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Graphene doped with different transition metal (TM) atoms, namely, Co, Ni, Cu, Zn, and Au, have been
investigated through first-principles calculations. The TM atom forms a substitutional defect, replacing
one carbon atom in the graphene basal plane, which considerably can be obtained through wet or dry
chemical processes as reported elsewhere. The calculation results showed that TM atom substitution
leads to the opening of a band gap and the emergence of mid-gap states with the Fermi energy in the
middle of it. The effects on optical properties were seen from the calculated optical absorption and
Electron Energy Loss Spectroscopy (EELS) spectra. Two EELS bands are seen in the far UV region
corresponding to the w and (w + o) plasmons but the influence of the substituted TM effects on the
plasmon frequency is small. On the other hand, as the Fermi energy level appears in the middle of the
mid-gap state band while the real part of its dielectric permittivity at low photon energy is negative,
these TM-doped graphene have a metal-like characteristic. Hence, plasmon wave excitation can be
expected at the THz region which is dependent on the dopant TM atom. The plasmon excitation in
these TM-doped graphene is thus principally similar to the plasmonic excitation in pure graphene by
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1. Introduction

Graphene is a two-dimensional (2D) carbon allotrope possess-
ing an sp*-hybridized honeycomb structure that exhibits excel-
lent electrical and optical properties owing to its electronic
structure with a Dirac cone shape. This Dirac cone is formed
from a cross-section point of the valence and conduction bands,
resembling the stacking of two cones in opposite orientations,
creating a zero bandgap and zero density of states (DOS) at the
cross-section point. Because the Fermi energy is located at the
cross-section point, ie., the Dirac point, graphene is a semi-
metal with zero-bandgap semiconductor properties. As already
reported elsewhere, these unique properties have led to diverse
applications of graphene.'” Initially, benefitting from the elec-
tric field effect in 2D materials, graphene was used in transistor-
like devices that attracted much attention.™ Subsequently,
other physical properties of graphene have also been reported
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to the possibility of an intraband transition.

and used for different potential applications. Among others,
owing to its high electron mobility and catalytic properties,
graphene has been applied as an electrode material in super-
capacitors, batteries, solar cells, and electrochemical-based
sensors.>*°

The plasmonic properties of graphene have also been
intensively studied because of its strong light-matter
interactions."™ Graphene has advantages as a plasmonic
material because of its low losses and large electromagnetic
field confinement.">'® However, in pristine (undoped) gra-
phene, being a perfect semi-metal, plasmonic wave cannot be
generated directly due to zero charge carriers at its Dirac point.
It should be noted that the real part of the dielectric permittivity
of pristine graphene is negative in the mid-infrared (mid-IR) to
THz frequency region. In general, the real part of the dielectric
permittivity must be negative for metal-based plasmonic
materials. Several methods have been proposed and applied to
attain plasmonic excitation and resonance tuning in graphene,
such as by using multilayer structuring, in order to match the
momentum between incident light and the electrons in gra-
phene, and other different approaches through electric and
magnetic fields, mechanical strain, and impurities/defects
insertion, in order to shift the Fermi energy from the Dirac
point.””*® Most studies on the utilization of surface plasmon
polariton (SPP) waves in graphene are performed in the mid-IR
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to terahertz (THz) frequency range. THz sensors and detectors
are important in THz spectroscopy that have found a wide range
of applications in biomedical imaging, biochemical sensing,
environmental monitoring, etc.?”*® Using THz spectroscopy, one
could investigate low-energy molecular vibrations, crystal-
lattice or phonon vibrations and intermolecular vibrations of
macromolecular structure hydrogen-bonded network struc-
ture.” Zheng et al. have investigated both experimentally and
computationally the vibrational spectra of benzene-1,2-diol, in
which they concluded that the spectrum peaks in the mid-
infrared range can be associated with intramolecular vibration
whereas the peaks in THz range can be associated with inter-
molecular vibrations.**

In addition to the plasmon at low energy in mid-IR to THz
frequency range as mentioned above, there is another plasmon
with much higher photon energy, in the far UV region, that also
becomes a subject of interest. Experimentally, the presence of
plasmons in several materials has been extensively investigated
using electron energy loss spectroscopy (EELS). Kuzuo et al
have performed EELS on carbon nanotubes, reporting a =
plasmon at either 5.2 or 6.4 eV and a (7 + o) plasmon at 22—
24.5 eV.*" Reed et al. then investigated isolated single-walled
carbon nanotubes and reported spectral bands associated
with 7 plasmon at approximately 4.5-5.5 eV and (7 + o) plas-
mon at 13-27 eV.*” By the same principle, EELS has also been
employed to investigate the plasmon characteristics in gra-
phene, in which two broad plasmonic bands were detected at
around 5 eV and 10-35 eV for the 7 and (7 + o) plasmons,
respectively.®*?** The m plasmon originates from the w-7*
transition, while the (7w + o) plasmon originates from higher
photon energy transitions, such as o-¢*, m-c¢* and o-m*
transitions. Besides experimental investigations, numerous
efforts have been also devoted to predicting the plasmonic
properties of pristine graphene through first-principles
calculations.?*?#3¢

Recently, Zhang et al. demonstrated the formation of Ni
single-atom bonding with a defect vacancy in a 2D graphene
sheet, in which the defect was created through an impregnation
method with acid leaching.’” Jiang et al reported direct
evidence of the coordination bonding formation of Ni single
atoms with graphene vacancy defects using scanning trans-
mission electron microscopy (STEM).* Besides the synthesis via
a wet chemical process, another approach via a dry chemical
process has also been reported. Dyck et al. then demonstrated
the formation of Ni-doped graphene by using an electron beam,
where the Ni adatom can be selectively and precisely inserted
into a graphene vacancy defect.** Single-atom B or N-doped
graphene achieved by low-energy ion implantation has been
reported by Hage et al., in which a dampening or enhancement
of the characteristic interband 7 plasmon was observed.* The
defect resembles a substitutional defect where the metal atom
replaces a carbon atom in the basal plane. Motivated by those
reports, we have performed first-principles calculations based
on density functional theory (DFT) methods to investigate the
effects of the substitution of different TM atoms (Co, Ni, Cu, Zn,
and Au) on the electronic structure, optical properties, and
plasmon characteristics of 2D graphene sheets (hereafter called
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Fig. 1 The structures of Co-doped graphene around the TM dopant
atom (purple color ball) after structure relaxation calculations.

as TM-doped graphene). The results demonstrate that TM
doping leads to bandgap opening and Fermi energy shift in
their electronic structures as well as the possibility and modi-
fication of THz plasmon excitation.

2. Methodology

Electronic structure computations were conducted using the
DFT method,*»** which was implemented in the Quantum
Espresso package.”* The generalized gradient approximation
(GGA) along with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional and the projected augmented wave
(PAW) pseudopotentials were used.**** The cut-off energy was
set to 525 eV. The transition metal atoms considered as dopants
in this study were Co, Ni, Cu, Zn, and Au. Each dopant was
substituted at the center of a graphene supercell consisting of 8
x 8 unit cells (127 carbon atoms and 1 dopant atom), as shown
in Fig. 1, with a 10 A vacuum layer separator in the z-direction to
eliminate the interaction between layers. A k-point mesh of 9 x
9 x 1 was used for the calculations.

First, each TM-doped graphene structure was optimized
until the change in energy was lower than 10~ % Ry. The lattice
constant for graphene was 1.42 A, as reported in the literature.*®
The relaxation of atomic position in the unit cell was performed
by using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algo-
rithm. Relaxation was allowed in the x and y directions. A
slightly larger k-point mesh of 11 x 11 x 1 was applied for the
calculation of DOS and PDOS, and 20 points along the I'-M-K-T"
high symmetry k-path were considered to obtain the band
structures. Optical properties were calculated using the opti-
mized norm-conserving Vanderbilt (ONCV) pseudopotential
with I'-centered calculation.””~**

From those calculated electronic structures, the optical
properties were then calculated in a sequential step initiated
from the calculations of the dielectric function, absorption
spectra, and finally the EELS spectrum calculation.

3. Results and discussions
3.1. Structure optimization and electronic structure

The optimized lattice structures were obtained after the struc-
ture relaxation calculations converged, that is, when the
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Table 1 Structural parameters from optimization results of the TM-
doped graphene with the neighboring carbon atoms

Structure dci-tm (A) deatv (A) des-tv (A)
Co-doped graphene 1.67 1.67 1.67
Ni-doped graphene 1.70 1.70 1.70
Cu-doped graphene 1.67 1.67 1.83
Zn-doped graphene 1.71 1.71 1.78
Au-doped graphene 1.84 1.84 1.85

minimum energy for each calculation has been reached. Our
structure optimizations confirm that a single TM atom can form
bondings with the three nearest C atoms, as depicted in Fig. 1.
The distances between C and TM (d¢_ry) after structure opti-
mization for these TM-doped graphene are presented in Table
1. A larger C-TM bond length is seen for TM with larger covalent
radii (Ni = 125 pm, Co = 125 pm, Zn = 137 pm, and Au = 144
pm). For comparison, the C-C bond distance is 1.45 A while the
C covalent radius is 77 pm. TM atoms with higher covalent radii
cause more local lattice deformation around the TM atom.
Changes in the electric charge distributions due to TM substi-
tution were investigated by Bader analysis using the charge
density difference definition as follows:

Fig.2 Change of electric charge density upon TM substitution into the
graphene. Blue and red iso-surfaces (0.001 e A~%) indicate electron
depletion and electron accumulation, respectively.
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ApTM = PTM-doped graphene — Pgraphene — PTM [1)

where PTM-doped graphenes Pgraphenes and prm are the Charge
densities of TM-doped graphene, pristine graphene with
vacancies, and TM atoms, respectively.'®*”*® As shown in Fig. 2,
the electron density of the TM atom decreased after TM-doping
(blue iso-surface in Fig. 2). Moreover, the electron density
around the three nearest C atoms to the TM atom increased
(indicated as the red iso-surface, Fig. 2). These behaviors
confirmed bond formation between the TM and its nearest C
atoms.

The electronic structures were calculated along the high-
symmetry I'-M-K-I' path on the Irreducible Brillouin Zone
(IBZ). The calculated electronic structures provided information
regarding the electron states at a particular wavenumber (k) and
energy in the TM-doped graphene. The calculated electronic
structures and the corresponding DOS for graphene and TM-
doped graphene are shown in Fig. 3. The energy scale has
been shifted such that the Fermi level is located at 0 eV. For
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Fig.3 Electronics structures and DOS of (a) pristine graphene; (b) Co-,
(c) Ni-, (d) Cu-, (e) Zn-, and (f) Au-doped graphene.
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Fig. 4 PDOS of (a) pristine graphene; (b) Co-, (c) Ni-, (d) Cu-, (e) Zn-,
and (f) Au-doped graphene. Fermi energy is located at O eV.

pristine graphene, i.e., without dopant (Fig. 4(a)), the calculated
electronic structure exhibited a Dirac cone shape at the high-
symmetry point of K, in which the Fermi energy (Er) level is
located at the Dirac point. This result was in agreement with
that reported in the literature, demonstrating the calculations’
validity herein.*»*** Significant changes in the electronic
structures of TM-doped graphene can be seen in Fig. 3(b-e),
along with the corresponding DOS profiles in comparison to
those of pristine graphene. There is a bandgap opening at the
Dirac point, and the Fermi energy is also shifted downward
from the Dirac point into the valence band, where the magni-
tude of the shift varies for different TM dopants. The band gaps
are about 0.084, 0.109, 0.193, 0.192, and 0.116 eV for Co, Ni, Cu,
Zn, and Au doped graphene, respectively. For the Co-doped
graphene, the Fermi energy level remarkably shifts downward
to the valence band. However, in the case of Ni and Au dopants,
the Fermi energy level just shifts slightly downward to the
valence band. For all TM-doped graphene, a narrow DOS band
d appears at the Fermi energy level, where it does not appear in
pristine graphene. This narrow band can be associated with
mid-gap states formed mutually due to the formation of C-TM
bonds and the local structural alteration of C-C bonds
surrounding the TM atoms.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The PDOS curves demonstrate the contribution of specific
orbitals to the electronic band. The PDOS presented in Fig. 4
confirmed that the mid-gap states band & is constructed
predominantly by the 2p orbitals of the carbon atoms and TM
orbitals. However, as seen in Fig. 4(b), for Co-doped graphene,
the Co-3d orbital also contributes to the formation of this mid-
gap band at the same energy level as the C-2p orbital, indicating
extensive hybridization that might be resulted from coordina-
tion bonding formation. In this case, the m-electrons from the
surrounding carbon atoms are shared with the TM atom. This
may explain the shifting of the Fermi energy level to a lower
energy level leading to the topmost valence band level at the
mid-gap states. In the case of Zn, the mid-gap states band
d around the Fermi energy level also appears, but it is contrib-
uted dominantly only by the 2p orbitals of the carbon atoms.
The contribution from Zn orbitals is not seen, which may
indicate that the C-Zn bond is formed without involving its 3d
orbitals, plausibly because the 4s and 3d orbitals of Zn are
already filled. This may affect the charge density difference
distribution in the Zn-doped graphene, exhibiting a different
profile compared to that found in Co-doped graphene.

For Au-doped graphene, the contribution of Au orbitals in
the mid-gap state band 3 is very little, similar to the Zn dopant,
because the formed bonds do not involve the Au 3d orbitals but
likely other orbitals with much lower energies than the Fermi
energy. In this case, the mid-gap band is then formed merely
due to the structural/bond alteration of the graphene units
surrounding the TM atoms. As the mid-gap states also involve
valence electrons from carbon atoms of this graphene, the band
structure now forms a metal-like band structure, where the
states below the Fermi energy are filled but states above it are
empty. Despite the number of free electrons will be small, we
may still expect metal-like properties and hence plasmonic
characteristics, where the plasmonic frequency will be deter-
mined by this free electron density.

It is worthwhile to note that similar systems consisting of
a single transition metal atom embedded in nano-molecules or
two-dimensional architectures have been also reported, which
are mainly intended for developing efficient catalytic
materials.>** In systems with low electron delocalization, the
valence electrons from both TM and the ligand or surrounding
atoms may form a bonding through several possible hybrid-
ization schemes leading to a typical trigonal bipyramidal or
octahedral local coordination. In such cases, analysis of the
ligand field effect should be carefully undertaken, which may
determine the orbital level splitting as well as the spin multi-
plicity.*® For the cases discussed here, the PDOS for these TM-
doped graphene and the electric charge difference Apry indi-
cate that the bonding is also formed from a hybridization
scheme which involves involving the 3d, 4s, and 4p orbitals of
the TM atom and the 2p orbitals from surrounding C atoms.
However, in contrast to the previous studies,”* electrons in
these TM-doped graphene are much more delocalized, as
implied by the local charge in each atom. Tables S1-S6 of ESIT
indicates that the charges in each carbon atom and TM atom
are smaller than their valence numbers, suggesting that
a portion of electrons are largely delocalized around the TM

RSC Adv, 2023, 13, 1446-1454 | 1449
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dopant. Such electron delocalization leads to unfavorable
splitting between up- and down-spin densities. Additionally, the
PDOS shows low densities of states of the transition metal 3d
orbitals as the spin carrier, which does not satisfy the Stoner
criterion leading to zero total magnetization.*® Tables S1-S6 of
the ESIT also tabulates the magnetic moments in each atom and
the total magnetizations, which are very small within our
computational accuracy. The spin multiplicity may thus be
neglected as a first approximation, in contrast to the previous
studies on the low electron delocalization systems.”~** For the
TM-doped graphene considered in this work, it seems that spin
multiplicity has a minor role in the electronic structure and the
subsequence optical properties (see ESI Point no. 27).

3.2. Optical and plasmonic properties

Generally, the optical characteristics of a material are indeed
closely related to its electronic properties. Therefore, it can be
expected that the changes in those electronic properties of the
TM-doped graphene will also modify their optical characteris-
tics. Herein, the optical properties of TM-doped graphene were
investigated by performing the computation of dielectric and
absorption and finally the EELS spectra. The dielectric permit-
tivity and absorption spectra for graphene and TM-doped gra-
phene are shown in Fig. 5. For pristine graphene, both the real
and imaginary parts of the dielectric permittivity are real in the
low photon energy (~0 eV) region, hindering the excitation of
plasmons in the THz region. On the other hand, these TM-
doped graphene exhibit negative numbers of the real parts of
the dielectric permittivity, which demonstrates the possibility of
plasmonic wave excitation in the THz region. From the calcu-
lated absorption spectra of TM-doped graphene in Fig. 5(g), zero
absorption is observed at 0 eV due to the presence of the
bandgap, although a small absorption band appeared at around
0.2-0.5 eV. This small absorption band is related to intraband
transition involving electrons in the mid-gap states band 3 with
a relatively small number of electrons. However, two broad and
intense absorption bands are observed where the first and
second peaks are located at 4.3 (labeled as A) and 14.3 eV
(labeled as B), respectively. The first peak originates from direct
m-m* excitation, whereas the second peak is from (7w + o)
excitations.”»* > Absorption is unlikely to occur in the range of
7-11 eV because of the small excitation probability for w—m*, -
o*, or o-m* in this photon energy range. These results are in
good agreement with a similar study on alkali-metal-doped
graphene.” The substitution of the TM atom does not signifi-
cantly change the absorption spectrum compared to that of
pristine graphene, in which the B peak just slightly shifts to
smaller photon energy though the bandwidth of the B peak
varies depending on the TM atom.

In general, a dielectric function is a complex number given
by

&(w) = &(w) + iel(w) ()
where ¢, is the real part of the dielectric function and ¢; is the

imaginary part of the dielectric function. In the Quantum
Espresso package, the imaginary part of the dielectric function
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Fig. 5 The calculated dielectric permittivity and absorption spectra of
(a) pristine graphene, (b) Co-, (c) Ni-, (d) Cu-, (e) Zn-, and (f) Au-doped
graphene. (g) The calculated absorption spectra of the TM-doped
graphene.

&i(w) is calculated as a result of a response function that comes
from a perturbation theory with adiabatic approximation. This
imaginary part of the dielectric function ¢(w) is given by:**

47'582 df(Ekn) T]me’ﬁ
EIM'B(OJ) o QNkmz ; dEkﬁ,, w* + n2w2
M, Tof (Ex)

(3)

8me
f Z 2
QN m? i E ; — Ep, [( _ wk‘")Z — 2| 4+ I
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where e is the electron charge, m is the electron mass, Q is the
primitive cell volume, and w is the incident light frequency. Ey ,,
is the final state energy (empty CB) and Ey , is the initial state
(filled VB), whereas f(Ey ) and flE; ,)are Fermi-Dirac distribu-
tion functions for both bands. M, g is the moment of transition
from n (valence states with energy Ej,) to transition n’
(conduction states with energy Ei,). The real part of the
dielectric function is then calculated using the well-known
Kramers-Kronig transformation. The EELS spectrum is
proportional to the imaginary of the inverse dielectric tensor,
which is computed by using the following relationship®

Im{ea.ﬁl(w) } T ((j‘)lf;; () (4)

Therefore, as seen from those equations, the calculation of
the EELS spectrum in this method only includes the plasmons
originating from interband transitions and does not include the
plasmon from intraband transitions.

In Fig. 6(a) and (b), the calculated real part of the dielectric
permittivity (¢,), the imaginary part of the dielectric permittivity
(e2), and EELS spectra for Co- and Au-doped graphene are
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Fig. 6 The calculated EELS spectra of (a) pristine, (b) Co- and (c) Au-
doped graphene, and (d) the calculated EELS spectra of pristine gra-
phene and TM-graphene.
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presented. As similar as seen in the absorption coefficient
spectra above, the EELS spectra also exhibit two bands at
different photon energies, in which the 7 plasmon band
appears at approximately 5.9 eV, and a wider (7 + o) plasmon
band appears at around 17-22 eV. This result is in good
agreement with the reported values in the literature.*® Typically,
the plasmon frequency for metallic materials can be deter-
mined considering a condition in which both the real (¢;) and
imaginary parts (e,) of the dielectric permittivity intersect the
horizontal axis. Here, the EELS peak can also be used as
a complementary parameter to determine the possibility of
plasmon excitation, for which the EELS peak may appear at the
same frequency (photon energy) as the intersection of ¢; and ¢,
on the horizontal axis.®® However, in the case of plasmon exci-
tation that undergoes damping due to interband transition, the
plasmon frequency (photon energy) may exhibit a slight shift
from the ¢, and ¢, intersection frequencies.® This is the case in
Fig. 6, in which the plasmon peaks in the EELS spectra do not
appear exactly at the crossing point between &; and ¢,. The
substitution of TM atoms caused a slight alteration in both
plasmon frequencies, as depicted in Table 2.

The 7 plasmon frequency of pristine graphene (Fig. 6(d)) is
almost unchanged due to the substitution of the TM dopant.
However, the (7 + o) plasmon band differs significantly, which
may indirectly indicate core-level electronic states due to
hybridization with TM orbitals by involving o bonds. This
occurs in the far UV region and still has limited practical
applications in the present day. On the other hand, considering
the nature of the narrow band 3 in these TM-doped graphene, it
seems possible then to excite plasmons at low photon energies
corresponding to the THz frequency range, which is associated
with the intraband transition in this band.

Since the EELS calculation method cannot calculate the
intraband transition, it is not seen in the calculated EELS
spectra above. This intraband transition does not require large
photon energy because this mid-gap states band & behaves like
a metallic band characteristic. However, as seen in DOS, only
a very small number of electrons are available for this intraband
transition in comparison to metals. To predict the possibility of
plasmon excitation at small photon energy (~0 eV or in the THz
region) owing to this intraband transition, the following theo-
retical plasmon frequency was used as a rough estimation:*

2
Noranh e
Wy = graphene (5)
EgNle

Table 2 Comparison of plasmon frequency of pristine graphene and TM-doped graphene structures obtained from EELS calculations

T-TT* 6-0*
Graphene structure E (eV) wp (THz) Ap (nm) E (eV) wp (THz) Ap (nm)
Pristine 5.86 1.42 211 19.6 4.73 63.4
Co-doped 6.12 1.48 203 18.5 4.47 67.0
Ni-doped 6.09 1.47 204 19.5 4.72 63.5
Cu-doped 6.18 1.49 201 19.1 4.63 64.8
Zn-doped 6.11 1.48 203 21.3 5.25 58.2
Au-doped 6.35 1.54 195 19.7 4.76 63.0

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where ngraphene 18 the electron density inside the mid-gap states
at the Fermi energy level; e is electron charge; m, is electron
mass, and ¢, is the vacuum permittivity. In the present stage, as
a simple approximation, the electron density was obtained by
integrating the mid-gap states band 8 band at the Fermi energy
level according to the following formula:

Er

Ppos(E)dE (6)

Hgraphene = J
Ep—3E

where Ef is the Fermi energy level, 3E is the onset bottom energy
level of the mid-gap states band, where the integral boundaries
are from Er — 3E to Er, as indicated by two vertical dash lines in
Fig. 4. From these integrations, the number of electrons per
supercell for Co-, Ni-, Cu-, Zn-, and Au-doped graphene are
found to be approximately 0.8, 1.5, 0.8, 1.7, and 1.5 electrons per
supercell unit, respectively. The calculated plasmon frequencies
wp, using eqn (5), and the conversions in wavenumber (1/4),
wavelength (1), and energy are listed in Table 3. These plasmon
frequencies are in the range of 5-7.5 THz or equivalent to 160-
250 cm ™" in wavenumber.

This estimated plasmon frequency range seems almost in
the same range as reported by several pioneer groups who
experimentally investigated and developed graphene plas-
monics in the THz region.'>*>® In those previous reports, gra-
phene plasmonics are realized through Fermi energy shift by
applying external electrical or magnetic fields. By adjusting the
Fermi energy or the chemical potential, one can control the free
electron density and electrical conductivity of graphene as well
as its plasmon frequency.®’* In the present work, our calcula-
tion results show that the plasmon frequency in THz range, as
seen in Table 3. Here, the Fermi energy level is shifted varyingly
in the mid-gap states band depending on the TM dopant.

Although the range of these plasmon frequency shifts seems
small, in terms of molecular vibration energy those shifts are
actually quite large. Table 3 shows the plasmon frequency is
shifted in the range of 21-28 meV, equivalent to 160-250 cm™".
As a comparison, we may look at the following several cases. The
vibration modes of water clusters in pentamer structure,
involving intramolecular vibrations of H,0, symmetric stretch-
ing and bending as well as asymmetric stretching, appear at the
THz region. The vibrational modes of water are observed at 450~
780 cm ™', the O-H---O stretching vibrations are observed at
167 cm ™' and the O-H---O bending vibrations at 53 cm™'.”?
Bohm et al. reported that in an aqueous solution the trivalent Fe
cation has a different feature of THz spectra in comparison to

Table 3 Plasmons frequencies of TM-doped graphene in the ter-
ahertz region

wp 1/4 Energy
Structure (THz) (em™) A (um) (eV)
Co-doped graphene 5.0 168 59.3 0.021
Ni-doped graphene 7.0 232 43.0 0.029
Cu-doped graphene 5.2 172 58.0 0.021
Zn-doped graphene 7.3 245 40.8 0.030
Au-doped graphene 6.9 229 43.6 0.028
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its divalent cation. Trivalent Fe cation exhibits two absorption
peaks at 180 and 260 cm ™', while divalent Fe cation exhibit only
one absorption peak at 200 cm™".%* The same group has also
reported the same behavior for Mn and Ni.** Therefore, by
choosing TM-doped graphene with a plasmon frequency that
matches the frequency of a specific vibration mode of
a substance, a resonance between plasmon and vibration mode
can be expected and possibly applied in molecular sensing or
detection applications.

4. Conclusions

AD initio calculations based on the DFT method were performed
to study the structural, electronic, and optical properties of TM-
doped graphene. The TM atom evaluated herein is Ni, Co, Cu,
Zn, and Au, which is substituted into an 8 x 8 graphene
supercell replacing one carbon atom. The structure resembles
a substitutional defect by a single TM atom in the basal plane of
graphene as reported elsewhere. The substitution of these TM
dopants leads to a bandgap opening at the Dirac point, shifting
the Fermi energy downward inside the mid-gap states band that
forms the half-filled valence band top, where it varies depend-
ing on the TM atom. Such electronic-band structure changes are
originated from structural/bond deformation surrounding the
TM dopant along with the bond hybridization between the TM
dopant and the nearest carbon atoms. In the TM-doped gra-
phene, the absorption peaks just shift slightly toward low
energies in comparison to pure graphene. The EELS calcula-
tions results confirm a plasmon frequency at approximately
5.86 eV, which is associated with the interband excitation of 7
electrons.

The TM-doped graphene, however, exhibit negative numbers
for the real part of dielectric permittivity, which resembles
metal material properties. As EELS calculations cannot predict
the plasmon originating from intraband photo-excitation, by
using the number of electrons in the mid-gap states band 8, the
plasmon frequencies of these TM-doped graphene can be pre-
dicted to appear at the THz region around 5-7.5 THz. Although
the plasmon excitation in these TM-doped graphene here is
caused by a substitutional defect, which could be achieved such
as by the aforementioned wet chemical process, the plasmon
excitation mechanism seems principally similar to plasmonic
excitation of pure graphene induced by electric or magnetic
fields reported elsewhere, in which the Fermi energy shifting
from Dirac cone point level leads to the possibility of intraband
transition. In addition, the plasmon frequency range matches
the intermolecular vibration frequencies, which is useful in THz
spectroscopy for generating plasmon resonance with a partic-
ular vibration mode of a substance, the present calculation
results might be beneficial for optoelectronic and molecular
sensing applications in the THz region.

Author contributions

D. U. D. investigation, formal analysis, and writing — original
draft. R. H. conceptualization, formal analysis, writing - review
& editing, funding acquisition. A. M. P. and K. N. methodology

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06446d

Open Access Article. Published on 05 January 2023. Downloaded on 11/26/2025 9:26:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and writing - review & editing. All authors confirmed the final
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge the support from Penelitian
Dasar Unggulan Perguruan Tinggi (PDUPT) 2021-2022 from
Kementerian Pendidikan, Kebudayaan, Riset, dan Teknologi of
the Republic of Indonesia, contract no. 2/E1/KP.PTNBH/2021
and 007/E5/PG.02.00.PT/2022.

Notes and references

1 V. V. Cheianov, V. Fal'ko and B. L. Altshuler, Science, 2007,
315, 1252-1255.

2 A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. K. Saha,
U. V. Waghmare, K. S. Novoselov, H. R. Krishnamurthy,
A. K. Geim, A. C. Ferrari and A. K. Sood, Nat. Nanotechnol.,
2008, 3, 210-215.

3J. H. Chen, L. Li, W. G. Cullen, E. D. Williams and
M. S. Fuhrer, Nat. Phys., 2011, 7, 535-538.

4 C. Berger, Z. Song, X. Li, X. Wu, N. Brown, C. Naud,
D. Mayou, T. Li, J. Hass, A. N. Marchenkov, E. H. Conrad,
P. N. First and W. A. de Heer, Science, 2006, 312, 1191-1196.

5 K. S. Novoselov, V. I. Fal'’ko, L. Colombo, P. R. Gellert,
M. G. Schwab and K. Kim, Nature, 2012, 490, 192-200.

6 J. R. Williams and C. M. Marcus, Phys. Rev. Lett., 2011, 107,
046602.

7 G. W. Flynna, J. Chem. Phys., 2011, 135, 050901.

8 C. Liu, Z. Yu, D. Neff, A. Zhamu and B. Z. Jang, Nano Lett.,
2010, 10, 4863-4868.

9 X. Cai, L. Lai, Z. Shen and J. Lin, J. Mater. Chem. A, 2017, 5,
15423-15446.

10 Y. W. Hartati, S. F. Yusup, F. Fitrilawati, S. Wyantuti,
Y. Sofiation and S. Gaffar, Curr. Chem. Lett.,2020, 9, 151-160.

11 A. K. Geim and K. S. Novoselov, Nat. Mater., 2007, 6, 183-191.

12 A. N. Grigorenko, M. Polini and K. S. Novoselov, Nat.
Photonics, 2012, 6, 749-758.

13 E. H. Hwang and S. Das Sarma, Phys. Rev. B: Condens. Matter
Mater. Phys., 2007, 75, 205418.

14 F. H. L. Koppens, D. E. Chang and F. J. G. de Abajo, Nano
Lett., 2011, 11, 3370-3377.

15 Z. Q. Li, E. A. Henriksen, Z. Jiang, Z. Hao, M. C. Martin,
P. Kim, H. L. Stormer and D. N. Basov, Nat. Phys., 2008, 4,
532-535.

16 K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. R. Gellert,
M. G. Schwab and K. Kim, Science, 2012, 490, 192-200.

17 R. Warmbier and A. Quandt, Comput. Mater. Sci., 2016, 114,
18-22.

18 K. Y. M. Yeung, J. Chee, H. Yoon, Y. Song, ]J. Kong and
D. Ham, Nano Lett., 2014, 14, 2479-2484.

19 Q. L. Bao and K. P. Loh, ACS Nano, 2012, 6, 3677-3694.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

20 F. Bonaccorso, Z. Sun, T. Hasan and A. C. Ferrari, Nat.
Photonics, 2010, 4, 611-622.

21 M. Jablan, H. Buljan and M. Soljacic, Phys. Rev. B: Condens.
Matter Mater. Phys., 2009, 80, 245435.

22 M. Rafique, N. H. Mirjat, A. M. Soomro, S. Khokhar and
Y. Shuai, Phys. Lett. A, 2018, 382, 1108-1119.

23 Z. Zheng, W. Wang, T. Ma, Z. Deng, Y. Ke, R. Zhan, Q. Zou,
W. Ren, J. Chen, ]J. She, Y. Zhang, F. Liu, H. Chen, S. Deng
and N. Xua, Nanoscale, 2016, 8, 16621.

24 J. Chen, M. Badioli, P. Alonso-Gonzalez, S. Thongrattanasiri,
F. Huth, J. Osmond, M. Spasenovi¢, A. Centeno, A. Pesquera,
P. Godignon, A. Zurutuza Elorza, N. Camara, F. J. G. de
Abajo, R. Hillenbrand and F. H. L. Koppens, Nature, 2012,
487, 77-81.

25 Z. Fei, A. S. Rodin, G. O. Andreev, W. Bao, A. S. McLeod,
M. Wagner, L. M. Zhang, Z. Zhao, M. Thiemens,
G. Dominguez, M. M. Fogler, A. H. C. Neto, C. N. Lau,
F. Keilmann and D. N. Basov, Nature, 2012, 487, 82-85.

26 P. Sutter, M. Hybertsen, J. Sadowski and E. Sutter, Nano Lett.,
2009, 9, 2654-2660.

27 A. Rogalski, Adv. Opt. Photonics, 2019, 11, 314-379.

28 S. Huang, C. Song, G. Zhang and H. Yan, Nanophotonics,
2017, 6, 1191-1204.

29 M. Takahashi, Crystals, 2014, 4, 74-103.

30 Z. P. Zheng, W. H. Fan, H. Yan, ]J. Liu, W. Z. Yang and
S. L. Zhu, J. Mol. Spectrosc., 2012, 281, 13-17.

31 R. Kuzuo, M. Terauchi and M. Tanaka, jpn. J. Appl. Phys.,
1992, 31, L1484-1.1487.

32 B. W. Reed and M. Sarikaya, Phys. Rev. B: Condens. Matter
Mater. Phys., 2001, 64, 195404.

33 A. Politano and G. Chiarello, Nanoscale, 2014, 6, 10927~
10940.

34 S. Segui, Z. L. Miskovi¢, J. L. Gervasoni and N. R. Arista, J.
Phys.: Condens. Matter, 2013, 25, 175001.

35 J. Lu, K. P. Loh, H. Huang, W. Chen and A. T. S. Wee, Phys.
Rev. B: Condens. Matter Mater. Phys., 2009, 80, 113410.

36 V. Despoja, D. Novko, K. Dekani¢, M. éunjié and L. Marusi¢,
Phys. Rev. B: Condens. Matter Mater. Phys., 2013, 87, 075447.

37 L. Zhang, Y. Jia, G. Gao, X. Yan, N. Chen, J. Chen, M. T. Soo,
B. Wood, D. Yang, A. Du and X. Yao, Chem, 2018, 4, 285-297.

38 K. Jiang and H. Wang, Chem, 2018, 4, 191-198.

39 0. Dyck, L. Zhang, M. Yoon, J. L. Swett, D. Hensley, C. Zhang,
P. D. Rack, J. D. Fowlkes, A. R. Lupini and S. Je, Carbon, 2021,
173, 205-214.

40 F. S. Hage, T. P. Hardcastle, M. N. Gjerding,
D. M. Kepaptsoglou, C. R. Seabourne, K. T. Winther,
R. Zan, ]J. A. Amani, H. C. Hofsaess, U. Bangert,
K. S. Thygesen and Q. M. Ramasse, ACS Nano, 2018, 12,
1837-1848.

41 P. Hohenberg and W. Kohn, Phys. Rev. [Sect.] A, 1964, 136,
B864.

42 W.Kohn and L. J. Sham, Phys. Rev. [Sect.] A, 1965, 140, A1133.

43 P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni,
1. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi,
R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj,
M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri,

RSC Adv, 2023, 13, 1446-1454 | 1453


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06446d

Open Access Article. Published on 05 January 2023. Downloaded on 11/26/2025 9:26:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen,
A. Smogunov, P. Umari and R. M. Wentzcovitch, J. Phys.:
Condens. Matter, 2009, 21, 395502.

44 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

45 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953.

46 Z. Yuanbo, Y.-W. Tan, H. L. Stormer and P. Kim, Nature,
2005, 438, 201-204.

47 M. Schlipf and F. Gygi, Comput. Phys. Commun., 2015, 196,
36-44.

48 D. Vanderbilt, Phys. Rev. B: Condens. Matter Mater. Phys.,
1990, 41, 7892-7895.

49 W. Tang, E. Sanville and G. Henkelman, J. Phys.: Condens.
Matter, 2009, 21, 084204.

50 X. Hu, N. Wan, L. Sun and A. V. Krasheninnikov, J. Phys.
Chem. C, 2014, 118, 16133-16139.

51 A. Allangawi, T. Mahmood, K. Ayub and M. A. Gilani, Mater.
Sci. Semicond. Process., 2023, 153, 107164.

52 A. Baby, L. Trovato and C. D. Valentin, Carbon, 2021, 174,
772-788.

53 F. Ullah, K. Ayub and T. Mahmood, Int. . Hydrogen Energy,
2021, 46, 37814-37823.

54 F. Ullah, S. Irshad, S. Khan, M. A. Hashmi, R. Ludwig,
T. Mahmood and K. Ayub, J. Phys. Chem. Solids, 2021, 151,
109914.

55 M. Wang, Y. Hu, Z. Zhang, Y. Li, T. Zhou and ]. Ren, Mod.
Phys. Lett. B., 2016, 30(07), 1650090.

56 S. Eich, M. Plotzing, M. Rollinger, S. Emmerich, R. Adam,
C. Chen, H. C. Kapteyn, M. M. Murnane, L. Plucinski,

1454 | RSC Adv, 2023, 13, 1446-1454

View Article Online

Paper

D. Steil, B. Stadtmiller, M. Cinchetti, M. Aeschlimann,
C. M. Schneider and S. Mathias, Sci. Adv., 2017, 3, €1602094.

57 R. Nascimento, ]J. d. R. Martins, R. ]. Batista and
H. Chacham, J. Phys. Chem. C, 2015, 119, 5055-5061.

58 A. G. Marinopoulos, L. Reining, A. Rubio and V. Olevano,
Phys. Rev. B: Condens. Matter Mater. Phys., 2004, 69, 245419.

59 T. Eberlein, U. Bangert, R. R. Nair, R. Jones, M. Gass,
A. L. Bleloch, K. S. Novoselov, A. Geim and P. R. Briddon,
Phys. Rev. B: Condens. Matter Mater. Phys., 2008, 77, 233406.

60 D. ]J. Mowbray, Phys. Status Solidi B, 2014, 251, 2509-2514.

61 E. D. Palik, Handbook of Optical Constants of Solids, Academic
Press Limited, San Diego, 1998, p. 28.

62 D. Pines, Elementary Excitation in Solids, W. A. Benjamin,
New York, 1964, p. 8.

63 F. Bohm, V. Sharma, G. Schwaab and M. Havenitha, Phys.
Chem. Chem. Phys., 2015, 17, 19582-19591.

64 V. Sharma, F. Bohm, G. Schwaab and M. Havenith, Phys.
Chem. Chem. Phys., 2014, 16, 25101-25110.

65 L. Ju, et al, Nat. Nanotechnol., 2011, 6, 630-634.

66 H. Yan, et al, Nat. Nanotechnol., 2012, 7, 330-334.

67 L. Cui, J. Wang and M. Sun, Phys. Rev. A, 2021, 6, 100054.

68 N. H. Tu, K. Yoshioka, S. Sasaki, M. Takamura, K. Muraki
and N. Kumada, Commun. Mater., 2020, 1, 7.

69 R. Cheng, Y. Zhou, H. Liu, J. Liu, G. Sun, X. Zhou, H. Shen,
Q. Wang and Y. Zha, Opt. Mater. Express, 2020, 10, 501-512.

70 P.Kumar, A. K. Sharma and Y. K. Prajapati, Plasmonics, 2022,
17, 957-963.

71 R. Alaee, M. Farhat, C. Rockstuhl and F. Lederer, Opt.
Express, 2012, 20, 28018.

72 D.F. Coker, J. R. Reimers and R. O. Watts, Aust. J. Phys., 1982,
35, 623-638.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06446d

	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d

	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d
	Modification of plasmonic properties in several transition metal-doped graphene studied by the first principles methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06446d


