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result is that, after a rotation by n around x, the
anisotropy energy remains at its maximum value
during a subsequent rotation around y, at least as
long as an uncontrol. lable rotation around the axis
of the remanent magnetization can be avoided.
These properties (characteristic of tridirection-
al anisotropy) result from the existence of anti-
symmetric interactions as well as from the
macroscopic isotropy of spin-glasses. "'" With
respect to the problem of ESR in spin-glasses
our results confirm the validity of the theoretical
approach of Henley, Sompolinsky, and Halperin"
and Legget. "
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A unified microscopic theory of the observed optical bistabili. ties in narrow-gap semi-
conductors, such as InSb and GaAs, is developed by calculating the complex, nonlinear
dielectric function for arbitrary free-carrier concentrations from an integral equation
for the polarization function.
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In 1979 dispersive optical bistability was ob-
served in the narrow-gap semiconductors GaAs
(Bef. l) and InSb. ' The driving optical nonlinear-,

ity in. GaAs is connected with the ionization of the
exciton, while the nonlinearity in InSb is mainly
due to filling of the bands with free carriers. Re-
cently, the observation of optical bistability has
been reported also for Te.' In all these experi-
ments a relatively small number of electron-hole
(e-h) pairs is excited in the low-transmission
state, while in the high-transmission state a rela-
tively dense e-h plasma is generated. Thus, a
microscopic theory of the optical bistability has
to connect the low- and high-density regimes.
The dominant correlations in the low-density re-
gime are caused by the attractive e-h Coulomb
interaction, which gives rise to the formation of

excitons in GaAs. In this substance the exciton
binding energy E, is —in bulk materials at least
at low temperatures and in superlattice struc-
tures even at room temperature —larger than its
broadening y. In InSb the broadening always ex-
ceeds the binding energy E„so that the exciton
resonance is not resolved. In the high-density re-
gime the screening of the Coulomb interaction by
intraband scattering is the most important pro-
cess and is well described by the random-phase
approximation (BPA). A consistent theory of the
intermediate-density regime is rather difficult,
especially for low temperatures and wide-gap
semiconductors, where many-exciton effects be-
come important.

In this Letter, we will neglect many-exciton ef-
fects and will combine consistently the processes
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&&I ~ h (RI k;(d).

is the background dielectric constant; M„, (R)
is the dipole matrix element for direct optical
transitions between the valence and the conduc-
tion band. Its form is taken from the )'ep perturba-
tion theory. m, and e are the mass and charge
of the free electrons, respectively.

The polarization function obeys in the screened-
ladder approximation a Bethe-Salpeter equation
(BSE) of the form

xiii
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In our high-temperature (or narrow-gap) ap-
proximation the screening is mainly due to intra-
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which are asymptotically most important. The
e-h correlation can be described by the polariza-
tion function P, h, which at the same time deter-
mines the optical dielectric function

8ne2
6(u)) =6„—,Q M„,(k)M„, *(k')

band scattering of free carriers, i.e. , contribu-
tions of the excitons to the screening are neglect-
ed. Thus, V, and the single-particle Green's
function G; with i = e, h are given by the RPA:

Q = III /e (q C3)
- ~

G. G. V, G

The set of integral equations (2)-(4) has been
treated frequently in the low- and high-density
limits. ' In order to get a solution for arbitrary
free-carrier concentrations, we simplify the
problem by treating the screening in a quasistatic
single-plasmon-pole approximation, which is
known to produce relatively good self-energy
shifts. For simplicity the damping y of the pair
state is introduced phenomenologically. Further-
more, if only s-wave scattering is considered,
Eq. (2) reduces to a one-dimensional integral
equation for the auxilary function Q$, ~)
=EM„,*(k')P, s $,k'; ~). The integral equation
for the associate vertex function can be solved
very accurately' by a numerical matrix inversion.
The details of the mathematical procedure are de-
scribed in Ref. 5. The solution yields via Eq. (1)
immediately the real and imaginary parts of the
dielectric function. Note that a Kramers-Kronig
transformation cannot be used to calculate &'(&)
from e" (&u), if the latter is known only in a very
limited frequency range. "

The following material parameters have been
used: (a) GaAs: 6„=10.9, 6,=12.35, m, =0.067
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FIG. 1. Calculated spectra of absorption and refrac-
tion for GaAs at various free-carrier densities n. The
temperature of the electronic excitations is assumed to
be 10 K.

FIG. 2. Experimental absorption spectra for GaAs at
various excitation intensities I. The curves with I = 0,
I1 are taken from Hef. 1&, the curve with I =Iq is taken
from Ref. 1.0.
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0 4pplp p 2 GEp E&:230 me V. The resulting
absorption and refraction spectra o.'(cu) and n(&),
respectively, are shown in Fig. 1 for GaAs for a
temperature of 10 K for the electronic excitations
and for various free-carrier concentrations fI,.
For the unexcited crystal (n =0), one sees for the
damping y =0.05Ep the ls- and 2s-exciton absorp-
tion lines well resolved. The ionization continu-
um for n =0 agrees welt. with Elliot's result. '
Kith increasing free-carrier concentration, the
ionization continuum shifts to lower energies.
The lowest exciton resonance is seen to shift
very little, due to the high degree of compensa-
tion between the weakening of the e-h binding and
the band-gap reduction. The improved compensa-
tion as compared to Ref. 6 has been obtained by

an accurate calculation of temperature depen-
dence of the single-particle energy. The curve
with n =5&10" cm ' is slightly above the Mott
transition, but still a large excitonic resonance
is present. This excitonic enhancement would be

reduced slightly if the concentration dependence
of y were included. The optical gain («0) due
to the population inversion for ~ ~ p, where p
= p, + p h is the quasichemical potential, cannot
be observed in single-beam experiments in which
one is limited to the region - p. The associate
refraction spectra show that around the ls level
large dispersive changes occur with increasing
free-carrier concentration. Especially for«„the refraction index decreases with increas-
ing free-carrier concentration. This optical non-
linearity due to the ionization of the excitons is
the mechanism responsible for the observed opti-
cal bistability in GaAs. ' Experimental absorption
spectra of GaAs according to Hildebrand, Falten-
meier, and Pilkuhn" and Shah, Leheny, and
Wiegmann" are shown for comparison in Fig. 2

for three excitation intensities. One sees that
there is good qualitative agreement with the cal-
culated spectra. Quantitatively similar results
have been obtained in a single-beam experiment
by Gibbs et al.' Naturally, in a single-beam ex-
periment one observes a residual absorption
even at high light intensities due to the fact that
the quasichemical potential p always stays below
(d.

As already discussed, the main difference be-
tween InSb and GaAs is the opposite ratio of the
damping y to the exciton Rydberg E,. Because of
this difference, the exciton resonances are not
resolved in InSb at I' =77 K (see Fig. 3), but the
excitonic enhancement still causes large devia-
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FIG. 3. Calculated spectra of absorption and refrac-
tion for InSb at various internal excitation intensities
I; . The frequency of the pump beam was assumed to
be 0=225 meV. The electronic temperature is I' =77
K. The experimental points of the low-intensity absorp-
tion spectrum are taken from Bef. 13.
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FIG. 4. (a) Carrier density; (b) absorption &(( 0,~, )
and refraction n(~0, 1;) at ( 0=225 meV vs the internal
excitation intensity I; for InSb at & =77 K.
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purity concentration of the order of 2 x10"cm-'.
ln conclusion, we have shown that an accurate

numerical solution of the linear shielded-potential
approximation allows an unified description of the
optical nonlinearities in GaAs and InSb, which
are responsible for the observed optical bistabil-
ities in these narrow-gap materials.
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FIG. 5. Comparison of the calculated changes of the
averaged refraction spectrum —dn/dI for intensities I
between 30 and 50 W/cm with the measured coefficient
n2, defined by n(~) =no(~) —n2(ur)I, according to Ref. 14
for InSb at 77 K.

tions from the square-root dependence of o'(~)
close to the band edge for small free-carrier
concentrations. The experimental values of n (to)
for n. - 0 are taken from Ref. 13. For InSb, where
real bound e-h pairs never exist, the free-car-
rier concentrations can in the stationary case be
expressed directly in terms of the laser intensity
via a simple rate equation. ' The resulting rela-
tion is plotted in Fig. 4(a), where the saturation
effects are clearly seen. The crystal bleaches
when the quasichemical potential p approaches
the pumping frequency &,. The changes of the ab-
sorption and refraction at a fixed frequency with
varying laser intensity are shown in Fig. 4(b).
The changes of the refraction index with intensity
have been measured" from the beam-profile dis-
tortion at the onset of defocusing between 10 and
40 W/cm'. In the linear approximation n(~)
=n, (~) -n, (u)I of Ref. 14, these changes are de-
scribed by the function (n~) In Fig.. 5 we com-
pare the experimental values of Miller eg al."
with the calculated first derivative —dn(~)/dI av-
eraged for intensities between 30 and 50 W/cm'.
A surprisingly good agreement is obtained, if one
considers that the InSb crystals contained an im-
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