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Chemical potential and magnetic field effects on graphene magnetoplasmons
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Due to its strong magneto-optical response, plasmons in graphene can be actively tuned by a static magnetic
field, resulting in another quasiparticle called graphene magnetoplasmon (GMP). In this work, we theoretically
investigate GMPs in graphene disks with their two halves subject to two magnetic fields. As the two magnetic
fields are identical (case I), the well-known symmetric mode splitting is observed for a larger chemical potential
e, with two GMPs (GMP, ) being circularly polarized with different chirality; with decreasing u., the lower-
energy GMP_ will become an edge mode with a significantly reduced damping rate. As the two magnetic fields
are opposite (case II), the magnetic field effect is completely absent for a larger ., e.g., GMP.. are degenerate
and linear polarized, while for a smaller ., GMP,. will be circularly polarized again, and GMP_ is circulating
unidirectionally along the magnetic border. However, if two magnetic fields are different in magnitude, both
GMP,. will exhibit field circulating along the border, and more interestingly, in the same direction as case II,
namely, the opposite field circulating is prohibited. Having a small defect, the unidirectional field circulating
is not broken, which will pass around the defect smoothly. Finally, we propose a feasible scheme, graphene
folding, for producing specified magnetic fields, in which two halves of the disk are folded with different angles
to a uniform magnetic field. In spite of structural deformation, the main features of GMP. are shown to be
well maintained. Our work provides a better understanding of magnetoplasmons in graphene, which could be of

interest to plasmonic and magneto-optic device applications.
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I. INTRODUCTION

Plasmonic resonances, collective excitations of conduction
electrons induced by electromagnetic waves, can enable light
manipulation beyond the diffraction limit [1-3], and thus
are intensively used in enhancing light-matter interactions
at nanoscale [4-6]. Graphene, an emerging two-dimensional
(2D) material, has recently been demonstrated to be a suitable
alternative to noble metals for launching plasmons, so-called
graphene plasmons [7-9]. They exhibit distinct advantages
over conventional plasmons in many aspects, such as lo-
cal field enhancement and confinement [10-12], intrinsic
lifetime [13—15], terahertz (THz) and infrared operating fre-
quencies [16-18], and most importantly, active tunability via
external gating [19,20]. These achievements benefit from the
unique features of low-energy charge carriers in graphene,
which are 2D massless Dirac fermions with a linear energy
dispersion [21-23]. Graphene plasmons can thereby serve as a
promising platform for plasmon-enabled studies on, e.g., non-
local optics [24-26], nonlinear optics [27-29], and quantum
optics [30-32].

On the other hand, different from those common plasmonic
materials (noble metals), graphene possesses strong magnetic
field effect. The most direct evidence is the observations of
room-temperature quantum Hall effect [33-35], which can
only be observed in traditional 2D electron systems at nearly
zero temperature. In the presence of magnetic field, the energy
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of charge carriers in graphene is quantized into nonequidistant
degenerate Landau levels [36-38]. Accordingly, the collec-
tive excitation of these carriers will be extremely modulated,
with the quasiparticles mediated by cyclotron resonances,
known as magnetoplasmons (MPs) [39-41], which com-
bine magnetic and plasmonic functionalities. Hence, apart
from electrostatic gating (electric field equivalently), mag-
netic field provides a new degree of freedom for controlling
graphene MPs (GMPs). Meanwhile, GMPs have already been
demonstrated to support giant magneto-optical Faraday rota-
tion [42,43], topologically protected transportation [44—49],
nonreciprocal isolation [50], Goos-Hanchen effect [51], Kerr
effect [52], photonic spin Hall effect [53], and so on.

In finite structures, a well-known effect of MPs (as well as
GMPs) is the mode splitting, with two induced states carrying
left/right-hand circular polarization (L/RHCP), respectively.
In some studies [54-56], the two states are demonstrated to be
symmetrically distributed with respect to plasmon frequencies
at zero magnetic field, with roughly identical damping rates,
while in the other studies [57-59] the splitting is shown to be
asymmetric, with the lower-frequency state having a smaller
damping rate. In the latter case, the two states are classified as
a bulk MP and an edge MP. Even though these two results are
often observed, their differences and connections remain still
not physically transparent, which might be more complicated
in nonuniform magnetic fields.

In this work, we investigate GMPs in graphene disks with
their two halves subject to two identical (uniform) or different
magnetic fields, in particular, their evolution as a function of
chemical potential and magnetic field. In a uniform magnetic
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field, the well-known symmetric mode splitting is observed
at larger chemical potential and smaller magnetic field, but
with decreasing chemical potential or increasing magnetic
field, it will evolve into an asymmetric mode splitting, with
the edge GMP having an extremely reduced damping rate.
In contrast, if two magnetic fields are opposite, we show two
GMPs are degenerate and linearly polarized at larger chemical
potential, and by reducing chemical potential, they will split
and return to be circularly polarized. Interestingly, their field
circulating will be bound to each half, which will cross the
magnetic border for one GMP and is canceled for the other
GMP. This feature can be well maintained even in the pres-
ence of a small defect. Finally, we propose folded graphene
structures to achieve the studied magnetic field distributions
and GMP excitations. Our findings bridge two fundamental
effects of GMP splitting, and improve our understanding of
unidirectional field circulating of GMPs.

II. OPTICAL RESPONSE OF GRAPHENE

As a typical 2D material, the optical response of graphene
can be characterized macroscopically through its frequency-
dependent surface conductivity o (w). In practice, o (@) can
be derived within the framework of linear response theory
by taking into account single-particle transitions of those
Dirac fermions. Interestingly, at THz and infrared frequen-
cies, the complicated expression of o (w) can be reduced to
a simple Drude formula that is often used for noble met-
als [60-62]. In the presence of a magnetic field, the energy of
Dirac fermions is quantized into nonequidistant Landau levels
(LLs), including a zero-energy LL [63-65]. Accordingly, the
magneto-optical response of graphene is determined directly
by single-particle transitions between different LLs, while at
the limit of high doping, the LLs around Fermi level play the
key role. In this instance, the magneto-optical conductivity
o (w) of graphene will have a similar formula as that of tra-
ditional 2D electron gases, yet with a Fermi-level dependent
effective mass [63]. To carry out full-wave simulations, three-
dimensional (3D) dielectric function &(w) is required. Herein,
we also follow the common practice to model graphene as
a very thin 3D film with an artificial thickness 7, (0.5 nm
throughout this paper), and then the in-plane components
ein(w) of effective e(w) can be readily written as

i [oxx(w %(co)]’ W
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while the out-plane diagonal term &,, = gy, and all the other
off-diagonal terms are simply zero. The Drude formulas for
the conductivity terms in brackets are given by [66,67]
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where . is the chemical potential (or Fermi level), w is
the photon frequency, T = pu./ ev% is the intrinsic relaxation
time (in graphene, the carrier mobility 1 = 7000 cm?/Vs,

and Fermi velocity ve = 10° m/s), and w, = £ = eBv}/u.

incident wave

(a) casel

FIG. 1. Schematic diagrams of a graphene disk with its two
halves in presence of either parallel (case I) or opposite (case II)
magnetic fields. Magnitude of magnetic field is 5 T.

is the cyclotron resonance frequency. In graphene, to support
specific plasmonic resonances, the chemical potential p,. can
be tuned dynamically via electrostatic gating, and the carrier
mobility u can be improved by using high-quality samples.

III. RESULTS AND DISCUSSION

We now study GMP excitations in graphene circular disks,
as shown in Fig. 1, of which two halves are embedded in either
parallel (case I) or antiparallel (case II) magnetic fields.

Case I is very common and easy to be achieved, while
case II will be demonstrated later in this work. To char-
acterize GMP splitting features, extinction cross section is
employed, with full-wave simulation carried out by using a
finite-element software package, COMSOL MULTIPHYSICS. In
practice, graphene disk is placed in the center of a spherical
computing domain, truncated by a perfectly matched layer.
When a plane wave is normally incident with electric field in

the xy plane, e.g., E = E pe'kz=oh) the normalized extinction
cross section can be calculated by implementing the optical
theorem, which can be written as [68,69]

47 Im{E, - F(k = ko2))
o= g 3)
0 |Eol

where S is the cross section of the disk, k is the wave vector

in free space, E( is the incident amplitude, and F (k) is the
scattering amplitude of the electric far field evaluated in the
forward direction (along the incident wave vector), with its
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FIG. 2. Ratio of frequency difference n (a) and ratio of FWHM
& (b) as function of chemical potential 1, in case 1. Insets show ex-
tinction spectra as magnetic field B = 0 T (black) and B = 5 T (red),
and E, field distributions, respectively. Dashed and horizontal lines
mark extraction of resonance frequencies and FWHM, respectively.

component along the incident polarization vector extracted
—~ % [N

from the product E, - F (k).

A. GMP excitations in case I

When the diameter of disk is 400 nm and magnetic field is
5 T (these values will be used throughout the work, except
where noted), the results of case I are presented in Fig. 2.
It is seen that as chemical potential ., = 0.5 eV, two GMP
peaks w; and w_ carrying LHCP and RHCP, respectively,
exhibit a roughly symmetrical distribution with respect to
plasmonic peak w, at zero magnetic field. Two GMPs are
dipole states with angular momentum / = 1 (see field pat-
terns), while the [ # 1 states are not considered here since
they are dark, e.g., embedded in extinction spectrum [66,70].
Such a symmetric mode splitting is well maintained with
increasing (., manifested itself as two peaks having the
same frequency deviation and full width at half maximum
(FWHM), namely, the ratios = (w4 — wp)/(wp, —w_) — 1
and £ = FWHM, /FWHM_ — 1. However, with decreasing
WU, the two ratios will deviate from 1 gradually, and then
rapidly as u. < 0.2 eV, namely, the mode splitting of GMPs

30 40

1I0 20
B(T)

FIG. 3. Dependence of n and £ on magnetic field B in case I as
e = 0.4 eV. Dashed lines mark condition § = 2.56 at B=27.5T.

is not symmetric. This indicates the familiar symmetric mode
splitting of GMPs actually depends on chemical potential,
which only occurs for larger chemical potential. The vari-
ation of n can be predicted qualitatively by an empirical
formula [57,71,72]:

w? + a)_g + &

74 27
but quantitatively, a deviation will appear gradually as u, <
0.4eV,e.g., as u. = 0.1 eV, n = 1.75 from simulation, while
n = 1.51 from Eq. (4). More importantly, the variation of &
goes beyond this formula. It is worth noting that as u. <
0.2 eV, & can be larger than 2, which means FWHM of the
lower-frequency GMP is significantly smaller than that of
the higher-frequency GMP. In other words, the former has
lower damping rate or higher quality factor (Q factor) than the
latter. Taking into account their field patterns [see the insets in
Fig. 2(b)], the former (left one) with field strongly bound to
the edge, is usually classified as edge GMP [73-75]. It is easy
to see that besides global frequency shift (similar to graphene
plasmons), the active tunability of GMP enabled by external
gating is also embodied in an essential change of GMP field
profile.

As mentioned above, static magnetic field B acts as another
degree of freedom for actively tuning GMP, which is clearly
seen from Eq. (4). To study mode splitting here, a frequently
used chemical potential p. = 0.4 eV is chosen as a constant,
and with increasing B, the simulation results are plotted in
Fig. 3. Different from varying pu., both n and £ increase
roughly linearly, from 1.05 to 1.71 and from 1.18 to 3.63,
respectively. This indicates the symmetric mode splitting will
be broken for larger B, which thus can only survive for smaller
B and larger . (see Fig. 2). However, the effects of B and .
on mode splitting are different. As u. =0.4eVand B=5T,
the mode splitting is roughly symmetric, and then to achieve
a narrow FWHM for edge GMP, e.g., £ = 2.56, u. should
be reduced to 1/4 (0.1 eV, see Fig. 2), or B is increased to 5.5
times, namely, 27.5 T as indicated by the dashed lines. Clearly,
e provides a more efficient way to tune edge GMP, which
could be understood by examining the competition between
electric response (via @,) and magnetic response (via w.). To
get a pronounced edge GMP, the former should be suppressed
or the latter should be improved. According to the empirical

“

w4 =

085406-3



NINGNING WANG, LINHUI DING, AND WEIHUA WANG

PHYSICAL REVIEW B 108, 085406 (2023)

formula fiw, = e+/jic/(wegD) (D the diameter of disk) [66]
and w, = er% /e, with decreasing (., @, and w. are de-
creased and increased, respectively, while with increasing B,
only w, is increased. In addition, w, can also be decreased
by adopting larger D, e.g., using micrometer disk, the effect
of which could be quite similar to that with increasing B, so
the relevant discussion will be omitted here. It is worth noting
that @, can be further reduced as p. < 0.1 eV, but then LLs
will be resolved and a different conductivity formula should
be adopted to replace the Drude formula [66].

Although characterized by 1 and &, the asymmetry of mode
splitting can be considered as a direct consequence of the edge
current formed by cyclotron motion of carriers, which is in the
same (opposite) direction to w, (w_) GMP, respectively. As
compared to bulk current, the edge current suffers rather less
scattering by defects and impurities. However, for larger p.
and smaller B, e.g., . < w, in Eq. (4), the edge current will
be mantled by the strong collective resonances, and results in
a slight decrease (increase) of the period of w; (w_) GMP,
respectively. For smaller . and larger B, o GMP will be
dominated by the edge current, which thus exhibits a narrower
FWHM, while for vy GMP, the edge current will merge into
the bulk current, which causes a larger damping rate.

B. GMP excitations in case I1

Different from case I, due to the antiparallel magnetic field
the optical response of case II will be anisotropic, namely, the
GMP excitations will be different, for incidence with electric
field perpendicular and parallel to the border (y axis) marked
by black dashed line in Fig. 1(b). The simulation results of the
two polarizations are presented in Fig. 4. Impressively, there
is no GMP mode splitting as shown by the inset of extinction
spectrum in Fig. 4(a), which seems to be no magnetic field,
e.g., the resonance curves of x (red) and y (blue) polarizations
coincide exactly with that of zero magnetic field (black). At
this moment, two identical resonance peaks are contributed
by linear dipole states, rather than circularly polarized states
in case [; see the insets GMP. in Fig. 4(a), with sign % for
x and y polarization, respectively. It is clearly seen that de-
spite the antiparallel magnetic field being distributed with no
overlapping in space, the magnetic response is still canceled.

Since there is no mode splitting, the parameters 1 and &
become ill defined, and for characterization they are rede-
fined as n = wy+/w, and £ = FWHM./FWHM,,. As shown
in Fig. 4, for larger u., e.g., u. = 0.45 eV, n and & of
two polarizations are equal to each other. With decreasing
e, those of x polarization will increase, while those of y
polarization will decrease, as illustrated also by the inset of
extinction spectrum in Fig. 4(b). The observation reveals the
anisotropy of magnetoplasmonic excitation, which is quite
different from the results of larger w.. More interestingly, a
significant change occurs to GMP wave functions as well,
which are again circularly polarized. However, different from
case I, the fields bound to the edge (edge currents, equiv-
alently) are circulating at each half, rather than forming a
closed loop along the edge of the entire disk. It is also seen that
with respect to the border (y axis) between antiparallel mag-
netic fields, GMP.. are actually antisymmetric and symmetric
mode, respectively, and as a clear difference, the current of
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FIG. 4. Ratio of resonance frequency 7 (a) and ratio of FWHM
& (b) as function of chemical potential p. in case II. Insets show
extinction spectra and field patterns at u. = 0.5 eV and p, = 0.2

eV, respectively. Black, red, and blue curves represent spectra for
B =0T, x, and y polarization, respectively.

GMP_ is flowing along the border. Meanwhile, GMP_. can be
further interpreted as the superposition of two parallel dipoles
and that of two antiparallel dipoles (marked by dark arrows),
respectively.

C. Unidirectional field circulating of GMPs

Due to the dependence of GMP. on imposed magnetic
field, especially the field of GMP_ circulating along the mag-
netic border, it is certainly worth examining the evolution of
GMP. as magnetic field at the right half changing gradu-
ally from +5 T (case I) to —5 T (case II). The simulation
results are shown in Fig. 5. It is seen that with reducing
magnetic field, e.g., deviating from case I, n and & of GMP.
are approaching 1 (gray dashed lines), which means case I
exhibits the largest asymmetric mode splitting, and a uniform
magnetic field can help to form edge GMP_ with low loss.
With magnetic field at the right half 0 < B < 5 T, Lorentz
forces on carriers at the border from two magnetic fields are
different in direction and magnitude, which can only cancel
out as B=5T (e.g., case I). The remaining Lorentz force
along +y direction will make the border an effective edge
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FIG. 5. Dependence of 1 and £ on right magnetic field B in case
II as p, = 0.1 eV, while left magnetic field is constant 5 T. Insets
show field patterns at B = 4, 0, and —4 T, respectively. Two dashed
lines represent n = 1 and & = 1, respectively.

for GMP,, and therefore induce circulating field along it (see
insets). As B < 0 T, the two Lorentz forces are in the same
direction, but contrary to GMP_, the induced circulating fields
of GMP,. (antisymmetric mode) are out of phase, which re-
sults in a reduced and a zero circulating field along the border
as B # —5T and B = —5 T (case II), respectively.

As shown by the insets in Fig. 5, there is another interesting
observation, namely, the circulating field always along +y
direction of the border. For conventional MPs in a uniform
magnetic field, such as case I, their fields circulate clockwise
or anticlockwise along the edge, corresponding to L/RHCP,
respectively. This is a typical behavior of MPs, arising from
the time-reverse symmetry breaking. If focusing on a specific
segment of the edge, the field of one MP is circulating along
one direction, while along the opposite direction for that of
the other MP. As a pair of MPs, their resonance frequencies
are different, and separated by w.. Thereby, at each resonance
frequency of MPs, the field is circulating unidirectionally.
Although local states, this feature of MPs can be employed
to engineer unidirectional propagation by arranging an array
of these MP resonators [76—78]. The key point is to move
backscattering out of the operating frequency region. How-
ever, by applying nonuniform magnetic fields, as shown in
Fig. 5, the fields circulating along the border are in the same

(a) GMP,

Resonance frequency: w + iy (THz)

FIG. 6. Field circulating of GMP.. (a) and GMP_ (b) in presence
of small defect at different positions.

direction for the pair of MPs, namely, GMP_., while in case I,
the field circulating along the border is only contributed by
GMP_. It is clear that as the right magnetic field —5 T < B <
5 T, backscattering is always absent naturally, and the change
of B only results in different strength of circulating field. To
reverse the field circulating, the left and right magnetic fields
should be exchanged. Thus, the unidirectional field circulat-
ing of GMP. is rather robust, which makes them excellent
candidates for device applications.

Besides magnetic fields, the unidirectional field circulating
of GMP;. is also immune to small defects. To illustrate this, a
circular hole of diameter 25 nm is introduced and then placed
at four different positions. Taking case II for example, there
are no additional modes circulating along the border, and the
circulating direction of GMP.. is well maintained. As shown
in Fig. 6(a), in four cases the antisymmetric field circulating
of GMP, remains, and the field circulating is always can-
celed at the magnetic border. It means the defect scattering
will not change the circulating feature of GMP,.. For GMP_
[Fig. 6(b)], the field circulating is symmetric and along +y
direction of the magnetic border in four cases. There is no
backscattering caused by the hole, which only results in a
slight change of resonance frequency, mostly its real part.
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FIG. 7. (a), (b), and (c) three different folding procedures with
folding axis along y direction and in uniform magnetic field B = By.
(d) Dependence of effective magnetic field on folding angle 6.

Even with the hole across the border, the circulating field can
pass around it smoothly.

D. Tunable magnetic field distributions by folding

To achieve unidirectional field circulating of GMP.. along
the border, nonuniform magnetic field distribution is crucial,
e.g., case Il and the situations studied in Fig. 5. Since magnetic
field changes its magnitude and/or direction over hundreds of
nanometers, it may be difficult to be implemented practically.
This issue can be solved by employing a recently developed
technique, namely, graphene folding, also known as graphene
origami [79-81], which in particular has been demonstrated
to be atomically precise and custom designed via a scanning
tunneling microscope (STM) tip [82]. Folding is emerging as
a new degree of freedom for graphene plasmonics [83-85].
For GMPs, graphene folding is even more efficient, through
which two halves of a planar graphene disk can have different
angles with magnetic field, thus producing different effective
perpendicular magnetic fields.

Supposing a planar graphene disk placed in xy plane and
a uniform magnetic field By along +z direction, e.g., case I,
the effective magnetic fields on two halves can be tuned via
graphene folding along an arbitrary axis. Due to the rotational
symmetry, it is sufficient to study the case as axis along the y
direction. As shown in Fig. 7, different folding procedures will
produce different magnetic field distributions. It is seen that if
two halves are folded to +z direction with angles 6; and 6,
respectively, both of them will experience positive magnetic
fields, yet with different magnitudes [Fig. 7(a)]. As a special
case 0 < 0; < 180° and 6, = 0, magnetic fields on the left
and right halves are —By < B < By and B = By, respectively,
and then as 8; = 90° [Fig. 7(b)], magnetic field on the left
half will be zero. On the other hand, the two halves can be
folded to +z and —z direction, respectively. As 90° < 6, <
180° and 0 < 6, < 90° [Fig. 7(c)], the two effective magnetic
fields are always opposite in direction, and if 8; + 6, = 180°,
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FIG. 8. Resonance frequency and FWHM of GMP,. in folded
graphene disks as function of folding angle 6. Insets show field
patterns and extinction spectra, respectively.

they will be equal in magnitude, such as case II. Generally,
the magnetic field on the folded halves with folding angle 6 is
given by a simple cosine function, e.g., B = By cos 6, of which
the evolution is shown in Fig. 7(d). It is clear that by means of
folding, magnetic field distributions mentioned above can be
realized.

Through folding, the required magnetic field distributions
can be obtained, but as compared to a planar graphene disk,
the structures are changed as well, especially the interactions
between two halves. Hence, it is worth to confirm those in-
teresting features of GMP,. in such systems. Without loss of
generality, the folding in Fig. 7(b) is taken as an example.
Similarly, GMP. are extracted from extinction spectra of y
polarization [inset in Fig. 8(b)]. The simulation results are
shown in Fig. 8. It is seen that with increasing 8 (decreasing B,
equivalently), the resonance frequency and FWHM of GMP .
exhibit a gradual decrease and increase, respectively, which
follow similar change rules as those in Fig. 5. The differences
at larger 6, e.g., the cross of FWHM, might come from the
strong interactions between two halves. Most importantly, the
field patterns of GMP_ and their circulating along the border
[insets in Fig. 8(a)] are well maintained, which directly verify
the feasibility of the proposed scheme.

It is worth noting that the studied graphene structures, e.g.,
disks and folded disks, are very common in many other works.

085406-6



CHEMICAL POTENTIAL AND MAGNETIC FIELD ...

PHYSICAL REVIEW B 108, 085406 (2023)

The fabrication of these structures has been well developed.
High-quality monolayer graphene can be grown on copper foil
by using an optimized chemical vapor deposition method [86],
and can be identified by Raman spectroscopy [87]. Then,
graphene is transferred onto a resistive silicon substrate with
a thermal oxide layer, and is further patterned into disks
via standard electron-beam lithography and plasma etching.
The disks are fabricated with diameter from tens of nanome-
ters [20] to a few micrometers [57]. To proceed folding,
graphene will be transferred to a tailed substrate having
a hydrophobic region and a hydrophilic region, and when
immersed in water, film delamination from the hydrophilic re-
gion is controlled to achieve folding [79]. Meanwhile, surface
functionalization of graphene using particular polymers with
water absorption [80] or thermoresponsive properties [81]
were reported to produce folding, and more complicated
structures, e.g., box and flower, were obtained. Furthermore,
mechanical scheme can also be implemented to fold graphene
in an ultrahigh vacuum, low-temperature STM system such as
place the STM tip close to the edge of graphene, reduce the
resistance in the STM tunneling junction to lift graphene by
the edge, and move the tip along a predefined route [82].

IV. CONCLUSION

To summarize, we theoretically study GMPs in graphene
disks in the presence of different static magnetic fields. We
show that in a uniform magnetic field (case I, a common
scenario), the well-known symmetric mode splitting of MPs
is actually dependent on chemical potential i, which will be
broken with decreasing (.. The resulting MPs of R/LHCP,

GMP_, exhibit the resonance features of bulk and edge states,
e.g., the lower-energy GMP_ is bound to the edge, with a
strongly suppressed damping rate. In antisymmetric magnetic
fields (case II), there is an effective border along the diameter,
and for larger u., the extinction spectra of two polarizations
(electric field parallel and perpendicular to the border) are
identical, with only one peak, at which GMP_. are degenerate
and linearly polarized. This indicates the cancellation of mag-
netic effects. However, with decreasing u., GMP will differ
in energy and damping rate, which increase and decrease, re-
spectively, and moreover, they are circularly polarized again.
Regarding GMP_, its field will be circulating unidirectionally
along the border. With magnetic field distribution changing
gradually from case I to case I, it is found that both GMP
manifest field circulating along the border, interestingly, in the
same direction. Furthermore, even in the presence of a defect
at arbitrary positions, the opposite field circulating along the
border will be prohibited, which implies the robust feature of
unidirectional field circulating of GMP... Finally, we propose
a feasible scheme to achieve concerned magnetic field dis-
tributions, namely, by means of mechanical folding, and the
features of GMP,, especially unidirectional field circulating,
are seen to be well maintained. Our findings present some
important features of MPs, which could pave the way for
advanced magneto-optic devices.
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