POLYTYPISM AND THE VIBRATIONAL PROPERTIES

OF PbI2

s 4

R by

WILLIAM MAXWELL SEARS, B.Sc. (Hon.), M.Sc.

A Thesis
Submitted to the School of Graduate Studies
" in Partigi Fulfilment of the Requiremenﬁs
for the Degree

Doctor of Philosophy

o

McMaster University

May 1978

- sy

Rk B -/

an i

P LN

* -



POLYTYPISM AND THE VIBRATIONAL PROPERTIES

OF PbI2

. ey AL et BB
" e AT AT e SR AR e e SRy Jm&@.g,g ;



DOCTOR OF PHILOSOPHY (1978) McMASTER UNIVERSITY

(Physics) Hamilton, Ontario
TITLE: Polytypism and the Vibrational Properties
[N
- Ny
of PbI2 ‘ . A
’ r
AUTHOR: Wilfiam Maxwell Sears, B.Sc.(Hon.) (Acadia
' : : University)

M.Sc. (McMaster
‘ : ~Oniversity)

SUPERVISOR: Professor J. A. Morrison

NUMBER OF PAGES: xiv, 140

ii oy



ABSTRACT -
‘ ey A

The wvibrational propérties of polytypes of PbI2 .
crystals have been studied experiﬁgﬁtally by means of ‘the
techniques onRaman spectroécqpy, X-ray diffraction and low
temperatﬁre calorimetry. The crystals werefprepared by three
différent @ethods: gel growth, thermal annéaling and growth
from fhé melt.

;The Réman spectra are used t6 Qeterminé features of
the phoﬁon d;sﬁersion curveéj in the crystallographic c-
direction, that are common to all of the pplyfypes. The
fesults are correlated with existing iﬂformafion bftained
froﬁ measurementé of Brilloﬁiﬁ gpectra and inelastic scatt- -
ering of neut;ons. - |

Both the heat capacity and tﬂe thef&al cond%ctivity
.were determined from the caiorimetric measureménts in the
" . région 0.5<T <4 K., The thermal conductivity. is found to be
surprisingly small. Anpﬁher‘ﬁhermodynamic quantity, thé
thermal expahsion, wés:obtained'frpm measurements of the
ldttiqé parameters of-PbI2 as a’functioﬁ of temperature in
the rangé& 100<T<300 K. , _ '

All of the results are analysed within the ffamework'
of a 6—parame£ef force constant model. Bound% are placed

on the magnitudes of anharmonic and 2-dimensional contribu-

tions to the vibrational properties.
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CHAPTER 1 7
INTRODUCTION

Many crystals display extreme anisotropy and)form
layerftypg'étructures in which bonding between layers is
muéh weéker than that within a layer. Iﬁ some examples,
bonding of the atoms in a'layer may be covalent while the.
bondiﬁg of the layers may be lérgely of the van der Waals
type. The anisotropy has consequences on the phys@cal
—— .
prqperties of the crystals. For example, there will be
marked weakening or softening of Viﬁrational modes in the
crystéllogfaphic c-direction. This is shown in the phonon
dispersion curves where the 1ongitudinaf§acoustic branch is
much lower iﬁ energy perpendiculaf to the layers.1
For layer-type structures, some thermodynémic proper-
ties, suqh as the thermal -expansion, would obvibusly be
expected to display énisotropy.2 In other properties, such
as the heat capacity, that are related tO'tﬁe whble.vibration—
al spectrum, it will be difficulf to detect effects of aniso-
tropy except under particﬁlar circumstanceé.V7Fdr instance,
2-dimensional effects héve been fqund iﬁ the heat capacity
of. graphife at low temperatures.3 R |
In this thesis, we are 035cerned with lead iodide
(PbIz)—which forms layer-like struc%gres but of .a less
éxtreﬁe fqorm thah tthe structure’ of graphite. PDI, wastohosen‘

s
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s a mears Of studying the vibrational stchture of
a system \in which the size of the unr€<ceil could be -varied
in a cont oiled manner. , * ' |
eéause of . the réi:jfve weaknesslof the interlayer
interaction, Iayereh crystals can be thought of in terms‘of
Plénes being stacked in the c-direction. There are, in
general, three possible positions for each layer (as.in‘the
‘hexagonal close packed ana fade centered cublc structures
for the paf] 'né of spheres). Since there is little restridi

Y

//. tion on %hztprder of packing, unit cells of a;most any
4‘#/f-~<ngpe&£/6€gtance can bé férmed iﬁ’%he c—direéﬁion. A well-

\ ‘ known .example is silicon carbide which is discussed in detail
in reference 4.' The number of space groups availgble to

layered structures is iimited (P3mi, P3ml, Pbm2, Pé6,.mc,

3

'P§3/mmc,\R3m, R3m, and FL3m (ref.yb pg-159)? but the gtack—
ing order is almost unlimited. A separate type of notation
is thus désirable +to descéibe the situation. Several types
exist,LL but some give more detail than is necessary. One
of the‘simpler types, the Ramsdell notation,5 %s used
thraﬁghout‘this thesis. It consists of a number/letter
combination (such és 6H or 12R) in which the humber}reférs
to.the repeat distance along the c-direction. In PbIz,

however, a layer onsists of a plane of lead atoms sandwiched
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between twd.planes of iodine atoms. ““The notafioﬁ refers to
the seqdencg of iodine aﬁoms in PbI2 and so a "6H" polytype
. contains three complete layers. The l%tter refers to the
Bravais lattice that resulfs from the étaéking érrangement.
The only lattices péssible, in general, are cubic (C),

_ hexagonal or trigonal (H), and rhombohedral (R). 1In Pbl,,
the cubic aprangement~is not Bbserved.

?his notatioq does not distinguish between types of
the same‘Bravais lattice and repeat distance but of differ-
ent stacking order. It is thus ideal when sﬁch information
is nof known or, aé hefe, is not needed.

'PbIZ is known to form many different polytypes through
the techpique of gel growfh.é However, it is not a‘straight-
forward matter to produce a specific polytype because this
experimental method nearly always yields a distribution of
different polyfypes. Also,‘the polytype 2H is by far the?®
most'ébmmon one formed. Other methods, whiéﬁ have been of
some success, are Bridgman grqﬁth from a melt 7 and‘thermal
annealing of samples.8 All of these methods have been used
to prepare crystals for the studies té be descfibed in this
thesis. Each crystél studied”has been identified by X—rgy
diffraction. |

_The higher polytypes are of particular value in allow-‘
ing .Raman and infrared data to be used to obtain elements of
the vibrational structure of layered crystals that ére not '

. ©oR
ordinarily accessible to-study through this method. Only =
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the q=0 portion of the dispersion curve is usually available.
In polytypic subst;nces, however, the vdrious polytypes cé&‘
be considered to share’ the same dispersion curves. The
effect of the largeavcell is then to fold back the dlsper—
sion curves in the c-direction, thus maklng more .modes acces—
sible to the Raman and lnfrared techniques (at q=0). This
methgg\@as been used extensively in the study of the vibra-=
tional structure of SiC.9’10_’11’12
~ Much of the prior'work on PbI2 has been concerned
with its band structure, semiconducting properties, and
exciton sﬁectrum.lB’14’15’16’17’18'19 Less has been done
on the vibrational properties. Ramdn measurements have beefg
madé on 2H and 4H polytypes and some’ infrared data obtained,
for 2H.20’21’22’23’7 Inelastic neutron‘scaftéring experi-
ments have been performed on a large crystal (probably 2H)

2k and the results uéed ta delineate

»

at room temperature

'portions.of dispersion ocurves in particular crystallographic

directions. Information about velocities of sound at room

v

temperafure have been dbtained from (%asurements of the -
Bfilloﬁin'spectrum.25 ”

The experiments to be described in this thesis ’
prov1de the follow1ng new 1nformat10n Raman spectra of
polytypes 2H, 4H, 6H 8H, 12H and 12R at temperatures T=50 K‘
and 400 K§ thermal expansion for T>1OQ K; heat capacity and
thermal conducfivity of a bulk 2H crystal'for the region

0, 5<T<4 K. The details are givéh in Chapters-2 and 3. In
~ .

i

:
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. Chapter 4, the new experimental results are correlated with

existing information in terms of a relatively simple force

constant model.26 "The  2-dimensional character of the vibra-
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tional spectrum turns out to belfelatiyely—sméll despite the

fact that PbI2 forms structures that are clearly strongly

layer-like. /
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CHAPTER 2
EXPERIMENTAL

2.1 Pzeparétion/ldentification of Polytypes

)

2.1.1 Th? Technique of Crysfa% Growth.in Gels

Interest in crystal gr&wth in a gel medium goes
back to the turn of the century to taé study Sf the phen-
omenon of Liésegang Rings. iiesegang~27 héd added s}lver
nitrate to gelatiﬁ containing potassium- chromate. Concen-
tric.rings of silver chromate were precipitéted in the ferﬁ
of microcryst;llites. Larger crystals were~occasionally
seen and the ‘technique of crystal growth in gels gradﬁailf
evolved even though the Liesegang Ring phenomenon is ﬁot
well understood even today,28 : |

In the last decade, there hgs been consideraﬁle
interest in gel—gr;wn crystals. A need for single crystal
specimens in solid state science has led to the exploitafion
of all available techniques, however exotic they might be.

The best medium for growing crysfalé appears to be
silica gel alffough other gels ‘such as gelatinhand agar have
been used. The preparation of a silica hydrogel involves
the mixing of a solution of sodium metasilicate and water
to a dgggity of 1.04 to 1.08 g/cm@ (or a commercial: water-
glass adjusted to that density) with an equal'volume of

about one molar acid solution. The resultant mixture will’

6 -
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gel in time (between seconds ang/days) that depends mainly
on %he’density and acidity.

' After the gel is formed another solution can be
placed on top and its components will slowly diffuse in.
If one of the.components of the desired reaction is -mixed
with the gel and the oth;} put in the supernatant solution,
the crystals will nUcleate and grow in the medium as the
components diffuse fhfough“

Alternatively, a s&qtem can be set up using a gel
bridge (e.g. a Ultube) whére both components are allowed to
diffuse into thé gel from‘opposite directions. »

A good review ofl gel-growth can be found in "Crystal

Growth in Gels" by H:i, K. Henisch.29

2.1.2 Preparation of Crystals of Pbl,

The bésic procedure required to prepare PbI2 crystals
is to mix ?/small amount of one molar lead acetate éolution
with the gel and to place one molar potassium iodide solu-
tion on top. Hexagonal‘lead iodide platelets and deﬁdrites
form in the gel over a period of a few weeks.

H. K. Henisch 6,29,30 seems to have been the mosF
successful in groxing PbI2 crystals of various polytypic
structure. In his thorough investigation 6 he examined the
dependence of polytypes formed, on concentrations of reactants,

and on temperature. He concluded that a lower concentration

of KI favoured the format}on of high polytypes. He did not
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observe any temperature dependance of polytypism in the

regidn of room temperature to 83%. . 4

6

Henisch also noted the prevalence of syntactié

coalescence in lead iodide especially of 2H with higher

polytypes. ‘After polytype 2H, the most common ones found
were 12H and 12R. Also found were 4H, 6H, 14H, 16H, 18H,

.18R, and 2L4R but not 8H although its identification is

stated to be somewhat uncertain.

2.1.3 Experiméhtal Conditions Studied
When sodiium metasilicate is mixed with acetic acid

to form a gel, the ixture determines the time

required for gel formation. A sollution of pH = 8 to 10 gels
very quickly, in a few seconds or mihutes, depending upon

the density. Higher density>(w 1.1 g/cm3r solutions gel more
quickly, but the iggulting gel is too stiff. On the other

hand, too low a density (~ 1.02 g/cm3) produces a gel that

~is too weak. Thus, in the preparations to be described,

solutions of intermediate density (1.04 to 1.08 g/cm3) were
used. It ig desirable to adjust the pH so that the gels
form in a couple of days.' This has the advantage that there
is time for pa%ticulate impurities to settle out. For pH
greater than 7, there is the possibility of lead hydroxy-
i&dide being formed 31 and thus the gel was always adjusted
to be acidic. A pH of 15 was found to give the required

gelling time of a couple of days.



The gel were'contained in'sealed test tubes that
were normally suspended in a constant temperature water
bath. Table 1 summarizes various experimental conditions
that were tried and that.produced usable PbI, crystals.

In experiments 1 to 54 the effect of KI toncentra-

6

tion wag examined following Henisch et al (see pictures

4

in Figure );I In experihen{ 6, the test tube was not thermo-

statted ang\the resultqwas a much higher degree of nuclea-

tion (see Figure 1) pfesumably because of temperature

fluctuations. The ‘object of experiments 7 to 9 was to

examine a requfed effect’ of silver impurities on polytyp;c

growth, in Pb12.8’32
\\?hé possible effect of 1light was explorea by allow-

ing gel and crystal formation in experiments 10 éo 12 to'

" take place in the dark.

Experiments were tried using gels that were less

- dense than 1.04 g/cm3 but no crystals were formed. The gel

would not be dense enough to suppor; the potassium iod;de‘

soalution or diffusion would be téo rapid to produce more

than'powdery crystals.

2.1.4 Idéntification of Polytypes with X—}ays

A Buerger precession camera and molybdénum radiation
wereused in the identification of the various polytypes in
lead iodide. The hexagonal platelets were easily aligned

visually so as to give an X-ray photograph of the 0,K,L

[ 7Y T TR A
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— TABLE 1
) - EXPERIMENTAL CONDITIONS FOR GEL GROWTH u
reparation zmmmwou Solution Volume of Volume of Resultant KI mowcﬁ.mz bSmemiu Time for Time for
# densit Volume  2M Acetic 1M lead - pH - ~ Temperature Gel to Set Crystal
. u% 3 Acid Sol. Acetate Molarity Volume t) (days) Growth
. (g/cm3) (cm”) 3 Sol \ 3 (days)
. (em”) . u. (em”) : y
. (em”)
1 1.048 Lo Lo 16 ' 2 50 b3 2 8
. N . ) " :. " " " . H ' " H L] "
U. " " . " " W 0. M " " . " ( 3 "
E\ " " ‘ " " - " v O . UM " " " - "
m 1] [{] ) " " " o . Nm . " " ” "
6 1.079 60 60 2L .55 0.75 80 21/ 2 - 11
. 7 1.060 20 20 4 5 1 25 37 L 25
mN n ; n vN (1] 1 —: " 1] " " E‘N
-~ ¢ ‘
ou ” " " -f . (1] " Lid . " " ”
10 1.047 " " 8 L.s5 0.4 L8 50.7 3 " 13
H H : " " o " 1) o . m " ) ... "
H N " " , (3] 1] n o . m " " : " "
1 Gel also contained 0.9 oau of 0.01 M silver acetate. K . J
2 " " " oo 0,001 M " " . ,
u " " " " :- 1" O-OOOH z -1, o- N - .
" (.
. ' ~



(a)

" (b)

FIGURE 1

GEL GROWTH PREPARATIONS

Test Tubes in Thermostated Water Bath

-

Beaker in Open Air
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reciprocal planei

Since all polytypes are built up from the same 2H
layer, the photographs of the 0,K,L plane superimpoée over
the 2H reflections (Figure 2). This makes the.identifica—
tion of various polytypes reasonably straightforward. It
should be npted that in the PbI2 structure, all polytypes
have the extinction ‘ \

H,K,L for H+K = 3n (n = 0,1,2 ...)
and L £ n'n/2 (n' = order of polytype, i.e. 4 in L4H).

This means, for hexagonal polytypes, it is gimply a matter
of countiﬁg the reflections whirh appear between the 2H
réflectioﬁa. For this case along 0,1,L; 0,2,L; 0,1,L and -
0,2,L directions are best. '

For the rhombohedral<polytypes account must be taken
of the R-centering extinctions; —H+K+L:% 3n. . For the 0,K,L
plane examined here, K+L # 3n. By comparing adjacent lines
(say 0,1,L and 0,2,L) this extinction can be easily seen.
Thus one can distinguish between polytypes 2H and 6R, dﬁ ‘
and 12R and SO on. )

_ The toughest structures to identify.are coalesced
combinations of 4H and 12R. Rhombphedral structures, and
_therefore extinctions, can occur in-an obverse or a reverse
direction (Figure 2) depending on crystal orientation. In
fact, both the obverse and reverse brienfations can exist in
the same drystal.' Therefbre great care ﬁust be taken' in
separating the varioua combinations of 12R-obverse, .12R-
reverse and 4H (see Figure 2).. Notice that tﬂe 12R (obverse)

+ 12R (reverse);+ 4H appear the same as 12H in the X-ray



FIGURE

2

X-RAY PHOTOGRAPHS OF OKL RECIPROCAL PLANE

-

(c-axis is vertical):

(a)
(b)
(c)
(a)
(e)
(1)
(g)

(h)

(3)

(k)

2H
4
6H
8H
12H
- 12R-
12R-
) 2R-
12R-
12R-

1 2R-

e

obverse
reverse
obverse
reverse

obverse

obverse

+

LH

12R+reverse

12R-reverse + 4H

15

.



)







18




se6 00

» sl - g




¥




(f)




22

>
g




™~

\



r'I‘v

[4

o)










27

photograph. O0f course, not all reflections are of the same
intensity as they must reflect the detailed structure of the

crystal. Also, the higher polytypes can have more fhan one

structure. These structural differences do not effect the exper-

iments in this thesis and they will thus be ignored. In
connection with this ‘it should be noted that the Raman ex-
periments can distihguish between 12H and 12R (obverse) +

12R (reverse) + 4H.

2.1.5 Results of Gel-Growth Experiments

: . -The yield of higher poljtypes was smaller than that
reported by Henisch 6~but similar to that found by others.33'
34,35 Of.89 crystals that weré examined, 7 turned.out to be
other than pure 2H. A reason given 8’32’34 for the higher
Pyield found by Henisch is the strgtegié presence of siivér
impuritiessif the lead aqetate that hefused. Th;ee e;peri—’
ments were performed in‘wﬁich silver acetate was purposely
'added but no ﬁolytypes other -than 2H were found in the
cryétalé grown. It is possibly significant 6,29 that
Henisch's gel-growth was'perfofmed in the dark. Aé ﬁehtion—
ed.in a precediné section, .three experiments were done with
‘the gelfgrowth test tubes placed in continual darknesé.'
There was a slight improvement in the yield of higher poly-
thes.' Silyer acgtate is sensitive to light aﬂd perhaﬁs a
combination of the two conditiéns is required.

Non-2H PbI2 crysfals are seldom, if ever, composed

x
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of a single polytype. The 7 crystals concerned were: 6H
with .2H, 12H with 2H, 12R with 12H and 2H from preparation
10; 8H ‘with 16H from preparation 12; 8H wifh LUH from.prepar-
ation 1; 12H with Zﬁ from preparation 5 and also one from

preparation 6.

2.1.6 Preparation of Polytypes by Thermal Treatmenf of 2H

‘ Crxsta;s ‘

A more productive method of obtaining eer%ain
polytypes turned out to be to- heat Z2H crysta%s that had
been prepared by gel-growth. The crystals were heated in
an evacuated (P <1 x 10_4 torr) glass tube at various
temperatures and for various times as is summarized in
Table 2.

Only 4H, 12R and mixtures of the two were formed by
~this method. The data suggesfs a 2H to 4H or 12R phaee‘
transition at about i?Oob . This has been observed by others.
8, 20 134,35 Also suggested by the data is % BWH to 12R tran--
sition at 270 C.8 ; &

Prasad 3 has reported to have seen

. a 2H to 8H tran-

'Sltlon which was not observed here. ‘ \_

Minagawa 35 suggests that these hlgh temperature
forms, espe01ally 2R, are metastable and tend to revert
back to 2H_at room temperature. However, this could take
from mohths to yeare. ‘

The last entry-in.the table refers to heating PUI
e

2
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powder as received froﬁ a chemical supplier. -The resulting
mixed 4H-12Rispecimen was ill-formed and had a coating of
.impuri£ies on its surface; it was therefore not suitable
for furfher invest;gation. However, see Section 2.3.1 for
further information in this regard. . - I '

6ne 2H crystal, not listed in the table that receiv-
ed an excess of laser radiation duriné‘a Raman éxperimgnt )‘

was found to have transformed into a mixed 4H-12R polytype. .

¥y -
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TABLE 2

_YTELD OF POLYT?;ES FROM HEAT TREATMENT OF 2H CRYSTALS

Temperature Time - Number : Yield of Poly“typeé
(%) (hr) of Crystals —
' 2H LH 12R  L4H/12R
130 1.5 6 6 - - }
Q?Q 1 6 N M -
L 210 2 b -2 - 2
250 42 2 - 1 - 1
./ - *
270 2 L - - 1 3
,_‘ﬁt * . .
280 21 3 - - 3, -
300. 1 . 1 - - 1 -
300 b4k L - - -1

»

te

1 still® partially 2H.
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-

2.2 Determination of Raman Spectra

2.2.1 The Spectrometer and Laser

A CodergyPHO léser Raﬁan spectrometer was used for
'the.experimeﬁts on lead iodide, It has double Ebert Fastie
gratings that cover the wavelengfh range 4000 to 9000 K.

The accuracy and reproduéibility a?g stated to*be + 1 cmi%,
The output from a ihotomultiplier and DC amplifier was fed

into a recorder which was coupled to the frequency s¢an of

the gratings (linear in wave number gcmﬂi)).

The érystals were mountéd on a goniometer head that
could.be.atféched to a room temperature'gingle crystal
mount on the transfer plate of-ﬁhe spectrometer. The trans-
fer plate‘transfers'fhe laser beam to the crystal and the
scattered light into the main lens of the spectromete;.

For the low temperature experiments, the(goniometer
head was mounted in a liquid He4 opﬁicéi cryostat which
coufd‘be suspended over :he tranéfer plate. ‘

A Spectra-Physics kryptqn ion laser '(model 164-01)
was used Qith the Codérg spe : T It emifs-at a number
of frequengies:through the visiblé spectruﬁv The mgét use-
ful radiation is the 6471 X 1iné which has a power in excess
of 0.5 watts at &aximum gurrent'aﬁd lies well above the
absor gtion edge in lead iodide.'

Because of the many plasma lines which .also appear

in the output of the laser, a diffraction grating was usually.

\
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used to filter the light-before it entered the transfer plate
of the Coderg.36 This caused an 80% reduction in the power
of the laser beam for the 6471 X line, but at high current

the power remaining was much more than was actudlly needed.

,2.2.2 Specirometer Accuracy

The precision of a recorded frequency is determined
by the scanning speed of the gratings and by the 1inearify~
of the frequency response off?his scan. The linearity of
'”“\\the tracking ofethe gratings is specified as + 0.1%. The
\scanning speed and resolution (slit width) were adjusted
nfor optimum response. ‘

The stated accuracy of the spectrometer is +1 cm_1

but in practice Raman lines could often be determined to better
..than thig. The agfeemeht obsgrved bgtween the present .

results (to be déscribed in“fhe next Chapter) énd some pub-

lished Raman spectra for PbI2 lie within this 1 cm_'1 toler-

ance. “ -

Difficulties were encountered in determining the

zero of the spectrometer (i.e. the posiﬁién'of the Rayleigh

peak). For example, in successive scéns_of a spectrum, the

;enfer'of the~8ayleigh peak could shift by as mubh‘as 1 cm_l.
. It was therefore important to record both the‘Stokes and ’

anti%Stokes components éo that this shift could be'canée;led

out. - This would not pfévent the effect of slippage occurr-

" ing in the scan from anti-Stokes to Stokes. It is not clear
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whether this, in fect, oecurred in a few of the experiments.
This shifting of the Rayleigh peak caused the most
“trouble at low temperatﬁres and for low frequency shifts
because of the obscuring effect-of the Rayleigh tail and

because the anti-Stokes peaks lose most of their intensity

at low temperatures.

2.2.3 Polarization Exberiments

The output of the krypton laser is polarized in the
vertical direction by the Brewster windows used in the
‘plasma tube. The sense of polarization could be rotated gy
means, of a double prism mounted on the fronf of the laser.
The Coderg contained slots for the insertion of analysers<
and by this means, both vertical and horizonfalPpolarizétionS“
could Be observed. - Quartef‘wave platee were also used to
eliminate the grating bias to poiarizatioh direction.

It was not possible to polish the PbI crystéls
because they were so fraglle. Moreover, the crystals tended
- to display appreciable internal scatﬁering.‘ On these accounts,
the polarization measurements were not alweys as é;ccessful

as desired.

2.2.4 Low Temperature Crvostat

(j ‘For measurements at low temperatures, the PbI2

cryst ;\Wepe mounted in the cryostat that is shown in

L)
Figy¥e 3. Cooling was.achieved by continuous transfer of
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liquid helium to the cryostat. The temperature of the crys-

tal mount was monitdred by the attache? gas thermometer

which was able to achieve liquid helium temperatures (4.2 K).
The temperéture of the PbI2 crystal itself was

determined by the Raman effect, that is the ratio of the

‘Stokes to'anti-Stokes Raman peaks? Because of the amount

of blackbedy radiafion passing.through the optical windows

and the heatingﬁby(the laser beam, the lowest temperature

Bbtained for the,crygtal was invariably about 50 K.
Consumption of liﬁuid-helium was rather high (v 15

liters/hour) on the same account.
;
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2.3 Heat Capacity Measurements

2.3.1 * Preparation of Crystal Specimen \

s
N\

For the heat capacity measurements on lead iodide,
a large crystal was needed. It was found that a suitable

crystal could: be grown by the Bridgman technique.

o e ATV

Reageht grade (98.5%) lead iodide powder was placed
in a glass tube which was evacuated (P <1 x 107" torr) and
theﬁ the.lead iodide was melted to drive out any trapped
gas. Aftér the tube was sealed under vacuum, it was slowly

lowered through a furance (Figure 4) set at a temperature

e = e

just above the melting point of 1ea§diodide, about’ 400%.
The rate of lowering was‘contrb1led with a 1ow.speed
motor and was such that the crystal grew over a period of
four days. When it wés removed from the tube, the crysfal
was found to’have an "impurity" layer on top. This part of
the crystal Qas cut off, the remainder was resealed .in a glass
tube and the melting and growth processes were repeated.
The Fesrown crystal did not have an impurity layer oﬁF§§§
top surface. : h
A spectrographic analysis was made .of small samples
scraped‘froh the crystal and it showed the presence of only
a few parts per million of Ag and Sn; The crystal was thus
judged to be suitable for the calorimetric measurements.
h ’ One end of the crystal was cut with a dfamﬁnd saw

which gave the surface a smooth enough finish for mounting

on the calqrimeter tray (see following sectlon) The cut
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A
was made perpendicular to the layers of the crystal.

The crystalr contained two boundaries and hence 4;3
composed of three crystals (but of the saﬁe orientation).
The mass of the‘crystal was 56.48 grams. '

The mosaic spread of the crystal could noet be
determined as only X-rays were available for that purpose.
The penetration depth of X-rays into lead iodide is too
small for a large crystal.

N

2.3.2 Calorimetric Technique

A tray type calorimeter was used for the measurements.
' The PbI2 crystal was placed on the small copper tray as is
shown in Figure 5. Good thermal contact was ensﬁred through.
the addition of a measured quantity (0.01 cm3) of silicone
grease placed in the contact area betweqp the pdiished sur-
face of the crystal.and the tray.

The tray was mounted in a frame suspended below the
mixing chamber in a Hej-ﬁea dilution refrigerator. Cooling
was accomplished through closure of a heat swiﬁch, in therm-
al contact with the mixing chamber, that gripped a gold-
plated copper spike attached to the tray.

The tray carried an electrical heater and a germanium
thermometer that had been intercompared with a germanium
thermometer carefully calibraﬁed over the temperature raﬁge
0.1 < T < 4.3 K.37 The electrical leads between the calor-

imeter tray and an anchoring point on the mixing chamber
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were of lead-covered manganin‘wire. The thin nylon filaments
that held fhe tray withip the frame were spring-loaded to
damp out vibration.

The method of determining tme heat capacity is
depicted in Pigure 6 which shows the variation of the
temperature of the tray with time. The PbI2 crystal turned
out to be'a surprisingly poor thermal conductor. It thus
requlred several mlnutes for the energy supplled togthel
tray-in each Lnterval to be dlstrlbuted through the crystal.
Other measurements on alumlnum alloys with the same tray
assembly‘38.showed that the‘%hermal contact throﬁgm the grease
was extremely good (equilibrium time< 1 sec.).

In a seﬁarate series of measurememts, the ‘heat
capac1ty of the tray assembly, 1nclud1ng 0.0 cmi of siiicone
grease, was determlned Frem the results, a smoothed heat
capacity - temperature function was constructed for computing
the contfibution of the tray assembly to the total heat

capacity of the system.

N

~

2.3.3 Assessmént of Accuracy

Measurements were performed over the temperature .
range 0.5 < T < k.2 K. In this region, ‘the temperature
scale is knomn with an uncertainty not emceeding several
,millikelvin.37“ " ’ !

The tray assembly contributes 50% of the total heat
capacity at 0.5 K to 3% at 3.9 K.



Ly -
' The principal uricertainty at the higher temperatures
comes from the long extrapolation;of the témperafure back to
the mid-point of the hea%ing period (Figure 6).
vThe‘fesulting errors are estimated to be 5% at

T =0.5K1to2%atT=1.5Kto 20% at T = 3.9 K.
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2. 4 Expan31v1ty Measurements °

2.4,1 Adaptatlon of an X-ray lefractometer

A Syptex P21 qlffractometer was used to determing
the lattice ﬁarameters as a function of temperature for.a
sméll gel-grown lead iodide crystal. The diffractometer
had a low temberature‘attachment by means of which cdéld dfy(
nitrogen gas could be impingéd on the sample.

The crystal was mounted on the tip of a Chromel-
Alumel thermocouple atfached to a goniometerthead (Figure 7).
The gas was cooled by passing 1t through a heat exchanger
immersed in a llquld nltrogen bath.

The goniometer head and the nozgle were“mgchanically

coupled so thét'they remained aligned reasonably well as the

triple axis arrangement moved to line up various reflections.

Thére were, however, small changes in‘alignment as the
system was moved ‘and théy Qaused slight shifts in temperature
for different reflections.

With this: arrangement, it was possible to cool the

crystal to temperatures as low as 100 K.

2.4,2 Assessment of Accuracy

The temperature variation for a given set of data.
>

was, on the average, quite Smal;, about 3 K. It did not,
thérefore, have an appreciable eifect on the accuracy of thé

+

lattice parameters.
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The maln sources of error were the small number of

reflections used (15) and the, problem of centering the three
axe& of the dlffractometer._ Only fifteen reflectlons were
used because this was the full capa01ty of the permanent
memory of the computer attached to the . dlffractometer.~

o If the computer memory were larger, the uncertainty
arising from the centering problem cquld'be reduced. Many
reflectionf-and their geometric equivalents could be.used
with a significant increase in accurapy:
| | The data optained‘from the Syntex wre run through a
. least squares program for dlhexagonalnstructure to obtain
the lattice paramefers, The absolute errors a381gned to the
a—parameter are + 0.003 A and to the c- parameter + 0.016 K
The temperature dependence is expected to be more accurate
than this as the centering does not change'frem one set of

measurements te another.

The details will be presented in the next chapter.
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CHAPTER 3
EXPERIMENTAL RESULTS

’

"3.1 Raman Spectra at Room and Low Temperatures

’3.1.1 General View.of the Rama? Effect in Layereq~Materials
’ . An importani consideration for a layered structure
is the strength of interaction b%twéen layers. If ﬁhere.
were no interaction, the mgterigl could be thought of as

2-dimensional and therg would be no.coopérative modes of

vibration between layers. At the other extreme with a sfrong

[

interaction between layers, the crystal would be 3-dimension-

al with alquite ordinary vibratienal spectrum. " One purpose
of obtaining %he Raﬁan:spectra of lead iodide 1is therefore
to méasure‘the.degree of 2-dimensionality of the crystal.

We are helped in this.by(the faé% Ehat PbIz,.like many
layered compounds, fofms various polytypic structures. This
brings in.many more modes of vibration which would otherwise
not be Raman active.. The underlyiﬁg assu&ption here is that,
- with the‘addition of more and more layers to the unit cell;
'fhere_is no. qhange_(i.e. gisfortion of atomic positians) in .
”the.basic Zﬁdiménsibnal unit. If this is the caée, as it
seems to be in, for example, SiC,g’l‘O’ll‘12 then all of the
spectra can be related by the simple process of folding the
Bri;louin zone along the c-axis. This makes acoustic modes

that occur in the basié 2H structure Raman active and‘giveé

Lé -
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a direct indication of the strength of interlayer interaction
- and also, for many polytypes, an idea of the phonon disper-
sion along the c-axis. ’

In the remaining sectiohs'of this chapter, the
results ofithe Raman experimenté'performed on polytypes 2H,
4H, 6H3 8H, 12H and 12R will b; gi&en. The results will be
related to the 2H Brillouin zone through a straightforward

application of group theory.

- 3.,1.2 Raman Spectra of ZH—PbI2 ’

The polytype 2H—PbI2 contains one molecule per unit
hexagonal ceil.39 It has the space groub P3m1 (of in

[ -ad

spectroscopic notation, D3d3)' The lead atom has site

r

symmetry D3d and the.lodines both-have CBV‘ With three

40)

atoms per unit ceii,‘there are (by the correlation method

nine vibrational modes at q=O{

4

Alg + Eg + 2A2u + ZEu.

A1g +‘Eg are Raman active whe?eag one set of A2u + Eu is

infrared active and the other is acoustical.

The doubly degenerate E_ mode can be thought of as

. g,
a shear deformation parallel to the layers. The A1g mode
can be cansidered aé a breathing deformaﬁionuperpendicular
”to.Fhe léyers. .

S Figure 8 shows a t&pical réom temperature spectrum
of ‘a~2H-PbI2 samble and'Figure'9 the same spectrum‘at low

!

temperatures (50 K). The frequencies'of the observed bands

1
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rare listed in Table 3 along with the most probable assign-

ment of modes. »

L3

"The polarization measurements on, the 2H sample were

nevexr sufflclently unamblguous to dlstlngulsh between the
tensors given in Table 3. By compaylson with the spectra of
higher polytypes and theé iiterature, howe;er, thée assignments
g}ven seem certain for Eg and Alg' |

The absorPtion edge in PbI2 lies close to 5300 A
and appears to be responsibl¢ for reso?yant enhancement of
second order or combinationai bands in the spectra.13’23'31‘
Table 3 gives possible identif}cation of these normally
forbidden modeé. "The last two bands were only seen‘ﬁhen the '
5309 £ rather than the 6471 ) Krypton‘iine was used. All
of these modes are drastically reduced in inténsity at low.

temﬁeratures. Contrary to this, the Eg and A bands become

1g

very narrow and strong at low temperature although the A1g

mode apbeagg to gain in intensity at the expeﬁse‘éf the Eg.
For comparisoﬁ Table 4 gives'the frequencies of
Raman bands found by previous workeré for érystals which
were assumed to be but ﬁof actually identified as 2H. In
refefence él, infrared absorptiop frequencies are also
quoted buﬁ no spéctra are given. Bands are listed at 62,
85, 100, 117 and 128 cm™> but it should be noted that only
fwo would be expected from group theory. Thése resulté do
not therefore‘qorresﬁond well with tpose given in Table 3',

<
s

The frequencies given in reference 22 are similar te those
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TABLE 3

ASSIGNMENT OF RAMAN LINES IN FIGURES 8 AND ¢ PbI2—2H

Frequencies ﬁcm"l)

Rm Temp 200 K 50 K Mode Activity

74.040.5 76.5%0.3 77.5t0.5 Eg Axx T Byyr Bxy
’ ayz’ &y x

95.5+0.5 96.8+0.5 97.3+0.2 Ay Ak T Ayyr By

10641 - —-oee- aEECLERELE: SRRy T Ty

11341 mmemmmmm emememem Aéu TZ .

- -
165;5 e ittt 2Eg Axx T Byyr Fxy
ayz’ Azx
2051‘5 """""""""" L"Eu .Tx’ Ty
22045 . —-mo- e A ou "o

A8

e ot

-....nu‘ A o At 0 A



TABLE 4
FREQUENCIES OF RAMAN LINES FROM THE LITERATURE PbIz-ZH

A

Mode Frequency Temperature Reference ¢
(em™) (X)
Eg 75 Rm 21
76 - Rm 22
7l Rm .20
79.040.5 77 7
Alg 100 . Rm 21
94.3 ‘Rm 22
96 Rm 20
98.0%0.5 77 7
2E,, A, 120 Rm 21
101 Rm ' 22
110 Rm - 20
106, 113 27 7
y ;
-

o
¥4



" 3.1.3 Raman Spectfa‘of 4H-PbI

. . - .53

found here but are misassigned in the paper.

In reference 7, infrared reflectivity data are
presegted along with the Raman frequenciest The results
were used to assign the anomalous modes in the Raman

measurements.

2
Polytype 4H—Pb12 contains two molecules per unit

hexagonal cell with space group P63mc or Cévu. The gsite

" symmetries are; 2Pb at Cyy, and two sets of 2E at C 39

3v

. These six atoms per unit cell lead to 18 vibrational modes

at q=0:%0

The modes 2A1 + 231 + 3E2 are Raman active with the 2A1 + 2FE

1 v

being also infrared active. The remalnlng A1 + E1 modes are’

acoustical w1th the 3B not show1ng any optlcal activity.
Table 5 gives a correlatlon between the modes of 2H and &H

PbIZ. Flgures 10 and 11 give typical spectra of a 4H PbI2

sample at room and low temperatures and a su%mary of the
results appears in Table 6.

‘The first thing to note in the 4H spectrum is the

appearance of a rigid layer mode at 13.6 cm 1. At room

temperature, thls is a very strong line which was 1dent1f1ed

as a E2 mode by the fpolarization. Also identified in -this

manner was the peak at 70.0 cm—l. Given these assignments,

thé rest fall into place when a comparison Is made with the:

(4
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'

TABLE 5 ’ -

CORRELATION DIAGRAM FOR MODES OF 2H AND L4H PbIZ-

Dog(2H) Cg, (1)
Blg ~mmmTmmmmmmmmmmmemees Ay
--------------- B,
},Eg """"""""""""""" By
S e L
T 24y
--------------- 2B,
2~Eu _____________________ 2E}1
--------------- 2E,
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FIGURE 10
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RAMAN SPECTRUM om‘wde POLYTYPE 4H AT ROOM TEMPERATURE
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'FIGURE 11

RAMAN ‘SPECTRUM OF PbI, POLYTYPE 4H AT 50 K
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ASSIGNMENT OF RAMAN LINES IN FIGURES 10 AND 11 “PbI,-lH

-

Frequency (cm”

H

Rm Temp
13.6+40.2

u8.5+0.%

" 70.0+0. 5.

200 K -

—— -

—— -

- —— iy -

. 50 K Mode
15,240, 2 E,>
2
S R |
M.610.2 B,
' 73;;¢0.2 E, "
973840, 2 At
. : 2
drmmn 28,
111.140.5  A,°
------- 2E;",2E

-t

or a



'TABLE- 7 /////—’—h——————~——-«\\

FREQUENCIES OF RAMAN LINES FROM THE LITERATURE PbI -4

Mode Frequency Temperature Reference _ / )
_(em?) (K)
E,’ 13.5 Rm’ .20 : e
15.6 9 20 .
15.540.5 77 . 7 L
2 5 2 P '
B %E, ~51352 , 77 s 7 /
Bt 0 752 36 - 23 . |
' 2 " Rm ! 20 ' |
73.9 - 9 20 |
75.010.5 C77 . 7
E,’ 78.2 36 ' . 23
77.2 ) 9 - ©. 20
78.5+0.5 77 7
atoo7 36 ... 23
' : 96 Rm - 20
_ 98.0+0.5 77 - 7
©2E,%,8,% 107, 112 " 36 , 23
. 106, 113 77 L
ze, b2, 151, 17108 0 36 23 \\\
o, 2 223.2 36 . 123

1
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FIGURE 12

. p (74
PHONON DISPERSION CURVES FROM RAMAN (4H) MEASUREMENTS
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2H spectrum.

At low temperatures, the peak at 15.2-cm_;‘ -

. 1
much of .its intensity which makes it hard to locate/ijijgat— .
ely. This is also a prbbiem in analysing the spectra of. .
_higher polyfyﬁes. The beak af 48.5 cm-l_was only\éeen'
clearly oneé.inalsample of PbIl, which was a coaleslence of
UBH and 12R. Its position identifies it as being related to
' the' 2H infrared mode‘ Eu' The expe‘cted splitting was not ‘ :

1

“observed. The splitting of the 2H E_ mode at about 75 cm™

g
_-is cleérly seen; however; at low températures. Again, for
combafison, Table 7 gives the Raman frequéncies for palytype :
UH thqt have been published. However, it is important ‘to -
noté=that thevstructure‘of none of tﬁe cryétals was confirmed
by X-rayé. The crysta{ngefe prepared by different teéhniqueé:

20

suiblimation,23 thermal nhealing, or:Bridgman.7 It should

pe realized that the crystals ‘could just as easily . have been

12R- or ah‘aggregate of 4H and 12R. The diffefence between

thé Raman spectrum of'4H and 12R turns out to be small (see

section 3.1.7). - : ,
‘In référence 25, there is listed a Raman-beaﬁ at 25.0

em™ 1 (56 K) which is incorrectly identified as the E23 mode .

Why a line shouid be seen here is not obvious but Zalleﬁ and ”

Slade 20

suggest that Nakashima.23 oﬁseryed the B13 mode
(longitudinal rigid layer). The B, modes are, however, as
ﬁeﬁtioned before, optically forbidden.

ihé extpq modes which appear as a result qf'the doub-

-

-
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ling of the unit cell from 2H to 4H can 5e'thought of as

" additional optlcal branches which then occur at q=0 through
the halv1ng of the Brillouin zone in the c- dlrectlon

: Flgure 12 shows the complete zone for the 2H structure based
partly on the work of Dorner et al (neutron scatterﬁng

medsurements on PbIz)ZLL and partly on the results of Raman

and infrared measurements.

The neutron work provides the lowest three bands -

1

and therefore the idcntificatibnnof the E = mode seems

certain. The Raman frequencies give the next two without‘

s . # ‘
question but the highest frequency band is somewhat uncertain
" because it lies in the middle ‘of the second order Raman

_spectrum just beyond the strong A1 mode .

g
3.1.4 Raman Spectra of 6H ~PbI,
Polytype 6H PbI2 contains three molecules per unit
hexagonal cell with space group . P3m1 or 03 1. All the atoms

are placed on 51ng1e atom 31tes of symme try G3 39 The 9

atomé lead to 27 vibrational modes at q=O:40

. 9By F B . ‘ f
One set of P4, + E‘gre acoustical modes. The rest, 84, + 8E, -
are -both Raman and infrared active. Table 8 giveshthe rather
31mple correlatlon between the modes of 2H and 6H Pb&

'Flgure 13 shows the addltlonal modes that should occur for

the‘éH crystal. ‘ .

i

.The modes at g=27/3c would be split due to the

A
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TABLE 8
CORRELATION DIAGRAM FOR MODES OF 2H AND 6H PbI2

“ ~
Dy(2H) o 0g(6H) |
. . %
Alg TTTETTTTE T T 3A1
E e e - E
g 3
A, mmrmmmmmmmmo—ooooe 6,
2Eu ———————————————————— '6E ;
:
]
N
SN «
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FIGURE 13 .
PHQNON DISPERSION CURVES FROM RAMAN (6H) MEASUREMENTS
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FIGURE 14

S

RAMAN SPECTRUM OF Pbl, POLYTYPE 6H AT ROOM TEMPERATURE
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FIGURE 15

RAMAN SPECTRUN oF PbI, POLYTYPE 6§ AT 5o ¢
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TABLE 9
ASSIGNMENT OF RAMAN LINES IN FIGURES 14 AND 15 PbI - 6H
/-
/ o
Frequency ﬁcm"ll . ;
Rm Temp 200 K 50 K /Mode Agtivity
8 9 _
12.8+0.2 13.5%0.2 13.8+0.2 E°, E 2y ’, Ayt Bxy
alyz,’ qrx’ rIjo{’ Ty
4, .
, " ‘ 2 3 . I "
72.310.2  73.5%0.5 75.5%0.3 E7, E :
1 "
-------------- 77.940.3 E
--------------- 95.140.2 A 5,88 a _ +a _,a _, T
Ce= 1 ' XX yy' Tzz' Tz
. 5
95.540.5- 96.8+0.5 97.3+0.2 Ala- "

»



'becomes ectlve and, in fact, wés observed (the A15

67

folding of the Brillouin zone at that point. This difference--

[

. could not be detected in the Raman spectra, homever,'ahd so

the modes will be treated as one. This.is important to the

* assumption that the dispersion curves can-be measured by

"th& Raman effeéct.

Figures 14 and 15 show typlcal spectra of a 6H PbI

sample at room and low temperatures with a summary in Table

-

-9, No polarlzatlon measurements were attempted w1th the 6H

~

crystal as'there are no.ambiguities é% be.resolved in the

1
E.modes are obvious from the correlation’ table and the work

assignment of the peaks in the Raman spectrum.- The A, and ,

H

“on 2H_and/AH.

The rigid layer mode (E8,E9) was very strong and
distinct in’ this crystal. “It lost intensity at lower -
temperatures but was still easily measured. The:Z2H

longitudinal acoustic mode is Raman active in 6H (as all

_modes are in 6H) but was not observed The modes around

. .50 em” -1 (E E5 g® ) were likewise too weak to be resolved.

. The E1 and E2,E3 pelr were easily separated at low
temperatuﬁésﬁand_thus can easily bé placed on the dispersion’

* q L3 - 3
curve which we are now building up. There is, of course,
. L7 .

)

. . no distinction of symmetry . ) . : . &

“In 6H the partner of the AlLP mode (A1g in 2H) ' -

AL 5.

\ - . The second order effects above(loo em™ ! were. ' )

b

l_lndlstlngulshable from thései in 2H Né additional m?des B

~
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could be differentiated.

4

3.1.5 Raman Spectra of 8H-PbI ,

Polytype 8H- PbI contalns four molecules per unlt
hexagonal cell, but the exact struoture has not been

determined. Layer structures of the PbI2 or-CdI2 type can

' only have space groups P3ml, P3ml, P63mc, R3ml, R%ml.ul We
recall that 2H had.space group P3m1, 4H the group P63mc,
and 6H ‘the group*??mi. of these three, P3ml would seem to

“be the most probabléifor 8H.u Considering that there would '
be 36 modes for the 12 atoms and that the symmetry is 03 1
the 1rreduclb1e representatlon should be,40 .

12A, + 12E ' . .- °

where, as oefore, one sef of A, + E are acoustlcal and the

1
rest, 11A1 + 11E Raman and 1nfrared actlve. The’ correlatlon

7

' of these modes w1th those of polytype 2H follows the pattern
of Table 8 In Figure 16, the p081t10ns of these modes are

1ndlcated on the 2H large zone. The foldlng of the Brillouin '
‘zone, as. before, causes the splitting of any modes occunung

w1th1n the 2H large zone.{ _
Figures 17 and 18 show typical spectra of‘an '_8H—'PbI2

sampl% at room and %fw temperatures Table 10 gives the ~

:observed frequenc1es and thelr probable a331gnment (from Fig-

AL DY

ure 16) _ ' B .

-~

\\7The most 1mportant thlngs to be noted are the '

‘Qobservatlon of the transverse rlgld layer modes and the

-—
o
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"FIGURE 16

PHONON_DISPERSION CURVES FROM RAMAN ' (8H) MEASUREMENTS

’
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. . . FIGURE .17
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‘AT ROOM TEMPERATURE

RAMAN SPECTRUM OF PbI, POLYTYPE 8H
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RAMAN SPE

FIGURE 18

GTRUM OF PBI, POLYTYPE 8H AT 50 K -
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' TABLE 10 .
ASSIGNMENT OF RAMAN LINES IN FIGURES 17 AND 18 ..PbI_-8H

_
Frequency (cm_l)
Rm Temp 200K 50K Mode - Activity

10.440.2  11.040.2  11.840.2" B10 gll a_ - .a a
[ ] e [ ] [ ] o [ ] R , [ ] g . " . XX . L3 yy ’ xy

, ‘, ' ayz' qox? Tx’ T
13.640.5  —cmmemm 15.240.5.  EL? .
' o
ittt 7H.340.2 EY "
72.4+0.2 ° 73.840.5  76.3+0.2 E%,E7 "
JPSTS RIS ———  77.940.5 ‘gl . L
95.3¢o.5-. 96.840.5  97.3+0.2 A15 g * Byyr 2550

o

72
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clear triplet splitting of the E, mode of polytype 2H. As
befofe, some. active modés were not observed and the second

-order-effecte above 100 em—lgwere indistinguishable from

4 : \
. . T hl

¢ o

those of a 2H crystal.

/ (4 ' « " N
N ﬂ

3.1.6  Raman Spectra of 12H-Pbl

2
Polytype 12H'—PbI2 contains six molecules per unit

hexagonal cell and, following the argwument used for 8H

" (because the 12H structure is also unknown), we assume a

CBvl space group and thus an irreducible f@presentatioh:of;uo

"18A, +"18E.

1

*lAll'modée are active and are shown on'the %H large zone of
Figufe 19.' Figures 2b and 21 show tybical spectira of a
12H-PbI, sample. | '

The 12H spe01mens were aggregated w1th °H in all
cases' the fractlon of 12H was qulte small Therefore, the
12H features .of the spectra tended to be very weak

Although weak, the three hransverse rlgld 1ayer '

modes expeoted‘on the basis of Figure 19 can be seen. "There

is also a new mode at q=2m/6c (see Table 11 for summary) .
Because of the.intensity reduction (of these modes) at low:

temperatures, only the'positions‘of bands at room temperature

' -

“ could be determined. Of the four modes‘expected from

S IS

trahsformation of the 2H E modé, only two were observed

" The E1 mode that cdfresponds to the 2H freguency® was seen, -

af’ course, plus a central mode whlch was most 11kely the

L
s
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FICURE. 19 B

PHONON DISPERSION CURVES FROM RAMAN (12H) MEASUREMENTS
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FIGURE 20
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»

RAMAN SPECTRUM OF PbI, POLYTYPE 12H AT ROOM TEMPERATURE
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FIGURE 21

RAMAN SPECTRUM oF MUHN MOEMHM%M 124 AT 50 K
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TABLE 11
" ASSIGNMENT OF RAMAN LINES.IN FIGUR—ES 20 AND 21 Pb12*12H‘
Frquéqcy ﬁcmal)
Rm Temp 200 K 50 K Mode Activity
14 .15 : :
8.540.2  mcmmmeem  cocmm—n - BN E x " Byt xy
ayz’ Brx? Tx’ T
y; a A <j~\\)
12.840.2  —cmmmee  —o-ioao g6 g17
'13.640.2  ——-=-- - e gl8 "
71.540.2 % mmmmmem 75.0+0.5 E°,E° "
' : ' or EL’,ES
t
74.040.5  ——mioo- 78.0+0.5  EL. o
- s " 4 7
95.5+0.5 96.8+0.5 97.3%0D.2 CAJT .axx + ayy' a, .,

O
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E“,E5 combination (at the 6H position).

3.1.7 Raman Spectra of 12R7Pb12

Polytype 12R—1?bI2 contains six mélecules per unit
heiagonal ceil and two molecules per unit rhombohedral cell.
The two molecﬁles‘(ékatoms) lead to 18 vibrational modes at
q=0. The space group is R3m or D3d5;‘ The lead atoms are on
separate sites of symmetry Dsd, and the ioéine atoms on 2,2
atom, sitesqu symmetfy CBV“39 As ip the case of 2H, this

Lo

gives an irreducible representation of;  ~ . N

zAig + 2Eg + 4A2u5+ QEu. -

0Of these, 2A + ZEg are Raman active, 3A2u + 3Eu infrareﬁ

1g
and 4, +E_ acoustical. The 12R structure can be thought
_of as a doub%ing back of the Brillouin zoné in the c-direct—
ion in the game manner as occurs in pélytybe'hH. But .fewer

_ Rémaﬁ active modes should be observed (four'compared'witﬂ
seven ihwpolytype LH). This is illustrated on the 1arg%
‘zone dispersion -curves of Figuré 22. '

' It is apparent that no rigid layer modes should be
obsét&ed in a 12R Raman spectrum. It would be useful to :
obtain infrared data on a 12R spectra to verlfy this p01nt.
The absence of rlgld 1ayer modes 1s obscured by the fact that
2 12R - sample is usually found aggregated w1th Wi, It was’
observed, however, that the 12R samples with smaller

,.aggregates of U4H had a weaker Raman line at the Eu4 p051t10n.

“The results are summarlzed in Figires 23 and 24 and

LY &
¥ - .
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~FIGURE 22

PHONON DISPERSION CURVES FROM RAMAN (12R}) NEASﬁREMENTS
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FIGURE 24

RAMAN SPECTRUM OF wde vo%xewwm 12R AT 50 K
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TABLE 12
ASSIGNMENT OF RAMAN LINES IN FIGURES 23 AND 24 PbI_2—12R
" Frequency (cm™ 1)
Rm Temp 200 K 50 K ‘ Mode Activity
2
70 . Oio . 5 ——————— 7)4’. 6_'_*"0- 5 ' Eg aXX - ayy" axy
NP
—————— - _—— e e - ?8-1+005 E 1 "
. - g \
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Table 12. Only one mode was not $Seen; the elusive partner
of Alg' There is no polarization distinction between the
Egl and Egz, of course, but the difference between A, and

Eg was clearly evident in'polarization measurements on tHe

12R specimens.

83

N



84

. 3.2 Correlation of Raman Frequencies with other Information

e

on Vibrational Structure 4

3:2.1 Acoustic Branches
Figure 25 shows the doubly-degenerate transverse

acoustic dispersion curve along the c-direction of Pbl. as

2.
defined by the results of Raman or neutron SCattering'expef-

iments. The neutron scattering resulés were obtained by
~Do?ner et al 24 and the Ramar data are as summarized in
section 3 1.

It should be noted that due to laser heatlng, the
temperature of the PbI2 crystal as measurea by the Raman
effect for the room temperature experiments was about 400 K.
It is thus reasonable that the "room" temperature Raman data
tend to lie below the results.for the neutron scattering

experiments. The exception, the mode at 8.5 cm"1 was

obt;ihed from the measurements on polytfpe 12H. The peak
in the'spectrum'was,‘however, very week and close to the’
Rayleigh line and thus its identification is lees reliable.

The Raman frequencies for T=50 K are higher, es is
to be expected, since the lattice should stiffen as the ?em-
perature is decreased.

The sound velocities correspondlng“to the long wave
llmlt are; ' Lo

Vt(neutron, BOQ K) =.O.93‘(i0.66).x 105 cm/e

Qt(‘ man, 400 K) < 0.87 (#0.02) «x 105 cn/s.



.
FIGURE 25

£y

TRANSVERSE ACOUSTICAL DISPERSION CURVE ALONG c-DIRECTION OF PbI.
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heY

These agree nicely within.the limits indicated. Eﬁfy are
also consistent with é result from the méasuremeng“é}
Brillouin°spectra;25 _ -

vt(BriLlouin, 300 X) =¥, 00 (10.02).x 165 em/s.
The Raman result fof the lower temperature indicates; .~

vé(Ramaﬂ, 50 K) = 1.06 (+0.03) x 102 gm/s.

. No Raman features have defﬁ&dtnw'been observed which

wou;d correspond to the 1ong}tudinal braﬁch observed by fhe

neutrons® A weak peak at 25 cm >

has béen quoted by
Nakashima 23 for.T=36 K, but its cause is very uncertain. 2°
It would seem to be more Ilikely dﬁe to a Raman act;ve mode
of 6 or 8H rathe} than the forbidden LH. . N;/)

In contrast to the deductions for the transverse
branch, there is(fome‘diécrepancy in the wave velocities

for the longitudinal branch derived from diff rent.experi;

ments; ‘ : U PR §

=

vl(neutron} 300 K) = 1:5u~(1o.08) X 105 cﬁ(g/é
'~vl(Brillouin, 300 K) = 1.8; (+0.02) x 105 cm/s.
vl(ultrasonic at'15 MHz,42 300 K)'= 1.755 (+0.01) x 10?

. ‘ cn/s.

We Qill discuss this further in Chapter 4.

3.2.2 Optical Brancheg]

_Figure 26 shows the optical dispersion curves of the
2H large zone of PbIZ. The T.0.1 branch is obtained from

the neutron scattering experimen’cs,24 whereas the rest are

v



FIGURE 26 *
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from the Raman modes of &he various polytypes as given in

section 3.1. ,
The Raman frequency of 53 em™ ! comes from the

1

aséignmenf of the peak at 106 cm™ * as.-being the first over-

'tone. The peak at 48.5 cm"1 is a direct measurement from a

UH/12R crystal (400 k). Grisel and Schmid 7 observed this

mode at 51 (+2) em™ 1 (77 K) in a Raman experiment. Mon 21

1

" observed a peak at 62 em ~ in the infrared spectrum (room),

Clasen et al (as quoted in reference 24)43 at 60 (+3) em™

(room?), and Lucovsky'et al il

at é1n7 (+0.5) emt (room?) ;
this value is also quoted in reference 24. - Despite the
gspread in these values, there 1is reasonable'consistency with

the neutron curve in Figure 26.

The T.0.2 branch is well defined by the Raman results

-

as is its température dependence. Less information is
obtained for the L.0.1 and L.0.2 branches but more informé-

. tion could be contained in the infrared spectra of the

various polytypes. Mon 21

1

gives the frequencies 85, 100,
and 117 cm ~ (no experimental errors are giveﬁ) which can be
correlated with the top three branches (roqm.temperature) of g
‘Figure 26, though it should be noted that T.0.2 and L.0.2

are nat infrared active in 2H PbIz. Another frequency given

by Mon at 128 cm-1 is probably an overtone of the mode at

62 cm L.

‘, Infrared reflectivity measunementé of Grisel and

Schmid ’ give a transverse E; mode at 52.5 (+1.5) em™t and

N 2
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a longitudinal A, mode at about 110 em™}

with the T.0.1 and L.0.1 curves of Figure 26.

. These also agfee
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3.3 Heat Capacities at Low Temperatures

The measured heat capacities of the larg% crysta}~
.of PbI2 are listed in Table 13. As is indicated in the‘néxt
section, the thermal conductivity of the crystal was féund
to be surprisingly low. The resulting Yong equilibrium
time introduced significant inaccuracy into the thermal
measurements, as was described in section 2.3.3. The heat
capacilty of the copper tray determined in a separate
experiment,38 is given in the third column in Table 173.

The heat capacity data are plotted in Figure 27 in
the form Cp/'I’3 against Tz. This is a convenient form for
the determination'of the coefficients of the low temperature
expansion:

C = a T + a1l ¢ Lo (1)
that the heat capacity of simple insulators is expected to
follow in the region approaching the continuum 1imi‘c.u5

The coefficiént ay is well-defined as the intercept
when'T2+O and, from the graph, we ebtain

. ay = 5.94 (+0.05) mJ/Ku mol .
This corresponds to a limiting Debye characteristic
temperature at T=0 K. In particular,
eg = len“NKB/5al)l/? _ (2)
where N = total number of atoms (3NA per mole for PbIZ),
from which we obtain:

08 = 99.4 (+0.3) K.
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MEASURED HEAT CAPACITIES AT LOW TEMPERATURES

T (K) Total C C_. of Tray Cp of i‘bI2 Cp of ¥'bl,
(mJ/K) {(md/K) Sample per mole
(mJ/K) (mJ/K mol)
0.494 0.180+0.002 0.089+0.002 0.091+0.004 0.743+0.033
0.514 0.193+0.004 0.092+0.002 0.101+0.006 0.82L+0.049
0.619 0.282+0.004 0.112+0.002 0.170+0.000 1.39 +0.05
0.821 0.557+0.009 0.155+0.002 0.402+0.012 3.28 +0.10
0.844 0.598+0.008 0.161+0.002 0.437+0.010 3.47 +0.08
1.055 1.08‘30.02 0.22 +0.002 0.86 +0.02 7.02 +0.1%
1.094 1.18 +0.01 0.24 +0.002 0.94 +0.02 T.67 +0.16
1.360 2.14 +0.02 0.28 +0.003 1.86 +0.03 15.2 +0.2
1.628 3.54 +0.06 0.35 +0.004 3.19 +0.06 26.0 0.5
1.688 3.87 +0.04 0.37 +0.004 3.50 +0.05 28.6 0.4
1.904 5,50 #0.14 0.45 +0.005 5.05 +0.15 41.2 +1.0
1.972 0.16 +0.11 0.48 +0.005 5.68 +0.12 46.4 +1.0
2.159 8.07 +0.21 0.56 +0.006 7.51 +0.22 o01.3 +1.38
2.228 8.97 4#0.18 0.59 +0.000 8.38 +0.18 ©8.4 +1.5
2.478 12.7 0.4 0.72 #0.007 12.0 *0.4 97.9 +3.3
2.758 19.1 +1.2 0.89 +0.02 18.2 #1.2 149 +10
3.039 26.6 +2.3 1.1 +0.02 25.5 #2.3 208 +19
3.322 36.6 ¥5.3 1.3 #0.03 35.3 #5.3 288 43
3.601 50.5 +11.3 1.6 +0.03 48.9 +11.3 399 92
3.874 59.2 +15.0 1.9 +0.04 57.3 +15.0 468 +122
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From a, or Og, we can also obtain the mean wave (or-sound)
velocity; ' \ . : .
vos T K 0°(unv/3N)1/3/ﬁ : : (3)-

where V is the volume of the sample (or volume per mole).

Using an estimated density for PbI2 at T—O K (see sectlon

3.5) . . . .

vV = DbI 2 /o = 461 amu/e“iB'g/cm3'= 74,0 cmjymol. () °
N ;'3N as before and therefore; : ‘ ~ //.

vgv = 1.151 (20.005) x 105 cn/s. '
‘ We aiso obtein some information about dispersion
Ef.the lattice waves from the heat capacity data. The
coefficient of the T5 ierm in equation (1) should'indicate )
pow the écéustical branches of “the phonon dispersion curves
begin to deviate (on average) from llnearlty at low energles.
_F;gure 27\g£ves.a value of as, obtained from the 1imiting
élope,‘of: ) ‘ | ‘

a, = 2 (23) x 1072 m3/K® mol.
We see that, wfthiﬂ the 1limits assigned, az‘could be zero
or negative, in ‘which case Pb12 would be showing a feature
of 2-dimensional structures such as graphite-1 nega%i&é
dlsperslon in some crystallographlc dlrectlons. More accur-
“ate measurements Zre needed before more can be said about
this test of 2-d1menslona11ty. ’ )

To compare the properties of Peiz’wiﬁh those of

other crystals, we can coriveniently. use the expansion

c, = aj(1/55)7 + ay(1/68)% + ..., C(9)

v

.
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' cy3 - Cy5
where a; al(Oog; and a = az(Oo) . For PbIz,

a; = 5.83 (+0.10) x 107 J/K mol
ay = 2 (+3) x 107 J/K mol.

To compare with PbIz,‘we choose Mg0O for which data of good

accuracy are aw-ailablezl‘L6

e, AT ISRkt bt T A ST P RO P e

eg o6 (+4) K

4.588 (+0.059) x 10793 mI/K¥ mol
a, 3.6 (+0.8) x 10”7 mJ/K6 mol,

from which we obtain

34

a; = 3.88 (£0.10) x 102 J/K mol :
ay = 2.7 (0.7) x 10° J/K mol.

PR R T S

The *normalized coefficilents of Mgl0 and Pb12 are similar
and~this is further emphasized by Figure 28 where

(Cp/TB)/(Cp/TB}Tzo is"plotted against (T/@S)Z.



FIGURE 28

COMPARISON OF HEAT GAPACITIES OW,MdHM AND MgO ON A NORMALIZED SCALE
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%

3.4 Thermal Gonducti&ity;of Pbl

2
3.4.1 General Remarks

Thermal conductioﬁ of a solid caﬁ be determined
with the tray-type calorimetér used here, profided phat the
thermallequilibration time of the specimen is neither too
large nor too small. For the PbI2 speqymen, the equilibra-
tion time turned out to be in a-convenient range. As is
depicted in Figure 6 or 29 the markedly curved after drift

of tempemture versus time occuyed over the convenient

.interval of the order of 5 minutés. Measurements Sf temp-

erature could be made at intervals_of¢10 seconds so that the

rate of equilibration could be measured comfortably.

+

3.4.2. Détermiﬁation of the Thermal Conductivity

The solution to the heat conduction prdblem for a

‘"slab with one face in contact with a layer of perfect

conductor” is given by Carslaw and 3éeger (page 128 of
referenée L7y, 'The initial conditions that apply after the-
heat pulse,'givgn that the:copper tray equilibrates instant-
aneously, are: no enérg& transfer other than from the
perféct conductor; initial temperature of the tray taken

as TO with reépect to the temperature of the Pb;z crystal

defined as T=0 at t=0. .The equation that describes the

variation of the temperature of the copper tray with time

i's (equation 3.13-6 of reference 47):
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e BT T F T (6).0

-

Heré, % is the height of the slab which, in the case of the
PbI2 specimen}xis not well-defined becguse of fhgbodd‘shape
of one end 5f the specimen. An average l'of 3.cm was féken
arid this was adeguate for the calculations; The parameter
r is given by , '

r = pAcp/Mcb, : | - (7)
where p is the density of PbI2 at low temperatures (about
6.23 g/de), A is the surface area of the érystal incnntact_'
with tpe tray (3.63 cmZ)j Cp and Cb are th heat capacities
(as a function of temperature) of the PbI2 crystal apd the
copper tray respectiv&ly, and M is the mass of the crystal
specimen (56.48 g). 1In the exﬁbnent, d is the thermal
diffusivity and the Bn afe the roots of the equatiéﬁ:

tan(8L) = -8/r. , - (8)

Refering to equation(§, we note that it contains an’
infinite series of exponentials; However, the contributién
of each of ‘them decreases rapidly f9r~Successive roots of
equation (8 1In calculating the relafive sizes of successive
exponentials, we will take two extreme cases:'T=O.6 K and
T=4;2 K. fhis leads to (from equation (7)) r=0.4 cm™t dnd

1

r=12 cm ~. For the two cases, the first three roots of

equation'(8) are;

44

-
&
K

N
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T7=0.6 K T=4.2 K
81 =0 Bl = 0
B, = 0.7 B, = 1.0 :
B = 1.6 . B, = 2,
| o 3 1.6 5 = 2.0

The denominator 'in the terms in the summation in equation

A

(6)‘becomés-for 82 and B.:

3
T=0.6 K T=4.2 K
.2(8‘§+r2)+r= 2.3 1,38
L(BS+r®) = 9.0 448,

The change is a factor of 4 at the lower temperature but
almost insignificant at the higher temperature.
If we examine the exponential, we see that:

exp(-d8Zt) = (exp(-|821)) 1 ¢],

where ‘ o ™
7=0.6 K T=4.2 K
exp(—lﬁgl) = 0.6 0.35
exp(—lB%l)‘= 0.07 0.02.

For |dt] greatér than one, the changes in thé-pdmerator and
denom@nator yield minimum ratio of the terms.in 82 and 33-
of 34 at T=0.6 K and 18 at Tjﬁ.z K. This means that, if we
restrict our analfsis to times such that Idtl‘is greater
thén one (i,e. t greater than 100 seconds), we can truncate.
: the series 1in-equagpion (6) without significant error after
the term in B,. Equation (6) then reddces to:

T 2rT

T = 2y 9. exp(-dg2t). | (9)
1+2r %(B§‘+ rZ) + r . 2

«
't
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Letting T' = T - TO/(1+2r) and A = ZpTo/(ﬁ(Bg + ) + 1),
we h avg ' .

T = A exp(-dBst), ' . (10)
‘where T' can be calculated from the measurements of T versus
t by observing that,gat t=2, T'=0. The determination of _
“the point at t=0‘is of little impoftance‘because the cohstaﬁgl
A is th uSed subsequently.

Therefore, by plotting lnIT | versus t, we can obtain
dB% from the slope (see Figure 29)\ In the flgure, the
initial deviation from the stralggﬁ'llne 1s easily seen.

The deviation at long times is_duk to the small energy

<
exchange between the calorimeter and surroundlngs through

the thin Nylon suspension cords and electrical leads.

3.4.3. Numerical Results

Y

. The quantity d82 is the equilibration time constant
: listed in Table 14, Knowing the hegtacapa01t1es ;s functions
of temperature (Table 13) we can easily caiculate 8_2 for
- each experiment (p,A andi are essumed to be constant).
This ailows‘us to calculate d and the results are given in
the second column of Table 1k,
The thermal conductivity is defined as -

K= deCy /M, | (11)

* and the. numerical values are given in the fourth column. .

Within the framework of the Debye model, the thermal

conductivity .of a dielectric solid is given by
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MEASURED THERMAL CONDUCTIVITIES AT LOW TEMPERATURES

TABLE® 14

P

T (K) 10% x 482 102 xa ~ 100x « L
(sec™h)  (emPfe) | (WemK) g

0.60 0.94 1.68 0.30+0.08 4k
0.62 1.31 2.28 0.46+0.12 59
0.73 1.13 1.77 T 0.56+0.14 © 46
0.94 1.50 2.05 1.40+0.28 53
0.98 1.13 1. 54 1.20+0.24 go‘
1.18" 1.16 . nr 1.96+0.39 38
1.25 1.13 1.37 2.2040.37 36
.51 1.33 1.47° 4.12+40.70° 38
1.82 1.60 1.69 8.341.50 4
1.93 1.70 1.78 10.4+1.9 L6
2:06 1.65 1.71 12.342.2 L5
2.19 1.54 1.57 135552.4 41
2. 3k 1.38 1(40 ' 15\8;276’\n 36
2.4l 1.39 1.0 " 17.5+2.6 36
2.65 1.17 1.16 20.2+3.0 30
3,07 1.21 1.18 35.1+5.3 31
3.32 1.07 1.0k 41.3+7.8 27
3.79 0.90 0.87 $3.4413.4 23
98 0.94 0.90 | 66.0419.8 23
I, 21 0:85 0.81 71.3+21.4 0 21

“~

The estimated

uncertainties in dB%, 4,

and & ~are *10%.

101
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= PC Vo ty/3M, ° ' w2y D
where &m.is_the phonoﬁ mean free path and ng is the
average phonon velécity. If we take vgv = 1,151 (+0.005) x
105 em/s fr&m the heat capacity measuremenfs, we get the
. values of %, given in the last column of Table 1k,

/ ‘Figure 30 is a plot of the thermal conductivity in
the form of /T versus 72, This shows that for T less than
3K, the thermal conductivity follows the heat capacity in
displaying a TB temperature dependence. Such behayior is‘
consistent with £he Debye model. .More sensi?i&e ways of
displaying the results are given in Figure 31 (Qm versus T)
and Figure 32 (2$ &ersug 1/T). The latter shows that, in

the higher,temﬁerature region, there is a T"1

dependence

which would Ye expected for phonon~phqnon scattering. At
_lowef tehperatures, tﬁis scattering is overwhélmed by some
sort of boundary or resonant scattering. In general, th;s
is what wouid be expected except that the maghitude.of the
calculated mean free path is much less than the dimensions

of the crystal specimen or even of its probable mosaic

substructure. ’ ~

\ et capte b
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Y FIGURE 32

MEAN FREE PATH OF PbI2
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3.5 Thermal Expansion

The lattice parameters (a,c) of polytype 2H as
measured as a function of temperature by the technique \
described in secttion 2.4, are présented in Table 15. The

\uncertainties shown reflect the precision of the measurements

> pore than the‘accuracy. The lattiée parameters given in
S}bkoff 39 f%r room temperature are a = 4,557 X'and c =
6.979 X and these agree well with the values a = 4.5562 _
(:0.000&} ﬁ and ¢ = 6.9830 (+0.0004) A obtained by Sirdeshnakh’
and Deshpande.u8 The results for both a and ¢ given in ¥
Table 15 for T = 293 K are appreciably émaller and’the
difference 1s probably ascribable to the centering difficulty
mentioned in section 2.4.2.

In order to discuss the thermal expansion, the
lattice parameters given in Table 15 were shifted by
ba = 0.008 K and &¢c = 0.032 X. They are compared on this
basis with the results of Sirdeshnakh and Deshpande as a
function of temperature in Figures 33 and 34. It is clear
that the temperature dependence of the two sets of measure-
ments agree very nicely.

‘ From Figure 33, we see éﬁat the contraction of the
PpI, layers in the c-direction is linearly dependent upon
T down to the lowest experimental temperature. The slope of ;

[ J
.~ the graph is 2.5 (#0.1) x 10‘“ A/K. The corresponding '
average expansivity is (c—ldc/dT) = 3.6 (+0.1) x 10—5/K. \

»
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+Along the é—directianfﬂon the other,hapd,'the expansivity -
departs from a cgnstant value, at low temperatures} as

clearly seen in Figure 34. The average high tempgrature
expansivity is (a'}da/QT) = 4.0 (#¥0.1) x IO-S/K,lwhiéh is
defved from the straight line in the figure of slopé‘

(4
bAK.

1.80 (+0.05) x 10~
) From these results, we calculate a room temperature
volume expansivity of PbI, of 1.18 (+0.03) x IO'Q/K. This
result can be compared with the valueé-of 1.008 x 10—4/K
and 1.086 x 1oﬂ”/K reported by Fizeau *0 and Klemn et al

respectively.

N
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TABLE 15
LATTICE PARAMETERS- OF PbI2 (2H)

]

T (K) a (A) ¢ (&)
+0.003 +0.016
102 4. 524 6.899
121 b.525 6.908
140 . 526 6.914
162 k.527 6.913
187 4. 531 6,923
218 4 534 6.930
2l 4.538 6937
276 L.s43 6.944
293 hosky . 6,946
L
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FIGURE 33

LATTICE PARAMETER OF wde IN onUmeoeHoz AS A FUNCTION OF TEMPERATURE

O -- Shifted Data from Table 15

A -- Data from Ref. 48
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a (A)

¥, soj— FIGURE 34
LATTICE PARAMETER OF PbI, IN 2-DIRECTION AS A FUNCTION OF TEMPERATURE
1
W, 56}
Q-- Shifted.Data from Table 15
4, 55p= |
A-- Data from Ref. 48
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CHAPTER 4

DISCUSSION .
— | :
)

4.1 A Vibrational Model for PBI

2.
4.,1.1 Calculation of Force Constants

With a linear chain model of the type described by
Anderson and Todoeschuck 26 for the layéred crystals FeCl2
and CoClé, six force constants can be fitted “to the frequeh—
cies measured by the Raman, infréreé; apd.neu#ron soattépjng
experihents. The force constants involveq (three shear and
three compressional) are illustrated in Figure 35. The
normal modes corresponding to this rlgld 1ayer modei are
1dentlf1ed in Figure 36..

Writing down the‘equations of motion for these

modes, we obtain;

-~

MZ, = -K (Bo-2_y) -K(Z.,-2,) - (1)
mZy = -K (Z,-2.) -Kp(B;-2_;) -K (2,-2,) (14)
mZ

1 = —KO(Z—‘l—ZO)A-Kz(Z"l—Zl) - 1(2_1_2_2) (15)
where M = mass of lead atom, m = mass of iodine atom, and

Zn layer dlsplacement in the Z-direction at layer n for

\

compress1onal modes, in X-direction for shear modes.

For plane waves, we have:

2, = Ay exp i(wt) | _ \. (16)
21:= A, exp i(wtjqc')' . ‘ (17) .
24 = Ay exp i(wt+ge') (18)

111 2
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FIGURE 35
INTERLAYER FORCE CONSTANTS FOR PbT
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FIGURE 36
- COMPRESSIONAL® RIGID LAYER NORMAL MODES OF PbI,
z
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A similar array ;qn be identified for the doubly—degenerate'
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"shear modes (ES, E_, Ei) that are perpendicular.
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Zy = Aq exp i(wt-q{c-c'))’ - *(19)
Z_, = A, exp ikwt+q(c—c')), (éo)
Solving for the secular'quation, we obtain: |
Mw?-2K K, ‘ K,
K, mwz—Ko—Kz—K1 K% + Klex? i(-qe)y =0
K, K, + Kjexp i(qe) mw?-K -K K, “

- o (21)

which leads to an equatiﬁné cubic in wZ:
6 2 . ’ ‘ 2 2
wWo(dm2) + wh(-2m(K_(M+m) +(K4+K M) + w ((KO+2KOK2+2K K,)
(M+2m)+2K2K1M(;-Cos(qq))) + ZKOKi(KO+ZK2)(Cos(qc)—1) = 0.
We shall consider two special cases; the first at
q=0, where 1-Cos(gc) = 0, and the cubic equation can be fac-

tored into the solutions:

W=o - - (23)
wh = (Kg + 2(KpK))/m - (24)
and w5 = K (M+2m)/Mm. X | (25)

Substituting back into equations (13), (14) and (13), we

see that w, corresponds to A1=A2=A3 which giVes the acoustic

2 2 . .
modes A2u or Eu. Likewise for Wy, We obtaln A1 =0 and AB A3
which‘from Figure 36, corresponds to the Raman modes Alg or

Eg. Finally for w3,,we see that.A2=A3f —Al(M/Qm)_whibb

'glves the infrared modes A% or E1

The second case of spe01al interest occurs at q“n/c,

where. 1-Cos(qc) = 2, and the cubic equation can be partially

factored 1nto' :

g (K + 2K )/h : ' . (26)
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_2 ' 2, N2 | 22,1
and w5 4 - K, (M+2m) + leﬁgjxxb(m+zm)B + 4K K M(M-2m) + 4KIME)Z

2Mm

(27)
2

If WB >> Wf, it can easily be seen that the last equation

v

reduces to:

¢

%% = (K (M+2m) + 2K, M)/Mm o (28)
and W, = BK K /(K (M+2m) +2K, M) o (29)

‘Theése can be reiated to the zone edge normal modes as was
done for g=0. The subscripts show the correspondance that

must pertain across the zone.

.
e e

For w, and wg, we have A, = exp(znc'/c)A3 and
Ay =~-(mwz—Ko~2K1)A2/(Koexp(nc'/c)). This can be.written
approximately as A, :‘Az/exp(nc'yc) for w, and

Al = —2mA2/(M exp(mc'/c)) for'wB. For w, we have A; =0
and Az‘; —exp(ch'/c)AB. This "differs somewhat from the : S
completely antiphase modes 'shown in Figure 36.

Equations (24), (25),-{%6);;(28) and (29) rebresent

. : £
five equations in three unknowns: K ; K, and K, As the -
splitting of modes across the zone is the'most prone to

error it iLs best to use three independent equations to

P T e - wty S R TR

calculate the force constants: w3,'w2 or W,, and wy. The .
last equation can be sPlved by iteyation for Ki’ once KO is
known, to obtain an accurate value. Once the force constants

. have beeﬂ determined, the fuil éubic équation can.easil§ be

solved for any point on the dispersion ¢ufyes in the

P L

c-direction. - . ' ‘L
. B :',‘ \,
Table 16 shows the calculated force constants and

B N NI ST |
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the‘ffequeﬁcieé~used in thgir computation. The room
temperaturé values ‘were obtained from the Raman and neutron
results outlined i; Chapter 3. The low temperature valﬁes
were obtalned from the Raman spectra with the exception of
ﬁf'and ug'Which were estimated from the room temperature
. values. This proved to be a more‘accurate method than using
the obserﬁéd splitting of the Raman active modes.

The interlayer force constant (Ki) is the weakest
as is to be exﬁected - especially for shear motion. It is
to be especially noted, however, that the'anion-anion force
onstant is stronger than the anion-cation one in the shear
direction within the layer. ’

Figurés 37 and 38 show the dispersion éurées calcul-
ated from the force constants of Table 16, along with data
points from the Raman and neutron ;caytéfing experiments.
The fit is reasonably good cosidering the simplicity of the
model. The only point that is disturbingly off is the

1

observation at a frequency of 95.1 cm - made on a €H

polytype. The apparent reversal with temperature of the
L.0.1 branch may only be due to the undertainty of the room

temperature Raman measurement at 113 cm"s.



fovg S ot <
PO NOWO

< ot
=@ onlwn

o

(S £ oA
mPrnpnwa FOoOMNDOWO

[oy}

117

TABLE 16 .
CALCULATED FORCE CONSTANTS

Frequencies Force Constants

Compressional (Room)

1

113 (#1) cm Kg = 43 (+15 N/m
95.5 (+0.5) cm™t KS = 6.6 (+1) N/m
29 (+2) cm - : KS = 6.1 (11) N/m
Shear (Room)
53 (*3) em™ 1 | Ki = 9.4 (+1) N/m
ol (40.5) em™L K5 = 14.4 (40.5) ) N/m
13.6 (#0.2) cm™ ! KS = 1.33 (+0.05) /m
Compressional (T=50 K)
111.1 (+0.5) cm™* ‘ KS = 41 (+0.5) N/m
97.3 (+0.2) cm™t Kg'= 7.6 (+1) N/m
31 (+3) om ! N kS = 7.0 (+1) N/m
' Shear (T=50 K) _

= 59 (+3) cm ! KS = 11.7 (#1) N/m
78.1 (+0.2) cm™t , K5 = 15.3 (joxz) N/m
15.2 (+0.2) em ! KS =

1.67 (+0.05) N/m
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CALCULATED DISPERSION CURVES OF PbI

FIGURE 37
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FIGURE 38
CALCULATED DISPERSION CURVES FOR Pb12
(OPTICAL)
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4.1.2 Comparison of Results

A useful quantity for comparing the properties of
Ebl2 with those of other layered crystals is the ratio Kf/Kg,
hich has the value of 0,031 (+0.002) at room temperatures .

and 0.041 (#0.002) at T=50 K. This compares to values cal-

culated by Zallen and Slade 20 of 0.035, by Grisel and

Schmid 4 of 0.02 and by Nakashima 23 of 0.05. The last is

based on an incorrect assignment of the Eg rigid layer mode,

however.

Table 17 shows a comparison of the above ratio and
of Kf/Kg to those of other lgyered compounds. There is a
fairly regular progression from graphite to PbI2 and we
.might<nnclude that PbI, is considerably less layer like

than graphite. - L

Table 18 shows a detailed comparison -of the force

constants calculated by Anderson and Todoeschuck %é for

FeCl2 and 00012 with those of PbI2 in Table 16. The

important values of Kg, Kg, and Kf are all fairly close,

but the rest all show significant deviations in the case of

Pbl The value of Kg is very close to that of K%, which

5
means that the anion-cation compressional interaction

S

dominates in PbI2 more than in the otherltwo crystals.
The relative sizes of Kz and Kgfare the reverse in PbI2
which shows the importance of the anion-anion shear

interaction.

Two independant elastic constants can be calculated
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TABLE 17

COMPARISON OF FORCE CONSTANT RATIOS IN SELECTED LAYER CRYSTALS
' p

Crys%ai Kf/}{g K(lz/Kg (room temp.)
Graphite 2! 0.001 0.010

Mos,, t 0.01k4 | 6.038

CoCl, 26 0.021 (+0.002) 0.112 (+0.007)

FeCl, 26 0.025 (+0.002) 0.090 (;9.005)‘

PbI, 0.031 (20.002) 0.14 (+0.03)

o
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N

COMPARISON OF FORCE CONSTANTS CALCULATED BY "ANDERSON" MODEL

(N/m) (room temp.)
Fe012,26 CoCl,, 26 PbI,

Ko, 53.8 (#1.8) 52.5 (+2.2) 43 (41)

KS 29.4 (+2.0)  33.2 (*1.2) 6.6 (+1)

KS 4.82 (+0.10)  5.86 (+0.10) 6.1 (+1)

K3 35.0 (+1.5) 34.2 (+1.8) 9.4 (1)

K3 1.91 (+0.80) 5.91 (0.93) 14.4 (io.é)
K$ 1.37 (#0.05) ©  1.12 (+0.05) 1.33 (40.05)
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from the wave velocities in the c-direction: designated as
~

ij and Cuu, C33 being related to the co&pressional force‘

4

constants and Cj, to the shear.
The wave velqcities as obtained from .the force

constant dispersion curves of Figure. 37 are:

Vi (pobm) = 0.88 (jQ.02> X 105 em/s
Vl (rggm)'= 1.77 (E0.0M) x 105 cm/s
v, (56 K) = 0.99 (£0.02) x 102 cm/s
v, (50 K) C 1.85 (+0.04). x 105 cm/s.

These "model" wave velocities agree more closely with the

. Brillouin 25 or ultrasonic uz\peasurements than with the

velocities derived from neutron dispersion curves.24
For symmetry directions, the elastic constants are
related to the wave velocities by:
ve = C/p, o ) (30)
where p is the density (6.10 (19.01)~g/cm3 at room témperature
.and 6.23 (+0.01) at T=50 K). The results are; for room
temperature: |
033'(neutron) = 14.5"(11.5)'GN/h2
033 (ultrasonic) = 18.8 (+0.2) GN/m?"
C,4 (Brillouin) = 20.0 (#0.4) GN/m?
‘033 (model) = 19.1 (#0.9) GN/m?
| Cyy (Raman) = 4. (+0.2) GN/m?

6
Cyy, (neutron) = 5.3 (#0.7) GN/m® _

Gy, (Brillouin) = 6.1 (40.2) GN/me

 ae At e rer
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4.7 (+0.2) GN/m2,

044 (model)
and for T=§p K:

Cqq (model) = 21.3 (#0.9) GN/{n2

1]

‘:‘Cuu (Raman) 7.0 (+0.4) GN/m?

Chy (model) 6.1.(+0.2) GN/nm°, |

33 (model) is domlnated by the longltudlnal neutron scatt-
ering data at about 300 K but desplte th133 it agrees more
closely with the Brillouin and ultrasonic fésults. 044
(model) 1s based prlmarily on the Raman measurements at

400 K and thus falls in the lower range of the small spread

of the transverse atoustic ‘data.

An approximation which is used in. some papers 23,24

is:

lwz 3 W2 3[ 2 , (31)
Using equations (24) and (26), we can write:

. —2 2 _ '. * .

Wy - wp = —2K1/h. . (32)
Moreover, with equations (25) and (27) or (28), we get
approximately:

2 2 |

W3 W3 = ZKl/m- ‘ . ‘ (33)
Finally, from equation (29), we have: '

_2 ‘ o ‘

wi o= 4K K, /(K (M+2m) +2K M) = uxl/(M+2m), ‘ (34)

which is an'approximation to the above equations'if 2m >> M.
Since M = 207 19 amu and-2m = 253. 81 amu ‘the condltlon is
obv1ously not satlsfled and the dev1atlon of equatlon (31)

from agreement with the 6-parameter force constant model

! A
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COMPARISON OF CALCULATED DAVYDOV SPLITTINGS

/ Compression

=2, -2 2
. 91 |u2 uzi
observed

observed model

i2 - 2|

obser&ed model

at room temg% 8“?«(j116)

Compressional
at T=50 K

Shear
at room temp.

4

Shear
at T=50 K _

961 (+186) 631 (+133) 1873

185 (+5)° 576 (+144) 356 555 (#111) 171

-
k3

251 (+6) 534 (+61) Wby
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is at least 50%. Table 19 compares the splittings of the

force constant model, of equation (31),'and'thos% observed,
based on the actual acoustical frequencies.

'As seen in Table 19 the appreximations involted in
comparing tne af observed to thel#iz - u2l model cancel.td
a large extent. In general the force constant model does

not glve the observed spllttlngs to any great aifuracy but

it does glve the trends quite well. ‘ ' y

4.1.3 Anharmonlc Effects

One of the most obV1ous effects of anharmonicity

in crystals is thermal expansdon. A useful parameter.in
this respect is the Gruneisen constant. For ax;al crystals

b

it has twe values which can be deflned as 52,53, 54

g = V4G ¥ Cipday * Oy c) S (35)
and Y, = V/0o(20,30, * Cy30), ‘ (36)
where V is the volume, Co is the heat capa01ty at\constant
stress equal to the heat capac1ty at constant.pressure for
low pressures, and the rest‘hate previously defined meanings.

To obtain high temperature values of the Gruneisen

constants the heat capacity was estimated from the low

1

(ftemperature measurements and from the v1bratlonal structure

as measured by the Raman and neutron scattering experlments.
At infinite temperature this would mean all 9R modes would,
be completely excited for PbIz. The heat capacity at

constant volume would thus be 9R. At T=300 K this value
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f‘Cj/ ’
would be 8.9 R and at T=100 K it would be 8. 2 R.

To calculate the heat capacity . at constant pressure

(or stress) we make use of the equation (ref. 55 p. 254 eq.

L 2 ] o - )
Cp = Cy * BVI/X, ‘ . : €37)

where B is the volume.expansivity (see‘sec: 3.5) and X is

~

the bulk compressibility. For axial crystals this last can

be written as:2

. X =28 + MS

11 7 P2 3 33 : . (38)
where the S s are compllances readlly calculated from the
elastic constants (ref. 56 p. 358 egs 13.4 & 13.5). We

thus obtain a value of 6.4 (#1) x 107*! n®/N for X using the
Brillouin results for the elastic constants.?5 If we use the .

. N ﬂ- P
same values for T=100 K and. T=300 K we obtain rough estimates

Y

for C__ from equation (37) of 68 J/K:mol and ‘79 JAK.mol.
resﬁectivily. )

-
We thus have values for all the variables in

equations (35) and (36) at T=300 K if we use the Brillouin

25 and the expansivity data (see sec.‘3.5). We

therefore calculate Ya(BQO K) = 1.8 and YC(BOO‘K) = 1.6,

The wvalues of the iinearkexpansivities at T=100 K .can be

.‘calculated from Figures 33 and 34 as @ = 6 (+0.5) x 10_6/k

and @, f} 6. (+0.1) x 10 S/K Thereare no low temperature

"data on the elastic constants used in equatlons (35) and (36)

and so we are fbrced to use the higher temperature values

to estimate values of the Gruneisen constant at'T=1OO K.

-
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» The 'error caused by this should not be too great as the
dominant effeqt is the température variation of the
expansivities (neverfhelessvit was not thought‘usefui to
assign aﬁ experiﬂgntal error to the'Grdneiéeﬁ constant
calculation). We thus obtain values of v, (100 K) = O;? and

YC = O-9o

- For comparison the‘GrUneisen constants of Gréphite :
are 2,y;(1000 K) = 0.37, Yc(loop K) = 0.29, ya(BbO'K) = -0.97,
'and YCZ300 K) = 0.44. . Therefore it can be'seen that PbI2
shows the same tendéncies gs‘graphite but to a much less
extent. In particular acpégative value of vy, and thus o
‘waé not observed, howevér, lower temperature measureﬁent8a

would be useful in this regard.

The géneral definition of the mode Gruneisen constant\:

is usually expressed as
. \

Y = - lnw/onyv. R (39)
For an axial crystal we can write St ” v
| Y, = -( 3Lnw/31ne) | | | (40)
and Y, = —%(alnw/Slna)b. LT S ‘ (41)
Since w2 ig directly prpportionai to the second defivative

" with respect to.the displacement of'%he potential eﬁergy
function (U)‘of\a linear épring model (such as .presented in
sec. M4.1.1) equétiondfho) can ﬂe rewritten (ref. 57, p. 56
eq." 5.9 and p. 60 eq. 5.19): | ‘

Yo = -3(alnb"(a-c,)/3lnc) = ~3c(U"* (c-c,)/U"(0-cp)) (42)
where Cq is the equilibrium value-of‘%he lattice parameter

<

at T=0 K.

:2_
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For the Gruneisen coqétant to be non-zero {i.e. for
thermai expaﬁsion to be possib;e) thg potential energy '
function must c;nféin an anharmonic term. Thus we have
(ref. 58, p. 222 eq. 6-49): | ‘
Ulescy) = k(e-c)? -~ glo-c)?e ~ . (43)
The.avefage displacemenf, as calculated from the Boltzmann

factor (ref. 58, p. 222 eq. 6-53) is

—

7/

<c-c > = 3gKgT/Wk®. , T ()
Relating this to“the.éxpanéivity we have . “ ¢
g/k% = hea /3Ky } . (45)

‘In:the range T=100 K to 300 K we can aséign this the value'

g/k? = 2.4 (+0:1) x 10 N7, We would expect that thermal

expénsion would take placde primarily between the layers so°

that'using.%Kf for k in -equation (45} we obtain k = 3.5 k10.5)

‘N/m and g = 2.9 (#0.9) x 10"% N/n”.

~—

Substituting equation (h3)‘in (42) Qe qptgin"
Yo = 3Jog/(2k-6g(c-c ), . (46) -

which if we use the lattice parameter data from section 3.5

'X - )
(c-c_ = 0.07 A, ¢ = 6.979 A) we obtain for T=300 K;
- o ‘ .

\ . o
Yo = 11 (ib). At T=100 K, where we can estimate cme, = 0.02 4,

equation (46) gives; Yo = 9..(+3). The magnitudeé of the

Gruneisen constants thus obtained are much too high, shbwing )
the crudenesé of the model when applied to‘expansivity

) S ’ ) :

though the expected temperature variation is shown.

Mg v
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L.2° A Search for 2—Dimensional'Effects

The léyer-type structure of PbIz crystals might be
expected to induce some é—diﬁénsional features into the
lattice vibrational spectrum. Phis was considered by Dorner
et al,zu th they coﬁéluded from their measurements of
dispersion curves, by ‘inelastic neutron scattering, that
thq\apparent dispefsion in -the, acoustical branches was'

- probably normal fof a B-dimensional structure. Suppo?ping

- this was the observation of onl§ sligﬁt anisotropy of the
wave ve;ocities (vl(in the pLane)/Vl(c—éirection) = 1.17f.
‘However, tieir conclusion depended upon a reasonable
extrapolatlon of w-q data to the reglon q+0.. With.the
addltlonal 1nformatlon about the 1ow frequency region that
we now have available, we can examine the matter qf possible
2= dlmen51ona11ty more -carefully. .

We shall flrs% compare estimates of the average
wave velocitie§ obtained from the different kinds of -
experiments. To obtain the averége wave velocity from the
neutron.scattering and Br;llouin experiments, we make use 5f
the tables compiled by _Wolcotjc.59 They involve the special

‘case of hexagonal crystals and require the elastic constants

as input. The polytype 2H of PbI is trigonal and possesses

3

%
an extra elastlc constant, 014, than the hexagonal symmetrles.

10 dyn/cm , ref. 24, 25) compared

to the other elastlc \constants and given also. that for 4H
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it should be zero, we will ignore it here.
-One of the elastic constants needed; C13, is\not

2k and so a

6btainable from the neutron-scattefing data
value slightly lower than the Brillouin re_sults,25 in Yine
with the variation in the other elastic constants, has been
useds The results are

v, (neutron, 300 K) = 1.04 (+0.05) x 107 cm/s,

]

and vav(Brillﬁuin, 300 K) 1.18 (10.03) x 105‘cm/su

- The average velocity calculated ffom the heat capaé-

ity is (sec. 3.3) | :
ve (140 K) = 1.151 (#0.005) x 10° cm/s.

This value will bg&hpwer at.room'temperaturél ‘The only

data on the temperature variation of the wave velocity is

"from the Raman data on the transverse acoustic branch inL

th? c-diiggtion. Th%é g?ows a decrease of apout 22% from_

400 K to 50 K; let us-say about 12 tq 15% for 300 K to 0 K.

Because Sf the anisotropy 6f‘£he cfystél‘the average velocity

will“not ﬁecreaée by that great an amount. A id% decrease,

which is not unreasonabler'would bring the-heat capacity

measurement into agreement witﬁ the neutron'scgttering'data.

The Brillouih réSui£, however, can not be brought iﬁto

agreement.

The heat capacity measurements correspond to

=~ temperatures T<1 .K and therefore to vibrational frequencies.

of f£<21 GHz (0.7 cm—l). The Brillouin measureménts

1

éorrespond'to the same range uv0.5 cm -, but the neutron
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scattering to much higher fpequeﬂcies uv10 to 30 en” 1, )
Therefore the explanation to this discrepéﬁcy may lie in |
the high temperatufe (i.e. ;nhapmonic) behavior of PbIZ.
One of the main tests for 2-dimensionality in‘
crystals is the appearance of negative phonon dispersion in
one or more directions. For graphite thi§ is shown qﬁite
‘well bj Figures 3 and 8 of ‘reference 1 which show-a strong
quadratic dependance of the .phonon disperéion in the

transverse modes of direcﬁions in the plane of the layers

but not in the c-direction. Negative dispersion in direct-

’ 3 \

ions parallel to the,layers is a. general property of 1ayered/
crystals.éo A closely related effect is negative expansion,
and the related Gruneisen constant, in the plane of the
layers as discussed in section .4.1.3.

It has been observed éxﬁerimently in such crystals
as'"I‘iSe2 61 and FeCi2 62 which are considerably less layer-
iike than graphite_(see sec. 4;1.2 and Table 17). The
amount of negative digpersion is, however, corresbondingly
less evident especiall& in ﬁeClz. This has also been examin-
ed by a shell model calculation of Pasternak 63 on FeCl,.
PbI, is less layer-like than these‘(see sec., 4.1) and wouid
be expected to show even less negative dispersion. In fact,

from the neutron scattering data,zu

it appears to show none.
The behavior at low momentum transfers is shown by

- \ ( . .

.the Brillouin measurements 25 which tend to give higher wave

velocities than the neutron scattering dafa, thereby denying
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negative dispersion (at room temperaturés it must be
emphasized). The heat capacity average wave velocity as dis-
cussed earlier'leaves the question more open for *?w
temperatures. The last piece of evidence in this fegard
" comes from the dispersive term of the heat capacity of
section 3.3. Tﬁis gives the average dispersion and, as men-
.tioned, leaves open the possibility of a slight negative
contribution in some directions.

Because of its layer structure the thermal conduct-
64

ivity of graphite‘is very low about 54 W/cm K at T=1 K.

The thermal conduét%viﬁy of PbI, is comparable to this;

about 1.21 W/em K at T=1 K. However, the mean free path of ~
PbI2 is extraofdiﬁarily {ow when calculated by.the Debye ///
model (see sec. 3.3). This leads one to conclude that the
reason for the low thermal conductivity in PbI2 must be qﬁite

different than in graphite. : r

,



} CHAPTER 5

CONCLUSION
/“""\\’_7/

Although it is not very sophisticated, the force
constant model discussed in Chgpter 4 has proved to be
useful for interpreting the vibrational properties of Pblg.
It leads‘to the conclusion that PbI2 displays much less
2-dimensional character than graphite or MoSZ. The existence
of such 2-dimensional effects as negative phonon‘dispersion
and negative expansivity in the plane of the layers is Jjust
barely discernable. With respect to the interatomic forées,
the apparent importance of the lodine-iodine interaction
indicates that the forces are more covalent than lonic.

As was seen in section 4.1.3, the force constant
model cannot adeﬁuately account for the anharmonicity
evident in the e;pansivity, even yhen\iglanharmonic term 1is
added.

There are two problems that remain unreso%ved. The
exact nature of the low thermal conductivity and the seemingly
small phonon mean free bath has not been resolved. More

4

extensive thermal conductivity measurements than those

- )

presented in this thesis might shed some light on this
S, )
matter.

The discrepancy between the wave velocities obtained
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from the Brillouin spectra and from neutron scattering

experiments still exists and this‘indicates that investiga-

tions of both types of low temperature experiments would be

worthwhile. It would be particularly vafhable to obtain the

actual shape of the acoustical phonon branches at low

momé%ta as a function of temperature.

A useful addition to the spectroscopic information
provided by the Raman experiments performed here would be a’
study of infrared spectra of the higher“polytypes. This
could help to refine the exact Ehape.of some of the phonon
dispersion curves.

The next stage of refinement for calculations should
probably be of the shell model type performed on-the Fe012
lattice by Pasternak.®3 That would be facilitated if the

additional experiments megﬁioned abqy@ could be done.65'66’67'68,
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