0
https://doi.org/10.1038/s41467-021-23077-0
https://doi.org/10.1103/PhysRevLett.128.037001
https://doi.org/10.1103/PhysRevLett.128.037001
https://doi.org/10.1103/PhysRevLett.128.177001
https://doi.org/10.1103/PhysRevLett.128.177001
https://doi.org/10.1088/1367-2630/ac6766
https://doi.org/10.1088/1367-2630/ac6766
https://doi.org/10.1038/s41467-022-31954-5
https://doi.org/10.1038/s41467-022-31954-5
https://doi.org/10.1103/PhysRevLett.131.027001
https://doi.org/10.1103/PhysRevLett.131.027001
https://doi.org/10.1038/s41565-021-01009-9
https://doi.org/10.1038/s41565-021-01009-9
https://doi.org/10.1038/s41565-021-01009-9
https://doi.org/10.1088/1361-648X/ac4d5e
https://doi.org/10.1088/1361-648X/ac4d5e
https://doi.org/10.1088/1361-648X/ac4d5e
https://doi.org/10.1038/s41565-023-01451-x
https://doi.org/10.1038/s41565-023-01451-x
https://doi.org/10.1038/s41565-023-01451-x
https://arxiv.org/abs/2303.01902
https://doi.org/10.1126/sciadv.abo0309
https://doi.org/10.1126/sciadv.abo0309
https://doi.org/10.1038/s41567-022-01699-5
https://doi.org/10.1038/s41567-022-01699-5
https://doi.org/10.1073/pnas.2119548119
https://doi.org/10.1073/pnas.2119548119
https://doi.org/10.1038/s41586-022-04504-8
https://doi.org/10.1038/s41565-022-01159-4
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

centrosymmetric Superconductor/Ferromagnet Multilayers. Nat.
Nanotechnol. 2022, 17, 823—828.

(23) Jeon, K.-R.; Kim, J.-K.; Yoon, J.; Jeon, J.-C.; Han, H.; Cottet,
A.; Kontos, T.; Parkin, S. S. P. Zero-Field Polarity-Reversible
Josephson Supercurrent Diodes Enabled by a Proximity-Magnetized
Pt Barrier. Nat. Mater. 2022, 21, 1008—1013.

(24) Lin, J.-X,; Siriviboon, P.; Scammell, H. D.; Liu, S.; Rhodes, D.;
Watanabe, K.; Taniguchi, T.; Hone, J.; Scheurer, M. S,; Li, J. Zero-
Field Superconducting Diode Effect in Small-Twist-Angle Trilayer
Graphene. Nat. Phys. 2022, 18, 1221—-1227.

(25) Zhang, Y.; Gu, Y,; Li, P.; Hu, J.; Jiang, K. General Theory of
Josephson Diodes. Phys. Rev. X 2022, 12, No. 041013.

(26) Kokkeler, T. H.; Golubov, A. A.; Bergeret, F. S. Field-Free
Anomalous Junction and Superconducting Diode Effect in Spin-Split
Superconductor/Topological Insulator Junctions. Phys. Rev. B 2022,
106, No. 214504.

(27) Diez-Mérida, J.; Diez-Carlén, A; Yang, S. Y.; Xie, Y.-M.; Gao,
X.-J; Senior, J.; Watanabe, K; Taniguchi, T.; Lu, X,; Higginbotham,
A. P; Law, K. T, Efetov, D. K. Symmetry-Broken Josephson
Junctions and Superconducting Diodes in Magic-Angle Twisted
Bilayer Graphene. Nat. Commun. 2023, 14, 2396.

(28) Yun, J; Son, S.; Shin, J,; Park, G.; Zhang, K; Shin, Y. J,; Park,
J.-G.; Kim, D. Magnetic Proximity-Induced Superconducting Diode
Effect and Infinite Magnetoresistance in a van der Waals
Heterostructure. Phys. Rev. Res. 2023, S, L022064.

(29) Souto, R. S.; Leijnse, M.; Schrade, C. Josephson Diode Effect in
Supercurrent Interferometers. Phys. Rev. Lett. 2022, 129, No. 267702.

(30) Fominov, Y. V.; Mikhailov, D. S. Asymmetric Higher-Harmonic
SQUID As a Josephson Diode. Phys. Rev. B 2022, 106, No. 134514.

(31) English, C. D.; Hamilton, D. R.; Chialvo, C.; Morary, L. C;
Mason, N,; Van Harlingen, D. J. Observation of Nonsinusoidal
Current-Phase Relation in Graphene Josephson Junctions. Phys. Rev.
B 2016, 94, No. 115435.

(32) Nichele, F.; Portolés, E.; Fornieri, A.; Whiticar, A. M,
Drachmann, A. C. C.; Gronin, S.; Wang, T.; Gardner, G. C.; Thomas,
C.; Hatke, A. T.; Manfra, M. J,; Marcus, C. M. Relating Andreev
Bound States and Supercurrents in Hybrid Josephson Junctions. Phys.
Rev. Lett. 2020, 124, No. 226801.

(33) Aggarwal, K.; Hofmann, A.; Jirovec, D.; Prieto, 1; Sammak, A ;
Botifoll, M.; Marti-Sénchez, S.; Veldhorst, M.; Arbiol, J.; Scappucci,
G.; Danon, J.; Katsaros, G. Enhancement of Proximity-Induced
Superconductivity in a Planar Ge Hole Gas. Phys. Rev. Res. 2021, 3,
L022008S.

(34) Ciaccia, C.; Haller, R.; Drachmann, A. C. C.; Lindemann, T.;
Manfra, M. J.; Schrade, C.; Schonenberger, C. Gate-Tunable
Josephson Diode in Proximitized InAs Supercurrent Interferometers.
Phys. Rev. Res. 2023, 5, No. 033131.

(35) Ciaccia, C.; Haller, R;; Drachmann, A. C. C.; Lindemann, T.;
Manfra, M. J; Schrade, C.; Schonenberger, C. Charge-4e Super-
current in a Two-Dimensional InAs-Al Superconductor-Semiconduc-
tor Heterostructure. Commun. Phys. 2024, 7, 41.

(36) Valentini, M.; et al. Parity-Conserving Cooper-Pair Transport
and Ideal Superconducting Diode in Planar Germanium. Nat.
Commun. 2024, 15, 169.

(37) Pankratova, N.; Lee, H.; Kuzmin, R,; Wickramasinghe, K;
Mayer, W,; Yuan, J.; Vavilov, M. G.; Shabani, J.; Manucharyan, V. E.
Multiterminal Josephson Effect. Phys. Rev. X 2020, 10, No. 031051.

(38) Amin, M. H. S.;; Omelyanchouk, A. N.; Zagoskin, A. M.
Mesoscopic Multiterminal Josephson Structures. I. Effects of
Nonlocal Weak Coupling. Low Temp. Phys. 2001, 27, 616—623.

(39) Pillet, J.-D.; Benzoni, V.; Griesmar, J.; Smirr, J.-L.; Girit, C. O.
Nonlocal Josephson Effect in Andreev Molecules. Nano Lett. 2019,
19, 7138—7143.

(40) Haxell, D. Z.; Coraiola, M.; Hinderling, M.; ten Kate, S. C,;
Sabonis, D.; Svetogorov, A. E.; Belzig, W.; Cheah, E.; Krizek, F,;
Schott, R.; Wegscheider, W.; Nichele, F. Demonstration of the
Nonlocal Josephson Effect in Andreev Molecules. Nano Lett. 2023,
23, 7532—7538.

9231

(41) Matsuo, S.; Imoto, T.; Yokoyama, T.; Sato, Y.; Lindemann, T;
Gronin, S.; Gardner, G. C.; Manfra, M. J; Tarucha, S. Phase
Engineering of Anomalous Josephson Effect Derived from Andreev
Molecules. Sci. Adv. 2023, 9, No. eadj3698.

(42) Matsuo, S.; Imoto, T.; Yokoyama, T.; Sato, Y.; Lindemann, T;
Gronin, S.; Gardner, G. C; Manfra, M. J.; Tarucha, S. Josephson
Diode Effect Derived from Short-Range Coherent Coupling. Nat.
Phys. 2023, 19, 1636—1641.

(43) Pillet, J.-D.; Annabi, S.; Peugeot, A.; Riechert, H.; Arrighi, E.;
Griesmar, J; Bretheau, L. Josephson Diode Effect in Andreev
Molecules. Phys. Rev. Res. 2023, S, No. 033199.

(44) Chiles, J.; Arnault, E. G.; Chen, C.-C.; Larson, T. F. Q.; Zhao,
L.; Watanabe, K; Taniguchi, T.; Amet, F,; Finkelstein, G. Non-
reciprocal Supercurrents in a Field-Free Graphene Josephson Triode.
Nano Lett. 2023, 23, 5257—5263.

(45) Zhang, F.; Rashid, A. S.; Ahari, M. T.; de Coster, G. J;
Taniguchi, T.; Watanabe, K.; Gilbert, M. J.; Samarth, N.; Kayyalha, M.
Magnetic-Field-Free Nonreciprocal Transport in Graphene Multi-
Terminal Josephson Junctions. arXiv, 2023, 2301.05081. https://
arxiv.org/abs/2301.05081 (accessed November 29, 2023).

(46) Gupta, M.; Graziano, G. V.; Pendharkar, M.; Dong, J. T,;
Dempsey, C. P.; Palmstrom, C.; Pribiag, V. S. Gate-Tunable
Superconducting Diode Effect in a Three-Terminal Josephson Device.
Nat. Commun. 2023, 14, 3078.

(47) Leroux, C.; Parra-Rodriguez, A.; Shillito, R; Di Paolo, A;
Oliver, W. D.; Marcus, C. M.; Kjaergaard, M.; Gyenis, A,; Blais, A.
Nonreciprocal Devices Based on Voltage-Tunable Junctions. arXiv,
2022, 2209.06194. https://arxiv.org/abs/2209.06194 (accessed No-
vember 29, 2023).

(48) Virtanen, P.; Heikkili, T. T. Nonreciprocal Josephson Linear
Response. Phys. Rev. Lett. 2024, 132, No. 046002.

(49) Shabani, J.; Kjaergaard, M.; Suominen, H. J.; Kim, Y.; Nichele,
F.; Pakrouski, K; Stankevic, T.; Lutchyn, R. M.; Krogstrup, P,;
Feidenhans’l, R.; Kraemer, S.; Nayak, C.; Troyer, M.; Marcus, C. M,;
Palmstrem, C. J. Two-dimensional Epitaxial Superconductor—Semi-
conductor Heterostructures: A Platform for Topological Super-
conducting Networks. Phys. Rev. B 2016, 93, No. 155402.

(50) Cheah, E.; Haxell, D. Z.; Schott, R; Zeng, P.; Paysen, E.; ten
Kate, S. C.; Coraiola, M.; Landstetter, M.; Zadeh, A. B.; Trampert, A.;
Sousa, M,; Riel, H.; Nichele, F.; Wegscheider, W.; Krizek, F. Control
over Epitaxy and the Role of the InAs/Al Interface in Hybrid Two-
Dimensional Electron Gas Systems. Phys. Rev. Mater. 2023, 7,
No. 073403.

(51) Coraiola, M.; Haxell, D. Z.; Sabonis, D.; Weisbrich, H.;
Svetogorov, A. E.; Hinderling, M.; ten Kate, S. C.; Cheah, E.; Krizek,
F.; Schott, R.; Wegscheider, W.; Cuevas, J. C.; Belzig, W.; Nichele, F.
Phase-Engineering the Andreev Band Structure of a Three-Terminal
Josephson Junction. Nat. Commun. 2023, 14, 6784.

(52) Coraiola, M.; Haxell, D. Z.; Sabonis, D.; Hinderling, M.; ten
Kate, S. C.; Cheah, E.; Krizek, F; Schott, R; Wegscheider, W.;
Nichele, F. Spin-Degeneracy Breaking and Parity Transitions in
Three-Terminal Josephson Junctions. arXiv. 2023, 2307.06715.
https://arxiv.org/abs/2307.06715 (accessed November 29, 2023).

(53) Haxell, D. Z.; Cheah, E.; Kiizek, F.; Schott, R.; Ritter, M. F.;
Hinderling, M.; Belzig, W.; Bruder, C.; Wegscheider, W.; Riel, H.;
Nichele, F. Measurements of Phase Dynamics in Planar Josephson
Junctions and SQUIDs. Phys. Rev. Lett. 2023, 130, No. 087002.

(54) Beenakker, C. W. J. Universal Limit of Critical-Current
Fluctuations in Mesoscopic Josephson Junctions. Phys. Rev. Lett.
1991, 67, 3836—3839.

(55) Tinkham, M. Introduction to Superconductivity, 2nd ed.; Dover
Publications, 2004.

https://doi.org/10.1021/acsnano.4c01642
ACS Nano 2024, 18, 9221-9231


https://doi.org/10.1038/s41565-022-01159-4
https://doi.org/10.1038/s41563-022-01300-7
https://doi.org/10.1038/s41563-022-01300-7
https://doi.org/10.1038/s41563-022-01300-7
https://doi.org/10.1038/s41567-022-01700-1
https://doi.org/10.1038/s41567-022-01700-1
https://doi.org/10.1038/s41567-022-01700-1
https://doi.org/10.1103/PhysRevX.12.041013
https://doi.org/10.1103/PhysRevX.12.041013
https://doi.org/10.1103/PhysRevB.106.214504
https://doi.org/10.1103/PhysRevB.106.214504
https://doi.org/10.1103/PhysRevB.106.214504
https://doi.org/10.1038/s41467-023-38005-7
https://doi.org/10.1038/s41467-023-38005-7
https://doi.org/10.1038/s41467-023-38005-7
https://doi.org/10.1103/PhysRevResearch.5.L022064
https://doi.org/10.1103/PhysRevResearch.5.L022064
https://doi.org/10.1103/PhysRevResearch.5.L022064
https://doi.org/10.1103/PhysRevLett.129.267702
https://doi.org/10.1103/PhysRevLett.129.267702
https://doi.org/10.1103/PhysRevB.106.134514
https://doi.org/10.1103/PhysRevB.106.134514
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevResearch.3.L022005
https://doi.org/10.1103/PhysRevResearch.3.L022005
https://doi.org/10.1103/PhysRevResearch.5.033131
https://doi.org/10.1103/PhysRevResearch.5.033131
https://doi.org/10.1038/s42005-024-01531-x
https://doi.org/10.1038/s42005-024-01531-x
https://doi.org/10.1038/s42005-024-01531-x
https://doi.org/10.1038/s41467-023-44114-0
https://doi.org/10.1038/s41467-023-44114-0
https://doi.org/10.1103/PhysRevX.10.031051
https://doi.org/10.1063/1.1399198
https://doi.org/10.1063/1.1399198
https://doi.org/10.1021/acs.nanolett.9b02686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.adj3698
https://doi.org/10.1126/sciadv.adj3698
https://doi.org/10.1126/sciadv.adj3698
https://doi.org/10.1038/s41567-023-02144-x
https://doi.org/10.1038/s41567-023-02144-x
https://doi.org/10.1103/PhysRevResearch.5.033199
https://doi.org/10.1103/PhysRevResearch.5.033199
https://doi.org/10.1021/acs.nanolett.3c01276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c01276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://arxiv.org/abs/2301.05081
https://arxiv.org/abs/2301.05081
https://doi.org/10.1038/s41467-023-38856-0
https://doi.org/10.1038/s41467-023-38856-0
https://arxiv.org/abs/2209.06194
https://doi.org/10.1103/PhysRevLett.132.046002
https://doi.org/10.1103/PhysRevLett.132.046002
https://doi.org/10.1103/PhysRevB.93.155402
https://doi.org/10.1103/PhysRevB.93.155402
https://doi.org/10.1103/PhysRevB.93.155402
https://doi.org/10.1103/PhysRevMaterials.7.073403
https://doi.org/10.1103/PhysRevMaterials.7.073403
https://doi.org/10.1103/PhysRevMaterials.7.073403
https://doi.org/10.1038/s41467-023-42356-6
https://doi.org/10.1038/s41467-023-42356-6
https://arxiv.org/abs/2307.06715
https://doi.org/10.1103/PhysRevLett.130.087002
https://doi.org/10.1103/PhysRevLett.130.087002
https://doi.org/10.1103/PhysRevLett.67.3836
https://doi.org/10.1103/PhysRevLett.67.3836
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

