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Electron energy levelsfor afinite
elliptical guantum wirein a
transver se magnetic field

Abstract: We investigate the electron ground statergy, the first excited energy and the electron
density of probability within the effective-masspapximation for a finite strain elliptical wire. A
magnetic field is applied perpendicular to the vergs. The results are obtained by diagonalizing
a Hamiltonian for a wire with elliptical edge. Thkectron levels are calculated as functions of the
ellipse parameter of the wire with different valwsthe applied magnetic field. For increasing
magnetic field the electron has its energy enhartlee electron energyecreaseas the elliptical
wire sizeincreasesThe density of probability distribution in ther@iwith different size in the
presence of a magnetic field has been calculated. dhe smaller elliptical wire size can
effectively draw electron deviation from the axi$ie ground state energy is compared with the
previous work.

Key Words: energy levels, electron density of philitg, magnetic field, elliptical wire

I. INTRODUCTION

In the past 40 years, modern growth techniglesriolecular beam epitaxy, chemical vapour
deposition metal organic chemical vapour depositind advanced lithography techniques have
made the realization of high quality semiconductiegerostructures possible. The peculiar optical
and electronic properties of nanometric systems$ wiantum-confined electronic states are
promising for uses in devices. Low-dimensional duamnanostructures such as quantum wires
and quantum dots have attracted considerable iatteintview of their basic physics and potential
device application$? Quantum wire nanostructures can be fabricated mdth monolayer
precision, with dimensions of a few nanometers; frem damage due to lithographic processing
by the use of all-growth fabrication processes tham® epitaxial techniques. One of the most
successful all-growth techniques for fabricatingesihas been cleaved edge overgroWtin this
approach, elliptical wires are created. Becaussiz¥ quantization, the physical properties of
charge carriers in quantum structures strictly ddpen external shape of the system under
investigation.

Recently, considerable effort was devoted to theeaement of self-assembled quantum wires,
which can be formed under certain growth conditibpsolid source molecular beam epitaxy. In
this case the wires are formed by the Stranskitsrasv growth mode, in which the materials that
are deposited on top of each other have a subatgrdifferent lattice parameter. Spontaneous
formation of self-assembled InAs quantum wires oR (001) substrate, having 3.2% lattice
mismatch, has been recently demonstréfe@ihese nanostructures are promising candidates for
light-emitting devices for wavelengths 1.8 and 1.55m®”*

In the theoretical works, it is customary to assanuércular, rectangular, V-groove and T shape
for quantum wire. Considerable experimental andrtical attention has also been devoted to
elliptical quantum wire and ellipsoidal quantum .dbhere are many investigations focus on the
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quantum wires and quantum dét§? The scattering matrix and Landauer-Buttiker foranwithin
the effective free-electron approximation has based to investigate theoretically the electron
transport properties of a quantum wifeThe effects of strong couplingagnetopolarorin
quantum dot has been studied by using variatiorghou®* The ground-state energy of electron
in a quantum wire in the presence of a magnetid fiarallel to wire axis is calculatéti The
influence of laser field in quantum wells and dawvé been considered af$&> The linear and
nonlinear optical absorption in a disk-shaped qumntiot is investigated in a magnetic fiéfd.
l1I-V semiconductor is investigated particulafly’*In addition, quantum ring has been studied
also®* A two-electron system of a quantum ring under th#uénce of a perpendicular
homogeneous magnetic field has been investiga#hong the papers, electron energy spectrum
in quantumwires havebeen studied. Electronic states in quantum dot® Heeen calculated.
Binding energy in quantumings havebeen studied using variational method.

In this paper, we present a diagonalization teakigvithin the effective-mass approximation)
for obtaining the electron energy levels and wawgcfions in a finite potential wire afe shape
of ellipse Then we have the electron ground states and ithe dxcited states varied with
transverse magnetic field and the ellipse eccetytrié the wire considering the lattice mismatch
of the wire. We have calculated the density of pholity distribution also. In Sec.ll we set up our
model and Hamiltonian. In Sec.lll we present oumatical results. We offer conclusions in
Sec.lV. We expect that these conclusions will befulsin perfecting the understanding of the
growth process.

Il. THEORY
We note first of all that the shape of the waellipse. Let us consider an electron moving in a
quantum wire of elliptical shape. We consider tlergetry of InAs/InP QWR as a elliptical
quantum box with the major axis a along the x diomcand semi-major axis b along the y
direction. Different effective masses are assumesidé and outside the wiré&schematic
illustration of a elliptical quantum box is givamfigure 1.

B x [110]

—,

¥ [001]

]
.
[110]
FIG. 1. The cross-section and the characteristiedsions of the elliptical quantum wire.
In our work, the uniform magnetic field is perpendar to the axis of the wire and is assigned
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by the vector potential
A=By? @

Electron is confined in the x- and y- directiongdazan move freely along the wire direction
because of the strong confinement in the x-y plai¢hin the effective mass approximation, the
Hamiltonian of the electron in a quantum wire igegi by

_& A) 1
c 2m’(x,y)

I
oO»

= ( (F%—f A)+V(x,y) @)

where mD(X, Y)is the electron effective mas¥, (X, y) is the strained conduction band offset,

and P=-indis the momentum.mD(X, Y) and V(X,y) in the wire and barrier can be

written as
o x*/a®+y*/b*<1
mD(X’ y) - mlm 2/ 2 2/ 2 (3)
m),  x?/a’+y?/b?>1
0, x?/a?+y?/b? <1
Viy)= 0 Y @
V,, x*/a®+y?/b®>1
where a and b are the ellipse semiaxes.
VO = Ece (X’ y) + ac‘ghyd (5)

Ece(x, y) is the unstrained conduction band offsaf, is the hydrostatic deformation potential

for the conduction band, and,, =¢&, +¢&, +&, denotes the hydrostatic strain. The

formation of self-assembled InAs/InP quantum wgéased on the strain-relaxation effect. It is
therefore interesting and important to consideritifieence of strain on the electronic properties

of the quantum wire. It is well known that,, and £, are determined as a function of the size
of the wire, while £,is equal to the misfit straing, :(aomAS—aomp)/<’;lomP within the

strained QWR and equal to zero in the barrier. &loee, the expressioig,, in the case of

hydrostatic strain for the electron depends onlyhenx- and y coordinates. It should be noted that
in our strain calculation model this value is indegent of the size of the quantum wire, because

the sum of the normal strain componerdg, is constant. For the electron, the edge of the

conduction band is shifted down by the hydrostati@in a.€,,, which is 144MeV for

InAs/InP quantum wire.

N e

We have used the effective electron Bohr radiusAs, a, = =
e

as the unit of length and
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98 the effective electron Rydbergfx’yD :%, as the unit of energy. We have also used the
EO
, ehB niel o . o
99 quantity y= = 0 - The Hamiltonian inside and outside the wire afer@nt.

2mcRy” m;’ce
100 The Hamiltonian in the wire can be given as
A no1 e’B?
101 H1:|:_2rnluag!2D2 2m DzzaO :|/Ry __D2+yy (6)

102 The Hamiltonian in the barrier can be given as

- n?o1 e’B? - V,
103 Hp=|- 5 50+, mady +Vo /Ry = 2+%y2y2+—° (7)
2m, a 2m;’c m, RyO
104 We investigate the elliptical quantum wire in dilip coordinates system. In the elliptic
105 coordinatesé and @ bound to the Cartesian by the relationships
106 X =hcoshé cosf . y =hsinhésing (8)

107 where h is half of the distance between the focthef ellipse. We expand the electron wave
108 function in terms of confluent hypergeometric fuomtbasis set because of a magnetic field is
109 perpendicular to the axis of the wire,

110 Y(£.6) =2 ambm(p(£,6),6) ©)

111  where, a,,is the coefficient of the expansion ar,,(0(&,6),6) is the orthogonal basis we

112 have chose.

m\+1 |IT'* _a’p*(£.9)

|m| \m\(f,H)F(—n,M+]_azpz(gﬂ»e 12 o

114 (10)
115 where, a is a parameter and= is a confluent hypergeometric functiom and n are
116 round numbers. Eq. (10) is a set of orthogonaksess which the wave function is developed.
117 We use a diagonalization method to calculate tleetmln energies and wave function. The
118 Schrodinger equation of the electron can be writen

119 Hy(é,6)=Ew(¢.6) (11)
120 Inserting Eqg. (9) into Eq. (11), we obtained theusar equation

113 ¢,,(0($,6),0) =

121 |H i E5nn,5nm| =0 (12)

122  The elements of the Hamiltonian matrix can be giagn
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H et = [[ @ (0(€,6),O)H8 1 (0(£,6),6)dS
= [7d6[ " déa’ (sh?& +sin? O)p5, (0(£,6).0)H . (0(£.6),6) +
[, d6f déa*(sh?¢ +sin’ B, (0(£,6).O)1 8., (£(£.6).6)

(13)
After obtaining the eigenvalues (the ground states the excited states) and the wave functions
of the electron, we can get the energy levels wihemmagnetic field fixed and the electron density
of probability distribution.

IIl. NUMERICAL RESULTS AND DISCUSSIONS
In order to study the electron energy levels thedinfluence of a transverse magnetic field, the
ground state energy, the first excited state enarglythe density of probability distribution have
been calculated for different magnetic fields. Saldifferent size elliptical quantum wires have
been investigated in this paper.

S is a parameter which can describe the shape @llimse in ellipsoidal coordinates. The
value of S belong to the interval (&°). The ellipse near to a line segment which lerigtha

when $o close to zero and near to an approximate circiewtadius near to infinity when S

close to infinity.
The parameters we used in this paper are li§able 13 For these values of the parameters,

the units of length and energy are respectiva:349.3A, 1Ry" = 1.36meV

1y =1.8517B(T). The conduction band offset of the wire %13MmeV when the strain is

considered.
Table 1. The electron energy and the density dgodity distribution
are calculated using these parameters.

Material m € a(A) Ey(eV) A
InAs 0.023 15.15 6.058 0.417 -5.08
InP 0.077 125 5.869 1.424 ---
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FIG. 2. The ground state energy of electron faaadverse magnetic field of 0.5T.

Figure 2 shows the ground state energy of eledtraglliptical quantum wire in a transverse

magnetic field equal to 0.5T as a function éf . It is observed that for elliptical quantum wires
where 0.1<§, <05 the ground state energy of electron decreasedlyaps the parameter
¢, increases, especially fon = 0.1a;, and the energy value of the wire fér= 0.1a; is

bigger than forh = 0.2a; when the , is fixed. That's because the ground state enefgy o

electron is determined by the magnetic field agpbe the x-axis and the size of the elliptical
guantum wire when the magnetic field is fixed. Tdifference of the two curves is due to the
different size of the wire. In small size wire, tbenfinement is much stronger than in big size
wire. Therefore the effect of the magnetic fieldtba energy of the electron becomes strong as the
wire size increases. The size of elliptical quantwire becomes big as the parametdrsand

¢, increases.
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FIG. 3. The ground state energy of electron faaagdverse magnetic field of 1.0T.

Figure 3 represents the parametfy dependence of the ground state energy of eledtron

elliptical quantum wire in a transverse magnetddfiequal to 1.0T. The results are similar to the
case of the transverse magnetic field equal to.OI6€ value of the ground state energy of the

electron decreases as the paramefgrincreases. The difference between the two eneatpes

for the wires with h = 0.1a; and h = 0.2a; becomes small as thé, increases. From figure

2 and figure 3, it can be seen that the energyevialithe wire when the magnetic field equal to
1.0T is bigger than that of 0.5T because of larggmetic field effects.

In Fig. 4, we plot the fist excited energy ofatten versus the parametef, for different
elliptical quantum wires as the paramete= 0.1a, and h = 0.2a, in a transverse magnetic
field equal to 0.5T. As can be seen, the fist excienergy decreases & increases and the

energy in the wire forh = 0.2a; is smaller than the energy fdn = 0.1a;. That is because the

spatial confinement caused the results when thenetiagfield is fixed. The spatial confinement is
determined by the size of elliptical quantum windich becomes big as the parametdrsand

¢, increases. In comparing the results in figure theodata in figure 2, we can find that the first

excited energy is bigger than the ground stateggrafrthe electron in the elliptical quantum wire.
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FIG. 4. The first excited energy of electron fdransverse magnetic field of 0.5T.

For the wires with the parametdn= 0.1a, and h= 02a;, the fist excited energy of
electron as a function of the parametgy in elliptical quantum wire for a transverse magmet
field equal to 1.0T is shown in figure 5. The enedgcreases with the parametéy increasing.
The difference between the curves of the first tedcienergy for the wires gived, with the

parameterh = 01a; and h=02a; increases as thé, increases. The results are similar to

the case of the transverse magnetic field equ@l5d. From figure 4 and figure 5, we obtain that
the first excited energy of the electron in a maigrfeeld equal to 1.0 T is bigger than the energy
in a magnetic field equal to 0.5 T when the sizéhefwire is fixed. That is because when the wire
size is fixed, the value of the first excited erneod the electron with the bigger applied magnetic
field becomes more big due to the energy comes both the spatial confinement and the

magnetic field confinement. From Figs. 3 and 5,0&a conclude that the first excited energy is
bigger than the ground state energy in a wire witixed magnetic field.

We can also calculate the electron ground stateggrend the first excited energy when the
magnetic field varies or the value of the magnéétd equal to zero using this method. For a
given wire, the ground state energy and the fixsited energy of electron increase as the applied
magnetic field increases in the elliptical quantuire.

The electron ground state energy is similar tocdse that the magnetic field parallel to the wire
axis”” when the value of the magnetic field equal to 0I5% probably that the difference of the
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two cases that in the presence of the magnetit &iking x-axis and z-axis is obviously when the
value of the magnetic field become larger.
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FIG. 5. The first excited energy of electron fdransverse magnetic field of 1.0T.

To further confirm the size of quantum wire effethe electron density of probability

distribution |¢/|2in the wire with h=0.1@®,, h=0.15a,, h=0.20a, for 8 =7/2 and

¢, = 0.1 in the presence of a magnetic field equal to Is03hown in Fig. 6. After calculating
the wave functions of the electron, we obtaineddimesity of probability of the electron. It can be
clearly seen that the electron density of probiegzbi'a'/1|2 increases withé increases, reaching a

maximum value between 0.35 and 0.38 and then dmseapidly. After comparing the three
curves, we have got that the smaller size ellipticeantum wire tends to shift the electron wave
function away from the wire center. The smalleesidre can effectively draw electron deviation
from the axis, so the electron energy is becomegdrigorrespondingly.

We can calculate the density of probability disttibn in other region of the wire, such as

6=n/6, n/4, n/3 and so on. We can also get the density of prabalistribution in other

elliptical quantum wires.
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FIG. 6. |¢¢|"for a electron in wire with h=0.1af, h=0.15a7, h=0.208; for B=1.0T as

6=rn/2 and &, =01

IV. CONCLUSIONS
In summary, considering the hydrostatic strdimough investigating a self-assembled InAs/InP
finite elliptical quantum wire in a transverse matio field by a diagonalized method within the
effective-mass approximation, we have obtained tihatground and first excited state energies
and the density of probability distributionhe ground state energy has been compared with that
when the magnetic field applied along z-axis.
The main results are that the ground state enerdyttree first excited state energy are become

small as §, varies from 0.1 to 0.5 withh = 0.1a; and h = 0.2a; in the presence of a fixed

transverse magnetic field when the applied magnetige equal to 0.5T and 1.0T. The electron
ground state energy and the first excited energly thie magnetic field varies or the value of the
magnetic field equal to zero by diagonalizing a litamian for a wire with elliptical edge. The

ground state energy and the first excited energglaxftron increase as the applied magnetic field

increases. We obtained the density of probabilistribution in the wire with h:o.1a§,

h=0.15a,, h=0.208, for & =7/2 and &, = 0.1 in the presence of a magnetic field equal to

1.0T. The smaller size elliptical quantum wire tenad shift the electron wave function away from
the wire center with a fixed magnetic field, so #lectron energy is become bigger in a smaller
size wire.The electron ground state energy is similar toctime that the magnetic field parallel to

10
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the wire axis when the value of the magnetic fisldmall.

The numerical calculations reveal that the infllemnof the magnetic field and the barrier on the
electron energy levels are considerable. It is shthat the energy depends on the magnetic field
strength and theize of the ellipsewhereas their competition determines the enesggls. The
electron energy levels for the narrow ellipticaravare more sensitive to the applied magnetic
field and for the bigger magnetic field are sewmsito the elliptical wire size.
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