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A large volume of electron-hole liquid is formed by optically exciting a suitably stressed crystal of Ge. A
contact stress produces a maximum shear region inside the crystal which acts as an attractive potential well
for photoexcited carriers. Properties of the electron-hole liquid confined to this strain well are determined
from spectral and spatial measurements of the recombination luminescence under wide variations in stress,
temperature, and excitation level. Both electron-hole liquid and free-exciton phases are observed near 4 K,
confirming the interpretation of a first-order liquid-gas phase transition and giving the exciton condensation
energy ¢~1 meV. The liquid pair density at intermediate {111) stress is determined to be
(0.504-0.05) X 10" cm™* from a luminescence line-shape analysis which takes into account the reduced
electron band degeneracy and the strain-dependent hole mass. Magneto-oscillations in the luminesence
intensity are observed which yield a similar density. A tenfold enhancement of the liquid lifetime is observed
for stresses above 5 kgf/mm’ and 1.8 < T < 4.2 K, consistent with the reduced pair density and inhibited
liquid evaporation in the strain well. Compression-of the liquid at high excitation level is reflected in the line-
shape, lifetime, and spatial imaging measurements. Time-resolved imaging of the liquid luminescence
provides a striking contrast between the strain-confined liquid and the usual cloud of droplets in unstressed
Ge. )
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I. INTRODUCTION

The electron-hole liquid (EHL) in semiconduc-
tors! represents a low-temperature phase transi-
tion of photoexcited electrons, holes, and free ex-
citons (FE) into a uniform-density Fermi fluid.
The properties of this unique liquid have been
studied extensively over the past decade.? Most
experiments to date have dealt with unstressed
high-purity Ge, where a diffuse cloud of electron- .
hole droplets (EHD) (each ~1-10-um size)® are
formed. In a previous paper,* we showed that.a
large volume of EHL may be produced by carefully
stressing a Ge sample, thereby confining the liquid
to a maximum-stress region inside the crystal.
This strain-confined liquid was termed a “y drop,”
in contrast with the small “a drops” in unstrained
Ge. A detailed analysis of the required macro-
scopic stress conditions was given. In this paper,
we describe a number of luminescence experi-
ments which determine the particular properties
of the strain-confined EHL. We have observed
luminescence from the gas of excitons in equilib-
rium with the liquid, thereby establishing the tran-
sition to the liquid phase. As expected, the brop-
~ erties of the strain-confined EHL, most notably
the electron-hole (e-%) pair deunsity n,, exciton
condensation energy ¢,, and e-k2 recombination
lifetime 7,, are significantly different from those
of EHD in unstressed Ge.

Evidence is presented here that for moderate -

excitation levels (corresponding to drop radii

< 150 wm), the ydrop occupies a region of approxi-
mately uniform strain, so that the equilibrium
properties may be studied. Larger drops are
compressed by the strain well, resulting in an in-
creased pair density and, consequently, a de-
creased pair-recombination lifetime. This com-
pression affects most of our experimental results;
a theoretical discussion of the EHL compressibili-
ty has been presented.’

While the properties of the EHL are expected to
vary smoothly with uniform applied stress,’ there
are three distinct regimes under (111) compres-
sion. (i) The unstrained crystal, in which the elec-
trons are equally distributed in four conduction-
band valleys, and the holes are in two degenerate
bands. In the notation of Ref. 4, we refer to this
state as Ge(4:2); the numbers refer to the number
of occupied conduction valleys and valence bands,
respectively. Several calculations have been made
of the properties of this state,®™® and the results
are in good agreement with experiment.? (ii) Under
moderate (111) compression (3 s —o< 10 kgf/mm?,
where 1 kgf=9.80665 N, and compressional
stresses are taken to be negative) the conduction-
band degeneracy is broken, and only a single val-
ley is occupied. The two hole bands are partially
split by the stress, but the splitting is less than
the hole Fermi level. This state, Ge(1:2), is the
principal object of the experimental study pre-
sented here. The results are in reasonable agree-
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ment with theoretical calculations.>® (iii) At high-
er stress (-0 = 10 kgf/mm?) one valence band is
completely depopulated. This final state, GE(1:1),
is theoretically expected®"+1° to have a consider-
ably lower density than for the other states. In
general, the stresses needed to observe this state
are higher than those obtained in the present ex-
periments.

In nonuniformly strained Ge, photoproduced
EHD are attracted to regions of maximum shear
strain. By applying a contact stress over a portion
of the crystal surface it is possible to create one
or more energy minima interior to the crystal.*!:12
This Hertzian contact stress'® may be produced by

_applying a moderate force to the sample with a -
slightly rounded plastic plunger. Small EHD pro-
.duced near the light excitation point are attracted
to these potential wells and coalesce into masses
of EHL. In Refs. 4 and 11 it was shown that the
potential minima are located in regions of the cry-
stal where the local strain tensor is approximately
equivalent to a (111) uniaxial strain. This is be-
cause the electronic deformation potential in Ge
is largest for a uniaxial strain along the (111)
axis. If the contact force is applied along a direc-
tion other than (111), potential minima occur along
(111) axes radiating out from the point of contact.
Thus 1,2, or 4 drops are produced when the con-
tact force is applied along (111), (110), or (100)
directions, respectively. These multiple drops
are found to have similar properties irrespective
of the direction in which the contact force is ap-
plied, consistent with the idea that in each case
the potential minima correspond to a local (111)
uniaxial strain.

The formation of large volumes of strain-con-
fined liquid is a phenomenon quite distinct from the
usual EHD formation in unstressed Ge. If an un-
stressed sample of Ge is illuminated by a laser
beam focused to a point, the EHD produced by the
light will form a cloud**% of small droplets which
increases in size as the laser intensity is in-
creased. Experiments reported here—infrared
imaging, kinetic studies, and spectroscopy-—show
that a cloud of small drops is readily distinguish-
able from the strain-confined liquid. We report
here on experiments on both stressed and un-
stressed ultrapure dislocation-free Ge crystals.
Where possible, direct comparisons will be made
between the y drop and a cloud of & drops pro-
duced in the same sample when the stress is re-
moved. The measurements may be grouped into
several categories.

a. Spectroscopy of the electron-hole liquid. The
recombination luminescence was measured vs
wavelength at 1.8 and 4.2 K for various laser ex-
citation levels. The luminescence linewidth from

the y drop is constant at low excitation levels, in-
dicating a constant e-% pair density in the liquid.
From these data at intermediate stresses we esti-
mate an equilibrium density #,(1.8 K, —o~ 6 kgf/
mm?) =0.50 X 10*” cm™, ¢ompared to the a-drop
density 7,(1.8 K)=2.2X 10" cm™.2 Luminescence
from excitons in equilibrium with the strain-con-
fined liquid was observed, giving an estimate of
the exciton condensation energy, ¢ =1 meV. Aside
from the spectral differences between a and y
drops, the intensity of the y-drop luminescence
was observed to be relatively independent of tem-
perature between 1.8 and 4.2 K, indicating that the
strain gradient inhibits boiloff from the liquid. In
addition, many of these properties have been stud-
ied as a function of stress. Magneto-oscillations
Jn the luminescence intensity were observed which
determine an electron Fermi energy in agreement
with spectroscopic data. From the luminescence
lineshape and the magneto oscillations in lumine-
scence intensity, we find evidence that only one
conduction valley is occupied in y drops.

b. Decay kinetics. Time dependence of the total
luminescence yields the volume decay time 7,=400
to 600 psec, compared to 7,=40 usec for a drops
at 1.8 K. This enhanced 7, is relatively constant
below 4,2 K, consistent with a reduced density and
inhibited evaporation from the strain-confined
liquid. The y-drop lifetime is found to be greatly
reduced in dislocated Ge.

¢. Imaging of the recombination luminescence. Time-
resolved spatial profiles of ¥ drops and @
clouds are obtained by scanning the crystal image
across the spectrometer slit. Taking into account
the difference in lifetimes, comparisons can be
made between the y-drop density and the average
e-h pair density over the a cloud. The cloud den-
sity is two orders of magnitude smaller. Under
square-wave modulated excitation, decays of these
luminescence profiles have been observed at 1.8 K.
The radius of the y drop decays in time, as ex-
pected, whereas the cloud radius does not. Results
are in agreement with previous Alfvén wave mea-
surements.'®

The experimental techniques used in the present
study are described in Sec. II. In Sec. III we dis-
cuss the spectroscopic properties of ¥ drop and
FE luminescence, including the measurement of
the y-drop density, and exciton condensation ener-
gy ¢. The stress and magnetic field dependences
of the luminescence are also discussed. The life-
time and temperature dependences of the lumine-
scence are discussed in Sec. IV. In Sec. V the
spatial properties of ¥ drops and a clouds are
compared, including the dependence on the excita-
tion level and on the time after turn off of the ex-
citation source. In Sec. VI the principal results
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are summarized and discussed, including the de-
termination that only one conduction valley is oc-
cupied in y drops.

II. EXPERIMENTAL PROCEDURES

The crystals of ultrapure dislocation-free Ge
used in these experiments contained N, <10 cm™
and were grown by Hansen and Haller.!” The sam-
ples were cut along crystal symmetry axes to
dimensions 3.85X%3.85 X 1.75 mm and etched in a
3HNO,:HF solution. In most of the experiments
below a force was applied along a (111) axis of the
crystal, resulting in a single potential well for the
EHL; a (110) axis was perpendicular to the 3.85
% 3.85 mm face [(110) face]. The sample was
mounted as in Fig. 1(a), very similar to the ar-
rangement previously used.? This arrangement
allowed viewing along the (110) face (“face view”)
as well as along the stress direction via a mirror
oriented at 45° below the sample (“end view”).

The stress was applied from above by a rounded
nylon plunger (contact sphere radius ~4 mm). The
force on the nylon plunger was transmitted by a
stainless-steel rod from a calibrated spring ar-
rangement outside the cryostat. Typically, a
10-kgf force was applied to the plunger before
cooling the sample. This procedure created a
contact area of about 1 mm?, As described in Sec.
oI, after the crystal and plunger were cooled to
“He temperatures this contact area remained rel-
atively insensitive to variations in the applied
force. The applied force could be varied between
0 and 25 kgf while the sample was immersed in
liquid helium. In one experiment described in Sec.
III B a slightly rounded brass plunger was used to
contact the sample through a thin sheet of mylar.
In this case the contact area was found to increase
considerably with applied force.

A schematic diagram of the optical system is
shown in Fig. 2. Light from the 2-W argon-ion
laser was filtered with an H,O bath to attenuate
the infrared radiation fromthe plasma tube. A
special mechanical chopper was built to modulate
the laser light: sufficiently fast rise and fall times
(~5 psec) were obtained by focusing the laser
beam to a point in the chopping plane. Typically,
square wave modulation at 225 Hz was employed.
The laser light was focused to ~100-um spot on
the Ge surface, accurately positioned by translat-
ing the laser focussing lens. /

We used a modification!® of the imaging technique
employed by Pokrouskii?‘® and Martin!® to study
the spatial distribution of the luminescence eman-
ating from the sample. A precision imaging lens
(Fig. 2) formed a sharp, 3X magnified image of the
crystal onto the entfance plane of a 3 meter Jar-
rell-Ash spectrometer. In experiments of Refs.
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FIG. 1. (a) Method for applying a contact stress to a
Ge crystal. The force is applied to the rounded nylon
plunger by a calibrated spring arrangement outside the
cryostat. (b) Definition of the coordinate system used
in this paper. In a “‘yp scan” the image of the crystal is
translated across a vertical spectrometer slit. Only
the luminescence radiation passing through this slit is
detected. In a “z scan,” the image of the face view is
translated across a horizontal spectrometer slit. In an
“x scan,” the end view image from the 45° mirror is
translated across a horizontal slit.

2(a) and 15, the laser spot was translated across
an unstressed Ge sample, thus moving the a-cloud
image across the entrance slit of the spectrometer.
Because the y drop remains fixed in the crystal,
we have modified this technique as follows: , the
luminescence image of the entire sample was
translated across the front of the spectrometer,
using a deflection mirror precisely controlled by
stepping motors. A spectrometer slit could be
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FIG. 2. Schematic plan view of the experimental

apparatus. The deflection mirror can be automatically
scanned about two axes, vertical and horizontal, thus
translating the image of the crystal in the image plane
of the spectrometer past a slit oriented either horizon-
tally (“z scan” or “x scan”) or vertically (“y scan”);
see Fig. 1(b). '
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mounted vertically or horizontally [ Fig. 1(b)], per-
mitting only luminescence from a narrow strip of
the crystal to enter the spectrometer. This tech-
nique allowed time- and wavelength-resolved image
scans to be taken along three orthogonal spatial
directions. The following conventions are followed
in this paper [Fig. 1(b)]: a “y scan” is formed by
translating the image horizontally, across a verti-
cal slit; a “z scan” is formed by translating the
face view of the image vertically, across a hori-
zontal slit; while an“x scan” is formedby translat-
ing an end view vertically, across ahorizontal slit.
The zero point of these scans is as follows:
y=0 at the center of the crystal (below the
plunger); z=0 at the face of the crystal con-
tacting the plunger; and x=0 at the face of the
crystal illuminated by the laser. A scanner
control circuit allowed precise digital position-
ing and recording of the mirror tilt, or image
position. The distance the image was translated
by one step of the stepper motor was different
in the vertical and horizontal directions; these
distances were about 12 um for y scans and

8 um for z and x scans. The spectrometer
allowed wavelength resolution of the lumines-
cence, which was detected by a cooled high-
sensitivity Ge photodiode. A PAR model 160 box-
car integrator was used to obtain images at dis-
crete times after turn off of the laser excitation..
These delay times ranged from 5 psec to 2 msec
with a time resolution (amplifier rise time and
boxcar gate width) of 10 usec.

The spatial resolution of the luminescence im-
ages was determined by the slit width and the
sweep speed used for the slit scans, by the reso-
lution of the lens, and by the optical quality of
the crystal surface. After the etching procedure
described above, the two faces of sample CR38
through which luminescence was collected were
polished with Syton. The best resolution we have
obtained in this way is estimated to be ~#40 um.

The luminescence profile from a slit scan of a
constant-density spherical (or ellipsoidal) object
should be

I{x) <R? - 42 ' 1)

where x is the slit position and R is the radius of
the object (y drop or @ cloud). The full width at
half maximum W of the profile is related to the
radius R by

R=W/V2. (2)

This relation is true if the slit width is sufficiently
small compared to R; in fact, Eq. (2) is true with-
in a few percent if the slit width s <0.7 W. For the
case s=0.7 W the shape of the profile is affected
by the finite slit width, but the widih (full width at

half maximum) of the profile is not significantly
changed. Equation (2) is used throughout this
paper to obtain both y-drop and a-cloud radii.

The slit scans were obtained using standard 250-
or 150-um spectrometer slits, allowing resolution
of y-drop radii 280 or 50 um, respectively, due
to image magnification. The sweep speed was
always chosen so as not to affect the width of the
scans.

We used a Tessar 105-mm f/3.5 camera lens
for high-quality images. The lens was positioned
to give the narrowest y-drop profile at moderately
low excitation. It is important to focus using EHL
luminescence, since the focal length of the lens
changes with wavelength. (The focal length is
about 5% longer at 1.75 um than at 0.5 pm.) The
resolution of such a lens is estimated to be <40
pm.

The excitation level is given in this paper by the
actual laser power P, absorbed into the Ge sam-
ple. As in Ref. 4, this was obtained by measuring
the laser output at various points in the optical
path using a thermopile, and checking that there
was no significant ir transmitted through the H,0
bath, Our values of P, include the fact that only
47% of light at 5145 A is absorbed into Ge at 4 K.!°
In previous publications®®:2° the laser output P
was given; the absorbed power P, ~0.3P.

The luminescence intensity or signal is given in
this paper as the output of the current amplifier
(Fig. 2), in mV. Although the signal is in general
amplified further by other amplifiers or the box-
car, this reference was chosen because it is in .,
principle possible to relate this quantity to the
number of photons/sec incident on the detector.
However, an absolute measurement of the sensi-
tivity of our detector has not been made.

III. SPECTROSCOPY OF THE RECOMBINATION
LUMINESCENCE

In Ref. 4 it was shown that ¥ drops form inthree-
dimensional potential wells created by the inhomo-
geneous strain. The luminescence spectrum is
shifted by the strain to lower energy than the spec-
trum of a-drops in unstressed Ge. Figure 3 shows
a complete spectrum for a sample stressed in the
(111) direction, showing the TO-, LA-, and TA-
assisted phonon replicas. For the applied force
of 9 kgf the spectrum is shifted by about 2.5 meV
from the a-drop spectrum. In this section we ex-
amine the intensity, line shape, and energy of the
v-drop luminescence under various experimental
conditions.

A. Liquid-gas phase transition

In order to establish the existence of a liquid-
gas phase transition it was necessary to observe
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FIG. 3. Luminescence spectrum of a y drop in Ge at
T=1.8 K, Pge=11 mW and applied force F=9 kgf, along
(111) , showing the three phonon-assisted lines. The
absolute intensities have not been corrected to account
for a wavelength-dependent detector sensitivity. Mono-
chromator resolution (full width at half maximum) is
0.66 meV. The shift of about —2.5 meV from the a-drop
spectrum corresponds to a stress g~ — 6.4 kgf/mmz,
estimated as in Fig. 7. (Compressional stresses are
taken to be negative.)

the excitonic gas in equilibrium with the EHL. At
1.8 K the number of FE evaporated from the liquid
weas not sufficient to observe their radiation. The

number of FE was presumably reduced by backflow -

into the liquid, caused by the stress-induced po-
tential gradient at the liquid surface. Thus to ob-
serve the equilibrium excitons it was nécessary

to raise the temperature and reduce the excitation
level, thereby creating a small drop in the shallow
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FIG. 4. Luminescence spectra of a stressed Ge
sample at 4.2 K, showing both the EHL and FE lines
(LA phonon assisted). The stress was approximately
—5.5 kgf/mm? along (111). A sharp excitation threshold
in the liquid luminescence is observed. o
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FIG. 5. Dependence of the EHL and FE peak inten-

sities on excitation level, at 4.2 K. A sharp threshold

at Pye™~ 0.15 mW in the EHL luminescence is observed,
characteristic of the gas-liquid phase transition. The
pumping efficiency is different from that in Fig. 4 due to
a translation of the excitation point.

portion of the strain gradient. Figure 4 shows the
luminescence spectra for several excitation levels
at 4.2 K, revealing the existence of two distinct
spectral lines which are interpreted as the liquid
and gas phases. The EHL and FE peaks are closer
than in an unstressed sample, indicating a reduced
exciton condensation energy.

The onset of the liquid-gas phase transition is
clearly observed. At the lowest excitation levels
only the exciton luminescence at 710.7 meV is

"present. As the exciton density is increased a

distinct pumping threshold in the EHL lumines-
cence intensity is observed. Figure 5 shows the
EHL and FE intensities versus excitation power
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FIG. 6. Spatial luminescence profiles at 4.2 K; showing
that the gas and liquid are both in the strain well in the
sample. The laser is incident on the face at x=0. Spa-
tial resolution ~80 pm. (a) FE gas phase, near
threshold. The open circles are Eq. (4) with ¢ =11 meV/"
mm?. (b) Liquid phase, at a somewhat higher excitation
level.
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showing that once the nucleation of the liquid phase
has occurred, additional e-%Z pairs added to the
system go predominantly into the liquid phase
without greatly increasing the number of excitons.
A similar threshold phenomenon has been studied
extensively? for small EHD in unstressed Ge and
is a characteristic property of drop nucleation
from the saturated gas.

" To confirm that both phases occur in the same
region of the crystal, luminescence image scans
were performed as described in Secs. II and V.
Figure 6(a) shows a scan in the x direction for the
exciton phase near threshold, and Fig. 6(b) shows
a similar scan for the liquid phase at a higher ex-
citation level. It can be seen that both phases are
spatially localized in the strain well.

The liquid, which has a higher equilibrium densi-
ty, is concentrated near the center of the well,
whereas the gas occupies the entire well. From
the spatial distribution of the excitons, the shape
of the strain well can be estimated. By treating
the excitons as an ideal gas and setting the chemi-
cal potential equal to a constant , the gas density
profile is expected to be

n@r)=n(0) exp(~E )/kT) . ®3)

The strain energy is taken to be parabolic: E )
= a2, where =0 is the center of the strain well.
It follows that the luminescence intensity in a slit
scan is:

I(x) =I(x,) exp(-a(x - x0)*/kT), (4)

where x, is at the center of the well. The open
circles in Fig. 6(a) represent Eq. (4), with a=11
meV/mm?. This value is in reasonable agreement
with the two-dimensional calculation of the EHL
energy versus position presented in Ref. 4. Thus
the shape of the FE distribution is satisfactorily
explained in terms of an ideal gas, at the lattice
- temperature, in a potential-energy gradient.

Because the FE are localized in the strain well,
the effective volume of the gas is smaller than that
which can be obtained in unstressed Ge with uni-
form pumping over a large surface area. Thus the
exciton luminescence intensity at threshold is
smaller for our inhomogeneously stressed sam-
ples, and we have so far observed the free exci-
tons only at temperatures T > 3.3 K.

From the gas and liquid energy spectra, it is

- possible to measure the condensation energy ¢

lost by an e-% pair in the gas-liquid transition. It
is theoretically expected®"+1%22 that ¢ will be
smaller in samples under {111) stress than in un-
stressed Ge. This is evident in Fig. 4, from the
greatly reduced separation between the EHL and
exciton luminescence lines, as compared to un-
stressed Ge. However, ¢ cannot be simply mea-

sured by the splitting between these two lines: at
such high temperatures, the EHL spectrum is
broadened even near threshold, due to the enhanced
compressibility of the liquid; and at all tempera-
tures, the shape of the FE luminescence line must
be corrected for broadening due to the strain gra-
dient. A preliminary value of ¢ 1 meV has been
measured? from the EHL and FE luminescence
line shapes and separation at a somewhat lower
temperature (7 =3.3 K), using these modifications
of the analysis. A similar value for ¢ was also
measured® thermodynamically, from the temper-
ature dependence of the exciton density at the
threshold for drop formation. A detailed study of
the strain-confined e-i fluid phase diagram will
be published separately.?® The value ¢ ¥ 1 meV
should be compared with ¢ ~2 meV (I'=3.5 K) in
unstressed Ge.%

B. Stress dependence of the luminescence

Figure 7T(a) shows the variation of the lumines-
cence peak energy as a function of applied force
F. It canbe seenthat the peak energy shifts linearly
with F, above a critical force F,, similartoexper-
iments on uniformly stressed Ge.?” However, the
origin of the discontinuity in slope is believed to
be different in the two experiments.

A (111) uniaxial stress splits the conduction-band
degeneracy in Ge, raising three valleys in energy

. and lowering the fourth. At some critical stress

0, this strain splitting becomes equal to the elec-
tron Fermi level inside the liquid. At higher
stresses only the lowest valley is occupied, and
the luminescence peak shifts to lower energies
parallel to the shift of this conduction-band edge.
At lower stresses, when all four valleys are partly
occupied, the luminescence peak position is almost
independent of stress, and apparently shifts slight-
ly to higher energies. Only for stresses larger in
magnitude than o, are EHD attracted by strain
gradients toward regions of higher strain.

Inour inhomogeneous stress experiments (Fig. 7),
when the applied force is small, the maximum
stress o, is smaller than o, in magnitude, so that
EHD are not attracted to the point of maximum
stress; indeed, they may be slightly repelled. For
these low applied forces, the luminescence is due
not to carriers inside the well, but to small drop-
lets in a cloud near the laser spot. Thus the lu-
minescence peak [Fig. 7(a)] is only weakly shifted
by the stress, while the linewidth AE (defined as
the full width at half maximum of the luminescence
spectrum) [Fig. 7(b)] and lifetime 7 [Fig. 7(c)] are
characteristic of a drops in unstressed Ge.

Once F exceeds some critical value F,, however,
the drops in the cloud are attracted to the stress



|

-o (kgf/mmz)
5???910!3!'2 l|‘7>

-o (kgf/mm?2)
se7agpll

PROPERTIES OF THE STRAIN-CONFINED ELECTRON-HOLE... 1485

FIG. 7. (a) Luminescence
peak energy vs applied

T T
(a)

I}
o
%l

(c)

3 d
o))
T 1T rrrrrT

O T U TN N SR S N

Luminescence Peak Energy (meV)
3 3
o @

i

T
-1600 force F in kilograms force

(kgf), for a sample stressed
along (111) . The deter-
mination of the ¢ scale is
discussed in the text. The
200; vy drop is formed above a

. threshold force F~ 3kgf.
(b) EHL linewidth AE (full

—400

T (pusec)

1

(@]

AE (meV)
NS

T

-

T

width at half maximum)

vs applied force. The line-
width is the full width at
half maximum of the lum-
inescence spectrum. (c)
EHL lifetime 7 vs applied
force, taken from the tail

—0.5

|

1
o © O O O
- N W D

Luminescence Intensity
(arb. units)

I

Force (kgf)

maximum, forming a y drop with very different
properties, as seen in Fig. 7. The force F, is in
general not the same as the force at which o, =0,
since the cloud of drops is localized near the crys-
tal surface and will not be attracted into the well
unless |0, | is somewhat larger than [o,|. Once
small drops are attracted into the well, a ¥ drop
forms, with a greatly enhanced recombination life-
time [Fig. 7(c)] and peak luminescence intensity
[Fig. 7(d)], and a reduced linewidth [Fig. 7(b)], all
characteristic of a reduced e-% pair density (see
discussion in Secs. III C and IIID).

For F>F, the luminescence is due to carriers
inside the well, and the stress-dependent proper-
ties of v drops can be studied. The luminescence
peak is seen to shift to lower energies approxi-
mately linearly with F (F>F,). The magnitude of
the strain at the bottom of the well cannot be mea-
sured directly,?® but is estimated from the shift
of the y-drop luminescence peak, assuming that
the stress at the bottom of the well is essentially
a (111) uniaxial stress. In Ref. 4 this was shown
to be a reasonable assumption. Using the peak
energy versus uniaxial stress data taken from Ref.
27, the resultant stresses are calculated and
shown at the top of Fig. 7.

The changes in the properties of y drops with
stress (for F>F, in Fig. 7) are not yet very well
understood. Theoretically, the y-drop density is
expected to decrease with a large (111) stress,®"1°
and this result has recently been observed under
uniaxial (111) stress,?'%° where the luminescence
linewidth was seen to decrease with increasing
stress. In the strain well there are complications
which can make this density change harder to ob-

Force (kgf)

of the decay curve, as des-
cribed in Sec. IV. (d) Total
luminescence intensity vs
applied force. Py, =3.2
mW, T=1.8 K,

15

n
O,

serve. The drop tends to compress,®3%+32 increas-
ing the average pair density above the equilibrium
value. This effect will be discussed in greater
detail in Sec. IIIC. However, the compression
should be more significant at higher stresses for
two reasons: first, the strain gradient is larger,
and second, the compressibility of the drop in-
creases as the equilibrium density decreases. It
is clear that the luminescence linewidth, Fig. 7(b),
does not decrease as much as in the uniform stress
experiment.?®3° However, the pair recombination
time increases with increasing stress [Fig. 7(c)],
suggesting a corresponding decrease in pair densi-
ty, which may be masked in Fig. 7(b) by an inhom-
ogeneous line broadening (see Sec. IIIC). A quan-
titative analysis of n(0) and 7(o) is presently being
made, and will be discussed elsewhere. It should
be noted that we do not observe the sharp decrease
in lifetime or intensity which had been reported in
earlier uniaxial stress experiments.%®

In Fig. 7(a) the linear energy shift with applied
force suggests that the contact area is relatively
constant, unlike the classical Hertzian contact
problem.*!* An explanation of this is that the nylon
plunger undergoes a plastic deformation when the
9-kgf force is initially applied at room tempera-
ture. The nylon becomes much stiffer at liquid-
helium temperatures and retains the initial contact
area for a wide variation in force. This conclusion
is supported by birefringence data* which show that
the position of the strain maximum is only weakly
dependent on force.

By contrast, Fig. 8 shows the results of a dif-
ferent experiment, in which the stress was applied
through a metal plunger. A slightly rounded brass
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rod contacted the crystal through a thin sheet of
mylar. (The mylar interface reduced the effect of
small high stress regions at the contact, caused
by surface irregularities.) This case more nearly
resembled the classical contact problem: an in-
crease in the contact area with stress was observ-
able in the birefringence, and the maximum stress
point moved deeper into the crystal with increasing
stress. The brass, being less deformable than
.nylon, made contact with the Ge over a smaller
area A. This caused a larger maximum stress
0M=F/A and strain gradient for a given force, and
accordingly a smaller threshold force for the for-
mation of Y drops. Note that the luminescence for
F =9 kgf has shifted as much as for F =18 kgf with
the nylon plunger. (This is especially significant
since the force was here applied along (110); see
below.) From the solution of the classical problem
of two perfectly elastic contacting spheres, it is
expected® that A < F?/3, For this case 0, F/A

o« F¥ 3 which is plotted as the solid curve on Fig.
8(a). In this curve, the point F =0 was shifted to
give the best fit. Possible reasons for this shift
are: (a) it was difficult in the experiment to de-
termine precisely the point at which the rod first
made contact with the crystal; and (b) at liquid-

LN A N A N I N B A B B |

Luminescence Intensity (arb.units)

700 705 710

E (meV)

FIG. 9. EHL luminescence spectra from samples
with approximately equal applied stresses (permanent
stress geometry) and for unstressed Ge. (a) Force
parallel to (111). (b) Force parallel to {110). (c) Force
parallel to {100). (d) Unstressed Ge.

helium temperatures, the mylar interface may
have been distorted, giving an apparent minimum
value of A>0. '

The effects of compression of the liquid are more
evident inthis metal-plunger experiment: the strain
gradient is larger and the drop size islargerdueto .
an increased P, . The luminescence linewidth
[Fig. 8(b)] increases and the lifetime [Fig. 8(c)]
decreases with stress, corresponding to an in-
creasing density with stress. Also the total lumi-
nescence decay is quite nonexponential, indicating
that the density decreases as the drop size de-
creases.

In Refs. 4 and 11 it was shown that 1, 2, or 4
energy minima for the EHL can be formed by
stressing along (111), (110), or (100), respective-
ly. It was found that all of these cases actually
correspond to drops forming regions of local {(111)
strain, so that the properties of the strain-confined
liquid should be independent of the direction of the
applied force. Figure 9 shows a comparison of
y-drop luminescence spectra obtained for approxi-
mately equal applied forces along (111), (110), and
(100) directions, as well as for @ drops in an un-
stressed sample. [The force is applied via the
“permanent” stress geometry as in Fig. 17(a) of
Ref. 4.] Because y drops form in regions of local
(111) strain, the energy shift should vary with the
projection of a particular (111) axis on the applied
force direction. This conclusion is qualitatively

verified in Fig. 9 where the shift in the (100) and

(110) stressed crystals is considerably less than
for (111) stress.?* The magnitudes of the shifts
are approximately in agreement with the predic-
tions of Ref. 4. Note that for all three stressed
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samples the luminescence linewidths are similar,
and are narrower than the linewidth from the un-
stressed sample.

Because the properties of the strain-confined
EHL are independent of the direction of the applied
force, most of our experimental results are for
samples stressed along (111), since only a single
drop forms. The rest of the paper will deal with
the properties of ¥ drops at (approximately) a
fixed value of the stress |0, | ~5-6 kgf/mm? cor-
responding in our experimental arrangement to an
applied force F~ 9 kgf.

C. Luminescence linewidth and compression of the
strain-confined liquid

Assuming a relatively constant fraction of the
photoexcited carriers go into a single ¥ drop, the
properties of the strain-confined liquid can be
studied as a function of drop size by simply vary-
ing the excitation level. Figure 10 shows the lu-
minescence linewidth AE (full width at half maxi-
mum of an energy spectrum) plotted versus ab-
sorbed laser power P, . The crystal was stressed
along the (111) direction, with F~ 9 kgf and |o,|
~5-6 kgf/mm?, estimated from the energy shift
of the luminescence spectrum. At low excitation
levels, i.e., for sufficiently small drop size -

(P ps=5 mW, R=<200 um), the linewidth is con-
stant, indicating a constant density within the drop.
In this regime the lineshape is used to estimate
the e-4 pair density, as discussed in Sec. IIID.
For higher excitation levels, i.e., larger drop
size, the linewidth increases with P, .. For com-
parison, Fig. 10 also shows the linewidth of the
luminescence from @ drops in unstrained Ge. As
anticipated, this width is independent of excitation
level.

5 T T I T T I T T I T
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FIG. 10. Comparison of the full width at half maxi-
mum linewidths AE for the a- and y-drop LA-assisted
lines as a function of excitation level. At low powers
both AE are constant, as expected for a constant-den-
sity liquid phase. At Py, 25 mW, corresponding to
R, ~200 um, the y-drop linewidth becomes noticeably
broadened by the strain gradient and by compression of
the liquid, as explained in the text. T'=1.8 K.

Several factors contribute to the power depen-
dence of the y-drop linewidth. The total lumines-
cence is a superposition of the luminescence from
different parts of the drop. Since the magnitude
of the stress is a function of position in the well,
the luminescence is shifted to higher energies near
the surface of the drop, where the magnitude of the
stress is lower. From Ref. 4 the strain energy is
approximately parabolic, with

Er)=ar, (5)

measured from the bottom of the well, with a~8
meV/mm? for our experimental conditions. Thus
for a 400-um radius drop, the luminescence ener-
gy would vary by ~1.3 meV across the drop.

Since the strain gradient acts as a restoring
force on electrons and holes, a deep potential well
also acts to compress the liquid, resulting in an
increased pair density and luminescence line-
width.3® It can be shown® that for small variations
from the equilibrium density #,, the density varia-
tion within a y drop is approximately given by

nw)=nd1+d(R-»?], (6)

where R is the drop radius, d=a/#2E] and E}

= (d®E/dn®),.,, is related to the compressibility of
the liquid. Vashishta® has calculated #3Ey~ 0.68
meV for Ge(1:2) in the zero-stress limit. Thus
the density is greatest at the center of the drop and
falls to the equilibrium value #, at the surface of
the drop. According to Eq. (6), for a 400-pm ra-
dius drop, we find #(r=0)~3xn,. For such a large
drop the deviation from the equilibrium density is
no longer small and so Eq. (6) must be regarded
as only approximate. The density variation across
a 100-um radius drop, however, is only about
10%. Density variations of approximately this
form and magnitude have been recently measured
by Abel-transform methods.® It is clear that such
a large compression has an important effect on
many properties of the y drop, and will be dis-
cussed in detail elsewhere.’®* In this paper we
note several instances where our data show ad-
ditional evidence of such a compression.

Figure 11 illustrates the effect of the strain in-
homogeneity at the highest light levels. Trace (a)
is the spectrum from the center of a large drop at
fairly high excitation, P, =58 mW; spectrum (b)
is from a small region near the edge of the same
drop; and spectrum (c) is from a smaller drop for
which P, =1.4 mW. The narrowest spectrum is
from the small drop, where the density and strain
are uniform to within 10%. Spectrum (b) repre-
sents the liquid near the surface of the drop: Here
the luminescence line is still somewhat broadened
by the strain gradient over the observed slit aper-
ature. The peak of the luminescence is shifted to
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FIG. 11. (a) EHL luminescence spectrum from a
slit centered on a large drop, with R~350 um at P
=58 mW; (b) spectrum from a region near the surface
of the same drop; (c) spectrum from a smaller drop
with R~ 150 pm, at By =1.4 mW. The effective slit
resolution on the sample is 80 um. T=1.8 K.

higher energies, since the local strain is smaller

than that at the bottom of the well. Spectrum (a)

is a superposition of spectra from liquid at all
depths in the well. Spectra (b) and (c) may be used
to give another estimate of the strain well param-
eter o, as follows: since trace (b) was obtained
at ¥ =y~ 320 pm (see Sec. II for definition of co-
ordinates), Eq. (5) yields o~ 7 meV/mm?. This
is in reasonable agreement with the estimate in
Sec. IITA and the prediction in Ref. 4. This data
clearly illustrates the role of spatial inhomogenei-
ties in the line broadening at higher excitation
levels.

D. Determination of the pair density: Analysis of the
luminescence line shape at low excitation

Figure 10 showed that at low excitation levels
the luminescence linewidth AE, which is a mea-
sure of the electron plus hole Fermi energies, is
independent of power. This means that for suffi-
ciently small drops (R=< 150 um), the strain is
relatively uniform across the drop and the e-2
density is constant. This constant density is char-
acteristic of a liquid phase.

The luminescence linewidth of ¥ drops obtained
for P,,,<5 mW is actually ~30% smaller than the
linewidth of @ drops, measured fromthe same
sample with the stress removed. This occurs in
spite of the fact that in stressed Ge the electron
degeneracy is reduced. The electron Fermi level

depends on the density » as
Ej < (/v)¥'?, : .M

where v is the conduction-valley degeneracy. Since
the y drop does not form until the electron degen-
eracy is removed (v reduced from 4 to 1), the ob-
served decrease in AE for the y drop implies that
the density must be considerably lower than in a
drops.

Taking into account the change in the hole bands
as well, we have determined the equilibrium e-%
pair density in a v drop by fitting the luminescence
line shape at low laser pump intensity. As for
EHD in unstressed Ge, the luminescence intensity
for the LA phonon-assisted line is taken to be%:%7

I(y)e f fDeD,, f.f,O(E, + E,+E, - hw,, —hv)dE,dE,
(8)

where D, and D, are the electron and hole density
of states, f, and f, are the respective Fermi dis-
tribution functions, E, is the energy of the indirect
gap, and 7w, is the energy of the phonon emitted
along with the photon. The electron density of
states is that of a single parabolic band

D, (E)=m}/?EY?, ©)

where m,, = (m?m ;)" *=0.22m, is the electron den-
sity-of-states mass. The hole density of states

is written in the same form, but in strained Ge the
hole density-of-states mass is energy dependent.
For one hole band, the mass is given by

o yo T [ de_d2
miZ(Ey) = IE @ (10)
The dispersion in the strained hole band, Ehh(E),
is given in Ref. 38. The above expression is for
the “heavy” hole band (the band which remains
populated under large (111) compression). A sim-
ilar expression holds for the “light” hole band
when it is populated. The masses m,,,, m,,, were
calculated by numerically integrating Eq. (10)—a
plot of these masses as a function of reduced en-
ergy E'=E/|o,,,| is given in Fig. 12. The net lu-
minescence is the sum of separate contributions
of the form of Eq. (8) for each hole band. We have
used Hensel and Suzuki’s values® for the hole
mass parameters and deformation potentials.
Stiffness tensor elements are from Ref. 40. The
curves of Fig. 12 can easily be fitted with analytic
formulas. By using reduced units, the masses
may readily be converted to the appropriate value
for any stress. In Fig. 13(a) the solid curve is a
typical luminescence line shape calculated using
this nonparabolic hole band (-¢ =5.6 kgf/mm?,
T=1.8 K, n=0.5X10' ¢m™). By comparison, the
dashed curve is the line shape for a constant hole
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FIG. 12. Heavy and light hole density-of-states
masses vs reduced energy E’=E/| o4y with E in meV
and ¢4y in kgf/mm?. The masses are calculated by in-
tegrating numerically over the strain-split bands, as
described in the text.

mass m,, =mg,,(EL), using E% =2.28 meV obtained
from the previous case. As can be seen from Fig.
13(a), in order to quantitatively analyze the exper-
imental line shapes, the nonparabolic hole masses
must be used.

Figure 13(b) shows a fit of the LA phonon-as-
sisted luminescence line for P =0.17T mW,* -0,
=6.8 kgf/mm?, and T=2.0 K. The theoretical
points are for a density of » =0.50 X 10" cm™. By
analyzing several lines, we find

n,=(0.50+0.05) X 10'" cm™
(IT'=1.8-2.0K, -0,=5-7 kgf/mm?).

Vashishta® has calculated #» =0.69 X 10'" em™ at

(11)
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FIG. 13. (a) Theoretical luminescence line shapes.
Solid curve: o=- 5.6 kgf/mm?, T=1.8 K, n=0.5
x10'7 em= 3 using the nonparabolic masses from Fig.
12. Dashed curve: uses single mass mg,=mgy, (E%),
using E’},-= 2.28 meV from the previous case. (b) Ex-
perimental luminescence spectrum for a sample
stressed in the (111) direction. The stress is o~ —6.8
kgf/mm? from the shift of the peak energy. Py~ 0.17
mW, T=2.0 K. The open circles are the theoretical line
shape for nonparabolic masses, o=~ 6.8 kgf/mm?,
=0.50 %107 em=3, T=2.0 K.

T =0 for Ge(1:2) in the zero-stress limit, that is
with only one conduction valley occupied but with
the zero-stress hole masses. Model 1 of Ref. 5
gives a theoretical value of 7 =0.44 X 10*" cm™ at
T =0 and —0=6.8 kgf/mm?2, Other experimental
measurements of the density are discussed in Sec.
III E. The overall agreement between experiment
and theory is good.

The low-energy tail in Fig. 13(b) is present in
all of our spectra, and is more pronounced than
the tail observed in unstressed Ge. In unstressed
Ge, this tail has been interpreted as partly due to
Auger processes modifying the recombination en-
ergies of carriers deep inside the Fermi sea.*
Also, an additional contribution may arise from a
“forbidden” luminescence line associated with LO
phonons.*® 1t is not unlikely that the magnitude of
either effect could be enhanced in y drops.

E. Other methods of estimating the pair density

In a magnetic field, the carrier energy is quan-
tized into Landau levels, and many properties of
the carriers have a quasisinusoidal modulation’
with period «1/H. That is, the property undergoes
a change whenever (j+1/2)iw,=Eg, where w,=eH/
m¥*c is the cyclotron frequency, m} is the cyclo-
tron mass of the carrier, and j is an integer. In
experiments on o drops in unstrained Ge, periodic
oscillations have been observed in the lumines-
cence intensity* and far-infrared absorption’:4
and emission.*> There should be separate sets of
oscillations due to electrons and holes, but so far
only oscillations due to electrons have been re-
solved.*” Similar magneto-oscillatory effects are
expected for properties of v drops.

We have observed magneto-oscillations in the
luminescence intensity of ¥ drops. As in Ref. 44,
these oscillations are apparently due to oscilla-
tions in pair recombination time 7, since the effect
became more pronounced as the drop decayed. In
these experiments the oscillations in the lumines-
cence intensity were observed by two methods.
The first method used a boxcar integrator to ob-
serve the total luminescence intensity at discrete
times after the light source was shut off. The
second method used a phase-sensitive lock-in am-
plifier to observe the oscillations. Because the
luminescence decay time 7,~ 500 usec (see Sec.

V A) was comparable to the time the square-wave
chopped light source was switched off (¢’ ~2 msec),
a change in 7, shifted the phase of the luminescence
signal relative to a reference signal from the light
chopper.

At zero field the'phase of the reference signal
was adjusted to be 90° out of phase with the lumi-
nescence signal, corresponding to zero output from
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the phase-sensitive lock-in amplifier. Thus the
output signal of the lock-in amplifier was sensitive
to changes in the luminescence decay time as the
magnetic field was increased. This technique has
two advantages: first, it utilizes the superior aver-
aging of a lock-in amplifier, and second, the out-
put is not directly affected by small changes in
luminesce intensity which are not related to
changes in the decay time.*

Both techniques yielded oscillations with the
same period and phase. Figure 14 shows three
sets of oscillations for a sample stressed along
(111), for different orientations of the magnetic
field with respect to the crystal axes. Trace (a),
HII (001), and trace (b), HIl (110), were taken for
P,.=3.2 mW, using the second technique described
above. Trace (c), HII(111), was taken for P
=2.4 mW at a time £=800 pusec after the light was
shut off, using the first technique described above.
The period of the oscillations changed consistently
with the angular variation in the electron cyclotron
mass, assuming the electron masses are un-
changed from bulk Ge.* These curves were {fit
using a magneto-oscillatory expression similar to
that reported by Keldysh and Silin.®® It was as-
sumed that only one electron valley was occupied
and that the oscillations were due to the electrons
and not the holes. From these fits we find the
electron Fermi level to be E% =2.3+0.12 meV (T
=1.6 K). This yields an average value for the e-%
pair density ’

n,=(0.52£0.05) X 10" cm™

(12)
(I'=1.6 K, -0,~6kgf/mm?).

The above result was obtained at a sufficiently
low excitation level that the luminescence linewidth
(see Fig. 10) was not broadened, so we consider

(b)

(c)
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the above density to be the equilibrium value. At
higher excitation levels the period of the oscilla-
tions was observed to increase with P, , indicat-
ing compression of the liquid. Figure 15 shows a
magnetic field sweep for the same field orientation

as in Fig. 14(c) but taken at a much higher excita-
tion level, P, =120 mW, {=100 psec. For this
data we found E¢ =3.68 meV, corresponding to
n=1.05X 10" cm™, It is perhaps surprising that,

" with such a wide range of density within the drop,

L

the oscillations are still very well resolved. While
this represents some kind of an average density,
it shows clearly that significant compression can
easily be obtained with moderate excitation levels.
. Ohyama, Hansen, and Turney® observed oscilla-
tions in the attenuation of longitudinal ultrasound
by y drops in a magnetic field. These oscillations
should have the same period as the oscillations in
luminescence intensity. From the period of the
oscillations they derived the electron Fermi level
and hence the density inside the y drop. The densi-
ty they obtained was %, =(0.62+0.04) X 10" em™
(T =1.8 K). However, they were using moderately
high excitation (P4~ 20~40 mW), so that com-
pressional effects should have been significant,
explaining the higher value. Indeed, they found®?
that the period of the oscillations varied with P.
The pair density has also been estimated from
Alivén resonances!!»1%:18:20:53 jn the microwave ab-
sorption of y drops. Standing electromagnetic
waves are set up inside the drop, and a resonant
absorption occurs when the Alfvén wavelength ap-
proximately matches the drop diameter. The reso-
nant magnetic field should provide a measure of
the quantity »,R?. Determining R from a simultan-
eous imaging experiment, these data imply #,

- ~0.7x10" em™ (T =1.8 K).** This represents

some kind of an average value, since the depen-

FIG. 14. Total lumines-
cence intensity as a function
of magnetic field for three
ditferent orientations of the
field with respect to the
crystal axes. (a) H|| (001),
®) HII(110) for P ,=3.2
mW, at steady state, (c)
H||(111), for Pye=2.4 mW
and £=800 usec. Perman-
ent stress geometry (stress
along (111)). T=1.6 K.
The vertical scale is offset
from zero by an arbitrary
amount, The oscillations
are about a 10% effect.
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FIG. 15. Total luminescence intensity as a function of
magnetic field for the same conditions as for Fig. 14(c),
except that P4 =120 mW, £=100 psec. The peaks
have moved to higher fields, showing compression of
the liquid. The vertical scale is offset from zero by
an arbitrary amount.

dence of n on drop size was not considered in the
analysis. As such it is in reasonable agreement
with the Ohyama, et al.’* estimate. However, the
analysis is complicated since the theory has only
been done for spherical drop shape, while the ¥
drop becomes markedly nonspherical in a magnetic
field.54"5®

The y-drop density has also been estimated from
experiments on absorption of 3.39-um infrared
light.®®®* The densities quoted are higher than
those observed in other experiments: Pokrovskii
and Svistunova®>® find #,~1X 10" cm ™% Mattos
et al % find n,~2 X 10'" cm™, However, the results
rely on an absolute measure of the hole interband
absorption cross section o, at 3.39 um, and the
two authors disagree on the appropriate value to
use.’? (It is even possible that this cross section
changes with stress.) Until this point is clarified,
it is difficult to know the accuracy of these re-
sults. It should be noted that the drops observed
in Refs. 59 and 60 were large enough that there
could have been some compression, and apparent-
. ly the stress was not determined.

Finally, the pair density was measured by
Aurbach et al.®® from observation of far-infrared
plasma absorption. This experiment yielded =,
=~ 4X10% cm™ for F ~9 kgf. The size of the drop
could not be readily determined, although the peak
position of the ir absorption did not shift signifi-
cantly whenthe power was reduced by an order of
magnitude, suggesting n = const. No correction
was made for additional absorption due to transi-
tions between the two hole bands.®*™® Consequent-
ly, this value may require some modification.

IV. DECAY KINETICS AND TEMPERATURE
DEPENDENCE OF THE EHL LUMINESCENCE

A. Enhanced lifetime of vy drops

The lifetime of the liquid phase is governed by
several processes: (i) direct radiative recombina-
tion of electrons and holes; (ii) (nonradiative)
Auger recombination of an e-% pair, whereby
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kinetic energy is given to other carriers; (iii)
nonradiative recombination due to impurities or
lattice defects; and (iv) evaporation of FE or car-
riers from the surface of the EHL. In unstressed
Ge, surface evaporation has been observed above
about 2 K and is characterized by a nonexponential
decay and a cutoff time; below this temperature
the volume decay mechanisms usually predomi-
nate The a-drop lifetime is unchanged in sam-
ples containing a density of up to 10'® ¢cm™3 im-
purity atoms,” or up to ~10® cm"? dislocations.™
Since our samples are ultrapure and dislocation
free, the impurity and defect contributions to the
e-h pair recombination time will be neglected
here.

An important difference exists between the
radiative and Auger processes. The two-particle
radiative recombination rate depends linearly on
the e-h pair density » of the liquid phase, whereas
an Auger rate depends on higher powers of z.
Thus a reduced e-#k pair density in the liquid, ob-
tained for example by stressing the crystal, would
diminish the Auger contribution to the total re-
combination rate much more than the radiative
contribution. For unstressed Ge, estimates of the
ratio of nonradiative to radiative decay rate range
from 4 to 0.25.4472-74

Figure 16(c) shows the decay of the total EHD
luminescence for our unstressed sample after the
light is switched off. The a-droplet lifetime at
1.8 K was found to be 36 usec for this sample, in
good agreement with published values.?" 7577

Figures 16(a) and 16(b) show the much longer
decay times characteristic of ¥ drops. At low
excitation levels [Fig. 16(a), P,,=1.1 mW] the de-
cay is exponential, with 7530 usec. At higher
excitation levels [Fig. 16(b), P, =119 mW] the
decay is noticeably nonexponential. This nonex-
ponential decay is exactly what would be expected
for a compressed drop: initially, when the drop
is larger, the decay is faster—suggesting a high
average pair density. As the drop shrinks, the
compression decreases and the instantaneous de-
cay rate becomes slower. For very long delay
times, the decay typically becomes exponential,
with a time constant comparable to that found in
Fig. 16(a) for smaller drop size. Figure 17 shows
the change of initial decay time 7; with pumping
power. If the decay were purely radiative (T <n™),
such a change in 7 would suggest that the average
density is approximately doubled in the largest
drops (R=400 um). For smaller drop sizes the
density becomes uniform and 7; approaches an
equilibrium value. This value is somewhat sam-
ple dependent, but 7, =550 usec as shown in Fig.
17 is typical.

A simplified model for the enhanced equilibrium
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r-drop lifetime may be given as follows: the vol-
ume decay rate due to radiative and nonradiative
processes is

TH="rt T =an+ bnf, (13)

where a and b are constants and s=2 or greater,
depending on the dominant type of Auger process.
For o drops we use 7,=40 usec, and n,=2.2

x 10" cm™ and the radiative efficiency €,,4,=77/
(T;'+773)=0.3, estimated by Pokrovskii,” to de-
termine the constants @ and . The predicted y-
drop lifetime may then be calculated using »,
=0.50 X 10*” ¢cm™ from the spectral line shape,
Eq. (11). For s=2 we predict 7,=380 psec and a
radiative efficiency €.,4,=65%. For s=3 we find
7,=520 psec and €,,4,=90%. In the latter case,

Stressed Ge
600 . T=1.8K B

T 1
0l I 10 100
Fabs (mW)
FIG. 17. Initial decay time 7; as a function of ab-
sorbed power P, for the same sample and strain con-
figuration as in Figs. 16(a) and 16(b).

even an unusually large value for the a-drop ra-
diative efficiency €_,4,=0.6 would predict an en-
hanced y-drop lifetime, 7,=255 usec. Thus the
measured y-drop lifetimes are in quantitative
agreement with those obtained from this simpli-
fied equation for 7. Also, this analysis shows that
the radiative efficiency of y drops is considerably
higher than for a drops.

A more detailed theory would have to take into
account the stress dependence of the coefficients
aand b. Physically the energetics of the EHL are
modified under reduced degeneracy, and this
would affect the enhancement factor p, which is a
measure of the spatial e-k correlation. The co-
efficient @ should depend linearly on p. The stress
dependence of the Auger coefficient b is an inter-
esting theoretical problem which has not been
solved. Vashishta®™ has calculated p,=2.3 for
Ge(4:2) and p,=3.4 for Ge(1:2). Assuming the
form 7' =a, pn+b,n°, where now a, and b, are
independent of stress, and using the same values
fOr €,q44, 74, and n, given above, we find 7,=370
usec with s=3 and.7,=290 pusec with s=2. The
long observed lifetimes are consistent with the
interpretation of a reduced density in ¥ drops.

~ A more exact comparison must await a theoretical

model for the Auger recombination times in
stressed and unstressed Ge.

B. Temperature dependence of the luminescence

So far we have concentrated on results for sam-
ples in superfluid liquid *He (T'=1.8 K). At higher
temperatures, the a-drop lifetime is considerably
shortened due to boiloff of excitons.” For y
drops the effects of boiloff are greatly reduced by
the strain gradient: an exciton which boils off
the surface of the y drop will be pulled by the
strain back into the drop in a time short compared
to the exciton recombination time.!* The force on
an exciton due to the strain gradient is approxi-
mately F= - 2aF, where a is the strain parameter
of Eq. (5). The exciton thermal velocity v,
=8k T/m,) /2~ 6.4 x10° cm/sec at T=4.2 K, since
m,=0.05 m,. If an exciton evaporates from a y
drop of radius R=100 pm and moves radially away
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FIG. 18. Luminescence intensity vs temperature.
(a) vy drop in a (111) stressed sample, Py=1.2 mW.
() a drops in the same sample after the stress was
removed, P,.=24 mW. (c) same as (b), except P,y
=2.2 mW. Directly above the A point of liquid helium,
2.17 K, the luminescence intensity is reduced, appar-
ently due to light scattering by helium bubbles.

at the thermal velocity v,, then it will be acceler-
ated back into the drop in 0.02 psec, or less than
1% of its lifetime, assuming o =8 meV/mm?,
Thus, even at 4.2 K, shortening of the y-drop
lifetime due to boiloff of excitons is greatly in-
hibited. This explains the very small number of
FE observed in the well even at 4,2 K (see Sec.

IO A). Figure 18 shows the luminescence intensity
versus temperature for y drops and for a drops
at two different light levels. The y-drop signal is
relatively independent of temperature, while the
a-drop signal is strongly temperature dependent,
due to boiloff.

Figure 19 shows the initial decay time 7; as a
function of excitation level at 4.2 K, for the same
(111) stressed sample as in Fig. 17. The shorter
initial time at higher excitation levels is evidence
of compression. The lifetime is longer at 4.2 K at
all powers than at 1.8 K (Fig. 17) and it levels off
to around 670 usec for small drop size. This
increase in lifetime may possibly be explained
by a decrease in the y-drop equilibrium density
at higher temperatures,® analogous to the temper-
ature dependence of the density in a drops.

The lifetime of y drops at 4.2 K depends sensi-
tively on the details of the strain well configura-
tion. For lower applied forces the decay time be-
comes shorter: in the sample of Figs. 17 and 19,

T T T T T L
800 Stressed Ge
L) T=42K

0 L TS I TR S AU SO W S |
A i © 100

Pabs (mMW)

FIG. 19. Initial luminescence decay time 7; as a func-
tion of absorbed power P, for the same sample as in
Fig. 17, with T=4.2 K.

at half the stress, the decay is nonexponential,
qualitatively having the characteristic I(¢) depend-
ence for boiloff-limited lifetime.” For crystals
stressed along a (100) direction, the strain well is
usually quite shallow, and strongly temperature-
dependent lifetimes have been observed.®®

V. LUMINESCENCE PROFILES

The spatial position, size, and shape of a y
drop in Ge is observed most directly by a vidicon
image® of the recombination luminescence. In Fig,
20, we show a photograph of a y drop produced in a
(111) stressed sample. At a low excitation level an
approximately spherical mass of liquid is formed
in the bottom of the potential well. At the higher
excitation level corresponding to Fig. 20, the in-
creased volume of e-# liquid fills a larger portion
of the strain well, displaying a nonspherical shape.
For typical values of the liquid surface tension
(0,210"* erg/cm?)?® and strain parameter (a~8
meV/mm?), the strain and surface energies are
equal when the drop radius R~30 um. Since the
strain energy increases as R°, while the surface
energy increases only as R?, for large drops the
strain energy dominates. Consequently the drop

{I'11) STRESS
(IT0) FACE

FIG. 20. Luminescence
image from a sample
stressed in the (111) dir-
ection, viewed through a
(110) face and displayed
using an infrared vidicon
and standard TV monitor.
Lower photo is an end view
through a (111) face, as
shown in Fig. 1(b). The
crystal face pumped by the
laser is uppermost in the
end view. Pa.=90 mW,
T=1.8 K.
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excitation levels for a sam-
ple stressed along (111).
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shape conforms to a surface of constant strain
energy.

A more quantitative measurement of the lumines-
cence intensity as a function of position in the sam-
ple is obtained by the slit-scanning method describ-
ed in Sec. II. This technique also permits a time-
resolved observation of the luminescence profile
after the excitation is switched off.

A. Spatial profiles of y drops

Figure 21 shows a set of y-drop image scans at
two different laser power levels. These slit scans,
obtained with 80-um spatial resolution, clearly
show a large increase in the volume of the EHL as
. the excitation is increased. The boundaries of the
crystal are well defined by scattered luminescence
light.

The drop radius is plotted versus absorbed laser
power P, inFig. 22, usingEq. (2)to obtain R from
the full width at half maximum of a slit scan. For con-
stant e-h pair density and laser production efficiency
the simplest model would predict that the drop volume
is proportional to P or R PY/3, The measured

abs? abs *
R deviate from the simple Plalﬁ: power dependence
at both the highest and lowest excitation levels.
The apparent leveling off of the drop radius at low
laser levels is likely due to the finite slit width
and the irregular etched surface of the sample,

which limit the resolution. (From Alfvén reson-
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FIG. 22. 7y-drop radii vs absorbed power P, for a
{111) -stressed sample. The effective spatial resolu-
tion was 80 um, which equals the slit width divided by
the image magnification. The solid line has a slope of
1

3.

=1.8 K.

ances on a similar sample, the radius was mea-
sured down to ~30um.) It is observed that the drop
is not spherical, i.e., R, R <R, reflecting the
anisotropy of the strain well.

In order to observe the total luminescence from
the whole drop without spatial selection, we mea-
sured the EHL luminescence intensity with no slits
in place. This “total” luminescence intensity is
plotted as a function of absorbed laser power in
Fig. 23, which shows that the total intensity varies
approximately linearly with P, over nearly three
orders of magnitude. This is expected for the case
where the production efficiency € ., (the number
of e-h pairs in the drop per photon absorbed) and
the radiative efficiency € .4 (the fraction of pairs
which decay radiatively) are constant. For con-
stant € .4, the number of e-# pairs in the drop is
simply proportional to. P, . Since, from Fig. 22
at P, = 10 mW the volume of the drop (V~R,RR,)

1000 T L L

T=1.8K
o Siressed Ge
o Unstressed Ge

00

s}

Luminescence Intensity (mV)

0.1 19 1 | 1 1 | 1 1 1 1
[OX] | 10 100
Pabs (mW)

1000

FIG. 23. Integrated luminescence intensity vs ab-
sorbed power for the same sample as in Figs. 21 and
22 (@), and for the same sample after the stress is re-
moved (0). The solid line has a slope of 1. The rela-
tive intensities of the two sets of data cannot be directly
compared due to a change in detector sensitivity be-
tween the two runs.
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increases muchmore slowly than P, , we conclude
that the density of the drop at high excitation in-
creases with excitation level. This is further evi-
dence that the liquid is compressed by the strain
well for R= 150 um, and is consistent with the in-
creased luminescence linewidth, reduced lifetime,
and shifted magneto-oscillations observed at higher
P,.. For comparison, Fig. 23 also shows the
total EHL luminescence intensity for the same
crystal after the stress was removed; this repre-
sents the total luminescence intensity from a cloud
of a drops. The deviations from linearity are un-
doubtedly due to the complex mechanisms of cloud
formation.

An estimate of the e-% pair production efficiency
can be made as follows: For a steady-state exper-
iment the number of e-#Z pairs in the drop is given
by i

N=ﬁV:PabsTi€prod/Eyh ’ (14)

where 7 is the average pair density, V is the drop
volume, E is the energy per photon of laser light,
and T, is the initial decay time of the drop. For
P, =5 mW the density was found to be 0.50 X 10*"
cm-3 from the line shape analysis, as discussed in
Sec. III D. We find €,,,4~30%+10%. In the above
experiment the laser was focused to a point close
to the strain well. The value of ¢ 4 decreases as
the laser spot is moved further from this position
or if the beam is significantly defocused.

B. Comparison with clouds of o drops

The results for unstressed samples are consid-
erably different. Previous experiments have shown
that a cloud of small drops (each with radius 1-10
wm) is formed,'*:1%:8%88 for point excitation. The
average density of e-k pairs in the cloud has been
estimated by light scattering to be ~10*° cm=3,
indicating ~1% filling factor of EHD.!* The cloud
radius increases with increasing excitation level,
contrary to a simple model of EHD or FE diffusion
into the crystal. The details of the cloud formation
are not presently well understood, although it has

Stressed
Ge

gain=15 gain = |

Intensity

Unstressed
Ge

Luminescence

1495

been suggested that drops may be ballistically
driven from the excitation point, possibly pushed
by a phonon wind,?"=%°

Figure 24 shows a set of slit scans for the same -
sample before and after the stress is removed, for
P,.=2.8 mW. The a-cloud peak intensity is much
lower, and the size of the profile is significantly
larger, than for the y drop, indicating a much
lower average density of e-k pairs in the cloud
than in the ¥ drop. For the stressed samples,
the largest drop was always obtained when the
laser was focused near the strain well. For the
scans taken after the stress was removed, the
laser spot was translated to a position near the
center of the pumped face of the crystal,

Luminescence profiles for the cloud in the un-
stressed sample are shown in Fig, 25, for three
different laser intensities. At low and moderate
P, the cloud has a fairly well-defined surface.

At high light levels, however, the cloud seems to
nearly fill the crystal. ( The “lumps” on the slit
scans are in part due to imperfections on the
crystal face.) At the highest power levels an in-
teresting new phenomenon is observed, as shown
in Fig. 26. The three x scans show that as the
power is increased, the droplets are forced away
from the pumped surface at x=0, perhaps due to
heating around the point of excitation. (Note that
the experiment is done with cw pumping.) Figure
27 shows a luminescence profile at a moderate
excitation level, P, =11 mW, under increased
spatial resolution. The peak of the distribution is
distinctly separate from the edge effect peak at
x=0. This result is in constrast to the results of
Refs. 14 and 86, in which no such separation from
the crystal surface was observed.

Figure 28 shows the measured dependence of the
cloud radius on excitation level. The radius in the
x direction was obtained from the half-width at half
maximum of the slit scans. It is clear from this
data and from the profiles described above that the
shape of the a cloud is neither spherical nor hemi-
‘spherical, and that it does not scale in a simple
way with P, at least in a crystal this small. How-

FIG. 24. Luminescence
profiles for the same sam-
ple before and after the
stress is removed. The
upper row of scans is
for a vy drop in the stressed
sample, while the lower row
of scans is for a cloud of

gain =2

gain =10 o drops after the stress is
removed. The crystal dir-
L | A | | ections x, y, and z are de-
1111 L1 1111 L1l 1 1 1 l l 11 1 . . —
2 " o ’ 2 ° ; 2 3 2 o ; 2 fined in Sec. II. P, =2.8
y (mm) z (mm) x {mm) mwW, T=1.8 K.
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FIG. 25. Luminescence
profiles for an unstressed
sample. The upper row of
scans is for Pgy=47 mW,
the middle row is for P4,
=5.1 mW, and the lower
row is for P, =0.45 mW,
T=1.8 K.
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ever, it is instructive to use a model of a hemi-
spherical cloud to get an approximate value for the
average e-h pair density within the cloud by com-
parison with the ¥ drop. Using just the a¢-cloud and
y-drop radii at equal P, (Fig. 24) and the measur-
ed 7,=36 usec and 7,=400 usec, we find from

Eq. (14) that n,,/€,.,4~1 X 10'® cm=? for the cloud of
a drops. This is consistent with the result of Voos
et al.,'** if €., is close to ~100% for a drops.

In addition, the integrated luminescence inten-
sity from a ¥ drop or a cloud of a drops (measured
with the spectrometer slits removed) is propor-
tional to P, X €, 4X €., This quantity can also
be estimated from the area under a slit scan.
Using the areas under the curves in Fig. 24, we
find I, =#3.81,, and hence

€radt:t/era,cw z0.3 €|u‘od1'/€pl’t:~dcoz ° (15)

Since the total intensities I, and I, are both nearly

Unstressed Ge

T=1.8K

Intensity

\ qus= 290 mwW

Luminescence

Pgbg’ 83 mw

Pabs=29 mW

LJLI[ |
[o]

I 2
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FIG. 26. Luminescence x scans for an unstressed
sample at three moderate to high excitation levels.
The laser is incident on the crystal face at x=0.

The extra small peak at x~ 2 mm is due to light scat-
tered from the edge of the mirror. See Fig. 1(b) for
the setup. T=1.8 K.

4 [o] I 2
x (mm)

proportional to P, over a wide range, Eq. (15)
holds for a wide range of P. Since the production
efficiency is likely to be smaller for y drops than
for a drops (due to the added difficulty of getting
into the well), Eq. (15) shows that the radiative
efficiency of a drops cannot be greater than about
30%," somewhat lower than previous esti-
mates.44(b),72-’74,78 ;

C. Time decays of the luminescence profiles

We have also observed the size of y drops and
a clouds as a function of time after the laser light
is turned off. In the experiments, the laser light
is square-wave modulated at 225 Hz, and the lum-
inescence is sampled with a boxcar integrator at
discrete times ¢ after laser cutoff. Typical lumi-
nescence x scans are shown for y drops in Fig. 29
(¢=0 and #=1000 psec) and for @ clouds in Fig. 30
(=0 and =100 psec), while Fig. 31 shows the
radius versus delay time for x, y, and z scans for
both cases. It is clear that the time behavior of ¥
drops and a clouds is quite different.

In Figs. 29 and 31(a) the y-drop radii are mea-
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FIG. 27. Luminescence x scan for an unstressed
sample at moderate excitation, Py =11 mW, showing
the peak of the cloud to be separated from the face at
x=0, where the laser is incident on the crystal. Resolu-
tion is ® 35 pm. T=1.8 K.
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FIG. 28. Radius of the o cloud in unstressed Ge vs
absorbed laser power Pq,s. The solid line has a slope
of 5. T=1.8K.

sured at a relatively high light level P, =100 mW,
The decay is precisely what would be expected for
the quasiequilibrium decay of a single drop: -as the
drop shrinks, its shape approximately corresponds
to the steady-state shape of successively smaller
drops (Fig. 22). The radius decay is nonexponen-
tial, analogous to the decay of the total lumines-
cence at high excitation [see Fig. 16(b)].

Figure 32 shows the decay of the y-drop radius
for a sample stressed along (110), with P, =96 mW,
This sample was stressed in the “permanent-stress”
geometry described in Ref. 4, so that both lumi-
nescence imaging and Alfvén resonance experi-
ments could be done, using different experimental
setups, for the same strain conditions. Shown also
in an average radius inferred from Alfvén wave
resonance.'»*%2%% The resonant absorption oc-
curs at a magnetic field (H|| (100)) which varies
with the drop size: H«R; and so the resonance
shifts to lower fields as the drop decays. The
Alfvén resonances were detected in a pulsed excit-
ation experiment with 0.75 uJ/pulse, resulting in a
smaller initial drop size. The resonance decay
times measured in these two experiments are in
good agreement. As expected (if compressional
effects are not large), the radius decay time is
approximately equal tothree times the luminescence
decay time.

On the other hand, the cloud of ¢ drops in un-
stressed Ge decays in a quite different manner, as
shown in Figs. 30 and 31(b). The size of the cloud
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FIG. 29. Luminescence profiles for ¢ =0 and 1000
psec for a sample stressed along (111). Py =100 mW,
T=1.8 K.
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- FIG. 30. Luminescence profiles for =0 and 100 usec
for an unstressed sample. P, =11 mW, T=1.8 K. Due
to decreased spatial resolution (~330 pm) the edge ef-
fects at x=1.8 mm are particularly broad.

does not decay in time at low temperature, imply-
ing that after the initial cloud formation the drop-
lets individually decay at a relatively fixed position
in the cloud. In Fig. 30, after 100-usec delay the
width of the luminescence profile is unchariged,
even though the peak intensity has decreased by
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R © Pabs = 100 mW
o o
= 300 A ° a a x
g B A O o oy N
5 roo Zo a z 3
E o
g ° o
5 5 o 8
£ 200 a o —
s a o
a [AUN o o
A A o] o
a
A a
100 | | 1 |
0 1000 2000
t (usec)
_ 1000, , 1
e 000 I <|)
9001 -
.8 0 N & &8 a
E soo‘lf;A oo © 8 b .
] Xo0 ®)
g 700F Unstressed Ge -
x T=1.8K
'é 600 Paps = HImW -
S T=I05usec
500 1 | 1 |
o} 100 200
t (usec)

FIG. 31. Radii obtained from luminescence profiles.
(a) v-drop radii, forthe same sample and conditions
as in Fig. 29. (b) a-cloud radii, for the same condi-
tions as in Fig. 30. The solid line assumes exponen-
tial decay at % of the total luminescence decay, Fig.
16(c).
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FIG. 32. Radius as a function of time for a sample
stressed along (110), in the “permanent-stress” geo-
metry of Ref. 4. (This stress direction would usually
result in two strain wells. However, in this experiment
the stress plunger was applied close to one edge of the
sample, so that only a single minimum actually
occurred inside the crystal.) e, o from luminescence
profiles, for P,,=96 mW. a from Alfvén resonances, in
a pulsed excitation experiment with 0.75 uJd/pulse,
giving a smaller initial drop size; the radius is ob-
tained from the resonant field as in Refs. 20 and 97,
using #=0.5 X 101" ecm=., T=1.8 K.

over a factor of 10. In Fig. 31(b), the line corres-
ponds to exponential decay with 7=105 ysec. This
is three times the luminescence decay time, which
would be the expected radius decay time if the cloud
decayed as a single body with #,,= const. Clearly
the cloud does not shrink in time: in fact, the data
indicate the interesting possibility that the cloud
size may initially grow after the light is switched
off,

VI. DISCUSSION

We have shown that it is possible to produce
large single drops of EHL in suitably strained Ge.
When the drop is small enough, the e-% pair den-
sity is essentially uniform and the properties are
characteristic of the liquid under uniform (111)
uniaxial stress. The pair density is »#, =(0.50
+0.05) x 10" cm™ (7=1.6-2.0 K, —6=4-17 kgf/
mm?), as discussed in Secs. IIID and IIIE. This
is in comparison to the density for a drops, =,
=2.22 X107 cm™ (1.8 K).2 :

Vashishta, et al., have estimated theoretically®
that, for a (111) strain just large enough to de-
populate three of the four conduction-band valleys
[Ge(1:2) in the notation of Ref. 4], the pair density
would be 2=0.69 X 10*" em™ at T=0 (or 2=0.65
X 10" cm™ at T=1.8 K).®® However, they neglect-
‘ed the change of hole mass with stress. In Ref. 5
an attempt was made to estimate how significant
this mass change was. Using three different mod-

els for the correlation energy, values of » rang-
ing from (0.46 to 0.59) X 107 cm™ were obtained

(T=0K, 0,=-6.5 kgf/mm?). Model 1, using the
Vashishta et al. zero-stress correlation energy,®
and assuming that the sum of exchange plus cor-
relation energies is independent of stress, gives
reasonable agreement with our experimental re-
sult, even when a T-dependent correction to # is

. included. Furthermore, this same model agrees

with the densities derived from the uniform (111)
stress data of Feldman ef al.?® and Pokrovskii

et al.®® over a range of stresses —o=5-13 kgf/
mm?, Thus we conclude that the experimental
determinations of the e-k pair density in the
strain-confined EHL are in good agreement with
the theoretical predictions.

A. Conduction-valley degeneracy in the strain-confined liquid

Theoretically, it is clear that a large (111)
stress should split the four conduction-band val-
leys by a large enough amount that only a single
band is occupied. This gives a clear explanation
of the break in the slope of EHD peak luminescence
versus stress, observed by Alekseev et al.*® and
Benoit 4 la Guillaume et al.?” Similarly, it ex-
plains the sudden jumps we have observed in E,
AE, 7, and I as functions of applied stress (Figs.
7 and 8). That is, the point of maximum shear
stress in the sample does not become an energy
minimum for the EHL until after the conduction-
valley degeneracy is removed. However, it is of
interest to consider what direct experimental evi-
dence there is that only one conduction valley is
occupied in y drops.

The most direct evidence is given by the angle
dependence of the ultrasonic attenuation, reported
by Hansen.® The data were taken in a (110) plane
over a range within 20° of the (100) direction, and
show only a single series of magneto-oscillations.
The angle dependence of the oscillation peaks is
consistent with the variation of cyclotron mass®
in the occupied ‘valley. If all four valleys were oc-
cupied, there would be two other sets of peaks,
corresponding to the cyclotron masses of the other
valleys. - .

The conduction-valley degeneracy v can be in-
ferred indirectly by comparing our data on the
luminescence linewidth (Sec. IIID) and the mag-
neto-oscillations of the luminescence (Sec. IIIE).
The first measures the sum of the electron and
hole Fermi energies E%+E", while the second
measures only the electron Fermi energy E¢.
Specifically, we found Ep=E%+E" ~4.66 meV
from the luminescence linewidth, and E % = 2.30
meV from the magneto-oscillations. This yields
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Derivative of Microwave Absorption
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FIG. 33. Cyclotron resonance of carriers outside the
¥ drop in the same sample and strain configuration as
in Fig. 32. The magnetic field was nearly parallel to
a (100) crystal direction, but sufficiently off axis that
the cyclotron resonance from electrons in each valley
was separately resolved. ’

E% = 2.36 meV which, for T=2.0K and ¢,=-6.8
kgf/mm?, corresponds to #=0.47 X 10'7 cm™,

This density in turn corresponds to E% =2.15 meV
(for v =1), 1.35 meV (for v=2), or 0.85 meV (for
v=4). (These calculations all contain the assump-
tion that the masses are unchanged from bulk Ge.%°)
Assuming that E% may be approximately described
by a scalar hole mass m,,, this argument can be
restated more quantitatively. Lety=m,./m,,.
Then

Ep=ES%(1+yv?/3), (16)

Using the values E;=4.66 meV (luminescence
linewidth), E %=2.30 meV (magneto-oscillations),
Mge=0.22m,, and m,,=0.201m, [the average hole
density-of-states mass for the line-shape calcu-
lation of Fig. 13(b)], Eq. (16) gives v=0.91.% Thus
the values we measure for E, and E  are con-
sistent only if v=1.

This degeneracy v=1 can also be inferred from
the angle dependence of the Alfvén resonances.
The experimental result is quite striking. The
resonance approximately follows the angle depen-
dence of the electron-cyclotron resonance in a
single ellipsoid, having 180° symmetry in a (110)
plane characteristic of v=1, rather than the 90°
symmetry which would occur if v=4. This angle
dependence is expected theoretically.®? The ex-
periment was done on a crystal with a (110) stress
and a (110) face, the field being rotated in the
plane of the crystal face. This geometry produces
two drops, each having a different (111) ellipsoid
occupied [Ref. 4, Fig. 29(c)]. The Alfvén reso-

nances from the two drops could be observed sep-
arately, and, as expected, the peak in the angle
dependence was separated by ~70° in the two drops.

Finally, Fig. 33 shows the cyclotron resonance
of electrons outside the drop. The four peaks
correspond to the four conduction-band valleys,
and the different relative intensities indicate the
relative populations of the valleys in the entire
crystal. Itis likely that most of the carriers are
localized near the strain well. However, since
the strain potential well acts as a repulsive bar-
rier to electrons associated with other (111) val-
leys, it is likely that carriers not lowered in en-
ergy by the well will be located in other parts of
the crystal. By varying the angle of the magnetic
field it was confirmed that the electron valley as-
sociated with the largest cyclotron-resonance
peak corresponds to the same (111) direction as
that associated with the y drop. Clearly, most of
the carriers are located in a single valley, espe-
cially in the region of the potential well.

B. Advantages of large volumes of EHL for study

In similar stressed crystals, light scattering
experiments®®® clearly showed that the y drop is
a continuous mass of fluid, and not a cloud of
smaller drops. The large-angle scattering typical
of Rayleigh-Gans scattering by small drops® van-
ished, leaving only an intense absorption near
6=0.

Having such a large mass of fluid allows the
possibility of performing numerous experiments
which would be impossible with a cloud of small
drops. The Alfvén resonances!!+1%18:20:53:92 gy¢
direct probes of the drop size, which occur when
the drop diameter is matched to a multiple of the
microwave wavelength (inside the drop, where the
wavelength is much shorter due to the high dielec-
tric constant). Such resonances are not expected
for the much smaller @ drops in unstrained Ge, 1296

_except at much higher frequencies. These were
“the first experiments to actually probe the interior

of the liquid, giving an estimate of carrier colli-
sion times. Using Alfvén resonances, it is pos-
sible to study the y-drop buildup®’: in a pulsed
excitation experiment, the drop grows from zero
to R=100 pm in =1 usec, requiring resolution on
a time scale usually not accessible with the de-
tectors used for studying luminescence.

Because the y drop is formed in a strain well, it
is possible to compress the EHL at a given tem-
perature simply by increasing the size of the y
drop. This is in contrast to the case in unstressed
Ge, where the density can be changed only by
changing the temperature. Indeed, the compres-
sion of the y drop shows up in all our data: the
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luminescence linewidth, lifetime, period of mag-
neto-oscillations of luminescence and ultrasonic
attenuation, and power dependence of drop size.
It can be explained quite straightforwardly by as-
suming that the chemical potential is constant
across the y drop.® We are presently making an

_extensive study of this phenomenon, to test the
theory of the compressibility in detail.3?

The internal particle dynamics, involving re-
combination currents and carrier-carrier colli-
sion times in the liquid, can be measured for the
strain-confined liquid. A particularly striking
effect is the distortion of the y drop in an external
magnetic field.%*"%® A hydrodynamic theory for the
effect has been derived® which explains the gener-
al features and magnitude of the distortion, The
observation and explanation of this phenomenon
relies upon the ability to produce an image of a
single large electron-hole drop.

Finally, the strain-confined liquid is useful in
determining the energetics of the Fermi liquid
under stress. For sufficiently small radius (R
<150 um) the liquid occupies a region of rela-
tively uniform strain, and the measured pair den-

sity is in good agreement with theoretical pre-
dictions for uniaxially stressed Ge, i.e., for Ge
(1:2). The strain gradient however provides a
useful inhibiting effect on the liquid evaporation,
permitting a measurement of the volume decay
time under stress. Given a refined theory, a
knowledge of the strain dependence of 7 promises
to reveal detailed information about the various
recombination processes in the EHL.
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{I'l1) STRESS
(1T0) FACE

FIG. 20. Luminescence
image from a sample
stressed in the (111) dir-
ection, viewed through a
(110) face and displayed
using an infrared vidicon
and standard TV monitor.
Lower photo is an end view
through a (111) face, as
shown in Fig. 1(b). The
crystal face pumped by the
laser is uppermost in the
end view. Pg,=90 mW,
T=1.8 K.



