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ABSTRACT

We report the first absolute measurement of the density dependence

| of the electron-hole liquid (EHL) enhancement factor in Ge. The enhance-

ment factor, the ratio of the electron density at the site of a hole to

the mean EHL density, provides a valuable and sensitive test for the

predictions of various many body approximations. Our results, derived

from measurements on a free exciton, EHL system confined to a strain

induced potential well, are compared with predictions.
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I.  INTRODUCTION o

The purpose of this paper is to report the first absolute measure-
ment of the density dependence‘of-the electron-hole liquid (EHL)
enhancement factor.geh(o) in Ge. In this paper the importance of such a
measuremont, the measurement scheme and its validity are;discussed,
followed by experihenta] details, data, and reéu]ts compared to predictions.!

To enhance the utility of many body theory calculations, it is essen-
tial to compare the results of various approximation schemes with
experiment. The EHL provides a uniquely useful physical system to
.test many body theory approximations. The EHL is a two component
electron-hole (euh) Fermi ‘1iquid which exists in opt1ca11y exc1ted Ge at
liquid helium temperatures. The EHL droplets studied genera11y contain
many mi]]ion; of e-h pairs. Variou5'EHL parameters, such as binding energy
and density, can easily be varfed in the laboratory. The EHL density, for
example, can be varied by applying stress, applying a magnetic field, or
changing the tomperature7of the crystal containing the EHL. By applying
stress, density variations of over a factor of 10 are achievable. The
characteristics of“the EHL system are known exactly,! and the many body |
calculation results aré not small corrections. Other Fermi liquids such
as neutron stars, nuclei, and -electrons in metals suffer from various dis-
advantages such as the inability of the experimenter to alter parameters,
- small numbers of constituent particles, many body effects being sma11
corrections, or the System'§ characteristics aren't known exactly for the
purpose of theoretical calculations. |

In this experiment we measure the e-h correlation funct1on geh(r)

evaluated at zero electron-hole separation as a function of EHL density.
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This correlation function geh(o), normalized to one for a completely
uncorrelated e-h plasma, is simply the ratio of the electron density on
the hole to the mean density. If geh(o) = 2, then the probability per
unit volume of finding an electron on a hole is enhanced by a factor of
two over the probabiiity for an uncorrelated plasma of the same density.
This has led the labeling of geh(o) as the enhancement factor.

Recall that in elementary perturbation theory a calculation of an
energy. eigenvalue is accurate to second order when evaluated using first
order Wave functions. One can determine good energy eigenvalues using
re]étively poor wave functions. Thus a wave function measurement provides
a more sensitive check of an approximation scheme than does an energy
eigenQalue. In the same spirit the enhancement factor géh(o) which is a
wave function measurement provides a valuable and sensitive test for the
predictions of many body theory.

| One other experiment? which measures geh(o) vs. EHL density n, has
been performed. - Their results provide geh(o) times some~undetermined con-
stant as a function of EHL density. In addition, their results depend on
a model of how the EHL l1ifetime T depends on the EHL density n. that is
at odds with the results of Kelso and Furneaux.3

Our experiment provides for the first time an absolute measurement of
geh(o) Vs nL‘and the extracfion of geh(o) from the data requires no

model of T (nL).

IT. MEASUREMENT SCHEME

The radiafive decay rate ;l—- of the EHL is related to the probability

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

factor geh(o); From the Guillaume-Voos" treatment of the radiative decay



rates of free excitons ;l—-and electron-hole liquid ;1—3 we have

RX RL
tRx _ enfodnp Y
o st ()
RL | {wx(o)l .
where wa(o)l2 - ; refers to the free exciton (FE) ground state wave “
T a :
X

function and ay is the FE Bohr radius. So]ving‘forﬂgeh(o), we have

T 0)|?
RX |¢X( )|
goul0) = ——"—— (2)
eh TRL n
Defining radiative efficiencies for the EHL and FE
T ) T
_ RL ¢ _ RX
| L/ X
and incorporating these'definitions into Eqn. (2) we have
o\ Ty |0y (0)]2 o
Jepl0) = (é;ﬂ; ;gi Xn » (4)
_ RXZ "L L

i

Of the terms on the right-hand side df Eqn. (4), |¢X(o)|2 =';%§ is
a theoretical number and the rest are accessib]e‘to experiment. The Tife-
times Ty and T, are measured from luminescence decay,'the EHL density n_
from EHL.luminesCence']ineshape fitting, and the radiative efficiency ratio
from a ratio of.slopeﬁ in a steady_state'1uﬁinescence vs. excitation power
experimént as explained below.
Consider a steady state experiment measuring the luminescence intensity
of both free excitons IX and eTectron-hole 1iquid IL as a function of the ®
e-h pair generation rate. We consider separately two cases: (a) below
EHL threshold; (b) above EHL threshold.

®



(a) Below EHL threshold the EHL isn't present and the steady state

number of free excitons NX is determined by
, N - ,
6 = X, - (5)
X ,

' The measured 1uminescenée Ix is related to Nx by -

where the FE collection efficiency ecxlfe]ates the total FE luminescence
| emitted to that collected and detected. A collection efficiency for EHL
is similarly defined. Combining Eqgns. (5)‘and (6) we find that the lumines-
cence to generétion rate slope below EHL thfesho]d is

dl, .
ar _ 9x | -
@ ° T& " CRX Scx (7)

(b) Above EHL thresho]d both FE and EHL exist and the number of free

exc1tons NX and e-h pairs in the e]ectron-hole 11qu1d NL are related to
the generation rate G by | |

G = —+— | (8)

The measured EHL Tuminescence I is related to NL by

( >€CL | (9)

where.eCX is the EHL luminescence collection efficiency. The number of
excitons Ny iS'related to Iy as in Eqn. (6). Just above EHL threshold

IX" constant and the luminescence to generation rate slope is

dI | |
ar _ 4
& - 9 - SRL ScL (10)

Any slope in IX vs. G above EHL threshold can be measured and subtracted

out. Taking the ratio of Eqn. (10) to Egqn. (7) we find



dI

dG?bove EHL

threshold _ C_BLXEL) (1)
dI’ ErX/\ECX

ngLTow EHL
threshold.

Thus if we measure the slopes above to below EHL threshold of a total
luminescence vs. generation rate scan and correct for the relative collec-
tion efficiencies of the FE and EHL luminescence we obtain the desired

radiative efficiency ratio.

ITI. MEASUREMENT SCHEME VALIDITY

An assumption inherent in the use of steady state and decay measure-
ments for the terms in Eqn. (4) is the existence of a thermal and diffusive
_quaSi-equi]ibrium within the FE, EHL syétem. To Compabe steady stéte and
decay measurements, the measurements must be made on the same physical
systemf : _

The physical. system used in thisrexperiMent'is a FE gas and at most
one EHL droplet confined to a strain induced potential well5>6 at a
temperature 2.16K.

Three criteria mustlbe'satisfied for the FE, EHL system to be in
quasf-equi]ibrium.

a) The e-h pairs in the EHL droplet must be in thermal and-dfffusive
equilibrium. »

b) The FE gas must be in thefmal and diffusive-equi]ibrium with itself. -
c) The net current of FE pairs out of (for decays) or into (for .

steady state) the EHL droplet must be small compared to the equilibrium

back and forth flux atross the EHL droplet surface.



If any one of these conditions isn't met, then thermodynamics isn't
sufficient and tkansport needs to be considered.

The carrier-phenon'scattering_time T 10-10 sec. so FE and EHL are
well characterized by the same temperature for.the very'iow excitation
powers and long time scaies of this experiment. The EHL droplet is a
highly correlated Fermi liquid of constant density and within time frames
on the order of 0.1 ms difosive'equilibrium is assured.

In order fdr the FE gas to be in diffusive equilibrium with itself,
the FE diffusion length LX = /ﬁ;?; must be large compared to the spatial
extent of the FE distribution. If we approximate the bottom of the strain
induced potential well with a,parebo1a U = ar? then at temperature T the
spatial extent of the gas of FE's is characterized by a(ar)2 = kT or
Ar = /ET7EZ' Taking worst case values of a and Ty from our data, we find
LX/Ar > 450. So the FE gas is in diffusive.equi]ibrium-with'itse1f to a
very good approx1mat1on |

In the Timit of infinite FE and EHL lifetimes, the FE densxty at

the EHL surface is
n(R) = o et/KT
Q
a2\ /2
where VQ =<:1T j) = FE translational mass, ¢ = d1fference in binding

~ energy per e-h pair between FE and EHL, and RL = EHL droplet radius.
The equilibrium flux of e-h pairs into and out of the EHL droplet
surface in this Timit are equal and given by.

41rmx

J s(kT)2e-¢/KT (13)

[+

where S = fraction of FE incident on EHL droplet that are absorbed.



In the case of finite FE and EHL lifetimes, the fluxes of e-h pairs

Jin and Jout into and out of the EHL droplet surface are no 1pnger equal.

For decays there is a net current of e-h pairs out of the droplet which -

maintains the FE gas. The current outward is

N
=X (14)

2
AnRY (Jout"Jin) Ty

In‘the case of steady state excitation there is a net current of e-h
pairs into the droplet to counter the loss through bulk EHL decay; The

current inward is

4 .3
=mRen, ,
2 _ 37L'L
4Ry (5= Igut) = 2 | (15)
To be able to treat these systems as in quasi-equilibrium, we must-
have
Jd . =d. | . : .

J

0

otherwise transport must be taken into account.
We generally make measurements on an EHL droplet with a radius in
the range of 20 um to 150 um. From Egns. (13) and (14) using worst case

values for decays -

Jout = Jdin

J

(=<

$ 4.9 x 103 independent of ¢.

From Egns. (13) and (15) using worst case steady state values

4.5 x 10~ for ¢
213.1 x 10-5 for ¢

T meV
0.5 meV

Jout ~ Jin
J

o«

So the FE, EHL droplet system used ih-this experimental geometry is
accurately described as being in thermal and diffusive equilibrium in

both steady state and decay experiments.



IV. EXPERIMENTAL DETAILS -

An ultrapure, Ny - Ny = 2 x 1011 e¢m=3, dislocation free Ge crystal
With‘diménsions 3 x4 x 4 mm3 was used. A strain induced pofentia] well
was creéted inside-theiCrystai'by applying an inhomogeneous stress along
a <(111) crystal direction with a spherical Delrin plunger. An infrared
vidicon, television monitor set-up was used to show the well bottom to be
at Teast 1 mm away from any crystal surface. This experimental geometry
has the advantage of providing well defined FE and EHL spatia1 distribu-
tions isolated from crystal surféces with at most one EHL droplet in
the well.

A1l measurements were performed with the crystal immersed in liquid
helium below the A-point (2.15K<T<2.17K). This avoids scattering of
Tuminescence by helium bubbles. At these temperatures the EHL is less
compressible and the FE gas is restricted to a smaller volume in the well
bottom than is‘the case for higher temperatures; and the temperature is
not so 1ow that we can't measure FE luminescence below EHL threshold for
modest to high stresses. |

Data was taken fof a range of stresses from 6 to 15 kg/mm? corre-
sponding to EHL wavelength peak positions from 1.754 um to 1.771 um. The
bottom of the strain induced potential well can be approximated by a
parabola U(r) = ar2. A typicaT value of a is 2 méV/mm'z.

A schematic of the experimehta] apparatus is shown in Figure 1.
Steady state volume excitation of the crystal was échieved with a feedback
stabilized tungsfen 1amh=f01]owed by a silicon filter and 1.59 um inter-
ference filter. The luminescence was mechanically chopped, spectrally

resolved, and detected by a liquid nitrogen cooled germanium PIN photodiode.



'
The-detector output is amplified, lockin detected, and digitally integrated
in the_microcpmputer which controls the experiment. The microcdmputer
automates measurements where-waye]ength,'spatia] position, or excitation.
power are varied. ” | |

For transient measurements a liquid nitrogen.cooled GaAs laser is |
used for pulsed excitation and a waveform digitizer'captures the full range
of each decay; The microcomputer integrates the results of many pulses of
the experiment. The waveform digitizer is what makes this experiment
possible. If a boxcar integrater is used instead and ydu want to sample
the decay curvewat 100‘points, then the‘boxcar is 100 times slower. With
each pulse of the laser the boxcar looks at only 1% of the curve, while.
the waveform digitizer can look at 100%. Measurements which now take
1/2 hour with the waveform recorder would take 50 hours with a boxcar.

V. DATA

A typiéal set of decay data 1§N§Bbin in"figuré 2. Plotted Semi}og
vs time are the EHL'(a), FE (b), and FE plus EHL (c) luminescence inten- =
sities. The measured decay curves for the FE-EHL system. contain an EHL h
threshold time past which the EHL droplet no longer exists. The EHL
threshold time is evident from the disappearance of the EHL decay curve
(a) into the noise and the kink in the FE curve (b) due to the sudden
loss of a FE source (the EHL dfoplet). The spectrometer grating used to
spectrally resolve the EHL (a) and FE (b) Tuminescence was reb]aced with
a mirror to measure the total (FE plus EHL) luminescence decay curve (c).
The EHL curve.(a) shows a transition from dominance oi bulk EHL decay to

a dominance of surface losses through FE evaporation as the surface to

volume ratio of the EHL droplet increases with time. A faster than

-10-



exponential FE decay is seen past the EHL threshold time in curves (b)
énd (c); |

A FE lifetime just below threshold and a bulk EHL 1ifetime are deter- .
mined from the decay data for each stress. The decay curves of Figure 2
correspond to a stress of o = 9 kg/mm2.

A typical set of luminescence intensify vs. excitation power data,
€ €
RL “CL
fRX CX |
curves help accurately locate EHL droplet threshold while the slopes of

used to determine . is shown in Figure 3. The EHL (a) and FE (b)
the FE plus EHL cdrve'(c)*above and below threshold yield the product of
the EHL to FE radiative and collection efficiency ratios. The collection
efficiency ratio due to the luminescence detection system's Wavelength

and polarization response is independent1y measured enabling the radiative

_ €
efficiency ratio EBL to be isolated.

, RX.
No EHL formation hysteresis is observed. The EHL threshold, whether

approached by lowering excitation power or increasing excitation power,
is reached at the same power within our experimental resolution.
‘Since the FE decay curves are nonexponential, the measured decay rate
éL- depends on where along the curve it is measured. Similarly the FE
T €
radiative efficiency epyx = —5—-part of RL depends on where below EHL
TRX ERX
threshold the slope of the power scan is measured. In order for the product
(}L)(QRX) to yier ;l—, care must be taken that both measurements be made
X ‘ RX : _ _
the same distance below threshold.
VI. RESULTS
The results, tabulated in graph form, are displayed in Figure 4 in a

1 3 1/3

plot of the enhancement factor geh(o) VS Ars = 5;- z;ﬁf . The solid and

dashed lines are the results of several many body approximations for the

-11-



enhancement factor with an-electron, hole mass ratio of one for a:model
"system in which isotropic electron and ho1é_bands are aﬁsumed. The solid
curve (a) is the aVerage result of two closely spaced approximations, one
ofvwhich takes into account multiple scatterings to infinite order between
all components of the plasma. The dashed curve (b) is the average result
- of the Hubbard and random phase'approximations which are closely spaced
over the range of rs shown. Our preiiminaryfresuTts, plotted as solid
dots, show nb striking agreement with either curve. That none of the
calculations for these curves included the e]egtron-ho]e band anistropy
may have some bearing on this dfsagreement. Vashishta et al.! claim that
for the EHL binding energy per e-h pair ¢ anisotropyris as large an effect
as multiple scattering. If this carries over for the enhancement factor,
then calculations taking into account electron hole band anisotropy are
necessary. | |

Vashishta g;_gl,l have for the infinite (111) stress limit made a
calculation of geh(o) including anisotropy and find geh(o)'= 6.8 corre-
sponding to a density of 1.11 x 1016 cm™3 or rg = 1.57. Our data extra-

polated to rg = 1.57 are not inconsistent with this finding.
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FIGURE CAPTIONS

FIGURE 1. Microcomputer controlled experimental apparatus. A light
source at the left photo-excites a Ge crystal at liquid He temperatures.
The luminescence is collected by the output lens and focussed on the slit
plane of the spectrometer. Radiation of the wavelength selected by the
spectrometer is detected by‘an.Nz-cooléd'Ge photodiode. The electronic
signal is then routeq'to~a transient recorder for pulsed experiments or

a lockin for steady state experiments. For puised experiments an N2-
cooled GaAs laser is used. For steady state experiments either an argon
1a$er or a suitably fi1téred incandescent lamp is used. ‘The microcomputer
contrd]s the feedback stabilized steady state light sources. It also
controls the output lens position and the spectrometef wavelength drive,

thus aupomating spatia1 and wavelength resolved luminescence measurements.

FIGURE 2. Luminescence decay curves. Luminescence intensity is plotted
semi]og vs time in ms for the electron-hole 1liquid droplet (a), free
exciton gas (b), and the total 1umihescence (¢) with no spectral reso-

lution. The electron-hole liquid droplet has disappeared by 4 ms.

FIGURE 3. Luminescence intensity vs eXCitation power.‘ Lumiﬁescence
inteﬁsity is plotted vs excitation_power for thé electron-hole liquid
drop]et‘ﬁa), free exciton gas (b), and the total luminescence (c). The
electron-hole liquid threshold is clearly visible in curves (a) and (b).

A1l curves are scaled vertically to have the same height.

~13-



FIGURE 4. The enhancement factor geh(o) is p]ottéd VS. rg where rg =
1/3 ' '
E}_ Qfé—é) > Ay being the free exciton Bohr radius and n the electron-
x At ) _
hole liquid density. The dots are our data while the curves are theoretical

results for a model system taken from Ref. 1 which does not include

~electron-hole band anisotropies. Unstressed Ge corresponds to r$'=..57. |

Reference 1 predicts for the infinite (111) stress limit geh(o) = 6.8

and rg = 1.57 with électron, hole band anisotropies included.

-14-



Fig. 1
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Fig. 2
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Fig. 4

0 I I N I
0.9 1.0 LI 1.2 1.3

s XBL 8112-12788

-18-



R~

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the'University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




T e = 2T

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

4



