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FI1G. 1. Specific heat as a function of temperature.

heated in a glass vessel, 2g in weight, at a rate of about 2°C/min.
The heat capacity of the empty calorimeter was calibrated with
KCl as a standard substance. The specific heat vs temperature
curve is shown in Fig. 1.

Asis seen in Fig. 1, there is a rather large anomaly of the specific
heat in the transition region. The specific heat curve shows a
sharp peak at 490°C, corresponding to the anomalies of permit-
tivity and lattice spacing. Attention must be paid to the fact that
the specific heat shows an anomaly over a wide temperature range.
Though it is difficult to estimate the transition energy accurately
from such a curve, we have tentatively assumed that the normal
specific heat corresponds to the broken line shown in the figure.
We thus obtain the transition energy as 1150 cal/M in the range
340 to 540°C. The accompanying entropy change is about 0.80R.
This large anomaly is to be compared with the small transition
energy in BaTiO;,* which is about 20 to 40 cal/M.

According to the theory of barium titanate proposed by Devon-
shire,® the anomalous internal energy associated with the spon-
taneous polarization can be written as

E=A-Te-Pr+---=B-T,.-(c/a—1)+- -, )

where T, represents the Curie temperature and B depends on the
piezoelectric and elastic constants. This relation between polariza-
tion and crystal strain has been confirmed experimentally by
Merz® in the case of barium titanate. Though the value of the
spontaneous polarization of lead titanate has not been estimated,
we have found that ¢/a, which is 1.063 at 30°C, begins to decrease
considerably from a temperature far below the Curie point.
Taking account of this fact, it seems to be reasonable to assume
that the specific heat also has an anomaly in the same temperature
range. Utilizing the normal specific heat shown in Fig. 1, we have
calculated the anomalous internal energy E, as is shown in Fig. 2.
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F1G. 2. Anomalous internal energy estimated from the specific heat curve.
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This curve is quite similar to the temperature dependence of the
axial ratio ¢/a, shown in the previous letter.! It is found that
Eq. (1) holds approximately in this temperature range with B=40
cal/M. On the other hand, we have estimated that B is about 15
cal/M in the case of BaTiO;.

It is difficult at present to determine whether there is a latent
heat at the transition point.

We wish to express our sincere thanks to Professor Y. Takagi
for his kind guidance and also to Mr. S. Nagasaki for his helpful
advice on our work.
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HE manner in which impurities are distributed in a crystal
is not readily determined by direct measurement. In the
absence of specific information it is frequently assumed, particu-
larly for small concentrations, that the impurities are distributed
at random. Large deviations from a random distribution may
result, however, from the formation of stable aggregates of two
or more impurity atoms as in the aggregation of trapped electrons
and trapped holes in the alkali halides.! The purpose of this note
is to present evidence from optical data for the formation of im-
purity aggregates in NaCl crystals containing Pb*+ and to discuss
the conditions under which such deviations from random distribu-
tion may, in general, be expected.

Although NaCl, KCl, and RbCI crystals containing Pb all
exhibit absorption bands at approximately 2730 and 1960A,
variations in the character of these bands have been noted by
earlier investigators.2 The present study has revealed additional
bands in NaCl:Pb which vary with the growth and thermal his-
tory of the specimen.? Similar variations with growth history have
been observed in the absorption bands of other impurities in
alkali halides, particularly in NaCl: Cu and KCl: Cu.

A NacCl +.00059% Pb (MELT)
---B NaCl +.01% Pb (MELT)

— G NaGl + .01% Pb (SOLUTION)
—=D KCl+.01%Pb (MELT)
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F1G. 1. Transmission curves of NaCl:Pb crystals, grown from the melt
and from solution, contrasted with a curve for a melt-grown KCI:Pb
crystal The concentrations of Pb shown are those in the melt and solution.
The corresponding concentrations in the crystals are lower.
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Transmission curves for several NaCl:Pb crystals grown from
the melt and from solution are shown in Fig. 1, together with a
curve for a melt-grown KCIl:Pb crystal.5 The NaCl:Pb curves
are markedly different from the KCl:Pb curve in every case.
Absorption bands appear at 2900 and 2600A in NaCl:Pb which
are absent in KCl:Pb, while bands appear at 2050, 2100, 2300,
and 2450A in KCl:Pb which are absent in NaCl: Pb. In one curve,
which is typical of a number of NaCl:Pb crystals with low Pb
content, only the 2600A band appears. The curves for NaCl:Pb
crystals with high Pb content (not shown), on the other band,
resemble those for PbCl; films.

The effect of various heat treatments (always followed by rapid
quenching to room temperature) on the absorption bands of two
of the melt-grown NaCl:Pb crystals is shown in Fig. 2. In each

wnmmUNTREATED
—750°C
----100°C
o T
—=200°C e
' .\-r {jj /;i 5
/] 2
P I S
P (é)
i P
-
| -
2000 2500 3000 4000
WAVELENGTH, ANGSTROM UNITS

Fic. 2. The influence of various heat-treatments followed by rapid
quenching to room temperature on the Pb absorption spectrum of two
melt-grown NaCl:Pb crystals, specimens A and B of Fig. 1

case heating at 750° yields curves which are similar to the KCl: Pb
curve of Fig. 1. After several days at room temperature, the 2730A
band in the crystal with high Pb content weakens and a new band
appears at 2900A. The same result is obtained by heating the
crystal for only a few minutes at approximately 100°C. Heating
at 200°C removes most of the 2900A band, while heating at 400°C
yields a curve similar to that obtained at 750°C. In the crystal
with a low Pb content, subsequent heating at 100° partly recon-
verts the 2730A band into the 2600A band. Applying similar heat
treatments to KCl:Pb crystals does not alter the absorption
spectrum appreciably and bands analogous to the 2900 and 2600A
bands in NaCl: Pb crystals do not appear.

The influence of the growth and thermal history of NaCl:Pb
crystals on the aggregation of Pb can be explained qualitatively
as follows. Pb is only slightly soluble in NaCl at room temperature
but is appreciably more soluble at high temperatures. Above ap-
proximately 400° it is probably present in the various NaCl:Pb
crystals as randomly distributed mobile single Pb centers. When
the crystals are quenched rapidly from high temperatures to room
temperature, the Pb ions become less mobile and are practically
frozen in their random positions. Positive ion vacancies, which are
still mobile at room temperature, associate with the Pb ions to
form mobile Pb-vacancy centers.® In crystals with moderate or
high Pb content, the Pb-vacancy centers migrate and combine
with one another and with unassociated Pb ions to form stable
Pb—Pb pairs (associated with one or two positive ion vacancies)
and larger aggregates which ultimately, at high Pb concentrations,
precipitate out as a PbCl; phase. The rate at which these processes
occur depends on the Pb concentration, the mobility of the Pb-
vacancy centers, and the stability of the various clusters. The
mechanism for the aggregation of Pb in NaCl is thus very similar
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to that suggested recently for the aggregation of trapped holes in
the alkali halides.! In crystals with low Pb content the tendency
to form Pb—Pb pairs and larger aggregates is quite small since
it depends on the second or higher power of the Pb concentration.
On the other hand, Pb may combine with vacancy clusters or with
other impurities (possibly O~ which may be present) to form
centers which depend on the first power of the Pb concentration.

On the basis of these considerations it is suggested tentatively
that the 2900A band is due to Pb—Pb pairs, the 2600A band is
due to Pb-impurity or Pb-vacancy cluster centers, and the 2730A
band is due to a combination of single Pb centers, Pb-vacancy
centers, and PbCl,.

In general, a stable aggregation of two or more impuritity atoms
may be expected whenever the binding force between impurities
is greater than that between impurity atoms and atoms of the
host crystal. Aggregation will also be favored whenever the strain
energy associated with the distortion of the lattice in the vicinity
of the impurity cluster is smaller than that caused by the single
impurity atoms. Lattice defects in the form of vacancies and dis-
locations also play an important role in impurity aggregation.”
The lattice distortion is probably a dominant factor in the aggre-
gation of Pb in NaCl. Thus, cluster formation occurs readily in
NaCl where Pb** (r=1.32A) is larger than Na* (r=0.98A), but
not in KCl, where Pb** is the same size as K+ (r=1.33A). The
same factor is probably also dominant in the aggregation of Cu
in NaCl and in KCL
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HE absolute quantum efficiency of Geiger-Miiller counters
has been measured by several authors using the coincidence
method.! This method presupposes a knowledge of the decay
schemes of the radioactive isotopes used and of the angular corre-
lation of successively emitted radiations. It has only been in the
last few years, however, that an appreciable number of decays
has become completely known and only recently have angular
correlation measurements been performed with success. For these
reasons it seemed worthwhile to redetermine the quantum effi-
ciency of G.-M. counters as a function of the energy of the incident
radiation. At the same time the variation of the local efficiency
at different points of the counters was investigated.

The counter tubes used were of the cylindrical type having
bismuth cathodes of 0.77-g/cm? thickness for the detection of high
energy gamma-radiation (0.4-3.0 Mev) and 0.080-g/cm? thickness
for the low energy region (0.07-0.4 Mev). The counters were filled
with argon (9 cm Hg) and ethyl alcohol (1 cm Hg).

The local efficiency of the counters was measured with a well
collimated gamma-ray beam using energies of 0.511, 0.73, 1.25,
and 2.62 Mev. The intensity of the beam was calibrated with an
anthracene scintillation counter. The quanta absorbed in the
anthracene crystal were known to be detected with an efficiency
of (96=6) percent. A considerable variation of the local efficiency
across the G-M counter was observed (points in Fig. 1). It was
found, however, that this variation can be well described by as-
suming that all secondary electrons counted are produced in an



