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Quantum Metastable States in Superconducting
Graphene Josephson Junction Devices

Joseph G. Lambert, Steven Carabello, Zechariah Thrailkill, and Roberto C. Ramos

Abstract— We report on the proposed existence and
measurement of quantum metastable states in a current-biased,
graphene-based Josephson junction. This device consists of two
superconducting leads contacted by a single- or few-layer
graphene flake. This type of graphene-based junction has been
shown to demonstrate the superconducting proximity effect and
the Josephson effect in the form of supercurrents. This motivates
the investigation of possible metastable quantum states that are
trapped in the wells of the associated washboard potential of this
device. The small capacitance of the device leads to very large
plasma frequencies. A shunting capacitor can be added to lower
the plasma frequencies to less than 10 Ghz.

I. INTRODUCTION

Since their discovery in 2004 [1], the electronic properties of
graphene have inspired a flourishing field of research.
Graphene is a two-dimensional, hexagonal array of carbon
atoms that effectively contains relativistic Dirac electrons. Its
characteristic linear dispersion relation near the Fermi energy
[2] has led to novel and interesting physics and applications.
Recent studies [3]-[6] have demonstrated the robust and
reproducible phenomenon of Josephson supercurrents in
devices consisting of two superconducting leads contacted by
flakes of graphene that are 1-4 layers thick. Clear evidence of
multiple Andreev reflections [5]-[6] illustrates that such
graphene junctions behave as SNS junctions. A dc-SQUID has
been constructed using graphene [7] and shown to demonstrate
several advantages, including how graphene is straightforward
to fabricate, electrically contact with high-transparency
electrodes, and functionalize using its conduction layer.
Among the most appealing aspects of using graphene for
Josephson junction devices is the ability to tune the critical
current simply by adjusting a gate voltage [3],[8]. Also, in
conventional junctions, dielectric loss from the insulating oxide
in the tunnel barrier has been shown to be a dominant source of
decoherence in superconducting phase qubits [9]. By reducing
the area of the tunnel junction, dramatic improvements in
coherence times have been seen [10]. Graphene’s pristine
crystal structure, its phase coherence over a scale of ~ 1 um [5]
and the absence of a native oxide needed to create a weak link
suggest that graphene devices could quite possibly be used to
construct superconducting qubits. These physical properties of
graphene junctions motivate the investigation of potential
metastable quantum states in these graphene devices.
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II. DEVICE FABRICATION AND CHARACTERIZATION

Graphene-based Josephson junctions are made by depositing
mechanically exfoliated graphene flakes onto a silicon dioxide
substrate [1]. Candidate flakes consisting of 1-4 atomic layers
are identified using an optical microscope; even single-layer
flakes are visible due to thin-film interference [11]. The precise
thickness is determined using Raman spectroscopy [12]. The
Raman spectrum in Fig. 2 is taken from the flake shown in Fig.
1.

=
Fig. 1. An optical image of a candidate graphene flake. The circle shows the
location of the laser spot used to obtain the Raman spectrum in Fig. 2.
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Fig. 2. Raman spectrum of the flake shown in Figure 1. The prominent peak at
~1580 cm™ is called the G peak and the one at ~2700 cm™ is called the 2D peak
(or historically G') [12]. The ratio of the peak heights, and the positions of the
peaks are a signature of the thickness of the graphene flake.

A pair of parallel Ti/Al leads is deposited onto the graphene
flake. Titanium provides a transparent adhesion layer and at
low temperatures, Aluminum becomes superconducting. Due
to the superconducting proximity effect [3]-[4], the areas of
graphene around the leads become superconducting as well.
The lead separation L is typically between 100 and 500 nm.

III. THEORY

The quantum metastable states we are investigating are
analogous to those existing within the wells of the tilted
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washboard potential of a current-biased Josephson junction
[13]-[14]. This potential has the form

U(y) = - (©o/27)(I, cos y + 1) (D

where y is the gauge-invariant phase difference across the
junction, @, is the flux quantum, /, is the superconducting
critical current, and 7, is the bias current. For a junction with
capacitance C, this potential can be thought as having an
analogous classical “phase particle” of mass C(®,/27)" with
plasma frequency [13]

o, = VQ2xl,/®,C) )

At biasing currents I, ~ I, , the energy level spacing of the
metastable states are iwy; = hw, [15].

The critical current of a graphene junction depends strongly
on the aspect ratio of the normal region in between the
superconducting leads. Near the Dirac point [2] of the
graphene junction and for a large aspect ratio W/L, where W is
the length of the leads and L is the normal region width, the
theoretical superconducting critical current 7 is [16]

I, = 1.33 (eAJB)Y(W/al) 3)

where A, is the superconducting energy gap. The
superconducting gap for bulk Al is Ay =180 peV; however,
experimentally determined values [15] for A, ranged from 90 to
120 peV. Making the approximation of Ay = 100 peV, and
using a typical aspect ratio of W/L =10 [3],[4],[8], we estimate
the critical current to be I, ~ 20 nA.

Due to the geometry of the graphene junction, the inherent
capacitance is quite small. From Equation (2), the characteristic
frequencies are on the order of several hundreds of Ghz.
Typical desired frequencies are in the range w2z = 1 — 20
Ghz. To bring down frequencies to this range, we propose to
shunt the device with a capacitance between 10 fF and 1 pF.

IV. EXPERIMENTAL APPARATUS

The quantum states of graphene junctions can be detected
using the same microwave spectroscopy technique used to
detect quantum states in conventional Josephson junctions
[13],[15]. As the bias current through the junction is ramped,
the energy level spacings between adjacent states is swept
through the frequency of microwave excitation. At resonance,
there is an enhancement in the escape rate. Quantum state
detection experiments are performed in a helium dilution
refrigerator with a base temperature of 9 mK. To reduce
thermal noise on the bias and signal lines, we use a combination
of Thermocoax cables and home-made low pass LC filters with
a rolloff frequency of 10 Mhz.

A gate voltage, V,, is coupled to the doped Si/SiO, substrate.
This allows the density of charge carriers to be tuned, using
holes or electrons. Differential conductance measurements as
we sweep the gate voltage allows us to observe the number of
layers in the graphene flake as measured by appearance of the
anomalous integer quantum Hall effect [2]-[4].

V. CONCLUSION

We have proposed the existence of metastable quantum
states in graphene-based Josephson junctions and a
measurement scheme to detect these states in the microwave
regime. Detection of such quantum states opens up the potential
for a variety of graphene-based quantum devices including
superconducting qubits with critical currents that are tunable
with a gate voltage.
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Fig. 3. Schematic of the proposed measurement apparatus with gate voltage
Vg, shunting capacitor C, LC filters, and Thermocoax lines that filter
high-frequency noise. The current source and voltmeter are for differential
conductance measurements via four-point probe, and for current biasing and
spectroscopy measurements.

ACKNOWLEDGMENT

We acknowledge the assistance of Dr. Jonathan Spanier and
his group in the Material Science Department at Drexel
University in using their e-beam lithography facilities. We
wish to thank Dr. Yury Gogotsi and his group for helpful
discussions and providing graphite samples.

REFERENCES

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, 1. V. Grigorieva, A. A. Firsov, Science 306, 666-669 (2004).

[2] K. S.Novoselov, et al., Nature 438, 197-200 (2005).

[3] H.B. Heersche, P. Jarillo-Herrero, J. B. Oostinga, L. M. K. Vandersypen,
and A. F. Morpurgo, Naure 446, 56-59 (2007).

[4] H.B. Heersche, P. Jarillo-Herrero, J. B. Oostinga, L. M. K. Vandersypen,
and A. F. Morpurgo, Solid State Communications 143, 72-76 (2007).

[5S1 H.B. Heersche, P. Jarillo-Herrero, J. B. Oostinga, L. M. K. Vandersypen,
and A. F. Morpurgo, Euro. Phys. J. 148, 27-37 (2007).

[6] X. Du,I. Skachko, and E. Y. Andrei, Phys. Rev. B 77, 184507 (2008).

[71 €. Girit, V. Bouchiat, O. Naaman, Y. Zhang, M. F. Crommie, A. Zettl,
and I. Siddiqi, Nano Letters 9, 198-199 (2009).

[8] F. Miao, W. Bao, H. Zhang, and C. N. Lau, e-print arXiv:
cond-mat/0903.0712v1

[9]1 J. M. Martinis, C. B. Cooper, R. McDermott, Matthias Steffen, Markus
Ansmann, K.D. Osborn, K. Cicak, Seongshik Oh, D.P Pappas, R.W.
Simmonds, and Clare C. Yu, PRL 95, 210503 (2005).

[10] M. Steffen, M. Ansmann, R. McDermott, N. Katz, R. C. Bialczak, E.
Lucero, M. Neeley, E. M. Weig, A. N. Cleland, and J. M. Martinis, PRL
97, 050502 (2006)

[11] P. Blake, E. W. Hill, A. H. Castro Neto, K. S. Novoselov, D. Jiang, R.
Yang, T. J. Booth, and A. K. Geim, e-print arXiv:
cond-mat.mes-hall/0705.0259v3

[12] A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F.
Mauri, S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth, and A. K. Geim,
Phys. Rev. Let. 97, 187401 (2006).

[13] J. M. Martinis, M. H. Devoret, and J. Clarke, Phys. Rev. B 35, 4682
(1987).

[14] R.C. Ramos, M.A. Gubrud, A.J. Berkley, J.R. Anderson, C.J. Lobb, and
F.C. Wellstood, IEEE Trans. Appl. Supercon. 11, 998-1001 (2001)

[15] H. Xu, Quantum Computing with Josephson Junction Circuits, Doctoral
Thesis, Department of Physics, U. of Maryland College Park, 2004.

[16] M. Titov and C. W. J. Beenakker, Phys. Rev. B 74, 041401(R) (2006).



	I. INTRODUCTION
	II. Device Fabrication and Characterization
	III. Theory 
	IV. Experimental Apparatus
	V. Conclusion

