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Abstract—An accurate multiparameter vartational caleolation of impority and exciton levels in &
mapnetic field is presented, OF particwlar interest are effects due o screening,

Previous investigations of excitons[1] and semi-
conductor impurity levels[2] in & magnetic field
have been based primarily on the theory of an
isolated hydrogen atom in a magnetic field (since in
the effeetive muass approximation the Hamiltonian
i5 similar 1o thal of the hvdrogen atom). Yan
Vieck[3] initially presented a solution for the hd-
rogen atom spectrum in o muagnetic field, This was
bused on perturbation theory and was valid only for
wenk magnetic fields v = 1, where

v= Bk’ By, (1
b= e, (2)
By= ' e’ = 2350 5 PG, 3)

anel g, pe, and ¢ denote the isolated electron mass,
effective electron mass and dielectric constunt re-
spectively, Solutions valid in the region of very
strong fields (v = 1) have been presented by numer-
ous authors, notahly Yafel, Keves and Adams[4].
A recent variational calculation 5], valid for all
vulues of the magnetic fekl, has been particularly
successful i the difficull intermediate range of
magnetic fields (v =1).

In the absence of @ magnetic field, exciton theory
his been based on the solntion For the Free hd-
rovgen atom. However, recenl experimental data on
modulated reflectance 6], exeilon photo-
liminescence| 7] and  photoconductivity [8]  has
supgested that a sereened Coulomb potential {such
as the Dehye-Hickel potential}) should be vsed
instead of the simple Coulomb potential to describe
the binding of 1he excilon, Varions methods [or the
solution of the Schrédinger cguation Ffor the

“In partial Tulfillment of the requirement for a FhAy
Drepree.

Dehye-Hilckel potential have been presented [2], in
particular a  simple multiparameter  variational
method has been given by the authors[10].

Due to the apparent suceess of the screened
potential in describing the excilons for zero magne-
fie feld, it is of interest to consider the effects of
scrcening on the Coulomb potential in the presence
of a magnetic feld, Bffects due to screening on the
arownd state have previously been studied by sev-
eral anthors, mainly for the region ¢ = | Most of
these caleulations have used simple varatonal
functions. Fenton snd Haering|11] used a waria-
Honal function similar te that vsed by Yater, Keyes
and  Adams[4] for the Coulomb  potential.
Jaskorzvnska[12] extented a variational method
presented by Wright [13], using linear combinations
of his radial exponential trial wave function. Treat-
ing the entire potential as u perturhation to the free
particle  in a magnetic field, (ntenberg and
Landwehr| 14] used the known selution for a free
particle in a magoetic feld, with an implied parame-
ter, as o variational function, In a nonvariational
calculation, an adiahatic approximation, valid only
for v & |, was used by D'Yakonow, Mitchell and
Efras|15] 1o reduce Schridinger’s equation 1o a one
dimensional equation, The solution of this reduced
equation in particular regimes of the screening
length were then found for the very strong magne-
tic fields.

We present here an accurate multiparameter
variational methad for the ground state ard excited
srates which 1s valid Tor all values of the magnetic
field and serecning fength. The twao limiling cases of
this method have previously been presented—a
sereened Coulomb potential in the absence of a
magnetic ficld[10] and the Coulomb potential in a
magnetic field in the absence of screening(3].

To bhe defnitive, let us consider initially the
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energy levels of a semi-conductor impurity, In the
effective mass approximation, the Hamiltonian for
an impurity bound by the Debye—Hiickel potential
twith 2 = 1Vin a mugnetic field may be written as

H=p¢ 2
'

e 4 % ¥t sin’ 6, 1)
where the umt of length is @k = ae (a-is the Bohr
radiug) and the unit of enerey is Ry* =(k/e)Ry, L.
denales the z-component of angular momentum
and L¥ is the screening length, For o non-degenerate
gas of electrons al lemperature T, with an equal
number of neutralizing positively charged particles

_,: =iz
p-{Z Szl (5)
where p is the number of density of particles of
tvpe { with atomic number 2. Since only inversion
amd rotations aboul the = axis leave the Hamilto-
nian invariant, the only “good™ quantum nirmbers
are the eigenvaloes of parity and L, which we
denote by and m, respectively. Labelling our trial
function with these two gquantum numbers, its
general form is

T = S Awr exp (—awr) Y {8, ), (6)

WHERE My, 15 determined in o manner similar to that
for the zero field case[1V], « are chosen inpul
parvamelers, and Ay are paramelers evaluated num-
erically in the course of diagonalization of the
Hamillonian. States wilth even parity are obtained
by a summation on | in (6) over even integers,
whereas odd parity states are obtained by a summa-
lien on ! over odd integers, Figure | gives the
ionization energy as a function of screening length
I3 For various values of 4 A comparison of our
results for the fonization energies with estimates
from previous caleulations indicate that our ioniza-
tion energics are larger (e, closer to the “exact”
values, since the variational energy is an upper limit
o the true energy) than those of the best previous
calculation[14] by about 4% For 4 = W and 1:5%
for v =350 The binding energics of the first 5
excited states are shown in Fig, 2 and have been
labelted with their good guantum numbers, m and
parity respectively. One could attempt to lakel
these states with quantum numbers appropriate in
the two limiting cases of the Hamiltonian: that is,
either by the quantum numbers of the Landau level
structure for the case where there is no screened
Cotlomb potential term or by the quantum nuem-
bers of the hvdrogen atom for the case of no
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Fig, 2. The binding encrgies of the five lowest excited

states {in effective Rydbergs) vy sereening length (in

effective Bohe radid) for varions values of the magnetic

parameter v The states ave labefled with their quantum
numbers ol moand parity.

mugnetic  field, Since  our  wavelunclion s
hydrogen-like we have chosen the latter alternative,
For example, for 4 = 10 the most strongly bound
state {— 1, =) may thus be labelled 2po) Tor il is an
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odd-parity state with m = — 1 and as B =0 it also
has 1 = 2 and | = 1. Following this convention, the
excited states in Fig. 2 from top to hottom may thas
be labelled: for + = 10, 2p_, 3do, 475 520, Gl
for =1, 2p., 3d.o, 4f s Fee., 2pe; and for -
0-0425, 2poy, 2, 280, 200, 3d s,

The solution of the exciton problem is identical
with the ahove solution in the case where the mass
of the hole is infinite. In general, if e denotes the
effective mass of the electron, as before, and if ju,
denotes the effective mass of the hole, then the
generalization of equation {4y 10 the case of the
excilon is,

a . 0 — b
M= PHef gy (“’—m&)m

4t ki) (7)

| NS
o 3 2orosinT
K

We see that when g, is infinile, equation (7) is the
sume s equation (4) and the solution to the exciton
problem is identical to that of the impurity level
problem, In the case where p, = e, the solution 1o
the exciton is identical to that of the impurity
problem in the case where m =0 and B -*-{H."\-fﬁ‘_l-_
In the more general case, the calculation is similar
to that oullined above.

A possible peneralization of the above would be
to consider an anisolropic screening potential [ 16]
or the possible effect of screening on the central
cell correction [171
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