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Landau-like states in the magneto-optical spectrum of a shallow donor impurity:
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A calculation of the energy levels and the wave functions for a shallow donor impurity in an applied
magnetic field is put forward. The behavior of the donor electron in directions perpendicular to the field is
described by a basis set of Landau wave functions, and a variational procedure is used to generate approximate
forms for the wave function along the field axis. Theoretical values for the ionization energies of the impurity
are calculated and a comparison with both existing and new experimental data, also reported here, is made for
impurities in bulk GaAs. The model is used to obtain hydrogenlike states of the impurity as well as the
so-called “metastable” or “autoionizing” Landau-like states. A comparison with a “hydrogenic” method of
calculation is used to highlight the validity of the model. Also, transition probabilities from the ground to
excited donor states are deduced. The results obtained are used to identify the various peaks observed in
experimental spectra. Differences between theory and experiment are attributed to the occurrence of Fano
resonances. A discussion of the behavior of the impurity in an applied magnetic field calls into question the
expected ordering of the energy levels of such a syst&80163-18206)05735-9

I. INTRODUCTION wave functions of these states. However, their method ap-
plies only for extreme values of applied magnetic field and is
Photospectroscopy experiments, carried out retype  complicated by the use of Whittaker functions as trial basis
GaAs in applied magnetic fields, have revealed transitionstates. Golubewet al® also used a variational method to
involving not only the much-studied hydrogenlike states ofstudy Landau-like states in GaAs, but again they used a com-
donor impurities, but also transitions involving the so-calledplicated trial wave function involving a summation over
metastable, or autoionizing impurity statés.These latter many basis states. In the extensive work on the hydrogen
states are associated with the Landau levels of a free eleatom in strong magnetic fields, Friedri€rused initially a
tron, modified by the Coulomb interaction between the donowave function comprising a summation over many Gauss-
ion and the electron, and as such are observed only in finitens to describe the behavior of the electron along the field
magnetic fields. Henceforth, such states will be referred to aaxis, together with a summation over a series of Landau
Landau-like states. states to model the mixing of these states due to the presence
Although there has been extensive work carried out on thef the Coulomb interaction. The autoionization states of the
theoretical modeling of the hydrogenlike states of donor im-hydrogen atom in intense magnetic fields were also analyzed
purities in GaAs, there has been little work carried out on theby Bhattacharya and Chtiand by Greené? A review of this
modeling of the Landau-like states. Simola and VirtAmpot ~ work by Friedrich and Wintgeri appeared in 1989 with the
forward a detailed theoretical method for modeling theemphasis on chaotic motion. None of these methods results
Landau-like states of a hydrogen atom in a strong magnetim wave functions in a readily usable form. Also, very little
field which used a numerical procedure to ascertain the rework has been undertaken on the excited states.
quired energies. Friedrich and co-workers also used numeri- The main objective of this paper is to develop a theoreti-
cal methods to obtain approximate solutions for the Schrocal model that uses a variational approach to obtain simple
dinger equatio=’ The main drawback to these methods isexpressions for the wave functions of the Landau-like states.
that the numerical nature of the calculations means that nResults are also obtained for the hydrogenlike states, and
analytical wave functions can be obtained. Thus transitiortheir validity is discussed. The method is based on the origi-
probabilities cannot be computed. Also, transitions involvingnal work of Wallis and Bowldet but it is expanded consid-
the Landau-like states have been observed at energies fairgrably to describe a wider range of states. Results are ob-
close to that of longitudinal-optical phonons, and anticrosstained for many highly excited Landau-like states for the first
ing effects involving the electron-phonon interaction with time. A secondary objective of the paper is to report new
these donor states have been clearly seen. It is highly desiexperimental studies of the far-infrared spectra obtained
able for any model of this electron-phonon interaction tofrom samples of GaAs doped with silicon that give direct
describe the Landau-like states in an analytic form. support to the new model. Many of the features which were
In earlier work, Zhilich and Monozdhused a variational ~previously unidentified but which were observed in these and
procedure to calculate the energies of Landau-like states afther recent experimental studies of shallow donor states in
shallow donors which did yield an approximate form for the GaAs™ can be identified as transitions involving Landau-like
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states with quantum numbek&=10. where®y(p,¢) andf (z) are the components of the wave
Section |l gives details of the new model, and Sec. llIfunction perpendicular and parallel to the magnetic field, re-

describes new infrared experiments carried out on siliconspectively. The perpendicular component of the wave func-

doped GaAs samples. The transition energies to Landau-likéon is given by the Landau wave function

states are measured and, from these measurements, the ion-

ization energies are deduced for a range of magnetic fields. n 2

This necessitates correcting the raw data to take into account Dpm(prd) = [ Y 4}

the effects of nonparabolicity in the conduction band, the 27 | (n,+|m[)!

electron-phonon interaction, and the central cell correction. ><e*<1’2)§§<1’2)‘m‘L‘m‘(g)eim‘f’ 5)
np 1

Sections 1V and V include detailed discussions of the results
and their implications. Section VI discusses the ordering of
the Landau-like states, and Sec. VII concludes with a briefvherem is the quantum number associated with theom-
mention of other cases of Landau-like behavior of impuritiesponent of the orbital angular momentum of the electrgyis

in multi-quantum-well systems. a non-negative integeg=31yp?, and L‘nm‘(g) is a Laguerre
P
polynomial. The energy of the corresponding Landau level is
Il. MODEL given by

The Hamiltonian for the electron of effective masg
associated with a hydrogenic impurity in an applied mag- En=2y(N+3) (6)
netic fieldB can be written in the form
where N=n_+3(|m|+m) is also a non-negative integer.
H=H,4+H,+Hc, (1) Each Landau state is thus defined completely by the quantum
numbersN andm. The subscrip is an additional quantum

where number denoting the number of nodes of the wave function
19 P 1 2 y2 along the magnetic field axi@=0,2,4 . for.even parity
Hop=—— o (p (9—) -— (9—2+ yl,+ T p?, states,y=1,35 ... for oddparity states In this study, we
pop pl P09 restrict our calculations to the=0, 1, and 2 states as these
2 are the ones most likely to be observed in experiments.
H,=— —, 2) An approximate analyt_ic form _for the perpen_dicular com-
Jz ponent of the wave functioh,(z) is deduced using a varia-
and Ho— oI tional procedure. The form of,(z) chosen is the same as

that used by Wallis and Bowldéfi,namely, an orthogonal
Set of Hermite polynomials. In particular, the form ©f(2)
for v=0, 1, and 2 is given by

As the physical system has cylindrical symmetry abou
the applied-magnetic-field directiofdefined to be thez
axis), cylindrical coordinates and a symmetric form for the
gauge of the field have been used. All lengths have been
expressed in units of effective Bohr radfj (=#%4me/m* e?) ; (z)—( @) Me, we??
and all energies in effective Rydberg@* (=e?/8mea} , SRR W ’
wheree is the dielectric constant of the semiconductor ma-
terial). The quantityy is a dimensionless form for the mag-

3\ 1/4
nitude of the magnetic field where f1(Z)=( al) se ?
a
(47e)hs B 3
Y= %23 D
m* “e f B 26(2 1/4 26(2
andl, is the operator associated with taeomponent of the 2(2)= (3ai+2aqa,+3a3)*?

orbital angular momentum of the donor electron. In writing

. X . 2 —a,2?
down the Hamiltonian, we have assumed that the effective X[2(ap+ay)z®—1]e” *2*. (7)
massm* can be treated as a constant for the range of mag-
netic fields and electron energies to be considered. The a, are the variational parameters, and the prefactors en-

Initially, a convenient form for the wave functio of  sure that the functions are normalized over theirection.
the donor electron in the magnetic field is ascertained by To find the energy of an impurity state of givelh m, and
utilizing the adiabatic approach. It is assumed that the effect, the parametersy, are varied in order to minimize the
of the magnetic field is far greater than that of the CoulombenergyE,,,, of the states¥y,,, where
attraction between the electron and the impurity nucleus in
the direction perpendicular to the field so that the Coulomb

_ — 1
term does not mix states with different values\of Thus the Enmy = (W nmol 7 W) = 27(N+2) +F,

behavior of the electron in thp and ¢ directions can be = (= | Oy mlp )| (2)]2
treated separately from that in taedirection. Therefore we —477[ f ' T A" pdpdz (8)
write —=Jo

Ynme=Pnmlp, @) X ,(2), (4)  and where
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Fo=ap, applied field. However, when the donor electron is tightly
bound to the impurity iorfas in the case of the hydrogenlike
Fi=3aq, states of the impurity the approximation will be less appli-

cable. Greater accuracy may be obtained by allowing states

S — (7o +18aga,+15a3). (9) of differing N to admix via the Coulomb interaction. The

(3ap+2apay+3a3) states¥y,,,, with differentN but givenm and » can be used
This variational procedure also generates the wave functiofiS Pasis states for a new staign,, describing a range of
Wym, . The integral in Eq(8) can be calculated by compu- Values ofN. The subscripN’" denotes the Landau level with
tational means. which the impurity state is predominantly associated.

The adiabatic approximation used above is reasonable at Allowing for the mixing of states of differingy, a typical
high magnetic fields as the Coulomb interaction is a smalmatrix expression for an element of the Hamiltonian is given
perturbation on the behavior of the donor electron in thedy

as

F2

. 2n (= (o Pny m(p, D) PR ()T (2)
(W H Y= v 2N+ 14 F -2 [ [ [ e pdpdzdd,

(10)

where ON,N, is the Kronecker delta function arfd/™(z) is  field. The majority of the experimental data presented here

the z component of the basis statiy,, calculated previ- originate from previous work on the first sampt&*° but
ously for a givenN andm. By calculating the matrix of the additional data have been obtained from recent experiments

Hamiltonian 7 and diagonalizing it to obtain the energies On the second sample. . .

Ex'm,, @ MOre accurate estimation of the energies of the N Order to present the theoretical data in as general a way
impurity states and its wave functions can be obtained. | s possibldi.e., appllcablg for the hydrOger.‘ atom aS.W?” as
must be noted, however, that since the basis states used o sh_allow do_nors In various semlconductmg mate}iad- .
the linear combination for the stafiey,, are not true eigen- mensionless field and energy units have_be_zen u_sed. 'I_'hus, in
states of the Schidinger equation NbthV simply approximate order to present the experimental data, similar dimensionless
states, this improvement tends to lead to a lowering of thém'ts must be used for comparison. The latter have also to be

energy of states associated with the lower valuel obnly. Stripped of its material-specific character. Thus the data ob-

This latter method is therefore used only to improve thetamed experimentally from the silicon donor in GaAs have

. : . . been corrected for the small nonparabolicityPB) of the
modeling of the hydrogenic states of the impurity. conduction band and the influence of electron-pho(®B

interaction. Both corrections are needed for GaAs; each leads
Il EXPERIMENTAL DETAILS to a magnetic'field and/or energy—depe_ndent effective mass
of the conduction electrons. The correction for nonparabolic-
Two different samples were used in the far-infrared ex-ity has been obtained from the expression obtained by
periments. Both samples are approximatelyuif-thick ep-  Vrehen!” namely, that the corrected eneryis given by the
itaxial layers ofn-GaAs on a semi-insulating substrate, in- expressiorE=Ey(1— 6Ey/Ey), whereE, is the energy cal-
tentionally doped with Si and grown by molecular-beamculated for a parabolic ban&, is the band-gap energy, and
epitaxy (MBE) at the Philips Research Laboratory, Redhill, the parameter=0.83. The influence of the nonresonant
UK. For the first sample, the donor and acceptor concentraelectron-phonon interaction has been accounted for using the
tions were determinedat source and by temperature- low-field analytical expressions given by Peeters and
dependent Hall measurements® be 5<10* and 1x10'*  Devrees® with the electron-phonon interaction constant
cm 3, respectively. No direct determination of the impurity «=0.066.
concentrations in the second sample was available, but com- The far-infrared experiments measure the energy differ-
parisons of the spectra and tfie=77 K mobility data from ence between the ground statg,, and an excited donor
both samples suggests that the donor concentrations are vestateW),,,. In order to derive the ionization energy of the
similar. From an inspection of the far-infrared line shape ofdonor statesi.e., the energy difference between the Landau
the 1sy,—2p.4 transitions, the concentration of donors otherlevel N and the stateVy.,,), the small donor-specific, cen-
than Si in both samples is estimated to be no greater thamal cell correction(CCC) for the ground-state energy must
5%. also to be taken into account. This field-dependent energy
In the experiments, a conventional optically pumped farcorrection may be written in the formAE=(0.7
infrared molecular gas laser was used. The sample was$ 6x 10 3B?) cm™%; this expression has been derived from
placed in the centre of a superconducting magnet and then analysis of data on the field dependence of transitions to
spectra were recorded by measuring the far-infrared inducetthe 2p_;, 2p,, and 3 _, states in GaAs$® Using all the
conductivity of the sample while sweeping the magneticabove corrections, the true ionization energigg, of the
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FIG. 1. Theoretical values for the ionization energies of shallow FIG. 3. As Fig. 1, but for théN,0,1) states.

donor states for a range of applied magnetic fiékdsid lineg and

the corresponding ionization energies calculated from EXperimentaéxperimentalIy. The agreement between theory and experi-
data for the(N,—1,0) states. ment is best at the higher values of the magnetic figld
where we would expect a method based on the adiabatic
I&pproximation to be more accurate. However, the agreement
for lower magnetic fields is still reasonable. The larger de-
Ein=(N+ 7% wcr—Egoo— Eexgt AEnpg+ AEgpt+ AE viations between theory and experiments which appears in
on 2TTCR 000 e NPe = %i% Fig. 4 for the(N,1,2 states is attributed mainly to the diffi-
, i i _ 1\ culty in obtaining accurate values for the experimental data.
in an obvious notation. Heréwcg (=13.98 cm”) is the The agreement between experiment and theory is best for
experimentally determined value for the cyclotron resonanc,e |ower values oN’. with an increasing discrepancy for

frequency in the low-field limit. From this value, a zero-field increasing values dil’. However, we would have expected
; M ' . . : :

effective mass om™ (=0.0668n,) is obtained. Finally, the ¢ fit 10 be poorer at lower values B where the electron

field and energy values have been transformed to dimensioRs more strongly bound to the impurity ion. We will consider

less units using the zero-field valu&=46.11 cm?* and this point again at the end of Sec. V.

y=B/B, whereB,=6.59 T. All finite field data have been  1q theoretical model was developed for the excited
corrected for the increase of™ with field and/or energy | angau-like states, where the adiabatic approximation is ex-
causing an increase in bol™ andB,. pected to be most applicable. However, results can also be
produced for hydrogenlike states. To examine the range of
IV. THE IONIZATION ENERGIES validity of such results, the calculated ionization energies

The ionization energies derived from both the model an(f/lave been compa_%%d V\.'ith the numeric_al values obtained by
the experimentscorrected as outlined abovare plotted to- akadq and MCG' using a heroggnhke model. The two
gether in Figs. 1—4 for a range ofvalues. The theoretical sets of ionization energies are given in Table | for a range of
energies of thé impurity states of givedl .m and v were different states and values. It can be seen that for larger
calculated as detailed above, and the corresponding valu@i@dnetic fields and for the higher-energy excited states,

for the ionization energies were deduced from the expressio ere the Coulomb interaction is not so _domm.ant, the dif-
29(N’+1)—E,,.. In each case, the value Nf of the state erences between the two sets of results is as little as 1% or
2 my* [

of given m and v is given in brackets at the sides of the Ies_s. Our Landau—_like approach, thgrefore, is seen to compare
figures. From the figures, it can be seen that the model prélu':je Ifav_orably \.N'thdj[fr]:e hydro%emc melthod. Holwever% tﬂe
dicts ionization energies that closely match those obtaine§'d€! gives quite different values at lower values of the

donor states have been obtained from the experimental tra
sition energie€,,, using
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FIG. 2. As Fig. 1, but for théN,1,0 states. FIG. 4. As Fig. 1, but for théN,1,2) states.
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TABLE I. Comparison of the ionization energies of hydrogenlike states obtained using the present theoretical method and those
calculated from the hydrogenic method of Makado and Mc@ilen in parenthesgs

N m v Yy 0.2 0.5 1.0 2.0

0 0 0 0.9066(1.18042 1.1977(1.39403 1.6619(1.50000 2.0438(1.89820
0 0 1 0.3390(0.37024 0.4217(0.44929 0.4901(0.51954 0.5597(0.59432
0 0 2 0.2058(0.29788 0.2451(0.30154 0.2749(0.32088 0.3033(0.34783
1 1 0 0.4797(0.50106 0.6804(0.69892 0.8938(0.9131) 1.1767(1.19896
1 1 1 0.25450.26357 0.3321(0.34268 0.3994(0.41313 0.4715(0.49047
1 1 2 0.1641(0.18168 0.2023(0.21872 0.2323(0.25099 0.2622(0.28483
2 2 0 0.35750.36262 0.5231(0.52878 0.6991(0.70609 0.9329(0.94232
2 2 1 0.2147(0.21900 0.2870(0.29303 0.3513(0.35993 0.4220(0.43488
2 2 2 0.1441(0.15166 0.1811(0.19053 0.2108(0.22309 0.2409(0.25734
3 3 0 0.2981(0.30017 0.4425(0.44522 0.5961(0.59986 0.8009(0.80559

magnetic field and for states having lower valuesNor m, 10 @nd ¢, were modeled using the hydrogenic method of
andw. It is apparent that the adiabatic approximation used iDunn and Peatt as discussed above. Also, in order to sim-
our model is no longer applicable for these strongly boundlify the calculations, results were obtained using the adia-
impurity states, where the Coulomb interaction is obviouslybatic limit where the states have a particular value Nor
more dominant. Alternative approaches, such as that of Dungather than a linear combination of values. For the purposes
and Pearf! should be used for these states. of the plot, the calculation was again carried out for a shal-
low donor impurity in bulk GaAs and the magnetic field and
the transition energies in the calculation were expressed in

0 f the advant fth del ted here i thtetrms of standard units.
ne o7 e acvarrages of e Mode preseniac hers s e Figure 5 also shows two examples of experimental spectra

it uses a simple variational procedure to determine asuitablgt a laser wavelength of 7@m for comparison with the

form for the wave function of the Landau-like states alongtheo - one examole is a spectrum obtained in the Farada
the z axis. This means that analytical forms for the wave Ty, on P P ) ) . y
onfiguration and the other was obtained in the Voigt con-

functions can be obtained and so used in further calculations. ; ) . )
For example, this model has been used to examine the effec guration. On comparing the experimental and theoretical

of electron—LO-phonon coupling on the energies of LandauSPectra, .the yarious transition; in thg experimental spectra
like impurity states in bulk GaA¥ The wave functions can can be identified. To aid the identification, line 1, which
also be used to calculate the transition probabilities from th&1Ses from a transition to th@,1,0 state, has been scaled to
ground state of the impurity to the excited Landau-like states
to assist in the identification of the transitions observed in the

experimental spectra. This will be considered now.

V. FURTHER ANALYSES OF THE SPECTRA

A. Transition probabilities

For the case in which the laser radiation is applied along
the axis of the sampléFaraday geometjy the transition
probability from the ground stat¥ =Wy, of the impurity
to an excited stat@y,, is proportional td(W || ¥ g)|°.
This is nonzero only when the quantum numbeassociated
with the excited state is=1 and ¥y, iS an even parity
state. When the radiation is applied in a direction per- :
pendicular to the field(Voigt geometry the transition
probability is proportional to eithel(W sy, x| )[> or
W N mol 2l W o). These matrix elements are nonzero either
(i) whenm==1 and ¥y, is an even parity state dii)
whenm=0 and¥y,, is an odd parity state.

The predicted peaks in the spectra of allowed transitions
at a fixed wavelength have been obtained as a function of
magnetic fieldB. An example of such a theoretical spectrum g 5. A plot of experimental transition spectra for the Faraday
is given in Fig. 5; it corresponds to a laser wavelength of 70yng voigt experimental configurations at an applied laser wave-

mm (equivalent to an energy of 142.86 cm. Each transi-  |ength of 70um (=142.86 cm'') and a theoretical spectrum at the
tion is plotted as a line at the value of magnetic field whichsame transition energy. The lines are numbered as follows:

corresponds to this transition energy, and the height of the=(1,1,0, 2=(1,-1,0, 3=(1,0,0, 4=(1,1,2, 5=(2,1,0, 6=(2,
line is proportional to the theoretical transition probability. —1,0), 7=(2,0,2, 8=(2,1,2, 9=(3,1,0, 10=(4,1,0, 11=(5,1,0,
The ground stat@yy, and the low-lying hydrogenlike states 12=(6,1,0, 13=(7,1,0.

L Voigt

Transition probability
(Arbritary Units)

12 10 % 75 43 2 1

1311 8 6
Theory
) il | - ll ) LR II
0 2 4 6
Applied Magnetic Field (T)
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06 of the theoretical model but rather that the origin of the in-
42025 accuracies in the data for states of highs due to problems
¥=0.20 with the analysis of the experimental results.
4=015 Any transitions to the Landau-like states are relatively
o 4=010 broad because of lifetime broadening of the excited states
originating from the autoionizing behavior of these stafes.
This leads to non-negligible errors in the determination of
the experimental transition fields. Because the ionization en-
ergies of states with largd are rather small, an inaccuracy
in the value of the field at which the transition occurs leads
o1F to a relatively large error in measuring the ionization energy.

00 01 02 03 04 05 06 07 08 09 1.0 11 This conclusion is supported by the large spread in the ex-

UN perimental data for high values df which is clearly visible
in Fig. 6.

One reason for a consistent shift of the experimental data
to energies higher than that predicted from the model may be

the same size as the large transition peak in the experiment%Je to the Iarg_e tl’anS.ItIOI’l energies |nvolv!ng the highly ex-
spectra. It can be seen that the pattern of predicted transitiorn%ted staté?gs. Irt]'lshposgbltla_dthatlthe fgxl%ressm dns of P eetersh and
follows closely the peaks in the experimental spectra both i f?g(:tesef)f,tf\:\é Ieclecat‘:gn\far:or?;noi\gtegctsié)#r;ofrseizttlen;aé? ;ieh
the value of the magnetic field at which the transitions take Th t elect P -oh it " i It 9
place and in the comparative strength of the transitions. The € resonant electron-phonon intéraction wit resuft in a
similarities between the actual and predicted spectra provid wering of tranS|t|or_1 energies below th? longitudinal-optical
further evidence of support for the validity of the model. Phonon energy, which in turn would give larger values for

Figure 5 also shows that the method can be used as a to |§Crr2e:ﬁgregemt\l\?elze?l“?hne(frne;%gséersrﬁr(]:gr?S rﬁgg'gef%rutehfo
for the identification of the peaks observed in experimenta he asp mmyetric line sha eyobserveg in transitioxll"ns towards
spectra. It is interesting to note that both transitions to th y P

odd parity state$namely the(1,0,2) and (2,0,1) peakg are Lhe (Ij_an(?_iu-lyke stitesto;‘ high _(stee |Ins.ert n F'?' b Tlhe
seen to be more prominent in the Voigt geometry spectrum andau-like impurity states exist only n an external mag-

as expected. Also, at lower magnetic fields, the spectra sho?lvﬁﬂﬁr:ecl)? ffgg-;zgﬁg?\nfaenztgﬂnga:?etzrf‘T'LeiQ?: :Qtehn trheei‘ei?g(;

the characteristic “oscillatory” behavior corresponding tot F & This interf " the oriain of th

the whole series of transitions to th®,1,0 Landau-like 0 @S Fano resonance.fnis interierence 1S the ongin of the

states. An expansion of the scale of the spectra at these Iowtopn}zmg charact.er 0 f these states and Iea_d_s to th_e char-
cteristic asymmetric line shape of the transitions with an

fields, included as an insert in Fig. 5, shows transitions to af

least theN =10 Landau-like state. This appears to be the firsg2Sorption minimum on the low-field side of the peak. The

example in which such highly excited states have been rel o mum N the optical absorption, or the maximum in the
ported for impurities in bulk GaAs. optically induced conductivity observed_ in these experi-
ments, does not occur at the resonant field for the discrete
donor state but rather at a somewhat higher field. In order to
extract the correct field values from the experimental data,
We can use the availability of experimental data involvingthe actual line shapes have to be analyzed in terms of the
highly excited impurity states to investigate the behavior ofcoupling between the discrete and continuum states and the
Landau-like states with greater than that considered previ- various optical transition probabilities.
ously in Figs. 1 to 4. A plot of the calculated and experimen- Because of frequeripartia) overlap of other neighboring
tally determined ionization energies againd¥l ¥6r varying  transitions and the lack @ priori knowledge on interaction
values of magnetic field for states withm=1 andv=0is  strengths, a detailed analysis of Fano resonance is beyond
given in Fig. 6. The experimental data have been obtainegresent capabilities. It is clear, however, that the transition
through the interpolation of data from the magnetic-fieldfields used for the data in Figs. 1-4 and Fig. 6, which have
scans at fixed laser frequencies. For the largest fields consitieen obtained from the measured maxima in the photocon-
ered, the theoretical curves agree with the experimental datductivity, are higher than the correct values. This will result
for the states with lower values ™. However, for states in a systematic overestimation of the calculated ionization
with higher Landau level numbeis, the experimental val- energies. A rough fitting of the line shapes of the high
ues of the ionization energies are consistently higher than thigansitions to that of th€2,1,0, (3,1,0, (4,1,0, and(5,1,0
theoretical predictions. Also, the agreement is generall\states at higher fields, where overlap between lines causes a
poorer for the lower fields. Although the better agreement atesser problem, indicates that the error in the obtained ion-
higher fields was to be expected, the deterioration with inization energies can easily be of the order of 0.5-2 tm
creasing values dfl appears to be contradictory. As noted in (0.01-0.0R*). This compares well with the deviations be-
Sec. IV, the model should become more accurate for increasween the experimental and numerical results shown in Fig.
ing values ofN where the electron is less tightly bound to the 6, which are all of this magnitude. These systematic errors
central ion by the Coulomb interaction. As the agreementvill be more pronounced for low-field values because the
with the experimental data for loM is good, we feel that interaction between the discrete and continuum states will be
this discrepancy is not due to the breakdown of the validityexpected to be stronger than in higher fields, closer to the

04

03

Tonization energy (R*)

02

in
FIG. 6. Theoretical and experimental ionization energies against
1/N for differing values ofy.

B. Highly excited states
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TABLE Il. Theoretical values of ionization energy ¢2,m,0) Figure 7 shows three-dimensional plots for some of the
states at magnetic field af=2 and 5000. wave-function probabilities¥y,, ¥ ym, for the (2,m,0)
— — states. It can be seen that the electron inrthe0 state is
m lonization energy(y=2)  lonization energy(y=5000 more localized around the central ion than in other states.
-1 0.85205 13.35505 Thus we unld gxpect it tp have thg highest en.erg%/ri as is
0 0.99850 14.65936 !nd_eed ob_talned in contradiction to Simola and Virta o.
1 0.968138 14.62408 is interesting to note also that the order of_IeveIs obtalm_ad
here for bulk GaAs is the same as that obtained by us using
2 0.932877(0.94234 14.58907 -
the totally different methdd developed for a quantum well
(QW).

adiabatic limit. This trend is observed in Fig. 6. We therefore

conclude t.hat the gbgervgd deviatipns bepween the_ thepretical VIl. CONCLUSION

and experimental ionization energies of highly excited impu-

rity states can be largely attributed to the interference effects A theoretical description of a shallow donor impurity in a
between bound donor states and the continuum of Landamnagnetic field which uses the adiabatic approximation and
states(i.e., the occurrence of Fano resonances in the spectemploys a simple variational procedure to describe the be-

of the highly excited Landau-like states havior of the donor electron has been outlined in this paper.
Corresponding experimental data have also been obtained for
V1. DISCUSSION OF THE ORDERING _GaAs_ doped with SI|ICOH: T_hough the model is not necessar-
OF LANDAU-LIKE STATES ily suitable for the description of the hydrogenlike behavior

of the impurity, it has proved to be very successful in de-

It is interesting to calculate the ionization energies of thescribing the Landau-like donor electron states. It predicts ac-
impurity states associated with a given Landau leNefor  curately the ionization energies of these states. Since the
different values of the quantum numtrer Table Il gives the method generates a simple form of the impurity wave func-
results for some of th&l=2, »=0 states at magnetic fields tion, it has been seen to be a useful tool in identifying the
with y=2 and 5000. The ordering obtained is different frommany transitions in experimental spectra involving the
that given by Simola and Virtambwho found that the levels Landau-like states of the donor impurities. However, our dis-
for which m=—1, 0, 1, and 2, respectively are in order of cussion highlights a few discrepancies in the ordering of
increasing ionization energies. In contrast, we find that thesome of the states compared to that obtained originally by
energies of then=1 and 0 states are larger than that of theSimola and Virtamd.
m=2 state and that the ordering is the same even at the very Whereas the above details were set up specifically for a
high magnetic field considered=5000. For comparison, donor impurity in bulk GaAs, many of the results and fea-
the calculation by Friedridf of the ionization energy for tures have a more general applicability. For example, they
y=2 is given in brackets in Table Il for the hydrogenic statecan also be applied to hydrogen atoms in stars as discussed,
(2,2,0; note that any inaccuracies in modeling time=1,0  for example, in the review by Friedrich and WintgEmAn-
states would have resulted in lower values of ionization enether area of much current interest is that of donor impurities
ergy rather than higher values. in multi-quantum-wel(MQW) systems such as that formed
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FIG. 7. Plots of the wave-
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(2,-1,00 impurity states for a
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by layers of GaAs/Gal,_,As grown by, for example, pear to have been considered in these analyses.

MBE methods. The most recent work here is that of Chen Work has already started to extend the method developed
et al?® for simple donors in QW’s and by Bruno-Alfonso here for Landau-like levels in bulk semiconductors to MQW
et al?® for conduction electrons in superlattices in the pres-systems. However, two of the authoiL.D. and C.A.B).
ence of magnetic fields. In both cases, magnetic fields werbkave already been involved in other theoretical work on do-
present. Théd ~ donor in GaAs QW'’s has also been studied nors in MQW systems, namely, those involving a nonvaria-

very recently by optically detected far-infrared resonanceional method* and also an analytical methéd.The latter

experiment¥’ and theoreticall§? by including the electron-

was an extension of earlier work on bulk systems described

phonon interaction. However, only hydrogenlike states appreviously?
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