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Dirac Materials

Whose lattice structure allows us to treat electrons as Dirac particles

(iIV"0u — m) 1 (x) = Q]

Effective mass
Confining Properties
Graphene

Qbits
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General 2D Dirac Equation:

Consider a 2D Dirac equation in polar coordinates:
) i
(108 + 70, + 12000 = m) w(5,0) = Z(r,0)0(1,0)
Where the general structure of a central potential is:

I(r,0) = |B(N1+Ao(r)y° + A ()" + Ao(r)”)|

eil6 r
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Distributional Approach

Effective Radial Problem:

[ OF + iv'o, +2 At - </+ 1>’y2—m} ®(r) = D[®](r)

. ________________________________________________________________________________________________________________|
Distributional approach considerations:

@ Point interaction:
O(R™)+P(RT
D[O] = (B + Agy® + A + Agy?) SE (R 5, Ry
@ Distributional state structure:

O(r) =di(r)H(R—r) + ®o(r)H(r — R)

e Current conservation j" (R™) = j" (RT)

Sergio Salamanca Pita (UVa) AAMP XX August 28, 2025



Bound State Equations

_dd1a
(Cb;’ + - ¢1a—(E+m)¢2av
o I 1 a=1i,0
%+7¢2a*(E m)¢1aa
r
Inside Region Outside Region
e 0<r<R e R<r<w
() o ( vm+ Eli(qr) ) Bo(r) ( vm+ E K|(gR) )
' —iv'm— Eli11(qr) ° ivm— E Ki11(gR)

Current conservation

o, (RT) = A®; (R), A=e? ( a b

i d >, ad —bc=1
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Localized states

Bound states properties

o Highly Localized at R
@ Qbit candidate
e g=+vVm?—E?
e vm— Elqr)

o Allowed energy values

Secular Equation:

a ib

0 (R%) =noi (R), A=ev( 2 "

>, ad —bc=1
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Next Steps

Hidden Potential dependence A = A(B, Ao, A,, Ag)

a ib

00 () =hoy (R7), A=e( % %

), ad — bc=1
1 ——

@ Bound states
Real energy values —m < E < m
@ Scattering states

Real energy values |E| > m
Unbounded states with associated phase shift

Ju(pr)—(tand,) Yu(pr)
@ Resonance values
Complex energy values |Re(E)| > m
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0 Potential

A()ZB; A,:AQZO
Scalar and Electrostatic
equal mixing

1 0
A5_<—2iAo 1)

A € (—OO, ﬁ]

Single state

-1
~ 2R(E + m)l; (qR) K; (qR)

Ao
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0 Case Resonances
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0’ Potential

Ag=—-B; A, =Ay=0
Scalar and Electrostatic
inverse mixing

(1 —2iA
Aé"(o 1 )

AO € [*%7 OO)

Single state

1
~ 2R(m = E)li41 (qR) Ki11 (aR)
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0’ Resonances
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Pure Electrostatic Potential

A, — cosf8 isinf
Ao =\ jsinfB cosf

AZ—4 . 4A
0 6 — 0
A+ s Al+4

cos 3 =

A2 —4

Y R(E — m)li41(gR) Kiz1 (aR) + R(E + m)l; (gR) Ki (gR)
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Pure Electrostatic Resonances

2
A4

4 Dependence \ o0
0.1
Hidden symmetry a0 ° 107
—4 ° 2.
Ao — 2o ° 3
° 482
Always permeable barrier 2 1 e 1000.
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Purely Magnetic Potential

a !
/\ B ( O ) ' \§ 3 0
Permeable barrier - °'& k ‘ ‘\ \ \ - 0os

ik O

A =0 Ap =2 ) ‘;:1
a(A,, Ag) = 3(0, Ag/) 2
No bound states 2

2 _ AZ + (Ag +2)? _ It (9R) Ki(gR)
A? + (Ag — 2)? Il (qR) Kit1(gR)
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Scalar Potential

Ap=A =Ag=0

Am — cosh 8 isinh 3
B~ \ —isinhB coshp

_ =48 _ Il _ 41
tan B = ;75 = 7r = mR

Up to 2 bound states

4+ B?
4B

= R(E — m)liy1 (aR) K11 (aR) — R(E + m)l; (aR) Ki (aR)
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Scalar Resonances

4+B Dependence

1 e 2.
Hidden symmetry 01
4 00 - - ® -0.25
B — B ® -0.535898
e -1
05 ° -2,

Impermeable barrier for
B=+2
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Conclusions

The following table summarizes the confining properties of the problem:

Potential State Capture | Requirement
Pure Magnetic

0 shell Ag =B v Ay <0

0’ shell Ag = —B v Ag >0
P

Pure Electrostatic v ﬁ"A 4 >0
0

Pure Scalar v % >0
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