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The fine structure of the levels of an exciton bound by a neutral donor (ND) in
silicon, which was detected recently in Ref. 1, is attributed to the exchange
interaction between the electrons of different valleys and to the electron-hole
exchange. The energies of the electron-electron (e-e) exchange and of the
electron-hole (¢-h) exchange are estimated.

PACS numbers: 71.70.Gm, 71.35. +z

Kaminskii, Karasyuk, and Pokrovskii! have recently resolved the fine structure
of the emission lines of bound, many-exciton complexes in silicon for the first time.
Of particular interest is the detection of the fine structure of the line of an NDE,
complex in silicon strained along the z{001] axis. The initial state of NDE, ina
strained crystal is degenerate only with respect to the I'y electron and is not split.
Since the spins of the remaining two electrons, which fill the I'; shell, as well as the
spins of the two I'¢ holes, are antiparallel, the e-h exchange must be missing. The
splitting of the final state—the excited NDEY state with two I'; and I'y electrons and
a I'g hole—is solely attributable to the exchange interaction. The experiments indi-
cated above, therefore, made it possible for the first time to determine directly the
exchange energies in silicon. Kaminskii ez al.! took into account only the exchange
between the I'g hole and the I'y electron and assumed that the I"; shell is a strongly
localized orbital and hence that the I'y electron does not interact with the hole. Al-
though this model accounts for the observed splitting, the relation deduced from it
for the line intensities is inconsistent with the experimental curve in Fig. 3 of Ref. 1,
which has been reproduced in Fig. 1: According to this model, the spectrum con-
sists of three lines, one of which is twice as intense as the other two. According to the
the shell model,? the smooth wave function of the I'; state is the same as that of the
T, state, and these shells differ only in the fast functions: For the I'y shell Ur,
=1/+/2 (U, + Uy ) when the strain is large and for the T shell Ur, = 1/+/2 (U; + U;),
where U; and U, are the Bloch electron functions of the {001] and [001] valleys,
respectively. In terms of the shell model, therefore, the e-h exchange for I'; and Ty
electrons must be the same; this exchange is determined by the expression

Her =40, (J8) + (A, -4ADU,S,) - 0

Here J is the moment of the hole (J, =+1/2) and $=8, +§, is the total moment of
the two electrons I'; and I',.
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FIG. 1. Fine structure of the «, line in silicon
compressed along [001]). The dashed line rep-
resents the experiment® and the solid line de-
notes the calculation from Table I for A,

=104 ueV, A =47 peV,A(=-12 ueV. The
theoretical curve was broadened and combined
with the experimental curve at the maximum of
the line (1) IV.
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According to Ref. 3, the e-k exchange in the unstrained crystal is described by
the Hamiltonian,

Heh =28, 8) +24,3225,. @

If the splitting of the hole levels due to strain is small compared with the binding
energy of the hole, then the A; constants in Egs. (1) and (2) are connected by the
relations: A contraction along the [001] axis gives A} =44, + 104,, Ay=24A,
+1/2 A; ; an expansion along the [001] gives A; =3A,, A=64; +27/2 A,.

In addition to the e-h exchange, we must take into account the e-e exchange be-
tween the electrons in different valleys. The closeness of the g factor of the electrons
in silicon and g, = 2 and its isotropy indicate an absence of a noticeable mixing of the
states of different zones as a result of spin-orbit interaction. The e-e exchange, there-
fore, is spherically isoiropic, and is described by the Hamiltonian

1
Ao =8,(8,8) = = 8,(s7-3/2) - 3)
TABLE 1.
N Energy . Intensity .
i A
I AS* 2 1/2
-1
| A (R=1)/4 3—RI(1 488 IZR
n A2 0 1
n [ 1-R~!
v |~AR+1)/4 |3+ R (1+8¢) ;

- 2,\1/2 =
R=(1+8£0)Y2 £=A//A
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The Aj constant is described by the exchange interaction between the electrons of
the [001] and [001] valleys

Ay =2]v7h [P d3 0, U (1) Up (1) V (1) = 1,] ) Uy (1,) UX (1),

®

where J= [I¢(r.x, 1) Pd®edry,, §(x§, 15, tp) = (x4, 1§, 1) is a smooth NDE, func-
tion, and v is the volume.

Table I gives the energies of the four NDET states with allowance for the e-¢ and
e-h exchanges and for the abundance of transitions to these states, which were calcu-
lated using the selection rules* ; these selection rules for the NP transitions resulting
from recombination of the I'; electron coincide with the selection rules for the di-
rect transitions at the I point. To determine the three constants A}, Ay, and A3, we
must know the location of the four lines, I-IV. The lines 1, 2, and 3, which are iden-
tified with the most intense (for A, /A= 1) lines IV, I11, and I, respectively, in Table
1, are indicated on‘the experimental curve in Ref. 1. If the weak peak (4) on the ex-
perimental curve belongs to the line I, then we find for the A; constants A, = 104
peV, A =-47 ueV, A=-12 ueV, consistent with Ay =-48 ueV, A, =-17 ueV. The
theoretical curve in Fig. 1, which was constructed for these values of 4, differs from
the experimental curve in that the intensity of the line (3) I is slightly lower. Note
that these values of A; and A, are in agreement with the estimates of the exchange
constant | A% |~ |A, |~ 50 ueV, which were determined in Ref. 5 from the spin re-
laxation time of the electron. A theoretical luminescence spectrum similar to the
experimental spectrum could not be obtained in an unstrained crystal by taking into
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FIG. 2. Splitting of the 2%, 1'%, and 2r'” of NDE, and ¢, '}, and I'? of NDE¥, with allowance
for the e-e exchange, e-h exchange, exchange-valley splitting (A), k-k exchange (B) and for the
crystal splitting (C) (the symbols of the representations in Ref. 7 are shown in the parentheses).
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account the orbit-valley splitting, the -k exchange (for NDE, ), the e-# exchange, and
the e-e exchange (for NED¥). This presumably indicates the important role of crys-
tal splitting—a similar situation to that in germanium.® The exchange-valley inter-
action® results only in the shift of all the I'; I's terms of the NDEF state. The struc-
ture of the NDE; and NDE¥ spectra is shown in Fig. 2, with allowance for these
splittings. Since the exchange integrals (4) for the case in which the two electrons
are in the “parallel” valleys (for example, [001] and [001] )differ slightly from the
case in which they are in the “perpendicular” valleys ([001] and [010] or [100]),
the e-e exchange for the I’y I's state may differ from that for the ', I'y state and
from the exchange in a strained crystal A;. For the same reason, the Az constant in
Eq. (3) may depend on the strain, since the I’y function arising from the mixing of
the I'; and I'; states of an unstrained crystal changes with the strain.

Since all the transitions between the NDE,-NDE¥ states in Fig. 2 have been re-
solved, the spectrum must be comprised of a large number of lines. The experimen-
tal spectrum in Fig. 1 (Ref. 1) has 12 resolved lines, most of which correspond to
several transitions in Fig. 2. We were therefore unable to select unambiguously the
parameters of the NDE, and NDET spectra in an unstrained crystal from the data in
this figure.
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