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In this article, using in silico methods we investigate the simultaneous effect of temperature, external electric field, and structural
defects of graphene atomic network on the patterns of positioning of the C, molecule on a graphene sheet. The conditions
for the appearance of a circular current on graphene during the ordered motion of a charged C_ fullerene controlled by
regularly adsorbed hydrogen atoms and external electric field are found. Numerical experiments are carried out using the
molecular dynamics and the self-consistent charge density functional tight-binding (SCC-DFTB) method. It is found that at
a temperature of 175 K and an electric field strength of 1.10° V/m, the circular current value is ~10.4 nA. The magnetic field
induced by the circular current is 6.2 pT. It is shown that the appearance of a circular current is caused by two most important
factors: the arrangement of hydrogen atoms on graphene and the temperature. A defect in the form of chemically adsorbed
hydrogen atoms should form a bowl-shaped well in the energy surface of interaction of C , with grapheme, along the edges
of which the fullerene will make a circular motion. As a way to amplify the circular current and induced magnetic field, it
is proposed to vary the size of the local hydrogenation region of graphene. The external electric field directs the charged
fullerene C_ to the defect region. It is predicted that the detected physical effect can be the basis for operation of new miniature
magnetic field sources for various nanodevices.

Keywords: graphene/C_ hybrid system, magnetic field of a circular current, local hydrogenation, external electric field, density-functional
tight-binding method.
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9¢PeKT BO3SHMKHOBEHN S MAaTHUTHOIO NOJIsI KPYTOBOTO TOKA
B T’MOPMIHBIX YIIEPOMHbIX cucTeMax rpaden/C

InyxoBa O.E., Mutpodanos B. B., CrerruenkoB M. M."

CapaToBCcKuUil HallIOHAIbHBIN UCCTIEI0BATENbCKIUI TOCYlapCTBeHHbIN YyHUBepcuTeT uMenn H. I. YepHbinieBckoro,
yn. ActpaxaHckas, 83, Caparos, 410012, Poccusa

B manHoIT paboTe MeTomaMu in silico McCIeRyeTcs OMHOBPEMEHHOE BIIMAHIE TeMIIepaTypbl, BHEIIHETO 9/IeKTPUYECKOrO MO
VI CTPYKTYPHbIX ieheKTOB aTOMHOJ CeTKM TpadeHa Ha 3aKOHOMEPHOCTH ITO3UIMOHMPOBanyA MoreKynbl C  HamucTe rpadena.
OO6Hapy>keHbI YCIOBM: MOABJIEHMI KPYTOBOIO TOKa Ha rpadeHe IIpU YIOPAZOYEHHOM ABVDKEHVMN 3aps>KeHHOro Qy/iepeHa
C,,» KOHTPONMPYEMOM C TIOMOIIbIO PETYIAPHO aICOPOMPOBAHHBIX ATOMOB BOZIOPOJIA 1 BHELIHETO 3/IEKTPUYECKOTO MOTIA.
YuceHHbIe 9KCIEPYMEHTBI IPOBOAIIUCD € MCIIONb30BaHMEM MeTONa MOJIEKY/LAPHOI AMHAMUKIU U MeToha (pyHKIMOHaIa
IUIOTHOCTY B HPUOMVDKEHMM CWIBHOM CBA3M C CaMOCOITIACOBAHHBIM OIIpefie/ieHMeM aTOMHBIX 3apsapoB (SCC-DFTB).
YcraHOBIIEHO, YTO IIpu TemIleparype 175 K M HanpsyKeHHOCTM BHEIIHEro 3/eKTpudeckoro monsd 1-10° B/m Bemmuuna
KPYTOBOTO TOKa cocTaByseT ~10.4 HA. VIHAyKIMA MarHUTHOTO IIOJA, MHAYLMPOBAHHOTO KPYTOBBIM TOKOM, COCTaBJIAET
6.2 MxT. IlokasaHo, 4TO AByMA Haubosee BaXHbBIMU (PAKTOpaMU B IIOABJIEHMM KPYTOBOI'O TOKA ABJIAIOTCA PacHOIOXKeHIe
aTOMOB BOJOpoOfAa Ha rpadeHe u TeMieparypa. [ledekT B Bujje XUMIYECKY afcOpOVPYIOLIVIXCA aTOMOB BOJOPOJia JO/DKEH
chopMupoBaTh B SHEPTMYECKON TTOBEPXHOCTH B3amMopeiicTeus monekynbl C ¢ rpadenom Amy gaureo6pasHoit Gpopmel,
II0 KpasAM KOTOpoil (ymiepeH OymeT cOBepLIaThb KPyroBoe ABJDKeHMe. B kadecTBe crocoba ycuieHUsA KpyroBoro TOKa
Y MHYLIMPOBAHHOTO MM MarHMTHOTO II0JIA IIpefjIaraeTCs BApbMPOBATh pa3MepaMyl 00/1acTy IOKaIbHOT'O HABOZOPa>KMBaHYA
rpadeHOBOIT aTOMHOIT ceTK. BHellIHee 37eKTpUdecKoe Moje MO3BOMNAET OCTAaBUTh 3apsykeHHblil Gymnepen C ) x obnactu
pacnonoxxenns gedexra. IIporHosmpyercs, 4To 0OHapy>KeHHBI GusndecKuil 9pPekT Mo>keT OBITb IOTOKEH B OCHOBY
¢usMYecKoro NpyHINIA PaOOThI HOBBIX MMHUATIOPHBIX ICTOYHUKOB MarHMTHOTO IIOJLA /IS Pa3/IMYHbIX HAHOYCTPOJICTB.

KnroueBbie cnoBa: rM6pI/I,HHaH cucreMa rpa(beH/CGO, MAarHmuTHOE I10/1€ KPpyroBOIr'o TOKa, JI0OKa/IbHO€ HABOJOPa’)KMIBaHME, BHEIIHEE
IJIEKTPUYIECKOE IIOJIE, METON, q)yHKL[I/IOHa)'Ia IIJIOTHOCTU B HpVI6TII/I)KeHI/II/[ CUIBHOM CBS3U.
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1. Introduction

Currently, hybrid nanostructures, which are a combination
of graphene with other nanoscale materials, including
semiconductor nanoparticles, attracted great attention of
researchers [1]. In particular, hybrid carbon nanosystems
consisting of C, fullerene films deposited on monolayer
graphene have wide application prospect in many fields
[1-6]. Various devices of molecular electronics and
nanoelectronics have been proposed based on graphene/C,
films, including mid-infrared photodetector [2], ultra-thin,
flexible solar cells [3], vertical field-effect transistors [4,5],
supercapacitors [6]. In a real experiment, the deposition of
C,, films on a graphene substrate is carried out using the
well-proven thermal evaporation method [7,8] or spray
coating method [5, 6]. Investigations of the properties of this
hybrid material are intensively developing at the present.
Much attention is paid to studying the electronic structure
of graphene/C_ system [9-11], as well as the charge transfer
between C_ atoms and graphene atoms during the interaction
of two objects [12 -15]. It was found that in the graphene/C_
system, the C_ molecule functioned as an electron acceptor
affording hole doping of graphene [13]. External gating can
change the C,, from an electron acceptor to an electron
donor [15]. Another promising research topic is the study
of the regularities in the positioning and behavior of the C_
molecule on graphene from the position of the discovery of
new physical effects. In particular, some papers are devoted
to the study of the behavior of the C | fullerene on graphene
at various temperatures [16 - 20]. These papers have shown
that at low temperatures the chaotic movement of C_ is
replaced by ordered motion, whose trajectory is determined
by the graphene topology and the magnitude of temperature.

In this work, the simultaneous effect of temperature,
external electric field, and structural defects of the graphene
atomic network on the regularities in the positioning of the
C,, molecule on graphene is first studied.

2. Computational details

The optimum ground state geometry of graphene/C_ system
was calculated using the SCC-DFTB method [21]. The dynamic
behavior of the C_ molecule on graphene was simulated using
the classical molecular dynamics [22] in combination with
the SCC-DFTB method. To take into account the external
electric field imparted additional energy to the charged C_
molecule, the force generated by the electric field was added
to the equation of motion. The SCC-DFTB method allows
us to take into account the charge transfer between the
atoms of C_ molecule and graphene during the simulation.
The Verlet algorithm was used to integrate the equations of
motion [23]. Step of numerical integration was equal to 1 fs.
The temperature was kept constant at 300 K in simulation
using the Berendsen thermostat [24]. All simulations were
performed using the Kvazar-Mizar package [25].

3. Results and discussion

The object of this study was a graphene sheet with a length of
30 A along the zigzag edge and 33 A along the armchair edge.

As a way to manipulate fullerene on a graphene substrate,
we propose to modify the atomic structure of graphene in
such a way as to make the movement of the C_ molecule
controllable. In search of the optimal structural modification
of the graphene sheet providing the desired effect, we
considered the case of local hydrogenation of graphene by
a group of 19 hydrogen atoms chemically adsorbed in the
central region of the graphene atomic network. The creation
of such defect led to a deflection of the graphene atomic
network in the region of the location of hydrogen atoms,
as shown in Fig. 1. The energy profile of the interaction
between a C, ) molecule and a graphene sheet for this case
is also shown in Fig. 1. As can be seen, a convex region is
observed in the energy profile in the center of the graphene
sheet. The sizes of this region correspond to the sizes of the
local hydrogenation region of graphene.

In order to identify the regularities in the dynamical
behavior of a C,) molecule on a graphene substrate of this
topology, we carried out a series of numerical experiments
at temperatures ranging from 50 to 300 K. As a result of
the MD calculations, it was found that achieving the local
hydrogenation region, the fullerene starts to move just within
this region due to the action of the repulsive energy barrier.
At a certain temperature, the movement of fullerene within
the specified region acquires a cyclical character. According
to our calculations this effect appears at 160 K. Fig. 2a shows
the trajectory of the center of mass of a C_  molecule in this
case. As can be seen, the motion of C_ has irregular character
accompanied by multiple attempts to describe a loop form of
trajectory. In order to stabilize the circular motion of fullerene
within the local hydrogenation region, an external electric
field with a strength of 1-10° V/m was applied. The charge +1e
was previously added to the C_ molecule by encapsulating
the ion. The analysis of the calculated C_ trajectory showed
that the motion of fullerene within the local hydrogenation
region acquired a more ordered character due to the action
of an electric field. Starting from the time point of 80 ps,
the C_, makes a cyclic motion with some periodicity. It is
important to note the role of the electric field direction. By
setting the electric field vector along the Y axis we force C_|
molecule to make cyclic rotation clockwise. The fragment
of the loop-shaped trajectory of the C  molecule within
the local hydrogenation region of graphene atomic network
(bowl-shaped region with a diameter of 9 A) is shown in
Fig. 2b. The non-ideal shape of the loop can be caused by the

Fig. 1. (Color online) Atomic structure of the graphene/C_, hybrid
system with a defect in the form of local hydrogenation of graphene
by a group of 19 atoms and the energy profile of the interaction of
C,, with graphene.

492



Glukhova et al. / Letters on Materials 10 (4), 2020 pp. 491-495

a

r)'(’v

b

Fig. 2. (Color online) A top view of the fragments of trajectory of the center of mass of a molecule C; within the local hydrogenation region
of graphene atomic network (bowl-shaped region with a diameter of 9 A) at 160 K without electric field (a) and in the presence of electric

field with a strength of 1-10° V/m (b).

topological features of the graphene atomic network within
in this region, primarily, by the pronounced curvature.

Taking into account the cyclic character of the charged
fullerene motion, one can draw a direct analogy with the
motion of electron within an atom in circle orbits [26].
Such motion is equivalent to a closed current loop. Thus, it
can be assumed that the phenomenon of current flow can
be occurred during the C, cyclic motion within the local
hydrogenation region. Let us numerically estimate of the
cyclic current induced in the graphene/C_  complex. The C
fullerene moves along a closed trajectory which is an ellipse
with major and minor semi-axes equal to a=3.75 A and
b=2 A, respectively. The length of the ellipse is 18.48 A; the
area of the ellipse is 23.56 A% The current I was calculated
according to the known formula:

I=ev=ev/2mr, (1)

where e is the electron charge, v is the number of turns
per second, v is the average velocity of fullerene’s center of
mass,  is the radius of the circular orbit. Since the average
velocity of the C_ molecule is ~65 m/s in considered case,
the circular current is ~6 nA.

We have estimated the value of the magnetic induction B
of a magnetic field generated by a closed current loop. This
loop represented the closed elliptical trajectory for a charged
C,, fullerene. The calculation of the magnetic induction was
carried out using the well-known formula for the circular
current:

B=y IpL/4n(p*+x*)*?, (2)

where the focal parameter p of the ellipse is used instead of
the radius of the circular radius, I is the circular current, L is
the length of the ellipse, y is the vacuum permeability. The
maximum value of the magnetic induction B is achieved in
the center of an ellipse. The magnetic induction decreases
when moving away from the current loop as shown in Fig. 3.
At point O the magnetic induction B reaches a maximum
value of 0.95 uT; further, when moving along the straight
line OA, the magnetic induction weakens. The magnetic
induction becomes zero at the distance of 6 A away from an
ellipse.

After determining the conditions for the occurrence
of a circular current in the graphene/C_ system, it was

necessary to find a way to increase its value. The results of
the performed simulations have shown that an increase in the
external field strength forced the C_ molecule to leave the
circular orbit and, thereby, to stop the current flow. Therefore,
there an idea occurred to solve the noted problem by varying
the geometrical sizes of the bowl-shaped region of graphene
atomic network by using a larger amount of chemically
adsorbed hydrogen atoms on graphene. To test this idea, a
series of numerical experiments was carried out with a local
defect in the chemisorption of a group of 44 hydrogen atoms
on graphene. This defect led to the formation of a bowl-
shaped graphene region with a larger diameter of 14.6 A. The
energy profile of the interaction of C_  molecule and graphene
for this case is shown in Fig. 4. This figure shows that the
energy profile has undergone significant changes. A well
with a depth of 1.8 eV is observed in the center of the energy
profile, in contrast to the previous case with 19 hydrogen
atoms, where a convex region was observed. Consequently,
at a certain concentration of hydrogen atoms chemically
adsorbed on graphene, the convex energy profile transforms
into a profile with a potential well.
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Fig. 3. Change in the magnetic induction B of a magnetic field

generated by the current loop with distance X from the loop center
in the case of a bowl-shaped graphene region with a diameter of 9 A.
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For the new case, we determined the temperature at
which the trajectory of the C_ molecule close to the loop
shape will be observed. According to our calculations, this
temperature is 175 K. Further, an external electric field with
a strength of 1.10° V/m was applied to the graphene/C,
system along the Y axis of the graphene plane. After the
application of an external electric field, the trajectory of
the C_ motion gradually takes the form of a loop, which
repeats approximately every 20 ps. The fragments of the
loop trajectory of the C, ) molecule at consecutive times are
presented in Fig. 5.

Fig. 5 shows that, over time, the C_ molecule revolves
in the elliptical trajectories in the center of the bowl-shaped
graphene region. Herewith the C,  molecule rotates clockwise
according to the direction of the applied field. The circular
current was calculated for one of the loop trajectories shown
in Fig. 5. This trajectory is an ellipse with major and minor
semi-axes equal to a=3.32 A and b=1.28 A, respectively.
The area of the ellipse is 13.35 A% The calculated circular
current is ~10.4 nA. Fig. 6 shows the change in the magnetic
induction B of a magnetic field generated by the current loop
as the distance away from the center of loop. As can be seen,
the magnetic induction B decreases with distance from the
current loop, reaching a maximum value of B=6.2 pT at the
center of the ellipse.

Thus, an increase in the diameter of the bowl-shaped
graphene region by only 5.6 A made it possible to achieve
an almost twofold increase in the circular current flowing in
a closed loop. The magnetic field generated by the current
loop has also increased. Consequently, the proposed way for
enhancing the circular current and the generated magnetic
field is effective and can be implemented in practice. It can
be assumed that by choosing the appropriate dimensions of
the local hydrogenation region of graphene atomic network,
it is possible to achieve an increase in the circular current and
magnetic induction of the generated magnetic field by tens to
hundreds of times.

4. Conclusions

Based on the results of numerical simulation of the behavior
of the C_ molecule on a graphene substrate containing
defects in the form of local hydrogenation, we have found a
new effective way to manipulate the fullerene molecules on
graphene. It was shown that the chemisorption of a group of
hydrogen atoms on a graphene sheet lead to the creation of
a bowl-shaped region in the graphene atomic network. The
finite motion of the C_ molecule was observed within this
region. It was found that ata certain temperature and strength
of the external electric field, the C, molecule starts to move
within the bowl-shaped region in elliptic trajectories. In the
course of studying the C_ circular motion, we have found a
physical effect of appearance of the loop current. The value
of this current was equal to 10.4 nA at temperature of 175 K
and electric field strength of 1-10° V/m. As the effective way
for the enhancing current we proposed to vary the sizes of
the bowl-shaped graphene region. It can be assumed that the
models of new miniature magnetic field sources for a variety
of nanodevices will be developed on the base of the obtained
results.
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Fig. 4. (Color online) Atomic structure of the graphene/C_ hybrid
system with a defect in the form of local hydrogenation of graphene
by a group of 44 atoms and the energy profile of the interaction of
C,, with graphene.
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Fig. 5. (Color online) Top view of fragments of the loop trajectory of
the center of mass of a molecule C_j within the local hydrogenation
region of the graphene atomic network (bowl-shaped region with a
diameter of 14.6 A) at 175 K in the presence of an electric field with
a strength of 1-10° V/m.

3
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Fig. 6. The change in the magnetic induction B a magnetic field
generated by the current loop as the distance away from the center

of loop for the case of bowl-shaped graphene region with a diameter
of 14.6 A.
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