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We study Anderson localization of massless two-dimensional Dirac electrons in random one-dimensional
scalar and vector potentials theoretically for two different cases, in which the scalar and vector potentials are
either uncorrelated or correlated. From the Dirac equation, we deduce the effective wave impedance, in which
we derive the condition for total transmission and those for delocalization in our random models analytically.
Based on the invariant imbedding theory, we also develop a numerical method to calculate the localization
length exactly for arbitrary strengths of disorder. In addition, we derive analytical expressions for the localization
length, which are extremely accurate in the weak and strong disorder limits. In the presence of both scalar and
vector potentials, the conditions for total transmission and complete delocalization are generalized from the usual
Klein tunneling case. We find that the incident angles at which electron waves are either completely transmitted
or delocalized can be tuned to arbitrary values. When the strength of scalar potential disorder increases to
infinity, the localization length also increases to infinity, both in uncorrelated and correlated cases. The detailed
dependencies of the localization length on incident angle, disorder strength, and energy are elucidated and the
discrepancies with previous studies and some new results are discussed. All the results are explained intuitively

using the concept of wave impedance.
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I. INTRODUCTION

The phenomenon of Anderson localization of quantum
particles in a random potential and classical waves in random
media continues to attract a strong interest of researchers,
despite a half-century of investigation [1-11]. Though the ba-
sic origin of Anderson localization, which is the interference
of wave components multiply scattered by randomly placed
scattering centers, is well understood, new and surprising
aspects of the phenomenon have been discovered continually
[12-20]. Differences in the types of wave equations, the
material properties, and the nature of disorder all affect An-
derson localization strongly and can cause conceptually new
phenomena to occur. Recently, much interest has been paid
to the localization arising in new kinds of condensed-matter
materials and artificially fabricated metamaterials [20-27].

In this paper we are especially interested in the unique
localization and delocalization phenomena occurring in the
system of pseudospin-1/2 Dirac fermions in two-dimensional
(2D) materials such as monolayer graphene, which is charac-
terized by a linear dispersion relation around the Dirac point
and described by a relativistic Dirac-type equation [28-30].
Though our method can be generalized to the cases of massive
pseudospin-1/2 and pseudospin-1 Dirac systems, we restrict
our interest here to the massless pseudospin-1/2 case. Our
result can also be applied to the localization of quantum
particles in other systems, including cold atoms, trapped ions,
and semiconductors, and to that of classical electromagnetic
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waves in photonic systems analogous to graphene or other 2D
materials [31-34].

The localization of the aforementioned 2D Dirac fermions
in a random one-dimensional (1D) scalar or vector potential
has been studied previously by several authors [20,35-37]. In
all of these studies, they considered superlattice models with
random arrays of rectangular potential barriers with random
heights and widths and calculated the localization length or
the transmittance using the transfer matrix method. One of
the outstanding features of these studies is that massless Dirac
particles that incident normally on a 1D random scalar poten-
tial are always delocalized regardless of the potential strength
and the particle energy, whereas those that incident obliquely
are localized except for some special cases. This phenomenon
is an extension of the famous Klein tunneling to random
cases [38,39]. Another interesting and counterintuitive feature
is that localization is destroyed as the strength of the scalar
potential disorder increases to large values [20].

The localization behavior of Dirac particles that incident
normally on a 1D random scalar potential was studied numer-
ically in Ref. [35], where it has been demonstrated that, in
the massless case, the localization length diverges and, in the
massive case, it is larger than the corresponding nonrelativistic
value. The transmission of electron waves through disordered
graphene superlattices with a random scalar potential was
studied in Ref. [36]. The transmittance of a finite strip was
shown to be equal to 1 at normal incidence and to have a
strong angle dependence at oblique incidence. In Ref. [37],
analytical formulas for the localization length in disordered
graphene superlattices with a random scalar or vector po-
tential were obtained using the transfer matrix method and
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the weak-disorder expansion. The localization length was
reported to have a tan=2 6 dependence on the incident angle
0 for all energy in a weak scalar potential and to have a
cos? @ dependence for all energy in a weak vector potential.
More recently, the localization behavior of pseudospin-1 and
pseudospin-1/2 Dirac particles in disordered superlattices
with a random scalar potential was studied in Ref. [20]. The
localization length was reported to have a sin~2 @ dependence
for all energy and to increase to large values in the strong
disorder regime.

In this paper we consider the continuum 2D Dirac equation
in random 1D scalar and vector potentials, which are charac-
terized by d8-function correlations. In addition to the model
where the scalar and vector potentials are independent, we
also consider the one where they are strongly correlated. All of
our numerical results are essentially exact for all strengths of
disorder. Our main focus is to obtain the generalized condition
for total transmission and those for complete delocalization in
our random models and to understand them in an intuitive and
physical way.

We study our problem using three different approaches.
Starting from the Dirac equation, we deduce an analytical
expression for the effective wave impedance, in which we
derive the condition for total transmission and those for de-
localization in our random models analytically. Based on the
invariant imbedding method (IIM) for solving wave equations
[40—45], we also derive the invariant imbedding equations
for the reflection and transmission coefficients. By applying
a stochastic averaging technique to them and solving the
resulting equations numerically, we calculate the localization
length exactly for an arbitrary strength of disorder. In addi-
tion, by applying the perturbation expansion method to the
invariant imbedding equations, we derive concise analytical
expressions for the localization length, which are extremely
accurate in the weak and strong disorder regimes.

One of the main advantages of the IIM for the study
of localization is that it is possible to perform the disorder
averaging analytically in an exact manner and convert the
random problem to an equivalent deterministic one. In other
studies, disorder was introduced in the superlattice model by
assigning the values of the potential and the layer widths
randomly. The disorder averages of various quantities were
obtained by repeating a large number of calculations for many
random configurations and averaging over the results. In order
to obtain reliable disorder averages using this type of method,
one usually needs to do the calculations for a very large
number of configurations.

Using our approaches, we calculate the dependencies of
the localization length on incident angle, disorder strength,
and particle energy in detail and compare the results with
those of previous works. We find some crucial discrepancies
and surprising new results. We derive the incident angles
at which obliquely incident electron waves are either totally
transmitted or completely delocalized for two different ran-
dom models. We find that these conditions, which include the
ordinary Klein tunneling as a special case, can be understood
completely through the concept of wave impedance. In the
presence of a vector potential, these angles can be tuned to
arbitrary values. We also explain the counterintuitive phe-
nomenon that, in certain cases, the localization is destroyed

as the strength of scalar potential disorder increases to infinity
using the impedance concept.

The rest of this paper is organized as follows. In Sec. II
we introduce the two random models used in this study. In
Sec. III the IIM for the calculation of the localization length is
described and the invariant imbedding equations are derived.
In Sec. IV we deduce an expression for the wave impedance,
in which we derive the condition for total transmission and
those for delocalization analytically. By applying the pertur-
bation expansion method to the invariant imbedding equations
in Sec. V, we derive analytical expressions for the localization
length in the weak and strong disorder regimes. In Sec. VI we
present detailed numerical results obtained using the IIM and
discuss the dependencies of the localization length on incident
angle, disorder strength, and particle energy. We conclude the
paper in Sec. VII with some remarks on the implications of
our results for experiments.

II. MODEL

We are interested in the localization of massless Dirac
electrons in 2D systems such as monolayer graphene in the
presence of 1D random scalar and vector potentials. Our the-
ory can also be applied to the localization of electromagnetic
waves in graphenelike photonic systems. The graphene layer
is in the xy plane and the scalar potential U and the vector
potential A (=A,¥) are assumed to be functions of x only. The
scalar potential can be generated by various methods includ-
ing the electric field effect and chemical doping. The vector
potential is related to an external magnetic field perpendicular
to the graphene plane B = Byz, by Bo(x) =dA,(x)/dx. It
can also be induced by physical strain.

The motion of electrons in our system is described by the
2D Dirac Hamiltonian of the 2 x 2 matrix form

U vp (T, —imy)
= , R 1
H (vp(nx—i—my) U M
where vy (R10° m/s) is the graphene Fermi velocity. The x
and y components of the kinetic momentum operator , and
my are given by
hd
Ty = ——,
Y idx
where e is the elementary charge and ¢ is the y component of
the wave vector, which is a constant of the motion. The 2D sta-
tionary Dirac equation, which follows from the Hamiltonian,

takes the form
d (Ya\ _ [ ka+q ik(1 —u)\(¥a
dx\¥s)  \ik(l —u) —ka—q J\Y3p

(B i€ \[(Va
=+( 5)(0) )

where k [=E/(hvr)] is the wave number for the electron
wave in free space and E (>0) is the electron energy. The
dimensionless scalar and vector potentials u and a and the
supplementary functions € and g are defined by

U A,
2 a=L oy, ﬂ=%+¢ &)

7, = ig + eA,, @
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It is easy to see that the localization behavior in the negative
energy case is the same as that in the positive energy case with
the opposite signs of the scalar and vector potentials.

We are interested in the situation where U and A, are
random functions of x in the region 0 < x < L and zero else-
where and consider two different random models. In model I
we assume that u and a are independent random functions of

x and are given by
u=uy+dulx), a=ay—+ da(x), 5)

where u( and a are the disorder-averaged values of u and a
and du(x) and da(x) are Gaussian random functions satisfy-
ing

(Bu(x)su(x")) = g.8(x —x'),
(8a(x)a(x")) = §.8(x — x"),

(Bu(x)) =0,
(a(x)) =0.  (6)

The notation (---) denotes averaging over disorder and g,
and g, are independent parameters characterizing the strength
of disorder. In model I we consider the situation where the
random functions du(x) and da(x) are not independent, but
proportional to each other such that

da(x) = féu(x), )

where f is a real constant. We point out that our vector
potential configuration corresponds to the external magnetic
field given by

hk
By(x) = ?[003(36)—005(36 —D)]+56Bx), (8

where § B(x) is a random magnetic field fluctuating between
positive and negative values with zero average. When ay is
zero, we have a purely random magnetic field. A similar type
of nonrandom models with two § functions of opposite signs
have been studied previously [46]. From the definition of the
dimensionless parameter g, to be defined in Eq. (20), we can
relate it to the magnitude of the randomly fluctuating part of
the magnetic field |§ B| by

58| ~ | SNE ©)
lCSEZUF ’

where [, is the correlation length of the vector potential disor-
der. If we substitute £ = 20 meV, /. = 10 nm, and g, = 0.01,
we obtain |[§B| ~ 0.36 T.

III. INVARIANT IMBEDDING METHOD

We use the I[IM to solve the Dirac equation in the presence
of random potentials. Similar methods have been applied in
previous studies of the localization of electromagnetic waves
in random dielectric media [41,47-49]. We assume that an
electron plane wave is incident from a uniform region (x > L)
onto the random region (0 < x < L) obliquely at an angle
6 and transmitted to another uniform region (x < 0). The
wave function ¥4 (or equivalently 1g) in the incident and
transmitted regions can be expressed in terms of the reflection
coefficient r and the transmission coefficient ¢:

e~ PO 4 ()P D) | x> L,

t(L)e ¥, x <0, (10)

wA(-xs L) = {

where r and ¢ are regarded as functions of L. The y and
(negative) x components of the wave vectors ¢ and p are
related to 6 by g = ksinf and p = kcos6. Once 4 is
obtained from the IIM, 1/ can be calculated using

Vg =—ro - TizVa an

Starting from Eq. (3), we are able to derive exact differen-
tial equations satisfied by r and ¢ using the IIM developed in
Ref. [45], which have the forms

1d .

Zd_’; = —e_’g(e tanf — BsecH) + 2i(esecd — Btanb)r
+e%(etan6 —ﬁsec@)rz,

1dt .

Tl = i(esecO—pBtanO)r+e'’ (etanO—pBsecH)rt. (12)

We can obtain r and ¢ by integrating these equations numeri-
cally from / = 0 to [ = L with the initial conditions r(0) = 0
and 1(0) = 1.

If the potentials are nonzero in the transmitted region
where x < 0, we need to solve the same differential equations
with the modified initial conditions obtained using the Fresnel
formulas, which take the form

) 2cosf
0)=————, t0)=——7iy, 13
r() 619+Q () el9+Q ( )
where Q is defined by
=ﬁ_i&7 &=1—up, PBr=sinb+a. (14)
k€2 €

The parameters u,, as, €, and B, are, respectively, the values
of u, a, €, and B in the region x < 0 and p; is the negative
x component of the wave vector in the same region. Since p»
satisfies p22 + k2B,% = k*e,%, we can calculate p, from

P2 _ |sgn(e)ver’ — B ife’ > B,
k i\/ /322 — 622 if 622 < ,322.

After obtaining r and ¢, we calculate the reflectance R and the
transmittance 7 from

SgN(ex)n/ €222 |t|2
R=Ir?, T=

s)

e 2 2
< o050 ife* > B,

0 if €22 < B,

(16)

With these definitions, R and T satisfy the law of energy
conservation R + 7 = 1.

One of the main advantages of using the IIM is that the
disorder averaging can be performed analytically in an exact
manner. We use Eq. (12) to calculate the disorder averages of
various physical quantities consisting of » and ¢ exactly. In
this paper we are mainly interested in the localization length
& defined by

=—1li L 17
é__Ll—?;o<(lnT)>' {17

The nonrandom differential equation satisfied by (In T') can be
obtained using the second of Eq. (12) and Novikov’s formula
[50] and, in the case of model I, takes the form

1d{InT)

=0 +Re[26/(Co—iCy)Z1—e*°C1Z,],  (18)
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where Z, (n = 1,2) is equal to (r") and the parameters Cj,
Cy, and C, are defined by

Co =uptanf +apsect, C;=g, tan® 6 + 8a sec’ 0,

Cy = (g, + gq)secHtan6. (19)

The dimensionless disorder parameters g, and g,, which can
take any arbitrary nonnegative real values, are defined by

8u = guks 8a = gak- (20)
In general, our method can be applied to the case where u,
ao, gu, and g, are arbitrary nonrandom functions of x. In
this paper we restrict to the case where they are constants
independent of x. In that case, the left-hand side of Eq. (18)
approaches asymptotically to a constant 1/(k&) in the / — oo
limit. Therefore we need to calculate Z; (= (r)) and Z, (=
(r?)) in the I — oo limit to obtain the localization length.

To calculate Z; and Z, for use in Eq. (18), we derive an
infinite number of coupled nonrandom differential equations
satisfied by the moments Z,,, where # is an arbitrary nonnega-
tive integer, using the first of Eq. (12) and Novikov’s formula.
These equations turn out to take the form

1dZ,

= [2i — _
% dl [2in(cos® — ugsecd — aptand)

+gun*(1 — 3sec?0) — gon*(1 + 3tan’ 0)]Z,
—ne'’[Co —i@2n + 1)C2]Zy4
+ne 1Cy—i(2n — C21Z,_y

1 2i0
+ En(n + 1)e”"C1Zy12
1 —2i6
+ En(n — 1De " C1Z,-». 21

If the potentials are zero in z > L and z < 0, the initial
conditions for Z,’s are Zo =1 and Z,(Il =0) =0 for n >
0. In the [ — oo limit, all Z,’s become independent of [
and the left-hand sides of these equations vanish. Then we
obtain an infinite number of coupled algebraic equations. The
moments Z, with n > 0 are coupled to one another and their
magnitudes decrease rapidly as n increases. Based on this
observation, we solve these algebraic equations numerically
by a systematic truncation method described in Ref. [41].

In model II Su(x) and da(x) are not independent, but
proportional to each other. This condition leads to completely
different equations for Z, and (In T'). The invariant imbedding
equation for Z, in this case is written as

1dz,
k dl

= {2in(cos® — ugsecd — aptan6)

+gun*[1 — 2 —3(secOd + ftan6)*1}Z,
—ne'’[Co —i(2n + 1)D2]Z, 41
+ne™[Co—i@2n — 1)D2)Z,-

1 2i0
+ En(n + De™" D1 Zy 42

1 —2i6
+ En(n —De " DiZ,», (22)

where D; and D, are defined by
Dy = g,(tan 6 + fsec@)z,
D, = g,(secd + ftanf)(tan6 + f secH). (23)

The equation for the localization length takes the form

1 1 . d{InT)
— = —— lim
k& k I—o0 dl

= Dy + Re[26"(Cy — iD»)Z1(I — 00)
— D Z,(l = 00)]. (24)

IV. INTERPRETATION OF KLEIN TUNNELING
AND RELATED DELOCALIZATION PHENOMENA USING
THE CONCEPT OF WAVE IMPEDANCE

A. Effective wave impedance

Klein tunneling originally refers to the phenomenon that
Dirac fermions entering a large potential barrier are trans-
mitted almost completely as the barrier becomes higher and
wider [38]. In the case of massless Dirac fermions such as the
electrons in monolayer graphene, the transmission is perfect
regardless of the strength and the shape of the potential when
electrons are incident normally on it [39]. Such perfect trans-
mission occurs even in the case where the potential is a 1D
random function of the position. This unique delocalization
phenomenon, which we call Klein delocalization, has been
demonstrated in some previous papers [35-37].

Several different concepts and approaches, which include,
for example, particle-antiparticle pair production and chirality
conservation, have been used to explain Klein tunneling and
related Klein delocalization phenomena. In this paper we
approach these phenomena from the viewpoint of classical
wave propagation theory and demonstrate that they can be
interpreted readily using the concept of wave impedance.

With that purpose in mind, we rewrite the Dirac equation
[Eq. (3)] as the wave equation for 4 by eliminating ¥,
which takes the form
d (1 dyra

2.2
—-—— )+ =0, 25
dx \ € dx > prem 25)

where 7 is defined by

o LI (BY LB
7 _cos29|:l <e> kedx(e)]' 26)

We notice that the wave equation of this form looks the same
as that for p-polarized electromagnetic waves propagating
normally in a medium with the effective wave impedance
given by n(x).

In the incident region where the potentials # and a are zero,
€ is equal to 1 and B is equal to sin 8, therefore 7 is equal to 1
for all 6. If n is unity in all other parts of the space as well, then
there will be no wave reflection and the transmittance will be
1. From the form of n we find that total transmission can arise
only when the parameter /€ is a constant independent of x.
In that case, the expression for 7 is simplified to

ao L | (Y
7 _c0529|:1 <e>:| @7)
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Sometimes, it is more convenient to rewrite Eq. (3) as
another alternative form

d lde 1d € dl/fA 2 52 _
KGI) -t G) T marva=o. ey

where 7j is given by

~2_; <i)2+ii(i>_1 (29)
T =20\ B) Tkeax\3 '

When €/ is independent of x, these equations are simplified
to

d [(1dy, 2052 _ e 52_
E(EW)H Bi"Ya=0, 7 _cos29[</3> 1}'

(30)

Again, the uniformity of € /8 implies that of the effective wave
impedance 7.

B. Generalized Klein tunneling in inhomogeneous potentials

The condition for total transmission is obtained by setting n
equal to 1 in Eq. (27). We obtain two solutions, which are a =
—usinf and a = (u — 2) sin 6, respectively. Only the first of
these two is the real solution because, in the second case, 8/€
changes discontinuously from sin6 to —sin6 as the wave
enters obliquely from the incident region and the derivative
term in Eq. (26) is nonzero. Therefore the expression for the
incident angle Ok at which the transmittance is identically
equal to 1 becomes

. a evpA,
sinfy = —— = ———.
u U

If there is no vector potential, then this condition is sat-
isfied at O = 0 for any arbitrary functional form of U (x),
which corresponds to the ordinary Klein tunneling at normal
incidence. In the presence of a vector potential, fg exists only
if a/u is a real constant in the range —1 < a/u < 1. Then the
analogy of Klein tunneling arises for particles incident at a
nonzero angle 6. It is interesting to note that this condition
can be satisfied even if a(x) and u(x) are arbitrary functions
of x, including random functions, as long as their ratio is
constant.

In Fig. 1 we illustrate the total transmission phenomenon
at oblique angles of incidence, when u and a are given by the
linear functions u = u,,(1 —x/L) and a = a,,(1 — x/L) in
the region 0 < x < L. In the incident region (x > L), u and
a are both zero, and in the transmitted region (x < 0), we set
u =u, and a = a,, to make the potentials continuous. The
linear vector potential corresponds to an external magnetic
field of |By| = Ea,,/(evrL) in the —z direction, while the
linear scalar potential corresponds to an external electric field
of |&| = Eu,,/(eL) in the —x direction. Since the ratio of a
and u is a constant, we find 6 = —60°, —30°, 0°, 30°, and
60° when u,, and a,, are given by u,, =2 and a,, = 1.732,
1, 0, —1, and —1.732, which is clearly verified by the sharp
transmission peaks shown in Fig. 1. These peaks become
sharper as the thickness of the nonuniform region L gets
larger. The angle 6k can be tuned easily by tuning either the
external magnetic field or the external electric field. We notice

€1V

1.0 ———
'am= (a)
11.732 1 0 -1 -1.732

— 0.5-_ ]

oob—Jt \ J \J N J N )\
{a = (b)
1.732 1 0 -1 -1.732
05 ]
0-0. M M Ll M M Ll M M Ll M M It M M Ll M M
90 -60 -30 0 30 60 90
0 (deg)

FIG. 1. Transmittance T plotted versus incident angle 6, when
massless Dirac particles are incident on an inhomogeneous strip of
thickness L with the normalized scalar potential u = 2 — 2x /L, and
the normalized vector potential a = a,,(1 — x/L) (a,, = 1.732, 1,
0, —1, —1.732), in the region 0 < x < L. In the transmitted region
(x < 0), the potentials are ¥ = 2 and a = a,,. The strip thickness is
given by (a) kL = 100 and (b) kL = 1000.

that our system in the present geometry can function as a very
efficient directional filter.

C. Delocalization condition in the presence of random scalar
and vector potentials

Now we return to the case where the potentials are random.
We are interested in deriving the delocalization condition,
which is in general distinct from the total transmission con-
dition, Eq. (31). The wave is delocalized and the localiza-
tion length diverges only if the effective impedance 7 is
nonrandom, whereas the total transmission occurs when 7 is
identically equal to 1. Therefore the delocalization condition
is a much weaker condition.

There are three different ways in which the nonrandomness
or uniformity of 8/e€ can be achieved. If only the scalar poten-
tial u (therefore, only €) is random and the vector potential is
constant, then we are forced to set 8 = 0 in order to make 8/€
nonrandom. In this case the wave is delocalized at the incident
angle Oy satisfying

sinfg = —ay, 32)

where |ag| < 1. When qy is zero, this gives 6 = 0, which is
the same as the total transmission condition and corresponds
to the usual Klein tunneling of normally incident massless
Dirac electrons in a 1D random scalar potential. In general
cases where ag is nonzero, however, this condition is different
from Eq. (31) and the two angles 6z and Ok are different.
Since the medium is effectively uniform when the wave is in-
cident at 0, it propagates without an exponential decay. How-
ever, since the effective impedance given by n = | cos 6| ~! is
not equal to 1, the wave is reflected at the interfaces and the
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disorder-averaged transmittance of a strip of finite thickness is
smaller than 1.

Second, when only the vector potential a (therefore, only
B) is random and the scalar potential is constant, it is more
convenient to use the alternative expression Eq. (30), from
which a necessary condition for the nonrandomness of #j is
seen to be € = 0, or equivalently, £ = U. In this case, how-
ever, the value of ﬁz is —1/ cos? 0, and therefore the effective
impedance 7 is imaginary. Then the wave becomes evanescent
and decays exponentially in a manner similar to localized
waves. An exception to this occurs when By (=sinf + agp)
is also zero simultaneously. In later sections, we will show
analytically and numerically that the localization length in this
case indeed diverges.

Finally, when both u# and a are random, a necessary con-
dition for 1 to be nonrandom is that da(x) and du(x) have to
be proportional to each other, such that da(x) = féu(x), asin
our model II. Then the condition that 8/¢ is uniform gives

sin 93 = —dy — f(l — Mo), (33)

where the constant in the right-hand side should satisty |ag +
f(1 —up)| < 1.In this case we define 9y as the delocalization
angle. We also need an additional constraint | f| < 1 to have a
propagating wave. The effective impedance at 65 given by

- (34)

is not equal to 1. If |f| < 1, n is real and the disorder-
averaged transmittance of a finite strip is smaller than 1. The
total transmission can be obtained if ay is proportional to ug
with the same proportionality constant f, such that a(x) =
fu(x). This case just corresponds to Eq. (31) with both © and
a as random functions. On the other hand, if |f| > 1, n is
either zero or imaginary and the wave decays exponentially.

D. Alternative derivation of the delocalization condition using
the Fresnel formula

Alternatively, we can derive the delocalization condition
using the Fresnel formula for the reflection coefficient. We
consider our stratified random medium as consisting of a large
number of very thin strips. The reflection coefficient between
two neighboring strips is written as

. Ple—p/€ —ik(B/e — B'/€)

ple+ple +ik(Ble —p'/e)

where p (p’) is the negative x component of the wave vector

in the first (second) strip with the parameters € and 8 (¢’ and

B'). Since p satisfies p* + k*B? = k*e>, we can introduce ¢
(and similarly ¢") such that

(35)

P =kcos¢, E = sin ¢. (36)
€ €
Then r is written as
eIt — 77
S E e 7

which vanishes when ¢ = ¢’, or equivalently, when 8/e¢ =
B’/€’. If this condition is maintained throughout the system,
we expect to have perfect transmission and delocalization.

E. Counterintuitive delocalization in the strong disorder limit

Our formalism based on the concept of wave impedance
can be used to predict and explain the counterintuitive de-
localization phenomena arising in the infinite disorder limit
in some cases. We first consider the case where only the
scalar potential is random. Then, from the expression of the
impedance, Eq. (26), we find that in the strong disorder limit
where du is statistically much larger than 1, the last two terms
become negligibly small and the impedance approaches a
constant given by n & | cos@|~!. Therefore, as the disorder
parameter g, approaches infinity, the system becomes less
and less random and the localization length should diverge for
all 8. This behavior will be verified analytically by solving
our invariant imbedding equations using a strong-disorder
expansion in Sec. VB and confirmed in a precise numerical
calculation in Sec. VI B.

Next, we consider the case where only the vector poten-
tial is random. Then from the alternative expression of the
impedance [Eq. (29)] we find that in the strong disorder limit
where Sa is statistically much larger than 1, the impedance
approaches a constant given by #%> &~ —1/ cos?#. Therefore
the impedance is nonrandom, but imaginary, which leads to a
finite decay rate independent of the disorder strength g, in the
g4 — oo limit. The analytical expression of the localization
length in the large disorder limit to be derived in the next
section will show just such a behavior.

Finally, in the case where §a(x) and Su(x) are proportional
to each other such that §a(x) = fu(x), we find from Eq. (26)
that in the strong disorder limit, the impedance approaches a
constant given by n? ~ (1 — £2)/cos>#. When | f| is smaller
than 1, this constant is real and we have a complete delocal-
ization and a diverging localization length for all 6 in the large
disorder limit, whereas, when | f| > 1, the impedance is either
zero or imaginary. In this latter case, the localization length
approaches a constant as the disorder parameter increases to
infinity. These behaviors will be also confirmed in the next
sections.

V. ANALYTICAL EXPRESSIONS FOR
THE LOCALIZATION LENGTH IN THE WEAK
AND STRONG DISORDER REGIMES

A. Weak disorder regime

Starting from the invariant imbedding equations, Egs. (18),
(21), (22) and (24), and applying the perturbation theory, it
is possible to derive accurate analytical expressions for the
localization length in the weak and strong disorder limits.
We first consider the weak disorder regime. We write the
reflection coefficient r as r = ro + ér, where rq is the re-
flection coefficient from an interface between free space and
a half-space medium with the parameters €y and By. The
expression for 7y can be obtained from that of (0) in Eq. (13)
by replacing €, and B, with €y and By, respectively.

By substituting r = rp + ér into the infinite number of
algebraic equations obtained from Eq. (21), we get an infinite
number of coupled equations for ((6r)") for all integers n.
We expand these averages, which are at least of the first order
in g, and g,, in terms of the small perturbation parameters
gy and g,. From analytical considerations and numerical
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calculations, we can demonstrate that the leading terms for
(8r) and ((8r)?) are of the first order, while that of ((8r)%)
is of the second order, except at incident angles close to the
critical angle of total reflection. From this consideration, we
substitute

Zy=ro+(8r),  Zy=rg +2r(8r) + ((67)%),
Z3 A 1]+ 3r2(8r) + 3ro((5r)?), (38)

into Eq. (21) when n = 1 and 2 in the  — oo limit and obtain
two coupled equations for (87) and ((8r)%). We solve these
equations analytically and substitute the resulting expression
for (6r) into Eq. (18) to the leading order in the disorder
parameters. We note that to the leading order, we have a
simplification and do not need ((8r)?) in this equation. The
result for the localization length in model I is very simple and
takes the form

1 B + 8a€5
=2 ﬂ%—eé@(ﬁg—eg)—i—%
where O is the step function, ®(x) = 1 for x > 0 and 0 for
x < 0.

From the form of Eq. (39), it follows that there is a
symmetry under the sign change of €y and Sy. It turns out
that this feature is not limited to the weak disorder regime, but
is valid in all parameter ranges including the intermediate and
strong disorder regimes. If only the scalar potential is random
(therefore, g, = 0) and |ep| is greater than |By], the explicit
form of the normalized localization length is

. (39

(1 —up)* — (sin6 4 ap)?
T gu(sinf +ap)’

which is valid for all 6. If uy # 1, this expression diverges
at 0 = Oy given by sin g = —ay, as expected from our argu-
ment based on the impedance concept. When ug = ap = 0, it
reduces to k& = (g, tan?0)~!, which diverges at & = 0. The
same 6 dependence was reported in Ref. [37], though the
result there differs from ours in that the tan~2 # dependence
was obtained for both the ug = 0 and uy # 0 cases. If g # 1
and ay = 0, k& can be approximated as k& ~ (e92/g,)sin~26
near 6 = 0. The same sin~2 6 dependence was reported in Ref.
[20], though the average scalar potential corresponding to our
uog was zero in that work. In the more general cases where
both uy and a( are nonzero, we can write an approximate
expression near 0 as

k& , (40)

N (1 — up)?
(84 OS2 0g) (O — Or)*

We have verified numerically using the IIM that the
® —0g)2 dependence is not limited to the weak disorder
regime, but is valid in all parameter ranges including the
intermediate and strong disorder regimes in model I with only
scalar potential disorder.

Another interesting point to make is that in the total reflec-
tion (or tunneling) regime where |B8y| > |€|, the localization
length increases as the disorder parameter increases, as can
be seen easily from Eq. (39). This is an example of the well-
known disorder-enhanced tunneling phenomenon [49,51-54],
which has not been discussed before in the context of Dirac
electrons in a random potential.

k&

(41)

Next, we consider the case where only the vector potential
is random (therefore, g, = 0). If €y # O (that is, ug # 1), the
localization length does not diverge and takes a maximum
value equal to g, ! at the angle satisfying By = 0, away from
which it decreases parabolically. In the special case where
ug = ap = 0, k& is given by k& = cos?0/g,. The same cos? #
dependence was reported in Ref. [37]. The divergent behavior
can occur if € is zero, as we have argued in Sec. IV C. In that
case, we find from Eq. (39) that

1
k = —, 42
: 2|pol “2)
which diverges as 8y — 0. The disorder-enhanced tunneling
phenomenon also occurs in this case.

In a similar manner as in model I, we can derive the
expression for the localization length for model II in the weak

disorder regime, which takes the form

1 «(Bo+ feo)’
& = WA - Go )+ %. (43)
0 0

We observe that the symmetry with respect to the sign change
of €y and fy is absent. The localization length can diverge if
the incident angle satisfies By + feo = 0, which is the same
condition as Eq. (33) obtained in Sec. IV C. However, this is
not sufficient, but we need an additional condition |ey| > |Bo]
in order not to have the first term in the right-hand side
of Eq. (43), which gives the additional constraint | f| < 1.
Near the angle 05 given by Eq. (33), k& is approximated
as

(= > —up)?

K8 g cos203)(@ — Oy

(44)

We have verified that the (6 — 65) > dependence is not limited
to the weak disorder regime, but is valid in all parameter
ranges in model II with |f| < 1. On the other hand, the
case with | f| > 1 shows a close similarity to model I with
only vector potential disorder. From Eq. (39), it is straight-
forward to show that the localization length takes a finite
maximum value equal to [g,(f 2_ 1)]_1 at the angle satis-
fying By = —€p/f. In addition, the disorder-enhanced tunnel-
ing phenomenon occurs in model II regardless of the value
of f.

We have made extensive comparisons between our exact
numerical results obtained using the IIM and the analytical
formulas [Eqgs. (39) and (43)] and found that both of these
equations are extremely accurate except very close to the
region where |By| = |€o|, if the disorder parameters are suf-
ficiently small. We show some examples of this comparison
in Fig. 2 to illustrate the accuracy.

B. Strong disorder regime

In this subsection we present the analytical expressions
for the localization length in the strong disorder regime. The
idea of the perturbation theory is similar to the weak disorder
case, but instead of expressing r as r = rg + ér, we write
r = reo + 8r, where ro, is the reflection coefficient from an
interface between free space and an infinitely disordered half-
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FIG. 2. Illustration of the comparison between the numerical
results obtained using the IIM and the analytical formulas for the
localization length presented in Sec. V. (a) Normalized localization
length k& plotted versus incident angle 6 for electron waves in
model I, when g, = 0 and uy = 0. The left curve is for g, = 0.01
and ayp = 0.5 and is compared with Eq. (39), while the right curve
is for g, =100 and ay = —0.3 and is compared with Eq. (48).
(b) Normalized localization length versus incident angle in model I,
when g, = 0.01, g, = 0, 4y = 0.5, and ay = —0.6. The [IM result is
compared with Eq. (39). (c) Normalized localization length versus
incident angle in model II, when f = 0.6 and uy = 0.5. The left
curve is for g, = 0.01 and gy = 0.2 and is compared with Eq. (43),
while the right curve is for g, = 100 and ap = —1.2 and is compared
with Eq. (51).

space medium with the parameters €y and By, which is given
by

e -1

o if €0 > 0,
oo = e*"9+1 ) (45)
——1, ife <0.

We first consider model I with only scalar potential dis-
order. Similarly to the weak disorder case, we substitute r =
Fo + 6r into Eq. (21) and get an infinite number of coupled
equations for ((6r)"). We expand these averages in terms
of the small perturbation parameter g,'. From analytical
considerations and numerical calculations we can demonstrate
that the leading terms for (§r), ((8r)%), and ((6r)*) are,
respectively,

(6ry oc g™, ((Br)) gt ((6r)’) g (46)

We substitute
Zy = 1o+ (8r),  Zy =12 +2re(dr) + ((6r)%),
Zy =713 4+ 3r2 (8r) 4 3reo((8r)%) + ((8r)%), 47)

into Eq. (21) when n =1, 2, and 3 in the [ — oo limit
and obtain three coupled equations for (8r), ((6r)?), and
((8r)*). We solve these equations analytically and substitute
the resulting expressions for the three averages into Eq. (18)
to the leading order in the parameter g, . The result for the
localization length is given by

8u 8u
k = — =,
§ Bo>  (sin® + ap)’

which is valid for all 6 and diverges at 6z given by Eq. (32).
Close to 0, it is approximated as

£ ~ 8u
(cos2 0 )0 — Og)*’

We notice that the localization length does not depend
on the average value of the scalar potential u( in the strong
disorder regime. We also notice that & diverges in the infinite
disorder limit for any values of ug, ap, and 6 since k&
gu- We have already predicted and explained this intriguing
behavior using the impedance concept in Sec. IV E. If there is
no vector potential, then k£ is given by k& = g,/ sin® @ for all
0. We have verified that the agreement between Eq. (48) and
the numerical results is perfect in the region where g, > 1.

When only the vector potential is random in model I, a
similar derivation as above gives the following expression for
the localization length:

(43)

(49)

Lo+ (50)

ke T g
In the strong disorder limit, this expression approaches 2|8y|,
which is independent of the disorder parameter. Therefore,
except at the angle where Sy = 0, the localization length is a
finite constant independent of g,. This behavior has also been
predicted using the impedance concept in Sec. IV E. Unfortu-
nately, it turns out that the systematic truncation method we
use for solving the invariant imbedding equations converges
too slowly in the present parameter regime and cannot provide
sufficiently accurate results, and therefore we do not make
comparisons between the IIM and Eq. (50).

Finally, in the case of model II, a similar strong-disorder

perturbation method gives the following expression for the
localization length:

€2 i
! ()<
ke | AL g (BER) it > 1.

In the case where | f| < 1, k& diverges at the angle 65 given
by Eq. (33). In addition, in the infinite disorder limit, it
diverges as k& o g, for all parameter values and for all 6, as
in the case of model I with only scalar potential disorder. The
agreement between Eq. (51) and the IIM results is perfect,
as shown in Fig. 2(c). If |f| > 1, the overall behavior is
similar to model I with only vector potential disorder. As g,
approaches infinity, k€ approaches an expression independent
of g,. Therefore, except at the angle where Sy + feo = 0, the
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FIG. 3. Normalized localization length k& plotted versus incident
angle 6 for electron waves in model I, when g, = 0, ¢y = 0, 0.5,
+0.9, and (a) g, = 0.01, uy =0, (b) g, =0.01, uy = 0.5, (¢c) g, =
0.01, ug = 1, and (d) g, = 100. There is no noticeable dependence
on uy when g, = 100.

localization length is a finite constant independent of g,. The
same behavior has also been predicted using the impedance
concept in Sec. IV E. The truncation method used for solving
our invariant imbedding equations converges too slowly in
the present parameter regime and cannot provide sufficiently
accurate results.

VI. NUMERICAL RESULTS

A. Incident angle dependence

In this section we present the results of our comprehensive
numerical calculations obtained using the IIM. We first con-
sider the incident angle dependence of the localization length.
In Fig. 3 we plot the normalized localization length k& as a
function of the incident angle 6 for electron waves in model
I, when only the scalar potential is random and the vector
potential is constant. We show the results for small (g, =
0.01) and large (g, = 100) values of the disorder parameter
gu- When g, is small, we compare the results obtained for
three different values of uy (= 0, 0.5, 1). The dependence on
u disappears completely in the strong disorder regime.

In all cases we find that the localization length indeed
diverges precisely at O given by sin6g = —ay, if |ag| < 1. If
lag] > 1, no Klein delocalization occurs. At 0y, the electron

matter wave is extended, as if it is in a nonrandom medium.
For ap = 0, £0.5, and +0.9 shown here, these angles are 0°,
F30°, and F64.16°. In addition, we find that the symmetry
under the sign change of €p (= 1 — ug) and By (= sin6 + ap)
is strictly obeyed. For instance, the results for uyp = 0 and
uy = 2 are identical and the curves for a¢ and —aq are mirror
symmetric with respect to 8 = 0. In fact, we have verified
that the divergence of & at 6z and the symmetry property
mentioned above are maintained for all parameter values
including the intermediate values of the disorder parameter.

The curves shown in Figs. 3(a) and 3(b) agree extremely
well with the analytical formula, Eq. (39), except for very
close to the critical angles of total reflection defined by
sinf, = —ay £ (1 — ug), if they exist. Near 6., a small dif-
ference in parameters can cause a large change of the reflec-
tion coefficient, and therefore the perturbation theory is not
reliable. On the other hand, the curves shown in Fig. 3(d)
agree perfectly with the formula in the strong disorder regime,
Eq. (48).

In Fig. 3(c) we show the weak disorder results obtained for
uo = 1, which corresponds to the special case where E = Uj.
In this case, the expression B/¢ in Eq. (26) can be written
as —(8u/By)~", where 8u/By plays the role of the effective
random part. Therefore, as 6 approaches 6, this case becomes
equivalent to the case in the strong disorder limit where
Eq. (48) is applied. In fact, this formula agrees with Fig. 3(c)
quite well near Og.

From the analytical formulas, Egs. (41) and (49), we find
that in the presence of only scalar potential disorder, the
localization length shows a divergent behavior of the form
k& o< |# — Og| ™% near 6 both in the weak and strong disorder
limits. In fact, this dependence is more general and applies
also to the intermediate disorder case. In Fig. 4 we illustrate
this point by showing the results for various parameter values
in a log-log plot.

10" u,=0, 8,70, 9,=0.01
, u,=1,a,=0.2, g =0.01 ,
-; Sseel u :0_5’ aO=O_5, guz -;

e
~
~
~
~
Se
-

FIG. 4. Normalized localization length k& plotted versus |6 —
0| in a log-log plot, for electron waves in model I when only the
scalar potential is random (g, = 0). The four curves are obtained for
different values of the parameters u, ay, and g,, which are shown in
the figure. All curves show the divergent behavior k& oc |0 — 0|2
near Og.
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'-éol

FIG. 5. Normalized localization length k£ plotted versus incident
angle 0 for electron waves in model I, when g, = 0.01, g, = 0,9 =
0, 0.5, £0.9 and (a) up = 0.5 and (b) uy = 1.

Next, we consider the case where only the vector potential
is random in model I. In this case, our general argument based
on the impedance concept and the analytical formulas for the
localization length show that the localization length is finite,
except for the special case where both €y and By are zero. This
is demonstrated in Fig. 5, where we show the results obtained
for g, =0.01, g, =0 and ap = 0, 0.5, £0.9. In Figs. 5(a)
and 5(b) the value of u is 0.5 and 1, respectively. In Fig. 5(a)
we confirm that the localization length takes a maximum value
given by g,~! = 100 at the angle corresponding to Sy = 0, in
agreement with Eq. (39). In Fig. 5(b), which corresponds to
the case where €y = 0, we find that the localization length
indeed diverges at the angle 6. We have verified that the
curves shown here agree very well with the formula, Eq. (42).

Finally, we consider the case of model II, where the random
parts of the vector and scalar potentials are proportional to
each other with the proportionality constant f. In this case, if
| f| < 1, the overall behavior is rather similar to model I with
only scalar potential disorder, whereas if | f| > 1, it is similar
to model I with only vector potential disorder. We also notice
that there is no symmetry with the sign change of either ¢ or
Bo. In Fig. 6(a) we show the weak disorder case where | f| is
smaller than 1. We find that the localization length diverges
precisely at the angle 65 defined by Eq. (33). In Fig. 6(b) we
show the strong disorder case where |f| is smaller than 1.
Again, the localization length diverges at 65 and the curves
agree perfectly with Eq. (51). In Fig. 6(c) we show the weak
disorder case where | f| is larger than 1. Similarly to the case
of model I with only vector potential disorder, the localization
length takes a finite maximum value [g,(f 2 D]7! at the

angle given by By = —¢p/f.

@la= | | = |os
5 . . .
10 1.2

sood o Poed s ovud v sl o)

60 30 0 30 60
0 (deg)

FIG. 6. Normalized localization length k& plotted versus incident
angle 6 for electron waves in model II, when uy = 0.5. The values
of ay are designated on the curves. The other parameters are (a) f =
0.6, g, =0.01, (b) f = 0.6, g, = 100, and (c) f = 1.5, g, = 0.01.

When the Klein delocalization occurs, our results show
that the localization length has a single divergent peak at
the Klein delocalization angle, 8¢ or 6y, depending on the
model and is finite elsewhere. In Ref. [37] a phenomenon
termed delocalization resonance, referring to the divergence
or near divergence of the localization length at angles other
than the delocalization angle, was reported. By generalizing
our formalism to include a background periodic potential
in addition to the random potential, we have verified that
this phenomenon occurs due to the background periodic
potential and disappears completely if it is removed. The
complicated angle dependence of the transmittance showing
disorder-induced resonances in Ref. [36] also occurs due to
the interplay between the background periodic potential and
the random potential.

B. Disorder dependence

In this subsection we consider the dependence of the
localization length on the strength of disorder. In Fig. 7 we
show the result for model I with only scalar potential disorder,
when By is 0.5 and ¢y takes values around By. When the
vector potential is nonzero, the result does not depend on 6
and ay separately, but only on By (=sin6 + ag). We find that
there are three different types of behaviors, depending on the
relative magnitudes of €y and 8. In the weak disorder regime,
as the disorder parameter g, increases from zero, the local-
ization length is found to decrease if |€y| = |By| and increase
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ke

FIG. 7. Normalized localization length plotted versus the
strength of scalar potential disorder g, for electron waves in model I,
when g, = 0, By = 0.5, and ¢y = 0.1, 0.48, 0.5, and 0.6.

if |Bo] > |eo|. The latter behavior is a case of the disorder-
enhanced tunneling phenomenon. On the other hand, in the
strong disorder regime, all curves converge to a single linear
one given by k& = g, o2, which shows the divergence of &
in the g, — oo limit. Therefore, in the region where |ey| >
|Bol, the localization length has a nonmonotonic behavior as
shown by the curves for ¢y = 0.6 and 0.5. On the contrary,
in the opposite region where |€y| is sufficiently smaller than
|Bol, the localization length increases monotonically as g,
increases from zero to infinity, as shown by the curve for ¢y =
0.1. This type of behavior has never been reported before.
Sufficiently close to the boundary |e€g| = |Bp| but when |€g| <
|Bol, we observe a very interesting behavior that & increases
initially, then decreases, and increases again to infinity, as
shown by the curve for €y = 0.48. When Sy = 0.5, we have
found numerically that this third behavior occurs in the narrow
region 0.44 < ¢y < 0.5. This type of double-nonmonotonic
behavior has also never been reported. Our analytical formulas
in Sec. V cannot be used in the region where |eg| =~ |By].
Therefore the intriguing nonmonotonic behavior there can
only be obtained numerically using the IIM.

Right at the boundary where |ey] = |By|, we observe that
the overall behavior is qualitatively similar to the case where
leo] > |Bol, but the dependence of £ on g, in the small g,
region is quantitatively different. By careful numerical fitting
of the data, we have found with very high accuracy that &
g~ ' when |eo| = |Bol, while & oc g,~" when |eo| > |,
in the small g, region. Contrasting scaling behaviors of this
kind are observed universally in the systems showing the
disorder-enhanced tunneling phenomenon and are similar to
what happens to the electromagnetic waves incident at the
critical angle on a randomly stratified dielectric medium [49].

We next consider model I with only vector potential
disorder in Fig. 8, when By = 0.5. The disorder-enhanced
tunneling phenomenon also occurs in this case when |fBy| >
leg|. Therefore as the disorder parameter g, increases, &
initially increases if |8y| > |€o| and decreases otherwise. As
g, increases further, £ is found to decrease in all cases. In

100-

10

kg

0.01 0.1
9,
FIG. 8. Normalized localization length plotted versus the

strength of vector potential disorder g, for electron waves in model
I, when g, =0, By = 0.5, and ¢y = 0.1, 0.48, 0.5, and 0.6.

1E-3

the region where g, is large, our numerical method con-
verges very slowly and we cannot obtain reliable numerical
results. However, we expect from the argument based on the
impedance concept and the analytical formula, Eq. (50), that
the localization length will approach a constant independent
of g, in the g, — oo limit.

In Fig. 9 we consider the case of model II, when By =
0.5. If | f| < 1 as in Fig. 9(a), the overall behavior is quite

0 —

1E-3 0.01 0.1 1

FIG. 9. Normalized localization length plotted versus the
strength of scalar potential disorder g, for electron waves in model
II, when By = 0.5, ¢ = 0.1, 0.4, 0.48, 0.5, and 0.6 and (a) f = 0.5
and (b) f = 1.5.
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FIG. 10. Energy dependence of the localization length in model
I when there is only a random scalar potential. £ is normalized by
the wave number associated with disorder k, [see Eq. (53)] and
k/k, [= E/(hvrk,) = g,~'] is the normalized energy variable. In
(a), the parameter ity (= uok/k,) is zero and 6 = 30°. The IIM result
is compared with the analytical results in the high and low energy
limits. (b) ity = 1, 3, 5 and 6 = 30°.

similar to model I with only scalar potential disorder. One
major difference from Fig. 7 is that in the strong disorder
limit, the limiting behavior is precisely given by k& = g, (1 —
£2)?/(Bo + feo)?, which depends on € (therefore, ug). If
|f] > 1 as in Fig. 9(b), the overall behavior is also quite
similar to model I with only vector potential disorder. Again,
in the large g, region, we cannot obtain reliable numeri-
cal results, but we expect from the argument based on the
impedance concept and the analytical formula, Eq. (51), that
the localization length will approach a constant independent
of g, in the g, — oo limit.

C. Energy dependence

Until now, all physical quantities were made dimension-
less by a suitable normalization using the energy of the
incident particle E as in u = U/E and a = eA,/(hick) =
evpA,/(cE). In order to obtain the energy dependence of
the localization length properly, it is necessary to redefine the
dimensionless variables. In this subsection we will consider
two cases, which are model I with only scalar potential
disorder and model II with | f|] < 1. For these cases, it is
convenient to normalize all quantities using the wave number
associated with the scalar potential disorder k,. We suppose
that the random part of the scalar potential §U (x) satisfies

(BUX)SU (X)) = G8(x — x'). (52)

Then k, is defined by

G
= e (53)
It can be simply related to the variables we have used by
ky = K28 = kgu. (54)
We introduce new dimensionless variables
fio = % - MO%, o = 62;0 = aok%, (55)

where Uy and A,y are the disorder averages of the scalar
and vector potentials and k/k, [= E/(hvrk,) = gu‘l] is the
dimensionless energy variable.

In Fig. 10 we plot the normalized localization length k, &
versus k/k, in model I with only scalar potential disorder and
no vector potential, for various values of iy and 6 = 30°. In
all cases, we find that in the low energy limit £ is proportional
to £~2 and in the high energy limit it is a constant independent
of E. The behavior in the high energy limit is surprising and
somewhat counterintuitive in that the particles with extremely
high energy would show the same localization behavior as
those with much lower energy. We have also confirmed nu-
merically that the limiting value of k,£& in the high energy
limit is universal and precisely the same as cot” 6, regardless
of the average values of the scalar and vector potentials. The
low energy behavior £ o« E~2 also always holds if d is zero.
However, the proportionality constant depends on i#,. We have
found numerically that the low energy behavior is strongly
modified in the presence of the vector potential, but we will
not discuss it here. In Fig. 10(b) we show that the localization
length in the intermediate energy range, where k/k, = iy (or
equivalently, E & Uy), is suppressed and depends strongly on
the potential.

The energy dependence obtained here is in a direct contra-
diction with that in Ref. [20] [see Eq. (15)], where it has been
reported that in the large energy limit, the localization length
has an oscillatory dependence on the energy and its overall

\\ — M 5
10° \ - - - cos’0/(sino+f)’ 3
i (krk (1) (sino+)? ]
W
< 10'] ]
10" S |
10 10° 102
K/K,

FIG. 11. Energy dependence of the localization length in model
II with zero average values of the scalar and vector potentials when
6 = 30°. The IIM result is compared with the analytical results in the
high and low energy limits.
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FIG. 12. Disorder-averaged transmittance (7") versus incident
angle for model II with uy = 0.5, ap = —0.25, g, = 0.01, and kL =
1 and for f = —0.5,0,0.5.

size is proportional to E2. The oscillatory behavior is due to
the background periodic potential in their superlattice model.
The reason for the discrepancy between their E* dependence
and our constant result is unclear at this stage and is worthy
of further investigation. The energy dependence in the low
energy region was not reported in Ref. [20]. In Ref. [37] it
has been stated that the localization length in the presence of
a purely random scalar or vector potential depends only on the
incident angle and the disorder strength, but is independent of
the energy. This result agrees with our result in the high energy
region, but is in contradiction with ours in the low energy
region, where & oc E~2. The weak-disorder expansion method
used in Ref. [37] is not expected to be valid in the low energy
region, where the effective disorder is strong. Therefore the
result of Ref. [37] cannot be applied to that region.

It is also interesting to compare our result with the case
of the Schrodinger equation with a random scalar potential.
From the result obtained in Ref. [41], it is straightforward to
deduce that the localization length is proportional to E in the
high energy limit, while it goes to a constant (with a possible
logarithmic correction) in the low energy limit.

In Fig. 11 we consider model II with | f| < 1. We limit our
interest to the case where the average potentials are zero. Then
we find that in the low energy limit & is proportional to E~>
and in the high energy limit it is a constant independent of E,
similarly to the previous case. The limiting behaviors agree
precisely with those obtained analytically and shown on the
figure. In the presence of the nonzero average potentials, the
behaviors are strongly modified, but we will not pursue that
here.

D. Total transmission through a disordered region

Finally, we briefly comment on the total transmission
condition in the random case. As we have stated in Sec. IV B,

total transmission through finite random systems can arise
if a(x)/u(x) remains a constant everywhere. This can be
achieved in our model II with a suitable choice of f. In
order to verify this, we need to develop a method to calculate
the disorder-averaged transmittance of a finite system. We
have done this using the IIM similar to the one developed
in Sec. III, which we do not elaborate here. In Fig. 12 we
illustrate the total transmission phenomenon by plotting the
disorder-averaged transmittance (7T') versus incident angle for
model IT with uy = 0.5, ag = —0.25, g, = 0.01, and kL = 1.
We find that when f is equal to ag/ug (= —0.5), (T') is indeed
equal to 1 at the angle defined by Eq. (31).

VII. CONCLUSION

In this paper we have studied Anderson localization and
delocalization phenomena of 2D Dirac electrons in random
1D scalar and vector potentials theoretically for two different
cases. In the first case, the random parts of the scalar and
vector potentials are uncorrelated while, in the second case,
they are proportional to each other. We have calculated the
localization length for all values of the disorder strength in a
numerically exact manner using the IIM. We have also derived
analytical expressions for the localization length, which are
accurate in the weak and strong disorder regimes. We have
generalized the condition for total transmission and those for
delocalization to our random models and derived the incident
angles at which obliquely incident electron waves are either
completely transmitted or delocalized. We have found that
these conditions, which include the ordinary Klein tunneling
as a special case, are equivalent to the condition that the
effective wave impedance is either matched or uniform. We
have investigated the dependencies of the localization length
on incident angle, disorder strength, and particle energy in
detail and found crucial discrepancies with previous results
and some surprising new results.

In addition to exploring novel localization phenomena
which are completely different from those of nonrelativistic
particles, our results have strong implications for electrical
transport properties of graphene and similar 2D materials.
In Sec. IVB we have proposed the use of inhomogeneous
potentials for the design of very efficient tunable directional
filters. The use of random structures can also facilitate similar
applications including tunable electron beam supercollima-
tion and other tunable electronic circuits [55,56]. Our result
can also be applied to the understanding of wave propagation
properties in equivalent photonic systems and to the design of
photonic devices.

ACKNOWLEDGMENT

This work has been supported by the National Research
Foundation of Korea Grant (NRF-2018R1D1A1B07042629)
funded by the Korean Government.

[1] P. W. Anderson, Phys. Rev. 109, 1492 (1958).
[2] E. Abrahams, P. W. Anderson, D. C. Licciardello, and T. V.
Ramakrishnan, Phys. Rev. Lett. 42, 673 (1979).

[3] S. John, Phys. Rev. Lett. 53, 2169 (1984).
[4] P. Sheng (ed.), Scattering and Localization of Classical Waves
in Random Media (World Scientific, Singapore, 1990).

014205-13


https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/PhysRevLett.42.673
https://doi.org/10.1103/PhysRevLett.42.673
https://doi.org/10.1103/PhysRevLett.42.673
https://doi.org/10.1103/PhysRevLett.42.673
https://doi.org/10.1103/PhysRevLett.53.2169
https://doi.org/10.1103/PhysRevLett.53.2169
https://doi.org/10.1103/PhysRevLett.53.2169
https://doi.org/10.1103/PhysRevLett.53.2169

SEULONG KIM AND KIHONG KIM

PHYSICAL REVIEW B 99, 014205 (2019)

[5] M. V. Berry and S. Klein, Eur. J. Phys. 18, 222 (1994).

[6] T. Schwartz, G. Bartal, S. Fishman, and M. Segev, Nature
(London) 446, 52 (2007).

[7]1 J. Billy, V. Josse, Z. Zuo, A. Bernard, B. Hambrecht, P. Lugan,
D. Clément, L. Sanchez-Palencia, P. Bouyer, and A. Aspect,
Nature (London) 453, 891 (2008).

[8] G. Modugno, Rep. Prog. Phys. 73, 102401 (2010).

[9] M. Segev, Y. Silberberg, and D. N. Christodoulides, Nat. Pho-
ton. 7, 197 (2013).

[10] T. Sperling, L. Schertel, M. Ackermann, G. J. Aubry, C. M.
Aegerter, and G. Maret, New J. Phys. 18, 013039 (2016).

[11] H. H. Sheinfux, Y. Lumer, G. Ankonina, A. Z. Genack, G.
Bartal, and M. Segev, Science 356, 953 (2017).

[12] F. M. Izrailev, A. A. Krokhin, and N. M. Makarov, Phys. Rep.
512, 125 (2012).

[13] K. Y. Bliokh, S. A. Gredeskul, P. Rajan, I. V. Shadrivov, and
Y. S. Kivshar, Phys. Rev. B 85, 014205 (2012).

[14] B. P. Nguyen and K. Kim, J. Phys.: Condens. Matter 24, 135303
(2012).

[15] R. Rezvani Naraghi, S. Sukhov, J. J. Sdenz, and A. Dogariu,
Phys. Rev. Lett. 115, 203903 (2015).

[16] D. N. Arnold, G. David, D. Jerison, S. Mayboroda, and M.
Filoche, Phys. Rev. Lett. 116, 056602 (2016).

[17] B. P. Nguyen and K. Kim, Phys. Rev. A 94, 062122 (2016).

[18] W. Choi, C. Yin, I. R. Hooper, W. L. Barnes, and J. Bertolotti,
Phys. Rev. E 96, 022122 (2017).

[19] C. G. King, S. A. R. Horsley, and T. G. Philbin, Phys. Rev. Lett.
118, 163201 (2017).

[20] A. Fang, Z. Q. Zhang, S. G. Louie, and C. T. Chan, Proc. Natl.
Acad. Sci. U.S.A. 114, 4087 (2017).

[21] A. A. Asatryan, L. C. Botten, M. A. Byrne, V. D. Freilikher,
S. A. Gredeskul, I. V. Shadrivov, R. C. McPhedran, and Y. S.
Kivshar, Phys. Rev. Lett. 99, 193902 (2007).

[22] S. A. Gredeskul, Y. S. Kivshar, A. A. Asatryan, K. Y. Bliokh,
Y. P. Bliokh, V. D. Freilikher, and I. V. Shadrivov, Low Temp.
Phys. 38, 570 (2012).

[23] P. Hsieh, C. Chung, J. F. McMillan, M. Tsai, M. Lu, N. C.
Panoiu, and C. W. Wong, Nat. Phys. 11, 268 (2015).

[24] J. Liao, Y. Ou, X. Feng, S. Yang, C. Lin, W. Yang, K. Wu, K.
He, X. Ma, Q.-K. Xue, and Y. Li, Phys. Rev. Lett. 114, 216601
(2015).

[25] F. Baboux, L. Ge, T. Jacqmin, M. Biondi, E. Galopin, A.
Lemaitre, L. Le Gratiet, I. Sagnes, S. Schmidt, H. E. Tiireci,
A. Amo, and J. Bloch, Phys. Rev. Lett. 116, 066402 (2016).

[26] S. H. Choi, S.-W. Kim, Z. Ku, M. A. Visbal-Onufrak, S.-R.
Kim, K.-H. Choi, H. Ko, W. Choi, A. M. Urbas, T.-W. Goo,
and Y. L. Kim, Nat. Commun. 9, 452 (2018).

[27] 1. Makhfudz, Sci. Rep. 8, 6719 (2018).

[28] M. I. Katsnelson, Graphene (Cambridge University Press, Cam-
bridge, 2012).

[29] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, Rev. Mod. Phys. 81, 109 (2009).

[30] A. V. Rozhkov, G. Giavaras, Y. P. Bliokh, V. Freilikher, and F.
Nori, Phys. Rep. 503, 77 (2011).

[31] K. L. Lee, B. Grémaud, R. Han, B.-G. Englert, and C.
Miniatura, Phys. Rev. A 80, 043411 (2009).

[32] J. C. Garreau and V. Zehnlé, Phys. Rev. A 96, 043627 (2017).

[33] W. Zawadzki, J. Phys.: Condens. Matter 29, 373004 (2017).

[34] H. Deng, X. Chen, B. A. Malomed, N. C. Panoiu, and F. Ye,
Sci. Rep. 5, 15585 (2015).

[35] S.-L. Zhu, D.-W. Zhang, and Z. D. Wang, Phys. Rev. Lett. 102,
210403 (2009).

[36] Y. P. Bliokh, V. Freilikher, S. Savel’ev, and F. Nori, Phys. Rev.
B 79, 075123 (2009).

[37] Q. Zhao, J. Gong, and C. A. Miiller, Phys. Rev. B 85, 104201
(2012).

[38] O. Klein, Z. Phys. 53, 157 (1929).

[39] M. I. Katsnelson, K. S. Novoselov, and A. K. Geim, Nat. Phys.
2, 620 (20006).

[40] V. I. Klyatskin, Prog. Opt. 33, 1 (1994).

[41] K. Kim, Phys. Rev. B 58, 6153 (1998).

[42] K. Kim, H. Lim, and D.-H. Lee, J. Korean Phys. Soc. 39, L956
(2001).

[43] K. Kim, D.-H. Lee, and H. Lim, Europhys. Lett. 69, 207 (2005).

[44] K. Kim, D. K. Phung, F. Rotermund, and H. Lim, Opt. Express
16, 1150 (2008).

[45] S. Kim and K. Kim, J. Opt. 18, 065605 (2016).

[46] N. Agrawal, S. Ghosh, and M. Sharma, Int. J. Mod. Phys. B 27,
1341003 (2013).

[47] K. J. Lee and K. Kim, Opt. Express 19, 20817 (2011).

[48] K. Kim, Opt. Express 23, 14520 (2015).

[49] K. Kim, Opt. Express 25, 28752 (2017).

[50] E. A. Novikov, J. Exp. Theor. Phys. (U.S.S.R.) 47, 1919 (1964)
[Sov. Phys. JETP 20, 1290 (1965)].

[51] V. Freilikher, M. Pustilnik, and I. Yurkevich, Phys. Rev. B 53,
7413 (1996).

[52] J. M. Luck, J. Phys. A: Math. Gen. 37, 259 (2004).

[53] K. Kim, F. Rotermund, and H. Lim, Phys. Rev. B 77, 024203
(2008).

[54] J. Heinrichs, J. Phys.: Condens. Matter 20, 395215 (2008).

[55] C.-H. Park, Y.-W. Son, L. Yang, M. L. Cohen, and S. G. Louie,
Nano Lett. 8, 2920 (2008).

[56] S. K. Choi, C.-H. Park, and S. G. Louie, Phys. Rev. Lett. 113,
026802 (2014).

014205-14


https://doi.org/10.1088/0143-0807/18/3/017
https://doi.org/10.1088/0143-0807/18/3/017
https://doi.org/10.1088/0143-0807/18/3/017
https://doi.org/10.1088/0143-0807/18/3/017
https://doi.org/10.1038/nature05623
https://doi.org/10.1038/nature05623
https://doi.org/10.1038/nature05623
https://doi.org/10.1038/nature05623
https://doi.org/10.1038/nature07000
https://doi.org/10.1038/nature07000
https://doi.org/10.1038/nature07000
https://doi.org/10.1038/nature07000
https://doi.org/10.1088/0034-4885/73/10/102401
https://doi.org/10.1088/0034-4885/73/10/102401
https://doi.org/10.1088/0034-4885/73/10/102401
https://doi.org/10.1088/0034-4885/73/10/102401
https://doi.org/10.1038/nphoton.2013.30
https://doi.org/10.1038/nphoton.2013.30
https://doi.org/10.1038/nphoton.2013.30
https://doi.org/10.1038/nphoton.2013.30
https://doi.org/10.1088/1367-2630/18/1/013039
https://doi.org/10.1088/1367-2630/18/1/013039
https://doi.org/10.1088/1367-2630/18/1/013039
https://doi.org/10.1088/1367-2630/18/1/013039
https://doi.org/10.1126/science.aah6822
https://doi.org/10.1126/science.aah6822
https://doi.org/10.1126/science.aah6822
https://doi.org/10.1126/science.aah6822
https://doi.org/10.1016/j.physrep.2011.11.002
https://doi.org/10.1016/j.physrep.2011.11.002
https://doi.org/10.1016/j.physrep.2011.11.002
https://doi.org/10.1016/j.physrep.2011.11.002
https://doi.org/10.1103/PhysRevB.85.014205
https://doi.org/10.1103/PhysRevB.85.014205
https://doi.org/10.1103/PhysRevB.85.014205
https://doi.org/10.1103/PhysRevB.85.014205
https://doi.org/10.1088/0953-8984/24/13/135303
https://doi.org/10.1088/0953-8984/24/13/135303
https://doi.org/10.1088/0953-8984/24/13/135303
https://doi.org/10.1088/0953-8984/24/13/135303
https://doi.org/10.1103/PhysRevLett.115.203903
https://doi.org/10.1103/PhysRevLett.115.203903
https://doi.org/10.1103/PhysRevLett.115.203903
https://doi.org/10.1103/PhysRevLett.115.203903
https://doi.org/10.1103/PhysRevLett.116.056602
https://doi.org/10.1103/PhysRevLett.116.056602
https://doi.org/10.1103/PhysRevLett.116.056602
https://doi.org/10.1103/PhysRevLett.116.056602
https://doi.org/10.1103/PhysRevA.94.062122
https://doi.org/10.1103/PhysRevA.94.062122
https://doi.org/10.1103/PhysRevA.94.062122
https://doi.org/10.1103/PhysRevA.94.062122
https://doi.org/10.1103/PhysRevE.96.022122
https://doi.org/10.1103/PhysRevE.96.022122
https://doi.org/10.1103/PhysRevE.96.022122
https://doi.org/10.1103/PhysRevE.96.022122
https://doi.org/10.1103/PhysRevLett.118.163201
https://doi.org/10.1103/PhysRevLett.118.163201
https://doi.org/10.1103/PhysRevLett.118.163201
https://doi.org/10.1103/PhysRevLett.118.163201
https://doi.org/10.1073/pnas.1620313114
https://doi.org/10.1073/pnas.1620313114
https://doi.org/10.1073/pnas.1620313114
https://doi.org/10.1073/pnas.1620313114
https://doi.org/10.1103/PhysRevLett.99.193902
https://doi.org/10.1103/PhysRevLett.99.193902
https://doi.org/10.1103/PhysRevLett.99.193902
https://doi.org/10.1103/PhysRevLett.99.193902
https://doi.org/10.1063/1.4736617
https://doi.org/10.1063/1.4736617
https://doi.org/10.1063/1.4736617
https://doi.org/10.1063/1.4736617
https://doi.org/10.1038/nphys3211
https://doi.org/10.1038/nphys3211
https://doi.org/10.1038/nphys3211
https://doi.org/10.1038/nphys3211
https://doi.org/10.1103/PhysRevLett.114.216601
https://doi.org/10.1103/PhysRevLett.114.216601
https://doi.org/10.1103/PhysRevLett.114.216601
https://doi.org/10.1103/PhysRevLett.114.216601
https://doi.org/10.1103/PhysRevLett.116.066402
https://doi.org/10.1103/PhysRevLett.116.066402
https://doi.org/10.1103/PhysRevLett.116.066402
https://doi.org/10.1103/PhysRevLett.116.066402
https://doi.org/10.1038/s41467-017-02500-5
https://doi.org/10.1038/s41467-017-02500-5
https://doi.org/10.1038/s41467-017-02500-5
https://doi.org/10.1038/s41467-017-02500-5
https://doi.org/10.1038/s41598-018-22466-8
https://doi.org/10.1038/s41598-018-22466-8
https://doi.org/10.1038/s41598-018-22466-8
https://doi.org/10.1038/s41598-018-22466-8
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1016/j.physrep.2011.02.002
https://doi.org/10.1016/j.physrep.2011.02.002
https://doi.org/10.1016/j.physrep.2011.02.002
https://doi.org/10.1016/j.physrep.2011.02.002
https://doi.org/10.1103/PhysRevA.80.043411
https://doi.org/10.1103/PhysRevA.80.043411
https://doi.org/10.1103/PhysRevA.80.043411
https://doi.org/10.1103/PhysRevA.80.043411
https://doi.org/10.1103/PhysRevA.96.043627
https://doi.org/10.1103/PhysRevA.96.043627
https://doi.org/10.1103/PhysRevA.96.043627
https://doi.org/10.1103/PhysRevA.96.043627
https://doi.org/10.1088/1361-648X/aa7932
https://doi.org/10.1088/1361-648X/aa7932
https://doi.org/10.1088/1361-648X/aa7932
https://doi.org/10.1088/1361-648X/aa7932
https://doi.org/10.1038/srep15585
https://doi.org/10.1038/srep15585
https://doi.org/10.1038/srep15585
https://doi.org/10.1038/srep15585
https://doi.org/10.1103/PhysRevLett.102.210403
https://doi.org/10.1103/PhysRevLett.102.210403
https://doi.org/10.1103/PhysRevLett.102.210403
https://doi.org/10.1103/PhysRevLett.102.210403
https://doi.org/10.1103/PhysRevB.79.075123
https://doi.org/10.1103/PhysRevB.79.075123
https://doi.org/10.1103/PhysRevB.79.075123
https://doi.org/10.1103/PhysRevB.79.075123
https://doi.org/10.1103/PhysRevB.85.104201
https://doi.org/10.1103/PhysRevB.85.104201
https://doi.org/10.1103/PhysRevB.85.104201
https://doi.org/10.1103/PhysRevB.85.104201
https://doi.org/10.1007/BF01339716
https://doi.org/10.1007/BF01339716
https://doi.org/10.1007/BF01339716
https://doi.org/10.1007/BF01339716
https://doi.org/10.1038/nphys384
https://doi.org/10.1038/nphys384
https://doi.org/10.1038/nphys384
https://doi.org/10.1038/nphys384
https://doi.org/10.1016/S0079-6638(08)70513-4
https://doi.org/10.1016/S0079-6638(08)70513-4
https://doi.org/10.1016/S0079-6638(08)70513-4
https://doi.org/10.1016/S0079-6638(08)70513-4
https://doi.org/10.1103/PhysRevB.58.6153
https://doi.org/10.1103/PhysRevB.58.6153
https://doi.org/10.1103/PhysRevB.58.6153
https://doi.org/10.1103/PhysRevB.58.6153
https://doi.org/10.1209/epl/i2004-10341-0
https://doi.org/10.1209/epl/i2004-10341-0
https://doi.org/10.1209/epl/i2004-10341-0
https://doi.org/10.1209/epl/i2004-10341-0
https://doi.org/10.1364/OE.16.001150
https://doi.org/10.1364/OE.16.001150
https://doi.org/10.1364/OE.16.001150
https://doi.org/10.1364/OE.16.001150
https://doi.org/10.1088/2040-8978/18/6/065605
https://doi.org/10.1088/2040-8978/18/6/065605
https://doi.org/10.1088/2040-8978/18/6/065605
https://doi.org/10.1088/2040-8978/18/6/065605
https://doi.org/10.1142/S0217979213410038
https://doi.org/10.1142/S0217979213410038
https://doi.org/10.1142/S0217979213410038
https://doi.org/10.1142/S0217979213410038
https://doi.org/10.1364/OE.19.020817
https://doi.org/10.1364/OE.19.020817
https://doi.org/10.1364/OE.19.020817
https://doi.org/10.1364/OE.19.020817
https://doi.org/10.1364/OE.23.014520
https://doi.org/10.1364/OE.23.014520
https://doi.org/10.1364/OE.23.014520
https://doi.org/10.1364/OE.23.014520
https://doi.org/10.1364/OE.25.028752
https://doi.org/10.1364/OE.25.028752
https://doi.org/10.1364/OE.25.028752
https://doi.org/10.1364/OE.25.028752
http://www.jetp.ac.ru/cgi-bin/e/index/e/20/5/p1290?a=list
https://doi.org/10.1103/PhysRevB.53.7413
https://doi.org/10.1103/PhysRevB.53.7413
https://doi.org/10.1103/PhysRevB.53.7413
https://doi.org/10.1103/PhysRevB.53.7413
https://doi.org/10.1088/0305-4470/37/1/018
https://doi.org/10.1088/0305-4470/37/1/018
https://doi.org/10.1088/0305-4470/37/1/018
https://doi.org/10.1088/0305-4470/37/1/018
https://doi.org/10.1103/PhysRevB.77.024203
https://doi.org/10.1103/PhysRevB.77.024203
https://doi.org/10.1103/PhysRevB.77.024203
https://doi.org/10.1103/PhysRevB.77.024203
https://doi.org/10.1088/0953-8984/20/39/395215
https://doi.org/10.1088/0953-8984/20/39/395215
https://doi.org/10.1088/0953-8984/20/39/395215
https://doi.org/10.1088/0953-8984/20/39/395215
https://doi.org/10.1021/nl801752r
https://doi.org/10.1021/nl801752r
https://doi.org/10.1021/nl801752r
https://doi.org/10.1021/nl801752r
https://doi.org/10.1103/PhysRevLett.113.026802
https://doi.org/10.1103/PhysRevLett.113.026802
https://doi.org/10.1103/PhysRevLett.113.026802
https://doi.org/10.1103/PhysRevLett.113.026802

