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Abstract

We have performed a theoretical study of the electron effective Landé g factor in

GaAs-(Ga,Al)As cylindrical low-dimensional heterostructures under and axis-parallel ap-

plied magnetic field. Numerical calculations of the g factor are performed by using the

Ogg-McCombe effective Hamiltonian, which includes non-parabolicity and anisotropy ef-

fects for the conduction-band electrons. The low-dimensional heterostructure is assumed

to consist of a cylinder of GaAs surrounded by a Ga1−xAlxAs barrier considering the lim-

iting cases of 1D, 2D and 3D confinements. Theoretical results are given as functions of

the Al concentration in the Ga1−xAlxAs barrier, radii, lengths, magnetic fields and applied

hydrostatic pressure. We have studied the role played by each of this parameters and the

competition between them, finding that the geometrical confinement and Al concentration

command the behavior of the electron-effective Landé g|| factor. Present theoretical results

are in very good agreement with experimental reports and with previous theoretical results.



I. INTRODUCTION

The conduction-electron effective Landé g factor in semiconductors and its low-

dimensional systems is one of the fundamental properties that describes the magnitude

of the Zeeman splitting of electronic states under applied magnetic fields. The g factor in

zinc-blende type semiconductor differs from the free electron g factor in vacuum, g = 2.0023,

due to the spin-orbit interaction, and non-parabolicity effects. As a result, there has been a

number of experimental and theoretical work devoted to the understanding of the properties

of the electron effective g factor in low-dimensional semiconductor systems [1–21]. Due to

the potential applications in the design and fabrication of spintronics and optoelectronic

devices [22], such studies have been focused in semiconductor-bulk materials [1, 2], quantum

wells (QWs) [4–11], quantum well wires (QWWs) [12–14], quantum dots (QDs) [15–20], and

superlattices [21].

From the experimental point of view, for example, Oestreich et al.[2] and Zawadski et al.[3]

studied the temperature-dependent GaAs electron g factor and observed an increasing Landé

g factor as the temperature was increased. Hannak et al. [2] measured the effective electron

Landé factor in GaAs-Ga1−xAlxAs QWs under in-plane applied magnetic fields. In addition,

Le Jeune et al. [5] studied the anisotropy of the electron Landé g factor in QWs whereas

Malinowski et al. [6] and Tetsu Ito et al. [7] have investigated the quantum confinement

and magnetic field dependence on the conduction-electron g factor in GaAs-Ga0.65Al0.35As

QWs, respectively. More recently, Hanson et al. [23] measured the Zeeman splitting in

a one-electron vertical QD as a function of the applied magnetic field and Köneman et

al.[24] has measured the anisotropy of spin splitting in GaAs-Ga1−xAlxAs QDs by means of

resonant tunneling spectroscopy. Theoretically, Kiselev et al.[12] studied the Zeeman effect

for electrons in one- and zero-dimensional semiconductor heterostructures in the framework

of Kane’s model and investigated the properties of the electron g factor in QWWs and QDs

in the absence of magnetic fields. Other works were devoted to the understanding of the

effects of non-parabolicity and anisotropy on the conduction-electron effective Landé factor

in GaAs-Ga1−xAlxAs QWs [8, 9] and superlattices [21] under applied magnetic fields. On the

other hand, Reyes-Gómez et al.[25] have demonstrated that the Dresselhaus term, intrinsic

to the anisotropy of the zinc-blende semiconductors, is negligible in GaAs-Ga1−xAlxAs low-

dimensional systems.
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The investigations on the properties of the effective Landé g factor in QDs and QWWs

have been carried out without the variation of the Al concentration and hydrostatic pres-

sure effects. In III-V bulk materials, the properties of the electron Landé g factor may be

investigated within the k·p framework [1, 2]. According to this procedure, the behavior of

the Landé g factor in each host material, as a function of the Al concentration, and applied

hydrostatic pressure P is determined by the dependency of the fundamental gaps [26–32]

and interband matrix elements[11] as functions of P and x. In low-dimensional semicon-

ductors with zinc-blende structure, the electron effective g factor must be studied by taking

into account the anisotropy and nonparabolicity of the conduction band. In that respect,

the effective Ogg-McCombe[33] Hamiltonian includes all these effects.

The aim of the present work is to study the role of the quantum confinement determined

by the geometrical parameters of the structure and by the Al (x) concentration, as well as the

effects of the hydrostatic pressure and an on-axis applied magnetic field on the conduction-

electron g factor in GaAs-Ga1−xAlxAs cylindrical low-dimensional systems by taking into

account the anisotropy and nonparabolicity of the conduction band. The present study is

organized as follows. The theoretical procedure and a discussion of the P and x effects on

the g factor in each host material and on the confining potential of the low-dimensional

systems are given in Sec. II. Results and discussion are in Sec. III, and conclusions in Sec.

IV.
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II. THEORETICAL FRAMEWORK

In the effective-mass approximation and taking into account the nonparabolicity and

anisotropy effects on the conduction band, the Ogg-McCombe effective Hamiltonian[33] for

a conduction-electron in a cylindrical GaAs-Ga1−xAlxAs low-dimensional system under an

axis-parallel applied magnetic field, i. e., B = Bẑ may be written as

Ĥ =
�

2

2
K̂

1

m∗(ρ, z)
K̂Î +

1

2
g(ρ, z)μBBσ̂z + Γ�̂σ · �̂τ + a1K̂

4
Î

+
a2

l4B
Î + a3

[{
K̂2

ρ , K̂
2
ϕ

}
+

{
K̂2

ρ , K̂
2
z

}
+

{
K̂2

ϕ, K̂2
z

}]
Î

+ a4BK̂
2
σ̂z + a5B

{
�̂σ · K̂, K̂z Î

}
+ a6Bσ̂zK̂

2
z + V (ρ, z)Î (1)

where K̂ = −i∇+ e
�c

Â, Î is the 2×2 unit matrix, μB is the Bohr magneton, lB =
√

�c
eB

is the

Landau length, �̂σ is a vector for which the components are the Pauli matrices, �̂τ is a vector

operator with components given as τ̂x = K̂yK̂xK̂y − K̂zK̂xK̂z and corresponding cyclic per-

mutations, Γ is a constant associated with the cubic Dresselhaus spin-orbit interaction[34],{
â, b̂

}
= âb̂ + b̂â is the anticommutator between the â and b̂ operators, and the coefficients

ai (i = 1, ..., 6) are constants obtained by a fitting of magnetospectrosopic measurements in

bulk GaAs[35]. The position-dependent conduction-band effective mass m∗(ρ, z) and Landé

factor g(ρ, z), together with the confinement potential V (ρ, z), are considered to be depen-

dent on the Al concentration x in each host material, as well as the hydrostatic pressure P ,

as detailed below.

The presence of the Dresselhaus spin-orbit term in Eq. (1) is due to the lack of inversion

symmetry in the zinc-blende type semiconductors. In a zero magnetic field this results in a

conduction-band spin-orbit proportional to �K3. Therefore at small �K the nonparabolicity

and corrugation of the conduction band are due mainly to this interaction, the other terms

are proportional to �K4 and its contribution is negligible. On the other hand, one readily

sees that in strong magnetic fields the contribution of the Dresselhaus term turns out to

be small compared with the other terms. To study the g-factor in GaAs-Ga1−xAlxAs low-

dimensional systems, the Dresselhaus term can be neglected because its contribution to the

effective g-factor has been shown to be quite minor[36, 37].

In the present work, we consider a cylindrical quantum pillbox modeled by a QW of width

L in the z axis-direction and a QWW of radius R in the (ρ, ϕ) plane. One may, therefore,
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choose to approximate the Hamiltonian (1) by (see appendix A for a detailed deduction)

Ĥ = Ĥ (z) + Ĥ (ρ, ϕ) + Ŵ (ρ, ϕ) , (2)

where

Ĥ (z) = K̂z

(
β̂±K̂z

)
+ K̂2

z

(
a1K̂

2
z

)
+ Û±, (3)

β̂± (z) =
�

2

2m∗(z)
± (a4 + 2a5 + a6)B +

2 (a1 + a3)

l2B
, (4)

Û± = V (z) ± 1

2
g(z)μBB, (5)

Ĥ (ρ, ϕ) = K̂ρ,ϕ

(
χ±K̂ρ,ϕ

)
+ K̂2

ρ,ϕ

(
(a1 +

1

4
a3)K̂

2
ρ,ϕ

)
+ ξ, (6)

K̂ρ,ϕ = K̂ρ + K̂ϕ, (7)

ξW,B =
a2 − 0.75a3

l4B
+ V (ρ), (8)

χ±
W,B =

�
2

2m∗(ρ)
± a4B, (9)

where the subindexes W and B denote the values of the magnitudes in the well and barriers,

respectively, and the signs ± denote the states with parallel and antiparallel spin projections

along the magnetic-field direction. Moreover [37, 38],

Ŵ (ρ, ϕ) =

⎛
⎝ Ŵ11 0

0 Ŵ22

⎞
⎠ , (10)

where

Ŵ11 = − a3

2l4B

(
â+4 + â4

)
, (11)

Ŵ22 = − a3

2l4B

(
â+4 + â4

)
, (12)

and the â+ creation and â annihilation operators. Here, one should consider that, in bulk

GaAs, it may be verified that, for B varying up to 30 T, |a3| /l4B ≈ 10−3 to 10−2 meV, i.e.,

Ŵ only contributes with insignificant corrections to the energy levels. Therefore, we will

not take into consideration effects of Ŵ in the present study.

Now, in order to solve equation (3), we follow Sab́ın del Valle et al. [38] and obtain

similar results as their Eqs. (10), (11) and (12). On the other hand, in order to tackle

Eq.(6), it is well known [39] that the solutions should be the Kummer confluent F and U
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hypergeometric functions, and one should then solve the following transcendental equation,

which may be obtained by assuming as valid the boundary condition (see appendix B) for

the solution for the parabolic [Eq.(6) with ai = 0] Hamiltonian, i.e.,

d
dε

(
e−ε/2εl/2F [−α±

W ; l + 1; ε]
)

e−ε/2εl/2F [−α±
W ; l + 1; ε]

=
d
dε

(
e−ε/2εl/2U [−α±

B; l + 1; ε]
)

e−ε/2εl/2U [−α±
B; l + 1; ε]

, (13)

where

α±
W,B = − χ±

W,Bl2B
a3 + 4a1

−

√√√√(
χ±

W,Bl2B
a3 + 4a1

)2

+
l4B

(
E±

ρ − ξW,B

)
a3 + 4a1

− 1

2
, (14)

and ε = eBρ2

2�c
is evaluated at ρ = R, where R is the radius of the QWW.

At low temperatures, only the lowest energy levels are populated and one may therefore,

define the axis-parallel electron effective Landé g factor in GaAs-(Ga,Al)As heterostructures

as

g
(0)
|| =

E+
0 − E−

0

μBB
, (15)

where

E±
0 = E±

z,0 + E±
ρ,0, (16)

and E+
0 and E−

0 are the ground-state energies associated with the spin-up and spin-down,

respectively. E±
z,0 and E±

ρ,0 are the roots of the transcendental equations for each spin state.

The electron effective g
(0)
|| factor, obtained from Eq. (15), depend on the P , x, applied

magnetic field, and geometrical parameters.

A. Landé g factor and effective mass: dependence on the P and Al concentration

In order to compute the electron effective Landé g factor in GaAs-Ga1−xAlxAs het-

erostructures from Eq. (15), one needs to know the dependence of both the g factor and

effective mass on the P and Al concentration in each host material [cf. Eq. (1)]. In that

respect, many low temperature experiments have confirmed the remarkable accuracy of k·p-

calculations[40] for the most common III-V compounds and alloys. Here, we consider the

five-band k·p theory for the g-factor and effective mass as follows

g

g0

= 1 − Π2

3

(
1

E (Γc
6 − Γv

8)
− 1

E (Γc
6 − Γv

8) + Δ0

)

−Π
′2

3

(
1

E (Γc
7 − Γc

6)
− 1

E (Γc
8 − Γc

6)

)
+ C ′ + δg(x), (17)
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m0

m∗ = 1 +
Π2

3

(
2

E (Γc
6 − Γv

8)
+

1

E (Γc
6 − Γv

8) + Δ0

)

−Π
′2

3

(
1

E (Γc
7 − Γc

6)
+

2

E (Γc
8 − Γc

6)

)
+ C + δm(x), (18)

where g0 = 2.0023 and m0 are the free-electron Landé factor and free-electron mass, respec-

tively, and E (Γv
8, Γ

c
6, Γ

c
7, Γ

c
8) and Δ0 are the energies of the band extreme at the center of the

Brillouin zone and the split-off energy of the Γv
7 valence band[17], respectively. The contribu-

tions from higher bands are taken into account via the terms[11] δg, δm, and C ′
W = −0.0661,

C ′
B = −0.0603, CW = −1.94, and CB = −2.81 where the subindexes W and B corresponds

to the well and barrier values, respectively. The energies appearing in Eqs. (17) and (18)

depends on the Al concentration and applied hydrostatic pressure P and we denote them

as E(x, P ), assuming that

E(x, P ) = a + bx + cx2 + α(x)P (19)

with the parameter values displayed in Table I. The remote-band contributions to the

electron Landé g factor and effective mass are also expected to be functions of the Al

concentration. However, up to now we do not know of any experimental report on such

dependencies in Ga1−xAlxAs bulk materials. We have, therefore, considered δg and δm in

Eqs. (17) and (18), respectively, according to the expressions by Reyes-Gómez et al.[41]

δ (x) = δ1x + δ2x
2, (20)

with the values of δ1 and δ2, reported in Table II, obtained by fitting the experimental

results corresponding to the electron g factor[1] and effective mass[43].

B. GaAs-Ga1−xAlxAs heterostructure confining potential

As it is well known the applied hydrostatic pressure modify the semiconductor band struc-

ture and lead to changes in the properties of elementary processes in the low-dimensional

heterostructure. As the hydrostatic pressure increases, a crossover between the Γ and X

conduction-band minima takes place. The pressure dependence of the confining potential

in a GaAs-Ga1−xAlxAs heterostructure is determined by two critical values[41] P1 and P2 of
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TABLE I: Parameters used in the present calculation.

E(x) a (meV) b (meV) c (meV) α(x) (meV/kbar)

E (Γc
6 − Γv

8) 1519 a 1360 a 220 a 10.7 b

E (Γc
6 − Γv

8) + Δ0 1849 c 1294 c 220 c 0d

Π2 28900 e -6290 f 0 f 0g

Π
′2 7784 h 0 i 0 i 0g

E (Γc
7 − Γc

6) 4504 j 0 k 0 k 0l

E (Γc
8 − Γc

6) 4659 j 0 k 0 k 0l

E (Γc
6 − Xc

6) 1988 j 207 k 55 k -1.35m

aFrom Ref. [26].
bFrom Ref. [27].
cFrom Ref. [28].
dFrom Ref. [29].
eFrom Refs. [1] and [11].
fObtained from a linear fitting of the g factor values for bulk Ga1−xAlxAs, reported in reference [11].
gTo our knowledge, there are no experimental measurements on the pressure dependence of the Π2 and

Π
′2 matrix elements, so we have taken α(x) = 0.
hFrom Hübner et al. [2].
iTo our knowledge, there are no experimental measurements on the Al concentration dependence of the

Π
′2 matrix element, so we have taken b = 0 and c = 0.
jFrom Ref. [42].
kThe remote-band contributions to the electron Landé g factor and effective mass are taken into account

in the Eq. (20).
lTo our knowledge, there are no experimental measurements on the pressure dependence of the remote

band contributions, so we have taken α(x) = 0.
mFrom Ref. [32]. for GaAs. We have assumed that the Γ−X pressure coefficient in Ga1−xAlxAs does not

depend on the aluminum concentration.

the hydrostatic pressure, corresponding to the Γ−X crossing at the Ga1−xAlxAs barrier and

to the Γ point at the well material and the X point at the barrier, respectively. For P < P1,

the confining potential is considered to be independent of the hydrostatic pressure and ob-

tained as the 60%[8] of the gap difference between the two host materials at the Γ point.

For P1 < P < P2, the X minima fall below the Γ minima in the barrier material. Therefore,
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TABLE II: Aluminum-concentration (x) dependence of the remote-band contributions for the elec-

tron g factor and effective mass of bulk GaAs-Ga1−xAlxAs.

δ (x) δ1 δ2

δg -0.276 0.232

δm 0.488 4.938

the height of the confining potential decreases as the hydrostatic pressure is increased and

corresponds to the 60% of the energy difference[41] EX
g (x, P )−EΓ

g (0, P )+SΓX(x, P ), where

SΓX(x, P ) = S0
P − P1

P
x (21)

is the pressure and Aluminum concentration dependent Γ−X mixing strength coefficient,

with S0 = 250 meV which is obtained by fitting of the experimental measurements[41]. For

P > P2 the X point at the barrier becomes the absolute minimum of the conduction band,

and a type I-type II transition is expected to occur in the semiconductor low-dimensional

system.

FIG. 1: Energies EΓ
g and EX

g of the conduction bands in Ga1−xAlxAs according to the values in

Table I, as functions of the Al concentration.

The value of x at the barrier change the properties of the confining potential. In Fig. 1 we

have shown the behaviors of the energies EΓ
g and EX

g of the conduction bands in Ga1−xAlxAs
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according to the values in Table I, as functions of the composition x. As it is well known,

there exists a critical value xc of the aluminum concentration at which Ga1−xAlxAs changes

from a direct gap to an indirect gap material (Γ − X crossover), and this value was found

by Guzzi et al.[30] as xc = 0.385. Here, we consider Al concentration values up to xc, and

hydrostatic-pressure values between zero and P2(x).

FIG. 2: Relative position of the conduction-band minima Γ and X in the GaAs-Ga0.7Al0.3As

heterostructure as functions of the applied hydrostatic pressure, assuming 69% of the band-gap

discontinuity is in the conduction band. The origin of the energies is taken at the top of the GaAs

valence band.

In Fig. 2, we display the fundamental gaps EΓ
g and EX

g corresponding to the well and

barrier materials as functions of the applied hydrostatic pressure, according to the values in

Table I. One may note that the P1 and P2 depend on EΓ
g and EX

g trough their x dependence

as we plot in Fig. 3. This model was successfully used to study the g factor in cylindrical

QWWs and QDs[18].

In Fig. 3, we present P1 and P2 as functions of x. Calculations were carried out with

expressions for EΓ
g and EX

g as in Tab. I, assuming that the 69% of the band-gap discontinuity

is in the conduction band. Energies are measured from the valence-band maximum of GaAs.

Summarizing the above considerations, we have that for P ≤ P2 the confining potential

is given by the following expression

V (ρ, z, x, P ) =

⎧⎨
⎩ V0(x, P ) z > L(P )

2
, and/or ρ > R

0 if z ≤ L(P )
2

, and/or ρ ≤ R,
(22)
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FIG. 3: P1 and P2 values as functions of the x composition in the GaAs-Ga1−xAlxAs heterostruc-

ture. Energies EΓ
g and EX

g are measured from the valence-band maximum of GaAs and assuming

that the 69% of the band-gap discontinuity is in the conduction band.

with

V0(x, P ) = 0.69

⎧⎨
⎩ EΓ

g (x, P ) − EΓ
g (0, P ) if 0 < P ≤ P1(x)

EX
g (x, P ) − EΓ

g (0, P ) + SΓX(x, P ) if P1(x) < P ≤ P2(x),
(23)

where,

P1(x) = 26.8556 − 66.02227x − 9.44929x2, (24)

P2(x) = 26.8556 + 11.85301x + 3.14916x2. (25)

As it is well known, as the hydrostatic pressure increases, the length of the zinc-blende

type semiconductor heterostructure decreases according to the following expression

L(P ) = L0[1 − (S11 + 2S12)P ] (26)

where L0 is the length in absence of applied hydrostatic pressure and S11 and S12 are the

compliance constants[44] of bulk GaAs.
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III. RESULTS AND DISCUSSION

In what follows, we are concerned with a low-dimensional heterostructure assumed to con-

sist of a cylindrical pillbox of height L and radius R with GaAs surrounded by a Ga1−xAlxAs

barrier, under an axis-parallel applied magnetic field.

FIG. 4: Electron effective Landé g|| factor, as a function of the length of the QW in a GaAs-

Ga0.65Al0.35As cylindrical QW, for different values of the applied hydrostatic pressure and B=1T.

Triangles (Ref. [5]), squares (Ref. [20]), and circles (Ref. [7]) correspond to experimental mea-

surements in QWs at low values of temperatures and applied magnetic fields, and zero pressure.

(figure from Ref.[18])

In order to assess the validity of our model for the study of cylindrical low-dimensional

heterostructures, we should compare the present theoretical results with available experi-

mental and theoretical results in the cases of QWs, QWWs, QDs and bulk semiconductors.

We have first calculated the electron Landé g|| factor in a GaAs-Ga0.65Al0.35As cylindrical

low-dimensional heterostructure by considering a very large radius, which is equivalent to

having a QW, as a function of the length and applied hydrostatic pressure at low tempera-

tures. Fig. 4 display the electron Landé g|| factor, as function of the length of the cylindrical

heterostructure for a very large radius, which corresponds to the limiting geometry of a QW.

Calculations were carried out for B=1 T and values of the hydrostatic pressure from P = 0

kbar to P = 20 kbar. Experimental data at P = 0 kbar are from Le Jeune et al.,[5] Mali-

nowski et al.,[6] and Tetsu Ito et al..[7] One may note that the electron g|| factor decreases

with the length of the cylindrical heterostructure, which may be explained in terms of the
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wave function penetration at the barrier material. For a sufficiently small value of the length,

the ground-state wave function penetrates the barrier material and therefore the effective g||

factor is positive. On the other hand, when the length increases, the wave function becomes

more localized in the well material and, as a consequence, the effective g|| factor diminishes,

reaching the −0.44 GaAs value for a very large length of the QW. For higher values of the

applied hydrostatic pressure no sing-changes occur for the electron Landé g|| factor. This

is due to the band-gap energy dependence on the applied hydrostatic pressure, since the

electron Landé g|| factor in both well and barrier materials are determined by the Eq. (17)

which for higher values of P is positive in both materials.

FIG. 5: Electron effective Landé g|| factor for a GaAs-Ga0.65Al0.35As cylindrical QWW as a function

of the radius of the QWW for different values of the applied hydrostatic pressure. Solid lines

corresponds to the present calculations, whereas the dotted and dashed lines correspond to previous

calculations by Kiselev et al.[12] and F. E. López et al.[13], respectively, at P=0 kbar. (figure from

Ref.[18])

In Fig. 5, we present theoretical results for the electron g|| factor as a function of the

radius by considering a large height of the pillbox, which is equivalent to consider a cylindrical

QWW. These results compare quite well with previous numerical data reported by Kiselev et

al.[12] and by López et al. [13] in GaAs-Ga0.65Al0.35As QWWs at P = 0 kbar. Calculations

were carried out for B=5 T and different values of the hydrostatic pressure between P = 0

kbar and P = 20 kbar. We can observe that the behavior of the electron effective g|| factor

depends strongly on the geometry of the heterostructure, which is a consequence of the
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FIG. 6: Electron effective Landé g|| factor for a GaAs-Ga0.7Al0.3As cylindrical QD as a function of

the applied magnetic field and for different values of the hydrostatic pressure. Solid lines correspond

to the present calculations and circles to experimental measurements by Köneman et al.[24] (figure

from Ref.[18])

confining-potential effect on the carrier wave function. When the geometrical parameters

of the heterostructure are increased, the wave function becomes more localized in the well

material and, as a consequence it does not feel the barrier effects and the effective electron

g|| factor diminishes until reaching the −0.44 GaAs limiting value. On the other hand, as

the hydrostatic pressure increases the electron effective g|| factor increases, this behavior can

be explained by the change in the gaps which changes the g factor according to the Eq. 17

in the well and barrier materials.

In Fig. 6 we presents the electron g|| factor as a function of the applied magnetic field

and a comparison between the present theoretical calculations and previous experimental

data at P = 0 by Köneman et al.[24] for a GaAs-Ga0.7Al0.3As cylindrical QD with very

large radius and L0 = 100Å. Calculations were carried out for x = 0.3, and three different

values of the applied hydrostatic pressure. We can see a linear increase of the g|| factor

with the applied magnetic field, with its slope independent of the hydrostatic pressure. One

may note an excellent agreement between theoretical and experimental results, which is very

important because Köneman et al.[24] try to explain your results in terms of the Rashba

and Dresselhaus spin-orbit couplings and they should perform a fitting of the experimental

measurements, whereas our theoretical results can explain this behavior without fittings.
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The linear increase of the the electron g|| factor as a function of the applied magnetic

field in Fig. 6 can be explained by the nonparabolicity and anisotropy corrections in the

Hamiltonian, which correspond to the terms with coefficients a4, a5, a6, which present a

linearly dependence with the magnetic field.

In addition to the results presented in Figs. 4, 5 and 6, we should note that when both

L0 and R heterostructure geometrical parameters are very large, the value of the g|| factor

tends to the −0.44 value in the bulk limit, which shows that the present theoretical model

may be used to describe the behavior of the g|| factor in 0D, 1D, 2D and bulk systems.

(a)Cylindrical QD with L = 50Å.

(figure from Ref.[17])

(b)Cylindrical QD with

R = 100Å. (figure from Ref.[17])

FIG. 7: Electron effective Landé g|| factor for a GaAs-Ga0.65Al0.35As cylindrical QD as a function

of the applied magnetic field for different combinations of the geometrical parameters.

Figs. 7(a) and 7(b) display the magnetic-field dependence of the effective electron g||

factor in GaAs-Ga0.65Al0.35As QDs for L = 50 Å and different QD radii, and for R = 100

17



Å and different QD heights at P = 0 kbar, respectively. It is apparent from Figure 7(a)

that the electron g|| factor essentially increases with the applied magnetic field, although

this increment is lower for small QD radii as the geometric confinement commands the

behavior of the g|| factor in contrast with the small magnetic-field confinement. For large

QD radii, however, the g|| increment is mainly due to the magnetic-field confinement. For

small QD radius, the electron wave function penetrates in the barrier regions and, therefore,

the electron-effective g|| factor is strongly influenced by the barrier properties. On the other

hand, as the radius is increased, the cylindrical QD tends to the limiting geometry of the

QW, in which the radial confinement is dominated by the parabolic-potential confinement

due to the applied magnetic field. In contrast, from Figure 7(b), one may note that the g||

factor increases with the applied magnetic field, with small slope independent on the height

of the pillbox.

The g-factor is affected by the applied hydrostatic pressure in two ways. As P increases

in the interval 0 < P < P1, the confinement potential remains constant and the length of the

heterostructure decreases, the spin g|| factor in the heterostructure increases almost linearly.

On the other hand, with P increasing in the interval P1(x) < P ≤ P2(x), the confinement

potential and the length of the heterostructure decrease and the g|| factor increases more

slowly every time. Figs. (8(a)) and (8(b)) display the g|| factor as functions of the P for

different combinations of the geometrical parameters. One may note in this figures that

for different lengths and radii, the g|| factor increases almost with the same trend with the

hydrostatic pressure.

The electron-effective Landé g|| factor dependence on x in a Ga1−xAlxAs cylindrical quan-

tum pillbox is displayed in Fig. 9, for different combinations of the geometrical parameters

and applied magnetic fields. One may note that the Landé g|| factor increases with x, al-

though the changes are less apparent as the QD geometrical parameters are increased. On

the other hand, one may note that the effect of the strength of the applied magnetic field

is less important for higher geometrical confinement. As discussed above, for small values

of the geometrical parameters, the electron wave function has a larger penetration in the

barrier regions, and therefore, the effective g|| factor is strongly influenced by the barrier

material properties.
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(a)From QD to limiting case of a

QWW. (figure from Ref.[18])

(b)From QD to limiting case of a

QW. (figure from Ref.[18])

FIG. 8: Electron Landé g factor of a GaAs-Ga0.65Al0.35As cylindrical QD as function of the applied

hydrostatic pressure, reaching the two limiting cases of QWW and QW.

IV. CONCLUSIONS

In conclusion, we have performed a theoretical study of the effects of quantum confinement

and axis-parallel applied magnetic fields on the conduction-electron effective Landé g-factor

in GaAs-Ga1−xAlxAs cylindrical QDs. We have shown that the quantum confinement is

determined by the geometrical parameters of the quantum pillbox, such as its radius, height

and Al concentration, which essentially define the behavior of the electron effective Landé

g|| factor. We have studied the competition between quantum confinement and applied

magnetic field, and found that, in this type of heterostructure, the geometrical confinement

and Al concentration command the behavior of the electron effective g|| factor. The effect
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FIG. 9: Electron effective Landé g|| factor for a GaAs-Ga1−xAlxAs cylindrical QD as a function of

the Aluminum concentration x and for different combinations of applied magnetic fields, QD radii

and QD heigths. (figure from Ref.[17])

of the applied magnetic field, although weak in the regime of high-geometrical confinement,

is more apparent in the low-confinement regime. Finally, the present theoretical treatment

shows results that are in good agreement with experimental reports in QDs and in the

limiting geometry of a QW and with previous theoretical findings in the limiting case of a

QWW.

We want to point out that this is the first theoretical work which may reproduce the results

in 1D, 2D and 3D confinement regime for low-dimensional semiconductor systems, as well

as in bulk GaAs. On the other hand, we may reproduce the experimental measurements

by Köneman et al.[24], which is very important to demonstrate that the increasing of the

g factor is due essentially to the nonparabolicity of the conductiond band, opposite to the

affirmation by Köneman who attributes this behavior to the anisotropy of the conduction

band.

Finally, present theoretical results open up the possibilities to compare and to have a

better understanding when conducted the experimental measurements of the electron g-

factor as function of P , x, magnetic field, and geometrical parameter in GaAs-Ga1−xAlxAs

cylindrical QWWs.
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APPENDIX A: DETAILED DESCRIPTION OF THE APPROXIMATION USED

IN THE CALCULATIONS

In this appendix we present a detailed deduction of the Eqs. (3) and (6), based on

physical foundations.

As a first steep we begin with the Ogg-McCombe effective Hamiltonian which in cylin-

drical coordinates can be written as

Ĥ =
�

2

2
K̂

1

m∗(ρ, z)
K̂Î +

1

2
g(ρ, z)μBBσ̂z + Γ�̂σ · �̂τ + a1K̂

4
Î

+
a2

l4B
Î + a3

[{
K̂2

ρ , K̂
2
ϕ

}
+

{
K̂2

ρ , K̂
2
z

}
+

{
K̂2

ϕ, K̂2
z

}]
Î

+ a4BK̂
2
σ̂z + a5B

{
�̂σ · K̂, K̂z Î

}
+ a6Bσ̂zK̂

2
z + V (ρ, z)Î, (A1)

when we expand K̂ = K̂ρ + K̂ϕ + K̂z, we obtain the terms

K̂
2

= K̂2
ρ + K̂2

ϕ + K̂2
z , (A2)

K̂
4

= K̂
2 · K̂2

. (A3)

Using the commutation relations

[
K̂ρ, K̂z

]
= 0̂, (A4)[

K̂ϕ, K̂z

]
= 0̂, (A5)

we can write

K̂
4

=
(
K̂2

ρ + K̂2
ϕ

)2

+ 2
(
K̂2

ρ + K̂2
ϕ

)
· K̂2

z + K̂4
z , (A6)

and [{
K̂2

ρ , K̂
2
z

}
+

{
K̂2

ϕ, K̂2
z

}]
=

(
2K̂2

ρK̂
2
z + 2K̂2

ϕK̂2
z

)
= 2

(
K̂2

ρ + K̂2
ϕ

)
K̂2

z . (A7)

Neglecting the terms Γ�̂σ · �̂τ and a5B
{

σ̂ρ · K̂ρ + σ̂ϕ · K̂ϕ, K̂z Î
}

in the Hamiltonian, and

assuming that

�
2

2m∗(ρ, z)
K̂

2
=

�
2

2m∗(ρ)

(
K̂2

ρ + K̂2
ϕ

)
+

�
2

2m∗(z)
K̂2

z , (A8)
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we can write the following Hamiltonian only for (ρ, ϕ) coordinates as

Ĥ (ρ, ϕ) =
(

�
2

2m∗ (ρ)
± a4B

)(
K̂2

ρ + K̂2
ϕ

)
+ a1

(
K̂2

ρ + K̂2
ϕ

)2
+ a3

(
K̂2

ρK̂2
ϕ + K̂2

ϕK̂2
ρ

)
+

a2

l4B
+ V (ρ). (A9)

Now, in cylindrical coordinates the operators â and â+ can be written as

â = − lB√
2

[
K̂ρ − iK̂ϕ

]
, (A10)

â+ = − lB√
2

[
K̂ρ + iK̂ϕ

]
, (A11)

from which we can show that for l = 0

K̂2
ρ + K̂2

ϕ =
2

l2B
N̂ , (A12)

N̂ =

(
n̂ +

1

2

)
, (A13)

n̂ = â+â. (A14)

Therefore we can write the z-coordinate Hamiltonian as

Ĥ(z) =

(
�

2

2m∗(z)
± (a4 + 2a5 + a6)B +

4(a1 + a3)

l2B
N̂

)
K̂2

z + a1K̂
4
z

± 1

2
g(z)μBB + V (z). (A15)

To simplify Eq. A9, we may write

K̂2
ρK̂

2
ϕ + K̂2

ϕK̂2
ρ = − 1

2l4B

[
â4 + â+4

]
+

N̂2

l4B
− 3

4l4B
, (A16)

and taking into account that

N̂2 =
l4B
4

(
K̂2

ρ + K̂2
ϕ

)2

, (A17)

we obtain

K̂2
ρK̂

2
ϕ + K̂2

ϕK̂2
ρ = − 1

2l4B

[
â4 + â+4

]
+

1

4

(
K̂2

ρ + K̂2
ϕ

)2

− 3

4l4B
. (A18)

Due to the large number of approximations made in the calculations we consider that the

present model is appropriated only for the ground state, and for n̂ = 0.

Using the above results and reordering terms we can write Eq. A1 as

Ĥ = Ĥ (z) + Ĥ (ρ, ϕ) + Ŵ (ρ, ϕ) , (A19)
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where

Ĥ (z) = K̂z

(
β̂±K̂z

)
+ K̂2

z

(
a1K̂

2
z

)
+ Û±, (A20)

β̂± (z) =
�

2

2m∗(z)
± (a4 + 2a5 + a6)B +

2 (a1 + a3)

l2B
, (A21)

Û± = V (z) ± 1

2
g(z)μBB, (A22)

Ĥ (ρ, ϕ) = K̂ρ,ϕ

(
χ±K̂ρ,ϕ

)
+ K̂2

ρ,ϕ

(
(a1 +

1

4
a3)K̂

2
ρ,ϕ

)
+ ξ, (A23)

K̂ρ,ϕ = K̂ρ + K̂ϕ, (A24)

ξW,B =
a2 − 0.75a3

l4B
+ V (ρ), (A25)

χ±
W,B =

�
2

2m∗(ρ)
± a4B, (A26)
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APPENDIX B: GROUND-STATE ENERGIES IN CYLINDRICAL QUANTUM

PILLBOXES UNDER AN AXIS-PARALLEL APPLIED MAGNETIC FIELD CON-

SIDERING A PARABOLIC HAMILTONIAN

For an electron confined in a quantum pillbox under an axis-parallel applied magnetic

field, the Hamiltonian may be written as

H =
1

2m
(�P + q �A)2 + V (ρ, z), (B1)

where �A is the magnetic vector potential. In cylindrical coordinates

Aρ = Az = 0, Aϕ =
1

2
Bρ, (B2)

and assuming that

V (ρ, z) = V (ρ) + V (z), (B3)

the Schrödinger equation reads

1

ρ

∂

∂ρ

(
ρ
∂Ψ

∂ρ

)
+

1

ρ2

∂2Ψ

∂ϕ2
+

∂2Ψ

∂z2
+

iqB

�

∂Ψ

∂ϕ
−

(
qBρ

2�

)2

Ψ +
2m

�2
(E − V (ρ, z)) Ψ = 0, (B4)

whose solutions can be written as

Ψ(ρ, ϕ, z) = R(ρ)Φ(ϕ)Z(z), (B5)

where the functions R(ρ), Φ(ϕ), and Z(z) are governed by the ordinary differential equations,

d2Z

dz2
+

2m

�2
(ε(z) − V (z)) Z = 0, (B6)

d2Φ

dϕ2
+ l2Φ = 0, (B7)

ξ
d2R

dξ2
+

dR

dξ
+

[
E − V (ρ)

�ωc

− ε(z)

�ωc

− l

2
− ξ

4
− l2

4ξ

]
R = 0, (B8)

with

ξ =
qBρ2

2�
. (B9)

To look for the solutions of the radial equation in terms of known mathematical functions,

it is necessary to examine the behavior of R(ξ) for large and small values of ξ. For large ξ,

the linear terms dominate in Eq. (B8) and its solutions are of the form

R(ξ) −→
ξ→∞

e−
ξ
2 . (B10)
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For small values of ξ, the function R(ξ) is assumed to be proportional to some positive

power of ξ, and we find

R(ξ) −→
ξ→0

ξ
|l|
2 . (B11)

this suggest that in the complete range of ξ the solution is of the form

R(ξ) = e−
ξ
2 ξ

|l|
2 χ(ξ), (B12)

and substituting this expression for R(ξ) in Eq. (B8), we obtain

ξ
d2χ

dξ2
+ (|l| + 1 − ξ)

dχ

dξ
+ αχ = 0. (B13)

This is a standard form of the confluent hypergeometric equation, whose solutions are

the Kummer confluent hypergeometric functions. The parameter α is related to the energy

and to the parameter |l| by

E = ε(z) +

(
α +

|l|
2

+
l

2
+

1

2

)
�ωc. (B14)

The ε(z) values are obtained by solving the z-coordinate transcendental equation, which

is well known and widely reported in the literature,

tan

(√
2mε(z)

�2

L

2

)
=

√
V0

ε(z)
− 1. (B15)

Now, the α values are obtained by solving the radial transcendental equation

d
dξ

(
e−ξ/2ξ|l|/2F [−α; |l| + 1; ξ]

)
e−ξ/2ξ|l|/2F [−α; |l| + 1; ξ]

=

d
dξ

(
e−ξ/2ξ|l|/2U [ V0

�ωc
− α; |l| + 1; ξ]

)
e−ξ/2ξ|l|/2U [ V0

�ωc
− α; |l| + 1; ξ]

, (B16)

We must keep in mind that for weak magnetic fields, the confluent hypergometric func-

tions tends to the Bessel ones, and the α values becomes, xlm, the mth zero of the lth

order Bessel function. On the other hand, considering the case when the radius goes to

infinite, under an applied magnetic field, the Hypergeometric functions converts to Laguerre

polynomials, and the α values become positive integers.
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APPENDIX C: PERSPECTIVES

The temperature dependence of the conduction-electron Landé g|| factor in GaAs has

been a controversial subject since 1995 when it was shown that the experimental data are

in qualitative disagreement with the k · p theory. Recently, Zawadski intend to explain this

disagreement considering that only the dilatational term due to the temperature increases

affect the value of the electron g factor, whereas Oestreich attribute this disagreement to a

strong temperature dependence of the interband matrix element which is not accessible to

experimental measurement.

The fundamental perspective which we want to point out is the study of the temperature

effects on the conduction-electron Landé g|| factor in quantum heterostructures, which can

be used to solve the present controversy in that respect, and open up the possibility to

explore the spin dynamics at room temperature, which is of great importance in the area of

spintronics.
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APPENDIX D: DIVULGEMENT OF RESULTS

The present results have been presented in the following academic events:

• ICPS2008 (29th International Conference on the Physics of Semiconductors).

• X IBEROMET (X Congreso Iberoamericano de Metalurgia y Materiales).

• BWSP14 (14th Brazilian Workshop on Semiconductor Physics).

• XXIII CNF ( XXIII Congreso Nacional de Fsica).

• I Workshop on topics in Physics - Nanotechnology.

27



[1] C. Weisbuch and C. Hermann, Phys. Rev. B 15, 816 (1977); C. Hermann and C. Weisbuch,

Phys. Rev. B 15, 823 (1977).

[2] M. Oestreich and W. W. Rühle, Phys. Rev. Lett. 74, 2315 (1995); R. M. Hannak, M. Oestre-

ich, A. P. Heberle, W. W. Rühle, and K. Kohler, Solid State Commun. 93, 313 (1995); M.

Oestreich, S. Hallstein, A. P. Heberle, K. Eberl, E. Bauser and W. W. Rühle, Phys. Rev. B
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We have performed a theoretical study of the hydrostatic pressure effects on the conduction-electron
Landé g� factor in GaAs–Ga1−xAlxAs quantum heterostructures �QHs� under the influence of
applied magnetic fields. Numerical calculations are performed by using the Ogg–McCombe
effective Hamiltonian, which include nonparabolicity and anisotropy effects for the
conduction-band electrons. The QHs is assumed to consist of a finite-length cylinder of GaAs
surrounded by Ga1−xAlxAs barrier. Theoretical results are given as functions of the radii, lengths,
hydrostatic pressure, and applied magnetic fields. We have studied the competition between the
geometrical and magnetic confinement versus hydrostatic pressure effects, finding that the
geometrical confinement commands the behavior of the g� factor. Present theoretical results are in
very good agreement with previous experimental and theoretical reports in GaAs–Ga1−xAlxAs
heterostructures. © 2010 American Institute of Physics. �doi:10.1063/1.3374700�

I. INTRODUCTION

The g factor value in semiconductors and its heterostruc-
tures determines the spin splitting of carrier bands and there-
fore, influences the spin dynamics in such materials. As a
result, there has been a number of experimental and theoret-
ical work devoted to the understanding of the properties of
the electron effective g factor in semiconductors and its
low-dimensional systems.1–17 Due to the potential applica-
tions in the design and fabrication of spintronic and opto-
electronic devices,18 such studies have been focused in
semiconductor-bulk materials,1,2 quantum wells �QWs�,3–10

QW wires �QWWs�,11,12 quantum dots �QDs�,10,13–16 and
superlattices.17

The effective g factor in quantum heterostructures �QHs�
has a great value because of the potential application of the
electronic spin in such heterostructures as the architecture of
a solid-state based quantum computer.18,19 The single qubit
operation is essentially performed through the coupling with
an external magnetic field and is of fundamental importance
to have pure spin states in order to guarantee that no losses
occur when the spins transport information. This may be
achieved by manipulating the electron g factor in semicon-
ductor heterostructures designing appropriate external gate
control devices. From the experimental point of view Hanson
et al.20 and Könemann et al.21 has measured the magnetic-
field effects on the electron Landé g factor in QDs, finding a
linear increase with the applied magnetic field. On the other
hand, from the theoretical point of view, however, investiga-
tions on the properties of the effective Landé g factor in QDs
and QWWs have been mainly carried out without the con-
sideration of hydrostatic pressure effects, which have proven
to be of great value in the study of skyrmions in the limit of
zero g factor.22 The properties of the electron Landé g factor
in III-V bulk materials may be investigated within the k ·p

framework.1,2 According to this procedure, the behavior of
the Landé g factor in each host material, as a function of the
Al concentration �x� and hydrostatic pressure �P�, is deter-
mined by the dependency of the fundamental gaps23–28 and
interband matrix elements9 as functions of x and P. A correct
study of the effective g� factor in zinc-blende type semicon-
ductors and its heterostructures must contain the anisotropy
and nonparabolicity of the conduction band.29 In that respect,
the effective Ogg–McCombe Hamiltonian30 has been suc-
cessfully used in order to obtain the electron effective Landé
factor in GaAs–Ga1−xAlxAs QDs �Refs. 14 and 15� and
QWWs.12

The aim of the present work is to study the effects of the
applied hydrostatic pressure on the conduction-electron g�

factor in GaAs–Ga1−xAlxAs QHs by taking into account the
anisotropy and nonparabolicity of the conduction band. The
present study is organized as follows. The theoretical proce-
dure is presented in Sec. II. Results and discussion are in
Sec. III, and conclusions in Sec. IV.

II. THEORETICAL FRAMEWORK

In order to study the GaAs–Ga1−xAlxAs cylindrical QHs
under axis-parallel applied magnetic fields, we assume the
axis of the QH parallel to z direction, and B=Bẑ, the origin
of energies at the bottom of the bulk GaAs conduction band.
The Ogg–McCombe Hamiltonian in cylindrical coordinates,
can be written as

Ĥ =
�2

2
K̂

1

m��x,P,�,z�
K̂Î +

1

2
g�x,P,�,z��BB�̂z + a1K̂4Î

+
a2

lB
4 Î + a3��K̂�

2,K̂�
2� + �K̂�

2,K̂z
2� + �K̂�

2 ,K̂z
2��Î

+ a4BK̂2�̂z + a5B���̂ · K̂,K̂zÎ� + a6B�̂zK̂z
2 + V��,z�Î ,
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where K̂=−i�+�e /�c�Â, Î is the 2�2 unit matrix, �B is the
Bohr magneton, lB=	�c /eB is the Landau length, ��̂ is a
vector for which the components are the Pauli matrices,

�â , b̂�= âb̂+ b̂â is the anticommutator between the â and b̂
operators, and the coefficients ai �i=1, . . . ,6� are constants
which depend, in principle, on the Al concentration x and
hydrostatic pressure P. Due to the absence of experimental
measurements on the behavior of the ai coefficients as
functions of x and P, we have taken the ai values corre-
sponding to bulk GaAs and obtained by a fitting with mag-
netospectroscopic measurements.31 The Dresselhaus spin-
orbit interaction32 can be neglected because its contribution
to the effective g factor in GaAs–Ga1−xAlxAs QHs may be
shown to be quite minor.33,34

To calculate the electron effective Landé g factor in
GaAs–Ga1−xAlxAs QHs it is necessary to know the depen-
dence of both Landé g and effective mass on the Al concen-
tration �x� and hydrostatic pressure �P� in each host material.
In that respect the semiempirical five-band k ·p theory fits
with high precision the g factor and the effective mass of
most common III-V compounds and alloys at low tempera-
tures. We have considered the following expressions for the
five-band k ·p theory which fit the experimental results for
the g factor and effective mass in Ga1−xAlxAs at P=0.

g

g0
= 1 −

�2

3

 2

E�	6
c − 	8

v�
+

1

E�	6
c − 	7

v��
−

��2

3

 1

E�	7
c − 	8

v�
+

2

E�	8
c − 	8

v��
− 
̃
 2

E�	6
c − 	7

v�E�	7
c − 	8

v�

+
1

E�	6
c − 	8

v�E�	8
c − 	8

v�� + �g�x� , �2�

m0

m�
= 1 +

�2

3

 2

E�	6
c − 	8

v�
+

1

E�	6
c − 	7

v��
−

��2

3

 1

E�	7
c − 	8

v�
+

2

E�	8
c − 	8

v��
− 
̃
 1

E�	6
c − 	7

v�E�	7
c − 	8

v�

−
1

E�	6
c − 	8

v�E�	8
c − 	8

v�� + �m�x� , �3�

where, g0=2.0023 and m0 are the free-electron Landé
factor and effective mass, respectively, and E�	8

v ,	6
c ,	7

c ,	8
c�

are the energy-gaps at the center of the Brillouin zone, 
̃

= �4 /9�
̄	� ·�� is the correction due to the spin-orbit

coupling35 
̄ between the valence and higher conduction
band, which has a significantly contribution to the electron
Landé g factor.29,36 The energies E�	8

v ,	6
c ,	7

c ,	8
c� depend, in

principle, on the Al concentration x and applied hydrostatic
pressure P and we denote them as E�x , P�, assuming that

E�x,P� = a + bx + cx2 + ��x�P , �4�

with the ��x� coefficient as in Ref. 24, measured by photo-
luminescence and photoluminescence-excitation at T=2 K
for E�	6

c −	8
v�, and obtained by measurements of optical-

absorption from Ref. 28 for E�X6
c −	8

v�. The remote-band
contributions to the electron Landé g factor and effective
mass are also expected to be functions of the Al concentra-
tion. However, up to now we do not know of any experimen-
tal report on such dependencies in Ga1−xAlxAs bulk materi-
als. Therefore, we have tacked into account this effects
considering the terms �g�x� and �m�x� in Eqs. �2� and �3�,
respectively, with values which fit the experimental measure-
ments of the g factor1 and effective mass37 as a function of
the Aluminum concentration.

For the confinement potential V�x , P ,� ,z�, we consider
that corresponds38 to 69% of the gap difference between the
two host materials and given according to the expression by
Reyes-Gómez et al.39 In order to solve the Eq. �1�, we con-
sider the same boundary conditions and transcendental equa-
tions from previous work,15 which has been successfully
used in the study of the g factor in QHs.

The axis-parallel electron effective Landé g factor in
GaAs–Ga1−xAlxAs heterostructures may, therefore, be de-
fined as

g�
�0� =

E0
↑ − E0

↓

�BB
, �5�

where E0
↑ and E0

↓ are the ground-state energies associated
with the spin-up and spin-down, respectively. The electron
effective g�

�0� factor, obtained from Eq. �5�, depends on the Al
concentration in the Ga1−xAlxAs barriers, applied hydrostatic
pressure, magnetic field, and the geometrical parameters of
the QHs.

III. RESULTS AND DISCUSSION

In the present work, we are concerned with a cylindrical
GaAs–Ga1−xAlxAs QH under the effects of z-parallel applied
hydrostatic pressure and a magnetic field, B=Bẑ. Figure 1
displays the electron Landé g� factor, as function of the
length of the QH for a very large radius, which corresponds
to the limiting geometry of a QW. Calculations were carried
out for B=1 T and values of the hydrostatic pressure from
P=0 to 20 kbar. Experimental data at P=0 kbar are from Le
Jeune et al.,4 Malinowski and Harley,5 and Ito et al.6 As it is
well known,34 we may notice that the electron g� factor de-
creases with the length of the QW due to the localization of
the electronic wave function in the well material. We can see
from Fig. 1 that the electron g� factor increases with the
hydrostatic pressure, and it does not present sing changes for
larger values of the applied hydrostatic pressure. This behav-
ior is caused by the volume decrease due to the hydrostatic
pressure, which increase the geometrical confinement, and
by the increasing of the band-gap energy E�	6

c −	8
v� which

diminish the terms contained in Eq. �2�, increasing the g
factor in both host materials.

In Fig. 2 we display the g� factor as a function of the
radius of the QH for a very large length, which corresponds
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to the limiting geometry of a QWW. Calculations were car-
ried out for B=1 T and different values of the hydrostatic
pressure between P=0 and 20 kbar. Dotted and dashed
curves at P=0 kbar correspond to previous theoretical re-
sults by Kiselev et al.11 and F. E. López et al.,12 respectively,
and the solid lines correspond to the present calculations.
From Fig. 2, we can notice that the electron g� factor de-
creases with the radius of the QWW and increases with the
applied hydrostatic pressure. For small radii of the QWW the
electron wave function has a strong influence of the barrier
material due to the wave function tunneling in this zone. On
the other hand, for large radii of the QWW the electron wave
function is more localized in the well material, then the elec-
tron g factor tends to the limiting value g=−0.44 of GaAs.
Once again, we can see that no sing change occurs for large
values of the hydrostatic pressure which was explained
above in terms of Eq. �2�.

Figures 3 and 4 display the g� factor as function of the

applied hydrostatic pressure for different combinations of the
geometrical parameters. We may induce from this figures
that there exists a limit value of the length and radius of the
QH from which the g� factor increases in the same way as
function of the hydrostatic pressure. This value corresponds
in each case to the limiting geometry of a QWW and a QW,
respectively, i.e., the line designated by Lo→ in Fig. 3
corresponds to the g� factor as function of the applied hydro-
static pressure in a QWW with a radius of R=100 Å, and the
line in Fig. 4 corresponding to R=300 Å may be approxi-
mated to the g� factor as function of the applied hydrostatic
pressure in a QW, while the other lines in both figures cor-
respond to the g� factor as function of the applied hydrostatic
pressure in a cylindrical QD with the radius and lengths in-
dicated in each curve. We should say that when the values of
both, the radius and length of the QD, are very large we get
the limiting geometry of bulk GaAs with the corresponding
value of the g� factor.

The electron effective Landé g� factor as a function of
the Al concentration for different values of the applied hy-
drostatic pressure is presented in Fig. 5. Calculations were
carried out for B=2 T and L0=100 Å, R=100 Å. The ef-

FIG. 1. �Color online� Electron Landé g� factor as function of the length in
a GaAs–Ga0.65Al0.35As QW, for different values of the applied hydrostatic
pressure and B=1 T. Triangles �Ref. 4�, squares �Ref. 5�, and circles �Ref.
6� correspond to experimental measurements at low temperatures and ap-
plied magnetic fields, and zero pressure. Solid lines correspond to present
calculations.

FIG. 2. �Color online� Electron effective Landé g� factor for a
GaAs–Ga0.65Al0.35As cylindrical QD as a function of the radius of the QD
for different values of the applied hydrostatic pressure. Solid lines corre-
sponds to the present calculations, whereas the dotted and dashed lines
correspond to previous calculations by Kiselev et al. �Ref. 11� and López
et al., �Ref. 12� respectively, at P=0 kbar.

FIG. 3. �Color online� Electron effective Landé g� factor for a
GaAs–Ga0.65Al0.35As cylindrical QD as function of the applied hydrostatic
pressure, for R=100 Å and different lengths of the QD.

FIG. 4. �Color online� Electron effective Landé g� factor for a
GaAs–Ga0.65Al0.35As cylindrical QD as function of the applied hydrostatic
pressure, for L0=100 Å and different radii of the QD.
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fects of the applied hydrostatic pressure on the g� factor was
discussed above. From results in Fig. 5 it is apparent that the
electron effective g� factor increases with Al concentration,
with the same trend for all values of the applied hydrostatic
pressure. This behavior may be understood by means of the
increasing of both the confinement potential and the electron
Landé g factor in the barrier material. As Al concentration
increases, the barrier which electron wave function must
penetrate becomes larger with the consequently increasing of
the energy and electron g factor in the QH.

Finally, in Fig. 6 we present the electron g� factor as a
function of the applied magnetic field and a comparison be-
tween the present theoretical calculations and previous ex-
perimental data at P=0 by Könemann et al.21 for a
GaAs–Ga0.7Al0.3As cylindrical QD with very large radius
and L0=100 Å. Calculations were carried out for x=0.3, and
three different values of the applied hydrostatic pressure.
One may note a linear increases in the g� factor with the
applied magnetic field, with its slope independent of the hy-
drostatic pressure, because for B=2 T we have lB�184 Å,

i.e., the radial confinement is lower than the magnetic one,
and so the nonparabolicity effects are due mainly to the mag-
netic field effects through the Landau levels.

IV. CONCLUSIONS

We have investigated theoretically the effects of the
applied hydrostatic pressure on the effective Landé g� factor
in semiconductor GaAs–Ga1−xAlxAs cylindrical QHs. We
found that it remains positive for large values of the hydro-
static pressure in GaAs–Ga1−xAlxAs QHs, for the whole
range of radii and lengths studied in this work. Additionally,
we have shown that in GaAs–Ga1−xAlxAs cylindrical QHs
the g� factor increases linearly with the applied magnetic
field, with its slope essentially independent on the applied
hydrostatic pressure. We have found a very good agreement
between our results and previous theoretical and experimen-
tal reports in the limiting geometries of QWs and QWWs.
Additionally, we have perform a study of the Al concentra-
tion effects on the electron effective g� factor for different
values of the applied hydrostatic pressure. We may conclude
from the present results, that it is possible to tune the effec-
tive g� factor by appropriated combinations of the geometri-
cal parameters, applied magnetic fields, and applied hydro-
static pressure for different Al concentration in the barrier
materials, which allow us to manipulate the spin dynamics in
GaAs–Ga1−xAlxAs cylindrical QHs.
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a b s t r a c t

We have performed a theoretical study of the Aluminum concentration and axis-parallel applied

magnetic-field effects on the conduction-electron Landé g factor in GaAs–(Ga,Al)As cylindrical quantum

well wires. Numerical calculations are performed by using the Ogg–McCombe effective Hamiltonian,

which includes nonparabolicity and anisotropy effects for the conduction-band electrons. The quantum

wire is assumed to consist of an infinite length cylinder of GaAs, surrounded by Ga1�xAlxAs barrier.

Theoretical results are given as functions of the Al concentration, radius and applied magnetic fields.

We have studied the competition between the quantum-confinement (geometrical and barrier-

potential confinements) and the magnetic field, finding that in this type of heterostructure the effects of

the applied magnetic field are very small as compared with the Al concentration and geometrical-

confinement effects. Present theoretical results are in very good agreement with previous theoretical

findings for x=0.35.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

The study of the interaction between single-particle spins and
the solid state environment has been the subject of a considerable
amount of work in the last few years. In particular, studies of the
properties of the conduction-electron g factor in semiconductor
heterostructures have attracted the community attention
both from the theoretical and experimental points of view,
due to the possible use of the electronic spin as the architecture
of a solid-state based quantum computer. The single
qubit operation is essentially performed through the coupling
with an external magnetic field and is of fundamental importance
to have pure spin states in order to guarantee that no losses
occur when the spins transport information. This may be achieved
by manipulating the electron g factor in semiconductors
heterostructures designing appropriate external gate control
devices.

The g factor in zinc-blende type semiconductors heterostruc-
tures differs from the free electron g factor in vacuum, g=2.0023,
due to the spin–orbit interaction, confinement and nonparaboli-
city effects. As a result, there has been a number of experimental
and theoretical work devoted to the understanding of the proper-
ties of the electron effective g factor in semiconductor hetero-
structures [1–15]. Due to the potential applications in the design

and fabrication of spintronic and optoelectronic devices [16], such
studies have been focused in semiconductor-bulk materials [1,2],
quantum wells (QWs) [3–8], quantum well wires (QWWs) [9,10],
quantum dots (QDs) [11–14], and superlattices [15].

The investigations on the properties of the effective Landé g

factor in QWWs have been mainly carried out without the
consideration of the aluminum concentration effects. In III–V bulk
materials, the properties of the electron Landé g factor may be
investigated within the k � p framework [1,2]. According to this
procedure, the behavior of the Landé g factor in each host
material, as a function of the Al concentration, is determined by
the dependence of the fundamental gaps [17–22] and interband
matrix elements on the Al concentration [8]. In a semiconductor
QWW with zinc-blende structure, the electron effective g factor
must be studied by taking into account the anisotropy and
nonparabolicity of the conduction band. In that respect, the
effective Ogg–McCombe Hamiltonian [23] has been successfully
used in order to obtain the electron effective Landé factor in
GaAs–Ga1�xAlxAs QWs [6,7].

The aim of the present work is to study the role of the quantum
confinement determined by the geometrical parameters of the
structure and by the Al concentration, as well as the effects of an
on-axis applied magnetic field on the conduction-electron g factor
in GaAs–Ga1�xAlxAs cylindrical QWWs by taking into account the
anisotropy and nonparabolicity of the conduction band. The
present study is organized as follows. The theoretical procedure is
given in Section 2. Results and discussion are in Section 3, and
conclusions in Section 4.
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2. Theoretical framework

We consider a conduction electron in a cylindrical
GaAs–Ga1�xAlxAs QWW under an axis-parallel applied magnetic
field, i. e., B¼ Bẑ. In the effective-mass approximation and taking
into account the nonparabolicity and anisotropy effects on the
conduction band, the Ogg–McCombe effective Hamiltonian [23]
for a conduction-electron may be written as

Ĥ ¼ ‘ 2

2
K̂

1

m�ðx;rÞ K̂Îþ 1

2
gðx;rÞmBBŝzþa1K̂

4
Îþ a2

l4B
Îþa3½fK̂

2

r;K̂
2

jg

þfK̂ 2

r;K̂
2

z gþfK̂ 2

j;K̂
2

z g�Îþa4BK̂
2
ŝzþa5Bf~̂s � K̂;K̂ z Îgþa6BŝzK̂

2

z þVðrÞÎ;
ð1Þ

where K̂ ¼�irþe=‘ cÂ, Î is the 2� 2 unit matrix, mB is the Bohr
magneton, lB ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
‘ c=eB

p
is the Landau length, ~̂s is a vector for

which the components are the Pauli matrices, fâ; b̂g ¼ âb̂þ b̂â is
the anticommutator between the â and b̂ operators, and the
coefficients ai (i=1,y,6) are constants which depend, in principle,
on the Al concentration x. Due to the absence of experimental
measurements on the behavior of the ai coefficients as functions
of x, we have taken the ai values corresponding to bulk GaAs and
obtained by a fitting with magnetospectroscopic measurements
[24]. The cubic Dresselhaus spin–orbit interaction [25] can be
neglected because its contribution to the effective g factor in
GaAs–Ga1�xAlxAs heterostructures may be shown to be quite
minor [26,27]. The conduction-band effective mass m�ðx;rÞ and
Landé factor gðx;rÞ are considered to be position and Al
concentration dependent. The confinement potential Vðx;rÞ is
considered to corresponds to 60% of the gap difference between
the two host materials [6], and the origin of energy is taken at the
top of the GaAs valence band.

At low temperatures, we may consider that only the lowest
electron states are populated and we can neglect the kz terms. The
Hamiltonian (1) then becomes diagonal and the m spin-up and k

spin-down states are uncoupled. The Schrödinger equation is
therefore given by

Ĥm 0

0 Ĥk

0
@

1
A cmðrÞ

ckðrÞ

 !
¼ E

cmðrÞ
ckðrÞ

 !
; ð2Þ

where Ĥm and Ĥk correspond to the spin-up and spin-down
electron states, respectively, and are obtained neglecting the kz
terms in the Hamiltonian (1).

Now, in order to tackle Eq.(1), it is well known [28] that the
solutions should be the Kummer confluent F and U hypergeo-
metric functions, and one should then solve the following
transcendental equation, which may be obtained by assuming
as valid the boundary condition for the solution for the parabolic
[Eq. (1) with ai=0] Hamiltonian, i.e.,

d
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and the subindexes W and B denote the values of the magnitudes
in the well and barriers, respectively. e¼ eBr2=2‘ c is evaluated at
r¼ R, where R is the radius of the QWW.

The axis-parallel electron effective Landé g factor in
GaAs–(Ga,Al)As heterostructures may, therefore, be defined as

gð0ÞJ ¼ Em0�Ek0
mBB

; ð7Þ

where Em0 and Ek0 are the ground-state energies associated with the
spin-up and spin-down, respectively. The electron effective gð0ÞJ
factor, obtained from Eq. (7), depends on the Al concentration in
the Ga1�xAlxAs barriers, applied magnetic field, and the radius of
the cylindrical QWW.

To calculate the electron effective Landé g factor in the
GaAs–Ga1�xAlxAs QWW from Eq. (7) is needed to know the
dependence of both Landé g factor and effective mass on the Al
concentration in each host material. In that respect the five-band
k � p theory fits with high precision the g factor and the effective
mass of most common III–V compounds and alloys at low
temperatures. The five-band k � p theory for the g-factor and
effective mass may be written as follows:

g
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Here, g0=2.0023 and m0 are the free-electron Landé factor and
effective mass, respectively, and EðGv

8;G
c
6;G

c
7;G

c
8Þ are the energy-

gaps at the center of the Brillouin zone, ~D ¼ 4
9D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P �P0p

is the

Table 1
Parameters used in the present calculation.

E(x) a (meV) b (meV) c (meV)

EðGc
6�Gv

8Þ 1519 a 1360 a 220 a

EðGc
6�Gv

7Þ 1849 b 1294 b 220 b

P2 28900 c,d �6290 e 0 e

P02 6100 f 0 g 0 g

EðGc
7�Gv

8Þ 4504 h 0 i 0 i

EðGc
8�Gv

8Þ 4659 h 0 i 0 i

a From Ref. [19].
b From Ref. [22].
c From Ref. [1].
d From Ref. [8].
e Obtained from a linear fitting of the g factor values for bulk Ga1�xAlxAs,

reported in Ref. [8].
f From Ref. [31].
g To our knowledge, there are no experimental measurements on the Al

concentration dependence of the P02 matrix element, so we have taken b=0 and

c=0.
h From Ref. [32].
i The remote-band contributions to the electron Landé g factor and effective

mass are taken into account in the Eqs. (8) and (9), respectively.
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correction due to the spin–orbit coupling [29] D between the
valence and higher conduction band, which has a significantly
contribution to the electron Landé g factor [30,31]. The contribu-
tions from higher bands in GaAs are taken into account via the

terms C
0
=0.0406 and C=�2.8094. The energies EðGv

8;G
c
6;G

c
7;G

c
8Þ

depend, in principle, on the Al concentration x and we denote
them as E(x), assuming that

EðxÞ ¼ aþbxþcx2; ð10Þ
with the parameter-values, corresponding to Ga1�xAlxAs, dis-
played in Table 1. The remote-band contributions to the electron
Landé g factor and effective mass are also expected to be functions
of the Al concentration. However, up to now we do not know of
any experimental report on such dependencies in Ga1�xAlxAs bulk
materials. Therefore, we have performed a fitting of the
experimental measurements of both the electron g-factor [1]
and effective mass [33] as functions of the Al concentration,
obtaining the explicit x dependencies displayed in Eqs. (8) and (9),
respectively.

3. Results and discussion

In the present work, we are concerned with a cylindrical
GaAs–Ga1�xAlxAs QWW under an axis-parallel applied magnetic
field. Fig. 1 displays the electron Landé gJ factor, as function of the
x concentration for different radii and applied magnetic fields.
One may note that the electron gJ factor increases with the
aluminum concentration in the barriers, although changes are less
apparent as the radius is increased, because for small radii the
electron wave function has a large penetration in the barrier
region, and therefore, the effective gJ factor is strongly influenced
by the Ga1�xAlxAs properties. On the other hand, the effects of the
applied magnetic field become less remarkable for small QWW
radii and higher values of x concentration, because the wave
function localization is commanded by the geometrical
confinement. However, for Landau lengths shorter than QWW
radius, the electron wave function does not feel the barriers, i.e., it
becomes more localized in the well material and, consequently,
the effective gJ factor is dominated by the parabolic-confinement
potential due to the applied magnetic field, with values closed to
�0.44, which is the GaAs bulk limit.

The electron Landé gJ factor as function of the QWW radius is
displayed in Fig. 2 for GaAs–Ga1�xAlxAs QWWs for different

values of x. One may notice a strong dependence of the Landé gJ
factor on the geometry of the QWW, which is a consequence of
the geometrical confining-potential on the carrier wave function,
as discussed above. We can observe that the limiting value of the
gJ factor for small radii depends on x, which is expected because
the gJ factor is strongly influenced by the limiting value given by
Eq. (8) in the Ga1�xAlxAs barrier.

In Fig. 3 we display the gJ factor as function of the applied
magnetic field for a small radius of the QWW and different values
of x. One may note that the Landé gJ factor increases with the
magnetic field. This behavior is due to the increment of the
confinement caused by the magnetic field, which for Landau
lengths shorter than the radius of the wire makes that the energy
increases almost linearly as well as the corrections due to the
nonparabolicity and anisotropy effects on the conduction-band.
We can see from Fig. 3 that the effect of the applied magnetic field
becomes less apparent as Al concentration is increased. This is due
to the increasing of the geometrical confinement which is
determined by the geometrical parameters and the Al concen-
tration. In contrast with Fig. 1, the aluminum-concentration
dependence of the gJ factor is more remarkable.

Fig. 1. (Color online) Electron effective Landé gJ factor for GaAs–Ga1�xAlxAs

cylindrical QWWs as function of the aluminum concentration for two values of the

applied magnetic field and different QWW radii. Solid and dashed lines correspond

to calculations for B=5 and 9T, respectively.

Fig. 2. (Color online) Electron effective Landé gJ factor for a GaAs–Ga1�xAlxAs

cylindrical QWW as function of the QWW radius and for different Al concentra-

tions.

Fig. 3. (Color online) Electron effective Landé gJ factor for a GaAs–Ga1�xAlxAs

cylindrical QWW as function of the applied magnetic field for different Al

concentrations.
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Finally, Fig. 4 displays a comparison between the present
theoretical calculations and previous findings by López et al. [10]
for the gJ factor as a function of the applied magnetic field.
Calculations were carried out for x=0.35 and three different radii
of the QWWs. One may note a good agreement between the
present calculations and the data reported by López. One can
observe a more remarkable dependence on the applied magnetic-
field of the Landé gJ factor as the radius and the strength of the
applied magnetic field are increased, as discussed above.

4. Conclusions

Summing up, we have studied the effects of the aluminum
concentration and axis-parallel applied magnetic fields on the
effective Landé gJ factor in semiconductor GaAs–Ga1�xAlxAs
cylindrical QWWs, by taking into account the nonparabolicity
and anisotropy of the conduction band, as well as the aluminum
concentration dependencies of the electron effective mass and
Landé g factor in each host material. The effective gJ factor was
studied as a function of the Al concentration, applied magnetic
field and radius of the QWW. Present theoretical calculations are
found in good agreement with previous theoretical findings in a
Ga0.65Al0.35As cylindrical QWW. We have found that, in this type
of heterostructure, the geometrical confinement and Al concen-
tration determine the behavior of the electron effective gJ factor.
The effect of the applied magnetic field is more apparent in the
low-confinement regime although weak in high-geometrical
confinement. Finally, from present results, we may conclude that
it is possible to tune the effective gJ factor by changing these
parameters to get new energy channels to be used in optical
transitions and spin dynamics in GaAs–Ga1�xAlxAs QWWs.
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[9] A.A. Kiselev, E.L. Ivchenko, U. Rössler, Phys. Rev. B 58 (1998) 16353.
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The electron Landé g factor in GaAs-(Ga,Al)As coupled
quantum wells
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Abstract. Nowadays there is a lot of work devoted to the study of the electron Landé g factor in semiconducting low
dimensional structures due to its potential technological applications. Therefore manipulation of the electron Landé g factor by
means of the control of the electron confinement, applied magnetic field and applied hydrostatic pressure offers the possibility
of having a wide range of ways to control single qubit operation and to have pure spin states to guarantee that no losses
occur when the electron spin transports information. This may be achieved by manipulating the electron Landé g factor in
semiconductor heterostructures designing appropriate external gate control devices. In this work we study the electron Landé
g factor in GaAs-(Ga,Al) coupled quantum wells in the presence of growth direction applied magnetic field, using the Ogg-
McCombe effective Hamiltonian for the electron in the conduction band in GaAs-(Ga,Al) coupled quantum wells, which
includes nonparabolicity and anisotropy effects. Our calculations are performed for different widths of the wells and of the
in-between barrier material, and as a function of the applied magnetic field.

Keywords: Coupled quantum wells, GaAs-(Ga,Al)As, Landé g-factor.
PACS: 71.55.Eq, 72.25.Dc, 73.21.Fg, 73.22.Dj, 73.40.Lq

Nowadays the spin-related phenomena have attracted
great attention for the possible technological applica-
tions. In particular, the studies on the properties of the
electron Landé g-factor in semiconductor quantum wells
(QWs)[1], quantum well wires (QWWs)[2] and quantum
dots (QDs)[3] have attracted a lot of attention due to the
potential applications in spintronics and optoelectron-
ics devices. The effective Landé g-factor determines the
spin-splitting of carriers bands (and consequently influ-
ence the spin dynamic and spin resonance) and in semi-
conductor heterostructure may be very different to the
corresponding free-electron value. Consequently manip-
ulation of the electronic confinement, applied magnetic
field and applied hydrostatic pressure offers the possibil-
ity of having a wide range of ways to control the electron
Landé g-factor in order to have pure spin states to guar-
antee noiseless transport of information by means of the
electron spin.

In order to study GaAs-(Ga,Al)As double quantum
wells (DQWs) under growth-direction applied magnetic
fields, we assume the applied magnetic field parallel the
grown axis (z direction) and the origin of energies at
the bottom of the bulk GaAs conduction band. We use
the effective mass approximation and take into account
nonparabolicity and anisotropy effects of the conduction

band via the Ogg-McCombe effective Hamiltonian[4, 5]

Ĥ =
h̄2

2
K̂

1
m∗ K̂Î+

1
2

gµBBσ̂z +a1K̂4Î+
a2

l4
B

Î

+a3
[{

K̂2
x , K̂2

y
}

+
{

K̂2
x , K̂2

z
}

+
{

K̂2
y , K̂2

z
}]

Î

+a4BK̂2σ̂z +a5
{

σ̂ · K̂, K̂zB
}

+a6Bσ̂zK̂2
z +V (z) Î, (1)

In the above expression K̂ = −i�∇ + q
h̄
�A, �̂σ is a

vector which components are the Pauli matrices, lB is
the Landau length, and m∗ and g are the z growth-
direction position-dependent conduction electron
effective mass[6] and Landé g-factor[7] respectively
(with Bulk values of GaAs: mc = 0.0665m0 and
g(GaAs) = −0.44, or Ga0.65Al0.35As: mc = 0.1034m0
and g(Ga0.65Al0.35As) = 0.54). The Bohr magneton
is µB. The height of the electron-confining potential
V (z) is the 60% of the band-gap difference between the
Ga1−xAlxAs and the GaAs [5]. The phenomenological
parameters ai(i = 1,2, .,6) are appropriate constants
which are, in principle, dependents on the hydrostatic
pressure and aluminum concentration in the barriers[8]
(theoretically, are different for the well and barrier
materials),

{
â, b̂

}
are the anti-commutator between â

and b̂ operators.
Figures 1 and 2 are for GaAs-(Ga,Al)As DQWs. Fig-

ure 1 is another evidence of the role played by the bar-
rier height in determining the electron Landé g-factor in
DQWs systems. Observe that the electron Landé g-factor
increase with the Al’s concentration as we hope because
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FIGURE 1. Aluminum concentration dependence of the
electron g|| factor in a GaAs-Ga1−xAlxAs DQW for different
magnetic fields.

FIGURE 2. Barrier width dependence of the first Landau
energy level and the corresponding electron g|| factor in a
GaAs-Ga1−xAlxAs DQW for different magnetic fields.

of the anisotropy and nonparabolicity effects of the bar-
rier.

In Fig. 2 we present the electron Landé g-factor for the
first Landau Level as a function of the barrier width and
equal width of the quantum wells L1=L2=50Å for three
different values of the applied magnetic fields and an Al
concentration of 0.35. As we hope, the Landé g-factor
increases with the width of the central barrier , behavior
that is greater for higher applied magnetic fields.

We have theoretically evaluated the role of the width
and height of a central barrier in GaAs-(Ga,Al)As DQWs
and of a growth-direction applied magnetic field on the
Landé g-factor. The present calculations are performed
within the effective-mass approximation using the Ogg-
McCombe effective Hamiltonian. Results for the elec-
tron Landé g-factor indicate that one may realize sign
changes in the electron Landé g-factor with convenient
combinations of the Al concentration, widths of the cen-
tral barrier and the applied magnetic fields, which may be
useful for applications in semiconductor devices based

on the electron spin. Our results are found in good agree-
ment with the previous theoretical results in the limit of
a single QW[1].
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Abstract. In this work we study the Landé g-factor of a GaAs-(Ga,Al)As cylindrical quantum dot under an axis-parallel
applied magnetic field, using the Ogg-McCombe effective Hamiltonian[1] for the electron in the conduction band of the
GaAs-(Ga,Al)As heterostructure, which includes nonparabolicity and anisotropy effects. The quantum dot is assumed to
consist of a finite length cylinder of GaAs surrounded by (Ga,Al)As. Our calculations are performed for different radii and
lengths of the cylindrical GaAs-(Ga,Al)As quantum pillbox and as function of the applied magnetic field. Our results are in
good agreement with previous theoretical results[2] in the limiting geometry of a quantum well.
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Special interest has been raised the possible use of the
electronic spin as the architecture of a solid-state based
quantum computer[2]. The single qubit operation is es-
sentially performed through the coupling with an exter-
nal magnetic field and is of fundamental importance to
have pure spin states in order to guarantee that no losses
occur when the spins transport information. This may be
achieved by manipulating the electron g-factor in semi-
conductor heterostructures designing appropriate exter-
nal gate control devices. Nowadays there is a lot of works
devoted to the study of the electron g-factor in low di-
mensional systems like quantum wells (QWs)[3], quan-
tum well wires (QWWs)[4] and quantum dots (QDs)[5].

The study of the interaction between single-particle
spins and the solid state environment has been the subject
of a considerable amount of work in the last few years.
In particular, studies of the properties of the electron g-
factor in semiconductor QDs have attracted the commu-
nity attention both from the theoretical and experimen-
tal points of view, due to their potential applications in
the design and development of spintronic and optoelec-
tronic devices. The manipulation of the electron g-factor
in quantum dots with tunable parameters such as geom-
etry and applied fields opens up several possibilities to
have pure spin states in order to guarantee that no losses
occurs when the spin transport information.

In the present work, we use the Ogg-McCombe effec-
tive Hamiltonian[1] -which includes nonparabolicity and
anisotropy effects up to fourth order- for the conduction-
band electrons in a GaAs-Ga1−xAlxAs cylindrical QD
under z-parallel applied magnetic field, i.e.,

Ĥ =
h̄2

2
K̂

1
m∗ K̂Î+

1
2

gµBBσ̂z +a1K̂4Î+
a2

l4
B

Î

+a3

[{
K̂2

ρ , K̂2
ϕ

}
+

{
K̂2

ρ , K̂2
z

}
+

{
K̂2

ϕ , K̂2
z
}]

Î

+a4BK̂2σ̂z +a5
{

σ̂ · K̂, K̂zB
}

+a6Bσ̂zK̂2
z +V (ρ ,z) Î, (1)

In the above expression K̂ = −i�∇ + q
h̄
�A, �̂σ is a vec-

tor which components are the Pauli matrices, lB is the
Landau length, and m∗ and g are the position-dependent
conduction electron effective mass[6] and Landé g-
factor[7] respectively (with Bulk values of GaAs: mc =
0.0665m0 and g(GaAs) = −0.44, or Ga0.65Al0.35As:
mc = 0.1034m0 and g(Ga0.65Al0.35As) = 0.54). The Bohr
magneton is µB. The height of the electron-confining po-
tential V (ρ ,z) is the 60% of the band-gap difference be-
tween the Ga0.65Al0.35As and the GaAs [5],

{
â, b̂

}
are

the anti-commutator between â and b̂ operators, and the
coefficients ai (i = 1, ...,6) are constants which depend, in
principle, on the Al concentration x. Due to the absence
of experimental measurements on the behavior of the ai
coefficients as functions of x, we have taken the ai val-
ues corresponding to bulk GaAs and obtained by a fitting
with magnetospectroscopic measurements[8].

In Fig. 1 we display the electron ground-state energy
for a GaAs-Ga0.65Al0.35As cylindrical QD as function of
the QD radius and for two values of the length of the
QD. We can see that the ground-state energy increase
with the geometrical confinement, as expected, because
the envelope wave function increase the penetration in
the barrier region.

In Fig. 2, we present theoretical results for the elec-
tron g-factor as a function of the radius by considering
two different lengths of the QD. Calculations were car-
ried out for x = 0.35, and by considering a fixed strength
of the applied magnetic field. We should note that when
the radius of the QD becomes very large for each length,
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FIGURE 1. Ground-state energy level for spin-up (dot-
ted lines) and spin down (solid lines) states in GaAs-
Ga0.65Al0.35As cylindrical QD as a function of the QD ra-
dius. Calculations were performed for two different lengths and
B=2T.
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FIGURE 2. Geometrical-confinement effects on the electron
g-factor in GaAs-Ga0.65Al0.35As cylindrical QD as a function
of the QD radius. Calculations were performed for B=2T, and
L=30 Å and L=50 Å lengths of the QD

the electron g-factor tends to the value in the limiting ge-
ometry of a QW. We can observe that the behavior of the
electron effective g factor depends strongly on the ge-
ometry of the heterostructure, which is a consequence of
the confining-potential effect on the carrier wave func-
tion. When the geometrical parameters of the QD are in-

creased, the wave function becomes more localized in the
well material and, as a consequence, the effective elec-
tron g factor diminishes until reaching the −0.44 GaAs-
bulk limiting value.

We have theoretically evaluated the effects of the
geometrical-confinement on the electron g-factor in a
GaAs-(Ga,Al)As cylindrical QD under an axis-parallel
applied magnetic field. The present calculations were
performed within the effective-mass approximation us-
ing the Ogg-McCombe effective Hamiltonian. Results
for the electron Landé g-factor indicate that one may re-
alize sign changes of the g-factor with convenient com-
binations of the lengths and radii of the cylindrical QD,
which may be useful for applications in spin-based semi-
conductor devices. Our results for the ground-state en-
ergy as a function of the radius are found in good agree-
ment with previous theoretical results[4] in the limiting
geometry of a QWW.
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Abstract
We have performed a theoretical study of the quantum confinement (geometrical and barrier
potential confinements) and axis-parallel applied magnetic-field effects on the
conduction-electron effective Landé g factor in GaAs–(Ga, Al)As cylindrical quantum dots.
Numerical calculations of the g factor are performed by using the Ogg–McCombe effective
Hamiltonian—which includes non-parabolicity and anisotropy effects—for the
conduction-band electrons. The quantum dot is assumed to consist of a finite-length cylinder of
GaAs surrounded by a Ga1−x Alx As barrier. Theoretical results are given as functions of the Al
concentration in the Ga1−x AlxAs barrier, radius, lengths and applied magnetic fields. We have
studied the competition between the quantum confinement and applied magnetic field, finding
that in this type of heterostructure the geometrical confinement and Al concentration determine
the behavior of the electron effective Landé g‖ factor, as compared to the effect of the applied
magnetic field. Present theoretical results are in good agreement with experimental reports in
the limiting geometry of a quantum well, and with previous theoretical findings in the limiting
case of a quantum well wire.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The conduction-electron effective Landé g factor in semicon-
ductors and semiconductor heterostructures is one of the fun-
damental system properties that describes the magnitude of the
Zeeman splitting of electronic states under applied magnetic
fields. The g factor in semiconductor heterostructures differs
from the free-electron g factor in vacuum, g = 2.0023, due
to the spin–orbit interaction, confinement and non-parabolicity
effects. As a result, there has been a number of experimental
and theoretical works devoted to the understanding of the
properties of the electron effective g factor in semiconductor
heterostructures [1–14]. Due to the potential applications in
the design and fabrication of spintronic and optoelectronic
devices [15], such studies have been focused on semiconductor
bulk materials [1, 2], quantum wells (QWs) [2–8], quantum
well wires (QWWs) [9, 10], quantum dots (QDs) [11–13] and
superlattices [14].

From the experimental point of view, for example,
Oestreich and co-workers [2] studied the temperature-
dependent GaAs electron g factor and observed an increasing
Landé g factor as the temperature was increased. Hannak
et al [2] measured the effective electron Landé factor in GaAs–
Ga1−x Alx As QWs under in-plane applied magnetic fields.
In addition, Le Jeune et al [4] studied the anisotropy of
the electron Landé g factor in QWs whereas Malinowski
and Harley [5] investigated the quantum confinement and
built-in strain on the conduction-electron g factor in GaAs–
Ga0.65Al0.35As and strained GaAs–Ga0.89In0.11As QWs. More
recently, Hanson et al [16] measured the Zeeman splitting in a
one-electron vertical QD as a function of the applied magnetic
field and Köneman et al [17] has measured the anisotropy of
spin splitting in GaAs–Ga1−x Alx As QDs by means of resonant
tunneling spectroscopy. Theoretically, Kiselev et al [9] studied
the Zeeman effect for electrons in one- and zero-dimensional
semiconductor heterostructures in the framework of Kane’s

0953-8984/09/455302+06$30.00 © 2009 IOP Publishing Ltd Printed in the UK1
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model and investigated the properties of the electron g factor
in QWWs and QDs in the absence of magnetic fields. Other
works were devoted to an understanding of the effects of
non-parabolicity and anisotropy on the conduction-electron
effective Landé factor in GaAs–Ga1−x Alx As QWs [6, 7] and
superlattices [14] under applied magnetic fields.

The investigations on the properties of the effective Landé
g factor in QDs have been mainly carried out without the
consideration of the aluminum concentration effects. In III–
V bulk materials, the properties of the electron Landé g
factor may be investigated within the k · p framework [1, 2].
According to this procedure, the behavior of the Landé
g factor in each host material, as a function of the Al
x concentration, is determined by the dependence of the
fundamental gaps [18–23] and interband matrix elements as
functions of the Al concentration [8]. In a semiconductor
QD with zinc blende structure, the electron effective g factor
must be studied by taking into account the anisotropy and
non-parabolicity of the conduction band. In that respect,
the effective Ogg–McCombe Hamiltonian [24] has been
successfully used in order to obtain the electron effective Landé
factor in GaAs–Ga1−xAlx As QWs [6, 7].

The aim of the present work is to study the role of
the quantum confinement determined by the geometrical
parameters of the structure and by the Al concentration,
as well as the effects of an on-axis applied magnetic field
on the conduction-electron g factor in GaAs–Ga1−x AlxAs
cylindrical QDs by taking into account the anisotropy and
non-parabolicity of the conduction band. The present study
is organized as follows. The theoretical procedure and a
discussion of the effects of Al concentration on the g factor
in each host material and on the GaAs–Ga1−x Alx As QD
confining potential are given in section 2. Results and
discussion are in section 3, and conclusions in section 4.

2. Theoretical framework

In the effective mass approximation and taking into account
the non-parabolicity and anisotropy effects on the conduction
band, the Ogg–McCombe effective Hamiltonian [24] for a
conduction electron in a cylindrical GaAs–Ga1−xAlx As QD
under an axis-parallel applied magnetic field, i.e. B = B ẑ,
may be written as

Ĥ = h̄2

2
K̂

1

m∗(ρ, z)
K̂Î + 1

2
g(ρ, z)μB Bσ̂z + a1K̂4Î + a2

l4
B

Î

+ a3[{K̂ 2
ρ, K̂ 2

ϕ} + {K̂ 2
ρ, K̂ 2

z } + {K̂ 2
ϕ, K̂ 2

z }]Î
+ a4 BK̂2σ̂z + a5 B{�̂σ · K̂, K̂z Î} + a6 Bσ̂z K̂ 2

z

+ V (ρ, z)Î, (1)

where K̂ = −i∇ + e
h̄c Â, Î is the 2 × 2 unit matrix, μB

is the Bohr magneton, lB =
√

h̄c
eB is the Landau length, �̂σ

is a vector for which the components are the Pauli matrices,
{â, b̂} = âb̂ + b̂â is the anticommutator between the â
and b̂ operators and the coefficients ai (i = 1, . . . , 6) are
constants which depend, in principle, on the Al concentration
x . Due to the absence of experimental measurements on the

behavior of the ai coefficients as functions of x , we have
taken the ai values corresponding to bulk GaAs and obtained
by a fitting with magnetospectroscopic measurements [25].
The cubic Dresselhaus spin–orbit interaction [26] can be
neglected because its contribution to the effective g factor
in GaAs–Ga1−xAlx As heterostructures may be shown to be
quite minor [27, 28]. The position-dependent conduction-band
effective mass m∗(ρ, z) and Landé factor g(ρ, z), together
with the confinement potential V (ρ, z), are considered to be
dependent on the Al concentration x in each host material, as
detailed below.

In the present work, we consider a QD modeled by a QW
of width L in the z axis direction and a QWW of radius R in
the (ρ, ϕ) plane. One may, therefore, choose to approximate
the Hamiltonian (1) by

Ĥ = Ĥ(z) + Ĥ(ρ, ϕ) + Ŵ (ρ, ϕ), (2)

where

Ĥ (z) = K̂z(β̂
± K̂z) + K̂ 2

z (a1 K̂ 2
z ) + Û±, (3)

β̂±(z) = h̄2

2m∗(z)
± (a4 + 2a5 + a6)B + 2(a1 + a3)

l2
B

, (4)

Û± = V (z) ± 1
2 g(z)μB B, (5)

Ĥ (ρ, ϕ) = K̂ρ,ϕ(χ± K̂ρ,ϕ)+ K̂ 2
ρ,ϕ

((
a1 + 1

4 a3
)
K̂ 2

ρ,ϕ

)+ ξ, (6)

K̂ρ,ϕ = K̂ρ + K̂ϕ, (7)

ξW,B = a2 − 0.75a3

l4
B

+ V (ρ), (8)

χ±
W,B = h̄2

2m∗(ρ)
± a4 B, (9)

where the subindices W and B denote the values of
the magnitudes in the well and barriers, respectively,
and the signs ± denote the states with parallel and
antiparallel spin projections along the magnetic-field direction.
Moreover [28, 29]

Ŵ (ρ, ϕ) =
(

Ŵ11 0
0 Ŵ22

)
, (10)

where
Ŵ11 = − a3

2l4
B

(â†4 + â4), (11)

Ŵ22 = − a3

2l4
B

(â†4 + â4), (12)

and the â† creation and â annihilation operators are defined
as in previous work [28, 29]. Here, one should consider that,
in bulk GaAs, it may be verified that, for B varying up to
30 T, |a3|/ l4

B ≈ 10−3–10−2 meV, i.e. Ŵ only contributes
with insignificant corrections to the energy levels. Therefore,
we will not take into consideration effects of Ŵ in the present
study.

Now, in order to solve equation (3), we follow Sabı́n
del Valle et al [29] and obtain similar results as their
equations (10), (11) and (12). On the other hand, in

2
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order to tackle equation (6), it is well known [30] that
the solutions should be the Kummer confluent F and U
hypergeometric functions, and one should then solve the
following transcendental equation, which may be obtained by
assuming as valid the boundary condition for the solution for
the parabolic (equation (6) with ai = 0) Hamiltonian, i.e.

d
dε

(e−ε/2εl/2 F[−α±
W ; l + 1; ε])

e−ε/2εl/2 F[−α±
W ; l + 1; ε]

=
d
dε

(e−ε/2εl/2U [−α±
B ; l + 1; ε])

e−ε/2εl/2U [−α±
B ; l + 1; ε] , (13)

where

α±
W,B = − χ±

W,Bl2
B

a3 + 4a1
−

√(
χ±

W,Bl2
B

a3 + 4a1

)2

+ l4
B(E±

ρ − ξW,B )

a3 + 4a1
− 1

2
,

(14)
and ε = eBρ2

2h̄c is evaluated at ρ = R, where R is the radius of
the QWW.

The axis-parallel electron effective Landé g factor in
GaAs–(Ga, Al)As heterostructures may, therefore, be defined
as

g(0)
|| = E+

0 − E−
0

μB B
, (15)

where
E±

0 = E±
z,0 + E±

ρ,0, (16)

and E+
0 and E−

0 are the ground-state energies associated with
spin-up and spin-down, respectively. The electron effective
g(0)

|| factor, obtained from equation (15), depends on the Al
concentration in the Ga1−x Alx As barriers, applied magnetic
field and QD geometrical parameters.

2.1. Landé g factor and effective mass: dependence on the Al
concentration

In order to compute the electron effective Landé g factor
in GaAs–Ga1−x AlxAs heterostructures from equation (15),
one needs to know the dependence of both the g factor and
effective mass on the Al concentration in each host material
(cf equation (1)). In that respect, many low temperature
experiments have confirmed the remarkable accuracy of k · p
calculations [31] for the most common III–V compounds and
alloys. Here, we consider the five-band k · p theory for the g
factor and effective mass as follows:

g

g0
= 1 − 
2

3

(
1

E(�c
6 − �v

8)
− 1

E(�c
6 − �v

8) + �0

)

− 

′2

3

(
1

E(�c
7 − �c

6)
− 1

E(�c
8 − �c

6)

)
+ C ′ + δg, (17)

m0

m∗ = 1 + 
2

3

(
2

E(�c
6 − �v

8)
+ 1

E(�c
6 − �v

8) + �0

)

− 

′2

3

(
1

E(�c
7 − �c

6)
+ 2

E(�c
8 − �c

6)

)
+ C + δm, (18)

where g0 = 2.0023 and m0 are the free-electron Landé factor
and free-electron mass, respectively, and E(�v

8 , �
c
6, �

c
7, �

c
8)

and �0 are the energies of the band extrema at the center of the
Brillouin zone and the split-off energy of the �v

7 valence band,

Table 1. Parameters used in the present calculation.

E(x) a (meV) b (meV) c (meV)

E(�c
6 − �v

8) 1519a 1360a 220a

E(�c
6 − �v

8) + �0 1849b 1294b 220b


2 28 900c,d −6290e 0e



′2 7784f 0g 0g

E(�c
7 − �c

6) 4504h 0i 0i

E(�c
8 − �c

6) 4659h 0i 0i

a From [20]. b From [23].
c From [1]. d From [8].
e Obtained from a linear fitting of the g-factor values for
bulk Ga1−x Alx As, reported in [8]. f From [33].
g To our knowledge, there are no experimental
measurements on the Al concentration dependence of
the 


′2 matrix element, so we have taken b = 0 and
c = 0.
h From [34].
i The remote-band contributions to the electron Landé g
factor and effective mass are taken into account in
equation (20).

Table 2. Aluminum concentration (x) dependence of the
remote-band contributions for the electron g factor and effective
mass of bulk GaAs–Ga1−x Alx As.

δ(x) δ1 δ2

δg −0.276 0.232
δm 0.488 4.938

respectively. The contributions from higher bands are taken
into account via the terms [1] C ′ = −0.02, C = −2 and [8]
δg, δm . The energies appearing in equations (17) and (18)
depend on the Al concentration x and we denote them as E(x),
assuming that

E(x) = a + bx + cx2, (19)

with the values of the parameters a, b and c, corresponding
to Ga1−x Alx As, displayed in table 1. The remote-band
contributions to the electron Landé g factor and effective mass
are also expected to be functions of the Al concentration.
However, up to now we do not know of any experimental report
on such dependences in Ga1−x Alx As bulk materials. We have,
therefore, considered δg and δm in equations (17) and (18),
respectively, according to the expressions by Reyes-Gómez
et al [32]:

δ(x) = δ1x + δ2x2, (20)

with the values of δ1 and δ2, reported in table 2 obtained by
fitting the experimental results corresponding to the electron g
factor [1] and effective mass [35].

2.2. GaAs–Ga1−x AlxAs QD confining potential

The value of the aluminum concentration at the barriers
may change the properties of the confining potential. As is
well known, there exists a critical value xc of the aluminum
concentration at which Ga1−x AlxAs changes from a direct
gap to an indirect gap material (�–X crossover), and this
value was found by Guzzi et al [21] as xc = 0.385. We
have considered that the confining potential corresponds [6]

3
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Figure 1. Electron effective Landé g‖ factor for a radius R = 300 Å
GaAs–Ga0.65Al0.35As cylindrical QD as a function of the QD height
L under an axis-parallel applied magnetic field B = 0.1 T. Present
theoretical results are given as a full curve and experimental data,
presented as open triangles and circles, are from measurements by Le
Jeune et al [4] and Malinowski et al [5], respectively.

to 60% of the gap difference between the two host materials,
and the origin of energy is taken from the top of the GaAs
valence band. In our calculations we have used the expression
for the aluminum concentration-dependent confining potential
following the relation by Li [23] for the energy gap in
Ga1−x AlxAs, i.e.

V (x) = 816x + 132x2. (21)

3. Results and discussion

In what follows, we are concerned with a QD assumed to
consist of a cylindrical pillbox of height L and radius R with
GaAs surrounded by a Ga1−x Alx As barrier, under an axis-
parallel applied magnetic field.

In order to assess the validity of our model for the study
of cylindrical QDs, we should compare the present theoretical
results with available experimental and theoretical results in the
limiting cases of QWs, QWWs and bulk semiconductors. We
have first calculated the electron Landé g‖ factor in a GaAs–
Ga1−x AlxAs cylindrical QD by considering a very large QD
radius, which is equivalent to having a QW, as a function of
the height and applied magnetic fields at low temperatures.
Theoretical results are displayed in figure 1 as a function of
the QD height and compared with the experimental data by Le
Jeune et al [4] and Malinowski et al [5] It is apparent from
figure 1 that the present theoretical calculations are in very
good agreement with the experimental measurements in this
limiting case.

In figure 2, we present theoretical results for the electron
g‖ factor as a function of the radius by considering a large
height of the pillbox, which is equivalent to considering
a cylindrical QWW. These results compare quite well with
numerical data reported by Kiselev et al [9] and López et al
[10] in GaAs–Ga0.65Al0.35As QWWs. In addition to the results
presented in figures 1 and 2, we should note that, when both
L and R QD geometrical parameters are very large, the value

Figure 2. Electron effective Landé g‖ factor for a
GaAs–Ga0.65Al0.35As cylindrical QD as a function of the QD radius
under an axis-parallel applied magnetic field B = 5 T for an
L = 500 Å QD height. The solid line corresponds to the present
calculations, whereas the dotted curve is the theoretical result from
Kiselev et al [9] and the dashed line is the calculation by López et al
[10] for GaAs–Ga0.65Al0.35As cylindrical QWWs.

Figure 3. Electron effective g‖ factor for a GaAs–Ga0.7Al0.3As
cylindrical QD as a function of the applied magnetic field for QD
heights of L = 100 and 900 Å, and a QD radius of R = 500 Å. The
solid line corresponds to the present calculations, and experimental
data are given as open triangles and circles, from experimental
measurements in QDs by Hanson et al [16] and Köneman et al [17],
respectively.

of the g‖ factor tends to the value in the bulk limit, which
shows that the present QD model may be used to describe
the behavior of the g‖ factor in 1D, 2D and bulk systems.
We can observe that the behavior of the electron effective g‖
factor depends strongly on the geometry of the heterostructure,
which is a consequence of the confining potential effect on the
carrier wavefunction. When the geometrical parameters of the
QD are increased, the wavefunction becomes more localized in
the well material and, as a consequence, the effective electron
g‖ factor diminishes until reaching the −0.44 GaAs limiting
value.

In figure 3 we display a comparison between the present
theoretical calculations and experimental measurements of
the effective electron g‖ factor as a function of the applied

4
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Figure 4. Electron effective Landé g‖ factor for a
GaAs–Ga0.65Al0.35As cylindrical QD as a function of the applied
magnetic field for a QD height of L = 50 Å, and three different QD
radii.

magnetic field. Calculations were carried out for x = 0.3,
two different QD heights and by considering a large radius
of the QD. Experimental data for GaAs–Ga0.7Al0.3As QDs are
from Hanson et al [16] and Köneman et al [17]. Despite the
fact that the experimental data by Hanson et al [16] are for a
magnetic field applied perpendicular to the QD axis, whereas
present results are obtained for an on-axis applied magnetic
field, one may note good agreement between theoretical results
and experiment, which is due to the low anisotropy between g‖
and g⊥.

Figures 4 and 5 display the magnetic-field dependence of
the effective electron g‖ factor in GaAs–Ga0.65Al0.35As QDs
for L = 50 Å and different QD radii, and for R = 100 Å
and different QD heights, respectively. It is apparent from
figure 4 that the electron g‖ factor essentially increases with
the applied magnetic field, although this increment is lower for
small QD radii as the geometric confinement determines the
behavior of the g‖ factor in contrast with the small magnetic-
field confinement. For large QD radii, however, the g‖
increment is mainly due to the magnetic-field confinement.
For small QD radius, the electron wavefunction penetrates in
the barrier regions and, therefore, the electron effective g‖
factor is strongly influenced by the barrier properties. On
the other hand, as the radius is increased, the cylindrical QD
tends to the limiting geometry of the QW, in which case the
radial confinement is dominated by the parabolic potential
confinement due to the applied magnetic field. In contrast,
from figure 5, one may note that the g‖ factor increases with
the applied magnetic field, with small slopes depending on the
height of the pillbox.

The electron effective Landé g‖ factor dependence on the
aluminum concentration in a Ga1−x Alx As cylindrical quantum
pillbox is displayed in figure 6 for different combinations of
the geometrical parameters and applied magnetic fields. One
may note that the Landé g‖ factor increases with the aluminum
concentration in the barrier material, although changes are less
dramatic as the QD geometrical parameters are increased. On
the other hand, one may note that the effect of the strength

Figure 5. Electron effective Landé g‖ factor for a
GaAs–Ga0.65Al0.35As cylindrical QD as a function of the applied
magnetic field for a QD radius of R = 100 Å, and three different QD
heights.

Figure 6. Electron effective Landé g‖ factor for a GaAs–Ga1−x Alx As
cylindrical QD as a function of the aluminum concentration x and for
different combinations of applied magnetic fields, QD radii and QD
heights.

of the applied magnetic field is less important for higher
geometrical confinement. As discussed above, for small values
of the geometrical parameters, the electron wavefunction has
a larger penetration in the barrier regions, and therefore the
effective g‖ factor is strongly influenced by the barrier material
properties.

We would like to emphasize that a realistic calculation of
the effective Landé factor for semiconductor heterostructures
must include the non-parabolic/anisotropic terms in the model
Hamiltonian in order to obtain a quantitative understanding of
experimental results, as shown in great detail via the Ogg–
McCombe effective Hamiltonian [24] in figure 5 by López
et al [10] and figure 4 by Reyes-Gómez et al [28]. Of course,
non-parabolicity and anisotropic effects in the conduction
band may also be taken into account through a calculation
in which conduction, valence and higher band effects are
considered within the same theoretical framework in a multi-
band calculation [36].
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4. Conclusions

In conclusion, we have performed a theoretical study of
the effects of quantum confinement and axis-parallel applied
magnetic fields on the conduction-electron effective Landé g
factor in GaAs–Ga1−xAlx As cylindrical QDs. We have shown
that the quantum confinement is determined by the geometrical
parameters of the quantum pillbox, such as its radius, height
and Al concentration, which essentially define the behavior
of the electron effective Landé g‖ factor. We have studied
the competition between quantum confinement and applied
magnetic field, and found that, in this type of heterostructure,
the geometrical confinement and Al concentration determine
the behavior of the electron effective g‖ factor. The effect
of the applied magnetic field, although weak in the regime
of high geometrical confinement, is more apparent in the low
confinement regime. Finally, the present theoretical treatment
shows results that are in good agreement with experimental
reports in the limiting geometry of a QW and with previous
theoretical findings in the limiting case of a QWW.
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Abstract

We have performed a theoretical study of electronic states and the parallel Landé g-factor in a quantum dot (QD), assumed to be in the

form of a pillbox, in the presence of an uniform magnetic field applied parallel to the pillbox axis. The quantum pillbox is assumed to

consist of a finite length cylinder of GaAs material surrounded by Ga1�xAlxAs which describe the realistic finite potential confinement.

The calculations have been performed by using the Kummer confluent hypergeometric functions. This study is performed for different

radii and lengths of the cylindrical GaAs pillbox and the limit cases have been studied to prove the validity of the model. Our results are

in good agreement with the previous theoretical results [F.E. López, B.A. Rodrı́guez, E. Reyes-Gómez, L.E. Oliveira, in press] in the limit

geometry of a quantum well wire (QWW).

r 2008 Elsevier Ltd. All rights reserved.

PACS: 61.10.Nz; 61.66.Dk; 75.50.Ec; 76.80.þy

Keywords: Landé g-factor; Quantum pillbox

In low dimensional systems with zinc-blende lattice
structure the effective Landé gk-factor depends strongly on
the anisotropy and non-parabolicity effects of this lattice
[1–6]. The behaviour of electron spin in this heterostruc-
tures deserves special attention because of the possible use
as qubits in quantum dots (QDs) [7]. The single qubit
operation is essentially performed through the coupling
with an external magnetic field and is of fundamental
importance to have pure spin states in order to guarantee
that no losses occur when the spins transport information.
We can achieve pure spin states manipulating the electron
g-factor in these heterostructures by designing appropriate
external gate control devices.

In this work we use the Ogg–McCombe [8,9] Hamilto-
nian to calculate the gk-factor in a cylindrical QD of GaAs
material surrounded by Ga1�xAlxAs. We assume the origin

of energies at the bottom of the bulk GaAs conduction
band, and the symmetric gauge for the vector potential
~A ¼ 1

2
Brêj. In cylindrical coordinates the Ogg–McCombe

effective Hamiltonian reads

Ĥ ¼ _2

2
K̂

1

m� K̂Îþ
1

2
gðzÞmBBŝz þ Gŝ � t̂þ a1K̂

4
Î

þ a2

l4B
Îþ a3½fK̂2

r; K̂
2

jg þ fK̂2

r; K̂
2

zg þ fK̂2

j; K̂
2

zg�Î

þ a4BK̂
2
ŝz þ a5fŝ � K̂; K̂zBg þ a6BŝzK̂

2

z

þ V ðr; zÞÎ, (1)

where K̂ ¼ �i~r þ q
_
~A, Î is the 2� 2 unit matrix, and m�

and g are the conduction-electron effective mass [10] and
Landé g-factor [11], respectively [with bulk values of GaAs:
mc ¼ 0:0665m0 and g ¼ �0:44], ŝ ¼ ðŝr; ŝj; ŝzÞ are the
Pauli matrices in circular cylindrical coordinates, t̂ is a
vector operator with components t̂r ¼ K̂jK̂rK̂j �
K̂zK̂rK̂z and corresponding cyclic permutations, mB is the
Bohr Magneton; G, a1, a2, a3, a4, a5, a6 are constants, fa; bg
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indicates the anticonmutator of two operators, lB is the
Landau length, V ðr; zÞ ¼ 0 in the QD and V ðr; zÞ ¼ V 0 in
the barriers.

Figs. 1 and 2 display the gk and energy dependence on
the radius for two different lengths of the QD, respectively.
One can observe that the gk-factor exhibits a strong
dependence with the geometry of the QD.

Present theoretical results are given by full curves, and
the previous theoretical results [1] for the ground-state
energy level in a quantum well wire (QWW) as a function
of the radius for B ¼ 5T, are presented as solid circles in
Fig. 3 of this work, respectively. One should notice that our
results are in good agreement with the previous theoretical
results [1] in the limit geometry of a QWW.

We have theoretically evaluated the effects of axis-
parallel applied magnetic field on the Landé gk-factor in a
cylindrical GaAs QD. The present calculations were
performed within the effective-mass approximation using
the Ogg–McCombe Hamiltonian. Results for the electron
Landé gk-factor indicate that one may realize sign changes
of the gk-factor with convenient combinations of the
lengths and radii of the cylindrical QD, which may be
useful for applications in semiconductor devices based on
electron spin. About the cyclotron effective mass this work
is in progress. Our results for energy as a function of the
radius are found in good agreement with the previous
theoretical results [1] in the limit geometry of a QWW.
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de la Sociedad Colombiana de Fı́sica, 40(1), in press.
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Fig. 1. Parallel Landé g-factor in a GaAs–Ga0.65Al0.35As QD as a

function of the radius (a), for B ¼ 5T and two different lengths of the QD.

Fig. 2. Energy of the electron ground state in a GaAs–Ga0.65Al0.35As QD

as a function of the radius (a) of the QD for B ¼ 5T and two different

lengths of the QD.

Fig. 3. Electron ground-state energy in GaAs2Ga1�xAlxAs QWW as a

function of the radius for B ¼ 5T. The solid circles are the numerical

results by López et al. [1].
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