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. ABSTRACT
A study has been éondhctéd, at low temperatures, -of
Fhe far infrared absorption-spectruﬁ of silicon and germanium
under high optical excitation. This work preseﬂts the first
experimental observation of the absorption of both the gas of
1ndlfect exc;tons and the electron-hole drops (EHD) in 51i1—
con. Using the strength of the exciton absorption, a studv
of the coexistence of the exciton gas with the EHD was under-

taken. For dermanium, the absorption spactra produced by

excitons and the behaviour of the exciton transitions in the

- -

presence of a small magnetic field were measured. The experi-
mental excitonic absorption.spectra in both silicoﬁ and ger-
manium are comparea with the results of the effectivé_mass
Hamiltonian model aﬁd it is found that the rgsults of this
model account well for the observed sﬁructure in both mater-
ijals. A model for the response of the exciton levels to an
externally applied magnetic field was developed. The compari-
son of the experimental results'prOGided a check on the iden-
tification of the observed transitions between 1S to 2P exciton
states in germaniuﬁl The absorption spectrum produceqd by EHD

in silicon is compared with a calculated spectrum using the,

Mie theory for the absorption of radiation by small particles..

The calculation included both interband and intraband transi-



-

.

tions for the valence bands. The agreement with the experi- -

ment i1s good and justifies an estimate of the value of the

electron-hole density inside. the drops in silicon. As a re-
sult of the study ©f- the coexistence of the exciton gas with
T , P .

the EHD,_estihates could be done for the radius of the drops

in silicon.
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CHAPTER I

INTRODUCTION -

-
-

‘It has long been-recognized that when some semi-
-cbnductors are subjected to an optical excitation, with
radiation of enérgy larger than .the band gap, two interest-
ing phenonena_may appear. One is the electrostatic binding
of an electron and a hole to constitute an exciton. The
other is that for large exciton densities at l?w enough
temperatures, the excitons can condense into‘émall drops
of‘electron—hole flui§, called glectron—hole drops (EHD)
(Keldysh 1968). These two phenomena appear in germanium
and silicon, as well as in some other semiconductor mater-
ials. Both excitons and EED in those two materials absorb
radiation in the far infrared region of the electromagnetic
spectrum.
The absorption spectrum of an exciton ig determined
by its guantum energy levels. The absorptionf spectrum of
of the EHP is detgrmined'by the pqlarizatioﬁ produced on
the drops by the incident radiation. This response, in turn,
dependsson the possible internal transitions /in the electron

%

~and hole bands at the energy of the incident radiation.
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., In this work an experimental studv of the absorption.

spectra produced by excitons in germanium and by excitons

and EHD in silicon is presented. This study is'a;med at con-

tributing to the understanding of the guantum structure of
the indirect excitons in these two materials. Also, with)
:espect'toithe EHD in Si, this study provides a new experi-

mental-result which is used to check the current understanding

of ‘the absorption mechanisms for these droﬁé.and the physical

parameters that affect this absorption. The theoretical

determination of the exciton energy levels in a.semiconduc—

tor with degenerate valence bands, as in germanium and

" silicon, was first considered by G. Dresselhaus (1956) in

the effective mass approximation. In this model the effect
of the crvstal structure is taken into account by assuming
that the electron in the conduction band can be described

. ‘ -

as a particle with a negative charge and a mass determined

by the local curvature ofvthe band. A similar assumption

.1s made for the hole in the valence band, assigning it a

positive charge. It is also assumed@ that the electron and

the hole interact according to the Coulomb law, modified

by the static dielectric constant of the crystal. Dressel-
haus made the first rough estimates for the binding energies
of indirect excitons in both Ge and Si. McLean and Loudon

(1960) classified the exciton states for these two materials,



%

: ”
according to their symmetry properties, and calculated the
two possible ground state energies using variaticnal tech-

niqueg in the effective mass approximation. The indirect
excifons were Experimentally detecéed in Ge (1957) and Si
(1959) b§:MacFar%§ne, cheén, Quarrington and Roberts by
looking at Ehe absorption edge of these materials. Button
et al.ﬁ(1959) detected the two ground states of indirect
excitons in germanium "and studied:their Zeeman effect,
looking at the slope of the transmission curve in this
material. Shaklee and Néhorg (1970) measured, at high
resolution, the derivative of the indirect absorption edge
.in silicon and from that work they obtained the value of
the binding energv of the lowegt ground state of the ex-
citon. Theyv also measureé the eneigy separation’between‘
the ground state®and one of the two pqséible 2S states.
Recently a series of experiments have given a lot of infor-
. mation on the exciton structure in Ge. These aée the far
infrared absorption experiments of Vavilov et al. (1973),
Kononenko et al. (lQ?g&_and Buchanan and Timusk (1976).
The spectra frpm'these experiments_provided a wealth of
resolved structure that could be compared to more detailed
calculations of the exciton spectrum in germanium. Kobay-
ashi and Narita (1976) repofted an almost structureless

emission in the far infrared in silicon centered at 11.5

meV,: that they interpreted as 2P -+ 1S exciton transitions.
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A very comprehensive theoretical treatment in the effec-

tive mass approximation, ai;ed at providing a complete déscrip—ﬁ
_tioﬁ of the'energy states of tﬁe excitons in Ge and si, has

been developed by Lipari and Altarelli (LA} (1976-1977).

Their work provides a lot 62 physiqal insight into the role
plaved bv thé different interactions that contribute to the enerqgy
of the exéiton,quantum levels. Their results for the exciton
transitions in Ge are in good agreement with most of the ob;
served transitions in the far infrared experiments: Their

model also preovides a quantum charaéterization of the most

important exciton states, which is very useful in describing
. %

the response of these states to externally applied fields. -

AT LT -~
-

fhé first experimental observation leading to the id-
entification of the prasence of EHR in silicon was done by
Pokrovskii and Svistuno?a (196%) . They looked a£ the band
edge recombination luminiscence for this material. Vévilov,
Zayats and Murzin (1969) fifst observed the absorption spec-
trurm of the EHD in Ge. They explained their observations in
terms of heavily damped plasma oscillations of the electron-
holes. Their experimental result was later confirmed by
Timusk and 8ilin (1975) who also studied the far infrared
absorption of the EHD in doped germanium samples. To com- oo
pletely explain the observed line shaﬁe of the absorption, -

Murzin et al. (1975) and Rose et al. (1973} included inter-

band transitions in’the valence band along with damped plasma



oséillations, as absorbing mechanisms. Zarate and Timusk
(1979% have used this model sucessfﬁily‘to fit the qoﬁplete
- absorption curveﬂéf the EHD in Ge.

Although-the EHD in silicon and‘germanium Qere first
observed almost simultaﬁéously, very few physical parameters
of ;he droés in silicon ére known in contrast to the exten-
sive results which have been obtained for germanium. Recently

" £from severél’experiments, Dite et al. (1976) and Shah et al.
(1977) have constructed the phase diagram for the exciton
gas and the EHD in silicgn, showing the coexistence boundary.
These two works improved this situation somewhat. This thesis
presents a study of the exciton concentration or density of
'thé gas of excitons in coexistence with EHD in silicon. The
"observed concentrations are analyzed using Pokrovskii's
model (1972) for the rafe of chan§e of the concentrations
with time of excitons apd'electron—hole pairs in the drops.

In Chapter two of this thesis a description of the ex-
perimental téchniques.used is given. Chapter three destribes
the theoretical model of Lipari and Altarelli for indirect
excitons. Chapter four presents-and discusses the experi-
mental results for the indirect exciton spectrum in Ge and
its response to a magnetic field. A model is also proposed

to analyze the magnetic experiments. Chapter five presents.

the first experimental observation of the spectra of indirect



excitons in silicon. The measured variation with tempera-

ture éé the concentration of an exciton gas in coexistence

with BHe EHD is also presented in this chapter. Finally,

Chapter six presents and discusses the first observation of

EHD far infrared absorption and the fit of the theory.

-

.



CHAPTER II

EXPERIMENTAL DROCEDURE

1. Ine;oduction

& high concent;ation,exciton gas was generated in sili-
con apd‘germanium by optically pumping one of the surfaces.
The lasef operates at waveléngths that corres?ond te photon
energies larger than the energies of the wand gaps of the
materials considered. FOT gilicon, & krvpton laser (Spectra-s
Physiés) operating et a red line of wavelength 6471 A (which
corresponds to photons of energy 1.92-eV) was used. The in-
direct band g9ap in this material 1s 1.17 ev at 0 XK. Incident
- powers at the sample ranged between 100 MW to 500 wmW with the
1aser focused at a l mm2 spot. FoOT germanlum, a commercial
{SYLVANA) CW neodynium ynG: laser alse focused to a spot of
1 om’ was, used. The wavelength of this 1aser is 1.06 pm and
corresponds to an energy of L. 17 ev. The band gap energy in
germanium is 0.144 eV at 0 K. The incident power at the sample
in this case varied from 20 mW to 90 mW.

In silicon, the measurements Were done at temperatures
ie the range of 58 to over 20K. For thig material at these
remperatures, the exciton gas coexists with drops of condensed
electron-hole fluid. Hence, the absorptioﬁ of this phase
could also be observed ‘and studied. The measurements in ger-

manium were conducted mainly at ‘4.2 K. At this temperatuxe



in this maﬁériél, the ele;tron-ﬁole dro?s have almost com-—
pletely evéporated and their absorpgion spectrum is unobserv-
able. |

The absorption is obt;ined by taking the natural log-
arithm of the ratio of the speétrum with the lager off, re-
presented by Is (v} (background), to the spectrum obtéined
with the_ laser bn;'i.e., with the exciton'éas ané the EﬁD
presenﬁl represented by I(g). ‘This logarithm is related to
the absorption constént o 5;‘ln(IO/I)= cd, where‘d is the
thickness of the absorbing region. Typical values of the
overall absorption signal prodﬁéed by the exciton gas to-
gether with the EHD-in-silicon varied from 0.5% to 3% of the
total radiation incident on the detector. The excitoh gas in
germanium proguced absorption of 8% to 20% of the spectral

region of interest.

2. Samples ,
A high purity silicon crystal (aonated by Hughes Air-
craft Co.), of resistivity 30,000 Ohm-cm, and diggnsions of
26 mm diameter,_lf4'mﬁ.thick, was used. It had an estimated
12

concentration of less than 10 cm-3 electrical active im-

purities. The éstimate was done using the-resistivity

tables for Si (Irvin 1962). ' The circular faces of

this wafer were <11l1> faces. One of the surfaces was care-
fully polished to a finish of one micron. BE?Bre eéch experi-

ment, this surface was polished with syton (aAcommercial

polish of Dow Corning Co.), and then etched with CP4, a mix-



‘ture of lO%Ihydrofluoric acid, 20% glacial acetic acid, and
60% of nitric acid.
' The germanium sample was a very high purity crystal

. with a concentration of electrical active impurities, esti-
' 10

mated (in the same way as for Si), to be less than 2 x 10
-cmf3u Tts dimensions are 3 x 15 x 15 mm (purchased from
General Electric Company, Vallev Forge, Pa.). The flgt sur-

faces had a <100> orientation. The surface facing thé in-
coming radiation was also polished to a finish éf 1 miEron.
Ever§ three to four experiments, the surface of the sampie had
degraded in quality and had to be repolished with EytOn and

etched with CP4.

3. Optics
The far infrared absorption measurements were done
using Fourier transform spectroscopy. A Michelson interfero-

meter was used over the spectral ranges of 3 to 45 mevV (40 to

1

360 ¢m ). A lamellar grating interferometer was used in the

range of 1.2 to 5 meV (10 to 40 em

}. The Michelson inter-
ferometer is a commercial instrument (RIIC FS 720) modified
with a stepping motor drive {(Slo-Syn HS25V) guided through an
inﬁexéécé by the commands of a minicomputer. The lamellar
interferometer is also a commercial instrument (Beckman LR100)
with the same steéping motor driven by the same system.

For the Michelson, many of the measurements on exci-

tons in silicon were done using a FCS (SYLVANIA) tungsten
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-

halogen lamp as a source of light. For reasons of stability,

-
I

a SM35 (American Ultraviglet Co.) mercury arc lamp with a
fused quartz envelope later proved‘to be superior. Later on,
both interferometers used this lamp as a’sourcerpf light..
The ligﬂt of frequeﬁcy 6ver.700 cmfl was. filtered
with black polyvethyvlene after going through the sample and
before reaching the detector. This is done .to ‘eliminate -
radiation of unwantéd fregquencies which would otherwise -over-—
whelm the far -infrared siénal. For most experiments, a
sapphire window was used which eliminated thé radiation above

360 cm ' (45 meV). For the EHD in pure silicon studies, the

Al

sapphire window was replaced by a silicon window that trans-—

1

mitted radiation below 700 cm - (85 meV), when used with a 5

" beamsplitter of Mylar of 3.5 uUm in thickness. This beam-
1

-

splitter has a first minimum of reflected energy at 840 cm
h Y

For the other experiments in the Michelson, a 50 G (12 um)

Mylar beamsplitter that gives a maximum at 120 cmfl (15 meV)
and a minimum at 240 cm T {30 meV) of reflected radiation,

was used, In some cases, the spectral region was further
reduced using alkalide-halide filters wedged to 1 or 2 degrees
and 1 to 2 mm in thickness. The wedge is done to avoid. in-
ternal multiple reflections from creatiﬁg spurious maxima in
the signal (interferogram). "~NaCl was used to cut frequencies

over 170 cm ~ (21.0 meV). KCl in series with a LiF filter

1

were used to eliminate frequencies over 140 cm ~ (17.5 meV).

L~

PE i

-~
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4. Expe;i@ental Set-Up -
The experimental set-up was tequirea to incorporate
thé. following.features: firstly, it had tp hold the sample.
Sec0ndly, it had to allow both the laser and far lnfrared
beams to-hit the same well—deFlned area of the crystal.

Thirdly, it had to conduct the enormous heat generated by the

laser away from the sample. .Fourthly, it was necessary to

.capture'gse emerging far infrared radiation from the sample

but prevent\unwented radiation from reaching the detector and-
producing unnecessary noise. How this is accomplished is
illustrated in the description of the cryostat used, given'
- _ t ‘
A stainless steel cryostat was used to do all measure-
ments. A drawing of the system is shown in Fig. 2-1. The
cryostat is designed to £fit inside a glass liguid He4 dewar
4" in diameter. The cryostat consists of two separate vacuum-
tight chamﬁere - a large sample chamber, in which a liéht pipe
thet supports the sample is inserted; and the detector chamber.
The two chambers communicate through a 1/4" hole at-thﬁzbottom
of the sample Fhamber. This hole.is covered and vacuum-sealed
with a stainless steel flange that has the sapphire or silicon
winéow centered with t hole; The seal is done with an in-
dium O-ring .05" in difesleter. The seal was done very care-
fully to be leak-tight at low temperatures. This prevented
any He4 from getting lnto the detectdr chamber and putting

the detector in thermal communlcatlon w1th “the rest of the



 Pigure 2-1

Inside look of the crvostat used.in the experiments.
The sample is mounted near the bottom of the sample chamber

in strong thermal contact with the sample holder. The in-

. terior of the He® can that eQgls the detector is also shown.

The detector is almost completely thermally iso%aied from-
fhg cryostét. .It is only weakly thermally coupled to the

base .of the He3.liquid can by the copper‘ieads._ .
. . .V sﬁ )
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" cryvostat. There is an inlet valve 4" above the bottom of the

sample chamber. This valve can be operated from ocutside the

cryvostat. This valve is opened when the experiment is to be
done with the sample submerged in liguid He4, : -

The detect® chamber is a stainless steel can machined
out of one piece, 3" in héight by 3" in diameter. It is
screwed to the bottom flange of the cryostat, as ghoWn in

Fig. 2-1. An indium O-ring seal was used to make it leak-

tight. It was found that_éteel screws have to be torqued to

above 25 foot pounds to achieve a reliable seal with 0.06™

diameter indium wire. The Qetector chamber was pumped to a
péessure of the order 6f 10”% Torr. The vacuum was done
through a 1/4" diameter stainless steel tube located outside
the'crYOstat, that extended all the way through the top flange.
A valve outside the cryostat closed this tube. After achiev-
ing this vacuum, a few Torrs of hydrogen gas were admitted to
the detector chamber in the cooling process of the system,

in order 59 provide thermal contact with the rest of the cryo-
stat. This tube was also used to conduct the leads for the

detector, and a calibrated carbon resistor (Speer 470 Q) was

used to measure the temperature of the detector chamber. The

detector leads are miniature coaxial cables 0.006" in diameter.

The resistor leads are 0.003" diameter copper, teflon-coated
wires (Omega Eng. Inc.)}. ) .
The detector (Fig: 2-1) is a doped germaﬁium bolometer

for use at 0.3 KX (Drew and Sievers, 1967). The detector is
L - .

3
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~ cooled by a closed He3 refrigeration svstem. This system con-
sists of a storage can, a charcoal -gump and a liquid‘He3 con-—

. 4

: . ' -f N ’
.densing can. The storage of I-Ie-3 gﬁg is in a can.%" iong by 3"

iﬁ digmetér.‘ Thi's can contains most of-the gas agégodm ten—-
perature and at a pressure of 60 lbs/inqhz. It is located

outside at the top of the crvostat, as ;hown in Fig. 2-1. This
storage is connected via a 1/4" diaméter stainless steel tube
to the liguid He3 can inside the detector chamber. This can

.consists of two pieces: the top cover made out of stainless

steel, and tHe base which was machined from a solid piece of

copper with grooves extending upwards to increase the area
of thermal contact between the copper and the liquid He3. To
' 3

lower the temperature of the liguid He3 to 0.3K, the He" gas

is pumpedlbywé‘charcoal adsorption pump. This pump consists
of a staig;ess steel can 6" long and 1/2" diameter, positioned
2" above the defector chamber (Fig: 2-1). Inside the can,
there is activated charcoal loosely packed in copper mesh
bags to allow access of'the gas to as much charcoal surface
as possible. The‘puﬁp is connected to the ligquid He> can and
the main storageith;ough a l/4".béllows valve (Nupro SS 4UW-
SW), which can be-éperated from outside the cryos£at.

; The liguid He> can has a 1/2" diameter hole. At the
top of the stainless steel éég,of the can, A brass cone as
1/4"-interior diaméter, is sdidered in alignment with this

hole. This.cone exFends to almost touch the sapphire or sili-

con window at the top, leaviné a clearance of about 1 mm
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.bétween them. This arrangement caétures most’ of the radiation
" transmitted by the window. At the back of the cone, a small
brass disk is screwed énto the He> can. The detector is
attached to this small disk ana the leads pass firough a
smallerifice in it:

To start the operation of the detector, the‘following
procedure was followed. With the Hé3 valve closed, the whole
crvostat was left to cool down to liguid nitrogen temperature
by keeplng the outer jacket of the glass dewar filled with the'
liguid nitrogen. When the whole cryostat was below the ice
point, He4 cold gas which had evaporated from a liguid $e4
batﬁ was allowed to flow thxough to §void condensatiggjof
water ox solid nitrogen. In the meantime, the temperature
of the detector was monitored measuring the thermal emf de-
veloped between the copper lead connected to the carbon re-
sistor inside the detector chamber, and the stainless steel
wall of the cryostat. When this emf stabilized, indicating
that the crvostat was in thermal equilibrium with the 4.2 X
He4 g&s, liquid helium was transferred to the glass dewar,
filling ?he space outside the cryostat. Pumping over the
He4 gas, the temperature was lowéred to 1.2 K. 'After the
transfer of the liquid He4, the thefmal emf was counter-
balanced with a differeﬁtial voltmeter (Hewlett-Packard 3420B),
and by passing a current of one micro-ampere through the car-
bon resistor, the temperature of the éetector was measured.

When the temperature of the detector was 1.2 K,theihaB has con-
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densed, and the charccal pump valﬁe was then opened to start
puﬁbing on the He3. This finally lowers the temperature of
the detector to 0.3 K.

) The sample is sandwiched between indium peds to im-i
prove the thermal contact with the sample holder. While the
sémple is irl'He4 exchange gas, a very good thermal path to He4
liquid is needed to carry away the heat from the laser. To
measure the temperature.of the sample, a copper—gold with
0 07% Fe thermocounle was used. It was'olaced very close to

the small aperture of the cone and pressed between the indium

pad covered with a small piece of dielectric tape, and the

"sample. This thermocouple was calibrated using a (Lake Shore

Cryotronics - CGR 1-10000) calibrated resistor. The thermal
emf of this thermocouple was measured in a;} experiments,
using a 0°C bathe.formed of ground ice and colé water as a
reference point. It was found that megnitoring the tempera—
ture was very essential when there was exchange ‘gas in the
sample chamber. The operation of the laser always heated the
samples appreciably. To care for this, the temperature of
the sample was always kept constant by the use of the
electrical heater. Thus, if the temperature of the sample

varied, there was alwayvs the possibility to restore the

original temperature, changing the power output of the

heater.

The magnet consists of a superconducting coil wound

~ around an aluminum cylinder, of 4500 turns, 3" long and 2.15"
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in diameter. The magnet was placed around the sample’holder
an@ could.be slid into positiog so as to have the sample
halfway between the ends (see Fig. 2-2); The superconducting
leads and the copper leads that bring the current to the mag-
net were soldered to two heavy copper rings of 1" léngth and
1" diameter, to he}p inithe_dissipation of the heat generated
by the current on the leads. With this arrangement, magnet@é\\
fields as high as 15 KOe at 4.2 K were easily achieved with
the magnet‘in exchange gas.

The brass light pipe is inserted into the crégstat
(Fig. 2-1). The pipe has a braés_flange soldered at the top
which is screwed and secured at the top flange of the cryo-
stat. The sample holder plate is attached at the bottom of
this pipe. The light pipe has a 3/4" outer diameter at the
outside of the cryostat and narrows to 1/2" diameter for
most of the length that goes insidglﬁhe crvostat. The sample
holder is a heavy copper disk designed to help in the heat
dissipation of the sample. At the top of the brass flange,
a Cajon-Ultra-Torr connector is allowed to pass through a
stainless steel pipe of 1/4" diameter pipe. This tubg-carries
the leads for a heater, which is wrapped around the e
holder (Fig. 2-2) and the wifes of the thermocouple. In the
magnetic field experiments, another Cajon connector is used
to bring in-zhe leads which feed the current to a super-

conducting magnet around the sample holder (shown in Figs.

2-1 and 2-2). The sample holder and the sample are covered
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Figure 2-2

Diagram of.the sample set-up in the magnetic experi*
ments. The figure shows an inner view of the magnet with
the sample holder inserted. In the magnetic experiments,

no filter was used except for black polyethylene to block
) i

radiation above 700 cm
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with a brass—madg-cap_ The'cap has a pipe at the centre.

The Pipe is a brass rod with a2 1/4" hole bored through i£.
The function of the <ap is to prevent Stray radiation from
reaching the‘ﬁetector. This pipe is bréught’almost into con-
tact with the detector window. The function of this pipe is
to collect the radiation Passing through the sample and bring
it to the detectqr. At the top end of this.gmall pipe, fac-
ing the sample, the filters are placéd with the black poly-

. éthyelene-wrapped around and securely fastened with teflon
tape. The sample chamber coyld bé connected to the helium
g&s evaporated from the liquig He4 bath outside the cryo-
stat, through the valve at the top of the flange shown at

the left in Fig. 271; and work in exchange gas conditions,
-}he radiation from the interferometer is fed through
the windoﬁ at the @5; of the light pipe, indicated in the
upper xight side of Fig. 2-1. This window was (for most of
the meaéhrements) a solid piece of white high density poly-~
ethyelene of 1 mny thickness. ,For the measurements with the
lamellar interferometer, a Mylar window of 25 ¢ (6 um) was
%feé. The radiation ig reflected towards Ehe bottom at the
flat mirror at 45° of the incoming radiation, as shown in
Fig. 2-1. This mirror is a polished brass piece with a hole
covered with a piece of microscope slide glass (Can-Lab) of

1l mm thickness. The function of this window is to admit the

laser beamyused to Create the Population of excitons and EHD



in the sample under study. At_thé beottom of_the'lightrpipe,
the far infrared radiation islcondensed to pass through tﬁe
éaﬁple by a cone of either 1/8" or 1/16" diameter at the
narrow_pért. The sample is held ih place by a sguare copper
piece'ﬁhermally Eonnected to the sample ﬂolder disk by . braided
copper soldefeé to both‘pieces. %his cover has a 3/8" hole

-

to alloy the passage of radiation towards the filters and the

detector.

S.* Data Collection and Proceésing System

The'sigﬁél arriving to the germanium bolometer is
‘amplified by a Brookdeal 450 low noise p;eamplifiei and
averaged by a Brookdeal 411 lock-in amplifier with a time-
constant, tvpically 0.3 or 1 second: Thé/;adiation is chopped
inside the interferometer. The reference signal for the
lock-in amplifier is obtained using a light emitting diode
LED and a phototransistor. They are mounted in a small holder
in the back of the chopper facing the blades. The light of
the emitting diode is reflected by a stripe of white paint
that is painted on each blade. The choppér is driven by a
synchronous motor with a variable freguency power supply to
permit chopper frequencies in fhe range of 30 to 120 Hz. The
chopper is located between the mercury lamp and the interfero-
meter. ‘ | - _

‘A block diagram of the complete data collection and
processing system is shown in Fig.2-3. The diagraﬁ shows that

a Data Generzl Corporation Nova-2 minicomputer controls -the
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. Figure 2-3
'BlO§k diagram of the déﬁa acquisition and processing
svstem. The NOVA 2 mihicomputeﬁ controls the executidﬁ of
the experiments through the series df interfaces ghown.next
to it. It also performs the fourier transform of the inter-

ferograms as they are collected. The average spectrum obtained

is displayed in an oscilloscope connected to the display in-

N~

terface.
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execution of the experiment through a series of interfaces.
These interfaces are- used to transmit commands from the mini-

computer to the devices used in the performance of the experi-

=

ment. They also receive the information sent by the devices

and transmit lt to the mimicomputexrs To run the experimeﬁt,

the minicomputer uses a program written.in CALL*BASIC Q&he—
walt, 1972). This language is a modification of SINGLE USER

BASIC of Data General Corporation, to allqw3the interaction

between BASIC and subroutines written in machine language

used ta control the peripheral devices. X detailed descrip-
tion of the stepping motor interfaee which was constructed
for this project, is given in AppendiX A. It sefves'as an
illustratien of the organization of an interface.

Iﬁ a tYpica;_experiment, the minicomp@%er (at a giyen
command) turns on the stepping moior, driwving the,movable.
mirror of £he'interferemeter to its starting'position for a
complete scan, at a rate of 300 steps per second. After
waiting in that position for one second for the lock-in to
integrate the signal, it reads in the voltage as measured by
the NLS X2 digital voltmeter, storee the_value of the voltage
as a data point in memory, and then moves the mirror to the
next pos;tlon where the same process’ is repeated. In the wait-
ing perlod between moving the mirror and reading in the data,
the mlnlcomputer can send the actual averaged spectrum toe the

dlsplav interface and plot lt, £ requested through

the plotter interface, on a chart recorder. The frequency



of all these operations‘is checked using an internal real time

clock of the computer that counts ln hundredths of a. second.

At the end of a Speleled number of data points called the

lnterferogram, the m1n1c0mputer does a fast fourler trans-

- .

-

form of these pOlntS T' _ Ehe orogram is set to accumulate

: the spectrum averaglng the new spectrum w1th the. old already

—_

recorded 'us;ng the aoproprlate welght for thls last one. In

‘many experlments, a magnetlc tape recorder and reader of Dlgl

Data Co was used to record “the. lnterferograms befo*e orocess—-

1ng them, wrth the aim of deing a moxre” detalled analvsrs after

-~ —

the experrment- A 700 ASR Texas Instrument Electronrc Data

Terminal allowed the‘operator to control the mlnlcomputer_when
necessary. The interferogram was svmmetric.&ith'respect-to-

the zero optlcal path dlfference pornt or central maxumum..

The numbers of po;nts in 1t could be any number up to 512 per

HSlde._ The maln-llmltatlon‘was the s;ze of the memory.

- LY

6. Noise ...

T Figures for the signal to noise ratio varied with the

experiment. Inusilicon,fdepending on the spectral band, this

ratio varied from.2000-7000:l fwith the best‘figures for the

‘w1der spectral bands. «In germanium, where the work was done

-

mostlv at the’ flxed spectral band of lO to 50 cm.l; the figures

varied from 1200—2500-1. .In both smlmcon'and germanium, it was

found that a troublesome source of norse.was due to fluctua-

tions 1nzsotrop1cem15510n by EHD in’ the far 1nfrared as
o
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observed by Vavilowv, Zayars and Murzin (1969), although it.ﬁés -
not so severe above 6 K in silicon. ~Several precautions were
taken-to minimize this noiSe. The first one was the stablllza-
t;on of the laser power output, stabilizing the~bower sunvlv
and_rhe flow of cooqug water. A second.precaution was a
limitation of the aperture.between_the'éetector dnd the hole
) of‘rhe copper piece covering the sample, to allow only the
relatively narrdw infrared beam to.pass, and misimize the
capture of the‘isotropié.emissibn by the EHD. ) Running the
chopper at hlgh frequencmes usuallv helped;in minimizing thlS
noxge. Another suspected source of noise was gas oscrllatlons
in the llght.plpe. To avq;d'lt, sﬁsll cuts were sawed in this
. prpe and,.in general, ﬁo closed spsce was allowed inside the
_.Samﬁle?chamber. ) | -
“ "In the magnetic meesurements, it was observed that the_'
-opera‘tion o_f Athe‘ mag'net-‘diz_reased‘ the total value of the signall
’by a few percentraﬂd.inqu&uced an additiona% amount
"of noise. For magnetic experiments, typically we had 1200:1
signal'ro noise ratio:‘ Besause of this, all backgrounds were
measured using the same magnetlc field applled in the measure-
ment of the spectrum with the exc1tons present.

~In the operation of the interferometer, there are-

-
several sources of -error that affect the computation of the
spectrum.. The msst fregquently encountered are thermal or

electronic dArift of the interferogram, stepping errors, and

incorrect localization of the "central maximum" of the inter-

.- : ':
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férogram. The central maximum is the signal at zero optical .,

path difference. The incorrect localization of the central

-

maximum gnd the drift of the intérferogram were taken care of
by recording two-sided inﬁerferograms (Bell, 1972) and mathe-
matically processing them. A two—sided inﬁerfengram coh—
sists of a scan where the optiéal path difference is wvaried
between éistances -L to +L from the central maximum. The
effect of random stepping errors is minimiéed by reééatedly
scanning the same interfeqogrém and averaging all the coré

responding spectra..

Two-sided interferograms have the disadvantage of in-

troducing extra noise in the computed spectrum (Bell, 1872).

- This fact explains why the noise levels present in many of the

spectra reported in this thesis are substantially larger than

the smaller noise levels reported for the interderograms.

4

-

. . The resolution of a spectrum is inversely proportional
to the total optical path leéngth scanrned. Hence, large re-
so;utions imply long scanning éimes. As a consequence, thed
noise level in the signal poses & practical limit to the re-
solutiéﬁ that. can be achieved. To reproduce#the same noise
lével on a sPeqtrum atfhigher resolution, a larger number of
spectra ﬂad to be averaged. - The number of scans necessary
is equal to the sguare of the factor by which the resolution
is improved times the old number of scans.

Some systematic sources of error, i.e., false peaks

" in the interferogram produced by some multiple internal re-

. -
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flection,  equally affect the background and signal spectra.

By dividing the average of a large number of these spectra,

-

. SN
any false resultant information-will tend to cancel.



CEAPTER III

THEORY OF INDIRECT EXCITONS

l. Introduction

An exciton is .a bound state of an electron promoted

to the conduction band

and of a hole in the valence band.

The mechanism for binding is provided by the electrostatic

attraction between the

P

tron.

In general the

:§%ypes according to the.

The Frenkel exciton is
electron are separated

the lattice constant.

positive hole and the negative elec-

excitons can be classified into two
str;hgth of the Coulomb interaction.
tightlg bound, and the héie and the
by a radius of dimension comparable to

The other type is the Wannier exciton.

In this case the electron and the hole are more loosely bound,

with a radius many or several times as large as the lattice

-
constant. The excitons in germanium or silicon compXy very well

with the physical characteristics of the Wannier exciton.

When the actual band structure of a material is

considered, the lowest

-
¢

. . >+
energy exciton is made up of k states

for the electron near or at some local minimum of the conduc-

tion band. For the hole the i states are those near or at the

. S
maximum points of the valence band. If the minimum of the

27
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-

conduction band and the maximum of the valence band coincide

in k sgace, the associated exciton is called a direct exciton.

- For some materials the minimum of the conduction bané is not

over the maximum of the valence banéd. In this case the exciton

.is called -an indirect exciton. The creation of an indirect

- - - - L) - o
exciton requires the emission of a phonon, or absorption if

the phonon is ali¥ady thermally excited in the crystal, which-

.

provides the k vector difference of the two extreﬁal points
between the conduction and valence band. The decaV'of the in-
direct-exciton requires the emission or absorpt‘ln of the.
phonon. |

Schematic pictures of the band structure of germanium
and silicon are provided in figures 3-1 and 3-2. There it can
be seen that there are two locai minima for germanium and one
for silicon in the condﬁction band. The valence bands in both
materials have a single absolute maximum. In germanium both
direct and indirect excitons can exist and have been observed.
In silicon there can e#ist just indirect excitons associated
with the first conduction band.

In this work ohly the spectra of indirect excitons in
Ge and Si are preseﬂtéd and studied. The direct excitons in Ge
have an obserﬁéd ground state at energy 1.6 meV below the di-
rect band edge {Johnson 1968). Hence the transitions between
its quantum levels have by necessity energies smaller than this

value, and slightly above 1 meV. These energies are just below

' ap
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the lower limit of the séectral fegion (1.5 meV) that could
be reliabiy ;tudied under the conditions for operatiné ﬁhe
lamellar interferometer. Also'the'intensity of this absorp-
tion is ruled by the relative popﬁiétion of the.states in the
two conduction band minima which is proportional to the Boltz-
mann factor exp(-AE/kKT), where AE is the energy differgnce
between the two conduction band minima.

The exciton spectrum is usually compared grith that of

¥
the hvdrogen atom. jhis picture is gquantitatively accura?e
_only far materials wit@fﬂondegenerate, isotropic and parabolic
bands (Dresselhaus 1956). The description of the band struc-
tures for Ge and Si given below in éection {(2) of this chapter,
makes it very clear ﬁhat this is not the case for these two

semiconductors.

Dresselhaus in the work mentioned above introduced an
extension of the so called effective éass model of an_exciton;
to include the case of excitons in insulators or séﬁiconduc-
tors inethe general case of degenerate and non-isotropic bands.
A method in which the exciton Hamiltonian is separated into
various terms according to their symmetry was introduced by
Lipari and Altarelli in a series of papers (Lipari and Altarelli
1976,1977) called for short LA from here on. This method is
described in two works for acceptor states by Balderschi and

Lipari (Baldereschi and Lipari 1973,1974). The method is very

successful in explaining the exciton spectrum and provides



Figure 3-1

Schematic energy band structure for germanium. Only
the bands involved in this work aré shown. The zero of ener—
gyris chosen at the valence band maximum. The two upper
valence bands correspond to electron states with J = 3/2.

The split-off band of.E = 1/2 is .29 eV Selow the two other
valence bénds at the I' point. The conduction band is .89 eV.
above the maximum of the.valence band. Eg.is the energy
difference between the minimum point of the conductien bénﬁ
which is at the L point, and_éhe maximum of the valence band.
Group theorf classification of the electron states in thgn
bands is given at the center of the Brillouin zone and at the
points at the boundaries of the zone. The generic nomenclature
of these points and of the directions is displayed at the

top of the diagram. In round parentheses is given the clas-
sification of the'states when the spin of the electron is

ignored.
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Figqure 3-2

Schematic energy band structure for silicon. Only
he banas involved in this work are shown. The spin-orbit
splitting of .044 eV of the valence band 3 = 1/2 at E‘= 0
is shown exaggérated,the same as the split in energy be-
tween the heavy and 1light hole bands, which are the upper

and the one immediately down below. The zero of the ener-

gy is taken again at the maximum of the valence bands. The

group theory classification of the electron states of the |

most important symmetry points are given in the diagram.
In the round parentheses the classification for these
states is also provided for the case when the spin of the

electron is not considered. ‘
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physical insight into thelméaning and importance of the dif-
ferent terms of the exciton Hamiltonjan. Hence this method

is présented and discussed in section (3) of this chapter.

2. Bana Structure

Germanium and silicon have the diamond structure
which consists of a fcc Bravais lattice with a basis of twé
atoms at positions (0,0,0) énd‘(%,%,%f per lattice point; The
po;nt gfoup symmetry of the diamond structure is the cubic
group O . In appendix B a brief description of this and
other symmgtry grbups invelved in this work is given. The
band structure of Ge and si can be seen in figs. 3-1 and 3-2,
(Herman 5955, Cardona-l972), where only the relevant bands for
this thesis are shown. The ndtqtion used to classify thé
symmetry gtates is, that of G. F. Koster (1857). The figures
show that .in both germanium and silicon thé valence band maxi-
mum occurs at the point k=0. The hole state at this point
has a fourfold degeneracy of symmetrv classification F;. This
state is derived from p3/2‘states of the free atom. The four
§%ates correspond to 3,=L3/2 and Mj = *3/2, *1/2. Below
this state there is another maximum of anotﬁgr valencé‘band,
of symmetry T;. States at this maximum originate from pl/Z
states of the free atoms. The state is twofold degenerate
with Mj =+ 1/2. This state is split from the F; by the spin-

orbit interaction,/of the spin of the band forming electron,

with the anqular entum of its atomic state. The values of
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the spin—drbi?ﬁsPlittings, are given in ;abié 3¥l,ras well as
other vélues of'the parameters involveﬁ in the description of
the vaience bands hear the maximum: The F; 1evel_splits into
two banas as;E mofes away from the center of the Brilloaiﬁ B
‘ zone. " They are called the héavy and light hecle bands. The
heavy band éorre5ponds to the gppei valence pand in fig.3-1
apd 3-2, of larger radius.df curvature. The light hole band
is thé other band and has smélier radius of curvature near k=0.
These bands havekcdnstant energy‘surfacés that are distorted
-from spheriéal shape. The.lighﬁ hole bané-is'verg hearly spheri-
éal. The warping of the heayy hole band ig m;re marked. For
these bands thg enefgy near k=0 is éiven,by the expression

-~ -

{Dresselhaus, Kip, Kittel, Elliot 1954):

1/2
2.2 -
+ xZkD)) . (3-1)

L2

E(k) = ak* - (8%k?

2,.2 2 2,2
+ C (klk2 + k2k3

The values of A,B,C are listed in table 3-1. The ‘other valence ™
. + .

band with the state T7 at k=0, has very nearly spherical -ener-

‘'gy surfaces at values close to k=0. The energy of the k states

~

of this band are given by:

E(k) = - A + AkZ (3-2)

where A is the magnitude of spin-orbit splittiné mentioned be-
fore and A is the same constant as for the two other bands.

The mass of their holesy\rill be called Mgy -

In germanium the minimum of the first conduction band

is located at the L point, which is at the zone boundary in

R
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the <111> directions. As'a.cqnsequence'of the symmetry of the

diamond :lattice,  there are four eguivalent energy minima in

‘this case. The constant energy surfaces corresponding to va=

> -
lues of k near the conduction band minima, are veryv elongated

ellipsoids of revolution. They have their majon_axes along

the <111>. directions. The ratio of longitudinal m_, to trans-

-

verse m, . masses, 1s arouna'zo; Table 1 lists the experlmental

values of these masses, for both Ge and -51.. The symmetry of

fthese k states at the L point is L, when spin is ignored, or

the extended representatlon L6 of the double group when the

@ . o c .
spin of the electron is considered. In silicon  the minimum

-~

of the conduction band is along the <100> line. The symmetry
of a general point in this line 1is Al when spin is neglected

and‘.’:.\6 when spin is considered. ,The position of the minimum

is quoted as %} (0.86,0,0) by Kittel (1963). By the symmetry

of. the Brillouin zone, there are six equivalent energy minima

-for thiSIEOnduction band. The constant energv surfaces'are

5\

-~

also ellipsoids with the major axes along <100> dlrectlong.
The ratio of the longltudlnal to the transverse mass is around

4.5. -

3. . Theory S .y >

In the effective mass model for the exciton it is as-

.

sumed that the effect of the cfvsta}/structure is reflected in

H

that the electron in the energv minimum of the conduction band

%n be described as a partlcle with negative charge and a mass



»

_ determined by the local curvature of the band.® A similar as-
sumption is done for the hole assigﬁi#g it positibe‘éhargel_f
It ishfufthermore gssuﬁed that the electron and" the hole ;h;

_ téra&t‘accordiné to_tﬁe Coulomb~ law, whiéh is modified-by\£hé.
‘static dielegtrictconstant of tﬁé medium. Then the Haﬁiitoniaﬁ

- for thg relative'motion_of the electron ‘and ‘hole can be expréssed

mathematically as follows: B i
. v ) o )
. TN 2
= H_(p ) - H (p,) - {3-3)
b4 e Te h' h e T -
=0 e Ih.

-

" where the /subscripts e and h refer L the. electron and hole

-

respectively. In this equation aﬁ&\gzgm here on small p re-
presents the momentum conjugate to the. respective coordinate.

, N _ . )
He is the kinetic energy of the electron near the conducticn

band minimum and H is' the Kohn-Luttinger Hamiltonian which

describes the hole kinetic energy near E=3 {Luttinger and Kohn

. ™
1955) and (Luttinger 1956).

The constant energy surfaces for the electrons gre el-

lipsoids with cvlindrical symmetry and hence the electron Hamil-

——

.tonian . is:

< ‘ p2
1 2 2 3
H = =—— (p5 + p5) + (3-4)
e szt 1 2‘ 2mel
where M s W,y aTe the longitudinal énd transversal ma%ses as
, _

listed in table 1, and Py /PyrPy aXe the electron momentum com-
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ponents along the principal axeg of tﬁe ellipsoid.,-Tﬁe sub-
écript 3 represehts the major axis. For germanium this system‘
of coordinates is different from the crystal cubic axes x,y,;
.glso used for e hole Hamiltonian.

The Koﬁn—Luttinger.Hamiltonian for the hole in the

. - . —~
"valence band.is: - . : - o .
' - 2 Y ’
> . 5 o _ _2__ L 2.2
. - E (‘{_pxpy}{J-ny} + -{psz} {Jsz} + {psz}{Jsz}J

s
where {abl = %'(ab¥ba), fl’-Yz’AY3 are parameters introduced
by Luttinger (1956) and are listed in table (3-2), J is the
.angular momentum correspondigé to épin 3/2. This Hamiltonian
is valid in the limit of strong spin-orbit coupling i.e. when
the valence band splitting is much larger ;han the exciton | |
binding éﬁérgy.

An exciton of wave vector K is formed-from electrén and
hole wave packets‘with wave vyectors E; and Eh respe?tiéeiy,

such that: . -
]

{3-6)

> - -
k=k -k

The analysis of the-.Hamiltonian will be restricted to
exciton states with EO =k_ - ih,_i.e. to staE?s with the elec-
: e
tron and the hole at the extremum points of the bands. In this

case (Dresselhaus 1956) the exciton Hémiltqnian can be written
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in terms of the relative momentum B conjugatelto_the relative
coordinate T'= ;e - Eh in the following wayv: S

. N 2 - .
= B) - H (p) .+ & -
Hox = He(p) Hoe) o+ - - (3-7)

The ‘exciton wavefunction can be written as:

‘r-a- -+.= i--b_‘-b i L ’ _
l‘J(re’rh); i Fex(re rh)¢h(éh)¢e§re) (3-8)
where ¢, and ¢, are the Bloch functions for the electron and’

the hole, sz is the eavelope functiof which describes the

relative electron-hole motion and is an eigenfunction of Hamil-

-

tonian (3-7), and i runs over the four degenerate valence band

states.

Once the full exciton Hamiltonian is written in terms

of the momentum P conjugate to the relative poordinate §==§e-§h,

it can be separated in terms of different symmetry. To do this

Lipari and'Balderschi (1873), introduced the following cartesian,

traceless, symmetric tensors:

" _
Pi= 3PPy = 65,0 (3-9)

_ 3 _ s 52 _1
Jik =3 (JiJk -+ JkJi) OikJ - (3=-10)

In terms of these tensors the Hamiltonian can be written

as follows:



X
Y 2 2
H = (.i+_1L_)PT,_s_-5l_ P, -
e By Hoe €oT Hle
N o - - . (3-11)
L = Ivq = (Y4 = ¥5)8, 1P, T )
. emo 3. 3 2771k 1k ik :

where repeated indices are to be summed as in the Einstein con-

venﬁfan- u0ewaﬂd'ule are defined as‘:

a

. - l : 3'.
Eorie 0 e
. .- te ~ Tet, el e - @
1 1,1 1 ' B '
— =z (— - =) . - - (3.13)
- . Hle 3 et mél
-

Hge Can be thought of as the “sp?eri;al mass" of the electron,
and‘ule represents the “"deviation of the sphericity" mass. The
Cartesian tensors cén be expressed in terms of irreducible
spherical teﬁsbrs of the second rank Péz), Jézl with g = -2,
-1, 0, 1, 2.7:Spherical tensors of‘rank\bne, which are formed
from antisyrmetrical combinations of Cartesian tensor components,
are absent hecause of the 'symmetry of the Cartesian tensors. The
two spherical tensors of rankxiero Pg, Jg,
e W .
because they are equal to(gge trace of the Cartesian components

are also absent

and these by definition have vanishing trace. Using the defi-
nitions of the scalar and vector products of irreducible ten~
sors (A. R. Edmonds 1%74), the Hamiltonian for the exciton can

"be written as:
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o
1 .2_2 Ko (20 4(2), _ /2. _(2) |
H = (= -2y - — (P “J y - Zu..p | o
w0 T U2y TF T 7Y T Y91P0 i  aerdy
S (@ g @yt J_z“g (22 xg (2124 (R (D14 5
9 -

4

(2) -(2)

Here P ) .represent spherical tensors of second rank, o

the linear relative momentum-'The Hamiltonian has been divided

by the effective Bohr radius a, and the excitonfRydberg‘Ro. These

0-

two guantities and Hgs Hr Uy, 8 are defined-as‘followé:

e Q
R = & _ . (3-15)
0~ 252 2 . .
- - 0
hzso .
a2, = —3 © (3-16)
Hge
1 1 '
_ = —— + Y . (3-17)
UO HOe 1
b= (6y. + dy.)w - (3-18)
5 T3 T 2Tl Ry ‘ o
6= (yy - Yz)uo_ __(3-19)
Ko
H = - . ' ' (3-20)
- "0l T .
ie

#
i

The subscript 100 in H,,, indicates that ellipsoidal constant

energy surfaces for_the'electron are along the <100> direction.

The values of all the parameters in eguations (3-15) to (3-20)

for both germanium and silicon are listed in table 3-2. The

[

&
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Hémiltonian 5 00 applies for the excitons in silicoﬁ. Inspep—
- ting the different terms of the Hamiltonian (3-14), %F is seen
that the.first two terms are scalar operators and the third one
~is the 'scalar product of two spherical’ tensors. Tﬁen these
three terms are invariént urider any rotation i.e. they have

. spherical symmetry. The fifth term is a sum of components of

2 tensor of rank four. These components transform like the Y;

spherical harmonics and hence they reéregentfthe components of

a cubic potential (M.T. Hutchings, 1964), expressed in spheri-

(2)

cal tensors. The fourth texrm Py is equal to:

+

2
(2p§ - pi - ) (3-21)

-

- . (2)
o

and it has d-like symmetry (Dmh symmetry), which ~ts the lowest
symmetry for this Hamiltonian. This term comes from the non-
éphericity of the constant energy surfaces fox the electron‘
and intrdduces symmetry axes in reciprocal space along the <111>
direction for Ge and along the <100> for Si. The cubic symme-
try is- reduced to that of the group L(C3v) for germanium and
to the group A(Cv) for silicon. In this way this term introduces
_additional splittings in the energy levels of a system for which
the constant energy surfaces of the electron are spherical, such
as the direct exciton‘in germanium.

For: the i;éirect exciton in germanium the ellipsoidal
axes of the electron Hamiltonian do not coincide with the ho¥e
Hamilton axes. Then it is necessary to rotate either the elec-

tron or the hole Hamiltonian, to write the whole exciton Hamil-

v
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tonian, in a common seﬁ of coordinates. LA found that it is
better to rotate the hole Hamilyohian axes tolexpress them in .
the ellipsoidal axes of the eléctrOn( The reason for this ig
‘that tﬁe final gxpression £or the exc;ton Hamiltonian has.
éimpler symmetry in this set of axes. ‘The rotation has to be
carried oq$ explicitly just for the cubic terms: This is done
using the rotaticn matrices in the J=4 fepresentation and the
fact that the Euler angles of rotatien between the <100> and the
<]1l> directions are o = % T, B ¥'cos-l (1/¥3), and v = % T.

The new rotated spherical tensor operator (T'); is expresséd

in terms of the old cperators Ti according to:

¥

4
(T ) = i T (¢,B,v) - (3-22)

4 4
1 1
Qtleed W m m-

The expression§ for the rotation matrix elements D;,m are
given b;\ﬁﬁﬁggas (1974) .

The result of the rotation is the exciton Hamiltonian
for which the conduction band minima are along the <111> di-

reactions. It is givenkur(Lipari and Altarelli 1977)

1/2
1 .2 2 .2 L2 _ 1 (2) .(2)
H - p“ - £- (% p(P <IN
11172 =~ 3 Ho1F0 e
1 (2),.5(2) WTT . (2)._(2).4  (3-23)
+ 5{— i[p ]_3 T 715 (P xJ ]0
4 .. (2),-(2).4
+ 3 ifp Xq ]3} .
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This exciton Hamiltonian is VerYy similar to the Hamil-
ronian (3-14)- The only difference lies in thé cublic term
which has different compoﬁents‘and coefficients. But the sS¥m™
metry characterization of the f£ive terms remains the same. Here
it is important to analyze the cont;ibutioﬂ to the spectrun
 from the terms of diffe:éﬁt symﬁetry. The reasons for this
are essentially two:’ £irst, the addition of é term of lower
symmetry will split some of thé essential degeneracies of the
enerqgy levels produced by terms of higher‘symmetry; second it
is possible €O make a qualitatiﬁe estimate of the relativé
contribution of each term to the final spectrum. To do this
analysis, the wamiltonians (3-14) and (3-23) are written in

the following symbolic wWay:

o = Hopn ¥ Boubic + Hg (3-24)

—
P

where the subscripts 1abel the symmetry of the différeni terms
of the Hamiltonian.

The simplest Hamiltonian that gives a lot of informa-
tion about the physics of the problem is the sphexical Hamil-

tonian given by:

C_ D2 L2y o E (2) (2 -
Hsph_ é%lp r) 5 (P J )y . ({3-25)

The first two terms inside the pracket represent & hydrogenic

system with the well known SpectIui in Rydberg units,
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E(u =.0) = = =3 {3-26)
n _

-

where n is the usual atomic principal guantum number. It can
be used to classify the eigenstates, together with the dif- T
ferent allowable values of the original angular momentum L,
and its projection along some z axis, Lz' .

- -
For u # 0 it is necessary to consider the spin J = 3/2

of the hole and the term,

L (2) (2)
-—-—E (p «J

) . - (3-27)
9% :

In this case the total spherical Hamiltonian (3-25} can be
thought of as describing the hydrogenic atom perturbed by this
term, which is a kind of "spin-orbit" interaction which couples
the spin 3. = 3/2 of the hole with E, the orbital ang§§§£:mo-
mentum of ihe exciton. In this case the states can be classi-
fied following the L-8 coupiing scheme used for atomic systems.
Then the states are [n,L,J,F,Fz>, where F=1L4+72J is-the total
angular momentum. )
In this case the hydrogenic nS states can give rise
only to ns3/2 states, and the nP states split into nPl/z,
??3/2 and nP5/2' Figure 3-3 shows a diagram of the successive
splittings of the hydrogenic states produced by the addition of
the different terms until thé full exciton Hgmiltonian is ob-

tained. In contrast to the hydrogen atom this spin orbit is

not zerc for the $ states and their energy is also shifted with
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respect to the hydrogenic spectrum. The reason-for this, is that

the sphericalqtensog P(Z)

is not directly prqportional.to the
angqular momentum as in the atomic case. This is one of the con-
tributing f%?tors that makes the ionization‘energy of the exci-*
ton higher than the value predictedfo&'the ﬁydberg in eguation
(3-15) . '

A.crude estimate of the relative magnifude of the "spin-
orbit" coupling term for the indirect exciton in Ge and Si as
compared with the atomic spin-orbit coupling is abtained by
dividing the coefficient u/9 ¥ .1 u for exciton coupling by the
sguare of‘the fine structure conéﬁant ¢ = 1/137 (Baym 1974).
Using the values of table 2, this gives that the strength of
the coupling is 860 times stronger for the excffggfgn germanium,
and 470 times higher for the exciteon in silicon, than far the
atomic case. In table 3-3 the expected values for the enexgy
-shift of the hydrogenic sfates 1s, 28 énd 2P produced by this
spin-orbit coupling are given in the spherical approximation’

(A. Baldereschi and N. 0. Lipari 1973).
The addition of the cubic term to the spherical Hamil-

tonian lowers the symmetry to that of the point group 0 The

h*
states of: a system described by the spherical plus the cubic
potential are further split. The eigenstates in this case can

be classified according to the cubic group representation, and

the splittings'also can be worked out immediately (A. Balderachi
3/2 +
72 )

states shift in energy but do not split. The same happens for

-

and N. O. Lipari 1974). Their results are that the S



e _ Figure 3-3

Qualitative splitting of the energy levels 1S, 2P
of a gystemvdéscribed by the different Hamiltonians‘f&:med
by the successive addition of gaéh of the terms of a given
symmetry of the exciton Hamiltonian (3—24) to the hydrogen
Hamiltonian. éd is the Rydberg defined in eéuation (3-15}:
AO is thé magnitudé of the ground state.splitting. Case a)

shows the hydrogen spectrum. The 2P level is at 0.25 RO

below the ionization edge. Case b) repfesents the system
for é;ich the spherical Hamiltonian (3-25) applies, i.e.
when thé spiﬁ-orbit coupling (3-27) i; added. Case c¢) re-
presents a system in which the cubic symmetry of the hole
has t6 beipaken into consideratiah\\<Finally d) r?presents
the spectrum of an exciton with éLe levels classified .as if
the conduction band minima were along the A lines.

The separation between the levels is arbitrary, as
is the ordering of the levels. Only the ground state has

been drawn so as to reflect the sign of the new term added

in each case.
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pt/?(r) and

. where the sum is to be performed over the different possible
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-

3/2(Tg)lstates, but Ps/2 splits into a two f£old

5/2

degenerate level P (F;) and a fourfold degenerate Ps/ztfg)

state. The values of the § parameters are smaller tHan those

for u and are listed in table 3-2.

- . The last term of the Hamiltonian (3;24)1Hd = (2/3):L

comes from the anisotropy of the conduction band.- This term

/2
Ho1

"splits the levels of an F term into separate leveis of dif-

ferent.absolute value of F_. D@e to Kramers theorem, which

says that for crystals,with inversion symmetry the minimum de—

of a magnetic fieldi, then the stateé-having Pz of opposite

.sign are degenerate. . Then in this case the 53/2'states split
o o . i
into two levels Sijg, ngg. The .possible P states- are six and
L - -
/2 _3/2° :3/2 _5/27_5/2 _5/2
they are P1/2' Pl/z"P3/2' ?1/2, P3/2, P5/2' The effect of
this conduction anisotropy combines with the cubic sdtropy

of the valence band and both effects produce a large appreciable

splitting of the exciton levels.
4

The actualxeiéenstatesrof the, full exciton Hamiltonian

-

are no' longer dure [n,L,J,f,F2>“ states but a linear combination

-

-of thém, with coefficients that are functions of the radial

oordinate. Th actual envelope wavefunctions, eigenstates

of the full Hamiltonian. (3-14), (3-23) can be written as:

F(T) = z.£5(H) [Ll,J',Fl,'F? : " (3-28)
. i E )

-4

E‘;..

5 (2)
"0

- generacy of levels of half integer spin is_tﬁo,'(in the absence” -
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-in the two fellowing chapters.

. > ., . T . 50 - /-1

\*\

\
‘values of F for a given L, and in pfiiiig}e ‘1Q the different

' c0moonents Fz £for a2 given value of F. Because the exciton

Hamlltonlan is 1nva4/‘ht under time reversal in zero magnetic

fleld parltv is a good ‘quantum number for its elgenstates;

-~

Hence the expansion (3- 28) has to be done including 3ust

states of the same parity i.e. it runs only over even or odd

. values of L.  _Also because the cubic terms of'the Hamiltonian

couples'only terms that have _Fz = 0, *4, the expansion (3-28)
is further restricted to states with F, values that obey this

restriction for silicon. For Ge the expansion-is restricted -

——

to terms that differ in F, =0, 3. Usingjvariational tech-
niques Lipari and Altareli (1977) obtained the energy eigen-
values of the different 1S, 25 and 2P states of the exciton.

Their values are listed in tables 3-5 and 3-6 and they are

©
compared with the experimental values for germanium and silicon

=
From their results, the values of the ground state

splitting between the two states lsi§§ and lsgfg are given as

AO = 1.01 meV for germanium and A, = 0.46. meV for silieon. To

0
get better agreement with experimeht for the enerqgy states in,
silicon,.they-added a. contribution of A = 0.3 mev to-all{éner-
gy states produced by the split-off band‘g = £/2, which is.
jﬁst 44 meV.beloﬁ the 3 = 5/2 bands. This value was calculated
by perturbation theory (A. Baldefeschi and H. b; Lipari 1%73).

—
L 4
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Thgﬁexci?oh states can be classified aééofding té the.
gréup ?heory representations of the symmetry group for‘the
whole excitén Hamiltonian. In the précess_of cléssifying
the states, their final degenéfacy 52 also obtained. The

group theory classification scheme can-be compared with the

one, in terms of the states [ﬂL,J,F,Fz>'or nLg  using the
- =z’
rotation properaties of the'states Li under the different
z

operatlons that compose the exciton symmetry grouo. Although
the actuafﬂﬁgblton states are not pure 1S .or_ 2P states, the

largeét or the two la Eﬁgzcontributing states in the expan-

sion (3-28) A£or the wavéfunctioﬁfare used for labelliﬁg the

state.
The svmmetrv of the exéifon (3-8) is determined by
the direct‘product of the representations for the envelope,
"hole, and electron wavefunctiéns. |

As was mentioned in section (2) of this chapﬁer, or
from figure 3-1, the‘symmetry of the hole state at k = % is
r;. The conduction bands %ave symmetries A for silicon and
L for germanium when-thé spin of the electron is neglected.
The S states of the envelope function are spherically symmetric
and so they do not have to be considered in thé direct pﬁodﬁct.
The envelope P states ha&e rlS symmetry of the point group Oh.
uThen the symmetry products of the exciton wavefunctions ére:
For S states: | ) .

Silicon ', & A, =-(4A, + A7) & A, = A_ + A

6 -1 6 7
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Lo + /{ + + + + + 7 _+
Germanium FB‘Q Ll = (L4 + L5'+‘L6) & Ll.= L4 + LS + Lg
For P states: .
silicon . + - - v
Silicom (T o & Igh @8y = 38, + 38,
Germanium (T;5 & rg) @ L, = 2(L; + L) + 47

i

. where all products have been evaluated under the' compatibility
tables ©of appendix B. The numerfc factors in front of some

N . : . i
of the' representations indicate héw many independent times a

representation was obtained when doing the product. Now the
As-and Ao representations are two-dimensional, seo they re-

present states with a remaining two-fold degeneracy. The states

+ *
i ¢ Lg are

one dimensional. Eowever because the electron Hamiltonian is

Lz are also bidimensional, but-the representations L

also invariant under time reversal, and since Lz and Lé arg
complex conjugates of each other,.they are degenerate, because
they represent a particle of half spin (Bassani and. Parravieini
1975). In table 3;4_the results of the classification.for the
exciton levels are listed. |

The alloﬁed optical transitions betwéén thé 1S to 2P
states can be obtained alsc using group theory. The electric
diﬁple operator can be written as a spherical tensor gf éank one
(Baym 19743. Hence the dipole operator transfdrms in the same

under the symmetry operations

way as the spherical harmonics Ylm

of the group Oh. The’;:;TBpherical harmonics form a basis for-



Table 3-4

Classification of indirect excitdn states in germanium

and silicon in terms of representatiqhs of their svm— /

métry group. The correspondence with the {L J F Fz> S

-representation 'is given in the last column

=4
[

Atomic type svmmetry group classification L,Fer
Si-: . i
31
1s ot 0.3:3
. o 3 3.
o [0.3.5>
11 31
2}::,5 3A6 !l"-é-’_2->' llri'r§>
e 5 1
113>
3 3 5 3
| 3A7 ll,§,§>:ll:§:§>
. 5 :
4 ]1:5,-%> .
Ge
+ 3 3
+ - 3 1
L . |0,§,-2->-
. = 11 31
22’ g . R AL %
- 5 S _5,
»
. llrzrg> ]lr§ =35>
- 33 5 3.
2(L4+L ) ll.r"z'fi)r[lri'—ri)
AN
Ll
- o
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the D representation of the rotation-inversion group. This

- -

represgntation is coméatible with the Tlé represgntation of
the 0h group. Hence the eléctr%g)dipole operator transforms
‘ag the Iy¢ representétion under the operations of the cubic
group. Using the compatibility tables in appendix B between

representations of the group 0. and Ehg'L‘and A symmetry

h
groups, the dipoléoperatortransformseéccording_to the repre-

senﬁét%Pns-Ll + Lg under the gfoup L, and Al + AS under the

group A. From the conmpatibility tables it can then be shown

that all optical transitions between the two: groups of states

1S, 2P are allowed, ior both the excitons in germanium and

silicon.

C.}:R

LREY

T
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Table 3-5

Theoretical values for the energies of transitions

between 1S to 2P states for indirect excitons in

germanium (Lipari, Altarelli and Tosatti 1977).

transition energy (meV)

Fromhigiﬁg : From 1s§§§ ‘ Final staﬂé
1.27_- _ 3i 2{29 | (2P§§§,2P§5§)
2.05 3.07 2pi§§_

2.30 | 3.33 (2pi§§,2ggj§)_ ‘
2.40 - 3.42 (2p°/2,293/2,

-5/2" 3,2
2.41 REERE (2g§§§,ZP§§§)
2.72 3.74 C 2Pi§§

The calculated ground state energies are 4.20 meV for the 153/2

3/2

state and 3.18 for the 153/2 state. The ground state splitting

/2

is 1.02 meV. The most important contributing terms have

TN

been written first for the 2E states.

b

.Q-- ) /
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‘Table 3-6

: : .
Theoretical values of the energies for transitions;r
between 1S-to 2P for indirect excitons in silicon

(Timusk, Navarro, Lipari and Altarelli 1978).

Transition energy (meV)

From lsi§§ < From lS%?é _AFiﬁal state
9.56 R 10.01 i . 2pg§§
9.92 10.37 (2pi?§,2pi§§)

10.93 11.38 (ZPiﬁg,ZPifg)
11.01 11.47 292?3
12.04 - . 11.59 2p§§§
12.31 s =

KL// The ground state splitting energy is 0.46 meV.

£



CHAPTER IV

EXCITONS IN GERMANIUM

1. Introduction -

In this chapter the far infrared absorption spectrum

of the indirect exciton in germénium (sec. 2) is studied. The
observed transitions arq compared with the theoretical model

proposed by LA, discussed in the previous chapter. As a fur-
ther test of the thecre;ical.understaﬁding of this &?éctrum, -
.its response to an externally applied magnetic fiéld‘was mea-~,
sured (sec. 3). To analvze the observed behaviour of theAtfan—
sitions with the £f£ield applied, a simplified magnetic Hamilto-
- nian is introduced {(sec. 4).  Finally in the iast section, as

a conclusion to the analysis of the .experimental facts prgz

sented in this chapter, a scheme for the '1S and 2P states £for

the indirect excitons in Ge is presented.

2. Experimental Results and Discussion
The measured exciton absorption spectra in dermanium are
presented in figures 4-~1, 4-2 and 4-3. The gquantity plotted is
ad =-Ln (IO/I), the absorption constant times the depth of tﬂe
absorption regicn, versus the energy of the‘photons'absorbed.
Figure 4-1 shows the absorption spectrum at 3 K. A

-

series of lines of varying intensity can be observed in the re-

57
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gion between 2 to 3.5 meV. The pééitions of their peaks are

‘2,15,'2.25, 2.43, 2.88, 3.15, 3.35 and 3.44 meV with an accuracy
in their positiqns of Otal neVi® The §eak'at 2.15 meV is just -
barely'la;ger than the noise level of the baseline. There is
also observable an absorption shoulder next to the peak at
3.15 mev whbse méximﬁm centeﬁs around 3-66 meV. Also the liné
that peaks at 3.35 meV is not completely resolved from the
transition peakiné at 3.44 meV.

Figure 4-2 shows the exciton absorption spectrum at
4.2 K and in a éiﬁer spectral region. In the region from.ZRtO‘
3.6 meV a series of discrete transition lines can again be:seen.
The lines at 2.15, 2.43, 3.14, 3.35 and 3.44 meV are again pre-
sent. There are several changes to be noted. First the line
that appeared as the broad shoulder at 3.05 meV at 3 K has
increased almost two times in intensity and peaks at 3.03 meV.
Also the line at 2.88 meV has grown in intensity and is barely
visible as part of a shoulder on the low energy side_of the
peak at 3.03 meV. Second, the peak whose apparent position
was 2.25 meV at 3 X is no longer visible, and instead a shoul-
der that peaks at 2.35 meV is seen_ at the low‘ehergy side of the
peak at 2.43 meV. At the other side of this peak a neQ shoulder
is visible that corresponds to a line with energy 2.55:0.02
mevV. In addition to these features, there is below 2 &ev
some other structure visible. There are two possible peaks

at 1.40 and 1.06 meV, but %peir intensity is jusgt barely higher
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C -

FIGURE -4-1

Exciton abscorption spectrum in germanium at 3°K.. In this

figure the spectral region is restricted to show only the

discrete transitions between the internal exciton states.
¥ '
The structure above 3.5 meV is the onset of a continuous

absorption that extends to energies above 7 meV. The spec-

tral resolution is 0.06 mev. 7

/“-—Ji
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FIGURE 4=2

The absorption spectrum of excitons in germanium at34.2°K.'

. . LN e .
In addition to the discrete transitions a continuous absorp-
o T 2 . 3
tion tail fér energiesfaﬁove 3.5 meV is clearly visible. The

S

stricture in this tail is due to noise. The resolution is

0.06 meV.
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line at°3.35 meV.is no longex visible havihg been overlapped

than the baseline noise. Above 3.6 meV arm abscorption continuum

-

can be seen that reaches its maximum valde at 3.85 meV and
extends to energies higher than 7 meV.™ The structure on this

tail is due to noise. - .

Figure 4-3 shows the exciton spectrum at‘§ K in the

spectral region from 1.5 to 5.5 meV. The peaks which are clearly
visible aré at 2.15, 2.45, 2.56, 3.03, 3.15 and 3.45 meV, with

0.0l meV of accuracy in the pesition. There is also some verv-
. ) ! ) ) 1 i .
important structure visible, in particular a very strong. inten-

@ﬁﬁy_shoulder with maximum centered at 2.37 meV, . new peak at

2..72 meV.and a shoulder with maximmum égnfered at 3.70 meV.

/There is some structure below 2 meV but the high level of the

"

noise for this spectrum in this region makes very difficult the

identification of any possible transitions in-this'fegion. The

spectrum at this temperature displavs quite clearly the trend
T g S 2 e
of the lines at 2.37, 2.56 and 3.03 meV to grow with tempera

ture, while the peaks at 2.45, 3.16 and 3.45 rquin at more or

»

less the‘same ratio in intensity as they appear at 3 K. Also

_at 5 X the peaks appear broadened and as a consequence the
. e . . LN .

Fl

by the peak at 3.45 me¥ whiqh‘has an estimated width lérger“

- thar .32 meV. At both 5 K and 4.2 K a shoulder’dn ;the low ener-

gv side of the 3.03 meV line is visible. As the width of all

the lines increases with temperature, it is very difficult

-

to a§sign this shoulder completelf to the-line at 2588.meV.

: a . ~ . - . ..
. T . E 4 . v . T
. } . ~ - - . - .
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FIGURE 4~-3 - -

The absorption spectrum of excitons: in germanium at 5 K.
The region below 1.5 meV is domirated by noise. The reso-
lution is 0.06 meV.

-
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A possible explanation is thé onset of tréﬁsitions from the
pTheavy“'lsiﬁg ground state to the continuum, similar o the

. continuous‘ébsorption tail produced by the "light" ground state
:discussed below. ' ‘

The continuous absorption tail extending from 3.75 tQ.

energies higher than 7 meV shows a maximum ét 3.85 mevdit

4,2 X and at 3.98 at 5 X. The tail corresponds in energy

—_—

to transitions to the ionization continuum from the deeper ground

§§§° The noise in the tail is high in the three spec-

‘state 1S
tra presented. Irr the work of Buchanan and Timusk (1976) it
is found that the'maximum of the .ionization continuuum is
-around 4.2 meV. The ionization energy for the lowest ground
state has been measured as 4.17 meV by Frova et al (1975) and
theoretically calculated as 4.20 meV by_;ipari; Alterelli and
Tosatti (19775. This kind of.behaviour‘for transitions to the
continuum that étart and péék after the ionization energy, has
been obtained theoretically for excitons with highly anisotfo—
pic, ellipsoidal and nondegenerate valence -and conduction
bands, in the 1lirdt of infinite reduced mass in the éirection
of anisotropy by Shinada and Suéano (l966) . These‘conditions
are not completely satisfied for the excitons in Ge which

involve valence bands which are degenerate ané nearly spheri-

cal. Then one will expect that an extension of the energy

- might produce a similar result for the excitons in Si and Ge.

>

Summarizing the three sets of experimental observations

it is possible to say the following: there is a set-of transi-

4
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;ién lines whbse relative intensity is almost insensitive to
the temperature with positions at‘ 2.15, 2.43, 3.14, 3.35
.and. 3.44 mev.. There is also a set of transitions with tempera-
ture dependent intensity at 2.35, 2.55, 2.88 and 3.03 meV and
aﬁotﬁer gfoup of possiﬁle transitions at ~2.72 and'3.70t0.92
meV. For almost all transitions ghe accuracy in the position
[is 0.01 meV. Trazlsitidns from‘ the "shallower grouné. state"
"wi;l be dependent on the tempefature—varying population of the
level. H%ﬁce the strongly teméerature’sensiﬁive_tr;nsitibn
can be identified as originating from the upper ground state
lsi?%. " Another useful crite;ioﬂ in the assignation of transi-
tions is the measureé value of the grouna state splittépg of
1.01%0.03 meV (Frova et al. 1975). Comparing the values ob-
tained for the %énes in the experiment one can see the follo-
wing pairs of lines separated by 1.01%0.03 meV: (2.15, 3.14),
7(2.43, 3.44), (2.35, 3.35) ‘and (2.72, 3.70) meV. A final
identification of the observed transitions can be made com—
bining ﬁhe'present experimental results with the theoretical
.calculations of LAL This is presented in table 3-5. 1In
table 4-1 the assignatians in this table were made by LA
based on the expefimentgl work of kononenko et al. (1%74) and
Buchanan and Timusk (1577). The only new contribution is the ,
observation of transiti&n lines at‘2.72 éhd 3.70 meV, which
agree well with the theoreﬁ}pal values for the transitions

15172 1/2 3/2 1/2

-+~ 2p
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.\,/\..«

-

" The acreement between the LA results and the observed
transitions is extremelv good for most of them. However, at

least one of the expected transitions (at 1.27 meV) in table

4-1 has not been observed. Also the nature of the strong peaks

at 2.88 and 3.03 meV is not well established in their work. -

3/2
I/2

ground state to P states of higher. order series,'due.to their

These peaks have been assigned as transitions from the 1S

strong . temperature -dependence. " Their ‘unusually large inten-

sity, céuld be at least partiallv explained if these two

N .‘. ‘ - \ - - - - -
- levels have enercyv dispersion relations which parallel in k
. £

.5pa§é the dispersion relation of the heavy ground state.

>

This is eguivalent to saying that these two states have heavy
effective masses. In this case the joint densitﬁ'of states is

enhanced, a gquantity to which the optlcal absorptlon is direct-

iy propolti " Buchanan and Timusk (1975) have also sug-

_gested as an ext*a explanatlon the p0551b111tv for these states

to have long recomblnaulon lifetimes. But to the best of our
knowledge no experimeéntal or theoretical work can substantiate
. )

either of these two propositions at the present time.

3. The Exciton Spectrum in a Small Magnetic Field

- -

The nature of the exciton transitions in germanium

can be furtheér probed by looking at their response to an exter-

hl') -

nally applied magnetic field. Experiménts done in this physical

situation provide new information that can be used to check the



Table 4-1 ) :

Comparison between theory and exnerlmental results for ontlcal
t*ans;tlons between different energy levels of indirect exc;tons
in germanium.

-

Obsexved . - .
transitions Theory .  Assigned transitions -
Energy (meV) Energy (meV)

. 3/2, ;~53/2555/2
1.27 . 151/2 (2P3/22P3/2)
: 3/2 :.3/2
2.
15 | 2.05 151/2¢291/2
' 3/2, 3/2,55/2 3/2 5/2, 5/2
. 2.29,2.
2.35 ' 29,2.30 153/2 (293/2 3/2) 151/2+(2P1/2 5/2)
' 3/2, ;555/25.,3/2 3/2, 1505/2,0,5/2
2.43 2.40,2.
. ,40,2.41 151/2 (293/22p3/2) 151/2 (295/2291/2)
2.55 ]
- - /2, 551/2
2.72 2.72 Si/z 273
2.87 .
3.03
. - X Co3/2.,.3/2 )
3.04 3.07 153/2+291/2
3/2, 4p5/2,,5/2
3.35 | 3.33 153/2 f291/22P5/2)
L 1e3/2 5/2,.3/2, _1.3/2 55/2555/2
3.44 . 3.42,3.43 _ 153/2+(2P3/2 93/2),153/2 (2p 5/2291/2)
3.70 3.74 18372,5p172 v

3/2 1/2
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. theoretical uiijjstanding'of the exxiton spedtrumf Hence a .

series of experfments described in this\section were performed

7 .
'-ggzéest the identification of exciton levels provided by the
theoretic#l model'of'Lipari and Alﬁarelli. . It is importaﬁf
* to work in t;e régime of émall}fields. Too'sérong a f{?ld
will altér radically the theoretical picture discussed in
chapter III,'és-the effeét of the field becomes comparable :::)
with or larger than some of the'o;her terms.in the exciton )

Hamiltonian (3-23).In the régime of small fields it is possiﬂlen

.
-

K‘to‘usesﬁerturbation theory as a mathematical tool to analyze
" the results, using the same scheme of states provided by the
theory at zero field. | . )
y | Although a precise estimate of values of the field for
. which perturbation theory gives reasonable results is very hard
to come by, a feeling for it c¢an be qbtained by looking at the

effect produced by the different terms of the Hamiltonian. As

N
e

an example, the effect of the "spin-orbit coupling"fterm in the

spherical approximation eqg. (3-25), was discussed in chapter

3. There in table 3-3 it can be seen that'the enexgy shifts

groducéd by this term of thé Hamiltonian alone correspond to

magnetic £ields of several tens of kOe. Thelcombined effect

of all terms of the Hamil£onian is to produce a larée scattering
‘ in the energy of the levels,-from 2.35 to 5.74 meV for 2P leveié,

compared with an expected\value of 3.14 meV for n = 2 states for

2_hydrogenic system with an effective Ryvdberg constant of 4.18

~



" calculated positions of the states (2P

S

- : . o

meV. The resulting separation between the energv levels

varies typically bv several tenths

-

of an meV, which again cor-

o

responds to magnetic energies produced bv fields of several —~

tens of kOe. The only exception is the ;eparatEAQ between the "-\

5/2 5/2 5/2 3/2
_5/2,291/2) and (2P3/2,2P3/2

which is calculated by LA to be 0.02 meV, which corresponds to

)

3.5 kOe. The two levels are so close that they cannot be re-
solved under the conditions in which all experiments for indi-
rect excitons at zero field were performed. In any case these

two states belong to different irreducible representations and

hence their wavefunctions have expansions in terms of different

-

sets of states nL; » 1.e. the two expansipns are composed of
. z -

states with independent F_ values. ‘'Hence there cannot be an

interaction between these two levels as their expansions are

totally uncoupled. As a -consequence these two levels can

cross each othex without affecting their respective magnetib

behaviour.

Another useful criterion to define the small field

'régiqgﬁis the value of the dimensionless redﬁced‘field

Y = e/ (2u,RC) introduced by Altarelli and Lipari (1973).

Rn«is the exciton Rydberg constant (3-15) and Hg is the exci-

ton "reduced mass” (3-17). In their work Altarelli and Lipari- e

found that a perturbative treatment for the simplified hydro-

genic model for excitons is good for values of Y below about



-
Ge.

: E;'and E;. They correspond to a line at'El = 2.43 meV, E

0.4 for the'ground state. Using this value- an upper limit of-
& : . .
8.5 kOe is obtained for the validity in indirect excitons in -

e

. 4 )
With these fact§ in mind ‘the magnetic .responses of tﬁg:;k

exciton transxtlons 1n Ge were measured exoerlmentallv from

zero to 7 koe in steps of 500 Oe. The magnetlc field was

applied parallel ta the <100>'crystallograph1c direction. In

" % this geometry the excitons associated with the four electronic

ellipsoidal constant energv surfaces along the <111> directions
produce the same contribution to the spectrum. The Faraday

configuration was used in which the radiation incident on the
- ‘\ *

crvstal Propagates parallel to the magnetlc field. Figure 4-4

shows the spectra of indirect excitons in germanlum at 0, 2,

4, 6 kOe at 4.2 K. The resolution is 0.1 meV which is two times
less precise than for the spectra of figures 4-1, 4-2 and 4-3,
except for the spectrum at 4 kOe which was done at a resolu-

tion of 0.06 meV.

At 0 kOe three peaks are indicated and labelled as E
2 to

the coalescence of the peaks at 3.03 and 3.14 meV, and E3 to a

line at 3.44 meV. For the sSpectra at the other values of the

. field;in the figure, only the-peaks which were consistently

ohserved when 'incrementing the field have been labelled and
1nd;cated From the flgure it is 1mmed1ately notlceable that

there is’ almost no magnéﬂlc response of the eXC1ton line El
- b -



- _ Figure 4-4

Absorption spectra of’indirect excitons in‘gérmanium at

e

- four different values of the magnetic field. The magnetio
field was applied parallel to the <100> direction of the

crystal in the Faradayv c¢onfiguration. The baselines of

»

- the spectra at 2, 4 and 6 kOe have been shifted. The zero

of the absorption for each of the spectra is given by'

&he corresponding baseline. Notice that the spectrum at

4 kOe has been done at higher‘resoﬁgtion{ to show the two
' - L] bo
split lines E, and E .. At 6 kOe the lihe E; has moved

further in the high enérgy direction and at the lower reso-
Sy :

/ . .
lution it appears, as a shoulder on the line Es.

-
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From the low energv side of the peak‘E2

a new peak is obser- .
vable when the magnetic fieid increases. It has beén labelled

E4, It is remarkable that at 2‘k0e:the_appearance'of the

lin%aE4‘c6incides with the “shafpening" of the exciton line Ez

The latter is eventuallv dlsplaced until it coalesces w;th the

*line E3 at 6, kOe, where lt is seen as a shoulder.. Thus it has

been possible to trace E, as the exciton line at 3.l4 meV mel
ving with the magneﬁic field, and E, as a line soming from‘
3.03 meV. The 33 exciton line shows alread§ a ﬁidening ag-2
kOe and an appa*ent Shlft to lower energies, with a COMpPOn. E
startlng to emerge at the high energv side. At 4 kOe the line
E3 has already spl;t and the low energv component which has

been labelled Es is clearly visible. There is also a new line

‘on the high energy side of E3 which seems to originate also

from the line at 3:.44 meV. - ,

. In figure 4~5 all the observed transitions are plotted

as a function of magnetic field. " The solid lines in the

figure are the fit of the theoretical model discusf@ya in. the

‘next section. The points plotted at zero field dre only the

-

~

transitions observed at the lower resolution. absorption eurve
Qf figure 4-4. 1In addition to'the exdlton lines‘already
discussed, there are some cther tran51tlons, the positions of
which fall on Q smooth curve when plotted as a functlon of the

field. They have been labelled E7, E7, 8 and Bg; The transi-
. Y

: tiohs;jfm E5 seem to originate from the exp;tonrline at 2.35
TS SRR, |

e | - 3 .
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'-Figure‘4—5

Diagram of the observed energies of the exciton transitions

N,
N

in germanium as function of the magnetic field-in the Fara-
dev configuration. For the exciton line {E . E') the size
of the c1rcles encompasses the uncertalnty in 1ts pOSltlon.
The three points shown with dotted horlzontal bars represent

- 1

possible transitions observed as very faint shoulders. The
&

solid lines represent the theoretical fit obtained with the

model discussed in the text. The primed exciton labels

refer to the low energy going t;gﬁsitions, "partners" of the

transition of same label. \\f_#\mﬁ .

T ¥
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meV at zero field. At the iower résoiution at which these
expériments were done, only\three points could unguestionably
be distinguished for these transitions,. and the point at 6 kOe
‘might alsqﬁﬁe a superposition with the exciton line labelled

as Eg. The transition lines E, at 1.5 and 2 kOe almost cer-

8
tainly originate from the line that peaks at 2.15 meV at ‘zero

magnetic f£ield. The three points_between the theoretical lines

1 .
E8'and (E7, E7) at 3.5, 4 and 4.5 kOe are very probably the
77 E7 and Es-”

approaches

peaks of the envelope of the three jexciton lines E

8
very quickly energies below 2 meV where it could not be re-

The negative-going branch of the ES transition, E

liably studied because the transition was too weak. There

is another set of transitions labelled by E9 which éeem to A
originate from the line at 2.55 meV. These transitions alwavs
appeared as a small shoulder on the exciton line from 2.43 meV
(Ey. Ei). Then the negative-going corresponding transitions
having very .similar shifts in energy with the field, will

have to move towards the (El, E;) lines and consequéntly they
will be very hard to detect. Below the E, line there are three
.points almogt paraligl tq 4t. They correspond to transitions
barely resoclved from the Ez peaks. They might correspond Ee a
superposition of the positive-~going branch of the exciton line
E, with E3 at 3 kOe and E6 at 5.5 and 7 kOe. In the region from

3.0 to 3.50 meV many possible transitions are expected to be.

piled together. On the top of that, the absorption produced

Tw
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from transitions to the continuum from the shallow ground state
is also superimposed in this same region. The resolution of
most experiments was 0.1 meV. When all of these Zactors are

combined together, it is not surprising that we <S¢ not observe
B 4

all the transitions which are theoretically pcssible.

4. Theoretical Model for the Excitdn Response to a Small
Magnetic Field

2

The more rigorous treatment in the effective mass mo-

del of the response of the exciton levels to an externally
applied magnetic field requireé finding the enercv eigenstates

of the Hamiltonian

s

H _=H (p_+ S A(E))-H (®
ex” "e'Pe T T A% h ‘Fh =
. e

where the vector potential is chosen-to represent a uniform

magnetic field h: . £J2>

AE) = 2 (Bxd).. © m(4-2)
The electron Hamiltonian is defined by eq (3=-4) with

-

Do ™ ge + % K(;e) and Hh is the full Luttinger Hamiltonian -

that describes the magnetic response of a hole state in the

valence band (Luttinger 1956). The magnetic eﬁergy of the elec-
tron spin is not included in Hé so 1t has to bhe added as an extra
term in eq. (4-1), where 8 is the Bohr,6magneton

8 =(§%§ET = 5.788 x 10—6 meV/Qe, g is the g-factor of the
o
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electron and Se the spin operator of the electron.

To work in the set of relative coordinates Dimmotk
(1967) has shown that the wavefunction for an éxciton at rest

in the presence of a magnetic field can be written,

> _ -1/2

a2 _ ie 2 =z .= ,
Flrg.m)) Y exp (g - (r xzr ). x )
K (a=-3)
T - - -~ - '
v -
x z fj(re rh)¢c(re)ovj(r }

1 R

where‘V is the volume of the crystal and Qc' ij are the
bloch functions of the conduction electron and of\the hole
in the jth valence band, respectively. -The sum is over the
four degenerate valence bands. The envelope functions f£.(r)

where r is the relative coordinate, are eigenfunctions of the

exciton Hamiltonian in terms of the relative coordinates:

= 23 e (¥ - - € AF
. Hex = He( lVr + = A(r)) Hh(lVr + = Alr))
) e2 - - -
- + - -
= geB‘_Se h . : . (4-4)

This Hamiltonian can be grouped in three terms in powers of

-

the magnetic field h, written as follows

2

Hex(h) = Hex(h=0) + Hl(h)+'1-12(h ) (4-5)

where Hex(h=0) is the same exciton Hamiltonian as eg. (3-7)



‘or (3-23} .in the Sar
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:culaf case of_germanium."ﬁi(ﬁ) and H2(h2)
represent.the'.amiltohi n terms involving the magnetic field to
the first and second powers, resgectively: \‘\‘\~

. The fulllHamilténiaﬁ (4-5) is very complicated mathe-
matically, and no exact soiutiOns'haée been found for any values
of the field. Several authors have discussed solutions to ;hé
pfoblem of the excitons in a magnetic field using different ap-
proximations to the magnetic terms of the e;citon Hamiltonian.
These inciude, among others, Button et al. (1959), anéd Altarelli
and Lipari (1973,1974) for the very similar problem of direct'
excitons. 1In pé?ticular 2 general treatment applyving to the
régime of small fields for indirect excitpns in germanium is
lacking in the literature. ' For this reason it w#s felt that
it would be useful to study a simplified model that incorporateé
the most important phvsical characteristics of the exciten
model of LA discussed in chapter 3. The LA;model successfully
explains many of the éxperimentally observed exciﬁon transitions
at zero field and provides a useful chéracteri;ation of most
of the states participating in the transitions. ‘

The simplest Hamiltonian linear in the magnetic field
should include: first, the‘interaction'oﬁ the field with the
orbital angula? momentum of the exciton envelope function . -
which describes the relative motion of the electron and.hole;-

second, the interaction of the field with the "intrinsic spin"

of the hole 3 = 3/2; and third, the field interaction with



the spin.of the electron. Then the magnetic part of the

Hamiltonian is

mac(h) = (gh—ge)SL-h + ghSJ'h - ?ess h . (4s6)

No guadratic terms in tHe field (diamagnééic terms) have been

included in (4-6). The reason for this is thas the magnetlc

fields under whlch most of the experiments .were done were

very small, and it is likely that any diamagnetic term would

make a very small contribution, esneciall@ for the spectra

at the smaller fields. In eqg. (4- 6) Sy is the g-factor of

~the hole in the bound exciteonic sv%tem. It is interesting
;‘that for the two ground states (L = 0, F = 3) this proposed

Hamiltonian is completely equivalent to the one proposed

for the ground states by Button et al. (1959K\\

In the Faradav conflguratlon the radiation has only

two possible polarization states, called o, and o_, which are -

in the plane perpendicular to the field. Hengg dipoiar transi-

tions which require a polarization vector along the field are

absent. This restricts the possible transitions to states

which have AF_ = :1 and 4F = -1, 0, 1. Another selection rule

is that dipolar traﬁsitions between 1S and 2P states cannot

allow the spin of the electron to flip, or, equivalently,

only transitions with AS = 0 are allowed. These transition”

rules have very importart consequences. For instaﬁce'dipolar

transitions from the lower ground state 153/

£3/2 cannot exist
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-

to any of thé 2P states having Fz = = 3/2. By contrast traﬁ-'
sitions from the lséiiz ground state can exist to 2P states

. =1 .3 '
with Fz.— + 3 or = . -

-

A very important physical feature of thélexciton states

which has to be considered is that while the hole "spin" J = 3/2

. . - N
.1s strongly coupled.to the orbital angular momentum L to give
- - - " - N
F =1L+ J, the spin of the electron does not participate in
any coupling scheme and hence/is completely free apart from

-

its ¢oupling to the magnetic'field.gf- In this case the electron -
séin operator commutes with the exaitdn Hamiltonian apd it is
a good guantum nqmbér., Then the exciton eigenfunction (3-28)
will not be a mixed combination of electron spinors. As dis-
cussed in detail in appendix C this situation also has the
very‘important consequence feor the spectral lines that no

" Further splitting occurs due to the electron spin.. We note

that it was assumed that the exciton envelope wavefunction

when spin has to be considered explicitly is:

F(F) = I f(r)[n,L?,rl,F;>a: (4-7)
i

where a: represents a spinor with spin component up.{plus) or
down (minus).

As defined by eq. (4-7) the exciéon wavefunction has
no well-defined unique angglar momentum L, but instead it is

an infinite series of states nLi - In ﬁrinciple one could just

Z



add the contribution tec the macnecic enercgy oIf each one of

the states weichted by.the acprozriate factor by which it
. . . » .
contributes to the wavefunction. Unfortunately, the very

~

restricted krnowledge of the wavesfunction available in the
literature imposes the need of scrme extra assumptions
order te do the fit, as discussed below.

If-just firsﬁ-order perturkbation theory coulé ke used

re (4-5), a

d

to £it the data plotted in the diagram of fi

.‘ ’ - - . - - \--
detailed knowledge of the radial funmction £(¥) in eg. (4-7)
would not he necessary. The percentace contributions of the
most important states nL_ to the firal probability amplitude

le - .

were published by Lipari, Alcarelli and Tosatti (1977). They

are repréduced in table 4-2. Inceed perturbation theorv was
used but only ‘to obtain “"initial" values of = and S+ But ~
a2 look at the experimental resulis of figure (4-5) clea;ly
shows that first order alone might nct give the best fit to
the observed behaviour of mest of the transitions. As a de- )
taileé knowledge of the radial wave<unctions was not available,
the simplifying assumption was made that all 2P states share
the same common normalized radial function. 1In this case

it has to be assumed that the orthégonality between wavefunc-

tions describing different levels of the 2P multiplet has to be

satisfiied by the linear ceormbination of states nLg .
z

The complete magnetic Hamiltonian is given by

Hoy(h) = H_ (h=0) + B o (B) (4-8)
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with Emag(i)‘given by (4;6). Thé proposed ﬁégnetic term i$ sé_ h
relatively_simple that it was dedided to diagonalize this new
Hamiltonian to cbtain the eigenenergies of the different levels
in‘the presence of the field.

To éroceed with the diagonalization of the Hamiltonian
a further simplification has to be made.for the envelope wave-
functions. As mentioned before, these fuhctiéng are an infinite
series pf nig states. But the-series are strongly convergent

z : ) S

and also only the contributicon to the probability amplitude of
the first one or two states is availablé as shown in table 4-2.
Hencé it was decided to use just these ancgular functions, with
.the sgurare root of'the éercenﬁage_coefﬁicient given there as
the coefficient of the-stétes in the expansion, to represent
the whole exciton envelope wavefunction. The "natural® siﬁ??i—
fication of keeping just the largest angular term ané hence
hé;1ng a hydrogenic wavefunction, was felt not to be good encugh
to represent the physical situation of the excitdn. This 1is
because the characterization of the levels at 3.35 and 3.44 meV
have very similar and actually symmetric expansions in the
first two terms. In this case a strong interaction between these
two stétes will be expected as the field is‘increased. The re-
sulting hydrogenic approximation would give to these two levels

radically different natures (ZPijg for the state at 3.35 and

5/2 )

2P5/2 for the other stdte), decoupling them completely, and the

-

interqction expected for these two states would not be reprocduced.



ercentage contribution of the largest nlL
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Table 4-2

to the envelope wavefunction

Energy of the exciton statés in germanium with the,
s)

F
r

states
= ..

percentage of
~ State component states Energv {(meV)

lsgjg 0.0

1sij§ 1.01
(293?%,2p§§§} ) (62,10) 2.28 (theory)

2Pi§§ 80 3.14
(29?5%,2p5éi2) (40,27) 3.35
(2?2?%,29%?%) (68,11} 3.42 (theory)
(2Pféi2,2p§§§) 90 3.73

From Lipari, Altarelli and Tosatti (1977).
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The only possible transitions from the lower ground

state lsgig is to 2P states having F, = % in the presence of
e - 3/2
the magnetic f£ieléd as discussed before. Now for the LS??Z

grouné state only the peak appearing at 2.43 meV at zero field

might inveolve a transition to a-2P Pz = 3/2 series state,

3/2 5/2 ,n3/2 iy o s
151/2 (2P3/2,2P3/2), but this peak also ingolves the transi
: 3/2 | (555/2 ,.5/2 - . e Al
tion 151/2 (ZP_5/2f2?1/2)7 As Fhe line El in fig. 4-5

-does not show an observable tendency to split, it was impossible

to trace e%Perinentally,theutransition,to the state with F_ = 3/2.
For these reasons the diagonalizaticn was only performed f?r

the two'éets of four possible 2P states with eitﬁer F == %;

Under the-simplified Hamiltonian (4-6) the result for the energy
of the four split ground states (ignoring.the additional double-.
splitting of each of these states due to the eiectronic spin),
performing the diagonalization, is identical to thé expression
for their energy in first order perturbation_theory- The éc-
tual evaluation of the energy matrix elements is discussed in

appendix C.

5. Results and Conclusions

The best fit to the experimental data is shown by the
solid lines ;n Fig. 4-5. The best combination of wvalues of
Je and gy were g, = 1.5 = 0.3 and.gh‘= 3.8 £ 0.2, yhere ény 3
pair of values gives a reasonable £it. Fig. 4-6 shows sche-
matically the transitions used for the £fit. The fit was done

in the following wayv: using first order perturbation theory

&



(=

a3

K3

ané the slopes of the lines defined by_thé transitions Eq and
E,, preliminary values of Se and gh'were obtained. These |
values were then used@ to calculate the matrix elements of
the Hamiltonian (4-8) and, from it, after diagonalizing it,
the'energf‘of the exciton levels for fields in steps_of

250 Oe. The new set of calculated transitions was éompgred
with the experimentai data. Special attention was paid to
the fit to the lines E,, E; and to the peak composed of Eqr
Ei." During the process of doing the fit, it was found that
the energy of the states was far more susceptﬁble to the
value of.gh than to that of g_ . EHence, the value of‘ge was

e
fixeé-first ané then 9y, was va{ied‘systematically. After thel
best valﬁe of Sy, was established, g, was varied to improve
the fit. The uncertainty.pf g, was established first by
:equiring.that the calculated line E3 not be mere than twice
the magnitude of the error bars from the observed E3 point
at 7 KOe. Secondiy, the line E, was required to "pass through”
as many of the observed E2 points as poss}ble. The uncertainty‘
in Yo was_established by looking at the increment necessary
to displace the line an extra amount in energylequivalent to
the magnitude of one error bar from the same point at 7 KOe.

It can be seen in Fig. 4-5 that the calculated tran-
sitions with the Hamiltonian ?rovide a good fit for most of
the peaks observed in the presence of the magnetic field.
This model explains wéll why the Ei, Ei lines at the resolu-

"tion used,aépear as a single peak.w This is alsoc the calcu-
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lated ‘case for the E7,E E:ané{tions. It also accounts well

~ for the hlgh-energy trans;tlons E, and E;. From the fit, it

-

is also suggested +that the apparent bendlng upward +o higher

energies for the peak EG is due to the CrOSS"OVEr of the hlgh

3/2 -, 5/2 ..5/2,
3/2 1/212P5/2) Wthh comes from j:he_

line at 3. 35 meV at Zero fleld, ‘with the negatlve go;ng tran-'

-~

energyv tran51tlon 1s -+ (2P

sztlon E3, Wthh, accordlng to Fig. -4-6, corresponds to

3/2-
3/2

- {2Pg§§, ijg).: The exc1ton transitions E ‘andé Eg have

hot been fltted because of lack of knowledge about the char-

acterlzatlon of the hlgher np. states to whlch they have to

be assigned at zero fleld;‘ The transitions E, show a very .

intetesting'bend'towards‘higher energies.which is difficult

P . -

to attrlbute only to the superposltlon with tran51tlons of

\\

the llne E2 is bendlng may be due to the state orlglnat-

"1ng from 3.03 mev beang repelled by a similar P state of the

same n and belonglng to the same characterlzatron—eerles de-
firied by Fz. ~ Ve - «

The trans;tlon Eg could not be fltted by any dipolar
transmtlon between any of the 1S to 2P states.i ThlS transi-

tlon can be extrapolated backwards to an energy of 3. 16 meV *

;/ét zero field. Then" ‘the ES line mlght be orlglnatlng by a

transition from the Siﬁ% ground state to the continuum. This

COrresponds to- thebroaklngof the excmton and the electron

and the hole go;ng to the flrst respectlve Landau level. In-
deed, the energy necessary for this'transition to the elec-

tron and light hole first Landau levels comes very close to



eotue; observed energies of the transitions ES. ‘Such'diéolar
transitions are allowed from the exciton states lsiiiz to the
hole states J = 3/2, MJ-= 7172, when the spin of the eiecrron
does nor £1ip. The Eg transitions_are‘rhe only ones with an
energy slope comparable to the trans;tlons in the oresence
of a magnetic field observed bv Muro and Nisida (19?6). These i}
two authors also notlced “the very similar slope of those tran-
sitiocns, which they attributed originate from rhe exciton, »
to the energy slope of cyclotron resonances in the hole bands.
" The value of ge'obtained in the fit is almost the same
as that obtained by Button et al (1959), who got = =1.6%0.2,
fitting the response of the ground states of the exciton in
the high magnetlc field reglme, with the fleld along the <100>
direction. The 9 value of the free electron in the same con-
duction band minimum in Ge_has’been calculated as 1.7 by Roth(i
and Lax (1959), for the magnetic field applied in that direc-
tion. The present value of Iy = 3.8 * 0.2 is, however, 2.5
tlmes that’of the work of Button et al. It is closer and
still smailer than their estlmated value Iy = 6.4 for the
free hole, thus pointing out the importance of binding effects
for the megnetic response of the hole. Figures 4-7 and 4-8
show the magnetic splitting of the 2P and 1S states calcu-
lated with the values of SorGy Obtained in this work.

f?he information obtained from the experiments discus-
sed in—lhis chapter, i.e., the position of the observed -tran-

sitions at zero field combined with the characterization of
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thg stgtes;which‘was'used-to £fit the transition% in the pre-
sénce of a magnetic f;eld,_wés used to deterﬁine the eneigy
levels of the 1S gnd'ZP sﬁaﬁes of thé indirect excitons in
Ge, shown in Fig. 4-G. Theumagnétic experiﬁents~were_very

insensitive to transitions to 2P states of the series with

‘Fz = 3/2. Hence, as discussed in the text of this chapter,

- their position is not so well established experiﬁentally as

those of the other 2P states, and thelr pOSlthnS are "shown
L

as dotted lines ih Fig. 4-9. The energv of the stateS

g;g,ZPgﬁgl entered in the figure are theoretical valugs

(2P
of LA. The energy separation of the two ground states obtained
in these experiments is consistent with the value of Frova et

al. Finally, the position of the 2h}§§ state was determined

.by the energy of the transition to it from .the shallower

3/2

ground state 151/2'



Y

Figure 4-6
. ¢

Schematic transitions used to fit the experimental

—

results plotted in FPig. 4-5. These transitions correspond

to the solid exciton lines drawn in that figure.
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Figure 4-7. -

Fan diagram for the 2P states as a function of the
.magnetic fieiﬁ, épnstructed.with the parameters = aﬂa Je
indicated and the theoretical model proposed in this work.
Only the levels.ﬁith electronic spin component Sz=l/2 are
shown. The levels with s -1/2 have’ a similar diagraﬁ, bu;
with each point shifted downwards in ehefgy gy -gé H. The

energies of the two Fz=3/2.type states have been calculated

only by first order perturbation theory.
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Figure 4-8

Fan diagram for the two ground states as a function
of the magnetic field, constructed from the model proposed

.in the text. The solid bars represent the levels with elec—

tronic spin component Sz = -1/2. The broken lines indicate

the states with electronic spin component Sz =.1/2.
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CHAPTER V

EXCITONS IN SILICON

1. Introduction
The LA model of the exciton Hamiltonian predicts that
transitions between 15 to 2P states for the excitons in sili-
con have energies between 9.56 and 12.31 meV (Table 3—6). The
absorption spectrum of silicon was studied under opticéi exci-
tatich ig'spectral regions ranging from 2 to 20 meV #t'several
different temperatures from 6X to over 20K. The exéiton absorp-
tion spectrum was found experimentally in the expected fre-
quency region. Thé dependence of the absorption with tempera-
ture of the exciton gas in equilibrium with drops of electron-

hele fluid is the subject of study in the seccond half of the

chapter.

2. Experimental Results and Discussion

FPigures 5-1, 5-2, 5-3, and 5-4 show the measured ab-
sorption spectra of the exciton gas in silicon at temperatures
of 6.5K, 13K, 8.5K and 6K, and excitation powers of 160 mW,
240_mW,118b.mW and 100 mwW resﬁectively.‘ These excitations
produce a concentration of the exéiton gas of the order of

1014 to 101° en 3, a level well above the estimated impurity

concentration of less than 1072 cm > of the crystal used. The

temperature of the excitons was estimated to be higher than

91
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t@e_crystal téﬁperature measured by the thermocouple. A
noticeable broadening of the exciton spéctrum‘Wéé-observgd;bf ’
raising the ‘excitation laser power for the same nominal tem—
perature of the crystal‘read by the‘ﬁhermocoupleyl Th;s is -t

. indicative of a substantial hea;ing'of the exciton gas to
temperatures above that of the lattice. The temperature of

all exciton spectré has been corrected for this effect. Tﬁe
amounts of the corrections were established by ﬁeasuring.the
exciton spectra at-250 mV and 400 mW at the same nominal
temperature of 13K. The two spéctra were then fitted with

three gaussian peaks at thé positions of the "average peaks"

at 10.20, 1l1.4 and 12.0 meV, to obtain thHe width of these lines.
The width of the ?ings was then-extrapﬁlated for zéro poﬁer 3;
at that femperature. Then, assﬁming a linear-dependeﬁce of

the zero power width with the temperature, it was possible to
compare the actual width of a spectrum éf~a_given_powér and
temperature, with the temperature that produced the same width

for the zero power line. For instance, the line width at 160

mW and 6K nominal temperature_had thé sa@e width as thé 8K : ~-i

- -
extrapolated zero power line. Roughly, 80 mW produced 1K

higher temperature for the exciton gas. )
Figure 5-1 shows the exciton spectrum at anﬁexperimen—

tal resolution of 0.20 meV and. 16.5K of temperature.  There

is a series of peaks at 10.38, 11.40 and 11.98 meV as the most_

prominent features of this spectrum. At the low energy side
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. R Figure 5-1

Spectrum of indirect excitqhs in silicﬁn at 0.2 mev
of resolution, 160 miW of excitation power and 16.5K of tem—
perature.“'Thé-peaks of energiés.between 10 to 12.30 meV cor-
respondffo 1542? transitions. The peaks at higherlenéfgies
probably correspond to trgnéiﬁions from the two ground statég

to higher series of P states.
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' of the peak, there is a -strong shouldepﬁindicati&e of the Iine

centered at 10.1 meV visible at lower temperatures in the

other spectra. Other structures indicative of somguﬁther
poséiblé7£ransiticn3'are visible at 11.06, 12,30, 12.70 and
' 13.4 meV. The peaks are measured with an uncértainty bf the %
lines of around 0.02 meV in eir }osition; - The uncertainty
pf the lines in ?he shoulders is higher but difficult to esti-

mate, .

-For the spectrum of Figqure 5-2, the instrumental spec-
tral resolution is 0.34 meV. The ﬁqsﬁ prominent featuresware A
the two peaks at lOJZ.and 11.45 mevV, pius the shoulder at the
high*energf éiderof“this peak, which corresponds to another:
peak at 12.0 ﬁeVJIlThese peaks are in the energy region where
the 1S to 2P tranéitions are expected (Table 3-6). In the
figure, two.péssible extra peaks are observable at 13.40 and
14.0 meV. These very probably correspond to the envelope .of
transitions to P states of higher n series. A high energy tail
exténding from energies around 14 meV to above 20 mgV-can aléo
be‘séen; This tail corresponds to transitions from the two
split“ground‘states to the ionization continuum starting at
'14.7 meV (Shaklee and Naﬁory, 1970) and is vYery similar to
théﬁiof excitons in Ge (Figure. 4-2). This spectrum is typical
of the kind of resolution that could be obtained at these
“§emperapures. - . -

As shown in Figures 5-2 and 53, it was necessary to

-



.- Figure 5-2

Spectrum of indirec£ excitons in silicon at 13K of
tefpreature, 240 mW of excitation power, and 0.32 mév of re-
solution. This spectrum has been measured in_a larger spec-
tral region to show the assorption tail above 14 meV which
cofresponds to transitions to the ionization coﬁtinuum from
thg two ground staﬁes. The structufe visible in this tail is

due to noise. ~
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Figure 5-3

Spectrum of the indirect excitons in silicon at 8K
of'Eemperature,_ISO mW of excitation power and 0.2 meV of

resolution. .The structure below 9.5 meV is due to noégs.
* <
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figure 5-4
Spectrum of the indirect excitons in silicon at 6K o;\\\
temperatdfe, 100 mw excitationjpower, and 0.1 meV of resolu-
tioﬁ. The insert shows thé same spectrum but at 0.07 gneV of
resolution, obtained by remo?ing the apodization of the inter-
ferogram source of this Spectrum. The structure below 9.5 meV

is due to noise. i
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go to lower temperatﬁres to increase the fgéolut;bn af the
lines. This also implied a smaller excitation power and, as
a consequence, a sméller absbrpﬁion; This put a practical
‘limit on the maximum resolution that could be aéhieved. Fiéf
ure 5-3, with a resoluﬁion of 0.2 meV,-shows threé.prominent
lines at 10.10, 11.42 and 11.98 meV. All of these peaks
~can be_measu#qd with\an uncertainty of 0.03 meV in

their positién. Figure 5-4 presents the exciton absorption
ét a resolution of 0.1 mev. The following set of ?eaks are
observed in this figure with an intensity several-times that
of the baseline noise: 10.08, 10.43, 10.97, 11.35 and 12.30
gev. There is also another peak at 9.84 meV, but with an in-
tensity barely.twiée‘as_big as that of the noise. The peak
at 11.35 meV has been resolved as two peaks in the spectrum
shown in the insert in the figure, with positions at 11.28
and 11.39 mev. Also, for this spectrum, the shdulder corre-
sponding to a line at 11.68 meV is more evident. The uncer-
tainty on the positifn of all these peaks is 0.02 meV. &An
examination of the four figures reveals that the peaks at
11.40 and 11.97 meV grow more in intensity with témperature
than the peaks at 10.1 and 12.31 meV. The lines as 10.08 and
10.43 meV combine into a péak that appears at 10.20 ﬁev at
13K and at 10.35 meV at 16.5K. This can be iﬁterpreted as a
stronger temperature dependence for the peak at.10.43 meV.
Also, the resulting peak of the peaks at,11l.28 and 11.39 meV
shifts from 11.35 meV at 6K to 11.40 meV at 16.5K. This

f
-



1,7 are going to be more temperature-dependentp és in the
Case of the excitong in 9erman;yupy, Their temperature*depen-

dence is given by the activation factor exp(-a/kt), where

Hammong and Silvep (1578} . Recently, 8 more detaileqg calcu-
lation by Lipar;j and Altarely; (1978) Puts the theoretical
value of xhig splitting as A = Q.32-mev, as Compareg With the

Valve of 4 o 0.46 mey teported jin Table 3-¢. Hence, the valuesg

which are Separateg by Values of 0.31 =+ 0.04 mey when the un-
Certainty of the peaks ;¢ Considereq. They are (9.84, 10.08),
(10.57, 11.23), (11.39, 11 44, and (21.97, 12.30) mev. For

- the lage two Pairs, tpe low Cnergy "Partner" Eransition from

a» the shallower ground State 1g3/2 shows the appropriate tem-
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pPerature dependence expected. The peak at 10.08 meV corre-
sponds very probably to a'transition from the lower ground
state lsgjg; Its partner observed at 9.84 * 0.03 is very
weak., Itﬁis not expected to érow relaﬁively more than_by a
factor-of 1.4 at 13K. Thus, it will remain always véry sﬁall
and because of ﬁﬁe_important thermal broadening of the exciton.
1i£es (bX factor-qf 3 from 8K to 13K using three gaussion
lines to fit the spectra), it‘is coméletely masked by the

line at 10.08 meV. | | | '

’ ‘In Figure 5-5, a'éentatively proposed energy scheme
for the 1S to 2P transition based 6n tﬁe#e experimental spec-
tra is presented. There are three transitions unobserved of
the twelve expected. The transitioq‘at 10.43 has an apparent
temperature dependence which is suggestive of a transition
from ﬁhe lsi;% ground state. As its éxpected partner at 10.7
meV is likely very weak aﬂd has not been observed, it has
been indicéted with a dotted line. The two remaining missing
transitions, és for the case of exciténs in Gz, quite probably-
correspond to transitions to a level which is so close in
energy to some other that their transitions overlap and cannot
be detected at the resolutions achieved: )

‘A comparison of the levels obtained from the observed
transitions, shown in Figure 5-5, withtfhe“calculated levels
by LA in Table 3-6, shéws‘good agreement for only two states

-

at 10.08 and 12.30 meV (LA: 10.01 and 12.31 meV). TFor the



Figure 5-5 —

A tentative assignment of the observed far infrared

-1S+2P exciton transitions in silicon. The energies in meV

are measured from the ground state_lsgjg of the exciton.
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‘rest'of the states, the difference in energ& is of the order

of 0.10 meV or more. However, in the calculations presented

in that table, the energy of the anisotropy splittings is

aleo overestimated by more than 50%. .As mentioned before{ LA
have recalculated this splitting and obtained a far better
agreemeﬁt with the experimental results. It is felt that a
fair comparlson with the LA model can be done only when the‘

energles of . the 2P states for the excitons in silicon are

. also calculated in the same approximation in which the aniso-

tropy splitting was done.

o 3. Condensatlon of the Exciton Gas into Electron-Hole Drops

in Silicon
At the temperatures that the.exciton spectra were
studied, the exeiton gas is expected to be in Sfexistence
with small drops of electroe-hole fluid (EHD).(POkrOVSkii,
1972). A manlfestatlon of this coex;stence is the 1ncrease
of exc1ton absorption strength with increasing temneratures

up to a certain threshold temperature T This threshold

th*
temperature varied with the excitation power. BAbove this
temperature, the exciton ebsorption remained censtant until
ionization started to be appreciable above 30K.

Figqure 5-6 shows the observed values of the absorp-
tion 51gna1 produced by the exc1tons in the spectral region,
limited by 2 KCl filter, to 0 to 17.5 mev. From Figure 6-6,
it can be.eetimated‘that around 50% of the total excitonlab—

—

sorption is located in this spectral region. It will be
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shown ln tue ‘next chapter that the absorotlon sroduced by the

‘EHD ls comsletelv negllglble in this spectral regloﬁ. The-

“'absorntlon SLgnal due to eXC1tons is pronortlonal to the

exc1ton concentratlon. At hyd gh temneratures, wheﬁ'all the

-

‘;drops have evaoorated the observed relatlon between excita-

tlon power and absorbtlon coeff1c1ent can be used to calculate

an absolute callbratlon between the absorotlon coef 1c1ent and_r

lexczton concentratlon. -Thls calculation was done'us;ng two

-

dlfferent Tethods. Both use the exclton spectrum at 240 iy

.and 23K (Flgure 6-6), where the EHD are already .absent.

-

The f;rst method is the spectroscoplc-one proposed

by Timusk (1976), which makes use of the well“known sum rule

for the imaginary part. of the dielectric cohetanthszfm):_
< 2 _ : -
‘ Jomms (m)dm = 3 978 L - (5-1)

where the plasma frequency of the excitons is given in terms

<

of the exciton concentration n ‘ bv*

Tlex

2 _ o 4me” & = _-

“p T E_o Tex L (5=2)
S N

Here, m* - = 0.122m6 is the translational mass of ¥the excitons

1n silicon (Altarelll and Llpar1,71977)- The 1ntegrand in

Equatlon (5=1) can be: wrltten 1n terms of the absorptlon con-

(-

stant x{(w) as fo;lows:

msé(m)'= 2nKe'= chale) (5-3).

) wheée /E'$An~+'ik;! Maklng the approxlmatlon n A Veé,-E@ﬁation

(5-1) can be flnally written as-”ﬁ'f' e

v e

i
.

o




." -
p £ 2.2 iy

21 e '
Cve m* ex (5-4)
o

. [ {oe{w)dldu
o ,

where both the integrand ané the right side of this equation
have been multiplied bv 4, the diffusion length of the exci-
tcﬁ; This was doﬁe‘because the measured guantity-.is 1n(Io/I)
= c(m)é.. From Ecﬁaticn>(5-4), the integrated absorption.
signal will give rhe exciton_concentraticn if 4 is known. Un—
fortunately, there are almost no .measured values of & in sili-

con and none to the best of our knowledge under the focused

-
exc;tatlon condlrlons-at whlch the exper;mental work presented

in thiS"ﬁh&S}S was done. However, Dite et az- (1977), using a

vaiue of 'd = 100 im, constructed a phase diagram consistent

N ' . .

with dehsities-?fesured by spectroscopic methods and onset

i.
-

. measurements, similar to the ones presented here. Theix phase
diagféq\is also consistent with that obtained by Shah et al

(1977). Hence, their value for d was adopted in the -present

work. ' ."& B

The second procedure used to calibrate the exciton
density is the kinetic method. This method uses the genera-
tion rate equetion)fcr the electron and holes produced by the.
radiationucfetherlaser. When there is only exciton gas pre-

sent, the exciton concentration is given by: -

. . T
= gy B lex _
Bex ~ n(l R) VvV hv (5-5)

there n is the quantum efficiency fof photoproduction of

~:carr1ers, assumea*to be equal to 1; R lS the reflectlon co-

"
T e .- -

efficient of the crystal R = .3 P 1s the 1nc1dent power,,_~

-
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hv is the'éhoton‘energy corresponding to A = 6471A°;'tex =
6 . _

3 x 107" sec. (Dite et al, 1977)is the exciton lifetime; and

V is the volume -occupied by the excitgn gas. This volume
3

depends not only on & but a}so on the geometry of the exciton

distribution. For simplicity, V = nrza is used to comparef

with the spectroscopic results. ‘Hére, r = 0.16 cm is the
radius of the iiluminated spot. With these parameters, a
value is obtained.ﬁor Dy which is twice that from-tﬁe spec-
troscopic methed. .As the kinetic method has addediche un-

certainty ‘of the geometrical distribution of the exciton gas

"to the uncertainty in 4, it was assumed the spectroscopic

value is essentially correct, and V = 2wr2d was adopted as

the expression for the volume occupied bv the exciton gas in

r,any subsequent calculation. The result of the calculation is

i 14 . ‘ .
R, = 8.7 x 107" at 240 nmW and 23 K. The uncertainty is quite

lérge and can be as large as a factor of 2.

Figure 5-6 shows -the concentration of excitons as a

function of temperatufe for three diffgrent excitation powers.

The calibration outlined:above waé used to determine the abso-

[

lute concectraéions. Tﬁc variation with temperature is very
similar to that observed.for:excitons in Ge b? Gershenzon et
al (1976). They determined fhe.exciton concentration by moni-
tocing the 3.14‘mev éxciton line. The solid lines are the

fit of the PokrovsKii (1972) model for the coexistence of
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the exciton gas with the -EED. This model is discﬁssed below.-

4. Pokrovskii's Mecdel of the Coexistence of an Exciton Gas
With EHD , s

-+

This model proposes that under equilibrium conditions, -
the number of electron and hole .pairs condensed in drops of

uniform radius R at a given temperature is governed- by three

- . ~

. equations of which only two are independent.

" The firs{ equation establishes that in equilibrium,
the generation rate perﬂuniﬁ volume g of electron-hole pairs
ié*equa; to the rate of exciton recombination plus the rate

of electron and hole recombination inside the drops.-

n P n_
g = =X+ T_O - __.Tex + %’l R3 N, =l (5-6)
ex o ex , o
where p = ﬁ; R3 N : no is the number of electron-holes con-

tained in the drops per unit volume,‘No is the concentration
of drops per unit volume; ng, is the electron—hole density in-
side the drops; and Ts is the recombination lifetime for an
.electron—hole pair ipside the drop.

The second equation expresses the change rate of elec-
tron—hoie pair§ inside the drops per unit volume as the sum
\?f three terms: the recombination of eiectron and holes; the
evaporation of an electron—hole pair in the form ‘of an exci-
ton; and the capture of excitons from the surrounding gas:

dp n .
o _ 2 _ 2 -$/KT _ 47 3 o fe—
= 3 - TR NO nexv . 471 R NO Are = R NO --—-T 0 (5=7)

in equilibrium. -



107

Tow
g

The last equation which is really the sum.of Equations
(5-6) and (5-7) expresses the decay rate of the exciton con-

centration as:

ex _ - 2N -6 /kT _ ex _ 2 ‘ _
= = g+ 4TR"N A.e T ~ TRN_vn__ . (5 8).

ex

In these equations, Are—¢/¥? represents the evapora-
ticon raté of excitpns from the drop, where ? is the conden-
sation'égergy or "work function" of an exciton; A. is a
ﬁichérééoh type Qf'qonstant which will be.a.parametex'obtaéned
from the experiment. ' Usually, the constant would have in-

volved a gquadratic. term in the temperature,‘but‘in‘POkrOVSkii's

model, this temperature dependence is neglected in comparison
. o - .

with the more strongly temperature-dependent exponential fac-
tor e~ ®/XT_ gne velocity v for the exciton is the average

thermal velocity of a classical Boltzmann distribution.

_ /8kT - (5-9)
- Tm*

Equations (5-6) and (5-7) can be used to predict the
exciton concentration observed in tbe éxperiment at a given
temperature as a function of the parameters involved. In
order to compare directly with the experiment, these eguations
have to bé rearranéed. -The radius of:the drops can be elim-
ipated from these equations as well as po to obtain a single
equation for N,y @s a function of the temperature and all the

. . h )
other parameters. The radius can be written as:
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2 P2, Ql%é'
2 _ 3 /3 oy /1 = 2. "o _
R = (4wn ) (ﬁ—) * E b —7 _ (5-10)
e} o . N
o
. 2% ¢ ~13__ 2 e . B
with b= = 1.70 x 10 cm”. Substituting in Egquation (5-8),
- . 2 . ‘1 .
dividing by cc’'/31-:1')2v1'\70/3 and using.
Rax
p = T (g - =—"2) (5-11)
o} | o Tox .
one gets:
_ o |
. n 1 4Ar . R .
0 =— %9 y; (9 - ?SE)/E e ¢/kT"nex'(5—12)
ThvT 3NO 3 ex

To fit the experiment, this equation was written as follows:

n 1 - ’
—¢/kT — - ex, /5 . _
Be = Doy A(g - ?——) _ . (5-13)
ex . R
with
. 1 ’
A = (5-14)
b2v.|_. 2/3N 1/3
o o -
.. 4A
) r
B = —— (5-15)
v

where A is a constant dependent on the excitation power and
weakly on the temperature. For the actual f£it, A was assumed
constant for all temperatures. B is determined by the thresh-

old temperature and exgiton concentration, where g=nex/'rex as:

¢/kTy,

B = nex(Th? e (5-16)

as a consequence, B depended on the actual value of the work

function.



5. Results and Discussion

The solid lines in Figure (5-6) are the fit ofthe

pokrovskii model with ¢ = 5 meV, and A = 4.20 x 107, 3.77 x 10°

and 5.10 x 107 cm3. Thege values éajre5pond to éxcitation
péwers‘of 60,'120 qnd 240 mW respectively. The fit was done
by estimating the first valﬁe of ¢ from the slopetﬁ a st:aight
line passing through the experimental pointé at the threshoid
temperatures. This gave ¢ v;lues ;ﬁ the’range 4.6 to 6.8 mev. *
The uncertainty came from the difficulty in determining the
threshold temperatures from Figure {5-6). . The resulting
range of A‘served as a first estimate of this parameter. Then
6 and A were systematically varied and the best fit was de-
termined by inspection. The fit was very sensitive to the
value of ¢ and the best fits were obtained with 5 meV.
This_value of the work function is 60% of the spectro-
scopic value of ¢ = 8.2 * 0.2 meV (Hammond, McGill and Mayer,
1976)'obtained from luminescence measurement. A siﬁilér sit-
uation exists for the condensation energy of excitons in Ge
where several different onset ‘or thermodynamic types of experi-
ments have given values for ¢ that are on the average 65% of
the value obtained from spectroscopic experiments. The work
function is expected to be a function of the radius of the
drops and the temperature. The dependence with respect to

the radius can be studied as follows: the energy required to

evaporate a drop of radius R of v particles is:



[T ‘_/
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Figure 5-6

 Observed exciton.concentrations at different tempera-
tures in silicon. The deéreaéing concentrations at lower
tenmperatures a?e an indication of the condensation of exci-
-tonsxinto_EHD. The solid lines are the fit of the Pokrov-

skii's model as discussed in the text.

—
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(v} = v - 4ﬂR20 7 . {5~17}

where ¢ is the surface energy and ¢ here represents the con-
densation ehergnyor a drop of infinite radius. Differenti-
ating with respect to v to obtain ¢ (R) the condensation

energy for one exciton:

2 .

$(R) = ¢ - dnoSf - (5-18)

and /using |
_ 47 _3

v = = R no

one. gets: .
= 4 - 29 | -
$ (R) = $ Rn_ . . (5-19)

The value of ¢ has been measured recently as ¢ = 125 x 1074
eré]cm2 by Collet et al (1977). Using R = 0.3 um as a typical
radius as obtained below, this correction amounts to only
0.15 meV. Hence, it is not possible to attribute most of the
difference to the smail size of the drops in silicon. Recent work

on nucleation theory (Westervelt 1979) seems to resolve these

!
discrepancies. . ’

The values of A obtained from the fit can be used with
Equation (5-14) to estimate No’ the concentration of drops
per unit volume. From Dite et al (1974} T, = 1.5 x 107/ sec
~and hence, the values-estimated for N, are of the order of
1.2 x 107 to 3.0 x 107 drops per cm>. This number for No‘was
checked using Equation (5-6) for R = 0.3 pm corresponding
from Figure (5-7) to 12K with an excitation power of 240 mW.'

In these conditions, it was determined that 15% of the elec-
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tron-hole pairs denerated are condensed eventually into EED.
The radius of the drops at a given excitation power

and temperature can alsoc be obtained from the experimental

peoints of Figure (S—é) and the Pokrovskii's Equations (5-6)

and (5-7). From these two equations, it follows that:
3vt ‘ )
_ o -0/kT _
R = W (nex - Be ) . (5 20-)

Here, n_ = 3.4 x 10%% cn® and v = 1.78 x 10%/F. Fiqure (5-7)

shows the calculated values of R using this equation for the

different g excitation powers. The values obtained for the

.

radius compare very ﬁavorably‘with.those obtained by Capizzi

et al (1975), R = 04?5 um, and the estimate of Hensel et al
(1976), R~ 0.1 um.

The observed temperature dependeﬁﬁe of the ;adius is
in cood gualitative agreement with that expected from homo-

geneus nucleation theory’ (Westervelt et al, 1975). From this

theory, it is known that the embryos need to achieve a-minif

mum radius to be able to grow into a stable drop. - This
radius .is an inéreasing.function of the temperature for a
given eﬁcitation (supersaturation) power. §owevek, when the
recombination ragg of electron hole pairs inside the drops is
added to the classical rate equations, és this term increases
as R while the capture or emission of drops increases as R2,
there is a maximum poséible value for the radius. For further

increments of T, the evaporation and recombination start to

‘overcome the capture rate and the stable radius starts to
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" decrease in size. .

As a conclusion to these last three sections of the
chéptef, it can be said #hat the Pokrévskii model provides
an adeguate description of.éhe Oobserved exciton concentra-
" tions. At lower températures, as suggested by the reéults
for the excitation power of 240 meV, the Pbkro?skii model
might not be adeéuate to predict the behaviour of ﬁhe_exciton
gas in c§existence with the d£o§s of electron-hold fluid.
Typical sizes of EHD in silicon obtained varied around 0.1
to 0.6 um, and the drop concentration is.of the order of 107

drops per cubic centimeter.



-
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Figure 5-7

Estimated radifis of the electron-hole drops in sili-

con. The ‘estimate was done using the experimental points

presented . in Figure 5-6 and Equation (5—17)‘obtained from

-

(

Pokrovskii's model. . Y

.
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P - CHAPTER VI

FAR IN:RARED ABSORPTION-BY ELHCTRONfHOLE DROPS .
"IN SILICON : -~

- 1. -Introdﬁction

:ﬁ In 'silicon the electron-ﬁole drops (EHD) are con— '
'densed in small droos of radlus R tvplcallv of the order 0.2
um as obtalned in the previous chapter : The corresponding
absq%ption spectrun is‘expected to be in the spectral region
between 5 ahd So-mev, which corresponds to’waﬁeiengthe of

250 to 25 um. Tgi,problem of the attenuation of radiation

by small metallic drops can be described by the Mie,eﬁpaneicn
for the scattering and'abscrption coefficients (M. éerker 1969) .
The Mie theory is applicable for small‘dfops that satisfy the
relatica R << l//Ea ’ where A 1s the wavelength of the radla—
tion-incident and'e0 1s the dielectric constant of the medlum
in whlch the drops are embedded For‘5111con, using e, = ll,§

0
the inequality restrlcts the appllcatlon of the Mie expan51cn

o~

to.drops with radlus R < 0.75 um for the spectral. reglon under
consideration. This condltlon is very well satisfféd‘for the
EHD in thie.materiai.‘ As a result the £irst term of the Mie
expan51on provides an adecuate approxlmatlon for the absorption
coefficient, because the follOW1ng terﬁe 1nvolve at least -

t -

an extra factor of (el/zR/A) << 1.

115 -
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The Mle expanSLOn expresses the absorntlon coefflclent

??as a functlon of the. dlelectrlc constant of the absorblng drops

-at the frequency of the 1nc1dent radlatlon.- Therefoxe it is

. ‘ - .
dnecessary to dlscuss and include all the mechanisms thatkednL'
" tribute to the dielectric constaﬂf 55 the EED. A theoretlcal
..£it to the oqurved experlment will prov;de a-value for the
plasma E;equency of the EHD and from it, am estlmate of the
electron—hole palrs den51ty 1n51de the drops can he obtalned.
In sec. 2 of this chapter the .theory of the absorptlon of ra-
‘dlat;pn_by the EED is discussed in some detail. In sec. 3
'theesperimentalh§observed sPectra are presented while in the
Iasthection the'ﬁit of the theory te‘experimeat is discusseéa.

Ed

2. Theory ef absorption of radiation by EHD
Theecomplex refractive index of a material is given

by: -
N{w) = n{w) + iXK(w) = ve(w) (6.1)‘

where n(w) is the refractive index and K(w) is the extinction.
coefficient of ele¢tromagnetic waves of the material. The ‘ab-
i eorption-coefficieht,‘the fraction of energy absorbed in passing

< -
through unit thickness of the material is given by:

2K (w)w

a(w) = —— . - . (6.2}

or from eqg. (6.1) ‘ ' - , N~
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alw) = 22 1n(e(w)/?) | L (6.3)

Thus it lS necessarv to know the c0ntr1butlon to the total

[

dlelectrlc constant Droduced by the cloud of EHD in the
“materlal. ‘

- Con51der the’ drops as nonlnteractlng metalL&c spheres
"of radius R and dlelectrlc constant €. In & uniform electric

field E, each sphere contributes a polarization,

-

E—-E
3. _ -0 32 |
= Teae, €oRE . | (6.4) .

s ‘
Adding this polarization to that of the crystal leads to an

effective dielectric constant of the system given by:

-

P E-£

_ 3 0
Cefs T EBgll * 47N RT v

i - (6.5)
0

-
where N0 is the numbex ef drops per unlt volume. This dipolar
approx;matlon is valid in the case in whlch the radius of the
drop is so small compared with the effectlve wavelength of fhe
radiation in the crystal, A/J_— ~that the field is essentlally
uniform throughout the "drop at a given time. For EHD in sili-
con Ng ~v 107/cm'3’ R @_10_5 cm, and (NORB) is smaller than
unity. Then to get the absorption ceefficient it is possible
to use the first term 1nvolv1ng N0R3 in the binomial expansion

1/2

for ¢ eff ° In this case the absorptlon coeff1c1ent can be

3

written as
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_ Amw 33— €% - '
a(@) = = NOR. /_EO Im(_.-i-_2-£-:_0) ‘- (6.8 -

,

-This dipolar contribution is equivaleqtito keeping oniy‘the
first term in the Mie! expansion. .
In order to evaluate the ebsofption coefficient (6.6)
- it remaine-to galculaﬁe the dielectric constant that describes
the reeponse of the metallic drops.tb the incident radiation.
Murzin, (1973), Murzin et al. (1975), and independently Rose,
Shqre and Rice (19755 have considered the mechanism for ab-
sorptien by the drops to be the excitation of damped'mlasha
'osczllatlons of the electrons and holes, along with interband
tranSLtlons between the hole bands, w1th energies in the re-
gion cons;dered. i
‘In the general case the freauency and wave-vector de-:

pendent dlelectrlc constant of a semlconductor within the

random phase approximation is given by (Ehren:eicﬁ and Cohen

1959): . i
- T 5 (£ ) (Ek-EfH_ ) 2
SN J4Te = 4 ij|
elq,w) = €0 ~ 5 L ;. i3 2 . pq | (6.7)
a k ij (3 X E]_(ﬂ_q) -(w+}Y) 2

Here the indices i, j are summed over.E states dn the different
banés; éj denctes the matrix element of the density operator,
between the state k in the ith band and the state k+q of the
jth band; f and f:I are the thermal occupation factors of
these stétes? Strlctly speaking this expression for ec(g,w) is

valid for infinitesimal values of y only, but it has been

customary to assume that the expression holds even for the more
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realistic cases in which the damping constants have finite
Avalues; ‘The_sﬁﬁﬁﬁticn'over the bands can be diyided'into two
parté..?Tﬁe first part cqntai#s?those transitions in which the .
initial énd,finai state ﬁfﬁ§+a éré in the same band. These
are callea iﬁtfabahd transitions. Thé secondféart cdnsiStsl
pf‘trgpgiﬁionsin which the initial and fiﬁal-staﬁghare in
different bands. These are called interband transitions. Thus,
‘elq,w) = ¢

2 o] + Eintr_a ¥ €inter .(6'81

The g vector is provided by the incident radiation. and is very

small when compared with the k vectors of -the electron and hole

-

states. In this limit of small E the energy difference between .

two states in the same band is negligible compared with the
term (m+iy)2 in the denominator. In this case the contribution
of intraband transitions to the dielectric constant'is the

Drude expression

L2
_ ©0¥p

€intra - ~ w{w+iy) (6.9)

whéré followiry general use we have put Yy = 2Yd7 In thié ex—
‘pression one has to include the intraband transitions in the
_electron, heavy hole and light hole bands. Here w2 is tﬁe
plasma frequency whiéh in the spherical approximatioﬁ for the
hole bands is given by:

- 2 n n n
2 _ 4T7e (—& 4+ 1, 2 (6.10)
. P o0 Me ™ M

——

~
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" where Dgr By and n;, are the density of electrons, heavy holes
and light h#les inside the dret, M o’ M. and m, are the opti-
'cal masses of the electron, heety hole and light hole, respec—‘
tively. 1In the spherical approximetion for the hole bands the

relative concentration of the two types of holes are in the

ratio _
o 372
1—13 = (<Xh) o 32 (6.11)

1 Tgn
where m,. and M, are the density-of-states masses of the light
and heavv holes respectlvelv. Using the fact that the concen-
tration of holes is equal £o the concentration of electrgns

inside the drop, i.e. nl+n2 = n, = sy we can write the expres-

sion for the plasma frequency as

2 3/2
2 4re 1 -1 1 1 D
- = na{ + = + = ) . {6.12)
0'x :
P €9 ‘ I'toe my l+p3/2 m., l+p3/2

The density-of-states masses of the electron and the
two holes are glven for silicon in table 3- 1 where the 0pt1cal
mass of the electron is also given. The optical masses of the

heavy and light holes can be calculated in the spherlcal ap-
/S 2 C2

prox1matlon used bv Murzin et al (1975) m o5 = mb/A+ B +5 .
2

This formula gives m, = 0.4862 m, and m, = 0.156 m for Si.
Murzin et al. also calculated numerically these masses using
the actual band structure for Ge and found no change to the

'light—hole optical mass and a 20% difference for the heavy-hole
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'Opticai mass;: Tﬂis‘is'due éo the fact that while the light-hole
band is almoét spherical the heavyfhole band has consi@Prable \
cubic warping. The situation is similar for the Kole bands in
silicon. | K

| ?or the calculétidn of the interband contribution it is
necessary to introduce an interbénd damping constant called v,
: différent frdm:the Drude damping constént, fhé intéggand ma-

trix elements of the density operator have been evaluated in

the spherical approximation between the two hole bands by

Combescot and Nozidres (1972). For small g values:
1023 = 2 sin® (k%4 = 2 L sine (6.13)
q 4 4k2

where‘(§,§+a) represents the angle between the vectors X and
i+a; The equation (6.7) for‘einter can be expressed in integral
form using spherical coordinates for the quasimomentum k in the

form:

N inter dedeédk . (6.14;

21 e
(@) = —4mee JA[ J £100 20’ B Bok! 2sing
0 2 . 2 3
i (Elk_E2k) - {w+iy) {(27)

Q 0

As & can mage any%angle ¢ with i, the angqular average of ?sin2a>
= % over a sphere has been used in arriving at (6.14).

When the actual energy expressions (3.1) are ﬁsed for the
hole bands, the interband contributioﬁ to e{g,w) cannot be ex-
pressed in analytical form. This contribution was computed

numerically and represented by
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€. = g
inter 1

+ iaz_. | f6.15)
Figure 6-1 shows the real and imaginary parts of the
interband dielectri§ éonstant calculated with the Fermi ehergy
for the holes of Hammond McGill and Mayer (1976) and the
value of 72 = 12 meV used to fit the experlmental data discussed
in the next section.
Finally the:total dielectric constant for the EHD can
be written |

5
w

el = e - ey gromyT * Sp *ie, (6.16)
Hence from Eg. (6.6) the absorption constant is

! 22 4 2
ez(Y wow )*Ywuo

4 .
alw) =228 VB NGRS 2 —————  (6.17)
[wo—elw-+ezym-w ] +[Yw+elym+€2w ]

] 1 2 2
where g, = 61/3,_82 = 52/3 and Wy = wp/3 .

3. Experimental Results

Vertigal interband transitions are possible for photon
energies between two limits, hvl, and hvz, determined by the
Fermi energy off the holes, and the structure of the two hole
banés: The direction <100> gives the minimum possible value
for hvl, and the maximum value hv2 is along the <11l1> direction,
as can be checked using the energy expre551on (3.1) for the

hole bands. It is schematlcally 1llustrated in figure 6-2. In



Figure 6-1

-

Real and iﬁaginary parts of e = s/so, the calculated in-
terband dielectric constant divided by.eo._ The intefband
damping constant used is'Y2=;12 meV. The effect of this
high value of the damping is to broaden considerablf both
Parts of the dielectric constant compared with calculations

for small Ys- | .

AN
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Figure 6-2

Schematic drawing of the allowed interband transitions
that contribute to the EHD apsorptién.' E . is the hole
energy, EF is the Ferﬁi energy (l4.4 meV for the EHD in
silicon),--ﬁ'wl 1s the energy threshold for the transitions

andaﬁmz is the highest possible energy for the transitions.
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silicon the Eerﬁi eﬁergy of the ho;es at T{= 0 K‘is,given by
Hammond et -al. (1976) as E. = 14.4 mev. With £his-Fermi energy
the values obtained for the spectral limits are 3#97 and .60.04
meV for ihe interband éontribution to the EHD absorpt%on- From-

the same work of Hammond et al. ny = 3.3x10%% em™2 at T = 0 &

for silicon. Then using the Drude resonant frgquency QO = w;/B
for the absorption coefficient (6.17), one finds that the maxi-
mam of thé EHD absorption should be around?30 mev. These cri-
teria determine the spectral region that has to be probed for
the experimental observatlon of the EHD spectrum

Figure 6-3 shows the measured absorption at 14 K and an
incideﬁt excitation laser power of 360 mW in silicon,. in the
spectral region from 7 to 46 meV. Two dis;inctive features are
apparent in this spectrum: - the strong absorption centered at
11.5 mevV and the broad absorption that peaks at 34.2 meV. The
peak at 11.5 meV is due to free excitons and has already been
discussed i§>chapter five. The br;;a\peak is the resonance
absorption due to the EED drops. This identification is based
on two points: first, its position corresponds to a plasma

frequency that is consistent with the estimated value cf the

EHD density_in silicon, and second, its temperature dependence

. agrees with the EHD model.

All reported teﬁperatures have been corrected for heating

due to the laser, using the exciton line width, which varies

directly with fempe:ature as discussed in ‘chapter 5, The assump-

tion is made that the drops. and excitons are in thermalTequi—-
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‘Absorptlon spectrum of excitons and EHD in s;llcon at 14.K
‘and 360 ™. The peak at 11.5 meV is due to exc1tons. The
brdéd absorption with maximum at 34.2;meV is the resonaﬁt ‘
absorption of the EHD. The dotted line shows the absorption

due to transitions to the continuum from the different exci-

ton states. ' ‘
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libriunhuith each other. The corrections amount to 3 X and
'4 K with 240 ©i¥ and 360 mH of excitation. .
The temperature dependence of the 34 mev band 1s

characterlstlc of the coexistence of the electron—hole fluld

| with the exciton gas. Fig. 6- Q 6 5.and 6-6 show the srllcon

' absorptlon in the far lnfrared under an exc1tatlon power of.
240 oW at three dlfferent temperatures. The EED absorption 157'

| strongest at low temneratures and decreases as the temperature

© is ralsed to become unobservable about 20 K as shown in Fig. 6 6.

At the same time a Shlft of the resonant frequencY toward the

low frequency region can-be observed, characterlstlc of the

decrease in density of the electrOn.hole fluld with lncrea51ng

témperature. - In the same temperature range the eXC1ton peak

aty1l.5 meV increases ln strength’up to 20 X and then remains

constant at still hlgher temperatures. For éxperiments done
atrlower excitation levels, the saturation of the exciton absorp-
tion occurs at lower temperatures as illustrated in fig. (5-6).
These phenomena;were first observed in lumifescence by Pokro-'
Vskll (1972) and are characterlstlc of ‘a gas in equilibrium w1th

a condensed phase. - ‘ ‘ . ) B

,"‘2!}20 be able to comparée with the theoretical expression

for the absorption coefficient (6.6) or (6.17) it is necessary

to obtain the actual EHD llne shape from the experlment.A From
the spectrum of Flgure 6-3 two correctlons were made to get this

line. shape. Flrst it is necessary to subtract the high-frequency

-

2



Absorption

Figure 6-4 - i

]
spectrum at 240 W and 10 K of the excitons

and EHD- in silicon.. Notice that the resonant EHD absorp- //

tion has its peak‘at approximately 34.2 meV, the same value

as at 360 mW and a temperature of 14 K.

u}n
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Figure 6-5

Absorption spectrum'of_the excitons and EHD at 240 mW and
13.5 k. The maximum of tﬁe'resonant EED absorption has de-
creased to a position of 33;1:0.5 meV, reflecting a de-
creasé in e-h plasma density of the drop. At the same time
the exciton peak at-l;.S meV has-almost.doubled_in size

while the EED absorption has noticeably decreased.

“\
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Figure 6-6

Exciton absorption spectrum at 240 mW and 23 K in silicon, -

showing the 11.5 meV peak and the absorption due te tran-

sitions to the Continuum. T

»

he drops have evaporated at this
Sy .

temperature.
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tail of ﬁhe ex&iton absorption. Secondly one must allow for
the slight base—line_shift_due to nonlinearities of the Ge
bolometer used as a detécﬁor. Té make £he first correction
the high-frequency tail of the exciton at 23 X of figure 6-6
has been studied. rAt this high temperature the gxciton ab-
sorption has become constant, a sign that all the drops have

evaporated and indeed the band at 34 meV is absent. It has

been found that the exciton absorption constant aex(m) can

8 with

be well described by a relation of the form a ™~ w_
B = 2.5 for frequencies in this tail. A very similar relation-
ship holds for the photoionization of excitoﬁs in germanium
(Buchanan and Timusk 1576) while for parabolic'q§nds ih a
hydrogenic modél-an index B = -8/3 is expected (Bethe and
Salpeter 1957). The dashed line shown in Fig. 6-3 was ob-
tained by such an extrapoiation.

To estimate the shif£ of the baseline, the adopted
method was to assume a constant l%ne shape for the exciton peak
at variou§ léﬁels of excitation. When the drops had evapora-
ted it was found that at the reSoluﬁion used, the intensity

of the point at 15 meV was alwayvs very close to 60% of the

peak at 11.5 meV. For figure (6-3) this base line correction
was -0.004 and for the curve at 23°K in fig. (6-6) it was =-0.006

units of ln(Io/I). - -
- Fig. (6-7) shows the absorption of the-EHD in silicon

at 14X with the exciton tail removed. . The pointsrare the correc-

ted experimental values. The uncertainties due to the two cor-

rections mentioned- above are the largest contributions to the



"Figure 6-7

Absorption due to electron hole drops at 360 mW and 14 X,

obtained from Fig. 6-3. The points represent the correc-

ted experiment as described in the text, and the solid line.

is the fit of the theory. ] =
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‘e:rof bars, particularly at-lowef frecuencies where the

exciton absorptioe is strongest. Any errxors arising frem these
corrections, however, have little effect on the position ef the
maximum of the curve. The stepped line in-the figure is the
fit of the theorvx\\In the calculatlons for «¢{w) the para-

meters mp} vy and Y2 were vafied to fit the exnerlmental points.

-

The best comblnatloﬁ‘of these parameters was w_ = 51.9%0.4 meV,
Y = 4.220.8 meV and v, = 1722 mev.”. - ‘
The celculated line shape is seen to be in good agree-
ment with experiment. When doing the fit it was found that
the position of the resenant frequency depends'aimost exelusive—
ly on the ﬁalue of the plasma frequency @p and to a vefy minor‘
extent (leSsthan;%) on the values of y and Y, - The width
"of the curve depends on both y and Yo, but by trial and error
it was found that the most importan£ contribution comes from
the value of v as ean be guessed from eq. (6-17). In doing
the fit first the values of mp and v were veried, and then
the value of'y2 was varied to improve the £fit.
Using the value of wp cbtained from the fit and eg.
(6-12) . The density of electron-hole pairs at 14 K, insidé -,
8 cm73'

the drop, was calculated to be nj = (3.37£0.27)x10t
Allowance was made for the 20% uncertainty in the heavy-hole
optical mass. This value is in good agreement with theore-

tical estimates for the EHD, as shown in . table 6-1, but it is N

somewhat larger than the result of Hammond et al (1976), al-
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~though the regions of uacertainty in both.experimental results
over;ap. | |

As diseﬁssed by ﬁerin‘et al-(1975) and Hensel,
Phillips and ThemaS'(iB76)h-the main damping'mechanism respon-
sible for the‘iatraband and fnterbatd transitions is electron—
hole scattering.' The strength of thls scatterlng saturates
at some energy larger than the Ferml energy of the holes at

-

a value of ¥y ~ Q.lth =" 1l.4.meV. ‘Recently Zarate and Timusk

(;g?S) have pointed_put”that‘fqr very small drops of electtona
hole fluid, surfadéiggattéfiagﬁia;7to_piav an impoftant roie,”“
especially when_'rS =V /R is smaller than the scattering time
due to electton—hole c0111510ns. In silicon, using the mass
of the heavy holes and R = 0.5 um, as a typical radius expected
for high'excitation pOwWers, Yo = 1/1:5 N 2 meﬁ. The sum of the |
contributioas of these two mechanisms gives a damping constant
that is of Eﬁe right magﬁitude for the Drude damping constant
but somewhat smaller than the 1nterband damping constant Yoo
Murzin et al (1975} have calculated for the EHD in Ge that
thaﬁeffect'bn theilr absorptlon of increasing the interbanad
damping value is'aimost identical to the effect of raising the
temperature of the drqps.' As suggested bj these results of
‘Marzin et al, the higher experimental value o=f Yo may_be par—

tially due to thermal broadening which is not eéplicitly taken

into account in the calculation of e. a2t T = 0 XK.
) inter -
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Table 6-1
.The electron-hole densities of drops in silicon;
- .4'; %\
x 1018 cp™3
This work (14°K) 3.37 = 0.27_
~ <
BHammond and McGill (l4°ﬁi/~Avf\ ' 3.04 £ 0.13
- ¢
Pokrovskii?) (4.2°K) 3.7 3
Theoretical®’ (0°K 3.1 - 3.4

a) Pokrovskii (1972);>

b) Hensen, Phillips and Thomas (1976)
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An extra piece of informationbtiat’can be obtained’
from the experiment and from eg. (6-17) is ‘the value of
-7 '

NRd = 1.7x1077 cm, obtained from the values of o(u)d = 003
: le ,

at w = 34 meV. « For the radius of'the 5ED tvuical'vaiues will -

be ‘around 0 S ¢ from Chanter 5.' Usrng the value of the excr—

ton dlffu51on length d.= 0.0l cm used by Dlte et al (1976)

. for the EHD’ rn.equlllbrlum.W1th the exciton gas _and assuming

that the drobs are uniformly distributed spheresroi radius R,

the drop concentratlon is estlmated to be No ~ 108 drops/cm”>.

@he generatlon rate of electron—hole pPairs can be used to
_check‘thls value of.NOR d. I£f the fraction of the total num-

ber of e—h palrs that are eventually condensed into drops is

represented by £, the following express;on represents the

total number of these ‘pairs generated per unit tlme
S o

fp = ATy g3 B0 oo (6.1}
LTI Ve (©-18

where P is the generatlon rate of the electron-hole pairs pro-

J‘duced by the laser, TO is the llfetlme of an e-h ‘pair inside

_the drop, Whlch for Si is equal-to 1.5x10 7.5ec_'(Cuthbert

1970) and n0 = 3 37Xl018 c%{3. :or 51mnllcitv “the . volume

7.

) bﬁgzed‘hy the exciton gasb was used, which in the last chauterj

L= 2

,was determlned as'v- 2¢r 4, where r is the radius of the -

R

gS
laser spot; Substatutlng these numbers we: get a value on

the rlght hand srde oﬂ;the equatlozqwhlch lS 3.7 times hlgher
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.than the caikulated geﬁeratloﬂ rate on the left hand smde.

As £ cannot be greate- than unity, thls result suggests that

the volume V0 in mthh*the drops are dlshrlbuted might be as
.much as.one order of magnleude smaller than the veolume oc-
cupled bv the exciton gas. -

Before elnlshlﬂg this chapter there-is an lmportant
p01nt to dlscuss ih réference to the EHD absorptlon spectrum
in silicon. As dlscussed in chapter III the valence band
of this material‘is such that the split-off hole band.is 44
Q‘ -ﬁev below the two hole bands at k = 0. Then it is necessary
T toﬂgéudy ﬁheMPOSSible contribution to the-absorptioﬁkby inter-

bana transitions from.the two hole Bands to £hié spli;—eff

band, called for short +he s.o. band. from here on. In the -

pherzcal approxlmatlon the allowed transition from the light .

hole band to the s.0. band wmll extend from 39 meV to 44 meV

at 0 XK. Transitions f*om the heavv—hole band w1ll coyer a oo

range from 44 meV to 62 meV. | |
The dielectric constant for these transitimns was cal-

qulated'assuqing'that the angular average efgthe sqﬁare of the

dimensionless density matrix element (6-13) was given by

- . : 2 2.2 )

pJ'.-f;"s.o. 1 4-

s . . ! ]c‘g . k.z - E-‘-

] ” - . o : B
e

where 1 represents any of t%f two’ heavy or llght héle bands,

and n represents the strength of the coupllng between the states -

B
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in the two dlfferent bands._ Thls matrlx element lS expressed
in this way because when nhrenrelch and Cochen (1959) obtained
- the eprESSch for the dlelectrlc constant (6-7), thevy
éhoWed that for k small when compared with those k at the

~

Brlllouln zone boundary pl rS.0.

> - o .
=<k ilk + ¢ j> i.e€. the matrix

_‘

element at the density operator is equal'tc the coupling be-
tween states in the two dlfferent bands. This coupling is

Y

expeéfed to be small\between states in either the heavy or
-light-hole bands and states in bbe s.o. band. In the expan-
sion in g of the squared matrix element (6.19) only the term
in q2 was kept because the dielectfic cogstant‘(G;fJ is
calculated in the limit of very small g and the contribution
of the whoielsum in that eguation is divided by q%. Thus
terms involﬁing emaller powerg of q'cannot exist because they
will give unphvsically divergent ccntfibutions at all frequen-
cies. Terms of higher order will glve vanlshlng contrlbutlons
in this limit.’ The dielectric constanE%Eor transitions to the
s.o. band was calculated at values of Y 0 = 0.01 and 12 meV.

" The real -and imaginary parts of the calculated dielectric con-
staats showed etrong peak. values at 44 meV and rapidly varving
_struciure fo; Ree for frequehcies arcund this value. Then if

n ~ 1 the shape of the absorption given by the dipolar Cross

section (6.17) will be sharply modified wiEh_a strong peak at

44 meV, independent of the electron-hole debsity inside the drop,

-
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and hlgher in lntenSLtv than the maxlmum observed at 34.2 meV.
. Flgure (6—4) shcws the absorptlon spectrum of the excitons and
\\1": R PRI
the EHD in-silicon at lOuK_and 240 mW of exc;tatlon, in a
spectral range that extends to 57 meﬁ. ‘The figures makes clear
that there is no ev1dence for any secondarv maximmm at fre—
quene;es'arqund 44 mev, anq that at most there is a very weak
‘bulging of'the absorption barelv visible between 42.5 and 46 meV.

,Then n <0.%, because for smaller values of n the contribution

of the s.0. band would be completely unobservable.
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CHAPTER VII - ¢

CONCLUSIONS

In this thesis, the fiﬁst expérimental observation of
the farx lnfrared absorption spectrum of indirect excitons in
silicon has been presented Bv studying the temberature de-
pendence of the exciton tran51tlons, it has been possible to

ldentlfv most of the 1S to 2P tran51tlons. Overall, this

.:ispectrum shows a more hydrogenic nature than the spectrum for

the excitons in germanium, as was predicted by LA. However,
2 comparison with those values predicted by LA for each in-
dividual trénsition, suggests that the exciton energy levels

in silicon should be recalculated within their model, includ-

ing more terms in the exciton wavefunctions. Their last re-

calculation of fhe ground state splitting for this exciton
wés done in this fashion. A better comparison Qith éxperi—
ment could then be made and a theoretical identigication of
the obsérved transitions attempted. - .

The absorptibn spectrum of the indirect exciton in

germanium has also been studied in this work. For most of

the observed transitions for this exciton, there is good

,agreement‘with the results of LA. .In particﬁlar, two new

“peaks have been observed that axe alsc in positions predicted

by LA's calculations. However, their model still does not
- y -~ - ) "

-

_provide an adeguate characterization of the two strong lines

[~

&.
. oo i 140
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at 2.87 and 3.03 meV. Alsc in these experiments, it was not
possible to obtaln a clear lndlcatlon of the presence of the
predlcted 15-+2P trans;tlon llne at 1.28 meV.

The response of this exciton goectrum to a small ex—
ternal magnetic field was also presented. A model was pro-
posed to explain the ebserved reepense. The model included
~ (in the magnetic Hamiltonian) the interaction of the exciton
orbital angﬁlar momentum, the ﬁole angular momentum7and the
electron spin with the magnetic field. Using-thisAragnetic
model and éhe theoretical identificatien‘of the 1S and 2?
exciton states proposed by 1A, a gaod fit was obtained for
most of the observed transitions in the presence of the mag-
‘netic field. A precise identification within the LA's m;hel
¢f the nature ef the stroné transition line at 3.03 meV would
be very helpful in further’ testing of the magnetic model and '
the general theoretical scheme of the exciton levels proposed
by those two authors.

A study of the concentration of the exciton gas in
coexistence with EED in silicon wae also presented in this
work. It was found that Pokrovskii's medel for the rate
equations of the concentrﬂtions of the excitons and the
electron-hole pairs inside the drops, agreed well with the
observed temperature dependence of the exciton concentration.
Wlthln the framework of POkrOVSkll s model, estiﬁates for the

-drop radius were obtained. It was found that the drops in
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silicon are small with tvpical values for the radius between’

~

0.2 té 0.6 um. ' ' ' T :

The first experimental observation of the far infra—‘
red absorption of EHD in silicon has been reported in this
th?sis. It was founa that the first term in the Mie exéan—
'sion for the absorption coefficient of the drops'was-édequate
to éxplainithe line shape of the absorption. The dielectric
constanﬁ_ﬁsed in the Mie expanéion included (as the main con-
tr;but;nélmgchanismS) interband transitions between the va-
‘lenééibands, which are dggenerate at k = 3, along wifh damped-
iplaéﬁa oscillations of the.electron-hole fluid. The fit of
the theory is good enough to allow an estimate of the electron-
hole density inside the drops;lindependent_of any previous
'experimental wbrk on the subjéct. In the process of doing
the f£it, it was found that the position of the resonant max-
ima was almost entirely deﬁendent on the plasma frequency of
the drops, which in turﬁ depends'directly on the square root
of the electroh-hole density 0f the drops. - This fact suggests
that the far‘infrared'absérptiqn_of the EED would be very

suitable for measuring the dependence of this density with

"~

temperature. This would check thehhigh density boundary of

the coexistence of the electron-hole fiuid with the excitoﬁ

‘gas in the phase diagram for silicon, cohstructed by Dite et
al and Shah et al. .

In stress experiments, a decrease of the electron-

hole density in the drops is expected when the stress is

~
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app;ied in most crystallographié directions. The chservation
of the far inf;ared aﬁsorption bv the EHED would be a very

convepiené method to moniter the ‘change of this dehsity with
the applied stress. These experiments would help in under- .

standing the modifications experienced by the abscrption

“mechanisms, i.e., the interbahd transitions in the wvalence

bands and the damped oscillations’ of the electron and holes
in the drops, when the crystal‘is subject to stress.

In conclusion, ihe far infrared Fourier transform
spectroscopy was_fbund to be a very powerful technigue for
the study of the exciton absorption ééectra in silicon and -
germanium, as well as that of the EHD in silicon; The infor-
mation obtained by this technigue would be complemented for
the case of the exciton spectra in these materials by study-
ing their far infrared emission spectra at high resolution.
It is expecﬁed that these measurements would impréﬁe-thé ex-
perimental situatién. In thése experiments,\some of the more
troublesome sources of noise are absent. This is so because,
in eﬁission experiments, the only extra radiation present at
the frequencies in consideration is ?hé blackbody emission
from the surroﬁndings. Hence, apart from the intrinsié elec-
éronic noise of the equipment, the only extra‘source of noise
would be fluctuations in the blackbody emission. The- feasi-

bility of these experiments has been established by Vavilov

et al (f§70), who defécted the emitted far.infrared radiation
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of the EED in Ge, and by the sterved'far’infrarea emnission

“ of the excitons in silicon by Kobavaski and Narita (1976).



APPENDIX A _ .

DESCRIPTION OF AN INTERFACE TO THE MINICOMPUTER

1. The Stepping Motor Interface.

The interface allows the NOVA 2 minicomputexr control
of arstepping motor. This motor drives the mevable mirror
of the ﬁichelson‘interferometef, or the pistoh which carries
hélf of the strip mirrors that form the grating}in a Lamellar
grating interferometer (R.,Beil, 1972).

‘.The logic circuit of the interface is shown in fig.

A-1. It consists of three main units: The élock unit that
p;évides pulses at a freguency of 312 Ez, the counter unit,
that receives the number of éteps to be pexformed, and the
flag unit. The flag unit sets flag flip flops that the mini-
computer uses to determine whether the interface is busy dri-

ving the motor or if it is clear to receive more steps to per-

form.

. The clock unit consists of a crystal oscillator (Connor-
Winfield Co. 1CSNL) of frequency 153.6 Kz, and TTL logic

gates that divide this frequency down to 312 Hz. The counter
unit consists of two TTL binary counters (SN 74161) that count
up to 255 sfeps and of seﬁeral‘gétes that decode the signals
sent by the computér ané a couple of pnp transistors (2N3638)

that amplify the inverted step pulses to —20 volts. The flag

unit also consists of TTL cixcuitry. It sets a Busy or a Done

145



FIGURE A-1

*

Logic circuit of the interface. The boundaries of the

three component units are indicated-by the faint btoken
lines. The bars over the signals mean that the lines
théé come from the coﬁputer are normally high; i.e. at
%5?;dlt$, and change to low‘when the signals are put on
line. .The DATA é to 15 1ine$ are abbreyiated DB to D15,

the same as Dg.

- .

e
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flag according to the state of the device. . e L.
2. Operation _ ST

The minicomputer provides a series of sign{ie that
are used to transmit or to receive information to or féom
theAinterfaces. Ihis is done using a specially designed
interface bin unit.  The bin receives the signals, buffers
them and.makes them available to the'interface whose code

matches tne one'provided bv the minicomputer instruction.

The actual process is as follows. The 1nterface
loads the number of stens to be executed fgom an accumu—

) _lator,of the computer. This number is put in a series of
lines called the’date lines -in one's complement'arithmet%c.
This corresponds to the inverted bina;§ nunber. This opera-
tion is performed When the insttuction DOAS AC, 55 is executed.
AC is the accumulator number, 55 the stepplng motor interface
code. DOAS corresponds to the gollowxng signals sent to .the
interface: DEVSEL, D , START. The sequence of commang,
-pnlsef is illustrated in f£ig. (2). In the tigure.it can‘Be
seen that the pulse DATOA-DEVSEL (called for short DATOAS)

and the DATA signals are latched until the DEVSEL signal is
disabled. This operation is a modification of the'two first
signals as provided by the NOVA—2. “The oPeration is done by
the open collector buffer Wthh is connected to the output

of the OR- gate whose lnputs are DEVSEL and DATORA, shown at

the lower left corner of flg. A=1.
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FIGURE A-2

” .
Important signals involved in the operation of - I
the interface. The figure shows the seguence in time '\%

of the pulses. The time scale is expanded to the left
of the dotted line to exhibit tipe$~of the order of nano-
seconds.. The figure also iilustrétes how the operation
of the interface ceases 3.2 ms after the Inhibit line is

disabled. ‘ S ! -
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kg3’
781
782
783
784

785
1888

_STA 3,777

LDA 8,1988

S$KPDN . "55
JMP =1

‘DOAS #,55

JMP o177

-

-

~3
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Store main program source -address.

Load number of steps into Ac. g

Is Interface Busy?

Yes, ‘keep waiting. )

Transfer from the number of
-

steps to Interface.

- . - —
Return to Main program.

Number of steps.

-

!



APPENDIX B

THE SYMMETRY GROUPS USED TO CLASSI?Y EXCITON STATES
—THEIR CHARACTER TABLES AND COMPATIBILITY RELATIONS

l; Intﬁodu;tion

Alvery compact revision of the space groups used i;
given. The most important references used:fér this appendix
are Tinkham (1963); and Bassani and Parravicini. (1975).

. In a crystal, the atons‘zre arranged in a periodic
array, and this fact severely restricts the kind of rotatipgnal
symmetries that the crystal can have.  The compléte set of
rotétions and the inversion operaéion that leave a crystal
invariant, form a group called the point group of the cr%Stal.
A crystal also has the'basic property of remaining unchanged
under lattice translation by

T=n, a, + n., a. + n gl : (B-1)
11 2 373
where ny, Ny, N,y are integers and gl’ gé, 33 are the primitive
translations which define the unit cell. The translations
(B-1) can be indicated by the symbol {EI%} where E indicates
the identity operaticn.
The complete set of symmetry operations that leave a
crystal unchanged, i.e., the translations, rotations and in-

versions combined; form a group called the space group of the

v

crystal.

The elements of the space group are geoing to‘aédenoted

151
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ri = . i . . . B
by {R{b} where R is a real orthogonal matrix indicating the

pProper or irproper rotation to execute. An improper rotation

consists ©f a rotation followed by the inversion: operation.

- N - - - - ’ .
The vector b is givan by b = T + £, where T is a translation

- -

vector as (B-l); anéd £ is a fractional translation recuiredg
for some rotations for crystalsswith a basis of more than one.

The application of a symmetry operation {R!B} to a vector Ei
determining the positions on the basis of a lattice peoint in

the unit cell gives:

+
.

- s wl& e ‘
{R|B} d, =d. + T * (B-2)
1 ]
where T is one of éhe translation vectors (Bhi); and &, speci=-

fies an atom of the same kind in the unit cell. If the frac-

tional translations are'zﬁfo, the space group is said to be .-

symmorphic to the point group.

2. Matrix Representation and Classes of the Group KJ/>

In a matrix represeﬁtétipn, we associate a sguare matrix
T(Ai to each group element, such that:

F'(a) - T(8) = I'(as) < (B-3)
A matrix representation ig called reducible if ‘a similarity
transformation. éxists that simultaneously block diagonalizes
all the matrices of the representation in the same way. If no
such similarity transformation exists, the reprgsentation is
called irreducible. In many quantum mechanical applications,.
each of the irreducible representations will display the trans-

formation properties of a set of degenerate eigenfunctions.
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Eence, the number of irreducible representations can g}ve the

number of distinct energy levels..

A recducible representation D can always be decomosed

in the form:

D = z n Da (B=3)-
a a .

where n, indicates the number of times the irreducible repre-
. a . . ’ . . . .
sentation D° is contained in D, and in group theory is shown

to be given by:

o [ ™
1
v
v
0
*

A
W
w
|
w

n. =
a

where h i; thelnumber of elements in the éroup: Xa(R)* is the
comélex conjugate of the character of tﬁé irreducible repre-
sentation D%, corresponding to the group elemeht R; and X(R)
is the corresponding cgaiacter of the reducible representa- .
tion- D.

A cléss is the set of elements obtained by applving _
all the‘R elements of the group in a similarity transformation
RS R T to some group element S. The trace of a matrix is in-
variant under any similarity transformation. Hence, by de-
finition of class, all elements in the class have the same
trace. The character of a matrix representatiognis defined
as the set of traces cf all symmetry operations in the group,
denoted by X{(R). It is customary ;o specify the character of
a representation by simply giving each of the common. traces
of the operations in a class of the group. This is denoted

o~

by Xi(Cn)‘for'the kth class in the jth representation.
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: v
3. Irreducible Repmesentations of Electron States in the
Diamond Structure ;

"As a conseguence of the well-known Bloch Theoreém, the
irreducible representations of the translation group are given

4

v

=1

I iK-

s

T

1

is represented by e (B-6)
- . ' ’ . ) .
where the k vectors are the ones used to classify the elec-

tron states in a cryvstal, and are defined by:

E

B

hl +

I}
|

lea

X = R, + &0 (B=7)

> 3 3

=

(=]
Z

where N1 N2 N3 = N is the number of lattice peints in the
crystal; mi, M,, Wy are integer numbers which satisfy

-y
h

m. =0, 1, ..., N. = l;'and h

i i 1 h2, 3~are the primitive re-

ciprocal lattice vectors.

If the-point group operations R are carried succes-

sively on some vector kK, it has generated what is known as the
Pt
X

star of k. “values of at some special points of the Bril-

-louin zone and at some special directions will be unchanged

. ) -
under some of the symmetry operations. For k vectors on the
boundary of the Brillouin zone, the symmetry operations will

satisfy the relation:

{RIE} = R + k. .. (B-8)
-

This state and the k state are identical via the reciprocal

lattice vector. These points are of special interest because

onlv ‘there can symmetry based degeneracy exist among functions

with the same i. .’
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The operations Rg that leave X unchanged (modulo h)

. . - T .-
.form a group called the small peint group of k. The svmmetrv

~
-

3 o> " - - -
operations {R|b} formed frow these rotations and all the

-

translations comstitute a group called the little group of

-

the & vector. Ig order to specify the irreducible represen-
tations of the lilttle group, it is sufficient to list the

character of the elements of the form {R|¥} since the charac-
ter of {RL? + T} is e*¥'T y the character of {R|%}.

The diamond space group is the full cubic groupAOh.

The diamond group is not symmorphic-beceyse some of the sym—

metry operations of the full cubic group Oh
. . R

space group associated with the fractional translation £ =

appear in the

da)

(1,1,1).

The group 0. . The full cubic group Oh Ais t&g direct product
of the cubic group O with the parity group Ci which consists

0of the identity and the inversion operation, i.e., Oh= 0 x‘Ci.
:J'

Thus, the full fubic group consists of the following elements

grouped in ten classes:

N : AUAN
E the identity. - {
. : 27 47
8C3 rotations by 5 and by =5 arcund any of the four
<111> diagonal axes. .
BCi rotations by T around any of the three <100> axes.
6C4 rotations by % and %; around the three <108% axes.
6C2 rotations by 7 around any of the six diad axes
<110>.

and five similar classes of improper rotations obtained by
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3

miltiplying every rotation bv the inversion operator. The

number in front of the svumbol for the operation denotes the

number of elerments in the class. -

In the foilowing presentation of the ‘character tables,
only those of the groups involv;d in the classification of
states in indirect excitons in Ge and Si are presented. These
are mainly the tables of the additional representations cor-
rgsponding to the extendeq double;grqpés of tﬁe points T and

. . -

"L, and line A of the diamond Brillouin zone.

Double Groups. The double groups are introduced to deal with

Athe{f;ct that "states of half integer spim change sign when a
rotation of 27 is performed. EHence, thev are unchanged by 47
fotations. To cope with this situation, the fiction is intro-
.duced that the crystal is taken into itself not under a rota-
tion by 2w, but after a rotation of 47. A new grOup element,
E, is also introduced, which represents a‘'rotation by 21 and
has the property {E|0}? = {E|3}, i.e., the identity. The
multiplication of a general rotation operator, R, with the
{£|0} elemeﬁt is denoted by {R|0}. In this case, there have

to be extra representations to allow for the fact that new

elements have been added to the group.

4. Character Tables

In the point T on the diamond Brillouin zone,
k = %;(0;6,0). .The small point group‘of k is the entire group
o

w- The characters of the additional irreducible represen-
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tations of the double group of point T are simply given by

-

the characters of the extended point grouwp O, in Table 3-1.

h
The line A is the line running ;long the <100> direc-

tion. Here, kK = %;(5,0,0), with 0 < & < 1. The small point
group of X is given by the operations that leave x unchanged.

This small group is the group C, . This group is ccmposed of

4v

a four-fold axis along the A direction, ané four reflection
planes at 45° of each other coptainingrthe four-fold, axis.
The irreducible representations of are obtained by multi-

Plying the characters of the irreducible representations of

- -‘*-- -- 7 .
by the phase factor e ik ? = e lﬂ/"ﬁ- Table

-

B-2 presents the characters of the simple group and Table

the group C4v
B-3 lists ;he characters of the additional representations
of the double groué.

The point L is at the centre‘of the hexagonal surface
of the B. Zone. Here, k = %(l,l,l). The small group is the
set of rotations that interchange (x,v,z) and the inversioﬁ,
i.e., it is D3d = C3V x Ci. C3v is a group with a three-folad
axis along the <111> diagonal ané 3 reflection planes cqntain—
ing this axis at 60° of each other. Table B-4 presents the
* character £able of the simple group, and Table B-5 shows the

characters of the additional representations of the double

group.

5. Compatibility Relations

Consider a group G and a subgroup S. Given a matrix
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- Y

representaéioﬁ of G, it is possible to choose onlv those ‘ _
matrices corresponding to the elements of the subgrouphs.

in this way, we obtéin a repregentation of 5. The represenf 
*tation thus obtained for the subgroup is, in general, redu-
cible. This representation can then be deccmposed into a
number of irréduqible represéntations of the'subgéoup that

are said to be compatible with the irreducible representa-

tion of G.

™

The compatibility relations forthe péin;s F, L ana'
I' and tﬁe.line 4, are given“in Table B-6. Table B-7 Shows.
the optical transitioné allowed for exciton states with sym
&etry either'at the point L or atrthe A line, obtéined using
the decomposition Equations B-4 and_B-S.
Finally, the identification of angular momentum states
that belong to a given double group repreéentation of Table
—3-4 can be worked ocut from the tables of the work "svmmetrv

adapted functions for double groups II. Cubic point groups”

by Cracknell and Joshua (1970).
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Table B-3 Additional irreducible representations of the
double group of k,on line A of the diamond structure.

. ?_ . ‘.. -_ n_ln. T_"l_n' 1
Line A {Elo} {E]o} {65,.3,5, 10} {8, ,o4x[f} {8, ,o4x]f,

be 2‘ -2 0
A 2 -2 0 —v2e” {T/2)8 1 T (m/2) 8
7, .
{Iazx,xazy,IGZZ,Iszy[f} {Iézyi,lézy ,Iozyz,IézyEIO}
~.'
0 0
0 0

The notations are taken from R.J. Elliott (1954). The first
column labels the representations. The characters are given
iq{all the other columns. .
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Table B-5 Aadlhlonal_;rreduc1ble representations of the
double group of k at point L of the*dlamong structure.

. o {551 oy | §3xsz°} {16,510} {;sz§[o}
Point L | {E[0}|{E]o} |, **¥¥2 | 3 {16,101 | {15, |o}
| “ {83,100 °3xvz[0} 2%z
_ _ {138 yElo} {;azyzlo}
LZ 1 -1 -1 1 i -7
L; 1 -1 -1 1 ~i i
L; 2 -2 1 | -1 0 0
LZ 1 -1 -1 1 i <i
L 1 -1 -1 1 -3 45;_
Lg ' 2 -2 1 -1 0 0
P
_ - -1 {6, =1} {E ~| £}
: - {I§_xyz|f} {Igéxyzlf} -{62lef} ' ]
..-,p.- 2yz 2vz f
1 -1 -1 1 S i -i
1 -1 -1 1 -i i ~
..;E?-F‘l
2 -2 1 -1 0 e o
5
-1 1 I -1 I -1 1
-1 1 -1 -1 i -i
-2 2 -1 1 0 0

.

The first column labels the representatlons. The characters
'are given in all other columns. The notations are taken from
R.H.Parmentexr (1955). .
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APPENDIX C
EVALUATION OF TEE ENERGY MATRIX OF THE MAGNETIC
EXCITON HAMILTONIAN ~

’ bt — -
In terms of the angular momentum F = L, + J the magnetic

Hamiltonian (4-6) can be written as

-)---t- '-0-'-1- _ - .‘-b- (C—l)
Lh-i—ghFh ges k..

H = -g. o

mag e

Under the assumptions discussed in chapter four, the wave-

functien can be written as .

+

3, F7, Foa, . (c-2)

The subscript plus or minus (z) represents the electron spih
component up or down régaectively and a, is the sguare root
. Vi . -
of the normalized percentage contribution to the state nLF
) ‘ z

to the probability amplitude. Then it 'is necessary to cal-

culate the following matrix elements:

<nL'JF',F;|Fz]nLJF,Fz> = § 3

FF' F;thFz (C=3)

<nL'JF',F'|L_|nLJP,F > _ (C-4)
. z' 7z Tz

and sum all contributions ffﬁm the'state participating in
(C-2). The.term which involves the spin of the electron gives
a constant contriﬁutiqn'for all the exciton states, and in
principle it Qill have to be added to all diagonal matrix

eleménts. But this is equivalent td performing an energy shift
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' Then it does not have any-effect at 2ll in the diagonaliza4
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%

for the zero of energv and hence it is ecuivalenf to the

-addition of a constant diagonal matrix to the energy matrix.

[N

tion. .Tp inclucde, then, its contribution to the eigénergies
of the full magnetic Eamilibnian, it is neceésary to add
0.5 geSIKI for s, = + % téﬁi;l of them. This result is a.
consequence of the non:-participation ©f the electfon spin
in any coupling scheme, and not from ahy of the approximations
used in this work. ?his has a very important éffect cn the
spectrum. The electron spin aoes not £flip in dipélar transi-
tions,‘hence-ag & consequence of the constant contribution to
the energy fgi all levels of the spin, the energv of these
transitions will be the same independently of the spin state
of the electron. l

The matrix element (C-4) can be valuated using the

Wigner-Eckhart theoremand the 3-j and 6-j symﬁols to calculate

the reduced matrix element in the coupled scheme-F = L + 3,
as described by (Edmonds 1974) :

, B 1
<nL'JF'F|L, | nLIFF, >=(-1) PP F4F +F vr vy 1) jnes

(C-5)
- . 1,2 FLF L ® g
1 A Zj
[ F' 1 F
The Wigner or 3-j symbol l'F' 0F is different from zero onlv for
A Z -
F. =F_and F = 1,0,-1. " The reduced matrix element <n'L'||L||nL>

z Z
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N

can be alsec calculated using the Wigner-Eckhart theorem in the

L space: . -7
’ '
: - L' 1L} :
<n'L’M£|Lz[nLML>(—l) “{_Mi 0 MTJ<n'L'|IL[|nL> (C-6)

- R

where L, corresponds to the zero component of the spherical

vectof® operator L. "Using

_ <n'L'MLIE;[nLML> = QMLM£ Gﬁn' GLL,;ﬁML (C-7)

Choosing M£ = My = L and using
L 11} _ 1 Lyt enyr 2 (-8 .

Lo R L LR A~

- . r

'the value of the reduced matrix can finallv be written
. I ' ' 1/2
<n'L [[L|np§l— 6nn,oLL._fgkL+l)(2L+l)] (C-9)
. [

which imposes the condition that only matrix elements with n=n',
L=L' can be different from zero. Usin§ the result (C-9) one is

left only with the two following different matrix elements to -~

calculate:

L(L+l) _ _ 15
P(F+1) 4F (F+1)

<nLJFF_|L_|nLJFF + = 1 + (C-10)
z z A 4
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< nLJ,F+1,F_|L_|aL3,F,F_> = i T (-1l

(F+F_+1) (F=F_+1) (L+J+F+2) (L+F+1-J) (J+F+1-L) (L+J-F)
<> ‘H[ z . 4 Q) .

(2F+1) (2F+2)  (2F+3)

where the tables for the 3-3 andvs—j symbols in Edmonds were
used. in'(C-lO) the substitution J = 3/2 has been done al--
ready. :These diagonal elements can be calculated in a more

straighﬁferward way using (L+J)2 = F2 and the Wigner—-Eckhart

theorem, or even the vector model. The contribution of the

11/2

exciton Hamiltonian Hé (h = 0), is only different from zero

X

for the diagonal terms and was added in consequence, before

proceeding to perform the diagonalization.
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