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STATEMENT OF ORIS INALITY 

r report for the first time the electronic Raman 
0\ 

spect ra of Co 2+ in MgO ,w h i ch i scons i s tent with my theoret-..,. 

ical predictions and the Raman spectrum of Co 2+ in KZnF 3 [18J. 

r calculated the dynamical Jahn-Teller interaction of the 

Eg and T2g vibrational modes with the excited spin-orbit 

levels of the 4Tl~J orbital ground state of the cobalt 

impurity. The inclusion of the coupling to the T
29 

mode is 

essential to expfain the electronic levels observed in the 

Raman spectra. 

The temperature variation of the 3'00 cm- l region in the 

Raman spectrum indicates (notwith,standing the claim of Guha 

[23]) that the 30~ cm- l peak belongs to the electronic Raman 

spectrum of Co 2+ while the 280 cm- l peak is an impurity 
1 

induced vibrational mode in resonance with the acoustic modes 

at the boundary of the Brillouin zone. 

r observed, for th9 first time, the layer to layer shear 

mode of S-In 2Se 2 (E~g: 19 cm- 1 ) sa that now the vibrational 

Raman spectrum is complete. 1 calculated the force constants 

of the linear chain model for the shear mode; r found a very 

good agreement with the experimental frequencies and predicted 

the frequencies of the opticillly inactive shear modes. 
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ABSTRACT 
) . 

, 
" 

We have oIbserved the electronic transitio"ns within the , - ~ 

4T
19 

ground ,stat.e Qf C0 2+ ~n M'gO b,X Raman spectroscop~. We 

identified Ithe r6 .. r~ transit'ion at'30S cm-l,and the .g g, 

r-l) 9 .. r ~ 9 t ra n s i t fa n a t 9 30 cm - l, ; the r 6 9 -+ r 7. 9 t ra n s i t ion 

is not seen and is lost in th.e two-phonon band. We also ' " ~. . 
observed an imp\J~i ty indu.eed vi brati on mode at Q280 Itm- l 

Jo in resonan ce J 
~ 

'\ ' , 
with the acoustic' phonon branches at the surface of the 

Br-il1ouin zone. The position~ of the electronic -l·evels 

cannot be ex pl a i ned by c rysta:l fie 1 d theo ry , w·i th tne 

spin-orbit interaction ta second-order inclu"c1ed. We have 

calcula,ted the effect Of a dynamic'al Jahn-Teller inter-
, 

action and have shown, for the first time, the necessity 
" .... ;", 

to inclu,de tbe cou,p1ing to the T
29 

mode, in a'ddition to ",,-,.; 

the coupl iflg to the Eg mode, although Co 2+ in M'gO is a we'a.k 

~ahn-Teller system. 
1 

We a1so used Raman spe~roscopy to observe the vibrational 

modes of B-In 2Se 2 • We observed, for the first,time, the \ 

layer to layer shear ,mode(E~g) , at 19 cm- 1 . The position of ~ 

this peak and the others, at 42(E~ ), 117{A~ ), l79(E~g), 
9 g. 

2' -1 2 181(E
19

) and 231 cm (A
19

), follows the trend of the vibra-

tional spectra of a-Ga 2S2 and of I3-Ga 2Se 2 [65]. Using the 

1 inear chain mode1, we cal cu1ated the shear force constants 

and deduced the position of the doub;let, (EJg and E~g) with 

very good agreement with the exper;mental val ues. 
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RESUME 

~Nous avons observé les transition 
, -

les niv;aux de l'état fondamental 4T19 

"" électroni,ues entre 

du Co 2+ dans le MgO 

par spectroscopie Raman. Nous avons identifié la transition -. 
1.. -1 r 2 l r 6g + rSg a 305 cm et la transition 6g + r

89 
à 930 cm- ; 

1 ' i nt e n s i té de ,la t r ans i t ion r 6 g + r 7 9 é tan t t r 0 p fa i b 1 e, 1 e 

pic correspondant est enfoui dans l)e spectre de diffusion 

Raman par deux phonons. Nous avons également observ~'une 

vibration irrduite pa'r Co·2+ à. 280 crn- 1 qui est en résonance avec les 

pho'nons acoustiques ete la surface de la zone de Brillouin. 

La po~ition des niveaux électroniques ne peut être expliquée 

par la 'th-éorfe du champ cristall in lorsque l'interaction spin­

orbite au second ordre est incl use. Nous avons évalué l'effet 

de l'interaction Jahn-Teller dynamique et mqntré, pour la 

première fois, la nécessité d'inclure le couplage au mode 

\ T
29

, en plus du couplage au>mode Eg, même si l'ion diva,l.ent 

de cobalt dans l'oxyde de magnésium est soumis à un faible 

effet Jahn:-Teller. 

Nous avons ég,alement !:Itilisé la spectroscopie Raman pour 

étudier-les modes vib-ratoires du B-In 2Se 2" Nous avdns observé, 

pour la pre~iène fois, le mode de scission (E~g) à }9 cm- 1 ; 

';-es cinq autresl"pics observés(sont situés à 42' (E~g)' 11.7 (A~g), 

179 (E1g)' 181 !(Efg) et 231 cm->l (A~g)' la position 4es six 

pics mportement ~es spectres vibratoires du
c

S-Ga 2S2 
et du a~Ga2se2 [65]. Utilisant le modèle de la ~aine 

l inéai;;f{0us avons cal cu14 les constante~ dqe fO,rce des 

modes de scis ion et déduit la po~ition du ~ouble~ (E~g 
2 

et E1g ) confirmant les valeurs ~xpérimentales. 
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Bo1tzmann ' s constant 
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Mass of e1ectren 

Planck's constant 
~ 
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9
0
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me=9.11 X 10-
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kg 
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uo=4~ X 10-7henry/m 

c=2.998 X l08m/ s 

No = 6. 022 x 1 0 2 3 mo 1 e - 1 

Symbo 1 s 

A=10 .. l0m 

eV=1.602 X lO-19 J , 
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kg .,-

m 
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cm- 1=1.24 X lO-4eV 
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Dr. C.V. Raman and his collaborators [1] in 1928 observed 

the scattering of filtered sunlight by a liquid and, with the 
, ~ 

, ~ 

incident wavelength b10cked out by a comp1ementary fi1ter, saw 
'1 

sorne addition~l wave1engths. Then, us1ng a mercury arc lamp, 

a. spe·ctrogTaph and a photographie plate, they obtained the 

scattering spectrum for sorne gases, 1iquids and solids. They . 
showed that thè frequency shifts were independent of the exciting 

frequency and were characteristic of the substance investigated: 

Raman spectroscopy was born. ("-

In t~e Jears that fo11owed, this method was used (main1y -by,chemists) to probe the modes of rotation and vibration of 

mG1ec~les in liquids and in gases, that are transparent to the 

exciting wave1engths of the mercury arc. F.rom 1940, ttlè 
observation of the normal modes of vibration of crystals became 

possible with the availability of good' quality mono,crystals and 
, 

better instrumentation. The use of lattice dynamics [2]" and 
" 

group theory [3,4J permitted a~better interpretation of the 

Raman spectra. With the invention of the laser (~ 1960) which 

gives an intense monoc.hromatic beam of 1ight, the field of 

Raman spectroscopy expanded enO(mous1y; howadays, this tool is 
~ 

used by biochemists, chemists and even physicists. 

Res.earc.hers in Solid State use Raman spectroscopy ta look at 

one phonon [5,6] and two-phonon~ [7,8] spectra and many kinds 

of excitations liké polaritons [9], p1asmons [10,11] and 

magnons [12,13]; they even observed electronic transitions 



• 
2 

from donors and acceptors in semiconductors [14-16J. But f~w 

have 100kid at e1ectronic transitions within the ground state 

of deep impurities in insu1ators [17-19J. 

The divalent cobalt ion (Co 2+) in a cubic crystal, 1ike 

1nagnes;um oxide (r.1g0), has a threefold ground orbital state and is 

expected to be Jahn-Teller active [20J. The Raman spectra of 

this system by others is inaccurate [21J and inconsistent with 

theory [22,231. Part 1 of this thesis is concerned with the 

Raman study of M90:C02~ In the first chapter, the general 

principle of the Raman effect is exp1ained with sorne notion~ of 

the selection rules for electronic transitions; we also present 

the different perturbations app1ied on the cobalt ion. 
, ,< 

Chapter II pr.~sent s 
{ , 

the experimenta1 set-up used for this 

system and for In 2Se 2 (Part II). Chapter III gives the experi­

mental resu1ts and its interpretation with the aid Qf theoretic.a1 

ca1cu1ations,detai1ed in Appendices A, Band C; this chapter 

terminates with a discussion of our resu1ts with respect to the 

literature. 

Vibrational Raman spectroscopy was app1ied primarily to the 

study of three dimensional crystals but recent.ly sorne work was 

done on layer structure compounds [23-26J. 
lU 

Upon the request 

of Dr. S. Jandl~ < Université de Sherbrooke, we inve,stigated 

the spectra of indium se1enide (In 2Se 2) at low t~mperature 
+ with the red 1ines of the Kr laser; this work ;s included 

in Part II. The first chapter of this part presents the 
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p'robability for vibrationaJ Raman scattering and the selection 

rules ba'sed on the symmetries of the layer structure of the 

different pOlytype's. Chapte'r II gives the correlation bet­

w,een similar systems and: our experimental results. We also 

co,mpa,re thèse to the frequencies calculated by Belenkii et 
.1 

al [66J from the linear chain model (LeM); using the same . 
!rrs.del, w,e ca,l cu.l ate:d the forc.e constants for the shear modes. 

,~ 

The A.ppe'n'di ce·s pre,se,n·t the ca 1 cullÎti ons 0 f the fi rst-

and second-order spin-orbit interaction (A), the r~g w r~g 

spin-orbit correction (B) and the dynamical Jahn-Teller 

interaction (C). The force constants for 8-In 2Se'2 in the 

LeM a'pproximation a're calculated in Appendix 0; the 

pertinent information and the usual notation of group 

theory are included in Appe.ndi'x E. Appendix F expl,ains 

the method of deconvolution used for the analysis of the 

temperature data •• 

.1 
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The' dege'nerate (non-Kramers) electronic ground state of 

~n tmpurity ion in a crystal is unstable with respect to 

sorne asymmetric nuclear displacement and will undergo a 

static distortion to a new configurati~n of minimum energy 
o 

(lower symmetry), if the coupling between the electrons and 

such displacements is str~nger than the zero-point energy 

.Df the associated vibrati'onal mode. But if the zero-point 
, 

vib'ra'tional energy is compara'ole with the energy barrier ~ 

separating equivalent configurations, the complex exhibits 
~ 

a coupled motion of the electrons and the vibrational mode; 

t h i s lat ter situ a t ion i s r e'f erre d t 0 as the dy n â mie a 1 

Jahn-Teller effect [13,74,95]. 

This important effect explains the short spin-lattice • 
relaxation times observed for sorne t~ansition metal ions 

a t an octahe dra l site [87,88]. ~hase trans i ti o.ns in sorne 

rare-earth compounds have been driven by the 1attice distor­

tions associa,ted with the Jahn-Teller ions [89,94]. The 

Jahn-Tel1er effect is a1so responsible for the tunability of 

sorne solid state lasers [91,92]. 

The preceding applicatiors resu1t from an understanding 

of the corresponding Jahn-Teller ion as an iso1ated entity 

in a ~rystal matrix. One of the possible candidates is 
.ç 

divalent cobalt in MgO for which the spin-orbit energy levels 

.f 

~-----~---• 
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of the ground 4T19 state were not measured. Raman spectros­

op.y ca·n determine these leve1s w,hile the use of very dilute 
2+ ' s,amples (Co ~ 100 ppm) will guara'ntee that we will observe 

W 
the electronic levels char'a-cteristic of the isolated 'on 

and so the exact concentration is not crucial. 

2+ M'ost of the reports on M'gO:Co observed the levels of 
4, 4 

the excited T2g and Alg by absorption and luminescence 

spectroscopy [32,51,57]. Using the o,nly experimental result 

availabl'e at the tim'e (from magnetic susceptibility data of 

WgO
c

:C0 2+ which was capable of giving the first excited rSg 

level [49]), Ray and Regnard [33J calculated the copresponding 

rSg level using the dynamical Jahn-Tel1er model with coupl ing 

to Eg vibr'ationa1 modes only. Since Raman rneasurements are 

capable of observing all the energy levels of the 4T19 state, 

we were in a position to check Ray's assumption that the 
-1 

coupling to the T
29 

mode 1s not important. Guha [23] during 

"" the course of our work surmised that a Raman line, which he 

obserserved in co 2+ doped MgO at 935.7 cm- 1 (at lSOK), must 

be due to an electronic transition to the second excited 

rSg st'ate, although he mistook the transition to the first 

excited rSg state for a vibrational transition. 
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C.HAPTER 1 - THE ORY 

1. 1- Ele'ctronic Ra,man 

1. 1.1 - Pr'incip'le.s of Rama'n Scattering 

The ~h~nomenon of light scattering [4] càn be explained 

b y the f 011 0 win 9 9 e ne ra 1 p r i n c i p les. An e l e c t ro n i n a n i nit i a l 

sta'te (Fig. I-1) make.'s a transition (electric dipole) ta one of 

Many excited sta,tes by absorbing an incident photon (w. ,q.); 
1 1 

then the electron makes a transition from that intermediate 

state to a final state by emitting a photon (w s ,qs). The energy 

; s no t con s e r v e'd for e a ch ste p ta ken 5 e par a tel y but for the 0 ver­

all process it is conserved: 

1tw. = 1'Iw ± 1\0 
l S 

( 1 -1) 

where 1Tn 1s the e'nergy of the excitation created (+) or destroy-

ed (-1 in the process (in Fig. 1-1 ~ 1'in = El-E~). 

1 f the fin a l s t a t e i 5 the i nit i a 1 s t a te, we h a veR ay lei 9 h 

scattering; 1f they are different, we have Raman scattering. If 

the initial state is higher than the final state (Fig. l-la), 

the energy of the scattered photon includes the energy of the 

destroyed excitation: it is the anti-Stokes spectrum. If the 

order of the states is reversed (Fig. I-lc), the scattered 

photon is less energetic than the incident photon and anexcita-
, 

tian i 5 created: i t is the Stokes spectrum. In most cases, the 

initial state of the electron for the Stokes process i5 the 

ground state~ but for the anti-Stokes, it ;s an excited state 

and is dependent on the temperature. If the energy difference 

between the initial and the intermediate states is equal to the 



1 

o 

8 

...... , 

Fig. 1-1. Raman and Rayleigh scattering. The .;-

un sh 1 ft e.d Ray 1 e i g h P e a k ( v ; b ) i sam i 11 ion t i mes 
il 

more inten'se than either the anti-Stokes peak (a), 

upshifted in frequency (+\>0). or the Stokes peak 

(c), dow,nshtfted in frequency (-va); the shifts 

a re us u,a,11y measured 1 n cm -1 (wa ve~umber). 

.. 
1 



. ..... 

1 

: 

o 

~,I' 

+-

9 

'-""1 -----0'--

~I-

~I 

t -

-----_ ..... _ .... ':=========--_. • -----_ ..... _. 

; 

J 1 ... 
1 

~ 

1 () 
1 '-"'" 
1 
1 
1 
1 

~,I ~------

J ., ' 

" 

," 
':,.~ 

-~ 
1 . 

~ 

, !'!-~~.'; ..... 
~~;~ 



1 

" 

l'(i) 

e'nergy o,f the incid.ent photon, we have a resonant Raman 

spectrum; for both systems studied here, we worked outside 

th a t re 9 i me. 

1. 1.2 - Pro'b'a'bility of Transition 

The probability of Raman scattering by electronic states 
, 

is derived by Loudon [4] from the theory of atom~c Raman 

scattering of Heitler [27l-~n~~ is proportiona1 to the follow­

ing expression: 

(1-2) 

The first term in the square bracket takés care of the process 

where ari incident photon of ~01arizat1on ~o and energy ~wo is 

absorbed first by an è-lectron making an electric dipole transi­

tion (p) from an initia'l (i) to an intermediate (j) state and 

then returning by an electric dipole transition ta a final state 

(f) by emitting a photon of po1.arization es and energy ~ws' 

The second term is related ta the process where the scattered 

photon is emitted, before the incident photon is absorbed; the & 

first term dominates the probability. 

The selection rules depend on the symmetries of the initial 

and fin a l s t at es; for an ion s i tua te d a tac en ter 0 f' i n ver s ion, 

these states must have the s~e parity and, if the temperature 

1s low enough, the ~nitial state is the electronic ground state. 

The intermediate states have ta be of opposite parity to the 

initial state for the transitions to take place by electric 
t 
'1 

,-----,-------- "''''il __ . j 
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dipole; high~r-order multipole tra~sition, contribute less, 

outside the resonance regime. Some Raman transitions could be 

weak ar ~bs~nt even if they are group theoretically allowed. 

1. 2. - Pe'rtu rbat i on's on the Free Ion 

The' free divalent cobalt ion, whi ch has two s electrons 

removed, ha's seve'n electrons in its 3d-shell; using Russell-

Saunders cou,p 1 i ng scheme and Hund's rul es [28J i ts ground term. 

i S a 4F. The co2+ ion 1s an isoe1ecttonic impurity when it 
~ 

enters substitutionally at the magnesium site in MgO (Fig. 1-2). 

This compound be1ng a large gap (~ 8eV)[29J insulator, the 

impurity is deep in the gap and its electronic wavefunctions 

are localized [30]. The ion behaving as a nearly free ion is 

subjected mainly to the electrostatic interaction of the near-

l' by oxygen atoms(molecular cluster model). r"gO crystallizes in 

the 0~(Fm3m) space group with the NaCl ~tructure and the 

ele'ctric potential of the octahedron of the nearest neighbour 

oxygen ions on the cobalt ion 1s [31J: 

VCF = !:~ (x 4 + y4 + z4 _ ~r4) 
o 

(I-3 ) 

".i with e the electronic charge and ao the distance between the 

impur1ty and the oxygen ions. The influence of the potential, 

in the intermediate crystal field s~eme, will.split the F term 

(L = 3) into a ground 4T19 (3) and excited 4T29 (3) and 4A29 (1) 

states (Fig. 1-3); the orbital degener~cy of each state 1s given 

in parenthesis beside their irreducible representations (1.r.). 

._-_._- _.- - - -- ._. --- --- ----- - - -- -

1 

<; 

'. 
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,.2 

Fig. 1-2. Cobalt impurity site in MgO. The 

cobalt ion 1s at the center of the octahedron 

, T, 

formed by the nearest-neighbour oxygens. The 

space group is in the Schoenflies notation with 

the International symbol in parenthesis . 

• 
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Fig. 1-3. Energy levels of Co 2+ i,n M'gO. 
) 

In the 1eft we present the low 1y1n9 terms of the 

4 -1 free diva1ent cobalt ion ( P 'ù 14,550 cm ; 

2 G '\1 1 6400 ) ; the h ; g h e rte rm S ( n 0 t s ho w n) are a t 

22000. cm- 1 (2H, 2p and 20) and a,t 35000 cm- 1 (2 F) 

[32]. The octahed'ral crystal field splits and 

shifts the three lowest terms into different states 

1abe'lled by their irreducfble representation (i.r.) 

in b h' Th'e' res:t of th'e fi gu.re c.once'rns on'ly th e 

Ï'nte'r'atcti'on's, (s,pin-o'rbit and Ja·tm-Telle·r-) acting on 

the. grolund, 4r,g state (th'e su,bs.cript 9 is dropped 

for' c.larity). 

! 
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The ground triplet state 4T19 1s behaving as if it had an 
. + 

effect ive orbital angul ar momentum of R, = 1. The energy separa-

tion between the first two states is approximate1y 8000 cm- l 

(~)[32] which i5 of the same order of magnitude as the term 

separation (11,000 cm- l ) and justifies the use of the inter­

mediate crystal field scheme; this means that land Sare 

good quantum numbers but that J will not be. 

Next, in order of lesser importance, is the spin-orbit '" 

interaction up to second-order [33J: 

( 1 -4) 

where À' and À are the effective f1rst- and second- order spin­

orbit coupling parameters. The first-ordet term spl1ts the 

4T19 ground state into effective j values of 1/2, 3/2 ars/2 

(Fig. I-3), the degeneracy of the higher level being part1ally 

removed by the second-order term. The total angular momentum 
+ 
J not being a good quantum number, equatlon 1-4 is transformed 

to give for the first-order term: 

H(l} = ÀI[t S +*(R, S +~ S )] 
50 Z z" + - - + 

(I -Sa) 

and for the sec and - a rd e rte rm : 

";' 

}[R,zSz(R.+S_+R._S+)+(R.+S_+R._S+)R.zSz ]} (I-Sb) 

Q 

1 
1 

1 . , 
~--___ 1_ 
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with the operators A± defined as A± = Ax ± iAy (A = ;. or S) 

being the raising'{+) and lowering (-) operators. For the 

4T19 , the spin-orbit coupling parameters are related to the 

free ion value 1..
0 

(-180 cm- l for c0
2+) by the following 

expressions: 

3 
À 1 = - - a kÀ 2 0 

(I-6a) 

(I-6b) 

The covalency parameters k(4T 19 ) and kl (4T29 ) reduce the 

orbital angular momentum and so does also the parameter Il ail 
1 

which takes account of the configuration mixing between the 

4T19 of 4F and the 4T19 of 4p • The conditions on the parameters 

are: 

a < k' < k < 1 and o < a < 1 (I-6c) 

and they take their maximum values when there is no reduction. 

Tlle wavefunctions which diagonalize the spin-orbit ~n,ergy matrix 

to second-order are presented in Appendix A (Table A-lIa and 

Eq. A-a). 

The electronic levels of the cobalt ion having a degener­

acy higher than two, can interact with degenerate vibrations 

of the cl uster formed by the octahedron of nearest ne; ghbour 

oxygens. If the electron-phonon interaction does not reduce 

the site symmetry we are in the dynamical Jahn-Teller regime. 

The corresponding levels are now vi b ron i c (part electronic, 

1 

~ 
. , 

.\ , , 
/ 

" 
1 
1 

- 1 
f 
1 
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part phonon) and will b&'}shift~ to a lower 'energy, 
&ôJ 

The only modes of vibr~ion of the cluster--w.h-uh can 
..1>" 

couple ta a T1g orbital triplet are the Eg and T29 modes, The." 

correspondin~ Hamiltonian of th:"el'e~tron-phonon interaction, 
I:l 

in the approximation of the mo~cular cluster model, is [34]: 

( I-7) 

Ve and Vt are the coupling parameters of the electronic orbitals 

with the corresponding modes of vibration; the QC) is the dis­

placement operator of the modes with ct = a.,E for the partners 
~} 

of the doublet Eg mode of frequency we and a = ~,n,l; for those 
'\ of the triplet T

29 
mode of frequency wt ' The displacement 

t'~,)r.t 
operator is defined as: 

( l -8a) 

where ~ ;5 the mass of the ligand oxygen ion and W
ct 

is the" 
<;Ir: 

frequency of the modes; for the partners of a mode, this freq-

uency ~s the same. Applying the creation (b+) and annihilati~n 

(b) operators on the occupation number state 1 n >, we have: 

/ 
.' 

b+ 1 n > = (n+l) 1/2 In+1> ( I-8b) 

b 1 n > = (n)1/2 In _1> ( l -8c) 

The'electronic orbital operators EC) and Te, (a~e,) may be 

i 
1 

j 
\ 1 

---------------------------------------------~;------___ M~ ~ 
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given in terms of the orbital angul ar momentum operators L± 

and L z' .W 1 th t = - lt, as [ 3 5-J : 

(I-ga) 

( 1 -Sb) 

\' 

for the Eg mode coupling and as: 

( I-10a) 

T : 2
1 [(L+L +L L+)+(L L +L L )] n z z -z z- ( I-10b) 

( 1 -1 Oc) 

\ 

for the T
29 

mode coupling. The matrix,)e1ements of these oper-

ators and the correspooding Jahn-Teller shifts are gïven in 

Appendix C. 

, 

• 
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CHAPTER II - EXPERIMENTAL SET-UP 

II. 1 -Apparatus 

Al1 the light from the Spectra Physics (Model 270) 

krypton'ion laser (see Fig. 1-4) i5 directed by a Newport beam 

\ steerer (t11+M 2 = BST) and traverses a long path in the, air 

permitting diffusion of the plasma light which is great1y re-
• 

duced when the laser beam passes through the variable aperture 

(VA) at the entrance of the light-tight box (background 

reducer); the laser works in the TEMoo mode. Before going 

through the diaphragm, the laser beam intensity can be reduced 

by neutral density filters (ND) and its polarization can be 

rotated by a ha1f-wave plate ('> .. /2 P). After entering the box, 

the beam is deflected by a plane mirror (M 3 ) that can rota te 

ver tic a 11 yan d ho riz 0 nt -a 11 y (N e w p 0 r tg; m bal) and t h us perm i t s 

positionning of the beam on (or in) the samp1e; the mirrar 

can also be displaced parallel ta the incident beam (Ealing 

transverse sl ide) and thus permitting different scattering con-

figurations. Then, the beam goes through a spherical focusing 

lens(L1) that can be disp1aced along the beam direction; it 

can also be moved up and down (Ea1ing vertical slide) to adjust 

the horizontality of the beam in a transparent sample. In the 

90° grazing incidence configuration (see Fig. 11-5 in part II) 

a cylindrical lens (at l,) gives a vertical image of the laser 

io minimize the heating effect on the sample of indium selenide. 

The laser beam after leaving the sample space is absorbed by a 

bl aek cl oth. 

The scattered li,ght ;5 collected by a Cinelux 75mm f/1.6 

, 
! • 
\ 

1 
l 

l 
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/ 

Fig. I-4. Experimental set-up. The designatlon . 
of the components is given in the text ~nd the 

sample space is shown in Fig. 1-5. 
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l' 

len5 (L 2) which can be translated and rotated, vertical1y and 

horizontally by a -Newport Corporation gimbal. r~irror t1 4 i5 

inserted in a small gimba1 and directs the scattered beam 

through a spherical focusing 6 1ens (L 3). The Jobin-Yvon Ramanor 

HG2S double-monochromator (DM) has horizontal slits and a Dove 

prism was inserted between L3 and the entrance slit of the DM 

for the experiment on 1n 25e 2 . All the plane mirrors used are 

of -the multilayer dielectric. type. 

The scattered light, after being dispersed by the concave 
\ 
( 

ho1ographic gratings of the DM, is detected by a Hamamatsu 

(R666S) photomu1tip1ier tube (PMT) having a gallium arseni~ 

photocathode; the PMT is anc10sed in a radio frequency protected 
, 
housing (Products for Research TE-177-RF) anq thermoelectrically 

cooled. The electric pulses are amp1ified (PAR J l120 Amplifier-

Discriminator) and counted; an ana10g output from the photQn 

counter (PC) (PAR 1105) is fed to a Gould thermal chart recorder 

(Bru5h 110); the PAR-PC a1so gives the high-voltage necessary 

for the operation of the PMT. 

The samp1e space structure i5 shown in Fig. 1-5 and the 

base of the Janis Vari-Temp dewar (model DT) is c1amped to 

reduce vibrations. The uniaxi'al stress system is pres'ented 
2+ -

in Fig. 1-6a and was used on the MgO:Co samp1es; the 

calibration curve for the piezoelectric transducer is 

given in Fig. 1-6b. 

. , 
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1 parti\ipated in the assembly and th~installation 
of the Raman system and supervised the construction of 

the uniaxial stress system; we also built a level dete.ctor 
~ 

for the he1ium reservoir of the Dewar. 

l I. 2 - De t a il son Sou r ces and Ta r 9 e t s 

The cobalt in the magnesium oxide samples g;ves them a 

rosy tint [50], but they are still transparent; the direct 

energy gap of magnesium oxide at 85°K is 7.833eV (63,180 cm- 1) 

[36]. All the wavelengths available from the krypton ion 1 
laser cpuld be used but the scattering being proportional to 

the fourth power of the incident frequency [4J we used the 

lines in the blueC-green region"!""'J530.9 nm (18836 cm-'), 
1 

5 20 . 8 (1 9 ~ 9 5), 482: 5 (20 71 7) , and 4 76 . 2 (20991) ; the s p e ct ra 

using this last laser'line'have two plasma li,nes hiding the 

300 cm- 1 structure.and the best spectra were obtained with 

the 18836, cm- l laser -line. 

The indium s:elenide samples (part II) are metallic-

like in appearance and transluscent red for very thin sheets; 

its direct gap at room temperature is 1.187 eV' (9573 cm- 1) 

[37]. We used the grazing incidence with the observation of 
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Fig. I-5. Sample space. 

·We are showing the 90° scattering configuration 
2+ -

for the MgO:Co samples: these samples were in 

hel1um gas an d the temperature (T) wa.~ near 10° K. 

For the expe ri ment of pa rt II (~-In2Se2) the 
, 

i 1 
1 ., samples were in superfl ui d helium and T was near 

{ 
~ 2° K. (figure not to scale) , 
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Fig.I-6(a).Uniaxial pressure system. 

The top part is at room temperature whi1e the ' 

bottom part 1s near the liquid he11um tempera-. 
ture (~5°K). The pressure from a nitrogen 

bottle is applied to the piston (Alkon 024) 

and is transmitted by a rod to the uniformisation 

cylind~r and t~é t~p hammer. The pressure is 

measured by the p1ezoelectric transducer (Sundstrand, 

Kistler 601Bl); its charge signal 1s amplified 

(Kistler 504E) and displayed on a voltmeter 

(Keithley 177) (the, system is not drawn ta scale). 

" ~ 
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Fig. 1-6.{b} Calibration of Pressure Transducer. The 

cali~ration was recorded with the transducer immersed in 

liquid He below the À point. The slope calcu1ated from 

11n~ar regr~ssion 1s 9.36 PSI/V. The insert indicates the 

internal resistance of the system at low pressure (less than 

15 PS'I). The conversion of the pressure in most common 

units is 

with A the contact area of the sample with the hammer. 
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the scàttered light at 90° from the crystal layers. The 

follQwing Kr+ laser lines were used: 752.5nm (13292 cm- 1 ), 

674,.4 (14781) and 647.1 (15451) with this 1ast line giving 

the best spectra. 

Despite the background reducer and because our system 
, 

is very sensitive,. sorne spectra showed sorne of the Rayleigh 

scattered lines of the laser plasms. Ta identify these 

lines, a spectr:um of the scattered light from a samp1e of 
" 

indium se1enide (grazing incidence) was made at room tempera-

ture with the laser current below the lasing threshold for 

all the 1ines (16 Amp). In table 1-1 are the wave numbers 
l' 

of these pl asma l ines with thei r shift from the nearest v 

u 

precedjng lasing line. Table 1-2 gives the power r~nge of 

the lasing lines according ta the D.C. current in the laser 

tube. 

The intensities of the plasma lines in the different 

s pe ctrum of th e samp les i s depen dant on many factors. The 

most important is the quality of the sample: the presence 

of microbubbles in a transparent sample, the stair-like 

structures on the c1eaved faces, the polished surfaces. 
2+ ' 

For the SB samp1es (MgO:Co ) most of the background noise 

cornes from the scattering of the laser beam at the entrance 

and exit faces of the crystal. Its contribution is reduced 

if the dimension of the samp1e along the beam is such that 

its image at the entrance slit of the spectrometer covers 

,1 
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Table I-1. Pl~sma lines of our Kr ion laser. The 1 aser 

wa's be10w lasing 'threshold (16A)rand the scattering'..surface 

was a sample of indium selenidi at room temperature (the 

power of the lines is too smal1 to produce Raman 1ines for 

this sample). In the first co1umn we have the normal lasing 

1 i ne s ; i n the sec 0 n d col u.mn are the p e a k s se en i n the 

spectrum and in the third co1umn we give the seperation (av) 

fram the nearest highest usually lasing 1ine (scan:' 20 cm-l/min; 

time constant 4.7 sec; error: ±2 cm- l ). No spectrum was taken 

between 17500 and '15460 cm- 1. 
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TABLE 1-1 - " 

~ .\ b- ." 
J -... 

, 
..- -L.ase:r P:1'a,sma ~ /:J.v 

( cm -1 ) (cm- 1 ) 
, 

~ ( èm -1 ) " 

"" \8 
1 

2'1360 21332 
, 

? .. . ', 
310 50 '. , 

295 65 .' 

274 86 
;.~ 

.\ 
~, 

t, 095 265 t 
r 039 321 

008 352 
• < , . .. !: 20991 369 _ -:-~ _ ~, ~f ~ .. ~~~;~ 

: 20,991 Z0976 15 
!. 

946 $h 45 , 

, 876 '.> .. 115 

844 147 

776 215 

1 
717 274 

l0717 Z0688 29 
• 7'"1 

>,/ 

671 46 . , 

661 56 

• 626 91 

b03 114 

" 582 135 
~ 528 189 
~ 0 36.6 351 
1 

1 

<l 

341 376 

33~' 381 

213 504 
.' 204 513 

155 562 

G 080 637 
il 

~ 

.' , 

; . ca , - .,---'.-- -,_.~_ .. 
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T AaLE 1 -1 ( Co n t 1 d) 

Laser Pl asma âv 
(cm-1 ) (cm -1 ) (cm-1 ) 

2'071'7 20064 657 
",-

000 717 

19941 776 
,~ 

1 904 813 
.1 

882 835 

872 845 

1 
860 857 

~ 
811 906 

779 938 

! 735 9,82 
1 729 9,88 

: ! 7'OS 1009 

",690 ~ 1027 1 

l , 
670 1047 

1 

j 
654 1063 J . 513 1204 . 

1 
503 ·1214 

4'37 1280 
-,' 

34
Q

S 1369 
'\ i 307 1410 

Z]3 1444 ! ;' 224 1493 

195 1522 
, ' 

19195· 19160 35 '4 
t, 

1 • 

134 61 
~ , 
1 

116 79 . 1 

058 137 
• 0 

0 
017 178 

" 18966 229 

----------~_._--~----- ..•. ------~ 
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t: '\) ~. ' 
'{ 
~ • i~ 

~: 

f, TARLE 1-1 (Cont'd~ 
t-
,~~ 

~, Pl a's,ma -
12 

Lalse'r 6v 
(cm- 1) (€m -1 ) '(cm- 1 ) ~ 

" ~. 
',. 
fÎ 

~ 
t 18836 17750 10~6 

1 69-4 114~2 

6Z4 1212 , 
b 619 1217 f: 

597 li3 1239 
571 1265 
557 1279 

" 
~~n 54,1 1322 
i;-

?' 
v. 154-51 15355 96 " , 

216 235 
138 3'13 

14781 672 
14781 14766 15 

675 106 
551 230 
480 301 
398 383 ., 

" 

• 
,L""IIIW ___________________________ -=--__ 
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Table 1-2. Typical power ~f the krypton ion laser. These 

values were true at the time of the irfstallment of the rece-nt 

tube' (13/11/80). The pqwe~ rating for a· certain 1ine 'will be 

obtaineq at a higher discharge current as the tube ages (maxi­

mum cu.rre'nt 49A); th-e power i s not a 1 inear function o·f the 

cur·rent. 



LASER(cm-1) 

ClO 
r'1 

. .., , 

ll:;j.;.~';",~~~ :",;_: 

2136.0 

~ 

20991 

20717 

19195 
, 

18836 

15451 

14781 

~.::.I- .. _I' -'t\~,~:, .• ~~:-...4' '--

, 

" ,_ ~. __ , ~,~",~",,--"" '''''''~~''~-'' ___ ''!I''~~!lI(!(I'j\\'~~.$14'-!JI,J. 

TABLE 1-2 ~ 

POWER(mW) CURREN T(A) 
. 

125 45 

1.70-400 35-45 

220-420 35-45 

780 45." . 

-.,. - --1 

280-1750 35-45 ' 1 

-
-

760-2100 25-35 

400-920 25-35 

tif 
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more than the slit length (sample 548); for these samples 

the bu1k scattering is so weak that the laser beam cannot 

be seen goin9 through it. Some spectra were done with a 

spectral filter (An~spec 300S) of 20 cm- l band width in 
) 

front of the laser and thus eliminated the plasma lines 

(laser power reduced by ~ 20%). 

During the experiment on magnesium oxide, the sample 

space was continuously fed a new supp1y of helium gas 

("'SOK) by slow pumping; the temperature was monitored by 

a silicon diode (Lake Shore Cryotronics) in contact with the 

copper support of the sample. No temperature measurements 

were made when the s~mple was under uni axial pressure. 

The samp1es of indium s~lenide (part II) were im~ersed 

in liquid helium at reduced pressure; the temperature in 

the sample space was below 2°K (superf1uid helium) but the 

sample scattering face was closer to 100oK. This measurement 

was found from the ratio of th~~t(-Stokes (as) to the Stokes 

(s)- intensities of the vo ::& 42 cm- l -Raman peak (Fig. II-a). 

The intensities are related to the occupation numper n of 
. 0 

t~e phonon mode (Bose-Einstein statistics) and the fo~rth 

power of the scattered frequency [7Sa]: 

[~+~OJ4 no+l ~ 
v-v no o 

0-1l) 

the equation 1s valid when v do es not corres~ond ta a resonance 
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of the system and. the approximation 1s suffi cient when 

v «v (18836 cm- l ); this approximation was used to estimate o 

the tempe'rature (Kb ts the Boltzman cor;tstant). 

. .... 

,;' 
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CHAPTER Il l - RESUl TS AND ANAL YS 1 S 

1 II. 1.1 - Sample information 

Pure magnesium oxide (MgO) in the crystalline form is 

transparent .and colorless but the cobal t-doped samples'l 

(MgO:co 2+) have .a pink colaration which is due ta the 

presence of the cobalt ion (Co 2+) a.t the magnesium site. 

The SB group of sampl es are from a crys tal p.roduced by the 

Oak Ridge National Lab. (USA), with 5% cobaltic oxide 

(C0 203) in the melt. The SA samples wer~ cut from a big 

monocrystal (doped with CoD) given ta us by Dr. L. Chase, 

Department of Physics, University of Indiana (Bloomington, 

Ind., USA) and also grown at Oak Ridge. The color density 

'of the latter s amples ; s 1 ess than for the SB samp1 es and 

w~ deduce that the cobalt concentration is al sa less. A 

sample of the SB family {larger cobalt concentration} was 

irradiated for one week by a low flux neutron source 

(238 Pu.9 se ); the nuclear spectrum of thi~ sample did not 

show the characteristic gammas of 60 Co (1.17 and 1.33 MeV). 

Crys ta fs cut from the same bouT es as ou r samp 1 es ta nta in 

,in the order of 100 ppm of Co 2+ as evidenced by extensive 

EPR studies [88]; th us the Co 2+ ions are independent 

particles and the exact concentration is nat cl'ucial. We 
!: 

are 0 n 1 yin ter est e d i n the e 1 e c t r 0 n i c 1 e ve 1 s t rue t u re 0 f 

isalated cobalt,ions in MgO. 

The S2A, 538, S48 and SP (pure MgO) samples were cut 

and cleayed along {lOO} faces; sample SlA was eut along 

11 , \ 
~. 
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", 

tne {flO} and (001) faces.. The eut faces were polished 

uS1ng the following seque'nee of 3M lapping sheets: 12, 9, 

3 and l'Il. The humidity in the air can degrade the qua1ity 

olf the faces by depositin'g on them a fine powder of magnes-

1um flyd,rox1de (Mg(OH)2); sorne of the faces of the 'samplés 

had, ta be repolished ta correct this defect. 

All the samp1es (doped and pure) showed around 14,200 cm- 1 

the luminescence 1ines characteristic of the presence of the 

chromi um ion (Cr 3+) at the ma,gnes i um site [38]. 

'.'.Il. ~4iQalk1il:illd ________ "'_"" _____ "' ___________________ _ 
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IlL 1. 2 - 0 rie. nt at ion an d Pol a riz a t ion 

Th'e direct product of the irreducible representations 

(i.r;) of the initial and final states is reducible in i.r. 

WhlCh have basis functioÎ1s that can be related ta the product 

of the directions of the pOlarization of the incident and 

sc.a.ttered light (as defined with respect to the crystallographic 

axés)[39]. We saw in c.hapter 1 CFig. I-~) that the 4T19 ground 

state split via the spin-orbit interaction into r69,r~g,f~g and 

f 7g levels, in arder of increasin9 energy; the only transitions 

possible at low temperature are two r69 -+- f 89 and the f69 -+- f79 

and the direct product of these i.r. reduces ta (Table C-l-b): 

(I-12a) 

(1-12b) 

We give in Table 1-3, the optically active i.r. of the double 

point group Oh with theiJ'dimensions (or degeneracy) and their 

basis functions. In conjrunctiQn with this table and Fig. 1-7, 

we see t.hat the sample SlA with the incident light polarized 

horizontally (X ~ Y) and the scattered light polarized vertic­

ally (X - Y) s,houl d permit us to see the f 6g -+ f89 tr~nsitions 

only. The observation of the spectrum of sample S2A with the 

same HV polarization (input Y, output X) should show us bath 

the r 69 -+ rS9 and the r69 -+ f 7g transitions (see Fig. 1-8); 

the spectra of these saJnples are shawn in Fig. 1-9. 

, 

" 
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Table 1-3. Opt;cally actiy~ irreducible 

representatfons (1.r.) of Oh" 

The dimension (dim.) of an i.r. is the same 

as the degeneracy of the corresponding level. 

No othe'r representation of the group 1s-~ 

optically active. 

Î 
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dim . 1. r. 

'~g 1 

~ 
r;g 2 

r: 5g 3 

~u 3 

•• 
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( TABLE.I-3 

bases opt.activ-. 
. 

. 

x2+y2+z2=r2 Raman 0 

-
f~ -

(3z2-r2) 1 (X2 _y2) . Raman . \ 

\ 

yZ,zx,xy 

. -' x,y,z 
. 

~ ....... ~ "..... ~ ~"l!\._~""r~_1"_ ~ ~ 

:") 

Raman 

lnfra--red 
! 

o 
/ 

1 
f 

~ ~ ..... ~.l.t~l~- ....... , ... ~ ... t.<d ........ ~ ~-' .. _ ........ --"'-~~.~.~ ............... _ ..... _-----
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Fig. 1-7. Orientation of sample SlA. The 

prod~ct of the polarisations of the incident 
o 

(i) and scattered (s) light give the Qas1s of 

the irreducible representations (i.r.) that 

are activated (see Table 1-3; V = vert1càl. 

H '= hori zontal ). 
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Fig. I-8. Orientation of samplés 52A, 536, 54B 

and SP. Se e Ft g. l ~ 7 "fo'r de t a il s • 
/' 
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III. 2. 
\~ 

Presentation and Interpretation of the Data 

III. 2.1 - Comparison of Traces 

Referring to Fig.I-9 s oeside the sharp peaks labeled 

p that are plasma lines (see sec~ion II.2 and [40]), bo~h 

traces h.ave sorne common features at 1.12, 28()', 305 11 930 and 

1024 cm- 1 from the laser linej all of these features are 

seén in the spectrum of sampl'e SlA (Fig. 1':'10). obtained 
. . 

using a different lasing .1ine (20718 cm- l ) which proves 

that they are Rama,n peaks. These features are more intense 

in the r 39 trace '(Fig. I-9a) than in th~e r 5,g trace (Fig.I-9b) 

except for the 1024 cm- l peak which is more intense in the 
.." \ 

r 3g configuration; 

seen at 900 cm-l. 

in this~eometry an additional peak is 

I~ the same geometry we present the 

spectrum of the more doped sample (53B) in Fig. I-1l. 

Comparing the spectra of S3B (Fig. 1-12) and S2A (Fig. 1-13) 

under the r19 + T3g configuration we found the fo11owing 

relation between the intensities (measured from the back-

ground) for the 280, 305 and 930 cm- 1 1ines: I(53B)/I(S2A) 

~ 2. We attribute ~hese peaks to the p~sence of cobalt; 

the othe r featu res do not fo 11 ow th i s relat ion. 

III. 2.2 - Temperature Measurements 

To characterize the natu,re of the peaks in thè 300 cm-' 

region, we measured the spectrum of sample S4B at different 

temperatures between 6°K and room temperéture (19°C). This 
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Fig. 1-9. Stokes Raman Spectra of SlA and S2A. 

a) 'SlA in the l''3g geometry with 150 ·mW of laser 

power (18836 cm-1)at' T = 15°K (intensity values on the 

right). 

b) S2A 1n' th~ rSg g'eo111etry with 170 mW of laser 

power (18836 cm~l) at T = looK (intensity values on the 

l ef,t) • 

For both traces~ the slits were 2 cm- 1• the scan rate 

was 20 cm-l/min and the time constant was 4.7 sec; the 

-1 values of the peaks are precise to ±lcm and the peaks 

1abelled "pli are Rayleigh scattered plasma lines of the 

krypton .1 aser. 
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\ 

Fig. 1-10. ,s.pectrum of SlA with L = 20717 cm- 1 

This sp,ctra was ta ken with the 20717 ~m-l lasing . 
line (300 mW) with the s,ample in the r 3Q geometry at low 

temperature (He gasj temperature not recorded). When 

c.ompared' to trace (a) of Fig. I-9, it shows that the peaks 

~ , 

a"t 110.2.80,305 and 930 cm- 1 are Ra~an peaks {slits: 3 cm- 1 ; 

scan: 50 cm-l/min-; time constant: 4.7 sec}. The line 

with label "pli are plasma lines ... , 

j 

" " ,j 
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Fig. t-11. Stokes Raman spectrum of S3B (r Sg )...!­

We lJo~ed the 18836 cm- 1 1ine ,(190 mW) of the Kr+ 

1 as e r w i th the 5 am p 1 e a t (, 1 0 0 K (s.l i t s : 2 cm - 1 ; . 

error:· ±1 cm- 1 ;. scan; 20 cm- 1/min; time constant: 

4-. 7 se c) • t'" 
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Fig. I-12. Sto~~s Raman spectrum of S3B 

i.!:.lg~r3gL 
We used 180 mW of"the 18836 cm- 1 laser 1ine 

-1 with the sample at 8°K (slits: 2 cm ; error: 

.± 1 cm-l;"scan: 20 cm- 1/min; time constant: 4.7 sec'). 
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Fig. 1 -13., Sto k.es Raman 

" 
The 1 as er ,li ne wa s 18836 

Q .' sample was at 8°K el pli : 

error: ±1 cm -1 ;, scan: 20 

o , T 
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, , 

seectrum of S2A (r'l 9 ...±...J' 3g-E· 
cm- 1 ( 160 mW) and the 

plasma lines; s li ts: 2 cm- l ; 

cm-l/min; time const~nt : 4.7 

.• / 

sec). 
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sa'mpl f:! has the entrance and exit faces c1 eaved and the face 
" 

on the 90° sca,tt'ering djrectfon polished. The 1en'gth of . , 
u ' 

the sample (along th.el be'am) is such th'atl the image of the 

sample exceeds t.he 1e'ngth of the sp'ectronreter slit; for 

this reason a,nd the fact that it iS.a crystal of go-od qua1ity 
Q 

(no mic.robubble). no plasma lines. appeared in th~ spectra. ' 

In Fig. 1-14 we svhow the spec.tra obtafned at differ.ent 

temperatures be,tween 6 and 292°K; we notice that thé 

280 cm-l.peak iS
a 

seen ~t low and high T (Fig. 14a and k)~ 

while the 305 cm- l peak 1s flot present, at l''oom temperature 
~ 

(the value mark'ed 'on the figures .are accu,rate ta ±3 cm- 1). 

The behavior of the.se peaks, as a function of temperature, 

;s better seën if we calcu1ate t~ei'r intensity. ratio 

I(280 cm- 1 )/I(305); this method permitted us ta correlate 

the traces that were done under di fferent, conditions 
, 

,( di f'fe r,ent l a,ser power and li ne,' di ffe rent sca 1 e). Th 15 -

data 1s pres~nted in Fig. 1 -15;, .i n Appendix F we explajn 
l' 

the~ho~ 'o,f deconvol utio." we use~ to extract the values 
~ ... 

of the 1ntensities. ff both. peaks were phonon modes, the 

rat; 0 of the in te ns it 1 es w·culd be , 

1 (v
l
-2'80) 

= 
Al (1-exp-v1/T) 

I(v2-305) A2 (~-exP-V2/nT) 
, 

- " 

with t expressed in cm-'l (O. 695cm- 1, 00 IO • The val ue of the 
'"t>. 

1 ow rati-o A1/A2 can be obta ;ne'd from the inte~sity ratio at 

" 

" 

(I-13) 

:'. 
i:! 

i • 
• ï J .. 

( 

. 
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tenrp'eraturei. this exp-ression (Equ. 1",13) corre~:ponds to 

the con'tin"uol.l,~ 'line 1n Fig,. 1-1;5. Our temperature depen,dan,t, 

spec.tl"'a"a'od·1ts. ana1-ysfs, s.how th'at the.intensitY of 'the 305 çm- 1 

p"k de c;eases-" lIlo,r~ r~p'i'd:1Y. than that 'Of the 280 cm_.,.l p~ak; 
•• ~ • • #' 1 ~ ~ ~ 0' (':- ) ... 

th'1:S, '1 ait -p~aIr 1's' $,tf-ll 'vi 'S 1b' e. a t rOQm tempe ratu ... e (HO C) 
_ " ,1 ..!- ,~~, 1 n.. t ~ 4 

:whlle: the' athar haos d'isa\pp.e'a'Ped. We 1d-entify the 280 cm-' 
.. ~, >. ' .... 

.':, '", " pe.'a'k 'a~ an hHÙ:"~~d' mO'de and tha 30~5 cm'" ,peak as being an 'b 
... l' " 0 

" aYe.ctro.nlc,·le'Sel" 'Of' ,C~2+. Ttie 9'3'0 cm- 1 .~eak de.creased J • <' • 1 • ..., , • t'J .. 

',:' ~( :_' ,"~~~.i:~~l;, ,~:fth :\'èmp:&r~'tur.~ a,~d i~ nbt, pres~nt at room, te:mpel"atu,re 

,', _ tF.:i,:g~:'·i-J4-;.1 'a~d-: m); we' ide.nttfY this ,peak' to the r 69 ... r 2 
'. , -' , '. , 8g 
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• J' 

'" 

Fi g. I -14. Stokes Raman .Spectra of S48 (T III 6 tp 292 0 K) 
j 

All traces were done a~ ~9:~~~1/min with a time constant of 

4.7 sec and slits of 3 cm- l • The temperature is g1ven at the 
{ 

1eft of each trace (in O~); sorne of 'the peaks value is gi~e{ 

an'd when the value 1s not g1ven it' corresponds to the value 

91ven before ±3 cm- 1. In sorne of the figures the base11ne 
, 

was s h 1 fted for convenf e nce; this \ does not in f1 uence the 

ana1ys'1s of 't'he p/eaks (see Appendix F) (L :1 laser line; 

power 1n .par.en~t~es.fs; scale). All the traces are in the 
..1., • 

r 19 + f 3g .con~.igUratfon. 

" 

Spectra 'of the -3{lO cm- 1 regfon (a tp. k). 

'" 
ar l 

III 1~8836 cm- 1 (130 l' = 6°K; L mW}; '1 

b) .T III 12°K; i =: 18836 cm- 1{125 mW); 1 

c) T a·-21°K; l III 18836 cm- l {120 mW); " 
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Fig. f-14. (Con·t 1 d) 

For thelleXt seven traces (d'to j) the 'co'nd,itions are,the same 

except for the temperature (L· 20717 cm-1; 80 mN; 300 cps). 

d) T· 90o K, e) -116, f) 133 .. g) 152, h) 171, 1) '190, j) 210. 

For trace k) thé conditions ar~T .. 292°K~ L - 18836 cm -1 ; 

200 MW; 300 cps. Note the change of scal e for_trace~ d) to k) 

as compared w1th a) to cl. 
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Fig_ 1-14. (Cont/d) 

!. 
.~ 

~ 

Î 
f 
'i 
f 

1· 
Spectra of the, 900 cm-l, regi'on (1 ta n) CL ,. 18836 cm- 1). f 

1}' T lift1 11 ~K; Power' (P) • 115 inW; 1 !teps 

m'} T • 150QK; -P ;II 1·25 MW; 1 .kcps 

n) T • 2.9~GK ; P • :'" 200 mW; 300 cps 
" 

Note the< change of scal.e for traceG.ln)_ 
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Fi,g. 1-15. Dependence of 1'280 cm~1)/l'3~5) with temperature 
'.' 

---
. The data for thfs g,ra.ph w'as extraeted from 'the spectra of 

salinple"S~B us1ng the de.conv·o'lution" scheme expla'ined in Appe~dix F. 

The· s.ymbols used are related ta the· e·xperimental conditions '("all. 

the traces wére done the same day): 

x: l =- 18836 cm- 1 (125 mW); slits! 3 cm-\ s'can rate: 

, 20 cm-l/min 
81 • 

seale: 1 kcps; time constants 4.7 sec. 

'0' L~· 2Q717 cm- 1 (80 .mW)~ sl1ts: 3 cm- 1 ;~can 'rate: 

.20 cm-l/min- ~ . 

seale: 300 cps; time constant: ·4.7 sec. 

- , 
The cont1nuous line corresponds to the theoretical expression 

'(Equ. 1-13) of the rati~ if both peaks were phon9ns;, -with 

A1/A2 • 2.0 we f1nd that this expression giv~s a ratio of 

1.95 at T = 200°C. 
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.. 
Ill. 2.3 - Identification of the Pe.aks 

In a crys ta l whe re each at'om 1 cs; te 15 a cente r of symmet ry 
" 

(or inversion), which loS the case for pùre MgO, firstworder 
ç, 

vibrational Raman· scattering is fo~i'dden [41,42Ji the presence 
LI w. ~ 

, . 
of an impurity at those sit.es, suchas the cobàlt ion at the -
1 • • po 

magne,sium site, breaks the sym"letry of translation and,rela.xes- " 
-+ ~J ' , "-

the k = 0 p,honon se 1 ecti on' ru"1 e (see Pa rt 1 l éhapter n: If 
, 1 

the impurity ion has a differe.nt cha,rge and/or size it will . 
d1stort it,s, environment and the cluster, forme4 by 't,hè 'im'Purity 

and its first-nearest ne,ighbours, ca,n p'oss~ss ~ocal modes of , 
',' ~ 

vibration whqch have frequenciespabove ttfe maximum fr'equency of 

the host latticej if the fr~quency of the mode 15 in' the gap . , 

between the .. optical and acoustic branches it 1s càiled a gap' ... 
mode [43J. / 

The" charge of the cobalt ion (2+) is the same as ,the '-ma.g-
~ , , . 

nesium ion (+2) it replaces and.its siz~ is sltghtly biggerj • 
0" ' 

the ·in~e·ratomfc,( distance ,in MgO, is 2,. nA whfle in CoO' ft 1s· 

2.13X '[44]. -Becaose the cobalt i~purft~ 'does no~ disturb 'much 
• - , . 

1.ts. local envfronment [45], its,'localized modeacan be nearl'y', 
. . 

deg~nerate wi th .. the latt i'ce vi bra t i ons ~ . The frecruency of, the. 
v .......) 

10~~l1zed mod~ will not depen'd on t'he mass-of the -impù,rity. if 1
0 

.,. . ''''" 
tJte s~~~e'~.r~ o.f th~ ~od~ is. A.1'g' Eg' Tl~' T2g~ T~" ,an-d :T.~u ,':(" { 

~ ')1 'fi' , ' 

,ëI;nd,T2u' (.$e,e.'F~g;' •. I~~.6) [46];.' . .i.~ t',~ese .. II!OdeS, the j~pu:r-~t~ ,at,Ori'l ... 

" 1$, ' i mmob11e., ,The',. peak at 280 CIIT 1 h' a l Dca 11 ze( E9:1ROd'~. ~f ch , 
• • .. t ~ ~", <"Il". . '. 

, l 'J 

~' 1 1 ' .. .. . . 
" . , > • 

, . . , \ ~ , 

, , ,\ ' . ... - , , 

, 
•• 

" 
" . ' 

" 1 

:~ 
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,Fig. 1-16. Local modes for an immobile 

impurity [20,46]. 

We show both part~ers of the Eg modes; the 

partners of the T modes can be obtained by 

a 90° rotation of the cluster about the 

O-Co-Q axes. The irreducible representations 

for the movement of the c1uster (ignoring 

translations) are 

Al + E + Tl + T2 + 2 Tl + T2 ; 9 9 9 9 u u 

T,g corresponds te a rotation of the c1uster. 
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o 200 400 600 800 
Energy(cm-1) 

Fig. 1-17. Phonon freguency distribution. 

Function calculated by Sangster et al [48] 

from neutron scattering experiments; notice 

the first peak near 300 cm- 1 which is the 

contribution of the acoustic modes. 
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readi1y couples with th~attice modes. The transverse acoustic 

modes at the high symmetry X(l 0 Oj and L(~ ! !) points on the bound-

ary of the Bri110uin zone contribute ta form the first peak 

(~ 280 cm-1 ) in the unperturbed latt;ce phonon frequency distri­

bution function (Fig. 1-17) ca1culated by Peckham [47] and 

Sangster et al. [48] from their neutron scattering data. Then, 

the localized mode is ca11ed a resonance mode. 

Cossee [49] has estimated indiTectly from magnetic sus cep­

tibUity a value of 306 cm- 1 for the electronic transition 

r6g + r~g of the 4T
19

(4F) manifold of cobalt in MgOwhiTe Liehr [50J 

has ~redicted it at 315 cm- 1 from ligand field ca1cu1ati~ns. 
From their near infrared fluorescence and absorption measure­

ments, Ralph et al. [51] deduced a value of 300 cm- l for the 

transition. We interpret the 305 cm- l peak as being this_4 
, . 1 
r6g, + rag transition. 

B;yond these features.,a complex serie' of bands and peaks 

extendsfrom 650 to 1250 cm- l wtrich is best seen in Fig. I-13 

(S2A,f 19 + f
39

). This structure can be compared with the spec­

trum of the pure sample SP (Fig. 1-18) under the same geometry; 

a laser filter monochromator (Anaspec 300S) was used to elimin-
, 

ate the plasma lines in the spectrum of SP. The trace of SP, 

done at lOoK, correlates well with the two phonons Raman data 

of Manson et al. [a] and most of the structure in this region 

for the doped samples behaves the same way under similar polar­

ization configurations (Fig. 1-19). 
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• 

Fig. 1-18. Stoke Raman spectrum of SP (r19 .:'J3g)-=-. 

We used 300 mW of the 18836 cm- l laser line 

while the sample w"'s at lOoK (slits: 2 cm- l ; 

error: ±l cm-li scan: 50 cm-l/rriin; time constant: 

4.7 sec). Only the peaks near 1000 cm- l are ident1fied. 
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Fig. I-19. Second-arder Raman spectra of pure 

MgO [8]. 

Room temperature measurements under different 

9 e 0 met r y u 5 i n 9 the 2 049 2 cm - l ( 488 . 0 n m) ~ t-, -argon ion laser; the incident beam was in 

same direction CCii 11[001]) for a11 traces but 

the scattered beam was qs / /[110J for a and b 
+ traces, and qs //[100] for c and d; note that 

th~ wavenumber increases ,to the 1eft. 
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2= 801 6 =1019 -1/ 

3=858 7=1098 
4=895 

j 

1 

1 
1 
1 
1 

, 



1 
1 

1 
\ 

i 

) 

Il 

) 

84 
( 

-1 The peak at 930 cm does not correspond to any structure 

in the two phonons spectrum of the pure samp1e; this 1 i ne was 

identified by Guha [23] as th e f
69 -+- r~g transition. Whe n 

comparing the spectra of S3B ( Fig. 1 - 1 2) and S 2 A '( Fig. 1-13), 

the more doped sample S3B has this 1ine more intense by a 

factor of two whi1e the structure around it has decreased in 

intensity; the 930 cm- 1 1ine is interpreted as the e1ectronic 

2 transition f 69 -+- fSg of the cobalt ion. 

Based on group theory a10ne, under the r 5g configuration we 

should see the r 6g -+- r 7g transition; the peaks that appear in 

this geometry are re1ated to the two-phonon spectrum. This 

transition in a simi1ar cubic structure (KZnF 3:co2+) is a1so 

absent from the Raman data of Lockw-ood et al. [18J. We say 

that this transition is quantum mechanica11y weak. 

The sma11 peak at 112 cm .. 1 is an e1ectronic Raman transi­

tion of iron (Fe 2+) at a eubic site [52] (see Fig. 1-9 and 1-13). 

The structure at 130 cm- 1 (T > 150 o K; Fig. 1-14 9 to k) 

corresponds ta a two-phonon difference band as identitled by 

~'anson et al. [8J. Other features appear in thi s region 

which are impurity induced vibrational modes but their nature 

and behaviour is of no concern to us; suffice it to say that the 370 cm-
1 

peak shifts toward the laser 1ine as the temperature increases. 

1 

1 
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III. 3 Results of Calculations 

III. 3.1 - Spin-Orbit Interaction 

Before calculating the energy separations of the 1evels, 

let us see if our measurements of the cobalt ion leve1s follow 

the Lande interva1 ru]e [53J. With the energy of the levels 
, 

labeled by their representation we ~ave for the first trans;-

tion: 

( 1-1 4a) 

and between the two excited states: 

( 
r~g(j = 5/2) - ~g(j = 3Y2) = t~(ySi) (1-14b) 

with ~ being the term interval parameter. Manipulating these 

equations and comparing with our experimental values we get 

r~g(5/2) - f 6g (l/2) = 8 

r~g(3'/2) - f
69

(l/2) 3" 
; l3~ 'ù i o 3 

• 1> 

(1-15) 

, 
The agreement is fairly good considering the fact that in this '1 

system an Additional interaction (Jahn-Tel1er effect) is pre-. ,} 
sent and can depress each leve1 differently; that aspect will 

be analysed at the end of this section. , 
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We have calculated (Appendix A) the energies of the levels 

using the spin-orbit Hamiltonian of Rayet al. [33J and dia­

gonalizing the interaction matrix. The energy separations are 

(trom Eq. A-7): 

27 akk'À~ 
= - 6 akÀo - T t:. 

(I-16a) 

(I-16b) 

(I-16c) 

with "a" the term mix1ng parameter and k, k' the covalency 
4 4 parameters of the T19 and T2g states respectively; the 

energy separation between.these two states is a. We have 

;J' neglected the r~ - r~ mixing interaction (Appendix B). All 

the energies are positive because the sp;n-orbit coupling 

parameter Ào for the free cobalt ion ;s negative p(= -180cm- 1) 

and the first term of equations 16a and 16b 1s larger th an 

the second. 

III. 3.2 - Comparison With Our Data 

1 

As given in Appendix A (Eq. A~4 and A-5) the mixing para-

,.;, meter "a" 1s a functfon of the crystal field parameter Dq 

1 
1 

~ 
i 



c 

", • ..... ~, , ,". r" - <'" -,~"" .. -

87 

and of Racah's B parameter; using Dq = 960 cm- 1 [32] and 

B = 840 cm- 1 [33J we find a = 0.935. With this value of lia", 

we adjusted the parameters k and k ' so that the energy separation 

agrees with either the 305 cm- 1 (Table 1-4a) or the 930 cm- 1 

(Table 1-4b) 'pèaks for the corresponding r 6g -.. f~g and 

f 6g -.. r~g transitions. As can be seen, no values of the 

fitting parameters simultaneously g;ve a good fit for both 

peaks. The g-factor of the r 6g level is known ta be 4.278 

[32] and is related to a, k and k' by 

la 15 k 1 ro 
9 = T + ak(l ~"2 -6.-) (1-17) 

For a = 0.935, the value ~f k ' ranges fram 0.06 to 0.84 while 

k varies from 1.00 to 0.88; in our analysis, k and k ' are 

pure covalency reduction pararneters and to exp1ain the g-
1 - . 

factor, we have to include in these parameters an additional 

factor that takes accaunt of the dynamic Jahn-Teller effect. 

III. 3.3 - 'Oynamic Jahn-Teller Interaction 

The cobalt ion in MgO is known to be a weak Jahn-Teller 

system [33]; \'le calculated (Appendix C) the influence of a 

first excited vibronic level having one Eg phonon quantum 

1 

j 

1 
l 
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TABLE I-~ 

Values of the co val e n cy parameters 

either: fit th~ 305 cm- 1 peak(a) or 
VII ,~ = 0.935; l::. = 8Dq = 7680 -1 cm ; 

tP u >1. 

kil ... k' 
1 

r 6-+I' 8 

(cm-l ) 

il (a) 0.86 0.86 307.6 
fil, 

0.85 0.81 305. 1 

0.84 0'.64 305.0' 
~ 

" 0.83 0.46 305.0 

0.82 0.27 305.1 

0.81 0.08 305.1 

, 

(b) 0.98 0.98 347.7 

0.97 0.95 344.8 

0.96 0.77 345.5 

0 .. 95 0.58 346.3 

0.94 0.38 " 347.2 

0.93 0.18 348.1 

1 

./ 

(k l "'" ",k < l'. 00) that 

the' 930 cm- l peak(b) 

cm -1 ) '" 
... ' .. ' 

B = ,840 ~ ... 
... 

2 r6+r8 r6+r7 
(an-1) (cm-l ) 

829.0 868.4 

821.7 858.3 . 
819.6 848.2 '" 
817.8 838 .. ' 

816.2 828.0, 
- " 

814.5 817,9 

" i 
o~ 

938.5 989.6 ,1 
1 
" 

930.4- 979.5 
:. 
~ 

( 

930.0 969.4 
, 
·1 

930.p 959.3' ~l 
930.2 949.2 ~ 

l 
; 

930.2 939.1 

1 
1 

(1 
-----.. ~---~ 

~ .' 
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of energy. We found identical energy shifts fo~ bath rag 

levels [54J. We then included the effect of one T2g phonon 

and found a differential shift for these two levels. The 

total shifts c5(r) due to the interaction with one Eg and 

one T2g phonons are: 

ô(r~g) = -
81 
50 EJt(E) 

243 
100 Ejt(T) 

ô(r~g) = -
81 
50 Ejt(E) - ~ Ejt(T) 

with Ejt(E) = 
2 2 2 ~ 2 

Ve/211We and Ejt(T) = 2Vt/3lJWt. 

(r-18a) 

(I-18b) 

Using our experimental values for the position of the 

r~g an~ r~g leve1s and equations 1-16 and 1-18 we found the values of 

Ejt(E) = E and Ejt(T) = 1" for a number of (k, k') values 

(Fig. I-20); thediscontinuou5 1ine at (8/t) = 1.5 correspond~_ 

.... to the values of E: and l' for which the two contributions to 

the shift of r~9 are equal. In our approximation we have 

supposed that the one-phonon vibronic levels are exactly ~w 

higher than the no-phonon levels -a--nd 50 we cannat evaluate 

the values of Ve' Vt an~ wa' wt · 

From this graph, using reasonable values of k = 0.97 and 

·k' = O. 90, we 9 etE j t ( T ) = 1 6 • 7 cm -l, 1 f we s u p p 0 S e a ne 9 l i -

glb~e contribution from the E9 mode :oupling (e: = 0.3 cm- l ).-
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Fig. 1-20. The Jahn .. Teller energies. 

The values of Ejt(E) = € and Ejt(T) = IT , 

that fit our experimental results are given 

fôr different values of the covalency para­

meters (0.85 2 k' < k; 0.97 ~ k ~ 1.00; 

a = 0.935). The series of dots crosses the 

e: =T line near t = 12 cm- 1 and the e: = 1.5T 

1 in e ne a r 10 cm -1 • \ / 
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III. 4. Uniaxial Stress, and Other Treatments 

We took several Raman spectra of a doped sample under 

Jniaxial pressure along the [lOOJ direction with the appara­

tus illustrated in Fi.g. 1-6a. The reduct10n in symmetry 

from 0 h to D4h' i s expected to split a r l t\ve l into two 
89 

Krame rs doublets, while a r and r being already Kramers 69 79 
doublets will not sp1 it ( on 1 y a magnetic field can split 

1 

these doublets). We did not detect any splitting or shift 

of the lines up to a maximum stress of 28 kg/mm2. With a 

slightly modified equation for the tetragonal static stress 

[34] and with the value of the maximum stress used, we 
, ' 

calculated the energy separation of the splitting of the 

fS g levels to be approximately 5 cm- 1 The width of our 

lines, at half the intensity, is about 20 cm- 1 and is 

produced by the presence of random static strain in our 

samples. The simple observation of our samp1es, between 

crossed polarizers in monochromatic light, showed the . 
presence of non uniformed static strain. 

In arder to render a sample, strain-free, we annealed 

it in a vacuum for 24 hours at 1200°C. At the end of the 

treatment, the ampoule was quenched in cold water ta permit 

the condensation of the water vapor, liberated by the 

crystal surfaces, on the inner w&ll of the ampou,le (when a 

magnesium oxide crystal is exposed to the humidity in the 

air, a powder of magnesium hydroxide forms on its surfaces). 

, ' 
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Tne surfaces of the samp1es nad to be repo1ished because 

this treatment a1so damaged the surfaces -by releasing the 

oxygen (reducing effect). The spectra of this samp1e, 

with no uniaxial stress applied, showed no improvement of 

the width of the Raman lines. 

We also irradiated another sample with an unfocused 

X-ray beam for 12 hours in the hope of changing the 

divalent cobalt into trivalent ions [56J. The spectra 

observed for thiF~a.mple did not show any additiona1 1ines. 

/ 
III. 5. 

~/ 
- Other Systems Studied 

In the progress of the present work, we searched, in 
• 

other cobalt-doped systems, the electronic lines of the 

impurity ion in an octahedral site. We first looked at 

NaCl :Co 2+ (0.05%) and found that its Raman spectra is 

identical to that or a pure NaCl sample; it showed the 

two-phonon spectrum as seen by Krauzman [7J under the same 

polarisation ~eometries. No sharp peaks can be seen at 

low temperature (He À point, 77°K) that are not visible at 

room temperature. 

We decided to look at cobalt substituting for tantalum( 

in the KTa0 3 perovskite; the impurity site in this 

compound is also octahedral.' 
.--.... 

We measured the spectra of a 

light1y doped (/\'0.01%) samp1e and two more doped samples 

(0.04g and 0.08g of CaO in the melt of 20g Ta203 + 9 . .4.g K2C0 3); 1 

1 
f 

i 

\ 
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the color density for these samples 15 proportional ta the 

c~nceptration. The two-phonon spectrum signal at low 

temperature (~15QK) 1s fairly large (l-lOkcps) and covers 
-1 the regfon from the laser to 1100 cm . We did not observe 

any peak that could be related to the cobalt impurity. All 

the features in our spectra could be ident~fied with the 

peak and bands of the Raman spectrum of Uwe et al. [86] for 

an undoped, unstrained sample of KTa0 3 in the same polarisa­

tion configuration. 
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III. - 6. Discussion 

By comparing the spectrum of S2A (Fig. 1-12) to that of 

S3B (Fig. 1-13) under the same polarization conditions 

(f1g+ f
39

), we notice' that the 280,305 and 930 cm- 1 peaks 

are related to the concentration of cobalt, being more 

intense in the more doped sample (S3B); these are the on1y 

peaks of concern to us. The intensities of the 280 and 

305 cm- 1 peaks decrease as the temperature increases 

(Fig. 1-14 a to k); the intensity ratio of these two peaks 

wou1d be slowly decreasing with increasing temperature if 

both were vibrational modes. Instead this ratio increases 

'rapid1y with T, showing that the 305 cm- 1 peak intensity 

decreases more rapidly than that of the 280 cm- 1 peak (Fig. I-15), 

the former disappearing entire1y at room temperature (Fig. 1-14k). 

The po1arization measurements (Fig. 19a,b) show that the 

280 cm- 1 ~eak has predominantly the Eg symmetry and is induced 

by the Co 2+ impurity, as stated by Wagner et al. [58J. In 

most systems, like MgO:Fe 2+ [93J, the local modes are rarely 

observed and they only appear if they are in resonance with 

the 1attice modes [18]. In MgO, the unperturbed phonon density 

of states has a tall peak at 280 cm- 1 [48J which is the contri-

bution of the acoustic modes from the Bril10uin zone boundary; 

the 280 cm- 1 impur1ty induced Raman mode could be such a 

resonance. 

1 
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The behaviour of the 305 cm~l peak with teroperature 

and its disappearance before room temperature confirms thdt 

it";s an electronic transition (Fig. 1-14 a to k) coupled 

to phonons. Its polarization and energy demonstrate that it 

belongs to the 4T19 multiplet of Co 2+ and we identify it as 

being the r 69 + r~g electronic transition which agree a1so 

w it h Ra 1 ph et al. [51] wh 0 est i ma te d th a t th i s t ra n s i t ion i s 

near 300 cm- 1 from luminescence measurements. 

Guha [23] ,identified both the 280 and 305 cm- l peaks as 

vibrationa1 modes despite his knowledge of the expected 

e1ectronic leve1s of Co 2+ in MgO. His incorrect temperature 

dependence for bath these Ramâ~:"peaks (he on1y showed one 
, . , 

spectrum at l8°K) appears to be' duè' to the inclusion of the 

two-phonon background in the measurement of the intensity. 

The substraction of this contribution is essential 50 that 

the intensity variation of these peaks with temperature is 

more indicative of their nature; also th~ intensity of the 

305 cm- 1 as measured by him includes the overlapping contribu­

tion Qf the 280 cm- 1 peak at that wavenumber. 

Our temperature measurements also show that the 930 cm- l 

peak 1s an e1ectronic transition (Fig. 1-14,1 to m) and we 

assign this peak to the r69 + r~g transition of C0 2+. Guha [23] 

surmised correctl; that this peak must be1~ng to c0 2+; this 

peak intensity exceeds considerably t~e two-phonon back­

ground and the behaviour of the intensity ~f this peak (i'n 

'" 
~ , 
, 

1 

f , 

, 
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his analysis) was indicative of its electronic origln. 

For divalent cobalt at an Qctahedral site in a comparable 

crystal, the position of the electronic levels will be close 

_, ta our experimental values, slight differences being due to 

the difference in the value of the crystal field. We 

s,ea'rched forthese electronic levels inNaCl :Co2+and KTa03:co 2+ 

but the expec'ted regions were masked by the two-phonon spectra. 

Lockwood et al.[18] observed by Raman spectroscopy the 

tronic levels of cobalt in KznF
3

:co2+ and found the r 6g 

at 292 cm- 1 and the r6g + r~g transition at 950 cm-l. 

el ec­
l 

+ r 8g 

Li ke 

us, they have not found the r 6g + f 7g transition which is 

obviously a weak transition. In agreement with theory, the 

position of the C0 2+ levels in these two compound (KZnF 3 and 

MgO; see Fig.I-2l) are similar which supports our analysis. 

We calculatèd the theoretical position of the Co 2+ spin­

orbit levels (to second-order) and found excellent agreement 

with our experimental values when the dynamical Jahn-Teller 

interaction includes the coupling to Eg and TZg modes. We 

note that the T29 mode coupling is essential in the analysis. 

Rayet al[33] neglected this coupling on the basis of the 

value of the coupling constant ratio IVel/IVtl calculafed 

using the free-ion values of the radial integrals «rO»; 

this ratio is a function of <r2>/~r4>. It is known [33] 
\ 

t ha t the exp ans ion 0 f the 3 d rad i a l fun ct ion s '; n a cry s t a 1 .. 
will decrease the value of <r2>/<r4> (compared ta the free-

" ' " 
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Fig. I-21. Energy levels of C0 2t at an octahedra1 site 

We present the observed electronic trans~ions of the divalent 

cobalt impurity at an octahedral site measured by Raman spectro­

scapy. On the leffare the res.ults of Lockwood et al.[lB] f.or 
2+ KZnF3:Co and on the right are our exPrrimental results for 

, 2+ 
MgO: Co . 
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ion value) and thus decrease the estimated IVeI!IVtl. In 

addition their anaIysis tried to expIain the posi~ion of 
l only the r
89 

level (deduced from magnetic susceptibility 

measurements [49J1 and did not predict the poiition of 

the r~g and 

We estimate 

980 to la la 

, 

r 7g levels (positions unknown at the time). 

that the f
69 

+ f 7g transition will be in the 
-1 cm re 9 ion for val u es 0 f a = O. 935 and 

0.97 < k < 1.00. Its energy 1$ independent of k' (covalency 
4 parameter of the T

29 
state) and the aahn-Teller interaction 

(the r
69 

and r 7g levels are Kramers' doublets); its 

experimental position would fix the value of k (Equo I-16c) 
2 < 

and its separation from the rag would be indicative of the 

influence of the upper: leve1s. 
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.. 
TV.- CONCLUSION 

We o5served. for the first time, the e1ectronic transi-

tions within the 4T l crystal field ground manifold of I!J 
9 . 

l'Y' fJIJ 

divalent cobalt in ~1g0 Ely Raman spectroscopy. First-order 

Raman scattering is forbi.dden in a crystal for which each ~ 

site is a center of inversion and this fact enhances the 

second-arder (two-phonon) scattering; the substltution af p" 

an impurity at "those sites breaks the transl'atJ.on symmetry 

and can induce local vibrations that can be observed by 

Raman spectroscopy. In addition-, the electroni~ transitions 

of the impurity can a1so be present in the spectrum. In the 
2+ case of MgO:Ca , the two-phonon structure is very extended 

and covers the regian fram the laser Tine ta beyond 1200 cm
v

-
1 

t[i) 

in certain polarisations, the electronic transitions have 

similar intensities to the phonon-re1ated peaks (Fig. 1-9b 

and I--13) and are thus lost in the phonon spectrum ar,$he 

peaks are misinterpreted.[21]. 

Our polarisation and temperature spectra clearly show 

that the 280 cm- 1 peak is an E localovibrational mode in 
9 .• v 

accordance wi th Wagner et al. [58J ne utron d iffract i on 
>ft;'''; ~ ~ 

resu1ts. This mode could be resonant"witt'l the acousti«tt 

l.at1;ice modes at the surface of the Brill8'tin zone, which 
\ b 

f~rm the first peak (near 280 éIn- l ) in the phonon distribution 
... ) 

function [48J. The disappearance of tne 305 and 930 pe~s 
iii 

at room temperature (lgoC) confirms their electronic nature. 
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These peaks are the f6g+ f~g transition at 305 cm- l and the f6 + r~ 
. 9 9 

transition at 930 cm-li these values correspond fair'ly well to' 

results of our ca1tulat.ion of the position of the electronic leve1s of a 

3d 7(Co 2
+) impurity in an octahedral site with spin-orbit 

::. 
ta second-arder ;nçluded. Ttrey are also in agreement with 

the values measured by LOCkw~od et al.[18] f~r Co 2+ in a 

s ; m il ars y ste m (K Z n F 3 ; Co 2 + ) . Ne it'h e r the y n a r we, h a v e 5 e en 

the r 6g + f 79 transition because it ;5 lost in th: two­

p~onon bands and presurnably i s ~~1eak. The know'ledge of its 

" position with respect ta the f 69 ground state wou1d fix 

the value of k (covalency parameter of 4Tl~) and its 

separationw.from the fa2 would inform' us of the influence 
u 9 

of the u p p e r ex c; te d s ta tes. Us i n 9 a sui ta b l e dye las e r , 

,1 

JO account for the di fference between the cal cu.l ated 
" 

spin-orbit levels (ta second-arder) and the abserved. 

electronic levels of co 2+ in MgO, we calculated the 

dynamical Jahn-Teller interaction w;th coupling to bath Eg 

and T
29 

modes, the ~aupl;ng ta the latter being essential 

for complete agreement. The co 2+ in MgO ;5 a ,relatively' 

weak Jahn-Teller ion; its Jahn-Teller stab',i1;zation energy 

f~r equal coupling ta the Eg and T
29 

modes is 12 -cm- l • 
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IN,TRODUCTION 

Indium selenide (In 2Se 2) is a semiconductor, member of 

the large family of layer structure compounds. They have 

high1y anisotropi.c bonding forces. The intralayer forces 

are main1y covalent but sometimes are ionic whi1e the inter­

layer forces are van der Waals. The indiviâual 1ayers can 

easily slide over each other to produce different relative 

arrangements of the successive layers whlch lead ta the 

existence of a number of polytypes for a single compound 

and a1so ta stacking faults. 

The know1edge of the phonon frequencies and their species 

is important for ana1ysing phase transition, two phonon spectra 

and many transport properties especially for an anisotr.opie 

semiconductor. Jandl and Carlone reparted a Raman spectrum 

showing most of the vibrational peaks in additio~ ta une.xpeeted 

high frequency peaks. Upon their request we studied this 

compound using the red lines (14781 and 15454 cm- l ) of the 

Kr+ laser in the hope of observing the layer ta layer shear 

mode which they did not observe and to see if the transitions 

in the 400 cm- 1 region were Raman active. 

.' ! 
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CH~PTER 1 - THEORY 

1. 1 - Probabil ity of Transition 

The transition probabi1ity for the Stokès spectrum when 

on 1 yon e ph 0 non par tic i pat e s 1 s pro p 0 r t 1 0 n a 1 t 0 six te rm 5 

differing in the order of the interactions. The fol1owing 

expression is the term where the electron-phonon interaction 

(Hep) operates between two intermediate states [4]: 

(11-1) 

w;th 10 the intensity of the laser beam of frequency wi' lTwa 
~ 

and 1Twb the energies of the intermediate states; the initial 

and final e1ectronic parts are the ground state and no is the 

occupation number of the phonon. The other matrix elements 

are for the e1~ctron-radiation interaction (H er ) for absorp­

tion (left) and emission (right). The delta function ensures 

the conservatio.n of energy with n = w.-w being the frequency 
,~ 

of the p h 0 non e m it t e d . rh e cor r'e s po n den ce w i t h F ; g. 1 - 1 (i n 

part 1) is Eo = Ino;O>, El = Ino'+l ;0> and E2 ta En are the a 

and b inFermediate states. 

The t ra n s i t ; 0 n s ( ab sor p t i ~n and e mis s ; 0 n) are m 0 s t 1 Y 

electric-dipole; the other types of multipole transitions 

are many order.s of magnitude weaker. One important selection 

rule 15 the conservation of crystal momentum (Stokes): 

... ... ... ... 
. -nqi = 11Qs + ~k +"lfG ( II -2) 
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with q the wave-yector of th.e incident (i) and scattered (s) 
~ ~ 

photons, k the wave~vector of tne phonon and G the reciprocal 

latt1ce vector. The energies of the incident and scattered 

photons do not dtffer by much (the phonon frequencies are 

small compared wtth the incident photon frequency), then their 
; 

wave-vectors are almost eqùal in magnitude and are much ~ 

smaller than the dimension of the first 8rillouin zoneM For 
J~ 

relation 11-2 to be satisfied, we need G = 0 and the phonons 
• 

participating in the'scattering are 11mited to optical modes 
~ 

near the center of the zone (k =: O). ---Two phonons can contribute to Raman scattering ~ith the 

following selection rule: 

(N > 0; integer) ( II-3) 

I~ this case, the phonons are nct restricted to the center'of 

the zone and will mostly come from points of high symmetry in 
• the zone; acoustic modes can now participate in the scatter-

lng:, We call this the second-order Raman effect because it 

needs an additional transition and is less probable than the 

flrst-order effect; an example of this effect appeared in 

the spectra of MgO:co 2+ (Part 1). 
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1. 2 - Crrsta1 Structure of the In2~2 Polytypes 

Before giving the modes that are active in the first­

order Raman scattering, we need to know the crystal structure 

of i n d i u m sel en; de (I n 2 S e 2) . E a c h 1 a y e r 0 f t h-e co m pou n d ; s 

formed by the superposition of four monoatomic sheets in the 

sequence Se-In-In-Se. An indium atom is covalent1y bonded'to 

another indium and three selenium atoms each of which is bond-

ed to three indium atoms (Fig. 11-1) forming an hexagonal unit 

cell of space group D1h(P6m2). 

ln addition, each layer is weak1y bond~d by Van der Waals 

forces to an adjacent identica1 layer and the ordered stack­

ing 1s cal1ed a polytype. Indium se1enide is known to pre­

sen t i t sel fin t h r e e pol Y t Y P e s ide n t if i e d a sB,<\.. e: and y. 

The stacking sequence for the e-type is formed by two 

identical layers (Fig. 11-2), one being rotated about the 

In-In bond axis of one layer, and slight1y shifted so that 

the In-In bond of one layer is in l;ne with the selenium 

atoms of the other layer. We can a1so represent the stacking 

sequence as one layer being trans1ated a10ng the edge of the 

unit cell from A to B or B to A (Fig. 11-2) and then rotated 

by 60 0 about the edge axis: tnese operations correspond to 

the screw axis. That structure has a center of inversion 

b-etwe"en the layers and the space group ;5 D:h(P6 3/rnmc). 

The e:-type is formed by stacking two identical layers, 

one being slightly shifted 50 the In-In bond of the top layer 
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.. 

Fig. II-l. Structure of one layer of indium 

selenide [59]. 

The space group of the laye.r ;s given in 

Schoenflies notation with the Inte~~attooal 

symbol in parenthesis. 
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In- 0 

Se- • 

a 

c 

a 

Fig. 11-2. Stacking sequence of a-InZSe Z [60]. 

The unit cell contains two molecules of In 2Se 2 

and has the dimensions a = 4.0 A and ~ = 16.8 A. 
The A and B points are explained in the text. 
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of the unit cell 1s aligned with the selenium atoms of the 

next la-yer while the selenium atoms of the first layer and 

the indium atoms of the second laler are alfgned with empty 

spa,ces in ~he unit cel' (Fig. II-3a). The space group of 
l -this structure is D3h (P6m2}. The y-type spans three layers 

with the first and second, and the second and third"layers 

positioned like the E-type (Fig. II-3b); its space group is 

Civ(R3m). The unit cell for each polytype contains one 

formula (In 2Se 2) per laye'r; the space groups were given in 

the Schoenflies notation with the International notation in 

parenthesis (see Appendix E). 

1. 3 - Group Tneory of the Phonon Modes 

For the a polytype, the unit cell spans two layers and 

includes eight atoms; with three degrees of freedom for each 

atom, there will be 24 normal modes of vibration at the 
+ 

center r(k ~ 0) of the Brillouin zone. These modes decompose 

into irreducible representations of the point groui D6h [39,62] 

(II-4) 
1 

The' B2.g" S'lu and E2u modes are (,opticall y inactive, the A~U\and E~u 
are acoustic vibrations while the A~u and E~u are infrared 

act1ve. The remaining six non-degene.rate modes (A lg , E1g , E29 ) 
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(a) 

In-o 

Se-e 
., 

c 

a a 

! Space group: D1h(P6m2)"'" 

o 

Fig. 11-3. Stacking sequence of E- and y-In2~2':.­

a) The unit cell of E-In 2Se 2 contains two 
o 0 

molecules of In 2Se 2 (a = 4.0 A; c = 16.9 A). 

b) The unit cell of y-In 2Se 2 contains three 
o 0 

molecu)es of l'niSe2 (a = 4.0 A; c = 25.32'A). 
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0- ln 

.- Se 
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a a 
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Space group: C~V<R3m) 
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are Raman active. ,The basis functions for the 1ast'three 

representations are Cx2+y2} or z2 for Alg , yz and xz for 

El 9 and, ( x 2 - Y 2) and :xy for E 2 9 . Th i s st ru ct ure con t a i n s 

~n inversion center and the Raman and infrared, modes are 

mutual1yexc1usive. 

For completenes-s we present a simi1ar treatment for the 

other po1ytypes. The E polytype a1so spans two 1ayers with 

eight atoms but now the 24 normal modes decompose into the 

irreducib1e representations of the point group D3h [61J •. 

r ~ 4Ai + 4A~ + 4E ' + 4E" (11-5) 

of which 3 are strict1y infnared active (~A2), 8 are only 

Raman active (4Ai and 4E") while 3 are both infl?ared and Raman 

active; this gives a total of 11 non-degenerate Raman modes. 

The functional basis for the Raman modes are (x 2+y2) or z2 

for Al' (x 2 -Y 2 ) and xy for Ela n d, Y zan d x z for E". 

Th~ Y po1ytype is composed of three 1ayers but the rhom­

bohedra1 primitive cell on1y contains four atoms (all members 

of the same layer); the 12 normal modes decompose 1nto the~ 

irreducible representation of the point group C3v [84a,61]. 

r - 4A1 + 4E 

Al} the optical modes are both infrared and Raman active, and 

there are 6 non-degenerate Raman modes (3A 1 and 3E). The 

functional basis for these modes are (x 2+y2) Or z2 for Al and 
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either(x 2 - y2) and xy or ylPand xz for E. 

ln Fig. 1I-4 we present th~-atomfc displacements in the 
$ 

unit cel', for the Raman active mod~~", 0; hhe 8 polytype (for 

E- and y- types see Ref. 61). The"'funct1onal basis for the 
.,y 

irreducible representations of the Raman/mtfêÎes for the diff-

erent structures can be related to the direction of the 
u 

electric field of the incident and the scattered photons, if 
LI 

X, Y and z correspond' to the crystal)lographic axes. In 

Eq. II-l, the matrix elements can be analysed using group 

theory; to render this more simple we can reduce the three .... 

matrix elements into one by us;ng the fact that the electronic~ 
.', 

par t 0 f the i nit i a 1 and f, i n\ 1 st a tes i s the gr 0 und st a t e and 

supposing that the vibrationi'al part CW" the initial state is 

the zero-phonon ground Ino ,~ 0> which" is a reasonable assu/p-
) 

tion when the experimentgi~ performed at low temperature. 

We ca na' son e 9 1 e c t the i n t e rm e dia tee 1 e ct r 0 n i c si a tes wh i ch 

can be any representations of the group that satisfy the 
• 

electric dipole selection rule. The electron-phonon inter-
, 

action representation is dependent on the phonon created and 

so is included in the final phonon statej the r.epresentation 

of the elect~n-radiation interaction is the electric dipole 

operator (r) and will appear twice for the process [63]. The 

matrix element is now given in terms of the follpwing direct 

product: 
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4J • 

Fig. II -4 .. Rama n a ct i ve mode s 0 f a ~ l n 2 Se 2 [ 6 2 J . 

Th:e dashed lfne corresponds to the Van d~r Waals 

b'ond betwee.n layers; the arrows ;ndicate the 

d';rection of the displacernent for each atom . 
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wh e re Ev i s the el e c tri c fie l d of the li 9 h t (v ;: i, s ) . The 

phonon ground state is the tot~lly symmetrie representation 

r 1 and ru fs the eleetrtc di-pole representation; beeause 

r j X r 1 "" r j we will look at the product of the first three 

terms. For this matrîx element to be non-zero, we need to 

have the r, representation ineluded in the reduetion of the 

triple direct product. For any r~presentation r j , the rep­

resentation r 1 is included in the symmetrical product 

[r j X rjJ and, if rp is included in the reduction of [ru x ru]' 

then the matrix element i5 non-zero. The symmetrical product 

of ,t~e representations ru of,the electric dipole giy,es the 

pblarisability representations which are by definition Raman 

active; the polarisability behaves like the electric quad-

rupolé moment. This analysis permits one to find the polar­

isation of the incident and scattered light for specifie types 
9 

of phonons. 
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CHAPTER I.I - RESUL TS AND ANALYSIS 

u. 1 - 1 n fo r mat ion 0 n the Sam èi es 

Our sample of indium selenide was grown by the Bridgman 

technique by Dr. S. Jandl, Département de Physfque, Université 

de Sherbrooke. With the aid of a 20X microscope, the scatt­

ering surface was prepared by lifting thin cleavage flakes. 

The sample used in the Raman measurement was also s;udied 

with an X-Ray precession camera by Dr. Gabrielle Donnay, 

Department of Geological Sciences, McGill University. The 

simple was identified as the B-polytype of In 2Se 2 [64J and 

showed sorne twinning. A backscattering von Laue picture of 

our sample showed ~ hexagonal pattern made up of a multitude 

'of slightly shifted points: the c axis of each layer is 
';,J 

pointing in slightly different directions and 50 the sample 

;s non-uniforme 

The sample was oriented (Fig. II-5) with Hs long, 

d i men 5 ; 0 n a t a p pro x i mat e 1 y 45 0 w i t h r e s pee t t 0 lJIh e h 0 riz 0 n t a 1 

laboratory direction; in this orientation we obtained 

g' a 0 d s p e ct ra. Th 'e . i n cid e nt 1 as e r b e am h i t s the sam p l e a t 

a grazing incidence with the vertical polarisation inside 

the crystal in the plane of the layers, while the horizontal 

polarisation within the crystal being mainly parallel to the 

z (c) axis. The scattered light was analysed in the vertical 

polarisation using 50 to l sensitivity of the double-monochrom­

ator for this polarisation direction. Because our sample has 

twinning and is non-uniform (not a single crystal) we could 
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Fig. Il-5. Orientation and polarisation of the 

samp le. 

The orientation of the S~In2Se2 sample wfth 

respect to the laboratory axes in the top view 

(a) and in the front view (b); the different 

polarisations permissable are given in Ca). 

(V: vertical; H: horizontal). The room temperature 

spectra (Fig. 11-9) were done wfth the long dimen-

s ion 0 f the sam pl e, ve r't i cal . 
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not make any group tneoretical analys'-fs. of the symmetry 

of the phonons. W-1th this in mind, we looked in the litera .. 

tur~ for other systems having the same structure. 

fI. 2 ~ltomparison with Equivalent Systems 

We present in Figs. 11-6 and II .. 7 the Raman spectra of 

r rw i net al. [ 65 J for the i sos t rue t u ra 1 co m pou n d s Ga 2 S 2 and 

'Ga 2Se2; the irreducible representation and Raman shift are 

given for each peak. The z axis corresponds to the c axis 

of the i r sam p 1 es; for the u pp e r t r ace ,0 f Ga 2 S 2 (F i g. 1 L- 6) , 

the incident beam is in the x direction with the y po1arisa-
" 

tion whi1e the scattered l';ght is in the z direction with 

the y polarisation (Porto's notation). Ana1ysing the features 

of their spectra (see Table 11-1) we find that the E~g modes 

are a1most equa1 (G~S2:22.0cm-l; Ga 2se
2
:19.5 cm- 1); that mode 

corresponds ta the out of phase vibration of two consecutive 
1 

layers in a plan~ perpendicular ta the C axis and wau1d on1y 

depend on the ,van der Waa 1 s forces between the 1 ayers, t-hen 1 

we can expect the value for indium se1enide to be close"to 

20 cm- 1 . Because the mass of the selenium atom is larger 

than the mass of the su1phur atom, the frequencies of al1 

the modes are lower; then using a simiiar argument for the 

mass of the indium atom as compared ta the mass of the 

gallium atom we can expect the frequencies of the modes to 

be l'ower than those of gallium selenide. Anather important 
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.' 

Fi'g.II-6. Raman spectr'a of a-Ga2S2.:.. 

Irwin et al [65J used the 19436 cm"'l 1ine 

(514.5 nm) of an argon ion laser to make 

these spectra at room temperature (293°K); 

the Z axis is parallel to the c ax.is of the 

crystal. A filter was used to remove the 

plasma lines. 
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G 

Fig. 11-7. Raman spectra of S-Ga 2Se 2.!.. 

Irwin et al [65] used the16l19cm-l (620.4 nm) 

line of an helium .. neon laser with the crystal 

at 77°K and no filter. The Z axis is parallel 4. 

to the c axis of the crystal., The peak at 252.1 cm- l 

1s due tb the presence of the E-polytype. 
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" Table II-l, Vibrationa1 modes of 6-Ga 2S2 
and a .. Ga 2Se 2, 

Values of the vibrational peaks taken from 

figu,ras 11-6 an'd II~7 with their respective 

i.r. in D6h (for notation of the i.r, see 

Table E-II.B), 
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" TABLE:.1I-1 

~ 

. 
(3-Ga 2 S 2 Q-Ga 2 Se2 1 r. 

\ 

E~g 22·0 crn-1 19·5 crn-1 

1 E 1g 75·2 60·1 

A1 g 187·9 134·2 
2 " 

. E1g 290-5 211·9 
1 

E;2g 295·0 215·0 

2 A1g 360·7 
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feature in their spectra is the presence of a doublet 

around 290 cm- l (215) for Ga ZS2(Ga 2Se 2); the separation 

between the partners of the doublet gets small er as the 

mass of one constituent gets larger (Ga 2S2 :4.5 cm- 1 ; 

Ga2Se2:3.1 cm .. l ). We should expect to find a s1milar doub­

let at a comparatively equiva1ent pqsition\,,~rÏ\our spectra, 
... (_d , 

w'; th a sma 11 sepa rat ion. 'u 

M'o st 0 f the s e f e a t ure s c an b e s e en; n Fi g. II - 8 (a and 

b). The doublet feature can be inferred fram the fact that 

the full width at half-maximum of the .180 cm- l band ;5 

larger than that of the other peaks (plasma lines excluded); 

the measured separation follows the trend of the preceding ., 

compounds. Hith this interpretation, the total number of 

lines seen is six, which is consistent with the a-type. The 

irreducib1e representation (i.r.) of the peaks is based on 

the data of Irwin et al. [65J for the isotypic 8-t;a 2S2 and ~ 

the result of the next section. /'. 

The spectra of s-rn2Se2 (Fig. 1I--9) at room temperature 

with a different laser line (14781 cm- 1) proves that the 

peaks seen at low Tare vibrat:ional Raman peaks; within 

the accuracy of the position of the peaks (±2 cm- 1), the 

doublet is unresolved. 
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,', 

F1g. 11-8. Sto'ke.s ~a'man spe,ctra of -43-I~2Se2!.. 

W.e used 200 mW of power from the 15456 cm- 1 
".; 

'- . line of the krypton.lon laser. The slit width 

is 2.5 cm- 1 and the error on the val ue of~ the 

shifts is ±l cm-l. The sensitivity' of the 

" 

photon counter was 100 counts/sec. (full scale) 

with a time constant of 4.7 sec and a scan rate of 

la em-l/min were in superfluid he1ium and the scat­

terf'iJCIIg surface, was deduced .to be near 100 0 K. 
'j 

a) ?tokes Raman spectrum with the incident 

and scattered light polarized vertically"(V); 

a, neutral density filter of 0.3 was present in 

the incident beam. 

b) Stokes Raman spectrum with the incident ligh~ 

p01arized horizontal1y (H) anq the scattered 

light polarized vertica11y (V) . .. " 
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Fi g.. II -9,. Spectra of B-In2~2 with L : 14781cm- 1.. The 

sa'mp1e' was at room temperature. The sample was oriented with 

its long dimension vertical with respect to the laboratory 

a'x.eS,j the hori~anta1 (H) and vertical (V) polarisation are 

also with respect to the labo Because of the good quality 
, 0 

of the scattering face, the plasma l1nes are absent (laser 

power: 200 mW; scan: 10 cm-l/min; scale: 100 cps; time constant: 

4.7 sec; slits: 3 cm- l ). The baseline is shifted for clarity 

and the values are precise ta ±2 cm-l. 
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II.3 - Line~r Chain Model 

11.3.1 - Calculations of Belenkii 

Belenkii et al. 166J'have calcu1ated the mo~e frequencies 
+ 

a't the center of the Brillouin zone (k = 0) for ~-rn2Se2 

us1ng the linear chain model (LCM1; this model considers on1y 

the interaction betW'een a'djacent identical atomic planes 

(Fig. II-la) and not the true force constants between the 

atoms in the unit cell. The force constants for the camp res­

sopm modes (superscript c;A i.r.) are larger than those for' 

the shear' modes (s;E i. r.) as should be expected in the 

~mall disp1acement limit of the harmonie approximation. For 

their model they used the.va1ues C~,W,g and C~,g of gallium 

se1enide [67] and dedueed C! from the 178 cm- l peak of their 

infrared measurements. We present in Table r1-2 their 

theoretical results and our experimental values with the 

corresponding ï.r. of each peak. In his article, Belenkii [66] 

uses the Herring' (H) notation for the D6h point group and 

the corresponding i.r. in the Kaster (K) and Mulliken (M) 

notations are as fol1ow: 

for both 9 and u representations [80]. The agreement between 

Ithe theoretica1 and experimental values is fair1y good for 

suc h a cru de m 0 de l t h a t ,i sin de pen den t a f the pol Y t Y P e and 

which exeludes long-range Coulomb forces. 
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Fi g'. 1I--10. L ine.ar cha in model. 

Each plane (a) is composed of on1y one kind of atome 

There are two types of modes: compression (c) and 

shear (s) modes. For the compression modes, the 

di stance between the atom; c pl anes var; es; we 

have a stretch}n g of the In-In bond and most1y a 

bending (with}ome stretchi ng of the In-Se bond. In the 

s,he'a,r- medes the interplane distance is fixed and w,e have a 

m'i X'tu,re of stretching and bend; ng of the bonds. 

The structure is replaced by a system of masses 
, 

and springs (b); the Ivalues of the force cons-

tants ùsed by Be1enkii [66] are given in 
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Il 

Table IF .. 2. Comparison of our res.ults with the 

1inear chain model for 6-In2Se2~ 

The fi rst col umn under each heading gives thè 

ir'reducible representation of the modes. 
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II.3.2 - Force Constants Ca1cu1ations 

Using the 1inear chain mode1 equations of Wieting [67J, 

we calcu1ated the force constants for the shear modes 

CAppen dix D and Table II~3). With these constants, we 

predi cted the val ues of the E~ 9 and E~g Raman mo des and the 

optically inactive 1 2 E2u and E2u modes; the concordance with 

1;he Raman modes i s very good. 

For the compression modes ~ with the A~u infrared active 

longitudinal mode (LO) at 214 cm- 1 [66], the LeM ca1cu1ations 

do not give physical (real and positive) values for the force 

constants. The LO mode in,duces a long-range electric field 

that shifts the LCM mode frequency ta a higher value [81a]. 
" ... , 

For a three-dimensional crystal possessing two types o{"at'om~ 
+ 

the LO and TO modes are degenerate at k = 0 if this 10ng-

range interaction was absent. In a layered compound, the 

intrinsic anisotropy of the structure prevents the degeneracy 
+ 

of the LO and TO modes at k == a even if the long range e1ectro-

static interaction is neglected; this can be found by 

cal cul a tin g the L 0 and T 0 f r e que 'n cie sus i n 9 the val e n c e for c e 

mo d e 1 and est i mat i n g the for c e ca n s tan t s • For 13 - 1 n 2 S e 2' the 
o 

In-In bond length (3.161\) is greater tnan the expected 
o 

covalent bond (2.88A) which indicates a part1y ionie bond 

and sorne charge transfer ta the Se atom [85]. Even if the 

primitive eell does not have a dipo1e moment (it has a center 

of symmetry), the In-Se bond is partly ionie and can contribute 

, , ; 
1 

1 



f 

141 

Ta,ble. 1I-3. Shear modes frequencies. Values of the 

c.a1cu1ate·d (LCM) and experimental phonon modes (*infrared 

data of Belen~ii [66]) and the force constants (Appendix D). 

Mo,de 

VO(E~U) 

- 2 ,v
1

(E
1u

} 

1 ' 
V

2
(E

29
) 

V3(E~g) 

V4(E~g) 

\)5(E~g) 

V6(E~u} 

- 2) V
7

(E
2u 

Ca1culated 

(cm- 1) 

o 

178.0 

179.5 

19.0 

42.0 

182.2 

37.0 

180.8 

Force Constants 

matche'd 

matched 

matched 

Meûsu red 

(cm:,l) 

178* 

179 

19 

42 

181 

(in units of kdynes/cm) 

C~ = 87.3 ; C~ = 2. 10 , c~ = 8.07 

TO 
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a:n a-dditional electrost-atic terro ln the LO mode frequency 

ca'l cul a t ion s . 

A more appropriate tr~atment should use the valence force 

model to evaluate the frequencies of the longitudinal modes , 

but unfortunately it needs 5 force constants if we only 

consider the nearest neighbour interaction, or 8 force' 1\ 

constants for the second~nearest neighbour (Fig. II-11); 

on1y three experimental values of the mode frequencies are 

·available and this treatment will have to wait the measure-

ments of the optically inactive modes by neutron diffraction. 

This approach (valence force model) for the s.hear modes 

needs 5 force constants for atom-pai~ distances smaller or 
o 

equal ta 4.25 A; this model cannat be tested because we 

also knaw five mode frequencies. If we neglect the inter-
.' 

layer Se-Se interaction we aré back to the LeM; in this 

case the In-Se bond force constants (stretching, bending) 

are transformed into longitudinal and transverse components 

(C~, C~) • 

--
; 
j 
l 
l 
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Ffg'. 11-11. Atomi c di s t-ances a nd va 1 ence force consta nts 

of I3-In2~2' The distance between the different 
o 

a'toms in the' primitive unit cell are given in A and e = 23.1°. 

The continuous (ionic, covalent) and dashed (van der Waals) 

lines represent the stretching vand bending force constants for 

the bonded atoms; the dotted line co.rresponds to the radial 

force constant of the non-bonded pairs. This valence force 

model (longitudinal modes: compression) contains 8 force 

constants jf we neglect the interactions between atoms that are 
o 

distant by more than 5.72 A; for distances equal and smaller 

° tharf 4.25 A there are 5 force constants. For clarity,' only 

one type of each kind of pair-interaction is shown (not drawn 

to sca le) . 
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II 1. ... CON CL US rON 

W"e oDserved the v'fbrational modes of I3~In2Se2 by Raman 

spectroscopy at low T ('V1000K). We identified, for the 

first time, the inter1ayer shear mode (E~g) of this po1ytype 

at 19 cm- 1 ; it was predicted at 17 cm- l by Jand1 et al.[25]. 

We identified five other peaks at 42(E~g), 1l7(A~g)' 179(E~g). 
l81(Eig) and 231 cm-l(A~g); the 6-polytype is characterized 

hy six vihrational Raman peaks. The irreduc<l'ble representations 

of the peaks are based on the labelling of the Raman spectra 

of S-Ga2S2 [65] and the results of the Jinear chain model 

(LeM) calculations of Belenkii [66J. The position of the 

peaks of B-in 2Se 2 fol10ws the trend of 8-Ga 2S2 and S-Ga 2Se2 
when the mass of the di fferent atoms is taken i nto account. 

Web a1so ca1culated the- force constants for the shear m9des 

within the LeM anq predicted, with very goad ag reemen t, the 
\ 

values for the components of the 180 cm- 1 doublet (theory: 

179.5 and l 82.2; experiment: 179 and 181 cm -1 ) • We also 

found the expected optically inactive shear modes calculated 

within LeM. This model cannat permi t us ta fi nd the force 

constan~ for the comp ress i on modes beca us e it daes not take 

into account the ionicity of this compound; the valence force 

model for the 'longitudinal (compression) modes rs inadequate 

containing more parameters than the number of kno\'1n mode 

frequencies. 

~le made our measurements with the sample immersed in 

.. , 

" 

" 
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superf1u1d helium and our hs.er heam focused with a cy1indrical 

lens. while Carlone et a1.I68J did their measurements at room .. 
temperature with the laser o.earo focused to a spot; we did 

not observe the additional peaks in the 400 cm- 1 region seen 

in their spectra which are probably due to either a high 
o 

temperature phase or to two-phonon scattering. 
G 

The growth of good quality S-In 2Se 2 crystals 'no twinning), 

although difficult, would permit the investigation of the 

o pt i cal l yin a c t ive m 0 des' b y ne ut r 0 n sc a t ter i n 9 and th Ü s 
o 

complèment the present work. 
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APPENprx A 

Spi.n,-Orbit Interaction 

The separation of the orbital states of cob.alt, by the 

o·ctahedr.on of oxygen -in MgO is shown in Fig. 1 .. 2; the wave­

functions of the ground 4T
19 

of 4F in the representation of 

an effective orbital angu1ar momentum of t = lare [69,70]: 

1- 1>0;:l - ~ 1/13+3 - l3TS" 1/13-1 (A-la) 

10> = ", o 't'3D (A-lb) 

1 +1> 0 = -1578" 1/13-3 - ~ 1/1 3+ 1 (A-le) 

The matrix elements of L with respect to these functions 

are: 

l[~ ~ ~L L 

2 012" ~J 
.r. 

= (L ) 1 
+ (A-4) 

which can be trans1ated as i = -3/21. Because the 4p state 

contributes a 4T19 , it will interact with the preceding state 

and reduce the orbital angular momentum; the new states for 

the grolUnd will be: 

1-1> = 1-1> casa 
0 

... II1_1sine 

10> = 10> cose-
0 

II10sine 

~I + l > = ,1 + l > cos a 
0 - II l + l s ,i n e 

wh~re II 1m are the wavefunctions of the 4p state. Then; 

L - - 3/2(cos 2e 2/3sin 2e)1 
+ = - 3/2 at (0 < a < 1) 

(A-3a) 

(A-~b) 

(A-3c) 

(A-4) 

. , , 
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and we can still treat t as equa1 to 1. The mix;ng angle 

He" is a function of the crystal field parame~er Dq and 

Racah's B parameter [33J: 

tanS = -~(15B+6Dq)-[(15B+6Dq)2 + (8Dq)2]1/2}/(8Dq) .(A-5) 

The ion h a sas pin S = 3/ 2 w i t h the pro j e c t ion s 1- 3~/ 2 > , 

1-1/2>, 1+1/2> and 1+3/2>; in this ordered basis the spin­

operators are: 

s = z 

-3/2 a o 0 

o 
o 
o 

-1/2 0 0 

o 1/2 0 

o o 3/2 

a 0 a 0 

yj a 

o 2 

o 
o 

o 0 /3 0 

(A-6) 

W;th the 3 orbitals and the 4 spin states, there will be 12 

spin-orbit states; the first-order Hamiltanian (Eq. 1-5a) 

applied between the Imtms> states gives the matrix ele­

ments for Table A-I; all the other combinations of the 

states are zero. The first blocK being diagonal, the energy 

of the j = 5/2 1eve1 (r79+r~9) is 3/2À ' . Diagonalizing the 

sub-matrix of the second b10ck, we find the additiona~ value 

o f - À 1 and, f rom the t h i rd b lac k, we h a ve -5/2 À 1 (À 1 =. 

-3/2 akÀ o); k is the covalency reduction factor of the 

orbital angular ~omentum of the 4T19 state. The wavefunc­

tions that diagonalize this .matrix are in Tab1e-A-I1. 

In a cub~c crystal of Oh ~t~metry there are no repres­

entation of dimension superior ta 4 and then the level 
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j = 5/2 (dimension 6) will be partia11y split by the second­

ord.e'r spin-'orbit interaction (Eq. I-Sb); the corresponding i\ 
,1 

matrix e1ements are in Table A-III. From the three diagona~ 

blocks. we have: 

E( r 6'9) - - 5/2 >..1 - 45/16 À 2/1::. 

1 
E (r'Sg) = - À 1 _ 9 1.. 2/6 

2 E(r Sg ) = 3/2 1.. 1 261/16 À 2/1::. 

E(r 79 ) . = 3/~ 1..
1 45/16 1..

2/6. 

with ÀI = - 3/2 akÀ and 1..
2 = akk l À2 and the condition o 0 

) 
/ 

(A-7a) 

(A-7b) 

(A-7c) 

(A-7d) 

o < k l < k .::. 1.0; k l is the covalency reduction factor of the 

4T29 state which mixes to the grOund 4T1g . The new wave­

functions are related to those of Table A-II; theyare: 

= -

1 b r 7 > = -

1 a r~ > = 

gro 1 r7 ,8+ 3/ 2> + lT7b 1 r7 ,a- 5/ 2> 

gro 1 r 7 ,8- 3/ 2> + lT70 1 r 7 ,a+5/ 2> 

lb r~ > = Ir7: a+1/2> 

le r~ > = Ir7 ,a-1/ 2> 

Id r~ > = ITTblf7,S-3/2> + I!7blf 7 ,S+S/2> 

(A-Ba) 

(A- Bb) 

(A-8e) 

(A-Bd) 

(A-Se) 

(A- af) 

The diagonal matrix within these bases is in Table A-IV. -

We neglected the contribution of the r~g and f~g inter­

action; this approximation is justified in Appendix B. 
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. The 9 r 0 und 0 r bita 1 ~T 1 9 co m pas e d _ 0 f t ~ 9 e ~ 0 r b ; ta 1 s [71] 

~me mi xi n9 of 4'129 (t:ge:) i 5 n ot connected ta the 

2E(t~geg) by the spin-orbit interaction [33J (see Fig. 1-2): 

the vibronic interaction (Jahn-Teller effect) would further 

reduce the effect .of the upper excited states on the ground 

4 T19 state. 
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TABLE A- f" 
/ 

.. 
Matrix e1ements of.the first-order spin-orbit interaction 

(Eq. 1-5a) in the ImQ,ms > bases p,1 = - 3/2 akÀ o). 

1- 1-1/2> 

1/2 

.ïJT'l 

1-1-3/2> 

3/2 

10- 3/2> 

/TrI 

0 

1-1 1/2> 10-1/2> 11-3/2> 

-1/2 12" 0 

IZ 0 l'JTl 

0 13/2 - 3/2 

1+13/2> 

3/2 

Il 1/2> 10 3/2> 

xÀ' 
1/2 .fJ77 

l'JTl 0 

1+1-1/2> 10+1/2> 1-1 3/2> 

-1/2 2 0 

12" 0 l3T'l. 

0 lm -3/2 

xÀ' 

1 ., 
~ 
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l 
',~ 
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'1 , 
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TA,BLE A- l l 

Wavefunctions of the first-order spin-orbit levels [70] in 

the Ir rn j > representation as a ~unction of the 1 m~rns>; al1 

the levels being of even parity, the subscript 9 is rernoved. 

o (a.) 

Ir6+1/2> = 1TT'l1-1+3/2>-IT7!IO+l/2>+IT7OI+l-1/2> 
" Ir 6- 1/ 2> = 1TTl1+1-3/2>-IT7!IO-l/2>+IT'7bI-l+1/2> 

Irè+3/2> =-I!T!IO+3/2>+;rr;\+1+1/2> 

Irè+1/2> = 12751-1+3/2>+fT7T;IO+l/2>-2127T!1+l-1/2> 

Ir~-1/2> = 1fT51+1-3/2>+~IO-l/2>-2~I-l+l/2> 

Ir~-3/2> =-1!TS\0-3/2>+~\-1-1/2> 

( b ) 

IT 7 ,a+5/ 2> 

Ir 7 ,a+ 31,2> 

Ir 7 ,a+ 1/ 2> 

Ir 7 ,a- 1/ 2> 

Ir 7 ,a- 3/ 2> 

=\+1+3/2> 

=1l7!10+3/2>+~I+l+l/2> 

=1T7TIT1-1+3/2>+117510+1/ 2>+1!7TIT1+1-1/2> 

=/TTTIT1+1-3/2>+1JT010-1/2>+1J7T01-1+1/2> 
q 

=1l7510-3/2>+1rT51-1-1/2> 

Ir7,a-5/2> =1-1-3/2> 

.' 

" 

i 
f. , 

i 
1 
j 
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TA·B LE A- I-fI 

Matrix e1ements of the second-arder spin-orbit term (Eq.I-5b)j 
1 

the bases a~e fram Table A-II (A~15À2/4~) . 

a·) Diagonal b 1 0 c ks 

Ir6+1/2> Ir6-1/2> 

-3/4 0 xli. 

0 -3/4 

Ir~+3/2> Ir~+1/2> Ir~-1/2> Ir~-3/2> 
-12/5 

-12/5 
xA 

-12./5 

(~\ -12/5 

-15/4- -3/.;! 

-27/20 -3/~ 

, -87/20 

-87/20 
-xA 

-3/~ -27/20 

-3/~ -15/4 

( ". 

1 
! , 

j 
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TABLE A-III Cont'd 

b) '" ~en-diagona1 block 

~rè+3/21 

<rJ +1/21 

<ré -1/21 

~r J -3/21 

'. 

" 
Ir7,a+5/2> Ir7,a+3/ 2> Ir7,a+l / 2> Ir7,a-1/2> Ir7,a-3/ 2> Ir7,s-5/2> 

-~ -lm .. 
-6/5 xA 

-6/5 

-lm 

.. '" 

.; 

'1 

,~ , 
4 
~ 
~ 
~ 

~ 
1 . , , 

l 
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t 

TABLE A-IV 

Wa'trix e1ements with bases of Eq. A-8 (A '= 15À
2/4ld of 

th'e second-arder term of the spin-orbit interaction. 

a) Diagonal blacks 

1 ar~> Ibr~> 

-87/20 

+ 

b") 

<ar~1 
<bf~1 
< cr~ 1-

<dr~ 1 

-87/20 

" Non-diagonal 

Ir~+3/2> 

-6/5 

Icr~> 

-87/20 

black with 
, 

-6/5 

( 

Idr~> 

xA 

-87/20 
1\ 

\ 
"--. 

r 1 
8 

.~ 
,·6/5 

-6/5 

xA 

". , 
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p;.p P'E N DIX f B 

Sec:on'd-Q rde:r Cor re ct i on ta CS pi n- Orb i t' 

Th~ second arder correction ta the second-order spin­

orbit e'nergy frol1\,; the r~g - r~g interaction 1s: 

" 

1 <tII k 1 H ~ ~) 1 !Pn > 1 2 
( 8-1) 

E(o) - E(~) 
n k 

where E~)is the f~rst-order energy; in our case on1y one m 

term contributes (see Table A-IVb) and the correction is: 

1 'c 8-2) 

using Eq. I-6. 

The maximum·correction is for ·.a = k = k ' = l~O;with 
r ., 

1::. = 8Dq = 7680 cm-' and 1Àol.= 180 cm-l, at most, the er~or' 

is 0.33 cm-l, which is less than th'e resolution of our 

s pectta. • 0 

'. 

, .. 

J 

.' 

, Q 

, 
• 

" -. 

',' 

; 
, 

f 
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• 1 

1 

! 

t 
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APPEN,DIX C 

Dynamical Jahn-Te11er Interactibn 

o 

The total vibronic Hamiltonian in the molecular clust,er . 

a·pproximation for an orbUital triplet iry an octahedral symmetry 

fs [33]: -' 

( C-l) 

w·he·t:"e the first term is the lattice energy given by: 
~ 

(C-2 ) 

and the sec 0 n d te rm ; s E q • 1 - 7 . 

The first b'racket represents the Eg pholJons (partners 

a,e:) of frequen cy we and mass ].le while the second bracket is 

for, the T 2g 'phon~ns (partners ç,n,ç) of frequency w
t and mass 

in our 
, 

Jl t ; case flle = llt an d is the mass of the ligand 
0' 

oxygen ion. The 1QIS and the PiS are the displacements' and 

momenta conjugate operators and 1 is the unit matrix. The 

H1att term adds a constant value for all the spin-orbit 

levels and does not enter in the level separations. 

We have calculated the contribution of the orbital-

lattice interaction on the spin-orbit levels using pertur­

bation theory up to se~ond-order (the first-order term is 

ze ro) : 

. 
- " (~ 

-, , , 

'~ 
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\, 
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E{r n =0) 
1 < r i n 1 H 0 -:1 ) r 0 > 1 2 

E 0 ( r) - EO ( r in) 

\. 

( C-3) 

The spin-orbit spl itting between the r69 and r~g levels' 
, .... 

js of the same order as the pho,non energies, ·50 \'Je only 

looked at the sl'iifting of each Ir i n=O> by the interaction 

\>iith Ir i n=l>. Rewriting the disp1.qcement operator (Eq. 1-8a) 

as: 
1 

, (C-4a) 

( C-4b) 

arid first lookin~ at the coupling.ta one Eg phonon we have: 

L 
i ( C- 5) ' .. 

,>, 

and Ejt(E) = V~/2~w! and replacing EO(fin=l) by EO(f}+hwe 

in Eq. C-3. 

The r
89 

lev~ are shifted by their one-phonon leve1s; 

The ;rred~representation's of the vibrante IrI}n=l> levels 

are· (Tab 1 e c-I): 

= r P + r P + rP 
69 79 8g 

Q' 

The only contribution to the shift 1s from the one-phonon 
o 

e~cited 

1 

" 
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T~e matrix elements of the operators Ee and EE are given 

in Taple C-II and C-III and the symmetrized wavefunctions of 

the fP are given in Table C-IV. 

,the Iran=O> levels are: 

The corresponding s"hifts of 

-
[E(r~O) EO(r~)]e = [E(r~O) ~ EO(r~)]e = - ~jt(E) ( C-7) 

In the case of the interaction with a J
29 

phonon. group 

theory gi ves: 

( C-8) 

and the~e is two contributions from the one-phonon r~ levels. 

The corresponding shift is obtained from: 

[E(faO)-Eo(fa)]: = 4Ej t(T) ~I<fil 1 (q~T~~qnTn+qçTç)lfaO>12 , 
(C- 9) 

The matrix elements of the T (a = ~,n.ç) operators a-

is in Table C-V to C-VII and the symmetrized \'1avefunctions for the 

r P levels are in Table C-VIII. The phase of the phonon u3 
is opposite the value given in Koster Tables [72] 50 that the 

contribution of f~g and r~g ,is zero. 

The calculated shifts are: 

[E(r~O) EO 
( r l ) ] 243 (C-10a) - - ,100 Ejt(T) 8 t 

[E(r~O) EO(r 2)] 243 (C-1Ob) - - 1600 Ejt(T) 8 t 

1 
" 
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1 and the f89 level is more shifted. " 

The f69 and r 79 1eve1s are not shifted by the Jahn­

Teller interaction bcing Kramers doublets [73,74]. From 

group theory, we have non-zero matrix elements from Eq. C-3 

i f the i r re duc i b 1 e r e pre sen ta t ; 0 n S 0 f the i n it i a 1 and fin a 1 , 
, 

state.s are the same; for the interaction with an E phonon 
~'> .. 9 

, for these states, \'le have (see Tabl e C-I): 

r X E = r P ; 69 9 89 ( C-ll) 

and for a T
29 

mode: 

50 there is no Jahn-Teller shift for these levels. 
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. , 

TAêLE C-I (see Ref. 72) 

a) Irreducible representations (i.r.) of the double 

point group eh; roman letters are phonon and orbital states 

labels while the r ar:e for the spin-orbit states. (u = 

ungerade or odd, 9 = gerade or ev~n under inversion; dîme = 

dimension of the i. r.) 

',-, 

1. r. i. r. dim. i. r. i. r. 

A1u r lu 1 r'9 Al 9 

A2u r 2u 1 ~r29 A29 

Eu r 3u 2 f39 Eg , 

Jlu r 4u 3 
1 

r 49 T1g 

T2u 'r 3 r5~ T
29 Su 

r 6u 
,2 r

69 

r 7u 2 f79 

r Bu 4 r 89 
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TABLE C-I (Cont'd) 

.f> • 

b) Multiplication table of the i.r.; j = r. and2r. = j 2 
J J 

(u X u = 9 X 9 = g; u X 9 = u) 

r 1 r 2 r 3 r4 r 5 r 6 ,r 7 r 8 

1 2 3 4 5 6 7 8 r, 
1 3 5 .4 7 6 8 r2 

1 +2+ 3 " 4+5 4+5 8 8 6-:-7+8 f3 

1 +3+4+5 2+3+4+5 6+8 7+8 6+7+8 2 
f4 

6+7+8 2 , 
1 +3+4+5 7+8 6+8 f5 

1+4 ê+5 3+'4+5 r 6 

1+4 3+4+5 r7 

1+2+3+42+5 2 
f8 

1 

.;. 

\ 
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, 
TABLE C-II 

.. 
Matrix e1ements of Ee :: 1/2 (3L; - L2) bet"ween the orbital 

parts of the spin-orbif levels (see Table A-II and Eq. A-B for 
,.. 

the exact "form of,the \'/avefunctions); on1y the non-zero sub-

'. 
matrices are given. 
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--

TABLE C-II (con-t 1 d) 

, Ir!+1/2> Ir!-1/2> Ibr~> .1 cr~> , , 
, 

<r6+1/21 +1 +3 x ( 9'15"1 40) .. 
<r 6-1/21 +1 +3 

Ir~+3/2> 1 ,lra-3/2> lar~> Idr~> 
<ar 7 1 -3 +1 x(915"/40) 

<br 7 1 -3 +1 

1,1 a 

( 
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. 
TABLE C-III 

Matrix e1ements of E :: 1J/4(L2-L 2 ) between the orbitâ1 
E + -

parts of the spin-orbit 1evels (see Table A-II and ~q. A-a 
for the exact' ferm of the \·Javefunctions). 

a) Diagonal sub-matrices 

Ir~+3/2> 

-1 

lar~> 

+1 

J 

Ir~+1/2> 

-1 

Ibr~> 

+1 

Ir~-1/2> 

.. 1 

1 cr~> 

+1 

b) N en - dia g-o n a 1 sub-matrÙ:es 
1 

1 ar~ Ibr~> Icr~> 

<r1+ 3/ 21 +1 

<r~+1/21 , 
<r~-1/21 +1 

<r~-3/21 +1 
c~ 

~~ 

Ir~-3/2> 

-1 x(9/l0) 

+1 

+1 
x(27/40') 

1 
\ 
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TABLE C- II l {cont'd} 
l 
:'è, 

lar~> 2 i' 

1 r i+ 3/ 2> Ir~-3/2> ~; Idrs>' 1 

l <r6+1/2 1 +1 +3 x( 915"/40) 

<r 6- 1/2 1, ""'-+1 +3 , , 
, 

Ir~+1/2> 1 Ibr~> 1 cr~> ç Ir a-1/2> 
" , 
!" 

<ar 7 1 +3 -1 
, 

x (9/5)40) 

<br 71 +3 -1 
"l. 

, , 

r ' 
j 
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l 
: 1 TABLE C-IV 

Symmetrized wavefunctions of the one-phonon vibronic 

1 eve l s obta i ned from the coup l' i n9 beh/een an Eg phonon and 

a ra spi~-orbit 1eve1; u 1 transforms as (3z 2_r 2 ) and u2 as 

l!(x 2_y2) ,(Table 83 pg. 91 of Ref. 72)* 

6 
1JJ+ 1/ 2 = /TIl- (-ull bf 8 > u2Idf8» 

i 6 ffl2 (+U 1!Cf 8> + u2 !af8» W-l/2 = 
1 
1 7 , 
, 

1JJ+ 1/ 2, = /TT!. (-ulldr 8 > + u2 !br 8» f • 
t 7 1 

1/1-1/2 = lTT1. (+u1I af 8>- u2Icf8» 
1 
~ 8 

1/1+3/2 = lT72 (+u1I af 8 > + u2Icr8» .' 

8 
1/1+ 1/2 = lT7I C- ullbr8 > + u2Idf8» 

8 lT72 (-u,!Cf 8 > + u2Iar8>) 1/1-1/2 = ., 
~ 
~ " 
, 8 lT72 (+u

1
'ldf 8 > + u2Ibf8» 1/1-3/2 = 

0 
"i 

* f2 is but/for r' The correspondence for th e direct we 8 8 
have a = +3/2, b = +1/2, c = -1/2, d =-':'3/2. --"-...... 

\ 
( , 

1 

1 , , 

.0 



TABLE C-V 

- i -Matrix eleme'nts of T~ == y[(lizli+ + li+LZ}-(LZL. + L_LZ)] 

between the orbital parts of the spin-orbit leve\s. 

a) Diagonal sub-matrices 
. 

Ir~+3/2> Ir~-1/2> Ir~-3/2> 
... -i 

+i' 
x(3Y1/5) 

+,1 \;J 

-i 

Ibr~> Icr~> <! ldr~> 
-i 

+i x(31!/20) 
+i 

-1 

b) Non-diagonal sub-matrices - ." 

t ,i 
~ 

? 

" /r6+1/2> Ir6-1/2> jar?> Ibr7> \ 

~ '. 
; 

<r~+3/21 " - i /j -3i 

<r~+l/~1 - 3 i +i 11 
x(3/5/40) 

<r~-'~/2j - 3i +1 IJ 

... <r~-3/21 -il! - 3i 

<ar~1 +; 13' +3; 

<br~l +3; -in 
( <cr~ 1 +3; -in x(3/5/20) 

_ <dr~ 1 +il! +3i 



é< TAB,LE C-V (Con~'d) 
, 

1 
{ 

i~ , 

1 ar,~> Ibr~> I~r~> 1 dr~> 
~ J , 
( 

'1 
r 

<r ~+3/2! -9; /j -l~i 

<r'~+ l /2! -il3 +15; 

<r~-1/2! +15i -; Il 
x(3/4-0) 

<r~-3/2! -15; -9; /J 

J, 
-; 

x(3/j"/4) 
-; 

.' 

'. 

( 



l1lil ' 

,i 

TA,B LE, C- V l 

~~tr1x e1ements of Tn = 1/2[(L+LZ + LzL~) + (L_LZ + LZL_)] 

, b e tw,e e n the 0 r b ; ta l par t S 0 f the spi n -0 rb ; t 1 ev e 1. s . 
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TAS,LE C-VI (Cont Id) 

1 ar~> " 1 br~> 1 cr~> 
: 

<r ~+3/21 +91! D 
<f ~+1/21 

,. 
-/3 -15 

<'r'~-l /21 +15 

<r~-3/2! + 15 J: .'9/3 ,. 

Ir6+1/2> , r6·1/2~ 

1 <ar
7

, +1 
\ / 

<br
7

, ·1 

\ 

" 

Idr~> 

-15 
-

, 
x(3/40} 

+L3 

x ( 313/,4) 
.1 ' 

,'" 

, ' 

" 

., .... 
(~I " 

.. , 



c 

o 

M'a'trix ele:ments of Tl; = -i/2(L~ L~) between the orbital 

·p'a·rts o'f the ~p1n-orb1t levels. 

a ) 0'1 a gi(i) n a 1 50 U b - mat rie es 

Ir~+3J2> Ir~-lj2> 
+i 

-1 

-; 

1 br~> 1 cr~> 
" 

+1 

-1 

-i 

I}} Non-diagonal sub-ma:tr1ces 

<r~/21 
<r~+1/2i 
<r ~-1'/21 
<r~-3/21 

<ar~1 
<br~.1 
<cr~1 
<dr~1 

+1 

-1 

" 

+i 

+1 

-; 

( 

+i 
x(3v'ljS) 

+i 
x (3.13/20 ) 

-; 
x(31T5"/20) 

+1 x(31T"5"!10} . 
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TA·S,LE C-VII (Cont'd) 

2 
J-a·r 8> Ibr~> 1 cr~; Idr~> 

<r~+3/21 -3'1 

" <r~+1/21 71 
x{3r'1/20) 

<r~-1/21 -7i 

<r~-3/2' +31 

Ir6+1/2> 1 r 6-1/2> 

<ar
7

, +i 
x (311l4) 

<br 7 1 -; 

, 

o 
" 
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TAS'LE C-VIII 

Symmetrized wavefunctions of the one-phonon vibronic levels, 

'" -obtained from the coupling between a T2g phan on and ~ fa spin-
. 

orbit l evel; u, transforms as yz,' u2 as xz and u3 as xy 
, ' 

(r~f. 72 p.95; the phase of u 3 is changed so that 

<ra IH
jt

(T)I1jJn> : 0 for n :: 6,7). For the relation between 

our s.o. functions and the notation see Table C-IV. 

lP!3/2 -= l/IIT [13(1u,-u2)ldra>+2(iu,+u2)lbra>+iu3Icfa>] 

lP!,~ 1/~ [{-1u,-u2)lcfa>-illu3Idra>] 

~'/2 = 1/.[(-iu,+u2)lb!8>+il3'u3Iara>] 

a 
lP- 3/ 2 

a 
4>3/2 

a 
4>1/2 

a 
4>-1/2 

S 
4>-3/2 

7 
1jJ+l/2 

7 
1jJ-1/2 

6 
1jJ+1/2 . 
1jJ 6 . 

-11.2 

:: 1/1IT 

= 1/ l2ëT 

= 1/ lO1T 

= 1/ IOCr 

= 1/1rn 

= 1/1T2" 

= 1/iT2" 

= 1/iT2" 

= l/M 

[ 2 (,1 u, - u 2 ) 1 Cfa> + (! ( 1 u, + u 2 ) 1 a ra> - i u 3 1 b fa> ] 

[(iul-u2)ldfs~+~(~iu,-u2)lbra>+2iu3/jlcra>] 
, 

[I!( - i u, - u 2) 1 cr a>+ 5 ( i u, - u 2) 1 ar a>+2 i,u 31 dr a> ] 

[5(iul+u2)ldfa>+(!{-iu,+u2)lbra>-2iu3Iars>] 

[1!(-iu,+u 2 ) Icra>+{iu,'+ui) 1 arS>-2iu3131br a>] 
~ 

[(-iu
1

+u 2 ) 1 cr a >+I!(iu1+u 2 ) lara>+2iu3Ibra>] 

[f!(-iu,+u2)ldra>+{iul+u2)lbra>+2iu3/crS>J 

[ 1!1 - i u, - u 2 ) 1 C ra> + ( - i u, + u 2,) 1 ars> + 2 i u 31 d r s> ] 

[(iu,+u2)[drs>+Il(iu,-u2)/bra>+2iu3Iafs>] 
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APPENDIX 0 

Foroce Constants Calcu1ations . 

At the center of the Bril10uin zone (k' == 0), the 

phonon frequencies for a-In 2Se 2 are [67] 

211 
wo (A2u ,E l u)=o 

222 
wl(A2u,Elu)=2cx 

2( 1 1) 2 1/2 w2 B2g ,E 2g =cx+B+[(a+B) -À6] 
( 

w~(B~g,E~g)=CX+B- [( Cl+B)2_ Àô ]1/2 
, t D 

w~~A~g,E~g)=a+B+Y-[(Cl+B+Y)~-À(Ô+E+ç)]1/2 

wi(A~g,E~g)==CX+B+Y+[(Cl+B~y)2_À(Ô+E+ç)]112 

w~(B~u,E~u)==a+y-[(a+y)2-À€]1/2 

w~(B~u,E~u)=a+y+[(a+y)2-À€]1/2 

with Cl = C~/2M, a = C~/M2' y == C~/M1'ô = C:cg, € == C~C~, 

( 0-1) 

(0- 2) 

( 0- 3) 

( 0- 4) 

( 0-5) 

(0-6,) 

( 0-7) 

( 0- 8) 

ç = 2C~C~, À = -2/M,M2 , M = M1M;/(M1+M2 ), wi == 21T cv; and 

Ml = M(In), M2 == M(Se). The superscript n r:efers,to the 

compression (c) modes (A and B i.r. in parentjlesis) and to 

the shear (s,) modes (E.i.r.). The activity of the different' 

modes 1s, 

AcoIJstic modes 

Infrared modes 

Raman modes 

Optically inactive modes 

-
1 

~ 
; 
" " 

~ 

J 

1 
f 
f 
i 
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We need three equations to find the three force 

constants ( see F 1 g. 11-9); from 'eq uat ion 0-2 ",we have, for 

the shear modes 

CS = 
w 

(21Tcv
1

)2", (0- 9) 

1 n cl udi n 9 th is va 1 ue i nta eq 0 0-4 and rearranging the terms 

( 0- 10)· 

And from equ. 0-5 we get 

s ( 2 2 ) with e = Cbl 21T c M2 and, Ml = 114.8g/N O and M2 = 78.96g/N O 

(No is the Avogadro number) of 

With these values we can evaluate the frequencies for 

all the shear modes and check with our experimenta1 val ues 

2 l ' for the E
19 

and E2g Raman modes (see Table 1I-3); we'also 

give the values of the two ~2u modes, that can only be 

observed by neutron diffraction. .. 

From the infrared measurements of Belenki i [66.], the 

A~u {longitudinal optic: LO} mode 1s at vl :t 214cm:' 1 which 

implies, ·.from equ. E-2, that we have C~ = 126.2kdyn/cm. 

To find the other force constan~s (C~,C~)', we use equ. 0-5 

and 0-6, and f1nd the following re-lat~ons 
or 

7 

1 
! 
-1 , 
j 

l 
1 
1 
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• 
(0-12) 

,",,- - ) 2 ( ) - 2 2 ,y'V 4v S - M/M2 'V 1 cf> ] 
CC • Z{wc) M [ 

b 2 (M/Ml)v~+4> 
(0-13) 

. 
c.ou,pled equat:fons we find the qua'drat1c expressions 

(0-14a) 

(0-14b) '1 
; 

1. 

('O-14c) 

or' 

(0-15a) 

(0-15b) 

(0-15c) 

the sol uti o'n of wh i ch are 

) , 2] e = ï{A-i A -48 (0-16a) 

or 
(0-16b) . • 

with the sign in front of the square root taken so that 

o \ 
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1. 

' .• , 1 

'. 
W1tl\ vl • 214, v 4 • 111 and Vs • 231cin-,1, we J • 

~ > a [84c.l. 

'Fin·d tha·t the term' u,nder the square root for e and , (e·q. 0-16) 

is ",e.g;'ativ,e. w.h-en '9 and; shou1d·be re.a1 an,~ positive. With-

out the n&!utron data,. we cannot ca l cul ate ,the LeM compres si 0[1 

" fo.ree- con'stants. 

- 1 

o 
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APPENbIX E 

Group ~~eory 
E-I. Definitions and Propertie~ of Groups 

"" ~;- ~>" '1';" 

A group G is a set of e1em&nts (Ri ; i = 1 ..... ,hl which 

obeys the following four r~les: 

1) Closure: the product of two e1ements of the set 

i s an el ement of the set. 

RiRj = Rk , fo~ all Rn of G(n = i,j,k} (E-l ) 

2) Ident1ty: The set must contain the identity l, such 

that: 

3) Inv.e.rse: every el ement of the set has an inverse 

wh ich 1s al s 0 an el ement of the set. 

-1 -1 = 1 t for a11 Ri 0 f G. R. Rt = Ri Ri ' . 1 

4) Associat1vitl: for any three elements of the set' 

we have: 

For a .finite group, the number of elements in the set 15 

equal to the order of the group {hl. 

E-II. $ymmetry Operations 

(E-'2) 

(E-3) 

(E-4) 

ln crystallography, the elements of the group are symmetry 

, operations that transform a· Molecule or a. crystal into itself, 

/' 
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these operations are: 

1: identity. 

en: rotation by 2'11'/n about an axis (n=2.3,4.6). 

i: center of symmetry (inversion). 

Sn: rotation of 2'11'/n followed by re f 1 e ct ion ; n a 

plane perpendicular to the axis. 

0v'O'h,Od: reflection plane (mirror) oriented vertically 

{v), horizontally (h) or diagonally (d) with res,pe'Ct 

to the vertical axis of highest order. 

-.. 
{on lt }: glide plane. refl ect ; on fo 11 owed by t ran s-

lati on along the plane (n = v,h,d) 

-.. 3 .... 
T~= L xi a i (xi fraction < l ; (E-5) 

;=1 at l~ttice vectors) 

strew axis: rotation f~llowed by a translation 
,t;' 

-+ 
T along the axis. 

The first fhe op'erations define the elem,ents of the point 
~--, , 

groups (finite groups); when these operations, are multiplied 

by the traryslatfon vector group (t) 

T 3 .... 
't = .E nia; (ni integers) (E-6) 

1=1 

and added to the last two operations, they fo'rm ~he possible 

elements {Rit} of/the space gro4p,s Cfnf1nite groups). For the 

last two operati·on [81b] to be e1ements of"a group, c.n."on and 
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o 

• 
:t (t~lc.e-n se.parate1y) shou1d not be. symmetry operations of 

the group. If we etpply the spa'ce group operation on a 
-+ 

vector b, we get 

+- + + + 
{ Rlt}b IS Rb + t 

Ttre operations Ri of the group G wi 11 form cl asses; f 

ttre.,y obe-y the s1mil ar1ty transformat.ion 

" 
wher.e X 1s all the opera-tions of the group for a fixed Ri; 

the Rj are a small number of operation. The operation in 

( E-7) 

CE-8) 

a c1ass, will all be of the same order (same type of operation). 

~ E-III. r-r'r'educible Representations and Characters 

For each ope'ration ~ of a group G there exists an infinite 

n'umber of square 'matrices r(R) that .. represent the operation, 

but there i5 a special set of repre5entations c.a11ed the 

irreduciblé representations (1.r.). The r(R} of the group 

can be simult'aneous1y transformedj' for a11 R, by a simi1arity 

transformation into b10ck-diagona1 form: 

(E-9) 

whére S< 1s a non-singular unitary ~ x 1 matrix (dimension 1). 



, 

C> 

Tse 

The rf{R) a.re R. f x t i nra.trictts ( R. • 11 + JP. 2 ) and are said 

ta b:e frredu,cible representat;ons ff neither can be further 

trans"orme'd to smalleT-dfmensfon block forme The expressiQn 

E-9 c~n Ile $.ymbol f ca.1 .. 1y writte:n a.s (di rect sum): 
_~I 

(E-10) 

. 
Wle de,fîne the charac-ter Xf (R) of a representation 

.s 

r f (R) as the trace of the matri x re-pre·st!ntat i on 

(E-ll ) 

with ri(R)jk. the matrix eleme!nt of the 1-th irreducible 

representation for the opera~ion R of the group G; t~e trace 

of e'a'ch ma-tri'x in a representatton is unaltered by a 

simil~rity transformation. 

The tharacters of the i. r. of a group will have the 

following ~roperties: 

, a) The cha·racters of operations in the same class are 

identfcal. 

b) When summed over a11 the cla's~es c of operations ft 
the group, the chara'cter s·ystem of i. r'. 15 orthogonal, and 

normalized to the order h of the group 

. 
( E-12) 

whe,re Xi (c) i s the character. of the i -th 1. r. of the c-th 

" 
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c:1êl's,s w,h·1c:h con·ta-fn·s Ne op'era,tions, (the sta'r- me·ans that we 

h~ve to take the complex conjugate of the cha.racter) . 

.iJ c) Tw,o rep're:se·nta'tions are equivalent if the 

chiara.cte'rs of e'ach ~lass o.T the representations are equ.al 

(nece.ssa·ry and sufficient condition). 

d) If 1; is ttre dime'Jlsion (dageneracy) of the i-th 

i.r. o.f the gro'up and that we sum for a11 ilfequiva1ent i. r., 

w,e ha.ve 

E J.~ = h (E-13) 
1. 

.... 
a) The number of inaqu1va'lent i. r. 1s e'qual ta thé 

n'umber of classes in the group. 

If ttre character of,a reducible representation r for 

e·ach class c of symmetry operations, ;s x(c~, ~e.n the 

re'd.uction. (equ. E.-9) decomposes the arbitr'ary rapresentation 

into ni i. r. ri o'f the g'roup, wi th cha racter Xi-( c) 

1 

E-IV-. A,pplicatio.n to Phonons 

These notions can De applied to the label11ng of the 

normal' modes of vibra'tian of molecules (point group)- and 
~ 

(E-14a) 

(E-14b) 

crystals (s.pace group). For simplicity, we will look at the 
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1 -: 
plro·nains a.f €.I~2seZ (D J.h , P6~2) and it~ç,haracter tab1e·is 

, 

i'n tabte' E-Ia". In table' ~iII we prese"t the notations, use'd 
itl\~ _ •• )' 
YTh g;ro,u'p theor-y_ ~ 

, 
,*e e:aln cO'nsider a cr-ys.ta1 aSif.made up of identi.cal' mo1e·cu.le·s, 

" (p.rtf mit i'/.'e cell) a·nd us e i ts poi n t gro up. Fo r the app roach 

to be va'l.,.id al1 the c.el1s have ta vibrate in phase a-nd only 

the' k = 0 phonons w·i11 ee ide-ntified; with first·order 

Ra'm-an séa~terin'g, these are ~he on1y phono~s' that will be 

obse'rv'ed. We can .use the s.ymmetry o'perations of the poi-nt 

, ~ro'u-p if the space group does not c.ontain any screw axis or ~ 

glide pl a·n e. In tab le E-II 1 \te present the space group , 

opera tians of e- In 2·Se2 ( O:h" 
. '. 

P6/~mc) and the equivalent 

(i s-omorph) point group D6h ;. , 
/ 

we al 50 gi ve the ch a li~cter 

taille of 06 fram which we can obtaion the character tanle of 

0ô,h. The label1ing of the i.r. of the space group'will be 

the same as the isamorphic point'group. 
- , 

Lo.oking at the structure of e:-In2Se 2 (fig. II-3a) we 

find' that. the primitive cell contains 8 ,ato~s,"'ith three . 
de9-ree of freedom for each, whiclT give 24 normal mo'des of 

vibr'a't-ion~ To obta-in the i.r. of these modes \'le have tô 
" . , ~ " . 

a'p.p1y ,to the mol eeule (or the' ~toms in the- primitive cell) 

a'l1 the symmetry oper'ations of the group. If at eh atom 
, b> v 

of the mole·cule (or ,in the' primitive cel1) we attach a 

.. c.oordinate system (x f ' Yi' zi l, we'" can represent each 
L 

operation as a 24 x Z4 matri.x that' transforms the ye~tor .. 
. ' 

.. 1. -", ... .; ". ... ~: 

.' 

/ 
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( xl' Y l' z 1 , ..•• , x8 ' y 8' z 8); th i s mat ri x i s tP rm e d 0 f 

3 x 3 rota.tion sub-matrices. The tra·ce of the large matrix 

Tor e'alch: O'pe'ration w·nl be the char-acter of this o·peration. 
, } 

O'nl,y the N·(c) éllto,ms tha't are undisplaced by a rotation of 

a o!f the molec.ule will have t~eir rotation submatrix along 

th'e dia'gonal of the large matrix and the character for àll 

motions of the molec.ule is J 

> , , 

x(m) : (± 1 + 2cos e)N(c) (E-15) 

w1th + for p·r'ope'r rotations an'd - for improper rota~ion 

(a rotation follQwed by a mirror plane or arr inyersion); 

the a.xis of highest orde:r has to be the z axis. The reduc:ible 

( re'p r e sen t a t'1 0 n i s 9 i ve n i n T ab 1 e E - 1 b . 

To find the reduction of this representation into i. r. 

of th~ group we have to use equ. E-14 which gives 
• L -

r ( mi) = 4A i + 4 Aï + 4 E 1 + 4 E Il 
j', 

The acoust1c modes are equivalent to the ttanslation of the 

Molecule as a whole and its character is 

x(t) = (±1 + 2cos e) = X(ll) 

'W,h1ch in ou'r examp1 e reduces to A2 + El; for the,s..e modes 

1 at t ~ O~ (&) = O. The e1ectric dipole operator.behaves like 

x, y or z and.the representations of the infrared (IR) 

a,c:tf,ve·phonons will be X(J,l).- which is the same as xCt}: 

.. 

(E,,:16) 

(E-17) 

. , 
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Aï + El; after substracting the acoustic i.r. from 0-16 

~e are l&ft ~ith 

\ 

Tbe Raman active modes will have the i.r. of the polaris-
2 2 2 ability, which behaves like x , y , z , xy.,. yz, zx (second-

rank tensor) or like the symmetrical direct produce of the 

infrared re'presentation (see next section) 

[r(JJ} x r(1J.}] = r(a) 

/ 

Af~er reduction, the i.r. of the Raman modes are Al' El and 

E"; this implies that the El .infrared modes will also be 

Raman active. And we have for the Raman modes 

(E-1B) 

(E-19 ) 

r(a) = 4Al + 3E ' + 4E:' (E-20) 

Th~ Ai and Ai (longitudinal) modes are non-degenerate 

and the El and En (transverse) are doubly degenerate; an ' 
1 

·';.h~frared spectrum will shQw 6 peaks, while the Raman spectrum 
-.Ir. 

will s·how 11 peaks. Al1 t!h~ modes havi,ng the same i.r. 'will 

in general be non-degenerate; accidental degeneracy ts 

always possible and can be found by solving the dynam1cal 

ma·trix, 'with the appropriate force constants, wh1ch. can be 

solved using the symmetr1es of the problem [75b]. 
(t 
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E-V. Direct Product and Selection Rule5 

The product of two i.r. (ri' r j in G) of dimension 

n and m re:s,pe'ctively give, in general. a reducible repre­

senta-tion r of dimension R. = n. m 

with character given by 

(E-2la) 

for a 11 c of G , (E-2lb) 

the red.uction obtained with equ. E-14. In the ca,se where 

i = j, the ch~r~cters are, for the symmetrical product 

(square br&ckets) and the antisym~etrica1 product (cur1y 

b raJckets) 

"(E-22a) 

) ..-----

x{~~ x r~} = t{(x(R»2 - x(R2)} (E-22b) 

r~ and r~ correspond to two different modes (operators, 

electrons, functions) having the same i.r. and to dffferent­

iate them, they receive an additional label (r~g and r~g in 

part 1; A~u and A~u in part II). An example of symmetr~cal 
direct product ~s given in section E-IV. 

The direçt product can be used to find if a certain 

interaction is a110wed (part II, section 1.3); it can also 

be used to find the polarisation conditions for a certain 

transition (part 1. section 111.1.2). 
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E-V 1. D~,u,b,l e Grou,ps 

Th-e- fu,ll ro.ta't1on group 15 the group c0'lta1n1ng the 

s,y-mmetry ope-rat1on's o'f the sp.here and 1s re1ated to the 

syrmne'tr1e's o'f the free atolJl or ion. If this ion 1s p\aced 
.., 

in a crystal" the spherica1 symmetry w,ill be reduced to the 

J oca.l 5ymme·try. From quantum mecha,!i es, we know that an 

arbitr~ry rotation of a spherica1 harmonie can be expr~ssed 

as a 1inear combin'a·tion of the other spheriea1 harmon'les 

. w~th the same t (positive 1ntegers) but different m 

w,here' - t < m' < f'a'nd the rotation i5 by an angle a about 
( '-

the z a:x i s .• From'the properties of the spheriea1 harmonies 

we have 
• 

and 

/ 

w,hich is"adiagona1 matrix, with eharacter 

+1' 
r ' exp ( - ma ) 

m= .. t 
:1 sin.{t+1/2)q, 

sin(a/2) 1 

In a crystal a will take specifie, values (a ~ 211'/n; n :1 l" 

2,3,4,6) and the eorresponding representations will be, in 

genera1, redueible. 

. , 

(E-23) 

(E-24a) 

(E-24b) 

(E-25) 
\, 
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If the s.p,in' is in'clu,de-d in the problem, the 'character 

-of the re'p,rese'nta,ti on wi 11 be 

:= sin(J+l/2)a 
sin(a/2) 

with j a ha,lf-odd-integer (odd number of electrons); in 

this case a rotation of (a+2w) will change the sign of the 

chara,cter 

(E-26) 

CE-27) . t~·~1)2J xJ(aJ 

We can introduce a fictitious operator R (rotation of 2w) 

w~tch will double the number of operations of the group, but 

~ not ,the number of' dlasses; C2 and RC 2 b~1~ng to the same 

class (the same for a and Ra): 

- (E-2B) 
L 

In Koster [72] nota~ion RO' = 0 with 0 the operations of 

the single point group. The number of new irreducible 
~ 

representat10ns 1s e-qual to the number' of addiiional classes. 

The order of the group is doubled and the dimensions of 

the new i. r. càn be obtained from equ. E-13. For the Oh 

group, there are 6 addi,.tional· i.r.: r 69 (2), r Su (2), r 7g (2), 

r 7u (2), rsg{4} and r 8u (4} with their respective dimensions 

(degeneracy) 1n parenthesis. 
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E -V·I 1. Rema,rks and Re'fe rences 

E~u. E-14b 1's vra·lid only if a symmetry element R a'nd 

tts inverse (R-') ~re members of the same class; if ft is 

nO't the ca'se, t.he To11otl-1ng more general relation sh-ould 

be ta,ken. 

A more precise a~a1ysis for the phonons modes numbers 
...... . 

. a,nd can be found in Bhagavantan et al [83]. The 

boo,ks of Fa.li ov [1'9] a'nd Tinkham [63] are good,,-start1ng 

tE-29} 

1 

points for' beginners in the stud~ of group theJry in genera1. 

The· a:pplication of llhts t.heory to sol1d state can be found 

in Crackne'll',s book [18] which. a1so contains reprints of 
~ 

sO'me fundamental art1c1e's on the sû-bject. For most advanced 

treatments nf the applications of group theory, Many books 
J 

are available [42,80,82]. 

" 

.. 
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-Talb.1'e. E-I., a,) ,Cb;a:r-a.cte-r Table. gf D3fi (6m2) poin·t group 

Th'e' tOlp. row, 'g'1!ves:, the lZ s,ymmetr-y operat1ons (1n ' 

S.cb'o:enflies no:tal't1on) grouped in 6 c.1as,ses. The first 

co,lumn gives the l'r'red'ucible re,presentations (1.r.) 1n 'the 

Ko'ste,r (K) [1'2] no'tation and the secand c.olumn 1s the 

M'Ull1ke'n ·not~tion (M) [80]. The basis func.tions are g1ve'n 

o.nly fa.r the opt1cally active (O.A.) i.r. (R: Raman,. 

'lR: 1nfrarerd). N:ote t'hat à r6tE') ph'onan will be bath 

~in'frared a'nd Rama.n· a'ctive. 

K M 1 2C3 3C2 ah 25 3 30", Ba·s 1 s 
... 

(x2+y2) or z2 r 1 A' 1 1 1 1 1 1 

A~ r 2 1 1 -1 1 . 1 -1 '2 

r 3 A' .1 r 1 1 -1 -1 -·1 

r 4 
Ali 

2' 1 1 -1 -1 -1 '1 z 

rS EU 2 -1- 0 -2 1 a xy and yz 

r 6 E' 2 -1 Ô 2 : ·1 0- (x2.y2) and xy 

x ând y 

O.A. 

R 

IR 

R 

R 

IR' 
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Tatb~le E··l. b) Re.du.cible character of a,tom motio.n in the 

primntiv'e c.e:ll.. Cha'ra:cte-r of re·du,é1~1e re'presentations for a11 

mSlt1;0'ns r(m}, .for tr<tns,la'tion r(t). for electric dipole r'(ll) 

a:n'd for pOla'r1,sability r{a} = (r{ll) x rbJ)] (N(c) is the number 
, . 

o·f atoms in ttToe mole·c,ule. that are u.ndisplaced· by the sym~r . 

o.pe-ralt 1 on'~ of a cl a'ss c). 

1 

type: [ proper. ] [ 1mproper ] 

6 0 0 120 180 0 120 0 , 
cose 1 -1/2 -1 1 -1/2 l 

. 
(± 1 +2:cos'6 ) 3 0 -1 1 · .. 2 1 

N (c) 8 2 0 0 a 8 

rem') 24 0 0 a a 8 

r( t) 3 0 -1 1 -2 1 
( ~ 

r(ll)' 3 '0 -1 1 -2 1 

r(a)' 9 0 l 1 4 "1 

From equ. 14b a:nd for' rem) (us 1 n 9 Table E-I. a,b) 

n'(A') 1:1 n[(1·24··1)+Oe·O·2)+{1·0-3')+ 1 . . . . 

+(1 ·'0·1) +( 1 • 0 ·2') + Cl • 8 ·'3) ] = 4 
.. 
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Table E-II. Notation 

Al Space Groups 

a) Schoenf1ies notation (D~h' D: h); does not contain 

much information on the symmetries. 

b) Internationa\l notation (P~m2, P6 3/mmc) with 

correspondance to Schoenflies operations in ~quare 

brackets. 

Structure of unit cell 

P : primitive 

1 : b ody-cente red 

N: center of N-face (N = A,B,C) 

F: face-centered 

R: rhombo he dra 1 cente red 
1 

Sy,me~ry e1ements 

1: ~symmetry (identity) [1 or E] 
-1: center of symmetry (inversion) [i or 1] 

X: X-fo1d rotation axis (X = 2,3,4,6)" [Cn; n=Xl 
.. * X: X .. fo1d rotation followed by the inversion (Sn] 

Xp: X-fol~ rotation followed by a translation of fraction 
/' 

p/X along Ct axis Cscrew axis) [{~nIT}] 
-m,Z: reflection plane (mirrorY '[0']. 

1 

mirror plan~ perpendicular to the X-fold axis [ah] , 



" " . 

" , 

! 

! , 
1 
1 
J 
l 

1 ~, 

! , , 

.. 
ti 

o 

1'94 

a,b"c.: axial g,lide p1an'e: a ref1e'c.tion followed by a 

t l'l''atn's 1 a.t ion i n the p 1 a'n e 0 f a 12, b 12 0 r c /2 

arla.n'g tire x,y or z axis (or (a+b+c)/2 a10ng 

[111] on rhombohedra1 axis). 

n: dl; ag,onal 91 i de pl ane: a ref1 ection fo110wed by a 

translation in the plane of (a+b}/2, (b+c)/2 or 

(c+a)/2, or for tetr-agona1 a'nd cub1c systems, 

. 0 f (a'+ b + c ) 12 . 

d: d'iamond glide plane: reflect!on followed by a 

translation in the plane of (a+b)/4, (b+c)/4, 
~ 

*- -

or (c+a)/4, or for tetragona1 and cubic systems, 

of' (a+.b+c)/4. Glide p1ane's in Schoenflies are 

{al tL 

Example: P63/mmc (D:~: a-In2Se2): 

- ~the cel1 is primitive with z = c the 

axts of highest symmetry; this axis 1s a screw 

axis with translation of (316)cj there is a 

mirro'r' plane perpendic.ular to ft and a mirror 

plane para11elj there is a glide plane in the c 
~ ~ 

~xts with translation c/2; Qther symmetry operations 
, 1 

caon be generated by these. - . 

-
Note that 3 = iC3 = ahC6 ~ 56 and 6 = tC6 = C1 hC3 = S3 

o 
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1 
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,Ta·b·le E-II. (cont'd) 

B) N·atéttion of the irred:u.cible repre.sentations (i.r.) for 

th'e po i n't 9 ro,up s 

C) 

", 

a) M'ullilcen (or chemical) [77.80]; 
r 

d'i·me'ns i on of i. r. label 

A ,.B 

E 

1 

2 

3 

4 

F or T 

G 

b) Herring (80]; r l •...••• r n with rS and r 6 inter­

charrged with resp~ct to Koster notation; on1y used 
-fo r' the gr 0 u p 5 C 6 v ( 6 mm), 03 h ( 6m 2 ); 06 ( 622) and 

D6,h.( 6/mmm) • 

c) Ko,ste'r et al. [72]: r l ,··· ,r n. 

Ad'd i t ion a l 1abelling of the i.r. 
'> 

• 
a) sUbscript -+- 1.2.3: to di ffe rent i ate 1. r. of the same 

d'imen-s.i on (Mulliken); 9 or u: ta identif,y the i. r. 

tha·t are even or odd under inversion (Mulliken, 

Koster') . 

b) standard superscript -+- prime ( 1 ) or double-prime ( Il ) : 

to differentiate i.r. that are even or odd for the 

mirror plane containing the axis, of rota~ion of 

high'est symme1ëry (Mulliken); + 'or -

g ar u subscript (Koster). 

equiva1ent to 

.. 
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Table E-I1. (Con.t 1 ct) 

cl a'r-bftrëU'Y supe'rsc.r1pt .. 1, 2, .... ,n; to d'ifferentiate 

tw.o· or mOlfe ~:q'Ü.iva.le'n't i'. r. helopging to the same 

" sl,~s,tem' (e·lec.tron' le·v·els, phonon·s); other n'otations 

fo'r this c.ase &xist in tl1f! 1iterature [61]. 

1 

.. 

j 
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T ab 1 e E - III. Space Group o.:h (P63/mmc) and correspondance 

~6h p~int group [76J 

i6P 

4 .... 
D6h {I ! t} 2{CS!f} 2 { C3,1 t} {C21 t} 3{C2!t} 

DSh 1 -2C S 2C 3 C2 3C2 (y) 

4 
.... .... 

DSh {i ! t} 21 S31t } 2{Ssltl {ahlt} ;'3{ cr dlt} 

D6h i 25 3 ?S6 -ah ~O'd 

.... -+- .... .... .... .... primftive t = n1
a+n 2a+n 3c (hi ~ntegers ; a,e, lattiee veetors) 

.... .... (t/2) -T -,... 

... 

Character table of Os ( D6h =, D6xi) singre group~ 
'J 

, 
\ 

l 2CS 2C 3 C2 3G' 2 3C" .. 2 
~ 

r . 
1 Ai , 1 1 1 1 1 1 .. 

·r A2 1 1 1 1 -1 \ -1 
2 '" 

r3 B~ 1 -1 1 -1 1 -1 
• " r4 

B 1 1 -1 1 -1 -1 1 
2 

#1 ~ ~ 

rS El 2 1 -1 -2 0 .0 

r6 E2 2 -1 -1 ~ 0 0 , 
+ r:, Hjg , Hj u (A A,B,E) ; even (+.,g) or odd(-,u) under r j' • 

J 
inve~i, 0 ·'11 

53 :1 i C6' 56 ::1 1 C3• cr = l' C2 
11\ 
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Deccrnvo1 ution Method 

Fig,. F-1 w·a:s c.onstructe·d from Lorentzian function~of 

the fO·MD 

- -where Ai is the maximum of the intensity at v = vi and Yi 

15 the ha·1f-width at half-maximum; the parameters used to 

construct the fig'ure are in Table F-Ia. In the region of 

interest (200-400cm- l ) th~ contribution of the wing of the 
~ # 

(F-1 ) 

two-phonon band in simulate'd by peak D. For the deconvolution ... 
of the temperature dependant spectra the following method 

w'as us-ed. The minima bèfor.e a·nd after the doublet are 

/ joined by a straight line (H-H I in Fig. F-1); the intensity 

of pea'k A 1s measu.red vertically from this line to the 

maximum (AI-A). We symmetrize pe'ak A for the portion (l-L I ) 

correspond1ng to the position of peak B; from the intensity 

measured from this line to \he maximum (X-B) we substract th~ 
compone.nt S. Th'i's me'thod' of d'econ'volution removels a· large 

part of ~he contribution of the background; 1t under­

evaluates the true ratio (see Ta.ble F-Ib) but will better 

tra·nsla-te the ·beh.aviour of the peaks as a function of 

temperatu.re than the ratio of the total signal' for each 
<0 

peak. fhis me'tho·d 'does, not permit to e'valuate the half-width 

o 
-/ . ' 
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Table F-I. a) Con'v,olu,ti on I!·arame·ters, fo r Fig. F-l. 
; 

_>,... p'ea,k - Ai vi Yi 

~ 

(cm-1 ) ( a rb. ) ( cm -.1 ) 

A 28,0 13.:0 18 

B 305 2.8 4 

C 372 4.2 8 

D 420 9.0 120 

/ 
b) Ra/tios of the 1ntens1ties of the doublet (A,S) 

~ (tha ta~al entry corresponds to th~intensities 
\ 

me:as,ured froin the horiz.on'tal axis'). 

Exact (l'3.0/2.8) = 
De'con vo 1 ut'ed 

Tota 1 

( 11. 3/3,. 5 ) = 

(15.3/10.8) = 

4.64 

3.63 

1.42 

J 

. 
, 
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l' --' 

Example of a spectr'um and its deconvolution. 
4 

T~e dashed curve is th~ sum of four Lorentzians with the' 

p·arame·ters given in Table- F-l. The method of deconvolution 

1s e·x.pla1ned in the. text o.f the Appe·ndix., 
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