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Periodic oseillations of the photoconduetivity
in the impurity region have been observed previ-
ously for Ge, ' InSb, ' and in the intrinsic region
for InSb'&' and GaSb. ' Similar observations
made at O'K on selected CdS single crystals will
be discussed here.

The photoconductivity near the absorption edge
as a function of the exciting wavelength usually
differs somewhat from crystal to crystal, even
when grown as platelets and not intentionally
doped. Many crystals exhibit photoconductivity
peaks at energies corresponding to the positions
of the free excitons. '~' Some crystals show, in
addition to this, an oscillatory photoconductivity
spectrum toward higher energies as shown in
Fig. 1. Figure 1(a) is recorded with the E vector
of the crystal perpendicular to the c axis and
Fig. 1(b) for light polarized parallel to the c axis.
The period between the minima is 0.036+ 0.001
eV. There are two series of the minima indi-
cated by long arrows and short arrows. The A
series of minima, indicated by long arrows, is
spaced successively by 0.036 eV from the A
(n =1) exciton peak (I', =4854 A), and the B se-
ries, originating from B (n = 1) exciton peak
(4826 A) by exactly the same spacing, is indi-
cated by short arrows. The position of the B
minima is less conspicuous because of the com-
posite nature of the two series; however, their
positions become more clear when the compos-
ite spectral response curves are decomposed as
shown by the dashed curve.

No corresponding oscillatory structure is
known to exist in the optical absorption or re-
flection spectra of CdS. These measurements,
however, have not been made as accurately as
those reported by Phillips7 for Si.

The oscillatory behavior of the photoconduc-
tivity is due to an oscillatory value of the elec-
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FIG. 1. Photoconductivity vs energy of exciting pho-
tons with (a} E vector perpendicular to the c axis and
(b) E vector parallel to the c axis of a CdS platelet at
4.2 K. Indicated by bars are the positions of excitons
A, B, and C. Long arrows indicate A minima, short
arrows B minima, and the dashed curves show the
separated contributions of the processes causing A
and 9 minima.
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FIG. 2. Band model showing upper valence bands
and conduction band in CdS. OP stands for the energy
of an optical phonon and A and 8 for the energies of

excitons A and B, respectively. The binding energy
of both excitons is identical (0. 028 eV). Allowed tran-
sitions are I"&—I'7 for the E vector perpendicular to
the crystal c axis and I'7 I'& for the k vector paral-
lel or perpendicular. (a) Illustrates the proposed
origin of A minima. b, V reflects the curvature of the
valence band. (b) Here the curvature of the valence
band is neglected for simplicity. The origins of &
and 8 minima corresponding to the case realized in
Fig. 1(b) are indicated. The case shown in Fig. 1(a)
corresponds to the sum of the mechanisms illustrated
in 'Figs. 2(a) and 2(b).

low impurity' (or bandgap') plus an integral mul-

tiple of a principal optical-phonon energy. The
explanation of our data requires the ground
states of excitons to play the role of the "shallow
impurity. " Figure 2 shows a simplified model
of the band structure of CdS at the center of the
Brillouin zone. Figure 2(a) shows the idealized
case where transitions occur only from and to
the top (I',) valence band. The minimum of the
conduction band is actually not exactly at k = 0
and its slope at k = 0 is less than 5x10 "eV em.
The curvature of the valence bands is at least
three times smaller than the curvature of the
conduction band. s W'ith downward-sloped valence
bands one would expect the observed energy dif-
ference between adjacent photoconductivity mi-
nima to exceed the energy of the phonon involved

by 6 V, which is the energy difference of the va-
lence band for a hk corresponding to an energy
difference of the conduction band equivalent to
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the phonon energy. The phonon involved may be
the longitudinal optical phonon at the zone bound-

ary, which has an energy of 0.0366 eP at 300 K.'
The observed energy difference between minima
agrees within the experimental accuracy with
this value. The magnitude of AV, therefore, can-
not be determined and has to be smaller than our
limit of error.

Similar to the suggestion by Stocker et al. ' for
InSb, we think that in CdS the higher excited con-
duction electrons lose their energy by dropping
or cascading down to the exciton levels. An indi-
cation for this assumption appears from a closer
look at Fig. 1. In Fig. 1(b), according to selec-
tion rules, the excited electrons originate pre-
dominantly in the I"7 valence band as is also ap-
parent by the nearly vanishing A -exciton peak.
In Fig. 1(a), using light polarized perpendicular-
ly to the c axis, electron transitions originate as
well from the I, as from the I', valence band.
In both cases we see, in addition to the A series
of minima, lesser minima (indicated by short
arrows) again approximately 0.036 eV apart and
0.036 eV displaced from the peak corresponding
to the 8 (n =1) exciton ground state. This shows
the reduced lifetime of conduction electrons with
energy values B+Op and 8 +2OP. Startling at
first glance is that even in Fig. 1(b) the A minima
are still the predominant ones. Kith predomi-
nant I,-l"7 excitation, a cascading from the po-
sition of the A minima by emission of phonons
cannot lead the electron to the exciton level.
However, the appearance of A-minima series is
probably due to transition of the photoexcited
holes from l", valence band to I", valence bands,
thereby forming A excitons and combinations of
A excitons with multiple phonons.

The initial absorption of light at the exciton
energy leads to the formation of direct excitons
followed by their dissociation into current car-
riers, thus appearing as photoconductivity maxi-
ma in the spectral response curves of photocon-
ductivity. The dissociation might occur either
by interaction with an impurity center or by ab-
sorption or emission of phonons. The energies
which can be divided into an exciton plus multi-
ple phonons give another mode of decay causing
a minimum to appear in the photocurrent.
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MAGNETICALLY INDUCED LINE ABSORPTION IN CaF, (Sm +) AND SrF, (Sm'+)
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By the use of high magnetic fields, up to 110
kilogauss, we have been able to observe directly
at 4.2'K the symmetry-forbidden absorption
from the 'F0(&~) ground state to the Al„ex-
cited state, the lowest state of u parity, for
Sm'+ in CaF, and in SrF,. This is the first time
high magnetic fields have been used to break
down selection rules and make possible direct
observation of levels which are important for the
interpretation of fluorescence spectra, and the
results serve to establish more clearly the rela-
tion between the 4f' and 4f'5d configurations in

the cubic crystal fields of these materials.
The relevant energy levels of the Sm'+ ion are

shown in Fig. 1. The lower levels belong to the
'I' multiplet of 4f ', with 'F0(AIg) lowest and
'F I(T@)next. In CaF, the upper levels from
which line spectra are seen belong to 4f'5d, with
a state of A1z, symmetry lowest and one of T1g
symmetry next. '~' The magnetic field term
PB (L+2S) in the Hamiltonian of the Sm'+ ion
causes mixing of AIg and Ty& states, and of AI„
and T1& states, so that the A1g —A1& transition
can occur through the nonvanishing electric di-
pole matrix elements connecting A1g to T1~ and

Al„ to TI~. Between 'F0(AIg) and 'EI(TI~), per-
turbation theory gives a mixing coefficient of
0.0076(PB), where (PB) is measured in cm
and a similar magnitude may be expected be-
tween the A1~ and T1~ states, so that the inten-
sity conferred is very small at low fields but in-
creases quadratically to become significant at
high fields.

In a highly doped (dark green) sample of
CaF, (Sm +), 0.74 cm thick, we observed an in-
duced absorption line at 6957.4 A with an absorp-
tion coefficient of 0.030(PB) . Accompanying this
effect there should be a small quadratic shift in

T1u

Aiu

15 1S1

15 065.4

14 483
14 369.5

3
Do(A1g )

TIu

AIu

14 616

I

I I

I I I

I I I

I

I
I

I I I I

a b,c

256

0.0
cmI

7
F,(T,g

)

7
Fo(A/g )

263

0.0
cm'

Ca F& Sr F&

FIG. 1. Relevant energy levels of CaF2(Sm ) and
SrF2(Sm ) . (a) Observed only in high magnetic fields;
(b) observed only at 77'K; (c) weak fluorescence re-
ported in reference 2.

the position of the line, but within the limits set
by the linewidth (-1 cm ') no effect was observed.
This is reasonable since the shift would be the
difference in the depression of the AI~ and A~
levels, and one may calculate that at 110 kilo-
gauss the depression of Alg is only 0.1 cm

It is important to note that the line is complete-
ly polarized parallel to the applied magnetic field.
That this must be so may readily be seen by ob-
serving that as a consequence of the Og sym-
metry the effect must be isotropic, so that it is
sufficient to consider the field applied along a
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