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We report the first absolute measurement of the density 

dependence of the enhancement factor geh(o) for the electron­

hole liquid (EHL) in Ge. This factor geh(o) is a measure of 

the electron-hole spatial correlation function, and provides a 

valuable and sensitive test for the predictions of various many 

body approximations. Our data show a steep rise in geh(o) at 

lower EHL densities as does the mas~ sophisticated theoretical 

calculation to date. Quantitatively, however, there is dis­

agreement with theory. 

PACS numbers: 71.35.+z, 71.45.Gm 
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A uniquely useful physical system for testing the results of many 

body theory approximation schemes is the electron-hole liquid (EHL). 

The EHL is a two-component (electron-hole) Fermi liquid existing in 

optically excited semiconductors at liquid helium temperatures. Other 

Fermi liquids such as neutron stars, nuclear matter, and electrons in 

metals suffer from various disadvantages when used to test many body 

theory approximations: the experimenter cannot alter parameters; the 

number of constituent particles is small; many body effects are small 

corrections; or the system•s characteristics are not known exactly for 

the purpose of theoretical calculation. In this experiment we determine 

the enhancement factor geh(o) of the EHL as a function of EHL density. 

A free exctton (FE) gas and at most one EHL droplet are confined to a 

strain induced potential well 1 , 2 at temperature T = 2.16K in an ultrapure 

Ge crystal. The EHL density is varied by stressing the crystal. The 

enhancement factor is the electron-hole (e-h) spatial correlation function 

evaluated at zero e-h separation and normalized to the average plasma 

density. This measurement of the correlation function provides a sensi­

tive and valuable test for the predictions of many body approximation 

schemes. Several calculations 3- 5 for the EHL have yielded varying pre­

dictions for the density dependence of geh(o) while still being in 

reasonable agreement on EHL densities and ground state energies. 

One experiment 6 relevant to this work has been published. To 

.. estimate semiquantitatively .. the density dependence of a quantity propor­

tional to geh(o), the authors assume a sample independent model for EHL 

decay. At a stress and density at which they measure an EHL lifetime 
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T
2 

: 0.5 ms we measure T
2 

: 1 ms in clear contradiction to the expecta­

tions of a sample independent model. Their decay model is also 

inconsistent with previous work. 7 

Our method of determining geh(o) has the advantage of being independent 

,~ of EHL recombination models. The enhancement factor is related to the 

' .-,., __ 

probability of an electron being at the site of a hole and thus to the 

radiative decay rate. From a treatment8 of the LA phonon assisted FE and 

EHL recombination rates we have 

( 1 ) 

where Trx and Tr£ are the LA phonon assisted FE and EHL radiative lifetimes 

and •x(o) is the FE wave function evaluated at zero e-h separation. 

Radiative lifetimes are difficult to measure so we introduce the FE and 

EHL radiative efficiencies Erx = Tx/Trx and Er£ = T£/Tr£ into Eq. (1): 

(2) 

All terms on the right-hand side of this equation are accessible either 

experimentally or theoretically. From effective mass theory using s-wave 

energy bands l•x(o)j2 = l/(vax3) = 5.7 x 1Ql6 cm-3 where ax is the exciton 

Bohr radius in the high stress limit. This is the appropriate value because 

our lowest stress data were taken at a= 6.5 kgf/mm2. 9 The lifetimes Tx 

and T£ are measured from luminescence decay (see Fig. 1), the EHL density 

n£ from luminescence lineshape fits, 10 and the ratio of radiative effi­

ciences from the experiment described below. 

We perform a steady state experiment measuring both FE and EHL lumi-

nescence intensity, Ix plus 1
2

, as a function of e-h pair generation 
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rate G (see Fig. 2). Below EHL threshold the number of free excitons Nx. 

is determined by the steady state equation G = N /T . The measured FE 
X X 

luminescence intensity is related to Nx by Ix = (Nx/Trx)Ecx where the FE 

collection efficiency Ecx is the ratio of the luminescence collected and 

detected to that emitted. An EHL collection efficiency Ect is similarly 

defined. Combining equations, the slope di/dG below EHL threshold is 

ErxEcx· Above EHL threshold both FE and EHL exist, and the number of e-h 

pairs Nx in FE and N
1 

in the EHL are related to the generation rate G by 

the steady state equation G = Nx/Tx + N
1
/Tr. In a manner similar to the 

FE case, 1
1 

= (N
1
/Tr

1
)Ec!" Combining equations, with the experimental 

observation (see Figs. 1 and 2) that Nx : constant just above EHL 

threshold, we find the slope dl/dG just above threshold is Er!Ec~· 

Taking the ratio of these slopes just above to just below threshold we have 

(di/dG)above 
(di/dG)below 

(3) 

An optical hysteresis in EHL droplet formation which would complicate 

the above discussion has not been observed for the strain confined FE, EHL 

droplet system we use. Upon separately measuring the ratio of the FE and 

EHL collection efficiencies, we obtain the desired ratio of radiative 

efficiencies. A pumping efficiency relating excitation power to e-h pair 

generation rate G has been found to be constant over the range of exci­

tation powers used and is thus neglected in the above discussion. 

An assumption inherent in the use of both steady state and decay 

measurements for the terms in Eq. (2) is the existence of a thermal and 

diffusive quasi-equilibrium within the FE, EHL system. To compare steady 
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state and decay measurements, these measurements must be made on the same 

physical system. To ensure quasi-equilibrium three criteria must be 

satisfiea: (a) The e-h pairs in the EHL must be in thermodynamic 

equilibrium. (b) The FE gas must be in thermodynamic equilibrium 

with itself. (c) The FE gas must be in thermodynamic equilibrium with the 

EHL droplet. If any of these conditions are not met, then equilibrium 

thermodynamics is not sufficient, and transport theory must be considered. 

Given a carrier-phonon scattering time 'p ~ 1 ns the FE,_ EHL system 

is well characterized by the lattice temperature for the low excitation 

powers (vW) and long time scales (ms) of this experiment. For the FE gas 

to be in spatial equilibrium with itself, the FE diffusion length 

Lx = IDx•x must be large compared to ,the spatial extent of the FE gas. 

lf we approximate the bottom of the strain induced potential well with a 

parabola U = ar2 , the spatial extent of the FE gas is characterized by 

~(6r) 2 ~ k8T or 6r = /k8T;a. Taking worst case values of a and •x from 

our data, we find Lx/6r ~ 450 so the FE gas is in soatial equilibrium 

with itself to a very good approximation. 

To ensure thermodynamic equilibrium between the EHL droplet and the FE 

gas, the net flux of FE out of (for decays) or into (for steady state) 

the EHL droplet must be small compared to the equilibrium flux of e-h pairs 

back and forth across the EHL droplet surface. Simple thermodynamic and 

kinetic arguments 11 give this equilibrium flux 

Joo = 4nmx/h 3 (k8T) 2 Sexp(-~;k8T) for the infinite lifetime limit where 

J - J - J Here m is the FE translational mass; ~ is the EHL in - OUt - oo' X 

ground state binding energy per e-h pair; and S is the absorption proba-

bility for a FE incident on the EHL droplet. For decays the EHL droplet 
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acts as a FE source which keeps the number of FE approximately constant 
2 

for small drop sizes, thus 4nR1 (Jout- Jin) = Nx/Tx where R
1 

is the 

droplet radius. For steady state excitation a FE flux inward counters 

the droplet's bulk recombination loss of carriers, thus 4nR~(Jin- Jout) 

= (4/3)nR3nn/T
0

• To treat safely these systems as in quasi-equilibrium, 
R. :X. :X. 

we must have I (Jout - Jin )/Joo I « 1. l~orst case steady state and decay 

parameter~ from our data yield I(Jout- Jin)/Jool ~ 5 x 10- 3 which justifi~s 

the use of decay and steady state measurements together in Eq. (2) for 

geh(o). 

Finally, we note that the geh(o) measured here are not altered by 

the compression 12 in the strain well since a worst case (highest stress) 

estimate yields a 5% average compression, and most cases are much better. 

The enhancement factors determined from our data are plotted with 

error bars in Fig. 3 as a function of rs where rs = [3/(4nn
1

)J113;ax. 

The solid curves are the results of several many body aporoximations 5 for 

a model system assuming isotropic electron and hole bands. The lower two 

curves show the Hubbard and RPA predictions. The upper two curves are 

the results of more sophisticated approximations including multiple 

scattering between the plasma components. These last two curves come 

closest to the fast monotonic increase of our data with rs. 

We propose several possible explanations for the lack of a closer 

agreement. There are details of the energy band structure, to which geh(o) 

may be sensitive, that have not been included in the most sophisticated 

theoretical calculations of the density dependence of geh(o). Energy 

band anisotropy is one example. If we include the experimentaP3 geh(o) 

=-4.4 ± 1.6 for unstressed Ge (rs = 0.57) with our geh(o) data, the 
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geh(o) vs rs curve is seen to have a dip. No theoretical calculation to 

date predicts this qualitative behavior; this suggests further work is 

necessary. 

The discrepancies could also be due to the use of effective mass 

theory in the calculations for both geh(o) and ·i~J!x(o)l 2 • The effective 

mass approximation can do quite well in calculating energies, but poorly 

in determining wave functions as is illustrated by Ivey and Mieher's 14 

work on shallow donors in Si. Quantities such as geh(o) and I~J!x{o)l 2 

characterizing spatial probabilities are especially sensitive to this 

approximation. J;lur data can be interpreted as measurements of geh (o )/ 

lw (o).j 2 as a function of EHL density. However, the analysis given below 
X 

s~pports our interpretation of the data as a measure of geh(o). 

A consistency check between the theoretical geh(o) and the experimental 

values of nt and •t is informative. The radiative lifetimes for different 

density EHL are related 6 by •r
2

(n£
1
)/•r1 (n

12
) = [ntgeh(o)] 2/[n1geh(o)] 1 • 

Letting one subscript refer to the unstressed case where n
1 

= 2.3 x lQ-1 7 cm- 3 , 

•rl = -r
1
/f:.r

1 
= 160 lls, 15 and, from theory, 16 geh(o) = 2.3 this equation can be 

used to estimate radiative lifetimes. Since -r
1 
~ -rr

1 
this provides an 

upper bound on -r
1

• Our n
1 

and -r
2 

data are found to be inconsistent with 

the geh(o) from the FSC approximation (see Fig. 3), the measured T
1 

being 

up to 40% larger than the predicted upper bound on •
1

. Using experimental 

geh(o) instead we find our data are self consistent. 

In surrmary, our experiment provides the first absolute determination 

of the density dependence of geh(o). We have pointed out several diffi­

culties in the interpretation of the one published experiment relevant to 

this work. Finally, more refined many body calculations appear necessary 

to completely describe this system. 

-7-



We wish to thank E. E. Haller and W. L. Hansen for providing the Ge 

sample and T. L. Reinecke and L. M. Falicov for informative discussions. 

This work was supported 9Y the Director, Office of Energy Research, 

Office of Basic Energy Sciences, Materials Sciences Division of the U. S. 

Department of Energy under Contract Number DE-AC03-76SF00098. 

(a )Present address: Nava 1 Research Laboratory, l~ashi ngton, D.C. 20375. 

lR. S. Markiewicz, J. P. Wolfe and C. D. Jeffries, Phys. Rev. B Ji, 

1938 (1977). 

2J. P. Wolfe, R. S. Markiewicz, S. M. Kelso, J. E. Furneaux, and 

C. D. Jeffries, Phys. Rev. 8 ~. 1479 (1978). 

3M. Combescot and P. Nozieres, J .. Phys. C ~. 2369 (1972). 

4 H. F. Brinkman and T. ~1. Rice, Phys. Rev. B ]_, 1508 (1973). 

sp. Vashishta, P. Bhattacharyya and K. S. Singwi, Phys. Rev. B .J.Q, 

5108 (1974). 

6H.-h. Chou and George K. Honq, Phys. Rev. Lett.~. 1677 (1978). 

7S. H. Kelso ar.d J. E. Furneaux, Sol. State £lee. I]_, 1377 (1978). 

8C. Benoit ala Guillaume and r1. Voos, Phys. Rev. 13 ]_, 1723 (1973). 

9 I. Ba 1 s 1 ev, Phys. Rev. 143, 636 ( 1966). 

1°s; M. Kelso, Phys. Rev. B 25, 1116 (1982). 

11 F. Reif, Fundamentals of Statistical and Thermal Physics, (McGraw 

Hill, New York, 1966), p. 402. 

12S. t~. Kelso, Phys. Rev. B, in press, Sept. 1982 .. 

13R. M. Hesterve1~ in Proceedings of the XIII Int. Conf. Physics of 

Semiconductors (North Holland, Amsterdam, 1976), p. 916, \'lith 

better wave function from M. Altare11i and N. 0. Lipari, Phys. 

Rev. Lett. 36, 619 (1976). 

-8-

t/ 



14Jerry L. Ivey and Robert L. Mieher, Phys. Rev. 8 Jl, 822 (1975). 

15Using E = 0.25 from M. S. Skolnick and D. 8imberg,. Phys. Rev. 8 
r~ 

£!_, 4624 { 1980) . 

16p. Vashishta, S. G. Das, and K. S. Singwi, Phys. Rev. Lett.~' 

911 (1974). 

-9-



FIGURE CAPTIONS 

Fig. 1. Luminescence intensity is plotted semilog vs time for the 

electron-hole liquid droplet (a), free exciton gas (b), and 

total luminescence (c). The electron-hole liquid has disap­

peared by 4 ms. Curve (a) shows a transition from bulk to 

surface decay for the droplet. 

Fig. 2. Luminescence intensity is plotted vs excitation power for the 

electron-hole liquid droplet (a), free exciton gas (b), and the 

total luminescence (c). The electron-hole liquid threshold is 

clearly visible in (a) and (b). All curves are scaled vertically 

to have the same height. No hysteresis in electron-hole liquid 

formation is seen within experimental resolution. 

Fig. 3. The enhancement factor geh(o) is plotted vs rs where 

rs = [3/(4un
1

}]
113/ax, ax being the free exciton Bohr radius 

and n
1 

the electron-hole liquid density. Our data are plotted 

with error bars. The solid curves are theoretical results 

from Ref. 5. 
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