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The electronic structure of the superatom, a recently proposed mesoscopic system made of a spherical
semiconductor heterostructure, is investigated by a self-consistent local-density-functional calculation.
Numerical results on AlIGaAs-GaAs superatoms reveal that the atomic-orbital picture can be successful-
ly applied and that the ground-state configuration is stable at 7~1 K. The electronic level structure,
however, is quite distinct from that of ordinary atoms because of the absence of the 1/r singularity in the

potential.
PACS numbers: 71.55.—i, 31.20.Gm, 73.40.Lq

Recent innovations in microfabricration technology
have made it possible to realize various quantum struc-
tures and are now opening the gate to a new realm of
physics called mesoscopic physics.> Although many of
the efforts thus far have been directed to two- and one-
dimensional structures, the possibility of fabricating a
quasiatomic system with use of a semiconductor hetero-
structure was pointed out by Watanabe on the basis of
the current status and the future prospect of microfabri-
cation technology.>* This novel structure was named
“superatom.”

While the superatom is considered useful from the ap-
plications point of view (use of a superatom array for
functional devices has been suggested),* we can also ex-
pect it to have unique physical properties both in itself
and in the form of superatom “molecules” or “crystals.”
The purpose of the present work is to clarify the general
features of the electronic structure of the superatom
through a fully quantum mechanical self-consistent cal-
culation and hence to provide a basis for the understand-
ing of this novel system.

A superatom is a semiconductor heterostructure made
of a spherical core, modulation-doped with a controlled
number (z) of donors, and a surrounding impurity-free
matrix with larger electron affinity (Fig. 1). If the
conduction-band offset at the interface is sufficiently
large, all the donors in the core are ionized and produce
a nearly centrosymmetric Coulomb potential outside the
core, which, in turn, binds the z electrons released from
the donors. (Since the matrix is assumed to be im-
purity-free, the Fermi level is determined solely by the z
electrons and is always adjusted so that all the electrons
are bound at T =0.) Watanabe speculated that, if the
core radius is sufficiently small, the electronic system
can be described as a quasiatom with well-defined atom-
ic orbitals, z being the “atomic number.” Promising
candidate materials for the superatom include
Al,Ga,; —,As(core)-GaAs(matrix), SiO;(core)-Si(ma-
trix), and InP(core)-Ings3Gag47As(matrix). In the fol-
lowing, we report the results of our calculation on
Alo,35Gao_65As-GaAs.

In calculating the electronic structure of the super-
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atom, we follow the standard self-consistent nonrelativis-
tic treatment for the atom> and assume the potential to
be spherically symmetric. An eigenfunction for Schro-
dinger’s equation can be separated into radial and angu-
lar parts as [X(r)/r1Y;»(0¢) and the radial part satis-
fies (in atomic units)

2
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2m* dr 2m*r

(1)

where the effective mass m* is taken to be position
dependent and is set equal to the conduction-band effec-
tive mass of Alg35GagesAs or GaAs depending on wheth-
er r is inside or outside of the core.® For the potential
V(r), we take

V() =Eoitset©® R — 1)+ Veore(r ) + Vi (r) + Vi (r).

Here the first term takes care of the band offset, ©(r)
being the step function. Vo is the potential due to the
ionized donors and is approximated by the potential for a
uniformly charged sphere, i.e., ze/e,r outside the core
and ze/emR.+2ze (R?—r?)/2¢.R2 inside (&, and &, are
the dielectric constants of the matrix and core, respec-
tively, and R, the core radius). The Hartree potential
Vu due to the electrons is numerically calculated as a
sum of one-dimensional integrals of the spherical charge

s (]
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FIG. 1. Conduction- and valence-band edge diagram for a
superatom. Coulomb field due to ionized donors (open circles)
binds electrons (shaded areas) to form a quasiatomic electronic
system.
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density. As for the exchange-correlation part Vi, we
use an analytic expression’ for the local-density-func-
tional potential by Ceperley and Alder obtained by a
Monte Carlo method.® Inclusion of m* and ¢ in the
Ceperley-Alder potential Uyc(r;) is carried out by the re-
lation Vic(r) =(m*/e2)U[(m*/e)r;(r)].° The contri-
bution of the image force has been known to be of minor
importance!® and was therefore neglected. The parame-
ters we use are €=12.9 and m* =0.067mo for GaAs,
€=11.8 and m*=0.082m¢o for Alg3sGagesAs, and
E ot =0.29 €V.

Figure 2 shows the self-consistently obtained potential,
orbital energies, and the radial wave functions X, (r)/r
for the ground-state configuration (1522p%3d'%2s?) of
the superatom with z =20 and R, =120 A. The most
striking feature is the level sequence 1s,2p,3d,...,
which is in marked contrast with the familiar atomic se-
quence 1s,2s,2p,3s5,3p, etc. Before going further into it,
let us remind ourselves that Schrodinger’s equations [Eq.
(1)] for different / are independent, and the solutions for
each / are conventionally numbered in increasing magni-
tude of energy by the integer n starting from n =/+1.
Also, since the centrifugal potential in Eq. (1) increases
with /, the eigenvalues satisfy Es <Eyp <E3<...,
Ey <E3<Ese<..., ectc. Now ordinary atoms are
characterized by the singularly deep Coulomb potential
at r =0 with the consequence that low angular momen-
tum states, having larger amplitude around r =0, are
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FIG. 2. Self-consistently obtained potential ¥V (r) (solid
line) and orbital energies (broken line) for an Alg3sGagesAs-
GaAs superatom with z =20 and R. =120 A. The zero of en-
ergy is equal to V' (e0). Note the difference in the scales in the
ordinate for positive and negative regions. Inset: The normal-
ized radial wave function X (r)/r.

favored. Hence 2s comes between ls and 2p, 3s and 3p
between 2p and 3d, and so on. Superatoms, on the other
hand, lack such a singularity, and therefore states with
fewer radial nodes are favored. Actually we found out
that no-radial-node states (1s5,2p,3d,...) dominate the
superatom electronic structure for a wide range of sys-
tem parameters. Of course, in the limit R.— 0 or
z — oo we should recover the ordinary atomic sequence,
but in reality this situation is hardly realized, because R,
and z are bounded by the conditions that (1) the donor
concentration should be less than the donor solubility
limit (~10'" cm™3), and (2) the donor levels should be
higher in energy than the outermost occupied orbital in
order for all the donors to be ionized, and, therefore, for
the superatom concept to be valid. [As R, is reduced or
z is increased, V (r =0) is lowered, eventually resulting
in a violation of this latter condition.] The level se-
quence for the superatom 1s,2p,3d,... bears a close
similarity to that of alkali-metal fine particles.!! This is
somewhat surprising because, although the lack of a
singularity in the potential is common to both, the de-
tailed potential forms are quite distinct, since the band
offset is absent in a fine particle.

From Fig. 2, it is also seen that the highest occupied
orbital 2s is well extended, and the “superatomic radius”
as defined by the maximum of the radial wave function
X5 (r)/r is 355 A=3R,. This confirms the validity of
the atomic-orbital picture of the superatomic electronic
structure conjectured in Ref. 1. This is a significant re-
sult which indicates the feasibility of forming a super-
atom “molecules” or “crystals” (i.e., itinerant-electronic
systems) by arrangement of superatoms in a suitable
manner.

Figure 3 presents the atomic number (z) dependence
of the ground-state orbital energies, the ground-state
configuration being determined by comparison of the to-
tal energy calculated for several possible configurations.
Up to z =18, the electrons fill consecutively the no-node
sequence ls, 2p, and 3d, and closed-shell configurations
are reached at z =2, 8, and 18. An interesting situation
arises when the electrons start filling the first one-node
state 2s. (See also Table 1.) As z goes beyond 19, the
electrons first fill the 2s states and then set out to fill the
4f states, but with a further increase of z, one of the 2s
electrons is transferred to 4f and finally for z =27, the
2s states are totally emptied, recovering the no-node se-
quence. To see the reason for this, we should note that
the depth of V. is nearly proportional to z. Therefore
as z is increased, the centrifugal potential, which is in-
dependent of z, becomes relatively unimportant com-
pared with Ve in Eq. (1), bringing 1s, 2p, 3d, etc.
states closer in energy.

A similar crossover of configurations takes place by
variation of R,. Figure 4 shows the R, dependence of
the total energy for the lowest-energy three configura-
tions (1522p%3d'%2s%, 15%2p%3d'°1s'4f", and 1s%22pS-

2561



VOLUME 57, NUMBER 20

PHYSICAL REVIEW LETTERS

17 NOVEMBER 1986

Np ¢ 10%cm®)

T
I

(meV)

orbital energy
L
o
LI BN N B B N S BN SRND (N ENNS BN (N B RN N BN HENN SN NN N |

-20

- Lo b e b by b bl
S5 o 15 20 25 %
VA
FIG. 3. Calculated orbital energies of the Alo.3sGagesAs-
GaAs superatom (z =20, R, =120 A) as a function of z. The
triangles and dots denote partly occupied and fully occupied
electron shells, respectively. Note that the donor concentration
Ny is well below the solubility limit (~10' cm™3).

3d'%42) in case of z =20. For R, <145 A, the 252 con-
figuration is the ground state, but as R, is increased and
hence the potential depth is reduced, the 4f states come
down in energy and finally for R, > 162 A the 4f? con-
figuration becomes the ground state.

The excitation energy for the ground state, i.e., the en-
ergy difference between the ground and the first excited
configurations, is on the order of millielectronvolts, ex-
cept in the vicinity of a configuration crossover such as
occurs around R, =150 A for z =20. Thus the ground
state is thermally stable at moderately low temperatures
on the order of 1 K.

If we increase m* for the matrix, the kinetic energy

TABLE 1. Electron occupation numbers for the 2s and 4f
shells in Fig. 3.

z 2s af z 2s Af
19 1 0 26 1 7
20 2 0 27 0 9
21 2 1 28 0 10
22 2 2 29 0 11
23 2 3 30 0 12
24 2 4 31 0 13
25 1 6 32 0 14
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FIG. 4. R. dependence of the calculated total energies E; of
the Alg3sGaoesAs-GaAs superatom (z =20, R, =120 A) for
different configurations i (N; denotes donor concentration).
Configurations considered are 1522p%3d'%2s? (denoted as
i=1), 1522p®3d'%2s'4f! (i =2), and 1522p®3d'%4f% (i =3).
For convenience, E; — E3 is plotted instead of E;. The ground-
state configurations are indicated in the lower part.

and the centrifugal energy terms in Eq. (1) are reduced
while the potential energy is much less affected (only V',
is affected by m®*). Therefore we get deeper bound
states and a smaller superatomic radius. A reduction in
€ brings about a similar change in the electronic struc-
ture. This, however, is due to the deepening of the po-
tential. Both of these changes in the parameters tend to
bring down the no-node states in the energy level se-
quence. For example, if, in the above superatom with
z=20 and R.,=120 A, we multiply m* by 10 (.e.,
m* =0.6Tmy), the resulting ground-state configuration
is 1522p%3d'%f? and the binding energies in millielec-
tronvolts are 15.07 (1s), 14.47 (2p), 13.39 (3d), and
11.83 (4f). Also, by replacing ¢ by £/2 (i.e., £=6.45),
we again get 1522p®3d'%4f? for the ground state, with
binding energies 27.78 (1s), 23.75 (2p), 15.56 (3d),
and 4.20 (4f) meV. The electronic structure depends
rather strongly on R.. However, even for small R, the
outermost orbital remains shallow because of the small
m* and large € of GaAs. (If z =1, the model tends, as
R.— 0, to that of the hydrogenic donor.)

As we have seen, superatoms are fascinating especially
when combined to form molecules or crystals. A salient
feature of such systems is the large freedom in the choice
of the structure— both symmetry and inter(super)atomic
distance. Also, because such a system exhibits no
structural relaxation, degenerate ground states could be
stable since Jahn-Teller'? or Peierls!? instabilities are ir-
relevant. Another interesting thing to note is the possi-
ble appearance of large-/ states (4f, 5g, 6k, etc.), which
may give rise to unique magnetic properties. Finally, by
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arrangement of superatoms in a perfectly periodic
fashion it is possible to form a *“superatom metal” with
large r;. Such a system will be an ideal tool to test vari-
ous properties of a low-density electron gas such as free-
electron ferromagnetism'* and Wigner crystallization.'®

In summary, we have clarified the general features of
the electronic structure of the superatom through a self-
consistent local-density-functional calculation. We be-
lieve that superatom physics will evolve into an impor-
tant field where physics and technology go hand in hand.

We acknowledge valuable discussions with H. Wata-
nabe and N. Hamada.
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