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Considerable study’~* has been given to the
reaction by which rutile (TiO,) takes on a blue
coloration when reduced in vacuum or in hydro-
gen. Controversy has centered on the mech-
anism responsible for the kinetics of the pro-
cess with the evidence variously supporting
mobile oxygen vacancies or interstitial Ti®t.
Recently Shannon® has proposed that the pres-
ence of hydrogen and/or water vapor favors
the vacancy mechanism and that the titanium
interstitials dominate the kinetics of vacuum
reduction.

It is the primary purpose of this Letter to
point out that the strong anisotropy in diffusion
is uniquely compatible with interstitial motion
in this lattice. Recent measurements® of the
diffusion of lithium in rutile have shown an
anisotropy of at least 10® to 1 in favor of dif-
fusion along the ¢ axis. A qualitatively simi-
lar situation holds for the diffusion of boron.”
Clearly, for these cases there must exist a
jump mechanism whose net motion is exactly
parallel to the ¢ axis. Presumably this occurs
along the line [a/2,0,X,], where the lattice
presents a rather open chimney (see Fig. 1).
(It is not necessary, however, that the indi-
vidual jumps be parallel to the ¢ axis.) Equi-
librium positions must occur in the planes X,
=(n/4)c for either odd or even values of n. The
observation that the coloration by vacuum re-
duction is highly anisotropic’ points strongly
toward the interstitial mechanism. Similar
observations on specimens reduced in hydro-
gen should give a critical test of Shannon’s
hypothesis.

The chimney mechanism (unlike most diffu-
sion mechanisms) works best in an ideal crys-
tal. Johnson® has observed that diffusion was
strongly inhibited by abrasion of the surface.
Clearly, dislocations (or stacking faults) will
choke off the chimneys.

In general, internal-friction studies®:® on
vacuum-reduced rutile are consistent with our
picture. A substantial loss peak was found
for specimens stressed in the [100] but not
in the [110] nor [001] directions. While these
observations appear to rule out vacancy defects
for their origin, pairs of interstitials at B sites
(n even) have been earlier invoked as a possi-
bility.® We favor single interstitials on A sites
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FIG. 1. Interstitial positions in rutile. Solid cir-
cles: Titt ions; open circles: o2 ions; triangles:
titanium interstitials—base up, A site; base down,
B site.

(7 odd) as a simpler explanation. The symme-
try of the A sites is such that the degeneracy
between the (a/2, 0,X,) and (0,a/2,X,) positions
is removed by a uniaxial stress in the [100]
direction but not in the [110] direction, in ac-
cordance with observation. Moreover, the
positions for » odd seem to afford a more suit-
able environment for the interstitial than do
those at B, since for the former there are four
nearest neighbors, oxygen atoms at a distance
of 1.82 A, while at the latter positions (B) the
two nearest neighbors are 1.66 A distant, and
the two next nearest are at 2.23 A. It is quite
possible that the B site is a potential maximum
and that the true potential minima in the basal
plane are displaced on either side in approxi-
mately the [110] directions. Under these con-
ditions the saddle point for the jump would not
be colinear with the initial and final positions.
The answer as to the true saddle point in the
basal plane rests rather sensitively on the
competition between electrostatic ionic inter-
action and repulsion of inner ion cores.

It should be noted that a jump along the ¢
axis leads to no stress relaxation. Such re-
laxation can only be accomplished by a jump
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from one A site to an adjoining one in the same
basal plane as shown by the arrow. We then
identify the observed activation energy® for

the internal-friction peak, 23.5 kcal/mole,
with this jump. Again it is consistent with the
general picture not to assign this activation
energy to the motion parallel to the ¢ axis.
The diffusivity in this direction has been esti-
mated’ to be about 10™% cm?/sec at 520°C,
which is far too high to be consistent with such
a large activation energy.

We wish to thank Dr. J. H. Rosolowski for
showing us the marked anisotropy of the blue
coloring reaction and for drawing our atten-
tion to the work of Bogomolov.” We are in-
debted also to Dr. R. C. DeVries for illuminat-
ing discussion.
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In silicon, phonon-assisted transitions from
the top of the valence band to the minima of
the conduction band have been observed by a
number of workers: Macfarlane et al.* by
optical absorption, Holonyak et a_l.,2 Esaki and
Miyahara,® Chynoweth, Logan, and Thomas,*
and most recently Logan, Rowell, and Trum-
bore® by phonon-assisted tunneling in p-n junc-

tions; and also Haynes and coworkers by means

of recombination radiation.®” The values of
the phonon energies obtained agree quite well
with those found by Brockhouse by neutron-
scattering experiments.® In addition to single-
phonon processes, multiple-phonon processes
have been observed,*” which are also in good
agreement with the data of Brockhouse. The
most successful experiments have been per-
formed at liquid-nitrogen temperature and be-
low. In this paper we show that some rather
accurate determination of the phonon energies
can be made at room temperature by means
of the electric-field-modulated optical absorp-
tion (Franz-Keldysh effect®1°). The effect in
silicon may be described as photon-plus-pho-
non-assisted tunneling across the energy gap.
The experimental technique makes use of
the electric field in a reverse-biased silicon
p-n junction. Since the absorption coefficient
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of the crystal depends on the magnitude of the

field, a monochromatic light beam incident

on the plane of the junction can be modulated

by application of a small ac voltage superim-

posed upon the dc reverse bias. The relative

modulation of the light intensity is proportion-

al to the change in absorption coefficient Aa

corresponding to the maximum field E in the

junction. This has been discussed in previous

papers,!!s!2 where this technique was used to

investigate the properties of germanium and

a detailed description of the experimental ar-

rangement was presented. The silicon sam-

ples were n-type wafers of about 50-100 ohm-cm

resistivity (~1 cm? area, ~70-150 microns

thick). A highly doped p layer was diffused

on one side to produce a step junction, while

on the other side an n* region was created to

provide a good ohmic contact. The electric

field was in the (111) direction, so that all the

conduction band minima were equivalent. The

reverse dc currents were of the order of 10~¢ A,

and the currents due to the ac modulation at

20 cps were at least an order of magnitude less.
Figure 1(a) shows Aa vs photon energy at

room temperature. The position of the peaks

is practically independent of the magnitude

of the electric field. Since both the height and



