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Introduction

In this issue of the MRS Bulletin we
present five papers that involve point
defect phenomena in a wide variety of
materials—metals, conducting ceramic ox-
ides, semiconductors, amorphous alloys,
and high T, superconducting oxides. The
unifying theme of this issue is point
defects —zero-dimensional defects. Even
for the high T, oxides, where planar defects
are discussed, it is the ordering of oxygen/
vacancy chains that ultimately gives rise
to twins in the famous YBa ,Cu ;075 (1:2:3)
oxide superconductor.

Hillard Huntington, professor emeritus
of physics at Rensselaer Polytechnic In-
stitute, is an early and important pioneer
in the study of point defects in metals. A
theorist, he has also performed many ex-
periments over the years; for example, he
performed key early experiments on elec-
tromigration effects. Huntington’s article
presents a historical review of the research
on vacancies and self-interstitial atoms in
metals during the period that stretches
from the mid-1930s to the mid-1960s. He
played a crucial role in this field as a result
of his seminal theoretical calculations,
with Fred Seitz in 1942, on the enthalpies
of formation and migration of vacancies
or self-interstitial atoms in pure copper.
Huntington’s and Seitz’s calculations in-
dicated that diffusion occurs predomi-
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nantly by a monovacancy mechanism
since the enthalpy of formation of a self-
interstitial atom, the [100] split form, also
called the dumbbell form, is too large to
be compatible with the activation enthalpy
for self-diffusion in copper. It is now well
established that the latter is given by the
sum of the enthalpy of formation and the
enthalpy of migration of a monovacancy
in many face-centered-cubic (fcc), body-
centered-cubic (bcc), and hexagonal-close-
packed (hcp) metals.

Huntington emphasizes the importance
of the now classic Kirkendall marker ex-
periments (1947) in demonstrating that
neither the direct interchange nor Zener’s
ring mechanism (1950) is consistent with a
Kirkendall marker shift; the markers al-
ways move into the side rich in the faster
diffusing element with a displacement pro-
portional to the square root of the time.
He also points out that the classic quench-
ing and annealing experiments, pioneered
by Kaufman and Koehler (1952, 1955), yield
both the enthalpy of formation and the
enthalpy of migration of a monovacancy,
though under nonequilibrium conditions,
and that the sum of these two enthalpies
is equal to the activation energy for self-
diffusion, as measured by the radioactive
tracer technique, in pure gold.

Huntington discusses the elegant experi-
ments pioneered by Simmons and Balluffi

(1960 to 1963) on the fcc metals aluminum,
copper, gold, and silver. The Simmons-
Balluffi experiment yields the fractional
net change in the point defect population
under thermodynamic equilibrium condi-
tions, and simultaneously demonstrates —
without any assumptions— which point
defect is the dominant one. For these fcc
metals, the Simmons-Balluffi experiment
demonstrated conclusively that the va-
cancy is the dominant point defect at ele-
vated temperatures, thus proving that
vacancies mediate self-diffusion in these
metals. Huntington further discusses sub-
stitutional impurity diffusion in metals,
and reviews the seminal contributions of
Lazurus (1954) and LeClaire (1962, 1964)
to our physical understanding of this
problem.

Historically, radiation damage produced
by energetic particle bombardment (fast
neutrons, deuterons, or 1 MeV electrons)
was used to create Frenkel pairs (a vacancy
plus a self-interstitial atom) in order to
generate self-interstitial atoms in sufficient
concentrations to study them. Electron-
irradiation experiments (Meecham and
Brinkman in 1954, Corbett, Smith and
Walker in 1959, and Sosin and Brinkman
in 1960) at 4.2 K demonstrated that the ra-
diation damage produced at this tempera-
ture was much greater than the damage
produced at room temperature, and upon
subsequent annealing of a specimen irra-
diated at 4.2 K, the amount of recovery
was extensive. A seminal model developed
by Corbett, Smith and Walker (1959) —
and presently called the one-interstitial
model —attributes the low temperature (or
Stage I) recovery behavior to the [100] split
or dumbbell self-interstitial and Stage 11l
recovery to the monovacancy in fcc metals.
A great deal of research since the mid-
1960s has vindicated this model in the fcc
and bce metals, as well as the hcp metals.

The equilibrium form of a self-interstitial
was observed in one of the earliest appli-
cations of the molecular dynamics simula-
tion technique. In a classic paper, Gibson,
Goland, Milgram and Vineyard (1960)
found that for pure copper the [001] dumb-
bell self-interstitial configuration is the
one with the lowest energy. This result
agrees with the analytical calculations of
Huntington (1953), who also found the
[001] dumbbell configuration to have the
lowest energy and a migration enthalpy
of less than 0.25 eV. In reading Hunting-
ton’s historical review it is interesting to
note that in the period that followed the
mid-1960s, many basic and more detailed
experiments were performed, but many of
the seminal ideas developed before 1965
played a very important role in the fur-
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ther development of studies of point de-
fects in metals.

Arthur Nowick, the Marion Howe Pro-
fessor of Metallurgy and Materials Science
at Columbia University, is an expert and
pioneer in the study of point defects in
both metals and ceramic oxides. In a pio-
neering experiment, Nowick was able to
deduce a limit to the enthalpy of forma-
tion of a monovacancy in a Ag-Zn alloy
by studying the effect of quenched-in va-
cancies on the elastic aftereffect. Nowick's
contribution to this issue of the MRS
Bulletin reviews the use of electrical con-
ductivity measurements, labeling tech-
niques to study oxygen diffusion, and
dielectric loss measurements to determine
point defect mechanisms for diffusion in
ceramic oxides.

Point defects in oxides behave quite dif-
ferently from point defects in metals and
alloys or semiconductors for several im-
portant reasons. First, oxides are highly
ionic so that, in general, point defects carry
an effective charge. This implies that
point defect behavior is controlled by
charge compensation that results in the
simultaneous introduction of point defects
of opposite charge to maintain the condi-
tion of charge neutrality. The point defect
reactions are controlled by the law of mass
action. Furthermore, the presence of op-
positely charged point defects results in
the formation of associated pairs or larger
clusters due to Coulombic interactions.
Second, the exact composition of an oxide
is a sensitive function of the ambient par-
tial pressure of oxygen. Thus the stoi-
chiometry, and therefore the point defect
concentration, can be controlled by an-
nealing a metal oxide specimen in a speci-
fied partial pressure of oxygen at a given
temperature. Third, the melting points of
oxides are very high so that below ap-
proximately 1500°C the intrinsic point de-
fect concentrations are very small. This
implies that the presence of accidentally
or intentionally introduced impurities
strongly affects the point defect concen-
trations. Therefore, point defect concen-
trations are deliberately controlled by
introducing aliovalent (heterovalent) im-
purities. The range of point defect concen-
trations in oxides that is amenable to study
is from 0.01 to 1 mol%. Finally, in a binary
oxide there are two different sublattices,
and diffusion on each sublattice can pro-
ceed at different rates via different point
defect mechanisms.

With the above general background
Nowick discusses: (1) oxides of the rock-
salt structure, e.g., MgO, CaO and SrO (al-
kaline earth oxides), and NiO, CoO, MnO
and FeO (transition metal oxides); (2) ox-
ides of the fluorite structure, e.g., CeO,,
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ThO, and UO,; and (3) oxides of the pe-
rovskite structure, e.g., BaliO3, STi0; and
KTaO;. The most detailed discussion is re-
served for oxides of the rocksalt structure.
In particular, Nowick discusses MgO as a
prototype metal oxide since it is the most
widely studied ceramic oxide, where the
intrinsic point defect is a Schottky pair (a
cation vacancy plus an anion vacancy).
The formation enthalpy of a Schottky pair
is considerably less than that of either cat-
ion or anion Frenkel pairs.

Ulrich Gosele and Teh Tan, both profes-
sors of materials science at Duke Univer-
sity, have extensive experience and a great
deal of expertise in the field of point de-
fects in semiconductors. They have both
made important contributions to our under-
standing of point defect diffusion mecha-
nisms for self-diffusion and impurity
diffusion in silicon and gallium arsenide.

Intrinsic point defects in single-crystal
semiconductors have several features that
distinguish them from point defects in
metals or ceramic oxides. Under certain
experimental conditions, however, ceramic
oxides can behave as semiconductors. The
distinguishing features are: (1) the point
defects may be either neutral or charged;
(2) the point defects may exist in signifi-
cant nonequilibrium concentrations be-
cause of the low dislocation densities in
single crystal semiconductors; (3) both va-
cancies and self-interstitials may be pre-
sent simultaneously; and (4) in compound
semiconductors the equilibrium point de-
fect concentrations are a function of the
vapor pressure of the more volatile com-
ponent. These features play important
roles in understanding diffusion mecha-
nisms for silicon and gallium arsenide. For
silicon there has been a long standing con-
troversy concerning the relative impor-
tance of vacancies versus self-interstitial
atoms, and Gosele and Tan review the
status of this controversy in some detail.

The basic intrinsic point defects in sili-
con are vacancies and self-interstitial atoms
that may occur in one or more charge
states, each with its own Gibbs free energy
of formation. The thermal equilibrium
concentration of a charged point defect
depends on the doping level, and the posi-
tion of its energy level in the energy
bandgap. For this reason the situation is far
more coniplicated than for metals, where
the point defects are always neutral.

In the 111V compound semiconductor
gallium arsenide, the situation is even
more complicated. Vacancies can form on
both sublattices, and self-interstitial atoms
can be created from both elements. In ad-
dition, antisite defects can form as a result
of an element from one sublattice occupy-
ing the position of an element on the sec-

ond sublattice. The deep donor EL2 is an
important example of an antisite defect
because it causes unintentionally p-doped
GaAs to become semi-insulating. Also, for
GaAs the thermal equilibrium concentra-
tions of the different vacancies and self-
interstitial atoms are a function of the
partial vapor pressure of As,. This pres-
sure dependence is both a curse and a
blessing because it makes experimental
point defect studies more complicated,
but allows the possible point defect
mechanisms to be discriminated. The lat-
ter is clearly not possible for elemental
semiconductors.

Robert Averback, professor of materials
science and engineering at the University of
Illinois (Urbana-Champaign), has worked
extensively in the fields of radiation dam-
age, nanograined materials, and the subject
of his article—diffusion in amorphous
materials. He is an expert on point defect
mechanisms for these phenomena. Com-
pared to our detailed understanding of
point defect mechanisms for diffusion in
metals, ceramics and semiconductors, our
level of understanding of precisely how
diffusion occurs in amorphous materials
is simply not as well developed. One rea-
son is that the first quantitative diffusion
experiment on a metallic glass was not
performed until 1975. A major experimental
problem is that one is restricted to perform-
ing experiments in a narrow temperature
range below the so-called glass transition
temperature (T,). On the theoretical side,
the absence of a three-dimensional peri-
odic lattice makes it difficult to mathe-
matically describe the structure of an
amorphous solid or the character of de-
fects. It is therefore difficult to formulate a
description of diffusion mechanisms. Nev-
ertheless, significant progress is being
made in understanding diffusional behav-
ior in amorphous materials.

Averback points out that there are
strong similarities between diffusion in
crystalline metals and in amorphous ma-
terials. He discusses the effects of atomic
radius of the diffusing species, the activa-
tion enthalpies and volumes for diffusion,
and radiation-enhanced diffusion, making
the point that the behavior for amorphous
materials is similar to that observed for
crystalline materials, which suggests a di-
rect diffusion mechanism. The two pos-
sible direct diffusion mechanisms are a
vacancy diffusion mechanism and an in-
terstitial process. Averback also points out
that notable exceptions to these observa-
tions suggest a cooperative type of diffu-
sion mechanism for the diffusion of atoms
with large atomic radii, i.e., atomic motion
involving excess free volume (Cohen and
Turnbull, 1959). He also points out that
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computer simulations of diffusion in amor-
phous materials have been performed em-
ploying commonly used model potentials
such as Lennard-Jones type interatomic
potentials for menatomic systems. Simula-
tions using the Lennard-Jones potentials
indicate that vacancies and interstitials are
not stable in amorphous systems, except at
very low temperatures. These simulations,
however, have the major limitation that
they simply may not represent real multi-
component metallic glasses,

The final article is by Yimei Zhu and
Masaki Suenaga (Materials Science Divi-
sioh, Brookhaven National Laboratory)
and Johan Tafto (associate professor of
physics, University of Oslo). These re-
searchers have extensive experience and
expertise in using a wide variety of elec-
tron microscope techniques to study
microstructural effects. Their article dis-
cusses two-dimensional (planar) defects in
high T, cuprate superconductors, and also
oxygen ordering, which is a point-defect
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effect. The oxygen ordering is ultimately
related to the formation of twins, so this
work illustrates how point defects give
rise to planar defects. The study of
microstructural defects in high T, oxide
superconductors is important for under-
standing both phase transformations in
these materials and the relationship be-
tween the critical current density and de-
fects. Their emphasis is on defects in
YBaCui0,. the so-called 1:2:3 oxide su-
perconductor, because this oxide is stud-
ied most extensively.

The primary structural defects are twin
boundaries, tweed, and oxygen/vacancy
ordered planes, and they are intimately
related to the phase diagram of the 1:2:3
oxide superconductor, and in particular to
the oxygen content. The twin boundaries
are the most commonly observed planar
defect in the 1:2:3 superconductor. The
twins are formed to reduce strain energy
from shape and volume changes occur-
ring during the tetragonal to orthorhom-

bic structural phase transformation. The
twin boundary energy is found to be
about 80 erg em ™ for a pure 1:2:3 super-
conductor. This number is similar to the
energy often found for twins in metals
ard alloys. The relationship of this work
on planar defects to point defects comes
through the role played by oxygen order-
ing in the basal plane containing O-Cu-O
chains along the b-direction. It is this or-
dering that is responsible for the tetrago-
nal to orthorhombic phase transition and
therefore responsible for the formation of
twins in the 1:2:3 oxide superconductor.
The characteristic feature of the oxygen/
vacarcy ordering is that oxygen vacancies
form long vacancy chains (-0-Cu-0)
along the b-direction ([ represents a va-
cant oxygen site in the O-Cu-O chain)
rather than a random distribution. The
chains of -O-Cu-O- and of -0J-Cu-0O- or-
der to form a superstructure. The exact
period of the superstructure depends on
the oxygen content. 0
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fication, crystallization, inter-
faces, defects analysis, alloy
and ceramic processing,
amorphous materials, and
other aspects of the relation-
ship between properties and
structure of the metallic com-
pounds. He holds a PhD
from the University of Massa-
chusetts and is a member of
the Materials Research
Society.

Robert S. Averback is a pro-
fessor of materials science
and engineering at the Uni-
versity of Illinois. His re-
search interests focus on
nonequilibrium processing of
materials and span ion beam
modification of materials,
nanophase materials, and
diffusion. He is a member of
the Materials Research Soci-
ety and the American Physi-
cal Society. Averback received
his PhD in physics from
Michigan State University,
studying electron transport
properties in metals. He has
been a research associate at
Comell University and a
staff physicist at Argonne
National Laboratory.

Ulrich M. Gosele received
his PhD from the Max-
Planck-Institute for Metal
Research, Stuttgart, in 1975,
and afterward worked as a
postdoctoral fellow or visiting
scientist in industry, govern-
ment, and academia in vari-
cus countries, including the
United States. He joined
Duke University as professor
of materials science in 1985,
Gosele has authored or co-
authored more than 100
papers on defects and diffu-
sion in metals and semicon-
ductors, reaction kinetics in
liquids and solids, phase
stability in thin films, photo-
chemistry, semiconductor
wafer bonding, and most
recently, on quantum effects
in porous silicon. Presently,
he is on sabbatical at NTT LSI
Laboratories in Atsugi, Japan.

Hillard B. Huntington is
emeritus research professor
at Rensselaer Polytechnic
Institute, and was depart-
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mental chairman from 1961 to
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state physics, and he has
done work on defects, diffu-
sion, electromigration, and
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100 publications to these
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puter simulation of the dete-
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His research interests are
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PhD in physics from Colum-
bta University in 1950 and
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1966. A Fellow of the Ameri-
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conductors. His research has
involved fabrication, charac-
terization of electromagnetic
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Croscopy in microstructural
studies of superconductors.
Suenaga received his PhD in
metallurgy from the Univer-
sity of California at Berkeley.
He is a member of The Min-

erals, Metals, and Materials
Society and the American
Physical Society.

Johan Tafto, an associate
professor in the Department
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Oslo, has been involved with
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He has been a research fellow
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Berlin, and at Arizona State
University. From 1983 to
1986, he was at Brookhaven
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later he was also a visiting
scientist.
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initiator of the intrinsic
gettering technology in sili-
con, has studied extended
defects, point defects, and
diffusion mechanisms in
silicon as well as in gallium
arsenide. He is the author or
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