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Abstract. In this paper we study the influence of the magneto-coupling effect between the longitudinal
motion component and the transverse Landau orbits of an electron on transmission features in single
barrier structures. Within the parabolic conduction-band approach, a modified one-dimensional effective—
mass Schrodinger equation, including the magneto-coupling effect generated from the position—dependent
effective mass of the electron, is strictly derived. Numerical calculations for single barrier structures show
that the magneto-coupling effect brings about a series of the important changes for the transmission
probability, the above—barrier quasi-bound states, and the tunneling time. Through examining the variation
of the above—barrier resonant—transmission spectrum with the barrier width and observing the well-defined
Lorentzian line-shape of the above—barrier resonant peaks, we convincingly show that the above—barrier
resonant transmission in single barrier structures is delivered by the above—barrier quasibound states in the
barrier region, just as the below—barrier resonant tunneling in double barrier structures is mediated by the
below—barrier quasi-bound states in the well. Furthermore, we come to the conclusion that the magneto—
coupling effect brings about not only the splitting of the above—barrier quasi—bound levels but also the
striking reduction of the level-width of the quasi-bound states, correspondingly, the substantial increase of
the density of the quasi-bound states. We suggest that magneto—coupling effects may be observed by the
measurements of the optical absorption spectrum associated with the above—barrier quasi-bound states in

the single barrier structures.

PACS. 73.40.Lg Other semiconductor-to-semiconductor contacts, p-n junctions, and heterojunctions
— 73.40.Gk Tunneling — 73.20.Dx Electron states in low-dimensional structures (superlattices, quantum

well structures and multilayers)

1 Introduction

As the growth techniques of nanostructures reach a high
level of perfection, the one-dimensional (1-D) quantum
systems, such as quantum wells, single or double potential
barrier structures and so on, have been realized in semi-
conductor heterostructures. These structures are formed
by alternating thin layers of different materials, in which
the thickness and material for each layer can be controlled
with considerable accuracy. In fact, the motion of an elec-
tron in these devices is three dimensional (3-D). How-
ever, as long as the longitudinal motion component of
the electron in the direction perpendicular to interfaces
and the transverse motion component of it in the plane
parallel to interfaces are completely decoupled (which is
referred to subsequently as the decoupled condition of
single-electron motion), the longitudinal motion of the
electron can be ascribed to the ideal, 1-D quantum
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problem. In the devices consisting of semiconductor het-
erostructures, the quantum characteristics of them are
primarily governed by the property of quantum mo-
tion of electrons in the direction perpendicular to in-
terfaces. Thus, the actual (3-D) problem in these de-
vices can be reduced to 1-D problem. But, the decou-
pled condition of single-electron motion is quite crucial.
As is well-known, the nonparabolicity of the conduction-
band leads to the significant deviation from the decou-
pled condition of single-electron motion. Ekenberg [1] ap-
plied envelope-wave function approach to examine the
effects of the nonparabolicity of the conduction-band
on bound levels in the quantum wells consisting of
GaAs/GaAlAs. Boykin et al. [2] employed the tight-
binding model to investigate the dependence of the tun-
neling probability and current of electrons on the trans-
verse wave vector k., lying in the plane parallel to in-
terfaces in the double-barrier heterostructures consist-
ing of InAs/AlSb. They ascribed the k,,-dependence
to the nonparabolicity of the conduction-band of InAs.
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In contrast, it has long been believed that within
the parabolic conduction-band approach the decoupled
condition of single-electron motion can be satisfied very
well. In other works, the coupling effect between normal
and lateral degrees of freedom of an electron is frequently
omitted within the parabolic conduction-band approach
even though it was included in reference [3-5]. However,
the recent studies have demonstrated that the effective-
mass difference of the electron in different thin layers is
sufficient to bring about the significant dependence of the
transmission probability on the transverse wave vector kg,
in multi-barriers [6] and single barrier [7] structures at zero
magnetic field. More recently, considerable effort has been
devoted to the study of magneto-coupling effect between
the longitudinal motion of an electron and the transverse
Landau orbits of it in semiconductor heterostructures. The
dependence of the bound state levels in quantum wells
and the minibands in superlattices on the transverse wave
number £z, or Landau quantum number N has been ex-
amined at zero or finite magnetic fields [8], and the im-
portant influence of the magneto-coupling effect on the
transmission probability T}, through single quantum bar-
riers has also been shortly reported [9].

As inspired by the experimental observations of neg-
ative differential resistance [10] and above-barrier quasi-
bound states [11] in single quantum barriers, single barrier
heterostructures have received considerable attention in
recent years. The theoretical investigations on single bar-
rier heterostructures have involved in transmission proba-
bility [7,12,13] and current-voltage characteristics of elec-
trons [13,14]. In addition, renewed attention was paid to
phase time [7,15] of electrons in this systems because re-
cent photon tunneling experiments [16] and the compari-
son between the theoretical phase time and the simulated
tunneling time (which is evaluated with the software In-
terquanta) for electrons [15] have shown that the phase
time is a reasonable approximation of the tunneling time
for both photonic and electronic tunneling. Even though
a great deal of works on single barrier structures were
reported, the physical picture of above-barrier resonant
transmission has not been directly argued in literature so
far. Does the above-barrier resonant transmission in sin-
gle barrier structures have the physical picture similar to
the resonant tunneling in double barrier structures? It still
remains open question.

Even though our previous work [9] has concisely re-
ported the significant dependence of the transmission
probability T}, through a barrier on the transverse Landau
quantum number N when taking the magneto-coupling
effect into account within the parabolic conduction-band
approach, the further and more detailed features remain
to be revealed by examining the influence of the magneto-
coupling on the tunneling time, the line-shape of the
above-barrier resonant peaks, the above-barrier quasi-
bound states, and the densities of them in single barrier
structures. Through investigating these problems, we can
get a deep and perfect insight into the physical picture of
the resonant transmission and the properties of the above-
barrier quasibound states in single quantum barriers when
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the magneto-coupling effect is included. This paper is or-
ganized as follows. In Section 2, based upon parabolic
conduction-band approach, a modified 1-D effective-mass
Schrodinger equation (M-1DEMSE), including the mag-
neto-coupling effect generated from the difference of the
effective mass of the electron inside and outside the bar-
rier, is strictly derived for heterostructures. We will show
that the magneto-coupling effect leads to an essential
change that the effective barrier height seen by electrons
is no longer a constant but rather depending on the Lan-
dau quantum number N and the magnetic-field intensity
B. According to the M-1DEMSE, the analytical expres-
sions of the transmission probability T}, and the tunneling
time 7T; (within the phase time approach) are obtained
for single barrier structures. They depend on, not only
the longitudinal kinetic energy E, of the incident elec-
tron, but also the Landau quantum number N and the
magnetic-field intensity B. In Section 3, we carry out the
numerical calculations for single quantum barrier to re-
veal the striking influence of the magneto-coupling on T},
and T; in detail. Furthermore, we will examine the varia-
tion of the above-barrier resonant transmission spectrum
with the barrier width, and the line-shape of the resonant
peaks as well as the density of the above-barrier quasi-
bound states in the single quantum barrier. At the same
time, we will argue the physical mechanism of the above-
barrier resonant transmission in single quantum barriers.
Finally, Section 4 contains a brief summary of the main
findings in this study and some remarks.

2 Formulas

For semiconductor heterostructures under the action of
a longitudinal magnetic field (perpendicular to inter-
faces, referred to Z-direction), it has long been believed
that within the parabolic conduction-band approxima-
tion, both the transverse Landau level of an electron and
the longitudinal energy component of it are the conserva-
tion quantities. This assumption leads to that longitudinal
motion of the electron is governed by the 1-D effective-
mass Schrédinger equation as follows:

e ———B(2) + U(2)B(2) = E.®(z), (1)

where m(z) is the position-dependent effective mass of the
electron, U(z) the effective potential function, and E, the
longitudinal component of energy of the electron. m(z)
and U(z) are, respectively, defined as follows:

my  (in the well material),
m(z) =
my,  (in the barrier material),
and
0  (in the well material),
Ulz) =

Up (in the barrier material),
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where my, and my, are respectively the effective mass of the
electron in the well and barrier materials; Uy is the offset
of the conduction-band edge between two materials. The
total energy E of the electron is defined as £ = FE, + Ey,
here E is the N-th Landau level of the electron. Equa-
tion (1) implies that the longitudinal motion of the elec-
tron and the transverse Landau orbit motion of it are
completely independent and separable. However, as will
be proved in the following paragraph, the conservation
quantities are the total energy F of the electron and the
transverse Landau quantum number N of it rather than
the longitudinal and transverse components of energy of
the electron when considering the difference of the elec-
tron effective mass in different segments of the structures.
Hence, it is essential to make certain modifications for
Equation (1).

We now start with the three-dimensional Hamiltonian
of single electron in the semiconductor heterostructures
upon the application of a longitudinal magnetic field,
B = (0,0,B). We choose the symmetric gauge for the
vector potential as

A:%er. 2)

In the effective-mass parabolic-band approximation, the
Hamiltonian of single electron is read as

= 5ol = 00+ (3, + o)’
s OO

We follow the standard procedures to introduce the cre-
ation operator &t and annihilation operator 4 of a har-
monic oscillator, defined by

at = (2meB)"V*((p, — Ly) +i(p, + L),
(4)

i = (2heB)2((ps — “By) — i(py + La)].

Therefore, we can obtain the expressions of p, and py in
terms of a* and &

br — Py = (M7) 2@t +a),

f’y"‘QQBxZ

(5)
—i(heB 25t — ).

As well-known, 47 and 4 obey Boson commutation rela-
tions

[a,at] =1;[a,a] =[at,at]=0. (6)
Substituting equation (5) into equation (3) and using Bo-
son commutation relations equation (6), the Hamiltonian
of the electron can be rewritten as

N 1 - 1 1
H= (_ + N>hw(z) + _f)zm—f)z + U(Z),

2 2Pz @
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where w(z) = eB/m(z) is the position-dependent
cyclotron-frequency of the electron; N = 414 is the oc-
cupation number operator of the harmonic oscillator. It

has the well-known property

- 4T xo(k
On(z,y) = (L) 1/2 exp{z[2—ly2 _ 0(l2y)y

Iixwle = 2o(ky)l;
9)

z2 x
o v ()
where zo(ky) = —I%ky,, 1> = h/eB is the radius of
the ground cyclotron orbit. Hy(z) is Hermite’s polyno-
mial and L? is the area of the structure. Oy(z,y) is
the harmonic oscillator eigenfunction with Landau index
N=0,1,2 -
Equation (7) shows that operator N commutes with

H. Hence, the Landau quantum number N is a con-
servation quantity. It turns out that the Landau level
En = (1/2+ N)hw(z) should be position-dependent when
considering the difference of the electron effective-mass in
two different materials. Therefore, the Landau level of the
electron in the whole structure does not keep conservation.
As a consequence, the longitudinal energy E, = E — Eyn
of the electron also is no longer the conservation quantity
because the total energy of the electron is conserved.

In terms of equation (8), the 3-D wave function of the

xn(x) = (2N N1/7l) 712 exp( (10)

electron for Hamiltonian H of equation (7) can be written
a form of variable separation as

¥(r) = On(z,y)2(2). (11)

Substituting this form of wave function into the eigen
equation

HY(r) = E¥(r), (12)
we then find that the longitudinal envelope wave func-
tion @(z) is determined by a modified 1-D effective-mass
Schrédinger equation (M-1DEMSE), including the magne-
to-coupling effect, as follows:

e —B(2) + U (2)P(2) = EYD(2),  (13)

where EY is the longitudinal energy of the electron in the
well material and U.(z) the effective coupling potential
function. They are given by

1
B =B (34 Mo, (14)
and
0 (in the well material),
Uc(z) = (15)

U(N,B) (in the barrier material),
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where U(N, B) is the effective barrier height seen by the
electron in the barrier material and given by

UN,B)=Us — (1) + Nhww,  (16)
where v = my /my, and wy, = eB/m,, is the cyclotron-
frequency of the electron in the well material.

Comparing equation (1) with equation (13), we can
find that there exist two fundamental distinctions between
them. The first one is that E, in equation (1) is now re-
placed by EY in equation (13). From the physical view-
point, E, in equation (1) represents the longitudinal en-
ergy belonging to the whole structure, irrespective of dis-
continuity of the electron effective-mass in different mate-
rials. It implies that both the longitudinal and transverse
components of energy of the electron are the conservation
quantities. However, EY in equation (13) only belongs to
the well material and its appearance reveals explicitly the
fact that the above-mentioned conservation is broken at
all. The second one lies on the difference of the effective
barrier height seen by the electron in the two equations.
The effective barrier height in equation (1) is a constant
Up only determined by the offset of the conduction-band
edge in two materials, but it is a varying quantity U (N, B)
in equation (13), depending on both the Landau quantum
number N and the magnetic-field intensity B. The intro-
duction of the magneto-coupling term —(1—7)(N+ 3 )hwy,
in U(N, B) is a mathematical price that we have to pay
while the variable separation method is used for solving
the Schrédinger equation to treat a 3D-problem with use
of a 1D equation. This clearly reflects the existence of the
magneto-coupling effect between the longitudinal motion
component of the electron and the transverse Landau or-
bits of it.

To recognize the importance of the magneto-coupling
effect, we now apply equation (13) to investigate its in-
fluence on magnetic transmission of the electron in single
quantum barriers. According to equation (13), the longi-
tudinal envelope-wave function can be expressed as

exp(ikwz) + Rexp(—ikwz)
(in the incident region),
Ay exp(—kpz) + Az exp(kpz)
(in the barrier region),
S exp(ikwz)
(in the transmitted region),
(17)

&(z) =

where ky = (2mwE.)Y?/h; ky, = {2mu[U(N,B) —
E.]}'/?2/h and ky, is an imaginary when E, > U(N, B);
and here E, represents the longitudinal energy of an in-
cident electron. If the complex transmission coefficient S
is expressed in the form of S =| S | ¢!, the transmission
probability 7}, and tunneling time T} (see Ref. [11]) can
be evaluated in terms of |S| and 6 by the relations:

T, =[S %,
(18)
T, = (my/hky) (90 0ky, + b),
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here b is the barrier width. By using the continuity condi-
tions for both &(z) and its derivative ®'(z)/m(z) at each
interface, we can derive the analytical expressions of T},
and T} as follows:

T, = S (19)
[(v8)~1 + v8]? sinh®(kpb) + 4
and
7 by L7 987+ (v8) %)
¢ Rk {[(v8) " +~08)2}
" {sinh(2kpb) — 2[(v3)"2 — 1]b}, (20)

{sinh?(kpb) + 4}
where 8 = kp /ky-

3 Numerical results and analyses

We now employ equations (19) and (20) to numerically
evaluate the values of T}, and T} for single quantum barri-
ers consisting of GaAs/Ga, __ Al As with x = 0.4, yielding
the offset of the conduction-band edge, Uy = 0.296 eV.
In this structure, the effective-masses of the electron in
GaAs and Gag gAlp.4As are, respectively, my = 0.067mg
and my, = 0.101mg, here my = 9.1094 x 1073! kg is the
free-mass of the electron.

3.1 Transmission probability

The dependence of the transmission probability 7}, on the
longitudinal energy FE, of the incident electron for several
magnetic-field intensities B and Landau quantum num-
bers N is shown in Figures la and 1b for the single bar-
rier structures with the barrier width of 60 A. Three sets
of curves correspond to different magnetic-field intensities
of B = 5,10, and 15 tesla, respectively. The consecutive
sets of curves have been vertically shifted for clarity. In
Figures la and 1b, all the curves labeled by the legent
a (see the legends in Figs. la and 1b) correspond to the
case of neglecting the magneto-coupling effect, and other
curves associated with the legends b, ¢, and d to the cases
of including the magneto-coupling effect, with different
Landau quantum numbers of N = 0, 2, and 4, respec-
tively. From Figure 1la, it is clearly seen that the trans-
mission probability of the incident electron in the low en-
ergy region increases rapidly as increasing the magnetic
field intensity B and Landau quantum number N. For ex-
ample, when FE, = 20 meV, comparing with the value of
T, without the magneto-coupling, the relative changes in
T, for N = 0, 2, and 4 reach, respectively, up to 113%,
142%, and 176% at B = 5 T; 120%, 185%, and 272% at
B =10 T; as well as 127%, 237%, and 408% at B =15 T.
From Figure 1b, it can be seen that in the high energy
region of £, > 0.2 eV, only one much broad transmis-
sion resonant bump above barrier can be resolved when
the magneto-coupling effect is neglected; while consider-
ing the magneto-coupling effect, it makes not only the first
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Tunneling Probability Tp (10-3)

0.04 0.07
(a) Longitudinal Energy E; (eV)

0.10

Transmission Probability Tp

0.0 . . .
0.1 0.3 0.5 0.7

(b) Longitudinal Energy E; (V)

Fig. 1. Influence of the magneto-coupling on the transmis-
sion probability T}, as a function of longitudinal energy E. in
single quantum barrier with barrier width of 60 A for three
different magnetic-field intensities, marked in the figure. Two
consecutive sets of curves have been vertically shifted for clar-
ity. Curves labeled by a correspond to the case of neglecting
the magneto-coupling effect and curves labeled by b, ¢, and d
to the case of including this effect with different Landau quan-
tum indexes of N = 0, 2, and 4, respectively. (a) Tp, — E. curves
in the low energy region; (b) T, — E curves in the high energy
region.

peak narrower but also the second broader peak resolv-
able. At the same time, the magneto-coupling effect leads
to a shift of the energy positions of the above-barrier res-
onance peaks toward the low energy region. Moreover, as
increasing the magnetic-field intensity B and the Landau
quantum number N, the amounts of the shift increases.
For N = 0, 2, and 4, the amounts of the shift for the
first resonant peak are, respectively, 1, 7, and 13 meV at
B =5T; 3, 14, and 26 meV at B = 10 T; 5, 22 and
40 meV at B = 15 T. The shift of the resonant peak posi-
tions can be easily understood. From the condition of the
transmission resonance, kb = mm, we find the resonant
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Tunneling Time T (fs)

0.0 0.2 0.4 0.6 0.8
Longitudinal Energy E, (eV)

Fig. 2. Influence of the magneto-coupling on the tunneling
time spectrum, Ty — E., in the same single barrier structure
as Figure 1 under three different magnetic fields, as marked
in figure. The consecutive sets of curves have been vertically
offset for clarity. The legends a, b, ¢, and d have the same
explanation as Figure 1.

levels as

1
Em,N - Em - (1 - 7)(N + §)MW7

(21)
where the Fy, represents the resonant levels when neglect-
ing the magneto-coupling effect, given by

B2 m2n?

m = 5 +UO

T (m=1,2,3,---).

(22)

Equations (21) and (22) clearly show that for a given m,
the magneto-coupling effect leads to the fall of the reso-
nant levels as increasing B and N. Therefore, the resonant
peaks shift toward the low energy region. In addition, we
also see that the magneto-coupling effect brings about the
striking reduction of the line-width of the resonant peaks.
All the above-mentioned results have evidently demon-
strated that the influence of the magneto-coupling effect
on the transmission probability is quite pronounced.

3.2 Tunneling time

We now are in a position to investigate the influence of
the magneto-coupling effect on the tunneling time T;. The
dependence of Tt on the longitudinal energy E, of the in-
cident electron for several magnetic-field intensities B and
different Landau quantum numbers N is displayed in Fig-
ure 2 for the same structure as in Figure 1. The meaning
of the legend symbols a, b, ¢, and d in Figure 2 is the same
as in Figure 1. Three sets of curves correspond to different
B’s of 5, 10, and 15 T, respectively. For clarity, the consec-
utive sets of curves have been vertically offset. From Fig-
ure 2 we can see that the magneto-coupling effect leads to
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the increase of the tunneling time T;. Moreover, there ex-
ists an interesting resonance-like phenomenon in the tun-
neling time spectrum similar to resonance phenomenon
appearing in the transmission probability. The magneto-
coupling effect results in the shift of the peak positions in
T; which explicitly depends on the magnetic field inten-
sity B and the Landau quantum number N similar to the
dependence of the resonant peak positions in 7}, on B and
N. Furthermore, the positions of resonance-like peaks in
T} are quite close to those of the corresponding resonance
peaks in T}, for the given NV and B. At the same time, we
can see that the increase of the tunneling time T} caused
by the magneto-coupling effect is the most remarkable in
the vicinity of the peak positions. Comparing with the
peak values without the magneto-coupling effect, the rel-
ative increase of the peak height reaches, approximately,
up to 60%.

To get a better understanding of these results, it is nec-
essary to do further discussions on the physical mechanism
of the resonant transmission in single barrier structures.
As well-known, the resonant tunneling in double-barrier
structures is mediated by the quasibound states in the well
which arise from the multiple coherent reflections of the
electronic wave function at the boundaries of the double-
barrier scattering potential. Similarly, we may reasonably
regard the resonant transmission in single quantum bar-
rier as being generated from multiple coherent reflections
of the electronic wave function at two edges of the barrier,
leading to the above-barrier quasibound states in the bar-
rier region. Consequently, the incident electron with the
longitudinal energy in the vicinity of the above-barrier
quasi-bound level is favorable to trap and reside in the
barrier region. Thus, it make the corresponding tunneling
time T} longer and then leads to the resonance-like phe-
nomenon in T; spectrum. The increase of the peak height
in T spectrum in presence of the magnetic field reflects
the fact that the magneto-coupling effect leads to the en-
hancement of localization of the above-barrier quasibound
states. It is also corroborated with the reduction of the the
line-width of the resonant peaks in 7}, spectrum in pres-
ence of the magnetic field, as seen in Figure 1b.

3.3 Variation of transmission probability spectrum with
barrier width

To get a further insight into the influence of the magneto-
coupling on the above-barrier quasi-bound states, we now
examine the variation of the above-barrier resonant-trans-
mission spectrum with the barrier width. T}, — E, curves
above the barrier height are plotted in Figure 3 for three
different barrier widths of 90, 120, and 150 A. Dotted
curves correspond to the case of neglecting the magneto-
coupling effect and solid curves to the case of including
it for B = 5 T and N = 0. The consecutive sets of
curves have been vertically shifted for clarity. From these
curves, we can find that the resonant peaks shift toward
the low energy region and their line-widths rapidly narrow
down as broadening the barrier width. We have pointed
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out in the last subsection that the above-barrier resonant
transmission in single barrier structures has the physical
picture similar to the below-barrier resonant tunneling in
double barrier structures, i.e., the resonant transmission
in single barrier occurs when the longitudinal energy of
the incident electron is coincident with one of the above-
barrier quasi-bound levels. Thus, the quasi-bound levels
are determined by equations (21) and (22), that is to say,
the above-barrier quasi-bound levels fall with the increase
of the barrier width. So, we can draw a conclusion that
the increase of the barrier width leads to the blue-shift of
the optical absorption peaks related to these above-barrier
quasi-bound levels. On the other hand, the narrowing of
line-width of the transmission peaks manifests the reduc-
tion of the level width of the quasi-bound states. It leads
to the increase of the density of the quasi-bound states
(DOQBS). Note that the optical absorption coefficient re-
lated to the quasi-bound states is proportional to the DO-
QBS. Therefore, it can be inferred that the peak intensity
of optical absorption spectrum in single quantum barriers
enhances as broadening the barrier width. The above two
conclusions on the optical absorption spectrum have been
confirmed by the experimental results of Luo et al. [11] in
the single quantum barriers made of the magnetic mate-
rial ZnMnSe. In their experiment, they chose single quan-
tum barrier structure made of magnetic material in order
to utilize the well-known Zeeman effect to produce split-
ting of the absorption peaks for revealing the existence of
the magneto-quasi-bound states in single quantum barri-
ers. We now ask the question: Is it possible to detect the
above-barrier magneto-quasi-bound states in single barri-
ers made of non-magnetic materials upon the application
of magnetic field? The answer is positive when consid-
ering the magneto-coupling effect in the structures. Let
us discuss this problem in detail. As indicated above, the
magneto-coupling effect brings about two folds of conse-
quences on the above-barrier quasi-bound states: the one
is the remarkable reduction of the level width of the quasi-
bound states. Hence, it tends to result in the enhancement
of optical absorption peak intensity; the other is the split-
ting of the above-barrier quasi-bound levels with differ-
ent Landau quantum numbers, as shown in Figure 1 and
in equation (21). Correspondingly, it leads to the split-
ting of the optical absorption peaks associated with these
quasi-bound states. Hence, it is possible to detect the ex-
istence of the above-barrier magneto-quasi-bound states
with different Landau quantum numbers in single barrier
structures made of non-magnetic materials with use of the
measurement of optical absorption spectrum.

3.4 Line-shape of resonant transmission peaks

As well known, the resonant tunneling peaks in the
double-barrier structures have the well-defined Lorentzian
line-shape when the level-width of the quasi-bound states
is quite small, comparing with the absolute value of level
and the level interval between two adjacent levels. As the
physical mechanism of the above-barrier resonant trans-
mission in single barrier structures is similar to that of
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Transmission Probability Tp

0.0 . . .
0.3 0.4 0.5 0.6 0.7

Longitudinal Energy E, (eV)

Fig. 3. Variation of the above-barrier transmission probability
spectrum with the barrier width. Three sets of curves corre-
spond to the barrier width of b =90 A, 120 A, and 150 A, from
top to bottom. The consecutive sets of curves have been verti-
cally shifted for clarity. The Landau quantum number is fixed
at N = 0 and the magnetic field is B = 5 T. Dotted curves cor-
respond to the case of neglecting the magnet-coupling effect,
while solid curves to the case of including this effect.

the below-barrier resonant tunneling in the double-barrier
structures, i.e., both the resonant transmission and reso-
nant tunneling are mediated by the quasibound states in
these structures, so it is expected that the profile of in-
dividual resonant peak in T}, for single barrier structures
may also have the well-defined Lorentzian line shape. How-
ever, at the first glance, the profile of individual peak in
Figure 3 seems to be non-Lorentzian line-shape appar-
ently. This is a false appearance. We guess that the su-
perposition of the adjacent resonant peaks results in this
false impression. When taking the overlap of the consecu-
tive peaks into account, we may conjecture that the pro-
file of the peaks in T}, spectrum can be described by the
linear superposition of two Lorentzian functions. For in-
stance, the line-shape of the first peak in Figure 3 can be
expressed by

r?
(E. — ) + 7

I3
(E. — Ey)? + T3’

T =

p + Cs

(23)
where E] and F} are, respectively, the first and the sec-
ond resonant levels, given by equations (21) and (22) with
m=1or 2for B=5T and N = 0. I'1 and I% are the
half-widths of the corresponding resonant levels. Accord-
ing to the resonant conditions, i.e., TI} =1lat E, = Ej
and F), we can established two simultaneous equations
for determining the coefficients of C; and Cs. Finally, C;
and Cy are given by

(B, — E)*+ 17
(By — BY)? +IT + 137
(By —E)* + 13
(B, — B2+ 17 +13

Ci =

Cy =
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Table 1. Half-widths of the first and second quasi-bound levels
above the barrier. I;(i = 1,2) correspond to the half-width of
levels when neglecting the magneto-coupling effect and I7"¢ to
that when including this effect for B=5 T and N = 0.

b I e I e
(A)  (meV) (meV) (meV) (meV)
90 304 184 1350 652
120 12.6 7.8 53.2 29.0
150 6.3 4.0 25.6 15.2

g
=3

1.0

Transmission Probability Tp

0.0 .
0.3 0.4 0.5

Longitudinal Energy E; (eV)

Fig. 4. Fitting results for the first resonant transmission peak
in single barrier structures with different barrier widths as in-
dicated in Figure 3. The relevant parameters are the same as
in Figure 3. Dotted lines are the fitting results obtained with
equation (23) in the text and solid lines are the exact results
evaluated by equation (19) in the text. Curves labeled with
i1 correspond to the case of neglecting the magneto-coupling
effect and curves denoted by is to the case of including this
effect.

To demonstrate the applicability of equation (23), we
employ the method presented by Bahder et al. [17] to de-
termine the half-widths of quasi-bound levels. The calcu-
lation results are listed in Table 1 [18]. It is clearly seen
that the magneto-coupling effect results in the striking
reduction of the half-width of the above-barrier quasi-
bound levels. For example, the relative reductions of the
line-width for the first quasi-bound level with m = 1 and
N = 0 reach, respectively, to 39.5%, 38.1%, and 36.5% for
b =90, 120, and 150 (A), at B =5 T. We now substitute
the parameters of I'; given in Table 1 and the values of
E; and FE) evaluated by equations (21) and (22) into the
expression equation (23) of TI} to fit the accurate transmis-
sion probability curves. The fitting results are displayed
in Figure 4. Dotted curves are the fitting results with use
of the expression equation (23) and solid curves represent
the accurate results given by equation (19). Curves labeled
by i1 correspond to the case of neglecting the magneto-
coupling effect and curves labeled by 2 to the case of in-
cluding this effect. It is evident that the fitting curves are
in good agreement with the accurate results. The smaller
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Fig. 5. Profile of density of the above-barrier quasi-bound
states for single barrier structures with different barrier widths.
Curves labeled by b1, b2, and bs show the densities of the quasi-
bound states for barrier widths equal to 150 A, 120 A, and
90 A, respectively. Dotted lines correspond to the case of ne-
glecting the magneto-coupling effect and solid lines to the case
of including this effect. The Landau quantum number is N = 0
and the magnetic-field intensity is B =5 T.

the half-width of the quasi-bound levels is, the higher the
fitting accuracy is. Therefore, our results clearly show that
the individual resonant transmission peak in single bar-
rier structures indeed has the well-defined Lorentzian line
shape. So, we can deduce that the density of the above-
barrier quasi-bound states in single barrier structures have
Lorentzian form as follows [19]:

Iy/m

B -EpR 17 25)

pi(E:) =

The numerical results for the lowest quasi-bound states
are depicted in Figure 5 for three different barrier widths:
curves marked by by for b = 90 A, by bs for b = 120 A,
and by bs for b = 150 A. Dotted curves correspond to the
case of neglecting the magneto-coupling, solid curves to
the case of including this effect. As addressed above, the
peak value of DOQBS rapidly increases as broadening the
barrier width, and the magneto-coupling effect substan-
tially enhances the value of DOQBS. Comparing Figure 5
in the present paper with Figure 3 in reference [11], it
can be found that the profile of the DOQBS is quite sim-
ilar to the line-shape of the peaks in optical absorption
spectrum. It clearly demonstrates that the profile of the
DOQ@BS in single barrier structures can be approximately
described with high accuracy by equation (25). All of the
above discussions on the line-shape of the above-barrier
resonant transmission peaks and the density of the above-
barrier quasi-bound states directly support the fact that
the appearance of the above-barrier resonant transmis-
sion peaks is tightly related to the existence of the above-
barrier quasi-bound states in single barrier structures.

The European Physical Journal B

4 Summary and remarks

In this paper, we have investigated the influence of the
magneto-coupling on the transmission probability, tunnel-
ing time, and the above-barrier quasi-bound states in sin-
gle quantum barriers in detail. Based upon the parabolic
conduction-band approach, a modified one-dimensional
effective-mass  Schrodinger equation, including the
magneto-coupling effect, is strictly derived to actually
describe the longitudinal motion of electrons in semicon-
ductor heterostructures. Numerical calculations for single
barrier structures have shown that the magneto-coupling
effect brings about a series of important consequences
on the quantum features of the devices, such as the
transmission probability T}, the tunneling time Ti, and
the above-barrier quasi-bound states.

We find that the magneto-coupling effect results in the
remarkable enhancement of the below-barrier transmis-
sion probability T}, and brings about three folds of impor-
tant changes on the above-barrier resonant transmission:
the first is the appearance of the new, resolvable reso-
nant transmission peaks; the second is the striking shift
of the resonant peak positions associated with different
Landau quantum numbers toward the low energy region;
the third is the considerable reduction of the line-width of
the resonant peaks. A very interesting resonance-like phe-
nomenon is also found in the tunneling time 7} spectrum.
The magneto-coupling effect always causes the increase of
the tunneling time T} and leads to the significant depen-
dence of the resonance-like peak positions in T} spectrum
on both the magnetic-field intensity B and the Landau
quantum number N.

Through examining the variation of the above-barrier
T}, spectrum with the barrier width in single barrier struc-
tures, we find that the resonant peaks in T}, shift toward
the low energy region and the line-widths of the resonant
peaks rapidly narrow down as increasing the barrier width.
With use of the half-width of the above-barrier quasi-
bound levels and linear superposition of two Lorentzian
functions, we can fit the line-shape of the first above-
barrier resonant peaks very well. The smaller the half-
width of the quasi-bound levels is, the higher the fitting
accuracy is. All of the above results can be interpreted by
the fact that the resonant transmission in single quantum
barrier is generated from the multiple coherent reflections
of the electronic wave function at two edges of single bar-
rier scattering potential leading to quasibound states in
the barrier region, and the magneto-coupling effect be-
tween the longitudinal motion and the transverse Landau
orbits of an electron results in the enhancement of local-
ization of the quasibound states. This is the reason why
the line-width of the resonant peaks in 7}, strikingly re-
duces and the transmission time T in the vicinity of the
resonant levels remarkably increases when the magneto-
coupling effect is taken into account.

According to the physical mechanism of the above-
barrier resonant transmission in single quantum barriers,
we come to the conclusion that the magneto-coupling ef-
fect leads to not only the splitting of the above-barrier
quasi-bound levels associated with the different Landau
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quantum numbers but also the reduction of the half-width
of the quasi-bound levels, correspondingly, the substantial
enhancement of density of the above-barrier quasi-bound
states. Accordingly, the magneto-coupling effect results in
the splitting of the optical absorption peaks and the strik-
ing enhancement of their intensities in single barrier struc-
tures. We suggest that the magneto-coupling effects may
be observed with the measurements of the optical absorp-
tion spectrum in the single barrier structures.

The authors would like to thank the referee for his valuable
comments and suggestions on revising and improving our ma-
nuscript. This work was supported by the National Natural
Science Foundation of China.
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