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gy for ZnS:Ag, Er than for ZnS:Cu, Er. This
sensitivity of the rare-earth spectrum to the
specific group-Ib element used implies that

the two ions are closely associated.

The previous discussion pertains only to ZnS
and CdS. We have also found that the addition
of Cu to ZnSe strongly enhances the intensity
of rare-earth fluorescence. ZnSe:Cu, Er, for
example, emits most strongly from the tran-
sition %S;,, ~ *I;5,, at 18100 cm™!. As in the
case of ZnS and CdS, preparative conditions
favoring the high-energy Cu band at 2.36 eV
over the low-energy Cu band at 1.95 eV pro-
duce samples with the strongest rare-earth
emission. Our preliminary data indicate, how-
ever, that the rare-earth excitation spectra of
ZnSe are qualitatively different from Fig. 1,
which may imply a somewhat different mech-
anism of transfer. On the other hand, all of
the II-VI compounds show analogous emission

bands due to group-Ib dopants,® so we expect
that the system described here can be extended
to include all II-VI compounds and I» dopants.

The experiments discussed here have all
been done on powder samples to simplify the
control of the dopants. They were prepared
from high-purity ZnS, CdS, and ZnSe, and
fired in an atmosphere of purified H,S or H,
+Se at temperatures from 950 to 1150°C. We
are now in the process of extending these stud-
ies using single crystals.
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FRANZ-KELDYSH EFFECT ABOVE THE FUNDAMENTAL EDGE IN GERMANIUM
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This Letter reports on the effect of an elec-
tric field on interband transitions well above
the fundamental absorption edge. The effect
is observed as a field-induced change in the
reflectivity which peaks at approximately the
photon energy of the particular transition. This
pronounced structure of peaks should be profit-
able in the analysis of the band structure of
semiconductors.

Although the Franz-Keldysh effect was ob-
served in transmission at the fundamental ab-
sorption edge of several semiconductors, dif-
ficulties are encountered in extending this trans-
mission measurement into the regions of strong
absorption above this edge. It could not be de-
termined, therefore, whether an electric field
affects the transitions at higher photon energies
in a similar manner.

We reported previously that the electric field
in the potential barrier at the surface of germa-
nium is strong enough to cause a Franz-Kel-
dysh effect which is observed in reflection rath-
er than in transmission.”® The study could
now be extended beyond the fundamental edge
into the region of strong absorption.

The experiment employs the familiar field-
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effect configuration, with a transparent field
electrode in close proximity to the electropol-
ished germanium surface* at which the reflec-
tion of monochromatic light takes place at near
normal incidence. The surface potential at the
interface is modulated at 250 cps by an electric
field of approximately 10° V/cm peak amplitude.
Modulation impressed on the reflected beam

is detected by either a photomultiplier or a
PbS cell, followed by a narrow-band phase-
sensitive amplifier. Applying this ac method,
changes AR/R of the relative reflected inten-
sity of as small as 5x107% can be measured.

As previously described for the fundamental
edge,'® the electric field affects the absorp-
tion mechanism such that for an increase in
the height of the potential barrier in either di-
rection the reflectivity decreases. Since the
30-2-cm n- and p-type germanium samples
were treated to give n-type surfaces, most
of the peaks in Fig. 1 go negative, indicating
a decrease in reflectivity for the positive half-
wave of the modulating field and vice versa
for the negative. Depending upon the particu-
lar surface condition, this center peak is some-
times accompanied by one or two positive satel-
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FIG. 1. Relative change of the reflectivity, AR/R,
as a function of photon energy. The recorder trace
going negative indicates a decrease of the reflectiv-
ity caused by the positive half-wave of the modulat-
ing ac field. For three peaks marked *, multiply
the scale by 10.

lite peaks. The overall magnitude of the peak
structure in Fig. 1 is determined by the surface
condition and can vary by as much as an order
of magnitude, depending upon the surface treat-
ment. The height of the peaks with respect to
each other varies much less and their position
is constant within 0.005 eV.

The trace in Fig. 1 marks clearly all the tran-
sitions in the band structure of germanium be-
tween 0.7 and 4.5 eV, as previously determined
from the analysis of absorption and reflection
measurements. A peak group centered at 0.798
eV precedes slightly the fundamental edge, fol-
lowed by a much smaller peak at 1.09 eV. This
represents the transition from the split-off va-
lence band at £ =0,° which was not observed in
reflection before.

The following region, particularly between
1.8 and 2.0 eV, was carefully searched for in-
dications of the L,,—L, transition, which is ob-
served in some II-VI® and ITI-V 7 compounds,
but can apparently not be resolved in germa-
nium. Two strong peaks follow, split by 0.21
eV, the first one being about twice the height
of the second one. Again they precede slight-
ly their correlated absorption peaks,® which
are assigned to transitions at the A point of
the [111] direction,® starting from a valence
band which is spin-orbit split by about 0.2 eV.
The structure between 2.8 and 4.0 eV, resolved
by this technique for the first time, suggests
a quadruplet, with the first three components
rising above the noise level, however, by only

a factor of 2 to 3. No explanation can be given
for the inverted phase relation between reflec-
tivity and modulating field around 3.0 eV. Brust,
Phillips, and Bassani’s pseudopotential calcu-
lations place the transition [,,/—I';; at 3.6 eV,
with either end spin-orbit split, so that a qua-
druplet could result. Notice that the strongest
peak appears at 3.65 eV, although absorption
and reflection measurements show structure

at 3.2 eV only.’®"!? The X and T transitions,
which produce the strong reflectiVity peak at
4.5 eV, respond rather weakly to the electric
field at 4.42 eV. Our equipment cuts off at

4.6 eV, preventing us from looking for a possi-
ble splitting of this peak.

We conclude, from the presence of peaks at
photon energies at which current analysis of
the band structure places transitions between
the bands, that the edges of these higher bands
are affected by an electric field in a manner
similar to the Franz-Keldysh effect of the fun-
damental edge. The size of the peak, however,
does not represent so much the strength of the
correlated transition as its sensitivity to a dis-
turbance by an electric field. This should in-
troduce a new parameter into the present anal-
ysis. It seems plausible, for instance, that
an M, transition, which operates across a rela-
tive minimum of the gap (E.-E,), is affected
stronger than an M, or M, transition at saddle
points of E,—E,. Speaking qualitatively, the
electric field stretches the band edge into en-
ergy regions formerly inaccessible to the elec-
trons for the M, transition, while levels are
produced for the M, or M, transition which
were already available without electric fields
at slightly different % values.

Evidence of this can be seen in the approxi-
mate 2:1 ratio of the response in the 2.2-eV
doublet: In the 2.11-eV transition, both initial
and final band edges are adjacent to the forbid-
den gap, extending into it under the influence
of an electric field from either end. In the
2.32-eV transition, starting from the split-off
band, only one edge stretches out into the for-
bidden gap. Notice further that the superposi-
tion of strong M, and M, transitions at 4.5 eV
produces only the rather weak response at 4.42
eV. If this argument stands up against calcu-
lations of the field-induced change in the joint-
density-of -states function!® for the different
types of transitions, one might even reconsider
the present assignment of the strongly respond-
ing 2.11-eV and 2.32-eV doublet to an M, tran-
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sition. The failure to observe any response

in the 1.8- to 2.0-eV region is of significance
in this respect. Aside from these theoretical
aspects, the new technique marking the tran-
sitions as pronounced peaks will almost cer-
tainly complement the present methods from
an experimental viewpoint, especially for ma-
terials which cannot be prepared by the sophis-
ticated techniques applicable in the case of
germanium.
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In a recent work, Hutchings and Wolf! observed
small g shifts in some garnets and interpreted
these shifts as induced by exchange through an
admixture of the excited states of different mag-
netic ions. Unfortunately, the smallness of the
observed shifts, ~1%, coupled with a lack of
knowledge of the rare-earth single-ion wave
functions and energies, precluded any conclu-
sive interpretation of these results.

In the process of constructing a general spin-
Hamiltonian formalism for pairs which uses
the same mechanism to account for the admix-
ture of excited states, we have found that spe-
cific application of theory to CoCl, predicts re-
sults in agreement with the very large exper-
imentally observed exchange enhancement of
the g factors and moments??® for CoCl, relative
to the single-ion paramagnetic-resonance val-
ues.®* The example of CoCl, conclusively ver-
ifies the mixing mechanism and, moreover,
establishes it as an invaluable tool for the in-
dependent measurement of the isotropic exchange
parameters in appropriate magnetic systems.
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The effective pair Hamiltonian formulation
provides a fully dynamic Hamiltonian which
is appropriate both to the dilute systems of iden-
tical or nonidentical pairs, and also to the pure
magnetic system upon taking the sum over all
effective pair interactions. In the derivation,
we assume that the crystal-field problem with
the inclusion of spin-orbit coupling has been
solved for the single ion in the absence of mag-
netic fields. The single-ion wave functions are
represented by |®;%n), with associated eigen-
values E;,. Here the indices correspond to
the o state of the nth degenerate manifold of
the ith ion. If the separation between the ground-
state manifold and the next highest is > kT,
and the interactions are small compared to the
splitting, we need only consider matrix elements
within the actual ground-state manifold. In di-
rect analogy to the conventional spin-Hamilto-
nian methods, we desire to find an effective
Hamiltonian which has the same matrix elements
with unperturbed states, through second order
in the mixing in of excited states, as the Ham-
iltonian has with the actual states, [¥;0%). We
have
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