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Far infrared absorption, in the semiconductor (cubic)
. N ,\ .

Sns, attributed t° Siﬂgle and two—phonon processes was stu-9;“

:died under high resolutmon conditions.‘ Two-phonon absorption

waa compared with two-phonon density of states curves calcu- R

lated employing parameters derived from inelastic neutron ielfi”"‘xb

. acnttering experiments. JCombination phonqn mnodes and their:;“

: locaﬁion in the Brillouin zone which give rise to strong

I

featurea in the two-phonon density of states curves were

w

1dentified. T R B -[;' '.-_&:i,ﬁa-
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{iabsorptions in cubic Zns, measured by a high—resolution, low—
- noise far infrared Fourier transform sPectrometer system, and
: attributable to two—phonon processes, were found to compare

1lfavourably with a theoretical two-phonon density of states curve“‘

‘-calculated with a program supplied by G. Dolling (1974) -ihe-j

.,'*f .
N I

parameters used in the theory were derived from inelastic

"}“neutron scattering experiments by Vagelat@s et. al.-(1974)

Two—phonon combinations and their locations in the Brillouin :7-

" zone which give rise to strong features in the two-phonon

”density of states were identified by. comparing theory and ex-

pariment. Important critical points were disCOVered on or

near the zone boundary and ‘not ‘only at the symmetry points T,

X, L and~w as previously suggested. 7‘ . S

/s
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The shapes, frequencies and intenSities of far-infrared ;‘?
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S INTRODUCTION

“f':f The frequencies of the normal modes of 1attice vibra- .

o tion give results of 51gnificance for'many of the Qv\?erties of

"

solids and aSSlSt in. the ded%ption of interatomic force laws

“ ‘for the crystal Techniques of. spectroscoPy have been extended -

during the past 25 years to very low frequenc1es in the far-

‘infrared and one of ‘the fruits of these develoPments has been

'the possibility of studying the Vibrational states of crystal

iattices by spectrosc0pic means.

Recent advances in technology which have made the far—"
5

infrared'reglon of the spectrum readily acceSSible‘to exper1men~

tation: 1nclude the far-\“§fared interferometer; the Fast Fourier

Transform (FFT) algorithm, high—speed Qnd high capacity computers
and high‘sen51t1v1ty detectors, A discussion):f the,Fourier

transform spectrometer employed in these experiments is given-
\ , . _ _

-inVChapter II along‘with information'about the peripheral-equip— '

ment. _ _
| . The lattice Vibrations of ‘cubic ZnS have bgen the SUb]eCt”
of a number of investigations in recent years, ' Deutsch {1962)
investigated‘the infrared sorption in the region from 1 to 24
u and‘interpretea the/resd;ting spectrum in terms of two. and

three phonon combination bands of four average zone boundary_

- -

1
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_ of the- transverse acoust" mode Recently Nilsen (1969)

aadvlgtigated in detail th Raman spectrum of Zns and interpreted

5

the second—order Raman spectrum in terms of two phonon oombinations'
- of four average frequencies at the zone boundry5 In a more recent .';4
article, Irwrn (1970) presented an alternate interpretation of . |
‘the data of Deutsch and Nilsen.l This interpretation wasccarried
]out using a theoretical model introduced by.Banerjee and ; il.
'Varshni (1969) and the results of Feldkamp et al. (1969) Irwin lri
attempted to agalyze"the prevxous spectra in terms of scattering .fﬁh
L'from the fOur critical points F(O 0 0), x(l 0 0), L(O 5 0, 5 0 5) and
“wtloso) “ B \_; ST e
& . In this work we present a somewhat different interpreta-
tion of “the two-phonon absorption in cubic Zné . The high reso-
lution Fourier transform spectrometer used in these experiments
".aldowed us to measure the far-infrared spectrum of cubic ZnS
:over a range 100-900 cm L. with great accuracy. The interpretation'
was carried out using a theoretical shell model introduced by
' Dolling (1965) and'the inelastic neutron scattering data of
".Vagelatos et.al. (1974) * A discussion of Dolling s model and the

£itting made to Vagelatos' data is given in Chaptex III, along

~with an example of ‘the resulting density of states and energy

contour plots. The epectra obtained in these experiments ara
’ ’»,JO‘
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given in Chapter IV and the identification of all the major ;'o;ifﬂfug

features of the two-phcnon absorption spectra with combination'::-7ff

phonon modes,'at certain points in the Brillou1n 20ne is outlined -r"

l

in Chapter V. The interpretation is accomplished With the aid o

of the calculated two—phonon density of states curve obtained

| employing parameters derived from inelastic neutron scattering

N . . - T

experiments..j,n' ,‘f A ","--, L

!

hapter vI. contains a summary of the results and ;',




+ in 0ptical path between the two beams.

'CHAPTER II ~ |
. INSTRUMENTATION AND SAMPLE =~

4

-Aze‘FAR-INFRKRED-INTERFEROMETER
'-“.i h‘introduction- R . ' ',l R : " - ff
" N - . u" ) J

:‘,' Interferometry has had a long and relatively uneventful

history until recently. Loewenstein(JlSGG) has presented an

oY “

interesting review of the early history of thisg subject In
Simplified terms, interferometry is a method of deducing the
ielectromagnetic spectra of-a source by analyzing the interference_
' of two coherent beams from the source. An interferogram, which
'.is i ity a Fourier transform of the spectrum, is the resultl
when the intensities are measured as a function of the’difference ’

" In general, interferometry remained a speCialized tool
_‘for high resolution work until approximately twenty-five years ago
when the two. dominant advantages of interferometry over class1ca1
spectrosc0py were discovered. It was-Jacquinot and Dufour (1948)
'who pointed out that, unlike the case of” -a dispersive instrument,
it. is not necessary, in an interf;rometer, to limit the aperture ?//
to work at high resolutions. At some given resolution then, the ‘ }{ '
energy throughput of the interferometer is greater than that of a -
dispersive monochrcmator which, in effect reduces the time

required for a spectrum with a given signal— o-noise ratio.”

few years 1ater Fellgett (1951) showed the advantages of the
’ . . Do f.- | ‘ / bl .
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"multiplex principle which“the interferometer employs; Unlikehfn

)-

';:7classica1 monochromators which record information fro 'each

R

{"resolution element 1n a spectral band sequentially, the detector
:of an interferometer "has_ incident upOn it radiation from all
g;'spectral elements simultaneously.g ‘The multiplex principle is a -
'{real advantage only if the‘noise is detector limited. It is
evident then that both the multiplex and throughput advantages 0
_have their greatest impact in energy starved regions of the spec-
“rum - such as the far—infrared In’ addation, absolute wavenumber |
accuracy is guaranteed by the known anelength Jused for carriage
-control the phySical apparatus is inherently simple,-anduboth
- 'stray light and overlapping spectral*orders are - eliminated._ Init
recent years, the addition of low—noise, high-sensitivity de-
tectors, high—capacityq high—speed computers and Fourier transform
:algorithms, has resulted in a veritable explosion in the number
" of studies,and uses of|interferometers. . L
. | e N . ) | _ ]
ii - Pourier transform spectrometer . o

The Fourier spectrometer used in these experiments is
a commercial instrument, FS- 720 " built by Research and. Industrial.
__Inetruments Company of England. It is essentially similar to a |
Michelson interferometer with ‘the notable difference being\the ;
size of the optical components. The mirrors .and beamsplitter

- are three inches in diameter so that they may function more -

: efficiently.in the'far-infrared region of the spectrum.

R
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. A schematic diagram of the optical system is given in

'Figure 2. l. Energy from the Source, s, a high pressure mercury
' lamp,’ is collimated by an. off—axis parabolic mirror, X ‘which
'directs the radiation to a beamsplitter, B. Ideally, the beam—

7.Splitter diVides the light into two beams Wlth the same. amplitude,

sending one beam to a moving mirror, MM, and the other to a fixed '

f‘mirror, MS. The light is reflected from these mirrors and Te="

‘combines at the beamsplitter where half of the energy returns .

toward the source and is lost while the other half exits toward

" the. condensing mirrors, M2 and M3 and the sample assembly. The
hrecombination is either constructive or destructive, depending
upon the wavelength of light and the optical path'difference

' between the two beams. Since the beamSplitter is an unsupported%b

single-layer dielectric film (Mylar) it is completely symmetric
and soc no compensating plate is required

iii - Instrument optimization

L]

The noise on an interferogram can be subdivided into
two classfs that are related to its originp ‘path - difference
errors and intensity errors.,

‘\ .
a - Path Difference Errors

A tacit assumption is made that the interferrogram .
is sampled at constant path. difference increments, 'i.e. at 0, 'Ax,

28%, .. etc.‘ If this is not the case noise and distortion can_
be generated on the computed spectrum. PeriodiC'errors in the
L.
magnitude of .Ax produce ghosts ;.a slow progressive error
. - 7



FIGURE i.l&‘3Top‘viéQ o£fthg'ophicai‘system dfnthé;tar—

ihfrared-Fourief‘transform speétrome;e:; The

‘chdpper blqdé,is pictured iﬁ a ﬁorizoﬁtal position:jﬂf\‘

S - Source
¢ - cChopper Blade
B - Beamsplitter =
'/_. | Ml';_Collimgtihgluirrqrf. - ;_:1‘

:'Moving Mirror

i
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\ o
M, - Stationary Mirror

S S
M, and M, - Condensing Mirrors’
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‘ff e
‘Q‘lreduceslthe resolving power: a- random-error produces scattered
: ripples (Connes and Connes, 1966) p9j~ ‘p;::;kfjffh-fspfif'} a
The mirror drive in the present instrument consists of
'ha synchronous motor which is‘coupled, via a gear box, to a | .7
finely machined screw which, in turn. drives a carriage. The .
geax box permits the velocity of the carriage to be varied from '
a nominal 0-. 5 microns per second to 500 microns per second
'The moving mirror is mounted on this carriage which advances li
'.along a highly precise lappecﬂ(linder. In spite of all these
precautions there are indications of jitter and hestitatiOn in
"the mirror movement. These errors in mirror displa;ement do not
translate directly into errors in path difference .as the dis-'*;
-placement measuring system is not dependent to first order, on’
'smooth mirror movement . The reference system consis&s of two
.diffraction'gratings, one mounted on the’carriage and'the other
fixed to the interferometer base Wlth a. spacing of about 25"
microns between them White light from a small incandescent lamp
; forms Moiré interference-fringes as it passes'through the
- gratings and these fringes fall on a photocell. As-the carriage

'moves. the 4 micron. ruling of the Moiré gratings produoes peaks

in the photocell signal spaced 8 microns apart in path difference{.'

32
This signal is fed through a differential operational amplifier
to a Schmidt trigger Circuit. The pulse produced every-B microns”

is used to -command the data acquisition system to read and record -

~

an interferogram intensity. Since the maximum sampling interval



_f:is given by Ax = 2‘ mmag. the uppevapermissible frequency ;,g}fj L

.ryglimit for this sampling system is 625" cm ; (16 u) A System ﬁ.:;

.has been incorporated that ‘now allows us to extend our frequency
ff limit to 1250 cm 1 (8 u) ' It takes the Signal from the trugger

' ]ISin 8) and doubles the frequency (s1n(28)),‘ thus resulting in :

“~a pulse every 4 microns to command the data acquisition system

',.errors has riot been found

ot

-l The maximum pOSSlble mirror movement is 5 cm (10 cm -in qeth dif--

fference) and S0 . the theoretical resolution is 0. l cm 1}. | _
The absence of ghosts“ in the computed spectrum indicates -
fthe absence of systematic errors in the path difference referencei
psystem. The effect of random errors is much more difficult to iso-"
:late but noise definitely attributable to. random path difference

4 v

b - IntenSity Errors

Systematic intenSity errors such as thofe introduced By

non—linearities in the data acquiSition system introduce zero
level distortions in the spectrum and harmonic d cross-modulation
‘terms in sharp line spectra. No eVidence that t:gi type of dis- ,
tortion is present in this system has been found ' : o .

h Random intensity fluctuations due. to source intensity,rh
detector sensitivity or data acquiSition -system gain variations
add noise to the- interferOgram and thus the spectrum. The major
‘component of this type of neise in the apparatus has been found

to be the 1ight source. The broad band source which emits the'

'greatest intensity in the far-infrared is the high pressure mer-

. cury lamp., A.200 watt: Gates lamp (UA-2) ‘was used in this in-



.

'-gftor was of the order of 10 watts.’ A feedback system was set

m;up (Koteles, 1973) so that current was stable tb 1, part in 10

"‘over one hour. However controlling this did not ensure power
el

r

possible.. Furthermore, the total spectral output from the lamp‘;
_is the sum- of contributions from the mercury plasma and the hot.
-lamp envelope (Cano and Mattioli, 1967) Variation in the plasmar
arc position can generate serious intensity fluctuations of the‘
interferogram.' The fringing field from a small (2 kilo-oersteds)
permanent magnet was used to lock the are. in a';ta;ﬁe position.
"'However this. procedure was not ‘always’ reproduc1ble or reliable.
In an effort to reduce the- effect of intensmty fluctuation from
the source,‘a novel double beam chopping system was - devised
(Douglas‘and ‘Timusk, l974). In this system ‘the smgnal 050111ates:
between a sig;al‘and'a-lamp reference-level unlike ordinary ,
chopping systems'mhere oscilfatiOn isrbetween‘a sdgnai-(no | "
.blockage) and a zero leVel (complete blockage of light) The lamp

¢
_reference is prov1ded by a fixed mirror mounted so. that it covers

.';;_4vestigation.. The total far—infrared power incident on the detec-fff

‘stabilizatlon 1n the - lamp sxnce voltage fluctuations were stifk—\\\

*r

. one half of the moving mirror. The chopper then covers first the -

.fixed mlrror ‘and then the movmng mirror as it rotates and so the

Jdetector alé&rnatively receiveas energy from the mbving mirror

and the fixed mirror. Uniform intensity\fluctuations in the source

lead to equivalent changes in the sagnal and 1amp reference levels

‘Wthh then cancel when the Signal is rectified and 1n£egrated



P \

. The double beam system has the added advantage of ellmina g

'il‘similar varlations 1n the lamp reference level (i e. changes in:

'arany varlatlons 1n the srgnal level that can be correlated with

ddetector sen51t1v1ty produced by bath temperature changes) The f-f

.system however has the dlsadvantage of reduclng the throughput

"1ﬁ_by half, and uncorrelated 1ntensity fluctuatlons such as those pro-‘”

~

' duced by mercury arc mOVement are not cancelled U51ng a com-

fbinatlon of double beam chopplng and magnet stablllzatron it was

‘l;usualIy possrble to reduce lamp no;se to a level comparable to

the detector norse for perlods of tlme longer than an interfero-

gram scan tlme.-

B - PERI'anRAL EQUIPMEN'I‘

i - Sample Assembly

1 : o A hd

ca- Descrlptlon

=y

A schematlc cross—sectlonal view of the sample assembly

is shown in Flgure 2 2. It was de51gned to permlt transm1551oné
spectra of a sample to be taken as a function of. temperature. The -
assembly was. srtuated in a stalnless—steel Dewar contalnlng the
pumped 1iqu1d hellum bath Wthh kept the detector ;E 1ts operating
-“temperature of 2°K. Provrslon was. made to 1ncrease,the temperature
. of the sample wlthout serlously affectlng the operatlon of the
‘bolometer 1ocated 5.5 cm below it.

. Light reached the sample chamber after proceedlng through
'about l m of 1. 3~cm—1 d. polished brass llght plpe. A long

condensrng cone reduced the aperture above the sample chamber.
‘ ) . f
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pxh}ruﬂff@;,;hf;[' j .h~h le : S T s
ff&)?f L The sample holder was ac pper cyllnder wrth a B-mm-diameter

was seated 7on a llp 1n thms hole, :

*vhole in the cen%er. The sa”l
‘jln plagq w1th srlver paste.' Two holes, 180° apart,-were drllled

‘in the sample holder to accommodate a heater, whlch was a. %—watt
._carbon resrstor, and a dfpper—constantan thermocouple (not used)

"—‘fpth\*The coppeﬁ sample holder was thermally 1nsu1ated from the walls _,'

:" iR by a nylon spacer.ﬁ After traversrng the samplé the lrght passed.

pf'h through another condensrng cone. and a fyiter chamber before
enterlng a 1 3 cm—dlameter 1ntegrat1né/sphere Wthh contarned the

detector.

In order to'eliminate.the sharp'absorption iines in the
far—mnfrared, produced by rotatronafA}eveis 1n water molecules,.l
the 1nterferometer and llght pipe were kept under a vacuum Theﬁd

.vacuum systems of the 1nterferometer and the sample assembly were
separated at. the exlt of interferometer conden51ng cone: by a
fllter. Initially, the rnterferometer was evacuated with a rotaryl'

P %Hih;ch was then.valved off and replaced by a sorptlon pump

whic lrmlnated the v1bratlons lnherent in‘rotary pump operaw

o
tlon. The lmght pipe in the sample assembly was pumped by a
rotary and dlffusron pump assembly Lhellum gas was 1ntroduced
to the llght pipe in’ cold experlments, i.e. sample not heated, .
to improve coupllng between the bath and detector) The ellmrna—'
jf tion of spectral 1ntensrty at frequencres greater than Woax Was
accomplrshed by a comblnatlon of fllters and beamsplltters. A

discussion of these is given in Chapter Iv.

o - . . .
) P H - ' . ~ )
o T .o C &
L3 . T . " :
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b - Sample Preparation | o

— . . . P

E . The cubic ZnS studied in this experiment was grown 7?¥~'

*gﬁy"'the Eagle Picher Company.. The undoped, 31ngle crystal

[l

: obtained was Wire cut into the required shape and then lapped

-résistor has-beeh'published byw2werdling, Smith and Theriault‘

4

With Various grades of sandpaper until the proPer thickness and

:wedging was achieved ThlS resulted in a crystal ranging from

0 to 340 microns in thickness. .The surface was not.treated-in'

any special way’ as the absorptions studied in this experiment

were‘due to ‘bulk effects.
‘¢ - Detector

The broadband:detector employed in‘these_experinents"

-was a galljium-doped germanium-bolometer. A very detdiled ac4.<

count of the theory of .operation of this temperature sensitive

o\ —

(19685t The bolometer was designed for pumped helium temperatures‘

to benefit from low temperature operation; The temperature
" . ‘ N ) . . .
attained in ‘the bath was approximately 1.2°K but the static

bolometer temperature was twice as large as lt was. relatively :

‘weakly coupled‘to the bath. The bolometer was constructed

following adprocedure developed by A. Tumber (1968).

_ ii'-'Data acquisition

A schematic diagram of the data;acquisition:system is

_ \ _ L _ e
: given in Figure 2.3. 'The‘bolometer signal received an initial

gain of about 10 in the preamplifier (modified vers;on of

preamplifier deSigned by Zwerdling, Ther ault and Reichard (1968))

The output of the preamplifier was cou ed to the input stage of

-~
i

e . . ' B -

»
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2 acquisition system

M.-}magnet; 5

S - sample
B - bolometer,
) ' ' )

'Blbckiéphematic'diagram of data
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. a laboratory designed and built lock-in amplifier through a 100

fljtoel?Stepegp transformer. This amplifier Signal was synchronous%"

ly rectified with the aid of a reference Signal obtained from

“-.the chopping system The rectified bolometer signal was inte-

B fgrated by an RC filter (time constant typically 0. l sec. ) and ..

lagain increased)ﬁith a D.C. output amplifier. The output of the K

"jlock-in amplifier was continuously monitored With a strip chart

recorder and digitized by a Hewlitt Packard multi—meter (3450. A)
5

L‘capable of resolution of l part in lO - The parallel B.C.D.

. output from. the digital voltmeter was sequentially’ fed into a

r

B Digi—Data 1337 incremental tape recorder through a serializer

'(which also had prOVlSlon for entering manual records onto the.

-

tape) The data in the D.V.M, was written in the magnetic tape

—

'ﬂwhenever a pulse was receiVed from the Moiré reference system

’ .

C --COMPUTATION

‘The necessity of performing a Fourier transform of

the interferogram in order to derive the.spectrum has always'

,been the major drawback of- interferometry. Howevert the dis-

~

covery of the Fast Fourier Transform (Cooley and'Tukey,'lBGS)

and the development of fast computers has diminished the problem

'considerably._ Typically in these experiments, 12 500, interfero—

‘gram pOlntB were transformed in about 25 seconds of central
processor time on a.Control Data 6400 computer.'
The-computer program was designed first to apodize

the interferogram using:a triangular function.and‘then to transform'



‘ 'rf'!l
"jit;f The Fourier transform subroutine included a procedure due ”"ridih
;~to Forman et al (1966) for correcting zero path difference errors.”
The computed and corrected spectrum was then either written on'
'Lmagnetic tape for the use of an- incremental plotter, presented

”gin the form of -a graph’gy’a line plotter gr punched on cards_

: for use in averaging and ratioing programs.'

I'—‘_ L4




CHAPTBR III

"- LA'I‘TICE ABSORPTION - THEORETICAL FI'I'TINGS

h - INTRODUCTION

. The weak absorptions present in polar materials at

-

frequencies removed from the Reststrahl band (single phonon -

absorption by transverse optical phonons at P) are attributed

rto multi—phonon processes.; They are caused by second order elec—

'.:tric dipole moments (Geick, 1965 Borik,_lB?ﬁ), the presence of

‘”anharmonic terms in the potential energy assoc1ated with lattice .
' vibrations (CoWley and Cowley, 1965 Kleinman, 1960) or a combi- .

.nation of both. Photon-phonon interactions involv1ng three or

more phonons are m weaker than those 1nvolv1ng two and they

hfcan be ignored in the region of the Spectrum under study.

Energy and’ momentum must be conserved in two—phonon

.interactions.. Thus, the sum of the phonon energies and momenta

must equal that of the photon,.

S,

ﬁm = hwl + hw

and - o .
' ﬁ& =k, + %k,

where m‘and'E‘are the'freouency and wavevector of the photon and

wye Wy and kl'and k, the same.quantities‘for the phonons.jsince

the momentum of a photon is negligible compared with that of
typical phonons, only phonon pairs with identical wavevectors

may interact simultaneously with the photon. That is 51 = -52.

0 - R



In other words, only phonons from equivalent points in the‘ h; |
Brillouin zone may interact collectively with the photon. These
processes may be additiVe,'resulting in the creation of two _
phonons or subtractive, resulting in the destruction of one phonon : :
L K and the creation of another.; e -.:: | \ |
T “In interpreting phonon absorption spectra, the frequency
dependence of the coupling mechanism is usually assumed to be 80"
slight and smooth that: it can be neglected Although it is o
theoretically involved to evaluate preCisely the strength of
the photon-phonon coupling mechanism for each point in the Brillouin ‘
‘%;1. L zone, ‘the derivation of selection rules for multiphonon processes
- .. at certain symmetry points in ‘the- Brillouin zone is relatively
straightforward using group theory techniques and coupling
mechanism models.{ The selection rules for two—phononrphoton
interactions at certain symmetry points have been derived by |
" Birman (1963) for absorption in the zinc-blende structure. ;, .
Selection rules are only of limited use however because, although
they specify whether or not ‘a particular two-phonon process is
permitted they provide no information on the strength of the
interactiOn. Further, they have been calculated only at high
symmetry points in the Brillouin ‘Zone, whereas this work tends

to. show that most of the absorptions in cubic Zns originate from '

__________iritical_points-on—the—hexagonai race.

The total two—phonon absorption intensity is dependent
not only upon the strength of the two-phonon-photon interaction,

but also upon the two-phonon density of - states and the thermal

s
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"-{:onpulation of these states. The number n.,'of phonons of fre—,

. quency, “i' as a function of temperature is given by the Bose—

: ﬂEinstein distribution function, R
=-[exp(E—T) - 1]

where kg is Boltzman s constant. The actual probability of a.
'tranSition (emiSSion or absorption of a phonon) w111 contain the o

squares of two matrix elements, of the form (Ziman, 1972)

+1|ai In > = (n +1)1/2
: . “1la‘ln. > = /2
'<ni.1|ai|n.>, ni .

icorreSponding to the emission or absorption of a phonon respec-_'

'tiVely. ‘In the above aif and ai are appropriate creation and

. 'annihilation operators.‘ ghﬁréiore the probability of a two—phonon .

'summation process -is proportional to {1+n1)(1+n2) Correcting
this by subtracting the probability of a reverse process, the .
'spontaneous emission of a photon and the annihilation of two

”.phonons, we get the temperature dependence of the net absorption

“is prOportional to . (1+n )(l+n2)‘4 n1 7 = l+n1+n2 -In-a similar
i manner the temperature dependence of ‘t intensity of the dif-

ference process can-be shown. to be (1+n1)n (l+n2)n 2 1.*

lThus, the temperature dependence of absorption strengths provides

a good method of discriminating between two—phonon sum and dif-
ference processes. Summation bands are present at low temperature'.
and. their intensities show a small increase-with increasing tem-‘

perature. Difference bands are absent at very low temperature but;'

L



Vare eVident at higher temperatures w1th a strong temperature

dependent absorption.. Absorption resulting frdE?two—phonon f'

'difference processes will be present only at frequencies less than“:"

" the maximum phonon frequency for the crystal (m Reststrahl

- quency.»-

'frequency) while absorption due to two—phonon summation processes
fcan occur at all frequences up to tWice the maximum phonon fre—j"”
AbOVe we assumed that temperature‘affected only the o

intensity of multi-phonon absorption. This is strictly true only

o if the lattice potential is purely harmonic t Anharmonic terms

1

clead to impcrtant properties of crystaIS- Examples are thermal
"expansion and temperature dependent phOnon frequencies. This
‘second example w111 be mentioned again later in this chapter..

While the variation in the strength of the two- phonon-‘.
‘.photon interaction and the temperature may influe?ce the general
level of absorption throughout the spectrum, the structural i
features on the spectrum are mainly determined by variations of
the density of states with frequency. It Wlll be clear, from a
set of dispersion curVes, that a lattice branch 1S expected to
contribute to the density-of-states curve particularly strongly
at any frequency at- 'which its dispersion curve remains flat
over an appreciable drstance along the wavevector axis.-i B
Then dE is zero. A dispersion curve refers only to lattice waves-
in a single direction. The variation of w in a particular |
'*branch for all directions in k-space, is a scalar field, w(k),.
and the density—of-states curve for'a crystal should show |

characteristic features at frequencies corresponding to those
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~

h{.points in k-Space where grad m(k) is zero. The 1mportance of 7
'f__lnfrared absorgﬁion of phonon modes is that lt makes %he accurate‘T_:h-f
i‘determination of the frequencies of the critical pornts of a crys—e .

"'tal practical (and thus the key pOints in the disperSion curves)

According to theoretical analy51s, critical pOints are -
to be found at k—O and Spelelc p01nts on’ the surface of the
_ _Brillouin zone 1n directions of high symmetry : The Brillouin"
zone of cubic Zns ls a truncated octahedron (Figure 3 la) and T
;all the phonon branches are predicted to possess critical points si :: .Q
Cat the symmetry pOSltlonS labelled r(o o, 0), X{1,0,0), L(0,5,0.5,0. 5) _—
‘ and W(l 0,0.5, 0) However it will be demonstrated in Chapter v
that some of the most‘promlnent features of the phonon spectrum :
- are produced by critical pOints at. positions of lower symmetry R ‘é
| at or near the zone boundary or on ‘the hexagonal face. o o i
| The shape of the dlscontinuity produced in the. denSity
of state: by a. constant energy volume in k space depends '
‘vitally on the exact nature of the critical po;nt : Criticall_
_pOints can be of several kinds. Grad m(k) mlght equal zero -ﬁ.' -
at some k because m(k) is ‘a minlmum, in three, two, one or no
pr1ncrple directions, i.e. a three dimensional minimum, two .

kinds of saddle po;nts and a. three dimensional maximum respectively. K

Labeling them PO' Pl' P2 and P3 respectively, the associated ‘

‘——dlscontinuities are 1llustrated in Figure 3. lb Thus it . is

poss;ble to correlate’ critical pOints in’ k—space not only with

EPIS WL HOEY FRlFly (PR

LAY

frequenCies but also with the shapes of the resultant discon—

' tinuities in the phonon spectrum. However<shape analySis_is J



' Figure 3.1a:

nghe Brlllouln zone of cubic ZnS.-'The:"
,Brillouin zone of a F C. C lattice is a-

.,ﬁtruncated cctahedron..chtured are the

\u;;"principle dlrectlons and the p01nts of high :

Figure 3.1b:

 D1scont1nuities in the phonon den31ty of,“

‘.‘symmetry P(O 0 0), X(l 0 O 0), L(O 5 0.5,0. 5) ,
“‘.'and W(l 0, 0 5 Q) o R 1‘-

o :

- . -

*states produced by four types of

critical points in the Brlllouin zone. 0,,“ 3

a point of minlmum phonon energy; Pl, a saddle

‘point with anergy increasing 1n ‘two prin-.

.'ciple directions 1 Pz; a saddle point with

energy 1ncrea31ng in one. prlnciple direction,_

. P., a.point of maximum phonon energy.
3 el AR, 2 gy
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:i*;complicated in,multiphonon spectra if a great many combination :

_,branches are contributing or if two or more branches contribute

”_szmultaneously at the same frequenCy to produce a comp051te

[

':_feature. For example, if one branch has a Pl type discontinuity

'f,and another branch a P2 type discontinuity at the same frequency,

-

a cusp shaped peak gill be preseht in the phonon absorptionf‘
' ;‘5pectrum., Interpretation of the spectral features may be done

'”-more confidently if one has a theoretical flt to experimental

'dispersion curves. Thls flt will allow the combination of two

n.or more branches, and w1th a kncwledge of the phonon energies‘e;.

throughout the Brillouin ZOne, for all branches, the p051tion

2

" and’ shape of important critical points can be discovered uSLng

'-u-

.phononfenergy-contour‘analYSlﬁ- o .‘f‘

o

B - FITTINGS |

. Dispersion curves for cubic Zns

Cubic Zns crystallizes in‘the zinc—blende structure.'
This structureris most easily v1sualized as two face- centered
.cubic lattices displaced from one another by one—quarter of
" a body diagonal For each wave vector there are 3 optical and
3 acoustic normal modes (two atoms’ per unit cell) The variations
_of phonon energy wrth wavevector are recorded in the dispersion

- curves shown ‘in Figure 3 2.. The experimental points ‘were

determined by inelastic neutron scattering (vagelatos s etials
1974) and the theoretical curves calculated uSing parameters
_.derived from fitting Dolling s,shell model theory (1965) to the

‘neutron erperiment.



|+ : " ._.. L' . ~ "1 -a. "7.3‘ 3 . -
o Lo i e ?
. . " o » ‘-.‘ ’\ A
. , S L . . -
. . “‘ '.'. . “ ' ‘
Figure 3 2., Phonon“diepersion3durves'for'cubio-ZhS. The
circles are the values determlned by Vagelatos et al
(1974) at 300°K by 1nelast1c neutron Scatterang Thegr fu-
disper51on curves were obtalned for phonons propagating
liin the Lo, 0 &]; [C L, 0] and [C c C] d;rectlons. Typlcal '
. error bars are plotted at (D 6, 0 6 D) ‘ TH% sol;d llnes |
'are the theoretlcal dlsper31on curves calculated u51ng .

R

.parameters derlved from fittlng Dolllng s shell model

(1965) to the neutron data. In the [z, C Ogﬁdlrectlon At should‘

LN

be noted that vs rh always larger than N for all wavevectors

{vy and v do not- cross) _ . , . B
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The theoretical dlspersion curve of Flgure 3. 2 represents;%
-_a 1east squares fmt of Dollrng s 14—parameter shell model to - the -

L_.data of Vagelatos et al ' An error functlon of the form “{

S ST SRS St (" PIE S -
151 3=1 mlj ' -"‘-T_?J‘. e
mwhere wmij represents the jth measured frequency for the 1th f_

: ”wavevector and wcij represents the Jth calculated frequency for
20 -~ ‘ _

__the ith wavevector, was*used 1n the program to 1nsure that ’_

* ) . . .
- - : . o T o e T o o
A S S M b B A e A T - B R

‘-negatLVe calculated frequencles would produce a posrtlve error,

'Although the m1n1m121ng program could have been started wrth any '

-set of dummy parameters, the GaP parameters found by Yarnell et al
(1968) ‘were -used in ‘the hOpe that because of the srmilarrtles

of the-two compounds, a-local minimum could be found sooner.-

A AT e ek

The first thirteen parameterS'were.obtained hy fitting the data

along the symmetry axes 10,0,z) and [c;c,c]:only. The parameter
6 uas then -obtained hy keeping the new first.thirteen.parameters
constant and ‘fitting to the d&ta in the [%,%,0] direction. G-has
.no effect on the freouencY vafues‘generated in the [0,0,;]_and‘.‘. X

0.

- 1%,%,%) dlrectlons. The, best fit'parameters'are given in Table
s ‘

9t 3 l, and are compared to the generatlng GaP parameters. Values : 3
of the mrnlmum error are giva? and can b\]attrlbuted mo;tly to. .
the poor fit in the vs branch. .'

_ ince. it is strlctlv correct to speak of transverse and

4 (A -

longitudlnal modes only in certain‘j?mmetry directlons, the phonons : 1

will be labelled vl to VG in order of increasrng frequency through—“

out. the zone. S -‘.[ - -
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. Table 3.15‘ Fitted parameters for' cubic '2nS with' generating
T 7 GaP parameters from Yarnell et. al -{1968) -and
R ‘minimxzed error funct:Lon values o S

o “lﬁereﬁetet,ijt' R { .‘gGaE'jff';n',’;;f 'ZhS‘(cubic)‘gu

S %R lazuee 224 321775

LB ol s012. - . 0. 60119

1o R | .0.0182%0.0035 - o0, o181

L7 d.blis:o.odis_ . 0118809

T -’5;'1.277‘19.355 L ;.31097 N

2 i_ '__ 1;7' 0.990 :0.211 . . fi.b4192_' -

. Sy St 1173 o177 1,0557

YR " 0.335 £0.064 ; .f_. 'Lo;34923;j.:\

Yo oo . 0.215 0.055 | ~ 0.219058

Ys 0.097 £0.045 . ¢  0.125025

’ ~2.35 20,35 -3.377975 - .

~2.76 £0.31 © - . -2.3037875

-0.51 $0.21 - -1.0880975
C2.14%:0.25 . . 1.52644

n &

A= 'L X {w_ ;. =W
i=13=1 ™3

.n-" A|(0r0,C)+A(C.C.fC).‘= 2-_618 '

A{%,5,0) = 3.566

Total = 6.178 S ‘ - S

A
Note:, The parameters for ZnS given above will generate the
’ '~ theoretical. dispersion curves and density of states in ‘this.
-work. No proper study has been done to- tell us what will
'Jbe generated if the numbers are rounded’ off.

[



ii - Density of states and critical pOlntS

‘ The denSity of states for the two-phononlmodes wasl“'J _

e calculated by inserting/the ZnS parameters from Table 3 l 1nto a.
"program supplied by G. Dolling (1974) . The secular lattice equa—}-'
‘tion was solved. at a large number of uniformly distributed
'points in a forty—eighth of the Brillouin Zone (at 874 points)
and an interpolation scheme was used to determine extra values
'for phonon energies between these pOints. A total of 139 968 000 ) )
dfrequen01es for all the phonon branches in the whole zone were Ju/gfﬁ‘f'
“obtained uSing this procedure. To determine the two-phonon den31ty -
' of states curve, two-phonon combination energies were formed by |
adding or subtracting the frequencies of phonons from different
‘branches but with the\same wavevector. The denSity of states was ‘
derived in .a straightforward manner by counting the total number

of frequencmes present in each frequency interval ' mae second
harmonic phonon density (i.e summing phonons on the same branch)
is identical to the single phonon denSity of states with the

frequency scale doubled: No.selection rules or frequenCy dependent

' Tcoupling mechanisms were applied in these calculations

These calculations were used to pinp01nt the location of
critical points in the Brillouih zone. It was assumed that most
"important critical points were situated on or near symmetry |
planes. Phonon energies “for a.particular branch or combination
" of- branches were plotted as a function of wavevecfbr on a specific
symmetry plane and contours of constant. energy were found and
drawn by computer (see Figure 3.3).¢ Critical points Were located

by searching for areas where the energy was a maximum,: a minimum



‘Figure 3.3:

.

Contours in the’ (1,1, l) plane signify a

Contours of constant energy for the 2v1

comnéggtion in the (1 70, O), (1, 1 0) and (l l l)

Fiplanss.' Also given is the corresponding density

g of states. All the plots are computer drawn 4?F:.b
'Critical points are found at P(minimum) | | | |
fW(maximum) “ and L (P type saddle pOlnt)" A
jfourth critical point is to be found at X.

It is-a fluted critical point (Phillips, ldSS)

and is a P, type saddlq‘point. The frequen-
1 _

" cies are_in_cm— . Contours in the'(l,O,Q)

and-(l,l;O) nlanes signify.a frequency change
1)" -

of 4 c:m'-1 (starting near F at 12 em -

. .
frequenoy change.of 1 cm -l (starting»near L.
at 154 em D).
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"'Qor exhibited saddle point behaviour. This critical point
:analysis was used to investigate 21 two-phonon sum modes and

.'15 two—phonon difference modes on the (1 0 0), (l 1 0) and
f(1 1, 1) planes. ‘ | A"‘ B | L

- ‘It is evident from a comp ison of experimental and
cheoretical dispersion curves that the overall agreement of the
phonon energiesfin the symmetry directions is good except in‘-},._

‘the Vg branch wherei unlike most fittlngs using Dolling 5. model,-

"the mode is calculated to curve more than it should This-_

7will result 1n several ambiguities and errors in both the density -

’

'of states and . contour plots. In order to clarify this situation,'
the experimental dispersion curVes were utilized “. _
Another point that should be' mentioned is that the ex-
perimental disperSLOn curvee were measured at room temperature.
At low temperature, where the infrared absorption curves were

measured, all the phonon frequenCies are slightly larger. (about :

.
-1 to 2%) '
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'f‘ LATTICE ABSORPTION - EXPERIMENTAL OBSERVATIONS

The experimental absorption curves obtained covered a k

‘range from approximately 00 cm l

to 900 cm ;,; Unfortunately B
ho single system of beamsplit rer and filters could give an :
| adequately high and constant intensity over the whole range.ﬂt‘
All possible combinations were found to have areas of lowp
intensity giving low Signal to noise. “§;_overcome this _
‘Problem, three separate beamsplitter and tilter combinations.af-'v
were used for the complete region. Each system had a high
signal'to noise ratio in frequency regions which overlapped
sufficiently to allow measurement of the: complete spectral
-region. | . _
.Figure 4 1 shows the spectra obtained ih the three
: regions using the beamsplitter and filter combinations given
Cin Table 4, 1 The spectra are an. average of three\or/?9re

¥'absorp -ion spectra, taken under identical conditionsT™ Back--
' ground was eliminated.by taking the ratio o%_the absorption‘
-spectra with spectra'tahen'mith no samplelinithe\beam. Typical—\.
ly the resolution was 0 4 .om 1.; Figure 4. 2a Shows a compOSite |
spectrum obtained hy joining the three spectra in Figure 4 l.
The corresponding sum mode-density of states spectrum is:shown_

-



'eﬁfi*TeBle'4;l; Three beamsplitte

PR

and filter comblnatlons

_used to measure 5 ectra shown 1n Flgure 4 1

:‘l.*3{57A§0;Hlﬁylera‘ﬂ
~ Black Polyethylene

' Black polyethylene -"
‘4;lbeg“ s -'-EJ'“: 3. 5 4 0 u mylar

| ;‘12 u mylar o

. note: B.S., - Beamsplitter. _
7.R.T.“f Filter at. top of light éipe'

-‘l°k--;VFilter-jusf-before_bolemeter.
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“Figures*4.1 a,b,c:f-Three experlmental absorptlon spectra
corr33ponding to beamsplltter and.

filter comblnations in Table 4 1.‘
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.:Eigure'd.é a,b: .Compos;te experimental absorptlon

| - lspectrum formed by the overlapplng of

- "spéctraxin Flgure 4.1, Comparlspn'is-
7 madé to density.éf“stateslfor Sum .
“proéessésf. ‘ | . |
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. Pigure 4.3:" Experimental‘difference‘mode‘absorptioh;SPectrum a
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:;{ in Figure 4, 2b.._Fi\hp153th*:h L t:.f “h"”filt }5.'43 5

The dlfference mode absorptlon spectrum was obtalned
:by heatlng the sample (heat was obtalned by puttlng current
mthrough a resmstor 51tuated near the sample) tlll the 1nter—'

ferrogram peak 1nten51ty was approxlmately halved. -No accurate“

method for measurlng the temperature was avallable at the tlme,‘ ‘

"‘and it was felt to be unnecessary since no real temperature

'fdependent work was’ done. -Slx absorptlon spectra were averaged'

1n thls cdse because of lower s;gnal caused by 1ncreased absorp—;) o

tion by the sample and degrgdatlon of the bolometer sen51t1v1ty

r

' because of heat transfer to Adt. Flgure;d 3 shows the experlmen-

-

tal,dlfference mode absorptlon spectrum obtalned by ratioing

zftheseaverage spectrum with spectra taken Wlth the sample not

heated A comparlson is made to the correspondlng dens1ty of

states spectrum | LN



Ce .',j, B !§HAPTER7V o ]. S
LATTICE ABSORPTION - DISCUSSION

?

A -‘SINGLE-PHONON ABSORPTION |

In pure, polar semiconductors, Single—phonon absorption

--is due to first order electric dipble moment induced coupling

of the 1nfrdEed photon to thé transverse opticai pbonon at k = 0
t(often called Reststrahl absorption) ThlS restriction»on the .
‘wavevector lS necessary 1n30rder to conserve momentum as well as
energy. ‘In our experiment the broad absorption centered on. 304

cmfl'(covering the range 250 cm l to 355 cmil)?'

s attributedltot
© the Reststrahl absorption. ‘ 4
Early work by Deutsch (1962) and Balkanski et. al (1964)--

reported a frequency of 310 or 312 cm: ol for the Reststrahl band

h

.This was found~to be in disagreement with the value of about

276 cm -1 obtained by Raman’ scattering measurements (and by Bergsma
(1970), Feldkamp et al. (1971) and Vagelatos et. al (19?4)_from
inelastic neutron scattering). There is, in fact, no_evidence,of:

& band around 310'c:m"'1 in the Raman spectrum Brafman and Mitra

-

_(1968) concluded that this band may arise either from andinfra:_’\{;)f‘

‘red—active two-phonon process or from surface effects.

A pOSSibility then exists that we have . two (or more)
A
absorptions smearing together to form the broad absorption

PR}

centered at 304 cm ; These absorptions might p0551blyabe
resolved 1f the sampl ) ould be made thinner, to reduce

L4 -



ToaL

: the width of the Reststrahl absorptlon.

B - 'rwo-pnonon AB{ RPTION

" ‘show any splltting as is predlcted by the theory. (v and v

_-.’_.‘

LN

The total two—phonon absorptlon 1n a crystal is the pro-:=~

duct of three terms. the strength of the coupllng mechanism,-

' th;R;}obablllty of photon—phonon interactlon (related to the

thermal phonon populatlon) and the tﬁo—phOnon densaty of states.

,The flrst term w111 be assumed a slowly and smoothly varylng

.functlon of frecuenCy in 1nterpret1ng these absorptlon spectra..

. ' ,"

QThe second can be calculated in a straaghtforward manner u51ng

4

:EOSEfElnStEIR statistics. . Most of the features in the absorptlon o

kY

- can thereforefbe-attributed tO'dlscontlnultleS'on the two-ghonon
*density of states.
The agreement between the observed two- phonon absorptlon _'

'and the calculated two—phonon density" of states (Flgure 4 2) was

gquite good in the region 120 cm -1 to 450 cm 1 However, the

agreement was less than adequate in the remainder of the spectra.

This is’ basically due to the very poor fit to the Ve branch of

the dlsper31on curve. Questlons mlght also be asked about the fit

_ 6f the V4 and vs branches, especial Y in the [z,%, 0] dlrectlon.

_ Neutron‘diffractlon work in this reglon is poor, and does not

5

‘branches are degenerate in this" reglon accordlng to experlment)

"Further compllcatlons arise from the fact that the density of

states program added noise to the calculated densaty of states

at the high energy end. HoweVer with these ﬁroblems in mlnd,

. some lﬁiormation can still be obtalned from the - calculated density

- -

N et e 3 e e T et S

e -



-~ of statess For purposes of discussion, the total absorpt on o

.:spectrum will be . diVlded into four sdmjregions and one

ifference
region and each will be discussed in detail. |

s;"; o ' The first sum region consists of features ' iB3 cmi '
.i222 cm -1 and 242 ‘cm 1. This region is compared with the. calcu—'ﬁ'

-'plated denSity of states for the same region in Figure 5 1 The
‘shapes of. the calculated anQ observed features are similar. ‘
HoweVer, the frequenCies of. the observed second and third fea-"

;ftures are substantially different to the calculated By com~ -

.‘parison with the density of states curve, and by doing a cri\icalf

_ point analySis the first peak is attributed to the 2v1 2 modes

. at X.. The critical p01nt ana1y51s indicates that one of the'
_degenerate modes at thls p01nt contributes a type Pl discontinuity'
(2v ) to the phonon densxty of states and the other a type P2

lThe sum of these produces a fairly weak but sharp peak. The -
second feature at. 222 dm~ rllS attributed to the vy vy mode'

from the density of states curve. Unfortunately; oﬁ 1ooking at
‘the experimental dispersion curves, -one will: see that even at K

o .
is not large enough to account for this absorp-

the sum fre uency
tion. It shoul be'noticed, though that the oalculated disper— '
sion curves. at.R and L\are too 1arge by about 8- 9 cm 1. Keeping
‘this in mind and d01ng a. &ritical pOint ana1y51s over the hexagonal

%



‘ Figurelsrl:

Observed absorption ccmpared with the calcu-

lated Heﬁsity of'states'for two-phoncn

:summation processes in the frequency range

120 300 cmnl, The scale lS 40 cm -1 per inch

s -
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E %

Tfrequencies will be high by about 13 17 cm

there the fifting is. off by as much as 5%.. What this Wlll-dO.tQ

‘the_critical pOlntS‘ is unknown, ;

'of the spectrum and their assignments.

B density of states for the s

' modes; 2v3, V.

: reveals degenerate P

"-the second absorption. The absorption at 242 cm 1,is identified
e Wlth the 2v2 mode using the density of statesfcurves. It is |
' consxdered to be a P2 discontinuity on ‘the, hexagonal face along "

) _L to K from- a critical point analysis and use of the fact that

l at K and L (and

rprobably across the whole hexagonal face too)

It shculd be noted that although we ‘are quite confident

' ficatiOn of the second and third can only be conSidered tentatively

correct Although the shape of the fitted diSpersion curve‘

matches the experimental curve very well there are Stlll areas

-

. +

Table 5.1 contains & summary of the features in this region

- The second set of absorptions are at 380 cm 1, 424 cm ;

~ and 438 cm 1. They are shown in Figure 5. 2 with the calculated

LY
region. From the density of states

1

we . find that ther eak a 380 cm formed by three distinct

A criti-al point analysis of 2v

1tV 3 .

1 Critical points on the hexagonal face‘
of the Brillouin zone. (These critical points are. degenerate '
in - energy but not necessarily in momentum (Koteles pg 113 1973)

This will not be mentioned again but should be: assumed by the

‘'reader for any Py and Py criticalrpoints on the hexagonal-face

'Vface we find a type P discontinuity near W at the frequency of .,5‘

'uin our identification of the first peak, the critical p01nt indenti—'_
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 Pigure 5.2: Observed absorption compéred:with thg_pél— ’

culated density of gtates for the two-phonon
sﬁmmatioﬁlpr0cesses in'the frequency ;egion':
~ 300-450 em *. The scale is 4O‘cmf1 pgr inch.
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ﬂ7of the Brillouin zone ) Slmilar analysis of the v1+v4 5 modes“
f-shows no comparably strong features, and so it is reasonable to
lr‘attribute the peak at 380 cm_l to 2v3 The second large absorp—f“j
tion’ in thlS second region at 424 cm ;’is the most puzzling o
i;absorptron in the spectrum. There are two peaks between 420-440

in the densrty of states. The first is attributed to the

I v2+v4 53 modes and the second to the v1+v6 mode. Realizing that

iour fit 1n the vs branch of the°dlsper51on curve is poor (and

at X and L high from 5- 7%) ‘we must ‘look to the experimental
'.dispersion curve to get the proper positlon of the vl+v5‘mode.
When we do this we flnd that ul+vb 1s shifted to lower frequencies
¢and in facf'to a position close to the v2+v4 5 modes ~ The peak
at 424 cm -1 is attrlbuted then to ‘the three modes \V +v4 5 ‘and

- and v1+v6 A critical pOint analysis oftv2 4 5 shows no strong
"features that could account for the absorptionfound We are
left then with v1+v6, only,.to‘attribute‘to the'absorptiOn: As‘
in the case of the 2v3 mode we believe‘that‘thislis true and igp
caused_by degenerate Plsand éz‘critical poihts on the hexagonal 1
face of the Brillouin zone. ' |

It can be seen from the experimental dispersion curves

" that the vl 2(x) + v4 5(x) and the vy 2(x} + v (X) . modes are

'_'degenerate and have frequencies (corrected to 1iquid helium

temperatures) of approximately 411 cm R and 432 cm . -1 respectively.
There are two features on the eXperimental spectrum that corres-

pond to these. A weak peak occurs at 409 em -1 and_can be - attri-‘



-i;buted to the vl 2 4 5 modeslat‘ﬁr_ Indlcations are that one of
Vfthe degenerate sets of modes (most probably v2+u4 5) contributes

-type P1 discontlnulties, while the other type P (or P )

‘-.-There is: another weak feature at 431 cm 1 which is attrlbuted

”fto vl 2+v6 at x. Critical pomnt analySis suggests p0551b1y a

”-Pl type discontinuity but this cannot be’ trusted since. the vsv‘:
fit at xnis.very_poor._: ;( Lo | y' d S n”
| . The absorptiondat;438 cm—%'stands out quite differentlyvf
”from the other absorptlons in the two—phonon absorption spectrum.“
It is relatively weak and much sharpert tHan any-other feature,.'
dIt also has - no counter-part in ‘the den51ty of states. Experimentsn
fuby Ibuki et. al. (1968) suggest that absorption due to the
localized modecﬁfunassoc1atednAl donors should occur at 437. 9.‘
_Cm_% (at.100°K). We believe:this‘is what is observed'in our"
spectrum,. . - ) A : | - |

Table 5. 2 contains a summary of the features in the
second region of the spectrum ahd their aSSLgnments.

The third. sum region of the spectrum includes features"
at 458 cm l, 490 cm\l (maximum point) and "529 cm l.h A comparison B
of absorptlon curve and the corresponding den51ty of states for
this region is not given. At thisrp01nt in the sum mode density
of states noise begins to wash out any information that may be
found at a quick glance. _ | ‘
| The feature at 459 cm -3 is extremely angular, giving
fthe impression of not really being a peak but rather a discon—
~tinuity. From the density of states we attribute the absorption

to the v2+u6 mode and from a critical pbint analysis observe a
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' The feature W1th -a maxlmum “at 490 cm -1 is attrlbuted to the

-

¢

3+u4 5 modes.r The densrty of states shows two strong, sharp

peaks ovarlapprng to form a. single strong, sha

;experiment the two almost overlap, formlng a.much broader feature.

'Critlcal point analysis suggests degenerate 3 and P2 type

-fdiscontinuitles dn or just off the hexagonal face for both modes.

ﬂA smaller feature can be seen on the high energy side of thls ’

-1

"_very strong P, type discontinuity near W on the hexagonal face. .

o

peak at about 508 cm ~. This feature was’ always present w1th theA'

:ﬂall absorptrons are comblnatlons of Vg usrand Ve modes which

Zns. sample but: we have been unable to idjEtlfy its orlgln. The .

feature at 529 Cm ; 1s attributed to ‘the 3+v6 mode.' Crltical

point analysis suggests very strong degenerate Pl ahd P2 type.'

‘°discont1nuit1es on’ the hexagonal face of the Brlllouln zone.

. Table 5 3. contains a summary of the features in thlS re-
glon of the spectrum and thelr a531gnments

‘The final sum mode reglon 1s made up of 3 very strong

features w1th maxima at 595 cm 1, 644 cm -1 and 678 cm l."In

this region there is’ very little lnformatlon to work with because

a

have been poorly fitted to the dispersion curves. However,lsome
information can be found if we realize. the lrmltations of our
density of states and contour ploﬁs; and draw heav11y from the
experlmental diSpersion curves. The. feature at 595 cm -1 is

attributed to the 2v4, v4+\1 and 2vg modes,‘ the absorption\at

644 cm "l to the V4 5*Vg modes; and the feature';t‘678 em ! to the
v , ' . ’ - ' . ! .

wt
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l'fconszder sample absorptlon.

and. the theory seems to survive the test relatlvely well The

vdensity of states consists of features at 149 cm 1, 182 cm

STt

.

’2v6 mode w1th .the help of " the experlmental dlsperslon curves.f},.~:'
"Not only do these assigl ents 1ook reasonabIe from the disperSLOn__
‘curves, the actual form of the absorptlons lends§some credence._:
To actually deflne the crltlcal pOlnt locatlon and shape attrl-"

e '.w

. buted to these absorptlons is. beyond the. informatxon(glven in

Q

'the den51ty of states and'contour plots we. ‘have. We belleve [_ 7

3 \

';though that these absorptlons could very p0551b1y be due to

'.} degenerate Pl and P, (thls would account for the shape of ‘the

peak at 678.cm-1)°type dlscontlnultles on.the.hexagonal face

_of :the Brillouin zone. This idéa will be discusséd more fully

Tin. Chapter vVI.

One flnal po:.nt should be mentloned‘efore cont.‘muing

to difference mode absorptlon. It should .be noted that the;

absorptlon 1ncreases almost llnearly past 700 cm 1. “This is'due

~

'to the fllterlng system Past 700 cm 1‘very llttle llght 1nten51ty

is reachlng the. sample and as we proceed to hlgher energles more
g -

‘13 belng cut off., Thls results in what one mlght mlstakenly

ot

Only. three ‘{possible) dlfference mode absorptions weﬁe

'obseIVed in this experlment The investlgatlon of these dlfference

: modes is the most sensxtlve test of the theoretacal calculatlon'-

= D
low frequency reglon shown ‘in Flgure ‘5. 3 w1th the correspondlng

“! ana

"2L8 cm-l{_ First let us notefthat {the sum bands do, possess somer

- . o .- :
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‘temperature dependence) the 2v1 2 modes at x, that were dls-5

cussed prevxously, cause- the feature at 182 cm ; The absorptlon«

'..at 149 cm ; is. attrlbuted to the vs—va mode. The crltlcal p01nt'”"'

"fanaly51s 1nd1cates very strong degenerate P1 and P2 type discon-t
' tinuatles _on the hexagonal face of the Brlllouin ‘zone. Although
dagain we are deallng-wlth the Ve mode and under even more sen-

sitive condltlons, the results of the crltlcal pornt analy515

"Ll is attrlbuted to

seem-reasonable.‘ The absorptlon at 218 cm
the v4 5 l-modes. Agaln the crltlcal pornt analySLS 1ndicates N
'very strong degenerate Pl and P2 type dlscontlnultles on the hexa-
‘gonal face for. both modes. ' | |

A summary of the dlCUSSlon on. two-phonon absorptlons:.

glven 1n thlS chapter w111 be glven in Chapter VI.

~



CHAPTER VI
‘_CONCLUSIONS )
' After this. detailed analysis of the two-phonon absorp—"
tion spectrum, 1t is possible to draw some general conclusions.
The overall shapes, posltions and 1ntensit1es of the two—phonon |

spectrum agree well with the calculated two phonon densrty of

'3ljstates curve except when the vs mode is present. " This. meansf'-'

u, the initial assumption, that the exact nature and frequency

F

- dependence of the photon-phononcoupling'mechanism that makes .

"'poss1ble the absorption hasy in general, slight effect on the -

.-shape of the multi—phonon absorption bands, is reasonable. -It

is shown that the most promlnent features of the phonon spectrum '

do not. occur at the high symmetry points but origlnate “on the

hexagonal face of the Brillouin zone, often near K and W. A

-

summary of all ‘the features in the two-phonon sum.and. difference

,.absorption spectra are‘glven in. Table 6. l. A majority of the

.

‘features are attributed to the hexagonal face._

When discussrng the three absorptions at 595 cm ¥,

-1 mention was made that we were falrly con-'7

644 cm } and 678 cm
fident they occurred on the hexagonal face. Assuming that all
-these absorptions occur at some critical pOlnt on the hexagonal

face we' can take certain sum- combinations which are 1dentif1ed

52
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-with confidence (2v2, 2v3, v3+v4 d 6" v4'5 91i7aﬁafg§naﬁate,.-f
.g all possible sum and difference combinations. The results’shoan .
in Table.s 2 are gratifying eSpeCially Wlth regard to the abb-r"_._
{sorptions at 595 cm }, 644 cm -1 and 678 cm 1.- Similar'manipulation
i at the X and Lkpoints give less accurate results.' Table 6. 3 |

.gives results in the x direction and Table 6 4 for ‘the L direc—iy o
- tion. Not only is there -a fairly Wlde discrepancy in the experi—:.

~';mental and calculated values but modes are degenerate when from"

.Lthe erperimental tWOephonon-absorption-curve they do not seem to

[—

‘be. T N
_The lattice vibrations of cubic ZnS have been the subf%ct
‘h‘of a number of investigations in recent years. In allecases -
RN e

any two—phonon c0mbinations have been interpreted using only

Hfour critical points, most often F(O 0, O), x(l 0 0), L (0 5,0. 5 0. 5)
" and w(1,0.5,0). “This. work has tried not to limit interpretation.
only to the’ four major critical points. The resultsrof some
;earlier work are compared with our results in Table 6. 5 The
- shape analysis'is not compared'since little previous work has

been done on it. .. . s L ”_;l S



. B ' . . . i \ . ‘ . N . . .
Table 6. 2 Algebraic gene ation of sum modes on the hexagonal face

of the Brillouin zone using the vd 5 vl, 2v2,l va and

made to experimental features
2= 242,cmw%t;_tf;uﬁ‘_; '_1;, »

2v, =380 em © 4 T vy =180
4

w N

Caqe0 em™> vy =300 0

+§s.= 4§7A¢m ‘ f;'goj"
| S“éiszﬁjcm_ ;" : :._ . .:'u6t§ 339
Ciwyevi=2lsem - vy = 85
' 11='21b cm DR f;1§§
” | "Exgérimeht
v, = 176 “
v 4V, = 208 |
2v, "=.'242- o | "ﬂ -~ 242
vvy = 277
v, = a1 IR
2vy < 380 R A']ﬁt‘ 380
V.4V 'g 397
VotV = 421 |
ysfp4= 450 - - B  -‘. - {90 | | |
?v; = 1500"‘ S C 585 A (590-620).
Cvptvg = 394, o EEE | :
vptvg = 428 - |
_va."fvs = 497 ‘_ : _. ‘ .490_"-7

(continupd.hext Page)'r ; \ .

v3+v4 5,6 modes ag starting point. A comparison is. in:.\:j



* 'mable 6.2 (continued).

-,

vgbvoo= 6070 T 598 (590-620) . ..

tv = 426 R l'-!'.-1{:ﬁ-42{llr
vty = 460 . 1i{;7_ e i.-f55 :
‘=. - 529 . | L - ' . 52‘9 .
= e O ead

'”v3+y4l5<and'v4’5—vl are not-aeSumed degenerate.
_Note: Experimental frequencies in brackets give the width of
the absorption, unbracketed frequencies give the

fregﬁency correeponding to the maximc% point of

-absorption.‘ All frequencies in Tablee 6.2, 6.3;and ﬁ7
-1 . : : ‘

6. 4 are in cm

C2vg o= ol T ses (5904620



58 -
;Tablé:G;B:' Algebralc genération of "sum modes at the x point.- .
' ' LA comparlson is” made to _some expenimental featuresand'_

for peaks at 595 cm } 644 com, -1 and 678 cm ;

M s et

2v1.2_ .:- 183 cm | | e = .
- _ 1 f' ) . :.“_-- ‘ - . -_Q

l 2 ; g 431 em G v =339 0

From the dlsper51on curve va =l216_cm-lm(cqrrected‘fbr'liguid‘~'

A

'.hellum temperatures) : 7}A 

g ',vl = -92

Vg "\215-;__
318

<
1]

Vg =340 _ - L " Experiment . c

~2“; = 2vb,= vy tv, =184 " ‘  }83.
“V1,§+V5 = 308

I'd .
2v, = 432 S

Vp,atvgs T A0 "f-_" 409

gy 4,5 = 533 |
2y4-= 2v, =‘v4+v5‘=‘§36. 595 . -_ 4- .
¥1,2%V6 = 432“1‘_" o - 432

V3+U6

4 5, 6 = 553 X R - . 644
_2v6.-_sao o T8

= 556
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 Table 6.4: ;Algebraic generation of sum modes at the L pointu
SORRNCI: All frequencies are. taken from “the experimental

- dlspersion curve and corrected to llquid helium _

‘“ltemperature A comparison is made to- experimental

: e features at 595 Cm,l, 644;cm_l and 678 cm“;,_j
E L1 : S :

V1,27 e y
.v3 . ;_199-°m_ | _ .
‘ v4'5 -2?5 cm T . S S 7

vsu.j='34g qu¥“

‘ . Experiment 3i
' '_2\.’1 "‘_“ 2V2 = \Ji'-i'\')z':f 14_52.'_
: 3 = ?70
= 398

3
)

Yyt s 366
7 V. +v4 5 = 494

'2v;‘F 2y5 = v4+v5's 590 B | '  ",_J 595
V5tV = 415 . e
v3+vE = 543 | o .
Va,5%V6 = 639 T e

2vg = 688 - 1579.
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