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26. D. Watkins and J. W. Corbett, Discussions Far-
aday Soc. (to be published).

Analysis of the absolute production rates vs bom-
barding energy for the Si-J center indicates a consid-
erably higher threshold energy for divacancy production
than that for the single vacancy, as is to be expected.

This is in agreement with work by Bemski (to be pub-
lished), who similarly reports a higher threshold en-
ergy for the Si-C center formation. As a result of this
observation, Bemski independently concluded that the
Si-C center was to be associated with a multiple defect,
suggesting the divacancy as a possibility.
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Exciton complexes in which excitons are bound

to neutral or charged donors or aeceptors have
been described by Haynes' and Lampert. ' In crys-
tals with a direct band gap, such states are ob-
servable as sharp absorption and emission lines
occurring at wavelengths longer than that of the
lowest energy intrinsic exciton state. This Letter
shows that the Zeeman effect of these impurity
complex states can be used to identify which type
of center a given absorption line represents. In
this way, the g values of donors and acceptors,
the binding energies of the various complexes,
and even information about the energy levels and

g values of excited states of donors and acceptors
can be obtained. The electron-hole spin-spin (ex-
change) interaction can be measured in some of
these states. The experimental results discussed
are for CdS, but the method of investigation seems
to be promising for a wide class of semiconducting
crystals. Previous work has established the ener-
gies of the intrinsic exciton' lines' in CdS, but the
explanation of the lines occurring at lower ener-
gies has remained unsatisfactory. 4&'

Excitons can be bound to neutral donors or ac-
ceptors to form molecular states, or to ionized
donors or acceptors to form molecular ion states,
as illustrated in Fig. 1. The neutral donors and
acceptors are doublet states (S = —,'), and this is
also true for. the complexes formed from these
states since the "bonding" electrons or holes must
have antiparallel spins. (It is well known that for
molecular hydrogen, if the "bonding" particles
have parallel spins an unstable system results.
Precisely the"'same considerations apply to the
exciton complexes discussed here. ) The states
considered here are ground states and so have no
orbital angular momentum. In a magnetic field
the states derived from the neutral centers will
split, as shown in Fig. 1, with a g value equal to
that of the, odd particle in the particular complex.
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FIG. 1. Schematic diagram illustrating the ground
and excited states of the various transitions discussed
in the text. The g values of the states arising from the
neutral centers are determined by the g value of the
odd particle, and the splittings of these states are as
illustrated. The ionized centers show no splitting in
the ground states; the splitting of the excited states of
these centers with c J H is complicated by the presence
of a spin-spin interaction energy. The charges within a
circle indicate a chemical center.

This four-level system gives rise to two pairs of
lines, one with a separation controlled by Ig~ -gfl
and the other controlled by Ig~+gfl, where u and
l refer to the upper and lower states, respectively.

In hexagonal CdS free electrons occupy an S-like
J = 2 I'7 band, and free holes (from the top valence
band) a, P-like 4=

2 I'9 band. ' The free electron
has an almost isotropic g value of -1.7,. Because
the conduction band is simple, this g value will
be almost independent of the binding of the elec-
tron in a center. Symmetry requires that the g

316



VOLUME 7, NUMBER 8 PHYSICAL REVIEW LETTERS OGToBER 15, 1961

Table I. CdS —1.6'K.

Line
Energy

(ev)

Energy below
exciton A(2.5537 ev)

(ev)

2.53595 (4888.5 A)

2.5471 (4867.15 A)

2.5499 (4861.7 A)

0.0177

0.0066

0.0038

value of the hole ha, s the form

h hll

where 8 is the angle between the magnetic field,
H, and the c axis. The hole, belonging to a rather
complicated and almost degenerate valence band
structure, can have a g value sensitive to its ex-
act state of binding. For the free hole, gh ll

= -1.16.
For c llH selection rules show that the 1-3 and 2-
4 transitions will occur optically, resulting in a
doublet split with a g value of Ig„-gf I. At an ar-
bitrary value of 8, however, mixing of the states
occurs, and a full quartet of lines becomes visi-
ble. The additional pair is separated with a, g val-
ue of Ig„+gfl. From measurements of this type
it is easy to derive the individual g values.

Our study of "pure" vapor-grown crystals of
CdS of thickness 10-100 p. has been chiefly con-
cerned with three prominent sharp lines listed in
Table I. These lines are strongly active for light
polarized perpendicular to the c axis, which is al-

so the polarization of the lowest energy exeiton,
exciton A. At 1.6'K in selected crystals the lines
may have a width of 0.6 cm ' or less. They can
be seen at 20 K but not at 77'K. I~ and I2 are read-
ily seen in both absorption and fluorescence, while

I3 is obs erve d in absorption . I~ is absent in some
crystals. Sometimes other lines appear near I„
the whole group behaving similarly in a ma, gnetic
field. Additional lines also often occur near I3;
some of these behave like I, in a magnetic field
while others behave like I,. Many other lines oc-
cur, prominent among which are comparatively
broad lines (about 6 cm ' wide) seen in

fluoresc-

encee at photon energies below Ig some of these
correspond to emission taking place with phonon
crea,tion.

Lines I, and I, exhibit linear Zeeman splittings
which can conveniently be studied in fluorescence.
The splittings of I, and I, as a function of coso are
plotted in Fig. 2 for P =31000 gauss. Quartets
are seen when 0 has values other than 0 and 90'.
Within experimental error there is a linear de-
pendence between the splittings and cos8, so the
r elations

e h e0 hll

must hold, where ge0 is an isotropic electron g
value equal to -1.7, for I„and -1.7, for I,. For
I„gh ll

equals -1.7; and for I„gh ll
equals -2.7,.

It happens that ghll ~ge0 for I,. This near equal-
ity is the reason that f'or c IIH, with the splitting
determined by ge0-ghll, no Zeeman effect is ob-
served for this line. '

x)0 4
3

FIG. 2. Splitting of lines I~
andI2 at 31000 gauss as a func-
tion of cose at 1.6 K, as seen in
fluorescence. Notice that when
8 &0' or 6 &90, quartets occur.
The zero of energy is taken to
be at the center of each group of
lines.
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When I, and I, are observed in absorption for
c [iH and ciH, the two lines in a pair sometimes
have different strengths. The differences in
strength increase as the magnetic splittings in-
crease or as the temperature decreases, indicat-
ing that, for the experimental conditions used,
thermal equilibrium of the spins is being ap-
proached in the lower states of the complexes.
The results are as follows:

cgH

ciH

High-energy
line strong

Both lines
equal in strength

No splitting
observable

High-energy
line strong

It is clear that for ciH there is thermalization
in the lower state of line I„but that this does not
occur for line Ii. Since ge0= -1.76 and gg&=0, I,
must arise from a neutral donor, and Ii from a
neutral acceptor. The thermalization results for
cllH are consistent with these conclusions when
it is remembered that for I„gg ii =ge 0, and that
for I„ Igp, i| I ) Igeol. It is interesting to note that
the free hole has g= -1.1„but that in the exciton
complex 0+ =+ the value has increased to -1.7,
and in the neutral acceptor it is -2.7,.

It follows that the other lines described above,
which behave magnetically like I, also arise from
donor states which are, however, chemically
different from the center responsible for line I,.
In a similar way, the other lines which behave
like I, must, as described below, be molecular
ion states derived from chemically different
centers. It is an interesting fact that we have
seen no other lines which behave like I,. This
may be be&ause there is only one acceptor state
present in appreciable quantity, but it seems
more probable that this is the only "shallow"
acceptor state present; deeper lying acceptor
states probably give rise to much broader lines
as a result of stronger coupling to the acoustic
phonons of the lattice.

The fluorescent intensities of Ii and I, show
that spin thermalization is not occurring in the
upper states, presumably because of the short
lifetime of these states.

CdS is normally n type, so acceptors are
therefore usually compensated (ionized). On
illumination with band gap light, however, free
holes and electrons are made. These can be
trapped at low temperatures by the ionized ac-
ceptor and donors, respectively, to form neu-
tral centers on, which the exciton complexes

can be formed. It is found that when the lines
are observed in absorption using as little band
gap light as possible, infrared illumination of
the crystal causes I, and I, to diminish in strength
(and in some cases to vanish), while I, increases
markedly in strength. Since the infrared illumi-
nation is of such a wavelength as to ionize the ac-
ceptor preferentially, we may conclude that this
occurs and that the free hole then ionizes the
donors. Thus, the neutral donor and acceptor
concentrations are decreased while those of the
ionized states are increased. We may there-
fore conclude that I, corresponds to the forma-
tion of a molecular ion state.

The magnetic behavior of I„although not sim-
ple, appears consistent with its assignment as a
molecular ion state. For example, no thermal-
ization is observed for absorytion, the expected
situation for a singlet ground state. In a magnetic
field with c&H, I, splits unsymmetrically in the
sense that the lines do not shift linearly with H;
at low fields only the high-energy member of the
doublet is visible, but as the field increases the
low-energy line is seen with steadily increasing
strength. Extrapolation of the positions of the
lines to H =0 shows that there is a zero-field
splitting of 3.1 x10 ev. Symmetry arguments
show that with ciH, states with antiparallel
spins (IS I', states) are mixed with states with
parallel spins (1$ I, states). The zero-field
splitting is therefore ascribed to a spin-spin
interaction energy, and since the transition to
the 1S I', state is forbidden, it is clear that this
state has an energy lower than, the 1S I'5 state.
Such an interaction can occur in absox'ption lines
due to excitons bound to ionized donors or accep-
tors, where the complex involves an odd number
of electrons and of holes. It cannot occur in ab-
sorption lines due to excitons bound to neutral
donors or acceptors, since the spins of the two
like particles will be antiparallel. The spin-
spin interaction energy of 3.1 x10 ~ ev is sur-
prisingly large. We have, however, evidence
from the effect of strain on the intrinsic exciton
lines that the free exciton has a similarly large
value.

The methods described here could be of help
in determining the types of impurities present
in many 2-6 semiconductors. Information is also
derived about the donors and acceptors, as il-
lustrated here by the determination of the g value
of the hole on the acceptor (a value that would
be hard to obtain by paramagnetic resonance
since Ayre =3 for a spin transition in the J=

~
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