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PROPERTIES OF THE STRAIN-CONFINED ELECTRON-HOLE LIQUID IN Ge 

. J.P. Wolfe,Ca) R. S. Markiewicz,Cb) S.M. Kelso, J. E. Furneaux, 
and c. D. Jeffries 

Physics Department, University of California 
Berkeley, CA 94720 

and Materials and Molecular Research Division 
Lawrence Berkeley Laboratory, Berkeley, CA·94720 

ABSTRACT 

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 crysta~ 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, tempera-

ture 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 d~nsity at intermediate (111) stress 

is determined to be (0.50 ~ 0.05) x1017 cm- 3 from a luminescence lineshape 

analysis which takes into account the reduced electron band degeneracy 

and the strain-dependent hole mass. Magneto-oscillations in the luminescence 

intensity are observed which yield a similar density. A tenfold enhance­

ment of the liquid lifetime is observed for stresses above 5 kgf/mm2 and 

1.8 ~ T ~4.2 K, consistent with the reduced pair density and inhibited 
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Corporate Research and Development, Schenectady, 
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liquid evaporation in the strain well. Compression of the liquid at 

high excitation level is reflected in the lineshape, lifetime and spatial 

imaging measurements. Tirne~resolved imaging of the liquid luminescence 

provides a striking contrast betw~en 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 semiconductors1 represents a low 

~temperature phase transition of photoexcited electrons, holes, and free 

excitons (FE) into a uniform-density Fermi fluid. The properties of 

this unique liquid have been studied extensively over the past decade. 2 

Mbst experiments to date have dealt with unstressed high-purity Ge, 

where a diffuse cloud of electron-hole droplets (EHD) (each - 1-10 ]11Il. 

3 . 4 
size) are formed. In a previous paper, we showed that a large volume 

of electron-hole liquid may be produced by carefully stressing aGe sample, 

thereby confining the liquid to a maximum-stress region inside the crys-

tal. This strain-confined liquid was tenned a "y-drop", in contrast 

with the small "a-drops" in unstrained Ge. A detailed analysis of the 

required macroscopic stress conditions was given. In this paper, we 

describe a mnnber of luminescence experiments which detennine the parti­

cular properties of the strain-confined electron-hole liquid. We have 

observed luminescence from the gas of excitons in equilibrium with the 

liquid, thereby establishing the transition to the liquid phase. As 

expected, the properties of the strain-confined EHL, most notably the 

electron-hole (e-h) pair density n , exciton condensation energy cj> , . y y 

and e-h recombination lifetime Ty' are significantly different from those 

of EHD in unstressed Ge. 

Evidence is presented here that for moderate excitation levels 

(corresponding to drop radii~ 150 micro~s), they-drop occupies a 

region of approximately un~form strain, so that the equilibrium prop­

erties may be studied. Larger drops are compressed by the strain well, 

resulting in an increased pair density and, consequently, a decreased 

• 
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pair recombination lifetime. This compression affects most of our ex­

perimental results; a theoretical discussion of the EHL compressibility 

has been presented. 5 

While the properties of the EHL are expected to vary smoothly with 

·uniform applied stress, 5 there are three distinct regimes -l.Dlder (n~ 

compression. (1) The t.mstraine& crystal, in which the electrons are 

equa11y distributed in four conduction band va11eys, and the holes are 

in two degenerate bands. In the notation of Ref. 4, we refer to this 

state-- as Ge ( t1 : 2) ; the m.unbers refer to the number of occupied conduction 

valleys and valence bands respectively. Several calculations have been 

made of the properties of this state, 6-8 and the results are in good 

agreement with experiment. 2 (2) Under moderate ( 11~ compression' 

(3 $~a slO kgf/mm2, where 1 kgf = 9.80665 N, and compressional stresses 

taken to be negative) the conduction band degeneracy is broken, and only 

a 'single va11ey is ocCu:pied. The two holes bands are partially split 

by the stress, but the splitting is less than the hole Fermi level. 

This state, Ge(l:2), is the principal object of the experimental study 

presented here. The results are in reasonable agreement with theoretical 

calclilations. 9,5 (3) At higher stress (-cr.~ 10 kgf/mm2) ·one valence band 

is completely depopulated. This final state, Ge(l:l), is theoretically 

expectedlq,6, 7 to have a considerably lower density than for the other 

states. In general, the stresses needed to observe this state are 

higher thari those obtained in the present experiments. 

In non-tmiformly strained Ge,\photo-prod.Uced electron-hole drops 

(EHD) are attracted to regions of maximum shear strain. By applying a 

-- contact stress over a portion of the crystal surface it is possible 

are 
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to create one or more energy minima interior to the crysta1. 4,ll,l2 

This Hertzian contact stress13 may be produced by applying a moderate 

force to the sample with a slightly rounded plastic plunger. Small EHD 

produced near the light excitation point are attracted to these potential 

wells and coal~sce into masses of electron-hole liquid. In Refs. 4 and 

11 it was shown that the potential minima are located in regions of the 

crystal where the local strain tensor is approximately equivalent to a 

(111) -unia~ial strain. This is because the electronic deformation po­

tential in Ge is largest for a uniaxial strain along the (111) axis. If 

the contact force is applied along a direction other than (111) , po­

tential minima occur along (11~ axes radiating out from the point of 

contact. Thus 1, 2, or 4 drops are produced when the contact 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 applied, 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-confined liquid is a 

phenomenon quite distinct from the usual EHD formation in unstressed Ge. 

If an unstressed sample of Ge is illuminated by a laser beam focused to 

a point, the EHD produced by-the light will form a cloud14 ,15 of small 

droplets which increases in size as the laser intensity is increased. 

Experiments reported here --·infrared imaging, kinetic studies, and 

spectroscopy -- show that a cloud of small drops is readily distinguishable 

from the strain-confined liquid. We report here on experiments on both 

stressed and unstressed ultrapure dislocation-free Ge crystals. Where 
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possible, direct comparisons will be made between the y-drop and a cloud 

of a-drops produced in the same sample when the stress is removed. The · 

measurements may be grouped into several categories: 

1) Spectroscopy of the electron-hole liquid. The recombination 

luminescence was measured vs. wavelength at 1.8 K and 4.2 K for various 

laser exci tatio:ri levels. The luminescence linewidth from the y-drop is 

constant at low excitation levels, indicating a constant e-h pair density 

in the liquid. · From these data at intermediate stresses we estimate an 

equilibrium (l')nsity ny(1.8 K, - cr% 6kgf/nm2) = O.SOxlo17cm- 3, compared 
17 -3 2 to the a-drop density n (1.8 K) = 2.2xlO em • Luminescence from 

a 

excitoris in equilibrium with the strain-confined liquid was observed, 

giVing a:h estimate of the exciton condensation energy, ¢ 1\f 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 

temperature 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 studied as a ftmction of stress. Magneto-oscillations in the 

lumiriescence intensity were observed which determine an electron Fermi 

energy in agreement with spectroscopic data. From the luminescence line­

shape and the magneto-oscillations in luminescence intensity, we find 

evidence that only one conduction valley is occupied in y-drops. 

2) Decay kinetics. Time dependence of the total luminescence yields 

the· volume· decay time '\ = 400 to 600 ].lSec, compared to Ta = 40 J.lSec for 

a-drops at 1.8 K. This enhanced T is relatively constant below 4.2 K, y 

consistent with a reduced density and inhibited evaporation from the 

strain-.confined liquid. The y-drop lifetime is fomd to be greatly re-

duced in dislocated Ge. 
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3) Imaging of the recombination luminescence. Time-resolved 

spatial profiles of y-drops and a-clouds are obtained by scanning the 

crystal image across the spectrometer slit. Taking into accotmt the dif­

ference in lifetimes, comparisons can be made between the y-drop density 

and the average e-h pair density over the a-cloud. The cloud density 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 expected, whereas the cloud 

radius does PlJt. Results are in agreement with previous Alfv~n wave 

measurements. 16 

The experimental teclmiques used in the present study are described 

in Section II. In Section III we discuss the spectroscopic properties 

of y-drop and free exciton luminescence, including the measurement of 

the y-drop density, and exciton condensation energy <f>. The stress ~d 

magnetic field dependences of the luminescence are also discussed. The 

lifetime and t-emperature dependences of the luminescence are discussed 

in Section IV. In Section V the spatial properties of y-drops and 

a-clouds are compared, including the dependence on the excitation level 

and on the time after tum-off of the excitation source. In Section VI 

the principal results are summarized and discussed, including the deter­

mination that only one conduction valley is occupied in y-drops. 

II. Experimental Procedures 

The crystals of ultrapure dislocation-free Ge used in these experi-

11 -3 . 
ments contained. NA ~ 10 em and were grown by W. L. Hansen and 

17 E. E. Haller. ·The samples were cut along crystal synnnetry axes to 

dimensions 3. 85 x 3. 85 x 1. 7-5 rrnn and etched in a 3HN03 :HF solution. In 

.. 

r 

- 0 
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most of the experiments below a force was applied along a ( 11V axis 

of the crystal, resulting in a single potential well for the EHL; a 

(no)axis was perpendicular to the 3.85x 3.85unn.face((110)-face). The 

sample was mounted as in Fig. l(a),very similar to the arrangement pre­

viously used. 4 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 z 4 rnm). The force on 

the nylon plV'lger was transmitted by a stainless steel rod from a cali­

brated spring arrangement outside the cryostat. Typically a 10 kg£ force 

was applied to the pltmger before cooling the sample. This procedure 

created a contact area of about 1 rnm2. As described in Sec. III, after 

the crystal and plunger were cooled to He4 temperatures this contact 

area remained relatively insensitive to variations in the applied force. 

The applied force could be varied between 0 and 25 kg£ while the sample 

was immersed in liquid helium. In one experiment described in Sec. IIIB 

a slightly rotmded brass pltmger was used to contact the sample through 

a thin sheet of mylar. In this case the contact area was fotmd to in-

crease considerably with applied force. 

A schematic diagram of the optical system is shown in Fig. 2. Light 

from the 2W Argon-ion laser was filtered with an H2o bath to attenuate 

the infrared radiation from the plasma tube. A special mechanical chopper 

was built to modulate the laser light: sufficiently fast rise and fall 

times ( z 5 ]lSec) 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 ]lm spot on the Ge surface, 
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acc~rately positioned by translating the laser focussing lens. 

We used a modification18 of the imaging technique employed by 

Pokrovskii2a and Martin15 to study the spatial distribution of the 

hnninescence emanating from the sample. A precision imaging lens (Fig. 2) 

formed a sharp; 3x magnified image of the crystal onto the entrance plane 

of a 1/4 meter Jarrell-Ash spectrometer. In experiments of Refs. 2a andlS, 

the laser spot was translated across an unstressed Ge sample, thus moving 

the a-cloud image acrbss the entrance slit of the spectrometer. Because the 

y -drop remaiT's fixed in the crystal, we have modified this technique as 

follows: the ltnninescence 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 mounted 

vertically ot horizontally (Fig. lb), permitting only luminescence from a 

narrow strip of the crystal to enter the spectrometer. This technique 

allowed time~ and wavelength-resolved image scans to be taken along three 

orthogonal spatial directions. The following conventions are followed in this 

paper (Fig. lb): a "y-scan" is fonned by translating the image horizontally, 

across a vertical slit; a "z-scan" is fonned by translating the face view 

of the image vertically, across a horizontal slit; while an "x-scan" is 

formed by translating an end view vertically, across a horizontal slit. 

In the figures~ 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 

contacting the plunger; and x = 0 at the face of the crystal illuminated by 

the laser. A scanner control circuit allowed precise digital positioning 

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 
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horizontal directions; these distances were about 12 ~for y-scans 

and 8 11m for z- and x-scans. The spectrometer allowed wavelength reso­

lution of the llUili.nescence, which was detected by a cooled high-sensitivity 

Ge photodiode. A PAR Ivbdel 160 Boxcar Integrator was used to obtain images at 

discrete times after turn-off of the laser excitation. These delay times 

ranged from 5 11sec td 2 msec with a tire resolution (amplifier rise tire 

and boxcar gate width) of 10 11sec. 

The spati_al resolution of the luminescence images was determined by 

the slitwidth 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 ~. 

The luminescence profile from a slit scan of a constant-density 

spherical (or ellipsoidal) object should be 

I(x) a: (R2 - x2 ) (1) 

where x is the slit position, and R is the radius of the obje.ct (y-drop or 

a-cloud) . The full width at half maxinn.un (FWHM) of the profile is related 

to· the radius R by 

R = FWHM/IZ • (2) 

This relation is true if the slit width is sufficiently small compared to 

R; in fact, Eqn. (2) is true within a few % if the slit width s ~ ·. 7 FWHM. 

For the case s = . 7 FWHM the shape of .. the profile is affected by the finite 

slit width, but the~- (FWHM) 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 11m or 150 l1ffi 
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spectrometer slits, allowing resolution of y-drop radii ~ 80 lJII1 or 50 lJII1 

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 mod­

erately 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 ~ than at o. 5 ]Jm.) The resolution 

of such a lens is estimated to be < 40 ].11ll. 

The excitation level is given in this paper by the actual laser power 

P abs absorbed into the Ge sample. As in Ref. 4, this was obtained by mea­

suring the laser output at various points in the optical path using a 

thermopile, and checking that there was no significant IR transmitted 

through the H20 bath. Our values of Pabs include the fact that only 4 7% 

of light at 5145A is absorbed into Ge at 4K. 19 In previous publica-

. 16,18,20 th 1 p . at1ons · e aser output was g1ven.; the absorbed power Pabs ~ 0. 3 P. 

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 boxcar, th;is 

reference was chosen because it is in principle possible to rel.ate this 

quantity to the number of photons/sec incident on the detector. How­

ever, an absolute measurement of the sensitivity of our detector has not 

been made. 
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III. Spectroscopy of the recombination 1UIIiinescence. 

In Ref. 4 it was shown that y-drops form in 3-dimensional potential 

wells created by the inhomogeneous strain. The luminescence spectrum is 

shifted by the strain to lower energy than the spectrum 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 kg£ the spectrum is shifted by 

about 2.5 meV from the a-drop spectrum. In this section we examine the 

intensity; lineshape, and energy of the y -drop ltuninescence mder various 

experimental conditions. 

A. The liquid-gas phase transition. In order to establish the 

existence of a liquid-gas phase transition it was necessary to observe 

the excitonic gas in equilibritun with the electron-hole liquid. At 1.8 

K the ntunber of free excitons (FE) evaporated from the liquid was not 

sufficient to observe their radiation. The number of FE was prestunably 

reduced by backflow into the liquid, caused by the stress-induced potential 

gradient at the liquid surface. Thus to observe the equilibritun excitons 

it was necessary to raise the temperature and reduce the excitation level, 

thereby creating a small drop in the shallow 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 mstressed 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 
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rneV is present. As the exciton density is increased a distinct 

pumpmg threshold in the EHL ltuninescence intensity is observed. Figure 

5 shows the EHL and free exciton intensities vs. excitation power showing 

that once the nucleation of the liquid phase has occurred, additional e-h 

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 extensively21 for small EHD in unstressed Ge and is a 

characteristic property of drop nucleation from the saturated gas. 

To conf;rrn that both phases occur in the same region of the crystal, 

luminescence image scans were performed as described in Sections II and V. 

Figure 6a shows a scan in the x-directian for the exciton phase near 

. threshold, and Fig. 6b shows a similar scan for the liquid phase at a 

higher excitation level. It can be seen that both phases are spatially 

localized in the strain well~ 

'!he liquid, which has a higher equilibrium density, 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 chemical potential equal to a constant, the gas density profile is 

expected to be 

_ ( Es(r)\ 
n(r) = n(O)exp . - ""kT} (3) 

The strain energy is taken to be parabolic: Es(r) = ar2 where r = 0 

is the center of the strain well. It follows that the luminescence 

intt'nsity in a slit scan is 
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( 
a(x-x )

2
) 

I(x) = I(x
0
)exp - kT 0 (4) 

where x
0 

is at the center of the well. The open circles in Fig. 6a 

represent Eq. (4), with a= llmeV /mm2• This value is in reasonable 

agreement with the 2 -dimensional .calculation of the EHL enerzy vs. 

position presented in Ref. 4. Thus the shape of the free exciton distri­

bution is satisfactorily explained in terms of an ideal gas, at the 

lattice temperature, in a potential energy gradient. 

Because the free excitons are localized in the strain well, the 

effective voltune of the gas is smaller than that which can be obtained 

in tmstressed Ge with tmiform Pl.DilPing over a large surface area. Thus 

the exciton ltuninescence intensity at threshold is smaller for our in­

homogeneously-stressed samples, and we have so far observed the free 

excitons only at temperatures T L 3.3 K. 

From the gas and liquid energy spectra, it is possible to measure 

the condensation energy ¢ lost by an e-h pair in the gas-liquid transition. 

It is theoretically expected6' 7 ,l0, 22 that ¢ will be smaller in samples 

under (111) stress than in tmstressed Ge. This is evident in Fig. 4, 

from the greatly reduced separation between the EHL and exciton ltuninescence 

lines, as compared to unstressed Ge. However, ¢cannot be simply mea-

sured by the splitting between these two lines: At such high temperatures, 

the EHL spectrtun is broadened even near threshold, due to the enhanced 

compressibility of the liquid; and at all temperatures, the shape of the 

FE ltuninescnece line must be corrected for broadening due to the strain 

gradient. A preliminary value of ¢ :::: 1 meV has been measured23 from 

the EHL and FE ltuninescence lineshapes and separation at a somewhat lower 
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temperature (T = 3.3K), using these modifications of the analysis. A 

similar value for ~ was also measured23 thermodynamically, from the tempera-

ture dependence of the exciton.density at the threshold for drop formation. 

A detailed study of the strain-confined electron-hole fluid phase diagram 

will be published separately. 24 The value~~ 1 meV should be compared 

with~~ 2 meV (T = 3.SK) in unstressed Ge. 25 , 26 

B. Stress dependence of the luminescence 

Figurv 7a shows the variation of the luminescence peak energy as a 

function of applied force F. It can be seen that the peak energy shifts 

linearly with F, above a critical force F , similar to experiments on 
0 

uriiformly stressed Ge. 2 7 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 1.n 

Ge, raising three valleys in energy and lowering the fourth. At some 

critical stress, cr
0

, this strain splitting becomes equal to the electron 

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 slightly to higher energies. 

Only for stresses larger in magnitude than cr
0 

are EHD attracted by 

strain gradients toward regions of higher strain. 

In our inhomogeneous stress experiments (Fig. 7), when the applied 

force is small, the maximum stress crM is smaller than a 
0 

in magnitude, 

so that EI-:ID are not attracted to the point of maximum stress; indeed, they 
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may be slightly repelled. For these low applied forces, the luminescence 

is due not to carriers inside the well, but to small . droplets in a cloud 

near the laser spot. Thus the luminescence peak (Fig. 7a) is only weakly 

shifted by the stress, while the linewidth ~E (defined as the full width 

at half maximum of the luminescence spectrum) (Fig. 7b) and lifetime T 

(Fig. 7c) are characteristic of ·a-drops in unstressed Ge. 

Once F exceeds some critical value F
0

, however, the drops in the 

cloud are attracted to the stress maximum, forming a y-drop with very 

different pr~perties, as seen in Fig. 7. The force F
0 

is in general 

not the same as the force at which oM = cr
0

, since the cloud of drops is 

localized near the crystal surface and will not be attracted into the 

well unless I oM I is somewhat larger than lo I· Once small drops are 0 . 

attracted into the.well, a y-drop forms, with a greatly enhanced re-

combination lifetime (Fig. 7c) and peak luminescence intensity (Fig. 7d), 

and a reduced linewidth (Fig. 7b), all characteristic of a reduced e-h 

pair density (see discussion in Sections IIIC and D). 

For F > F , the luminescence is due to carriers inside the well, and 
0 

the stress-dependent properties of y-drops can be studied. The luminescence 

peak is seen to shift to lower energies approximately linearly with 

F(F > F
0
). The magnitude of the strain at the bottom of the well cannot 

be measured directly, 28 but is estimated from the shift of they-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 vs. uniaxial stress data 

taken from Ref. 27, the resultant stresses are calculated and shown at the 

top of Fig. 7. 
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The changes in the properties of y-drops with stress (for F > F
0 

in 

Fig. 7) are not yet very well understood. Theoretically, they-drop 

density is expected to decrease with a large (111)-stress, 5 , 6 ,?,lO and 

this result has recently been observed tmder tmiaxial (111) -stress, 
29 

'
30 

where the luminescence linewidth was seen to decrease with increasing stress. 

In the strain we~l there are complications which can make this density 

ch h d b Th d ds 
5 31 32 . . ange ar er to o serve. e rop ten to compress, ' ' mcreas1ng 

the average pair density above the equilibrium value. This effect will 

be discussed in· greater detail in the following section (IIIC). However, 

the compression should be more significant at higher stresses for two 

reasons: first, the strain gradient is larger, and second, the compres-

sibility of the drop increases as the equilibrium density decreases. It 

is clear that the luminescence linewidth, Fig. 7b, does not decrease as 
. 29 30 much as in the tmiform stress exper1ment. ' However, the pair recombi-

nation time increases with increasing stress (Fig. 7c), suggesting a 

corresponding decrease in pair density, which may be masked in Fig. 7b by 

an inhomogeneous line broadening (see Section IIIC). A quantitative 

analysis of n(cr) and T(cr) 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 
' . 33 exper1ments. 

In Fig. ?a, the linear energy shift with applied force suggests 

that the contact area is relatively constant, unlike the classical Hertzian 

contact problem~ 3 ' 4 An explanation of this is that the nylon plunger 

undergoes a plastic deformation when the 9 kgf force is initially applied 

at room temperature. The nylon becomes much stiffer at liquid helium 
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temperatures and retains the initial contact area for a wide variation 

in force. This conclusion is supported by birefringence data4 which show 

that the position of the strain maximum is only weakly dependent on force. 

By contrast, Fig. 8 shows the results of a different experiment, in 

which the stress was applied through a metal pltmger. A slightly rotmded 

brass rod contacted the crystal through a thin sheet of mylar. (The mylar 

interface reduced the effect of small high stress regions at the con-

tact, caused by surface irregularities.) This case more nearly resembled 

the classi~al contact problem: an increase in the contact area with 

stress was observable 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 aM = F/A and strain gradient for 

a given force, and accordingly a smaller threshold force for the formation 

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 

. h . . d13 h A F213 F th. contacting sp eres, 1t 1s expecte t at ~ . or 1s case 

crMcxF/Aa:F113, which is plotted as the solid curve on Fig. Sa. 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 determine 

precisely the\point at which the rod first made contact with the crystal; 

and (b), at liquid helium temperatures, the mylar interface may have been 

distorted, giving an apparent minimum value of A > 0. 
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The effects of compression of the liquid are more evident in this 

metal-plunger experiment: the strain gradient is larger and the drop size 

is larger due to an increased Pabs" The luminescence linewidth (Fig. 

Sb) increases and the lifetime (Fig. Sc) decreases with stress, corre-

spending to an increasing density with stress. Also the total luminescence 

decay is quite non-exponential, indicating that the density decreases as 

the drop size decreases. 

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) , (no) , or ( 100) respec­

tively. It was found that all of these cases actually correspond to 

drops fanning regions of local QlV 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 approximately equal applied forces 

along ( llJ) ( 110) , and (100) . directions, as we 11 as for 

a-drops in ~ unstressed sample. (The force is applied via the 

"permanent" stress geometry as in Fig. 17a 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( no)stressed crystals is considerably 

less than for .( 111) stress. 34 The magnitudes of the shifts are approxi­

mately in agreement with the predictions of Ref. 4. Note that for all 

three stressed samples the luminescence linewidths are similar, and are 

narrower than the linewidth from the unstressed sample. 
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Because the properties of the strain-confined EH1 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 y-drops at 
2 

(approximately) a fixed value of the stress, jcrMI ~ 5-6 kgf/mm , 

corresponding in our experimental arrangement to an applied force 

F ::: 9 -kgf. 

C. Ll.Dlli.nescence linewidth and compression of the strain.;.confined 
liquid 

Assuming a relatively constant fraction of the photoexcited 

carriers go into a single y-drop, the properties of the strain-confined 

liquid can be studied as a function of drop size by simply varying the 

excitation level. Figure 10 shows the luminescence linewidth L'IE (full 

width at half maximum of an energy spectrum) plotted vs. absorbed laser 

power P abs. The crystal ~as stressed along the ( 111) direction, with 

F ::: 9 kg£ and lcrMI :::5-6 kgf/mm2, estimated from the energy shift 

of the luminescence spectrum. At low excitation levels, i.e. for 

sufficiently small drop size (Pabs ~ 5 mW, R ~ 200 ~),the linewidth 

is constant, indicating a constant density within the drop. In this 

regime the lineshape is used to estimate the e-h pair density, as dis­

cussed in Sec. IIID. For higher excitation levels, i.e. larger drop 

size, the linewidth increases with Pabs" For comparison, Fig. 10 also 

shows the linewidth of the luminescence from a-drops in unstrained Ge. 

As anticipated, this width is independent of excitation level. 

Several factors contribute to the power dependence of the y-drop 

linewidth. The total luminescence is a superposition of the luminescence 
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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 

Es(r) = ar2 
(5) 

measured from the bottom of the well, with 2 a ::: 8 meV/nun for our experi-

mental conditions. Thus for a 400 11m radius drop, the ltmlinescence 

energy 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 hnninescence linewidth. 35 It can be 

shown5 that for small variations from the e~uilibrium density n
0

, the 

density variation within a y-drop is approximately given by 

n(r) 

where R is the drop radius, 

= n 
0 

" a = 

" 2 2 [1 + a(R -r )] 

E" = (d2E/dn2) is o n=n 
0 

(6) 

related to the compressibility of the liquid. Vashishta9 has calculated 

~ 0.68 meV for Ge(l:2) in the zero-stress limit. Thus the density is 

greatest at the center of the drop and falls to the equilibrium value n 
. 0 

at the surface of the drop. According to Eq. (6), for a 400 l.lffi-radius 

drop, we find n (r = O)z 3 n
0

. For such a large drop the deviation 
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from the equilibrium density is no longer small and so Eq. (6) must be 

regarded as only approximate. The density variation across a 100 J.IIll-

radiils drop, however, is only about 10%. Density variations of approxi-

mately this fonn and magnitude have been recently measured by Abel­

transform methods. 31
. It is clear that such a large compression has an 

important effect on many properties of the y-drop, and will be discussed 

. d .1 h 32 1n eta1 :--lsew ere. In the following sections we note several in-

stances where our data show additional evidence of such a compression. 

Figure 11 illustrates the effect of the strain inhomogeneity at the 

highest light levels. Trace (a) is the spectnun from the center of a 

large drop at fairly high excitation, P b = 58 mw; spectrum (b) is from . a s 

a small region near the edge of the same drop; and spectrum (c) is 

from a smaller drop for which Pabs = 1.4 mW. The narrowest spectnun is 

from the small drop, where the density and strain are tmiform to within 

10%. Spectrum (b) represents the liquid near the surface of the drop: 

Here the luminescence line is still somewhat broadened. by the strain 

gradient over the observed slit aperature. The peak of the luffiinescence 

is shifted to higher energies, since the local strain is smaller than 
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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 parameter a, as 

follows: Since trace (b) was obtained at r = y ~ 320 ~ (see Sec. II for 

definition of coordinates), Eq. (5) yields a ::::: 7 mev;rnm2 •.. This is in 

reasonable agreement 'with the estimate in Sec.· IIIA and the prediction in 

Ref. 4. This data clearly illustrates the role of spatial inhomogeneities 

in the line broadening at higher excitation levels. 

D. Dete:mination of the pair densitr: analysis of the 
lummescence lineshape at low exc1 tat ion 

Figure 10 showed that at low excitation levels the luminescence line­

width L'lE, which is a measure of the electron plus hole Fermi energies , is 

independent of power. This means that for sufficiently small drops 

(R ~ 150 ~),the strain is relatively uniform across the drop and the 

e-h density is constant. This constant density is characteristic of a 

. liquid phase. 

The luminescence linewidth of y-drops obtained for P abs < 5 mW is 

actually ::: 30% smaller than the linewidth of a-drops, measured from the. 

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 n as 

2/3 
Ee ex: (!!.) {7) F v 

where v is the conduction valley degeneracy. Since the y-drop does not 

fonn until the electron degeneracy is removed (v reduced from 4 to 1), 

the observed decrease in L'lE for the y-drop implies that the density must 
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be considerably lower than in a-drops. 

Taking into accmmt the change in the hole bands as wen, we have 

detennined the equilibritun e-h pair density in a y-drop by fitting the 

ltuninescence lineshape at low laser pump intensity. As for EHD in liD­

stressed Ge, the ltuninescence interisity for the LA phonon assisted line 

is taken to he36 , 37 . 

(8) 

where De and Ib_ are the electron and hole density of states, fe and fh 

are the respective Fermi distribution functions, Eg is the energy of the 

indirect gap, and hwph is the energy of the phonon: emitted along with 

the photon.· The electron density-of-states is that of a single parabolic 

band: 

(9) 

where mde = (m~~~) 113 = 0.22 m
0 

is the electron density-of-states mass. 

The hole density of states is written in the same fonn, but in strained 

Ge the hole density-of-states mass is energy-dependent. For one hole 

band, the mass is given by 

(10) 

The dispe:rsion ~ the_ strained hole band, 11-ru(it), is given in Ref. 38. 

The above expressian is for the "heavy" hole band (the band which remains 

populated l.Blder large (111) -compression). A similar expression holds 

for the "light" hole band when it is populated. The masses mdHH, mdlli were 
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calculated by m.unerically integrating Eq. (10) - a plot of these masses 

as a. function of reduced energy E' = E/ I cr111 1 is gi,ven in Fig. 12. The 

n~t luminescence . is the sum of separate ~ontributions of the fonn of 

Eq~ (8) for each hole band. We have used Hensel and Suzuki's values39 

for the hole mass parameters and defonnation. potentials . Stiffness t.ensor 

elements are from Ref. 40. The curves of Fig. 12 can easily be fitted 

with analytic fornrulas. By using reduced tmits, the masses may readily 

· be converted to the appropriate value for any stress. In Fig .. 13a, the 

solid curve is a typical luminescence lineshape calculated using this 

nonparabolic hole band ( -· cr = 5. 6 kgf;nnn2 , T = 1. 8K, n = 0. Sxlo17 cm- 3). 

By comparison,· the dashed curve is the lineshape for a constant hole mass 

mdh = ·mdHH(E~), using E~ = 2.28 meV obtained. from the .previous case. ·As 

can be seen from the figure, in order to quantitatively analyze ·the ex­

perimental lineshapes, the nonparabolic hole masses must be used. 

Figure 13b shows a fit of the LA-phonon assisted luminescence line 

for P abs = 0.1.7 mW, 41 . - oM .. = 6. 8 kg:Vnnn
2

, and T =_ 2. OK. The theoretical 

.poin~s are for a density of n. = 0. SOxlo17 an- 3. By analyzing several lines, 

we find' 

ny = O.SO~O.OSxl017cm- 3 (T = 1.8-2.0K, 

2 - OM = 5-7 kg:f/nun ) (11) 

Vashishta9 has calculated n = 0. 69xlo17 cm- 3 at T = 0 for Ge(l :2) in the 

zero-stress limit, that is with only one conduction valley occupied but with 

the zero-stress hole masses. Mbdel 1 of Ref. 5 gives a theoretical value 

of n = 0.44xlo17cm- 3 at T = 0. and . -cr.= 6.8 kgfAmi. Other experimental 

measurements of the density are discussed in the next section (Sec. IIIE). 

The overall agreement between experiment and theory is good. 
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The low-energy tail in Fig. 13b is present in all of our spectra, 

and is more pronmmced than the tail observed in tmstressed Ge. In tiD­

stressed Ge, this tail has been interpreted as partly due to Auger processes 

modifying the recombination energies of carriers deep inside the Fermi 

.sea. 42 ·Also, an additional contribution may arise from a "forbidden" 

ltm1inescence line associated with 10 phonons ~3 It .is not tmlikely that the 

magnitude,of either effect could be enhanced in y-drops. 

E. Other methods of estimating the pair deriSity 

In a magnetic field, the carrier energy is quantized into Landau levels, 

and many properties of the carriers have a quasi -sinusoidal modulation with 

period ex: 1/H. That is, the property tmdergoes a change whenever (j+l/2)hwc 

* * = EF' where w = eH/m c is the cyclotron frequency, m is the cyclotron c c c 

.mass of the carrier and · j is an integer. In experiments on a.-drops in 

tmstrained Ge, periodic oscillations have been observed in the ltm1inescence 

. . 44 d £ . f d b . 45,46 d . . 45 Th h ld rntens1ty an ar-1n rare a sorpt1on . an emss1on. ere s ou 

be separate sets of oscillations due to electrons and holes, but so far 

. only oscillations due to electrons have been resolved. 47 Similar magneto­

oscilla,tory effects are -expected for properties of y-drops. 

We.- have observed magneto-oscillations in the ltm1inescence intensity of 

y-drops. As in Ref. 44, these oscillations are apparently due to oscil­

lations in pair recombination time T
0 

since the effect became more pro­

notmced as the drop decayed. In these experiments the oscillations in the 

luminescence intensity were observed by two methods. The first method 

used a boxcar integrator to observe the total ltmlinescence intensity at 

discrete times after the light source was shut off. The second method 

used a phase-sensitive lock-in amplifier to observe the oscillations. 
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Because the luminescence decay time TY ~ 500 ~sec (see Sec. VA) was com­

parable to the time the square-wave chopped light source was switched off 

(t' "" 2 insec) , a change in TY shifted the phase of the ltnninescence 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 luminescence signal, corresponding to zero output 

from the phase-sensitive lock-in amplifier. Thus the output signal of 

the lock-in 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 averaging of a lock-in, and second, the output is 

not directly affected by small changes in' luminescence intensity which are 

not. related to . changes in the decay time. 48 

,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)' H I r ( 001) ' and trace (b)' H II < 110) ' 

. were taken for P abs = 3. 2 mW, us iilg the· second technique described above. 

Trace (c) , H II ( 111) , was taken for P abs = 2. 4 mw· at a time' t = 800 ~sec 

after. the light was· shut off, using the first teclmique described above. 

The period of the oscillations changed consistently with the angular vari­

ation in the electron cyclotron mass, assuming the electron masses are un­

changed from bulk Ge. 
49 These curves were fit 'using .a magneto~osciliatory 

expression similar to that reported by Keldysh and Silin. 50 It was 

asstimed 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 · 
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electron Fermi level to be E~ = 2.3±0.12 meV (T = 1.6K). This yields an 

average value for-the e~h.pair density: , 

(12) 

The above result was obtained at a sufficiently low excitation level 

that the luminescence linewidth (see Fig~ 10) was not broadened, so we con­

sider the· above density to be the equilibrium value. At higher excitation 

levels the period of the oscillations was observed to increase with Pabs' 
. . " -

indicating compression of the liquid. Figure 15 shows a magnetic field 

sweep for the same field orientation as in Fig. 14c but taken at a much 

higher excitation level, Pabs = lZO mW, t = 100 ~sec. For this data we 
· e 17 -3 fotmd EF = 3. 68 meV, corresponding to n = 1. OSxlO ern • It is 

perhaps surprising that, with such a wide range of density within 

the drop, the oscillations are still very well resolved. While this 

represents.some kind of an average density, it shows clearly that signif­

icant compression can easily be obtained with moderate excitation levels. 

Ohyama, Hansen, and Turney51 observed oscillations in the attenuation 

of longitudinal ultrasound by y-drops in a magnetic field. These oscilla­

tions 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 density they 

. ~btained was ny = 0.62±0.04xlo17cm- 3 (T = 1.8K). However, they were using 

moderately high excitation (P b ~ 20-40 m~, so that compressional effects a s 
should have been significant, explaining the higher value. Indeed, they 

found 
52 

that the period of the oscillatiqns varied with P. 
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The pair density has also been estimated from Alfven reso-

11,16,18,20,53 . h . b . f d nances · 1n t e nucrowave a sorpt1on o y- rops. Standing 

electromagnetic waves are set_up inside the drop, and a resonant absorption 

occurs when the Alfven wavelength approximately matches the drop diameter. 

The resonant magnetic field should provide a measure of the quantity 

(n R2) . Determining R from a sinrul taneous imaging experiment, these data y . - . . . . . 

imply n z. 0. 7xlo17 em- 3 (T = 1. 8K). 54 This represents some kind -of an y . . 
. average value, since the dependence of n on drop size was not considered 

in the analysis. As such it is in reasonable agreement with Ohyama, et al. 's51 

estimate. . However, the analysis is complicated since the theory has only 

been done for spherical drop shape, while the y-drop becomes markedly 

h . 1. • . . f. ld 54-58 
non~sp er1ca 1n a magnet1c 1e .. 

~e y-drop density has also been estimated from experiments -on ab-

. f 3 39 . f d 1' . h 59-61 Th d . . t d h" h sorpt1on o . . llffi 1n rare 1g t. · · e ens1 t1es quo e are 1g er 

h . h b d . h . p k k".. d s .. . 59 , 60 f. d t ;;m t ose o serve . 1n ot . er experments: o rovs 11 an · . V1Stunova · 1n · 

ny .::::. 1x1017 on- 3; Mattos et a1.61 find ·Tl.y ~ 2x1o17 on- 3. However, the 

results rely on, an absolute measure of the hole interband absorption 

cross-section . cra at 3. 39 .. llffi, . and the two :authors disagree on the 

appropriate value_ ~o use. 62 (It is even possible that this cross section 

changes wi.th stress.) Until this point is clarified 1 it is difficult 

to know the accuracy of these results. It should be noted that the drops 

observed in Refs. 59, 60 were large enough that -there could have been some 

compression, and apparently the stress was not determined. 

Finally, the pair density was measured by Aurbach, et al. 63 from 

observation of far-infrared plasma absorption. This experiment yielded 

n _ 4x1o16cm-3 for F ~ 9 kg£. The size of the drop could not be readily y-
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determined, although the peak position of the IR absorption did not shift 

significantly when the power was reduced by an order of magnitude, sug-

gesting n -~ constant. No correctio~ was made for additional absorption 

due to transitions between the two hole bands. 64-69 Consequently, this 

value may require some modification. 

IV. Decay Kinetics and Temperature Depertdertce of the EHL 
Ltnninescence 

A. En~anced lifetime of y-drops 

The lifetime of the liquid phase is governed by several processes: 

1) direct radiative recombination of electrons and holes; 2) _(non-

radiative) Auger recombination of an e-h pair, whereby kinetic energy is 

given is given to other carriers; 3) non-radiative recombination due to 

impurities or lattice defects; and 4) evaporation of free excitons or 

carriers from the surface of the EHL. In unstressed Ge,surface evaporation 

has been~bserved above about 2 K and is characterized by a non-exponential 

decay and a cutoff time; below this temperature the volume decay mechanisms 

usually predominate. The a -drop lifetime is unchanged in samples containing 

d . f lOls -3 . . 7o 103 -2 a· 1 a ens1ty o up to · em 1mpur1ty atoms, or up to - em 1s o-

cations;71 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 pro­

cesses. The two~particle radiative recombination rate depends linearly 

on the e-h pair density n_of the liquid phase, whereas an Auger 
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rate depends on higher powers of n. Thus a reduced e-h pair density in 

the liquid, obtained for example by stressing the crystal, would 

diminish the Auger contribution to the total recombination rate much more 

than the radiative contribution. For unstressed Ge, estimates of the ratio 
44b 72-74 of non-radiative to radiative decay rate range from 4 to 0.25. ' 

Figure 16c shows the decay of the total EHD luminescence for our un­

stressed sample after the light is switched off. The a-droplet lifetime 

at 1.8 K was found to be 36 ~sec for this sample, ih good agreement with 

. published Vdlues. 75 -77 ' 27 

Figures 16 a-b show the much longer decay times characteristic of 

y-drops. At low excitation levels (Fig. 16a, Pabs = 1.1 mW) the decay is 

exponential, with T ~ 530 ~sec. At higher excitation levels (Fig. 16b, 

Pabs = 119 mW) the decay is noticeably nan-exponential. -This non-expo­

nential 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 decay rate becomes slower. For very long delay times, the 

decay typically becomes exponential, with a time constant comparable to 

that found in Fig. 16a for smaller ·drop size. Figure 17 shows the change 

of initial decay time Ti with pumping power. If the decay were purely 

radiative (T ~ n-1), such a change in T would suggest that the average 

density is approximately doubled in the largest drops (R = 400 ~). For 

smaller drop sizes the density becomes uniform and T . approaches an 
1 

equilibrium value. This value is somewhat sample dependent, but 

T ~ 550 ~sec as shown in Fig. 17 is typical. y 
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A simplif1ed model for the enhanced equilibrium y-drop lifetime may 

be given as follows: The volume decay rate due to radative and non-

radiative processes is: 

-1 
T (13) 

where a and b are constants and s = 2 or greater, depending on the dominant 

type of Auger process. For a-drops we use T = 40 ~sec, and a 
17 -3 -1 -1 -1 na = 2.2x10 em and the radiative efficiency £rada = Tr /(Tr + TA )~ 0.3, 

estimated by Pokrovskii,78 to determine the constants a and b. The 

predicted y-drop lifetime may then be calculated using n = 0.50xlo17cm-3 
y 

from the spectral line shape, Eq. (11) . For s = 2, we predict TY = 380 ~sec 

and a radiative efficiency £ d = 65%. For s = 3, we find T = 520 ~sec ra y y 

and £rad = 90%. In the latter case, even an tmusually large value for 
y ' 

the a-drop radiative efficiency £rada = 0.6 would predict an enhanced 

y-drop lifetime, TY = 255 ~sec. Thus the measured y-drop lifetimes 

are in quantitative agreement with those obtained from this simplified 

equation for T. 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 a and b. Physically the energetics of the 

electron hole liquid are modified under reduced degeneracy, and this would 

af£ect the enhancement factor p, which is a measure of the spatial elec-

tron - hole correlation. The coefficient a should depend linearly on p. 

The stress dependence of the Auger coefficient b is an interesting theo­

retical problem which has not been solved. Vashishta79 ' 9 has calculated 
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p = 2.3 for Ge(4:2) and p = 3.4 for Ge(l:2). Asstuning the fonn 
a y 
-1 s 

T =a pn + b n where now a and b are independent of stress, and 
0 0 0 0 

using the same values for Erada' na, and ny given above, we find 

TY = 370 ~sec with s = 3 and TY = 290 ~sec with s = 2. The long ob­

served lifetimes are consistent with the interpretation of a reduced 

density in y-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 ltuninescence 

So far we have concentrated on results for samples in superfluid liquid 

He 4 (T ::: 1. 8 K). At higher temperatures, the a-drop lifetime is consider­

ably shortened due to boil-off of excitons. 75 For y-drops the effects of 

boil-off 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. 11 The 

force on an exciton due to the strain gradient is approximately F = -2a~ 

where a is the strain parameter of Eq. (5). The exciton thermal velocity 
6 vT = /3kT/mx ::: 6.4xl0 em/sec at T = 4.2 K, since mx = 0.05 m0 . If an 

exciton evaporates from a y-drop of radius R = 100 ~m and moves radially 

away at the rl1ermal velocity vT, then it will be accelerated back into the 

drop in 0.02 ~sec, or less than 1% of its lifetime, assuming a~ 8 meV/mm
2

. 

Thus, even at 4.2 K, shortening of the y-drop lifetime due to boiloff of 

excitons is greatly inhibited. This explains the very small number 

of FE observed in the well even at 4.2 K. (See Sec. IliA). 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 rela­

tively independent of temperature, while the a-drop signal is strongly 

temperature-dependent, due to boiloff. 
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Figure 19 shows the initial decay time T· as a function of excita-
1 

tion 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 com-

pression. 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 ~s for small drop size. This 

increase in lifetime may possibly be explained by a decrease in the 

y-drop equilibrium density at higher temperatures,80 analogous to the 

temperature dependence of the density in a-drops.81 •82 

The litctime of y-drops at 4.2 K depends sensitively on the details 

of the strain well configuration. For lower applied forces the decay 

time becomes shorter: in the sample of Figs. 17 and 19, at half the 

stress, the decay is nonexponential, qualitatively having the char­

acteristic I(t) dependence for boiloff-limited lifetime. 75 For cry­

stals stressed along a (100) -direction, the strain well is usually 

quite shallow, and strongly temperature-dependent lifetimes have been 

observed. 63 

V. Luminescence Profiles 

The spatial position, size and shape of a y-drop in Ge is observed 

most directly by a vidicon image 83 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 the figure, the increased volume of e-h liquid fills 

a larger portion of strain well, displaying a non-spherical shape. 

typical values of the liquid surface tension (o :::: 10-4 erg/cm2}84 
s . 

strain parameter (a ~ 8 meV /mm2), the strain and surface energies 

For 

and 

are 



-33-

equal when the drop radius R ::: 30 ]Jill. Since the strain energy increases 

as R5, while the surface energy increases only as R2, for large drops 

the strain energy dominates. Consequently the drop shape conforms to 

a surface of constant strain energy. 

A more quantitative measurement of the luminescence intensity as 

a function of position in the sample is obtained by the slit-scanning 

method described in Section 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 wm 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 vs. absorbed laser power Pabs in Fig. 22, 

using Eq. (2) to obtain R from the FWHM of a slit scan. For 

constant e-h pair density and laser production efficiency the simplest 

model would predict that the drop volume is proportional to Pabs' or 

R a: P abs l/3 The measured R deviate from the simple P!b; 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 Alfven resonances on a similar sample, the radius 

was measured down to - 30 wm.) It is observed that the drop is not 

spherical, i.e·., R ~ R ~ R, reflecting the anisotropy of the strain well. 
X y Z 
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The total EHL luminescence intensity obtained with no slits in place 

is plotted as a function of abosrbed power in Fig. 23. The total intensity 

varies approximately linearly with P b over nearly three orders of magni-. . as 

tude. This is expected for the case where the production efficiency 

sprod (the number of e-h pairs in the drop per photon absorbed) and the radi­

ative efficiency srad (the fraction of pairs which decay radiatively) 

are constant. For constant sprod' the number of e-h pairs in the drop is 

. simply proportional to P abs. Since, from Fig. 22 at P abs ?: 10 mW the 

volume of the :irop (V - R R R ) increases much more slowly than P bs' we . _ x y z . a 
conclude that the density of the drop at high excitation increases with 

excitation level. This is further evidence that the liquid is compressed 

by the strain well for R ~ 150 J1, and is consistent with the increased 

luminescence linewidth, reduced lifetime, and shifted magneto-oscillations 

observed at higher Pabs' 

An estimate of the e-h pair production efficiency-can be made as 

follows: For a steady state experiment the number of e-h pairs in the 

drop is given by 

P b -r1. sprod N = nV = _a_s __ __.. __ _ (14) 

-where n is the average pair density, Vis the drop volume, Eph is the 

energy per photon of laser light, and -r. is the initial decay time of 
1 

the drop. For Pabs· $ 5 mW, the density was found to be 0.50xlo17cm- 3 

from the lineshape analysis, as discussed in Sec. IIID.. We find· 

E d : 30% + 10%. pro - In the above experiment-the laser was focused to a 

point close to the strain well. The value of sprod decreases as the 

laser spot is moved further from this position or if the beam is signifi-

cantly defocused. 
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B. Comparison with clouds of a-drops 

The results for unstressed samples are considerably different. Pre-

vious experiments have shown that a cloud of small drops (each with radius 

1 to 10 11m) is formed, 14 ,15 ' 85 , 86 for point excitation. The average 

density of e-h pairs in the cloud has been estimated by light scattering 

to be -lo15cm~ 3 , indicating -1% filling factor of EHD. 14 The cloud 

radius increases with increasing excitation level, contrary to a simple 

model of E{D or FE diffusion into the crystal. The details of the cloud 

formation are not presently well understood, although it has been suggested 

that drops may be ballistically driven fro~ the excitation point, possibly 
. 87-90 pushed by a phonon w1nd. 

Figure 24 shows a set of slit-scans for the same sample before and 

after the stress is removed, for Pabs = 2.8 mW. The a-cloud peak in­

tensity 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-h pairs 

in the cloud than in the y-drop. For the stressed samples, the largest 

drop was always obtained when the laser was focussed 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 unstressed sample are 

shown in Fig. 25, for three different laser intensities. At low and 

moderate Pabs 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 probably due to imperfections on the crystal face.) 

At the highest power levels an interesting new phenomenon is observed, as 

shown in Fig. 26. The three x-scans show that as the power is increased, 
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the droplets are forced away from thr pumped surface at x = 0, perhaps 

due to heating around the point of excitation. (Note that the experiment 

is done with c.w. pumping.) Figure 27 shows a ll.IDlinescence profile at a 

moderate excitation level, P b = 11 mW, under increased spatial resolution. a s 

The peak of the distribution is distinctly separate from the edge effect 

peak at x = 0. This result is in contrast to the results of Ref. 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 excita-

tion level. T..~ radius in the x-direction was obtained from the half-width 

at half maxiiilLUil 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 hemispherical, and that it does not scale in a simple way with' P, at 

least in a crystal this small. However, it is instructive to use a model 

ofa hemispherical cloud to get an approximate value for the average e-h 

pair density within the cloud by comparison with the y-drop. Using just 

the -a-cloud and y-drop radii at equal Pabs (Fig. 24) and the measured 

Ta '= 36 .1£ec and TY = 400 ]JSec, we find from Eq. (14) that 
15 -3 navfEprod ~ lxlO em . for the cloud of a-drops. This is consistent with 

.the result. of Voos, et al.,14 if E dis close to - 100% for a-drops. pro 

In addition, the integrated luminescence intensity from a y-drop or 

ac-loud of a-drops (measured with the. spectrometer slits removed) is 

proportional to P b XE d~E d" Using the values obtained at the same a s pro ra 
power as in Fig. 24, we find I = 3I and hence Y a' 

E E rada _ !_ prody 
(15) 

Erady - 3 Eproda · 
Since the total intensities Iy and Ia are both nearly proportional to 
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Pabs 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), 92 

Eq. (15) shows that the radiative efficiency of a-drops cannot be greater 
. . . 44b 72-74 78 than about 1/3, somewhat lower than preVlOUS ·est1mates. ' ' 

C. Time decays of the luminescence profiles 

We have also observed the size of y-drops and a-clouds as a fmction 

of time after the laser light is turned off. In the experiments, the 

laser light is square-wave modulated at 225 Hz, and the luminescence is 

sampled with a boxcar integrator at discrete times t after laser cut-off. 

·Typical ·luminescence x-scans are shown for y-drops in Fig. 29 (t = 0 and 

t = 1000 ~sec) and £or ~-clouds in Fig. 30 (t = 0 and t = 100 ~sec), 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 y-drops and a-clouds is 

quite different. 

In Figs. 29 and 3la the y-drop radii are measured at a relatively 

high light level, P abs = 100 mW. The decay is precisely what would be 

expected for the quasi -equilibrium 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 non-exponential, 

analogous to the decay of the total luminescence at high excitation (see 

Fig. 16b). 

Figure 32 shows the decay of the y-drop radius for a sample stressed 

along (no) , with P abs = 96 mW. This sample was stressed in the 

"permanent stress" geometry described in Ref. 4, so that both luminescence 

imaging and Alfven resonance experiments could be done, using different 
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experimental setups, for the same strain conditions. Shown also is an 

average radius -inferred from Alfven wave resonance.ll,l6,Zo,gz The 

resonant absorption occurs at a magnetic field CHI! (100) ) which varies with 

the drop size: H ex: R; and· so the resonance shifts to lower fields as the 

drop decays. The-Alfven resonances were detected in a pulsed excitation 

experiment with· 0.75 ~J/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 tlme is approximately equal to three times the luminescence 

decay time. 

On the other hand, the cloud of a-drops in tm.stressed Ge decays in 

a quite different manner, as shown in Figs. 30 and 3lb. The size of the 

clouddoes not decay in time at low temperature, implying that after the 

initial cloud formation the droplets individually decay at a relatively 

fixed position in the cloud. In Fig. 30, after 100 ~sec delay the width 

of the luminescence profile is tm.changed, even though the peak intensity 

has decreased by over a factor of 10. In Fig. 3lb, the line corresponds to 

exponential" decay With T = 105 ~sec. This is three times the luminescence 

decay ti.me, which would be the expected radius decay time if the cloud 

decayed as a single body with nav = constant. ' 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. 
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VI . Discussion 

We have shown that it is possible to produce large single drops of 

electron-hole liquid in suitably strained Ge. When the drop is small 

enough, the e-h pair density is essentially tmifonn and the properties 

are characteristic of the liquid mder mifotrn ( 111) -tmiaxial stress. 

17 -3 
ny = 0.50±.0.05xl0 em (T = 1.6-2.0K, The pair density is 

. 2 
-a = 4-7 kgf/nun ) , as discussed in Sections IIID and E. This is in com-

17 -3 2 
parison to_the density for a-drops, na = 2.22xl0 em (1.8 K). 

Vashisht::;. ,. et al., have estimated theoretically9 that, for a (111) -strain 

just large enough to depopulate three of the four conduction band valleys 

[Ge(l:2) in the notation of Ref. 4], the pair density would be 

n = 0. 69xlo17cm - 3 at T = 0 (or n = 0. 65xi017 an- 3 at T = 1.8 K) .80 However, 

they neglected 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 models for the correlation energy, values of n 

ranging from {0.46 to 0.59)Xl.017cm- 3 were obtained (T =OK, oM= - 6.5 

kgf/nnn
2
). Model 1, using Vashishta et al 's zero-stress correlation energy,9 

and assuming that the sum of exchange plus correlation energies is independent 

of stress, gives reasonable agreement with our experimental result, if a 

T-dependent correction to n is included. Furthermore, this same model 

agrees with the densities derived from the uniform (111) stress data of 

Feldman, et al. ~ 29 and Pokrovskii, et · al. , 30 over a range of stresses 

- a = 5 to 13 kgf/niin2. Thus we conclude that the experimental detennin-

ations of the e-h pair density in the strain-confined EHL are in good 

agteerent with the theoretical predictions. 
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A. Conduction valley degeneracy in the strain-confined liqUid 

Theoretically, it is clear that a large (111) -stress should split 

the four conduction band valleys 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 vs. stress, observed by Alekseev, et al. 33 and 

B ~ ' 1 G "11 27 . . 1 . . th dd encu t a a m aume, et. al. S1:nular y, 1 t expla1ns . . e su en jumps 

we have observed in E. , llE, T, and. I as ftmctions of applied stress 
' . 0 

(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 evidence there is that only one conduction valley is 

occupi~d. i~ y-drops. 

The most direct evidence is given by the angle dependence of the 
. .. 93 

ultrasonic attenuation, reported by Hansen. The data were taken in a 

(llO) ~plane. over a range within 20° of the (lao) -direction, and show 

only a single series of magneto-oscillations. The angle-dependence of the 

oscillation peaks is consistent with the variation of cyclotron mass94 in 

the occupied valley. If all four valleys were occupied, there would be 

two other sets of peaks , corresponding to the cyclotron masses of the 

o0er valleys. 

The conduction valley degeneracy v can be inferred indirectly by 

comparing our data on the luminescence linewidth (Sec, IIID) and the 

magneto-oscillations of the luminescence (Sec. IIIE). The first measures 

the sum of. the electron and hole Fe~ energies E~ ~ ~, while the second 

measures only the electrion Penni energy E~. Specifically, we found 
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EF = E~ + E~ ::: 4.66 m~V from the luminescence linewidth, and 

E~ ::: 2.30 meV from the magneto-oscillations. this yields E~ ::: 2.36 meV 

which,· for T = 2 • 0 K and crM = - 6. 8 kgf/Irtirt2, corresponds to 

· 17 ~3 · e · .. 
n :::: 0.47xlO em • This density in turn corresponds to EF = 2.15 meV 

(for v = 1) , 1. 35 meV (for v = 2) , or 0. 85 ineV (:for v = 4) . (These 

calculations ail contain the assumption that the masses are unchanged· 

from bulk Ge. 
49 ) ASsuming that E~ may be ap:pro:idmately descr~bed by a 

scalar hole mass mdh, this argument can be restated more quantitatively. 

Let y = mde/mdh. Then 

E· = Ee {1 +yv213 } • (16) F . F 

Using the values Ep = 4. 66 nieV(ltirtlinescence lirtewidth) ; E; = 2 dO meV 

'(magneto-oscillations), mde = 0.22 m
0

, and mdh = 0.201 in
0 

(the average 

hole density-of-states mass for the lineshape calculation of Fig. i3b), 

Eq. (16) gives v = 0. 91.
95 

Thus the values we measure :tor Ep and ~ 
are consistent only if v = 1. 

This degeneracy v = 1 can also be inferred from the angle dependence 

of the Alfven resonances. The experimentai restilt is quite striking. The 

resonance approximately follows the angie dependence of the electron 

cyclotron resonance in a single ellipsoid, haVing 1806 syn'iliietry in a (110)­

plane· characteristic of v = 1, rather than the 90 6 synunetry which would 

occur if v = 4. This angle dependence is expected theoretically, 92 The 

experiment was done on a crystal with a (110) ~stress and a (110) -face, 

the field being rotated in the plane of the trystai face. This geometry 

produces two drops, ead having a different ( 111) -ellipsoid occttpied 
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(Ref. 4, Fig. 29c). The Alfven resonances from the two drops could be ob-

served separately, and, as expected, the peak in the angle dependence was 

separated by - 70 o in the two drops. 

Ffnally, 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. It is likely that most of the 

carriers are localized near the strain well. However, since the strain 

potential well acts as a repulsive barrier to electrons associated with 

other ( lll) - valleys, it is likely that carriers not lowered in energy 

by the well will be located iri other parts of the crystal. By varying .the 

angle of the magnetic field it was confirmed that the electron valley 

associated with the largest cyclotron resonance peak corresponds to the 

same ( lll) -direction as that associated with the y-drop. Clearly most 

of the carriers are located in a .single valley, especially in the region 

of the potential well. 

B. Advantages of large volumes of FRL ·for study 

I . "1 d 1 l"gh . . 59-61 n.s1rnrr ar stresse crysta s,. 1 t scatter1ng exper1rnents 

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 3 vanished, leaving only an intense 

absorption near 8 = 0. 

Having such a large mass of fluid allows the possibility of per­

forming numerous experiments which would be impossible with a cloud of 

small drops. The AlfVen resonances11 ,16 ,lS,ZO ' 53 ,92 are direct probes of 
' 

the drop size, which occur when the drop diameter is matched to a rnul tiple 
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of the microwave wavelength (inside the drop, where the wavelength is much 

· shorter due to the high dielectric constant) . Such resonances are not ex­

pected for the nruch smaller a.-drops in tmstrained Ge, 11, 96 except at much 

higher frequencies. These were the first experiemnts to actually probe the 

interior of the liquid, giving an estimate of carrier collision times. 
. . 97 

Using Alfwn resonances, it is possible to study the y-drop buildup: . . 

in a pulsed excitation experiment, the drop grows from zero to R::: 100 

llm in :::: 1 JlSec, requiring resolution on a tire scale usually not accessible 

with the detectors used for studying lt.mlinesence. 

Because the y-drop is fanned in a strain well, it is possible to com­

press the EHL at a given temperature simply by increasing the size of the 

y-drop .. TI1is is in contrast to the. case in tmstressed, Ge, where the 

density can be changed only by changing the temperature.. Indeed, the 

compression of the y~drop shows up in all our data: the lt.mlinescence line­

width,, lifetitre, period of magneto-oscillations of luminescence and ultra­

sonic attenuation, and power dependence of drop size. It can be explained 

quite straightforwardly by asst.mling that the chemical potential is con­

stant across the y-drop. 5 We are presently making an extensive study of 

this phenorenon, to test the theory of the compressibility in detai1. 32 

Tile internal particle dynamics, involving recombination currents and 

carrier-carrier collision 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. S.5-SS A hydrodynamic theory 

for the effect has been derived98 which explains the general 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. 
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Finally, the strain-confined liquid is useful in detennining the 
.. . ' 

energetics of the Fermi liquid under stress. For suffici~tly small 
-- -

radiuS (R $ 150 ]Jlll) the liquid. occupies a region of relativelY un.ifonn 

strain, and the measured pair de:hsi ty is in good agreement with theoretical 

prediCtions for uniaxially stressed Ge, i.e. for Ge(l:2). The strain 

gradient however provides a useful inhibiting effect on the liquid 

evapo~ation' pernd tting a neasurement of the voltune <;lecay tine un.der stress. 

Given a refined theory, a knowledge of the strain-dependence ofT- promises 

to reveal detailed information about the various recombination processes 

in the electron-hole liquid. 
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FIGURE CAPTIONS 

Fig. 1. (a) ~thod 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 "y scan" the image of the crystal is 

translated across a vertical spectrometer slit. Only the ltnninescence 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. 

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 horizontally 

("z scan" or "x scan") or vertically ("y scan"); see Fig. l(b). 

Fig. 3. Ltnninescnece spectnnn of a y-drop in sample CR 38 of Ge at T = 1. 8 K, 

P abs = 11 mW and applied force F = 9 kgf, along ( 111) , showing the three 

phonon-assisted lines. The absolute intensities have not been cor-

rected to account for a wavelength-dependent detector sensitivity. 

Monochromator resolution (FWHM) is 0.66 meV. The shift of about 

-2.5 meV from the a-drop spectnnn corresponds to a stress a::: -6.4 

kgf/mm2, estimated as in Fig. 7. (Compressional stresses are taken 

to be negative.) 
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Fig. 4. (a) Luminescence spectra of a stressedGe sample at 4.2K, showing 

both the EHL and FE lines (LA phonon""assisted). The stress was approxi­

mately -5.5 kgf/mm2 along(111). A sharp excitation threshold in the 

liquid luminescence is observed. Sample CR 38. 
__ '!:.... •••. -------···---·-· -·--- ---····-- -·-

Fig. 5. Dependence of the EHL and FE peak intensities on excitation level, 

at 4.2K. A sharp threshold at P b :::: 0.15 mW in the EHL luminescence a s 

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. Sample CR38. 

Fig. 6. Spatial luminescence profiles at 4.2K, showing that the gas and 

liquid are both in the strain well in the sample. The laser is in­

cident on the face at x = 0. Spatial resolution :::: 80 ~. (a) FE 

gas phase, near threshold. The open circles are Eq. (4) with 

a= 11 meV/mm2. (b) Liquid phase, at a somewhat higher excitation 

level. Sample CR 38 . 

Fig. 7. (a) Luminescence peak energy vs. applied force Fin kilograms 

force (kg£), for a sample stressed along ( 111) . The determination 

of the cr•scale is discussed in the text. The y-drop is formed above 

a threshold force F 
0 

~ 3 kg£. (b) EHL linewidth fill (FWHM) vs. applied 

force~ The linewidth is the full width at half maximum of the 

luminescence spectrum. (c) EHL lifetime T vs. applied force, taken 

from the tail· of the decay curve, as described in Sec. IV. 

(d) Total luminescence intensity vs. applied force. Pabs = 3.2 mW, 

T = 1. SK. Sample CR 38. 
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Fig. 8. (a) EHL luminescence peak energy, (b) linewidth ~E, and 

(c) decay time T vs. applied force F for a sample stressed along 

(110) . Because the force was applied with a metal rod, the stress 

was not linearly proportional to the applied force (see text). 

The solid curve in (a) corresponds to F113. Pabs = 25 mW, T = 1.8K. 

Sample CR 16. 

Fig. 9. EHL luminescence SJ?ectra from samples with approximately equal 

applied stresses (permanent stress geometry) and for unstressed Ge. 

(a) Force II ( 111) 

(d) Unstressed Ge. 

(b) Force II (no) (c) Force II ( 100) 

Fig. 10. Comparison of the FWHM linewidths t.E for the a- and y-drop 

LA-assisted lines as a function of excitation level. At low powers 

both t.E are consta~t, as expected for a constant-density liquid 

phase. At P abs > 5 mW, corresponding to R ~ 200 ~' the y-drop y 

linewidth becomes noticeably broadened by the strain gradient and by 

compression of the liquid, as explained in the text. T = 1.8K. 

Sample CR 38. 

Fig. 11. (a) EHL luminescence spectrum from a slit centered on a large 

drop, with R ~ 350 ~ at P b = 58 mW; (b) spectnnn from a region a s 

near the surface of the same drop; (c) spectrum from a sma11er 

drop with R ~ 150 ~' at Pabs = 1.4 mW. The effective slit resolution 

on the sample is 80 ]Jm. T = 1.8K. Sample CR 38. 

Fig. 12. Heavy and light hole density of states masses vs. reduced energy 

E' = E/la111 1. The masses are calculated by integrating numerically 

over the strain-split bands, as described in the text. 
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, Fig. 13 (a) Theoretical luminescence lineshapes. Solid curve: 

0 =- 5.6 kgf/mm2, T = 1.8K, n = O.Sxio17cm- 3 using the non-

parabolic masses from Fig. 12. Dashed curve: uses single mass 

mdh = mdHH (E~) , using ~ = 2. 28 meV from the previous case. 

(b) Experimental luminescence spectrum for a sample stressed in 

the ( lll) direction. The stress is 0 ::: - 6. 8 kgf/mm2 from the 

shift of the peak energy. P - 0.17 mW, T = 2.0K. Sample CR 36. abs -

The open circles are the theoretical line shape for non -parabolic masses , 

A 2 17 -3 
0 = - 6.6 kgf/mm , n = O.SOxlO em , T = 2.0K. 

Fig. 14. Total luminescence intensity as a function of magnetic field 

for three different orientations of the field with respect to the 

crystal axes. (a) H II (oo1), (b) H II (no) for Pabs = 3.2 mW, 

at steady state, (c) H 11(111) -, for Pabs = 2.4 mW and t = 800 lJSec. 

Sample CR 36, permanent stress geometry (stress along ( lll) ) . T = 1. 6K. 

The vertical scale is offset from zero by an arbitrary amount. The oscillations 

are about a 10% effect. 

Fig. 15. Total luminescence intensity as a function of magnetic field 

for the same conditions as for Fig. 14c, except that Pabs = 120 mW, 

t = 100 lJSec. The peaks have moved to higher field, showing com-

pression of the liquid. The vertical scale is offset from zero by 

an arbitrary amount. 

Fig. 16. (a) EHL luminescnece intensity as a function of time after the 

light source is switched off, for a sample stressed along ( Ill) , 

(F = 9 kg£) for P abs = 1.1 mW. (b) Same as (a), with P abs = l19 mW. 

(c) a-drop luminescnece intensity vs. time for the same sample 

after the stress is removed, for Pabs = 19 mW. T = 1.8K. 

Sample CR 38. 
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Fig. 17. Initial decay time Ti as a function of absorbed power Pabs 

for the same sample and strain configuration as in Fig. 16a,b. 

Fig. 18. Luminescence intensity versus temperature. (a) y-drop in a 

stressed sample, P b = 1.2 mW. a s (b) a-drops in the same 

sample after the stress was removed, P b. = 24 mW. (c) same as a s 

(b), except Pabs = 2.2 mW. Sample CR38. Directly above the A-point 

of liquid helium, 2.17K, the luminescence intensity is reduced, 

apparently due to light scatt~ring by helium bubbles. 
--------- ·------,-

Fig. 19. Initial luminescence decay time T· as a function of absorbed 
1 

power P abs for the same sample as in Fig. 17, with T = 4. 2K. 

Fig. 20. Luminescence image from a sample stressed in the (111) direction, 

viewed through a ( 110) face and displayed using an infrared 

vidicon and standard 1V monitor. Lower photo is an end view through 

a (111) face, as shown in Fig. lb. The crystal face pumped by the 

laser is uppermost in the end view. Pabs = 90 mW, T = 1.8K. 

Fig. 21. Luminescence profiles at two different excitation levels for a 

sample stressed along (111) . The small peaks, e.g. at 

y ~ ±1.9 mm, are due to scattered light from the edges of the 

crystal. The upper row of scans is for Pabs = 55 mW; the lower row 

is for Pabs = 0.26 mW. T = 1.8K. Sample CR38. 

:Fig. 22. y-drop radii versus absorbed power Pabs for a (111) -stressed 

sample. Sample CR 38. The effective spatial resolution was 80 ]liD, 

which equals the slit width divided by the image magnification. 

The solid line has a slope of 1/3. 
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Fig. 23. Integrated luminescence intensity versus absorbed power for 

the same sample as in Figs. 21 and 22. The solid line has a slope 

of 1. 

Fig. 24. Luminescence profiles for the same sample before and after the 

stress is removed. The upper row of scans is for a y-drop in the 

stressed sample, while the lower roW of scans is for a cloud of 

a-drops after the stress is removed. The crystal directions x,y, 

and z are defined in Section II. Pabs = 2.8 mW, T = 1.8K. 

Sample CR 38. 

Fig. 25. Ltnninesc.ence profiles for an liD.Stressed sample. The upper row of 

scans is for P abs = 4 7 mW, the middle row is for P abs = 5 .1 mW, and 

the lower row is for P abs = 0. 45 mW. T = 1. 8K. Sample CR 38. 

Fig. 26. Ltnninescence x-scans for an· unstressed sample at 3 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 

scattered from the edge of the mirror. See Fig. lb for the setup. 

T = 1. 8K. Sample CR 38. , 
Fig. 27. Luminescence x-scan for an unstressed sample at moderate excita-

tion, Pabs = 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. Resolution 

Fig. 28. Radius of the a-cloud in unstressed Ge versus absorbed laser 

power P abs,· The solid line has a slop of 1/3. T = 1. 8K. Sample 

Sample CR 38. 

Fig. 29. Luminescence profiles for t = 0 and 1000 ~sec for a sample 

stressed along (111) . Pabs = 100 mW, T = 1.8K. Sample CR38. 
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Fig. 30. Luminescence profiles for t = 0 and 100 ~sec for an unstressed 

sample. P abs = 11 mW, T = L 8K. Sample CR 38. fue to decreased 

spatial resolution ( - 330 ~) the edge effects at x = 1.8 mm are 

particularly broad. 

Fig. 31. Radii obtained from luminescence profiles. (a) y-drop radii, 

for the same sample and conditions as in Fig. 29. (b) . a-cloud radii, 

for the same conditions as in Fig. 30. The solid line assumes ex­

ponential decay at 1/3 of the total luminescence decay, Fig. 16c. 

Fig. 32. Rad: JS as a function of time for a sample stressed along ( 110) , 

in the ,;permanent stress" geometry 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 occured inside the crystal.) 

0,0 from luminescence profiles, for P abs = 96 mW. · D from Alfven 

resonances, in a pulsed excitation experiment with 0.75 ~ J/pulse, 

giving a smaller initial drop size; the radius is obtained from 

the resonant field as in Refs. 20 and\97, using n = O.Sxlo17cm- 3. 

T = 1.8K. Sample CR14. 

Fig. 33. Cyclotron resonance of carriers outside the y-drop in the same 

sample and strain configuration as in Fig. 32. The magnetic field 

was nearly parallel to a (1oo) -crystal direction, but sufficiently 

off-axis that the cyclotron resonance from electrons in each valley 

was separately resolved. 
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