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Abstract

The spin—orbit splittingd, = 13 meV calculated ab initio for théy valence band state of diamond differs from that
observed for acceptofs=2 meV) and exciton states{7 meV). A full-zonek-p band structure, together with a Slater—Koster

attractive potential, is used to explain these differences and thus clarify the contradictory assignments of spin—orbit splittings

found in the literature for diamond 2000 Elsevier Science Ltd. All rights reserved.
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Contrary to the case of other tetrahedral semiconductors,

no generally accepted experimental information is available
for the spin—orbit spliting of thely valence states of
diamond. Ab initio band structure calculations vyield the
valued, = 13 me\? [1,2] making the only reported experi-
mental result of 6 meV [3]rather dubious. In this letter we
discuss the seemingly discrepant values of spin—orbit split-
tings found in the literature for excitons (7 meV, [4]), accep-
tor states (2 meV [5] see also Refs. [6,7]), and excitons
bound to them (12 meV [4]). We interpret these values by
means of a calculation of acceptor levels and exciton bind-
ing energies which uses a full-zokep band structure [8]
and a Slater—Koster potential [9]. We conclude thatdge
splitting of thel 5 band states is indeed 13 meV while the

corresponding ground state of the boron acceptor has a split-

ting of only 2 meV, the reduction being due to angular

by the impurity potential. The exciton calculation confirms

that the measured splitting of the free exciton is 7 meV. We
found no obvious way of relating to spin—orbit coupling the

splitting of 12 meV observed for the exciton bound to

neutral acceptors [4,10].

The electronic states of acceptors in tetrahedral semicon-
ductors are usually calculated by solving four coupled linear
differential equations based on thex4t I'; Kohn—Luttinger
effective mass Hamiltonian [11]. This method assumes that
the valence bands are parabolic for a gikedirection and
neglects coupling to thd3 spin—orbit-split band, thus
yielding no information aboutl;-like spin—orbit-split
acceptor state$lf A, is larger than the binding energy of
the acceptor ground statgy, a splitting of this state into a
I's quadruplet and d7; doublet is expected (we designhate
the energy splitting byt). Such splittings have been calcu-

momentum quenching by the spread in wavevector induced lated for Si:B within a 6<6 Luttinger—Kohn formalism,
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2 Note that the splitting calculated for the free carbon atom is
11 meV, see Ref. [2]. A renormalization of this value by a factor
of 1.2, required also for silicon, confirms the value of 13 meV given
in Ref. [1] for diamond.

® No justification for the assignment iy, of structure seen in IR-
induced cyclotron resonance is given in this work.

treating thelJ bands by perturbation theory [12]. The
authors of Ref. [12] show that§ = 1/24, whenE] = A,.

In the case of the boron acceptor in diamorif, =

370 meV is much larger thady(=13 meV) and the 6x 6
Luttinger—Kohn Hamiltonian should break down. An exact
calculation using a screened Coulomb potential is expected
to be mathematically very complex and would possibly lack

4While I'y and Iy is used for band states, for the corresponding
substitutional acceptor states, we uSgand I'; since inversion
symmetry does not hold.
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Table 1

Parameters used in thkep Hamiltonian. They were taken from Ref.
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[1] unless otherwise specified

(eV) (a.u.)

Epv —23.00 P 0.538
Eps 0.00 Q 0.780°
Ere 7.30 R 0.690"
Erp 15.30 P’ —-0.300"
Ers 26.33 p” 0.076
Epe 24.00 p" 1.060"
Erc 31.23 Q -0.614

I 32.49 R 0.92
Ao 0.013 T 0.150°
Al 0.012 T 0.750

#Modified from those in Ref. [1] so as to fit the LMTO band
structure corrected for the “gap problem”.
P Data rescaled from those of Si given in Ref. [8].
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Fig. 2. Real part of the Green function of the valence bands of
diamond (labelled M, on the basis of Eq. (1)) vE&f. The inset
represents a blow-up of the rectangle drawn around the binding
energy of the boron acceptor. It allows one to $&€lg) and
G,(I';) separately and to determin& vs. E{ as illustrated by the

physical transparency. We have therefore chosen a simpler .0 ol line in the inset (see also Fig. 3).

Slater—Koster potential (i.e. a finite interactigpwhen the
hole and the impurity are in the cell, zero otherwise; it
corresponds to a constant potentiakispace). This poten-

V, for the I'; states, the splittingdd = E,(I'3) — E,(I) is

tial has been successfully used to interpret deep donor levelsfound, without adjustable parameters, provi€&gd known.

in 111-V compounds [13,14]EJ is obtained by solving the
equation

1
A = Gi(Ep) D
whereG, is the real part of the Green function of the valence
states that have the desired symmetry (eiffigor I'7). The
potentialV, can be fixed so as to reproduce, using Eq. (1),
the Ef measured for thé’s states. Taking the same value of
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Fig. 1. Total density of valence states calculated for diamond with
the 30x 30k-p Hamiltonian, and the LDA-pseudopotential techni-
gue, using a Troullier—Martins pseudopotential [16] and a plane-
wave expansion with a cutoff energy of 70 Ry and a grid ok16
16x 16 in reciprocal space.

We calculateG,(I'g) andG,(I;) by a Hilbert transforma-
tion of the density of states obtained from thex380 full-
zonek-p Hamiltonian including thel's, I's, I'; and Iy
admixture coefficients given by tHep wavefunctions. As
k-p parameters we used those found in Ref. [1] (based on the
fit to an ab initio calculation) with some minor modifica-
tions. The full set of parameters employed is displayed in
Table 1.

The total density of states obtained with theX380 k-p
Hamiltonian is plotted in Fig. 1 together with an LDA pseu-
dopotential calculation using the experimental lattice para-
meter and the Ceperly—Alder parametrization for the
exchange-correlation term [15] (for more details see caption
in Fig. 1). Although these LDA results lack accuracy in the
energy position of the features because of the so-called “gap
problem”, the agreement between both calculations is
remarkably good.

The projected densities of staté,(I's) and N, (1Y)
(related to the imaginary part of the Green functions through
N (I'p) = —m 'G(I'y) and Ny(Iy) = —7 'GiIY) are
calculated with the tetrahedron method using B0° tetra-
hedra within the reduced Brillouin zone. The contribution of
each tetrahedron to thé,'s is multiplied by the sum of the
k-p expansion coefficients of the wavefunctions that have
the appropriate symmetry§ or I';) and added up to obtain
the whole projected density of states vs. valence band
energy, w,. The Hilbert transform leading t&,(Is) and
G;(Iy) is then calculated numerically by integration over
the whole range ob,.

Fig. 2 shows5,(I'g) andG,(I7) calculated for the valence
bands of diamond as described above. The ordinate is
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Fig. 3. Spin—orhit splittingA2 of a substitutional acceptor in Fig. 5. Spin—orbit splitting of the free edge exciton of diamond vs.
diamond vs. binding energg calculated as described in the text.  binding energyEE”’, calculated as described in the text. The point
The point represents the value measured for a B-acceptor [10]. corresponds to the experimental value [4].

While theory and experiment differ by a factor of two, agreement

becomes more satisfactory when looking at the data in terms of the . L .

quenching of thely — I'7 band splitting (calculated quenching: quenching of the band splittind, = 13 meV. This calcu-

9 meV, measured: 11 meV, as indicated by the vertical arrow).  lated quenching is 13 4 = 9 meV while the experimental
one is 13— 2 =11 meV. Looking at it this way, the agree-

ment between our simple calculation and the experimental
labelled 1V, and the abscisd&], as corresponds to Eq. (1).  value is satisfactory. In order to illustrate the dependence of
The area around the binding energy of the substitutional A3 on EJ, we plot in Fig. 3 results obtained with the
boron acceptor is shown by the rectangle and correspondsconstruction described above in the 0-1eV range. We
to Vo =6¢eV, a reasonable value for the Slater—Koster have added to this figure the value of 2 meV measured for
potential in diamond. The inset displays a blowup of this the B acceptor.
rectangle in whiclt,(I'g) andG,(I'7) can be seen separately. A spin—orbit splitting of 7 meV has been observed for the
From this construction, and taking(I's) = Vo(I';), we find indirect exciton by means of cathodoluminescence [4]. We
the acceptor level splittingly = 3.9 meV. This value is have estimated this splitting vs. exciton binding eneEgy$
nearly twice as large as the measured one [5-7]. We (Ef*® = 80 meV in diamond), with a method similar to that
must, however, keep in mind thadj results from a described above foEg, using instead of the valence band
energies all possible differences in energies between the
conduction and the valence bands. We must, however,

-0.050 take into account the indirect nature of the exciton arising
from the fact that the lowest conduction band minima are
-0.0521 along the {100} directions, close to the X-points and the
corresponding optical transitions at= 0 K must be aided
_ 0054 by phonon emission. Therefore we must shift the conduction
T> bands irk-space so as to bring one of tHeminima tok = 0
< -0.056 before performing the calculation. This shift makes it neces-
2 sary to use a tetragonal instead of the cubic reduced Bril-
—  -0.058 | —0.0601 | louin zone, thus increasing the number of required sampling
, points ofk-space by a factor of 6. The “tetragonal” nature of
-0.060 | o _0.0605 —— i the indirect gap should also result in a small splitting of the
70 75 80 85 90 I'§ valence band exciton which is neglected herd fneV
-0.062 o 260 200 500 200 1000 is optained from the expressions in Ref. [17]). _
exc Fig. 4 shows the projecte@, calculated for the exciton

E", (meV) using as an abscissa the energy difference to the lowest

Fig. 4. Real part of the Green function of the exciton bands, corre- '”terba”‘ejxgap’ L.e.in the ‘?’pmt_ of Eq. (1) the_excnon binding
sponding to the product of thi&; ¥, I'}¥)andAy, ofthe valenceand ~ €N€rgyEy . In order to simplify the numerically cumber-
conduction bands, respectively. The inset shows a blow-up of the SOme calculation, we ha\{e only included Fhe SIX upper
free exciton binding energy and allows to calculdfg® as a func- valence bands and the six lowest conduction bands; we

tion of EZ* (see horizontal line). have estimated this choice to be sufficient in view of the
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sum of the coefficients associated with tRg', I'7¢, and

I';(2). Another possibility is to usel » states (correspond-

ing to Iyf, I8, Ty andlg), but in this cases, becomes

very small and the bound state, in the sense of Eq. (1), References
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