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The misconception in graphene’s dispersion energy simulations
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This study aims to find equations and simulations that satisfy the characteristics of graphene’s energy dispersion and identify misconceptions
that may occur. Here we give students nine articles about graphene’s dispersion energy. They were asked to identify the equations, parameter
and software used in each of the articles. The assignment was then to make the distribution of the data in a spreadsheet. The parameters us
were the lattice constant of 2.4% the range of thé wave function for ther andy axes of—2a to 27a, and the interval for each range of

0.1. Each equation is divided into two parfs(+) and E(—). The analysis was carried out by making a slice in the middle of:thedy

axes, as well as the main and off-diagonals. Graphene has Dirac points where the band gap is zero. This means that there is no distance
very small distance between the valence and conduction bands. From this activity, it can be concluded that Rozhkov (2016) has the equation
and simulations that best satisfy graphene’s dispersion energy. Misconceptions occur in almost all existing equations and simulations.
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1. Introduction oxide (GO). GO has a bandgap proportional to the oxygen

atoms’ concentration. If the degree of oxidation increases,

The Covid-19 pandemic demands interesting and fun disthe pandgap opens and GO has properties like an insulator.
tance learning. Such learning must be directed towards meafe pandgap in GO is greater than zero [10, 11].

ingful learning. The introduction of Material courses inthe | this article. we will discuss nine equations of

pandemic era can be done by introducing materials relatégraphene’s dispersion energy. The nine equations are in
to the lives around students [1]. Graphene is a material th g. (1). The analysis was carried out by making a slice in

is discussed a lot these days. Graphene comes from singlgse middie of ther andy axes, as well as the main and off-
layer graphite [2]. Graphite can be fourelg: in pencil [3].  giagonals. These nine equations were chosen because they

In the last decade, many articles have discussed equatiopgye different shapes of the dispersion energy so that they
and simulations of graphene’s dispersion energy. These artyo interesting for further studies.

cles contain graphene’s dispersion energy equation, although

they produced different equations and simulations. The inter-

esting thing here is that we can ask students to find equatior®®. Method

and simulations that satisfy the characteristics of graphene’s

energy dispersion and identify misconceptions that may ocThe Iearning method was that students were given nine arti-
cur. This research is important because the simulations prctles about graphene’s dispersion energy. They were asked to
duced in the previous articles cannot show the Dirac pointédentify the equations, parameters, and software used in each
as they are drawn in 3D so that some parts of the Dirac pointéf the article. The assignment was then to make the distri-
may not be directly apparent. This makes it difficult to distin- bution of the data in a spreadsheet as shown in Fig. 1. The
guish equations and simulations according to the grapheneRarameters used were the lattice constant of 2,46e range
dispersion energy characteristics. of the £ wave function for thex andy axes of—2xa to 27a,

The spreadsheet software is used in this activity. The rea@nd the interval for each range of 0.1. Each equation is di-
son is that students are familiar with spreadsheets and spreadded into two parts, namelf(+) andE(—). Students were
sheets do not require Comp|ex programming [4,5] MoreoveﬁSked to make data slices and curves in the middle ofthe
spreadsheets can also be used to identify misconceptions [6}XiS (0.05; k) in orange-colored cells (Fig. 1), the center

Graphene is a 2D material consisting of hexagonal o®f they-axis (.; +0.05) in blue-colored cells (Fig. 1), main
honeycomb-shaped carbon atoms [7,8]. There are two groughagonal £.; k) in yellow-colored cells (Fig. 1), and off di-
of energy levels or orbitals, the bottom is called the valenceégonal .; —k,) in dark pink-colored cells (Fig. 1). The aim
band and the top is called the conduction band [9]. DiradS to make it easier to observe the Dirac point and energy gap
point is the meeting point between the valence band and thi®r each of the equations. Examples of the spreadsheet for-
conduction band in graphene. Graphene has a bandgap clod@ilas for the Rozhkov (2016) equation are shown in Table II
to or equal to zero. Graphene can be made from grapherfd Ill.
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TABLE |. Graphene’s energy dispersion formulas.

Author Equation Parameters Software
E(k j:t1\/3+f ) — taf (K) ar~142A
Luo [12] f(k) = 2cos (V3aky) + 4 cos ( Eak ) cos ( Baky> t1 =2.7eV -
to =0eV
Fathi [2] &= oz:l:ﬂ\/3+cos(% (V3ka + ky)) + 2cos (& (V3ka — ky)) + 2 cos (aky) a=246A Matlab
a=V3ace

Aydin, etal[13] E(k) = :t’y\/S + 2 [cos (£ (VBkz + ky)) + cos (% (V3ka — ky)) + cos (aky)]  ace =0.142nm -
N =29402eV

a=1.446 A
- 2
Kolb [14] E = (gB'ggN) + \/(EB_;N)Z + 4¢2 ((cos %ya) + cos f’“’ a cos a4+ ) ep=4eV Matlab
ey =2.1eV
t=1eV
a = 0.246 nm
Matlab [15] E:Eoi%\/uzxcos(%) cos< >+4c052 (’%) Eo=0eV
70 =25—33eV
E,=0eV
Brocks [16] Ey = E, £ t/3 + 2cos (27k, ) + 2cos (2mky) + 2 cos (27 (ko + ky)) t~—-3eV -
E= i'}/77'\/3"',]0 'Ynnf a:246A
Moreau [8] f(k) =2cos (sza) + 4 cos (%kﬂl) cos (%kya) n = 2.8 eV Matlab
Ynn = 0.29n
ao = 1.42 A
Rozhkov,et al[17] er = £t )2 cos (\/gkyao) 4+ 4 cos (@kyao) cos (%kzao)‘ t=25—3eV -
Adhikary,etal[18] e = :I:'yo\/l + 4 cos (kz%“) cos (ky ‘/2§a> + 4 cos? (@@) v =2.5—3eV  Matlab
TABLE II. Rozhkov's formula for graphene’s dispersion enefgyt) part.
Cell Parameter Formula
A2 lattice constant =2.48
B2 hopping parameter =25eV
C5-BB5 x-axis Range (-2.55414; 2.54586), interval 0.1
B6-B57 y-axis Range (-2.55414; 2.54586), interval 0.1
C6-BB57 energy dispersion =$B$2*ABS(2*COS(SQRT(3)*$B6*$A$2)
(values in eV) +4*COS(SQRT(3)*$B6*$A$2/2)*COS(3*C$5*$A$2/2))
3. Results a bandgap that is large or not equal to zero. Only the slicing

in the center of the:-axis shows a relatively small bandgap.

Through the method used, students may easily determine thEhis means that the electrons simply jump along the center
equations and simulations that match the characteristics aff the z-axis.
the graphene’s dispersion energy. The following is the expla-  Fathi (2011) shows the slicing form as shown in Fig. 3. In
nation for each simulation. the figure you can see that the electrons easily jump along the

Slicing results of Luo (2010), Aydiret al (2011), Muoth  off diagonal. This can be seen from the small bandgap. For
(2013), and Adhikaryet al (2019) are shown in Figs. 2, 4, 6, slicing in the middle of the:, y axes, and main diagonal the
and 10. Based on these figures, it can be seen that the slibandgap is quite large. Compared to other equations, Fathi’s
ing at the center of thg, main, and off diagonal axes show (2011) four slices show different shapes. In this case, the
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Co v Jx || =$BS$2*ABS(2*COS(SQRT(3)*$B6*$AS2)+4*COS(SQRT(3) *$BE*$A52/2)*
COS{3*C55%5A52/2))
& E C D E F: G H | J K L &l ] o
1 a t
2 248 BN
3
4 kx
5 ky -2554 | -2454 | -2354 | 2254 | -2154 | 2054 | -1.954 | -1854 | -1.754 | 1654 | -1554 | -1454 | -1354
& | 2554 | 7224 | BTVS6 | 543058 | 35426 | 11332 | 12411 | 34325 | 50861 | 53732 | 59917 | 51215 | 3.4566 | 13063
7 -2d5d | 74336 [ 7IEFS | 62153 | 47723 | 30325 | 12235 | 03333 | 1618 | 22736 | 22885 | 16445 | 04333 | 11515
3 -2.35%4 | 70932 | 68924 | 63171 | 54446 | 4.3325 | 3.3023 | 23209 | 15304 | 11504 | 11748 [ 15644 | 22967 | 3.2731
k] -2.254 | 5817 | 57566 | 5.5835 | 5.321 | 50044 | 46764 | 4.351 | 4.1583 | 4.0373 | 4.0362 | 4.1534 | 437358 | 4.6ETE
10 -2154 | 36206 | 3.7033 | 35402 | 425335 | 47325 | 51817 | 555853 | 5.58308 | 6.0556 | 6.0573 | 58374 | 55353 | 51338
1 -2.054 | 06126 | 0.5347 | 14703 | 24355 | 3.5334 | 4.8043 | 583035 | 6.7092 | V1516 | 71577 [ 6.7269 | 59171 | 4.8372
12 -1354 | 23457 | 25343 | 15874 | 00606 | 17306 | 36883 | 54057 | 67016 | 74016 | 74114 | 67236 | 54481 | 3.7334
13 -1854 | BETYT | 6.2093 | 4575 | 28552 | 04226 | 2101 | 43725 | 6.0871 | V.0131 | 7026 | 61241 | 442585 | 21656
14 -1.754 | 10133 | 95756 | 7.9788 | 5557V5 | 26376 | 0.38V8 | 311 | 51BES | B.2VEE | B.232 | 52103 | 31786 | 04683
15 -1654 | 12855 | 12261 | 10471 | 77577 | 44856 | 10352 [ 13563 426 | 55033 | 55213 | 43037 | 20323 | 10044
16 -1554 | 14.573 [ 13909 | 12005 | 91253 | 56485 | 20468 | 1196 | 5.6425 | 4.9644 | 4.95823 | 36956 | 1276 | 13503
17 -1454 | 14971 | 14233 | 12372 | 34502 | 59266 | 22757 101 3431 | 48305 | 4.8432 [ 35445 | 10321 | 21773
13 -1354 | 14025 | 13377 | 1.5171 | 86823 | 52703 | 17363 | 14457 | 5.5465 | 5136 | 51617 | 3.8985 | 1.5242 | 16416
13 -1254 | 18658 | M2658 | 35475 | 63333 3735 | 053685 2337 | 46705 | 580681 | 5.8227 | 46582 | 24634 | 0.4432
20 1154 | 87771 | 8.2549 | 675586 | 44535 | 17533 | 10815 | 3634 556 | BEO0O2 | 66T | 56016 | 3.6971| 11575
21 -1024 | 51534 | 47325 | 3.5276 1.7 05033 | 27874 | 48431 | B.3943 | 7.2321 | 7.2435 | 64277 | 4.583358 | 28486
22 -0.354 | 1443 1143 | 0.2534 | 10200 | 25313 | 42206 | 56867 | 67331 | 7.3306 | 7333 | 65163 | 57223 | 4. 2642
23 -0.854 1.33 209538 | 25709 | 32913 | 4.1601 | 5.0602 | 55706 | 64821 | 68123 | 65163 | 64353 | 55306 | 5.0544
24 -0.754 | 46288 | 46523 | 47221 | 48263 | 459532 | 50842 | 52021 | 5231 | 53331 | 53337 52323 | 5205 | 505877
25 -0.654 | 6452 | 635334 | 59334 | 54775 | 4.8561 | 4.212 3632 | 31945 | 29581 | 29545 | 3185 | 36177 | 41347
25 -0554 | T35 [ F003 [ B.36V2 [ 52546 | 39129 | 25228 12713 | 03263 | 001831 | 01302 | 03066 | 12404 | 24855
a) 4 Rozhkov (+) Rozhkov (-) Nicolas (+] ... (#) 4 |
ch j,\- =SBS2*ABS(2*COS[SQRT(3)*SB6*5A52)+4*COS5(SQRT(3) *SB6*5A52/2)*
COS(3*C85%5A52/2))
A E C u] E F G H o k. L ] ] u]
1 a k
2 246 25
3
4 kx
5 ky -2554 | -2454 | -2.5354 | -2.254 | -2154 | -2.054 | -1.954 | -1.854 | 1754 | -1654 | -1554 | -1.454 | -1.354
[ | 2554 | -7.224 | -6776 | -5431 | -3543 | -1133 | -1241 | -3433 | -50586 | -5.373 | -5.332 | -5122 | -3.487 | -1306
7 -2.454 -75 -FET | -B.216 | 4775 | -3.033 | -123 | -0.333 | -1618 | -2.28 | -2.259 | 1644 | -0.433 | -1.182
3 -2.:354 | -7.093 | -6.892 | -6.317 | -5.4d45 | -4.392 | -3.302 [ -2.321 -1.58 -1.18 =1175 | -1564 | -2.297 | -3.273
] -2.254 | -5.817 | -5.757 | -5.583 | -5.321 | -5.004 | -4.676 | -4.3581 | -4.155 | -4.035 | -4.036 | -4.153 | -4.374 | -4.668
10 2194 | -3621 | -3.703 | -3.94 -4.3 -4.733 | -5.182 | -5.586 | -5.891 | -6.056 | -6.055 | -5.837 | -5.536 | -5.194
1 -2054 | -0613 | -05835 | -1471 | -2436 | -3533 | 4805 | -583 | -6703 | -7152 | -7.158 | -6.727 | -5.917 | -4.837
iz -1354 | -2.946 | -2534 | -15587 | -0.081 | -1781 | -53.688 | -5.406 | -6.702 | -7.402 | -7.411 | -6B.73 | -5.4453 | -53.733
13 -1854 | -6675 | -6.21 | -4873 | -2855 | -0423 | -2101 | -4.373 | -6.087 | -7.013 | -7.026 | -6.124 | -4423 | -2163
1% -1754 | -1013 | -9.576 | -7.973 | -5.557 | -2.635 | -0.3858 | -5.11 | -5.167 | -6.277 | -6.232 | -5.21 | -3.173 | -0.463
15 -1654 | 1283 | 1226 | -10.47 | -7.758 | -4.486 | -1.035 | -1.357 | -4.26 | -5.504 | -5.521 -4.31 | -2.032 | -1.004
1 -1554 | =457 | <1331 | -1201 | -5125 | -5643 | -2047 | -1196 | -3 643 | -4.964 | -4.353 | -3636 | -1276 | -135
7 -1454 | -14.97 | -3 | -12.537 | -945 | =592V | -2.276 | -101 | -3.431 | -4.831 | -4.849 | -5.544 | 1092 | -2175
13 -1354 | -4.03 | 1335 | -151 | -5682 | -5271 | -1.736 | -1446 | -3.847 | -51d44 | -5162 | -3.833 | -1524 | -1642
18 -1254 | -1.87 | -1.27 | -9.545 | -6.34 | -3.795 | -0.537 | -2.397 | -4.61 | -5.506 | -5.823 | -4.655 | -2463 | -0.443
20 -1154 | -5.777 | -5.255 | -6.793 | -4.43 | 1753 | -1.082 | -3.634 | -5.56 -G.6 -6.615 | -5.602 | -3.637 | -1.158
il -1.054 | -5153 | -4.733 | -3.528 -1.7 -0.504 | -2.787 | -4.843 | -6.394 | -7.232 | -7.2d4 | -6.425 | -4.894 | -2.543
22 -0954 | 1443 | 193 | 0283 | 102 | -2592 [ 4221 | -5EEEY | -BEVA3 | -7.391 | -7.399 | -BE17 | -ETE23 | -d.2Bd
23 -0854 | -133 | -2036 | -2571 | -3.291 | -416 -506 | -5871 | 6452 | -6.5812 | -6.817 | -6.435 | -5.531 | -5.0684
24 -0.754 | 4623 | 4653 | 4.722 | -4.827 | -4.955 | -5.084 | -5.202 | -5.291 | -5.339 | -5.34 | -5.233 | -5.205 | -5.088
25 -0654 | -6452 | -6333 | -5.333 | -54758 | -4.856 | -4.212 | -3632 | -3.134 | -25855 | -2355 | -3.185 | -3.615 | -4.135
b 25 -0.554 | -7.357 [ -7001 | 6367 | -5.255 | -3.913 | -2523 [ -1.271 | 0327 [ -0183 | -013 | -0.307 | -1.24 | -2.486
) 3 Rozhkov (+) Rozhkov (-) Micolas (+) ... (+) 4 I

FIGURE 1. Rozhkov's spreadsheet distribution dataFg)}-) and b)E(—) parts.

value of the beta parameter is not specified. If traced usintpeta parameter affects the amount of energy dispersion. Be-
a spreadsheet simulation, it can be seen that the beta paranause the value of the beta parameter is not specified, in this
eter does not have much effect on the distance between tteeticle we set the value to 1.

valence and conduction bands. So it will still show the sim-  Kolb (2012) shows the slicing form as shown in Fig. 5.
ulation intended by Fathi (2011). However, the value of theThe four slices obtained show a relatively large bandgap.

Rev. Mex. Fis. £9010208
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TABLE IIl. Rozhkov's formula for graphene’s dispersion enefgfy-) part.

Cell Parameter Formula
A2 lattice constant =246 A
B2 hopping parameter =25eV
C5-BB5 r-axis Range (-2.55414; 2.54586), interval 0.1
B6-B57 y-axis Range (-2.55414; 2.54586), interval 0.1
C6-BB57 energy dispersion =-$B$2*ABS(2*COS(SQRT(3)*$B6*$A$2)
(values in eV) +4*COS(SQRT(3)*$B6*$A$2/2)*COS(3*C$5*$A$2/2))
)
a) 0 i b)
1 1 1
c) . : d)

FIGURE 2. Luo’s slicing data, middle ay and b)y axes, ¢) main, and d) off diagonals.

Brocks (2015) shows the slicing form as shown in Fig. 7.rections, namely the center of they, main, and off diagonal
Here, the slicing in this equation is different where the va-axes. The number of Dirac points is also the largest compared
lence band is at the top while the conduction band is at théo other equations.
bottom. Slices in the center of the y, and off diagonal axes
show the same shape and a relatively large bandgap. Only All the slicing that show large bandgap are not in accor-
the slicing on the main diagonal shows the bandgap is clos#ance with the characteristics of graphene’s dispersion en-
to zero. This equation is the only one that has a differen€rgy. This is because the Dirac point of graphene should have
slicing between the main and off diagonals. a zero bandgap. In fact these slicing appear to show GO mate-

Moreau (2016) shows the slicing form as shown in Fig. 8.rial rather than graphene. Hence, this can be a misconception
The bandgap is relatively small on the slicing in the middlein understanding graphene’s dispersion energy. This miscon-
of the y-axis. Meanwhile, for the slicing in the middle of ception can be remedied by referring to the slicing results
the z-axis, main, and off diagonal shows a relatively largeOf Rozhkov,et al (2016) as it satisfy the graphene’s disper-
bandgap. sion energy where all slicing have small or zero bandgaps.

Rozhkov, et al (2016) show a slicing form as shown in Another misconception is produced by the slicing result of
Fig. 9. The four slices show that the bandgap is relativelyBrocks (2015)j.e.: switched position of the valance and con-
small or close to zero. Electrons easily jump on all four di-duction bands.

Rev. Mex. Fis. £9010208
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FIGURE 3. Fathi’s slicing data, middle a) and b)y axes, c) main, and d) off diagonals.
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FIGURE 4. Aydin, et al’s, slicing data, middle a) and b)y axes, ¢) main, and d) off diagonals.
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FIGURE 5. Kolb’s slicing data, middle a} and b)y axes, ¢) main, and d) off diagonals.
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FIGURE 8. Moreau'’s slicing data, middle &) and b)y axes, ¢) main, and d) off diagonals.
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Conclusion

9

duction bands. On average, only one slicing has no or a

small bandgap for each equation above. There is one equation
From this activity, it can be concluded that Rozhkov (2016)where all slicing are far apaitge.: Kolb (2012). This is cer-

has the equations and simulations that best satisfy graphendanly not in accordance with the characteristic of graphene’s
dispersion energy. Misconceptions occur in almost all existdispersion energy. So it can be concluded that the use of
ing equations and simulations. Graphene has Dirac pointspreadsheets can help students identify the Dirac points in al-
where the band gap is zero. This means that there is no digost all parts of graphene’s dispersion energy, especially in
tance or very small distance between the valence and coithe center of the:, y, main, and off diagonal axes.
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