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Studies of the rate of formation and motion of point defects as a function of
external hydrostatic pressure permit, within the framework of reaction-rate theory,

determination of the volume changes associated with the basic processes.
experimental arrangements have been developed for such studies.

Novel
Measurements of

the formation and motion of vacancies, interstitials, and color centers in a number
of metals and ionic crystals indicate considerable relaxation about the point defects,
generally more than predicted by many current theoretical models.

1. Introduction

Historically, there has been much scientific
interest in elucidating the mechanisms which
permit mass transport in solids. Systematic
studies of diffusion-limited phenomena have
shown conclusively that bulk diffusion can
generally be attributed to the presence of
mobile point defects, vacancies and inter-
stitials, which are present in the lattice either
through accidents of growth or by athermal
processes, such as plastic deformation or
irradiation. Through comparison of the results
of diffusion measurements with studies of
quenched resistivity and thermal expansion
in metals, and ionic conductivity in pure and
impure salts, it has been possible to make
direct measurements of the concentrations of
point defects, as well as the enthalpy changes
associated with their formation and motion.

Much less is known about the actual sizes
of the defects. To first approximation, a
point defect such as a vacancy occupies one
atomic volume, and a vacancy of such size
would preserve the local lattice symmetry,
considerably simplifying theoretical calcula-
tions of its properties. However, the removal
of an atom to form a vacancy cannot be
expected to be unaccompanied by considerable
relaxation of the surrounding atoms, and the
actual size of the vacancy may be quite dif-
ferent from a single atomic volume. With
relaxation, the “point” defect involves many
atoms, and theoretical treatments must be
concerned with many-body defects of low
symmetry. It therefore becomes important
to determine the sizes of such defects by
direct experimental means.

Energy Commission.

The theory of absolute reactions rates,
despite possible objections, has proved extreme-
ly valuable for understanding and analysing
diffusional phenomena. According to the rate
theoretic treatment, the diffusion coefficient
is given, for cubic solids, by

D=a®f exp{—(Gs+4GIkT}, (1)
where « is the lattice parameter, v, a mean
vibrational frequency interpretable in terms
of the distribution of normal modes of the
solid with and without defects, f the correla-
tion factor (a constant of order unity for
self-diffusion), and 4Gs and 4G, are the in-
crements in Gibbs free energy associated,
respectively, with the formation and motion
of the point defects.? From the definition of
the Gibbs function, dG=VdP—SdT, we may
determine the volume changes associated with
formation and motion of defects from the
pressure dependence of the diffusion rate, since

<fa g;)D)T B _%(Avfu Vin)

The second term on the right in Eq. (2) is ex-
pected to bhe small, and can be evaluated
from the compressibility and the pressure
dependence of the elastic constants. Thus
measurements of the pressure dependence of
diffusion rates are directly relatable to the
volumes of formation and motion of defects.

2. Experimental

In high pressure studies of point defects,
it is important to maintain hydrostaticity,
since even mild plastic deformation may cause
large changes in the equilibrium defect con-
centrations. Therefore gas or liquid pressure
systems are essential. There are inherent
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difficulties in maintaining steady pressures
for long times at high temperatures, due to
limited lifetimes of materials at elevated
temperatures and pressures of thousands of
atmospheres, and while tracer diffusion
measurements are possible, they are extremely
difficult. Most data on high-melting materials
have thus far been obtained by indirect
methods, involving nuclear magnetic reso-
nance, magnetic relaxation, anelastic relaxa-
tion, ionic conductivity, etc.

High pressure systems inevitably involve
extremely small working volumes, and novel
experimental arrangements are frequently
required.? With proper design, most of the
techniques developed for studies of point
defects at atmospheric pressure can be adapted
to a high pressure environment. As an
example of such design, Fig. 1 shows a
pressure cell used to study the rate of
formation of color centers in alkali halides
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over a pressure range of about 8000 atmos-
pheres at temperatures from 10°K upwards.?
The pressure is applied with helium gas
through small stainless steel capillary tubing
at the top of the chamber. The crystalline
specimen is mounted opposite a beryllium
“window ”, allowing coloration by x-rays under
pressure, and at right angles to a pair of
sapphire windows which permit simultaneous
measurement of the optical absorption. The
whole assembly can be contained in a helium
dewar for low temperature operation. The
high pressure chamber itself is constructed
of heat-treated beryllium-copper, about 2-1/2
inches in diameter, with a working volume
of about 1 cm3. For other experiments, such
as diffusion measurements, much larger steel
pressure chambers are employed, with working
volumes of 100 cm?® or larger.

Experimentally determined activation vol-
umes for point defects in metals are shown
in Table I, and for ionic solids in Table II.

Typical results for the pressure dependence
of the rate of formation of F-centers in alkali
halides are shown in Fig. 2.
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Fig. 2. Effects of pressure on F-center formation

rates in NaCl, KCI, and KBr.

3. Discussion

From

Table I, it is apparent that activation

Fig. 1.
ments.

Pressure cell for color center measure-

volumes for vacancy diffusion in metals,
AV;+A4V, are quite small, in the range 0.25
to 0.9 atomic volumes, while, in a single
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Table I. Activation volumes for metals
System Technique Quant. Meas. l\cdxfl?/srlnoﬂg I\/{:(:Ilﬁ;m\gfé‘ Ref.
Ag tracer diff. AVi+dVnp 9.2 10.3 a
Au quenched R. AVm 1.5 10.2 b
AgZn anelast. rel. AVe+dVy, 5.4 10.0 c
Li NMR AV+dVy, 3.4 13.1 d
Na tracer diff. AVi+dVy 12.4 24.0 e
Pb tracer diff. AV+dVy, 13.0 18.2 f
Sn creep AV 44V, 5 27.0 g
Fe-C mag. rel. AV 0.0 2 h
anelast. rel. A4Vn 0.0 2 i
Fe-N | mag. rel. AV 0.0 2 h
V-N 5 anelast. rel. AV 1.1 2 j
VO | anelast. rel. AVm LY 2 j
a. C. Tomizuka, et al.: Bull. Am. Phys. Soc. II 5 (1960) 181.
b. R. Emrick: Phys. Rev. 122 (1961) 1720.
c¢. G. Tichelaar and D. Lazarus: Phys. Rev. 113 (1959) 438.
d. R. Barnes, et al.: Phys. Rev. Letters 2 (1959) 202.
e. N. Nachtrieb, et al.: J. Chem. Phys. 20 (1952) 1189.
f. N. Nachtrieb, et al.: J. Chem. Phys. 31 (1959) 135.
g. B. Butcher and A. Ruoff: Bull. Am. Phys. Soc. Il 6 (1961) 243.
h. A. Bosman, et al.: Physica 23 (1957) 1000; 26 (1960) 533.
i. J. Bass and D. Lazarus: J. Phys. Chem. Solids, in press.
j. G. Tichelaar, et al.: Phys. Rev. 121 (1961) 748.
Table II. Activation volumes for ionic solids
System i Technique Quant. Meas. I\gr?x%?r'nglg Négll?/rmzl(;l. Ref.
AgBr ion. cond. 4Vy-Frenkel 13 9(vol. Ag) a
4Vy-Schottky 44 29(vol. AgBr) a
4V,-Ag interstit. 2.7 9(vol. Ag) a
4V n-Ag vac. 7.4 9(vol. Ag) a
AgBr tracer diff. 4Vy+4V,-Br. vac. 44 20(vol. Br) b
NaCl ion. cond. 4V y,-Na vac. Tl 5(vol. Na) c
9.5 5(vol. Na) d
4V -Schottky 43 31(vol. NaCl) d
KClI ion. cond. 4V ,-K vac. 7.0 11(vol. K) c
10 11(vol. K) d
4V -Schottky 67 ‘ 43(vol. KCI) d
a. S.W. Kurnick: J. Chem. Phys. 20 (1952) 219.
b. D.S. Tannhauser: J. Phys. Chem. Solids 5 (1958) 224.
c. C.B. Pierce: Phys. Rev. 123 (1961) 744.
d. W. Biermann: Zeits. f. Phys. Chem. 25 (1960) 90, 253.
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measurement, 4V, for gold is extremely small,
only 0.15 atomic volumes. Even taking proper
account of the elastic boundary conditions,?
the volumes for formation and motion of
vacancies in metallic systems are considerably
smaller than a single atomic volume.

This result implies that there must be
considerable relaxation of neighboring atoms
inward about vacancies in metals, even in
f.c.c. lattices, despite the theoretical predictions
to the contrary.” These results are, however,
quite consistent with the recent calculations
of Tewordt and co-workers.® If large relaxa-
tions are indeed present, this fact should be
taken into account in calculations of the
formation energy of vacancies. There are
no detailed calculations of 4V, to permit
comparison with experiment, but the small
value observed is quite inconsistent with a
hard-sphere model of a solid, which would
predict a value of 4V, some five times larger
than that observed for gold.

All of the results on vacancy diffusion can
be correlated by a simple semi-empirical ex-
pression due to Keyes,?

AV=4p4H , (3)

where 8 is the isothermal compressibility of
the matrix and 4H the enthalpy of activation
of the process.

Values of 4V, for interstitial solid solutions,
however, are inconsistent with Eq. (3), at
least for Fe alloys, where no pressure
dependence on the mobility is found. There
appears to be a fundamental difference in the
nature of the interstitial in vanadium and in
iron, since the former shows a considerable
pressure dependence. This may be attribut-
able to a difference in the electronic con-
figuration of the interstitial for the two cases,
the interstitial being more highly charged in
iron. Such a conclusion would be consistent
with the observed large rate of migration of
carbon atoms to the negative electrode when
Fe-C alloys are heated in an electrical
gradient.®

In ionic solids, the measured activation
volumes for formation and motion of vacancies
are quite large, generally larger than the
atomic volume, implying outward relaxation
of neighboring atoms about the vacancy.
This result is consistent with theoretical
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calculations,” which attribute the expansion
to coulombic repulsive forces between the
unscreened nearest neighbors of a vacancy.
Such effects might enter strongly in the
capture cross section of vacancies to form
color centers, although these have not been
considered explicitly.

Results of study of pressure effects on the
rate of coloration of alkali halides suggest
strongly that the same mechanism cannot be
operative for KBr and the two chlorides NaCl
and KCl. The latter show only a small
pressure dependence, consistent with an
athermal vacancy creation mechanism, while
the bromide shows a definite suppression by
pressure of a thermal process for formation
of vacancies.

In conclusion, it appears that high pressure
studies may provide important new insight
into the nature of point defects and should
stimulate a critical reexamination of the
electronic configurations of these defects in
various classes of solids.
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DISCUSSION

Smoluchowski, R.:

The occurrence of a Varley type mechanism in bromides would

be expected to be less probable than in chlorides because of the dependence of the

Auger process on the atomic number.
mechanism.

Perhaps bromides require still another type of
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In recent years it has become possible to
estimate some physical constants and pro-
perties of vacancies in noble metals. Of these
determinations the volume of a vacancy is
one of the most uncertain quantities due to
the fact that the volume is estimated indirectly
by the combination of two or more independent
experiments. In order to offer more direct
approach to this problem, Nachtrieb, Lawson
and their co-workers measured the self-dif-
fusion rates in sodium and lead in a pressurized
liquid system. For noble metals it is neces-
sary to employ pressurized gas systems due
to the requirement of high temperatures.

The vacancy volume obtained by this method
(activation volume) is the volume of a vacan-
cy at a saddle point configuration, i.e., the
volume of a vacancy in motion. The measure-
ment of self-diffusion rates in single crystals
of silver at high pressures up to 8KB was
carried out in a pressurized argon system.
The activation volume thus obtained was 90
percent of the atomic volume. This value
represents the sum of the two volumes: the
volume of a vacancy at rest (4Vy) and the
volume expansion introduced by the migration
of a vacancy into a saddle point configuration

* This research is supported in p;rt by the Ai;
Force Office of Scientific Research and by the U.S.
Atomic Energy Commission.

(4V,). This latter quantity was estimated by
Emrick in gold by measuring the pressure
effect on the annealing rate of the quenched-
in vacancies in gold. The value of 15 percent
of the atomic volume was obtained by this
method. If it can be assumed that a similar
value holds for silver, then the static volume
of a vacancy in silver is 75 percent of the
atomic volume. This is considerably larger
than the values estimated by indirect methods
or by theoretical calculations.

It is necessary, however, to perform the
quenching experiment under pressure in order
to obtain the static vacancy volume directly.
This can be accomplished if a sufficiently
large quenching rate can be achieved at high
pressure. Preliminary experiments indicate
that the quenching rate of 10*deg./sec is pos-
sible at the pressure range of 2.5KB to 9KB.
In order to increase the quenching rate and
remove some difficulties associated with a dc
heating, a pulse heating method is currently
being tested.

It is hoped that the quenching experiment at
high pressure, combined with the self-diffusion
and vacancy annealing at high pressure, all
of which are in progress in this laboratory,
will yield significant information which can
be added to the present knowledge of the
vacancies in noble metals.



