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Abstract. Two-dimensional negatively charged donor centres D2~ (i.e. the states formed
by a neutral donor DU binding two extra electrons) in a strong magnetic field with
electrons confined to the spin-split zero Landau levels 0, 01 are considered. When the
admixture of higher Landau levels is neglected, the energies and eigenfunctions of the

doublet & = % and quadruplet 5§ = % states are obfained. It is shown that both the

doublet and the quadruplet D~ states, although localized, lic above the ground D—
singlet and triplet states, respectively, i.e. have negative binding energies and, hence, are
thermodynamically unstable against separation of an electron.

1. Introduction

Recently Huant er al [1,2] in a series of magneto-optical experiments have shown
that by selective doping of GaAs/Ga,__Al As quantum wells (Qws) it is possible
o ‘engineer’ a stable population of negative donor centres D™ (i.e. neutral donors
trapping a second electron) or even to convert all neutral donors within a QW to D~
[3]. Since the work of Huant et af the problem of a quasi-two-dimensional (Q2D) D~
centre in a strong magnetic field, one of the simplest correlated quantum-confined
systems, has attracted much attention,

Theoretical consideration of Q2D D~ centres in magnetic fields includes the
quantum diffusion Monte Carlo studies of Pang and Louie [4] of the singlet D~
s ground state, the consideration of a strictly two-dimensional (2D) limit in a strong-
magnetic-field approximation [5,6] where D~ eigenstates can be found exactly (see
also [7)), variational calculations of the singlet D~ binding energies with the inclusion
of the polaron corrections of Shi et al [8] and variational calculations of D~ singlet
transition energies [9] for wide (510 A) GaAs/Ga,;_,Al_As Qws and fields B <6 T
(see also [10]). In particular, Larsen and McCann [5] and Dzyubenko [6] have
independently shown that the strong magneto-optical transitions of the D~ singlet lead
to final excited localized D~ states, and not a continuum (as was assumed in [1,4,8])
which in the relevant region of energies is absent. As a result, D~ transition energies
exceed considerably the D~ binding energy and, hence, direct comparison between the
theories [4,8] and magneto-optical experiments is impossible. More recently, direct
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diagonalization of the Hamiltonian for narrow (100 A) GaAs/Ga,__Al, As Qws with
a consistent treatment of the non-parabolicity and subsequent inclusion of magneto-
polaron corrections [11] enables one to derive the energies and line strengths of the
dipole-allowed spin-singlet and spin-triplet magneto-optical transitions of D~.

With increasing B the enhancement of attractive electron-impurity interactions
exceeds the enhancement of electron-electron repulsion; thus B deepens the D~
singlet state and, just as in a 3D situation (see [12, 13], and references therein}, makes
several D~ triplet states stable [5-7]. In confined geometry and in the presence of
quantizing magnetic fields, one can expect that even more electrons could be bound
by a single donor ion, forming D?- states with three bound electrons.

For a 2D case, Bychkov et al [7] have proposed a general method of constructing
the quadruplet S = 3 D2~ states in the zero Landau level and have calculated the
energy of the non-degenerate |M,| = 3 D?~ state (which, however, coatains an
error). Bychkov and Rashba [15] considered electron correlations in the zero 0J,
01 levels in the presence of a donor ion for both S = 2 and S = 1 D?- states
(in [15], however, only the lowest two channels, s and p, both in electron—electron
and electron—impurity interactions were taken into account). The present paper is an
extension of the work of Bychkov er af [7]. Here we shall systematically study the
spectra of D?~ states with electrons in the zero Landau levels 0}, 0 and discuss the
stability of D?~ states.

2. Eigenenergies and stability of D?>~

Following [7] (see also [14] and [15]) we obtain the exact D2~ eigenenergies and
eigenstates from the secular equation which involves the matrix clements of the
interaction Hamiltonian

H=_Z—+zze|r r!_ op + Hee ¢

i=1

between non-interacting wavefunctions in the zero Landau levels which (omitting the
exponential part) are polynomials in the complex variables z; = x; —iy;, j = 1,2,3.
Admixture of higher levels can be neglected when I = (hc/eB)l" ? & ag =
eh?/m*e?, If we change from the orthogonal transformation to the coordinates
[7,14]

Z=(z+ 2%+ 2z)/V3 2, = (214 2, — 22,) /6 2 =(2-2)/VZ @)

the complete orthonormal basis set of states with the total spin S, its projection S,
and with the total angular momentum projection M, = —(i 4+ k4 2n) is given by

|, k), 5, = a7 H(2) |k, n)5,5, = IN) G

where a,, = (270%2™m!)"/21F and |k, n)s s, is the wavefunction of the relative
motion (a uniform polynomial in the variables Z, and %,). For antisymmetric
polynomials for the quadruplet S = 3 states we shall use Laughlin’s [14]
representation, writing it in the form

|k )3z 5, = ‘/iaﬁn“;l{("ﬁ — 25)/20](5,5,)" S3/2.5, 4)
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where Zy; = (%, +i%)/VZ and Sy, 5 (o;) is the spin part of the wavefunction
(&g Si3s2,-372 =1 111}) and the quantum numbers in (4) take the values

k=3m m=1,2,... n=401.... (3)

To obtain mathematically close descriptions for both S = £ and S = 1 D?- states,
we extend Laughlin’s representation (4) to the doublet S = } states and construct
the fotal antisymmetric wavefunction of the relative motion {which is convenient in
computing the matrix elements; see (10) and (11) below). Choosing for a zD basis
(see, e.g. [16]) of the spin part of the wavefunctions the states (e.g. for S, = —1

SO 1z = QVEY {1 1T1) + 1 T18) = 2 L1} ©)

Siph 12 = (/Y2 111 = | 111} Q)
we find that _

Ve, a5, = = F{ (2., %)) 5, + Fa(Za, 5)SDy . ®)

where F,EI,)“ F(z:’ is a pair of two uniform polynomials given by (compare (4) and

[15]) "
(FO.FOY = ozl azt {5} - )/2i, (3 + )/2} ()™ )

Here k = 3m + 1 for the upper (+) sign and k£ = 3m + 2 for the lower (—) sign in
) m,n=0,1,2,.

Thc matrix clements of the Hamiltonian of electron-impurity interactions (Vi,,)
and of electron-electron interactions (H,,) from (1) are evaluated in the variables

Z' = (2, + 2,)[V2, 2, 2, and from (2) as
(N'[Vipp| N} = =3(N"le?*/ el z|| N} 7 (10)
(N'|Hee| N = (3/VZ)(N'|€*] e|z5|| N} an

respectively, and hence are reduced to the matrix elements of the electron-impurity
interaction in the zero Landau level V:

V. = [(2m — D2™ I E, Ey=(n/2)1*(e*/elg) x VB. (12)

V,, give the binding energies of the ground m = 0 (V; = FE,) and excited
m = 1,2, ... states of a 2D neutral donor D" with an electron in the zero Landau
level [17].

The calculated eigenenergies of the interaction Hamiltonian (1) for the doublet
S = 1 states with |M,[ < 15 are plotted in figure 1 and for the quadruplet states
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Figure 1. Interaction energies (in units of Ey = (x/2)1/2(e%/elz), the D° ground-state
binding energy [17]) versus M: for total spin of electrons S = 1 All DS-—I J2 States lie

above the singlet ground state of D= (shown by the broken !ine with long dashes) and
have negative binding energies. The state with M. = 0 is absent owing to the Pauli
exclusion principle.

with § = % in figure 2. The spin energies g* ug BS, of electrons in a magnetic field
are not taken into account explicitly throughout this paper.

The excited branches of the spectra in which the energy is an increasing function
of |M,| emerge when the quantum numbers & and n of the relative motion are
fixed low. Physically, such states correspond to a situation when all three electrons in
close proximity to each other are moved away from the donor ion D* (compare the
discussion of the D~ spectra in [6]). The upper bounds of the spectra, asymptotically
achieved at |M,| > 1, are given by the largest energies in a system of three electrons
(without D), 1.5910E, for S =  and 0.9612F, for S = 2, i.e. by the eigenenergies
of the Hamiltonian H,, in the states [0,1,0),,, and |0,3,0)3/, from (11).

The lowest branches of the spectra with the energies decreasing with increasing
|M,| correspond to a situation when two electrons are bound to the donor ion,
forming D~ in the ground state, while the third electron is moved away from the
donor complcx to the maximal (allowed at the given Af,) distance. For the total spin
S = of three electrons, D~ can be either in the tnplet or in the singlet ground
state; for S = 3, only the triplet D~ ground state can be realized. Hence, the
asymptotic values of these branches (shown by the broken lines with long dashes in
figures 1 and 2) are given by the D~ singlet and triplet ground-state energies [5-7],
—1.2929E,, and —1.1465E,, respectively.

Between these two limiting cases of the low-lying and excited branches there are
also the following.

(i) A quasi-continuum spectrum should occur when all three electrons with
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Figure 2. Interaction energies versus M for total spin of electrons S = % All D_zs.; 32

states lic above the triplet ground state of D~ (shown by the broken line with long
dashes) and have negative binding energies. The states with M; = 0, —~1, —2 are absent
owing to the Pauli exclusion principle.

increasing | M| are distributed over further larger areas, weakly interacting with
each other and the donor ion D+,

(ii) For rather large |M,| in the spectrum, states corresponding to the ground and
excited states of D' whose energies are slightly shifted upwards owing to the presence
of two electrons at large distances from a DY complex should appear.

The important point which we wish to stress is that there are no D?*~ states with

energies below firstly the D~ singlet ground state for S = 1 and secondly the D~

triplet ground state for S = %, ie. all D%~ states have negative binding energies.
Therefore, D?~ states are thermodynamically unstable against the separation of an
electron via

D% s/a1/2) — Dseroy + € - (13)

However, it should be noted that, because of the localizing effect of 2 magnetic field
B, all states of 2D electrons in the presence of a donor ion Dt are discrete and,
strictly speaking, there is no continuum. Therefore, an electron which goes to infinity
from D?~ should pass through the intermediate states with larger radii having larger
magnetic quantum numbers. {Obviously, at some step the isolated impurity picture
ceases to be valid in that process. In other words, the broadening of Landau levels
due to a finite impurity concentration ny,, (and other factors) should be taken into
account. Here it is assumed that the impurity broadening of Landau levels is small
compared with E,. This is expected to be the case for impurity concentrations such
that 271G ny,, < 1)
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Hence, 20 D~ states in high fields (at least in principle) can be metastable and (in
a solid body) they become unstable at low temperatures through a cascade emission of
acoustic phonons. The possibility of observing D2~ states in Q2D semiconductor QWs
in high fields for non-equilibrium conditions (e.g. under photoexcitation) depends on
their lifetimes which, through the level energy positions and acoustic-phonon-assisted
transition matrix elements, are B dependent.
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