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perature values of jj for the seven crystals lie
in a range between 10 and 18 cm? v™* sec™ with

a mean value of about 15 cm? v~ sec™. The good
linearity of the calculated curves supports the
validity of the assumptions made in deriving Eq.
).

The temperature dependence of yj; has been in-
vestigated between 500°K and 77°K for five of the
specimens. The agreement between different
curves is very satisfactory. The interesting fea-
ture of the results is a mobility maximum at about
210°K after which all logy,, vs 1/T curves de-
crease linearly towards the lower temperatures
with an activation energy of 0.019+0.002 ev. It
may be possible that this energy is associated
with transitions of free holes between the upper
two valence bands of CdS. Such an interpretation
appears to be supported by recent work on the
band structure of CdS,” in which the dichroism of
absorption edge is explained in terms of transi-
tions from the upper two valence bands to the con-
duction bands. From the optical data it is con-
cluded that the energy separation between these

bands is 0.02 ev at room temperature and 0.016
ev at 4.3°K, which agrees with the above activa-
tion energy, measured between 200°K and 77°K.

Further work on the possible interpretation of
these results in terms of the valence band struc-
ture is in progress.

The authors wish to thank Dr. R. W. Smith of
RCA, Dr. J. Franks of AEI, and Mr. McGill of
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FREE CHARGE CARRIER EFFECTS IN CADMIUM FLUORIDE

J. D. Kingsley and J. S. Prener
General Electric Research Laboratory, Schenectady, New York
(Received March 7, 1962)

We have found optical absorption and conduc -
tivity due to free electrons in single crystals of
CdF, doped with several trivalent rare earth ions.
CdF, has a band gap of* 6 ev and the fluorite struc-
ture. This is the first observation of a large con-
centration of conduction electrons in an ionic crys-
tal with such a large band gap.

It was shown by the determination of the crystal
field splitting of the low-lying Eu*® levels as ob-
tained from an analysis of the fluorescence spec-
trum of CdF,:Eu that, for concentrations of Eu
in the range 1072 to 107° mole fraction, charge
compensation is ordinarily achieved by means
of interstitial fluoride ions.? Earlier measure-
ments of the x-ray lattice constant and density of
CdF,:Ce™® yielded the same conclusion at larger
impurity concentrations.® A similar conclusion
holds for CaF, doped with trivalent ions.*:*> We
have now found that charge compensation can
also proceed by means of electrons in the con-
duction band or in shallow (0.06 ev deep) traps.

When CdF,:Sm™® crystals of about 0.1 cm? are

heated in a saturated cadmium metal vapor at
500°C, for times as little as 15 minutes, the
originally colorless crystals become colored
blue uniformly and transmission measurements
from 0.4 u to 6.0 u show a continuously rising
absorption. In crystals containing 10~% Sm the
absorption coefficient varied as 2%% and crys-
tals containing 10™* Sm yielded a »3:° dependence.

The resistivities of these crystals, as obtained
by a four-point probe method, were about 1 ohm
cm. Both thermoelectric power and Hall meas-
urements indicated n-type conductivity with a
room-temperature mobility of 7 to 10 cm?/volt
sec and carrier concentrations from 5x10'7 to
10'8/cm?.

We propose that heating in Cd vapor results in
the diffusion of the interstitial F~ ions to the
surface and the diffusion of electrons in from the
surface, CdF, being then formed at the surface.
In CdF,:Sm™®,Na** in which the substitutional
Na*! jon compensates the charge of the Sm*® jon,
no coloration was observed nor could pure CdF,
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crystals be colored. The blue color could be
bleached by heating the crystals in a vacuum at
300°C with the concurrent deposition of a Cd mir-
ror on the cooler glass walls. Changes observed
in the Sm*? fluorescence after coloration are con-
sistent with the idea that the local symmetry
about the rare earth ion is changed due to the
absence of the nearby interstitial fluoride ion in
the colored crystal.

In addition to Sm-doped CdF,, free-carrier ab-
sorption has also been observed in material doped
with Tb and Dy. With CdF,:Eu*® the electrons
are trapped in the 4f Eu states, giving rise to a
Eu*? absorption band in the near ultraviolet. Al-
though free-carrier absorption has been observed
in several other binary compounds (e.g., in® ZnO
and” CdS), CdF, is the first material with a 6-ev
band gap to show these effects.

The authors wish to thank H. H. Woodbury and

S. J. Silverman for performing many of the elec-
trical measurements reported here. Thanks are
also due for the assistance of F. C. Mostek and
A. L. LaTorre.
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SUPERCONDUCTIVE TUNNELING*
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Experiments*? involving the tunneling of elec-
trons between superconducting films covered by
a thin (~20 A) oxide layer and either normal or
superconducting metals have shown that the tun-
neling current between, e.g., normal and super-
conducting metals is directly proportional to
Ps (E), the superconducting density of states as
predicted by the BCS theory,*

p (E)= Pn(E) x[E/(E?-a%)¥2], |E|>aA

=0, |E|< A, 1)

Several attempts have been made to explain
this result. Bardeen® has obtained the formula
for the tunneling rate from state a to state b,

Ryy= /T (5@, 7 (L-,). (@)

Here f, and f; are the occupation numbers of
states a and b, respectively. Bardeen has used
the Gor’kov®” formalism to argue that the matrix
element T,p, which usually contains energy-de-
pendent coherence factors, should be constant.

In order to obtain this result, assumptions must
be made about the number of particles in a quasi-
particle state.®
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Other treatments® have used the two-fluid mod-
el'® in analogy with semiconductors. Harrison!!
has emphasized the fundamental problem of the
two-fluid picture, i.e., according to the WKB
treatment of quasi-particle tunneling,

2 2
T 12~V V12, (3)

where I,p is the exponential tunneling integral

and V,; and Vp the velocity of the quasi-particle

in the states @ and b. Because Vy~[p(Ep)]™,

the single-particle p(Ep) cancels from (2), leav-

ing the transition rate independent of p(Ep) = pg (E).
Here we present a Hamiltonian treatment of

the tunneling process from normal metal to super-

conductor:

H=Hn+Hs +HT, 4)

where H,, and Hg are the exact Hamiltonians for
the normal metal and the superconductor. The
coupling term H transfers electrons from the
normal metal to the superconductor and vice
versa.

We choose representations such that

= i
Hn Z ekak o ak o’ (5)
ko



