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‘e T : ‘ * ABSTRACT

The technique of h‘igh resolution Brillouin spectroscopy has been

- —

used to determine the’ adiabatic elastic constants of large cooled

[

single crystals of g-N, "and ﬁ-:CO in an effort to g_ain insight into the

a-B phase transition of these' two unique examples of diatomig, molecules

-

~which are extremely siin’ilar' in many physical and chemical properties.

The crystals ‘were grown in a quartz cell inside a li'quid helium -

RN
Laue

cryostat.
o~

x-rayg-_ 'diffraction _analysis provided for

¥

- determination of the‘orientations of -t_hese crystals .relative to™~the )

, 4

_An argon ion laser beam was incident on.

the stal and the scattered beam was analysed at 90 relative to the
:1

inci
n L s}

mterferometer " The signals were then collected by a photomultiplier
. v

[ 3
the'-\\

t beam by, a ﬂiezo electrically scanned triple pass Fabry Perot l

‘u‘.‘. b
NETa

ot p Y

tube, amplified through an, amplifier/discriminator

’

assembly and
B flnally recorded by the data acquisition and stabilization sy;tem ,

N
’ The values of elastic constants of B-N, at 47.5 K in units of

v Y
g "

10 N/ " (subject "to an absolute uncertainty of about .'2%) are:

The values of elastic constants 6f ﬂ €0 at 62 K in unitaof

2 (subject to an absolute uncertainty of about 4%) are:

er3=0. 998 -

'These -values -“were compared to those at ‘the corresponding triple

~ ¢

cyq=2.013 | - 'c,2-1.212- : “Cyy=2.227 ¢44=0.402

points. There"i:s an approxil_nate elastic constit.increase of 1% | per,1 K

of temperature decrease and'there seems-to “pe no evidence for mode
softening in either N, or{C/.Q;". _
) . L]

. - .. o " './ o . .
.Three large ‘single crystals of B-CO were cooled slowly through the”
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-s& ot o INTRODUCTION , w _
Ty e e : |
e M ' _ E , . .. .

Brillouin Spectroscopy'is a very effective technic:;ue for p‘robing.'
the dynamical behavior - of phonons in crystals and consequent JTA.tti'cé\

instability associated w:...h phase transitions In particular, «it" . .

S ’ - L4

. allows for accurate de,te‘i:mination of elastic constants in single

.- ,'_. N A N f " . ! .-

- B v -

" crystals. The present worlf constitutes 'an attempt to use Brillouin
o .spectroscopy to study very simple phase transitions in_diatomic r‘ N L
' molecu];ar solids\ i.e. solid Nz and CO S "'[ " L |
’ ! —- The aA and ﬁ phases .of solid N, and co* represent‘ s‘ystenis' that '..' _ .
-", '\ undergo orientationally disorde;ed ‘hexagonal close -packegd (h.c. P ) to ‘ ' -

. \_/ ‘ or‘ient;tioha;_llykgrdered face centered cubic (f.c.c.) phasetransitions. ’ .

A knowledge of elas'tic constants 1is Impertant.in the sense that certain-
Le . (R . F - . .

‘ “ - ’ . . '..
elastic .constants- may . decrease in' magnitude as -the transition. -

n

temperature is approached: "This softening of certain elastic constants '
is c'aysed by soft acoustic photions travelling in the crysta‘li (1). As a S -
_ phase tramsition temperature ‘is reached, 'the mechanical -ix&%ah»ity

increases 'and certain lattice vibrational,modes' 'undergo a considerable

energy decrease such that as their frequency decreases the interatomic |
\

E _’ . binding forces .-are decreased Eventually, the anh!rmonicity \‘agd

R il L

v
.

oo vibration qmpritudes are sp large that atoms adopt new sites.

>

oo ~'.-_-,:- T CO while chemically distinct, is physically very similar to Nz .. The ‘

molecules are isoelectroniq and have the same size and identical masses L

']

' " ‘(seev Table 1.'1). Me_lting and,»boiling‘ points are very similar and

LN . . LA . } . ,.‘ .
A e P R - ’ ’ e T L : '
. A .- . . o
> . . . ' . ., o, . . .

..‘ . * . - ‘ * N . ] . i

TIRIN

U

.
S

e
b




,\ ? -2- ) . - !
' s . 0 ~ _
C ~. o TABLE 1.1 " n
' Some physical properties of N, and CO ‘
N
. N 0
- /
Molecular Weight....... ee#e.....0 28,01 ' (A) -28.01 (A)
~ Atomic Number.................. pee T ta) 4 (A)
Boiling Boint....... \ i ooeeee..l. 77.2°K - ' (A) 81.5K  (A) '
. Triple Point Temperature....... .. 63.15K  (6) 6815 K. (B) ]
. a-B Transition Temperature..... ‘e 35.6 K ) 61.55 K . (B) - - ‘ o
! L - ’ ' . LY Y ’ - - . -« B J ot :
t Equilibrium Vapor Pressure . o ~ - : ' .
. At the Triple’Point....... e, 93.905 mn Hg(D) 115 im-iig  (B) A
Lattice Parameters . . . " : )
~ Of the 8 Phase............ e a=0.405 nm - a=0.414 nom o
« 0 ' ’ﬁ . b s . X . A
Jy ' ‘ c=0.6604 nm (E) c=0.685 nm (F)
. c/a=1.63 c/a=1.65
. ;L : 0, ,
La‘tt:l.\&e Parameter . ' \
of the a Phase at 20 K...........: a=0.565 ni" (G)  a=0.565 mm (G)"
) ’ T - e u - . = . *
. (A) See reference '(2). . . ) L : NN
. _(B) See reference (3) C . ' / . )
"(C) . See fef.e'r\ence (4) . . ) MR . /
(D) See reference (5) ’ : - .
/‘( A‘ ‘ . ‘ , . ‘ . .
o ~ (E) See reference (6)° ' ) \
NPT : . : ‘ O s,
LI (F) See-referehce (7). _ °~ - ' . : S -} to -
_ (G) See reference (8) S o ‘ :
4 ’ — :
‘ u o '
. CT - W
) 4 ' . \ S




s . , . -3-
' ) - - -
_ . TABLE 1.1 continued
iy N
- .
Elastic Constants .
. at the Triple Point Y
(in units of 10°N/m®)............. c11-1.8‘25' cy,=1.901
L | Ccyp-1.131 ‘c12-1.146
‘ ] i ' ¢3=0.98  (H) c150.951 (1)
. o Cpy=1.976 ' cq3=2.905"
1 . \ ) c44=0.32 ' . ©44=0.356
‘Quadrupole Moment
‘(:i.n units of'10"26esu:c‘m2) ........ -1.51: A . ) (G) .-.2.5" ‘ (G)
,
,i Dipole Momem:f ' - * L L
| (in units of 10" %esu.cm)......... : 0 . (6) 1.12 - N06)
‘, Nt#:leat Separacic;n.i..;.:.-.: ...... 011 nm (G) 0.11 om, - (G)"
. (H) See ge.fereno:e (9) . ' \
(I) See reference (.10) ' . .
b, . (G) Sea~ reférence' 28) X 'j B “ | i
- . ' ' o A
: o - ) L@
A.' ) -8 \
‘l. ' ) N ’ ] [y
: N .
N ‘ : . -




* diagram of Nz' (13) .. : "

M

nearest neighbor distances and 1ettée constants are almost identical.
There 1is a ‘small dipole moment - in €O due to its ‘heteronuclear
structure. A study of—temperatfure dependence of holar voiume (11) shows

that CO and N, 'behave similarl& above 70 K and below 20 K. Between

t:hese temperatures, N, like CO solidifies in a high erature h.c.p.

g phase and a low temperature f.c.c. a phase. The bigges dissin:ilarity -~

bet:ween N, and CO is the a-g phase transition temperature. Nz‘stays

' [

"hexagonal from 63.15 K to 35 6- K whereas \for co, this range is from

68 15 K to 61.55 K. There are various possible 'reasons for t:his, one

s

being that the quadrupole moment -of CO is greater‘than N2 and hence the

.as iated interaction z:auses CO to orientationally order more readily
N ‘\\ e =
(12), t:he other being t:hat rotation-translation coupling, is’ stronger

for C,O becau'se of physical_ asyrnmetry, hence causing latti‘ce instability
to ocgur‘ sooner th'an in' ﬁz ZG).. The ,folioui.ng work, determines the p
elast:(;c constants of N, a'c 47.5 K, 'the elestic const:an“cs lof CO at t:he
tri‘pie point and at 62 K and correiat'es'i:he "orientatioxns of theé a and §

g ‘phases of solid CO; ‘ ' ‘

1-1 Structure And Phase Diagrams Of N, and €O~ - . . ‘

Y

azN o . . o - . ' ‘N

'r' Solid Nz exists in at least six crystal forms: ordered cub.t-c a-

[ -

Nz(space group Pal), disordered. hexagonal B-N, (space group P6 /mmc) "

ordered ‘tetragonal v-N, (space group P&i/mmn),_disordered cubic §- Nz

Y >

(space group Pm3n), _;-‘Nz probably rhombohedral (spdce group Ric) and

¢-Ny: probebiy rhomboheciral .{space’ group R3c). Fig.l.1 shows the phase

.
\
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- An extensive review. paper " on condensed Nz by Scott i.s avallable

(a) Single crystals of B- N2 of excsllent quality can be grown by slow

so'lidification at the triple point (4) -Handli.ng such: a _single crystal = ..

1)

“is di,fficult (as will be explained in sec i n 2 7. Streib et. al. (14}

howeverf performed x-ray diffraction studies of a single crystal rather

'than powder samples (as was done by most. researchers) 'l'hey determined '

-
v

the structure and confi‘rmed the molecular precession about the c- axis

> L4

at:54,5° angle. Mills et'al (15) working on single crystaIs of N, at
\

2.94 GPa and 300 l( conf}med the hexagonal structure of space group

P64 /mmc using X~ ray diffraction’ (see also x-ray 'lntend‘!ky measurements

" by Bolz et al. (16)).  Gannon “and. Horrison (17) studied the optical

. s
birefringerice- in A-N, .—They also confirmed the structure of A-N, to be
. ' . c .

(RPN
TV




'centered cubic with a basis of four molecules per unit cell.

and Dolling’ I(24) . Venables (25) has kgrqwn a single ‘c‘l.rystal se

-

hexagonal P6;/mmc. Klein et al. (18) theoretically ‘calculated the
dynamic structure' factor S(Q,w') of'g-Nz. Elastic 'a‘nd inel‘ast'io neutron
soattering’have been carried out by Powell et al. (19) on single
crystals of f-N, at 400 MPa and‘ 35 K. They determined the elastic
constants of‘ﬁ-Nz at that temperfatnre from slopes of dispersion ou.i'ves.

£

Kjems and Dolling (20) determined the elastic constants at 37K and 0

determined the elastic constants of single crystals of B-N, at 63 K

r

‘using Brillouin spectroscopy. Theoreti‘cal.ncalculation. of elastic

Id .o .
constants uding self-gonsistent phonon approximation were carried out

by Goldman and Klein (21). : o Coe

Electron diffraction patterns of annealed tiny single.crystallites

in films of a-N, obtained by Venables and English (22) showed that

the structure is cub#t Pa3l. Hurl and Morton (23) studied thin‘films of
\

solid a- Nz at & and 20 K using electron transmission diffraction and,

: obtained the same result. X-ray intensity measurements by Bolz et al.

ace

(16) confirmed 'that the structure« is Pa3. The— structure is .

-

molecules: are ordered in the basis such that the molecule is alijgned
parallel to <111> direction of cube.

by r Gannon and Morrison in the birefringence snudy of a-N, (17) and the

consequent shattering of solid' N, ). .However (by chance), on
. bt : , . t

<P’a using ‘the same technique.‘ Kiefte .and Clouter (9). accurately‘

The

crystal of asN, has been produced by Streib et al. (14) and /by Kjems

.

ment .of a
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. . -
studies include Raman spectroscopy. of the a and—-; phases at 4.2 K and
preSsute up to 0.9 GPa and spectroscoplc obs'erv'ation'of' the «-p
transitiion at 4.2 K and 0.35 GPa by Thiery et al. (26), Raman

- spectroscopy on polycrystalline o-N, at 18 K by Ar%ierson et »al. (27),

theoretical calculation of the pressure dependence of shifts and
splittings of Raman active vibrational modes in the a and K ph'aseS‘by

/\_v“,,'l'hiery et: al. (28) and. deteJnination of dymnamic structure factor S(Q,w)

of o nitrogen by Welss et al. (29) Elastic constants of a single
crystal of nitrogen at ‘15 K'have been determined by Kjems and Dolling

.measurements. . 9

.

o The p'hase_: diagrams'of a ‘_a:nd p nitrogen-were studied by Swenson (30)
properties of solid and' fluid N, up to 2 GPa to measure the sound

velocity. 'Raman sp‘ec..tf:a from 15 to 30 K at 52 GPa were done by

‘.Buchsbdum et al.(32). ' Theoreti:cal calculation o_f“ str.ucture and °

dissociation eneérgy by LeSar et al.' (33) agrees with experimental
. . L' ) . e s ’ , fy .
lattice constants and energy. On approaching the transition by warming

along P-O isobar, significant mode softening appears above 30.K with an

increase in linewidth Giauque and Clayton (16) showed"that: the ca- ,3“

L} -

N transition. is preceded by Sn anomaly in the specific Weat, curve

indica'ting the onset of restricted rotation. Kjenms and Dolling (24),

managed ‘to obtain one single crystal of a phase of 1. 5 cm’ volume and

P applf.oximately correlated the orientations of a and 8 phases of nitragen.

o ¢ T oag
b0 . | .
‘ Solid CO exists in at least four phases. Ordered primitive cubic

T P
e, ! : L

(24) _using phonon d.i‘spe.r'sion curve's‘ obtained from neutron .scattering -

using P-V isotherm .- measurements. Mills et al. ‘(31). used . P-V-T.
4 .



7

L]
LN

'hexég‘onal B-C0

‘disordered cubigq F e-é 3

;(space group Pm3n)‘ . 5 f :
' o r 4

" and  ¢-CO possibly g‘:? ]
rr;ombohedral (space g g

group R3c). Fig.1.2

a-Co ( .'s.pece group ‘ -

P2,3), disordered .

(spaee group P6,/

mmc), §-CO probably .

Ty rrriinm
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‘ diagram of CO (13)

. o . Fig.1.2 Phase diagram of CO.

M

Single crystals of ,é-GO-grown at room temperature at 2.7 to 3.6

‘GPa by Cromer et al. (34) were examined using x-rays and found-to be |

LIPS

hexagonal belonging to P6,/mmc space group. Fukushima, Gibson and Scott
. - -~

("11) determined the «-8 transition temperature of CO. They measured the

temperature variation of the molar volume in CO° which can be used to
deternine t'he density .at different temperatures, The elastic constants
of B-C0 at 68 K were determined and compared to B-N, by -Gammon et al.
(35) using Brillouin spectre'scopy.

Steveneon (36) determined the phase diagram'ef CO vith omly two
pha_lsels msing P-V isotherm _meésurements.. Raman scattering on CO from i5
to 297 K and 1 to 5.8 GFa bj Katz et al. (37) revealed an‘a ¢
tra\nsition at 3.4 GPa and § * § at 5.2 GPa at room temperature Raman

spectra of polycrystalline a-CO at 18 l( were collected by Anderson et‘

”

o

4



|

/

R § . R . . °

P

al. (27). Thermodynam_ic properties of CO having 2.6% N, including he:aj}v_

capacity', va:ipor 'pressure and heat of transition were determined by Gill

-~ .
3 -

and Morrison (38) from 2.5 to 78 K. NMR experiments were also done on

p-Co by Fuku!hima Gibson and Scott (39) . The quadrupole moment of CO
(S 4 . ' 4

being stronge‘r than N2 is probably the cause for absence of an a -«

transition in.";‘CO (see Raich and Mills (8)).

A - -
i .

—_— H '
7 H .

1-2° Brillouin Scattering o ' .

Classically, (ﬂO) (see also (41)),_the thermal motion of molecules - ‘/'

create regions of compressions and rarefaction which travel in the’ '
] . O

medium as acoustic anes This results in propagating fluctuations of

R

the refractive index o‘f the medium, One can think of these fluctuations
as plane surfaces which give rise to reflection &6f incident light

Brillouin SCattering is the ipelastic 'scattering) of light by the'

Ehermally generated density fluctuations in a medium The frequency

»

.spectrum of the stra:!:‘tered 1ight . consists of a set of doublets'

syi‘nmetrically situated about the incident light ‘frequency (in. liquids

. there 1s~ one doublet. and Qn single crystals,. three doublets). .

" movement of plane surfa‘ces is |

If vV is the velocity of sound waves in the’ medium, the amount of g

[ e

Doppler shift induced in the frequency of incident light due to. the

a--———

vy o2V gih - ,‘ (1.1)
A - 2 . . . .

vhere “n 1is the mean: refractive index ‘of the medium, A 1is- the
wavelength of. the incident 1ight and a ‘is the scatterinﬁ angle The
aign of v depends on the directiqn of motion of planes relatdve to the

-

\‘ : ' : -~ 1o . ) LTI



\
observer, Equation (1.1) is the famous Brillouin equation.

Quantum mechanically (42) however, the event L8 considered to be n
scattering process of photons by\ﬁhoaons (aS noted above). The incident

radiatiof of frequency w, and wavevector k, is scattered by phonons of

" frequency Wy ‘and wavevector k, where 4 refers to various peossible

phonon modes as discussed in ‘section l-4. The {ncident photon either

~

: creatﬁfgt:' annihilates a phor;on at’ the scattering slit:e as shown in

Fig.1.3. - o ‘ L

L4

<

Phonon

Fig.' 1.3 The scattering process of a photon by a phonon.

' o

The following' conservation laws hold;

' )
B .

Nk, = Rkt hk, . : . (1.2)

s



Byl
g

how, = hw + hwy, ' : (1.3)

whbere "k and w are the wavevector ind frequency of scattered light.

'Since V < c thén k = k, and using Fig.1.3 ve can write: . !

-k, = 2k sin g - . : (L.4),
2 :

o

but ky = —o# and k = @ for 1/k » awhere ais the interavomic
“ N N .
spacing. Therefore eq.{l.4) becomes:

A

[y .
- %'

- 2nV a -
Vy - = sin 8 - .

N Vi . . . . ' . | .
1-3 Stress, Strdin And—Elasva Coni:tia'nts C '

The theory of. elasticity treats'a solid body as.a continuum. The

. relation between. intefnal stresses trying to bring the body back to
equilibrium and the amount Qf deformation is -governed by Hooke's law

o (43) .

1

-
s
»

If under str‘ess, a lattice point at r '1s'disp1ac§.d to a new
poéiti_.on r'; the gdfspiacement,.vector‘ is u = rr ; if dl .and dl'
rqprésené thie distances between two_points before and after deformation

. ! ‘
then it is straight forwayd to show that

d1 ?= a1? +2e,,dr, dr, ', vwhere for small deformations e,; becomes:
L *8y,  du : :
By = L (2 My . : ‘ . (L.5)

2 dr,, 9drx,
Ay . ™

Vi
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"and is called the strain tensor. e note that e, = e),. The component

o - { B
of the force’ acting on one part of body by the rest of it can be

written as F, 4vff1(r)d3t , where £(r) is force per unit ‘volume.

These forces are only exerted on the surface enclosing volume V and

e e : _
can be expressed a&''surface integral F, = _,r 0,,da, , wvhere

S
o Yol o
P

= | -

£5

*

by Hooke’s law thrq&gh a 4th rank elastic constants tensor ® ,y; as’

.. - )

¢

T35 = C 5181

- . (1.6)

/

" The strain energy 'den‘si;:y of a deformed crystal is given by:

'E-_%c.“kle“e“_‘ - . ‘ - (1.7)

o

. ’
-

By introducing a ;simpler notation whereby pairs of 1indices are

' assigned a single label as followg: -
Tensor indices 11 2233 23 31 12

Matri:x indices 1 2 3 4 5 6

\
[

There are 81 elastic constants 1n eq.(l 6). Uéing symmei:ry relatfons

~

for o,y and e;;, the number of imiependent elastlc conscant:s become 36

and using_:e_q.(1.7) : they are further reduced t:o 21. For the hexagonal

/
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: . 'close;.pac'kea st:ruct:-u're, thfe is a six-fold symmetry about z axis which .

reduces the elastic constants further to five {.e. 11+ €134 €13, 33

and c, ,. The elagtic constant matrix becomes: :
— . . \‘, )
\
= £ =1
: c c o e 0 .
L ’ ' e 12 13 - R 1
- ) - ' €12, Cya Cy3 0 0 0 ) |
: . €13 Lo Caa 0 0 0
. + . ch, 3 I - . . \ . . . .
. -0 o 0 Car 0 0 ,
” o Lo - -0 0 0 TR
- N A - ‘ . : o ‘ ’ (C -C ) . . \ .
, S R 0 W0 0 . o 0 - _llzi ' o : L
- R . & ' 2 ' R ) I N . ‘ . A . . -~
oL For cubic crystals , the cubic symmetry reduces the number of-‘elastic -
T . constants from 21 to three i.e. c,,, ¢, and c,, . The .elastic cynstant
- ~ . matrix becomes (44):
il -
. i _ .‘
' ‘ B ¢y c12 c;5 o 0 0 T
, ' c12 01 1 C1 2 0 ' ,/J 0 0
" cig . €z | €14 ) 0 0
- ‘ 'cidl - . Q Les -
\ S 0 o . o Cas 0 0 :
SN : 0 0 0- o Cus 0
, - 0 o o0 o '0 ca | -

. 1.4, Propagation Of Waves In Hexagonal Crystals e

v;,~ - , y . ‘ N ' . l‘ . Lo N 4 - ) ) ,\ , . . 5’ 4\
: The force per unit volume £(r) and the - displacement vector u are '

N Lo . .) . . . - 2 ‘\

i . - ~ N . \i

Do related by Newton’'s second law of motion: - £ = pi.._?_.' 4 where p 1is the .o

.;:. o N . . - . - : dt ? ‘e

crystal density. The ith component of \t:hisi equation is :

.-;). . ) . X / - ‘h._ - ’ ) . ’ . :

'fl: - v o ’ t oo k .. - B . ¢
S T . - |




 .§\\.

~ -

- ' )
2 ’ ¥
E 301! - pd U‘ - \\
. ] axj dt'z'-

__ Using Hooke’s law and eq. (1.5), we can write:

z - azui dzu‘
o Gkl - P
ik Ix 0%y dt

-

; _® 'which 1is the differential egquation

.
-

- v e
N .

a solutfon of the form : ou(r,

N &

™\

-t

vhere u[;"'fé the a.mplitﬁde’of 'propagatién. Substictuting eq.10 1in éq._§ "
: " ’ ;

/ .
and rearranging we obtain:

‘e
. . -
\

.
'
" -

‘ . ;)
O ey Kyl - pw 8wy =0
{ Ik ] ; -

.

| The determinant of the matrix ) c,
. _/ ,’k ]

-14- oor e T

for wave propagation and has

1)
L

-:l (k.x-wt)

t) =y, 6 , , (I.10) .-

\
° o ¢

@ -~

(1.11)

senky kg - gu“s“ must-vanish for,non-

.

trivial solutions. The solution of this se&ulag equagion yie}ds

4

; elo;:ities are:

. vz (L) - % [(c“+c“)sin%-y + (c33+c“)coszy + @]

\ 4 .

“ \ ‘
!

°

———— s a ot —_—

2, L2
pv (Tz)-% .[(cu+c?,_)su}(-, + (caq+

[y
Lt

0

: ' =~ 2 2. 2
whexe tbz-[(c“-c“ )sin?'r +' (Cas -c")coszylz- + 4sin”ycos y(ecyytey, )

2 2 . 2
v (T )m % (cyy-cyz)siney + ¢ ’cosTy

. for w® . For' hexagoﬁal crystals th.e final solutions for

°

[ ]

-
a

-

20 . . -
¢y )cos’y -®] )

[y

1)
.

.
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and ¥ 1is t;he angle between'k and the ¢ axis. e - . »

- Thus'ithere are three types of waves propagating , a pure transverse T,
a quaei-transverse T, and a quasi-longitudinal L which are distinct’

in single crystals. Tl

1-5 Euler _An’gles. .

N The three Euler an“gles are defined .in the standard way, per
- Goldstein (45) a¥ ¢ about the body z axis. 6 about the line of nodes L .
o and X about t:he body z axis; a11 t:he rotat‘ions are counter clockwise.

'The rotation Amatrix‘from,the body t:o, ‘the: space coordi.nétg system then:

e ~1sxgivenby '. - o ' \? o .
. . cosxcos¢ cosﬂsinq&sinx ,-sinxcosqs'-'coséei.n¢sinx"“efnée1n¢ ) " AP
. A= co;xsin¢+c050cos¢sinx -?im(—sinq;ﬂo‘sécdeacosx_ -sinfcos¢ | .(1.13)‘ i
| ‘ -sinxsin0 o V'cosxsino ‘ | ‘coﬂso ' _
. rAny vector X in the body frame of reference can ‘be “tr/ans!atﬁto-_ the ~ °°
space frame of reference X‘ ‘by X -AX whgre X and X' can be
— L ogw *
i o e}:pressed as column me.trices ‘cf‘the form: -/ b where a, b and ¢ are.® . . o
/ * constants. \ T | < - ' - T
: N N -‘ . & ‘ . . T I
1-6 Phase Transformations . a . B : '

J Any pl':ase transformat:ion requires a change in the arrangexﬁenc of o .7
the atomic structure of t:he ' material (46; | These changes are made by <
driving forces, the atoms. assume new positions under t:he influence of- ot

; . strain energy, surface ‘energy or, external strees even though the free. . . - ‘
- energy of one struct:ure is lower than t:hat: of t:he other. .' . o L '.,’.'f. ¢

<" . n PR

'I’he , transformatio_ns can be-' ~di\(ided” into homogeneous‘ and

VoL A ‘het{erogene'ous. The homogeneous transformation 'takee»plaoe'.f in all 'parte'f '

|| X . ' ’ - st . L. ..
. . . v . T . » : 2
. . ‘ . .

oo : :‘. ',.*:
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of the assembly at the same time, whereas, in the heterogeneous

LI

transformation one can distinguish microscopically distinct transformed

. and untransformed regions. The. heterogeneous transformation is divided

into two groups dependin on the reaction velocity and amount gf

transformation with emperature and time. The experimental

4

classification Yresponds to an actual difference in the mechanism of

the transformation. The two groups are known as "nucleation, and growth"
reactions ‘and "martensitte” reactions. In the first group, - the new
. . ' . o

phas‘e g'rows out of parent \phase.bi' slow.migration .of the interface’

-

boimd_af:&.,' The gtowth then res,uits‘ frort independent atom-by-atom

,transfer across the boundary. The reaction continues 1sotherma11y at a

s )
given temperature and the amount: of new phase 1ncreases with time. The

" second ‘kind of heterogeneous transformation occurs only in solids and

"
e

Co 1 . ) ‘ .
proceeds by the cooperative movement of many atoms. Most atoms have the

same nearest neighbors in both phases. Discrete regions. of solid

_transform with very. high velocity “which is independent of temperature.

~In most cases, the, amount of transformation 1is characteristic of

t N . N -

‘ temper:_atdre and does not increase with time. Reactions of this kind are
caileq "shear" ‘or "diffusionless'(;transformati.ons but they are also.

"referred to as ,"martensitic" transformations. The alternate division is >

Y

v S t . .
based on 'vthe analogy between the'differe'nt mechanisms of transformation

and the way in .which:- soldiers and civilians respectively carry out

gertain tasks 11ke get:ting 1ntd a train Thhs the main categories of

the heterégeneous . t:ransformatior_xs are ,called "militery" (1%e.

I . . " . N . N‘ . ‘ ) .
martensitic) and fcivilian" (i.e. nucleation and growth). . o
) . L - " D ’ )
" The. main characteristics: of ‘martensiti¢ reactions are (see also

Y
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. directidn.

parent structure and thet of the daughter phase : . ' e

. -17-

a)’ The amount of transformation’is independent of:time: A fraction of

- k]

the parent phdse transforms very rapidly and at a certain temperature

there 'is usually‘\no further transformation. This 1is a primary

’ 4

, .
characteristics of the martensitic transformation.
. ) h "

»

> »

. 3 ) N . - \
'b) The amount of transformation varies- with temperature if other"

_variables such as grain size are maintained constant The‘Velocity of

transformetion ‘is 'probably independent of temperatﬁre aﬂd is wvery

Y
v

rapid. Transformetion begins suddenlyaat a fixed temperature T; and as

-~ - s
Py 1

the Lemperature is. varied} more of 'crystal\atransforms until cthe

temperature .Te is reached at which the transformation is complete : _3

‘e) Ma%;ensitic reactions are reversible. By heating_and cooling the .

crystal successively, initial atomic configﬁration cah\te repeatedly - -

'

obtained A single crys:al of the original phase can transform to a

¢

single crystal of the daughter-phase. Reversing the process results in

i

a single crystal of the oriéinal phase having same orientations.. '

' ) ' . . o -~ . ¢ ‘ 7

d) The amount, of transformation can increase if plastic stresses are

applied between '1‘1 and T, and can ‘evén be brought to completion The '

~ .

direction of the applied stress is important for single crystals and

some reactions may be tetarded or accelerated by a stress in a suitable

)
»
a

e) The transformed crystal has the same chemical .composition as the
-~ ‘ .

parent phase. Little or no volume cnanges'are involved (0.3§ in Co).

£) There exidts a definite relation between the orientations of the

. -

D It is believed that a-f transitions in N, 7 and CO are of the

martensitic type.

e s * . *
' “a AR °
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CHAPTER 2
EXPERIMENTAL SETUP AND PROCEDURE .
A : b

v N '

-

P . The experimental setup for Brillouin spectroscopy studies of single

cr.:ystals is shown in Fig. 2 1. A single-mode argon laser beam was
incident on the ‘cell inside a speci-ally designed cryostat The -
scattered béam was analyzed at 90° by a piezoelectrically séanned Fabry-

. \ \

Perot interferometer The light was collected by a photomultiplier ‘tube
) and stored in a data acquisition and stabilization system X- rays are

~ 'used to obtain Laua diffraction.‘patterns ‘of the crystals. A He-b{e beam -

’

.\defined the scattering axis. ) ' O

K ) P

v

2-1 Lasquﬁonrce - . . ‘ .

Highly monaochromatic laser radiatio'n is necessary in the technique
of high resolution Brillguin spectroscopy A 4 W single mode .argon ion

laser (Spectra Physics 165) was used. With an intracavity prism, the

‘action of the ‘laser is tuned to the 514.5 nm line. ‘The line has -a
. - "Doppler broadened width of about 5 CGHz within 'which several axial}nodes
oscillate with a separation of 115 MHz. An .intracavity Fa_bry~'Perot
" etalon is used to select a single axial mode. Because of "jicter" due
to microphonics, the effective linewidth is about 15/ MHz and ultimately ’

is the limiting factor in the ez'cperim'ént'al resolution: To further

mechanically sta%ilize the laser‘.: it was .mounted on a steel- table
- g o, .

“ . bearing a large granite block which was separated .from the floor by

rubber mountings. For the present experimeht, a powey of 210 mW was used

-, in order to prevent the crystal from being des(‘.'royed by‘heating

't
P

‘Nr '
Nty
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2-2 The gptical Systiem And Aligggent ‘ ’ . .

The arrangement of the optical system is shown in Fig.2.l.MThe‘

*“{;cident beam’ passes through pinhole P, .and a hign quality quartz lens

L, of focal length 35 cm. A front surface mirror deflects the beam

vertically through theicentre of the céll through aperture P,. The

scattered beam, having its solid angle (~ 5 % 10-° steradians) defined

by pinhole Pa 1s. renderep parallel by a high quality antireflection

coated lens L, of focal ‘length 40 cm and is incident on the-front plate .

of “the Fabry-Perot’(Burleigh RC 110). The -transmitted, light from’ the

Fabry- Perot is focused by quartz lens La of focal length 80 cm/onto/y////:

pinhole P‘ (of diadeter 400 - p) and finally to the photocathode of a
photomultiplier tube (ITT FW 130) which is thermoelectrically cooled

" and has ‘dark count of less than 1 per second. The electrical: output

ls fed through an Amplifier/Diggriminator into the Data Acquisition and’

Stabilization system (Burleigh, DAS-1) which wiil be discussed~1ater.
' The triple vpass Fabry-Perot interferometer consists of .two
optically flat parallel plates -separated by a certain distance d. The

opposing faces are coated .with partially reflecting films (93%

reflectivity in this, experiment).~ The distance d eetermines’ the L

wavelength transmitted by the Fabry-Perot. A ramp voltage acrosa the

three piezoelectfic transducers on .one of , the plates 'scans the

. ~

frequency. The free spectral range F.S.R. (ll.él7 _GHz in this

4

experiment) is the frequency difference\between:two successive orders

of the'Fapry-Perot transmission and is given by FSR = Z:d
the' velocity of light and n is ‘the refractive index. The'ﬁinesse F is

where ¢ is-



Fig. 2.1 The optical arrangement for the Brillouin '
. - * 3
scattéring and x-ray diffraction analysis ' .

of ‘N, and CO. . '
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defined'as the ratio of F.S.R. to the minimum resolvable linewidth
(i.e.’ Fabry-Perot instrumental width). A 'higher finesse therefore
indicates a better resolution of closely spgced li.nes for a given
FES.R. The finesse is determined by plate flatness ~and reflectivity
and is about 60 in this experiment.

A He-Ne beam is first aligned into thd’phototube to define the

optical axis .of the system with no other optical element present, Then

the lenses, Fabry- Perot and pinholes are added in sequence so as not to .

L]
’

deviate the beam. Tne Fabry-Perot is set on single pass and by

"observing the "sharpness" of its transmission is adjus§2dhmanually,

first. on the He-Ne beam and then on the “argon beam Ecattered.ftpm a"

piece of card; The Fabry-Perot is aligned more accuretely on single

pass by using the piezoelectric bias on the DAS-1 and by maximizing the

" DAS-1 signal. Then retroreflector is rotated into the 3 pass mode and\\

the Fabry-Perot is finely_tuned again by maximizing the signal on the

DAS-1. A pentaprism is used to ensure that the incident argon beam is

exdctly at 90°to the He-Ne defined scattered direction.

2-3 DAS SYSTEM

The Data Acquisition and Stabilization system serves .several _

-

functions. It provides a bias signal to the ‘piezoelectric transducers
B B ¢

of the Fabry-Perot interferométer for parallel adjustment of the

mirrors and the appropriate séanning voltage from .01 to 99.99 ms'per

-

channel using a digital high voltage sweep. It accumulates {n _memory

o K]

via a 1024 channel multichannel analyzer the 1 volt pulses put out by

the Amplifier/Discriminator corresponding to each detected photon. It

furthet corrects automatically for the frequency drift of thellaseriqfi



-

"any other freouency drlfts by locking a particular‘spectral feature

(such as the Rayleigh line)._to a pteselectcd channel number and keepc

it centered there. rIt can also be programmed to keep the Fabry-Perot
/
plates par’llel and continuously maximize the finesse. Another feature

of the DAS is t:he segmented option which allows for amplification (up

1

to 100 times) of any part of the spectra by spending more t:i.me. per
channel in ptcselected 'sections of the_ramp. This {I's important when
.searching for very weak spectral features. A sp_c"ctrum of inténsity

e

versus frequency if:/sz‘ojminuously oisplayed on the multichannel analyzer

' CRT and an adjustable "curSor"™ provides for alphanumeﬂ'c /Aeadout of

e Co .

photon counts and channel number.

. T
- . e

. ~
2-4 Cryostat .

The cryostat (Fig 2.2) is the one that was used by S.F. Ahmad (48)

(see also (49)) The outer body of the cryost:at: (26) was made of chin

~

stainlcss steel. I conta\ins two reservoirs: one for liquid nitrogen
(8) which was automatically refilled eve‘ry 6 .hou;:s and one fo® liquid
helium (9) filled every tgo days. The cell, 'soldered to a 1long
stainless steel ct;be, was suspended ‘in the central bore of tl_‘xe'crlyoscat
and centered vertically by a teflon s.pacer*(21). The %op port of it was
connected to a brass tube (1) _through which t:he' s;mple. comes t:o‘ the

cell The rotation of the cell is carried thtough rotary seals (29),

. (31) with a scale to read t:he degtee of rocacion The liquid helium

from the reservoir (9), lafter passing ~t:hzjough the capillary. r.ube (22)

4\’..

reaches to the heat exchanger can (20) ‘A needle valve rhavi.ng a

cont:ro'l knob at the top (28) regulates t:he flow of -the helium Liquid‘

helium after falling to the bottom of the heat exchanger, is vaporized

U ) ' '

-



Fig.2.

2

2. Diagram showing the top and the tail section of the cfyostat

1
2
3
4.5

6,27

8,9

10°13

‘11

17
18
19
20
21
22
23,28
24
25
26
29
30

31

~-Rubber O-ringé

-Dust ‘collector assembly

.

-Brass inlet tube -

’

-Staipless steel tube . -

.
o

-Port for He recovery from the heat exchanger an?\?e reservolr
-Liquid'He and nitrogen fill

-Space under vacuum .-

B

-Liquid nitrogen and‘heli;m reservoirs ¢

5

-quiation shields .

-Heater wires
;AIuminum'f911
-Plexiglass lérge'gindoﬁ
-Quértz sample cell . . '
-Polished quartz'windoﬁ o “

-Plexiglasé'small window ~ . '
-Copper braids |

-Heat exchanger. can

-Teflon spacerv

-Liqu{d helium capillary tube

-Needle valve ﬂnd its control knob

-Cryostat pumping port and electrical feedthrough
-Thermal anchor.

-gglished stainless steel outer wall of the cryostat

-Rotary seal for rotating the sample cell

v
-~

-Electrical feé@throdgh for temperature and gradient measurment

tAssembly for raising or lowering the cell

N »
'
-
~
-~
A
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and the cool vapor circulates upward to escape throughﬁ'e outlet (4)

\

into the helium return system Twd brass rods are projected downwards

from the bottom sides of the heat: exchanger and serve as the cold

finger. These are connected. to the cbpper braids from the cell (19). A

heater (12) is used to con‘trol the témpera,t:ure of the cold finger in

conjunctioh v}iqh a GaAs temperécure sensor and propoftional control

“circuit. There are two aluminum s_;hield's surrounding the cell. The,inner

1

shield .(13) was maintained at the same teminerqture. as the . heat

exéhanger and the .outer shield (10) at liquid nitrc;gen temperature,

-

There are windows around.the cell, one made of "quartz (17) through )

°

which be‘a'm énpers. The window (15) through which the scattered light
. Y ’ :
passes and the window’ (18) where made of plexiglass to allow x-ray

transmission. The cryoétat rested on an aluminum pl=te which could be

adjusted by means of three leveling screws. The platé was "finely

-

- adjustable allowing “‘for't.he cryostat to be moved across the beam

9

passing through the cell. This was added since Ahmad’s work.

N o

> . . . -

LA

2-5:-Cell

-The ce11 (Fig 2. 3) is a quartz tube of im‘:er diame&er 3 mm and

outer diameter 5 mm and length of about 2 cm and was fit:ted with a

. quartz to Kovar graded seal at the top. A dust trap Bet.w’een the cell

) .

and the inlet tube prevents dust particles settling at the bottom of

the cell. The bottom of the cell was closed By a polished fused quartz

plug glued to the cell - by epoxy resin. A phosphor bronze clip was

- clamped to the lowest part of the cell, ﬁis clamp had a miniature GaAs

diode mounted .on”it. One side of the clamp was foidé.d to provide

housing for a differential t:hermocoupie\. Another clamp was fastened to



g

o’

|

!

. .95 . " u
- . -
~ 2
1 -
"
. .
! I
’ Y
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, 2-6 _Temperature Control

' "VK LI
. o .

the cell above the first and provides for the second junction of the\

” s . a

thermocouple. To each clamB} two copper rods we‘r‘e soldered and joined’

to one end of g, copper braid. The other end of the copper braid was

?

connected to the cold finger of the'heat exchanger. Wires wound on each

-

rod provide for thescontrol 9f—tﬁe c‘e11. tempe'ature.

A ;najor modifi"catitn made to ‘thjisl system slipce Ahmad’'s Ph.D. work °
‘(48 ) 1involved. the deposition of a ;:hinﬁ.”opt;ic'ally trgnsptre\ht,,
uelectricall‘.y cond\:xcti..ng- coatiﬁg' on the ..ce11 .b.ody bewten the ~cla‘mps.

¢ :
The film has a 70% transmission coefficient and 10 ohms electrical

o ——

resistance and is about 1 cm high.- Tw& thin brass clamfas'* lined' inside.

§

with indium. were used for electrical contact to “the film. Teflon rings

a

were used to isolate these clamp's from the rest of the system (1 e.

. ” —

above mentioned phogphor braonze cooli,ng clamps) This film is used when
the crystals are l;»eing cooled i.e. eiactrical current 1s passed through

the film to release the crystals from the wails of the cell.

«

The cell temperature is affected in four ways:
. .. - ¥
\

i) an externally cbntrolled‘\nee:dlé?"‘valve regulates the rate of flow of
. R . -9 T . E 4 . T .

liquid helfum in the heat exchanger can, ' . e

i1) temperatpre at the botton; .of the can is fihely controlled to
.o . . N ‘ :
about .4‘ K below cell temperttute by proportional- electronic control

using the GaAs diode and heater system,

i:i:l'.) temperature at the bottom of the ce11 is controlled using a

[ 4
-

similar propottional electronic control assembly,

iv) tempetature at the top of the.cell and hence’ temperature gradient

¢

in cell is centrolled ' via diffe:_antial“ thermocouple and heater

d



proportiénal -control system.
"\

-

2-7 Crxystal Growth And Cooling Procedure o .
L - 3 .
The nitrogen or’ carbon monoxide gas inside the cell was -cooled
- . ’ ’ ) A
until the liquid state was obtained. The liquid was then cooled

manually to about a degree above the triple point .'tempe,rature. The

- 3 . ¢

crystals vere grown By"maintaining a gradient of about 2.5 K between

t:he top and the bottom clamps (with the top being warmer) and ‘lowering

e " ' the temperature automatically by about 0 05-0. 1 K per hour until a
.-‘: . sn‘lall.('O 05 mm).seed'was formed at the bottom of the cell. The seed was
- then grown slowlx for a about day funtil a large single crystal was
P ‘- obtz}ined Many crystals we're~ melted at this poinL mainly because of
. .their shott range of - angle 7. -A large vy range 1is necessary to

meaningfully determine all five.elastic constants.

Appropriate ; crystals of good quality 'w-er‘e further - cooled

e ) automatically. for another /day to ensure that the  they would not melt

~

- during cooling' process. '.l'his process is a combination of heating the
walls of the\qell and simultaneous pumping on che crystal The liquid

on the top of crystal was removed completely and the remaining crystal

; increase in film t:emperature WOuld melt thé .crystal and enough time had
to be given fot‘tﬂe equ‘i'l,ibrium §tate to be established. Controlled

T éxcess energy in the \fil'm melted the crystal at ,t'he boundary with the

"walls of: cell ‘and the. liquid_formed was removed by pumping. Eventually..
nd the. . - tormec . ! :

when the 'crystal'.":uas rel‘eased from the walls, having a dome-shape

appearance, it was cooled quickly (at about 8 K an hour) to the desired

-
»

was reduced in si‘x\e by. pumping very s'lowly on the ce11 The filmv _

voltage was raised ét{ 1 ‘6 volts in steps. of O. 2 each hour. Sudden *

J

b

-
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“temperature. For nitrogen (because of the larger temperature range),

&'

! the above mentioned process was éafried out three times whereas for CO,
oAce was s;fficient to cool it to the appropriate temperature just
above the triple. poi'nts. When the cooling was over,' the pump was
‘removed and the gap between the crystal and the walls of the cell bega_rr .
filling with solid, and the crystal would grow ‘slightly. The f:ilm
temperature wasltbgp lowered by reducing the heater voltage to 1.2
volts in steps of 0.1. Keeping the fiim teﬁperature fairly high allowed

vl for a bet:t.::er (more ‘tralin free) phase transition involving’ vo‘lurqe
expansion. The key factor in the success of this qpéiatianAQas to find
. a proper ratio between the rate of p;mping and the rate of dncreadasing

- the film voltage. |
Further coolfhg through the phase transition was carried out
extremely slowly (about 0:05 K per hqur). The cooling wa's stopped

periodically for several hours to check the crystal and allow it to !

A

.come to equilibrium. : . N

2-8 Crysténl Orientation Procedure

—

:

Laue x-ray t:rans.mlssion diffraction is usevd to determine whether a
cryst:alr IS'sirigle and to determine its orientations relative to the
laboratory fz:qme of 're'ference-. The pattern typically consists of
-several well defined spots surrounding a central spot due to ~the.

- und\iffract'eci beam. By observing thec patteri\. and s‘rAxiap.e of spots, it is
" possible to estimate the quality (degree.of strain and poly‘cr‘ystalline
nature) of the crystal:;z. Thid procedui‘e has been .complet:ely

computerized in this laboratory (initially by Gammon (10 )) and is based,.\‘

. on stereographic prejection techniques ('50'). An accurate measurement of

N ¢ . . .

—— —
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the coordinates of the Laue spots is necessary and fed into the
computer which determines the Euler angles and Miller indices. Each
spot- is always account;d for. It is important that consistent
orientations are obtailt-;ed as 'crystal is rotated i.e. only the ¢ angle
is changed. ;The orientation of each crystal with respect to the

laboratory frame of reference in Euler angle -notation (#,¢,x) was

determined using this technique.

.
3

The x-rayl_t:._c_lgipmengg used wgs a Philip; MO 100/Be 100 Kv beryllium
window’l»t:ube‘." The beam was pzlassed thro;igh a lead collimator and the;l
through the crystal. The diffraction pattern was recorded on Polaroid
57 £ilm in an XR-7 Land éamera,. perpenciicullar‘ to tbe direction‘of ‘the

incident x-rays and at a distance of B.4 cm from it.

2-9 Measurement Of Spectra

The Brillouin spectra of different crystals were recorded on the
DAS CRT screen and a sample spectrum is shown in Fig.3.1. in chapter 3.

The "cursor" was used which when addressed to a specific channel on the

- CRT screen, could measure the number of counts and channel number at

jhe various peaks. Three Raylelgh peaks were usually recorded.

Réfer\i'ing to Fig.2".4, the spectral free range A, was the mean of 4; and
4, in channel numbers. This corresponds (in this experiment) to a

S.F.R. of 11.716 GHz of the Fabry-Perot (v=11.617 GHz). The average

recorded frequency shifts for the various shifts were obtained over the .

two spectral orders for a particular spectral component by multiplying

their mean ghift by v(S.F.R.)/A.

In the case of  extremely weak signals (Such as some transverse-

components) a seg{t_nen: extending from a Rayleigh peak to the nearest

L e Re——
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Fig. 2.4 Different components of the spectra are

shown. The R's are tffe central components
’ , ' : .
-'(Rayleigh liries). The L's and T's are the

longitudinél and transverse components of

the c'orrespondingly. dashed R's. A' afe the

shifts of various ‘com{)onents in GHz.

-

Ny -
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shife outslde the segmented region,

------

- .
-

longitudinal peak was placed. The DAS would then spend most of the

time passing t:ixrough the \‘se\gmént:e‘d region and record weak signals. The
v \ .
frequency shifts were then:obtained by finding the relative shift of

transverse component with respect to the longitudinal component. If

4

———

AT* 1is the shift of transverse component and AL* the shift of

longitudinal combonent in the segmented region, then the actual

- transverse shift is AT = AT*.AL where AL<is -the mean longitudinal

TAL*

-t
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EXPERIMENTAL. RESULTS AND ANALYSIS

q,

1

3-1 Brillouin Spectra OFf 4-CO And 8-N,

a)Spectrum of/ﬂ-CO

A spectrum of f-CO is shown in Fig.fﬁl. There were three Rayleigh

—

lines (R) recorded which were the most .intense spectral feature. There

were two -longlitudinal components (L), ‘an upshifted and a downshifted,

i

.symmetric,ally' situated about  the ‘central Rayleigh peak. On2 of the

transverse comi:,bnents (T,) could be recopgnized readily and the other

transverse component (Tl) ~appea::'e'd infrequently and weakly on the .

(-4

segmented ramp portion of the scan. The transverse modes were both weak

and the amount of shift was “small. At low and high v angles, 't:‘he

transverse modes were closer together and became harder to observe and °

Tesolve. No attempt was m'ade to correlate the intensities at the time
oé c,o‘l.lecti‘hg thg splect:r-a. The 1on§ituc}inal components were - about 150
times veakér than the Rayleigh and about:ten times stronger than the
transverse. Me'a.su;ém’ants were also made of the spectra at tﬁe__E_r_j._ple
point which were cqnsist:ent with Gammon”s results (35). Low input laser
power was used (10 mW)' to \av‘oid mélting crystals just above the phase‘

— . . -

transition
. /-""

s 1

b)Spectrum of §-N, g

b

The spectrum of f-N, was,similar to the spectrum of §-CO., However,

both transverse components were obsérved more frequent:'ly and the shifts.

wvere slightly larger than the shifts in f-CO. M‘ngitudinal components ’

— [
'
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Fig. 3.1 Th; spectrumr of B-CO at 62 K. The secon
transverse component was very weak and di

not appear at (70.7,354.9,119.3) orientatio
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peaksrweYE'—agout 100 times weaker than the Rayleigh and seven times

- stronger than the transverse components. The input laser power used was
| 4 .

about 20 mW.

In both cases the linewidths were instrumental, -that 15',1

.. determined by the Fabry Perot finessa such that linewidth = _5%_
200 Miz .
3-2 Elastic Constants .
) azg-Eo

The elastic constants of f-CO were measured using the expressions

for frequenéy shift (1.1) in terms of sound velocity and sound velocity

in terms of elastic constant.s (1.12), Four single crysfals of B-CO were ’

cooled to within a degj:ee above the phase transition. 16 spectra at.

different orientations were recoxrded (Table 3.1). Fortunately, the T,
A componem: was observed several times allowing for the det:ermination of
\012 (which appears only 1n t:he expression of '1‘1' velocity).

A knowledge of density and refractive index iso essential in
determining the elastid constants. The density used for CO was obtained
from a paper by dibson and Scott (1l) from their molar volun_le graph.
“They measured the temperature dependence of m’olar volume of CO and Nz_
from 50 K to 4 K. The density for €0 just above the phase transition

" was 0.921+0.012 gm/cma. \T‘nere\was no measured value of the ‘refractive
index of solid CO in the liéerature. However, the refractive index at
the triple point has previously been calculated (35) via the
Lorent:z;poéenz relation using measured values of liquid Fefractive

' index (51) and density (11). Knowing the density of the cooled crystal

allows one to calculate the refractive index using the Lorentz-Llorenz
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TABLE 3.1
¢ L
Observed and calculated "best-fit" frequency shifts

as a function of orientation for four CO single

crystals at 62 K

S T

Crystal Euler Angles
. o

.
.
.e oy .
. « .. —
5 —— L2 et

”

Shift in GHz -

Observed Frequency Calculated Frequency

Shift in GHz

# 6 ¢ b 4 v(L) v(T,;) v(T,;) v (L) u(TZ? w(T,)
, ' \ A .
col 7171 219.9 248.0 5.000 2.265 - - S5.071 2.218 2.4l0
71.17199.9 247.5 5.02 2.701 2.256  5.064 2.510 2.279
] 71.1 249.9 248.9 - 5.044 - 2.359  5.108 2.283 2.278
69.8 239.9 248.5 (4.980° -  2.321  5.104 2,296 2.278
COo2 115.4 108.4 112.8 5.028 2.620 - 5.026 2.602 2.279
"co3 96.0 118.7 255.5 .5.078 - - - 5.041 2.522 2.279
96.0 138.7 255.9  5.092 - - 5.019 2.667 2.280
96.0 138.7 255.9 5.0l4 - . - 5.019 2.667 . 2.280
96.0 148.7 256.3 S5.060° - - 5.033 2,691 2.280
96.0 158.7 256.4  5.093 - - X 5.055 2.688 2,281
96.0 158.7 256.4 5.08L - 2.264 5.0 2.688 2.281
cos 70.7 356.9 119.3 5.2k , -  2.237  5.212] 2,526 2.282
'70.7 354.9 119.3  5.243 2.589 2.234  5.212| 2.526 2.282
70.7 324.9 123.7 5.135*% - - 5,087 2.666 2.281 .
- N R

'l
I

NERET S
T a0
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TABLE 3.1 continued

1

Obs'@ed Frequency
. Crystal Euler Angles Shife fn GHz

s ‘9 é X v'(L) v(T,) v(T))

I

C-a_lc{xlated Frequency

Lhift in GHz

\

w(L) w(Ty)  w(Ty)

707 3449 1203, 5.161 2.54 -

&

5087 2.666 2.281

5,185 2.560 2.282
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] N !
relation:
¢
- A d % -
n -1
2 .= pL c
+ n 42

.

vhere L is the Lorentz _ft-mction and 1is assumed ttg be cghstant.
This gives a value of 1.25740.023 for the refractive index of CO at 62

K. The elastic constants were calculated from the measured £requency

- .- > -

shift-s \;sing the Hfollowin*g “con;puterized iteration procedure. Initial
~values of ~€lastic copstants were a;-zsu.med and the freqﬁe.ncy of the
-three modes for all the wvarious cryst:'tl orientatibnsR:iie\ calculatehd
using (1.12) . A least.square fitting procedure minimized the difference
bet::reen the calculated and measured frequency shifts and thus
' "corrected"l the assumed elastic constants. fThis procedure was repeated
and iterated until a value of x2—1.00 was obtained. The final elastic
constants are therefore the ones that best-fit t:}';; calculated shifts
.to the observed shifts,

The best-fit adiabatic elastic constants for CO at 62 K in units of
10° N/m2 are:

¢;1=2.013+0 . 020 ¢;2=1.21240 . 025 c;4=0.9980,026

¢y 4 =0,402£0 . 016 Cy3=2.227£0 . 034

The bulk modulus is éiven by the following expression: —_

A 2
N (e %€y 3 )¢5,-2¢7,

and was calculated to be 1.407 in the same units.
The above errors were determined by the quality of the fit and

express the experimental self consistency corresponding to a single

——

A
wad
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Fig. 3.2 The,change

The solid
: consgénts
o
curve is a
\ )
|
]
1
//

in frequency shift with angle 7.

curve is a fit ‘to the elastic

of B-CO0 at 62 K, The dotted

H

fic \to the elastic canstants. at

68 K obtained by Gammoh (35).
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standard deviation of the elastic constants. In addition, there is a
systematic error due 'to the uncertainty in the value; of the
wa&elength. index of refraction, density andlthe scattering angle.'The
wa.velengt:h was accurate to 1 in 10' and hence was treatéd as an exact

parameter. The density and the refractive index had a percentage error

)

of 1.3% and 1.9% respectively, as described above. The scatterimg angle '

had a percentage error of 0.55%. These errors add up to give a
systematic error, of 4:1%' in the e1ast1§ constants. )
These ela.;;tic constants can be ‘compared to the yaiues of the
elastic constants at the triple point '(35) which were glso.-confirmed ip
this exl;erimert_t: . |
¢y1=1.909 : cy,=1.151 -  ¢,3=0.955
Cyy=0.356 Cyy=2.104
We see that wit:im decrease in temperature the c(rystal getsgharder and
the elastic constants increase. Fi,g.3‘.2 represents the variation of
frequency shift with angle gamma. Thé solid and dotted cur;res are the
best fit curves to the elastic constants at 62 K and 68 K respectively

The 62 K curves are higher than the 68 K curves showing an increase in

acoustic velocities with decrease in temperature.
b)g-N ' -

Four single crystals of N, were cooled to 47.5 K giving 35 spectra
at different e¢rystal ‘orientations (Table 3.2”). Two of the sets of

data, namely of crystals #1 and #2, are results obtained by S.¥F.Ahmad

(at 49.0 K) which vere temperature éorrepted to 47.5 K. The density of
N; at 47.5 K wvas obtained in a similar manner to that of CO and was

0.976x0,015 gm/cma . The refréct@ve index was also calculated using the

4
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TABLE 3.2

Observed and ca}tﬁiated "best-fit" frequency shifts
as a function of orientation for four N, single

A crystals at 47.5 K

Observed Frequency Calculated Frequency
Crystal Euler Angles Shift in GHz . shift in GHz

# 6 ¢ x vy w(T) w(T) v w(Ty) w(T,)

z

—

N,1 92,3 2001 357.5. 5.123 2,605 2.200 5.146 2.592 2.198
92.1 183.7 '358.5 5>i33 . 2.198 5.160 2.588 2.190
92.4 165.3 359.7 5.125 -  2.189 5.152 2.501 2.194
92.7 145.6 360.0 5.113 2.537 2.213 5.136 2.569 2.211

92.3 222.7 358.7 5.126 2.517 2.233 5.142 .525 2.221

ro o

92.0 241.7 }59.0 5.223 - - 5.191 L3464 2.243
92.7 231,9 358.6 5.196 2.387 2.279 5.159 '2.45; 2.232
92.3 -212.1 359.3 5.115 2.568 2.225 5.136 2.575 2.209
9'2.5, 203.7 359.4 5.120 2.608 2.211 5.142 2.591 2.200

N,2 25.1 184.9 180.8 5.207 - 2.271 .197  2.326 2.245

5
, 7
.25.1 175.6 179.5 5.221 2.303 - 5.197 % 2.326 2.*5
25.5 -168.1 178.3 5.194 2.316 -7 5,197 2.325 '2.245
, «
26.0 156.3 180.5° 5,204 2.363 - 5.194 2.336  2.244
o | \
25.3 149.2 178.6 5.196 2.320 - 5.185 2.364 2.242

25.5 119.5 179.9 5.130 - 2.279 5.154 2.433 2.229
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TABLE 3.2 continued

Observed Frequency

-Calculgted Frequency

Crystal Euler Angles .Shift in GHz Shift in GHz
# ‘6 é X v(L ) v(Tp) w(T,) 'w(L) v(T;) ‘v(T,)
N3 118.0 268.1 182 5.202 -2.342 , - 5193 231 2.244
118.0 258.1 , 19.2 5.171 2.437 2.141 5.161 2.446 2.233
118.0 258.1 ' 192 5.139 2.53 - 5.161 2.446 .2.253'
118.0 238.1 17.9 5.142 2.557 2.ia9 5.140 2.587 2.203
118.6 238.1 17.9 5.143 2.551 -  5.140 2.587 é.zpa -
118.0 233.1 17.5 5.157 2.569 - 2.141 5.150 2.562 2.195
'118.0 228.1 17.3 5.143 2.578 .(?§%16h ‘582 2.187
'118.0 218.1 17.2 5.210 2.519 - 51220. 526 2.171
118.0 213.1 17.3 5.231 2.492 2.144 5.251 2.484 2.164
118.0 208.1 16.9 5.275 2.444 2.155 5.282 2.438 2.157
118.0 208.1 16.9 5.214 2.538 - 5.282 2.438 2.157
118.0 198. 17.0 5.326 2.347 2.096  5.339 2.348 .2.147
118.0 188.1 ' 17.2 5.381 -  2.175  5.375 2.285 2.141
N,& 44,7 357, 6.9 5.458 2,204 - 5.458 2.129 2.127
44,7 347, 6.8 5.446 2.161 - 5.438 2.169 2.130
46,7 337. 6.6 5.419 - . 5.394 2.252 2.137
44.7 327, 6.0, 5.368 2.356 - 5.333 2.357 2,148
46.7 317.4 6.1 5.316 2.463 - 5.266 2.463 2.161
44.7 307. 6.3 5.258 ,2.560 - ‘ 5.204  2.545 2.175
44.7 307, 6.3 5.229 '2,558 - 5.204 2.545 g.}757
-~
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Fig. 3.3 The change in frequency sf\i_ft: with angle ~.
The solid curve is @ fit to the elastic
. constants of fA-N, at 47.5 K. The dotted

’ curve is a fit to the elastic constants™at

——

63 K obtained by Kiefte and Clouter (9). -
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’ 3-3 Phase Transformation
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density and refracti:ve index dat the triple point (9) and the Lc;rén:z-

Lorenz relation. Thf: calculated value of refractive index for N, at

47.5 kwas 1.24410.007. The best-fit adiabatic elastic constants for N,

in units of IOG.N/m? are: ‘

c,,=2.307%0.007 ¢y ,=1.454%0.008 ) c,;=1.274+0.007 !
Ceg=0.37820.004 : Cyq=2.488+0.008 |

~
N

Thé adiabatic bulk modulus y@<¢u1ated to be 1.678 in the same ,
. ' - . .

.

The systematic errors involved in these measurements as noted above

co P . .
are: 1.5% error in density, 0.53% in refractive index and O'.55%I in .

scattering- angle. The overall systématic error is 2.04%. This error

adds to the errors in the elastic constants. : ) ) .

\

These elastie cqiistatits can be. compared to the values of elastic
constants at the tri..p]..é point (9):
¢y, =1.825 U e p-lail ' . cy3=0.980
¢y =0.320 cyy=1.976
'F:I.g.3.3_ shows the variation of frequency shift wft;h gamma for N,. The
solid and dotted curves are best-fit curves to the elastic "constants

at 47.5 K and 63 K respectively. The 47.5 K curves are again higher

that)'the 63 K,curves and represent an increase in sound velocity with-

.

temperature decrease. . . - -

a J
Several attempts were made to carry out the phase transition in N, .

However, it was not feasible tt‘J get lower thpn_ 2&7.5 K and mahintain a
good quality crystal for light scattering purposes. The main reason for

this is that at these temperatures, the vapor pressure of N, is very
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small (about 7 KPa). Hence pumping (and heating) does not have much

affect on shaping the sample and freeing from the cell walls and in
addition, if a dome-shape crystal is obtained it would not grow back

to a suitable shape for light scattering purposes (again bacause of low

vapor pressure).

,.Three large single crystals of f.c.c. a-CO were grown out of h.c.p.
St _
B-CO single crystals. By determining the orientation of each crystal

,;elative to the laboratoryiframe of reference, It was possible to

"correlate the orientations' of the two phases of CO.

The éocus of all ::; calculations was the h.c.ga c-aéis and hence
the h.c.p. basal planes. Using the inverse rotation matrix (1.13)(with
the Euler angles of the h.c.p. phéSe), the c-axily for‘Fach-of the three
B-CO crystals was transformed to the>1aboratory fra;e of refefence. An
application of the rotation matrix (inverse of A, eq. 1.13) with the
Euler angles of the f.c.c. phase showed the new components for the
c-axis In the f.c.c. structure. Calculations were further confirmed
using styrofoam.ball models of crystal structures of h.c.p. ana f.c.c.
set -and rotated to their respective orientations in space.

Fig.3.4 shows a single crystal of the a phase growing from the
.bottom out of a single crystal of the S phase. The interface -was

fairly sharp and distinctly divided the crystﬁl into an upper B phase

and a lower a phasé. The érpwth'of the a phase is from the bottoé

" because it is the low temperature part of the cell.

Just before the phase transition occured, the g phase underwent
'sohe dramatic changes. Bubble-like features appeared and the c¢rystal
became translucent. One might think' that the crystal was no longer

'useful. However, after several hours the lnterféce appeared. Although

e g e e —— L
)

.' R
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Fig. 3.4 The growth of the a phase from the B phase.
The horizontal line half way up in the cell

is the boundary that wvisually separates the

two phases.
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the interface wvisually separated the twor phases, x-ray diffraction
patterns (Fig. 3.6b) indicated t;aces of the A phase left in the new a
structure. Such behavior was also observed by Franck et al. (52) in the
50%‘comp1eCed h.c.p.-f.c.c. phase transikion in He crystals and by
Miller et ;1. (53) and Yar;ell et al, (54) in the h.c.p. to f.c.c.
transition in D, . The complete transition occurrzdlwhen the crystal was .

cooled further (0.1 to 0.3 K) and subsequent x-ray patterﬁs indicated

‘relatively pure cubic structure. Once the a phase was transformed, the

crystal became wholly hexagonal having the same initial orientations.

*

If cooled again through the phase transition, thé'crystal again became

translucent and the cycle repeated. The f.c.c. structure generally had
the -same briqntation as 1t had after the first attempt. These
observations suggesf that -there is a definiée correiation between the
orientations of the two phases of CO. -

Note that the following standard notation has been adopted (42):
( ), for a’lattice plane . ‘ ®
{ ), for a family of planes

( ], for the direction of a lattice point .

< >, for a family of directions

‘a)Crystal 1 : , -

Fig.3.5a shows the Laue pattern of transmission x-ra& diffraction

for B-CO at 0° rotation of the cell. For the B phase, the orientation

(1.e. the crystal body axes with respect to the laboratory frame of
reference) was determined to be: ' " .
§=110.4 ¢$=334.4 ‘ x=104.6

These values agree with other patterns taken at 10° and '350° rotation

»
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Fig. 3.5a The Laue diffraction pattern at 0° rotation
of the cell of the B phase of crystal I.

The Euler angles were (110.4,334.4,104.6).
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Fig. 3.5b The Laue diffraction pattern at 0° rotation
of the cell of the a phase of crystal I.

The Euler angles were (110.5,130.8,21LL .4) -
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of the cell. Fig.3.5b shows the orientation of the a phase for 0°
rotation of the cell. The orientation obtained was:
0=110.5 $=130.8 . x=211.4
Using the transformation (1.13), the c¢-axis was calculated to have
0.64

changed to | 0.33 | axis in the f.c.c. structure which is at an angle
-0.68

]
1

of 16° to the (r1i] and 19° to the [101) axes. This means that the

’ Y

h.c.p. basal plane is glose to the (10I) and (111) planes. The-

. styrofoam ball models were used to confirm the calculations. The

transition was somehow incomplete or at least the a crystal was not

-‘/

completely single. This is evident from Fig.3.5b since the spots are

not as well defined as they should be. The a phase was "melted"” and

’regrown again out of the p, however no further improvement wgs

observed for this particular sample.

b)Crystal II

\

The orientation of the B phase (Fig.3.6a) was determined relative

-

to the laboratory frame of reference and was found (at 0° rotdtion) to

be: ’ ' -

- §=96.0 $=128.7 x=195.5

The phase transition was carried out and x-ray diffraction patterns
were taken . The a phase wgs.polycrystalline..As the interface between
the two phases was.lowered and the a phase "melted", the‘original B
phase was recovered. Another attempt was jmade to cool” the crystal
through the transition temperature. This tiﬁe the pictures (Fig.3.6c)

N

qonsisted of more or less well defined spots. The orientation obtained
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Fig. 3.6a The Laue diffraction pattern at 0° rotation
of the cell of the B phase of crystal II.

The Euler angles were (96.0,128.7,195.5).
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Fig. 3.6b The Laue diffraction pattern at 0° rotation of
the cell shortly after the phase transition

in crystal II.
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Fig. 3.6c The Laue diffraction pattern at 0° rotation
of the cell of the a phase of crystal II.

The Euler angles were (94.2,286.2,157.2).
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¢)Crystal III

was:
6=94.2 ' $=286.2 = x=157.2
This a phase was regrown twice through the § phase. Each time, the same

orientation was obtained. The corresponding direction of the c-axis

0.29
in the f.c.c. s‘truct:ure was found to be 0.30 |, which is about 30°
-0.90

’

to both [01i] 'and V[lli] and 25° to [00i]. The transition was agqin

somewhat incomplete (or the a phase was not completely single).

”
’

Py

As can be seen from Fig.3.7¢c, the trdnsition was an excellent one

in which well defined spots- free of \t:rain were observed. The

! -

orientations of the g phase (Fig.3.7a) were found to be:
6=57.7 - ) $=32.6 S x=339.5
After the phase transition, the orientation ‘;'as calculated and
found to be:

§=23.2 $=273.9 x=339.0

’

Uéing thé inverse rotation matrices, the transformed c-axis in the

- . * ’ d:"’

. | 0.48 S .
f.c.c, structure was | 0,81 |, which is within 19° of (111}. The next
' , 0.33 ‘ -

o

day, the crystal spontaneously had changed orientation and stayed

-
]

stable afterwards with the following orientation:

=347 . $=170.6 : x=356 .4

A
R
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Fig. 3.7a The Laue diffraction pattern at 0° rotation

of the cell of the B phase of crystal III.

The Euler angles were (57.7,32.6,339.5).
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Fig. 3.7b The Laue diffraction pattern at 0° rotation of
the cell of the initial o phase of crystal III.

The Euler angles were (23.2,273.9,338.9).
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Fig. 3.7c The Laue diffraction pattern at 0° rotation of the
cell of the final stable a phase of crystal III.

The Euler angles were (34.7,170.6,356.4) .

(]
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-0.60
"This orlentation shows that the c-axis was transformed to | 0.70

0.09

which almost exactly is the [110] axis of the cubic phase. The spots

this time were very well defined and the transition was clearly a very

———

good one (i.e. appeared to be entirely- single and very complete).

From érystal 1II (which involved the best and most clearly defined gy

- »,

R-ray pigture) ‘it is clear th‘at: the final stable state for. the h:c.p.

lb‘\asal planes were planes of the form { 110} in preferance to (111 1.
This is consistent with cr'ystals I and 1I where there appeérs to .,be
competeﬁion between { 111} and £ 110} as ";'hown above. On this‘basi;c.
- (and éor the lack of further éleaé .;vj:dence) it will be assumgc‘l and

hence concluded for the rest of this thesis, that the basa} planes of

~ hexagonal clos_e-.pack'erd 'sfit.’ic't:ure transforms to' planes of the form

(110} 1in face centérgﬁé/b)nl{ic structure. It is interesting t.o note that
Impey et al. (55) making molecular fiynzimics comﬁhter simulation_
calculations on different phasés of so'11d ammonia deternined tl\at in
the h.c.p. to b.c.c. phase transition , the h.c.p. basal planes become
. L 110) planes of b.c.c. and is the 1least energetic w.ay- for the

~

transition."

r -

d)Mechanism 0f Phase Transition In CO

There are various: ways to Imagine the mechanism of C‘hi..§
,transformation. One possibility is proposed here. Fig.}.8a shows the
6 -

configuration of molecular sites” for an h.c.p. crystal projected on

the plane of the paper;

P
22,
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) ) o 0 - o
B (001] or the c-axis e . . . .
; ) ) ° o ) ----=» [110]
o . o . o
o ° ) o )
: Fig.3.8a 'Thé h.c.p. crystal with c-axis up -

vhere the solid circles represent one layer (A) and qpen'circles the
. next layer (B), i.e. ABAB... stacking.
Note that the lqtpicé vectors for h.c.p. are defined in terms of- the

. cartesian _coordinate .system (body framg ] §f reference) as:
L3 ax . Lay |
a 2% -3 y
b = ay )

@

c = cz , where a and c are the lattice parametérs of the hexagonal
crystal. The direction of the x-axis is then [210] and the y-axis is
(010] in terms ;f the lattice vectors.

Looking along the c-axis, we see the following (Fig.3.8b);

o e o e o e o o —
- o e o e o e o e o e
AT . ' ——— . e
R [110] o e o e o e o e ----2[110]
t o e o o o e Q o e o e
&
o e o e o e o e
:~'4. -
I  Fig.3.8b The h.c.p. crystal 1looking along the c-axis

!
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The alternate ‘plane’s then start moving selative to one another and in
so doing the c-axis of the h.g.p‘. may end up in the '[l11] direction of
the cubi: as happened in crystal III and as is generally theoreticallly
expected, Thijs will not (and apparently did not) stay long and the
'
relative movement continues until the arrangement in fig.3.8b becomes
as shown below (from Fig.3.8b, it requires a 'shearing movement of

the alternate basal planes by a/2/6 in the [110] direction where a is

the side of cube in the f.c.c. structure);

)

. ° . ° . 0 . 0 .
(4] ® ] ® 0 ® (] ® (]
(iio] o ° . ° o o . ° o ----» (110}
t o . °o e o . s o . o ]
. ° . o e ° . ° .
° . ° . 0 . ° . °

Fig.3.8¢c The same crystal with alternate

planes moved as discussed in text.

Now the distance between two s'uccessive 'circles (open or closed)v_.is
Ja//6 where a is the side of cube. If in 7 pl'an‘es the first and last
planes are considered to remain stationary and the second plane is
movéd to the right by a/2/6, the third plane to the right by a//6, tt.me
fourth plane to the right by 3a/2/6, ;:he fifth plane to the left by
a//6 and the sixth plane to the left by a/2/6 relativel to the first

and last planes in (110] direction, the result is as shown below;

¢



Fig.3.8d The basal-planes after the shearing movements

LY

-Fig:3.8.d has the same arrangements as that of the ‘planes of the form

€110} in the f.c.c. structure with the cubie (111]) axis up in the —

AL I

plane of paper (note the Al;CABC.... stacking). .The relative sl{earing

movement is a/2/6. - , . N
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GHAPTER 4

DISCUSSION

4-1 Elastic Constants

Goldman anci Klei-.n (21); used the self-consistent phonon’
approximation of anharmonic lattice dynamics to calculate the elastic
constants of h.c.p. nitrogen via a (12-6)vL‘ennard-Jones intermolecular
potential and assuming disordered molecular orientations. The values of

elastic constants calculated. at 63 K were: c¢,,-2.88, ¢;,-1.09,

—

#c,,=0.88, ¢c,,=0.65 and c,y=3.11 (see Table &4.1). These ‘theoretical. .

values are mu.cb larger (ekg. Cyusg 1s twice larger) than :\ghe experimental
values obtaihgd by Kiefte and Clouter (9) showirg the {nadequacy of the

theory and which 1is pxrobably due in part to lneglect of rotation-

translation coupling efféc_f:. Kjems and'Dolling, (24) uséd the t:ec.hnique ‘

of inelastic neutron scattering to determine the translational. and
libration.al lattice modes in a singl,e crystal of f£.c.c. nitrogen at
15 K. By measuring the dispersion curves for cértain-acoustic'modes.
the three elastic constants could be dedu'c;ad from the initial slopes of

¢

these curves and weré found to be ¢;;=2.90, ¢, ,+2.00 and ¢,,=1.35. They

‘have also measured the bhree;;iaéfic_ constants of ﬁ—nitrogén at 17 K -

using the same technique (20) and they art;: ¢;1=2.55, c3,=2.71 and

C4s=0.43 (see Table 4.1). This represents reasonable agreement with the

present 47.5 K results when extfapolate‘d}:o 37 K. qupll et al. (19) -

used this technique to determine the three elastic constants of p-N, at

7

55 K and 400 MPa. The values:for,high,pressure elastic constants are:

Cq1=0.43, 1cy3=5.92 and c,,=0.61. As is evident, the elastic constants

N ’

i |
.

G
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TABLE 4.1

A

Elastic Constants of N, and CO at different temperatures.

experiments.

/

' The data for N, at 37 K have been obtained from neutron scattering

- Elastic N, co ‘
Constants - _:'
(1.o° N/m?) 63k 47..5x"(ne3t7:§on) n 68K , 62K }
‘ ‘ ) -
c,', 1.825 '2.307 2.55 1.909 .2.013
ey, - 1131 1.454 - 1._151 1.212
1 él, 0.98 1.274 - 0.955 0.593
Cas 0.32 0.378 0.43 0.356 0,402
Cyy 1.976 .2.488 2.7t 2.104 2.227
~ J
L —
- 4
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appear to increase dramatically v:vith.pressure. Mention should also be
r;lade of Bezugly{. et al. (56) work on determination of sound velocity
in nitrogen using ultrasonic technique from 16 to 56 K. They de termined
the adiabatic bulk modulus of N, at 48 K to be.1.32 (in 10° N/m®) which
does not agree with the value of 1.67 obtained in the present work at
"41.5 K. o
The experim?ﬁtal values of elastic constants of cooled single

c‘rystals of N, and (0 were seen to be larger than the ones for
uncooled crystals (they all increased by about 1% / K. There app.ears to L
be?_-ntl ;vidence for mode so_ftenin_g. as reflected In any one of the
elastic cgnstants. It vas su‘ggested by Page (1) that martensitic phase -
changes in AuCd, InTl and TINi are preceded by softe';ling of certalna
elastic .const;aﬁts and the otransition results frogt :the lattice
instability evidem;ed as a soft acoustic modef."”‘ﬁ: suggested that as

the inci;')ient mechanical instability rises, certain  modes undergo __ ,
. . ~— .

considerable energy /iecrease and as their freqqeﬁc'y falls, the \

wavelengt:h increases and the interatomic Qin,dlng forces are decreased. \/

Eventually the vibration amplitude and arharmonicity will be so large

that the atoms adopt new sites, Al'th'ough che.phase' tran.sitior:_ in €0 is

martgnsitic. no significant mode softening was. evident within a degree . . oot

above the phase. transition temperature, |

* -

4-2 The a-g 'Ph?&e Transition .

A cop’ied single cryst,l study has been done on nitrogen by Powell
{ .
et\al../(19) on elastic and inelastic neutron scattering measurements a¢
55 K and 400 HPa'bressure. A single crystal of B-N, was grown by slow '

cooling under high pressure (700 MPa) and 150 K. The high tempefature
\ : | |

"~

e dd L .
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| anc}_ “obtained lov . strain /single f.c.c.

¢

~height of the interface

. '

e’rystal 'was cocled steadily at 10 K pey day to 55 K and 400 MPa.

%

Several people have obtained single crystals of a- Nz Cromer et al.

(57) spent: two months working at room temperature and 4 9 GPa pressure

+ r

nitrogen crystal thfough an

'annealing pro'cess “e'ib'etlal (1’4) grew over 20 ‘singlle crystals of

g- N2 and cooled each one earefully through the transition point but
E-1

only once they obtained a single crystal of a-N,. Kjems ‘and Dolling

(24), hy cooling the g-N, crystals.slovly, obtained a single crystal of

a nitrogen of '1.5 en’ in volume surtounded by many small disoriented
\ -

fragments and appare'%tly vl:e.re‘able to correlate the a and @ phases. The

orientation of the large crystal was consistent with that of the
- . ’
. -

initial B phase, crystal: the [11ll] and, [Oil] cube axes being parallel

to the initial [001] and [110] hexagonal axes, v

ir

to f c.c. In CO appears™~to be a

*

there are

The transformation from h.c.p.

martensitic transformation. As notqd by Christian (46),

" several characteristics of these transformations .that were observed in

\\

\

the tranoition of CO The transformation was time independent: In other

worde, the sample could~be left for long times with the interface

' " geparating two phases and only a témperature change wou];d affect the..

The other aspect of this transformation was

‘ J/
its reversib#lity'. Thd’ !hterface between the phases cbufd be lowered

\

and made to vanish by increesing the temperature the resulting h c p

crystal having the .same orientation as that of the parent h c.p.

cryetal as noted before 'I‘he volume change involved is very little.

) Host importently, .there seems to exist:a definite relation ‘betwaen the

orientatione-of the* o,rjginel structure ‘and that of the new phase.

b %
it "\

have several” f.c.t.

—

Metallurgists studieq "to h.'c'.p. phase -



transitions rin'metals and al.loys. Laird and Aaronson (53) studied the.
isothermal formation of the h.c. P- qphase—from a supersaturated f c.c,
phase in Al- 15 AtWts Ag They | were . able ‘to establish’ the following

relations between the planes and directibns of the phases. ' -
Ao 1 (0D “an [110], Lo [1001h oo
The transformation is supposed to be a "martensitic type of surface
relief. Kotval and Honeycombe (59) investigated the f ¢.c. to h.c.p.
phase transformation in CuGe alloys 12.5 'Wtk Ge and CuGe 10 Wtg Ge
alloys. Th; transition occurs both by stress‘inducemen't and thermal
activation from a supersaturated f.c.c. phase and they claimed that
both transformations are martensitic. In Cu-12.5Ge, the habit plane was
{ 111) and the relation among planes "and directions is'similavr_to the
Al-Ag work. The interface plane (1lll)y . .. (QOI)h.c.p. has the same
atomic coni'iguration in both phases pernaps resulting in a coherency
effect, Christian (60) studied this kind of transformation in pure
cobalt and showed that the'transformat,ion ‘is marten]sitic and that the
f.c.c. (1].15 plane is parallel tp the h.c.p. (001) plane and that the
£.c.c. [1i0] direction is parallel to the h.c.p. [110] direction. A

simple shear in the [113] dire\ction will carry out the transformation .

if every two planes are locked together. Thus the atoms in first, third

and fifth planes shear on one another. The displacement is a/J6, where

a is the side of cube .and the shearing angle is 196. Disloca}zions gre

" assumed to be responsible for the transformation. . Cobalt alloys(61)

v . + ' ﬁ

" undergo a similar transformgtion from £.c.c, to h.c.p.. The orientation

relations ate: (111)t o.o. W(BOL), .. and [113), . ., w([1l0) , P,
and is called the Shoji Nis'hiyama relation. The shear angle is 19 5°
It is evident t:hat ‘there are inconsistencies in the metallurgy work

! ) N \ ' ¥
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"hexugonal (002) reflection becaaxe the (111} reflection in cubic. The \

In comparison with metals it must be noted that the type of b'inding
in'metals {s stronger than the atomic interaction in crystals such as
CO. The CO crystal is very soft and has low elastic constants mainly
due to Van der Waals interaction type. Little work has been done on
molecular crystals because of the difficulty in cooling large single
crystals (as not:ed before) and maintaining it during and after .the
transition J.P. Franck et al-._ (62.63) has done extensive research on
the h.c. p\ to f.c.c. phase transition in He especially in the vicinity
of the triple point. He observed that the transition starts at a
certain temperature and completes only over a finite temperature

interval. At each point in this interval, the transition takes place at
high speed, but only a fraction of the crystal transforms. The c-axis
orientation is found to be reproducible as far as prolonged annealing
is avolded. He thus claimed that the transition is of martensitic type. N
Schuch et al. (64) studied the h.c.p.-f.c.c. structure change in H,
and Dz using x-ray diffraction techn&ue. Although in their work the‘
hydrogen isotope solidified In a mass of cryst%lites there was a

noticable preference for the orientation of the c-axis perpendicular to

the cold csll wall., They measured the intensity of x-ray reflection,

characterf.stic of either 'hexlagonal‘ or cublc. ' They suggested that

changes occur by a simple sliding of hexagonal nets relative to one
anotier. They noticed that no. intensity change took place when the
spacings betwaen’ the planes remained unchanged. However, in one
experiment the transition was obaarved through a unique { 111 eubic

*

reflection which dld not transform to C 002 } hexagonal reflection. The \

- neutronistudiea by Yayndll et al. (53) showed that the nature of the

P ¥
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L s . . } B
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[ " . w“ . e \ >
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h.c.p.- f.c.c. transition in H, and D, is martensitic and they

suggested a substantial density of stacking faults of hexagonal planes

‘evidenced by shifts and widths of the elastic neutron lines in both
‘phases. In’ tne f.c.c. _s;tructure the perfect crystal is ABCABC, faults

féf ABCABABC or ABCA,BCﬁACBAC -can occur. In h.c.p. the perfect crystal is

ABABAB along the c- axis Faults of ABABCACA or ABABCBCB can occur.,
Hardy et al (65) used Raman scattering studies on solid H, and D, in
which thé [111] direction of crystallites was oriented along incident

light bean. The latter configuration was considered because of

evidence that the c-axis of hexagonal phase orients along the direction

‘of crystal growth. Using the intensity measurements they suggested that

the h.c.p. to f.c.c, transition takes place by shifting of hexagonal
planes and the c-axis becomes the cubic body diagonal (111) axis.
Silvera (66) however mentioned that in a H, crystal there is a

fgrge potential barrier for such a shifting motion and at the low

emperature of phase transition the thermodynamic probability for such.

a motion is extremely * The energy gained per molecule byb

'orientational ordering is of the order of T, ~ 3-4 K whereas the

barrier is at least of the order of melting temperature (15-20 K) per

molecule and hence the ordering will not be able to drive the planes’

over the barrier, He further suggeqted that the transition probably
takes place by motion of faults so that the barrier does not have to be

crossed.

Other related work, alt*oug not the h.c.p{-f.c.c. transition isca "

vy

paper on oxygen and its Various‘phases. Defotis (67) studied the Laue

diffraction pattern of single cubic v phase and preferentially oriented

\ oolycryata‘lline rhombohedral A and monoclinic a oxygen. He established



—_— ’
¥
"

the relations between the planes in the v-p and B-a tran'sitions.
However, the a and § crystals were mot single an;i there i8 no h,c.p.-
f.c.c. transformation involved. He observed that the exact
relationls'hip ‘among the three modifications of alpha oxygen is not

precisely that predicted by theory. This is also tlie case ,in the

t
13

present work . : . ’

- s -

! : ’ LS .
In the present experiment there are possibly competing factors that
. ) ) . .t
contributed to the incomplete phase transition in crystals I and 11 and

to the lack of agreement with simple theoretical models. In additionm,

of course to the orientation of the parent crystal at the top from.

.t

which the daughter phase 1s initiated, the walls of the cell- are

bofmdary conditions impdéing constraints on the transition. The

‘ possible presence of tiny {»articles or shérp edges at the bottom of"

the, cell (as a nucleation site) also influences the growth of the

. daughter phase. These factors could be the reason‘_wby the transition
. relationships are not definite for crystals I and, II in that there
. o X .

appears to be competition between formation of planes of the form

———————

{111) and {1101} (in the f.c.c. phase) on transition from {0011 (in

the h.c.p. phase). Crystal III did not stay in the { 111) f.c.c.

configuration and spontaneously changed: to * { 110}

Theoretical understanding of the f.c.c.-h.c.p. phase .'ti—.';ns\ition in

these very simple molecular solids is still clearly not satisfactory.
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