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TABLE VI: Stabilities (cm-I) of Linear (HCN), from MMC 
Calculations 

De DJn ADea Dob Dofn  ADOa 
( H C N h  1452 1452 1246 1246 
cyclic (HCN)3C 2523 841 1071 2208 736 962 
(HCN),  3196 1065 1744 2792 931 1546 
(HCN),  5035 1259 1839 4434 1108 1642 
(HCN)S 6913 1383 1878 6114 1223 1680 
(HCN)6 8812 1469 1899 7818 1303 1704 
( H C N h  10721 1532 1909 9527 1361 1709 
( H C N ) B  12637 1580 1916 11245 1406 1718 

'The incremental stabilities, AD, are the differences between the 
corresponding stability of an n-mer complex and a complex with n - 1 
monomers. bThe Do values are De (equilibrium stabilities) less the 
zero-point energy of only the intermolecular modes, with each zero- 
point contribution taken as half the harmonic frequency. CBoth cyclic 
and linear forms of the HCN trimer have been spectroscopically iden- 
tified.3840 Ab initio calculations that give stabilities of both cyclic and 
linear HCN complexes have been presented by Kofranek et al.35 They 
report that the difference between zero-point-corrected stabilities of the 
linear and cyclic HCN trimers is 630 cm-I, while the corresponding 
value obtained from MMC is 584 cm-I. 

likely to contribute about a 7% error to the net stability. And 
actually, it is unlikely that all modes would show such sizable 
anharmonicities, while those that do are most often the weakest 
ones, the ones that contribute the least to the zero-point correction. 
Thus, it is conservative to take the actual error in stabilities from 
using harmonic frequencies for zero-point corrections as 7% of 
the De value for most clusters. 

With zero-point-corrected stabilities (Tables V and VI),  one 
sees that the incremental stability for adding an HCN onto an 

existing chain approaches a plateau of about 1700 cm-' and that 
this is nearly reached at the trimer. In contrast, (HF), and (HF), 
are seen as standouts in stability for that series. The incremental 
energetics of adding an HF to an existing cyclic cluster will favor 
addition to (HF), over addition to other n-mers. 

The physical understanding that continues to come from efforts 
such as the MMC approach is the basic role of electrical inter- 
action, that of permanent charge fields and polarization, in weak 
bonding. It offers a picture with unifying concepts for potentials 
of binary species and extended clusters. The qualitative under- 
standing has been clear for some time. Consequently, various ways 
of using point charges to get at  electrical components in model 
potentials are widespread. They represent attempts, sometimes 
quite successful, at using the understanding quantitatively. But, 
it is only in recent years that theoretical capabilities for finding 
subtle molecular electrical properties have led to a much greater 
sophistication in working out intermolecular electrical interaction. 
The results given here show quantitative capability for finding 
vibrational parameters with use of electrically developed potentials. 
Spackman has also found that harmonic frequencies of binary 
complexes are well determined given a reasonable incorporation 
of electrical effects.43 Thus, it is clear that a straightforward basis 
exists for quantitative evaluations of structure, energetics, and 
vibrational parameters of weakly bonded clusters. 
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This work describes a new approach for the study of atom-diatom reactive collisions. The method is reminiscent of a 
time-dependent approach presented earlier but is formulated within the time-independent framework. As before, the method 
makes use of the projection operator formalism to form a coupled system of Schrodinger equations and of optical potentials, 
to reduce the reactive multiarrangement system to a (single arrangement) nonreactive system. However, in contrast to the 
time-dependent approach, here the optical potentials impose outgoing boundary conditions, reducing significantly the numerical 
effort required to solve the Schrodinger equations. The reactive probabilities are obtained by calculating the fluxes at the 
exit region of each reactive channel. As an example, the method is applied to the collinear reactive H + H2 system. The 
extension of this method, to three dimensions like in the time-dependent approach, is straightforward. 

I. Introduction 
A new approach to treat atom-diatom exchange collisions 

employing the time-dependent wave-packet approach was recently 
introduced.]+ The numerical procedure was found to be efficient 
enough to yield the correct collinear'g2 and three-dimen~ional~.~ 
reactive probabilities for the H + H2 system. The method, as will 
be seen later in more detail, is based on the idea that it is enough 
to solve a (slightly extended) nonreactive problem and still obtain 

( I )  Neuhauser, D.; Baer, M .  J .  Phys. Chem. 1989, 93, 2872. 
(2) Neuhauser, D.; Baer, M. J .  Chem. Phys., in press. 
( 3 )  Neuhauser, D.; Baer, M.; Judson, R. S.; Kouri, D. J .  J .  Chem. Phys. 

(4) Neuhauser, D.; Baer, M.; Judson, R. S.; Kouri, D. J. Submitted for 
1989, 90, 5882. 

publication. 

the correct reactive transition probabilities. This is achieved by 
substituting short-range negative imaginary potentials at any exit 
to another arrangement. These potentials were found not to affect 
the wave function in the reagents' (inelastic) channel, but once 
in the product channel, they force the wave function to go to zero. 
The reactive transition probabilities are obtained by calculating 
the fluxes into each reactive channel along the boundary located 
just before the imaginary potential region (see Figure 1). 

This method is still not as efficient as some of the other 
in treating the fully symmetrical H + H2 system, but 

(5) Zhang, J. 2. H.; Kouri, D. J.; Haug, K.; Schwenke, D. W.; Shima, Y.; 

( 6 )  Baer, M. J .  Phys. Chem. 1987, 91, 5846. Baer, M. J .  Chem. Phys. 
Truhlar, D. G. J .  Chem. Phys. 1988,88, 2492. 

1989, 90, 3043. Baer, M. Phys. Rep. 1989, 178, 99. 
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Figure 1. The collinear mass-scaled potential energy surface. The neg- 
ative imaginary absorbing potentials are located along the lines r = rl and 
R = RI (shadowed areas). 

it becomes more relevant as the system becomes less symmetrical 
or as the number of arrangements increases. For instance, no 
change in numerical effort is expected when one treats the less 
symmetrical system H + D2, whereas for the other methods this 
change involves an increase of more than 100% and sometimes 
more than 200% in the numerical efforts. It is important to note 
that employing the current available methods and the computing 
facilities for a system with more than three arrangements is out 
of the question. As for the time-dependent approach, since the 
wave packet in the inelastic arrangement channel only is treated 
(whereas the reactive probabilities are byproducts of the main 
scattering calculation), the numerical limitations are those of 
solving a single arrangement channel problem. 

In this work we consider a similar approach but formulate it 
within the time-independent framework. As before, the numerical 
treatment is carried out for the nonreactive channel only, so that, 
again, the numerical effort becomes similar to that of solving an 
inelastic problem. However, since the system is reactive, the 
channel along the vibrational coordinate has to be broader than 
in the usual nonreactive case. Consequently, the ordinary close 
coupling technique may not be practical, because too many vi- 
brational states would have to be included in the expansion of the 
wave function. Therefore, we decided to follow the numerical 
procedure that we used in the wave-packet time-dependent ap- 
proach'v2 and to utilize the grid-point approach. In this sense, 
our method is close to that of Rabitz et al.,1° who, a decade ago, 
successfully applied the finite elements method to reactive scat- 
t eri ng . 
11. Theory 

I .  The Schrodinger Equation. The collinear reactive system 
employing mass-scaled Jacobi coordinates is shown in Figure 1. 
The whole configuration space is divided into three regions: the 
reagents arrangement (RE), the products arrangement (PR), and 
the interaction region (IN). Our attention is mainly devoted to 
RE and IN, whereas PR will be ignored because a short-range 
absorbing optical potential is employed along the line r = rI (see 
Figure 1). Since only the regions RE and IN are explicitly 
considered, it suffices to employ reagents coordinates in order to 
treat the whole process. 

The Schrodinger equation to be solved is 

( H  - E)* = 0 (1) 

Here E is the total energy and H is given in the form 

where R and r are the (mass-scalFd) translational and vibrational 
coordinates, V(R,r) is the potential, and p is the reduced mass 

(7) Schatz, G. C. Chem. Phys. Lett. 1988, 150,92; 1988, 152,409. 
(8) Kuppermann, A.; Hipes, P. G. J .  Chem. Phys. 1986,84, 5962. 
(9) Pack, R. T.; Parker, G. A. J .  Chem. Phys. 1987,87, 3888. 
(10) Rabitz, H.; Askar, A. S.; Cakmak, S. Chem. Phys. 1978, 29, 61. 

Askar, A.; Cakmak, A. S.; Rabitz, H. Chem. Phys. 1978,33,267. See also: 
Truhlar, D. G.; Kuppermann, A. J .  Chem. Phys. 1972, 56, 2232. Diestler, 
D. J.; Mckoy, V. J .  Chem. Phys. 1968,48,2951. 

of the system. The total wave function *(R,r)  will be written 
as 

*(R,r)  = +o(R,r) + W , r )  (3) 

where fio(R,r) is an unperturbed solution of the Schrodinger 
equation: 

(Ho - E)+o = 0 (4) 

Here 

where W(R,r) is a distortion potential. Consequently, the relation 
between H and Ho is 

(6) H = Ho + U(R,r) 

where U(R,r) is the perturbation potential given in the form 
U(R,r) = V(R,r) - W(R,r) (7) 

and fulfills the condition 
lim U(R,r) = 0 
R-- 

The equation for {(R,r) is obtained by substituting eq 3 in eq 1 
and recalling the equation for q0(R,r) (see eq 4): 

or 

( H  - = u+o (9) 

Equation 9 is an inhomogeneous equation for {(R,r) .  It is 
important to emphasize that this way of writing the Schrodinger 
equation and the application of the optical potentials which, as 
will be described later, impose outgoing boundary conditions on 
{(R,r) yield the one required solution of the equation for given 
boundary conditions. This way of finding the solution is much 
more efficient than in most of the previous methods, because it 
avoids having to find first all N (or 2N) independent solutions 
and only then applying the required boundary conditions. In this 
sense, this approach is close to the integral equation approach, 
where the asymptotic boundary conditions are built into the in- 
tegral equation. 

Now we continue as like in the time-dependent approach2 and 
present {(R,r)  in the form 

N 

n= 1 
{ ( W )  = x ( R J )  + Cvn(R) 4n(r) (10) 

where &(r) are the asymptotic vibrational eigenstates of the 
system, vn(R) are the corresponding translational components, 
and x(R,r) is a function that is responsible for the exchange 
process. The value of N is assumed to be equal to or larger than 
the number of open states in the asymptotic region. The &(r) 
functions are the solutions of the equation 

h4n = e n 4 n  (1 1) 

where h is the diatomic Hamiltonian: 

Here u(r) is the reagent diatomic potential. 

jection operators to be discussed in this work are2 
2. The Introduction of the Projection Operators. The pro- 

p n  = I 4 n )  (4nl (13) 

and 

Q = l - C P n  
n 

where Pn operates on the r coordinate only and satisfies the 
following relations: 
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PIP, = 6nm (1 5a) 

PnQ = 0 (15b) 

With these definitions the I{(R,r)) wave function can be written 
as 

(16) 
N 

n-1 
lP) = QIt) + EPnI t )  

Next we define 

Ix) = Qlt) (1 7a) 

l V n ) l 4 n )  = Pnlt) (1 7b) 

and 

so that P(R,r) can be written as 
N 

n= I 
It) = I x )  + CIqn)I$n) (18) 

This representation is identical with that given in eq 10, so that 
the introduction of the projection operator does not yield any new 
result but can be used to form the required coupled differential 
equations for X(R,r) and qn(R) (n  = I ,  ..., N). Operating with 
($,,I (n = 1, ..., N) and with Q, respectively, in eq 9 leads to 

(4nIHE I ~ ~ ) I w )  + (4nIHIX) - EIqn) = (dnlYJ/o) ( 1 9 4  
N 

n'= I 

N 

n'- I 
QlHlx) + QHC Iqd)I&) = EIx) = Q q + o )  (19b) 

The first term in eq 19a can be shown (by employing eq 11  and 
12) to become 

(20) 

vnd(R) = (4nIQ4d) (21) 

(22) 
The second term in eq 19a can be shown (by employing eq 1 1 

where 

Here p(R,r)  is another interaction potential defined as 
v(R,r )  = V(R,r)  - u(r) 

and 12 as well as recalling eq 15b) to become 

(4nIHIx) = (4nI V x )  (23) 
Substituting eq 20 and 23 in eq 19a yields the N coupled dif- 
ferential equations for the qn(R) functions 

(24a) 
Next we consider eq 19b. The first term will be written as 

N 

n= I 
Q H I X )  = ( 1  - EPn)HIX) (25) 

and it can be shown that 
N 

n=I  
Q H l x )  = HIx) - Z 1 4 n ) ( 4 n l V x )  ( 2 6 )  

The second term can be shown (following a few algebraic 
manipulations) to become 

QHCl4n) Ivn)  = Cl4n)[Qqn) - CrndI~d)I (27) 
n n n' 

As for this term becomes 
N 

n n= I 
Qvlqo) = ( 1  - CPn)U$O) = YJ.0) - C l @ n ) ( @ n l Q 4 o )  (28) 
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Substituting eq 26, 27, and 28 in eq 19b yields the equation for 
Ix ) :  

(H- E)Ix)  - E$n(r)(4nIQx) + D n ( r )  x 
N 

n= 1 n 
N N 

n'= I n= l  
[ h n )  - E pndIqd)I = uJ/o - E4n(r)(4nlY+o) (24b) 

Equations 24a and 24b form a system of coupled equations that 
must be solved for qn (n  = 1, ..., N) and x .  The solution is carried 
out by expanding the unknown functions with regard to a set of 
grid points in the (R,r) plane. However, a set of double-grid points 
must be employed only for the X(R,r) function, whereas the qn(R) 
functions will be expressed in terms of a single grid. The advantage 
of making this distinction is (as was discussed in more detail in 
our previous publication2) that the double-grid X(R,r) function 
can be shown to be nonzero in IN only (see Figure l ) ,  and so a 
relatively small number of grid points are required in order to 
calculate it. The qn(R) functions are nonzero along the whole 
arrangement channel, but, since they are single-grid functions, 
their calculations are much less time-consuming. 

To do the actual calculations absorbing potentials are employed, 
and this subject is discussed next. 

3. Absorbing (Optical) Potentials and Flux Calculations. The 
optical potentials are used to impose outgoing boundary conditions 
on {(R,r) and to optimize the size of configuration space to obtain 
the correct final results. In the time-dependent formulation, an 
optical potential was substituted in the exit channel only, and in 
this way, the use of product coordinates was avoided. Here we 
employ optical potentials in both channels and, as will be shown 
shortly, this significantly reduces the numerical effort. 

The optical potentials used are of the form" 

( 0; otherwise 

where VI, fulfills, for a given translational energy E, and mass 
m, the requirements 

h E , 1 / 2 / ( A x 1 ( 8 m ) 1 / 2 )  I VIo I A ~ , ( 8 m ) l / ~ ( E , ~ l ~ / h )  (30) 

These requirements guarantee that no flux will enter the internal 
region from the x > xI region, or, in other words, the wave function 
{(R,r)  will have, near x = xI ,  only outgoing components. As 
mentioned earlier, two such potentials are employed (see Figure 
1): one in the entrance channel, so that (x,x,,AxI) = (r,rI,ArI), 
and one in the exit channel, where (x,xI,AxJ (R,RI,AR,). In 
the theoretical (and the numerical) treatment the two potentials 
VI(R) and V,(r) are simply added (only) to the interaction potential 
v(R,r). It is important to emphasize that the xI)s must be chosen 
large enough for them to be outside any potential or adiabatic 
barriers. As for numerical values of the various parameters, we 
assumed VIo = 0.5 eV, ArI = ARI = 0.5 A, rI = 2.8 A, R I I  = 2.8 
A, and R I  = 4.5 A. 

As was shown," the optical potential forces the wave function 
to go to zero once it reaches one of the intervals xI I x I xI + 
Ax, (where x 2 R,r), but it is unaffected as long as x I x I .  Thus, 
in order to calculate the reactive or the inelastic transition 
probability, we make use of the expression 

P = l j ( x = x I , y )  0 dy (31) 

where for x = r,  y is R and for x = R,  y is r. Here j (x=xl ,y)  
is the flux function given in the form 

(11) Neuhauser, D.; Baer, M. J .  Cltem. Phys. 1989, 90, 4351. For a 
general discussion on optical potentials see: George, T. F.; Ross, J.  Annu. Reu. 
Phys. Chem. 1974, 24, 263. Micha, D. A. In Dynamics of Molecular Col- 
lisions; Miller, W. H., Ed.; Plenum Press: New York, 1976; Part A, p 81. 
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where {(r,R) was introduced in eq 3.  In  the actual calculation 
the reacticr f lux is calculated from the expression 
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and the inelastic one from the expression 

Substituting eq 34 in eq 31 yields 

I n  eq 34 and 35, n # no. 
4. The Elastic Distorted Solution and Initial Conditions. One 

o f  the new ideas introduced in this approach is the employment 
of an unperturbed distorted solution of the Schriidinger equation 
$o. This is reminiscent of the method of Shima and Baer12 to solve 
a corresponding integral equation. The function +o(R,r) is the 
solution of eq 5 where W(R,r) was taken to be of the form 

W(R,r) = w(R) + u ( r )  (36) 

Here u ( r )  is the (asymptotic) diatomic potential and w(R) is 
assumed to be 

(37) 

where ro is the equilibrium distance of the diatomic molecule. 
The solution of the Schrodinger equation (see eq 5) is given 

in the form 

w(R) = V(R,r=ro) - ~ ( r g )  

$o(R,r) = ij,(R) 4,w (38)  

where &,(r) is an eigenfunction of the reagent diatomic. Here 
no is the initial vibrational state for which the whole calculation 
is carried out. The function q,(R) fulfills the equation 

ij,(R) = 0 (39) 
2P dR2 

where t, is the no vibrational eigenstate. 

P ,  which is equal to 
As a final topic in this respect, we refer to the elastic probability 

where i j ;  is the outgoing part of the unperturbed translational 
function ij,,,,(R). Since the asymptotic forms of qL(R) and q,(R) 
are 

where 8 ,  and 6, are the (real) phase shifts and 7% is the absolute 
value of the corresponding T-matrix element, we get for P, 

P,, = I + T,2 + 27, cos (6, - 8,) (42) 

For 6 ,  - 8 ,  = a the value of P ,  is ( 1  - T , ) ~ .  

( I  2) Shima, Y.; Baer, M. Chem. Phys. Lett. 1982, 91,43; J .  Phys. B 1983, 
16, 2169. 
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Figure 2. The collinear reactive transition probability for H + H1: (-1 
previously published results (ref 1 9 ,  (0 )  present results. 

111. Numerical Treatment 
To solve the coupled system of differential equations given in 

eq 24, a grid of 32 X 32 points was employed for the two-di- 
mensional x(R,r) function where 0 I R I RII and 0 I r I rI (see 
Figure 1) and a grid of 64 points for the one-dimensional qn(R) 
functions where 0 I R I RI. One of the main difficulties in 
employing the grid approach is the relatively large number of grid 
points that have to be included in order to calculate the second 
derivatives. There are known several approaches to treat this 
problem, but we employed a different one that takes advantage 
of the previously introduced optical potentials. 

Because all exit channels are blocked by optical potentials (the 
optical potential in the entrance channel does not affect the un- 
perturbed elastic solution +o(R,r) which contains the incoming 
component of the total wave function), a {(R,r) wave function 
which is nonzero only in a finite region defined by (0 < R I R,; 
0 < r I r l )  is obtained. This implies that x(R,r) is nonzero in 
the region (0 < R < RII; 0 < r I r I )  and the sn(R) are nonzero 
along the interval 0 < R I RI. The fact that x(R,r) is equal to 
zero at both ends of the R interval, namely, at R = 0 and R = 
RI,, means that x(R,r) can be considered as having a periodic 
behavior with a periodicity of R1I. In the same way, since x(R,r) 
is equal to zero at  r = 0 and r = rI + Ar,, then x(R,r) can be 
considered as having a periodicity of ( r ,  + ArJ.  As for the s,(R) 
functions, they are zero at  R = 0 and at  R = RI + AR1 and 
consequently can be considered as having a periodicity of (R, + 
AR,). All these facts gave us the idea of employing the fast Fourier 
transform (FFT) method13 to obtain the second derivatives in an 
efficient way. According to the FFT, any of the above functions 
is expanded at  each of the grid points in the form 

M 

I=-M 
g(x,) = fr exp(2ailxn/Ax); n = I ,  ..., 2M (43) 

where Ax is the periodicity of g(x). Consequently, the second 
derivative of g(x) at x = x, is 

4a2 M 

( 4 4 2  I=-M 
g"(x,) = -- AI2 exp(2ailxn/Ax) (44) 

Once the function given in eq 43 is substituted in eq 24, one obtains 
a set of linear equations for thef, coefficients. The resulting system 
of algebraic equations is then solved iteratively by employing the 
method of iterative conjugate gradient.14 

As an example for this new approach, we calculated the total 
reactive transition probabilities for the (collinear) reaction 

H + H2(n0=O) - H, + H 

where the LSTH potential energy surface15 was employed. The 
results are presented in Figure 2 and compared with those of 

(13) Tal-Ezer, H.; Kozloff, R. J .  Chem. Phys. 1984, 81, 3967. 
( 14) Householder, A. S .  Principles of Numerical Analysis; McGraw-Hill: 

(15)  Siegbahn. P.; Liu, B. J .  Chem. Phys. 1978,68, 2457. Truhlar, D. G.; 
New York, 1953; p 47. 

Horowitz, C. J .  J .  Chem. Phys. 1978, 68, 2466. 
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Walker et al.,l6 and as can be seen, a reasonable fit is obtained. 

IV. Conclusions 
This work describes a new method to treat reactive atom-diatom 

systems. The method is very similar to that we presented earlier, 
employing the time-dependent wave-packet approach except that 
now it is done within the time-independent framework. 

The main idea of these two methods (the present one and the 
previous time-dependent one) is that it is enough to solve a slightly 
extended nonreactive scattering process for the correct reactive 
probabilities to be obtained. This is done by employing short-range 
(absorbing) negative imaginary potentials at any exit from the 
reagents channel and in this way to convert any reactive system 
into a nonreactive one. The reactive transition probabilities are 

(16) Walker, R. B.; Stechel, E. B.; Light, J. C. J. Chem. Phys. 1978, 69, 
1922. 

obtained by calculating the outgoing flux at any exit channel just 
before entering the negative imaginary (optical) potential region. 

In contradiction to the time-dependent approach, the optical 
potentials have another vital role, in that they impose outgoing 
boundary conditions on both the inelastic and the reactive 
channels. This significantly reduces the numerical effort, because 
instead of calculating 2N independent solutions and then imposing 
the boundary conditions, one has to calculate only one solution 
for any given boundary condition. 

So far the method has been applied to a collinear reactive system 
and the correct results were obtained. However, no essential 
difficulties are expected in the extension of this method to three 
dimensions. In fact, the extension is now being done and we expect 
to have the first three-dimensional results in the near future. 

Acknowledgment. M.B. thanks Professor D. G. Truhlar for 
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Aluminum nitride films ranging in thickness from 0.4 to 25 nm were prepared by reactive ion-beam sputter deposition, utilizing 
a pure aluminum metal target and both pure nitrogen and 25% hydrogen-enriched nitrogen plasma. The 0.4-1.5-nm AIN 
films were studied by inelastic electron tunneling spectroscopy. Complementary vibrational techniques, specular reflectance 
and absorbance FT-IR spectroscopy, were used to analyze the thicker insulating films. The principal component of the insulating 
layers is AIN. A1-H, AI-N2, and NH, surface species are also present as minor components. Tunneling spectroscopy showed 
superior sensitivity over the optica! methods in identifying various components of the AIN films. The quality of the tunneling 
barrier is enhanced by the presence of H2 during the AIN deposition. 

Introduction 
The purpose of this paper is two fold. First, we present a 

structural analysis of aluminum nitride thin films prepared by 
ion-beam sputter deposition onto aluminum. This analysis is based 
upon inelastic electron tunneling spectroscopy (IETS) and specular 
reflectance and absorbance FT-IR spectroscopy. The second 
motivation for this work is to demonstrate the potential utility 
of AIN as an insulating barrier for M-I-M devices used in IETS. 

The interest in  AlN thin films stems from their desirable 
electrical, optical, dielectric, and acoustical properties.I-’ The 
chemical and thermal stability of AIN together with its high 
resistivity offers a potential application to insulating and passi- 
vating layers in semiconducting devices. The piezoelectric behavior 
of AIN makes it a viable new material for surface acoustic wave 
devices (SAW) and integrated SAW/silicon circuits. The ion- 
beam method has been used extensively for fabricating stoichio- 
metric AIN films under mild experimental conditions. Here, layers 
of AIN are synthesized by employing a pure aluminum metal 
target and an energetic beam of ionized pure nitrogen gasE-10 or 

( I )  Cox, C. A.; Cummins, D. 0.; Kawaba, K.; Tredgold, R. H. J .  Phys. 
Chem. Solids 1967, 28, 543. 

(2) Kubiak, C. J.  G.; Aita, C. R.; Hinkernell, F. S.; Joseph, S. J.  Marer. 
Res. Soc. Symp.  Proc. 1985. 47, 75. 

(3) Netterfield, R. P.; Muller, K. H.; McKenzie, D. R.; Goonan, M. J.; 
Martin, P. J. J .  Appl. Phys. 1988, 63, 760. 

(4) Hentzell, H. T. G.; Harper, J.  M. E.; Cuomo, J .  J. J. Appl. Phys. 1985, 
58, 556. 
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