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Photoconductivity and Luminescence Caused by Band-Band
and by Cr3' Crystal Field Absorptions in CdCr~ S4
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By photoconductivity measurements the direct band edge has been located at 2,5 eV.
With decreasing temperature this edge shows a blue shift, also below T~. Irradiation at
the energies of Cr + crystal field transitions causes both luminescence and photoconduc-
tion. The latter shows a strong magnetic field dependence near &c. An energy-level
model for CdCr2S4 is proposed. In the model the energy difference between conduction-
and valence-band extrema is considerably smaller {about 1.6 eV) than the optical band
gap.

Various optical methods have been used to de-
termine the energy-level scheme of the ferro-
magnetic semiconductor CdCr, S,.' " The energy
levels of the Cr'' ion in the octahedral crystal
field of the sulfur ions have been located rela-
tive to the Cr'' ground state 'A, ." The transi-
tions between these levels, however, impede the
observation of other optical transitions like those
between the valence and the conduction bands. To
locate the latter type of transitions we have re-
cently perfor med photoconductive measurements.
In this Letter we report a successful attempt to
locate the direct transitions between valence and
conduction bands in CdCr, S4 by this method. Fur-
thermore we observe that the optical transitions
between the Cr" crystal field levels give rise to
a noticeable photoconduction as well as to lumi-
nescence. To our knowledge it is the first time
that such "crystal-field -induced" photoconductiv-
ity and luminescence have been observed in mag-
netic semiconductors. " These measurements
are useful in locating the relative positions of
the Cr" crystal fields levels and the semiconduc-
tor energy bands.

Figures l(a) and 1(b) show the spectral depen-
dence of the photoconductivity of n-type, undoped
polycrystalline platelets of CdCr, S4. The photo-
conductivity is found to be proportional to the
light intensity. %e identify the sharp rise of the
photoconductivity at 0.52 pm [Fig. 1(a)] with the
onset of direct transitions between the valence
and the conduction bands. This value is in fair
agreement with the value obtained by a more in-
direct method from reflection measurements. '
The band edge shifts to higher energy with de-
creasing temperature as shown in Fig. 1(a). We
find no magnetic red shift of the direct edge be-
low the Curie temperature Tc (85'K for CdCr, S,)
as predicted by models of exchange splitting of
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FIG. 1. Spectral dependence of the photoconductivity
for polycrystalline undoped n-type Cdcr2S4. (a) Sample
resistivity 6&& 104 & cm at room temperature and acti-
vation energy of 0.22 eV. The inset shows the temper-
ature variation of the direct edge &z. (b) Sample re-
sistivity 6 & 10 0 cm at room temperature and an ac-
tivation energy of 0.48 eV. The photoconductivity is
shown in zero magnetic field and in a transverse mag-
netic field of 6 kOe.

the energy bands. "
At temperatures near Tc the photoconductivity

at the band edge is enhanced when a magnetic
field is applied. This enhancement is much larg-
er than that of the thermally activated dark con-
ductivity of electrons in n-type undoped CdCr, S4."
At T-80 K the dark conductivity increases by
about 2% after applying a field of 7 kOe, whereas
the photoconductivity for chopped irradiation at
434 Hz increases by 17%. The photoconductivity
itself and its field dependence are frequency de-
pendent, and a study of the time dependence
shows that there are two contributions to the
photoconductivity with different relaxation times.
@le find that the contribution with the shorter re-
laxation time (T & 5 msec) has by far the strong-
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FIG. 2. Luminescence and excitation spectrum of
undoped CdCr2S4 powders. The excitation spectrum is
for luminescence at wavelengths between 1.0 and 2,5
pm. The peaks 1u, lb, and 1c in this spectrum are in-
terpreted as Cr crystal field transitions. Note the
low intensity of the R line compared with the 1.4-pm
luminescence.

er field dependence. These observations can be
explained by assuming that the "fast" contribu-
tion to the photoconductivity is due to photoexcit-
ed holes with a relatively large magnetic field de-
pendence.

At photon energies below the band edge we can
distinguish clearly three peaks 1g, 1b, and 1c
[see Fig. 1(b) j for not too high temperatures (T
g 150'K). The peaks are observed in all our sam-
ples, which were n type with activation energies
between 0.1 and 0.7 eV. The peak positions are
temperature independent and occur at the energy
positions of internal Cr'+ d-d transitions as iden-
tified by absorption" and Kerr-effect measure-
ments. ' The energies of the peaks and the corre-
sponding crystal field transitions are 1.61 eV
('A, 'T„'E), 1.76 eV ('A, -'T, ), and 2.1 eV
('A, -'T,). The photoconductivity in the region
of these peaks varies linearly with the excitation
intensity and shows a large magnetic field depen-
dence (up to 50%) as shown in Fig. 1(b). Refer-
ring to the discussion of the field dependence of
the direct-edge photoconductivity, we conclude
from this that the crystal-field-induced photocon-
ductivity is largely due to holes. The enhance-
ment shows a maximum at Tc and can be attribut-
ed to an increase in the hole mobility due to spin-
disorder scattering.

The luminescence and excitation spectra of the
luminescence of CdCr, S4 are shown in Fig. 2.
The weak luminescence peak at 1.6 eV observed
only at liquid-helium temperatures is attributed

to the transition 'T„'E -'A„known as the Cr''
A line. A strong luminescence peak is found at
0.9 eV. This peak is easily observed at tempera-
tures below 100'K and was in some specimens
still observable at room temperature. The decay
time of the luminescence was of the order of 1
msec. No influence of the presence of a magnetic
field on the luminescence was observed. The ex-
citation spectrum for the 0.9-eV luminescence
peak (see Fig. 2) shows maxima at the energies
of the Cr'' crystal field transitions just as in the
photoconductivity spectrum.

The similarity between the luminescence exci-
tation spectrum and the photoconductive spec-
trum, and the observation of a decay time for
the luminescence of the same order as the relax-
ation time of the hole term in the photoconductiv-
ity, indicate that the luminescence is due to a
recombination of holes. This means that recom-
bination levels (presumably acceptors) are situ-
ated 0.9 eV above the valence band. Results of
conduction measurements are in agreement with
the presence of deep-lying acceptors in CdCr, 84."
Both Cd vacancies and impurities (Cu) could
form the acceptor levels.

The results of the two types of experiments
show that after the Cr" ion has been excited in
one of its crystal field levels a charge transfer
must occur in which a charge carrier is created
so that conduction and luminescence can occur.
We consider in the following model the transfer
of an electron from the excited Cr" ion. As we
will discuss later, a transfer of a hole from the
excited Cr'+ ion is highly unlikely.

As basis for oux- model we adopt the proposal
by Lotgering and van Stapele" that in chromium
sulfospinels the Cr" ban is situated at about
the same energy as the top of the valence band.
For convenience we take this energy to be zero
on the energy scale. The conduction-band mini-
mum of the direct edge is then situated at 2.5 eV.
If this minimum is the lowest conduction-band
minimum, it is not possible to have an electron
transfer from the lowest excited Cr'+ state ('T„
'E at 1.61 eV) to the conduction band since this
Cr" state is then 0.9 eV below the conduction
band. It is also impossible that the electron is
transferred to an empty donor level since for
some e-type samples all levels up to about 0.1
eV below the conduction band are filled.

We therefore propose that another, lower con-
duction-band minimum exists at or below 1.6 eV.
This minimum can be an indirect minimum or a
direct minimum to which optical transitions from
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FIG. 3. Energy-level model for CdCr284. The vari-
ous transitions are identified in the text.

the valence band are forbidden.
With this assumption we will explain the experi-

mental data with the aid of Fig. 3. By virtue of
the Cr" crystal field transitions Ig, 15, and 1c,
the Cr" ion can be excited in the various excited
states ('T„'E, 'T„and 'T,). Apart from possi-
ble radiationless relaxa, tion to the 'A, ground
state, these excited states can relax back to the
state 'T„'E. From there the luminescent transi-
tion (2) 'T„'E '&, (the Cr' ' 8 line) can occur,
or an electron from the excited Cr" ion can be
transferx'ed to a nonchromium state —specifically
to the conduction-band minimum at 1.6 eV (3a).
This transfer means that a hole i.s formed in the
Cr" band (3b). This hole can move in either the
Cr" band or the valence band, giving rise to the
observed photoconductivity. Fux'thermox'e this
hole can recombine with an electxon in the accep-
tor level at 0.9 eV and lead to luminescence (4).
The return to the original charge state is com-
pleted by transfer of an electron from the conduc-
tion band to the acceptor level (5). A variation of
this expla. nation could be that the electron of the
Cr" ion is transferred to an empty donor level
(e.g., an 8 vacancy). In this explanation a low-ly-
ing conduction-band minimum is still necessary.

We have also considered an explanation of the
experimenta1 results by assuming the transfer of
a hole from the Cr'+ ion. We find this highly un-
likely since then a Cr'+ state would be fox'med.
According to Kerr-effect measurements the low-
est Cr'+ state is situated at 3.4 eV above the va-
lence band, which is much too high to a11ow a

hole transfer from the Cr'+ states at about 1.6-
1.9 eV.

Some arguments for an indirect edge have been
given by Harbeke and I ehmann, ' but from absorp-
tion data this edge is difficult to deduce because
of the strong 'Q, -~T, crystal fieM transition
which has a broad wing. It may also be noted
that pseudopotential calculations by Meloni and
Mula for the related sulfospinel' CdIn, 8, pre-
dict an indirect edge.

More detailed measurements at various tem-
pexatures on samples prepared under different
sulfurizing conditions are in progress and will
be reported in a later article.

We are indebted to Mr. A. B. Voermans for
the preparation of the samples and to Dr. A. Bril
for performing some of the initial luminescence
measurements. Stimulating discussions with
Dr. P. F. Bongers and Dr. R. P. van Stapele are
gratefully acknowledged.
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