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NON-MINIMAL INTERACTION AND SPECTRA

OF IMPURITY STATES FOR LIGHT CARRIERS
IN KANE'S SEMICONDUCTORS

A. M. BABAYEV
Institute of Physics of the Azerbaijan National Academy of Sciences
H Javid av. 33. Baku. 370143

The energy spectrum of impurity states is calculated for Coulomb potential in Kane's type semiconductors using non-minimal interaction

way.

The solutions of Dirac equations with minimal and non-
minimal interactions terms were investigated in [1-4] by
transforming relativistic equation into the Schrodinger like
equation. It was shown [1] that if one makes a non-minimal
replacement

P p-ipmaor ()

in Dirac equation. where £ is a diagonal matrix with elements
*1. it can be transformed into the Schrodinger oscillator
equation with parabolic potential and additional constant term
the nature of which is connected with spin-orbital interaction.
It was shown in [5] that in the case of Kane's equation the
non-minimal substitution of the form (1) also leads to the
Schrodinger equation with harmonic oscillator potential.
Other examples of non-minimal substitutions were
considered in [6-7]. Non-minimal substitution of the form

- - .oT

Pop-ip— @
in the Dirac equation leads to the Schrodinger equation with
Coulomb potential. In this paper the same investigation was
carried out for the Kane's equation describing the spectra of
the electrons. light and heavy holes, and the spin-orbit
splitting valence bands for the A°B° type (InSb. InAs. GaAs
and etc.) semiconductors. In the eight-band Kane's
Hamiltonian the valence and conduction bands interaction are
taken into account via the only matrix element P (so called
Kane's parameter). The sistem of the Kane's equations

including the nondispersional heavy holes band has a form
[8-9]:
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E, is a band gap energy. 4 is a value of spin-orbital splitting
and

=-iV (10)
We substitute

ko k-iigl. an
r

in Kane's system of equations. Expressing all components of
the wave function by the first two we obtain:

(A—EL-}V, —ELJ’, =0 (12)
rh rh )
(A+£L-}P, —EL_Y’, =0 (13)
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L. L, L. are angular momentum operator components. The
spherical symmetry of this problem gives the possibility to
express the solution of the differential equation in the form

E(E-E, )(E+4) 3E,+24

wE_ wx

F(r)Y(6, ). Acting on the equation (13) with an operator L.
and using the commutative relations for operators L-. L. we
obtain the expressions for L_y,. The substitution of the
obtained value for L_y- into the equation (12) gives two
equations for F(r):

(A——B—¢£(I+—I—))F(r)=0 (15)
2r r 2

After substituti on of the values of 4 and B from (14) the
equation (135) can be rewritten in the form:

d 2d Iid+1) 2m (., NY\., . _
(dr’+rdr —+ ,(E'+r)]F(r)—0(l6)

r h
where ‘
, E(E-E,(E+A) 3 " WX
E = e - amn
3E+2A P 2m, 2m,
N=_TrAL,__ 4 (ii(ui)) (18)
m, 3E+24\2 2
The solution of (16) reads [13}:

F(p)=p' exp(—ﬁ;)F(—n FI+ 12142 p). (19)

Ft-n+{+1, 21+2, pi is a confluent hypergeometric function.
n-l-1=p must be positive integer or zero and

2 [mE
P=% h

r (20)

The energy spectrum is determined by an expression:

N-m,

E'=———
2h- n

b

The Kane's parameter P is connected with effective mass
m, in a usual way:

. 3h E(E +4)
2m, 3E,+24

(22)

Substituting the values of E”. N. and P consequently from
equations (17). (18) and (22) into (21) one can obtain the
equation:

3E+2A E(E, +4) 2m,
It is seen from (23) that the energy of impurity states depends
on two quantum numbers n and /. This means that the
degeneration on quantum number / is removed. Let us
consider two limiting cases.

23)

- 1= 4 ii(1+1) -L
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The first. when spin-orbital splitting is small in
comparison with the energy gap (A<<E,). takes place in all
GaAs type wide band semiconductors. Then the equation (23)
can be reduced to the form:
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For shallow acceptor states (E>0, E<<E,) it can be
obtained from (24):

RA
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It is seen from (25) that the impurity states is connected
with light carriers and has hydrogen-like spectrum. If one

n

choose the value of A in (11) in the form 4 = Zer — where
xn

7z is the static dielectric constant of the medium and Ze is the
charge of the center then the equation (25) turns into the
solution of the Shrodinger equation with the Coulomb
potential shifted by (Z'¢’m, 2y k). Further we shall not
consider this constant term in (25).

The equation (24) takes into account the non parabolicity
of light carriers spectra 100.

The second. when spin-orbital splitting is strong (4>>E,).
which takes place in InSb or InAs. In this case the equation
(23) transforms in to the form:

E(E—Eg)=_Z‘e’mw,, 1___1_ ii(“_i)
E, 27m | 20270 2

(26)
It is easy to obtain from (26) for the acceptor states (E>0.
E<<Ep):

_Z'e'm, (3F(2A+1)7 1
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The ground state energy (n=1. /=0) reads:
24
g=2E0 @9
2x°h°

Spectrum of donor states. which are placed below the E,,
can be obtained by the same way.

The problem of impurity states in Kane's type
semiconductors. when Coulomb potential have been
introduced into the Shroedinger equation by a standard way
through the scalar potential was considered in [10-12]. As it
was shown in these works there are two types of acceptor
states in GaAs type crystals. connected with the valence
bands. The first type states are connected with the heavy
holes zone and described by the hydrogen-like spectrum. The
second type states are due to the zone of light carriers and are
described by the Dirac type spectrum. In InSb-type crystals
the impurity states always are of Dirac-type.

We have shown in this paper that if one introduces
Coulomb potential by non-minimal way then in Kane's model
two types of solution are obtained depending on the value of
spin orbital-splitting. For E<<E, we have the usual hydrogen
like spectrum as for donor and as for acceptor states. the last
being connected with the zone of light holes only. In the case
when (4>>E, the degeneration in orbital quantum number /
is removed. However. in both cases the ground state energy
have the form corresponding to the solution of the standard
Shrodinger equation with Coulomb potential. This result is in
accordance with the obtained earlier solutions for Kane's
Hamiltonian which describes the spectrum of light charged
carriers [10.11] .

The author thanks F.M. Gashimzade and O.Z. Alekperov.
for the useful remarks and discussion of results and
E.Djafarov for attraction of his attention to works [6.7].
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QEYRI-MINIMAL QARSILIQLI TOSIR VO KEYN TiPLI YARIMKECIRICILORDS YONGUL
YUKDASIYICILARIN ASQAR HALLARININ ENERJI SPEKTRLORI

Keyn tipli yanmkegiricilorde Kulon potensialt i¢in asqar hallann enerji spektriori gevri-minimal garsihgh tesir metodu ile

hesablanmigdir.
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HEMHHHMAJ

JIETKHX HOC

{OE B3AMMOJEHCTBHE H CIEKTP TIPHMECHBIX COCTOSTHHHA
EJIEM 3APSAJIA B KEHHOBCKHX NOJYITPOBOJHHKAX

MeTo10M HEMHHHMATBHOTO B3AHMOICHCTBHR PAaCCUHTaH 3H€p|"€'TH‘lCCKHﬁ CTICKTP MPHMCCHBIX COCTOSHHIL CBN3AHHBIX ¢ KM.IOHOBCKHM

HOTEHIMAIOM B KCHHOBCKHX NOTNTIPOBOIHHKAX.
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