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Abstract

In the present work, we consider the electronic properties of graphene with Kekule structure formed
from two different C—C bonds in its hexagonal lattice. When the C—-C bond alternation was
introduced, a small band gap has been opened in the band structure of graphene and it increases
linearly by a difference in the bond lengths 6. While the applied strain along the zigzag or armchair
direction causes band gap to decrease rapidly to zero, the strain in the other directions can increase the
band gap. Interestingly, when the graphene with Kekule structure is strained, its band gap is inversely
proportional to the bond length difference §. Opening a band gap in graphene due to bond alternation
and strain can open up new applications in nanoelectronic devices.

1. Introduction

The discovery of graphene in 2004 [1] opened up a great turning point in the studies of layered materials and
their applications in nanotechnology. Graphene became a hot topic for both theoretical and experimental
research for more than a decade due to its extraordinary and outstanding physical and chemical properties [2].
In the semimetal form with zero energy gap, however, graphene has certain limits in applications in
nanoelectronics, such as graphene-based transistors cannot be switched off because the band gap of graphene is
zero [3]. Scientists have looked for other materials to overcome this disadvantage [4]. The fact that many
graphene-like materials have been found and considered in recently, such as silicene [5], phosphorene [6-8],
antimonene [9], or two-dimensional (2D) transition metal dichalcogenides [10]. Along with the search for
alternative materials, one also finds ways to open up the band gap in graphene. Fortunately, we can control the
band gap of graphene. Recent theoretical studies have indicated that we can alter the electronic energy band
structure of graphene by applying strain [11], by placing it on semiconductor substrates [12, 13], or forming
graphene-based heterostructures [14—17].

The electronic properties of graphene have been studied by various methods [18-21]. Pereira and his co-
workers have shown that an energy gap has occurred in graphene when it is uniaxially deformed. However, these
calculations have shown that the deformation threshold for band gap appears to be large (larger than 23.5%).
Similarly, first-principles calculations also demonstrated that in the presence of strain larger than 30%, graphene

© 2019 IOP Publishing Ltd


https://doi.org/10.1088/2053-1591/aaf914
https://orcid.org/0000-0003-4109-7630
https://orcid.org/0000-0003-4109-7630
https://orcid.org/0000-0001-8063-0923
https://orcid.org/0000-0001-8063-0923
https://orcid.org/0000-0002-5174-841X
https://orcid.org/0000-0002-5174-841X
https://orcid.org/0000-0001-5721-960X
https://orcid.org/0000-0001-5721-960X
mailto:doanquockhoa@tdtu.edu.vn
mailto:blminh@ntt.edu.vn
mailto:hieunn@duytan.edu.vn
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/aaf914&domain=pdf&date_stamp=2019-01-09
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/aaf914&domain=pdf&date_stamp=2019-01-09

I0OP Publishing Mater. Res. Express 6 (2019) 045605 DQKhoaetal

strain

6

X

Figure 1. Model of graphene with Kekule structure of two different bond lengths a and b. The dotted rhombus containing six cabon
atoms is the primitive cell of the model. § is the angle by the applied tension and the x-axis. # is the hopping parameter corresponding
to the C-Cbond length re.

becomes a semiconductor with a small energy gap [22]. Besides, the electronic properties of graphene also
depend strongly on the direction of the applied strain [22-24].

Bond alternation in the carbon nanomaterials has been studied for along time [25, 26]. Actually, Peierls
instability suggested in [27] always appears in 1D systems [28, 29] and ring atoms [30] and does not often appear
in 2D materials. One has shown that Peierls distortions [31, 32] can lead to the formation of the Kekule structure
[33, 34] in carbon nanotubes. Effect of the bond alternation on electronic properties of carbon nanotubes [35]
and graphene nanoribbons [36] was also investigated using different methods. Interestingly, Frank and Lieb
have demonstrated the possibility of the Peierls distortions in 2D graphene [37]. As new quantum phases of
graphene, the Kekule distortion phase has been recently studied [38—40]. However, experimental evidence of the
Kekule distortion in graphene just recently published [41, 42]. Recent experimental work has shown that an
adatom on the graphene lattice can break the sublattice symmetry of the graphene. The adatom—graphene
interaction leads to displacement of the C atoms and forming the Kekule distortion phase [41]. Gutiérrez’s
group has observed the formation of Kekule bonds in a graphene monolayer that is epitaxially grown on the
copper substrate [41]. Also, Ma and co-workers showed that ordered S monatomic superlattice on a graphene
lattice can lead the forming the Kekule structure in graphene with a small band gap of 245 meV [42]. Recently,
the formation C—C bond alternation of the Kekule type in graphene due to strain and the change of the hopping
parameters in this structure has also been investigated [43].

In this work, we consider the structure of graphene with unequal C—C bonds arranged alternately in the
honeycomb lattice to form the Kekule structure. We focus on the effect of bond alternation on electronic
properties of graphene in the presence of the strain. The dependence of the energy gap on the difference in bond
lengths and applied strain direction has also been studied and discussed in this work.

2. Model and theoretical framework

We design the model of graphene of Kekule structure which is formed by two C—C bonds of different lengths a
and b alternating arranged in a hexagonal lattice as shown in figure 1. From figure 1 we can see that the Kekule
structure in graphene is formed by two C-Cbondsaand b (a = b) alternated in its hexagonal lattice. When the
Kekule structure was introduced, the primitive cell of graphene contains six carbon atom (three 1 and three n).
In this case, the periodic lattice constant along the y-axis L, = 4a, + 2b, isabout three times as large as pristine
graphene. The translational period along the x-axisis L, = 2a, + 2b. Compared with the pristine graphene, the
area of the Brillouin zone for graphene with Kekule structure as shown in figure 1 is one-third of that of the
pristine graphene (see also in [31]).

In presence of in-plane strain, the position vector of carbon atoms can be defined via the strain tensor A in
the elasticity theory as the following [11]

where 7); and 7; are the position vectors of the C atoms respectively before and after deformation. The strain
tensor A can be expressed as[11]
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where o is the Poision’s ratio and 6 is the angle between the x axis and the tension direction as shown in figure 1.
We can define the difference in bond length ¢ using the suggestion of Fujita and co-workers [44] that the
difference in the C—-C bond length bond can be expressed via the undeformed C-Cbond agasa = gy + dand
b = ay — dwith § can be positive or negative.
In the framework of tight binding model, the Block wave functions in the graphene with the primitive cell
containing six C atoms can be written as [31]

V(7)) = F S exp(ikR,) ¢ (7 — R,), 3
N R

where k = (ky, ky)iswave vector, n = m;, n; (i = 1,2,3), Nisnumber of Catoms in the unit-cell, R, is
position of the v-th kind of the carbon atoms, and ¢ (7') is the wavefunction built from the p, orbital for an
isolated C atoms located at the origin. We can obtain the band structure of graphene by diagonalization of
Hamiltonian H which is built based on number of atoms in the primitive cell. As shown in figure 1, the primitive
cell of the graphene with the Kekule structure contains six C atoms, the Hamiltonian matrix 7 is (6 x 6) matrix

0 Hmn
el ]

where ‘H,,, isthe (3 x 3) matrix which can write as the following
nmy my ms

m| 6 eiEa t; eiE% t) ei/??z
Hmn =m t e’ﬁl ty ei’z?“ te eilz?ﬁ (5)

" tyelkts ikt g, ok
where t¢(§ = 1,2, ... 6) is the hopping parameters corresponding to the C-C bond 7. Here, the vectors of bonds
between carbon atoms are i, = myny, b, = My, 5 = MyN3 = MMy, Ty = My, = MaNs, 5 = M M3, and
75 = msmy. In the presence of the C-C bond alternation and strain, hopping parameter ¢, is changed due to the
change in the length of the C-C bond. The dependence of the hopping parameter . on the C—-C bond length
can be expressed via the Harrison fomular [45]

2
te = to(@] , (6)
3

where gy = 0.142 nmand f, = 2.7 eV are the C-Cbond length and hopping parameter of pristine graphene,
respectively [46].

3. Results and discussion

In the presence of bond alternation with the bond lengths a and b as show in figure 1, there are only two different
hopping parameters t; = t5 = tg = to(ag/a)?and t, = t; = t, = ty(ay/b)>. This assumption is agreement
with the previous quantum Monte Carlo calculations that there are two different hopping magnitudes when the
Kekule structure is introduced [43]. However, when the strain is applied, depending on the applied tension
direction 0, there will be four to six different values of hopping parameters that appear in the strained graphene
with the Kekule structure. This is different from the case of undimerized (pristine) graphene with two hopping
values when strain is applied along the armchair or zigzag axis [47]. As an example, we show dependence of the
hopping parameters t. on tension angle 6 of graphene with Kekule structure of 6 = 0.02A ate = 5% in figure 2.
We can see that, when the is applied along armchair (f = 0) or zigzag (§ = 7/2) direction, only four hopping
parameters are occurred due to the symmetry of graphene with Kekule structure as shown in figure 1. In these
cases, thet, = fzand ts = f;. Also, the symmetry of this structure leads the t, = tyand f; = tsatthe applied
tension angle of /6.

By diagonalization of Hamiltonian (4) we can obtain energy dispersion relations of graphene with Kekule
structure. In figure 3, we show a cut of energy dispersion E(k,,0) along k, = 0 of graphene with Kekule structure.
In the model of graphene with Kekule structure containing six carbon atoms in the primitive cell, at § = 0, the
area of its first Brillouin zone is one-third of that of the pristine graphene as shown in figure 3(a). In this case, the
conduction and valence bands intersect at the first Brillouin zone center at the Fermi level. When the bond
alternation was introduced, i.e. § = 0, graphene with Kekule structure becomes a semiconductor with an energy
gap opening at the center of the first Brillouin zone as shown in figure 3(b). Dependence of energy gap of

3
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Figure 2. Dependence of hopping parameters t; on tension angle 6 of graphene with Kekule structure of § = 0.02 Aate = 5%.
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Figure 3. Cut of energy dispersion E(k,, 0) along k, = 0 of graphene with Kekule structure of bond length difference 6 = 0 (a) and
6 = 0.02 A. (c) Dependence of band gap of graphene with Kekule structure on the bond length difference 6.

graphene with Kekule structure on the bond length difference § is also in figure 3(c). Our calculations
demonstrate that the band gap of graphene with Kekule structure depends linearly on the C—~C bond length
difference 6. Also, the lowest conduction band is always located at the center of the first Brillouin zone.

We next investigate the effect of the in-plane strain on the electronic properties of graphene with Kekule
structure. Our calculations demonstrate that the electronic properties of graphene with Kekule structure is
greatly altered by the in-plane strain, especially the lowest (highest) subband of the conduction (valence) band.
In this study, the overlap matrix is chosen by the unit matrix, therefore the conduction and valence bands are
symmetric across the Fermilevel Er = 0. In figure 4 we show the energy dispersion of graphene with Kekule of
& = 0.01 A under strain. The band gap of graphene with Kekule of § = 0.01 Aate = 0 (unstrained) is 0.152 eV
as shown in figure 4(a). When strain is applied along the x-axis (¢ = 0) or the y-axis (§ = 7/2), the band gap
rapidly dropped to zero (at around 2% of elongation). The conduction band minimum is no longer located at
the first Brillouin zone center, the lowest subband of the conduction band changes its shape and forms two
minimums locating near the center of the first Brillouin zone. In these cases, as shown in figures 4(b), (c) the
conduction and valence bands intersect at the Fermi level. In other tension directions (8 = 0; 8 = 7/2),
strained graphene with Kekule structure is a semiconductor with small band gap being opened near the Fermi
level as shown in figures 4(d), (e), (f). Dependence of the band gap of graphene with Kekule structure on strain
and tension angle 6 is shown in figure 5. In figure 5(a), we show the calculations for the dependence of band gap
on the € at various 6 in the case of the bond length difference 6 = 0.01 A.Inthis case, we can see that the band
gap decreases rapidly as the strain increases from 0 to 2%. Then, except for the applied strain along the xand y

4
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Figure 4. Cut of energy dispersion along k,, = 0 of deformed graphene with Kekule structure of bond length difference § = 0.01 Aat
various elongation e: (a) undeformed Kekule structuree = 0, (b) 0 = 0,(c) 8 = 7/2,(d)0 = 7/6,(e) 0 = w/4,and (f) 0 = /3.
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Figure 5. Dependence of band gap graphene with Kekule structure on strain elongation € (a) and tension angle 6 (b).

axes as mentioned above, the strain causes the energy gap of graphene to increase linearly by strain. Our
calculations also show that energy gap is greatest when graphene is strained along the applied tension direction

0 = /6. However, as shown in figure 5(b), the difference in band gap in the cases of the applied strain direction
0 from /6 to /3 is very small. In addition, under the same applied strain, the band gap is inversely proportional
to the bond length difference 6.

In the case of undimerized graphene, an energy gap may appear in graphene due to strain engineering.
However, previous calculations have shown that, in small strain limits, the shape of the subbands near the Femi
level is almost unchanged by the applied strain and the energy gap can only be opened at the K point [11, 47].
Focusing on the effect of bond alternation on band structure, as an example, in figure 6, we plot the band
structure of graphene with Kekule structure under strain of 10% along tension direction § = 7/3. We can see
that the bond alternation in the hexagonal lattice of graphene not only affects the energy gap but also the shape of
the lowest conduction and highest valence subbands. In the presence of the same strain, the two-peak shape that
is symmetric across the vertical line passing through the center of the first Brillouin zone tends to occur in small §
cases. Further, the shape of these subbands depends also on the tension direction € as shown in figure 4.
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Figure 6. Effect of bond alternation 6 on band structure of strained graphene with Kekule structureate = 10% and § = /3.

4. Conclusion

In conclusion, using the tight binding approximation, we considered the effect of the C—C bond alternation on
electronic properties of graphene. When the Kekule structure was introduced, a small energy gap appears in
graphene and one can manipulate it by strain. Energy gap depends not only on the difference in the C~-Cbond
length § but also on the applied strain, especially the direction of applied strain on the graphene. The appearance
of the energy gap in graphene is important in the application of graphene to nanoelectronic devices.

Acknowledgments

This research is funded by the Vietnam National Foundation for Science and Technology Development
(NAFOSTED) under Grant Number 103.01-2 017.309.

ORCIDiDs

Chuong V Nguyen ® https://orcid.org/0000-0003-4109-7630
Huynh V Phuc © https:/orcid.org/0000-0001-8063-0923
Bui D Hoi ® https://orcid.org/0000-0002-5174-841X
Nguyen N Hieu © https://orcid.org/0000-0001-5721-960X

References

[1] NovoselovKS, Geim A K, Morozov SV, Jiang D, Zhang Y, Dubonos S V, Grigorieva I V and Firsov A A 2004 Science 306 666
[2] AokiH and Dresselhaus M S (ed) 2014 Physics of Graphene (Heidelberg: Springer)
[3] Schwierz F 2010 Nat. Nanotechnol. 5 487
[4] Neto AH Cand NovoselovK 2011 Rep. Prog. Phys. 74 082501
[5] Volders C, Monazami E, Ramalingam G and Reinke P 2017 Nano Lett. 17 299
[6] CaiY, Zhang G and Zhang Y W 2014 Sci. Rep. 4 6677
[7] CaiY,KeQ,ZhangG, FengY P, Shenoy V Band Zhang Y W 2015 Adv. Funct. Mater. 25 2230
[8] CaiY, KeQ, Zhang G, Yakobson BIand Zhang Y W 2016 J. Am. Chem. Soc. 138 10199
[9] Kripalani DR, Kistanov A A, Cai Y, Xue M and Zhou K 2018 Phys. Rev. B 98 085410
[10] Manzeli S, Ovchinnikov D, Pasquier D, Yazyev O V and Kis A 2017 Nat. Rev. Mater. 2 17033
[11] Pereira VM, Castro Neto A H and Peres N M R 2009 Phys. Rev. B 80 045401
[12] IlyasovV V, PopovalG, ErshovIV, Chien N D, Hieu N N and Nguyen CV 2017 Diam. Relat. Mater. 74 31
[13] ZhouSY, Gweon G H, Fedorov AV, First PN, de Heer W A, Lee D H, Guinea F, Castro Neto A H and Lanzara A 2007 Nat. Mater. 6 770
[14] HieuN N, Phuc HV, IlyasovV V, Chien N D, Poklonski N A, Hieu N V and Nguyen CV 2017 J. Appl. Phys. 122104301
[15] Phuc HV, Hieu NN, Hoi B D and Nguyen C V 2018 Phys. Chem. Chem. Phys. 20 17899
[16] PhucHYV,IlyasovV V, Hieu N N and Nguyen CV 2018 Vacuum. 149 231
[17] Pham KD, Hieu N N, Phuc HV, FedorovI A, Duque C A, Amin B and Nguyen CV 2018 Appl. Phys. Lett. 113 171605
[18] Reich S, Maultzsch J, Thomsen C and Ordején P 2002 Phys. Rev. B 66 035412
[19] Bena Cand Montambaux G 2009 New J. Phys. 11 095003
[20] Pivetta M, Patthey F, Barke I, Havel H, Delley B and Schneider W D 2005 Phys. Rev. B 71 165430



https://orcid.org/0000-0003-4109-7630
https://orcid.org/0000-0003-4109-7630
https://orcid.org/0000-0003-4109-7630
https://orcid.org/0000-0003-4109-7630
https://orcid.org/0000-0001-8063-0923
https://orcid.org/0000-0001-8063-0923
https://orcid.org/0000-0001-8063-0923
https://orcid.org/0000-0001-8063-0923
https://orcid.org/0000-0002-5174-841X
https://orcid.org/0000-0002-5174-841X
https://orcid.org/0000-0002-5174-841X
https://orcid.org/0000-0002-5174-841X
https://orcid.org/0000-0001-5721-960X
https://orcid.org/0000-0001-5721-960X
https://orcid.org/0000-0001-5721-960X
https://orcid.org/0000-0001-5721-960X
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1088/0034-4885/74/8/082501
https://doi.org/10.1021/acs.nanolett.6b04065
https://doi.org/10.1038/srep06677
https://doi.org/10.1002/adfm.201404294
https://doi.org/10.1021/jacs.6b04926
https://doi.org/10.1103/PhysRevB.98.085410
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1103/PhysRevB.80.045401
https://doi.org/10.1016/j.diamond.2017.02.001
https://doi.org/10.1038/nmat2003
https://doi.org/10.1063/1.5001558
https://doi.org/10.1039/C8CP02190B
https://doi.org/10.1016/j.vacuum.2017.12.040
https://doi.org/10.1063/1.5055616
https://doi.org/10.1103/PhysRevB.66.035412
https://doi.org/10.1088/1367-2630/11/9/095003
https://doi.org/10.1103/PhysRevB.71.165430

10P Publishing

Mater. Res. Express 6 (2019) 045605 D QKhoaetal

[21] ZhouSY, Gweon G H, Spataru CD, Graf], Lee D H, Louie S G and Lanzara A 2005 Phys. Rev. B71 161403

[22] ChoiSM, JhiSHand SonY W 2010 Phys. Rev. B 81 081407

[23] Cocco G, Cadelano E and Colombo L2010 Phys. Rev. B81 241412

[24] Rosenkranz N, Mohr M and Thomsen C 2011 Ann. Phys. 523 137

[25] Harigaya K and Fujita M 1993 Phys. Rev. B47 16563

[26] OkaharaK, Tanaka K, Aoki H, Sato T and Yamabe T 1994 Chem. Phys. Lett. 219 462

[27] Peierls RE 2001 Quantum Theory of Solids (New York: Oxford University Press)

[28] Dumont G, Boulanger P, C6té M and Ernzerhof M 2010 Phys. Rev. B 82 035419

[29] Poklonski N A, Kislyakov EF, Vyrko S A, Bubel’ O N and Ratkevich SV 2012 J. Nanophotonics 6 061712

[30] Lieb E H and Nachtergaele B 1995 Phys. Rev. B51 4777

[31] VietN A, Ajiki H and Ando T 1994 J. Phys. Soc. Jpn. 63 3036

[32] Mintmire ] W, Dunlap BIand White C T 1992 Phys. Rev. Lett. 68 631

[33] Matsuo Y, Tahara K and Nakamura E 2003 Org. Lett. 53181

[34] PoklonskiN A, Kislyakov E F, Hieu N N, Bubel’ ON, Vyrko S A, Popov A M and Lozovik Y E 2008 Chem. Phys. Lett. 464 187

[35] PoklonskiN A, Vyrko S A, Kislyakov E F, Hieu N N, Bubel’ O N, Popov A M, Lozovik Y E, Knizhnik A A, Lebedeva IV and Viet N A
2011 Nanoscale Res. Lett. 6 216

[36] HieuN N and Nhan L C2014 PhysicaE 6091

[37] Frank R Land Lieb E H 2011 Phys. Rev. Lett. 107 066801

[38] CheianovV, Fal’ko V, Syljudsen O and Altshuler B 2009 Solid State Commun. 149 1499

[39] Cheianov V'V, Syljuésen O, Altshuler B L and Fal’ko V 2009 Phys. Rev. B 80 233409

[40] Gamayun OV, Ostroukh V P, Gnezdilov N V, Adagideli i and Beenakker C W ] 2018 New J. Phys. 20 023016

[41] Gutiérrez C,Kim CJ, Brown L, Schiros T, Nordlund D, Lochocki E, Shen KM, Park ] and Pasupathy A N 2016 Nat. Phys. 12 950

[42] MaDetal2018 ACS Nano 1210984

[43] Sorella§, Seki K, Brovko O O, Shirakawa T, Miyakoshi S, Yunoki S and Tosatti E 2018 Phys. Rev. Lett. 121 066402

[44] Fujita M, Igami M and Nakada K 1997 J. Phys. Soc. Jpn. 66 1864

[45] Harrison W A 1989 Electronic Structure and the Properties of Solids: The Physics of the Chemical Bond (New York: Dover Publications)

[46] Castro Neto A H, Guinea F, Peres N M R, Novoselov K S and Geim A K 2009 Rev. Mod. Phys. 81 109

[47] Ribeiro R M, Pereira VM, Peres N M R, Briddon P R and Castro Neto A H 2009 New J. Phys. 11 115002



https://doi.org/10.1103/PhysRevB.71.161403
https://doi.org/10.1103/PhysRevB.81.081407
https://doi.org/10.1103/PhysRevB.81.241412
https://doi.org/10.1002/andp.201000092
https://doi.org/10.1103/PhysRevB.47.16563
https://doi.org/10.1016/0009-2614(94)00091-3
https://doi.org/10.1103/PhysRevB.82.035419
https://doi.org/10.1117/1.JNP.6.061712
https://doi.org/10.1103/PhysRevB.51.4777
https://doi.org/10.1143/JPSJ.63.3036
https://doi.org/10.1103/PhysRevLett.68.631
https://doi.org/10.1021/ol0349514
https://doi.org/10.1016/j.cplett.2008.09.011
https://doi.org/10.1186/1556-276X-6-216
https://doi.org/10.1016/j.physe.2014.02.014
https://doi.org/10.1103/PhysRevLett.107.066801
https://doi.org/10.1016/j.ssc.2009.07.008
https://doi.org/10.1103/PhysRevB.80.233409
https://doi.org/10.1088/1367-2630/aaa7e5
https://doi.org/10.1038/nphys3776
https://doi.org/10.1021/acsnano.8b04874
https://doi.org/10.1103/PhysRevLett.121.066402
https://doi.org/10.1143/JPSJ.66.1864
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1088/1367-2630/11/11/115002

	1. Introduction
	2. Model and theoretical framework
	3. Results and discussion
	4. Conclusion
	Acknowledgments
	References



