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mr(r,z)r'.’ ; almr’j’;jZ i ( # )

The z differential part is given by

0 1 5} | | 0 1 0
ey | | —| | ——| v
z m(r,z) Oz i LM ijan 0z Jijun M ij-12 NOZ Jijan

2
1 m(V/f.JH _Wi,j) (A.8)
_ b ij+ i.j
s 2
_—m:i,j o, ('// i '//i,j—l)

and the potential energy part is given by

[V (r.2w], =V, (A.9)
By combining the equations A.6 to A.9, the Hamiltonian differential equation in

A4 is given in a matrix form as

[Hn‘//]y- =t I:Cll//,--u TOW aTCW T CW i n t csl//i+1‘j_—_| (A.10)

3

h , . , :
where 1= oo g and m,is the free electron mass while m" and m~ are the
m,a
o

electron effective masses in the materials in the radial and z directions and
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¢,(P)= By Flhuy Tp +1p_x,
i - r S r *
m;+m, ; Mptipy
2 2
e S e —
m,+m, . mp+my,
2 2
C4(P): z z = r 3
m,y,+m, ., Mptmp,
e (A1)
»J i+l j P PiN;
C5(P): r r - r 4 and
My tM; Mp+tMpy

V.. "
C;(P)=—%—[CI(P)+CQ(P)+C‘4(P)+CS(P)+ 2:'

mri.j’?.j
v, n’
=———1(P)+c,(P)+c,(P)+¢(P)+——
P PP

The Hamiltonian matrix elements for a grid of N, x N, points are given by

H,(P,P)=c,(P),

H,(P,P-N,)=H,(P-N,,P)=¢(P),

H,(P,P+N_.))=H,(P+N_.,P)=c(P), (A.12)

H (P,P-1)=H (P-1,P)=c,(P), and

H (P,P+1)=H, (P+1,P)=c,(P)
where P is from | to N, x N, . The rest of the elements of the matrix are zero. The
boundary conditions should be specified at the elements corresponding to /=1 and
i=N, and j=1 and j=N,. For zero B.C at j=1 corresponding to the points 1, 5, 9, 13
and j=N, corresponding to the points 4, 8, 12, 16, the Hamiltonian matrix elements
are given by

H, (P,P-1)=H, (P-1,P)=0forj=1
H,(P,P+1)=H,(P+L,P)=0forj=N, (A.13)

For zero B.C at i=N, corresponding to the elements 13, 14, 15, 16, the

Hamiltonian matrix elements are given by

H(P,P+N.,)=H (P+N.,P)=0fori=N, (A.14)
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Around the cylinder axis at i=1 corresponding to the points 1, 2, 3, 4, the zero
derivative B.C should be applied. The wavefunction value should be the same

around the axis and soy, (1) =, (0). By using this B.C in A.10, the Hamiltonian

matrix elements will be given by A.12 except that

H (P,P)=c,(P)= —Kt’-’——[cz(P)+c4(P)+c5(P) + rnzr z :l (A.12)
PP

For the corner points such as 1, 4, 13, 16, they have two B.C corresponding to
both the radial and = parts and both of the two conditions will be applied to the
Hamiltonian matrix elements as shown above. After obtaining the Hamiltonian
matrix including the B.C, the eigenvalue problem can be solved to get the energy
eigenvalues and the corresponding eigenstates. For the continuum part of the
spectrum, a proper self energy function should be added at the cylinder
boundaries to simulate the proper open B.C. After obtaining the Hamiltonian
matrix and the self-energy due coupling with the surrounding or due internal
interactions, the Green’s function of the system can be calculated and from which

the electronic and transport properties can be obtained as showed in the thesis.
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APPENDIX B

The retarded Green’s function in the lead satisfying the equation

-
[E-H,]|G, ==6(r-r)é(z-=") (B.1)
r
can be written as
G:r = Zlm(z)lm.(:’).f:m:(r’r’) (Bz)
where y, (z)satisfies the eigenvalue problem
h?. dZ
~———tV(3} | 1 (2) =8, 2.(2) (B.3)
2m dz
and
> D)2 () = 8(2—2) (B.4)
Substituting B.2 into B.1 and using B.3 and B.4 we end up with
(E-s,)f, +—,12— liri—n—2 f, —lé'(r—r') (B.5)
m nm 2m I 6" ar "’2 nm r b
This can be written as
1o o n 1 2m
—_—r— +HE—— ==8(r-r)x—- B6
L R TR SRR ®6)
Which is Bessel differential equation with a delta function source term in the
. 2m(E- o . : .
RHS and k] =w. ForR<r <, which is a point outside the cylinder

which has a radius of R and lies in the surrounding lead, the solution to B.6 is
given by

f;mr = (jl‘ln (kmr) £ C2Y;v(kmr) (B7)
For r>r', the solution should be finite at infinity, so it is given by the Henkel

function of the first kind
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j;rm = C3Hr(ll)(kmr) (B8)
The first solution should give zero B.C at » = Rand therefore

JeR)

=CJ (k,R)+C,Y (k, R)=0=>C,=-C
f;:m 1 n( m ) 2 n( ) 2 IYH(ka)

m

J (k R) (B85
-fnm = Cl I:Jn (kmr) - Y;: (kmr) m}

The two solutions should be equal at »=7" and therefore the solution can be

written in the form

— . . < J, (ka) ) >
f;mt Cl:‘]n(kmr ) Yn(l‘mr )Yn(k—mR)}H" (km}’ ) (BIO)

where 7 and »” are the smaller and greater of »and r'. By integrating B.6

around » = #’, the solution should satisfy the equation

Iom| _Ym
or or

Substituting B.10 into B.11, we get

gl B.11
rl h2 ( . )

r=r'+e r=r'-¢

B 3k k) )
Yn(ka) 1 2m
c LI (B.12)

' rV h..
—HO ()| Ty hr") L) 22l
7, (k,B)

Solving B.12 will give the value of the constant C. To solve B.12, the asymptotic
behavior for large value of » — oo of the Bessel and Henkel functions will be
used to do the derivative and the required substitution in B.12. The asymptotic

value of the Bessel function at very large r are given by
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J,(x)—> icos(x—ﬂ—E , x> 1
X 2 4

Y,(x) = isin(x—ﬂ—ﬁ),x»n (B.13)
X 2 4

HY(x) > iexp[z(x—ﬂ—zﬂ,x»l
X 2 4

Substituting B.13 into B.12, the constant C can be obtained and it is given by

p/a Y (k,R) 2m (nx Y (k,R) | 2m
=] — - X‘—z e grep— X 5 (B14)
2J,(k,R)+iY,(k,R)) h 2H(k,R)) h

So the radial part of the Green’s function can be written as

~ (7 Y (k,R) . J kB Ly
Sm(r,1") = ( HOUR) )J B {J (57" ) =T Rk F )Y,,(k,,,R)}H" (k,r) (B.15)

and r~ and r” are the smaller and greater of rand . Specifically the radial part
calculated atr=7"=R+a, which is one lattice constant inside the lead and

outside the cylinder is given by

Ak, (R+a HY(k (R+a
f;nn(r_’ =R+ )—;_T“Zﬂ ( ) . ((l)m( )) (B16)
2 1* | ~J, (k,R)Y, (k, (R+a)) H) (k,R)
and the Green’s function is then given by
=Y 222, (HEE J, ey (R+))Y, (K, R) | HY (k, (R+a)) (B.17)
= m m 2 hz (ka) (km(R+a)) H’f,” (ka) ¢

The previous derivation is obtained for propagating modes for E > ¢, . The same

procedure can be used to obtain the Green’s function for evanescent modes

where E < ¢, . And in this case, the modified Bessel functions / and K will be used

and the same procedure will be applied. So the Green’s function for all energy

values is given by
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7 2m [J" (km (R+a))Yn (k,R) }

;Im(z);(m (‘: )E? _Jn (ka)Y"(km(R-f—a))

H(l)
: (km(R+a))’ e
= Hfgl)(ka) >
G = (B.18)
5 ey 2 2] Kol R+ ) 6R)
w2 B K, (kR (K, (R +a))
XK"(]\'",(R'FCI))’ Y <z
K,,(ka) L
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