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To date, experimental studies on quenched-in
defects in close-packed metals have relied mostly
on resistometric techniques. ' However, inherent
difficulties in the corresponding theoretical in-
terpretation of these resistivity results make.
such a study an indirect one. More recent meas-
urements- such as specimen length changes, ' in
addition to resistivity changes, during annealirig
of these defects- have helped to supplement the
results. A fundamental quantity to measure is
the energy released during the annealing. In the
formation of the imperfection, energy is stored
in the lattice. It is released in form of heat upon
annihilation of the defect. Such basic information
would further contribute to the understanding of
the defects and their annealing behavior. The
purpose of this note is to present some prelimin-
ary experimental results on the energy released
when the quenched-in defects in gold anneal iso-
thermally.

The calorimeter has been described earlier. '
The gold specimens (99.999%) consisting of rect-

angular slabs 0.5in. x0.4in. x0.020in. , were
heated in a furnace and quenched in an ice-water
mixture. The quenching rates varied from 0.8
x104 to 1.1 x 104' C/sec. Unlike the resistometric
procedure, the first measurements were poss-
ible, in these preliminary results, only after
about 20 minutes (tt) from time of quench (t W).
(The calorimeter is now being modified to improve
this. ) The annealing process was followed for
about 7-8 hours (ty) thereafter. The energy re-
leased during this interval is tabulated in Table
I.

The rate of energy release at t; indicates that
an appreciable fraction, bE(t;t;), has been
evolved prior to tf and not detected; also at t/,
the power indicates a smaller fraction, bE(tt-t ),
released for the period t &t/. In the early period
of the measurements, starting at t~, it is found
that the power can be described, to better than
5/p, by a simple second order kinetic expression.
Koehler, Seitz, and Bauerle4 suggest that at
quenching temperatures reported here the kinetics
are complex, probably involving multiple vacan-
cies. %e are not at this time able to elucidate
this point but only use the second order expression
as a means of extrapolating the experimental
data from tg to t~ . The values of the energy in-
crements, bE(te-tf ), thus evaluated are listed
in Table I. The Table also lists the estimated
values of bE(tf -t ) as well as the probable
"total" energy based on an average value of these

Table I. Energy released on annealing quenched-in defects in gold.

bE(t,—t/)
Tq('C) Ta('C) (cal/g atom) bE(t tf)

Sam- Run (Quench- (Anneal- tf (Exptl) / ca(
pie No. ing temp) ing temp) (min) (tz =20 min) ~(g atom)

bE(tf-t ) dp
bEtotal bE/Ef

~(g atom&~
~f

cal ), fcmuohm)~
(calc) I, g atom ~~ ~

atom%

~total
hp

(cal/gram
pohM-col)

1 855 + 15 44. 0 120

3 860 + 15 5l. 8 500

1 885 + 15 47. 0 410

2 835 + 15 38.5 480

0.67

0. 42

1.14

1.01
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0. 68

0. 7 + 0.3

1.7 +0.3
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0.3
0. 14
01~
0.3
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O. 1,c

0. 54 2. 0 + 0.3
o.2,"
0.1

4. 5

2. 3

2.4

0.3

0.4
9

0.4

b
Estimated assuming bE(tf t~) proportional to fractional quenched-in resistivity remaining at tf (reference 2).
Estimated from extrapolating power data for t&tf .-t

C Integrating second-order expression
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ratio of the energy released to the resistivity
change upon annealing the defects. These values
are to be compared with the ratio bE/bp =1.7
cal/gram microhm cm obtained by Overhauser~
for copper irradiated by deuterons and a value
bE/b, p =3.0 cal/gram microhm cm determined
from results of Blewitt et.al. on annealing
copper irradiated by neutrons.

The author is grateful to D. Turnbull for dis-
cussions and criticisms of the manuscript. For
the latter he also thanks J. W. Corbett and R. N.
Walker. W. A. Healy assisted in the experiment-
al work.

FIG l. Energy released as a function Of time during
isothermal annealing of quenched-in defects in gold from
different quenching temperatures, Tq, and annealing
temperatures, T+ .

numbers. (See also Fig. 1.)
It is interesting to combine these calorimetric

results with the resistivity data of Bauerle and
Koehler' and to determine the resistivity increase
per one atomic percent of vacancies, b, p/c, based
on experimentally derived quantities. That is,
bp/c= bp/(&E/Ef) where bp is the quenched-in
resistivity, bE the energy evolved, and Ef the
energy of formation of the defect. These values
must all be determined for a given specimen
having the same thermal history and quenched at
comparable quenching rates. We have not, in
this preliminary work, made any attempt to de-
termine Ef independently. Bauerle and Koehlerm

report that, for gold specimens, comparable to
those used in this work, b p=A exp (-Ey/kT@).
They found that the formation energy, Ef W 98
ev, does not vary with quenching rates, whereas
the constant A does. Extrapolating their decrease
in A, we obtain a value of A=4.0 &10~ ohm-cm
appropriate to our quenching rate - 1 x10~' C/
sec. The values of the ratio bp/c obtained in this
way are tabulated in Table I. The best value of
bp/c- 2.4 x10 ' ohm-cm/atom %, since the value
obtained for the lowest quenching temperature
has a large experimental uncertainty. Koehler,
Seitz, and Bauerle, 4 based on resistometric and
fractional length changes~ and estimates of the
volume increase per vacancy ( b, V/V), report
for b, V/V=1 the value bp/c =3.2 x10 ' ohm-cm/
atom % or for b, V/V=0. 4, ' bp/c = 1.3 x 10 ' ohm-
cm/atom %. Our value of b p/c implies b, V/V
- 0.7. Recent theoretical work of Tewordt' re-
ports values which average about 0.5 for b.V/V.

Table I also lists the values of bE/hp, the

E. g. , for gold, see bibliography of reference 2.
2 J. E. Bauerle and J. S. Koehler, Phys. Rev. 107,

1493 (1957).
3W. DeSorbo, Twelfth Annual Calorimetric Confer-

ence, Portsmouth, New Hampshire, September 3-7,
1957 (unpublished); see also DeSorbo, Treaftis, and

Turnbull, Acta Metallurgica 6, 401 (1958).
4Koehler, Seitx, and Bauerle, Phys. Rev. 107, 1499

(1957).
~C. W. Tucker, Jr. , and J. B. Sampson, Acta

Metallurgica 2, 433 (1954).
~ L. Tewordttt, Phys. Rev. 109, 61 (1958).
i A. W. Overhauser, Phys. Rev. 94, 1551 (1954).

Blewitt, Coltman, Klabunde, and Noggle, Confer-
ence de l'Institut International du Froid, Delft-Nether-
lands, June 17-21, 1958 (unpublished); and J. Appl.
Phys. 28, 639 (1957).

MICROWAVE AND LOW-FREQUENCY
OSCILLATION DUE TO RESONANCE

INSTABILITIES IN FERRITES

M. T. Weiss

Bell Telephone Laboratories,
Holmdel, New Jersey

(Received September 12, 1958)

Microwave and low-frequency oscillations have
been observed in single crystal yttrium iron
garnet (YIG) disks, with Fig. 1 showing a typical
oscillation spectrum. These sideband oscilla-
tions were observed w'ith the YIG disk placed in
a microwave resonant cavity, with microwave
power above a certain critical value incident on
the cavity, and with a dc magnetic field applied
normal to the disk and of such magnitude as to
cause ferromagnetic resonance at the microwave
frequency. These oscillations can also be ob-
served as a modulation of microwave output of
the cavity.

The particular sideband spectrum shown in


