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identical with those used to Measure the relative
changes in the Seebeck coefficient (bQ)/Qe. A

chopper technique was used to eliminate the ef-
fect of the temperature gradient on the resistiv-
ity measurements. The relation between (4Q)/Qe
and (b p)/po gives directly a simple function of the
parameters E and L. A second relation involving

K, QII, and Qz is obtained from the zero-strain
value of the Seebeck coefficient.

We have used the lt values given by Goldberg
to calculate Q and Q&. Subtracting the electron-
ic part of these as estimated from low-field Hall

data, we have found the ratio of the components
of the phonon-drag Seebeck tensor for a single

valley, Qp (I/Qp ~, to have the value 9.6 +0.2 at
82'K and 9.5 +0.5 at 95.5'K These agree very
well with the values obtained by Herring et al.'
from an analysis of thermomagnetic effects.
They found a value of 9.6 which was independent
of temperature in the range 60'K to 100'K

'C. Herring and E. Vogt, Phys. Rev. 101, 944 (1958).
2C. Goldberg, Phys. Rev. 109, 331 (1958).
3Herring, Geballe, and Kunmler, Phys. Rev. 111, 36

(1958); see also Geballe, Herring, and Kunzler, J. Phys,
Chem. Solids 8, 347 (1959), and Herring, Geballe, and
Kunzler, Bell System Tech. J. (to be published).
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FIG. 1. Growth of the number of F centers pro-
duced in NaC1 by x-ray radiation as a function of the
energy absorbed.

Recent experimental work in this laboratory on
the F-center production in synthetic sodium
chloride at room temperature by ionizing radia-
tion has revealed growth curves for synthetic
crystals which differ from those obtained for
halite. From Fig. 1 it can be seen that the nat-

ural crystal from Baden, Germany has a simple
growth curve whereas in the synthetic crystals
the growth curve is somewhat complicated. In
recent publications~y ~ the influence of hydroxyl
ions inadvertently introduced into synthetic al-
kali halide crystals by growth in air, has been
noted. It is evident from the figure that as the
amount of hydroxyl ion (which is related to the
absorption coefficient at 1850 A) is reduced, the
growth curves for the synthetic crystals approach
that of the natural crystal. If the natural crystal
contains any impurities, they are not apparent in
the growth curve data.

The color center formation in synthetic crys-
tali has been compared to that in natural crys-
tals using 40-kvp x-rays, 2-Mev electrons, and
1.2-Mev y rays. The flux from these sources
has been calibrated and the energy absorbed by
the thin crystals (d = 0.22 mm) calculated. The
number of F centers created per unit absorbed
energy agrees within 30 $ for the 40-kvp x-rays
and the 2-Mev electrons where the flux was com-
parable (6 x10"ev/cm'-hr). In the Co'e y-ray
exposure, the rate of energy absorption was a
factor of 100 less, and the coloration for a given
energy absorbed was a factor of 3 lower than that
for the other radiations. Despite the low rate of
F-center production under y rays, the shape of
the growth curves for the different radiations is
the same and the energy initially required to
form an F center agrees with that found using x-
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FIG. 2. The x-ray energy absorbed per number of
E centers formed in NaC1 crystals as a function of
energy absorbed.

rays and high-energy electrons.
In Fig. 1 the growth curves under x-rays are

shown for the various specimens. Up to about
10'0 ev/cm' energy absorbed, the rate of colora-
tion varies by as much as a factor of 30 between
crystals. It mill be noted that the faster-coloring
synthetic crystals attain the same color-center
concentration and production rate as the natural
crystals after prolonged irradiation. This indi-
cates that the entity responsible for the enhanced
initial coloration rate in the synthetic crystals is
no longer effective for E-center production after
prolonged irradiation. This entity is not re-
moved from the crystal, however, because a
still higher initial coloration rate is produced if
the color centers are optically bleached and the
crystal is irradiated again with x-rays. If the
entities responsible for the initial enhancement
are vacancies, it may be possible that vacancy
pairs or higher order complexes are formed
under prolonged irradiation which are ineffective
for trapping electrons. However, no abnormal
growth of the M band or the presence of other
higher order bands is observed which can account
for the loss of these E centers in synthetic crys-
tals.

In order to facilitate the extrapolation of the
data of Fig. 1 to the origin to determine the en-
ergy required to form an E center, the data of
Fig. 1 are replotted as follows. The abscissa E,
the energy absorbed/cms, is divided by n, the
number of F centers jcm', '

and this ratio is plot-
ted as the ordinate in Fig. 2. The abscissa is the
same in both ylots. With the exception of the
data for the natural crystal, the curves obtained
in Fig. 2 are straight lines over a sufficient en-

ergy range to be represented by the equation
E/n=mE+ b, where n is the color-center con-
centration, m is the slope, b is the intercept on
the E/n axis, and E is the energy absorbed. The
data then indicate that the energy required to
form an E center in Harsham Company NaC1 is
96 ev, in NRL NaCl batch C is 85 ev, in NRL
NaCl batch J is 73 ev, and in NaC1:Ca is 70 ev.
It should be noted that in this. plot, the natural
crystal data do not give a straight line over any
part of the dose range illustrated. By using
thick crystals and y-ray exposures of (2-5) x10'~
ev/cm', it has been determined that the energy
required to form an E center in the natural crys-
tal is about 85 ev.

Despite the wide variation in the rate of color-
center production in the various crystals, the
energy to form an E center is about the same for
all crystals studied although there is some slight
variation. This energy is a measure of the effi-
ciency with which an electron in a given crystal
is freed from within the lattice and trapped at a
negative-ion vacancy to form an E center. The
fact that the E-center coloration varies consider-
ably in the mid-range of energy absorbed indi-
cates the presence of a readily available source
of vacancies which is dependent upon the crystal
history. It is known~ that air-grown synthetic
NaCl has an absorption at 1850 A associated with
an hydroxyl ion concentration to which the color-
ation is proportional. In NaCl doped with cal-
cium, it is known that the irradiation-produced
E-center coloration is proportional to the cal-
cium concentration. ' Preliminary coloration ex-
periments with x-rays on calcium-doped NaC1
indicate that the growth curve is well represented
by n= (m+ b/E) ' to color-center concentrations
in excess of 2 xl0'~ F centers jcm'. The fact that
the data shown in Fig. 1 are, in the initial rapid-
coloring stage, represented by n = (m+ b/E) ' in
both hydroxyl-bearing and calcium-bearing crys-
tals suggests 'that a common entity is introduced
into these crystals by the impurities. Arguments
have been presented for the presence of yositive-
ion vacancies as being responsible for the en-
hanced coloration observed in calcium-doped al-
kali halides. ~ The excess positive-ion vacancies
are thought either to aid in the diffusion of ne-
gative-ion vacancies from dislocations or to act
as traps for holes, reducing the electron-hole
recombination. If it is to be assumed that there
is an excess positive-ion-vacancy concentration
in the hydroxyl-bearing crystals, it would require
that the hydroxyl ion substitute for two chlorine
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ions in the lattice. Whether this occurs or not
could perhaps be verified by measuring the ionic
conductivity of a group of crystals having differ-
ent hydroxyl concentrations.

Finally, it is of interest to note that not only is
the energy required to form an E center about
the same for these diverse crystals, but for pro-
longed irradiations the various crystals appear
to have the same color-center concentration and
rate of production. It would seem then, that the
only region in which it would be safe to use the
data of synthetic crystals which contain inadvert-
ent impurities for kinetic studies of E-center
formation is in the high-dose range where the

effects of these impurities are no longer present.
The authors wish to thank Dr. J. H. Schulman,

Dr. C. C. Klick, and Dr. H. Rosenstock for many
helpful discussions. The authors also express
their appreciation to Dr. G. S. Switzer of the
Smithsonian Institution for providing the sample
of halite from Baden, Germany.
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Free magnetic induction signals from the un-
paired electron in the organic free radicals, n- n
diphenyl-P -picryl hydrazyl, a -y bisdiphenylene-
I3-phenylallyl, and picryl-z-amino carbazyl, have
been observed. Transverse relaxation times, T„
in the range 30-100 millimicroseconds were
measured directly using pulsed resonance tech-
niques originated by Hahn. ' Measurements were
made on polycrystalline samples at 300 K with
an extremely fast time-resolution pulsed spec-
trometer operating at microwave X-band fre-
rluencies (9.3 kMc/sec). Recently, Gordon and
Bowers' have used pulse methods at 23 kMc/sec
to measure T2's in the range 100-1000 micro-
seconds for paramagnetic resonances in impurity-
doped silicon.

A detailed description of the spectrometer used
for these measurements will be published later.
It utilizes a ferrite circulator and a magnetron
which generates 150-watt, 50-millimicrosecond
pulses at 9.3 kMc/sec. A terminated TE», trans-
mission cavity (Q-30) containing the spin sample
in a dc magnetic field is placed in the antenna arm
of the circulator. The pulse power and duration
produces approximately a 45 pulse in this cavity.
One-half of the free precession signal originating
in this cavity following a pulse appears in the re-
ceiver arm of the circulator and is detected in
a broadband superheterodyne system. The out-
put is displayed directly on the plates of a Tek-
tronix 517A oscilloscope.

Figures 1(A), (B), and (C) are oscilloscope
photographs of free precession decays following
application of a single microwave pulse in the
hydrazyl, phenylallyl, and carbazyl radicals,
respectively. Samples used contained approxi-
mately 10~ spins. The first two spikes preceding
the spin signal are reflections from leading and
trailing edges of the transmitter pulse. The sig-
nal minimum occurring shortly following the pulse
has been shown by Nelson' to arise from disper-
sion in the angle of rotation of the spin ensemble

FIG. 1. Free precession signal decay following sin-
gle pulse in (A) hydrazyl, (8) phenylallyl, and (C) car-
bazyl. The time scale is 50 millimicroseconds/scale
division.


