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In a Josephson junction, the current phase relation relates the phase variation of the superconducting
order parameter ¢, between the two superconducting leads connected through a weak link, to the
dissipationless current. This relation is the fingerprint of the junction. It is usually dominated by a sin(¢)
harmonic, however, its precise knowledge is necessary to design superconducting quantum circuits with
tailored properties. Here, we directly measure the current phase relation of a superconducting quantum
interference device made with gate-tunable graphene Josephson junctions and we show that it can behave
as a sin(2¢) Josephson element, free of the traditionally dominant sin(¢) harmonic. Such element will be
instrumental for the development of superconducting quantum bits protected from decoherence.
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In superconducting circuits, nonlinearity such as the one
provided by a Josephson junction (JJ) is used as a resource
for storing, writing, and processing quantum information.
This celebrated building block is indeed characterized by a
nonlinear current phase relation (CPR) relating the super-
current / to the phase across the junction ¢. Standard
superconducting circuits use tunnel junctions for which
the Josephson relation I(¢) = I-sin(¢), where I is the
junction critical current, enables one to predict with high
accuracy the behavior of nonlinear circuits such as
Josephson parametric amplifiers or qubits [1,2]. In recent
years, there has been a rising interest for junctions made
without a tunnel barrier, for instance, using a gate-tunable
semiconductor weak link [3—14]. In such junctions, with
potentially highly transmitting Andreev channels, the CPR
is more complex and includes higher order sin(2¢),
sin(3¢), etc., harmonics [15]. Such higher order contribu-
tions, that are traditionally neglected in canonical tunnel
junctions, were recently found to influence the spectrum of
excited states of qubits made with aluminum and aluminum
oxide junctions [16]. In the future, the precise knowledge of
the harmonic content of the CPR could be used to design
protected qubits [17] or more generally highly tunable
dissipationless nonlinearities [18].

Various kinds of Josephson junctions (weak links) have
been considered, for instance, with a metal or a semi-
conductor. In these SNS junctions, higher order harmonics
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have been reported in the CPR with InAs nanowires [19],
InAs quantum wells [20-22], bismuth nanowires [23,24],
the BiSbTeSe, topological insulator [25,26], ferromagnetic
Bi;_,Sb, and other metal based 7 junctions [27,28], WTe,
[29], as well as graphene [30,31]. There, the determination
of the CPR relied on the conventional direct current (dc)
bias method [32], whereby the Josephson junction under
investigation is connected in parallel to a second reference
junction.

This method faces two main limitations: the higher-order
harmonics can be hard to detect when the sin(¢) term is
dominating. Also, to retrieve the CPR one usually needs to
assume a fixed phase ¢,.; in the reference junction, which is
often questionable in real-life experimental systems [29],
and disregarding ¢,.; changes in the analysis can generate
spurious higher-order harmonics in the CPR [33]. Other
methods relying on radiofrequency techniques have
been developed, including the detailed exploration of
Shapiro steps [34-37], probing the microwave susceptibil-
ity [38] or photon emission [39]. These remain, however,
mostly indirect methods to measure the CPR, not free of
artifacts, which altogether can make quantitative measure-
ments challenging.

In this Letter, we demonstrate a method to control
and read simultaneously the CPR of a Josephson element
made with a superconducting quantum interference device
(SQUID) based on graphene Josephson junctions. We use a
double SQUID structure. The first, symmetric SQUID
constitutes the tunable Josephson element under study.
Its CPR is controlled using a magnetic flux and gate
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voltages. An additional loop including a third Josephson
junction serves as a reference arm for conventional
dc-biased CPR measurements. The value of the magnetic
flux ¢ enclosed within the symmetric SQUID controls the
amplitudes of the various harmonics. In the frustrated
regime, i.e., ¢, = (¢ho/2), where ¢, is the flux quantum,
this circuit naturally selects the even-order harmonics of the
Josephson element, isolated from the otherwise dominant
first harmonic. This allows direct visualization of sin(2¢)
oscillations of the CPR and quantitative measurement of
this second order harmonic amplitude. Like with other
methods, our measurement scheme relies on a reference
branch. We present a procedure that quantifies and com-
pensates for the deviation from the standard assumption
that the phase of the reference junction is fixed. We use this
method to quantitatively determine the relevant circuit
parameters from experimental data.

Our double SQUID device [Fig. 1(a)] includes three
graphene Josephson junctions of dimensions 1 x 0.4 pm?
(1, and JJ,) and 2.5 x 0.4 pm? (JJ3), two 4.5 x 4.5 pm?,
and 20.5 x 20.5 pm? superconducting loops with 1 pm
wire width, three top gate electrodes, and electrical contacts
for dc-biased measurements.

The Josephson junctions are made with monolayer
graphene encapsulated within two hexagonal boron-nitride
(hBN) layers, and are contacted at their edges [40] by
5/60 nm Ti-Al superconducting electrodes. The critical
current of the junctions can be tuned using gate voltages
applied to top gate electrodes, insulated from the junctions
using an additional hBN layer. Details about the fabrication
methods and JJ structure are provided in the Supplemental
Material [41].

The device is cooled down to 30 mK in a dilution
refrigerator. We perform bias current sweeps while meas-
uring the voltage drop V across the device in a four-probe

(a) GND (b)

configuration with two additional V, and V_ electrodes
[see Fig. 1(a)], a lock-in amplifier and a digital voltmeter.
Magnetic flux is applied using a superconducting coil
on top of the sample holder, yielding 8.7 pTmA~!, as
determined from the periodicity of the measurements
versus the applied current (geometrical theoretical value
is ~8 pTmA~").

The Al-based superconducting circuit represented in
Fig. 1(b) consists of two main parts. First, a small-area
SQUID that includes JJ; and JJ,, which intercepts a
magnetic flux ¢,. This is the tunable Josephson
element (JE) of which we will control the CPR I;z(¢)
with the flux ¢;:

(s anh
Lig(e.¢1) =1, <€0+ 2 ¢0> + L(o), (1)

where I,(¢p;) and I,(¢,) are the CPRs of JJ; and JJ,
whose critical currents /., and /., are controlled by gate
voltages V; and V j,. The Josephson element is connected
to a larger loop, controlled by a flux ¢,, which contains
junction JJ5 of large critical current /3, tunable using V.
Since we use a single coil to produce the magnetic field, ¢,
and ¢, vary together with a linear relationship determined
by the surface area ratio of the two loops. In the large-area
SQUID the phase ¢ and the phase of the reference junction
@ are linked by

0= gt + 2022, (2)

bo
This way, the reference branch enables the measurement
of the CPR of the Josephson element by varying ¢, and
measuring the critical current of the device. Provided that
I .5 is much larger than the Josephson element’s critical
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(a) Optical micrograph of the double SQUID device showing the 2D materials heterostructure and the superconducting

aluminum circuit. The graphene Josephson junctions are located under the top gates. (b) Equivalent electrical circuit of the device,
including the Josephson element whose CPR is measured (gray area), the reference branch (right), and the top gates (blue).
(c) Differential resistance map versus bias current and magnetic field when all gates are at 0 V. The gray area indicates data points that

were not measured.
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current, we can assume that ¢ is fixed, at the critical
current of the full device, t0 @t = @Pmax With @ > (7/2)
because of the use of a SNS reference junction, with a
forward skewed CPR [15]. We can then apply the conven-
tional dc-biased CPR measurement method [32] to the
tunable Josephson element.

For completeness, we also consider the contribution
of the inductance of the reference branch (L;). In the
Supplemental Material [41] we show that its effect is small
and reduces to a bias-current dependent shift of ¢,. Other
inductances have even smaller effects due to both shorter
length and smaller circulating currents, and can be safely
neglected. Finally, we estimated the shunt capacitance of
the device, including the dominant contribution of the top
gate electrodes, to be of the order of 25 fF. The junction’s
quality factor Q has then a value between 0.6 and 0.8 in our
measurements depending on the gate voltages and the
device is thus in the slightly overdamped regime [44],
confirmed by the absence of hysteretic behavior. In the
following, we will thus identify the critical current to the
experimentally measured switching current.

A typical critical current measurement is presented in
Fig. 1(c), for which top gates were all kept grounded. The
device’s critical current is measured using sweeps of the
bias current (from low to high values) at varying magnetic
field values. In Fig. 1(c), the superconducting regions
[(dV/dI) =0, black in the figure] are delimited by the
critical current (peaks in (dV /dI) = 0, bright in the figure).
Starting from zero magnetic flux, we observe fast variations
of the critical current with a 5.1 pT period. Each period
corresponds to an additional flux A¢, = ¢, in the large
loop (hence Ap = 2x). In other words they are an image of
the CPR of the Josephson element, /;z(¢). These fast
variations are slowly modulated within an envelope of

period 102 pT that stems from the evolution of the
Josephson element CPR with ¢;. As ¢, approaches the
frustration point ¢p; = (¢y/2), the dominant first harmonic
of the CPR is suppressed, making the critical current through
the Josephson element smaller. Similar multiperiod critical
current oscillations were also observed in rhombi chains
[45]. The ratio of the slow and fast periods is ¢, ~ 20.0¢;,
consistent with the ratio between the loops area.

The device enables then to probe the CPR of the
Josephson element using ¢, for different values of ¢;. ¢,
and ¢, are codependent but the ratio between their periods is
large, so that ¢b; variations are small over one period of ¢,.
The ratio between the reference junction critical current /5
and the Josephson element critical current is, however, not
large enough in Fig. 1(c), typically about 10 close to the
frustration point ¢; = (¢ho/2). The assumption that the
reference junction is fixed does not fully hold and this plot
does not then represent the true CPR of the Josephson
element. Also, we expect JJ; and JJ, to be asymmetric
without proper tuning of the critical currents /., and /.,
making a full suppression of the sin(¢) term impossible. In
the following, we take advantage of the critical current
tunability for junctions JJ; and JJ, to achieve two necessary
conditions to measure a pure sin(2¢) Josephson element
CPR: moderate the total Josephson element critical current
and ensure balanced /., and /.

We show in Fig. 2(a) a detailed measurement at the
frustration point ¢p; = (¢hy/2) at the symmetric sweet spot,
i.e., for I,y = I,,. To reach this configuration, we weakly
doped the two graphene channels with electrons, with
Vg1 = +0.7and V4, = +0.5 V above their charge neutral-
ity points. The corresponding evolution of the Josephson
element’s critical current with ¢, is displayed in Fig. 2(b).
For these measurements we used a large gate voltage
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(a) Differential resistance map around the frustration point (white vertical dashed line), for symmetric weakly n-doped JJs.

(b) Josephson element’s critical current versus magnetic flux (top axis, ¢»;, small-loop portion, i.e., Josephson element’s flux; bottom
axis, ¢,, large-loop portion, i.e., CPR measurement flux). Experimental data (dot) and fits using Eq. (3) (color solid lines) are shown.
Vg1 and Vg, gate voltages are indicated below the corresponding curve. Red, green, and blue: weakly n-doped graphene. Yellow:
Strongly p-doped graphene. On the top trace, a charge jump is observed (discontinuity of the critical current). This charge jump was
excluded from the fit. The data and fits are vertically offest by 250 nA for clarity. (c) Theoretical contributions of the harmonics of a
Josephson element based on a graphene Josephson junction SQUID, normalized to the zero-flux critical current (junctions with
T = 0.6). Insets: CPR measured at specific flux values.
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Vi =+65V to ensure a large critical current of the
reference junction /.3 = 1285 nA. In these conditions, we
observe that the periodicity of the critical current is reduced
by a factor 2. This demonstrates full cancellation of the
first harmonic in the Josephson element’s CPR leaving a
dominant sin(2¢) term.

Quantitative analysis requires a model for fitting the
critical current data to account for ¢, and ¢, varying
together. Assuming a fixed phase (@,.f = @ma) and a current
I 5 in the reference junction JJ; at the critical current, we can
express the positive and negative critical currents /7

I? = :tlc3 +12 <:|:(pmax +2ﬂ'%)
0

b2 5,0
+1, (:I:(pmax +2r o + 27T¢0>. (3)

We chose as the model for all junctions the expression
of the CPR of an SNS junction in the short and ballistic
regime [15]:

1) = 1) 4

V1 =Tsin(p/2)

with T the channels transparency and I’ sets the scale of the
critical current. In the following, we write the junction’s
CPR as a series of harmonics i of amplitude A; as
I(p) = > A;sin(ie). Finally, we fit both the positive
and negative critical current data I} and I with the same
set of parameters.

We show the detailed evolution of the SQUID CPR at
¢1 = (¢o/2) in Fig. 2(b) for varying gate voltages V
and V ;. From top to bottom, the critical current symmetry
between JJ; and JJ, is improved. For the green curve
(Vgi1/Ver =+0.5V/+0.6 V), JJ; and JJ, are poorly
balanced and we observe that the signature of the
sin(2¢) term is mostly masked by a dominating first
harmonic. The red curve (V,;/Vgp = +0.5V/ +0.5 V)
is close to balanced, first and second harmonics are
of similar amplitudes. Finally, for the blue curve
(Vg1/Vg =+0.7V/+0.5V), the Josephson element
SQUID is symmetric, the sin(2¢) term is dominant
and the first harmonic is strongly suppressed. The fit
yields T =0.534+0.02 (T =0.63 £0.015) or A,/I, =
0.094 £+ 0.004 (A,/1. = 0.117 £0.003) for JJ; (JJ,). We
hence estimate that in the Josephson element at
¢, = (¢o/2), the sin(¢) harmonic term is reduced to
13% (+9%) of the sin(2¢) harmonic term, i.e., that the
second harmonic contribution is about ten times larger than
the first harmonic.

We also perform a similar measurement in a situation
where graphene is strongly hole-doped, with V,; = —5.5
and V, = —4.5 V relative to the neutrality point [bottom
curve in Fig. 2(b)]. Large negative gate voltages are

necessary to reach the same range of critical currents for
JJ, and JJ, [46] (see Supplemental Material for more details
about the junctions’ control using gate voltage [41]). We
observe a slightly smaller second harmonic term which is a
consequence of reduced transparencies of the channels. We
obtain 7 = 0.49 £ 0.025 (T = 0.50 £ 0.025) or A,/I. =
0.086 £ 0.0045 (A,/I. = 0.088 £ 0.0045) for JJ; (JJ,).

Figure 2(d) summarizes the expected evolution of the
first and second harmonics weights of the CPR with
T = 0.6 and it displays, at some representative fluxes,
the measured data. At ¢p; = 0, the entire harmonic content
of the CPR is present and we observe a skewed sine profile
similar to reports on graphene Josephson junctions [31].
At ¢y = (¢pg/4), the CPR is close to a pure sine function
because the sin(2¢) contributions of the 2 JJs cancel out
and harmonics higher than 2 are small (A3/I, ~ 1.6% for a
single channel at 7 = 0.6). At ¢; = (¢py/2) when all odd
order harmonics are suppressed, we observe an almost pure
sin(2¢) current phase relation.

A common limitation of the dc bias method we use is the
mapping of the Josephson element’s phase ¢ onto magnetic
flux ¢,. This is usually done using Eq. (2), assuming
Prot = Pmax- 1t 18 possible to work when this assumption is
not valid, provided the existence of a model for the CPR.
In the following, we investigate errors related to the
Pret = Pmax assumption and present a method to quantita-
tively characterize the device even for a low 3/ ;g ratio,
such as in Fig. 1(c).

If we relax the assumption of the fixed reference JJ3
phase, we can still write the critical current of the full
device as the maximum of the sum of all junction currents:

Pref ¢ 0

Using the model for the CPR given by Eq. (4), we
compute this expression numerically and fit our critical
current data extracted from Fig. 1(c), similarly to what was
performed in Ref. [47]. From the fit parameters, we derive
A@ = @t — Pmax and the current in the reference junction
I5 at the device critical current [Fig. 3(a)]. These two plots
represent, respectively, the X and Y errors in the CPR
measurement when assuming a fixed reference phase.
Around the frustration point, the deviations are significant
with Ag as high as +0.17 rad and /5 dropping by up to
25 nA. It is possible to demonstrate that the phase (current)
errors can be expressed as A~ —(1/1,.¢)(0l/dp) and
Al =~ —(1/21..;)(0I/09)* (see Supplemental Material
[41]). The linear and quadratic dependences are apparent
in Fig. 3(a). Using the same method, we evaluated that the
deviations for the plots of Fig. 2(b) are limited to within
+0.05 rad and 2 nA confirming the validity of the fixed-
@ror assumption to derive the CPR in this case.

Finally, in Fig. 3(b) we summarize the sin(2¢) ampli-
tudes we extracted from the different measurement at

15 (¢, ¢,) =max |:13((Pref)+IJE <¢ref+2”ﬁ’¢l):| . (5)

106001-4



PHYSICAL REVIEW LETTERS 133, 106001 (2024)

| ™Iy

:g "]l E

£ 0.0

g
-0.21
1440
1420

<

2 1400
= 1380
1360 . ; - - . . .
6 8 10 12 14 Strongly p O Weakly n Strongly n
0,/9, Graphene doping regime
FIG. 3. (a) Deviation of the reference phase ¢, from the

maximum phase ¢, (top) and deviation of the current /5 from
the critical current /3 (bottom). The values are computed using
the data of Fig. 1(c) and the exact model of Eq. (5). The dashed
line shows ¢, = (¢/2). (b) Second CPR harmonic amplitude
contribution to the critical current for different dopings, obtained
from fit results using the complete model. In the analysis,
contributions of JJ; and JJ, cannot be distinguished unambig-
uously.

different doping levels, using the exact numerical method
we presented. We find a sin(2¢) contribution to the CPR up
to 10.9% in the deeply n-doped regime, and a lower value
in the deeply p-doped regime, about 7%, due to lower
interface transparencies. There is, however, no significant
difference between weakly and strongly n-doped junctions,
suggesting that the channel transparency most likely very
quickly saturates as soon as the graphene is weakly n
doped. The complete analysis also confirms that the two
Josephson junctions are not equivalent. This could have
multiple causes related to the fabrication, including defects
induced during the stacking of the different layers of the
hBN/graphene/hBN heterostructure or inhomogeneous
doping due to different top gate geometries.

In conclusion, the double SQUID device we used
enables the control and readout of the CPR of a
Josephson element, taking advantage of the possibility to
fine-tune electrically the critical currents. This allowed us
to directly show that a graphene SQUID can behave as a
sin(2¢) Josephson element. Our method also facilitates the
quantification of higher order harmonics contributions.
This could be used to directly measure such contributions
in tunnel junctions [16] but also for less standard super-
conducting weak links. In the future, decoupling between
control flux ¢; and readout flux ¢, could be achieved using
local flux lines. Our Letter paves the way to the future
integration of such tunable sin(2¢) Josephson element in
advanced qubit designs and the demonstration of protection
from decay and dephasing.
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