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ABSTRACT: The AC Josephsonext manifests itself in the fornt®hapiro step®f quantized voltage in Josephson junctions
subject to radiofrequency (RF) radiation. Thastegpresents an early example of a drilissipative quantum phenomenon and is
presently utilized in primary voltage standards. Shapiro steps have also become one of the standard tools to probe junctions mac
a variety of novel materials. Here we study Shapiro steps in a widely tunable graphene-based Josephson junction in which the h
frequency dynamics is determined by the on-chip environment. We investigate the variety of patterns that can be obtained in t
well-understood system depending on the carrier density, temperature, RF frequency, areldnAthetigh the patterns of

Shapiro steps can change drastically when just one parameter is varied, the overall trends can be understood and the beha
straightforwardly simulated, showing some kexedces from the conventional RCSJ model. The resulting understanding may
help interpret similar measurements in more complex materials.

KEYWORDS:AC Josephsorekt, Shapiro Steps, Topological Materials, Superconductiiigsipatiga Systems

\lysephson junctions subjected to external radiofrequen¢$NS) junctions. Shapiro steps in this topologically trivial
RF) radiation demonstrate the inverse AC Josephsomaterial have been previously expiorédand used as a
e ect: the phase dirence across the junction is locked to thereference in the study of topological juncitts.show that
external frequentyAs a result, the phase steadily ramps witha variety of patterns can be obtained within the same junction
time, and the V curves fornfShapiro stepof quantized by tuning the gate voltage and magnetit Both the Bessel
voltage/ =n /2e wheren counts the number of periods by function regime and the strongly hysteretic regimézeith
which the phase progresses over one period of excltaon.  crossing stepare observed. We directly simulate the observed
exact mechanisms of the phase locking and its stability weigterns using an extensfaf the resistively and capacitively
investigated in detail in the 1980Ehe extremely precise shunted junction (RCSJ) model to explain the observed
voltage quantization of the steps is presently utilized in primagands. showing some notableedinces from predictions
voltage stanqlarﬁls. ) ) ) ) based on the conventional model.

Recently, interest in topological Josephson junctions hasgr sample is made of exfoliated graphene encapsulated in
reinvigorated the use of the AC Josephsgnt @s a t00l 10 payagonal boron nitride.The superconducting leads are

probe a junct?ds current phase fe'atiof‘ (CPF%S' Missing made by sputtering molybdenutrenium alloy? which has
steps and residual supercurrent associated with the anomalous '

CPR are some of the signatures that have been ekpfored. _ :
Many of these studies are performed at relatively low powggceived: April 13, 2020
and frequency; in this regime, the measured maps may pBgVised: September 9, 2020
signicantly dierent from the textbookBessel function ~ Published: September 9, 2020
patterns even in topologically trivial junctions.

In this paper, we study the inverse Joseph&mb i@
graphene-based superconduatormal superconductor
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Figure 1.(a) Measured derential resistance of the junction as a function of gate voltage and bias. The central black region corresponds to
supercurrent. The current is swept from negative to positive, resulting in thelarnge thetwedpandlg. The green dashed line marks the

primary gate voltage used throughout the p&japmrés 24); blue dashed lines correspond to gate voltages usgdrin5 (b) Switching

current as a function of small perpendicular mageletiorVg = 0.45 V. This magnetic interferenceceis used to tune the critical current of

the junction while the other parameters are held constant. Arrows ieldicatieies usedfimgure 2(c) Schematic of an encapsualted graphene
Josephson junction subjected to RF irradiation.
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Figure 2.Maps of dierential resistance showing Shapiro steps as a function of the DC bids anudr&ft,powePg The gate voltage in this

gure, as well ashigures &nd4, is set aV¥/; = +0.45 V as measured from the Dirac péak ( 10 mV is negligible in this sample). The maps
are measured at two frequencies (top row, 5 GHz; bottom row, 3 GHz)eaewt diwitching currents (left to rights 650, 240, 80, and 35
nA), as tuned by the perpendicular magreltic An important dimensionless parameter controlling the overall behavioris, ~ / \/I—S
The pairs of panels (a, f), (b, g), and (c, h) correspond to roughly equal valaed tferefore appear similar. We observe the expected trends,
according to which at high(right panels) the plateaus are centerexkakt voltages and their vertical extent is described by the Bessel functions.
In the opposite limit of low (left panels), many features of the maps become hysteretic,randtidateaus cross zero bias.

a relatively large gap of 1.3 meV. The sample is measured in &igure 1 Figure & shows the dérential conductance
dilution refrigerator with a sample holder temperature ofmeasured as a function of bias and gate vatgg&le dark
approximately 100 mK, which depends weakly on the applieggion of the map corresponds to supercurrent. As is
RF signal. The actual sample temperature under the RF dremmonly observed in SNS junctions, there is a large
could be highét (see theSupporting Informatiyn The di erence between the switching current from the super-
gigahertz drive is coupled by an antenna placed approximatiynducting state to the normal stage gnd the retrapping

1 mm away from the sample. The exact value of the RF powanrent from the normal state to the superconducting state
reaching the sample is dilt to quantify because of the (Ig).?%?*(The value ofsis slightly lower than the true value of
frequency-dependent coupling between the antenna and tthe critical current of the junctidg,) Figure b shows the
sample, which are not impedance-matched. Therefore, we tisppendence ofs on a small magneticeld applied

only the nominal RF power emitted by the generator at roomerpendicular to graphenthe “Fraunhofer pattetn® The
temperature, which is a common practice in similar expegensitivity ofs to a magneticeld allows us to conveniently
ments. To measure the DC voltage across the sample, ee the critical current while holding the other parameters
perform multiple DC current bias sweeps while keeping theonstant.

rest of the parametersed. The resulting V curves are then In Figure 2we compare patterns of Shapiro steps measured
averaged and numericallyedéntiated to obtain the ér- at frequencies of 3 and 5 GHz and several values of the
ential resistande= dv/dl. magnetic eld that are marked fingure 1 The maps ifrigure

A schematic of the sample and standard characterizatidnpresent the derential resistanc®, the dark regions
measurements performed without RF excitation are presentamrespond to the Shapiro steps of constant voltage, for which
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Figure 3.(a) Di erential resistance as a functidraofiPx reproducingrigure 2 (f =5 GHz,ls= 650 nA, sample holder temperaiurel00

mK). (b) Map identical to (a) but measuredrat 1.5 K, at which point the hysteresis is largely suppressed. (c) Cut through the map at the
dashed line in (a)Rgr = 4 dBm), showing the hysteretic switching between-tieandn = 1 steps depending on the sweep direction. (d)
Zoom of the map in (a) showing theeatent plateaus labeled lpyqj as described in the text.
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Figure 4.(a, b) Simulation of\d| for di erent noise levels, to be compard’l to50 ,R =300 ,lc =540 nAC, = 2.5 pF, anfi= 5 GHz.

To reproduce the experiment, the simulation starts at the lowest DC bias, averages over 500 RF cycles, and#healussoftend d /

dt as the initial conditions for the next value of bias. Ten bias sweeps are produced in this manner and then averaged to reduce the noise.
Numerical traces oft) on various plateaus labeled by the pairs gf (See the text). (d) Schematic of the washboard potential and the four

types of phase evolution corresponding to (c). The top two schematics repeesetitaims afi = 0, while the bottom two both show + 1.

R= 0, and the narrow bright lines correspond to the transitionShapiro steps: = / pand =1/Q, where is the RF drive

between these steps. ABiure &, the current bias is swept frequency, p = /2eld Cis the bare plasma frequency, and

from negative to positive, resulting in pronounced hysteresis nI th litv factor of the iunctionarows left to right and
many of the transitions between the Shapiro steps. Some of & the quaily factor ot the junctiongrows feft toright a

negative steps are found to cross zero and extend to posifRtom to top inFigure 2 grows right to left. Shapiro
currents, an ect termedzero crossing stéps patterns measured atatient andlgbut comparable (see

Following ref3, we introduce convenient dimensionlessthe three pairs (a, f), (b, g), and (c, h) kingure 2
parameters that are crucial in determining the pattern afemonstrate qualitative similarity, particularly in the region of
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Figure 5.(a d) Shapiro maps for gate voltages of 0, 0.375, 0.75, and 1.125 V, respectively. Near the Dirac peak, the hysteresis is the mc
pronounced, with a gradual decline in hysteresis at higher gate voltages. The higher doping both lowers the junRigresakisgmnte
higher dissipation) and increases the critical current.

zero crossing steps. We further discuss feowd in uence solutions are simultaneously stablgure B is obtained
the shape of the plateaus in $ugporting Information under the same conditions, but at a higher temperatare (

For the smallesg (highest ; Figure 2,d,h), the pattern of 1.5 K). At this temperature, the hysteresis of the Shapiro
Shapiro steps follows the Bessel function depefdenttes features is nearly gone, and a regular pattern emerges,
regime, the extent of the steps in the bias direction is roughigsembling a distorted honeycomb.

2eVic . . Figure 4,b shows numerical simulations that reproduce
equal tdc‘%(i) wherel, is the Bessel functiofiThe steps most of the features ifigure &,b. The simulations use the
are centered &t= Vn/ R, WhereR is the eective DC shunt current-biased model of 28 appropriate|y modid to
resistance of the junction. Experimentally, we can extract th€count for the capacitance and resistance of the connected
e ective value of the shunt resistaRce300 , independent  pads and lead$x(). Similar to the measurement, the time
of I throughFigure 2 It should be noted that this value is evolution starts at negative bias. We then numerically evolve
comparable to but slightly smaller than the normal resistangg equation and average the voltage once the initial transients
of the junctionR, 450 2? settle. The nal values of and d /dt are then used as initial

As the critical current increases in the left parfétsuof 2 conditions for the next bias point. Finally, the sweeps are
the patterns change because of the coexistence of multip®eated multiple times and averaged, as is done in the
stable steps for a given bias valwhile some of the experiment (see thfgupporting Informatijn
boundaries still resemble the Bessel functions, the plateauShese simulations allow us to trace the time evolution of the
start to overlap because the width of the platedgs, phase within each cell of the Shapiro map. Examplg} of
becomes larger than the distance between the centers of e shown irFigure 4 for several neighboring cells. From
plateausy,/ R. Eventually, the plateaus are no longer centereginalysis of these traces, a rather simple qualitative picture
around a xed current bias df,/R but instead emerge emerges, represented schematicalfygime d: For each
sequentially from the normal-state boundary and diagonallycle of RF excitation, the phase progressgsmiréma of
descend toward zero bias. At high RF power, multiple stefe washboard potential and then retiuoéthem backward.
boundaries intersect, resulting in an intricate net of transitiomhe overall change of phase {2 @), and the index of the
(Figure 2,b,f,g). Finally, for the lowes{Figure ), thet1 resulting Shapiro stepriss p  g. This behavior has been
steps no longer reach zero upon theapproach, and the previously identd in the Bessel function regirieIn
V curves show a pronounced region of nonquantized voltagéure 8, we zoom in on the dataFéfjure & and label select
close to zero bia®{r between 0 and 3 dBm). We further cells by their q) indexes. It should be noted that in the
model and discuss these changes in Stigporting resulting regular pattern, each cell in the central part of the
Information map has six neighbors. The two neighbors in the vertical

We now concentrate on the parametefsgofe 2, which direction have the same total nungbeg, whilen di ers by
is reproduced iRigure @.Figure 8 shows a line cut extracted 2. The four neighbors on the left/right have either g
fromFigure & (blue) as well as a similar line measured for thelecreased/increased by 1.
opposite sweep direction (red). This cors that the Finally, we look at the gate-voltage dependence of the maps
asymmetric features seenFigure 2are indeed due to inFigure 5While the gate voltageuences many parameters,
hysteresis and that for many parameter values multiplee most signcant eect is onsandR, the latter decreasing
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by a factor of roughly 4 betwdégure a andrigure 8. We Andrew Seredinski Department of Physics, Duke University,
nd that near the Dirac peak the hysteresis is veryHange ( Durham, North Carolina 27708, United States

5a), while further away from the Dirac peak the hysteresis of Henming Li Department of Physics and Astronomy,

the transitions between the plateaus is sty suppressed Appalachian State University, Boone, North Carolina 28607,

(Figure ®©). This suppression is partially explained by  United States
increased damping rather than the purely thermal smearingKenji Watanabe Advanced Materials Laboratory, National

as observed irigure B. However, in order to reproduce the Institute for Materials Science, Tsukuba 305-0044, Japan;
data measured at larger gate voltagesydvat it is also orcid.org/0000-0003-3701-8119
necessary to increase the simulated noise level. We list th@akashi Taniguchi Advanced Materials Laboratory, National
noise level used in each simulation in $heporting Institute for Materials Science, Tsukuba 305-0044, Japan;
Information In general, the noise in our simulation could orcid.org/0000-0002-1467-3105

represent a number of possible sources, but we do not attempfEranois Amet Department of Physics and Astronomy,
to relate the simulated noise to its physical origins. Noise Appalachian State University, Boone, North Carolina 28607,
processes in ballistic SNS junctions require further study both United States

in the equilibrium case and under RF drive. Complete contact information is available at:

In conclusion, we have studied the AC Josephetrrirea hitps://pubs.acs.org/10.1021/acs.nanolett.0c01598
nontopological graphene junction, which allows one to directly

tune many of the relevant parameters. Our results demonstr
the important role played by the local electromagneti
environment in determining the shape of Shapiro steps
nanoscale junctions. The type of samples studied here provides

a highly tunable platform to probe the unexplored aspects of ACKNOWLEDGMENTS
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