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Effects of external fields on the far-infrared 1  s—2p intradonor
absorption spectra in quantum wells
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The effects of both electric and magnetic fie{dpplied perpendicular to the interfages the donor
transition energies on a GaAs-GgAl,As quantum well are studied by following a variational
calculation within the effective-mass approximation with two-parameter variational envelope
hydrogenic wave functions for thes1land 2p,-like donor states. A detailed analysis of the
far-infrared intradonor absorption spectra, taking into account a proper consideration of the
impurity-doping profile, is performed and results are compared with recent experimental data. The
agreement between the reported magnetospectroscopic data and the average photon energy at the
width at half-maximum of the calculated infrared-absorption spectra is quite apparent. It is
unambiguously shown that the absorption spectra must be evaluated with an adequate choice of the
variational envelope wave function for a correct quantitative understanding of the experimental
measurements. €996 American Institute of Physids$S0021-897¢96)04116-3

The important role played by impurities on bulk semi- In this work, therefore, we present a variational calcula-
conductor systems has achieved its natural counterpart int@on of the 5—2p transition energies for a neutral donor in
the physics of low-dimensional heterostructures as is the case GaAs—-Ga._,Al,As QW which explicitly takes magnetic-
of selectively doped quantum well®Ws). Spectroscopic and electric-field effects into account in the variational
measurements of various kinds have been used over the pastheme, and consider a more realistic two-parameter trial
few years to determine the effects of confinement on shallovgnvelope wave function for the donos &nd 2, states.
impurities in QW structures. In particular, Parihar and Lyon In the effective-mass approximation, the Hamiltonian for
have recently shown how impurity transitions can be used t& neutral-donor impurity in a GaAs—-GgAl,As QW, in the
avoid the rapid nonradiative intersubband relaxation of carPresence of a magnetic fiell and an electric field, both
riers and would naturally find applications as infrared detec@pPplied perpendicular to the interfaces, may be written as
tors and emitters. Jarosi al? have reporteds—2p, tran- 1
sitions in donor-doped GaAs—&GaAl,As quantum wells by H=
analyzing the  transmission  spectra via far-
infrared magnetospectroscopic techniques. This work Waghere V, is the barrier potentiale is the electron charge,
followed by a number of theoretical and experimentaly =[p2+ (z—z)?"?is the electron position with respect to
investigations.® The effects of magnetic and electric fields the donor a;,, andm* ande are the GaAs conduction-band
on the confined impurities in selectively donor-doped QWseffective mass and dielectric constant, respectively, which
have been studied by Yoo, McCombe, and Sch&f: per-  we take as constants throughout the heterostructure. Using a
forming far-infrared magnetospectroscopy measurementsylindrical gauge, the vector potential is taken As-(B
they argue that the impurity distribution is strongly reflectedxr)/2. The variational donor-envelope wave functions are
in the absorption line shape for a QW under electric fields. written as products of the exact solution of the square well

In a recent theoretical work, Latg al> have calculated with applied electric fieldi®® (a linear combination of Airy
the s—2p, transition energies of hydrogenic donors in functiong and two-parametér? variational hydrogeniclike
GaAs—Ga_,Al,As QWs under electric and magnetic fields functions for the § (m=0) and 2, (m=+1) -like states,
by adopting a simple one-parameter variational wave func- , )
tion for the k- and 2, -like states. Results show a strong L m=plMeMee(arhe), 2

dependence on the impurity distribution within the well andwheren, |, andm are integers corresponding to the principal,

. . - 5,6
good agreement with experlmehtal data. Also, Lgﬁtgal. orbital, and azimuthal quantum numbers of the hydrogenic-
conclude that a better description of the experimental datﬂke functions, respectively, and and 3 are variational pa-

would require more realistic hydrogenic variational wave ,neters. For the case of applied external fields, the use of a
functions in order to better allow for distortions caused bygjngie-parameter trial envelope wave function is certainly not

A\2 ¢€?
p—eE) —E+|e|Fz+VB(z), 1)

2m*

the electric and magnetic applied fields. adequate since it preserves the spherical symmetry of the
hydrogeniclike wave function and does not take into account
dElectronic mail: latge@if.uff.br the anisotropy effects introduced by the external fields, i.e., a
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-0.5 0.0 0.5 trial one-parameter envelope wave functi@otted curves
z/L shows a reduction in the intradonos-%2p ., transition en-

ergies. The dependence of the transition energies on the do-
FIG. 1. Intradonor & -2p, transition energies for anL=500 A  NOr positions Within.th(? QW is depicted in Figlh) for three. .
GaAs—Gg-Al,As QW andB=8 T as functionga) of the applied electric ~ values of the electric field. An enhancement of the transition
field for different positions of the donor inside the QW, gbgiof the donor energies for donors at the left-hand-side well edge
position within the well forF=0, 10 and 20 kV/cm. Solid curves corre- o . . .
spond to the present calculation whereas the dotted lines correspond to(g' L/2) is clearly See,n as the electric fle_ld increases due
calculation with a trial one-parameter envelope wave fundtief. 5. Full  t0 the larger concentration of the electronic charge around
dots in(a) correspond to experimental data by Yoo and co-workRes. 7. the impurity caused by a distortion of the QW potential in

the presence of the electric field.

o o _ _ . The transition strengthg(1s|x|2p. )|?, for x-polarized
distortion on thez direction and an electronic confinement in radiation, and for ah =500 A QW under a magnetic field of
the layers. One should note that these effects are somehayT are shown in Fig. 2 for different values of the electric
considered through the variational parameterand 8 in-  field as functions of the donor position within the QW. One
cluded in the choice for the trial wave function in the presenishould notice that since the experimental data are related to
calculation[Eqg. (2)]. The energies of thesl and 2. -like  1/3-central-doped samples, the actual region which deserves
states are calculated from the minimization of the energy detailed theoretical study is associated with donor positions
with respect to the variational parameters as functions of thgom —L/6 to L/6. As expected, in the case of zero electric
electric and magnetic fields. _ o field, the transition strength exhibits perfect symmetry

The absorption spectra, for-polarized radiation, be- around the center of the well. In the presence of an electric
tween donor statessland excited states may be ob-  fie|d, the square shape of the QW changes to a triangular

tained by%° one, which concentrates the electronic charge in one of the
~Li2 sides of the QW; this effect is also reflected in the transition
a(w)“wfu2 dz|(1s|x|2p )|*P(2)) 8(Ess2p, —Fiw), strengths. Also, it is apparent from Fig. 2 that the transition

3) strength is quite sensitive to the values of the applied electric
fields and to the donor position within the QW, indicating
where P(z;) is the donor distribution in the QW, and unambiguously that absorption spectra calculations are fun-
Eis.2p, represents the transition energy between theatd  damental in a correct theoretical treatment for a proper un-
2p, -like states. In order to simulate broadening processeglerstanding of the experimental data.
we replace the above delta function by a Lorentzian with a  Intradonor absorption coefficients for abh=500 A
width of 4 cmi ! (=0.50 meV."! GaAs—Gg-AlyAs QW as functions of the photon energy
Theoretical results and experimental data fer-2p ., are presented in Fig. 3, f=8 T. For the case of zero
intradonor  transition energies for anL=500 A electric field the intradonor absorption spectra exhibits a
GaAs—-GgAlgAs QW under a magnetic fieldf@d T as  well-defined peak at the energy corresponding to the
functions of the applied electric field are shown in Figg)l 1s—2p, transition, whereas fdf =5.5 kV cm, a broad fea-
for different positions of the donor within the QW. Experi- ture is found in the corresponding structure of the absorption
mental data correspond to a central-1/3-doped QW. Onepectra. Figure 3 also shows the results of calculations con-
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; In summary, we have presented a theoretical study of the
000 1% 140 160 180 effects of electric and magnetic fieldserpendicular to the

photon energy (cm™) QW interface on the intradonor infrared-absorption spec
tra associated with sk»2p, transitions of donors in
FIG. 3 520, infrared-absorofi ficient, for an=500 A OW GaAs-Ga_,Al,As QWs following a variational treatment
.o, — 2Py Infrared-absorption coetiicient, Tor = P . i . . _
under a magnetic fieldfd T and for a donor distribution over the central V\{Ithll’l the effective-mass appro_X|mat|0n.. Our reSUIt_S Hnam
1/3 of the QW:(a) F=0; (b) F=5.5 kv/cm. Solid dots on the horizontal Diguously show that an appropriate choice for the trial enve-
axis are the experimental data by Yoo and co-workBe. 7). Solid curves  lope wave function together with a full calculation of the
correspoqd to the pre;ent calculation whereas the dotted lines correspondiﬁ‘tradonor absorption coefficients is essential for a proper
a calculation with a trial one-parameter envelope wave fundfief. 5. s .
guantitative understanding of the reported magnetospectro-
scopic measurements.
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