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FOREWORD

During the month of August, 1962, a series of five
lectures was given at the Centro Brasileifo de Pesquisas Ffsicas,
Rio de Janeiro. These lectures were intended to present some
rather practical aspects of the measurement and interpretation
of diffusion coefficlents in lnorganic crystals. Special
emphasls was placed on the metallic oxides, which have been
under investigation by the Solid State Research Group at Indiana
University for the past ten years. The important subject of
diffusion in metals and alloys was hardly mentioned. Clearly,
therefore these lectures were nct intended to provide a system-
atle Iintroduction to the entire fleld, but were more in the
nature of a perstnal commentary on gome. interesting current

research problems.

I wish to thank the National Science Foundation for a
travel grant which permitted me to take part in the Solid State

Program at the Centro Brasileiro de Pesquisas Ffsicas.

Walter J. Moore
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Lecture 1

DIFFUSION IN SOLIDS

Diffusion 1s the fundamental rate process in the solid state.
Whereas 1n gaseous systems, and usually in liquids, diffusion of
reactants is so rapid that it is not a rate determining step, in
solids the overall rate of a reaction 1s usnally controlled by the
rate of diffusion of reactant specles. Examples of diffusion-con~
trolled processes are (2) sintering (b) gaseous corrosion of metals
(¢) annealing of radiation damage. As a consequence, experimental
and theoretical studies of solid-state diffusion are of basic
importance in mgferlals research. Another field of important ap-
plications is golid-state electronies. ' '

‘The first investigation of diffusion in solid metals was by
W. C. Roberts-Austen 1, the English metallurgist. He found a sur-
prising result: the interdiffusion of gold and lead at about 400 °C
was as fast as that of salt in water at robm temperatufe. How could
atomic movements be so fast in a rigid solid ? This problem was
solved by the recognition of the fast that erystals are not perfect
but contain point defects. These defects were first described by W.

Schottky and I. Frenkel (1930 to 1935). Thus diffusion  can occur
]

Notes on lectures given at Centro Brasileiro de Pesquisas Fisicas, Rioc de Ja-

neiro, August, 1962.



2

by the process of jumping of atoms from normal lattice sites into
defects such as vacancles or interstitials. In its simplest for-
mulation, we can consider a diffusion coefficient D to be the
product of two terms,

D =X1D1

where Xi is the atom fraction of defects and Di 1s the diffusion
coefflcient of a defect. The term Xi is purely' thermodynamic,
an equilibrium quantity, given by

-] L4 -]
Xt o o~AG/RT o AS°/R  -AH®/RT

where AG®, AS® and AR® are the free energy, entropy and enthalpy
of formetion of the defect. The term Di, from transition state

theory, would be

- As'/m /BT

h

where a 1s the jump distance in the elementary diffusion step, and

&Ht a.ndASI are the enthalpy and entropy of activation.

It is evident that a knowledge of the defect mechanism of a
given diffusjon process, together with a knowledge of AH®, AS®,
1

AR andASi can lead to quite a deep understanding of the nature
of the solid state of the substance being studied.

D of D ion Coefficien

The definition of the diffusion coefficient D is given by
Fick's First law as the factor of proportionality between V. .the
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flux of a constituent A in the X direction and the negative
gradient in the concentration of A in that direction,

ac
J.v = =D _A ' (1)
AX ax\ 3x

We know from first principles of irreversible thermodynamics that
the flux should depend on the gradient of chemical potentlal
(3p,/3x), so that D,, in eq. (1) will not in general be a con-

stant, but a function of the concentratlion.

In the 1imit, as the gradlent —=0, we can define the gelf-
diffusdon coefficlent as

=-J

A
D,, = limit

| — (2)
AX -
(3C,/ax} =0 | (3C,/a%)

Ca

We cannot measure this quantity directly, but in a few cases it
can be determined from broadening of NMR peaks or from the e=
lectrical mobllity, ueo0f a particle of charge q through the

Nernst-Einstein relation,

D kT (%)
A - q - 3.

The quantity which in fact 1s most usually measured is the
tracer diffusion coefficlent. In his excellent revliew article,
D. Lazarus 2 develops the theory for a tracer stom A* diffusing
in a solid of atoms A. The flux of A* is given by,



Tue = = Dpags Mya/OX =Dy 4y Ip,/3%

vhere the b's are the mobilities. Note that in addition to the
first term, the diffusion current, there 1s a second term which
gives the flux of A* due to a gradient in chemical potential of
A. In turns out that

tracer diffusion self diffusion cross term giving
effect of cor-
relation between
tracer a_m:}solv_ent
atom jumps,
The correlation ferm can be very useful in deciding between
alternative mechanism of diffusion. We ocan see how it arises in
the simple case of vacanoy diffusion. If a tracer atom Jumps into
' the vacanoy, there i{s & certain probae
bility that in its next jump it  will
return to its original position. Thus
Dyuge < Dyye The ratio Dyyuu/Dyy = £,
is the goppalatign fagkor. It can  be
&8 low as 0,3, For a simple exohange mechanism it would be 1.0,
The usual way to'noanure £ ig by a cemparison- of the trager
diffusion aceffiolient with the D caloulated from eq. (3)  from
- eonduotivity data.

A A 4 A
A¥ =) A A
A A A 4

If we oonsider diffusion betwsen two binary solutions of

different oconcentration we can define as interdiffusion goeffi.
aiens, DY,
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— == [ — | ®
at 0 ox

AS A9

This D€ measures the interdif-
fusion of A and B. In generallt

is a function of the . concentra-

~h tion. In the particular case of
¢ ' o |
A Ek o8 - an’ ideal solution, and::one in
i — which the Fick First Law applies,
i |
we have -
c .

where XA and XB are the atom fractions and DA and DB are called
the on coe ents. Note that the usual inter-
diffusion experiment does not ailow one to :ind either DB or DA
directly. In the special case where X,<<1 and Dg/D,< 1, D°%=D,.
This is the case of Jmpurity diffusion under the iInfluence of a

gradient in chemical composition.

Even in-this 1ldeal case, DB and DA are functions of concen-
tration so that only the values at very low dilution  can: be
obtalned.

e of Mea t of T D i

An example of such a study is the recent work of Wuensch and
Vaslilos 3 on diffusion of Fe, Co, N1 into single crystals of MgO.
They used a "sandwich couple" but did not specify the thickness of
the Ni10O layer, except to say it was "very thia". ~They uséd the
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solution for plane source of initial activity M,

M

T exp (=52/4Dt) (7)
2(7Dt)

They could have used the correct

solution for a source of thick-
g0

ness h, initial concentration
YLLK

Co,
g0
o 10 h=x fh-x
= = Co< erf , + er
2 2 /Dt 2/t
(8)

They analyzed the specimen with x-ray emission using a microprobe
of diameter<<lp. Typical data gave a linear plot of log ¢ vs. x?
except for an initial region. At X = .01, equation (6) would give

c _
~ 4o u

19
in this case. DMg(DNi so that

-1
g &
I D¢ ¥ p

1001 |

Ni

Although the treatment given by
these authors is.not.,exact.they
apparently did measure the in-
trinsic diffusion coefficients

as stated. Clearly, however, one must be very careful in such an



experiment and it is better to use the more exact mathematical
treatment of the data, and not to rely on "intuition".

Marker Movements

In principle it should be possible to determine intrinsic
diffusion coefflcients from the interdiffusion coefficient and the
rate of movement of markers placed at the interface of the dif-

fuslon couple.

(Kirkendall effect). If D, # Dg the boundary must move with
respect to the Matano inter-

face. The velocity of boundg

ry movement (if local defect

equilibrium is maintained)

would be
acn
v = (D, -DB) % (9)
Orlginal [ntert Yat
.:t: :,4...... - .,.t,m,.{.,. Hence, from equation (6) and

(9) we should be able to get
both DA and Dg. In practice, this method has had limited useful-
ness. The assumption of local defect equilibrium does not always

4 put markers through=-

hold. For example, Hermann and Walther
out the system and found motion not only at interface but also at

ends of the diffusion zone.



Tax = C4 byy (/3%

My + kT In Y Cy

s
n

;. d1n C, aln 7,

OCA

[ 1 ac 31n 7,
KT Cy by | = —2 + -4
Cy ox S ¥

- d1ln % ocC
sekrry, 1+ —md ) 2%
d1n C, dx

By comparison with Fick's First Law,

?1n 9

D, =kT Db 1+

ox

(10)



Lecture 2

EXPERIMENTAL METHODS

We shall give a concise survey of some of the methods most

often used to study tracer diffusion.

A. Iracer Diffuslon - Surface Agtivity Methodg

(1) A thin source covers the surface of the specimen which
is sectloned after the diffusion anneal. The method is good for
Dl>,10'l2 cm? sfl. Notes on experimental technique:

a. A precision grinder is accufate to 0.1 u. For
high D, a lathe can be used.

b. A microbalance or semimicrobalance is useful
for determining thickness of sections.

¢. One should use a single.crystal. If noncuble
its oriéntation must be known.

d. Precautions must be taken to eliminate effects
of surface diffusion. Best method is to
‘remove and count surface layers separately.

e. Probably best tracer is a fairly hard 7 emit-
ter. Then no ahsorption correction 1s needed

and counting can be done in well type scintil-



10

lation counter.

The equations to evaluate D have already been given in egs. (7)
and (8). The same basic method can also be used with some other
method of analysis perpendicular to the section, for example,

autoradiography in suitable cases.

(2) Method of decline in surface ackivity. We need to

know the absorption coefficient, J Then the surface activity

becomes
o0

A =f elx) oM ¢ (11)
0

The method requires a homogeneous radiation, although we . conld
use a mixed radiation and fit the data numerically. If P radia-
tion is used, we must be sure we are in the exponential region of

absorption curve. Eq. (11) with eq. (7) yields

A/Ao = exp (}la Dt) 41 - erf (p »/ﬁ'E)} (12)

This method 1is probably at its best with quite soft r~rays. The
counting must be done carefully and geometric corrections made.
C. E. Birchenall and R. H. Condit ° gave a detailed discussion of
the errors and corrections for this method.

(3) Method of activity after sectloning. It was original

ly used by Gruzin. Recently 1t was used by Choi and Moore 6 for

alckel oxide. The surface activity after removal of a section

of thickness Xi is
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Qo
1 .
L 2 L mpX
A= exp (-xS/4DtY @ dx (13)
f /T Dt P >
X1

A convenlent treatment of the data for the case x?/4Dt-ca 1l 1is
given in the paper cited. This method is convenient and: more
accurate than method (2). Geometric factors need to be careful-

ly considered in the counting procedure.

(4) d of o - This method -

was given by Joukhovitsky and Geodakyan. If surface sample is

thin enough, eq. (7) reduces to

C = QAM/MDt (14)
- Then a plot of C/Q vs. t"*
Slope = )/ VAD gives D. The surface sample
must be taken by an  electro-
. graphic method or some similar
technique.
(8) Metho 8 es on bo des of a ce.

Kriakov and Joukhovitsky give this method, which eliminﬁtgﬁ the
absorption cecefficlent. The ratio of the actlvities on the

active side and on the reverse side of a slice of thickness L is:

A 1+ B-exp‘(-wZDtILZ)
- = (15)

A 1. B exp (-r2Dt/LB)

It follows that:



A - 4

log = £(t)

A, + A

1 2

The function is linear with slope =~ waD/LZ. With a slice ~100p,
the method is suitable for D>10™+ em? 71,

(6) Method for actlvation energies. Joukhovitsky also
gave a rapid method for getting the activation energy of dif=-

fusion. He uses the surface activity method to get a set of
curves of A vs. t for different temperatures.- He reads the
times for a fixed fraction
NN\ of original activity and plots
‘\ -
- \\\'7 N these as t = t_, ¢ E/RT
Ay Tq 2 (3]
(In t vs T™1) to get E.

s t 4

B. Tracepr Diffusiop ~ Exchange Methodsg.

We were led to use this method to study oxygen diffusionin
oxides with the tracer 180, since sectioning methods would be
extremely difficult and tedlous. We also used it to study dif-
:usion in Zn0 in an atmosphere of zine vapor. In oxygen dif=-
fusion we exposed single crystals of oxide to enriched oxygen
(about 5% 18, usually) and analyzed the gas with a mass spectro-
meter. In case of ©52n we made radioactive Zn0 crystals, exposed
them to inactive Zn vapor, and neaSuféd“thé“isthin activity of

7

the crystal. Morrison used radioactive NaCl crystals and
directly measured the appearance of activity in a current of ‘012

gas passed over the crystals.
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(1) of e_sheet with limited amo of fluid.
If A =n,/n, the ratio of number of moles of exchanging com-
ponent in gas and in solid, the total upfake of activity Ht at
time t is given by (with { = thickness of skeet):
M oo
= - 1 - Z "'ZMHA? exp (- Dq'f-: £/12) €I6)
Moo n=y 1tA+ ka qg

with

tan q + Aqy = 0.

Solutions are also available for spheres and parallslépipeds. Note
tﬁat it is not necessary to use a single large sheet. Pieces of
erystal will suffice, provided the area of the flat surfaces
greatly eoxceeds that of the sides. However, it is important to
secure free mixing of the gas and circuldtion of the gas over both
sldes of the sheets. A source of possible ‘error is evaporation of
the crystals. The evaluation of the data must be made numerical-
ly,although curves exist fo: rapid checking of approximate D val-

ues from exchange data [Crank glves examples'and references| .

(2) Exchange with surface reaction rate coptrolling. In

the exchange method, it is necessary to test'to_determine whether
the exchange is in fact controlled by diffusion. It is possible
In some cages, particularly at lower temperatures, to have the
overall exchange controlled by the rate of the surface éxchqngq
reaction. The test is to vary the dimensions of the specimen.
For example, 1f we double the thickness we do.not affect the rate
. of surface reaction, but we decrease by a factor of 1/4 the half
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time for an exchange controlled reaction.

An interesting case in theory, which probably has nof yet
been found experimentally, is an exchange.reaction controlled by
the rate of the solid-state reaction itself. Consider, for ex-
ample, the interstitial diffusion of tracer M* in_an oxide MO.
The M* might diffuse rapidly from one interstitial sité to the
next, but only slowly exchange with lattice M. The theory of
such a process of interstitial diffusion coupled with exchange
was given by R. W. Reddington 8 for case of diffusion of Ba in
Ba0, ﬁe can think of it as a diffusion coupled with a  trapping
process. We shall discuss it further when we consider inter~
stitial mechanisms.

The most extensive treatment of surface reaction coupled

with diffusion has been that of Haul and coworkers-g.

For the case of spherical particles, they glve

M-M 148

¥ 1-P SRR 3
= eerfe {(1=Plat® - —= ecerfc {(1+Plet (17)
M -M, 2P 28 1 -

Here,

3

«= K/2D

ab s 1
y B = ( '

- —— A=
1 x| nl.g/n.3

K is the surface reaction rate constant in em s'l; S is the sur-
face area of crystals. The function eerfec (x) = exp‘x2 (1= erfx)
They used this theory to study interaction of 1802 with CdC at
630 to 855 °C, and gave values for both K amd D. In our work with
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Ni0 we preferred to use larger crystals (small S) and high tempep
ature. Thus there was no Ilnfluence of surface reactions. What
one would really like to see is an extension of the results of
Haul to higher temperatures (aﬂd.larger erystals) at which D
alone determines the rate, and to lower temperatures (and smaller
erystals) at which K alone is 1ﬁportant. Untlil this is done we
cannot be sure that he is not simply cﬁrve;fitting to a two para-
meter functlion without the physical significance he assigns to it.



Lecture 3

TEMPERATURE DEPENDENCE

Probably the most important insight into the mechanisms

of diffusion 1s given by measurements of the temperature

pendence of D. We can discuss this temperature dependence

terms of the iranaition-state theory. The number of particles

moving per cmz

per sec¢ in the forward
direction is Nclklo In reverse
directlion, N(c - A §-§ &kl- There~-
fore, the net flow is NA8 ky §§.Thus,

D =A%k, where ky ' is the rate

gonstant, the number of times per | .
¢ §mn L ww
segond a molscule jumps. Frem the Ox

theory of Eyring,

5 SR .
Hence, _ |
. + |
pF = 2 = A3 /R ,-AH*/R_r
h

An alternative formulation was given hy Zener 10, leading to
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The Zener interpretation is that AG* is the isothermal work
required to move the diffusing atom from the initial state to the
activated state, with the constraint that the moving atom can
vibrate only in a plane normal to its direction of motion. In.
turns out that

AB* (Zener) = AH:I: (Eyring) + RT (20}

The Zener AH* is the average energy above the ground state; the
EyringAHi is the height of the bharrier.
-E/RT

The simple expression D = Do e is often used. We.

see that thls apparent activation energy, E =53HI + RT =AH*.

. The treatment of Zener was extended by Vineyard 11. He
considered the jump process as a generalized many-body transition

in phase space and obtained for the jump frequency,

N N-1
1=1 1=1

The v; are the N normal frequencles of the system In the
ground state and the v; are the N-1 normal frequencies in . the
excited state (i.e. at the saddle point). This treatment seems
physically reasonable in that it considers the motion of the

- atoms that constitute the barrier as well as the motion of
the diffusing atom. The difficulty, however, is that we have no
way of readily computing the 13* or even the v;. Vineyard ap-
plied his formulation to the problem of the mass dependence of
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the diffusion coefficlent (in particular the 1sotope effect) He
gives for the Jump probability an expression,
[ = [6P) - $(a)]
= —— exp = [$(PF) - $(4)]/kT (22}
Jm;;
where P refers to the saddle point and A to the initial point,

and m* is an effective mass,
* = a2 P
m e;” + (1 - ¢ m,

Here m, is the mass of the diffusing atom and m, is the mass of
the atoms on the host lattice. The factor eq is the cosine of
the angle between the normal to the reaction coordinate at P and
a suitably chosen axis 1. No method is provided, however, for
calculating Cqe It 1s evident that m* must be between my and m.

The theories of Eyring, Zener, and Vineyard are all based
on the assumption that the transitiocn state in the diffpsive
process can be treated as an equilibrium state. A nonequilibrium
or dynamlcal method of treating diffusion has been developed by
Alan R. Allnatt and Stuart A. Rice. In this theory, attention 1is
focused on a particular atom in a subvolume consisting of Its
neighbors, and the condition for a jump is the occurrence of a
sufficlently large amplitude of vibration in the direction of
motion, with a corresponding out of phase motion of the barrier
atom in the subvolume. For a vacancy mechanism, Rice obtained

the following expression for the Jump frequency,
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[= Fdexp- |{V,+Zv,+ 2 wm)"RT (24)
j k>t

Here ¢ 1s the site fraction of vacancies, y is a welghted mean
frequency of contributing normal modes of wvibration, VJ - 1Is the
energy required by J'th barrier atom to move from its equilibrium
position, Vo is the criﬁical energy required for the diffusion
atom to attaip the necessary amplitude, Wkl is the interaction
energy, the potential of the mean force acting between all pairs
of atoms. The term ka can be considered as a Gibbs free energy

of activation,

Finally, this treatment gives for the pre-exponential
factor D  an apparent activation energy Q of the diffusion coef-

ficient:
D, = ¥a2 7 exp [(Asi + ZAsk2 )/R] (25)

OHy + V, + IV, + AR,

Q:
RT

The AH.‘L and ASi are the enthalpy and entropy of formation of

the vacancles.

Another dynamical model of diffusion has been proposed
recently by Prigogine and Bak 13° A curious result of this
theory is its prediction that D should depend inversely on the
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square of the mass.of the diffusing atom. This result contpasts
with the inverse dependence on the square root of the mass in
the Zener theory. Although data on isotopic effects in dif-
fusion are scanty, there is no experimental evidence for such

a marked effect as that predicted by Prigogine and Bak.

Pressure Dependence

Not many experimental measurements of pressure dependence
have yet been made, but it should be important in the future.
Noteworthy is the work of Nachtrieb 14. The pressure coefficient
of D 1s determined by the activation volume,‘AVi.

26\ _ (oA
OP /p oP P

d1lnD z_wi
— = — (26)
oP T RT

Effect of Ele ¢ F
For particles of mobllity" j in an electric field E,

de ae azc
— = -HE—_ + [ —
ot dx >x 2



The solution for a thin layer of tracer at x = 0,4 =04 1s

lx,st) Yo
x,t) =
()
Tracer

r"'(x?;}‘E_t)z :

exp 1 (27Y

4 D%

This gives a distribution - of
the same form as in - the
absence of the field, except
that the origin is displaced by
MEt. Thus it is possible to
get u and D from a single

experiment and to determine
whether the diffusing speciles

is charged. Such experiments were made by M. Chemla 15 cn mono-

valent and bivalent impurities in NaCl. For Cs in NaCl he found

u Et
g

u /D = o/kT as predicted by

the Nernst-Einstein equation.
For Zn'Z however, "e'" was only
0.28 instead of "2" for a
doubly charged ion. The intei-;
pretation is that .diffusion og

2

curs via a vacancy - Zn* palir

which is neutral. This TeXe

planation" leaves some questions unanswered, however, especially

the computation of the value of the apparenﬁ.charge.
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Defect Mechanlisms

There have been several calculations of the energy re-
quired to move atoms in the solid state. They indicate that a
direct binary exchange of two atoms would require much too high
an energy to be-a ‘possible process. The first calculations made
by M. B. Huntington and F. Seltz in the case of copper have since
been refined, but thelr conclusion remains unchanged.. The most
likely mechanism 1s through vacancies, which in a typical metal

(Cu) require an energy of about 2 eV to form and 2 eV to move.

A A A A A A A A A A
A A O A A Vacancy A A—~A A A Ring
A A A A A AQAH-AAA
A A A A A A A A A A
— Binary
A A A A A Interstitial _A A\J} A A Exchange
A A A A A A A A A A
A A A A
Indirect S a Representation o

ACA A A A Thivstitial ) _

\‘ Dif [} m
A A A A

In the metals, and probably in alkali halides and silver
halides, the point defects- are thoselof the Frenkel -and Schottky
types, which are generated thermally.ﬁithout.changing the stoiehi:
ometry of the crystals. In oxides, sulfides, etec., however, thé



23

defect concentrations are mainly-determined by departures Lrom
exact stoichiometry. We distinguish:metal:excegs cdmpounds and
metal deficient compounds. Typlcal examples are Zn0O and CuZO.,_

Zn 0~ Zn 0 2n" 0 Crystal contains excess

o 2 0 2 . 20 Zn. ‘Whether :this 1is

@ ' -Interstitial vori“exygen

Zn 0 Zn 0 Zn 0 vacancies or both is not

known with certainty.

Cu Cu Cu Cu Cua Cu In CnZO the prineipal

9 o -0 defect 1s certainly the

Cu cu*? Cu Cu Cu cation vacancy, but
0 0 0

there is probably also
interstitial 01 in smal-

ler amount.

Refect Toullibria

As an example of the formation of defects by departure
from stoichiometry let us consider the solution of excess
oXygen in cupr'ous oxide:

—_— 1 0%y

0 en

2

=

fou 407

/4 . 1
PV 0,
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Thus, [Vc“*] =K POZ‘M‘ .. We found experimentally-a.-depeadence
/3.7

on _I-‘.:J . For the reaction above,
2
AH = 210? : 1.5 kecal
AS = 12.1 cal deg™t

What is the nature of the defects in Cu,0 ? (a) they are

not paramagnetic (b) the Hall effect was measured.

Ey = H.‘I.z Hx/a

2
R W

E
; | s
J/F- B¢ Gy tp)?
l.

with p>>n,
My 3 1
Rp - — -
The Hell voltage ls E 8¢ »p

Actually R becomes 30 small as to be ummeasureable at T > 400°K,

Hence p must be large and u small. At room temperature g ~ 30 cm?®

v s”L. Extrapolated to 1000 °C, u~7., If p = N,y p= 0.7. Conse
quently we can say that the number of vacanéies = number of holes,
The lack of paramagnetism leads to the idea that the holes are as-
sociated with spins coupled. This explanation, however, ran up
against a great difficulty which it toock us a long time <to see
through. The o ~ PO;'/ 7 « This result was always interpreted 1in
terms of holes dissociated from vacancies. Our suggestion, how-

ever, 1s that p itself is pressure dependent, so that ¢ = con-
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stant Pﬁp(P), where pr represents true pressure dependence of

number of holes. Hence the activation energy E depends on pres -

sure:
E = 0,66 + 0,108 1n P (eV)
o = const. P* exp[(~0.66 - 0.105 1n P)/xT]
m = 0lno/dlnP = x - L2 ity x = 0,25
e o ‘o ) " o o o By this analysis we find
9 & @ [ ) @ ® that the pressure de=-
® é & @ ® & & pendence of the number
of holes is indeed. the
same as that of the
axcess oxygen.

log &
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Lecture 4

DEFECT MECHANISMS IN NONSTOICHIOMETRIC CRYSTALS

Diffusion in oxides, sulfides and halides is Iinteresting
from the standpoint of solid-state theory; because it pr&vides a
method for investigating the defect structure and'deféct kineties
in these crystals. Also, however, there are important practical
applications, such as the relation of the measured diffusion coef
ficlents to the sintering of ceramics and the gaseous corrosion of

metals at high temperatures.

Carl Wagner 16

gave the first detailed theory of the
formation of tarnish layers on metals. He first related the
mobilities of ions and elec¢trons in the product Ilayer to the
electrical conductivity o and the transference numbers %,, ¢, of
cations and anions, and.t3 of electrons. He obtaired thereby for
the number of equivalents of metal reacting per unit time and unit
cross sectlon,

K 300

n —_—= —_— (t,. +1t,) t, od (28)
eq Ay Ay Ple 12,1 1 2" "3 Fx .

2
Py

L]

vhere KB is the so-called rational rate constant and Ay is the
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thickness of product layer; F is the Faraday, L is the Avogadro
number, IZZI is the valence of the anions, and F; and p; are the
equllibrium values of the chemical potentials of the nommetal at

the inner and outer interfaces of the layer.

For many cases of interest (especially among oxides and
sulfides) the compound is almost a purely electronie %onﬂuctor, $0

that t, ¥ 1. Since t, and t, would be extremely difficult to

3
measure in such instances, it is preferable to relate the lonie
mobilities to the lonic diffusion coefficlents, by t, o/FkT==D/Zie.

With the relation du, = RTdln a, and

lzzl dln ay, + 2, dlna, =0

This gives )
K. =¢C aMb D* + IZZ| *
r  “eq . A1 2, D, )dln ay, (29)
AMe

where Ceq 1s the concentration of metal ions in equivalents per

_cm3. In terms of the interdiffusion coefficient Dg!

K=Sf D 4\ (30)

where A 1is the deviation from stoichiometry. It follows also
that

pd = 8(by + b,) (dp /da) (31)

The difficulty in applying any of these equations to inter
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diffusion problems has .been our lack of -information.that would al-
low us-to'integrate‘the~equation;across"the;pro&uctflayer. The
relation between the tracer diffusion eoefficlent D'  and  Ake
mobility b holds only if D" has been measured in the absence of
any chemical potential gradient. This measurement can be made
readily enough, but it would need to be made a different. defegt
concentrations to measure the variation of DI “and D; with concen
tration. Next we should have to know how the activity aMb'_varies
across the product layer. This would require, brobably, that we
know first of all how the concentration (or A) varles across such
a layer, and then how Qe varies with A. A valuable advance
toward the quantitative treatment of these problems has been made
in a series of papers by R. F. Brebrick, which will be discussed.in

some detail.

First, however, we should mentlon that a most sensitive
teat of some of these equations can be obtalned by means of an
experiment first described by Bardeen, Brattain and¢Shdckley'1? in
which one measures the distribution of radloactive tracér in a
growing product layer on a crystal. Conceptually, this is an
important experiment, but as a matter of.;act it has néver been
done wifh the experimental care necessary to secure reliable data.
In principle, the experiment should allow us to measure the
variation of the mobility by or b (in sultable cases) as func~
tions of the gradient of chemical potentlal in the growing film.

In one case only do we have some experimental data on the

variation of defect concentration across a growing oxide layer.,
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18 showed a linear yariation of  excess

Measurements by Engell
oxygen across a layer of Fel. The neutron diffraction experiments
of Roth 1% indicated a structure in which about 88% of the caticn
sites were occupied, with one inteprgtlitial iron-.atom for every two
vacancies. If we accept this surprising and rather unlikely con-
clusion, the interpretation of the formation of Fel by the - impl

vacaney model of Wagner, as used by Engell, seems open to- doubt:s:

Zhe theory of Brehrick

Brebrick considers the speclal case of a =1 fonle oryital
(such as Ni0) with the possibility of vacancles on both the anion
and the cation sublattices. Then two egqullibrium conditlons smpply,

Vo V, =k, (k is the Schottky constant) | (32}
np = ni2 (ni i3 the intrinsic carrier concentration)(33)
He has derived the following expressions for the chemiocal po~

tentials of the metallic and nommetallic components:
g = ET 1n (S/vc) + g * 1 (1) (34)

ve TKT 1n (8/V,) = ng *+ £, (D) (36)

Here S is the concentration of sites on either cation or -anion
sgblattioo, and pg is the electron chemical potential (Fermi leve

el). We note that u and gan vary over an ensrgy range-  a

}l
X
least as large as the separation of the valence and conductlon

bands. However, the free energy of the crystal,};m + kgt Is to a
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good approximation a function only of the temperature and does
not depend significantly on the deparfure from stoichiometry.

Mg + A = KT 1n (s%/k ) + £(D) ¥ R(t). (36)

This is an important fact, since it shows that large dspartures
from the behaviour expected for ideal solutions can occur: for
metallic and nonmetallic components {in an oxide, for example)
which can lead to large effects on the observed interdiffusion

coefficients (in accord with the Darken equation).

Brebrick considers explicitly a nondegenerate semiconductor
in the "exhaustion range", i.e. with the donors all lonized. If

Nc and NA are the concentrations of cations and anions,

The gbviation from stolchiometry is

A=K, - N, (38)
The electron chemical potential was given by Longini and Greene 20
as
s [ a \2 ¥ .
, Zni Zﬁi N .

The concentration of lattice sites,

Ne + Vo =N, +V, =38 (40)
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The flow of the deviation from stolchiometry is the dif=-

ference between the catlion and the anion flows,

where DA is the interdiffusion coefflcient. For example, a

erystal of nickel oxide is annealed in a vacuum and then oxXygen
gas 1s admitted. The rate at which the oxygen 1s taken into the
erystal is governed by the flow of the deviation from stoichiometry,

J&.

For a samiconductor, with slectronic ‘transference number
to = 1, the interdiffusion coefficient is given by eq. (31). The
individual tracer diffusion coefficients are related to the mo~-

bilitles b by

o
*
"

c kT be

o
n

A kT b, (42)

Application of egs. (31), (39) and (42) yields

3\

2
S A=+ 4 K
DA = (Dc* +DA’|‘) 1+ ;  (43)
VA"'VC A2+4 ng

This result differs from equations previously employed by the
inclusion of the term in square brackets. This term will alter.the
ratio of the interdiffusion coefficlent to the tracer diffusion
coefficient, by a factor which depends on the extent of deviation
from stoichiometry. This factor will range from 1 to about 1l0.
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At the stoichiometric composition, A= 0, eq. (43) becomes:

_ :
qﬁ/nc* = % (l-+bA/bc) (s/ks + s/ni) (a4)

For the case of PbS, a minimum value of D, can be found from eq.
(44) by setting by/bg = 0. At 825 °K, DY = 2 x 107 en? ¢71,x =
= 5.8 x 10°%, and n; = 4 x 1077, 8 = 2 x 10?2, " Hence,

D -9 x 10“6

The measured value was 2 x 10'6. Note that D, 1is about 10° times

greater than DE .

This result has been obtalned by a general phenomeno-
logical (thermodynamic) argument, without reference to the mechanism
of diffusion. We can, however, give a reasonable mechanistic inter
pretation simply by pointing out that for a vacéncy mechanism of
diffusion, by = A2 k., Ve/Sy where . is the jump distance and k,

is a characteristic rate constant for the cation jump.



Lecture 5§

EXAMPLES OF DIFFUSION MEASUREMENTS AND MECHANISMS

Alkall Falldes

Although it is possible to obtain large single ecrystals of
the alkall halides of high purify, we do not yet have nearly
enough accurate data on diffusion in such crystals. The only
comprehensive study was made by Benard and Laurent 21. Although
thelr results with NaCl have been confirmed by other measure-
ments, there are dlscrepancies in the case of KCl, so that further
measurements with alkali halide crystals would be desirable. The

The results of Benard and Laurent are summarized in the following
table:

Table 5.1

Tracer Diffusion in Single Crystals of Alkali Halides

B, clz uc-l E(koal)

Anlon Gation Anlon Satlen
Kt Lzx10” 1.0 x 107 25.7 .2
Kbr 2x10°° 1.0 x 1077 3340 29.0
xo1 10 4207t 46,0 94,0
Kr 9 41.0
Xe0l 110 0.5 51.4 37.0
0sCl (Mall typs) 0.7 100 x 107 3600 3240

Gof 4 J8.5



Maurer and Mapother 22 studied the diffustion of 24Na in
NaCl. Above 550 °C they found D = 3.13 exp (- 41.4 kcal/RT). Be-
low 550 °C, they found D = 1.6 x 10™° exp (-17.7/RT). From  an
analysis of conductivity data, Dreyfus and Nowick 23 concluded
that the best value for the activation energy of the migration of
Nat in NaCl at high temperatures was 43.4 keal. Morrison, Har-
rison and Rudham from the exchange of 37012 with NaCl crystals
found the Ea for diffusion of Cl in NaCl to be 53.0. We may
conclude that the E for Gl diffusion is 52 + 2 and that. for N,
diffusion is 42 # 2. The high temperature lontec conductivity and
diffusion is almost always interpreted as the consequence of
Schottky defects in the crystals, with the activation energy El =
=E + (ES/Z)° The energy of formation.of a:Schottky -defect - in
NaCl is estimated to he 50 kecal. Hence=Em_=;17 for Na* ang 27 for

C1~ in NaCl.

The situation for KC1 is not so satisfactory. The conduc-
tivity data yield E; = 45.5 for X', which'is much higher than the
E, = 34.0 given by Benard from diffusion data. The B, for KCL is
estimated as 52 kcal, Thus Ey would be 20 for K' in KC1 from the
conductivity data, but only 8 from the diffusion data. It would
appear that the E for diffusion of K+_in kC1l is in error. This
apparent error casts some doubt on the other values reported by
Bénard and Laurent. Actually their diffusion value.for C1~ is a6.
This is reasonable, being almost the same aé the conductivity val
ue for K'. These two lons are almost the same size and it seems
1likely that the activation energy for either one to Jump into a

vacancy would be almost the same.
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At low temperaturés the lonic conductivity and diffusion
in alkall halides is believed to be due to the presence of blvalent
metal impurities, which are assoclated with cation vacancles. In-
deed, a NaCl crystal doped with CACl, will show the behavior  ex-

pected on this model, but detailed doping studles combined with dif

fusion measurements are not yet available.

Correlation Factors

As we pointed out in the first lecture, the tracer dif-
fusion coefficient may differ from the self-diffusion coefficlent
as & consequence of correlation effects in the successive Jumps
that comprise the diffusion process. The theory and applicatlion of
the correlation factor has recently been reviwed by R. J. Friauf 25

If vacancy motion is the only factor that contributes to
both diffusion of radiocactive tracer and to conductivity, the Nernst-

Einstein felation becomes

* _ 2y o =
D, = £(kT/8q") o = £.D,

The correlation factor £ for vacancy migration in a face-centered
cubic crystal 1s 0,781. This factor is so close to unity that it
does not provide a satisfactory experimental test for the vacancy

mechanism in alkali halide crystals.

In the case of interstitial mechanisms, however, the- facteor
f can be smaller, and it has been used as a criterlon of mechanism
in the silver halides. The dirsct iﬁterstitial mechanism,ﬁaSvf=?la
The mechanism of a colinear interstlaley has f = 1/3° The dif-
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ference In these factors should be sufficlent to diagonose the
mechanism. (In part the low value of 1/3 is due to the larger ef

fective jump distance for conductivity and'not, properly  speak-

ing, to correlation),

Silver Halldes

Compton and Maurer 26

made extensive measurements of dif-
fusion of lloAg in AgCl crystals of fair purity (reagent grade; no
analyses cited). They also made a few measurements of diffusion
of 36‘::1. The silver diffusion was measured from about 120 to
430 °C; the chloride diffusion from 320 to 430 °C. The results

were:

D48

1.4 exp (- 20.8/RT)

0%t = 2.1 x 102 exp(~ 37.7/RT)

The principal significance of these results is to show that the

mobility of the Cl is so much less than that of Ag that we can set
tci-= Q. Measurements by Tubandt 27 indicated that electronic

transport in AgCl was also essentlally zero. Thus one can set

tAg* = 1. If AgCl is doped with CdClz, cation vacancles can he

introduced and interstitial Ag® suppressed. Experiments of this

kind indicated that thg interstitial mobility was much greater

than the vacancy mobility. The next question was whether . the

intérstitial mechanism was direct or indirect.

In AgBr the diffusion of 82Br was measured by Tannhau-

28

ser from 332 to 415 °C, with crystals grown from reagent
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zrade materials. Even over this short temperature range, the ap-
parent activation energy was not constant, ranging from 45 to 60
kcal. The D for Ag is much larger than that for Br( R. . Friauff’
The plot of log D vs T™T in this case also gave a variable acti-
vation energy with an average value of about E = 18 kcal. The
values of E for diffusion of Ag+ in AgCl and AgBr are so low that
most of the observed activation epergy must bs ascriped "to the
formation of the'Frenkel defects. The activation énergy for the
interstitial jump itself is believed to be closed to zero. It
would be desirable to check this interesting conclusion by an
independent method, e.g. study of internal frietion or dielectric

loss.

Friauf found that he could explain the results with AgBr
by introducing two types of interstialcy motion, colinear and
noncolinear, with different correlation factors. In addition some
of the motion of Ag+ was ascribed to a vacancy mechanism. By
doping with CdBr, (0.028 mole %) he could in a narrow temperature
range obtain evidence for a vacancy mechanism alone. The plcture
cbtained for diffusion of Ag in AgBr is thus very detailed, Dbut
it has required the introduction of several types of. defect and a
variety of parameters without independent confirmation. It = is
worth mentioning again, however, that the analysis In terms of cor
relation factors depends on the assumed validity of the Nernst-
Einstein relation with & unit positive charge for the Ag' fon. It
would therefore bé worthwhile to study the diffusion of radio~-
active Ag.in AgCl or AgBr in the presence of an electric  fleld
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{Chemla experiment) to. determine direct;ynthefeffectiveucharggupy

another method.

In these three cases we have-some quite reliable data on
cationic diffusion in single erystals.and on the departure from
stolchiometry. These crystals all contain excess OXygen  exc¢ept
perhaps in the highest vacuum at elevated temperatures. The excess
oxygen is universally believed to be in the form of vacancies at
cation sites, but there is no unequivocal proof of such an- as=
sigmment, e.g. detailed x-ray analysis. Consequently we cannot
say much about the structure of the vacancies and the extent of
relaxation of the structure surrounding them. The reactions which

form the vacancles can be written:

lo, — Lo a4yt
0 > 0 + vCu

1 = +.
Q ———— ) +VNi+p

We have expressed the tracer diffusion coefficient of the cation
as

Dc = kT bé
with b, = 1%k V/s

c. e "¢’ "

. x

The apparent free energy of activation for diffusion, 4G y will

he the sum of the free energy of formation per mole of vacancles

(&”o) and the free energy of activation for the rate constant
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*
X, (AGV). These quantities in turn can be broken into energetie
and entropic contributions, as AG =AH - TAS. The results for the
three oxide crystals are summarized in Table 5.2.

Table 5.2

Diffusion Parameters in Oxides with Cationie Vacancies

AR ASS AR, As,
CuZO 21.7 4.9 12.1 ~1.5
Co0 10 ~12 27 -0.8
NiG 36 ~-14 25 -1.0

References: Ca,0 - O'Keeffe and Moore, J. Chem. Puys. 3§, 3009 (1962)
Hi0 - Chol and Moors, J. Phys. Chem. 66, 1308 (1962)
Co® - Carter and Richardson, Trans. A.I.M.BE. 194, 1244 (1954)

The diffusion measurements in cuprous'oxide were made some
years ago with polyerystalline specimens. They should now be

repeated over a range of oxygen pressures with single crystals of
highest purity.

In the case of nickel oxide, it has not yet been possible
to make measurements on single erystals essentially free of tri-_
valent impurities. Thus (as in the case of the alkali halides)we
cannot yet be completely certain that the free energy of forma
tion of the vacancles has not been lowered by such impurities of
higher valence that that of the cations of the host structure. In

the case of CoO, the concentration of vacancies 1s about 20 times
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higher than in Ni0, and consequently traces of trivalent impuri-.
ties would not have an important influence on the defect  struce

ture.

There are still certain problems about the defect struc-
ture of Ni0 which need to be resolved. It is commonly assumed
that the dark green black color of monocrystalline NiO is due to
the excess oxygen it contains, but it has not been demonstrated
that this color can be attenuated by removal of this. excess
oxygen. In fact, the optical properties of this theoretically
important crystal have not yet been carefully investigated.

Another topie deserving further work would be tracer dif
fusion in doped crystal of CuZO and Ni1O. Since such studies have
not even been systematically made with the alkali halidas,:. whichi
are presumably much easier: to prepare and ‘to'“handle, we may have

to wait some timé for results on the oxides.

Zine Oxide

The problem of the mechanism of diffusion of zinc'ih'zinc
oxlde has not been satisfactorily resolved. In fact it presenténa‘
number of mysterious features which have baffled many investi-

gators 30,

From the rate of exchange of crystals contaiﬁihg'GSanﬂth
inactive zine vapors Seeco and-Moore féund D;ﬁ = 4.8 exp(- 73/RT)
in one atmosphere zine wapor. From the distributioh of 6szn' in
erystals heated in radioactive Zn vapor, Lamatsch found‘D;n =
= 170 exp(~ 76/RT). The interpretation of"theselvalﬁes is a major



problem: There is.gaod ‘evidence. that zinc .oxide can take up

considerable excess- interstitial: zine. - The x-ray studies of Mo~
hanty and Azaroff - actually purported to show this zine in
octahedral interstitial sites. They estimated a corntent of 0.35
to 1.4 atom per cent excess zine. . This figure sesems to be too
high by at least a factor of ten. Nevertheless the studies of
Secco and of Lamatsch represent a substitutional diffusion of
tracer zine into a crystal that is saturated with  considerable.
interstitlial zine. The mechanisms possible appear to be: (a) via
vacant zinc sites (b) interstitial migration with occasional ex~

change (¢) interstitialey migration.

In the présence of so much interstitial zinc we would ex=~
pect vacancles to be repressed. Thomas 32 ‘measured the aif
fusion of indium in zinc oxide. He found D = 2.5 x 10° exp(-73/R
He believes the indium enters as In > ions compensated by zn*e
vacancies. Perhaps the accurrence of the magic number 73  here
indicates that diffusion of zinc also occurs by a vacanc? mecha~
nism. If so, the vacancies must arise from trivalent impurities
or some mechanism that does not cost anything energy-wisé, since
73 keal would be the activation energy required to move a Zn*a'
into a vacancy. However, in the indium doped crystal, the ‘rate
determining jump is into a vacancy adjacent: to a in+33'ahd this -
might have a higher E. Thus the E = 73 in the indium doped

crystal is at present regarded merely as a coincidence.

If we had an interstialey mechanism in zho, we might
expect the chemical diffusion of Zn into or out of Zn0 to have the

same actlvation energy as the tracer diffusion. However, such is
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not the case. The chemical diffusion has E from 13 to .39 kesal,
depending on the temperature and pretreatment.of. the crystal;.and
on whether the zinc is diffusing in or out. In the ordinary imtep.
stitial mechanism (cf. analysis of Redington) the tracer D-g;KiDl
where Xi is the fraction of interstitials-.and Di is a "diffusion
ecoefficient” for Interstitials. In.the case of Z2n0, the heat .of -
solution of excess zinc appears to be 5 kcal. Thus the tempera-
ture dependence of Xi would contribute little to the apparent
actlivation energy. Most of the activatlion energy must be due to
the interstitial jump 1tself. Why, then is the Ea for  chemical
diffusion so much lower that that for tracer diffusion ? In
qualitative terms, the answer may be thgt Di 1s itself strongly
dependent on the concentration of interstitials. The B, for an
interstitial or interstialey jump 1s much higher in a  crystal
saturated with interstitials then in a ecrystal free of excess zine.
This suggestion does not explain why one gets a good constant D
for the studies of chémical.diffusion. Perhaps the kind of aver-
age obtained welights the faster diffusion processes heavily.

To look at the problem in another way we would ask: how,
can we lower the E for the chemlcal diffusion as compared to that
of the tracer diffusion ? If we disregard mechanism entirely;we
can consider the relation between-gd and bc given by Brebrick:

D, =8:b,d p/d

We can write My as
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. /Rc\\ : ne-I'~\

The significance of the terms is as glven by Brebrick, except that
we have taken the defects to be interstitials (Ny) instead of-

vacancies. Hence A= NI and

e S S Be1 Dol

——=-——-+kT 1-—--'- ——

d fa N I NI 'I‘_f’ll NZ

=kT Bt A
= 1l -""'"'——--)
Ny %‘%5
If n g <<Np»
AUy kT
— s _— and
dA N

d In D, dinb, Aalnk? 4 lnNp

= eeee— o R ———— -

ar ar a7 ar

Hence there is no way to avoid the coneclusion. that ByeS B + B, If
there 1is no appreciable AH for formation of Nis the Er will be
simply that for the mobility term.



The problenm ofichamich'dirfusioﬁ.of_Zn in Zn0 is. further
coﬁplicated by the remarkable observations of Pohl¢'33. He
followed diffusion of 2n into Zn0 by measuring the conductivity.
The first diffusion of Zn into a "virgih crystal" was abhout - 100-
times slower than the @iffusion of zinc outwards on hearing the'
doped crystal in alr, or the second diffusion of zine  inwards
after this pretreatment. Furthermore, the D for these subsequent
diffusions depended on the temperature of the original doping.
These results are shown in Fig. 5.1. It would be possible to
explain the slow diffusion into the virgin crystal as a  surface
offect. After the first oxidation step the Zn0 crystal should be
covered with a thin layer of more finely divided "actlve zine
oxide". This ad hoc explanation does not serve to explain, how-
ever, the dependence of the D on the initial doping temperature.
It is evident that further work must be done before we understand.

diffusion 1n Zn0 crystals.

Oxvgen Diffusjon in Oxides

In recent years there has been a growing interest in the
measurement and 1nterpretatien.of.oxygan.diffusion in oxide
erystals, measured with the tracet 180. ”Thﬁ'ﬁeasufémQﬁtsr@ported

to date are summarized in Table 5.3,

In al) .the svstems studled by the Indiana group &Cuzq,
Zn0, NiQ) the D?'inpreased with the oxygen pressure.. The de=-
pepdence on Pd: suggested a mechanism due to jinterstitial oxvgen
atoms. Interstitial atoms would be presumably much smaller than



Table 5.3

Tracer. Diffusion” of 150.1s Oxides:

Onids Def O Temperatory Remarks Referencs
bo E
a
3 _
vo, le2 x 10 ] 65 » 5. 556 - 800 U9, coz 1
2.0 %207 30 + 9 320 - 500 o
3 - 2,063
11203 1.9 x 10 152 1600 - 1780 . 2
g0 25 x m" 62 1500 = 1750 3
0u, 0 6e5 x 10-3 9+ 4 1030 - 1120 x Pﬂz (|
2 - ) 0
.2
NIO 6e2 x 1of‘ 575 1100 - 1500 % r:(z 5
T2
nd €5 x zou 165 + 6 1100 - 1300 & Pollz 6
_ 2
¢do 8 x 10° 98¢5 640 « 820 . aﬂ"‘ 7
2
Tloz 1.1 7 800 ~ 1030 s
-8 - _
z"as cn.15 °1.a5 51 x 10 30 680 = 200 9
Nier o 1.7 x 10°° & 1200 - 1550 poly 10
2’8 * crystalline
- 11 . poly
u;thos 10 | 146 1100 . 1250 erystalline 10
Reference
le Ao Be Auakern and Ju Belle, J. Chem. Phys. 28, 171 (1958)
2s Yo 0lshi and We D+ Kingery, Jo Ohewe Phys. 39, 480 (1960)
Je Y. Clahi and W. D. Kingery, J. Chemu Phys, 33, 905 {1960)
4. W Js Hoore, Y. Eblsuzaki, Jeo Ae Sluas, Je Physe Cheme £2, 1438 (1958)
Se B O'Keetfe and W, Vo Hoore, Jo Phys. Chem, &5, 1438 (1961)
6e  Eo Lo W1lllams and W. Jo Moore, Olses Fareday Soc. 28, 86 (1959)
Te  Re Haul wnd Do Just, Jo Apple Phya. 33 {Suppl. 1), 487 (1962)
B. Re Haul, D. Just and G, Oumbgen, Proce 4th Ints Symp, Reactivity:of Sollde, hgiqr_ﬂ;_-_, 1350, pe&
Je W, Do Kingery, Jo Papple, Mo Eo Doty, Du G4 RI1L, Jo Ame Ceramic Soce 42, 393 (1959)
10+ W D. Kingery, D. 0. HII, Re P. Nelson, Je Amo Ceramie Soc. 43, 479 (1960)
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:nterstitial oxygen ion, and one would expect an interstitial
oxygen to be energetically most unfavorable. In the case of NiO0
this mechanism is surprising since the structure consists of an

egsentlally close packed array of oxide lons.

When we first noted the similarity in the actlvatlon enegp
gles of Cu and O and Cuj0, (36 and 39 kecal) we suggested that
perhaps both Cu and O diffused by way'qr the identical transition
state, which occurred when a:Gu+ ion was at the saddle point be-~
tween a normal site and a2 cation vacancy. We called this the

oynterva . As we came to accept the likelihood of
interstitial okygen atoms, we ftended to relégaté:this pogsible
mechanism 40 the background. Then i1t appeared again in a quite
unexpected system, PbS. G. Simkovich and J. B. Wagner 34 found
for diffusion in stoichiometric PbS:

DEP. = 2.3 x 1074 exp (- 32 keal/RI)

S
Dpyps

n

3.8 x 10™° exp (- 32 kecal/RT)

The DS was higher in crystals'containing an excess of S. The pog
sibility of a countervacancy mechanism in this case seems to be

excellent.

Enormo A vatio opie

We shall close these lectures by calling attention again
to the interesting problem of the occasional oceurrence of e-

" normous activation entroples in diffusion studids in the solid
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state. These have been observed too frequently to bé considered
simply experimental errors. We may cite the cases of barium in
barium oxide, oxygen in zinc oxide,_suifur in FeS, phosphorus in
indium phosphide, and numerous -6thers. In these cases the ap=-
parent activation'energy ¢can raﬁge'up to + 100 calories per de-

gree per mole.

It seems clearly impossible to explain such.figures on the
basis of any kind of simple point defect or its migration in the
erystal structure. In most cases it would appear necessary to
call upon a communal entropy of-melting,. caused either by some
kind of an extended defect in which many displaced atoms are
eontributing to the positive entropy or a similar displacement
over a large volume of the crystal structure in the activated
state of the diffusicn. Another possibility is the occurrence of
diffusion short circults such as dislocation:pipes, so that: she
actual cross sectional area for the diffusion process is muech Tess
than that which is used in evaluating the ceoefficient. It would
appear that the further investigation and explanation -of these
enormous activation entroples may prove to be one of . the most

rewarding problems In the study of diffusion in the solid state.



48

1000
Yl L LS
o 3 '
see S\~ Jde €
e VRN
EREN NN
e \\\Q\\ 0 e
diffusion ) \\7 \ . m\...__ﬁ\
) L]
cortfictont 0y ‘\\ ‘\ N\ 1% 3
IEAN
giIR\N
\\,_Vs
10~ —Fracer
2

0.6 0. 10 1.2 14 1.6 18 2.0 2.2

Fige 5ol = Diffusion coefficient D of zine oxide, messured by seversl asthors waing different sethods:

1. Orystals, tracer, In alr, after ¥Noore and ¥Willlams.

2. Bintered ppecimens, tracer, beta-rudistion, in air, after Lindner.

3. Orystals, grown with m‘s, tracer, In zinc vapour, of 1 atas, sfier Seccor and Moors.

4. Sintered specinens, tracer, in alr, sfter Lindner,

5, Grystals, tracer, in saturated zine vapour, tfter Lamatach.

€. Crystals, optical absorption after heating in saturated zinc vapour, after Arnath.

7+ CGaleulated from curve 5 uslag the mole fraction of Interstitial zine (condustivity).

8, Extrapolated frow cwrvea J for T = 0.

9, Orystals, decay of conductivity {produced by heating in zine upoir) during annealing in sir at
tempersture T. Parameter of the different curves fs temperaturs 8 of pretrestment in zlnc vepour,
after Pohl.

10, Cryatals, method similar to a2 9, sfter Thomas.
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