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The wave-function-matching (WFM) technique for first-principles transport-property calculations was bettered
by Serensen et al. so as to exclude rapidly decreasing evanescent waves [Sgrensen et al., Phys. Rev. B 77,
155301 (2008)]. In their method, the translational invariance of the transmission probability is not preserved
when moving the matching planes between electrode and transition regions, and the sum of transmission and
reflection probabilities does not agree with the number of transport channels in the transition region. The lack of
the translational invariance is caused by the overlap of the layers between the electrode and transition regions. We
reformulate the WFM method by removing the layer overlap, and the translational invariance of the transmission
probability becomes preserved. On the other hand, the error in the sum of transmission and reflection probabilities
is attributed to using pseudoinverses that is accompanied by the exclusion of rapidly decreasing evanescent
waves. We introduce a formulation to calculate the transmission/reflection probability without the pseudoinverses,
resulting in that the sum of the transmission and reflection probabilities exactly agrees with the number of channels,
and the accuracy is largely improved. In addition, we prove that the accuracy in the transmission probability
obtained by our WFM technique is comparable to that obtained by a nonequilibrium Green’s function method.
Furthermore, we carry out electron transport calculations on two-dimensional graphene sheets embedded with
B-N line defects sandwiched between a pair of semi-infinite graphene electrodes and find the dependence of the

electron transmission on the transverse momentum perpendicular to the transport direction.
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I. INTRODUCTION

The study of electron transport in nanoscale systems is be-
coming important as the miniaturization of electronic devices
proceeds because they are expected to exhibit considerably
different transport properties from those of classical conduc-
tors. Owing to the complexity of the problem, such studies
are strongly dependent on the existence of reliable numerical
treatments. A number of numerical methods for calculating
the electron-transport properties of nanoscale systems have
been proposed so far, and some of them are combined with
first-principles calculations. The methods used currently in the
first-principles calculations are roughly categorized into two
approaches. One approach uses the nonequilibrium Green’s
function [1-4]. The relation between the conductance and
Green’s function has been derived within the nonequilibrium
Keldysh formalism [5], and the charge density in the equi-
librium regime of energy is easily computed with the energy
of a nonreal number. The other approach is the so-called
wave-function-matching (WFM) method, which computes the
scattering wave functions (SWFs) providing a direct real-
space picture of the scattering process [6—15]. Both methods
have the computational models in which a transition region
composed of objective nanostructures is sandwiched between
semi-infinitely continuing electrodes. In the Green’s function
formalism, the self-energy terms of the electrodes reflect the
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effect from the semi-infinite electrodes and the perturbed
Green’s functions of the transition region are computed using
the self-energy terms. The conductance of a system is obtained
from the Fisher-Lee formula [16] by using the perturbed
Green’s functions and the self-energy terms of electrodes.
On the other hand, in the WFM method, the conductance is
expressed as a quantum mechanical scattering problem. The
generalized Bloch waves of the electrodes are used to include
the contribution of the semi-infinite electrodes in the WFM for-
mula. The conductance and total transmission probability are
related to the transmission coefficients and the group velocities
of the Bloch waves by the Landauer formula [17]. It has been
proved that the methods are mathematically equivalent [14]
and the conductances obtained by them should be identical.
Several WFM methods have been proposed so far, and their
formulations are slightly different. The computations used to
find the generalized Bloch waves of the electrodes are generally
time consuming and numerically unstable because of treating
the extremely large and small eigenvalues corresponding to the
Bloch factors [11]. On the basis of the physical observation that
only propagating and slowly decaying evanescent waves of the
electrodes contribute to the transmission of electrons, rapidly
decaying evanescent waves can be excluded by introducing a
cutoff parameter for the Bloch factor Ay (Amin << 1) in some
WEFM methods [13,18-20]. There have been several discus-
sions on the translational invariance of the transport properties
with respect to moving the matching planes between electrode
and transition regions for the WFM formalism using the cutoff
parameter Ani,. Krsti¢ ef al. state that Ando’s formulation for
the scattering process lacks translational invariance [6,21], and
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FIG. 1. Schematic illustration of computational model for WEM formalism. The transition region between the two semi-infinite electrodes
represents the objective nanostructures. (a) Model without extra layers in the transition region and (b) model with / extra layers.

later, Khomyakov ef al. prove that the translational invariance
is retained when the matching planes are moved [13]. Sgrensen
et al. report that the accuracy of transmission probability
is degraded when the rapidly varying evanescent waves are
excluded [18]. In addition, the inconsistency in the numerical
errors between the transmission and reflection probabilities
indicates that the sum of these probabilities does not agree
with the number of transport channels. They also proposed
a method that extends the transition region by attaching extra
layers to both ends so as to converge the transmission/reflection
probability to a certain value. However, from the viewpoint
of the penetration of quantum particles as well as the proof
by Khomyakov et al., the improvement by Sgrensen et al.
contradicts the fact that the transmission probability does
not change when the extra layers are added. Therefore, the
problems concerning the translational invariance and the sum
of the transmission and reflection probabilities are important
issues to be resolved for the present WFM methods.

In this paper, we reformulate the WFM formalism because
most of the WFM methods that have been introduced so far
include all the propagating and evanescent waves. Then, we
explore the origin of the deterioration of the translational
invariance presented by Sgrensen et al. It is revealed that
the translational invariance deteriorates due to the overlap of
the layers between the electrode and transition regions when
excluding rapidly decreasing evanescent waves. Moreover, the
error in the transmission probability with respect to the number
of extra layers demonstrated in Ref. [18] is not due to the WFM
methods but rather due to the usage of pseudoinverses in the
calculation of transmission coefficients. For a more accurate
calculation of transport properties, we propose a method that
can compute the transmission and reflection probabilities
without inclusion of the rapidly varying evanescent waves
or the extension of the transition region. We find that, in
our WFM formalism, the translational invariance is nicely
preserved, and the sum of the probabilities exactly agrees with
the number of transport channels. We also find that the number
of iterations in solving a continued-fraction equation for the
self-energy terms of the electrodes is closely related to the
number of the extra layers attached to the transition region.
We demonstrate that the numerical accuracy of our WFM
formalism is comparable to that of the nonequilibrium Green’s

function method even when the rapidly varying evanescent
waves are not explicitly computed and the transition region is
not extended. The algorithm of the present method to calculate
the generalized Bloch states, scattering wave functions, and
transmission probability based on the discussion in Sec. II is
described in Fig. S1 in the Supplemental Material [22].

In addition to the improvement of the accuracy in the
WEM calculations, we perform practical electron transport
calculations of two-dimensional graphene sheets embedded
with B-N line defects, which are connected to a pair of
semi-infinite graphene electrodes. Graphene sheets are known
to have only a characteristic band structure at around the
Fermi energy Ef, the so-called Dirac cone. This means that
the electrons passing through the junctions are provided only
from the Dirac cone and have a limited range of momenta.
Through the transport calculations, we present the case that
the defect states not matching with the incident-wave modes
do not directly contribute to the electron transport, e.g., through
resonant transport, but they have indirect influence on the
transport properties via hybridization of the Dirac cone and
the defect states.

II. FORMALISM

A. Generalized Bloch waves in electrodes

Let us introduce the WFM formalism for calculating the
solution of the Kohn-Sham equation [31,48] of a system
with a transition region sandwiched between semi-infinitely
continuing crystalline electrodes, as shown in Fig. 1(a). We
assume that in the layers at both ends of the transition region,
which are indexed by 1 and #n in Fig. 1(a), physical quantities
such as charge density and potential are converged to those in
the corresponding electrodes. The solution we wish to calculate
is the SWFs specified by particular incident Bloch waves
coming from deep inside the left electrode. The SWFs for the
Bloch waves coming from the right electrode can be obtained
in a similar manner. Since the Kohn-Sham effective potential
in a crystalline electrode is periodic, the wave functions ¢y in
the jth unit cell of the electrode satisfy the generalized Bloch
condition,

bG) =" b (1)
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where i and j are the indices of the unit cell of the crystal.
Making use of the generalized Bloch condition, the wave
functions in the left electrode ¢; are obtained by solving the
following quadratic eigenvalue problem for the given energy
E [6];

H, ;¢ + Hroe + A°Hy 1¢i) = 0. 2

Here, ﬁL is the m; x mj full rank matrix for the Hamiltonian
of the periodic unit cell with m; being the number of real-space
grids or bases in a unit cell and H, = ES, — H, withS, being
the overlap matrix of the bases. If one uses a real-space grid
method and norm-conserving pseudopotentials [23], S, is an
identity matrix. H, .Listhem x m off-diagonal block matrix
of the infinite Hamiltonian of the electrode representing the
coupling between two neighboring unit cells. Because Hy ;
is not a full rank matrix in some cases, the rank of ﬁL, L 1s
represented by the other variable m . In the case of m >
my ., we assume that H;; is a zero matrix except that the
lower left m;; x my; block-matrix element is h; ,

0 ... 0
ﬁL,LZ R B 3)

—L

h- ... 0

This assumption does not affect generality because H; ; can be
described using Eq. (3) by the unitary transformation [24,25].
The solution of Eq. (2) is obtained by solving the following
eigenvalue problem:

— _-,— _—
H H diy \ _,(—Hrr 0\[ o0
( I (L)’L> <¢<il>) a A( 0 I) <¢<il>>' @

Ando proposed a method of solving Eq. (4) as a standard
eigenvalue problem, computational cost of whichis O(m3 ) [6].

In 2008, Sgrensen et al. reported a procedure that obtains
selected interior eigenpairs of large-scale general complex
eigenproblems, Amin < |A| < 1/Amin, by using an iterative
Krylov subspace technique, where A, is the cutoff parameter
of the Bloch factor [4]. Laux proposed a practical approach
which resolves only eigenpairs within a contour defined in the
complex A plane [26]. Later, this approach of utilizing contour
integrations was applied to the real-space grid schemes with
some improvements in the Sakurai-Sugiura method [20,27,28].
Although they do not obtain all eigenpairs required to treat
a semi-infinite system, these approaches are valid within the
assumption that only the propagating and slowly decreasing
evanescent waves contribute to the transport properties [13,18].
The alternative method to compute generalized Bloch waves
is introduced in Appendix A.

The generalized Bloch waves are evenly divided into two
groups, and the number of waves in a group is my;. The
eigenpairs A,” and ¢, (Af and ¢)(J{)’K) represent the group of
the left (right) decreasing evanescent waves |1, | > 0 (A, | <0)
and left (right) propagating waves |A.| = 1, where « is the
index of eigenpairs. We also introduce the Bloch matrix,
which relates the generalized Bloch waves with those in the
neighboring cells,

+ - + _
B = @5, (@7, = 5, AL (@7, o)

where AT = diag[A, .. Ay, 1 and ‘I>L(l) [¢f([)’1, e
‘iﬁ(i),mul Equation (5) leads to the relation,
@7, = B 0L, = @5, (AT (6)

Hereafter, the index (i) for the unit cell is left out because it
only affects the trivial Bloch factor in Eq. (6). For the right
electrode, the same quantities are defined with L — R.

B. Expression using transmission and reflection coefficients

In the WEM formalism, the SWFs in the right electrode
region v, x are expressed as a linear combination of gener-
alized Bloch waves,

Vni1k = Phts, @)

where ¢, is an m g-dimensional vector containing the transmis-
sion coefficients and k is the index of the incident waves. The
SWFs in the left electrode region v are defined as

WO,k = (I>Zrk + ¢z_k = ref + Wo ko (8)

where
wge,i = &1y, )
0 k — ¢L k (10)

with ry being an m -dimensional vector containing the reflec-
tion coefficients. Here, ¥ and 1//3,?,( represent the reflection
and incident waves, respectively. In addition, the transmission
and reflection coefficients are given by

te = (@) Vuri s (11)

ri = (@)Y (12)

C. Exclusion of rapidly varying evanescent waves

The coefficients for the extremely fast decaying evanescent
waves are very small when the matching planes are set far
from the scatterers. Sgrensen et al. split ®* into propagating

and moderately decaying evanescent waves @ and rapidly
decaying evanescent waves ¢ [18]

— 85,07, (13)

The SWFs at the first layers of the right and left electrode
regions are rewritten as

~
~t o+ [Qniig
wn+1k_q) an+lk_[<l) "I) ]<o++ )’ (14)
Atk

and

~ref, —
it = =@ () o
ao
respectively, where a = [al -4 kT 1T are vectors that contain
the expansion coefﬁc1ents of the generalized Bloch waves.
It is computationally demanding and numerically unstable
to obtain all eigenpairs of Eq. (4). To retain numerical accuracy
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TABLE 1. Electrode and transition regions for the WFM methods proposed so far.

Left electrode region

Transition region Right electrode region

Fujimoto & Hirose [11] .,—1,0
Khomyakov et al. [13] .,—1,0
Sgrensen et al. [18] ...,0,1

Present work .,—1,0

0,1,....n,n+1 n+ln+2,...
0,1,...,n,n+1 n+ln+2,...
1,2,....n—1,n nn+1,...

1,2,....n—1,n n+ln+2,...

without (i>i, Sgrensen et al. proposed a method that inserts
extra layers in the transition region, as shown in Fig. 1(b).
Making use of the relation B* = ®*A*(®%)~!, the SWFs in
the electrode regions are expressed as

=B YT =@} °+>< (16)

ref — (BL) 1)0ref ,(0),—

L (A*)_[?iref,(O),f
=@,.é )( L e ) an
Ap)"ay

(A )l"’(o) +)

& 2 (0),+
(AR) n,k

From Egs. (11) and (12), we have

1~(0)+
[t ~4 o+ (Ag)
t = Ck> CIR I A ((M)’&“)}; ooas
~ref 0
FF/( - o= ref,— (AL) Z o=
Ty = ]o'k = ) w = ,loret,(O)— ’
(A,) ayy

(19)
The coefficients of the rapidly decaying evanescent waves
vanish when a sufficient number of extra layers are inserted,
because the Bloch factors of the rapidly decaying evanescent
waves, 1/|A, [(< Amin) and |A;|(< Amin), are much smaller
than 1.

(Ap'a®t ~0, (20)
(A ) cref (0) ~0. 21

Consequently, the SWFs at the first layers of the electrode
regions are rewritten as

o (AP
Yniik = Iﬁ,m k= (q’qu’R) (A R)z (0)+
~ p(Apal)t, 22)
Yo = W(r) 1/’0 ke

re B L A 1~ref(0)
U= i = L ( 4 gt
(A )l 0),—

~ ‘DL(A ) 1~ref (0)
o =50 ¢Lk (23)

The SWFs at the second layers in the electrode regions are
expressed in the same manner:

o (A )IN(O) +
‘(/jn+2,k = ‘(/jn+2k - (¢ + + +)<( )l o (0),+

nk

~ @A) a0, 24)
Yok =Y+
(A ) ]~ref (0),—

ref ref,— _ w— ] 87,0
1k =V —(‘I’L(AL) l’q)L(AL) ) = o
A )71&% s

L 1,k

~ @ (A a0

Lo 0Lk (25)
Hereafter, we will leave out the symbols + and — because it
is obvious which generalized Bloch waves are included in the
SWFs when the index of the layer is indicated. In addition, the

index of the incident waves k will be also omitted for notational
simplicity.

5117/{ = ()L

D. Boundary condition

Table I summarizes the expressions for the electrode regions
and transition region in the WFM methods proposed so far.
The electrode regions are the layers where the transmitted
and reflected waves are defined by a linear combination of
generalized Bloch waves as in Egs. (7) and (9), respectively.
The transition region corresponds to the layers in which the
values on real-space grids or coefficients for the atomic bases
of the SWFs are calculated using the WFM procedure. In the
previous WFM methods, the values or coefficients at the edge
layers of the transition region are defined on real-space grids or
expanded using an atomic basis set, whereas they are given by
alinear combination of generalized Bloch waves as a boundary
condition in the electrode regions [e.g., Eqs. (7) and (9)].
As long as the complete set of generalized Bloch waves is
employed, the SWFs determined in the electrode and transition
regions are identical. However, numerical errors will occur
when the rapidly varying evanescent waves are excluded by the
cutoff parameter of the Bloch factor Ay,. In our procedure, to
keep numerical rigorousness, the overlap of the layers between
the electrode and transition regions is eliminated.

E. Moving matching plane of wave function matching formula

In Appendix B, the WFM formula [11] for the case that
the rank of Hy(Hg), mz(mg) and the rank of ﬁL,L(ﬁR,R),
mpp(mgg) are equal is derived. Following the procedure in
Appendix B, the scheme to move the matching plane is intro-
duced in this section. For the case that the rank of H; ; (Hg g),
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mp(mgg) are notequal is discussed in Appendix C. By letting
H© be the m7-dimensional Hamiltonian for the computational
model without any extra layers [Fig. 1(a)], the Hamiltonian HO
and overlap S? with [ extra layers [Fig. 1(b)] are described

J

o £,(0)y—1 0
( Gl Hy p — REO)” -G\
(1) T )
G”H‘l 1- l Gn+l -+l
—1
where RreHO — I)/fref(l)szef (1)) Rua(+D — Wn-&-l(l//,(,l)) ,

Gfl; is the (i,j)th block-matrix element of the Green’s

function of the isolated transition region G®, which is
introduced by Eq. (B3) in Appendix B. The ratio matrices
R and R™(*+D are obtained by solving the continued
fraction equations
Rref,(l—l) —

—(H, +H, ,R*O)'H,,, (@7

Rtra,(l) —

—(Hg + Hp ) R™D)TH, o (28)

using the generalized Bloch waves at the deep inside of
electrodes.

The extension of the transition region requires additional
computations because the number of dimensions of the Green’s
functions G?' linearly increase with respect to the number
of inserted extra layers. In this subsection, we describe the
procedure to move the matching planes to the inside of the
transition region without loss of accuracy. In Appendix B, the
left (right) matching plane is set between ¥y and 1,01(]) (yd
and v,,.1). We are going to set the left (right) matching plane
between " and ¢! (¢~ and y¢~). Khomyakov et al.
proved the translational invariance of the total transmission
probability with respect to moving the matching planes to
the inside of the electrode regions [13]. However, when the
matching planes are moved to the inside of the transition
region, we need to treat the rapidly decreasing evanescent
waves, which are excluded from the electrode regions by
introducing the cutoff parameter A.;, but contribute to the
SWFs in the transition region.

Using the Kohn-Sham Hamiltonian for the model with/ — 1
extra layers, the Hamiltonian for the model with / extra layers
can be rewritten as

ESO _ HO
ES, —H, AP 0
— A(LI)T E/S\(’*D _ ﬁ(lfl) A%)
0 AT ESg — Hg
H, AP 0
= |AP" ESE-D_HED AR, (29)
0 A% Hp

J

(-1 3t £.(0—1)\—1
_Gz 1,21 L L — (R™: ( ))
=l

(V)
Gn+l 1,2— lH

(=1 u"
_G2—1,11+Z—1HR~R

Hp r
HR R — (era,(l+l))—

(-1 tra,(l)\—1
_Gn+l 1n+1— IHR,R - (Rra( )

by [m7 + l(m + mg)]-dimensional matrices. Using H® and
SO, the Green’s function of the 1solated transition region
is expressed as GO[=(ES® — H®)~!]. As introduced in
Appendix B, the WFM formula is determined as

] =i in,(/
)(%ef) _ (G(lll,l—lHL Yo+ ()) 26)
1 n - O w7 o ’
Vit G, H

L,L¥Y0

(

where

AV =H...0,...,0), (30)

AR = (Hg.0.....0). 31)
APAYyisthem, x (mr + (I — 1)(my 4+ mg))mg x (mr +
(I — 1)(mp +mpg))] zero matrix except that the mj X
mp(mg X mg) block-matrix element at the left edge is

H L.L (H r.r)- Consequently, Eq. (B1) becomes

)
-

H, AY 0 |
A(LI)T E’S\(lfl) a_ﬁﬁ(zfl) é(zé) :
0 A H (=1
; LYo
0
= : . (32)
0
—Hg g ¥ns1
Eliminating the first and last block rows yields
(=1
], HL L fl)
: 0
(ES""D—H'"MH . |= : (33)
. 0
w’(ll.—l) —Hg gy
Using GU~1, Eq. (33) can be rewritten as
w —H, v
0
=G : (34)
. 0
1//’51‘—1) —Hpg gy

In analogy to Eq. (B1), we then have a WFM formula where the
matching planes are shifted by one layer inside of the transition

region.
-1 i in,(l) in,(/I—1)
(w{ef’(l)>_ Gyrny LL% + 9
n )=
iz

(35)
-1 il in, (1)
Gn+lfl,271HL,L 1

115450-5



SHIGERU TSUKAMOTO, TOMOYA ONO, AND STEFAN BLUGEL

PHYSICAL REVIEW B 97, 115450 (2018)

Substituting R™"® and R""*1 into Egs. (27) and (28), respectively, we obtain R™"!~1 and R"™ (). Although the Green’s
function GU=V is required, its dimension is reduced from my + [(m; +mg) tomy + (I — D)(my + mpg).
By repeating the shift of the matching planes by using Eqs. (26) and (35) and solving Eqs. (27) and (28) / times, the matching

plane gets set between [

<_GﬁOiﬁL L — (RHO)
L _cOogt
_Gn,lHL.L

_G(O) ﬁR R

n.,n

The SWFs in the transition region are computed by substituting
0 and (" into Eq. (34).

This result implies that the translational invariance of the
SWFs with respect to moving the matching planes to the inside
of the transition region is preserved even when the rapidly
varying evanescent waves are excluded. In addition, when the
sum of the number of iterations for Egs. (27) and (28) and
the number of the extra layers are identical, exactly the same
SWFs can be obtained as long as the boundary condition is
properly imposed, as mentioned in Sec. IID. In Sec. III A, we
demonstrate that the translational invariance is not retained
when the transition region and electrode regions overlap as
shown in Table I and the set of generalized Bloch waves is
incomplete.

Finally, let us consider the convergence of Egs. (27)
and (28). Suppose that the solutions of Eq. (36) with / extra
layers are 1/fr°f ‘D and () and the solutions with [ + 1 extra
layers arew 0 and gD, et O w;reﬂ(l) and Y = ¢ ()
when [ is large enough. The first row of Eq. (36) for [ extra
layers is

_G(IO)I HL L ;‘ef (1) _ (Rref,(O))flwlref,(l) G(IOLHR,R"#;«(,I)
G(10)1HL LWin ,(1) + wm (0) (37)
Inserting ¥1*"" and ¥ (" into Eq. (36) for [ 4 1 extra layers,
we have

(0) ref, (1)
Gl 1 L L¥1 -

R RV
GOV 4 9, a

"ref,(0)y—1 f,(1 07
ROy - GUH

where R™H(© ig the ratio matrix of the computational model
with [ 4 1 extra layers. Subtracting Eq. (38) from Eq. (37), we
obtain

(Rref (0)) 1 (R ref (0)) 1 (39)

R™"© is computed by solving Eq. (27) [ + 1 times with the
initial matrix of (A,)~'®, (®,)"", while R™"©@ is obtained
by solving Eq. (27) [ + 2 times with the same initial matrix.
This indicates that R™"© is uniquely determined when [
is sufficiently large. In other words, by repeatedly solving
Egs. (27) and (28) until R™"© and R" () become consistent,
we obtain R™"© and R"™® for | — oo and the SWFs for a
truly semi-infinite system. The convergence behavior of the
ratio matrix is demonstrated in Appendix D.

F. Transmission probability

The expression of the conductance at zero bias limit is given
by the Landauer-Biittiker formula [17]. The Landauer-Biittiker

—GOH Hi g — (R™ (y=1

and " (y© and y(") for the left (right) electrode region. The WFM formula is expressed as

pretON (GO u/fi“’“) + oy
Vo Of in,(1) ) (36)
n G

LLl

[
formula using the transmission coefficient matrix is

2e g 2 in Totra
G(E) = —TrT_ TTr[(V )y~ Hefvire], (40)

where t is an mgp X my transmission coefficient matrix with
my being the number of the incident waves, and v"(v™) is an
my-(mgg-)dimensional matrix describing the group velocity
of the incident (transmission) waves. In Ref. [14], the group
velocity of the incident waves is written as

v = a@ TV et 1)
where

L T ={¢f 1P} (42)

The matrix for the group velocity is diagonal when the self-
energy terms of electrodes are exactly obtained. However, due
to the exclusion of the rapidly varying evanescent waves and
numerical error in the computation of the Green’s functions,
the off-diagonal elements do not vanish completely. The group
velocity of the transmitted waves is expressed as

Vi = a(® ) TS, (43)
Here, a is the length of the unit cell and

r(l) (2(1) E([{)T)v (44)

where Zg) and Z%) are the self-energy terms of the electrodes,
which are expressed as

iedl re:
20 = -H, RO, (45)

Z(Z) H Rtra (l+1) (46)

From Eq. (18), the transmission coefficient matrix is obtained
by

=30, v~ (@5,07 vl 7
and

t=(t,....tn). (48)

Khomyakov et al. and Sgrensen et al. instructed one to use the
pseudoinverses for (<I>;,(°)) [13,18]. However, the SWFs w,ﬂf}{

include the components of &);, because they are determined on
real-space grids or linear combinations of bases in the transition
region. In addition, as we show in Appendix E, translational
invariance is not retained when the pseudoinverses are used in
the computation of the transmission coefficients in Eq. (47).
Therefore, we introduce <I>,; so that

= (®;,9) (49)
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. Lx ot
becomes a regular matrix. Using @ ., we define

V= a(® ) TR &y (50)
EC IR (51
t= ...t (52)

Substituting Egs. (50)—(52), we have
T = (Vin)—l{TvtraE — (Vin)_ltTVtrat. (53)

The transmission matrix is invariant when one takes @ ; so that

i); is a regular matrix. The proof is given in Appendix F. Very
often one is only interested in the conductance. In that case one
can skip the computation of the transmission coefficients. The
kth diagonal element of the transmission matrix T} x is given
by

Tex = (v) " BV

in \ =1+ — ¥+ Y ox b
a(vl) [((I’R) lwzglll]f(q)R)Tr(Rf))q)R(ch) lwzg,lll
= a(ul") "y ITQY, (54)

where v}f‘j is the (i, j)th element of vi". Analogous to the
transmission matrix and probability, the reflection matrix
and probability can be obtained from ¥{". Note that the
transmission probability is given only from 1/[21,2 and I‘(,?).
This is contrastive to the nonequilibrium Green’s function
method, which uses the Green’s function of the transition

region being expensive to be calculated. Section III B describes
the efficiency of using the inverse of a regular matrix é;
instead of the pseudoinverse of <I>;.

III. NUMERICAL EXAMPLE

A. Translational invariance of transmission probability
with respect to moving matching plane

Sgrensen et al. proposed a method that extends the transition
region by inserting extra layers to improve the accuracy of the
WEFM technique [18]. Insertion of the extra layers corresponds
to moving the matching plane to the inside of the electrode
region. From the problem of the penetration of quantum
particles into a one-dimensional square potential barrier on the
basis of quantum mechanics, it is obvious that the transmission
probability does not depend on the position of the matching
plane. Translational invariance is retained as long as all the
generalized Bloch waves are included for the WFM procedure.
When the rapidly decreasing evanescent waves are excluded by
the cutoff parameter Ay, it is not trivial whether the invariance
is kept at the boundary between the electrode and transition
regions. Khomyakov et al. proved the translational invariance
with respect to moving the matching plane toward the electrode
region [13]. Moving the matching plane to the electrode side is
straightforward because the excluded evanescent waves do not
contribute to the SWFs anymore. When the planes are moved
into the transition region, one needs to consider the contribution
of the excluded evanescent waves because the waves do not
vanish in the transition region.

.\.
', 9, %%

."\ I.\

FIG. 2. Computational model where one B-N zigzag ring is
sandwiched between a couple of (9,0) CNT electrodes. The light blue,
dark brown, and green balls are N, C, and B atoms, respectively.

’0‘;31’ “;fgo:;’o‘;'o
..\./.\ ".

As an example of a practical calculation, we will examine
the transport properties of a (9,0) B-N nanotube sandwiched
between (9,0) carbon nanotubes (CNTs). Figure 2 shows the
computational model. The x and y axes are the directions
perpendicular to the nanotube, and the z axis is parallel to
the nanotube. A valence electron-ion interaction is treated by
norm-conserving pseudopotentials generated by the scheme
proposed by Troullier and Martins [23,29]. The local density
approximation [30] of the density functional theory [31,32] is
used to describe the exchange and correlation effects. We use
the real-space finite-difference method for the first-principles
calculation implemented in the first-principles calculation code
RSPACE [12,33-35], which enables us to calculate the transport
properties of nanostructures between the semi-infinite elec-
trodes. In the real-space grid formalism, m (mp) is not equal
to myy (mgg). For that reason, the procedure described in
Appendix C is used. The central finite-difference formula [36]
(N =1 in Ref. [37]) is used for the second-order derivation
arising from the kinetic-energy operator in the Kohn-Sham
equation. A conventional supercell under periodic boundary
conditions in all directions with a real-space grid spacing
of ~0.24 A is used to determine the Kohn-Sham effective
potential. The dimensions of the supercell are set as L, =
L,=1334 A, and L, =432 A for the electrode regions

and L, = L, =13.34 A, and L, = 8.64 A for the transition
region. Here, L, and L, are the lateral lengths of the supercell
in the x and y directions, respectively, and L is the length in
the z direction. Propagating and slowly decaying evanescent
states of the semi-infinite electrodes are calculated using
the method in Ref. [24]. Table II shows the transmission
probability with respect to the number of extra layers [ and
the number of iterations for the continued-fraction equations
[Egs. (C19) and (C20)] N;;. Since all the WFM methods
proposed so far use the same boundary conditions between the
electrode and transition regions, we use the method proposed
by Fujimoto and Hirose [11]. To eliminate the numerical
error caused by the pseudoinverses, all the generalized Bloch
waves are included in 5; for Eq. (47). In the conventional
WFM formalisms, the computation of the continued-fraction
equations is skipped when the extra layer is not inserted

because Y1 V(&)W (€)™ and Y E) Wi (&))" in
Eq. (C5) can be obtained as @, (£)(A,)"'®, (&))"

3;(&)@; FI;;(S 1)), respectively, owing to the overlap of the
layers in the transition and electrode regions. One can see that
while the translational invariance deteriorates between N;; = 0
and N;; = 1 in the conventional WFM methods, it is retained
nicely in the present method. The translational invariance is
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TABLE II. Transmission probability with respect to the number
of extra layers / and number of iterations for the continued-fraction
equations N;, for (9,0) B-N nanotube between (9,0) CNTs.

Amin l N; Conventional method Present method

0.90 3 0 0.52046191 0.52046575
2 1 0.52045862 0.52046575
1 2 0.52045862 0.52046575
0 3 0.52045862 0.52046575
2 0 0.52044949 0.52045862
1 1 0.52044135 0.52045862
0 2 0.52044135 0.52045862
1 0 0.52041587 0.52044135
0 1 0.52039468 0.52044135
0.65 3 0 0.52046511 0.52046809
2 1 0.52046378 0.52046809
1 2 0.52046378 0.52046809
0 3 0.52046378 0.52046809
2 0 0.52045659 0.52046378
1 1 0.52045277 0.52046378
0 2 0.52045277 0.52046378
1 0 0.52043133 0.52045277
0 1 0.52042062 0.52045277
0.10 2 0 0.52047069 0.52047070
1 1 0.52047070 0.52047070
0 2 0.52047070 0.52047070
1 0 0.52046908 0.52047070
0 1 0.52047028 0.52047070

destroyed by the inconsistency of the SWFs at the overlapping
layers; the deterioration is suppressed when A, is small or [
is large.

From these results, we can conclude that the overlap
between the electrode and transition region should be removed
to maintain the translational invariance of the transmission
probability. However, the numerical error caused by the de-
terioration of the translational invariance of the transmission
probability is small and is not the origin of the degradation
of the accuracy when the transition layer is not extended as
reported in Ref. [18].

B. Accuracy of the transmission matrix and probability
obtained by SWF

In Sec. IIF, we described a method for calculating the
transmission and reflection probabilities without the pseudoin-
verses. Here, to demonstrate the accuracy of this method and
the degradation due to the pseudoinverses, we examine the
variations in the transport properties with respect to the number
of extra layers / and cutoff parameter of the evanescent waves
Amin- The computational model is the same as in Sec. I[IT A. To
eliminate the unfavorable effect from the convergence of the
ratio matrices on the SWFs, the ratio matrices are converged us-
ing the continued-fraction equations Egs. (C19) and (C20). The
behaviors of the transmission probability, transmission matrix,
and the sum of the transmission and reflection probabilities
with respect to the number of extra layers / are plotted in Fig. 3.
We can see that the translational invariances of the transmission
probability and transmission matrix are well preserved and the
sum of the probabilities exactly corresponds with the number

—8— Regular inverse Apyjp=0.90
—aA— Regular inverse Apjp=0.65
—w¥— Regular inverse Ayin=0.10 —— Pseudoinverse Ap;,=0.10
—&— Regular inverse Apir=0.01 —o— Pseudoinverse Ayip=0.01
0 Ll Ll Ll

—0— Pseudoinverse Aj=0.90
—A— Pseudoinverse Api=0.65
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FIG. 3. Difference in transmission probability and matrix and
error in the sum of the transmission and reflection probabilities with
respect to the number of extra layers /.
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—A— Pseudoinverse /=1
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—o— Pseudoinverse /=3

—e— Regular inverse /=0
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FIG. 4. Difference in the transmission probability from that ob-
tained by the nonequilibrium Green’s function method with respect
to the cutoff parameter of the evanescent waves Ay;,.

of channels in the present method. On the other hand, the
transmission probability and transmission matrix probability
are clearly affected by the number of extra layers when the
pseudoinverses are used. Moreover, the sum of the transmis-
sion and reflection probabilities does not correspond to the
number of channels, indicating that the pseudoinverses degrade
the accuracy. Figure 4 shows the difference in the transmission
probability from that obtained by the nonequilibrium Green’s
function method with respect to the cutoff parameter A, of
the evanescent waves. We can conclude that the accuracy of the
WEFM technique on the transmission probability is comparable
with that of the nonequilibrium Green’s function method even
when the rapidly varying evanescent waves (|A| < Apin O
1/Amin < |A]) are not explicitly computed and the transition
region is not extended.

When transmission spectra are plotted by the calculation
without evanescent waves, problems concerning accuracy
occur at the energy where the number of propagating waves
changes, because the number of the waves, which are used
to expand the SWFs and affect the accuracy of the SWFs,
suddenly increases or decreases. The channel transmission of
a graphene sheet with a B-N line defect, which is referred to
as Model 1la in the following section, varies smoothly over
the energy range that two electronic bands transit from the
propagating wave to the evanescent one and the number of
propagating waves decreases from three to one. In addition, the
error in the sum of the transmission and reflection probabilities,
[1 — (R + T)|, in this energy range is at the level of 10~° to
10~'4, which is comparable to the errors in the other energies.
Therefore, we conclude that the degradation of the accuracy
does not occur in transmission spectra. See Fig. S2 in the
Supplemental Material [22] for more details about the error
evaluation.

(a) Calculation Model 1
} } }

&
a.g. P .
[\ [\
w v” w ‘
&
. .

(c) Brillouin zone
of unit cell A

(d) Brillouin zone
of unit cell B

(e) Brillouin zone
of unit cell C

=R

N\
f\'%"“""
] /\.*-

2/
" m -
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FIG. 5. Schematic representations of graphene sheets with B-N
line defects and Brillouin zones of graphene electrodes. In panels (a)
and (b), C atoms are at the corners of the hexagons, and the small
solid and open circles denote B atoms and the large ones N atoms.
The heteroatoms form a zigzag- or armchair-shaped B-N line defect
in each graphene sheet. The dashed lines define the unit cells of the
transition regions (T1 and T2) and those of the electrode unit cells (B,
and C) with a = 2.46 A (4.65 ag) and b = +/3a, while the rhombus
labeled A represents the primitive unit cell of a pristine graphene
sheet. The vectors d; and d, denote the translation vectors of the
electrode unit cells B and C, respectively. The set of vectors (a;,a>)
is the primitive translation vectors. Panels (c)—(e) illustrate the first
Brillouin zones of the electrode unit cells A, B, and C, respectively.
The symbols I', M, K, and K’ in panel (c) represent the high-symmetry
points, and those in panels (d) and (e) represent the equivalent points
after folding the hexagonal Brillouin zone.

IV. APPLICATION

In this section, we present an application of the ballistic
electron transport calculation method discussed in the previous
sections to two-dimensional materials composed of graphene
sheets. Graphene is a well-known two-dimensional (2D) ma-
terial, and it has been extensively studied for a number of
decades [38—41]. Recently, graphene sheets with structural
defects, such as pentagon, septagon, octagon rings, and chem-
ical defects, such as substitutional defects with B and/or N
atoms, have attracted a great deal of interest [42—45]. Here, we
examine in-plane electron transport of graphene sheets with
B-N line defects.

Figures 5(a) and 5(b) show schematic representations of
two different calculation models employed in this study. The
first model depicted in Fig. 5(a) is referred to as Model 1
hereafter. Model 1 has C-C bonds parallel to the z axis and a
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zigzag-shaped B-N line defect along the x direction. On the
other hand, the second model, depicted in Fig. 5(b), has C-C
bonds perpendicular to the z axis and an armchair-shaped B-N
line defect along the x direction. We examine two different
widths of the line defects for each model, i.e., one is a
single-width line defect as indicated by the solid circles in
Figs. 5(a) and 5(b), and the other is a double-width one as
indicated by both solid and open circles in Figs. 5(a) and 5(b).
The calculation models with the single-width line defect have
the suffix “a,” i.e., Model 1a and Model 2a, and those with
the double-width one the suffix “b,” i.e., Model 1b and Model
2b. Although the primitive unit cell of a graphene sheet used
for the electrodes is a thombus containing two carbon atoms
[see rhombus A in Fig. 5(a)], we employ a rectangular unit cell
containing four carbon atoms as the unit cell of the graphene
electrodes [see rectangle B in Fig. 5(a)]. The transition region
of Model 1 is defined as rectangle T1, and the length in the z
direction is four times that of the electrode unit cell B so that
the B-N line defect is at the middle of T1, as shown in Fig. 5(a).
For the other graphene sheet depicted in Fig. 5(b), we define
the electrode unit cell as the rectangular four-atom unit cell C
and the transition region as rectangle T2. The length of T2 in
the z direction is six times that of the electrode unit cell C, so
that Model 2 has the B-N line defect at the middle of T2, as
shown in Fig. 5(b).

As for the primitive rhombus two-atom unit cell of a
graphene sheet, which is indicated by A in Fig. 5(a), it is known
that the first Brillouin zone is hexagonal and the high-symmetry
K and K’ points appear at the corners of the hexagon as
represented in Fig. 5(c), where charge carriers are characterized
by a linear dispersion in momentum-energy (k-E) space, and
the electronic bands form the Dirac cone around the Fermi
energy Er. Here, we use rectangular four-atom unit cells B
and C instead of the primitive two-atom unit cells, and thus,
the hexagonal Brillouin zone is folded into a rectangular zone,
as depicted in Figs. 5(d) and 5(e). As a consequence of the
folding, the high-symmetry K and K’ points appear inside the
rectangular Brillouin zones, as indicated in Figs. 5(d) and 5(e).

Figure 6 shows the electronic band structure of a graphene
sheet around the Fermi energy Ep, as calculated with the
rectangular four-atom unit cell. The band structure is in good
agreement with that calculated by a tight-binding approach
with the rectangular four-atom unit cell [46]. The Dirac points
are clearly visible at the K and K’ points in the rectangular
Brillouin zone. In the energy window between —1 eV and +1
eV, one can see only the electronic states forming the Dirac
cone, meaning that the graphene electrodes have conducting
electrons with their momentum around the K and K’ points
within the energy window. More specifically, in the case
of Model 1, since the Dirac points are at the K and K’
points in Fig. 5(d), i.e., (k,,k;) = (£1/3,0) [47], the electrons
conducting through the graphene electrodes and entering T1
have transverse momenta only around k, = +1/3. In the case
of Model 2, the Dirac points are at the K and K’ points in
Fig. 5(e), i.e., (kx,k;) = (0,41/3), and hence, the conducting
electrons of the graphene electrodes have transverse momenta
only around k,, = 0. Transverse momenta and energies allowed
for the electrons conducting through pristine graphene sheets
are schematically represented by the gray triangles in Figs. 6(b)
and 6(c), referred to as the Dirac triangles hereafter. The
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FIG. 6. Electronic band structure of a pristine graphene sheet
calculated with the rectangular four-atom unit cell, as illustrated in
Figs. 5(a) and 5(b). In panel (a), the axis k;(;) corresponds to the axis
ky(y) in Fig. 5(d), and the axis k,, in Fig. 5(e). L, and L, denote the
lengths of the short and long sides of the rectangular four-atom unit
cell,ie., L, = a and L, = b = +/3a, respectively. The Dirac points
are labeled K and K'. Panels (b) and (c) depict projections of the
band structure on the transversal momentum-energy (k.- E) plane for
Model 1 and 2, respectively. The gray areas are referred to as Dirac
triangles in the text.

Dirac triangles agree well with the classification of graphene
transport behavior by Yazyev and Louie [42]. According to
the classification, Model 1 is class Ib, because the translation
vector d [see Fig. 5(a)] has the index (n,m) = (1,0) satisfying
n — m # 3q.Onthe other hand, Model 2 is class Ia, because the
translation vector d; [see Fig. 5(b)] has the index (n,m) = (1,1)
satisfying n —m = 3q.

The electron transport calculations of the graphene
sheets with the B-N line defects are carried out using the
code [11,12,15,24,25] incorporating the aforementioned tech-
nique together with the WFM method based on the density
functional theory [31,32,48]. The generalized Bloch wave
functions and scattering wave functions are determined in a
non-self-consistent manner to a set of given potential and
pseudopotential parameters, which are used for constructing
the Kohn-Sham matrix ES — H in Egs. (2) and (B1) for the
electrode and transition regions, respectively. In the calculation
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of the generalized Bloch states of the graphene electrodes,
we adopt the cutoff parameter A, = 0.316. Electron trans-
mission is determined from the scattering wave functions
using Eq. (54). The effective potential and pseudopotential
parameters are determined in advance under periodic bound-
ary conditions by using the electronic structure calculation
code RSPACE [12,33-35], which is based on the real-space
finite-difference formalism [36,37], as well as the transport
calculation code, in order to treat the physical quantities on the
same footing. The interaction between the valence electrons
and atomic nuclei is treated through the projector-augmented
wave pseudopotential method proposed by Blochl [49,50], and
the exchange-correlation interaction is calculated using the
local density approximation proposed by Vosko, Wilk, and
Nasair [51], which is within the framework of the density
functional theory [31,32,48]. In electron transport calculations
we assume that incident electron waves are injected from the
left electrode.

Before discussing the physics in electron transport through
the graphene sheet with a B-N defect, we briefly mention
about the error in the sum of the transmission and reflection
probabilities. The error obtained by the present method using
regular inverses is confirmed to be at the order of 10~'* to
1071, and that obtained by the conventional method using
pseudoinverses is of 1073 to 10~', which is similar to the case
of/ = 0inFig. 4. See Fig. S3 in the Supplemental Material [22]
for the detailed values. Taking into account that it is time
consuming to compute a large number of evanescent waves
or the SWFs of a transition region with extra layers, we can
conclude that the error obtained by the conventional method
is too large to discuss the electron transmission and reflection
probabilities of the systems considered here.

Let us move to the discussion on the electron transport
properties of the graphene sheets. Firstly, we consider electron
transport through a pristine graphene sheet without any defects.
As one can see from Fig. 5(d), the rectangular Brillouin zone of
the graphene electrode for Model 1 has Dirac points on the line
k. = 0, and thus, a half of each Dirac cone belongs to the longi-
tudinal momentum k, > 0 and the other halfk, < 0. Therefore,
only the electrons belonging to the half Dirac cones at one side
propagate in the positive z direction, and those belonging to the
half Dirac cone at the other side in the negative z direction. This
means that there is only one incident wave toward the transition
region from an electrode for every transverse momentum k,
and energy E. Consequently, when T1 is composed only of a
pristine graphene sheet without any heteroatoms, the electron
transmission is uniform and quantized to 1 over the Dirac
triangles on a k,-E plane, as represented in Fig. 6(b). Now we
discuss the electron transport through the graphene sheets with
single and double zigzag-shaped B-N line defects. The electron
transmission of Models la and 1b are shown as functions of
the transverse momentum k, and the energy E in Figs. 7(a)
and 7(b), respectively. One can easily see that the transmission
quantization does not appear when a zigzag-shaped B-N line
defect is in T1. More specifically, the contour maps show that
the electron transmission has a broad and nonquantized peak
for the transverse momentum k, < K and decreases toward
the Dirac cone at K, > K. This implies that the dependency
of the electron transmission on the transverse momentum k,
emerges due to the introduction of B-N line defects. Comparing
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(b) Model 1b

-1(925 K

0.40 0.25 K
ky 2T/Ly) ky (2T/Ly)

10& : : : : : :
= - —a— Model 1a 1
= 08¢ —a— Model 1b y
g 0.6 pristine graphene
'g 04
g 02
F

0.

1
o

-0.5 0.0 0.5 1.0

Energy E-Ef (eV)

FIG. 7. Electron transmissions of graphene sheets with zigzag-
shaped B-N line defect [Model 1 in Fig. 5(a)]. In panels (a) and
(b), electron transmission contours are plotted as functions of the
transverse momentum k, and energy E with respect to the Fermi
energy Er for Model 1a and 1b, respectively. The solid curves describe
the Dirac bands of a pristine graphene sheet around the Dirac point
K. In panel (c), the transmission spectra per unit length A for Models
la and 1b are plotted together with the transmission spectrum of a
pristine graphene sheet. The data points indicated by the solid and
open squares are evaluated from Eq. (56), and the data points around
the Fermi energy Ef are not evaluated because of too few sampling
points.

the two electron transmission contours, one can see that only
the magnitude of the electron transmission changes and the
tendencies of the transmission distributions over the k, - E plane
are almost the same, when the width of the B-N line defect is
changed.

Figure 7(c) shows the electron transmission per unit length
A for Model 1a, 1b, and a pristine graphene sheet as a function
of the energy of incident electrons. The electron transmission
spectrum 7 (E) is, in general, evaluated by integrating the to-
tal electron transmission function Ty (ky,E) = Y, T;(ky, E)
over the transverse momentum k,, where T;(k,, E) represents
the electron transmission of the ith transmission channel:
+m/Ly

Tavoa£) = 3 [ Ttk Exik,

127
N = 7-‘l'k)C'sE"
NLMZ]; (ks E)

(55)
/Ly

(56)
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L, is the length of the unit cell in the x direction, and L, = a
for Model 1. In the practical evaluation, we use Eq. (56) in
which j indicates a discrete point in the transverse momentum
ky. In the case of a pristine graphene sheet, the total electron
transmission is known to be uniformly quantized over the Dirac
triangles, and therefore, the electron transmission spectrum is
expressed in a simple form using the width of the Dirac triangle
in the k, direction, Wp(E), as

Tor(E) = ZWD(E)Z—]T, (57
Ly

where the factor 2 arises from the fact that two Dirac cones
centered at K and K’ have to be considered. One can see from
Fig. 7(c) that introducing/widening the B-N line defect dras-
tically decreases the transmission values, though the linearity
of the transmission spectra of the pristine graphene sheet is
preserved.

In the case of Model 2, the Dirac cones center at (k,,k;) =
(0,%£1/3) as seen in Fig. 5(e) and overlap each other on a k,-E
plane. Therefore, there are four electron waves propagating in
the z direction for every transverse momentum k, and energy
E. Two of them are heading toward the transition region, and
the other two are in the opposite direction. Consequently, the
electron transmission of a pristine graphene sheet without any
heteroatoms is uniform and quantized to 2 over the Dirac
triangles on a k,-E plane, as represented in Fig. 6(c). The
electron transmission of the graphene sheets with the single
and double armchair-shaped B-N line defects, i.e., Models 2a
and 2b, are shown as functions of the transverse momentum k,
and the energy FE in Figs. 8(a) and 8(b), respectively. Similar to
the case of Model 1, the contour maps exhibit that the electron
transmission is drastically reduced by the introduction of the
armchair-shaped B-N line defects; the electron transmission
values especially around k, = O decrease more than those at
around the edges of the Dirac triangles. However, the variation
in the electron transmission over the Dirac triangles is not as
large as in the case of Model 1.

The electron transmission spectra per unit length A for
Models 2a, 2b, and a pristine graphene sheet are drawn as
a function of the energy of incident electrons in Fig. 8(c). The
electron transmission spectrum for the pristine graphene sheet
is evaluated using Eq. (57) with L, =b = A/3a; however,
the factor 2 in this case means the two propagating waves
entering T2 for every transverse momentum k, and energy
E. The other two transmission spectra for Models 2a and 2b
are evaluated from the electron transmission values plotted in
Figs. 8(a) and 8(b) using Eq. (56). The electron transmission
spectra for Models 2a and 2b are almost linear and there
appear to be no transmission peaks and valleys caused by the
resonance/antiresonance of incident electron waves with the
defect states, as is the case in Models la and 1b. Comparing
the electron transmission spectra for Models 1 and 2, one
can suppose that the graphene sheet with the B-N defects
has almost isotropic electron transport properties as does the
pristine graphene sheet, because the electron transmission
spectra for the graphene sheets with the single (double)
zigzag- and armchair-shaped B-N defects agree well with each
other.

Now, let us investigate the difference between Models 1
and 2 as regards the variation in the electron transmission
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FIG. 8. Electron transmissions of the graphene sheets with
armchair-shaped B-N line defect [Model 2 in Fig. 5(b)]. In panels
(a) and (b), electron transmission contours are plotted as functions
of the transverse momentum k, and energy E with respect to the
Fermi energy Er for Models 2a and 2b, respectively. The solid curves
describe the Dirac bands of a pristine graphene sheet around the Dirac
point K. In panel (c), the transmission spectra per unit length A for
Models 2a and 2b are plotted together with the transmission spectrum
of a pristine graphene sheet. The data points indicated by the solid and
open squares are evaluated from Eq. (56), and the data points around
the Fermi energy Ef are not evaluated because of too few sampling
points.

values inside the Dirac triangles, which have been mentioned
together with the electron transmission contours in Figs. 7
and 8. Figures 9(a) and 9(b) illustrate typical electron trans-
mission profiles of Models la and 2a extracted from the
contour maps in Figs. 7(a) and 8(a), respectively. The electron
transmission of Model 1a rapidly increases to T = 0.64 as the
transverse momentum k, increases from 0.25 to 0.3, while it
gradually decreases as the transverse momentum k, changes
from 0.3 to 0.4 through the K point. On the other hand,
the electron transmission of Model 2a rapidly increases up
to T =0.92 around the transverse momentum k, = 0.1,
and then it gently decreases toward the center k, = 0. This
variation in the electron transmission profile for Model 2a
can also be seen in the channel-decomposed transmission
profiles; in particular, the transmission profile for the second
channel preserves the original rectangular-shaped electron

115450-12



IMPROVEMENT OF ACCURACY IN THE WAVE-FUNCTION- ...

PHYSICAL REVIEW B 97, 115450 (2018)

T (-) B
2 —e— total
S | 11 i
205l ]

g 0.5 . 11 .
=
8 g 3 J
= ] }// —&— 1st channel

- { H —a— 2nd channel

0.0 " " " s s o o 1 4 4 4 21

0.25 K 0.40 -0.1 0.0 0.1

ky 21/Ly) ky 21/Ly)

FIG. 9. Typical electron transmission profiles of graphene sheets
with single zigzag- and armchair-shaped B-N line defects. The
electron transmissions are extracted from Fig. 7(a) and 8(a) for the
energy of —0.8 eV. Panel (b) illustrates the first- and second-channel
transmission profiles as well as the total one.

transmission profile of the pristine graphene sheet. We can
say that the electron transmission of Model la depends on
the transverse momentum k, more significantly than that of
Model 2a.

Let us discuss the electron-transmission dependence on the
transverse momentum k, from the viewpoint of the electronic
band structures of the transition regions T1 and T2, which are
calculated under periodic boundary conditions. Figures 10(a)
and 10(b) depict the electronic band structures projected
onto k,-E planes for the transition regions T1 and T2 of

1.o<a11 — o
[ 0
0.5 — i ? - ]
% 4}
SN X .
Lqu- I VA J
y 00p--------K------AF-------K-------1
> + "\N®
2 A o
[5 i}
-0.5F I 41 ]
S 1t
Lo
0.25 K 0.40 -0.1 0.0 0.1
ky (2m/Ly) ky 2m/Ly)

Models la and 2a, respectively. From the electronic band
structure of Model 1a, one can easily see that the original band
structure of the pristine graphene sheet is largely deformed by
the introduction of the zigzag-shaped B-N line defect. This
deformation is attributed to hybridization of the Dirac cone
states with defect states, because the spatial distribution of the
electronic state changes between localized and delocalized as
the transverse momentum k, changes as shown in Fig. 10(c).
More specifically, the electronic states for the transverse
momentums k, = 0.4 and 0.5 are localized around the defect,
while those for k, = 0.2 and 0.3 are delocalized over the
transition region T1. Note that the spatial distribution of the
ith electronic state, p;(z,ky), is evaluated by

pi(z,kyx) = f/f Vi (x,y,2,ke k)P dk.dxdy, (58)
BZ

where BZ denotes the Brillouin zone and v is the Kohn-
Sham wave function obtained from the electronic structure
calculations under the periodic boundary conditions. Conse-
quently, the influence of the localized defect states on the
electron transmission depends on the transverse momentum
k, in the case of Model 1a. On the other hand, in the case
of Model 2a, there is no drastic deformation of the band
structures caused by the introduction of the armchair-shaped
B-N line defect. Moreover, in Fig. 10(d), it can be seen that
the electronic states are delocalized over the transition region
T2 within the transversal-momentum range from k, = 0 to
ky = 0.1. These facts imply that the defect states exist far
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FIG. 10. Electronic band structures and spatial distributions of electrons in the bands. The electronic band structures are calculated for the
transition regions T1 and T2 in Fig. 5 under application of periodic boundary conditions. In panels (a) and (b), the electronic band structures as
functions of momentums k, and k, are represented as projections onto the k,-E planes for Models 1a and 2a, respectively. The solid and open
symbols denote the eigenenergies at k, = 0 and k, = 0.5, respectively. The solid curves diagonal to the panels represent the Dirac triangles.
Panels (c) and (d) show the spatial distributions of electrons belonging to respective transversal momentum k, . In panels (b) and (d), since two
electronic bands appear in this energy window, the valence and conduction bands close to the Fermi energy E are drawn in red and the others

in blue.

115450-13



SHIGERU TSUKAMOTO, TOMOYA ONO, AND STEFAN BLUGEL

PHYSICAL REVIEW B 97, 115450 (2018)

away from the transverse momentum k, and the energy E
presented in Fig. 10(b), and hence, the influence on the electron
transmission is less dependent on the transverse momentum
k.. In addition, since no localized defect state exists inside
the Dirac triangles shown in Figs. 10(a) and 10(b), resonant
electron transport with a quantized transmission value does
not occur in Figs. 7(a) and 8(a).

From the electronic band structures in Figs. 10(a) and 10(b),
one may expect that the electron transmission is forbidden at
certain energy ranges, for instance, £ < —0.8 eV at k, = K
in the case of Model 1a, because of the presence of the band
gap. This can be explained by imagining an extension of the
supercell T1 or T2 in the z direction to separate the interval
between the B-N line defects in the neighboring supercells.
As the supercell length L, increases, the band dispersion
of the delocalized states asymptotically approaches that of
a pristine graphene sheet, while the localized defect states
form dispersionless flat bands in the longitudinal momentum
k. direction. A consequence of this thought experiment is that
electrons with energy E and transverse momentum k, within
the Dirac triangles are allowed to enter the graphene sheets
with B-N line defects sandwiched between the semi-infinite
graphene electrodes and to pass through them with a certain
transmission probability, which depends on the influence of the
localized defect states, as discussed in the previous paragraph.

V. CONCLUSION

We reformulated the WFM method for first-principles
transport-property calculations so as to exclude the rapidly
decreasing evanescent waves because the original WFM meth-
ods are formulated to include all the generalized Bloch waves.
Sgrensen et al. had reported that the transmission probability
varies when increasing the number of extra layers attached
to the transition region, and the errors in the transmission
and reflection probabilities are inconsistent to each other.
These results indicate that the translational invariance of the
transmission probability with respect to moving the matching
planes is not preserved and the sum of these probabilities is
not equal to the number of channels in their WEM method.
We found that the translational invariance deteriorated as
a result of the overlap of the layers between the electrode
and transition regions and the exclusion of the rapidly de-
creasing evanescent waves. Due to the incomplete set of
the generalized Bloch waves, pseudoinverses were used to
calculate the transmission and reflection probabilities in the
conventional WFM methods and caused degradation of the
accuracy. We proposed a method that eliminates the overlap
of the layers between the transition and electrode regions
and computes the transmission probability from the SWFs
without the pseudoinverses and the Green’s function of the
transition region. The proposed method nicely recovers the
translational invariance of the transmission probability with
respect to insertion of the extra layers and gives transmission
and reflection probabilities whose sum exactly agrees with the
number of channels. We also demonstrated that the accuracy
of the transmission probability of the WFM method without
computing the rapidly varying evanescent waves or attaching
the extra layers to the transition region is comparable to that
obtained by the nonequilibrium Green’s function method.

We also carried out electron transport calculations on two-
dimensional graphene sheets with either zigzag- or armchair-
shaped B-N line defects and discussed about the indirect
influence of the defect states on the electron transport prop-
erties. The transport calculations revealed that the graphene
sheet with the zigzag-shaped B-N line defect has an electron
transmission dependent on transverse momentum perpendicu-
lar to the direction of electron transport. On the other hand,
the electron transmission of the graphene sheet with the
armchair-shaped B-N line defect exhibits less dependency
on the transverse momentum, though the transmission value
is reduced in comparison to that of ideal electron transport
without any defects. The electron-transmission dependency on
transverse momentum can be explained from the electronic
band structures of the transition regions calculated under
periodic boundary conditions. More specifically, the original
band structure of a pristine graphene sheet is largely deformed
by hybridization with localized states originating from the
zigzag-shaped B-N line defect. Because the localized states are
at the transverse momentum k, = 0.5, the incident electrons
with transverse momenta close to k, = 0.5 are significantly
affected and the transmission value becomes small. In the case
of the armchair-shaped B-N line defect, the band structure
is not significantly deformed, because there are no localized
states originating from the B-N line defect at the transverse
momentum and energy close to the Dirac points. The present
study on the graphene sheets using the proposed method can
be extended to the study on the electron transport properties
of carbon nanotubes with B-N defects, which recently attracts
attention [52-54].
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APPENDIX A: ALTERNATIVE APPROACH TO COMPUTE
GENERALIZED BLOCH WAVES OF ELECTRODES

The alternative approach for computation of generalized
Bloch waves is to use the Green’s function of the isolated
Hamiltonian of the electrode @)L[E(ﬁL)_l] proposed by
Fujimoto and Hirose [11]. In this scheme, one assumes that
myp >2mypp. f mp < 2mypp, several unit cells of the crystal
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are included in H, to satisfy m; > 2m ;. The generalized
Bloch waves are obtained by solving the following generalized
eigenvalue problem

(—m@g,soﬁ” —oL<s3,g3>ﬁL)(¢<i_,)(s3)>
0 |

di+1(&1)

=A< r 0 _L>(¢gl>(f§3>)
—0.(&1,6)h —0.(&,8)h )\ @i )’

(AD)

where

. 0.81,61) 0.1,6) 0.(61,83)
O,=MH,) '=[0.6.6) 0.(6.6) 0.(5.8)
0.(83.851) 0.(8.86) 0.(5.8)

(A2)

Here, multiple grids or bases are bunched together in &;. &
(&3) includes my,; grids or bases having interactions with the
left (right) neighboring unit cell {x;, ;} ({x3,;}) and &, gathers
my — 2my grids or bases not having the interaction with the
neighboring cells {x,, ;}. For example,

&= (x1- -

Thus, 0,(&,6) is an my;, X mp; matrix expressed as
0,(,6) = (£1|OL]&)). The computational cost of this
scheme is O(m%m“) tosetup Eq. (A1), when H, is sparse and
an iterative method is used. Although this scheme computes

J

’Xl,mLL)- (AS)

where
) 0 0
Gl—/,l—l Gl—l,O Gl—/,l
0 ) )
GO,I—[ GO,O GO,I
) @) @)
Gl.l—l Gl,() Gl,l
GO — . . .
0 0 0
Gn,l ) Gn,O Gn,l
@) ) )
Gn+1,171 Gn+1 0 GI‘L+1,1
o 0 0
Gn+l,l—l Gn-H 0 GV!-H,I

the eigenpairs of Eq. (Al) within the specific interval of
Amin < |A] < 1/Amin, truly semi-infinite systems can be treated
by solving the continued-fraction equations introduced in
Sec. 11E.

APPENDIX B: WAVE FUNCTION MATCHING FORMULA

Let us introduce the WFM formula [11] for the case that
the rank of H;(Hg), my(mg), and the rank of H; ; (Hg g),
mpp(mgg), are equal. The case that they are not equal is
formulated in Appendix C. The Kohn-Sham equation for the
computational model with [ extralayers [Fig. 1(b)] is expressed
as

(O]

.1 _ﬁTL,LWO
: 0
(ESY —HN)| : | = (B1)
: 0
1p;(ll) —Hg gV

Multiplying the Green’s function G®[= (ES" — H®)=1]
from the left hand side yields

0]
1

=l
—H,; ¥
0
=G» : , (B2)
: 0
' —Hg rVn+1
Wr(ll) RYnt
O] @) (0]
Gl—l n Gl—l,n-H Gl—l,n-H
0 0 0
GO,n GO,n+1 GO,n+l
0) ) (0]
Gl,n Gl,n+l Gl,n+l
: : : (B3)
U O] @)
Gi(l,)n GHJH-] Gn,n+l
) @) @)
Gn+1,n Gn+1,n+1 Gn+1,n+l
0 0y o
Gn-‘rl,n Gn+l,n+l Gn+l,n+l

with Gfli being the (i, j)th block-matrix element of the Green’s function of the isolated transition region G®. From the first and
last block rows of Eq. (B2), ¥ and ¥, are related to WEZ) and 1//,(11 ) as follows:

U]
1

o _ ORI O o1
I/fn = _G11+Z,1—IHL,Lw0 - Gn+l,n+lHR-,Rw”+1‘

o l 0 o
=-GH; Yo — G, Hr rYus1,

Substituting the relation of Eq. (8) into Eqgs. (B4) and (BS5), we obtain

ref, (1) in,(l) _ ) il
v Y =G

o _ ) o' f
I/In - _Gn+l,lleL,L( (1;e

(B4)
(B5)

i) — G He kY (B6)

+ 1/’6“) - Ggl;,nﬂﬁk,kl/fnﬂ- B7)
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Rewriting Eqgs. (B6) and (B7) in terms of the SWFs in the electrode regions wgef and v,,4, we arrive at the following WFM
formula,

) =T ref, (1) £ —1 ) o £ ) i i in, (1)
_Gl—l,l—lHL,L -7 (Kﬁ(r)e ) _Gl—l,n+zHR,R ( (r)e ) _ Gl—lfl—lHL,L (1)n + v (BS)
O () T 1 —1 - o =t
_Gn+l.l—IHL,L _Gn+z,n+zHR,R - W,g)(lﬂnﬂ) Vs Gn+l.l—IHL,L 0

Here, ¥ is determined by Eq. (23) and v} = AL ¥ In Eq. (B8), the left (right) matching plane is set between ¢ and

Uit ) and Y.
To solve the simultaneous equations of Eq. (B8), we need the ratios of the SWFs between the neighboring layers on both sides of

the matching planes wlref’(l)(waef)’l and w,(,l )(¥,41)~ . From the boundary conditions in the electrode regions, i.e., Egs. (22)—(25),
the ratios in the right and left electrode regions are given by

Yni1(Wni2) = S (A )" (B9)

and

Fe) T = @@ A ™H, (B10)

respectively. Here, E); and 5; contain only the propagating and slowly varying evanescent waves. Thus, (6;1’{;)’1 and
($Z(KZ)_1 )~! are determined by the pseudoinverses. In the left electrode region, the SWF satisfies

H, ™+ oy +Hy oyt =0 (B11)

Accordingly, we can see that the ratio of the SWFs at the left matching plane w{ef’(’)(wgef)—' can be derived as

PO () = (™ (B H () ). (B12)

In a similar way, the ratio at the right matching plane can be constructed as

YOy )™ = —(Hly ) g + Hg g Yns2 Wy ) ). (B13)

Note that once the recursive equations Eqs. (B12) and (B13) are solved, wlret’(l)(l//{)ef)’l and 1//,?)(1//,,“)’1 contain part of the
contribution of the rapidly varying evanescent wave excluded by the cutoff parameter A;,. Inserting Eqs. (B12) and (B13) into
Eq. (B8) and solving the simultaneous equation Eq. (B8), we obtain the SWFs at the first layers of the left and right electrode
regions ¥ and ,11.
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Here, we define the m; x m; ratio matrices [11] as

REef0+D — erf(%ef)_lv (B14)

REEO = gy ) @15
and the mgr X mpp ratio matrices as

R = g0 () ™ ®16)

RUS0HD 1/fn+1(¢,(.”)71- (B17)

By substituting Egs. (B14) and (B15) [Egs. (B16) and (B17)] into Eq. (B12) [Eq. (B13)] and shifting the indices of ratio matrices
by one unit cell, Eqs. (B12) and (B13) can be rewritten in the form of continued fractions [11],

RM0D = _(H, + H] RO)"'H, (B18)
R0 = _(Hg + Hg gR™ D) Hy . (B19)

Accordingly, the WFM formula Eq. (B8) becomes

(O] £.(0)\—1 O] f O] ol in,(/)
Gl 1,1-1 L L (Rfe ()) Gl 1n+[HR,R 6e _ Gl 11— IHL L 0 + Ip (BZO)
G(Z) _T G(l H Rura.(+1)y=1 Ynt1 G(l) _T in
n+l,1— l n+l,n+lAR,R T ( ) n+l,1-1 L LY0

The SWFs in the transition region are obtained by substituting the obtained w“’f and ¥+ into Eq. (B2). Note that only parts

of the block-matrix elements of the Green’s functions matrix fo)l_l and Gl(l i=1-1,...,n+1) are needed to obtain the
SWFs.

n+l (

APPENDIX C: WAVE FUNCTION MATCHING FOR GENERAL CASE

In Appendix B, we introduced the WFM formula [11] for the case that the ranks of H,.(Hy) and ﬁL,L(ﬁR, r) are identical
(mp = mp; and mg = mgg). In many cases, e.g., real-space grid methods, the Hamiltonian does not satisfy such a condition. In
this Appendix, the WFM formula for the case that m; > m; and mg > mgg will be derived. Although we assume m; > 2my,
this condition can be easily satisfied by increasing the number of unit cells in H;, as introduced in Sec. Il A. The splitting using

&, &, and & in Sec. ITA allows the SWFs Iﬂlref‘(l) to be written as

AR
;ef O _ ]/jref (1)@2) ) (C1)
Y0 &)

Using the same separation for 1, 1//,(/ ), and V41, Eq. (B1) is expressed as

v O
¥ (&) !
1 —h" (&)

I R ) 0

(ESY —HY) : = : . (C2)

Vi GED L0
Yy (&) —h Y160
YD&)
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Multiplying G(l)[:(Eg(l) — ﬁ(”)’l] from the left hand side leads

v O
YO &) ntl
! —h (&)
i O&) 0
; =GO : . (C3)

(&) o0

Y (&) —h ¥, 160

¥ (&)

Supposing that (i, j) block-matrix element of Green’s function Gfl; in Eq. (B3) is given by
Gl E.8) GlELE)  GlELE)
G = |6 &) Gk GlE.s) | (C4)
Gi(&.8) GE.6) Gli(&.6)

we have the WFM formula,
(—Gﬁ’i,,l_,@l,a)ﬁ” — it O (wte) ™ —G", , ELER" )
G, (&, Eph" —G", i ELEDR — Y OE) W (€))7
() - (PR ) s
Vnt1(1) G, (EE0R i)
Applying the same separation using &;, &, and &; to 5; and ZI;Z, Egs. (B9) and (B10) take the forms of
Y1 (E)WYn2 ()" = BRENA R D (£, (C6)
S EN (VeI ED) T = B ENAR )L &) (C7)

~t o~ ~ o~ ~t —1
respectively. Since the rapidly decreasing evanescent waves are not included in A; <I>;(§ 1)and (A, Yl 1 (&3), (A; <I>;(§ 1)) and

((XZ)’1 5;(53 ))71 are computed by the pseudoinverses. The ratio of the SWFsin Eq. (C5)isanm X mp; (mggr X mgg) matrix,
while thatin Eq. (B7)isanm x m (mg x mg) matrix. Itis not possible to solve Eqs. (B12) and (B13) using w(r)ef(él )(t/ﬂ_e]f(&))"
and ¥, +1(&3) (Y25 )t strictly because m; > myp; and mp > mpgg. We derive other continued-fraction equations for the ratio
of SWFEs. " obeys the equation,

G 0.(61.85) 0.(G1.6) 0.(61.53) _H”'wr_elf(&)
V&) | = 0056 0.(6.8) 00(6.&) ., 0
Vet (&) 0.(6.6) 0.(5.6) 0.(E.8)) \-h vy PeE)

where 0 (§;,§;) is the (7, j)th block-matrix element of (H,)™! defined in Eq. (A2). From the first and third block rows of Eq. (C8),
we see that

; (C8)

o)) = —0,(ELEDR Y (E) — 0, (ELER YT OE), (C9)
() = —0,(E.EDR Y (E) — 06 E0R YO, (C10)
Multiplying ("™ (£3))~! from the right side of Eq. (C9) leads to
Y EN W ED) T = —0,ELEDRT — 0, EDR Y OE) (0 (&) (C11)
Multiplying (" (£))~" from the right side of Eq. (C10), we have
) (p O ) = —0,E R Yl E) (U OED) T — 0. ER” (C12)

Substituting [ (&) (Y™ (&))" in Eq. (C11) into ¥ (&) (&))" in Eq. (C12), we obtain the continued-fraction
equation for the left electrode side,

() (Y OE) T = 0, (EnEDR 4 0,EEDR (W ED(VNE) T + 0,ELEDRT ) 0L ELEDRT. (CI3)
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Analogous to Eq. (C13), the continued-fraction equation for the right electrode side is given by

Yt ED(OE) T = —0rELEDR + 0pELEDR (W1 )Y 2ED) ™ + 0r(EsE)R ) R(E DR . (Cl4)

Shifting the matching planes by one extra layer inside of the transition region as discussed in Sec. I1E, we obtain the following
WFM formula in which the left (right) matching plane is set between v\”(£3) and ¥\~ "(£)) [ P(&)) and ¥~V (&)].

—GYT_ELER — gt (p O ) —GYT), (ELEDR” (w{ef’(”(sa)>
G0, (& kR G EERT — Y E) (pPE) T\ wED
(GG ER YO + ) .
GTP & e YD)
By repeatedly solving Eqs. (C13) and (C14) [ times, the WFM formula is rewritten as
—G @ =y OEn (v V) ~GY G (wfef“(ss))
~GO (&, e0h" —GO) (&,EDh" — Y OEN(¥OE) T )\ v ED
(6@ Eon V) -y O <16
GO & E0R Y V(g
Defining the my; x my; and mgr X mpp ratio matrices for the left and right electrode sides,
ReH0-D — Klf{ef’(”(&)(1//{8&([71)(51))_1a (C17)
RO = O (y D)), (C18)
respectively, Egs. (C13), (C14), and (C16) are expressed as
R0 = 0, (5, 60R" +0,(5,60R (RO)™ 40, (&,60h ) 0,51, &R, (C19)
RO = 0 (&, EDR" + 0 (€ EDR (R™CD) T 40485, 80R™)0,(5,60R", (C20)
—GO) (&, DR — (Rre )1 ~GO (&, Eh" (Ip;ef'“)(g_g)) (60 @ Eon V) + V@)
G\ (&60h" ~GO) (& £0R" — ROy~ [\ YN ED G Enoh” Y Ve

(C21)

From the discussion in Sec. IIE, the ratio matrices are uniquely determined if / is sufficiently large. Inserting Ilffef’(l)(&) and
1/;51)(5 1) into Eq. (C3), the SWFs in the transition region are computed.

For the computation of the transmission probability, the matrices containing the group velocities of the incident and transmitted
waves and the vector of the transmission coefficients are given by

vt = a®] TV o] (&), (C22)
¥ = a(d ) (ENT P (&), (C23)
t = (drE) v e, (C24)

respectively. The transmission matrix is obtained by
in \—1
Tik = a(vih) " Yl GOTR G (C25)
with the dimension of I'(Ig) being mgg.
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FIG. 11. Convergence behavior of the ratio matrix R™'.

APPENDIX D: CONVERGENCE BEHAVIOR
OF THE RATIO MATRIX

As introduced in Sec. IIE, the ratio matrices R™H©
and R"™® are obtained by solving the continued-fraction
equations Egs. (27) and (28). The initial matrix of
A)'®, (@) [(Ap) ' ®5(D5) '] is constructed at ¥r_,
and Yo (Y41 and ¥,45), in which the rapidly decreasing
evanescent waves vanish. It is of importance that the ratio ma-
trix R™H (@ (R (M) js uniquely determined after the continued-
fraction equation Eq. (27) [Eq. (28)] is solved until RO
(R on the left- and right-hand sides become identical.
Figure 11 shows the convergence behavior of the ratio matrix
R™ for the (9,0) CNT electrode used in Sec. IIIA as the
electrode region. R™  are computed by solving Eq. (C19)

exact

10 times using the initial value of (A,)~'®, (®,)~" with
Amin = 10710 as a reference and the difference from R | are
plotted in Fig. 11. We can see that the number of iterations
for solving the continued-fraction equations is small when
Amin 18 set to be small and the ratio matrices can be uniquely

determined by the continued-fraction equations.

APPENDIX E: DETERIORATION OF THE
TRANSLATIONAL INVARIANCE OF THE TRANSMISSION
PROBABILITY DUE TO THE PSEUDOINVERSE

The transmission coefficient should not change except the
trivial Bloch factors as long as the same matrices for the group
velocity are used to retain the translational invariance of the
transmission probability. The transmission coefficients at
the first and second extra layers from the boundary between
the right electrode and transition regions, ?( ) andN([ Y should
satisfy the following relation,

T = Agt, . (ED)
According to Egs. (16) and (18), the SWFs at the first and
second extra layers are described as

~t i~
w’(lnk _ (~+ o+)<(AR) lar:rl,k)’ (E2)
(A

1o+
R) Atk

,(//(l 1) ( -;?—,(i)Jr)((AR) 2~;l'_+1,k)’ (E3)

(AR) 2Dn+l k

respectively. Note that in the transition region, the evanescent
waves excluded by the cutoff parameter A, also contribute to

the SWFs. Multiplying the pseudoinverse (5;)’1 to Egs. (E2)
and (E3) from the left hand side leads to

( R) 1"’+
0 = @)@, °*><( ”“”‘)

15+
R) n+1,k

I~+ ~ 19 o+ 1o
(AR) “n+1k+(‘l’;) lq’R(AR) Yay,, .. (B4

7D + gty (@r) ZNIHk)
=(®y) (<I> ?) :
. <(A ) 24 n+1k

= A%, + @7 dp(Ap) ), (ES)

Since the generalized Bloch waves are nonorthogonal,
@H'd, £0, resultmg in T, # A 12", When a regular

matrix is used for & r> the second terms of Egs. (E4) and (ES)
vanish and the translational invariance is preserved.

APPENDIX F: INVARIANCE OF THE TRANSMISSION
MATRIX WITH RESPECT TO THE TRANSMITTED WAVES

We prove Eq. (53) indicating that the transmission matrix
o o x o+
is invariant as long as a regular matrix is taken for ®,. Let

the number of columns of 6; (i);) be nig (mg). Defining a
mpg X mpg regular matrix

I p
P= F1
(6 %) o
with p; and p, being mg x mg and mp x Mg matrices,
respectively, @ and é; are related as

Y+
o =& P. (F2)

From Eq. (F1), one sees that é; can include the components
of 5; Equation (51) is rewritten as

M X+,
tk — (q>R) ll/f(l)

=P(@}) ',
= Pt;. (F3)
Then, we have
t =Pt. (F4)

The group velocity of the transmitted wave is expressed as
< <+ x o+
v = a(dp) TR &y
=a(@ P HTYotPp!
=P HiveEp!, (F5)
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Substituting Eqs. (F2) and (F3) into Eq. (40) leads to
T = (Vin)_lij'{,tra{
— (Vin)—l (Pt)T(P— 1 )TvtraP— 1 Pt

= (v ltivee. (F6)

APPENDIX G: WAVE-FUNCTION-MATCHING FORMULA
WITHOUT GREEN’S FUNCTION

Computation of the Green’s function of the isolated tran-
sition region G? is time consuming in some cases. In this
Appendix, we introduce an alternative procedure which solves
simultaneous equations for the SWFs [55]. The SWFs in the
electrode regions are rewritten as

Yo = Vi + v
f f.()y—1 ) ref, (1) i
=ve () T v

— Rref,(/)(wfl) _ w:nﬂ)) 4 w(i)n’ (Gl)
-1
wn+1 = an+l (W,il)) an(l)
— Rtra’(l)'(//(l). (GZ)

Inserting Eqs. (45), (46), (Gl), and (G2) into Eq. (B2)
yields [55]

0
1
(ESY — HO — {0y

v

=T in 1), in,(l
_HL,L 0 _Z(L)wl O
0
= : , (G3)
0
0

where H? is a zero matrix except that the upper left mp; x
myp and lower right mgg x mgg block-matrix elements are
Zg) and E(Ié), respectively:

D0 0 0
0 0 ;
HO = (G4)
: 0 0
!
0 ... ... 0 xP

The SWFs can be evaluated without computing the Green’s
functions of the isolated transition region G?) if one solves
Eq. (G3). Inserting v\" and ¢ into Egs. (G1) and (G2),
one has the SWFs at the first layers of the electrode regions
Vit (= Yo — i) and V41, which are used to compute the
transmission and reflection coefficients.

When the matching planes are moved, Eq. (G3) is rewritten
as

(©0)
1

( E§(0) _ ﬁ(O) _ ﬁ(o))

‘O
v,

i in, (1 0)_, in,(0
_HL,L l ()_E(L)w1 )
0
= : , (G5)
0
0
where
=P 0 0
0 0
HO = (G6)
0 0
0o ... ... 0o zP

In the case that m > m;, and mg > mpgg, the self-energy
terms are defined by

20 = —RTREMO, (G7)
Z(Ié) — _HRera,(H’l)' (Gg)
Then, the similar equation with Eq. (G5) becomes
URGY
(ESO — HO _ HO)
(&)
_LT . .
0y &) - 2P @)
0
= : . (GY)
0
0
where
=P 0 0
0 0
HO = (G10)
: 0 0
0 ... ... 0o x¢

Here E(LO) and ):(,9 are my; X myp and mgr X mpr block
matrices.
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