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using narrow-band, cw, tunable dye lasers or
parametric oscillators. While Q values con-

siderably smaller than that given by lifetime
were obtained for ruby, much larger values are
expected for suitable ion-host combinations. By
restricting the direction of observation along the
laser beam, the FLN technique is also expected
to apply to gases in a manner similar to that de-
scribed previously" for a sequence of laser ac-
tion and fluorescence. An advantage of FLN ho-
mogeneous linewidth observation over nonlinear
absorption techniques" is that many lines can be
observed without tuning the laser. There are, of
course, corresponding disadvantages, e.g. , much

spectral confusion when many overlapping lines
are excited. The task of fine frequency control
is now transferred to the detection system; thus,
for example, we have the delightful prospect of
observation of hyperfine, Zeeman, Stark, or
stress spectra by heterodyne methods.

The author wishes to acknowledge with thanks
the help of L. E. Erickson in constructing the
equipment, the technical assistance of E. L.
Dimock, and a useful encounter with G. R. Hanes
at a critical point in the experiments.
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There is however a dramatic apparent saturation ef-
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'Pm~cling at 4.2'K from lead into degenerate n-type Gasb under hydrostatic pressure
exhibits huge changes when conduction-band extrema cross each other. In the indirect-
gap configuration, strong phonon-assisted structures show up together with a typical
resistance kink related to the onset of a (000) tunneling path. The measured interband
pressure coefficient is -9.6 meV/kbar. All results suggest that the band crossing oc-
curs 3 kbar higher than expected.

Tunneling measurements in metal-GaSb con-
tacts under hydrostatic pressure exhibit strong
effects which are definitely due to the crossing
of the 1' (000) and L (111) conduction-band ex-
trema. Although band-structure effects in tunnel
heterojunctions have previously been reported
in the literature, ' 4 this work gives, to our
knowledge, the first unambiguous quantitative

results concerning externally controlled band-
structure effects in such junctions. GalIium anti-
monide is especially well suited for a systematic
study of the tunnel mechanisms involved in di-
rect- and indirect-gap semiconductors: The in-
terband energy separation EI -E& can be changed
in both amplitude and sign by reasonably low
pressure. GaSb is a direct-gap semiconductor'
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at room pressure and the (111)valleys lie about
80 meV above the bottom (000) of the conduction
band at 4.2 K. Hydrostatic pressure induces a
shift of both conduction-band extrema toward
higher energy with respect to the valence band.
Since the rate of change of their energy differ-
ence, (s/sP)(Ez, —Er), has been measured' at
—9.6 meV/kbar, the gap should become indirect
around Pp 8 kbar. Roughly speaking the tunnel
characteristics should present a GaAs-like be-
havior' below P, and a Ge-like behavior at higher
pressure. Above Po, two tunneling features char-
acteristic of indirect-gap material are expected
to occur: the appearance of zone-edge phonon-
assisted tunneling' and a resistance kink at re-
verse bias corresponding to the onset of tunnel-
ing into the higher valley. ' These effects should
be detectable only if the effective masses satisfy
m &* «m~*, a condition which is met by GaSb.
This Letter confirms that these characteristics
not only appear in n-GaAs above P, but consti-
tute much stronger effects than in n-Ge.

Tunnel contacts were made by cleaving a (110)
bar of n-GaSb:Te, doped at 4&10xs cm-s in the
stream of the evaporating metal (lead). During
outgassing and evaporation the residual pressure
was kept below 10 ' Torr. Measurements of
first and second derivative versus the voltage
V were carried out at 4.2'K up to 16 kbar (a 250
bar) at the Faculte des Sciences d'Orsay. '0 Like
Pb-GaAs contacts, "Pb-GaSb junctions have
proved very reliable mechanically and undergo
only minor irreversible changes under several
pressure and temperature cycles. Changing the
pressure actually requires warming up the trans-
mitting fluid (isopentane) to room temperature.
The quality of the tunnel contacts was checked
by measuring at each pressure" the right super-
conducting density of states. No magnetic field
could be applied and all the energies reported in
the text have been corrected for the half-gap val-
ue b, . Throughout this work V&0 corresponds to
electron injection from the semiconductor into
the metal and conversely for V&0. At zero bias,
the background resistance R(0) was about 0.1 0
at room pressure. Series resistances cannot be
neglected; and, therefore, the corresponding
curve on Fig. 1 is only indicative. Results below
9.6 kbar were purposely discarded for the same
reason.

We first discuss the modification of the back-
ground resistance. R(0) increases by a factor
close to 10' when pressure is brought up from
0 to 15.7 kbar and its dependence on V is illus-
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FIG. 1. dV/dE versus bias voltage for a Pb-e-GaSb
tl~~~el contact at 4.2 K. The full vertical scale corre-
sponds to 1.'7, 35, 190, and 18000 0 for 0, 9.6, 11.9,
and 15.7 kbar, respectively. The superconduction peak
has been omitted for clarity. The insert sketches the
GaSb conduction band and Fermi level.

trated in Fig. 1. The evolution of the shape of
the differential resistance can be pictured along
the following pattern. %hen pressure is increased
from 0 to 10 kbar, approximately, the flat re-
sistance curve steepens with a peaked maximum
around 34 mV. This behavior can be qualitative-
ly attributed to the progressive emptying of the
(000) band and the corresponding filling of the
(111)valleys. The steady decrease of the Fermi
degeneracy g F(000) which is about 90 meV at
P = 0 results in a widening of the depleted region.
Other effects giving a resistance change include
the increase of the barrier height" and the effec-
tive mass when pressure goes up. Around 10
kbar the conduction mechanism should involve
both extrema, and no simple picture can be in-
voked in order to interpret the exact shape of
the background. " Above 10 kbar the background
shape stabilizes somewhat, and the bell-shaped
curve essentially shifts towards the left of the
figure as pressure goes up. When the (000) band
becomes totally free of carriers, the Fermi
level is only determined by the parameters of
the (111)valleys. At the corresponding pressure
P„ the change of tunneling mass results in a
sharp resistance increase: Between 12 and 13
kbar we have observed that the resistance is
multiplied by 10'. Above this threshold pressure,
the (000) band no longer contributes to the for
ward tunneling process. The shape of the resis-
tance background can be qualitatively inferred
following Conley and Mahan's paper. ' In this
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mixes with the lead TA phonon structure. The
next two at 19.4 and 26 mV have similar ampli-
tudes (22-24/p) and present noticeable under-
shoots partially due to the reflection of the super-
conducting density of states on their high-energy
side. Symmetry strongly suggests that the first
three structures are due to zone-boundary pho-
non-assisted tunneling which involves a transi-
tion from an L valley to the metal through an
evanescent state of the I extremum. ' The fact
that the inelastic contribution represents more
than 509o of the total conductance above 30 mV
is a clear evidence for specular tunneling. Al-
though the two larger structures already show

up at 9.6 kbar (-2/o), their amplitude again in-
creases sharply between 12 and 13 kbar and sat-
urates at more than 20/o for pressure higher
than 13 kbar.

We are not aware of experimental determina-
tion concerning the zone-edge phonons of GaSb
in the literature. A simple scaling, however,
which uses GaAs data" and the main peaks of
the GaSb phonon density of states" allows a ten-
tative indexing. Neglecting the small pressure
dependence of the phonon energies, we find that
the two first structures unambiguously corre-
spond to the TA(111) and LA(111) phonons. The
third at 26 meV is most likely due to the TO(111)
one. The fourth peak at 30.2 meV shown in Fig.
3 cannot be fitted with a (111)phonon. Therefore
either no LO(111) structure appears or it is
buried in the other peaks.

We are unable to draw a firm conclusion about
the symmetry of the fourth structure. Like the
three first peaks, the fourth one also corre-
sponds to a conductance increase at forward
bias (3%). Returning to the P =0 curve locally
magnified (Fig. 3), we observe that a small
structure is present around the same bias vol-
tage. Its line shape, which is neither totally
even nor odd, can be described by two peaks and
a dip. The second peak and the dip correspond
fairly well to the LO(000) = 29.8-meV and TO(000)
= 28.6-meV phonon energies determined by lat-
tice reflection" at 4.2'K. This type of structure
has been generally attributed to self-energy
effects although recently it has been proposed
that real phonon emission should also contribute"
to the line shape. Our results at high pressure
support this proposal since pF(111) is lower
than the two above phonon energies, and no self-
energy effect is therefore expected to occur for
V )0. The fourth structure at high pressure cor-
responds roughly to the second peak of the P = 0

line shape so that we tentatively assign it to the
LO(000) phonon. We have detected two other
structures at higher biases corresponding to
the LO(000)+LA(111) and LO(000)+ TO(111) en-
ergies following the indexing of Fig. 3. This
fact supports the idea that the 30.2-meV struc-
ture cannot be attributed to a (111)band-edge
phonon.

In summary, we have discussed three essential
features of tunneling: the background resistance,
the inelastic processes, and the resistance kink.
Their behavior consistently suggest that the total
emptying of the l minimum occurs around P,
= 13 kbar. Since the interband pressure coeffi-
cient has also been determined, we conclude
that the crossover of the two bands occurs at
P, = ll kbar instead of 8 kbar as expected from
the literature. A similar extrapolation leads
to a room-pressure band separation of 110 meV
instead of the reported 80 meV. ' Whether the
high level of the doping and band tailing might
be responsible for these discrepancies is unclear
at the present time. As a conclusion, it is worth
mentioning that the sharpness and the consistency
of the observed phenomena allow a reliable and
quantitative study of the relationship existing
between band structure and tunneling.

We wish to thank D. Jerome for making avail-
able the high-pressure apparatus of Orsay, and
E. Guyon for helpful discussions. Grateful ac-
knowledgments are also due to A. Gouskov of
the Faculte des Sciences of Montpellier who was
kind enough to pull the GaSb ingot for us.
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We report exact solutions of the equations of self-induced transparency which gen-
eralize the linear theory of refractive index up to theoretical peak intensities of 10 ~

W cm . The refractive indices are real, and there is no dissipation from inhomogen-
eous broadening. We solve the dielectric-surface problem for these solutions. We
note the possibility of regaining previous analytical solutions in a fashion which permits
a slight extension and some critical examination of these.

The semiclassical equations of motion for a single, undamped two-level atom exposed to a plane-
polarized electromagnetic field E of arbitrary strength can be expressed in the pseudo 81och form

dr/dt =
&u && r; e = (sr„0, ur, ).

We consider a uniform dielectric consisting of n such atoms per unit volume and no host atoms. The
two-level atoms couple via the Maxwell wave equation

y x g x E + c '&'E/bt' = -4wnc 'O'P/et', (2)

where c is the velocity of light in vacuo. We report exact solutions of this system of equations which
contain two free parameters, namely, a frequency or reciprocal temporal length v and the field am-
plitude E, and which are valid on or off atomic resonance. ' We also report corresponding rotating
solutions. The solutions are distortionless in the exact sense of this, rather than in the sense of
Crisp' or of Arrechi et al. ,

' i.e.,
E(x, t) = E(x-Vt),

and exhibit self-induced transparency (SIT) first reported by McCall and Hahn. "They appear to be
the natural nonlinear generalizations of linear theory and considerably extend our understanding of
the SIT phenomenon. The mathematical theory bears directly on that: of all the previous analytical
SIT solutions. 2 '

The notation in (1) is as follows: r= (r„r~,r, ); r, = p~ po„rm=i(p~ po, ); an—d r3= p„-p«. The
two atomic states are labeled s (upper) and 0, and p = p(x, t) is the density operator. The atom's ener-
gy spacing is h~, and ~,= ~, . The interaction is contained in

(o, =- (u, (x, t) = -2ex„k 'E(x, t);-
x„=x~ is the matrix element of the dipole operator x. The atoms are inhomogeneously broadened:
In (2),

P(x, t) =uex„ f, g((u, )r, ((u„x, f)Ao, , (5)

with g(&, ) normalized to unity; ri is a unit polarization vector. Since the medium is isotropic, E(x, t )
=uE(x, t), and only the magnitudes E(x, t) and P(x, t) appear in the theory.

A "sharp-line" solution is one for which g(~, ) =5(~, -~,). An important result is that if we can find
a sharp-line solution of (1) and (2) which is valid on or off resonance, we can always find an inhomo-
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