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way. The 6 . was higher than normal, about 1.6,
presumably because of surface contamination, since
there was no detectable change in U~,„, There was
still no step at the junction. Evaporation of a constituent
could not have been a factor in this test.

If indeed, then, the space-charge layer exists as
calculated and there is no change in material con-
stituents to within very close to the surface, hypothesis
c remains. It does not seem plausible if the internal
secondaries lose energy in steps at each collision that
are nearly independent of their energy. If, on the other
hand, the energy lost at a collision is proportional to the
energy of the colliding electron, then these results
would probably ensue.

CONCLUSIONS

1. The yield from Ge is independent of normal
donor or acceptor additives and is, therefore, determined
by the intrinsic properties of the Ge lattice.

2. The yield from Ge has a small but appreciable
temperature coefFicient. This is taken as evidence for a
small interaction between the internal secondaries and
the lattice.

3. The interaction is negligible between internal
secondaries and free electrons or positive holes up to
concentrations of about 10"/cnr'.

4, No evidence has been found that strong sub-
surface fields affect the yield from Ge. It is believed
that this is a result of the detailed mechanism of energy
loss of the internal secondaries and that it does not rule
out the possibility of 6eld eQ'ects in other materials
such as insulators.
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It is shown that ferroelectric KNb03 undergoes another phase transition at —10'C in addition to two
phase transitions previously reported at 225' and 435'C. At this lowest phase transition KNbO3, on cooling,
changes its orthorhombic structure to a rhombohedral one, and this change is accompanied by a sharp change
of the dielectric constant. The speci6c heat anomalies at three transitions were measured, and the results
are compared with the case of BaTi03.

&IIELECTRIC measurements of KNbOs by Mat-
thias and Remeika' revealed a ferroelectric Curie

point at 435'C and a further transition at 225'C. An

x-ray and optical study by Wood' revealed a cubic
perovskite structure above the Curie point at 435'C,
which transforms on cooling first to a tetragonal struc-
ture and then to an orthorhombic structure at the
aforementioned two transition points. These transitions
are related to the phase transitions in BaTi03 at 120'C
and O'C.' A further transition occurs in BaTi03 at
—80'C, in which the structure changes from ortho-
rhombic to rhombohedral. The above investigators
found no significant change in the dielectric constant
of KNb03 between room temperature and —190'C,'
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and no optical change was observed between 25' and
—50'C.'

A preliminary dielectric study' carried out in our
laboratory on KNb03 single crystals, prepared without
Aux, did show a sharp peak in the dielectric constant
at —50'C on cooling and —35'C on heating, indicating
the existence of a phase transition at this point. A
further study has now been carried out on the dielectric,
structural, and thermal properties of this lowest phase.

KNb03 single crystals were prepared as described by
Wood, ' using KCO3 as a Aux and cooling down from
1000'C. The crystals were generally rectangular,
transparent, light yellow plates. Optical observation
showed them to be multidomain crystals. Dielectric
tests were made on crystals 2—3 mm on edge and about
0.3 mm in thickness.

Figure 1 shows the dielectric constant vs temperature
curve measured at 10 kc/sec and a field strength of
about 5 v/cm. The heating and cooling rate was about
1'C/min. In agreement with previous data, this curve
shows a very sharp change in dielectric constant at
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220' and 420 C on heating. In addition to these, there
is an abrupt change in the dielectric constant at —10 C
on heating. On cooling, these three transitions occur at
410', 200', and —55 C. A very large temperature

.hysteresis of about 45'C at the lowest phase change
appears in the several crystals examined.

Powder photographs of KNbO~ were taken with
CuE radiation in a Norelco powder camera of 11.4-cm
diameter. Orthorhombic cell dimensions a=5.721A,
b=3.973A, c=5.695A were obtained at room temper-
ature, in good agreement with the previous data, ."
The lowest-temperature phase was examined in our
low-temperature camera, 10-cm diameter, using CuE
radiation. Diffraction patterns at —140'C showed
pseudo-cubic lines of perovskite type, but small
although definite line splittings were observed in a few
high angle lines such as (422), (332), and (420). The
line splittings could be explained by . assuming a
rhombohedral lattice and considering both line spacings
and intensities. Special attention was paid to the (400)
reflections, which show no multiplet except that due to
the 0.1,e2 doublet; and this excluded the possibilities of
tetragonal or orthorhombic lattices. The lattice par-
ameters calculated from (422) and (332) line groups
are a= 4.016&0.002A and n= 89'50'~1'.

Since +&90', this rhombohedral lattice is derived
from an ideal cubic lattice by an elongation along $111].
This corresponds to the same lattice as that of the
lowest phase in BaTi03. Polarizing microscope observa-
tiogs also showed the three phase transitions at temper-
atures of the dielectric anomalies; and extinction
positions are in accordance with the x-ray determined
symmetry of each phase. If we reduce the three transi-
tion temperatures by dividing by the Curie temperature,
they are 1, 0.69, 0.49 and 1, 0.71, 0.38 for BaTi03 and
KNb03, respectively. KNb03 is the only one perovskite-
type ferroelectric which has been found to show three
transitions similar to those of BaTi03.

To further compare the transitions in these two
crystals, a study was made of the specific heat anomaly
at the three transitions in KNb03. Ceramic KNbO~
was prepared by firing a mixture of K2CO3 and Nb205

TABLE I.Transition energy AE& (cal/mole) and entropy change AS
{cal/mole degree) at the three transitions in BaTiO& and KNbo&.
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FIG. 1. Dielectric constant of KNb03.
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at 1050'C. An adiabatic calorimeter of the Nernst
type, ' holding about 50 g of KNb03 powder, was used
for the lower-temperature measurements. Another
adiabatic calorimeter of Nagasaki-Takagi type, con-
taining about 15 g of KNbO~ powder, was used at high
temperatures. The measurements were carried out by
heating the specimens continuously at a rate of.0.5
to 1'C(min. Sharp peaks in the specific heats appeared
at the three transition temperatures.

The values of the transition energies integrated from
the curves are shown in Table I, together with data
on BaTi03. The larger transition energies in KNb03
could be explained in terms of the larger lattice distor-
tions in KNb03 as compared with the corresponding
transitions in BaTi03. It may be interesting to point
out that the relative ratio of the three entropy changes
are nearly the same in these two crystals; and, moreover,
the entropy changes at the Curie points of these two
crystals are approximately proportional to their
P(c/a) —1]values in the tetragonal phase.

To permit a more detailed comparison of these two
crystals, and especially to apply Devonshire's theory'
of BaTi03 to KNb03, we must know the values of the
Curie constant and the spontaneous polarization at the
Curie point. Unfortunately, reliable values of these
quantities in KNb03 are difficult to obtain, because of
the relatively high conductivity near the Curie point
at 430'C.
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