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Reorientation of Vi centers in KI during optical excitation in the 3.10- and 1. 55-eV absorp-
tion bands has been examined. The results obtained by anisotropic-bleaching techniques are

consistent with the probable antibonding nature of both excited states. Similar work per-

formed previously in KC1 is cited.

Optically stimulated reorientation of V, centers
in KC1 upon excitation to the 3. 39-eV excited state
has been studied by Murray and Bethers. ' Ther-
mally stimulated reorientation in the electronic
ground state has been examined in the same sys-
tem?® and in KI.* The work reported here extends
the previous work with an investigation of optical-
ly stimulated reorientation of the center in the
3.10- and 1. 55-eV excited states in KI. The in-
formation gained in these experiments provides a
key to the bonding nature of the electronic excited
states of the V, center. The primary results of
the previous work are as follows: (i) Thermally
stimulated reorientation in the ground state occurs
almost exclusively in both KC1 and KI by 60° rath-
er than by 90° jumps (see Fig. 1, Ref. 4), while
reorientation stimulated by optical bleaching in the

. 3.39-eV band in KCl causes reorientation with
equal probability for a 60° or a 90° jump; (ii) the
probability of reorientation under optical stimula-
tion in the 3. 39-eV band of KCl1 is temperature
independent.

The Vi center may be regarded as a diatomic
molecular ion X,” (where X is a halogen) embedded
in the alkali-halide lattice. The electronic ex-
cited states of the center are identified with specif-
ic molecular states by this model.® The primary
optical absorptions are due to transitions from
the ground 2% state to a 2Z% (near ultraviolet) or
to a 2[l, (near infrared) excited state. In KI these
transitions occur at 3.10 and 1.55 eV, respective-

I

ly. Each state has associated with it a curve of
effective potential energy versus configuration
coordinate, in this case the halogen internuclear
separation. The state is bonding if this curve has
a minimum; if there is no minimum, the state is
antibonding. Figure 1 shows possible potential-
energy curves for a V, center in two different
orientations. Crossing the center line of Fig. 1
corresponds to dissociation of the original molec-
ular ion. The molecular ion which subsequently
forms can have an orientation which differs from
that of the original by 0°, 60°, or 90°. The “0°
reorientation” is not observable by the techniques
used here and is treated as no reorientation at all.
Excitation to the bonding state IV can be followed
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FIG. 1. Schematic configuration coordinate diagram
of Vg center for two orientations. I, ground state; II,
antibonding state; III and IV, bonding states.
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by reorientation only if an additional thermal ener-
gy is available. The reorientation probability for
this state will be temperature dependent and of the
form e ®%/*T where OF is acharacteristic thermal-
activation energy. Excitation to state II (also
bonding) or to II (antibonding) may lead directly to
reorientation without thermal activation. The re-
orientation probability in these states will be in-
dependent of temperature.

Because there are two different types of reorien-
tation, 60° and 90° jumps (see Fig. 1, Refs. 1 or
2), there may be two distinct activation energies,
OE gy and OEy,, for reorientation from state IV.
Using the nomenclature of Ref. 1, we may have
P+ P¥, in such a state. (Vy reorientation can
actually occur by 60°, 90°, or 120° jumps. How-
ever, 60° and 120° reorientation are indistinguish-
able optically and we include both in our 60° proba-
bilities. Three types of reorientation are treated
by some authors.®) For reorientation without
thermal activation (II or II), the reorientation is
random and P§=Pg. We conclude that an excited
state which is shown experimentally to have P},

# P¥, or to have a reorientation probability exhibit-
ing an %% /*T temperature dependence must be
bonding. On the other hand, if experiment shows
that P¥ = P§, and P* is temperature independent,
then the excited state is of type II or II.

Theoretically calculated potential-energy curves
for the excited states of the Vi center are present-
ly available only for the alkali fluorides and chlo-
rides. ™® In these systems the *Z; excited state is
calculated to be antibonding while the %11, state is
weakly bonding. Although no calculations have
been made for KI we expect the same qualitative
behavior for the =} excited state. In the %[, state
the binding energy is very small and decreases
with increasing mass of the halogen atom. There-
fore we expect that for iodine, the heaviest of the
halogen series, the binding energy may vanish
completely, suggesting probable antibonding be-
havior in this state also.

The results of Murray and Bethers for the 3. 39-
eV state of KCl are consistent with the prediction
that this state be antibonding. The new work re-

TABLE I. Absorption cross-section ratios.

Ag10/A1g0 (t—0)

Band /o /0 Py, =Pg, Pghi=0
(ev) (measured) (measured) (calc.) (cale.)
KI
3.10 0.11+0,05 0,10+0,10 1.88 1.25
1.55 0.08+0,01 0.09+0,01 2.04 1.36

KCI*
3.39 0,02+0,01
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FIG. 2. Anisotropy-ratio curve, 1.55-eV excited
state. Both experimental points and calculated (solid)
curves are shown,

ported here is likewise consistent with the expecta-
tions outlined above.

EXPERIMENTAL

The experimental procedure using anisotropic
optical bleaching has been described previously. 2
Crystals of KI:Tl"and KI:NO,, NOjs , each with
a nominal 0. 1-mol% doping, were used. Vj cen-
ters were produced by electron or x-ray bombard-
ment at liquid-nitrogen temperature. Optical ex-
citation was done at 410 nm (3. 10-eV band) and at
800 nm (1.55-eV). Three distinct types of experi-
ment were performed.

The first experiments were long bleaches with
polarized light by which the optical-absorption
cross-section ratios defined in Ref. 1, 7,/0 and
T, /0, were measured. The measured ratios were
used in the numerical solution of the differential
equations describing the time evolution of the V-
center distribution among the possible orientations
during bleaching with polarized light.*

Second, the relative probabilities for 60° and
90° jumps were determined. It can be shown that!

oA 1 Q-7 /0)? P
lﬂr:] Aqgo _6-(%[1+ﬂ1/‘;]' ”z/U)Z(PKO +2) ’ W

where the anisotropies A are defined by
A= OD(,- 0Dy, ,

and the optical densities OD are measured with
light polarized perpendicular and parallel to the
polarization axis of the bleaching light. The anisot-
ropy is measured as a function of bleaching time

t. Ajqyo results from an experiment in which the
bleaching light is linearly polarized with the elec-
tric vector along a (110) axis; A, from a bleach
along a (100) axis. The ratio of these quantities

in the limit #- 0 was examined to determine which
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FIG. 3. Temperature dependence of initial slope of
Ayy(#) for the 1.55-eV excited state. Straight line deter-
mined by least-squares fit has slope —6 E/k.

of the two cases provided the best fit to the data:
Pjjy=Pgy or Pgy=0.

The final experiments measured the temperature
dependence of the reorientation probability. The-
ory shows that?

lim %ng o P*oc g-OE/RT
t->0 dt
Thus a logarithmic plot of the early-time slope

of Ay vs 1/T will be a straight line with slope
- 0E/k.

RESULTS AND DISCUSSION

The measured cross-section ratios for KI and
for the 3. 39-eV absorption band of KCl are listed
in Table I. The increase in 7 character of the
high-energy transition from Cl,” to I~ is attribut-
able to increased spin-orbit coupling. The large
error limits for the 3.10-eV band in KI are due to
possible systematic error introduced by isotropic
absorptions underlying the band in the samples
studied; the deviation reported for the 1.55-eV
band is based on random error and represents 1
standard deviation.

The calculated intercepts of the anisotropy-ratio
curves from Eq. (1) are also given in the table.
Figure 2 shows representative data for the 1.55-eV
absorption. In addition, calculated curves for the
two limiting cases are shown. The experimental
t— 0 limit clearly favors the case P¥= P§, and the
fit of the data to the calculated curve is good at
early time where the theory is expected to be ac-
curate. Increased discrepancies at longer times
are attributed to the loss of centers by optical
bleaching, a factor neglected in the theory. Simi-

|3

lar results from the 3.10-eV band indicate that
P¥,= P}, in this excited state also.

An example of the temperature-dependence mea-
surements is shown in Fig. 3 for the 1.55-eV band.
The activation energy here is of the order of 107°
eV. (The measured activation energy itself is
negative but this is compensated by the large un-
certainty.) The mean energies from all experi-
ments were as follows:

3.10 eV: OE=(8+8)x107% eV;
1.55 eV: OE=(4+"7)x107° V.

We interpret these results as indicating zero
thermal-activation energy, that is, temperature-
independent reorientation in both states.

The present results for both the 3.10- and 1. 55-
eV excited states of the V, center in KI are (i)
P§,=P¥ and (ii) 6E~ 0. These are consistent with
antibonding behavior which we have reason to ex-
pect. Similarly, results for the 3.39-eV band in
KCl1 are consistent with the calculated antibonding
behavior in this state.

It seems likely that the 2=} excited state of the
Vg center in all of the alkali halides will be anti-
bonding. However, the nature of the %[, state is
less clear, particularly for the lighter ions. The
extension of measurement of this type to the 21'[,
state of additional alkali halides would be desir-
able. Experimental determination of the ratio of
anisotropies may well be frustrated by the de-
creasing anisotropy of this band with decreasing
ion mass; however, it should be possible to de-
termine the temperature dependence for the lighter
ions.

Temperature-independent reorientation is not
universal among anisotropic color centers as is
demonstrated by work with both the F, center
and the M center.® Anisotropic bleaching experi-
ments have shown that reorientation from certain
excited states of these systems is temperature
dependent, with thermal-activation energies of the
order of 0.1 and 0. 04 eV, respectively.

In summary, the experimental evidence present-
ed shows no contradiction of the reasonable
assumption of antibonding behavior in the 3.10-
and 1. 55-eV excited states of the Vi center in KI.
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E | Transition in Ge: Two Dimensional or Three Dimensional?

D. E. Aspnes and J. E. Rowe
Bell Laboratories, Murray Hill, New Jersey 07974
(Received 28 March 1972)

The recent interpretation of the two-dimensional M, critical-point nature of the £, and E,+A, transitions
in Ge by Koeppen, Handler, and Jasperson, as determined from electroreflectance (ER) measurements, is
reexamined using the low-field limit of the theory to be consistent with experimental conditions. We show
that their interpretation was obtained by applying an inadequately broadened high-field theoretical line shape
to a low-field spectrum, and is therefore not valid. The two-dimensional appearance of this spectrum is an

indication of the presence of the electron-hole interaction as well as quasidegenerate M, and M, critical
points in the band structure. Some aspects of ER spectral-line-shape interpretations are discussed.

In a recent publication, L Koeppen, Handler, and
Jasperson (KHJ) analyzed their room-temperature
surface-barrier electroreflectance (ER) data for
the E, and E, + A, transitions of Ge and concluded
that the Brillouin-zone regions centered about the
(111) symmetry directions, which give rise to these
spectral features, could be represented as two-di-
mensional (2D) M, critical points in a one-electron
parabolic-band approximation. While this model?~*
has been highly successful in approximating contri-
butions of these regions to long-wavelength phenom-
ena such as piezobirefringence? and nonlinear opti-
cal susceptibilities, ° this result was surprising in
the context of ER spectra, whose third-derivative
nature®® should be sensitive to deviations of the
actual band structure from the idealized model.
This had been demonstrated previously® for low-
temperature ER spectra taken for Ge in the hetero-
junction configuration, ? where it was found that the
E, and E, + A, transitions are probably best de-
scribed as a broad three-dimensional (3D) M, sin-
gularity with a 3D A, contribution coming from the
region near L.® In this comment, we examine these
(low-field) ER data using low-field theoretical ER
line shapes™'®! obtained from simple parabolic
bands, and demonstrate that KHJ reached an incor-
rect conclusion by using the Franz-Keldysh, high-
field line shapes to fit experimental structure taken
under low-field conditions. The subsidiary oscil-
lations present in the high-field theory make it ex-
tremely difficult to distinguish between a single
parabolic critical point and overlapping structures
due to several degenerate critical points.

The experimental spectrum obtained by KHJ at a

surface field §,=81 kV cm™ and analyzed in detail
in Ref. 1 is virtually identical with those deter-
mined by linearized-third-derivative spectroscopy
under similar experimental conditions but measured
rigorously in the low-field limit.!? This is ex-
pected: the low-field region is defined by’ |78 |

< 3T, where T is the phenomenological broadening
energy and

Q) = e2821%/8,, )

where & is the electric field and i, is the interband
reduced mass in the field direction. Using values
discussed later (I'=59 meV, pg,=%u,=0.073m, '3,
we find from Eq. (1) that low-field spectra should
be obtained for § 77 kVcm™. Therefore we shall
use only the low-field theory, taking advantage of
the simplicity of the formalism. ’

In the low-field limit, the field-induced change
in the dielectric function in the one-electron approx-

imation A€’ for a parabolic 2D M, critical point
s a2 10
is

(zQ)°
(E+iT -E)*?

4e%C3u K,
A€o, = 31rE?2n;2 *

(2)

where E, is the critical-point energy, K, is the
length of the two-dimensional region in momentum
space, and Ci=%.P,, |2, where £ is the polariza-
tion vector of the incident radiation and P is the
momentum matrix element. The corresponding ex-
pression for a parabolic 3D M; critical point is

(zQ)*
(E+iT - E,)/% >
(3)

e2Ciu, (21 p, | /m2) 2
2E2m?
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