n= al =a* {Sqr‘t[3] /2, 1/2}

\/?a}

out[1]= { B
n2i= a2 =a%* {—Sqr't[3] /2, 1/2}

a
2 2

Out[2]= {— )
nE= a3 =a* {0, -1}
oupz= {@, —a}

n7= bl = —a2;

ner= k = {kx, ky}
outgl= {kx, ky}

nop= K% al

out[10]= {E\/?akx, m}
2 2

4= Dot [k, al]

1 ak
ourta= — /3 akx+ Y
2 2

nzsi- A= {{e@-e€, -t * (Exp[IDot[k, al]] + Exp[I « Dot [k, a2]] +Exp[I Dot [k, a3]])},
{-t« (Exp[I«Dot[k, b1]] +Exp[I«Dot[k, b2]] + Exp[I «Dot[k, b3]]), e@-€}}

Out[25]= {{—€+€@, - e’jaky+ei(7§ﬁakx+?) +ei(§ﬁakx+%) t},

{_ (eiaky+ei (33 ake ) s (%ﬁakx’¥)) t, -€ +€0}}

nzel= MatrixForm[A]
Out[26]//MatrixForm=

. (L aky i (L aky
e +e0 e,lakerel(zx/?akx+2)+en(2\/?akx+z) t

. i (-14/3 _aky
(Elaky+(el( 2 3 akx

z)+(e -€+€0

i (%ﬁakx—%)] t
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ni2s;= Solve [FullSimplify[Det[A], Element[{a, kx, ky}, Reals]] == @, €]

Out[28]= { {6 -

a
2

ee-\/3t2+2tZCos[\/?akx] 2t Cos[~ a (V3 kx-3ky) ] 2t Cos|[ = (V3 kx+3ky)]
2

[e>e0+

\/3t2+2t2Cos[\/?akx] +2t2Cos[§a (\/?kx—3ky>} +2t2Cos[§a (\/?kx+3ky)] +H

In{29]:= e1=ea-\/3t2+thCos[«/?akx] +2t2Cos[la («/?kx-3ky)] +2t2Cos[Ea («/?kx+3ky)]
2 2

out[29]= ee—\/3t2+2t2Cos[\/?akx] +2t2Cos[la (\/?kx—Bky)] +2t2Cos[la (\/?kx+3ky)]
2 2

In[30}:= e2=ea+\/3t2+2tZCos[«/?akx] +thCos[1a («/?kx-sky)] +2t2Cos[la (w/?kx+3ky)]
2 2

outf30}= ee+\/3t2+2t2Cos[\/?akx] +2t2Cos[1a (\Ekx73ky)] +2t2Cos[la (\/?kx+3ky)]
2 2

o - Plot3D[{(el-€@) /. {t>1, a1}, (e2-€@) /. {t>1, a->1}}, {kx, -Pi, Pi}, {ky, -Pi, Pi}]

out[38]=
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niee)= ContourPlot[{(el-€@) /. {t->1, a>1}}, {kx, -Pi, Pi}, {ky, -2%Pi, 2xPi},
PlotLegends -» Automatic, FrameLabel -» {"kx", "ky"}, ContourLabels - True]

05 ) T ™

Out[69]= r

41

-6+

nis7= ContourPlot[{(e2-€@) /. {t>1, a>1}}, {kx, -Pi, Pi},
{ky, -Pi, Pi}, PlotLegends -» Automatic, FrameLabel -» {"kx", "ky“}]

Out[57]=

-2

ky
o

-3

-3 -2 -1 0 1 2 3
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in#3:= FullSimplify [

3t2+2t2Cos[\/?akx] +2t2Cos[1a (\/?kx—Bky)] +2t2Cos[Ea (\/?kx+3ky)]]
2 2
outa= t2 (3+2Cos[\/?akx} +2Cos[1a (ﬁkx—?»ky)] +2Cos[1a (\/?kx+3ky)]]
2 2
In[44]:= Fullsimplify[z Cos[la (\/? kx—3ky)] +2Cos[la (\/? kx+3ky)]]
2 2

outjdd]= 2

Cos[%a (\/?kx—?,ky)] +Cos[

N |

a (\/?kx+3ky)]]

Inf49]:= Expand[Cos[ia (W/?kx—Bky)] +Cos[£a (w/? kx+3ky)]]
2 2
Out[49]= Cos[la (\/?kx—3ky)} +Cos[1a (\/?kx+3ky)]
2 2

In[53= 2 % Pi/Sqr‘t [3.]
outs3= 3.6276

Finding band touching points
nez- 1+4 % (Cos[Sqrt[3] /2+axkx])~2/ (-4«Cos[a/2+Sqrt[3] »kx])

ouez= 1 - Cos [ 1 \/? a kx}
2

In[67]:= Pi/Sqr‘t [3.]
outs7]= 1.8138

ng1= A = Simplify[
Exp[I = Dot[k, al]] + Exp[I »Dot[k, a2]] + Exp[I »Dot[k, a3]] /. kx » Kx+qx /. ky » Ky + qy]

1y 1.,
ouer € 22 (—Ky+\/37 (Kx+qx)*qy) L e-iakysay) | gyia (Kym/? (Kx+qx)+qy)

n7e;= FullSimplify[Series[A, {qx, 0, 2}, {qy, 0, 2}]]

ija(\/?Kx—Ky) +e_iaKy+e§ia(\/?Kx+Ky)) 1 717113(\/TKX—Ky) 72e'jaKy+e§ja(ﬁKx+Ky)

e 2 +—1ale:

2
7§ja (\/?Kx—Ky) 74e_iaKy7e§ja (\/?KXJrKy))

out[78]=

qy +
1

Z 32
8

iak 1 1 iak 1
(—\/?aeTySin[—\/?aKx} ——jﬁazeTySin[—\/?aKx} qy +
2 2 2

-e qy2+0[qy]3) +

1 iak 1
_\Ea3e7ysin[—\/?aKx} qy? +0[qy]>| qx +
8 2

;

i 1
—a*e 2 Cos[=+/3 akx]gy?+0[qy]>
2

iaKy

ate Cos[lﬁaKx}
2

3 iak 1
-~iale zyCos[—\/?aKx] qy +
8 2

qx® +0[qx]>
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nse= Simplify[Series[Series[A, {qgx, 0, 1}]1, {qy, 0, 1}1]

,lja (\/TKX—Ky) _2 e_jlaKy . ei—]’la (\/TKXJrKy)

e 2 +—1ale:

2
O[qy]z] v [liﬁae’i“(ﬁ“*“ﬂ (~1+eiV3en)
2

ay +

1., . 1. 1
ouies “ia (\/? Kfoy) L e iaky  gp i@ (\/? Kx+Ky) )

[ﬁaz e 312 (V3 ko) (71+ef‘ﬁa“)) ay +0[qay]?| ax + 0[qgx]?

L
4
inss;= ArcCos [1/2]
JT
outjgsl= —
3
neor- M= Exp[I«axky /2]  (2+Cos[axkx«Sqrt[3] /2] +Exp[-I*3xaxky/2])

iaky

3 1
outjggl= €@ 2 celeaky+2Cos[—\/?akX}
2

In[92]:= Kx=2*Pi/a* (1/(3*Sqr‘t[3]))
27

343 a

In[93]:= Ky=2*Pi/a* (1/(3))
27

3a

out[92]=

out[93]=

ingel= KXp = - Kx

27
out[96]= —
3v3 a
7= Kyp = Ky
27
out[e7)= ——
3a

no4= D[M, kx] /. {kx = Kx, ky - Ky}

3 in
ou94]= — — a e 3
2

ines= D[M, ky] /. {kx - Kx, ky » Ky}

3 C2in
ouesl= —— 1 ae 3
2

nogr= D[M, kx] /. {kx - Kxp, ky - Kyp}
3 in

oufesl= —aes
2

o= D[M, ky] /. {kx - Kxp, ky - Kyp}

3 _2in
ouge)= ——i1ae 3




