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Infrared transitions between hydrogenic states in cylindrical GaAs quantum-well wires under
applied magnetic fields
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Using the effective-mass approximation within the variational approach, we have calculated the binding and
the allowed transition energies between ttee, Ps-, 2p..-, 2p,-, 3s-, 3p--, and J,-like states of a hydro-
genic on-center donor impurity in a cylindrical GaAs quantum-well wire, under the action of a magnetic field
applied in the axial direction. Our results are obtained for several wire radii and as a function of the applied
magnetic field. We have found that some excited states are not bounded for some values of the radius of the
wire and of the applied magnetic field, and that the geometric confinement and the applied magnetic field split
the degeneracy of some excited staf&£163-182@9)06503-0

Much attention has been focused during recent years owhere we have used the atomic units of lengf
the optical properties of low-dimensional systems. Magneto=¢#2/m*e?> and  energy R*=e%2ca*. Here
spectroscopy experiments have been carried out on shallop= (p2+2z2)%2, zis the relative coordinate of the separation
donor impurities doped in the central region of the wells in ahetween the electron and the ion of the impurity in the axial
GaAs-Ga_,Al,As multiple QW's by Jarosiket al," who girection of the wire is the dielectric constant of the GaAs,

found increased values for thes-p.. transition energies andm* is the electron effective mass. The components of
with respect to the bulk values. Far infrared measurementge yector potential in  cylindrical coordinates are

performed by Yooet al? have allowed the observation of A =A,=0,A =% (Bp). In Eq. (2.1) y=ehB/2m*cR* is
e . N A, A, . (2.

Slfr(i;ttig(s:-ﬂ?rlnd Zfé?gétsiv%?ythgoilgftéggg dStaGtZ?AgflGSgAaI”%V; 'M-the measure of the electron energy in the first Landau level

: iy ~ : =

QW's. The effect of electric and magnetic fields on the in_ggefg),th_i;emt*o_tgeoggtlog f; t5h8e ;2?%1?5 :L]eqldur:ii(;;(faAs

tradonor transition energies between tieelike ground state 100"& d R*__;:_) 83’8_V .W ’ h tpth .

and 2p..-like excited states of hydrogenic donors were re-_ p tan . .th n:je_ .t' N asslikr]ne a:c_ N czirners

cently studied by Latget al® following a variational calcu- '€ 'ré€ o move in i 'fc lon and the confinement po-

lation within the effective-mass approximation. The theoret-tential isV(p) =0 for O\P\'Z_ andV(p)=ce for p>R.

ical infrared-absorption spectra associated $62p.. donor Following Green and Bajawe calculate the binding en-

transitions in GaAs-Ga ,Al,As QW's under electric and €rgy of a given stat&,,, by means of

magnetic fields, and for-polarized radiation, were calcu- .

lated taking into account the appropriate doping profile and Eb,nim(R.B)=E1o+ ¥y = (¥ nim|H[ W nim), (2.2

have provided an adequate understanding of the availablghereE,, is the lowest subband energy of the well potential
1s-2p. experimental measurements. Many authors havenq(g  IH|W . is the expected value of the Hamiltonian
worked on the calculation of the binding energies, density 0{3 1) for the impurity state under consideratian.|, andm
impurity states, transition energies, and photoluminescencg e’ the principal, orbital and magnetic quanturn numbers,
spectra  associated with  shallow impurities in respectively. The value &y, is E;o=[2.4048a* /R?]2.
GaAs-Ga_,Al,As quantum-well wiresQWW's). However, When the impurity is present, we use the trial wave func-
there are no theoretical studies considering the effects of ag;; o proposed by Lafget al® These wave functions are

p_Iieg magnetifc(;ields on th_e_infr_aredl_trgrysitilons between exg,yhressed as the product of electronic wave functions in the
cited states of donor impurities in cylindrical GaAs QWW'S. o1 of the wire without impurity and without magnetic field,

_In this work, using the effective-mass approximation ., isilied by the hydrogenic wave function corresponding to
within the variational approach we calculate the binding enjtge excited state under consideration. that is
n L 7

ergy and some transition energies associated with the grou

and some excited states of a hydrogenic on-center donor in a Nom® 10 2) Taim(T A1 Balsant}), p<R,
cylindrical GaAs QWW'’s under the action of a magnetic \I’mm(r):[ommp;?? nim ot
field applied in the axial direction. The Hamiltonian of a ' ' 2.3

donor impurity, located at the axis of a cylindrical GaAs o
QWW in the presence of an applied magnetic fisld Bz ~ Where theNy, are the normalization constants and thg,

can be written as are the hydrogenic wave functions that corresponahlto
22 states. ®,(p) is the eigenfunctions of the Hamiltonian
a . . . . . . . .
H=—v2—iy| 2|+ Ye < Vi), 2.2) (2.1) without impurity and without magnetic field, which is
de 4 r given by
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FIG. 1. Binding energy of some excited states of a donor impurity located at the center of a cylindrical GaAs QWW, as a function of the
wire radius and for different values of the magnetic field.

Jo(kip), p<R, the wireR, r./R=[R?y] Y2 Forr,=R we have the limit
®1o(p)= 0, p>R. (24 for the transition from the geometric to the magnetic confine-

) ) ) ment regime. Ify>1/R? the magnetic confinement governs
Here J, is an ordinary Bessel function of zero order, and gy er the geometric one and vice versa.

kqoR is the first zero oflg(kigR). The\,,, Bn, anday,, are
variational parameters used by Chaudhuri and Bajsgt
vary according to\,,; in such a way that the orthogonaliza-
tion is preserved.

The allowed transition energies are given by

In Fig. 1 we show the binding energy of the-12s-, and
3s-like states as a function of the QWW radius for different
values of the applied magnetic field. For all states we ob-
serve that the binding energies increase significantly for
small values of the radius independently of the applied mag-
E+(nim—n"1'm")=|Ep nim(R.B) — Ep o' (R,B)], netic field; that is, for small values of the QWW radius the

(2.5 geometric confinement governs the behavior of the binding
energy over the magnetic one. For large values of the radius

and the selection rules used for the allowed transitions areR the magnetic field determines the behavior of the binding

Al=I—1"=+1, energy for all of thenslike states. For the &like state the
(2.6) corresponding binding energy increases with the applied
Am=m-m’'=0,+1. magnetic field in the intermediate and weak geometrical con-

finement regimes. For thes2 and 3-like states it is seen
The competition between the magnetic and the geometrithat there is a critical radiuR. (B) such that forR>R.
confinements can be visualized by means of the relation beahere are not bounded states. This is due to the fact that for
tween the cyclotronic radius,=(1/y)*2 and the radius of R>R. (B) the changes undergone by the kinetic and dia-
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FIG. 3. Binding energy of some excited states of a donor impu-
o ) ) rity located at the center of a cylindrical GaAs QWW, as a function
FIG. 2. Binding energy of some excited states of a donor impu-f the magnetic field and for a wire ofa in radius.
rity located at the center of a cylindrical GaAs QWW, as a function

of the wire radius and for different values of the magnetic field. )
and the slope of the curve becomes larger when the magnetic

magnetic energies under the action of the applied magnetiteld is augmented. In the randg&> R, the binding energy
field overwhelm the corresponding change in the potentiatiecreases wheR increases and the speed of such decreasing
energy. With the increasing of the applied magnetic field,s substantially large for great magnetic fields. The existence
R. (B) decreases and its value lies in the range of weak andf the critical radiusR.; is due to the strong confinement of
intermediate confinement. For QWW radiBs<R.(B) the the wave function in the radial direction and therefore the
binding energy is a decreasing functionfo&nd the speed of corresponding energy is higher than the first ionization level
its decrement increases wikh within the structure.

The binding energies of .- and 3_-like states are In Fig. 3, for a wire of @* in radius, we represent the
represented in Fig. 2 as a function of the QWW radius andinding energy of some excited states as a function of the
for different values of the applied magnetic field. It is seenapplied magnetic field. It is observed that the energy of the
that there are two characteristic raii; (B) [at which the 1s-like state increases approximately linearly with the ap-
bounded states appear foR=R.(B)] and R, (B) plied magnetic field in agreement with the results by Branis
(at which the binding energy reaches its maximumet al” Unfortunately for the other states considered by us,
valug. Both characteristic radii diminish with the increasing there are neither theoretical nor experimental results to com-
of B and their values lie in the range of strong andpare ours with. It is observed that the separation between the
intermediate geometrical confinement. For QWW radiibinding energy of the excited states increases with the ap-
R.1 (B)<R<R., (B) the binding energy increases wikh  plied magnetic field. Also, it is important to note that Br

Radius ( a* )
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FIG. 4. Infrared transition energies of a donor impurity located GaAs QWW'’s using the infinite potential model, its results
at the center of a cylindrical GaAs QWW, as a function of thecould be used to discuss experimental results not only in
magnetic field and for a wire of & in radius.
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2p_ like. Otherwise the magnetic field augments the energy
of the 2s-, 2p, -, 2p,-, 3s-, 3p,-, 3p,-like states over the
energy of the first electron level in the well of the wire, in
such a way that these states become unbounded for large
values of the magnetic field. The splitting of the energy de-
generacy betweens2 and 2p,-like states and between the
3s- and 3,-like states presented in Figs@Band 3b), re-
spectively, is entirely due to the responsesefand p-type
wave functions to the quantum geometrical (fB=0) and
magnetic (for B#0) confinements.

We represent some transition energies as a function of the
applied magnetic field in Fig. 4. It is of importance to ob-
serve that for the geometry we are using and with the mag-
netic field applied parallel to the axis of the cylinder, the
transition l5—2p, has a higher energy tharst-3p, for
all the range of the applied magnetic field, opposite to the
results obtained by Latget al® in GaAs{Ga, A)As QW's.

This is entirely due to the different geometric confinement in
which thenp-like states are now confined. In all of the ways,
excepting 5—2p_ and Z—3p,, the other transitions in-
crease in a wide range of the applied magnetic field. We
expect that these transitions must be observed in photolumi-
nescence spectra in GaAs QWW'’s when these structures can
be fabricated and these measurements performed.

In this work, using the effective-mass approximation
within the variational approach, we have calculated the bind-
ing and the allowed transition energies between the 2s-,
2p+-, 2p,, 3s-, 3p+-, and P,-like states of a hydrogenic
on-center donor impurity in a cylindrical GaAs QWW, under
the action of a magnetic field applied in the axial direction.
We have found that some excited states are not bounded for
some values of the radius of the wire and of the applied
magnetic field, and that the geometric confinement and the
applied magnetic field raise the degeneracy of some excited
states. We believe the present calculation will be of impor-
tance in the understanding of future experimental work in
this subject. Even though this work has been performed for

GaAs, but in GaAs-Ga ,Al,As QWW'’s under the action of
applied magnetic fields, whenever 030<<0.45 in order to

=0T there is a splitting in the binding energy of the excited,5ye high enough potential barriers.

states with equah due to the geometric confinement. Here it

is interesting to observe that one of the roles of the magnetic This work was patrtially financed by the Colombian scien-

field is to increase the binding energy of the statesahd

tific agency, Colciencias, under Grant No. 1106-05-025-96.
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