
CALCULATION OF ANISOTROPIC HYPERFINE CONSTANTS. . ~

The approximation of sp hybrids is obtained by
setting 0=0. In this case, we have $ =-,' and t) = l.
The fact that the sP3-hybrids approach is a poor
approximation is illustrated by noting that this pre-

diets B„„(0,0, 4) to be zero when, in fact, it is
large (see Table III). [It was noted by Feher that
d character was needed to explain B„,(0, 0, 4). ]
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A recent improvement [R. A. Faulkner, Phys. Rev.
184, 713 (1969)] in the effective-mass approach has
yielded accurate values for the energies of the excited
states of the shallow donors. However, the problems of
the ground-state wave functions and energies are related
to the "chemical-shift" phenomenon and are not related to
the approximations in the solution of the effective-mass
Hamiltonian.
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Longitudinal Qptical Phonons in Thin Films of CdS, CdSe, and Their Mixtures
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LO phonon energies have been determined by means of electron tunneling in Sn-SnO-semi-
conductor-Sn junctions. For mixtures of CdS and CdSe, we find two distinct structures in the
tunneling data which occur at lower energies than the LO phonons for pure CdS and CdSe.
These results agree with infrared spectroscopic data on bulk crystals. This agreement pro-
vides strong evidence that only short-range forces are important in determining the optical-
phonon spectra.

In recent experiments, Giaever and Zeller' 3 as
well as MacVicar et a/. , have demonstrated that
it is possible for electrons to tunnel through thin
layers of semiconducting materials which are sand-
wiched between two metal films. By examining the
current-voltage (I V) curve of such tunneling j-unc-
tions, Giaever and Zeller, ' found a resistance de-

crease in such devices at applied voltages corre-
sponding to the longitudinal optical (LO) phonon en-
ergy of the semiconductor material. Such resis-
tance changes are usually observable when first-
or second-derivative measurements are made of
the I- V curve. The decrease in resistance can be
explained by considering the interaction of the tun-
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neling electron with a„LO phonon in the barrier. In
such. an interaction the electron suffers an energy
loss equal to the phonon energy. Such an inelastic
tunneling process causes a new tunneling channel
to open up at applied voltages equal to or greater
than the Lo phonon energy. The creation of an ad-
ditional tunneling channel will give rise to a, de-
crease in the dynamic resistance of the tunnel junc-
tion. Such a. tunneling process is analogous to the
interaction of the tunneling electron with vibrational
modes of foreign molecules adsorbed to the barrier
of a tunnel junction. '

CdS and. some other II-VI compound films as tun-
neling barriers have been examined by Giaever and
Zeller' and our result for CdS concerning the LQ
phonon structure in the I-V chara, cteristic is in
agreement with their data, . In addition to CdS tun-
neling barriers, we have investigated CdSe barriers,
as well as mixtures of CdS and CdSe. We find that
barriers consisting of mixtures of CdS and CdSe
give two distinct phonon structures in the tunneling
data. The energies of these two LO phonons are
slightly lower than those for pure CdS and CdSe.
The occurrence of these two bands has also been
found in infrared reflectance data for single crys-
tals of CdS/CdSe. 6 We interpret these results as
strong evidence that only short-range forces are
important in determining the optical-phonon spec-
tra.

In all our junctions, we used tin (Sn) for both
metal electrodes. The tunneling structures were
made in the following manner: First a metallic
film of Sn was deposited on a sapphire substrate by
evaporating Sn at a, pressure of about 1.0~10 mm
of Hg. Subsequently, a thin oxide film was grown
on the Sn film by means of a glow discharge tech-
nique. ~ Pure oxygen ga, s was introduced into the
bell jar for the glow discharge procedure. The
next step in the junction fabrication process was to
evaporate a thin film of semiconducting material.
The CdS/CdSe mixed films were obtained by simul-
taneously evaporating CdS and CdSe. The pressure
in the bell jar during the semiconductor evapora-
tions was less than 7. 0&10 8 mm of Hg. The junc-
tions were completed by depositing a, Sn film as
counter electrode. The two electrodes crossed each
other at right angles so that four probe measure-
ments could be made. At no time during the junction
fabrication process was the specimen exposed to
room air.

During the semiconductor evaporation and the
oxidation process, the substrate was kept at 25 'C

while for the Sn evaporations, the substrate was
'kept at about —20 'C. This low substrate tempera-
ture improved edge sharpness of the metal films.
The size of our junctions wa, s 0. 22&&0. 41 mm
(0. 09 mm ). The semiconductor thickness of the
junctions ranged from 75 to 150 A.
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FIG. 1. Dynamic resistance dV/dI as a function of
voltage for three tunnel junctions of the type Sn-SnO-
X-Sn where X denotes CdS, CdSe, or CdSp 2gSep &5. The
designation SnO' means that the metal electrode ad-
jacent to the SnO layer is at a positive potential rela-
tive to the other metal electrode. The LO phonon
structures axe indicated by arrows for the SnO polarity.

Since thin evaporated semiconductor layers are
usually not continuous, one might expect some of
the tunneling current to flow through the tin oxide
areas of pinhole size not covered with a semicon-
ductor layer. As we shall see presently, the prom-
inent Lo phonon structure in the I- V curve is clear
evidence that a substantial fraction of the tunneling
current Qows through the semiconductor layer.
Also, the asymmetrical nature of the I- V curve cor-
roborates this conclusion. Vfhen electrons tunnel
through the oxide as well as the semiconductor
layer, we expect an asymmetrical I-V curve since
we have an asymmetrical junction.

The asymmetry in the I- V curve is demonstrated
in Fig. 1, where the dynamic resistance dV/dI is
plotted as a function of voltage V for three semi-
conductor barriers. The asymmetry occurs even
though the oxide thickness is much smaller than the
semiconductor thickness. Typically, we obtain a
resistance of only 0. 05 Q for Sn-Sno-Sn junctions
at l. 4 'K (obtained by deleting the semiconductor
layer). 'These junctions give a, dc Josephson current
of several mA and consequently the thickness of the
oxide layers is less than 10 A. We note that when

these junctions were cooled to 1.4 'K we usually ob-
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FIG. 2. d V/dj as a function of voltage for tunnel-

junctions vrith four different semiconductor barriers:
(A) CdS; (B) CdSe; (C) CQSp 4ySep 53' (D) CQSp g5Sep

tained an almost ideal single-particle tunneling
characteristic. By almost ideal we mean that the
ratio of currents corresponding to the voltages
0. 9 (2A/e) and 1.1 (2b/e) is typically 0. 01. The
term 2~ refers to the superconducting energy gap,
and e is the electronic charge. Using the same
criterion for our semiconductor junctions, we get
a current ratio between 0. 06 and 0. 2 at 1.4 'K, de-
pending on the junction. This implies that the major
portion of the electrons tunnel directly from one
metal electrode to the other in a one-step process.

In Fig. 1 one notes sudden decreases in resistance
which occur in the voltage range 25-40 mV. Such
decreases in resistance are attributed to the inter-
action of the tunneling electrons with the LO phonons
of the semiconductor barrier. For the CdS and
CdSe barriers, even two-phonon events occuring
at twice the LQ phonon energy are observable in the
original data and can be identified when second-
derivative measuremerits are made of the I-'t/'

curve. By taking second-derivative data, we find
that the center of the LO phonon energy band occurs
at 38 meV for CdS and 26 meV for CdSe. Ne note
that for the SnO polarity (see Fig. 1) the background
resistance is nearly constant in the voltage region
where the LO phonon structures occur. Hence, for
the SnO polarity, we have an a,lmost ideal situation
for measuring LO phonon structures. The specific
cause of the resistance increase around zero bias
is not known but is often found in tunneling junctions.

By examining the second derive'tive d~V/dI~ as a
function of V for mixed crystal barriers, we find
two LO phonon bands corresponding to the CdSe and
CdS components. In Fig. 2, we show d V/dI versus
V over the voltage range of interest. This figure
shows that as the CdSe concentration is increased
in the mixture, the LO phonon energy corresponding

to the CdS decreases. For example, we find that
for a CdSO» Seo ~, barrier the LO phonon energy
peak corresponding to the CdS component has de-
creased 3 meV relative to that of the CdS barrier,
while for a CdSO 4, Seo 53 barrier the CdS LO phonon

peak has decreased 2 meV relative to that of the
CdS barrier. On the other hand, the decrease in

phonon energy for the CdSe component is about 1

meV for the CdS0 „Seo 53 barrier. The appearance
of two distinct LO phonon structures as well as the
magnitude of the shift in the phonon energy is in

agreement with infrared spectroscopic data for bulk

crystals of CdS/CdSe. ~ (We have attempted to cause
a shift in the CdSe component larger than that shown

in Fig. 2 by increasing the percentage of CdS in the
mixture. However, the technique for preparing
junctions described in this paper yielded samples
with a very nonlinear I-V curve when the mole frac-
tion of CdS began to exceed that of CdSe. That is,
the resistance decreased rapidly in the voltage range
0-40 mV. This means that relatively small resis-
tance decreases due to LO phonon-electron inter-
actions become difficult to detect when superimposed
on a rapidly decreasing background resistance. )

CdS films of about 1 p, thickness were evaporated
directly on the substrate to investigate some proper-
ties of our semiconductor barriers. Hall-effect and

resistivity measurements performed on such a,

sample at room temperature revealed a very high
donor concentration (ND & 1. 5 x10 "/cm3). The high
donor concentration implies that such samples have

a large excess of cadmium or a large number of
sulfur vacancies. Undoubtedly many other types of
defects are present in our barrier layers. '

On the basis of the large number of imperfections
in our semiconductor barriers„ interactions between
atoms are essentially limited to nearest neighbors.
Thus, at first sight it might be surprising to find
such good agreement between our tunneling results
and infrared spectroscopic data on well-defined
single crystals. ~ However, the occurrence of two

phonon bands in structurally well-defined mixed
crystals of CdS/CdSe has been explained as result-
ing from a, crystal system where short-range forces
are dominant. The fact that two LO phonon bands
are also found by electron tunneling through films
where only short-range order exists gives strong
experimental support to this view. Thus, our LO
phonon data for CdS, CdSe, and particularly their
mixtures provide evidence beyond Giaever and
Zeller's results ' that only short-range order is of
importance in determining the optical-phonon spec-
tra.
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The second-order Raman spectx"um of MgQ at room temperature is xeported for different
polarizations and crystal orientations. The parts of the scattering polarizability transforming
as Agg, Eg, RQd 2 2~ ax'e separated and coxxlpared %'ith featux'es in the two-phonon dlspex'sion
curves at the critical points I', X, L, and 8'.

INIOOUCTlOX

The lattice dynamics of MgO has been the subject
of extensive experimental and theoretical investiga-
tions as can be seen from the numerous publications
OQ the subject. T11ese have included studies of
neutron scattering, ~'~ infrax ed absorption, 3'4 and
vibronic transitions of impurity ions. ' ' However,
there is a lack of reliable Haman data —those re-
ported previously being in' error' or incomplete. '0

MgO has the rocksalt structure and hence shows
no first-order Raman effect. The second-. order
spectrum has been clearly identified, and is re-
ported here for different polarizations and crystal
ori.entations. The strong features are considered
to'ari'se from points of high density of states near
critical points in the Brillouin zone and, therefore,
comparison is made to the bvo-phonon dispersion
curves which have been constructed with the help
of neutron data. '

The exciting source was a 8pectra Physics
model 141 axgon ion laser, which gave a multimode
power of 300 m% in the 4880-A line. The beam
was focused on the crystal with a 3-cm-focal-length
lens. An f/l. 5 cone of light scattered at right
angles was collected and dispersed by a 8pex 1401
double monochromator. It was detected by a cooled
ITT FW 130 photomultiplier using photoncounting
techniques. The incident beam passed through a
narrow bandpass interference filter in orde~ to

keep the nonlasing A' lines from distorting the spec-
tra, and then through a double Fresnel rhomb.
Kith the latter device the direction of polarization
of the incoming bea, m could be rotated by 90'. The
scRttered beam wRs analyzed by a Polaroid sheet
placed in front of the entrance slit. The final scans
were recorded at a speed of 3 A/min with a 5-sec
time constant and a spectral slibvidth of 8 cm '.

Innitial. ly spectra were taken of six different MgO
crystals and with three different laser lines. Two
of the crystals were delibex ately doped, the re-
maining four not. However, these crystals had all
been grown in an electric Rrc furnace and are known

to contam numerous kinds of xmpurxtses. ' At
least the coarse structure consisting of five broad
peaks and one comparatively narrow one nearly at
the center was observed in each case.

.Two fur ther phenomena wexe exhibited by every
crystal and with every laser line: (i) The low-
lying band peaked at l28 cm ', and (ii) a fluorescend
background. Both can be seen in Fig. l.

The intensity of the low-energy band varies little
from sample to sample. It is assumed to be a dif-
ference band and is under further investigation.
The fluorescence background represents the short-
wavelength side of a broad smooth emission band,
which reaches its peak at around 6000 A. Its in-
tensity varies from sample to sample and also
within one specimen from point to point. This
emission is thought to be caused by some imperfec-
tion which is present in all crystals but whose con-
centration is not constant. The final spectra, which


