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1. Intreduction

Point defecta, such a8 wacancies and interstitial
atorns, are important in the deformation of erystalline
solida. They cause Nabarro-Hermrting creep and
interact with dislocations. Knowlnc@e on jump
frequenciea batween neiphboring defeet sitea i
therefore interesting and mey be obtainable from
intarnal-friction studies. From the disappearsnce
of the internal-frietion peak in «-iron when deprived
of carbon and nitrogen, Snoek [1]* proposed his
theory on the stress-induced jutnping of mberztitial
atoma in body-centered cuble struetures. As sum-
marized Ly Berry {2], this model has hean diversaly
spplied to the study of other dee metals such as
tantalom containing earbon, oxygen, ot nitrogen,
and vanadium contalning oxygen or nitrogen.
Meny asw problems arise. It is nafural, for
example, to msk if such studies can be useful in
ceramiec oxides and other nonmactallic crystals,

The purﬂasa of this paper is to present rules to
show in what circumstances isolated point defects
can contribute to internal friction, and to predict
for epecific oxides the types of defect which can be
axpected to %}ve an internsl-friction peak. There
axist similar phenomena which by this stated purposa
sra axcluded from discussion. For example, a point
defect, such a8 an oxypen vacancy, may be con-
strained -to remain in the neighborhood of » rela-
tively immobile disloeation or defest soch as a
substitutional impurity atom., The motion of this
oxygen vacancy can be studied by internal friction.
The nctivation enerpy detertnined in such an a:g)ari—
ment may differ from that for & {ree vecancy. Some
discussion of pairs of point defects including pairs of
atoms making up a eplit-interatitial site can be
found clsewhera [2,3]. )

The approach in this paper might be termed the
crystallographiz method and should be compered
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iven to taake the prediction, and these are applied to
severa! siruotures of common oxides, The prediction for rutile iz compared wltﬁ
rnental regults which are interpreted by the movement of tifaniom jons
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with the “elastic dipole" being used by Nowick and
op-workera [4] by snalogy with the electric dipole
hecanse of the insight obtained by comparin

dieloctric and mechanical relaxation, The ioea
distortion whieh interactz with a homogeneous
strain does not have the symmetry of a true dipols,
and “elustic dipele” should be understood ss de-
noting a eentrog tria local distortion and not
as a type of dip{j&;.

The “alastic dipole™ method has developed out of
work on mechanical and related slsctrical effects b
A, 5 Nowick and collaborators melyding B. 3,
Berry, R, W, Dreyfus, W. R. Heller, and K. B.
Laibowitz [3,4.5,6,7,8]. A reneral paper is being
prepared by Nowick and Heller [9).

he eszential ides= of the crystallographic method
hava bheen proviouzly introdueed [10]. The present
paper gzives o fuller discussion and presents & series

of applications.
' 2. Theory
2.1. Eguivalence of Sites Under Arbitvary Stain

The box in the upper left-hand corner of %ura 1
represents & perfect, strain-free crystal. & Are
concerned with the state of affairs in s crystal
conteining defects which ia placed under an axternally
imnpozed homogeneous strain. The 3pProach ueed
in the elustic-dipole method, a= givea, lor exampls,
by B. 8. Berry [2], although fiz dos not use tha term
“elaatic dipole’”, 15 to begin with the perfect, un-
strained erystal, pext to consider & defect introduced,
setting up a local distortion, and finally to consider
how the distoried portion of tha crystal interacts
with an externally applied strain. In the crystallo-
]]:;hic method, the perfect erystal iz considered to

# homogeneously strained and a point defect is
then inzerted in either of two positions which were
equivalent in the unstrained, perfect eryatal. If the
positions in the strained, perfect erystal were still
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FiloUkE 1.  Schema showing fwe bypoihetical wirys of producing
an imperfect, afrdined orpalel from o perfect, unstrained
cryatal,

equivalent, ne internal friction would resnlt, because

& point defect would have the same enerpy if placed

on either position and should therefore hwve no

preference for either position. 1, however, these
0Ritions in the strained, perfact cryatal are inequiva-
ent, the point defect should have different energies
when placed on the two positions and & }i.\re!arred
distribution should result, leading to internal friction
if the jomp rate of tha point defect. is approximately
equal to the frequency of the alternating strain,
erefors, only behavior of the perfect erystal
under stroin need be considered in predicting the
poesible exigtence or absence of an internsl friction
pesk which 1= caused by & point defect which can
occupy & given sef of equivalent positions in the
cryatal. When a pesk is permitted oo symmetry
ndz, its magnitude may or may not ba adequata

or detection by a given axperiment.

Now consider the sifect of a Liommogeneous strain
on a single cryatal. We can think of a crystal s
made up of & set of identical unit cells. Strein
distorts these cells but, if the strain is homogeneous,
all the cells will digtort in the seme way and so
rernain equivalent. Therefors, we need only con-
sider whai happens in one unit cell. It is convenient
to choose the smallest possible cell—the primitiva
cell—which can be repeated in space t0 genernte the
eryatal. In zo doing, we have exploited the transla-
tion symmetry of homogeneous strain. Thera re-
maing one other penersl symmetry property of
homogeneons strain; it 1= always centrosymmetric.
Thuz » center of symmetry in a orystal cannot he
removed ‘Ely Lhomogeneous strain and two positions
in & erystal which are equivalent due to & center of
symmelry cannot be madae inequivalent by homoge-
neous strain.

These facts form the hasis of Rule 1. Internsal
friction caonot pecur if there is only one position
per primitiva cell {i.e., per lattice point in ﬂ?e strict
uz‘?taﬂngm hic sense} or if there are only two,
which are related by n center of symmetry. Internal
friction should oecur for some state of strain if there
are two positions unrelated by n center of symmetry
or if there are three or more positions.

Teo illystrate the spplication of this rule, eonsider
the hypothetical two-dimensional oxide, MO, shown
in figure 2. The positions are labeled according to
the conventions used in the Internationsl Tables for
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Frovae 2, A twp-dimeneional iHustralion of o orysial showing
Tour unil eelfs.
Ench tppaof positlon in glwem ghe Pefter syirbol a8 0 rel 118nd (be number
par unjt coil Ls glveo.
Reray Crystailography [11]. The meatal ions are at
positions ¢ at the cormers of the cells. There is
only one a-typa position per cell. Thus, all metal

ion sites must remain equivalent under homageneous :

strain, The oxygen =ites mlzo remain equivalent
under homogeneous atrain becausc there iz only one
f-type site per lattice point. Thus, we could not
expect internal friction for either tﬁe of vaeancy or
for a substitutional impurity. ¢ eituation is
different for interstitial ions, however. The largest
intersiitial position ia labeled ¢ and there are two
per cell, ¢, and .. There is no center of aymmetry
to relate them, se some state of sbrain must exist
which will aplit. the set of etype sites into two n-
equivelent subzets of equal size. In this case, we
spank of o sphitting factor of two; in the case of no
splitting, we speak of a eplitting factor of one. Now
consider the four e-type positions, Interstitial
hydrogen might take up euch b pogition, ¢losa to the
oxyeen &nd equidistant from the two metal ions.
The center of symmetry st the oxygen position
keeps ¢ equivalent to e, snd & equivalent to &
after strain. Here we have a set of four sites per
primitive cell splitting into two sets of two each
and again we have a aplitting factor of two.

The type of position actually occu?liad by a point
defert mush, of couree, he used in ¢
tiona and this is not always ohvione. An im&mrity
atom at & site (gay a of fiz. 2) may shift and form
covalent bonds with some but not all of ita initially
equivalent neighbors, in which case it would hawve
the symmetry of one of the neighboring spacial
positions of lower metry (say 4 of fig. 2). &0
when covalant bonds are not formed, the sare result
may be caused by the Jahn-Teller effect.
case, alternating strein could then cause jurnps from
one of the d-typn pesitions neighbaring an a-type
puosition to another. A more complicated situation
would aries if the a-type position aleo split into
subseta under a suitable strain {this iz not true for
our hypothetical oxide, MO, but a more complicated
example could be given for which it is true.} Ome
would then have to consider jumps, characterized
by activation energy E,, between d-type positions
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neighboring an e-type positions and jumps, charac-
terized by an activation energy E,, hetwaen a-type
positions, 1f d-type positions are oceupied beeause
of the formation of covalent bonds, E; snd K, will
both probably be large and there is ne general reazon
to assume one iz Mmuech larger than the other. For
Jahn-Teller symmetry lowering, hewever, 1t appears
that £, would usually be appreciably less than E.
Jahn-Teller effects are known te exist [12] and sites
af lower symmetry for “subatitutional” stoms may
be praferred Ly ns much as about 0.1 ey. This is
s rather low wvalue comparsd to the activation
cnergy for motion of point defects of the type impor-
tant in material transport processes, which ia found
[13] to range upward from shout 0.4 cv for the
alkelt halides and is probably higher in the refractory
oxides. If K, iz only & small fraction of E,, one
might expact to sec two internal friction pesks in &
entve of internal friction ae a function of temperature
at comstant frequency, § One peak should oceur at
a temperature for which the jump [requency, »s, of
the impurity mtom between d-type positions neigh-
boring & single a-type position sapproximately
matchez the experitnenial frequency. At this tem-
perature, the jump freguency, », between a-type
positions would he negligibly small if £, is several
times larwer than F,; If the temperature is rajsed
enough to make », approximately equal #, tha value
of ¢y wilt become much lerger. 1o effect, the motion
over Jd-type sites averages out, so far as the internal
friction peak caused by jumps between a-type sitcs
is concerned, and for t]!ue fiscuasion of aymrmet:
restrictions on the high temperature peek, ib is
possible to treat the impurity atom as if it occupied
the a-type sites rather than the d-type. This argu-
ment underlies our subsequent discussion of the
symmetry conditions for internal friction associsted
with vurous point defects in the refractory oxides,
For example, we disouss oxypen vacancies aa if they
oceupied sites with the full symmetry of the oxygen
position whereas it seems guite possible that Jahn-
Teller symimetry lowering oceurs. Throughout the
discussion we assume that jumps belween the sites
of full symmetry have an appreciably higher activa-
tion coergy than jumps between neighbonng sites
of lower a etry and we linit our considerstion
to the high temperature range for which the jumps
betwesent gites of full symmetry could give intemal
Iriction pesks if permitted by symmetry.

2.Z. Equivalence of Eiiéas Under Spacific Stabes of
rain

The splitting factor ia aimﬁ)lj,' the number of
inequivalent subsets into which the original set of
initially equivalent positions splits. Tlsually the
eplitii ill be into equal subsets {i.e., into subsets
of equal size,) Thus, & set of six positions would be
expected to sphit inte two subsete of thres positions
or into three subsets of two positions or inbo six
subsets of a single ition. Under very special
conditions, the set might aplit into a subset of two
and a subset of four positions. Such splittings into
unequsl subseta do cecasionally orcur.  We procesd
ta fortnulate a rule for the case of aplitting into equal

pubaets. If this rula ie blindiy applied to » cass of
splitting inte unequal subsets, it will sometimes
airnal trouble by giving nomntegral values of the
aplitting factor. ese situations can also be treated
by the present methods, but we omit detailed dis-
cuszions to save apace,

For the case of the splitting into equal suhsets,
we have Hule £: The splitting factor of squivalent
positions is aqual to a fraction whose numerator is
equal to the ratic of the order of the point group of
the unstrained crystul to the order of the positicn
point symmetry i the unstrained erystal; the de-
nominater is the same ratio evalusted for the stroined
crﬂ'ata.l. Tha quantity in Rule 2 is just the fraction
whose numerator iz the number of equivalent
positions in 4 set in the unstrainad tal and whose
denominator is the oumber of pozitions in a subset
in the strained ¢rystal. The rasgion in the nu-
merator requirea n bttle axplanation. If an atom is
putdown in the unit cell of & crystal st w point having
e pogition aymmetry (1.e., a general position) ang
then acted upon by the symmetry eloments of the
crystul, 4 =t of » atoms will be penerated, which is
equal to the order of the poiut group of the crystal,
wricten #n{PG}. If the atom were put down at a
posilion having some symmetry (gpecial position},
called the pozition Jwint- symmetry, then some of the
poait....a generated by the aetion of the symmetry
opei stions would coinelde, To take this into ac-
connt, we must divide out the number of coincident
positions to obtain the number of distinet positions.
Thus, the numerator is the number of aquivalent
positione in the general case divided by the number
which eoincide when the position has position point
symmatry dencted by PPg.mS The denominstor Ik the
game quantity evalvated in the strained erystal.
Subsetipt zers will be nz2nd to refer to the unstrained
crystal and subscript one to refer to the strained
erystal.  'We shall give sn applieation of Rule 2, but
firat let us constder how to eveluate the wetion of &
gpecific atrain on PG, o obtain PGy, and on PPS,
to obtain PPS,. Consider the symmetiv of the
components of homogeneons tensile strain . ~hoar
strein; ie., whab is the highest poial svmumetry
{not necessarily corystallographic symumstry) . -
gigtant with the existence of & given strnin,  Tuke o
point at the center of o sphera.  Initially thiz porag
will have 1 aymmetry which includes any podsitse
crystallographic point symmetry; we wish to k.ow
the maximum syinmetry possible after each com-
ponent of strain hns been apphed. Tha two types
of =trein somponents are illustrated in two dimen-
siona (for ease of visualization) in the upper part of
fipure 2, which shows the distortion of & square nnder
tensile strain and under shear strain. The lower
part of figure 3 shows the three dimensional point
group {convention sz in reference 11} which a sphere
would possess after sach of these strajns.  The point
group for tensile strain, P(iga— «/mmm, confains
an infinite fold axis. That is, u rotational symmetry
exis of any order is consistent with the axis of &
tonsile gtrain although axes higher than 6-fold cannot
exist in eryatals.  The peint group for shear strain,
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PGyy=2/mmun {abbreviated mmm}, is seen to differ
from PG,, in rontaining no axis higher than 2-{old
snd in the orientation of the symmetry elernenta
which it does contain. Any state of strain can he
made up of corbinations of tension snd shesr
strains. Tha symmetry elements in » strained
creystal will be thoze common to the ynetrsined
eryatal and to the strain,

Curie’s principle [14] postulates that a hom
neoualy strained erystal will hava the symmetry ele-
ments commion to the point group of the unetrained
cryatal and te the strain for the given mutusl orien-
tation of the symmetry elements of the iitial erystal
point group and of the imposed atrain. Curie’s

rineipla has been discussed especially by Shubnikow

15] and Koptsik [16). We assume that this prin-
ciple applies to position point symmetry, i.e., that
the point symmetry of a position in the strained
crystal consists of the symmetry elements epmmon to
the original position point symmetry and to the
strain {again In the given mutual orientation).

Let us apply thess ideas to the specific cuse of
position ¢, the largest interstitial hole, in our hypo-
thetical oxide, MO. Figure 4 shows the effect of
strain e;. The f'oint. group of the ynstrained crystal
PG, is 4mm, which means n 4-fold axis intersac
by two seta of mirror planes. This is shown in =
pattern in which the small solid sgquars represonta the
4 fold axis and the heavy lines represent the mirmror
planes. The pointa show s aet of cight cquivalent
general positions penerated from one position se the
order of the grogp is 8. We now take the symmeiry
elements in common with the point group of the
%trah]': - thls;t.lis, wuft&]im the mterse»cti?n, denoted

y the symbol [, of tha two croups of symmsairy
operations. There 13 a lﬂgicafr d.i.iEcu.lt}f (but no
practical diffieulty) in taking the symmetry elements
common to a three dimensional point group, PG..,
and a bwo dimensionsl point group, 4mm. One
simply takes those elements of «z Wwhich hawve
meaning with respeet to the plane of 4mm and finds
which of these are also present in 4mim; the result 1=
the intersection desired. The common elements are
one 2-fold axis and two mirror planes giving us 2mm
(equivalent to mm2) for PG, with order 4. The
position ¢ haa two mirror planss which intersect in &
2-fold A= so that PPS,is 2imun with order 4. Taking
the intersection with P{,,, the point group of «,,
simply gives us PFS,=FP5, The splitiing factor ia
thuz 2. Now consider the action of the shear
gtrain ey, shown in figure 5 (the reference axes for
comiponents sre Cartesian). The two t3 on the
left of the diagram ara the same as in fgurs 4, bat
nota the change in the Fﬂint- group of the straim.
Taking the intersection of PG, with the point group
PG, azain gives us 2mm for PG,. The itersecticn
of PG, with PPS,, however, containg only the 2-fold
axis 30 that R(PPS,)=2 The splitting factor thus
equale 1. In other words, ioternal friction would
not be allowed for e, but it would ba parmitied for

ey
=‘J‘Tlu.iﬁ rapid sketch indicates how the real, three-
dimensionel oxides can be treated.
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EQDUCTION OF POINT GROUFS TO SUE-GROUPE BY HOMOGENEQUS STRAIM
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ITIS A HMECESSARY CONDITION THAT A SUB-GRACQUP BELONG TO A DIFFERENT
CRYSTAL SYSTEM THAM THE CORRESPOMDING SUFER-GROUP

Frovne 6.  Reduction of point groupe fo eubgroups by homegenéous alrodi.

2.3. Calculabion of Possible Subgronpa

There is & general table [10] which can be used to
speed up the caleulations somewhat. This table ia

own in figure 6. Thera ore only 32 erysiallographic
point-groups and homogeneous strain can only lower
B given point group to one of ita subproups. Also,
strain cannot chenge the crystal properiy of being
cantrosymunetric or non-centrosymmetric, so that the
table splitz into two separate parts. Further condi-
tiona arize becausze no strein can aliminate a two-fold
axia perpendicular to or & plana of symmetry ‘Eara]lel
to a three-, four-, or six-fold axiz without alse de-
stroying the higher axiel symmetty. Reduction to
a subgroup turea out always t¢ be accompanied by a
chenge of tal ayetern (and & change in Bravais
Lattice), This statement follows from the [act that
aven the most peneral strain in & crystal can be repre-
zented by a trisxial ellipaoid referred to Uartesian
axes. A three-fold or higher axiz restricte the triaxial
ellipeoid to an ellipsoid of revolution which has mirrer
plaves 1 all planes parallel to the weique axis and
two-fold axes in all directions perpendicular to the

unique xia, When all these conditions are taken inte
account, the feble shown results. Point ap
4fmmm, for exampla, can go only to mmm in the or-
thorhombi¢ sy=tem or further to 2/m in the mono-
clini¢ system or further to 1 in the triclinic system.
Point group 23 ean either degrade to 3 or 222, hut
the former cen only go to 1, wheress 222 can retain
one of its diads independentiy of the ether two.

3. Predictions lor Specific Structures
3.1. Comundum-Type Structures (B1,05)

Tet us tarn to some specific refractory oxides and
cther structures of interest, beginning with aluminnm
oxide in the stable, alpha form. This has the corun-
dum structure, space gronp Eie, in1;. group 3m,
with 3 ALQO, in the thombobedral unit cell. The
calculations for this structure follow the lines of the
example just given; the resuits are shown in figure 7
with & drawing of the aluminum &nd kole positions,
The drawing has been skightly idealized, following
Eronhbere [17], by showing the aluminum jons o
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Froone 7. Epkling factors for selected positions ir the corundum drecitore.

laties instead of being slightly displaced ; the resulta,
owavar, hold for the real strocture.  Starting st the
hole in the hase of the cell marked b and moving
aloryg the ¢ axs, we cotng Lo two aluminum lons, &
haole, two more aluminum ions, and then the hole in
the base of the next cell. The other sluminum ions
and holes are arrwnged in identical chaine which are
parallel, but which have been moved up or down one
position epacing.  The oxygen ions ara on hexagoasl
close-packed sheets at right angles to the aluminum
chains. C(ur table showz that the fensile sirains
€xx OF €., Cause no splitting of the sets of hole pesitions
or asluminum positions. Shear strain causes s split-
ting into two equel subsets. The holes are labeled b,
and &;. A b, position is ahown with its 6 neighboring
b ]positluns. One might expect an inert gas such as
helium to ocenpy the holes and to diffuse by b, to by
type jumpe. Internal friction experiments using
sﬁeﬁr strain rmight thus provide informaiion of direct
interest. concerning the diffusion of noble gases in
corindum. The set of aluminum positions aplits into
the sub=zelz ¢; and ¢2. A ¢; position is shown with the
neighboring e, positions in the two adjacent sheats
(ol aleminum poaitions in the same sheat sre ¢, 1=
tions]. There are three distinet types of jumps irom
8 ¢ position {0 8 o position: 7 18 parallal to the ¢
axis and passes between three equidistant oxyzen
ions: §; snd j; must pass wround an exygen wn. In
sh internal friction experiment, we would have &
relaxation process taking place by three parallel
aths and the fastest path would be rate-deterimining,
diffusion, & eeries of stepa is involved and the slow-
eet step in the particular series would be tate
determini Tha usafulness of internal frickion rela-
tiva to eatlen diffusion in corundom iz thus prob-
lemastical and further work is needed on the combina-
tion of jumps required in diffusion. An interesting
experiment involving aluminum itions would be
the attempt to observe the interchangs of aluminum
and chromium ions in ruby by dolng an internal

frisiion experiment in shear. Turning now to the set
of oxygen positions, we see that this splita into thres
subseis, g, &, and ;. Here again a detailed t-hmr;;
of the combination of jumps involved in difusion is
neaded, but it seems thet some information of interest
conld ba gained. In summary, for eorundum it
appearz thet internal friction experiments should be
of direct interest to nohble gas diffusion and very
probably of interest in relation to oxygen diffusion (if
nonstoichiometrie alumine exists sg various workers
hava suggested), but that the relation of internal
frietion to eation diffusion is problematical.

3.2, Periclase-Type Stroctures (MgO)

The results for MgO are shown in figure 8. There
are just one magnesiom ion snd one oxygen ion per
primitive cell 20 that no splitting oceurs for either
position.  There are two large intarstitiel positions
per primitive cell, but they are related by a conter of
gymmetry =0 that no splitting takes place. The set
of interstitial itions  equidistant from  three
oxygen &LOMS nfues gplit into two subsets, but it
geems unlikely that any impurity would occupy
theze positions. It thus appears thai internal
friction experiments are unlikely o give any infor-
mation about isclated point defects in Mg0. Pairs
of point defects, however, are subject to different
symmat-r{ conditions &z previously mentioned and
internal friction experiments should he quite usaful
in the study of such pairs as & trivalent lon associated
with & magnesium vacancy. There iz also the pre-
vipusly mentioned possibility of the lowering of
symmetry by the Jubn-Teller effact and the aceom-
panying possibility of mochanical relaxation.

3.3, Rutile-Type Stroctures (Ti0.}

The situation for rutile is shown in figure 9. Here
splitting exists for the titaniom positions, the



WO (AOCK SALT STRUCTURE}

F o Zm mIm
POSITIHON nal  BPLITTING
E £4 3 EI r
o {MAGNESIUM] 1 | |
b {ONYGEN} 1 I i
¢ [LARGE
INTERSTITIALY | 2 | |
f [INTEASTITIAL | | 2
EIDISTANT
FROM 3
TRYIEN]
Figune 8.  Splilting feclors for selected poaifiony in the reckaaft
mrucfure.
Ty {RUTILE}
sz S mnmn S5mmm
POSITION N0, SPLITTING
Exn 525“ ﬁ;’ GEREMAL
4 [TITAMIUM 2 1 I & 1 &
ce[HTERSBTITIAL 4 B 1 2 B 4
: TITANILMY E
1
. T LOXTGEN ) q | | 2 1 g
OBSERVED YES NO MO — — o
LARGE PEAK "Ir'_ﬁ?'_"' 0

Ty =]

Froore 9. Splilkng factors for stlected posttions fa e rafife
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oxyren pozitions and the positions which interstitial
titanium would be expected to oecupy. The pat-
torns of splitting are different and internal friction
experiments scem to offer o good way to get informy-
tion about the type of defect present in 1igﬁly reduced
rutile, Data have been reported from two investi-
gotions [18, 19] which nre in good agreement with
ench other. A pesk was found in vacuum-reduced
ruitle which waz not present when the spacimen was
stoichiometric. Tha peak ocours under strain e, =0
that isolated oxggen ¥acancies sre Dot responsible
because’ the splitting factor for oxygen positions
under sirsin e, iz one. The sg]ittmg factor for
titaninm interstitial positions under g, is two and
the existencs of the peak sugpests that the predomi-
naai type of point defeet in vacuum-reduced rutile
is the titaninm interstitial. No peak is observed
under atrain e, slthough the splitting factor for
titaniur Interstitisl sites s two. The interpreta-
tion of the defect causing the observed peak is thus
uneertain; the interpretation which appears most
probable is thet the defect responsible im either &
titanium interstitial {with a contribution to the

internal friction under e, too small to ba observed)
or o pair of titanium interstitiala. Such a pair,
with one interstitial in the edpe of 5 (100} face snd
the other in the center of an adjecent (010} face
would [18] give a peak under ¢, but not under ey
Or €,,.

3.4, Fluotite-Type Structares (ThO,}

Turping now to thoria with the Ruorite structire
shown in figure 10, wea see that the thoriurn pesitions
the oxygon poaitiona, and the largest interstitial
pogitions do not eplit under any strain so that this
structure is not & promising ene for internal friction
atudies of isolsied point defects unless Jahn-Tellar
aymmetry lowering leads to eymmetry pertnitted
internal friction as previously discussed. An internal
friction pesk attributed to pairs composed of &
substitutional ecaleinm ion and an oxygen vacancy
has been reportad [20].

2.5. Diomond-Type Structures {)

The next structure to be considered is the diamond
structure shown in a 11. The carbon positions
do not split, ner do la holes called the tetra-
hedral interstitial sites. There are, howerer, smaller
interstitial zites which & small ion might onnu[?j'.
Waiser [21] has calenlated the binding ene or
seversl interstitial ions in either the tetrahedral or
the “hexagonal” interstitial position in germanium
or gilicen which have the diemond structure. Ha
concludes that for lithiyin, the “hexegonsl’’ site is
more probable than the tetrahedral site. This pives
the opportunity for an inferesting internal {riction
experiment, 53 the lithiom ione shounld not contribute
t¢ internal friction If they are in ietrahedral sites,

Fhy (FLUGRITE STRUGCTLREY
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Frgure 1), Splifling fesiors for welected posilions n the
Suorife afructure,
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Pratre 11. Spliling faclors for selecled posifions in the
diamond siruciure.
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hut are permitted by symmetry to do so if they are
in “hexagonal’” sites.

Southgate [22] has found an internal friction paak
associsted with oxygen in =ilicon. This conld ocewr
if the oxypen oeccupies “hexagonal’” interstitial
positions, bul another possibility is that the oxygen
13 present In the tetrehedral holes, but oceupiss
& epecial position of lower symmetry than the
tetrahedral position. This is analogoua to the suk-
atitutiona) positions o and ¢ of our hypothetical two-
dimensional oxide, MO, discussed previously. Infra-
red apectra indicate [23, 24] that the oxygen atom is
in the tetrahedral hole, byt ia more tightly bognd by
covalent bonds to two of the four tetrahedrally
gituated ailicon atoms; the oxygen atom thue occupies
& positicn of lower symmetry and the oecorrence of
sn internsl friction pesk is then consistent with the
present. theorf'. One can look vpon the existence
of an internal friction pesk cavsed by isolated oxygen
interstitials in silicon as proof that they do not
occupy sites with the full symmetry of the tatrahedral
interstitial position.

3.6. Perovskite-Type Structures (BaTiO,}

The perovskite struetore iz shown in figure 12.
The oxygen positions =plit and this might be an
interesting struciure to study.

3.7, Wurtzite-Type Structures {BeQ)

The wurtzite structure, which is the struetere of
both Belr sod Zol is shown in fipure 13. Two of
the components of shear strain cauze splitting of
anjon, cation, ond interatitial positiona. This struc-
tura thue appears quite suitable for internal Triction
atudies yung the appropnate shesr =strain,

3.8. Spioel-Type Structures (MghlAd,)

Finally, the spinel structurs is shown in figure 14.
The maphesium poaitions do not split, but the
alominum and the oxygen itions do.  Spinel is
lknewn to form a anfiﬁ solution with AL(, and
internal friction studies might be of interest.

4, Summary

In pummary, intarnal friction appears to offer &
unigue rmethod of obtalning information on atomic
jump rates for isclated point defects, but only under
vory special symmetry conditions as given by Rules
1 and 2, or by the elastic dipole method, which is
believed to give the same results so far as indicatin
the possible presence or shsence of mechanie
relaxation.

The writers thenk A. 8. Nowick and W. R.
Heller for dlsnuaain¥ the elastic dipole theory prior
to the publication of its generai form and for helpful
discyssions concerning the possibility that atoms
n-ccu}l;y positions of lower symmetry than might at

firat he supposed.
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