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SiO2 ε ' 4

BN ε ' 3− 4

Ìåíÿÿ ïîäëîæêó ìåíÿåì ñèëó âçàèìîäåéñòâèÿ ìåæäó çàðÿäàìè ( αef = 2

ε+1
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Ĥtb = −κ
∑

<xy>
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a+
x ay + a+

y ax

)
, κ = 2.8 eV
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+
i , a

+
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+
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ĤΨ = −κ
(∑

rA
λcBe

i rAka+
rA

+
∑

rB
λ∗cAe

i rBka+
rA

)
|0 >= E(k)Ψ, λ =

∑
i e

ikρi

(
0 −κλ

−κλ∗ 0

) (
cA
cB

)
= E(k)

(
cA
cB

)

E(k) = ±κ|λ| = ±κ|
∑

i e
ikρi |

E (k) = ±κ
√
1+ 4 cos2 (

√
3
2
akx) + 4 cos (

√
3
2
kx) cos (

3
2
akx)

Â.Â. Áðàãóòà



Ââåäåíèå
Íåêîòîðûå ñâîéñòâà ãðàôåíà

Âçàèìîäåéñòâèå êâàçè÷àñòèö â ãðàôåíå

Ñïåêòð êâàçè÷àñòèö â ãðàôåíå
Ýôôåêò Õîëëà
Ïðîâîäèìîñòü ãðàôåíà ïðè T = 0
Ïàðàäîêñ Êëåéíà

Ñïåêòð êâàçè÷àñòèö

Â.Â. Áðàãóòà



Ââåäåíèå
Íåêîòîðûå ñâîéñòâà ãðàôåíà

Âçàèìîäåéñòâèå êâàçè÷àñòèö â ãðàôåíå

Ñïåêòð êâàçè÷àñòèö â ãðàôåíå
Ýôôåêò Õîëëà
Ïðîâîäèìîñòü ãðàôåíà ïðè T = 0
Ïàðàäîêñ Êëåéíà

Íèçêîýíåðãåòè÷åñêàÿ òåîðèÿ ãðàôåíà

ĤK,K′ = vf

(
0 kx ∓ iky

kx ± iky 0

)
= vf (qxσx ± qyσy ), vf =

3

2
κa

E = ±vf |k|, v ∼ 1

300

êâàçè÷àñòèöû � áåçìàññîâûå ôåðìèîíû

äâà àðîìàòà ôåðìèîíîâ

êðîìå îáûêíîâåííîãî ñïèíà, ó ôåðìèîíà åñòü ïñåâäîñïèí, ñîîòâåòñòâóþùèé ðàçíûì
ïîäðåøåòêàì

Ãðàôåí êàê êâàíòîâàÿ òåîðèÿ ïîëÿ â 2+1 ìåðíîì ïðîñòðàíñòâå

Ψ = (ψKA, ψKB , ψK′A, ψK′B )

S =
∫
dx0d

2xΨ̄
(
iγ0Dt − vf i~γ

~D
)

Ψ
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Êëàññè÷åñêèé ýôôåêò Õîëëà

Ñèëà äåéñòâóþùàÿ íà çàðÿæåííóþ ÷àñòèöó ~F = e~E + e~v × ~H

Â ïåðïåíäèðóëÿðíûõ ïîëÿõ (~H||OZ , ~E ||OY ) ñêîðîñòü äðåéôà: vx = E
H

jx = σxyEy , ïðîâîäèìîñòü σxy = en
H

Êâàíòîâûé ýôôåêò Õîëëà

Âêëàä â ïðîâîäèìîñòü äàþò òîëüêî ýëåêòðîíû ñèäÿùèå íà óðîâíÿõ Ëàíäàó

n = Ngsgv

(
eHS
h

)
1

S , N-íîìåð óðîâíÿ

σxy = gsgvN
e2

h

Ðèñóíîê èç êíèãè Ì. Êàöíåëüñîíà "Graphene. Carbon in two dimensions"
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Êâàíòîâûé ýôôåêò Õîëëà â ãðàôåíå

Óðîâíè Ëàíäàó äëÿ ãðàôåíà EN ∼
√
N

Óðîâíè N 6= 0 äâóêðàòíî âûðîæäåíû èç-çà ðàçíûõ ïîäðåøåòîê A è B

Íóëåâûå ìîäû (E = 0) äëÿ äîëèíû K ñèäÿò íà ïîäðåøåòêå A, a äëÿ äîëèíû K ′ ñèäÿò íà
ïîäðåøåòêå B, ò.å. íåò äâóêðàòíîãî âûðîæäåíèÿ

σxy = gsgv

(
N + 1

2

)
e2

h

Â.Â. Áðàãóòà



Ââåäåíèå
Íåêîòîðûå ñâîéñòâà ãðàôåíà

Âçàèìîäåéñòâèå êâàçè÷àñòèö â ãðàôåíå

Ñïåêòð êâàçè÷àñòèö â ãðàôåíå
Ýôôåêò Õîëëà
Ïðîâîäèìîñòü ãðàôåíà ïðè T = 0
Ïàðàäîêñ Êëåéíà

Íàèâíûå ðàññóæäåíèÿ

σ = env

n = gsgv
∫

d2k
(2π)2

1
exp (E/T )+1

∼ T 2

limT→0 σ → 0

Ïðîâîäèìîñòü â ãðàôåíå

Ïðîâîäèìîñòü çà ñ÷åò íóëåâûõ ìîä ∂
∂z̄ ψ1 = 0, ∂

∂z ψ2 = 0, z = x + iy

Ðåøåíèå ψ1 = f (z), ψ2 = g(z̄) îïðåäåëÿåòñÿ òîëüêî ãåîìåòðèåé

Ìèíèìàëüíàÿ ïðâîäèìîñòü â ãðàôåíå σmin ∼ e2

h
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Ïàðàäîêñ Êëåéíà

Åñëè V > E + mc2, òî êîýôôèöèåíò îòðàæåíèÿ R > 1

Êîýôôèöèåíò ïðîõîæäåíèÿ T = 1

1+ m2V2

p2q2
sin2 (2qL)

Äëÿ áåçìàññîâûõ ôåðìèîíîâ T = 1 (êèðàëüíûå ÷àñòèöû íå îòðàæàþòñÿ)
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Ëîêàëèçàöèÿ â ãðàôåíå

Â îáûêîâåííîì ïîëóïðîâîäíèêå ïðîâîäèìîñòü ïîäàâëåíà çà ñ÷åò òóíåëüíîãî ýôôåêòà

Â ãðàôåíå çà ñ÷åò êèðàëüíîñòè ýëåêòðîíû ñâîáîäíî ðàñïðîñòðàíÿþòñÿ (σ ≥ e2

h
)
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Âêëþ÷åíèå âçàèìîäåéñòâèÿ

S =
∫
dx0d

2xΨ̄
(
γ0(i∂0 − A0)− vf ~γ(i~∂ − ~A)

)
Ψ− 1

4e2

∫
dx0d

3xF2
µν

Äåëàåì çàìåíó: t → t/vf ,A0 → vf A0

S =
∫
dx0d

2xΨ̄
(
iγµD

µ)Ψ +
vf
2e2

∫
dx0d

3xF2
0i −

1

4vf e
2

∫
dx0d

3xF2
ij

Êîíñòàíòû âçàèìîäåéñòâèé

Âçàèìîäåéñòâèå ñ A0: αef ∼ e2/vf ∼ 2

Âçàèìîäåéñòâèå ñ Ai : αef ∼ e2vf ∼ 10−4

Ó÷åò âëèÿíèÿ ïîäëîæêè: αef →
2

ε+1
αef

Âçàèìîäåéñòâèå êâàçè÷àñòèö â ãðàôåíå êóëîíîâñêîå αef ∼ 2
Ýôôåêòàìè çàïàçäûâàíèÿ ìîæíî ïðåíåáðå÷ü
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Ôàçîâûé ïåðåõîä ïîëóïðîâîäíèê-èçîëÿòîð ïðè ε ∼ 3− 4

ε ≤ 3 ñèëüíàÿ ñâÿçü: áåçìàññîâûå π-ìåçîíû, ìàññèâíûå ôåðìèîíû, íàðóøåíèå ñèììåòðèè
ìåæäó ïîäðåøåòêàìè, < ψ̄ψ >6= 0

ε ≥ 4 ñëàáàÿ ñâÿçü: áåçìàññîâûå ôåðìèîíû, ñèììåòðèÿ ìåæäó ïîäðåøåòêàìè íå íàðóøåíà,
< ψ̄ψ >= 0
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