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Relaxation and Activation Energies for an Interstitial Neutral Defect in an
Alkali Halide Lattice. IP
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The distortion around and the relaxation energy for a Cl' interstitial atom in a NaCl lattice has been ob-
tained for various positions of the Clo by a method involving the exact calculation of electrostatic, polariza-
tion, dipole-dipole, and repulsive energies. The relaxation of from 14 to 23 neighboring ions has been taken
into account, using up to nine independent parameters, in minimizing the energy relative to the perfect
lattice. The following positions of the Cl were investigated: the cube center, the face center, and various
positions along the cube and face diagonals. The cube-center and cube-diagonal positions were always found
to be stable relative to the face-center and face-diagonal positions. There are two energy minima of almost
the same value along the body diagonal, one in the center of the cube and one in which the Cl' and Cl are
located on either side of a normal Cl lattice position. These two minima are separated by a potential barrier
of about 0.2 eV. The energy differences for the various con6gurations along the face diagonal are small with
the face center the position of lowest energy. The face-center position is metastable with respect to the body-
center position by about 0.03 eV. The energy difference between the body-center and face-center positions is
0.44 eV, giving an activation energy along this line of motion of 0.47 eV.

I. INTRODUCTION Tharmalingam and Lidiard' using exact calculations
for a few parameters; Hardy' has investigated a sub-
stitutional potassium ion in a sodium chloride lattice
by a normal coordinate expansion method due to
Kanzakis; and Hatcher and Dienes' have studied a
neutral chlorine atom in an interstitial position in XaCl
by an expansion method for the various energy terms.

The present approach differs from the ones mentioned
above by using many more parameters which are
independently varied to 6nd the positions of minimum

energy; by not grouping the ions into shells but studying
their displacements separately; by investigating asym-
metric defect positions; and by studying paths for the
motion of the defect. The properties of Cl' in an XaCl
lattice are discussed in this paper but the general method
can be easily modified for any neutral defect, for example
the H center, " as studied in a preliminary way by
Dienes, Hatcher, and Smoluchowski. " Varley~ has
shown that interstitial halogen atoms may well be
produced by ionizing radiation in ionic crystals. In
this paper the relaxation energies are calculated for
several positions of the interstitial halogen, including
asynnnetric ones, using crystal forces only, i.e., no,
special attractive potential was assumed for the
interaction of Cl with a neighboring Cl . Specifically,

'HE properties of defects in the alkali halides can
be described theoretically quite successfully on

the basis of the point-ion model, with suitable modifica-
tions to account for the polarization energy. There is
a considerable difference in technique between the
study of charged and neutral defects. With a charged
defect, for example a cation or anion vacancy, the effect
of the additional charge has to be taken into account
by considering the crystal as a polarizable medium past
the initial shells, as has been done by Mott and Little-
ton, ' and by minimizing the energy with respect to a few
parameters associated with the ions surrounding the
defect. This method has also been used by Tosi and
Fumi' and by Tharmalingam. ' Kurosawa4 has improved
this approach by considering the energy a function of
the displacements and the polarizations of the surround-
ing ions and by minimizing with respect to both of
these sets of parameters. In the case of a neutral defect
such as an interstitial neutral atom, the polarization
effects are smaller and the ions surrounding the defects
can then be allowed to relax asynnnetrically as far as
the concept of shells is concerned. It has been found
that directed chains of ions are formed in certain cases
rather than a uniform isotropic displacement. The
neutral divacancy has been studied by Dienes' and b
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it was of interest to find out whether the Cl', under the
influence of crystal forces alone, would tend to go to a
position in the lattice where it would be closer to one
Cl than to any other.

The method previously described by Hatcher and
Dienes' (to be referred to hereafter as I) was an expan-
sion technique which could not be used for asymmetrical
positions. Exact expressions, based on the point-ion
model, are used in this paper. As in I, some of the
regular ions of the lattice are considered as movable
and the others as fixed. The notation for the movable
and fixed ions, the coordinate system used and the
method of breaking up a sum over all the ions of the
lattice into sums over the fixed and movable ions
separately are the same as in I. The multiple sums
over the fixed ions were carried out as far as necessary
so that their energy contribution would be correct to
0.01 eV. The energy expressions were written in terms
of the parameters chosen to represent the defect atom
and the positions of the neighboring ions in their
relaxed positions, and all calculations were referred to
the energy of the perfect lattice.

The energy relative to the perfect lattice is made up
of several parts

E=Es+Er+Epg+ED+EDz jEg+ERA )

where E8 is the electrostatic energy, EI the polarization
energy due to the regular ions, E» the polarization
energy of the additional atom, ED the dipole-dipole
energy of the regular ions, E» the dipole-dipole
contribution of the additional atom, Eg the repulsive
energy of the regular ions among themselves, and E&z
the repulsive energy due to the presence of the addi-
tional atom. These are the energies listed in the tables
for various configurations (in some cases some of the
terms are zero because of symmetry). The exact
expressions used for these terms are given in Secs. III,
IV, V, and VI of I, the only change in the constants

employed being that the value of the polarizability for
Na+ was taken as 0.26&(10—'4 cm' from the work of
Tessman et ul."

%ith the energy expressed as a function of the
parameters p; and q, , calculations were performed on
the IBM 7090 by choosing the q; to correspond to a
particular position in the lattice for the defect atom and
varying the p, systematically from an initial set chosen
as a first guess. With p2 to p„ fixed, pi was varied in
steps of 0.05 until a minimum with respect to pi was
found; with this minimum position for pi, p2 was then
varied in a similar manner and this process continued
up to p„. Then the process was repeated with a step of
0.02 for the p, 's and finally for a step size of 0.005. Some
calculations were also performed for smaller step sizes,
down to 0.001, Three steps were found to be necessary
and sufficient, in most cases, to obtain an accuracy of

"J.Tessman, A. Kahn, and W. Shockley, Phys. Rev. 92, 890
(1953).
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I'IG. 1.Cube-center position for Clo in NaC1 and the ions that relax
around it, showing especially the displacement of ion number 9.

0.01 eV. In each case a rather broad minimum was found
in the p, 's. It was also found that the energy values
depended rather strongly on the number and choice 'of

the ions that were allowed to relax. To investigate the
nature of the stability at a particular position of the
defect atom the second derivatives O'E/Bp;Bp;, O'E/

Bp,Bq;, and O'E/Bq, Bq; were calculated in several cases.
This was done by numerical differentiation after
evaluating the energy for small increments in the p;
and q; values.

The question of the stability of a particular Cl'
position in the lattice is an important one and the
expressions developed to test for stability are given in
the Appendix. In Sec. II the results are given for the
defect at cube-center and face-center positions as well
as for several intermediate positions in between. In
Sec. III the relaxation energies for asymmetrical
positions are calculated with the defect located along a
cube and a face diagonal. In Sec. IV the activation
energies for various types of motion are considered and
the limitations of the present method and possible
improvements are discussed.

II. RELAXATION ABOUT SYMMETRICAL POSITIONS

A. Relaxation about the Cube-Center Position

A Cl' atom was placed at the center of a cube of
ions, as shown in Fig. 1, and twenty of the surrounding
ions were allowed to relax using four parameters to
describe their positions. A fifth parameter was reserved
for the defect atom itself to allow it to move slightly
off the symmetrical position (-', ,-'„—', ) in the x direction.
Many calculations were performed to ascertain which
of the surrounding ions would most affect the relaxation
energy. These showed that the important ions to be
relaxed are not necessarily the ones closest to the defect
atom. The eight ions immediately surrounding the
defect were, of course, included among these and two
parameters were assigned to them, pi to the four Cl 's
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Ie Ymx, E I. Parameters and energy contributions
for the cube-center position.

Ions Parameter Value

Displacement of a
typical ion (the erst)

of the group

I ~ l

I

I

I x'
I7 3I

/j g" ~x

)p P'I Z

&5

X CI ATOM

~ CI ION S
o No+ IONS

Fzo. 2. Face-center posi-
tion for C10 in NaC1 and
the ions that relax around
it.

0.135
0.159
0.055—0.014
0.0

1, 2, 3, 4
5, 6, 7, 8
9—20

Clo

PI
P2
P3
P4
P5=9 P4

Electrostatic
Polarization
Dipole-dipole
Repulsive —regular ions
Repulsive —additional atom
Energy relative to perfect lattice —defect

present and no relaxation

P» PI
P2p P2
P3 P4~ P3 P4

0, 0
—2.57 eV—1.37

0.07
5.25—7.25

8.52

which were allowed to relax radially, and ps to the four
Na+'s which were also allowed to relax radially, where

pi and ps are the x components of the displacements of
these ions. The other twelve ions concerned are those
numbered 9—20 in Fig. 1. They are Cl ions in cubes
containing a Cl of the 6rst group diagonally removed
from the defect atom. Each of these ions were allowed
to relax in the same way with the use of two parameters
ps and p4. These two parameters were chosen so that
these ions could relax radially outwards from a point
on the diagonal of the cube. In this way their tendency
to move away from the similar Cl 's in the same cube
and from the Cl nearest to the defect atom could be
taken into account. As expected these Cl—ions chose to
relax about a point in between the position which the
Cl nearest to the defect takes and the place where the
plane containing the three similarly treated Cl ions
cuts the diagonal. It is to be noted that the Xa+ ions of
these diagonally situated cubes were not allowed to
relax. Separate calculations showed their relaxations
would have a small effect on the energy. The same is
true of Cl ions in positions such as (1, —1, 0). The
type of displacement thus obtained is a chain-like
relaxation in particular directions rather than an
isotropic displacement in terms of shells. The displace-
ments in the three rectangular directions for ion number
9 were chosen to be (—p4, —ps —p4, —ps —p4) so that
the rectangular components of the points along the
diagonal about which that ion relaxes is given by p4/p, .
The amount of the displacement depends in a different
way on ps and p4. The 6fth parameter ps was taken to
be a displacement along the x direction of the defect
atom, to see whether the central position was a maxi-
mum or minimum.

The position of minimum energy relative to the
perfect lattice was found by the process already
described using step sizes down to 0.001 (in terms of
the nearest-neighbor distance as 1) in order to find how
critical these parameters were in changing the energy.
The best values obtained for the parameters, the
corresponding displacements and the various contribu-
tions to the energy are shown in Table I. A rather

Energy relative to perfect lattice 2.65 eV

broad minimum was obtained; varying the parameters
by 0.001 from their best positions gave rise to energy
changes of less than 0.0003 eV. The x coordinate of the
point about which ion number 9 and similar ions relax
turned out to be —0.255, considerably further down
along the diagonal than the —0.135 value for ion
number 1, which otherwise might have been chosen as
the center of relaxation of ion number 9. Comparison
with the calculations in I, when only the eight im-
mediate neighbors were allowed to vary, shows that the
inclusion of the extra ions caused the relative energy to
be decreased by 0.9 eV. This difference is due to a
combination of each of the various types of energy
as can be seen by comparing Table I with Table II of I.
Allowing ps(q) to vary slightly shows that BE/Bq is 0
and O'E/8qs is positive, which indicates that this
position is a stable one. A variation of 0.05 in the x
direction for ps caused an increase of 0.027 eV in the
energy.

B. Relaxation about the Face-Center Position

The neutral chlorine atom was placed at the center
of a cube face as shown in Fig. 2 and eighteen of the
surrounding ions were allowed to relax, using six
parameters. As in the cube-center position calculation,
the ions chosen to relax were those whose contributions
were appreciable in terms of energy contributions of
0.01 eV. The ions immediately surrounding the defect
atom, the four nearest neighbors of these Cl ions,
and those in the neighboring two cubes were included
in the calculation. The parameters and typical displace-
ments are shown in Table II. The displacement of ions
17 and 18 resembles the chain-like displacements of the
Cl ions obtained in part A. It will be noticed that the
displacement of ions 17 and 18 is about 40% of that
of ions 1 and 2 so that this type of displacement may
continue for several more ionsbeforebecoming negligible.
Because of this directional effect ions 13, 14, 15, and 16,
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TABLE II. Parameters and energy contributions
for the face-center position.

Ions Parameters Value

Displacement of a
typical iorr (the first)

of the group

0.227
0.210
0.009
0.026
0.015
0.095

12 pl
3, 4 P2
5, 6, 7, 8 P3
9. 10, 11, 12 p4
13, 14, 15, 16 P6
17, 18 p6

Electrostatic
Polarization
Dipole-dipole
Repulsive —regular ions
Repulsive —additional ions
Energy relative to perfect lattice —defect

present and no relaxation

Energy relative to perfect lattice

PI~ pI~ 0
p2, -p2, 0
p:p 2P
P4~ p4) 2P4
0, —p6, 0

-ps, -p6, o
—1.61 eV—1.11

0.03
4.22—14.38

15.94

3.09 eV

which lie off the chain direction, have only one sixth of
the displacement of ions 17 and 18. Limitations of the
program precluded investigation of ions further away;
however, all ions as close to the defect as those con-
sidered movable in I'ig. 2 were examined for their
contributions. An improvement in the choice of param-
eters would have been to assign two parameters to
ions 5—8, and also to ions 9—12, so that the center about
which their relaxation occurred could be determined.
This would have meant 8 parameters and even more
when the derivatives were calculated to determine
stability. It is estimated that these two modi6cations
would have reduced the energy, but probably by not as
much as 0.1 eV.

In this calculation step sizes down to 0.005 were
used to determine the con6guration of minimum energy,
and estimates were made on the basis of the results
obtained in part A with step sizes of 0.001 as to the
error involved in stopping at 0.005. The error was
estimated to be less than that arising from not including
additional parameters. The best values obtained for
the parameters and the various contributions to the
energy are shown in Table II. Comparison with the
results in I, where only the four immediate neighbors
were varied shows the same decrease of the relative
energy (0.9 eV) as in the case A. Thus, the activation
energy, taken as the difference in energy between the
face-centered and body-centered configurations, is very
closely the same as obtained previously. The present
results must be considered more accurate because of the
inclusion of a large number of movable ions and
parameters. It is surprising that the displacements of
the nearest neighbors turn out to be so close when
comparing these results with those of I; here 0.227 is
obtained for the Cl 's whereas 0.200 was obtained in
I; here 0.210 is obtained for the Na+'s whereas 0.215
was obtained previously. The question whether this
position for the defect atom is a maximum or a local

minimum one in the energy is an important one in
obtaining the activation energy. In I it was assumed to
be a maximum in all three directions. With the parameters
as given in Table II, and by assigning another param-
eter to the displacement of the defect atom itself out of
the plane, B'E/Bq' was calculated and found to be
positive, indicating that the face-center position is a
minimum with respect to this direction. Within this
approximation the face-centered position is also a
minimum with respect to displacement of the Cl' in
the x or y directions. This result was established by
assigning three parameters to the Cl' and calculating
the matrix 5 of the Appendix. Kith q~, q2, q3 the param-
eters chosen for displacements in the x, y, s directions,
respectively, then with the symmetry already present in
Fig. 2, it follows that B'E/Bqt' =B'E/Bqs' and B'E/Bq&Bqs
=B'E/BqsBqs ——0. The calculations showed that B'E/
BqrBqs(B' E/BqP and that B'E/Bqr', and B'E/Bq&') 0 so
that ~5~)0 and the position considered is thus a
minimum one in all three directions of displacement of
the defect atom. According to these calculations,
therefore, the face-center position is a metastable one.
However, the parameters of Table II are symmetric
with respect to each side of the plane so that if the
defect atom moves in the positive direction the param-
eters on either side would be the same as for the defect
in a 6xed position at the center of the face. This approxi-
mation may be a poor one and the stability conditions
must be investigated more carefully. This is done in
the next section.

C. Stability Conditions at the Face-Center Position

The stability conditions described in the Appendix
were applied to the face-center con6guration. A single
direction of displacement for the defect was chosen and
the parameters p; were split up into two groups l; and
r; depending on whether they lie to the left or the right
of the plane perpendicular to the defect's displacement.
It was also assumed that the l; and r; change into
each other if the direction of the defect's displacement
is reversed. It is now easy to show that whereas with
complete symmetry B'E/Bp, Bq =0 this condition is
now changed to

B'E/Bl;Bq+B'E/Br, Bq =0.
The condition dp;/dq=0 is changed into

dl;/dq+dr;/dq= 0

and the expression for the second derivative becomes

ds&/dqs —B2E/Bqs 2 P . (B2E/Br Bq)s/B2E/BrP ~ (1)

this equation has been obtained by eliminating the
expression depending on the /; parameters from Eq.
(A18). It is interesting to compare Eq. (1) with the
equation which results when the complete symmetry
cs imposed

d s/dq =B E/Bq
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FIG. 3. Intermediate position
for C10 in NaCl and the ions
that relax around it.
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The second term on the right-hand side of Eq. (1) is
positive since O'E/Brs&0, r; being one of the variable
parameters and the energy already having been
minimized with respect to the variable parameters.
Thus the relaxation of the symmetry lowers the value
of d e/dq If rf E/Bq &0 then d e/dqs &0 and the
position is a maximum. If, however, O' E/8 q') 0,
whereas in the complete symmetry case the position
would be judged to be a minimum, now the second term
of Eq. (1) has to be evaluated.

A nine parameter calculation was performed for the
face-center position of the Cl' defect. With reference to
Fig. 2, the ion group 5, 6, 7, 8 was split up into two
groups 5, 6, assigned one parameter, and 7, 8 assigned
another. Similarly ions 9, 10 were assigned one param-
eter and ions 11, 12 a different one. Calculations for
the quantities appearing in the matrix W (see Appendix)
were obtained by numerical diAerentiation on varying
each of the parameters through two steps separately
and in conjunction with other parameters, so that
O'E/Bp, Bq and O'E/Bp, 8p, could be obtained. Evaluating
~W~ and its principal minors showed each of these
quantities to be positive, thus indicating that the
face-center position is a minimum with respect to
motion in the s direction. A more accurate calculation
would have involved an investigation of each of the
three directions of displacement involving about eight
additional parameters. Taking the results as obtained
in the symmetry calculation together with the calcula-
tion of this section indicates very strongly that the
face-center position is a minimum in any direction of
motion of the defect atom from its symmetry position
although the minimum is only a very shallow one as
will be seen in part D and Fig. 4. Thus, it is concluded
that the face-center position is a metastable one
although an absolute proof would be very dificult
to obtain.

D. Relaxation about Intermediate Positions
between Cube Center and Face Center

Two direct calculations were performed to determine
the energies of positions intermediate between the cube
center and face center along the line joining them. The
results of part C could also be verihed by such a

TmLE III. Parameters and energy contributions
for the (0.9, 0.5, 0.5) position.

Ions Parameters Value

Displacement of a typical
ion (the first) in

the group

0.020
0.220
0.035
0.200
0.000
0.015
0.090

1, 2 pl
3, 4 P2
5, 6 P3
7, 8 P4
9, 10 p5
11, 12 p,
13, 14 p7

Electrostatic
Polarization
Dipole-dipole
Repulsive —regular ions
Repulsive —additional atom
Energy relative to perfect lattice —defect

present and no relaxation

2PI~ P» Pl
o -Pq P2

-2P" p":p
o, -p4, -p4
2P» P5) P5
2P6y p6) p6
o, p7, —P7

—1.69 eV—1.06
0.03
4.19—13.54

Energy relative to perfect lattice 3.11 eV

calculation, in which the relaxation around the inter-
mediate position was calculated directly. In the 6rst
calculation the defect was placed at (0.9, 0.5, 0.5) and
fourteen ions were varied using seven parameters as
shown in Fig. 3. The ions chosen to be varied were
picked from those used in part 8 since the Cl' is so
close to the position there (1.0, 0.5, 0.5) The Na+ ions
in the plane of the face-center position and its nearest
neighbors were not employed this time as they did not
contribute a large amount previously. However, a
larger number of parameters was necessary because of
the lack of symmetry. To simplify the calculation
further, the ions chosen were allowed to relax from the
center of the face rather than the actual position of the
Cl', so that the program could be used for other
intermediate points. The parameters and the displace-
ments are listed in Table III. It will be noticed that the
ions which along with ion number 1 are chained together
as found in part A were not included in this calculation
since an additional 16 ions with six additional param-
eters would have had to be included. An estimate of
the inhuence of these ions was made in the second
calculation of this set. The best values of the parameters
and the various energy terms are given in Table III.
In the program the contributions to the energy due to
the polarization energy of the defect atom and its
dipole-dipole contributions were calculated but found
to be small. Since the defect atom has moved from the
face-center symmetry position it is now in an electric
6eld but one that apparently is too small to appreciably
polarize the atom on the point-ion model. It will be
noted that ps and p4 have approximately the same
values as in part 3 where they correspond to pt and ps,
respectively (Table II). Similar comparisons can be
drawn between corresponding pairs of parameters. It
will be noted especially that ions 9 and 10 suffer no
displacement and thus there is no need to consider the
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Ions Parameter Value

Displacement of a typical
ion (the first) in

the group

1 5P1) P» P1
o.5P2, —P2, P2—1.5p3, p3, —p3
o.5p4, —p4, —p4
25P~ -P5 -P~
2.5p6, —p6, p6
o, P7, -PY

—1.90 eV—1.16
0.05
4.49—10.59

0.050
0.200
0.070
0.200—0.005
0.015
0.075

12 pl
3, 4 P2
5, 6 P3
7, 8 p4
9, 10 P5
11, 12 p6
13, 14 P7

Electrostatic
Polarization
Dipole-dipole
Repulsive —regular ions
Repulsive —additional atom
Energy relative to perfect lattice —defect

present and no relaxation 12.08

Energy relative to perfect lattice 2.97 eV

TABLE IV. Parameters and energy contributions
for the (0.75, 0.5, 0.5) position.

5.0—
I-
O
LL.
K
LaJ

2.9—

LLJ 2.8—
I-

4l
K

2o7K
X
4J

I
I
I

I
I
I
II

l
I
I
I

I
I

l
I

I
I

I
I

II.
I

I

I
I

I
II

~P

/ ~~
IiII

2.6.5 .6 .7
I

~ 8
I I

.9 IO

chain of ions associated with them. The energy relative
to the perfect lattice has increased slightly from that
obtained for the face-center position (3.11 eV compared
to 3.09 eV, Tables II and III; this small change has,
however, been the result of several larger changes in
the various energy terms. The results of part C are
hereby verified in that the face-center position is a
minimum.

A similar calculation was carried out at the (0.75,
0.5, 0.5) position with parameters and displacements
assigned to the ions as shown in Table IV and Fig. 3.
In this case the ions were chosen to relax about the
position of the defect since it was now halfway between
the two positions of symmetry. In a separate auxiliary
calculation two additional parameters were used; one
to take care of the Na+ ions 13, 14, 15, and 16 in Fig. 2,
and the other to investigate the chain displacement
effect. Zero displacement was found for the variation of
the Na+ ions and the effect of Cl 's further away than
those in Table IV was estimated to be no more than
0.03 eV. The best values of the parameters obtained in
the main calculation and the various energy contribu-
tions are given in Table IV. The energy relative to
the perfect lattice in this case was found to be 2.97 eV,
showing that the maximum between the two symmetry
positions occurs between distances 0.75 and 0.90 in
the x direction. Some calculations were also carried
out at small distances from the symmetry positions in
which the relaxations were assumed to be the same as
those at the symmetry positions. From all of these
results, together with those from parts A and 8, one
can construct a plot of energy versus distance along
the x direction as shown in Fig. 4. The maximum
appears to be at about x=0.87. For motion along the
x direction the system passes through this maximum
and therefore there is an additional contribution of
0.025 eV to the activation energy. To do a more accurate

POSITION OF OEFECT ATOM FROM CuBE CENTER TO
FACE CENTER POSITION

FIG. 4. Energy relative to the perfect lattice for intermediate posi-
tions of C10 defect between cube-center and face-center positions.

calculation of the activation energy would require
finding the relaxation about many more positions for
the Cl' removed slightly from the line between the two
symmetry positions. Such a calculation, because of
the much lower symmetry, would require many more
parameters. Thus, it is quite difficult to find the actual
path taken by the Cl' in its migration in the lattice
without taking into account many more positions. The
path chosen here seems to be a reasonable one.

III. RELAXATION ABOUT ASYMMETRICAL POSITIONS

A. Relaxation about a Position for the
Cl' Along the Cube Diagonal

The work of Kanzig et ul."has shown that a molecular
ion C12 is formed in a lattice, situated around the
former position of a Cl ion. Accordingly a study was
made here to find where positioning the defect atom
along the diagonal and allowing its position to vary
would yield a stable configuration. One of the Cl ions
was selected to be the partner of the Cl' in these cal-
culations and this Cl was allowed also to vary in its
position along the diagonal. The usual minimization
process was carried out using these two parameters as
well as several others involving the neighboring ions.
In this calculation 19 ions were allowed to relax in
addition to the Cl', using nine parameters. The relaxa-
tions of all ions were initially chosen to be radially
outward from the (0,0,0) position as shown in Fig. 5.
A slight change was added later to investigate the
effect of allowing ions 17, 18, and 19 to be given a
displacement perpendicular to this original one. In all
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FIG. 5. Asymmetric cube-diagonal position for Cl' in Nacl
and the ions that relax around it.

TABLE V. Parameters and energy contributions for asymmetric
position along the cube diagonal.

Ions Parameter Value

Displacernent of a
typical ion (the erst)

in the group

1
Cl'
2, 3, 4
11 12 13
14, 15, 16
17, 18, 19
5, 6, 7
8, 9, 10
17r 18, 19

pl
P2
P8
P4
Ps
P6
P?
P8
pa

0.425
0.196
0.034
0.166
0.010
0.063
0.182
0.094—0.008

P&r P&r Pj
P» P2r P2
P3, p3, o—p4, —p4, 0
PS, P5, o
P6r P6r P9
0, 0, p?
0, 0, —P8
P6r P6r P9

Electrostatic
Polarization —regular ions
Dipole-dipole —regular ions
Polarization —additional atom with relaxation
Polarization —additional atom (no relaxation)

relative to perfect lattice
Dipole-dipole —additional atom
Repulsive —regular ions
Repulsive —additional atom
Repulsive energy relative to perfect

lattice —defect present and no relaxation

Energy relative to perfect lattice

—2.16 eV—1.23
0.11

18.01

—18.06
0.01
4.91—138.56

139.58

2.61 eV

cases the parameters chosen measure the displacements
along the coordinate axes. The particular parameters
and displacements assigned to the ions are given in
Table V. The effect of chains of ions is retained here, in
the sense that ion number 2 for example affects the
motion of ion number 14. In this way six of the outlying
ions enter into the calculation whereas some of the
closer ones are not appreciably affected. Although the
Cl' was chosen along the diagonal at a position not at
the center of the cube, there is still considerable sym-
metry present. However the ions nearest the Cl pri-
marily concerned had to be given different parameters

from those nearest the Cl' to conserve the asymmetry.
Table V contains the best values found for the param-
eters involved and the energy contributions. The
repulsive energy parts had necessarily to be large here,
because in the term for the energy relative to the
perfect lattice with the defect present and with no
relaxation the Cl' atom is very close to the (0,0,0)
position. This term is, however, balanced by the
relaxation. A similar balancing occurs in the polariza-
tion energies. This is the first time these terms have
shown up, necessary now because of the position of the
Cl' so far away from a symmetry position. The Anal
value for the energy of the relaxed configuration is
2.61 eV, very close to that for the cube-center position
in II A, 2.65 eV. Because of the inaccuracies of the
method, caused by the exclusion of many nearby ions
and the approximate parameterization of the ones
treated, it is impossible to decide which of the two
configurations really has the least value for the energy.
Because of the dominant role played by the repulsive
terms it is likely that choosing difrerent forms for the
repulsive interaction could change the picture con-
siderably. The inAuence of the repulsive terms can
be seen here by noting that the motion of ions 11, 12,
and 13 is much larger than that of ions 2, 3, and 4;
the former group being closer to the Cl, the latter to
the Cl'. It will be noted that the Cl' and Cl do not take
up positions equidistant 'from the (0,0,0) position. The
Cl' comes much closer to it than the Cl, which corre-
spondingly pushes its nearest neighbors further away
than the Cl' does.

B. Relaxation about a Position along the Cube
Diagonal Intermediate between the Two

Minima Positions

Since the positions studied in II A and III A have
very similar energies, a calculation was made for the
Cl' fixed at a position intermediate between the two
along the diagonal. The coordinates for the Cl' positions
were chosen to be (0.348, 0.348, 0.348) and 'the mode of
relaxation employed was patterned after that of a
combination of II A and III A, although the resemblance
to II A is closer than to III A. A total of 23 ions were
allowed to relax using eight parameters. Figure 6 shows
the ions which were chosen. This time some ions were
relaxed radially from the Cl position, some were relaxed
into neighboring cubes and some were allowed to relax
in the chain-like direction found in III A. The param-
eter and displacement assignments are given in Table
VI. Several relaxation patterns were tried. The pattern
given in Table VI gave the smallest energy values.
Table VI shows the best values of the parameters which
were obtained using a step size of 0.005, and the energy
contributions. In this case, since the Cl is further away
from the (0,0,0) position the balancing terms are not
as large as in III A. The energy relative to the perfect
lattice was found to be 2.29 eV showing that between
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TABLE VI. Parameters and energy contributions for an inter-
mediate position (0.348, 0.348, 0.348) along the cube diagonaL

"2l

1
2, 3, 4
5
6, 7, 8
9, 10, 11
12, 13, 14
15, 16, 17
18-23

Pl
P2
ps
p4
PS
p6
P7
ps

0.285
0.300
0.065
0.145
0.080
0.045
0.025
0.015

Ions Parameter Value

P» P» Pl—0.348p2, 0.652p2,
Ps) PS) Ps
0.652p4, 0.652p4,

-ps, -ps, o
0, —p6, 0
o P»P7—1 348ps, 0.652ps,

—0.348p2

—0.348p4

1.652ps

Displacement of a typical
ion (the Grat) in the group 4

is ~

gg g' IP

ip
7 S

~l7

Electrostatic
Polarization —regular ions
Dipole-dipole —regular ions
Polarization —additional atom with relaxation
Polarization —additional atom (no relaxation)

relative to perfect lattice
Repulsive —regular ions
Repulsive —additional atom
Repulsive energy relative to perfect

lattice —defects present and no relaxation

—2.16 eV—1.02
0.05
0.63

—0.63
4.75—18.26

19.43

20 X Clo ATO.M

~ Cl ION S
No+ IONS

FIG. 7. Asymmetric face-diagonal position for C10 in NaCI
and the ions that relax around it.

Energy relative to perfect lattice 2.79 eV

the 0.196 and 0.500 values for the Cl' atom along the
diagonal there exists a small potential barrier of about
0.2 eV, which undoubtedly depends on the form of the
potentials chosen. No attempt was made to find where
the maximum of this potential barrier lay or what the
nature of the region off the diagonal would be like be-
cause of the very large number of parameters needed
in such a calculation. Also no attempt was made to try
to link the Cl' with the Na+ ion lying on the other side
of the diagonal.

C. Relaxation about a Position for the
Cl' along the Face Diagonal

In addition to asymmetric positions along the cube
diagonal similar positions along the face diagonal were
investigated. As a matter of fact, since the H center

TABLE VII. Parameters and energy contributions for
asymmetric position along the face diagonal.

Ions Parameter Value

Displacement of a
typical ion (the 6rst)

in the group

seems to be oriented along the face diagonal, these
calculations were undertaken to discover how favorable
such a position would be without any speciically
attractive parts to the potential. The Cl' was placed
along the face diagonal and allowed to take a minimum
position by using one parameter for its motion. Another
one was used for the position of the Cl—primarily
concerned in this configuration, also along the diagonal.
Seven other parameters were used for 20 other neighbor-
ing ions. Figure 7 shows the particular ions varied.
In this case all of the nearest and next nearest neigh-
bors of the (0,0,0) position were included as well as
several of the Cl ions that would be directly affected
by the directional motion of the Cl ions at the corners

1
Cl'
23
5, 6
7'

8, 9
10-19
20, 21

Pl
P2
P3
p4
ps
p6
Pv
ps
p9

—0.316
0.410—0.107
0.160
0.025—0.150
0.053
0.015
0.061

p» P» 0
P2, P2, o—2ps, ps, 0
p4, p4, 0—2ps, ps, o
p6) p6) 0
0, 0, p7
ps, -ps, o—p9, —p9, 0

X Cl' ATOM

4, Cl ION S
Na+ ION S

FIG. 6. Intermediate asymmetric cube-diagonal positions
for Cl' in NaCl and the ions that relax around it.

Electrostatic
Polarization —regular ions
Dipole-dipole
Polarization —additional atom with relaxation
Polarization —additional atom (no relaxation)

relative to perfect lattice
Repulsive —regular ions
Repulsive —additional atom
Repulsive energy relative to perfect

lattice —defect present and no relaxation

Energy relative to perfect lattice

—1.36 eV—0.90
0.03
0.93

—0.95
3.87—22.40

23.92

3.14 eV
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TABLE VIII. Parameters and energy contributions for an inter-
mediate asymmetric position along the face diagonal.

Ions Parameter Value

Displacement of a
typical ion (the first)

in the group

1
23
4
5, 6
7'

8, 9
10-19
20, 21

pl
P3
p4
p5
p6
P7
p8
p9

—0.270
0.220
0.190
0.020
0.140
0.070
0.020
0.070

Pl P1
P8, —P8, 0
p4, p4, 0

-p5, p5, o
-p6, -P6, o

0, 0, p7
Ps, -P8, o
p» p» 0

Electrostatic
Polarization —regular ions
Dipole-dipole
Polarization —additional atom with relaxation
Polarization —additional atom (no relaxation)

relative to perfect lattice
Repulsive —regular ions
Repulsive —additional atom
Repulsive energy relative to perfect

lattice —defect present and no relaxation

Energy relative to perfect lattice

—1.70—1.15
0.03
0.22

—0.22
4,42—16.30

17.80

3.10 eV

TmLE IX. Summary of results.

Position of Cl' in NaCl

Energy
relative to Energy
the perfect differences

lattice in eV

Body-center, BC
Face-center, FC
FC—BC
Potential well around face center
Activation energy from FC to BC

(along line joining them)
Cl' —CI stable configuration along (111)
C10—Cl intermediate configuration

along (111)
Activation energy along (111)
Cl' —Cl stable con6guration along (110)
Cl' —Cl intermediate configuration

along (110)
Activation energy along (110)

2.65
3.09

~0 03

2.61

2.79

3.14

3.10

0.44

0.47

0.2

0.05

of the squares neighboring (0,0,0) in which the Cia and
the main Cl lie. There is a considerable difference
between the cube- and face-center positions in this
respect, that is, the square configurations lead to direct
effects involving one additional ion each time whereas
in the cube case three similarly located Cl ions are
often involved. The parameter and displacement assign-
ments are given in Table VII as are the best values
obtained for the parameters and the various energy
contributions. It will be noticed that the Cl' does not
move far from the face-center position, although in the
cube-center position it moves to the (0.196, 0.196, 0.196)
position, leading to the conclusion that the face-center
conhgurations are much more crowded than the cube
ones, and thus smaller displacements of the Cl' atom

are involved. Since the Cia is not as close to the (0,0,0)
position, the repulsive terms involving the energies
relative to the standard situation are lower than in
case III A. The energy relative to the perfect lattice
was found to be 3.14 eV, quite close to that for the
face-center position (3.09 eV). These values are too
close to decide between them as to which is the smaller.
The minimum position obtained here may possibly go
over to the face-center position if several more ions
were allowed to relax, or if the parameters had been
chosen differently. It would be interesting in this connec-
tion to investigate positions for the Cl' slightly off the
diagonal. The distance between a Cl' and the nearestCl
in this case is 1.02 units, the same as in the cube-center
position; the corresponding distance in the asymmetric
cube configuration is 1.07 units. It would appear then
that in moving from the face to the cube configuration
in the asymmetric case, there is only a small change in
the Cl' —Cl distance, although it is not a simple
rotation that is involved because of the closeness of
the Cio atom to the (0,0,0) position in the cube case.
A systematic study of the asymmetrical Cl' —Cl along
directions between the face and the cube conhgurations
would ascertain whether a potential barrier is present
similar to the one found in the symmetric case.

D. Relaxation along a Position along the Face
Diagonal Intermediate between the Two

Minimum Positions

A separate calculation was performed in which the
Cl' was placed along the face diagonal intermediate
between the two minimum positions (0.5, 0.5, 0) and
(0.410, 0.410,0), namely, at the position (0.455, 04.55, 0).
Since the position of the Cl' was altered only a little, the
ions of Fig. 7 were used in this calculation but with only
eight parameters, since the Cl position is now 6xed.
The parameters, displacements, and the results are
given in Table UIII. Even though the position of the Cl'
is close to that in part E, considerable differences are
obtained in the separate energy terms, although the
6nal value for the energy relative to the perfect lattice
(3.10 eV) is very close to that obtained in the last
example (3.14 eV) and just a little higher than that for
the face center (3.09 eV). Once again, because of the
inaccuracies involved it would be difhcult to decide
between these values. The fact that the 3.14-eV value
was obtained by allowing the Cl' to vary and it was
found to be a minimum would indicate that values quite
close to it should be slightly higher in energy. Appar-
ently the position (0.455, 0.455, 0) is close enough to the
face-center position to show the slight increase necessary
in order to make that position a minimum. It would also
appear that no appreciable potential barrier is present
for motion of the Cl' along the face diagonal, at least
within the range of motion investigated here. Compari-
son of the parameter values with the face-center ones
show larger variation for the Cl ion primarily affected
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and the nearby Na+ ions but a smaller change for the
Cl ion further removed from the Cl' in the main
square. The energy contributions are also quite similar.

IV. DISCUSSION

A summary of the results is presented in Table IX.
On the basis of these results one may make the following
comments. The calculations gave results for two types of
diffusional motion for a neutral chlorine atom, although
it should be recalled that the most efficient path for
diffusion was not determined in either case. To go from
the cube-center position to the face-center position
along the line joining them and over the small potential
barrier along the way requires 0.47 eV, essentially the
same result as obtained in I. However, if the asymmet-
rical positions are stable ones, which is well possible,
because of the small energy difference, then to go from
the asymmetrical cube position to the asymmetrical
face one, assuming no large potential hump in between,
requires 0.53 eV.

The small energy difference between the point
configurations and the corresponding diagonal ones is
noteworthy in the sense that crystal forces alone may
well push the Cl' into the diagonal, or H center type
configurations. However, the body-diagonal or body-
centered configuration is always more stable than the
corresponding configurations in the crystal face. Thus,
the neutral Cl' does not assume the Kanzig" configura-
tion of the H center under the inQuence of crystal forces
alone. The next logical step is to include an attractive
potential between the Cl' and the nearest Cl, i.e., to
consider the characteristics of a Cl~ molecule in the
lattice. "Such calculations will be given in a later paper.

Two reorientation motions have been studied,
namely, from body center to body diagonal and from
face center to face diagonal. Both of these motions
appear to be very easy, with motion along the face
diagonal the easier of the two. These motions are not
diffusional ones unless charge exchange can take place
somewhere along the line. Considerations of charge
exchange lead to models of H centers and their mobility
which will be treated in a later paper. It would certainly
be very desirable to have a program which could place
the Cl' in any arbitrary position in the cube, vary a large
number of ions with an even larger number of param-
eters and obtain the energy relative to a perfect lattice.
Such arbitrary positions are very difficult to study
even with modern computing machines. An important
new type of displacement has been found in these
calculations, namely, the directed chains; these displace-
ments could have been investigated by using several
more parameters to see how they spread out in different
directions. It should also be remarked that a point-ion
model of the lattice is not too accurate as far as polariza-
tion energies are concerned. With such large defect
atoms present and the considerable overlap affecting
both the repulsive as well as the polarization energies

it would be desirable to investigate various polarization
models as well as other forms for the repulsive interac-
tion. The method used here can be used for any defect
which is neutral, such as a divacancy or an II center.
To extend it to the case of charged defects would
involve treating the ions beyond the movable ones as a
polarizable medium because of the large effects that
accompany the presence of the electric field associated
with a net charge.
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APPENDIX

With the defect atom assigned to a particular position
in the lattice r~ relative to an origin at one of the ions
of the perfect lattice and with m neighboring ions
placed in positions r, , i =1, - -, m, with no relation as
yet between r; and r&, the energy of the lattice with the
defect present relative to the perfect lattice, may be
represented by

E(ri, r, r„;rg).

An alternative approach is to assign certain parameters
to the relaxed ions and as well to the defect atom, so
that the energy may be represented as

8 E r n

+-', P dq, dq,+P P dp, dq;
ij i(3q, iraqi

j==i i=i ilP,gq~.

+ (A1)

The conditions that the energy be a minimum for a
particular configuration are that

BE/Bp, =0, BE/Bq, =0, (A2)

E(ply p2y
' ' '

p pn j qly
' ' '

y qr) y

where the parameters p, (i = 1, . n) are assigned to the
regular ions and q, (i =1 r) to the defect atom. The
p; are assumed to be independent variables at present.
The g; in practice are limited to three; in some cases,
however, it is convenient to consider the defect con-
strained to a certain plane or line, in which case two

q, or a single q, is needed. An advantage of the parameter
approach is that it reduces the number of variables
required to describe the situation where some symmetry
is present and is yet sufFiciently general to describe
any configuration.

To examine the stability of the p, , q, configuration
the derivatives of E have to be evaluated as a function
of small changes in the parameters, dp; and dq;. Thus

n c)E r BE n 8 E
dE= Q dp, + P dq, +-', P dp, dp;

i I/pi =i=1
iraqi

ij=l gp„gp&
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and that the form

82E 82E $2E
dp;dp;+ ', p-dq, dq, +p dp, dq, )0

'i BPiBPj '~ BqiBqj '& BPiBqj
3f'

E L"

M' 3l"

M N IKI- K L,

M" Ãg

M =(M,gM;2 ~ M; )L'—

for all possible choices of dp;, dq;. But this last expression
is a quadratic form in dp; and dq; so that the condition
for a positive definite quadratic form may be used, where
namely, that the determinant of the coeScients and also
the principal minors be positive. This determinant may
be represented as

I
W

I
where

(A4)

O'E $2E 82E L„;,
~ ~ ~ ~ ~ ~

BplBpl BplBp2 BplBpn BplBql BplBqr

Bp2Bpy

and L,;, 3f;;, S;, are the elements in the ith rows and
jth columns of the respective matrices. The bordered
determinant

I Wl has thus been reduced to a deter-
minant of bordered determinants of a simple form. Each
one of the individual determinants of Eq. (A4) may be
evaluated by

BpnBpi

82E (j'E
~ ~ ~

BpnBpn BpnBql BpnBqr

= IKIN;; QLI,;M, &
—(cofactor of K&&). (AS)

3f&' X;; It:l

BqyBpy

82E 82E

BqyBpn BqyBqy

~ ~ ~

For a single parameter only assigned to the defect,
as r=1, (q—=q&), then from Eqs. (A3) and (AS)

82E 82E O'E
I Wl = IKI——P (cofactor of Ki, i), (A6)

Bq ~' BpIBq BptBq

iBqpBpg BqrBpn Bg„Bq„-

(A3)

W' is a symmetric matrix and can be divided into four
parts

and in the special case where the mixed derivatives with
respect to p; and q are zero (which will occur for example
when the parameters have been chosen symmetrically
about a particular position for the defect, which is then
relaxed slightly from its symmetry position), then

I Wl = IKI (B'~/Bq'), (A7)

where E is the matrix of the derivatives with respect
to the p, 's only, N is the matrix of the derivatives with

respect to the q s only and L and M contain the mixed
derivatives. Because of the syrrUnetry of the matrix

where indicates the transpose of the matrix. E is a
square matrix of dimensions e)&e, E is a square matrix
of dimensions rXr, L is a rectangular matrix of dimen-

sions rgb and M is a rectangular matrix of dimensions
sxr.

The determinant of 8' is a bordered determinant of
order (e+r)X (e+r). By pivotal condensation it may
be reduced to an, (rXr) determinant, by taking the
pivot each time as the element in the first row and
first column of the reduced determinant to obtain

BE/Bp;=0, i=1, I
then specify p; as functions of the q;;

p'=p'(q" q),
so that

&=&(p'(q); q)—=~(q)
z=l '''5 j=1 ' ' 'r.

7 7 j )

(AS)

(A9)

(A10)

A necessary condition that a minimum of energy be
obtained subject to the restriction that the defect atom
be fixed is then

IKI)0
and that the principal minors of

I
K

I
be greater than 0.

In this form the condition for a minimum position for the

and the condition for a minimum becomes very simple.
The usual situation with respect to relaxation calcula-

tions is to consider the defect in some fixed place in

the lattice and the other parameters (the p;) used to
minimize the energy. The conditions
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defect is that I
K

I
)0 from the condition for a minimum for variations

of the p; keeping q; fixed. Equation (A14) gives

and

=0, )=1, ~ .r
Bq~ = —Z(K ')e

Bp;Bq~
(A15)

Bqq Bqq8q2 Bqqgq„

Differentiating Eq. (A11) with respect to qe leads to

B'E B'E Bp; B'E Bp,
+Z +2

Bq~Bqa BqaBqe ~ BqaBpj Bqe ~' BpjBgtc Bq~

S= Bq28qy B'E Bp;Bpi BE B'p,
+Z +Z

il Bp&Bp& Bq, Bq& i Bpz. Bq,Bq&

(A16)

-Bq„Bq&

Making use of the minimum conditions, Kq. |AS) and

Eq. (A12), reduces the derivatives of E to

Be/Bq; =BE/Bq;

O'E 8
+Z

Bq,Bq& Bq,Bq& ~ Bq,BP; Bqk

Substituting from Eq. (A15) into Eq. (A18),

should have a determinant whose value and principal
minors are positive. The substitution involved in Eq. and

(A9) is diKcult to make and it is preferable to work with
the original expression E for the energy. For this reason
the derivatives of e with respect to the q; will now be
evaluated in terms of those of E:

(A17)

(A18)

Be BE ~ BEBp;
+Z

Bqg Bq, 1'=1 Bp& Bq;
(A11)

8'e O'E B'E B'E (cofactor of K~ )

IKIBq;Bqe Bq,Bqe j l Bq,Bpy BpiBqe

where Bp;/Bp; may be obtained from Eq. (A9), or from
Eq. (AS) by differentiating it with respect to the q;,
considering it as a function of the q; only. By the
latter method

BE Bp, B2E
+p

BP BE & Bqj BPf~BPe

=0 (A12)

L'+KT&'= 0,

where T& is the matrix

(A13)

Bq;

Bq;

to give a set of linear inhomogenous equations for the
mXr quantities Bp&/Bq, . Equation (A12) may be
written as

Lk
from Eq. (A5).

IKI u' x,,
Therefore, the condition for a minimum becomes that

Isl = Iwl/IKI (A19)

B'E B'E B'E (cofactor of K;;)v
(A20)

Bq' '~ Bp,Bq Bp,Bq IKI

and in the special case where the mixed derivatives are
zero,

[from Eq. (A14) and the above equation] is positive
definite. Since

I Kl is positive because of the minimum
condition for a 6xed position of the defect, this condition
reduces to be that

I Wl has to be positive definite, as
found previously for the case of no initial connection
between the parameters. Eq. (A19) is independent of
the number of parameters used to determine the
position of the defect. For a single parameter (qi

—=q)

E L'
Isl=

M' Egg

=Xii—P L 'M ' (cofactor of K,;)/ I
K

I

Solving Eq. (A13) for T& Isl =B'E/BF. (A21)

T&'= —(K ')L&' (A14) So far- the defect has not been specified to be in a
position of any particular symmetry. Each position of

where K ' is the inverse of K K has—an inverse since synunetry will simplify somewhs, t the expressions
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obtained here. If the defect is placed in a position where

e(qi "q'" q)=e(qi" —q', . "q)
which reduces to

B'8/Bq') 0 (A24)

for each q;, then Be/Bq;=0, which satisfies one of the
conditions for a minimum or maximum. It is sometimes
possible to define parameters such that this type of
symmetry is the case, for example, by defining the
parameter to be the distance from a symmetry position.
If in addition the parameters p, are chosen so that

then
BsE/BP, Bq, =0 (A22)

and the conditions for a minimum (with respect to
this choice for the parameters) become that

~
E~ and its principal minors) 0, (A23)

for a single defect parameter. This situation would
arise again by choosing parameters symmetrically
about a particular position of symmetry for the defect
and then relaxing the symmetry to evaluate the required
derivatives. Substituting Eq. (A22) in Eq. (A15) leads
to Bp~/Bq, =0 which implies that changing the q;
slightly from the values used to calculate the p, 's, does
not change the values of the p s. Without Eq. (A22)
this would not necessarily be the case showing that to
ascertain the nature of a certain position the p s and
the q s have to be varied. It should be pointed out that
the choice implied by Eq. (A22) may force stability
on the problem in the sense that a different (more
realistic) choice of parameters could lead to a different

type of stability.
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Optical Absorption in HgTe and HgCdTe
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Absorption and refiectivity near the fundamental absorption edge have been measured in the Hg Te-CdTe
alloy series for CdTe concentrations of up to 28%. In the HgTe rich region, the edge shifts to longer wave-
lengths with decreasing temperature. For HgTe, the absorption rises to 2)&10' cm ' at Ace=0.6 eV. Absorp-
tion did not decrease below 1.4)&10' cm ' at room temperature. The theory of optical absorption in zinc-
blende compounds is reviewed. Absorption in this alloy series agrees with theory for direct transitions with
an energy-independent matrix element evaluated by Kane for In Sb. Analysis of reQectivity in Hg Te indicates
an electron efI'ective mass of 0.02m at 100'C.

I. INTRODUCTION

ITH the zincblende structure Hg Te and CdTe are
intermetallic semiconductors. The lattice param-

eter varies by 0.3 j~ bet.ween HgTe and CdTe, ' and the
compounds form solid solutions at all compositions. '

Measurements of the electrical properties of HgTe
have been reported by several workers. ' ' The results
have usually been interpreted as indicating an energy gap
near 0.02 eV, although band overlap has been suggested
as an explanation for the high carrier concentrations. ' '
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The electrical and optical properties of CdTe have
also been studied. ' " The conduction-band minimum

appears to be at the zone center, "and 1.6 eV (at 20'K)
above the valence band as determined from the position
of the exciton lines. " This result is in accord with

observed regularities in the zincblende compounds.
Measurements of optical transmission in Hg Te

—CdTe alloys were reported by Lawson et a/. ' Their
results indicated that the absorption edge shifted to
longer wavelengths with increasing additions of HgTe
in CdTe. MagnetoreRection measurements" are con-
sistent with this view.

Measurements of the reAectivity of crystalline HgTe
and CdTe and the transmission of thin 61ms of CdTe
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G. B. Wright, and J. G. Marroides, Phys. Rev. Letters 7, 403
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