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a b s t r a c t

The 1s-like and 2p-like donor impurity energy states are studied in a semiconductor quantum wire of
equilateral triangular cross section as functions of the impurity position and the geometrical size of the
structure. Linear and nonlinear coefficients for the optical absorption and relative refractive index change
associated with 1s-2p transitions are calculated for both the x-polarization and y-polarization of the
incident light. The results show a mixed effect of redshift and blueshift depending on the location of the
donor atom. Also, strong nonlinear contributions to the optical absorption coefficient are obtained for
both polarizations in the on-center impurity case.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The study of semiconducting low-dimensional heterostructures
has been a revolutionary fact in the physics of solid state that has
allowed for undoubted milestones in the technology of electronic
and optoelectronics devices. Many researches has been carried out
in this context. So, to obtain a brief account of them we can, for
instance, refer to the book by Harrison (and the number of
references therein) [1].

In the particular subject of semiconductor quantum-well wires
(QWWs) it is possible to mention—as a matter of examples—a
rather early review on the optical properties [2], as well as a
selection of articles published within the last 15 years [3–25].
Among the earlier works in this group we find several experi-
mental studies on the optical properties of V-groove QWWs [3,4]
and the nonlinear optics in CdSe and GaAs QWWs [5]; as well as
the report on room temperature lasing [6], and on photolumines-
cence [9] of V-groove QWWs. The low-temperature electron
mobility in V-shaped QWWs was calculated by Tsetseri et al.
[10]. There are also works regarding exciton states, magnetoexci-
tons and exciton-related optical properties [13,19,21,22]; and even
a report on electron g-factor in QWWs in the presence of spin-
orbit Rashba coupling and magnetic field [23].
ll rights reserved.
The knowledge of the properties of electrical and optical
phenomena associated with shallow-donor impurities is of top-
most importance in bulk semiconductors and in semiconducting
low-dimensional systems. In this sense, the investigation of
impurity-related effects in QWWs can show a number of publica-
tions [8,11,12,14–17]. These reports deal with different physical
features such as the influence of the QWW cross section geometry,
application of electric and magnetic fields, dielectric constant
mismatch, position-dependence of the effective mass, hydrostatic
pressure and temperature effects, and diamagnetic susceptibility.

The nonlinear optical properties [26] of low-dimensional semi-
conductor heterostructures have been a subject of great interest in
past years [27]. Energy transitions between confined states in
these artificial semiconducting systems usually associate with
significant values of the oscillator strength [28] as well as small
relaxation times [29]. In these structures, the rather large values of
the oscillator strength are responsible for the appearance of high
dipole moment expectation values. Therefore, it is possible to
foresee pretty high manifestations of the nonlinear optical proper-
ties. Taking into account the rather extensive literature on the
subject, we may refer, for instance, to the experimental observa-
tion of second harmonic generation (SHG) [30,31], the third
harmonic generation (THG) [32] and the four wave mixing [33].
These reports have motivated the realization of many theoretical
studies regarding the nonlinear optical rectification (NOR), THG
and other optical nonlinearities in semiconductor heterostruc-
tures, among which we may cite the references [34–48]. In
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quasi-one-dimensional structures, there are—for instance—
reports on the influence of the electron–hole interaction on the
electro-optical properties of hyperbolic QWWs [7], the hydrostatic
pressure effect on the intersubband optical absorption and refrac-
tive index change in V-groove QWWs [18]; the optical absorption
in asymmetric graded ridge QWWs [20], and the nonlinear optical
absorption associated with shallow-hydrogenic impurities in
GaAs/AlGaAs QWWs under hydrostatic pressure [24]. There is also
a recent work of the nonlinear optical absorption in a QWW under
magnetic field and Rashba spin-orbit effect [25].

Very recently, Khordad et al. have published a number of research
articles dealing with semiconducting QWWs of triangular—and
parallelogram-shaped—cross section [49–51]. The exact eigenfunc-
tions of a QWW with equilateral triangular cross section were
presented in Ref. [49] and used to obtain the nonlinear optical
absorption response and the relative change in the refractive index
in a GaAs-based structure. The generation of second and third
harmonics in the same class of systems are the subject of study in
Ref. [51].

With all this as a motivation, the aim of the present work is to
present the results of the calculation of the linear and nonlinear
optical absorption and relative change of the refractive index
coefficients associated with the transitions 1s⇄2px and 1s⇄2py,
between shallow donor impurity states in a QWW of triangular
cross-section. The organization of the work is as follows: Section 2
briefly presents the description of the theoretical model. In Section
3 one finds the corresponding results and discussion. Finally,
Section 4 contains the main conclusions of the study.
2. Theoretical framework

The wire's cross section has a triangular shape with equal sides
of length L. In our theoretical approach, we use the effective mass
and parabolic approximations to describe the conduction band
states in the heterostructure. Given the particular geometry of the
system, the Cartesian coordinates are the suitable choice for
writing the three-dimensional Hamiltonian

H ¼−
ℏ2

2 mðnÞ
∂2

∂x2
þ ∂2

∂y2
þ ∂2

∂z2

� �
þ Vðx; yÞ− e2

ϵrr
; ð1Þ

where r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx−xiÞ2 þ ðy−yiÞ2 þ z2

q
is the electron-impurity distance

[ðx; y; zÞ and ðxi; yi;0Þ correspond, respectively, to the electron and
the impurity positions], m(n) (¼ 0:0665m0, where m0 is the free
electron mass) is the electron effective mass, ϵr (¼ 12:35) is the
GaAs static dielectric constant, e is the absolute value of the electron
charge, and the confining 2D potential in the triangular region is

Vðx; yÞ ¼
0; if ðx; yÞ is inside the wire region;
∞; if ðx; yÞ is outside the wire region:

(
ð2Þ

Without the impurity potential term at the right-hand side in
Eq. (1), the motion along the z coordinate (wire's axis) is free and
extends to infinity in both directions with wavefunction
ϕðzÞ∼expðikzzÞ, and free-particle-like energy εðkzÞ ¼ ℏ2k2z =2mðnÞ.
Under such specific conditions, the solution of the two-
dimensional effective mass equation for the confined motion of
the electron in the cross section of the triangular QWW, with
infinite barriers (according to the Eq. (2))

−
ℏ2

2 mðnÞ
∂2

∂x2
þ ∂2

∂y2

� �
ψðx; yÞ þ V ðx; yÞψðx; yÞ ¼ E2Dψðx; yÞ; ð3Þ

was obtained by Khordad et al. with the help of group theory
[49,51]. The allowed energies are given by

E2D ¼ Ep;q ¼ ðp2 þ p qþ q2Þ 8 π2 ℏ2

3 mðnÞL2
; ð4Þ
whilst the corresponding unnormalized wavefunctions are

ψp;qðx; yÞ∼ cos
2πxq
L

� �
sin

ð2pþ qÞ2πyffiffiffi
3

p
L

� �

− cos
2πxp
L

� �
sin

ð2qþ pÞ2πyffiffiffi
3

p
L

� �
− cos

2πxðpþ qÞ
L

� �
sin

ðp−qÞ2πyffiffiffi
3

p
L

� �
;

ð5Þ

where q¼ 0;1;2;3;…, and p¼ qþ 1; qþ 2; qþ 3;….
The impurity states can be calculated by means of a variational

procedure. We are interested in obtaining the 1s, 2px, 2py, and 2pz

impurity states associated with the electron ground state in the
quantum wire (q¼0, p¼1, and kz¼0). In consequence, the trial
wavefunctions are written as

Ψ iðx; y; zÞ ¼Niψ1;0ðx; yÞΘiðrÞ expð−λi rÞ; ð6Þ

where Ni is the normalization constant, λi is the variational para-
meter for the state under consideration, and ΘiðrÞ ¼ 1; ðx−xiÞ; ðy−yiÞ,
and z for the states 1s, 2px, 2py, and 2pz, respectively.

The energy of each donor impurity state associated with the
Hamiltonian in Eq. (1), and the corresponding wavefunction, is
obtained by minimizing the equation

EðλiÞ ¼
〈Ψ iðx; y; zÞjHjΨ iðx; y; zÞ〉
〈Ψ iðx; y; zÞjΨ iðx; y; zÞ〉

; ð7Þ

with respect to the variational parameter. After the energy is
obtained in Eq. (7), the donor impurity binding energy (Eb) is
obtained from the usual definition

Eb ¼ E1;0−Eðλ0i Þ ð8Þ

where λ0i is the value of λi which minimize the energy in
Eq. (7).

With these states, and for x-polarization (y-polarization)
of the incident radiation, we are then able to evaluate the
transition matrix element Mfi ¼ 〈Ψ f jx−L=2jΨ i〉

(¼ 〈Ψ f jy−L
ffiffiffi
3

p
=6jΨ i〉), which will be in the core of the evaluation

of the coefficients of optical absorption and of the relative change
in the refractive index. The expressions for these quantities can be
obtained within different contexts. One of the most commonly
used is the compact density-matrix theory for the electronic
polarization as a response to an electromagnetic field of frequency
ω, [36,52,53]. They are

αð1ÞðωÞ ¼ω

ffiffiffiffi
μ

ϵr

r
e2 sv ℏ Γif jMfij2

ðEfi−ℏ ωÞ2 þ ðℏ Γif Þ2
; ð9Þ

αð3Þðω; IÞ ¼ −ω
ffiffiffiffi
μ

ϵr

r
I

2 ϵ0 nr c
e4sv ℏ Γif jMfij2

½ðEfi−ℏ ωÞ2 þ ðℏ Γif Þ2�2

� 4 Mfij2−
jMff−Miij2 ½3 E2fi−4 Efi ℏ ωþ ℏ2ðω2−Γ2

if Þ�
E2fi þ ðℏΓif Þ2

�����
)
;

(

ð10Þ

the linear and nonlinear optical absorption coefficients. In these
expressions Efi ¼ Ef−Ei is the transition energy difference, μ is the
magnetic permeability of vacuum, ϵ0 is the free-space dielectric
permittivity, and c is the speed of light in vacuum. The Γif (¼ 5
THz) are the damping rates associated to the transition, sv
(¼ 3:8� 1022 m−3) is the carrier density, and nr ¼ ffiffiffiffi

ϵr
p

is the GaAs
refractive index. The quantity

I¼ 2
ffiffiffiffi
ϵr
μ

r
EðωÞj2 ¼ 2 nr

μ c
EðωÞj2
������ ð11Þ

is the optical intensity of the incident wave. The total absorption
coefficient is then given by the sum of the linear and nonlinear
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Fig. 1. Transversal section of the quantum-well wire. The color map corresponds to
the amplitude of probability for the first confined non correlated electron state. The
points 1 and 2 denote, respectively, the positions of on-corner and on-center
impurities. The dashed line corresponds to the equation y¼ x=

ffiffiffi
3

p
along which the

impurity moves in the present work. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)

Fig. 2. The color map corresponds to the amplitude of probability for the first three h
whereas the right-hand panel contains the results for on-corner impurities. In both cases
interpretation of the references to color in this figure caption, the reader is referred to
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terms

αðω; IÞ ¼ αð1ÞðωÞ þ αð3Þðω; IÞ: ð12Þ

Likewise, we have for the linear and nonlinear contributions to
the relative change of the refractive index:

Δð1ÞðωÞ
nr

¼ e2 sv jMfij2
2 n2

r ϵ0

Efi−ℏ ω

ðEfi−ℏ ωÞ2 þ ðℏ Γif Þ2
; ð13Þ

Δð3Þðω; IÞ
nr

¼−
e4 sv μ c I jMfij2

4 n2
r ϵ0

Efi−ℏ ω

½ðEfi−ℏ ωÞ2 þ ðℏ Γif Þ2�2

� 4 Mfij2−
ðMff−MiiÞ2
E2fi þ ðℏ Γif Þ2

EfiðEfi−ℏ ωÞ−ðℏ Γif Þ2
h�����

(

−
ðℏ Γif Þ2ð2 Efi−ℏωÞ

Efi−ℏω

#)
: ð14Þ
A

ydrogenic impurity state (1s, 2px , and 2py). Left panel is for on-center impurities
, calculations are for L¼ 10 nm. (a) 1s, (b) 2px, (c) 2py, (d) 1s, (e) 2px and (f) 2py. (For
the web version of this article.)
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Analogously, the total relative change of the refractive index is
the sum of these two contributions:

Δðω; IÞ
nr

¼ Δð1ÞðωÞ
nr

þ Δð3Þðω; IÞ
nr

: ð15Þ

On the other hand, taking advantage of the symmetry of the
system, the position of the hydrogenic impurity atom is set to
move along one of the triangle‘s medians, namely
r!i ¼ ðxi; xi=

ffiffiffi
3

p
;0Þ.
3. Results and discussion

The numerical outcome of the study is reported for the case of
a GaAs-based QWW, as a prototypical system (see Fig. 1 for an
illustrative scheme).

Fig. 2 shows a density plot for the probability of the impurity
states associated with the (q¼ 0; p¼ 1) uncorrelated ground
electron level. Fig. 2(a)–(c) corresponds to the situation in which
the impurity atom is placed at the triangle's orthocenter
(x¼ L=2; y¼ L=2

ffiffiffi
3

p
), whereas Fig. 2(d)–(f) represent the quantity

jΨ iðx; y; zÞj2 in the case of the impurity located at the bottom left
vertex of the triangle (x¼ y¼ 0).

In Fig. 3 we are presenting the calculated 1s-like and 2p-like
impurity binding energies related with the confined ground
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riangular-shaped GaAs quantum-well wire as a function of the impurity position —

and L¼20 nm (dotted lines). (a) 1s, (b) 2px, (c) 2py and (d) 2pz.
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electron state in the wire. They are given as functions of the
triangle side length for the two particular choices of the hydro-
genic impurity position mentioned above. One may see that the
limits that correspond to the strict one-dimensional (very small L)
—consistent with the choice of the trial wavefunction—and three-
dimensional effective hydrogen atom (large L) are appropriately
approached in all cases. In the case of the 1s-like state, the
convergence towards the limiting case of very large L in the on-
center case is much slower than the one obtained for the on-
corner impurity. This is mostly due to the stronger on-center
Coulombic coupling provided that the electronic density of prob-
ability has its maximum located precisely at the impurity position.
Although the 1s-like state keeps its central symmetry in the on-
corner case, the magnitude of the Coulombic contribution (see
Fig. 2(d)) is considerably smaller due to the effective spatial
separation between the electron and the impurity core. In all,
augmenting the size of the triangular cross section implies the
reduction in the localization and, thus, in the strength of the
Coulombic coupling; but the probability density still has its
maximum around the orthocenter and, therefore the binding
energy is larger when the impurity locates at the center.

An analogous discussion can be made in the case of the 2px;y

binding energies. Given the central symmetry of the ground
electron density of probability, the electrostatic interaction with
the 2p orbitals is stronger in the on-center impurity configuration,
thus leading to larger—in magnitude—values of Eb. This can be
seen by observing the associated solid curve in Fig. 3. The negative
sign is due to the usual choice for the energy reference in the
description of the impurity binding energies (see Eq. (8)). Besides,
the magnitude of the impurity binding energy is less affected by
the increment in the triangle side length due to the lobular
geometry of the density of probability of p orbitals. On the other
hand, given that the triangular cross section is equilateral, both px

and py symmetries are equivalent. Therefore, the corresponding
binding energies are degenerate.

Analyzing the results shown for the on-corner impurity, we
base on the plots appearing in Fig. 2(e) and (f). The positioning of
the impurity atom at the ð0;0Þ vertex always leaves only one of the
lobular parts of the p-like orbital with a significant overlapping
with the uncorrelated ground electron state density of probability
(see Fig. 1). This means that the effective electron-impurity
distance is—in fact—larger, and the electrostatic interaction weak-
ens. In order to explain the difference in magnitude of the 2px and
2py binding energies, we observe the density of probability
depicted in Fig. 2(f). There, we notice a deviation of the electron
0 10 20 30 40 50
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400

500

ΔΔ ΔΔ
 E

 (m
eV

)

L (nm)

Fig. 5. Energy transition between the first confined hydrogenic donor impurity states in a
The solid lines are for 1s-2px transitions whereas the dotted lines are for 1s-2py tran
(a) and on-corner impurity (b). Note the superposition of both energy transitions in (a)
cloud towards the left bottom vertex (the upper lobulus of the 2py

orbital is pushed away by the lateral infinite barrier, towards the
inner of the triangle). As a consequence, the value of the effective
electron-impurity distance is smaller.

Regarding the 2pz binding energy shown in the inset; its
smallness can be directly justified by the extended character of
the uncorrelated free-like electron wavefunction along the wire
axial direction. This causes a large reduction in the Coulombic
interaction due to the enlargement of the expected electron-
impurity distance.

Fig. 4 contains the dependence of Eb upon the position of the
donor impurity atom (along the y¼ x=

ffiffiffi
3

p
direction) for the 1s and

2p states under consideration. The configurations included are
those of L¼ 10 nm and L¼ 20 nm. One readily sees that the
maximum values, in all cases, correspond to the on-center situa-
tion. Furthermore, the results depicted confirm the decreasing
behavior of Eb with respect to the increment in the triangle side
length L, according the discussion made above.

On the other hand, Figs. 5 and 6 show, respectively, the
variations of the Ef−Ei electron transition energy as functions of
the triangle size L and the impurity position. It is worth mention-
ing that this difference corresponds to the total energies of the
electrons in the initial (1s) and final (2p) states involved in the
transition.

It is obvious that the transition energies are rather strongly
decreasing functions of the triangle size. This behavior relates with
the loss in confinement of the electron motion which reflects in
the reduction of the Coulombic interaction curves (see the
respective changes in the energy positions of the solid and dotted
curves in Fig. 3 while L augments) and of the uncorrelated energy
E1;0, according to the Eq. (4).

Regardless the size of the triangular cross section, the max-
imum value of the transition energy is the one obtained when the
donor impurity atom is at the center. This is consistent with the
results previously commented.

In Figs. 7 and 8 we are presenting the different dipole moment
matrix elements that are included in our study of the optical
properties. They contain the functional variations of these ele-
ments with respect to L and the donor impurity position,
respectively.

Fig. 7 shows the dipole matrix elements, taking into account
two particular polarizations of the light; x-polarization (Fig. 7
(a) and (c)), and y-polarization (Fig. 7(b) and (d)), as well as the
two specific positions of the impurity already discussed (on-
center: Fig. 7(a) and (b); and on-corner: 7(c) and (d)).
0
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0 10 20 30 40 50
L (nm)

triangular-shaped GaAs quantum-well wire as a function of the side of the triangle.
sitions. Two different impurity positions have been considered: on-center impurity
.
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The growing variation exhibited by the line 1 (dipole matrix
element M2

1s−2px
of x−xi, in the on-center case) in Fig. 7

(a) associates with the finite result of the integral along the
x-direction given the even parity of the integrand. We must keep
in mind that along the y-direction, both 1s and 2px lose their
symmetries due to the presence of an upper barrier formed by the
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Fig. 6. Energy transition between the first confined hydrogenic donor impurity states in
—the impurity moves along the line yi ¼ xi=

ffiffiffi
3

p
. The solid lines are for 1s-2px transitio

lateral side of the wire have been considered: 10 nm (a) and 20 nm (b).
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color in this figure caption, the reader is referred to the web version of this article.)
intersection of two planes, as well as a lower horizontal barrier
related with a single plane. The other matrix elements, evaluated
under the x-polarization, identically vanish for symmetry reasons.
The opposite situation appears in the evaluation of the dipole
matrix elements in the on-center case under the y-polarization.
This time, M1s−2px is zero because the integration over the variable
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impurity position —the impurity moves along the line yi ¼ xi=
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p
. The results are as follows: L¼10 nm (a, b), L¼20 nm (c, d), x-polarization (a, c), y-polarization (b, d). The

numbers and colors identify the following matrix elements: M2
1s−2px

(1-black), ðM1s−1s−M2px−2px Þ2 (2-red), M2
1s−2py

(3-green), and ðM1s−1s−M2py−2py Þ2 (4-blue). (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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x has an odd integrand. The remaining dipole matrix elements are
finite, with a predominance of the term M1s−1s (that is why we
observe a coincidence of lines 2 and 4). The behavior of the
element M1s−2py , represented by the line 3, is analogous to the one
shown by the line 1 in Fig. 7(a). That is, there is no spatial
symmetry involved in the integration along y, and the increase
in L leads to larger values of y−yi in the integrand.

In the on-corner case, none of the wavefunctions show a
definite symmetry. Therefore, all dipole matrix elements are
non-zero, although in Fig. 7(c) and (d) it seems that some of the
lines have null values; but it is merely for scale reasons. What
happens in fact is that in the x-polarization (Fig. 7(c)), the
dominant terms are M1s−2px and M2px−2px , whilst in the y-polariza-
tion (Fig. 7(d)) they are M1s−2py and M2py−2py .

Explaining the results of the functional variation of the same
dipole matrix elements with respect to the change in the donor
impurity position (Fig. 8(a)–(d)) implies the use of analogous
arguments. One sees that, in general, the dipole matrix elements
are nonzero (there are also scale reasons involved, depending on
the specific polarization of the incident light), with the exception
of those symmetry points previously discussed in the analysis of
Fig. 7.

We shall discuss now the outcome of the calculation of the
optical absorption response and the relative change of the refrac-
tive index associated to donor impurity states in the GaAs-based
triangular QWW. Accordingly, the variations of αð1Þ, αð3Þ, and α are
shown in Fig. 9(a) and (b) for x- and y-polarizations, respectively,
in the on-center-impurity configuration, for three particular values
of the triangle side length.

It is possible to see that for a fixed value of L there is only a very
small difference in the amplitudes of the isolated contributions
and the total absorption coefficient, when comparing the results of
the two polarizations. Meanwhile, the peak positions are, as can be
expected, the same in both cases. Thus, the numerical difference
lies in the magnitude of the transition matrix elements. By
observing Fig. 7(a) and (b) we notice that, for the y-polarization
the element M1s−2p is somewhat smaller than its corresponding
one in the x-polarization. At the same time, the element of the
type jM1s−1s−M2p−2pj is slightly larger than that of the x-polariza-
tion case. Augmenting the side length, L, reflects in the redshift of
the peak positions, Whilst the amplitude of the linear term
resonant peak becomes practically unaffected because of the
compensating competition between the growth in the transition
dipole matrix element and the fall in the resonance frequency; the
nonlinear term does exhibits rather important changes in ampli-
tude as long as the size of the triangle increases. What is
happening in this situation is that there is a predominance coming
from the factor including the fourth power of the transition dipole
matrix element, given the smallness of jM1s−1s−M2p−2pj in
each case.

We can also notice that the magnitude of the amplitude of the
nonlinear resonant peak reaches a quite significant weight for the
value of light intensity chosen (I¼ 0:95� 1010 W=m2). In conse-
quence, there is an important quenching effect on the total
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absorption coefficient, even leading to the possibility of an
absorption bleaching, as noticed in the case of L¼ 22 nm in
Fig. 9(a) and (b).

With regard to the relative change in the refractive index in this
on-center impurity configuration [Fig. 9(c) and (d)], we are able to
observe the same redshift as a result of the increase in the triangle
size. The same explanation stated above applies in this case. The
distinctive fact here is that the growth in L affects in the same way
the amplitude of the linear and nonlinear contributions. So, the
larger the triangle side is, the higher is the peak amplitude of
Δn=nr . The reason for this is the growing variation of the transition
dipole matrix element as a function of L shown in Fig. 7(a) and (b)
(see also Eqs. (12) and (14)).

Let us consider now the results for the optical absorption and
relative refractive index change coefficients shown in Fig. 10. They
correspond to the change in the donor impurity position along the
line y¼ x=

ffiffiffi
3

p
(with the origin placed at the lower bottom vertex,

as illustrated in Fig. 1) when the triangle size is kept fixed at
L¼ 10 nm.

In the case of the x-polarization [1s−2px transition, Fig. 10
(a) and (c)], the increment in the horizontal position of the donor
impurity has a mixed effect on the resonant peak position. First,
there is a blueshift and, when the donor atom goes beyond the
middle of the side length, the peak position becomes redshifted.
Likewise, the peak amplitude of the linear and nonlinear con-
tributions has first an increase and, when the impurity position
goes beyond the center, this quantity diminishes. We can analyze
such a behavior with the combined help of Figs. 6(a) and 8(a), for
the transition energy and dipole moment matrix elements, respec-
tively. With those results in mind, the optical properties under
consideration are readily explained.

For the y-polarization [1s−2py transition, Fig. 10(b) and (d)],
increasing the value of the horizontal impurity position results in
the same combined displacement (first a blueshift and then a
redshift) although the subsequent shift towards the red is less
pronounced. Also, the peak amplitudes start augmenting and bear
an ulterior decrease when xi > L=2. Again, Figs. 6(b) and 8
(b) contain the elements to explain the variation of these two
optical responses.
4. Conclusions

In this paper we have studied the donor impurity states and the
associated linear and nonlinear optical absorption and relative
refractive index change coefficients in a triangular-shape GaAs
quantum wire.

The calculation of the impurity binding energy considers 1s,
2px, 2py, and 2pz states, coupled to the ground uncorrelated
electron level in the system. The inclusion of a change in the
position of the donor atom shows that the magnitude of the
binding energy is larger when it coincides with the triangle's
orthocenter. Likewise, the energies that correspond to the 1s−2px;y

transitions and the corresponding dipole matrix elements have
their maxima in the on-center case.
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With the calculated transition energies and impurity-related
states we evaluated the linear and third-order nonlinear contribu-
tions to the optical absorption coefficient obtaining an overall
redshift for the on-center case, when the side dimension of the
triangular cross section is augmented, in both the x- and y-polar-
izations. An interesting fact is that the magnitude of the nonlinear
term of the optical absorption can reach significant values, with
the possibility of an absorption bleaching in the system. This
makes the impurity states in a triangular-shaped quantum wire to
be good candidates for the practical obtention of nonlinear optical
responses using GaAs.
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