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Alfvdn-wave resonances are used to measure time decay of the electron-hole drop ra-
dius in stressed Ge, and striking new properties of the condensate are observed. Com-
pared to standard results, the drop volume is larger by more than 1000, and the drop
lifetime is increased from 40 p, sec to over 400 @sec. We believe the long-lived conden-
sate corresponds to low-density Ge(111) or Ge (110) phases with one or two electron
ellipsoids occupied.

(u'= c'k'/e(u)) =H k'/4zn(m, + m„). (2)

For an isotropic spherical plasma of radius R,
the resonance condition is kB =y,.;, where y, , giv-
en in Ref. 1 are approximately the roots of a
spherical Bessel function. At constant frequen-
cy the resonant fields of the modes of the EHD
sphere are directly proportional to the radius:

H(ij) = [4~n ~'(m, + m„)/y, ,']"'H -=ra.
For co=1.6&10» sec ', m, +m„= 0.4m, and y»
= 3.25, a resonant field H(11) of 20 kQe corre-
sponds to 8=0.13 mm for n=2. 2x10 cm and
to R=0.23 mm for n=0. 7&10"cm '. We ob-
serve magnetic dipole modes with currents circu-
lating throughout the drop; thus, it would be im-
possible for a cloud of small drops to display the
observed sharp resonances, with coT as high as

We previously reported excitation of microwave
dimensional resonances of large electron-hole
drops (EHD) in germanium. ' These resonances
correspond to standing Alfven waves in a drop of
the electron-hole plasma. With standard drops,
which we shall call n drops, Alfven resonances
have not yet been observed. We report here the
discovery that the large drops displaying Alfven
resonances have a greatly increased lifetime;
we call these long-lived drops y drops. ' At low
temperatures the observed lifetime is of order
400 psec compared to 40 p, sec for n drops.

For equal concentrations of electrons and holes
with scalar masses m, and m„, the dielectric
function is

e((u) = 4~c'n(m, + m„)/H'

in the limit of 7 '«~«co„ the cyclotron fre-
quency. Here n is the electron-hole density of
the drop and H is the externally applied field.
This leads to the dispersion relation for Alfvd'n

waves, '

30. These radii are over an order of magnitude
larger than the n-drop radii previously mea-
sured by Rayleigh scattering, ~ where R «10 pm.

We observe the decay of the resonant fields
H(ij) and of the EHD luminescence intensity after
the excitation light is switched off. Because the
drop radius is proportional to H(ij), the Alfven
resonances provide a unique probe of the drop
kinetics. In our microwave experiments the pure
Ge samples (N„=10" cm ') are disks of diameter
3.9 mm and thickness 1.4 mm (sample CR1) arid

1.65 mm (sample CR3) mounted without metal
contacts and stressed in a dielectric holder by a
nylon set screw. No Alfven resonances are ob-
served when the stress is removed.

The experimental arrangement is described
in Ref. 1, with the lockin detector replaced by
a boxcar integrator. The laser excitation is
switched on for 2 msec and off for 30 msec, with
10- p,sec risetime. The boxcar gate of width 10
p,sec or less is swept slowly from a delay of zero
to 4 msec after the light is switched off. A series
of microwave-absorption modes (Fig. 1) is ob-
served up to 2 msec after the excitation light is
removed; the time delay of these modes depends
on the external magnetic field. These absorption
modes correspond to the previously observed
Alfven resonances. As the drop radius decays a
resonance is observed whenever H(ij) =H. As-
suming the form H(ij) = rH, exp(- t/3T, ), we find
from Fig. 1 that 7~=615 p,sec.

Direct confirmation of enhanced lifetimes is ob-
tained from the decay of the drop luminescence
spectrum after the light is switched off, Fig. 2.
This experiment, performed under somewhat dif-
ferent stress conditions, yields 7„=350 psec at
T =1.8 K. The lifetime increased from 350 to
600 p,sec as the incident light intensity was re-
duced from 100 to 0.1 mW. We have observed
the simultaneous decay of the luminescence and
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FIG. 2. Decay of the luminescence spectrum for sam-
ple CR1 after the light pulse, showing the long drop
lifetime, yz ——850 @sec at T =1.8 K, H=0, and P=440
mW. The vertical deflection varies linearly with signal
intensity. The spectrometer is calibrated to +2 meV,
with a resolution of 2.5 meV.

FIG. 1. Microwave absorptions following a 2-msec
square laser pulse (P ~ 400 mW) for several external
magnetic fields H. The modes labeled C and E corre-
spond to two of the Alfven resonances reported earlier,
Ref. 1. The drop radius decays as R=Roexp(-t/3v&),
and absorption modes are observed whenever H{jj)=H.
These data for sample CR1 at T =1.5 K yield zz

——615
p, sec. The gain in the lower three traces is 2.5 times
the gain in the upper three; and ~ =1.585x10~~ sec ~.

drops is shifted toward lower, photon energy by up
to 5 meV, depending on the stress; (3) enhanced
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Alfven resonances, and in Fig. 3 we plot I~„ver-
sus [H(ij)]' of the C line. The linear dependence
for H(ij) &10 kOe confirms the simplified rela-
tions I&„~R' and H(ij) ~R for these high fields.
Deviations are found for H(ij) &10 kOe, to be re-
ported later.

We have also produced these long-lived drops
in a variety of samples using a variable-stress
holder with up to 20 kg applied to a cylindrical
plunger of cross section 2.4 mm'; experiments
are in progress to determine the dependence of
I&„, T„, and the luminescence spectrum on
stress, temperature, and sample geometry.
Our preliminary results are (1) the total drop
luminescence from the sample is a maximum
when the laser is focused to a point near the
plunger, indicating that the y drop is formed near
the region of maximum stress; (2) for stress
along (110) the luminescence spectrum of the y
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FIG. B. Intensity of the LA-phonon- assisted drop

luminescence versus the cube of the Alfven field of the
C line, measured simultaneously after the laser light
is switched off. Here, P = 70 mW and T = 1.8 K. The
straight line has slope 01.0. Insert, Kel-F crystal
holder. Stress is applied to the sample along (110) by
the nylon set screw.



VOLUME 34, NUMBER 5 PHYSICAL REVIEW LETTERS 3 FEBRUARY 1975

lifetimes are also observed at 4.2 K, where @-
drop lifetimes are considerably shortened by in-
creased evaporation of electron-hole (e-h) pairs;
(4) no y drops are formed when the stress is re-
moved and reapplied at helium temperatures, un-
less great care is taken to apply the stress via a
"soft" plastic interface which minimizes the high-
stress points at surface irregularities. Other-
wise, when the stress is reapplied at He temper-
atures, the luminescence intensity and lifetime
decrease, consistent with results reported" for
D drops.

The long lifetime of y drops suggests that the
e-h density is significantly lower than the density
in the o. phase in unst:rained Ge. We expect the
radiative lifetime to vary as n and the nonradi-
ative' Auger lifetime to vary as n '. The e-h den-
sity in the condensate in unstressed Ge is close
to 2.2x 10" cm ', by experiment and by calcula-
tion. Here four conduction-band ellipsoids and
two valence bands are populated; the configura-
tion is described as Ge(4:2). For a (111)uniaxial
stress near 3 kg mm ' only one electron ellipsoid
and two hole ellipsoids are populated", the e-h
density' decreases by the factor 0.32 to n = 0.65
x10" cm ', and x, increases from 0.6 to 0.9.
The radiative and nonradiative lifetimes are ex-
pected to increase: ~R(y)/~R(n) = 3 and TNR(y)/
&NR(o') =10.

The strong (111) stress limit, usually called
Ge(111), is reached near 10 kg mm '. The con-
figuration here is Ge(1:1), with only one electron
ellipsoid and one hole ellipsoid populated. Va-
shishta, Das, and Singwi' calculate r, =1.6 and
~ =1.11x10"cm 3. Thus for the Ge(1:1) config-
uration we expect vR(y)/7'R(o. ) = 20 and &NR(y)/
vNR(o. ) = 3SO. Up to the present our y drops have
been formed in the nonuniform strain field near
the point of application of a local stress, usually
(110). We believe the drops are in a. mixed con-
figuration. There appears to be no difficulty in
accounting for the observed lifetime enhancement
of 10 to 20 on this model; the large drop size fol-
lows directly from the kinetics. Experiments
show a clear threshold stress for the formation
of y drops even in this nonuniform (but conven-
ient) geometry. We have a, preliminary observa-
tion of the narrowing of the luminescence line
near 709 meV in the y drops. With no allowance
made for the nonuniformity of the strain across
the drop, we infer n(y)/n(o. ) ~ 0.30 on the Fermi-
energy model of the linewidth.
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