
VOLUME 5, NUMBER 6 P HYSI CAL REVI EW LETTERS

PHOTOSENSITIVE SPIN RESONANCE IN CdS*

SEPTEMBER 15, 1959

J. Lambe, J. Baker, and C. Kikuchi
Willow Run Laboratories, The University of Michigan, Ann Arbor, Michigan

(Received August 21, 1959)

The phenomena of trapping of free carriers
has long played an important role in the inter-
pretation of various luminescent and photocon-
ductive properties of solids. However, it has
not always been possible to obtain definitive in-
formation about the nature of the trapping center.
The purpose of this paper is to report the direct
observation of a trapping center and its identifi-
cation using the techniques of paramagnetic re-
sonance. The experiments described here were
carried out on CdS crystals containing traces of
iron impurities.

The sample was placed in a cavity' of an X-
band EPR (electron paramagnetic resonance)
spectrometer such that the sample could be illum-
inated at 4.2'K through a hole in the cavity while
EPR measurements were being made. When the
sample was first placed in the cavity at 4.2'K,
little or no signal was observed. After illumina-
tion with visible light, a large spin-resonance
signal wa6 observed as shown in Fig. 1. By irra-
diating with infrared light the signal could be re-
moved. It was found that light in the region
around 5500 A was most effective in producing
the spin resonance, while 2-micron radiation was
most effective in removing the signal. In all cases
the light level was kept quite low to avoid any
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FIG. 1. Spectra obtained at 4.2'K after crystal was
irradiated with visible light. The center line is at a
position equivalent to g =2.01.

heating effects. At 77'K and 300'K no spin-
resonance effects were observed.

The structure and the angular dependence of
the observed spin-resonance signal~ indicate that
the spin of the photosensitive center is 5. When
the c axis is parallel to the magnetic field, a
simple 5-line spectrum with the weak satellites
lying outside the strong ones is obtained. At 90',
the weak satellites lie inside the strong ones.
Such a spectrum can be explained by a combina-
tion of a cubic and axial crystalline electric
fields. The analysis of the spectra for 0' and
90' indicate that D/a, --0.5, with iDi =30x10 4

cm ', g=2.01. Here Sa, is the ground-state
splitting in zero field, with the doublet lying
lowest. For intermediate angles, the satellites
split into doublets, which is expected for a
paramagnetic center of spin —,

' occupying inequiv-
alent sites. It is interesting to note that the
central --,' —,

' line is also split into a doublet;
calculations indicate that this is due to a second-
order effect. Spectroscopic analysis indicated
that iron concentration might be as high as 0.01$.
Thus the photosensitive center is assigned ten-
tatively to Fe~+.

We interpret these effects as follows: Fe~+ is
present in the CdS as an impurity. Its spin re-
sonance is not observed, possibly being too
broad. When free electrons and holes are pro-
duced by irradiation, the Fe'+ traps a hole and
becomes Fe + which is readily observed since
it is an S-state ion. The electrons must be
trapped elsewhere. The action of the 2-micron
infrared radiation is then to restore the electron
back to the Fe~+ converting it to Fe'+. The 2-
micron light may release an electron from some
other trap or may move it from the valence band
into the Fe'+. This point is not yet settled. In
the latter case one could obtain directly the en-
ergy separation between the Fe'+ level and the
valence band.

These measurements thus demonstrate directly
the phenomena of trapping in photoconductors as
well as the untrapping by infrared radiation.
This technique should thus be extremely useful
in testing various models of phosphors and
photoconductors.
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Trivalent chromium iona (Cr'+) in many insu-
lating crystal lattices fluoresce with the emission
of sharp lines near 7000 angstroms. The strong-
est emission lines in this region are well under-
stood from crystal field theory as transitions
from a 'E excited state to the 4A, ground state. '
In Mgo there is one 'E line since in a strictly
cubic field the degeneracy of the upper level is
not split. In ruby (Al,o,), however, there are
two 'E lines due to the lifting of the upper level
degeneracy by the trigonal component of the
crystal field. The ground state is also split in
ruby, but by a much smaller amount which is not
usually resolved in the optical spectrum

It has been known for many years that within a
few hundred cm ' of the 'E lines there are other
sharp lines and bands which are not accounted for
by the crystal field theory. '~' It has been sug-
gested'~4 that these "satellites" are caused by
transitions to excited lattice vibrational states,
followed by the emission of a phonon, and this is
probably correct for the broader band satellites.
This suggestion does not fit the observations for
the sharp lines, since at 4.2'K the satellite lines
have different spacing in emission from those in
absorption and the crossover point between ab-
sorption and emission does not coincide with the
'E lines. One would expect the same satellite
spacings in both emission and absorption, since
the vibrational frequencies are a property of the
host lattice, which is not changed by the elec-
tronic transition within the impurity atom. Vi-
brations of the 0-Cr-0 complex, which would
change with excitation of the chromium ion,
would not have frequencies less than 80 cm '
from the crossover point.

We wish to propose that the satellite lines are
not due to individual chromium ions, but to
chromium ions paired with a neighboring chro-
mium ion or with some other crystal defect. If
the concentration of chromium is, say, 1 atomic
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FIG. 1. Fluorescence spectrum of ruby at 77'K
with different chromium concentrations (photoelectric
recording at low resolution).

percent, there is a probability varying from 3 /p

to 12 /c depending on the local symmetry that a
given ion will find another Cr'+ ion among its
nearest neighbors. If there is any clustering of
chromium ions, this probability will be still
greater. Between such neighboring ions there
will be strong exchange forces. Indeed, the
exchange forces lead to antiferromagnetism in
Cr O.

If the satellite lines are due to randomly distri-
buted nearest neighbor pairs, at low concentra-
tions of Cr'+ their intensity relative to the main
lines should be proportional to the concentration.
As shown in Fig. 1, this behavior has been ob-
served in the fluorescence spectrum of ruby. At
very low concentrations the satellites are vanish-


