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ABSTRACT We present the observations of Aharonov-Bohm (AB) oscillations in chemical vapor deposition
(CVD)-grown graphene rings via magnetotransport measurements at 4K under out-of-plane external mag-
netic fields up to +/—2.1 T. Incorporating a baseline subtraction of the original conductance data allowed us
to observe two-terminal conductance oscillations with a spacing of ABap of 3.66 to 32.9 mT from the ring
with an inner radius of 200 nm and arm-width of 400 nm, and spacing of ABap from 2.1 mT to 8.2 mT
from the ring with an inner radius of 400 nm and an arm-width of 400 nm. The fast-Fourier transform (FFT)
data showed AB oscillation periods, with the interval of the //e fundamental mode given by 30/T to 273/T
for the ring with the inner radius of 200 nm and arm-width of 400 nm, and 122/T to 488/T for the ring with
the inner radius of 400 nm. The broad spreading of FFT peaks is due to the aspect ratio of the inner radius
r; and the width w of the ring, r/w ~ 1. Systematic numerical simulations were performed to elucidate the
relation between the AB oscillation frequency and the geometry of the ring. This work shows AB oscillations
in CVD-grown graphene rings at an elevated temperature (4K).

INDEX TERMS Chemical vapor deposition (CVD)-grown graphene, ring structures, Aharonov-Bohm (AB)
oscillations, fast-Fourier transform (FFT).

I. INTRODUCTION

Matter-wave interferometry represents a powerful tool to
demonstrate quantum phenomena and their applications in
optical imaging and sensing [1], [2], [3], [4]. For example, the
Aharonov-Bohm (AB) effect is a fundamental phenomenon of
quantum interference related to the transmission of charged
particles (e.g., electrons) through a closed loop pierced by
magnetic flux [5], [6], [7], [8], [9]. AB oscillation is related to
the difference in the phase shifts acquired along the two paths,
which is proportional to the magnetic flux of the enclosed
area divided by the flux quantum A/e where & is Planck’s

constant and e is the charge of the electron. Unlike traditional
effects that generate interference patterns, such as the Sagnac
or Mach-Zehnder effect [8], [10], [11], [12], which require
modifying the optical path length of one interferometer arm
with respect to the other, the AB effect only requires a static
magnetic field that is enclosed by and perpendicular to the
electron path.

In recent years, 2D materials have become a focus of
intense research due to their unique physical and chemical
properties, ascribed to their dimensionality and band structure
[13], [14], [15], [16]. While the AB effect has been studied
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in various 3D and 2D materials, such as common metals,
phosphorene, and p-type GaAs [17], [18], [19], [20], [21],
graphene is an ideal material for studying the AB effect owing
to its long coherence length of electrons. The electron coher-
ence length in graphene has been measured to be 3-5 um at
260 mK, and 765 nm-1.25 pum at 4K [22], prompting several
studies on the AB effect in graphene rings [23], [24], [25],
[26], [27], [28], [29], [30]. Huefner et al. studied the magne-
toresistance of a side-gated ring structure etched out of me-
chanically exfoliated monolayer graphene. It showed changes
in the relative phases of the wavefunctions in the interfering
paths [23], [29]. Smirnov et al. demonstrated that the period
and amplitude of the observed AB oscillations are indepen-
dent of the sign of the applied gate voltage, which shows the
equivalence between unipolar and dipolar interference [24].
Recher et al. conducted a theoretical study of the AB effect
and broken valley degeneracy in circular graphene ring struc-
tures with smooth edges and hexagonal ring structures with
zigzag edges [25]. Schelter et al. reviewed the electronic and
transport properties in graphene ring structures [26]. Dauber
et al. showed ballistic electron guiding and magnetic focusing
in hexagonal boron nitride (hBN)-encapsulated graphene ring
structures and AB effects in graphene rings over different
magnetic field ranges, including at high magnetic fields near
quantum Hall plateaus [27]. Russo et al. studied the tempera-
ture dependence of the AB oscillation amplitude of graphene
rings and the phase coherent length for different magnetic
field ranges [28]. Wurm et al. studied the conductance of
mesoscopic graphene rings in a perpendicular magnetic field
using numerical calculations based on a tight-binding model
[30]. To date, mechanically exfoliated graphene has been used
to demonstrate the AB effect in various ring geometries at
temperatures ranging from 36 mK to 3.5K.

Here, we show the observations of AB conductance oscil-
lations in chemical vapor deposition (CVD)-grown graphene
rings at 4K. The graphene structures were etched in ring
shapes and characterized by measuring magnetoconductance
oscillations under out—of—plane magnetic fields. We employ a
denoising process to extract the AB oscillations and use the
fast-Fourier-transform (FFT) to show the correlation between
frequency intervals and the ring geometries. We also perform
systematic numerical simulations to elucidate the relationship
between the AB oscillation frequency and the ring’s geome-
try: the ring’s width and the lead’s width.

Il. EXPERIMENTAL METHODS

A. MATERIALS AND FABRICATION

CVD-grown graphene was acquired from Graphenea, a com-
mercial product of 1 cm x 1 cm monolayer graphene
encapsulated between a 100 pm-thick porous organic polymer
substrate and a 100 nm-thick acrylate-based polymer layer
on the top. To fabricate our device, first, the electrodes were
fabricated via an electron beam lithography (EBL) process on
a SiO,/Si substrate, followed by separating graphene from
the bottom polymer layer via soaking in water to transfer
graphene onto the electrode substrate. The SiO,/Si substrate
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FIGURE 1. Graphene ring for the Aharonov-Bohm (AB) effect. (a) Scanning
electron microscope (SEM) image of a ring-shaped device etched in
graphene. The scale bar is 1 xm. (b) Schematic of the electron transport
via a graphene ring giving rise to the AB effect.

with graphene atop was soaked in acetone for 12 hours to
remove the remaining (top) polymer layer. Then, another elec-
tron beam lithography was performed to define graphene rings
aligned with electrodes. The Raman spectrum of graphene is
shown in Fig. 1S. The G peak appears around 1580 cm™!,
which corresponds to the primary in-plane vibrational mode
of graphene, and the 2D peak appears at around 2690 cm™!,
which corresponds to the second-order overtone of a different
in-plane vibration mode of graphene [31]. The peak intensity
ratio of 2D peak and G peak (Iop/Ig) ratio of monolayer
graphene ranges from 2.1 to 3 [32], [33], [34]; our graphene
is around 2.8, showing that it is a monolayer. When there are
structural defects/phonon disorders in graphene, the D peak
will arise at around 1350 cm™!, which corresponds to the first
order of different in-plane vibration modes. It should be noted
that the first-order D peak is not visible in our graphene. The
scanning electron microscopy (SEM) image of the graphene
ring is shown in Fig. 1(a).

B. MAGNETOCONDUCTANCE MEASUREMENT
‘We measured the magnetoconductance oscillations in the fab-
ricated graphene rings under out—of—plane magnetic fields up
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to +/—2.1 T in an ultra-low-vibration cryogen-free closed-
cycle cryostat at 4K. The magnetoconductance oscillations
were measured in a two-terminal configuration, where the
graphene structures were connected to the source-drain volt-
age supplies. The fabricated devices were wire-bonded onto a
chip holder to measure the magnetoconductance in graphene
rings inside the cryostat chamber. Magnetic sweeping was car-
ried out while recording the conductance oscillations, which
were processed to extract the AB oscillations from the mag-
netoconductance data. The fast-Fourier transform was used
to determine the positions of the AB oscillation peaks of
graphene rings, corresponding to the inner, average, and outer
radius. The experimentally obtained peak positions were com-
pared with simulation results.

IIl. RESULTS AND DISCUSSIONS

The schematic of a graphene ring is shown in Fig. 1(b), where
the ring’s inner radius is ry, the average radius is 7, and the
outer radius is rp. The periodicity of the AB oscillations can
be determined by

h
emr

AB = 5 (1)
where r is the ring radius [35]. We compared the Fourier
spectrum data obtained from the two-terminal magnetocon-
ductance oscillations to the values calculated using (1). Here,
we analyze the conductance data obtained from the graphene
ring with an inner radius of 200 nm and arm width of 400 nm
under the out-of-plane magnetic B-field ranging from —2 T
to 2 T. The raw conductance data is shown in Fig. 2(a), from
which one can see oscillations with a large amplitude and low
frequency originating from the weak localization, the univer-
sal conductance fluctuations, the discrete Landau levels, and
the edge effect [24].

The conductance oscillations due to AB interference should
be several orders of magnitude smaller than these low-
frequency oscillations at 4K. In order to extract the periodicity
and the amplitude of the AB oscillations, we performed a
baseline subtraction to denoise the measured signals. This
baseline subtraction process has two steps: the baseline cre-
ation and the baseline subtraction. The baseline creation can
be accomplished using Matlab with Wdenoise Toolbox. This
toolbox denoises the data in X using the Block James-Stein
method based on determining an optimal block size and
threshold. The resulting block thresholding estimator yields
simultaneously optimal global and local adaptivity [36]. The
next step is the denoising procedure, which has three steps:
1) decomposition to choose both a wavelet and a level N, fol-
lowed by the computation of the wavelet decomposition of the
signal s at level N, 2) detail coefficient thresholding to select a
threshold and apply soft thresholding to the detail coefficients
for each level from 1 to N, and 3) reconstruction to compute
wavelet reconstruction based on the original approximation
coefficients of level N and the modified detail coefficients of
levels from 1 to N. In this case, the smoothed curve generated
is the noise in the study of the AB effect, since the magnitude
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FIGURE 2. Magnetoconductance and AB oscillation of the graphene ring
with a 200 nm inner radius and arm width of 400 nm measured at 4K

(a) magnetoconductance of the graphene ring under the external
out-of-plane magnetic B-field swept from —2 T to 2 T. (b) AB conductance
oscillation extracted from (a) using the baseline subtraction method
(curves are offset for clarity).

of the noise is much larger than the AB oscillation signals.
The smoothed curve subtracts the raw data to obtain the AB
oscillation signals. The extracted conductance oscillation of
the ring with an inner radius of 200 nm and arm width of
400 nm is shown in Fig. 2(b).

The fast Fourier transform (FFT) was performed to analyze
the AB oscillation signals from the processed data, as shown
in Fig. 3. The FFT spectrum shows a relatively broad band
that corresponds to the i/e mode signals of the ring, which
are ranging from 30 to 273 1/T. The range of h/e and h/2e
mode peaks are shown using dashed vertical lines. Based on
(1), the peak periodicities of h/e mode corresponding to the
inner radius (200 nm), average radius (~400 nm), and outer
radius (600 nm) are 30 1/T, 122 1/T, and 273 1/T, respectively.
These values are labeled with green, blue, and black solid
vertical lines. Next, we measured the conductance oscillations
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FIGURE 3. Fast Fourier transform spectrum of the AB oscillation obtained
from the graphene ring with an inner radius of 200 nm and arm width of
400 nm. The vertical green and blue solid lines indicate the expected
position of the h/e peaks, as determined from the inner and average radii
of the ring, respectively. The inset schematic indicates a ring’s inner,
average and outer radii. The arrow labels the range of h/e peak. Due to the
low scan speed (two data points per sec.) during the measurement, the
h/e peak positions of the outer radius and most of the h/2e range are not
shown.

of a ring with an inner radius of 400 nm and an arm-width of
400 nm under an out-of-plane magnetic field from 1.9 T to 2.1
T, in order to exclude the small B regime where large ampli-
tude and low-frequency oscillations usually appear. Fig. 4(a)
shows the conductance oscillations corresponding to the h/e
mode through the inner radius (400 nm) of the graphene ring.
Fig. 4(b) shows the Fourier spectrum of the experimental data,
where the peak corresponding to the inner radius at 122 1/T
is marked in a green vertical line. The blue and black vertical
lines indicate the frequencies of the h/e mode peaks of the
average and outer radii, 273 1/T and 488 1/T, respectively. We
also label the range of h/e peaks with vertical dashed lines.
To further analyze the data, we employed the Kwant pack-
age [37] to systematically simulate the quantum magneto-
transport dynamics of a monolayer graphene ring device. The
tight-binding model with nearest-neighbor hopping was used
to model the dynamics of the non-interacting electron system
only, and the conductance was calculated as a function of
the magnetic B-field strength. The conductance oscillations
were significantly influenced by the Fermi energy choice, with
the AB oscillations generally exhibiting more pronounced
Fourier peaks in narrower rings with lower Fermi energies.
Fig. 5(a) presents a contour plot showcasing the magneto-
conductance as a function of Fermi energy E and magnetic
field B for a specific graphene ring geometry: inner radius r; =
300 nm and outer radius r; = 500 nm. Additionally, the ring
is attached to 200 nm wide left and right leads. To enhance the
clarity of the AB oscillations, only the conductance simulation
results for magnetic fields up to 0.6 T and E up to 1 meV are
displayed, although the actual simulations extended up to 2 T
and 29 meV. Our findings demonstrate the strong dependence
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FIGURE 4. AB conductance oscillation and FFT spectra of the AB
oscillations obtained from the graphene ring with an inner radius of

400 nm and arm width of 400 nm, measured at 4K under the external
vertical magnetic B-field swept from 1.9 T to 2.1 T. (curves are offset for
clarity). (a) AB conductance oscillation (b) Fourier spectrum. The solid
green, blue, and black vertical lines indicate the positions of h/e peaks of
the inner, average, and outer radii. The horizontal arrow indicates the
range of h/e peak of the inner and outer radii.

of the conductance on the Fermi energy, which influences
the number of conducting channels in the system. Note that
the modeling did not consider structural defects, polymer
residues, bulk disorder, edge states, spin-orbit coupling, top
and side gate potentials, and temperature effects, which are
expected to suppress the AB oscillations. Fig. 5(b) compares
the Fourier spectra of the conductance for varying ring widths,
ranging from 100 nm to 400 nm, with a fixed Fermi energy
of 1 meV and a lead width of 100 nm. For the narrowest
ring with 100 nm arm-width, we identify a pronounced peak
corresponding to the magnetic flux quantum h/e determined
by the average radius r = 400 nm. In Fig. 5(c), which is
the enlarged view of the blue curve in Fig. 5(b), two side
peaks appear, which are related to the interference between
the two paths determined by the inner and outer radii of one
arm and the average radius of the other arm. As the ring width
increases, the main Fourier peaks shift to a higher frequency
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FIGURE 5. Numerically computed conductance and FFT spectra of the AB oscillation. (a) Contour plot of the magnetoconductance as a function of the
Fermi energy (E) and the magnetic field (B) for a graphene ring with average radius r = 400 nm, inner radius r; = 300 nm and outer radius r, = 500 nm,
and attached to 200 nm wide left and right leads. (b) FFT spectra of the conductance for varying ring widths, ranging from 100 nm to 400 nm, (c) The
zoom-in view of the FFT spectrum of the ring with 100 nm width. The fundamental mode exhibits three major peaks located at (i) 107/T, (ii) 122/T, and
(i) 138/T. These peaks arise due to the interference between two paths determined by (i) the inner radius of one arm and the average radius of the other
arm, (ii) the average radius of the two arms, and (iii) the outer radius of one arm and average radius of the other arm, respectively, and (d) FFT spectra of
the conductance for varying lead widths, ranging from 50 nm to 350 nm. Both spectra have a fixed Fermi energy of 1 meV and an average radius of

200 nm. The curves for different widths have been shifted for improved visualization.

regime, exhibiting considerable broadening that smears out
the individual oscillation side peaks. This correlation is an-
ticipated as the quantum interference in wider rings involves
electrons traversing closed paths enclosing a larger area than
the average radius.

Moreover, with increased ring width, interferences can oc-
cur between numerous distinct paths, leading to a broadened
spectrum. Fig. 5(d) compares the Fourier spectra of the con-
ductance for varying lead widths, ranging from 50 nm to
350 nm, with a fixed Fermi energy of 1 meV and an av-
erage radius of 400 nm. A pronounced AB oscillation peak
at around 160/T is identified when the width of the lead is
smaller than the width of the ring. However, as the lead width

212

surpasses this threshold, the peak diminishes, giving rise to a
relatively minor AB oscillation peak at 100/T, which aligns
with theoretical calculations based on the average radius. The
numerical simulations presented in Fig. 5 demonstrate the
intricate relationship between AB oscillations and the system
geometry.

IV. CONCLUSION

We have demonstrated the fabrication and characterization of
CVD-grown graphene rings. We demonstrated conductance
measurements exhibiting phase-coherent electron transport
in these graphene rings, with the observation of AB oscil-
lations at 4K. We observed the fundamental mode (h/e) of
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the AB conduction oscillations, corresponding to the average
ring radius, as well as secondary modes related to the finite
width of the graphene rings. These experimental observa-
tions were reproduced by numerical simulations that verified
quasi-ballistic transport in our samples. This work shows AB
oscillations in CVD-grown graphene rings at an elevated tem-
perature (4K), compared to previous reports with exfoliated
graphene rings.
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