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the extreme anomalous skin eGect are satis6ed, the mag-
nitude of the Hall eGect is not sensitive to frequency.

The two Quid model predicts an rf Hall eGect to be
observable in a superconductor. If a Hall field should

be detected experimentally, Hall measurements would

provide a useful tool for the study of the band structure
of superconductors.
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Optical transmission and reflection measurements were made on a single crystal of CdSe (crystal class
Cs,) with light polarized parallel and perpendicular to the c axis. The absorption coeflicients, pr and p~~, were
determined and are presented as functions of incident photon energy, at room temperature. The selection
rule, p~&p&&, expected for all solids in the crystal classes C» and Cfs, where n =3, 4, or 6, is very well obeyed
in CdSe. The absorption coeKcients are not simple functions of the photon energy, but are nearly exponential
and almost follow Urbach's rule.

The fluorescence of the single crystal has been measured at 77'K. It is peaked at 920 mp, and it is slightly
polarized perpendicular to the c axis. The results are similar to what has been obtained for hexagonal AS.

I. INTRODUCTION

ECENTLY, there have been extensive studies
concerning the anisotropic behavior of the funda-

mental optical absorption processes in crystals possess-
ing a unique direction. CdS has been studied by Dutton,
Thomas and Hopfield' and by Gross and Razbirin. '
Piper, Marple, and Johnson, 4 Lempicki, s and Keller and
Pettit have studied ZnS. Thomas has reported on ZnO
and Casella and Keller' have reported on tetragonal
BaTiO3. For all of these materials it was found that
at the absorption edge, light polarized perpendicular
to the c axis is more strongly absorbed than light
polarized parallel to the c axis. Hop6eld' has given a
theoretical treatment for ZnO and Wheeler' has
treated CdS using the exciton picture, Birman" and
Casella" independently proposed an explanation of the
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'S. P. Keller and G. D. Pettit, Phys. Rev. 115, 526 (1959).
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CdS and ZnS data by invoking interband transitions.
The selection rule follows whether we assume an
exciton model or direct interband transitions. There
have also been attempts to apply the selection rules to
Quorescent emissions resulting from transitions,
involving deep lying states. 5 6 ""

Birman" has based his derivation of the selection
rule, p&&pll, where p, is the absorption coeBRcient, on
explicit assumptions regarding the detailed symmetries
of the valence and conduction bands of ZnS. Casella"
has noted that, at the absorption edge, the selection rule
follows independently of the symmetries of the bands,
provided only that they be different. Both of these
treatments are pertinent to and are borne out by the
data of the previous workers. Birman's model is more
amenable to a physical interpretation in that there is
deduced from it two closely spaced valence bands
derived from a spin-orbit interaction. The double
valence band model has aGorded an interpretation for
measurements of the photoconductivity in CdS" and
ZnS,"using polarized light.

The material CdSe has the wurtzite structure and it
allows for the testing of the applicability of the above
concepts to another compound in the crystal class C6,.
Transmission measurements were made and it has been
determined that the selection rule is fairly well obeyed

'3D. M. Warschauer and D. C. Reynolds, Phys. Rev. Letters
3, 370 (1959).' R. L. Kelly and W. J. Fredericks, Phys. Rev. Letters 2, 389
(1959).

'~ G. Cheroff, R. C. Enck, and S. P. Keller, Phys. Rev. 116, 1091
(&959).



OPTICAL PROPERTIES OF CdSe SINGLE CRYSTALS

.50

.40
O

H
I-

H .$0
II

I-

.20

.IO

l
I

I
I
I

within the absorption edge. There has not been seen the
reversal of polarization deep within the edge as has been
reported for ZnS ' and hinted at for CdS.'

The Ruorescence spectrum has been measured both
at room temperature and at 77'K and it is the same
as that reported for powders. "The emission at 77'K,
is slightly polarized perpendicular to the c axis as has
been reported for the other materials "~

In Sec. II we present a description of the sample
preparation and of the experimental setup. The experi-
mental results are presented in Sec. III and a conclusion
is given in Sec. IV.
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Fro. 1. Transmission, T=Ir/Io, of CdSe. The solid curve is for
light polarized perpendicular to the c axis and the dotted curve
is for light polarized parallel to the c axis. The wavelength scale
is in millimicrons, mp, .

obtained by removing the crystal and measuring the
transmission of the Polaroid film. In this way we
corrected for the polarizing eGects of the instrument.
For reQection measurements, light from an externally
mounted tungsten lamp was passed through a Polaroid
film and refIected from the sample and focused into the
Cary set for single beam operation. A reference signal
was obtained by replacing the sample with a mirror.
The angle of incidence was less than 10'.

The polarizing films were commercial HR Polaroid
films which are useful in the near infrared. For work
at shorter wavelengths, HN 32 Polaroid films were used.
The efficiency of the Polaroids was almost 100% in the
wavelength region of interest.

The Quorescence data were obtained with the same
apparatus that was described in reference 6. A 7102
RCA photomultiplier tube as well as a PbS cell were
used as the detectors and a 1000w tungsten projection
lamp was used as the light source. The polarization
measurements were made with the Polaroid films
described above and were made at 77'K where the
intensity of emitted light was higher than at room
temperature since at room temperature the intensity
was so low that no meaningful data were obtainable.

lo"—

II. CHEMICAL PREPARATION AND
EXPERIMENTATION

The crystal preparation is a common one and is
similar to that used for ZnS crystal growth. The starting
material was G.E. CdSe which has impurities of Al,
Cu, Fe, Mn, Pb, and Si between 1 and 10 ppm, and
Zn at about 20 ppm.

The powdered CdSe was sealed in a quartz tube and
placed in a temperature gradient such that the charge
was located in the hottest part of the furnace which was
maintained at 950'C. The tube remained in the furnace
for about a day. The crystals obtained were either
needles or plates. A plate of uniform appearance and
of 8p, thickness was chosen for the measurements. The
crystals were not analyzed for impurities due to their
dearth. It is assumed that they have roughly the same
impurity content as the starting material. (This was
true for ZnS. )

The apparatus for transmission and reRection
measurements consisted of a Cary Spectrophotometer
Model 14. It has a 4 A resolution in the near infrared
region where the measurements were made. Wavelength
reproducibility is 0.5 A and wavelength accuracy is 4 A.
For transmission measurements, the crystal was placed
in the sample beam after a Polaroid film. Difhculty
was encountered if a Polaroid film was simultaneousl
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aced in the reference beam and so a background was I zo. 2. The absorption coefBcient, p, , plotted as a function of
incident photon energy in e)ectron volts. The solid curve denotes

'6 G. F. J. Garlick, Proc. Phys. Soc. (I.ondon) B67, 442 (1954). iu and the dotted curve denotes p».
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where Io, Ip, and I~ are the intensities of the incident,
transmitted, and specularly reflected light, respectively,
p, is the absorption coefficient, R is the reQection
coefhcient, and t is the crystal thickness. In the present
paper, Iz, Io, and I& and t were all measured and Eqs.
(1) and (2) were programmed on the IBM-704 com-
puter. The quantities p and 8 were determined as
functions of photon energy for the two directions of
light polarization.

Figure 1 presents a plot of the transmission, T= Ir/Io,
versus wavelength of light in mp for the two directions
of polarization. The long-wavelength structure is due
to multiple-reQection interference effects. Figure 2
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Fro. 3. The degree of polarization, P, plotted against the
wavelength, P is defined as (T1~-Tg)/(Tll+TL) where T=Iz/I0.
The wavelength scale is in millimicrons.

III. EXPERIMENTAL RESULTS

A. Transmission Results

In treating our data we have used the well-known
expressions:

presents the results of the machine solution where p&

and p,» are plotted as functions of incident photon
energy. The sample was too small to etch or polish and
hence we could not minimize diffuse reQection. As a
result in regions of low absorption IOAIg+IT. We
tried to correct for this but the correction was not
perfect which resulted in the value of 50 cm ' for p, at
1.63 ev where the crystal does not absorb.

It can be seen that the p's vary between 50 and 104

cm ' between 1.65 and 1.7'7 ev. In this range R, and
E«vary between 0.23 and 0.32 ev. As can be seen from
Fig. 2, the frequency dependences of the absorption
coeScients do not follow the integral or half-integral
powers predicted by various models. Between 1.69 and
1.74 ev the dependences are nearly exponential,
consistent with Urbach's rule.

In Fig. 3 we present the conventional degree of
polarization P= (T~~ —T~)/(T„+T,). The effect is
larger here than reported for BaTi03 and for CdS ' and
it is just slightly larger than reported for ZnS. This
can also be seen by noting the values of the absorption
coefFicients in Fig. 2.

B. Fluorescence Measurements

The CdSe crystal is weakly Quorescent at room
temperature and more strongly Quorescent at 77'K.
The spectrum is the same as that we have measured
for powdered samples, which spectrum has been
reported earlier. "At room temperature the spectrum
consists of a single peak at around 1.20 p, (1.03 ev).
At 77'K, the emission intensity is increased and consists
of a peak at 920 mp (1.33 ev) and the one at 1.20 p, .
The relative heights of these two peaks differ for
different samples. In the case of the single crystal the
77'K spectrum showed mainly the 920 mp, peak and a
trace of the 1.20 p, peak. The excitation peak at room
temperature is around 725 mp, (1.72 ev) and at 77'K
it is near 700 mp (1.78 ev). This probably is indicative
of an energy gap increase of 0.06 ev. The shift in the gap
for these two temperatures is in the same direction but
is smaller than that reported for other materials
( 0.20 ev for ZnS, 0.15 ev for CdS, 0.14 ev for
BaTiOg). The fluorescence is analogous to the "blue-
green" Quorescence in ZnS. We measured the
Quorescence of CdSe powders with Cu purposely added
in varying amounts. The emission was the same as that
manifested by the single crystal and its intensity
increased with increased Cu addition.

The intensity of the room temperature Quorescence,
in the single crystal, is so weak that we could not
determine meaningfully any polarization effects. How-
ever, at 77'K we determined that the light emitted at
920 mp was weakly polarized perpendicular to the c
axis. The polarization of the emission, defined as
(Ii I~i)/(I&+I&&) where I —is the intensity of the
emitted light, is about 0.06. This is the same sign and
the same magnitude of the polarization found for
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unactivated crystals of ZnS ' at 77'K and it is the same
behavior that Lempicki reports. '

If we assume that the emission is due to Cu which
is not unreasonable since, as we stated above, the
intensity of the particular emission increases with
increasing Cu concentration in the powders, then the
data are only partly consistent with that reported for
Cu activated ZnS. ' In that case the polarization of the
emission, at 77'K, was a function of the wavelength of
exciting light. With the energy of the exciting light
greater than the gap, the Quorescence was polarized
perpendicular to the c axis and with the exciting light
at the long-wavelength side of the gap the Quorescence
was polarized parallel to the c axis. In the present case
the exciting light was within the gap and hence the
perpendicular polarization is consistent with the ZnS
data. However, these data are not in agreement with
those reported by Warschauer and Reynolds" for Cu
activated CdS. They report the Cu emission to be
polarized parallel to the c axis but they do not report
if this is a function of the wavelength of exciting light.

IV. CONCLUSION

We have seen that the experimental results for the
transmission data agree with the theoretical prediction
in that p,&&p». If we accept the double valence band
picture of Birman, " we see that the conduction band
belongs to the I"7 irreducible representation, that the
uppermost valence band belongs to the I'9 irreducible
representation, and the next lowest valence band
belongs to the I'q irreducible representation. (We shall
ignore the lowest I'y valence band which was derived
from a crystal field splitting. ) Transitions between the
I'y conduction band and the I"9 valence band are
allowed with the absorption or emission of perpen-
dicularly polarized light and the transitions between
the Fy conduction band and the F7 valence band are
allowed with the absorption or emission of light with
either direction of polarization.

One is tempted to attribute the two apparent trans-
mission spectra shown in Fig. 1 to the existence of the
two bands with the separation of the two spectra
giving the spin-orbit interaction energy. However,

there are several inconsistencies with such a picture.
First, since I'q &-+ I'y transitions allow both directions of
polarization one would expect a positive jog in the T&

curve at the onset of the F7+-+ I"7 transitions. This is
seen to be untrue in that both curves preserve smooth
continuities over the whole wavelength range. From
another point of view, since these considerations apply
at k=0, one would expect that as one went away from
k=O, the selection rules would break down via k p
interactions and both curves would merge into each
other just to the short wavelength side of their onset.
This higher energy region would correspond to transi-
tions from within the valence bands to the conducting
bands, which involves transitions at kWO. This merging
of the spectra is seen not to be true since both curves
maintain their identities over the whole wavelength
region. If one ignores these difficulties and pursues the
previous ideas, then one arrives at spin-orbit interaction
energies of 0.04 ev for ZnS, 0.02 ev for CdS, 0.04 ev for
BaTi03, and 0.02 ev for CdSe.

Turning to the Quorescent data, we have seen that
the emitted light is perpendicularly polarized. Its
energy is about 0.45 ev less than the band gap. If this
level is due to Cu or to some other imperfection, we see
its binding energy ( 0.45 ev) is appreciable. If one
assumes the emitted light is due to a Schon-Klasens
type of transition, then we see that the level lies
0.45 ev above the valence band. This binding energy is
so large that it is dificult to see why the symmetry
of this level is given by the symmetry of the band from
which it has been lifted. Similarly, if a I.ambe-Klick
model is assumed, then the level lies nearer the conduc-
tion band and again it is de.cult to see why its sym-
metry should be clearly defined by the symmetry of
the conduction band. If one ignores this difhculty then
either model applies. It is, of course, possible that since
the level is a deep one, then the symmetries of an
excited state and the ground state of the center will
determine the polarization of the emitted light.
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