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and other experiments. In both of these cases, it
is easily possible that a regular motion of vortex
structures can be set up under appropriate flow
conditions, which we speculate may be related to
certain observations of regular and irregular
orbital fluctuations.®

It is interesting to speculate on the outcome of
a measurement of quantized vorticity in 3He-A
by the Vinen® vibrating-wire experiment or other-
wise. At a Vinen wire the boundary condition will
require I to be radial and the phase may rotate by
any integer number of units 27; a texture in, for
instance, a cylinder can simply add or subtract
47 to this, so that any integer amount of vorticity
is possible. However, the results might be cha-
otic in the absence of a field because of vortex
textures throughout the liquid. With a field the
wire can again have integer vorticity but in the
surrounding liquid the 47 double vorticity is the
most stable vortex line, consisting of a “core”
which is a Fig. 1 texture of size ~Rg, and a con-
ventional outer region. Thus, one may tend to
add or subtract double units.

In summary, the most important point to be
made is that dissipation in this superfluid is qual-
itatively different from that in other superfluids
and in most broken-symmetry systems, in that
it can occur by the motion of textures (rather like
“topological solitons”) and not only by singular-
ities of the order parameter. Thus, the proper-
ty of superfluidity takes a very novel form in this
case.
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pitality during the preparation of this Letter.
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Condensation of Optically Excited Carriers in CdS: Determination of an
Electron-Hole-Liquid Phase Diagram
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(Received 29 November 1976)

We demonstrate formation of an electron-hole liquid in CdS by phase separation of op-
tically excited carriers. Measurement of the electron-hole-liquid density as a function
of pump intensity and sample temperature determines the liquid portion of the liquid-gas
coexistence curve giving a low-temperature liquid density of 2x10'8 em™3 and T,.=55°K.

We present measurements which demonstrate
the phase separation that occurs when an electron-
hole liquid (EHL) forms by condensation from a
less dense gas of excitation in CdS. These mea-
surements allow construction of the liquid por-
tion of the gas-liquid coexistence curve. Experi-
mental identification of the EHL phase, bound by
13 meV, in highly excited CdS has been recently
reported'™® and these measurements are in good

agreement with the calculations of Beni and Rice.?
The liquid chemical potential was found to be in-

~dependent of pump intensity at 2°K,' suggesting

that phase separation was occurring but no other
evidence for this phenomenon was provided. The
new results reported here provide additional evi-
dence for phase separation and establish that the
critical temperature, above which the liquid does
not condense, is T,~55°K. In addition the low-
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temperature liquid density is found to be N =2
x10*® cm™3, a value 20% smaller than that calcu-
lated by Beni and Rice.* While no detailed calcu-
lations of the EHL properties at high temperature
are available we find that the liquid density varia-
tion with sample temperature is in good agree-
ment with a scaled version of the Ge phase dia-
gram calculated by Reinecke and Ying.? We take
this result to indicate that the interactions impor-
tant for condensation in CdS are not too different
from the properties of EHL condensation in in-
direct-gap materials.

EHL formation creates an inversion of filled
conduction-band states with respect to empty va-
lence-band states resulting in large optical gain
in a direct-gap semiconductor. The resultant am-
plification of luminescence can cause considera-
ble distortion of the recombination spectra mak-
ing luminescence studies unreliable for determin-
ing EHL properties.® However, the gain spectra
can be used directly to establish the distribution
of excited states in the crystal. At 0°K the gain
linewidth, measured from the high-energy edge
to the low-energy edge of the gain spectrum,
corresponds to the sum of the carrier Fermi en-
ergies, which is directly related to the carrier
densities. In addition the energy difference be-
tween the high-energy edge and the free-exciton
energy corresponds to the EHL binding energy.
At higher temperatures, thermal excitation of
the Fermi system modifies the distribution of
carriers shifting the high-energy edge of the gain
spectrum to lower energy, but the gain linewidth
"is still equal to the sum of the carrier Fermi en-
ergies. We have used these relationships to de-
termine the EHL density in CdS by measuring
gain linewidth as a function of pump intensity and
sample temperature.

Gain spectra were obtained by the method of
amplified spontaneous emission® using N, laser
excitation (100-kW peak power, 107 ¢ sec pulse-
width, and 30 pulses per sec). Measurements of
gain with pulsed lasers of low duty factor require
g120.1 where g is the net gain per unit length and
! is the path length over which amplification oc-
curs. The method of amplified spontaneous emis-
sion is particularly useful for low excitation in-
tensities since small net gain can be compensated
by longer excitation length. Data were obtained
using a sensitive Vidicon system to record the
entire spectrum simultaneously and the measure-
ment corresponds to a time average over the
pumping pulse.

Figure 1 illustrates luminescence spectra ob-
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FIG. 1. (a) Spectra obtained for edge emission for
two values of N, laser excitation length as shown in the
inset. (b) Points correspond to logarithm of the ratio
of spectra in (a) while solid line is a fit of the data as-
suming Ny=2x10'% cm™3 and T=0°K. The sample tem-
perature is 25°K, p, corresponds to the chemical poten-
tial at T=2°K, and the small shift in chemical potential
at 25°K is evident.

tained from the sample edge for two values of ex-
citation length (I ~6x102 ¢m) and for a crystal
temperature” of 25°K with pump intensity of 10*
W/cm?. These spectra contain exciton recombi-
nation features arising outside the liquid phase as
well as contributions from the EHL. The two
spectra interset at an energy where loss changes
to gain [I(21) =2I(l)] and the high-energy intersec-
tion corresponds to the chemical potential of the
liquid phase, u. The gain spectrum is deter-
mined from the logarithm of the ratio of these
spectra gl =In(R —1). This gain spectrum results
only from the condensed phase and has a typical
EHL line shape as shown in the figure. This mea-
surement of the liquid line shape agrees well with
that determined from direct amplification of the
probe beam at higher excitation intensity.! The
solid curve is a fit of the gain line shape assum-
ing parabolic bands and no momentum conserva-
tion in the electron-hole recombination.®

In Fig. 2(a) we summarize results of gain line-
width measurements made for a factor of 102
variation in pump intensity. The solid curve il-
lustrates the expected linewidth for a plasma hav-
ing an average density N corresponding to the ex-
citation density, taking the carrier lifetime to be
107? sec and excitation penetration depth of 10”4
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FIG. 2. (a) Variation in gain linewidth with pump in-
tensity for sample temperature of 25°K. The solid
points indicate the linewidth determined by fitting the
data with a theoretical expression assuming no momen-
tum conversation. The flag indicates the minimum line-
width estimated from the high- and low-energy cutoff
of the measured gain. The solid curve indicates the
variation of the sum of the carrier Fermi energies for
the calculated average carrier density, N. (b) Varia-
tion in gain linewidth with sample temperature for two
values of pump intensity corresponding to N above and
below the low-temperature liquid density. Dashed
curve, variation of constant density Fermi liquid; solid
curve, phase diagram of Fig. 3.

cm. While these are only estimates of the actual
lifetime and penetration depth, it is clear the
measured linewidth is considerably broader at
low pump intensity than expected for a plasma
with density N, and is insensitive to changes in
pump intensity. The data are best described by
a fixed density N,=2X10'® cm™®. Condensation
of the excitation is required to achieve this liquid
density when N<N, and for this condition the con-
densed phase is in equilibrium with the gas phase.
We can make use of this result to determine the
temperature variation of the liquid phase that co-
exists with the gas phase by measuring the gain
linewidth as a function of temperature. Typical
results are shown in Fig. 2(b) for pumping condi-
tions corresponding to N <N, and N>N,. For N
<N, (N=3x10" cm"?) the gain linewidth varies
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FIG. 3. Liquid-gas coexistence curve in the phase di-
agram of CdS. The solid line corresponds to the Rein-
ecke-Ying calculation (Ref. 5) for Ge scaled for Ny=2
x10'"® cm™? and T, =55°K.

rapidly with temperature, with no measurable
gain above =55°K. Since phase separation is oc-
curring, a plot of liquid density variation repre-
sents the liquid portion of the gas-liquid co-exis-
tence curve and is shown in Fig. 3. Phase separ-
ation occurs up to some maximum temperature
T, above which only a s__ingle electron-hole-plas-
ma phase with density N exists. For the pump in-
tensity used there is no gain resulting from this
plasma for temperatures above T,. We have
estimated T, for CdS by assuming that the ex-
change and correlation energies are independent
of temperature and calculating the variation in
chemical potential with density at each tempera-
ture.® In this way we find 7 ,~50°K in good agree-
ment with our observation. At low temperatures
our measured EHL density varies with increas-
ing temperature as T? like a noninteracting Fer-
mi liquid, while at higher temperature the de-
crease in liquid density is more rapid. Reinecke
and Ying® have calculated a phase diagram for
Ge and Si and their result for Ge is in good agree-
ment with the measurements of Thomas, Rice,
and Hensel.!® In the absence of a detailed theory
for the high-temperature behavior of an EHL in
CdS we have compared our measurements to a
scaled version of the Reinecke-Ying phase dia-
gram for Ge shown as the solid line in Fig. 3.
For the case where N >N, the pump laser can
generate an excitation density greater than the
liquid density and for this case we observe con-
siderably less temperature variation of the gain
linewidth. In this case the observed reduction of
linewidth with increasing temperature can be ac-
counted for by calculating the thermal variation
of the sum of the electron and hole Fermi ener-
gies for constant carrier density. The dashed
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curve in Fig. 2(b) illustrates the result of such

a calculation for N=2x10'® ¢cm™2 in CdS. Since
the EHL has a rather small compressibility for
compression to densities larger than N, the ex-
citation is expected to expand into the crystal un-
til this density is achieved as indicated by the
data shown in Fig. 2(a). However, at higher tem-
peratures expansion beyond N, to the equilibrium

density at the sample temperature is not observed.

There is evidence that in Si at higher tempera-
tures expansion of an initially overdense plasma
(N=N, but greater than the equilibrium density)
takes a time on the order of 10-20%10"° sec.™
This time is considerably longer than the excita-
tion lifetime in a direct-gap material like CdS so
it is unlikely that the equilibrium density can be
achieved by expansion beyond N, during the ex-
citation lifetime. These considerations suggest
that the droplets of liquid expected to form for
the case of underdense pumping can be expected
to have rather small radius.

In conclusion we have investigated condensation
of optically excited carreirs in the direct-gap
semiconductor CdS and find that the liquid phase
can form from an underdense gas of excitation up
to temperatures ~55°K. These results determine
the liquid portion of the gas-liquid coexistence
curve for this system. While our understanding
of condensation phenomena in the limit of pulsed,
high-intensity excitation is not complete, we find
that our results are in good agreement with sim-
ilar measurements made under quite different
pumping conditions for Ge, and indirect-gap ma-
terial with very different excitation decay kinet-
ics. The short lifetime of the excitation, and the
high density of the liquid phase in CdS might be
expected to create very different conditions gov-
erning the condensation process; nevertheless,

our results demonstrate that the factors deter-
mining the liquid portion of the coexistence curve
for EHL’s are quite general with similar behavior
for materials having very different band struc-
tures.
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The properties of dilute Ruderman-Kittel-Kasuya-Yosida—coupled classical spins ran-
domly embedded in an fcc lattice have been investigated by computer simulation. Re-
sults at T =0 are given for spatial correlations, molecular-field distributions, suscepti-
bility, and frequencies of elementary excitations. Treating the latter as bosons, we find
quantitative agreement with measured specific-heat values. The susceptibility x(0) is al-

so in accord with experiment,

A characteristic property of experimental spin-

glass systems is that the low-temperature speci-

fic heat is approximately linear in 7 and substan-
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tially independent of concentration ¢ over some
considerable range of ¢."'> Attempts to explain
this behavior on the basis of single spin excita-



