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STATEMENT OF ORIGINALITY :

I report for the first time the electronic Raman

2+

spectra of Co in Mg0 which is consistent with my theoret-
o

2+

ical predictions and the Raman spectrum of Co in KZnF, [18].

I calculated the dynamical Jahn-Teller interaction of the

Eg and ng vibrational modes with the excited spin-orbit

Tevels of the 4T]g’orbital ground state of the cobalt

impurity. The inclusion of the coupling to the ng mode is
essential to explain the electronic levels observed in the

Raman spectra.

1

The temperature variation o? the 300 cm ' region in the

Raman spectrum indicates (notwithstanding the claim of Guha

[23]) that the 305 cm™ |

2+

peak belongs to the electronic Raman

while the 280 cm’]

i
induced vibrational mode in resonance with the acoustic modes

spectrum of Co peak is an impurity
at the boundary of the Brillouin zone.

I observed, for the first time, the Tayer to layer shear
mode of B-In25e2 (Egg: 19 cm']) so that now the vibrational
Raman spectrum is complete. I calculated the force constants
of the linear chain model for the shear mode; I found a very
good agreement wiéh the experimental frequencies and predicted

the frequencies of the optically inactive shear modes.
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! ABSTRACT | .

We have observed the electronic p[pnsitid;s within the

4Tlg ground .state of C02+ in Mg0 by Raman spectroscopy. We
N v

1

identified the Tog > r;g transition at 305 cm™' and the

2 - S N :
Eﬁg > rgg transition at 930 cm '; the PGg ng transition

is not seen and is lost 1in the tho-phonqn band. We also !

observed an impyrity induced vibration mode at%BOcm'1,1nresonance N

%, ) : \ .
with the acoustic phonon branches at the surface of the

Brillouin zone. The position” of the electronic -levels
cannot be explained by crystal field theory, with the
spin-orbit interaction to second-order included. ﬁe have

calculated the effect of a dynamida] Jahn-Teller inter- ..
\

action and have shown, for the first time, the neCeséity

S
A\

mode, in addition to =
24

to include the coupling to the ng

the coupling to the E_ mode, although Co

g in Mg0 is a weak

Jahn-Teller system. ’

We also used Raman spezéroscopy to observe the vibrational
modes of B-InZSez. We observed, for the first time, the .
Tayer to layer shear mode(Egg), at 19 cn” .

, 1 1 1
this peak and the others, at 42(E]g), 117(A]g), 172(E29),

181(E$g) and 231 cm'](A$g), follows the trend of the vibra-
tional spectra of B-Gazs2 and of B-GaZSe2 [65]. Using the
linear chain model, we calculated the shear force constants
and deduced the position of the doublet (E;g and E%g) with

very good agreement with the experimepta] values.

—

The position of °
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RESUME

’ -
‘Nous avons observé les transition é]ectroniiyes entre

leés niveaux de 1'état fondamental *T. du Co2' dans le Mg0

1g
par spectroscopie Raman.__Nous avons jdentifie la transition

1 1 2 -1
I‘ .
69 + rgg et 1a transition 6g - Feg a 930 cm ;

1'intensité de la transition Fag +> F7g étant trop faible, le

r a 305 cm”
pfc correspondant est enfoui dans le spectre de diffusion
Raman par deux phonons. Nous avons également observé une
vibration induite par co?t 3 280 cm']qui est en résonance avec les
phonons acoustiques de la surface de la zone de Brillouin. ~
La position des niveaux électroniques ne peut etre expliquee
par la théorie du chaﬁp cristallin lorsque l‘interacfion spin-
orbite au second ordre est incluse. Nous avons éva]ué 1'effet
de 1'interaction Jth-Te]Ter dynamique et montré, pour la
premidre fois, la nécessiteé d'inclure le Eoup]age au mode

ng, en plus du couplage au mode Eg, meéme si 1'ion divalent

de cobalt dans 1'oxyde de magneésium est soumis a un faible
effet Jahn-Teller.

Nous avons égg]ement yti1isé la spectroscopie Raman pour
étudier- les modes vibratoires du B-InZSez. Nous avons observé,
pour la prewiéne fois, le mode de scission (Egg) a j9 cm";
les cing autres§bics observés¢sont situés a 42'(E}g), 117 (A}g),
179 (E)), 1815(Efg) et 231 cn™! (Afg). La position des six
pics suit le cogmportement Qes spectres vibratoires du B-Gazs2
et du B-Ga,Se, [65]. Utilisant le modéle de la Chaine 0
linéaigg, fous/ avons calculé les conStante§ de force des
modes de scission et déduit la position du QOuble; (E;g

et E%Q) confirmant les valeurs expérimentales. e
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Glossary

Constants

Bohr magneton

Boltzmann's constant
Electronic charge
Gyromagnetic factor

Mass of electron

Planck's constant

Vacuum perm%ttivﬁty

Vacuum permeability
Velocity of 1ight in vacuum
Avogadro's. number

Units

Angstroms

Electron-volt

Kelvin (degree)

Kilogram
Meter
Millimeter
Nanometer
Second

Wavenumber

Symbols

B = -9.2741 X 10°2% J/testa
ky=1.380 X 10723 J/deg.x
e=1.602 X 107'%¢
g =2.0023

mg=9.11 X 10737 kg
h=6.626 X 107343 s

€, =8.8542 X 10" 2¢arad/m

u =4 X 10'7henry/m
c=2.998 X 10%m/s

N, = 6.022 x 10?301
Symbols

A=10"10p

ev=1.602 X 10" '%s .
K

kg -

m .
mm = 10" 3m uﬂk
nm = 10" %m ‘

S Or sec

em™'=1.28 x 10" %ev
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Terms

Abbreviations

Cobaltous'gnd cobaltic oxides “ Co0, Co,O3

Collective mode operator
Conjugate momentum operator
Covalency parameters
Crygtal fie]d‘parameter
Divalent cobalt

Divalent magnesium

Divalent oxygen

Elastic constant of LCM
Electric vector of light
Frequéncy

Gallium selenide

Gallium sulfide -
Hamiltonian

Incident and scattered Tlight

"Indium "selenide

Infrared

" Ionic krypton ;

Irreducible representations
Jahn-Teller '

JT coupling coefficiénts

JT energies

JT orbital operators
Linear chain model
Magnesium hydroxide

Magnesium oxide

2+

02" ;

CS (0 = b, g, wiB = c, s)

Ei,s

w,H

GaZSe2

Ga2$2

H

i, s (subscript)
In25e2

IR
+

i.r., irrep
jt, JdT

ve! Vt

Es (E), E5y(T)

., Tgla = 8,65 .8=.E,0,0)

LCM
MQ(OH)Z
Mg0

k)

PO
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@ Terms 4 Abbreviations
Mode effective mass Mas Mg
Orbital angular momentum e
(effective) 2,

Orbital angular momentum

operators L,y L,, £+22
B | At
Orbital angular momentum *

¢ (total) L
Parity of an i.r. u=o0dd, g =
Phonon occupation numbers n, ng

i +
Phditon operators Gy» Ds b

Phonon wavefunctions

Point‘group of g-polytype D6h
Point group of Y-poly@ype C3v
Point group of ;-po]ytype D3h
Point group of the L point D3d

Point group of the octahedron ‘0,
Point group of the X point D4h

Points of high symmetry in
the Brillouin zone

Polarisation vectors [T

Polytypes or stacking sequence 8-, v-, e-

-Potassium zinc fluoride KZnF3
Racah's parameter B

. <,
Reciprocal lattice vector [
Spin operators S,» Sz
Spin-orbit coupling constants
(free~ion, first-, ; ‘
second-order) AO,A,A'

Term mixing parameter . a . 1

r

L(33%), x(001)
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Terms

Total angular momentum
(effective)

Trivalent chromium jon
Wavevector of 1light

Wavevector of phonons

Abbreviations

i

Cr3+

+

%,s

Kok (a=1,2)
'

1%
)
v
v
:
H
.
4
H
K
3
3
4
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C

GFMERNL INTRODUCTION

Dr. C.V. Raman and his collaborators [1] in 1928 observed
the §catter1ng of filtered sunlight by ailiquid and, with‘}he
incident wavelength blocked out by a complé:;ntary filter, saw
some additional wavelengths. Then, using a mercu;y arc lamp,
a. spectrograph and a photographié plate, they obtained the
scattering spectrum for some gases, liquids and solids. They
showed that the frequencyvshifts were independent of the exciting
frequency and were characteristic of the substance investigated:
Raman spectroscopy was born. -

In the years that followed, this method was used (mainly
by chemists) to probe the modes of rotation and viGZAtion of
molecules in liquids and in gases, that are transparent to the
exciting wavelengths of the mercury arc. From 1940, ;FE
observation of the normal modes of vibration of crystals became
possip]e with the availability of good quality monocrystals and
better 1nstrumentation. The use of Tattice dynamics [2]"and
group theor; [3,4] permitted a’better interpretation of the
Raman spectra. With the invention of the laser (~ 1960) which
gives an infense m;nochromatic beam of 1{ght, the field of
Raman spectroscopy expanded enbmmou§1y; nowadays, this tool is
used by biochemists, chemists and ev;; physicists.

Researchers in Solid State use Raman spectroscopy to Took at
one phonon [5,6] and two-phonon: [7,8] spectra and many kinds
of excitations 1ikeé polaritons [9], plasmoné [10,11] and

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

ToTTrmTITTTTT e S T - - W*L""—M '_ﬁ



from donors and acceptors in semiconductors [14-16]. But few
have Tooked at electronic transitions within the ground state
of deep impurities in insulators [17-19].

The divalent cobalt ion (C02+)

in a cubic crystal, like
‘magnesium oxide (Mg0), has a threefold ground or:l;ital state and is
expected to be Jahn-Teller active [20]. The Raman spectra of
this system by others is inaccurate [21] and inconsistent‘with
theory [22,23]}. Part I of this thesis is concerned with the
Raman study of MgO:CoZﬁ AIn the first chapter, the general
principle of the Raman effect is explained with some notions of
the selection rules for electronic transitions; we also present
the different perturbations apg]ied on the cobalt ion.
Chapter II prgsents the experimental set-up used for this
system and for InZSe2 (Part II). Chapter III gives the experi-
mental results and its interpretation with the aid of theoretical
calculations,detailed in Appendicés A, B and C; this chapter
terminates with a discussion of our results with respect to the
Titerature. ‘
Vibrational Raman spectroscopy was applied primarily to the
study of three dimensional crystals but recently some work was
done on layer structure combounds [23-26]. 5pon the requeét
of Dr. S. Jandl,. Université de Sherbrooke, we investigated
}he spectra of indium selenide (InZSez) St Tow témperature

with the red lines of the Kr+ laser; this work is included

in Part II. The first chapter of this part presents the

-
A5 e



probability for vibrational Raman scattering and the selection
rules based on the symmetries of the layer structure of the
different polytypes. Chapter Il gives the correlation bet-
ween similar Eystems and. our experimental results. We also
combaqe these to the frequencies calculated by Belenkii et
al [55] from the linear chain model (LCM); using the same
model, we calculated the force constants for the shear modes.
The Appendices present the calcu}giions of the first-
and second-order spin-orbit interaction (A), the Pég v Fgg
spin-orbit correction (B) and the dynamical Jahn-Teller
interaction (C). The force constants for B-InZSeh in the
LCM approximation are calculated in Appendix D; the |
pertinent information and the usual notation of group
theory are included in Appendix E. Appendix F explains

the method of deconvolution used for the analysis of the

k]

temperature data. -
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INTRODUCTION

The degenerate (non-Kramers) electronic ground state of
an itmpurity ion in a crystal is unstable with respect to
some asymmetric nuclear displacement and will undergo a
static distortion to a new configuratien of minimum energy
(Tower symmetry), if the couB]ing between the electrons and
such displacements is stronger than the zero-point energy
of the associated vibrational mode. But if the zero-point
viprational energy }s comparable witﬁvthe energ} barrier
separating equivalent configurations, the complex exhibits
a coupled motion of the electrons and the vibratisnal mode;
this latter situation is referred to as the dyndmical
Jahn-Teller effect [73,74,95]. .

This important effect explains the short spin-lattice
relaxation times observed for some tFansitioﬁ metal ions
at an octahedral site [87,88]. Phase transitions in some
rare-earth compounds have beén driven by the lattice distor-
tions associated with the Jahn-Teller ions [89,94]. The
Jahn-Teller effect is also responsible for the tunabiaity of

some solid state lasers [91,92]. ¢

r

The preceding applications result from an understanding

17

of the corresponding Jahn-Teller ion as an isolated entity

in a grysta] matrix. One of the possjble candidates is

divalent cobalt in Mg0 for which the spin-orbit energy levels

-
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of the ground T]g state were not measured. Raman spectros-

opy can determine these levels while the use of very dilute

samples (Co2+

< 100 ppm) will guarantee that we will observe
the electronic levels characteristic of the 1so]gted fon
and so the exact concentration is not crucial.

Most of the reports on M'gO:Co2+ observed the levels of

4 4

the excited ng and A by absorption and luminescence

1
spectroscopy [32,51,57].g Using the only experimental result
available at the time (from magnetic susceptibility data of
M’gOr:C.oz+ which was capable of g1ving'?ﬁe first excited r89
lTevel [49]), Ray and Regnard [33] calculated the corresponding
Psg Tevel using the dynamical Jahn-Teller model with coupling
to Eg vibrational modes only. Since Raman measurements are
capable of observing all the energy levels of the 4T]g state,
we were in a position to check Ray's assumption that the
coupling to the ng modg is not important. Guha [23] during
the course of our work surmised that a Raman line, which he

2+

obserserved in Co“ doped Mg0 at 935.7 em” ! (at 18°K), must

be due to an electronic transition to the second excited

ng staté, although he mistook the transition to the first

excited Tg, state for a vibrational transition.
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CHAPTER I ~ THEORY

1. 1 - Electronic Raman

I. 1.1 - Principles of Raman Scattering

The phenomenon of 1ight scattering [4] can be explained
by the following general princip]és. An electron in an initial
state (Fig. I-1) makes a transition (electric dipole) to one of
many excited states by absorbing an incident photon (wi,ai);
then the electron makes a transition from that intermediate

state to a final state by emitting a photon (ws’as)' The energy

is not conserved for each step taken separately but for theover-

all process it is conserved:

where 1@ is the energy of the excitation created (+) or destroy-
ed (-) in the process (in Fig. I-1, AQ = E]-Eé).

If the final state is the initial state, we have Rayleigh
scattering; if they are different, we have Raman scattering. If
the initial state is higher than the final state (Fig. 1-1a),
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-1c), the scattered
photon is less energetic than the incident photon and?anexcita-
tion is created: it is the Stokes spectrum. In most cases, the
initial state of the electron for the Stokes process is the
ground state, but for the anti-Stokes, it is an excited state
and is dependent on the temperature. If the energy difference

between the initial and the intermediate states is equal to the

S ot it ot — SN
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Fig. I-1. Raman and Rayleigh scattering. The

unshifted Rayleigh peak(v;b)is a million times
more intense than either the anti-Stokes pe;k (a),
upshifted in frequency (+vg), or the Stokes peak
(c), downshifted in frequency (-v,); the shifts

are usually measured in cm'1 (wavenumber).
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energy of the incident photon, we have a resonant Raman
spectrum; for both systems studied here, we worked outside

that regime.

1. 1.2 - Probability of Transition

The probability of Raman scattering by electronic states
is derived by Loudon [4] from the theory of atomdic Raman
scattering of Heitler [27] and is proportional to the follow-

ing expression:

8By 8By BoBys BBap. 2
IZ[ OE ij "s "jf . s i.é +.:_ Jf]l (1-2)
J j‘Ei"-"hwo EJ-" i CUS

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

where an incident photon of polarization e and energy‘ﬁmo is

0
absorbed first by an electron making aﬁ electric dipole transi-
tion (P) from an initial (i) to an intermediate (j) state and
then returning by an electric dipole transition to a final state
(f) by emitting a photon of polarization 35 and energy Mu.

The second term is related to 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 final states; for anrion situated at a center of inversion,
these states must have the sape parity and, if the temperature
is Tow enough, the initial state is the electronic ground state.

The intermediate states have to be of opposite parjty to the

initial state for the traqsit1ons to take place by electric

*

E )

g TR S
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dipole; higher-order multipole transitions contribute less,
outside the resonance regime. Some Raman transitions could be

weak or absent even if they are group theoretically allowed.

I. 2. - Perturbations on the Free Ion

The free divalent cobalt ion, which has two s electrons
removed, has seven g]ectrons in its 3d-shell; using Russell-
Saunders coupling scheme and Hund's rules [28] its ground term,

is a *F. The co?"

ion is an isoelectronic impurity when it
enters substitutionally at the magnesium site in Mg0 (Fig. I-2).
This compound being a large gap (~ 8eV)[29] 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-

. by oxygen atoms(molecular cluster model). Mg0 crystallizes in

the 02(Fm3m) space group with the NaCl structure and the
electric potential of the octahedron of the nearest neighbour
oxygen ions on the cobalt ion is [31]:

Ve = 238 (xb 4yt 2t o Y (1-3)

with e the electronic charge ind a, the distance between the

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

in the intermediate crystal field sdjjeme, will split the F term
- 4 4. 4

(L = 3) into a ground T1g(3) and excited ng(3) and Azg(l)

states (Fig. I-3); the orbital degeneracy of each state is given

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

B o
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i Fig. I-2. Cobalt impurity site in Mg0. The
l cobdalt jon is at the center of the octahedron

formed by the nearest-neighbour oxygens. The
space group is in the Schoenflies notation with

the International symbol in parenthesis.
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2+

Fig. 1-3. Energy levels of Co in Mg0.

In the left we.present the low lying terms of the
free divalent cobalt ion (4P ~ 14,550 cm'1;
26 ~ 16400); the higher terms (not shown) are at
22000 cm” ' (%H, 2P and 2D) and at 35000 cm™' (ZF)
[32]. The octahedral crystal field splits and
shifts the three lowest terms into different states
Tabelled by their irreducible representation (i.r.)
in bh . The rest of the figure concerns only the
interactions (spin-orbit and Jahn-Teller) acting on
the ground.4T1g state (the subscript g is dropped

for clarity). ;
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T

The ground triplet state is behaving as if it had an

1g
effective orbital angular momentum of £

1. The energy separa-
tion between the first two states is approximately 8000 cm—]
(A)[32] which is of the same order of magnitude as the term
separation (11,000 cm']) and justifies the use of the inter-
mediate crystal field scheme; this means that f and § are
good quantum numbers but that J will not be.

Next, in order of lesser importance, is the spin-orbit v
interaction up to second-order [33]:
S

o ey G 20722 0262, 4242 2 )
Heg = A (2 s)+4A AC[(2-S)°-2(2 xsx y y+z s )] (1-4)

where X' and A are the effective first- and second- order spin-

- orbit coupling parameters., The first-order term splits the

4

T ground state into effective j values of 1/2, 3/2 aTd/B/Z

1g
(Fig. I-3), the degeneracy of the higher level being partially
removed by the second-order term. The total angular momentum
3 not being a good quantum number, equation I-4"is transformed

to give for the first-order term:

H(1) = A [2 S 4~E(z S_+2_5,)] (I-5a) )

and for the second-order term:

2

(2). _ 18°. 2,
Heo m %S z T [(2 s +4° 252 (e e S5 +2_ 2,5 S.)]
] iy ’
- f[zzsz(z+s_+£_s+)+(z+s_+z_s+)zzSZ]} (1-5b)
.
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with the operators A, defined as A, = Ax:tiAy (A = 2% or S)

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

4T]g, the spin-orbit coupling parameters are related to the
free fon value A, (-180 em™1 for 002+) by the following
expressions:
AU = - 3 aka (I-6a)
2 0
A% = akk'al (I-6b)

The covalency parameters k(4T ) and k‘(4ng) reduce the

1g
orbital angular momentum and so does also the parameter "a"
which takes account of the configuration mixing between the
4 4 4 4
T]g of "F and the T1g

are: )

of "P. The conditions on the parameters

0 <k' <kz<1 and 0<ac<1 (I-6c)

and they take their maximum values when there is no reduction.
The wavefunctions which diagonalize the spin-orbit energy matrix
to second-order are presented in Appendix A (Table A-IIa and
Eq. A-8).

The electronic levels of the cobalt ion having a degener-
acy higher than two, can interact with degenerate vibrations
of the cluster formed by the octahedron of nearest neighbour

oxygens. If the electron-phonon interaction does not reduce

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

" The corresponding Tevels are now vibronic (part electronic,

A
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phonon) and will be’shifted to a lower energy.
P

The only modes of vibration of the cluster-which can
B

couple to a T1g orbital triplet are the Eg and ng modes. Thﬁ

d - @
corresponding Hamiltonian of tpe“e?eé@ron-phonon interaction,

in the approximation of the molecular cluster model, is [34]: -

e
with

placement operator of the modes with o = 6, for the partners

of the doublet Eg mode of frequency Wy and o = £,n,z for those

of the triplet T

Hip = Ve (QgBg*Q E ) +Uy (0T 40, 7,40, T, ) (1-7)

57

W

V_ and Vt are the coupling parameters of the electronic orbitals

the corresponding modes of vibration; the Q  is the dis-

>

mdde of frequency Wy - The displacement

o,
.

29

operator is defined as: v

where'u is the mass of the ligand oxygen ion and W, is the .

frequency of the modes;Afor the partners of a mode, this freﬁ-

74

Q, = (gul;;)”z(b;wa) (1-8a)

q,,-ll

uency 1is the same. Applying the creation (b+) and annihilation

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

P

7
"

b [ n>= (n+1)V/ 2 ne1s> : (1-8b)

bin >=(n)/%n-1> ‘ (1-8c)

The electronic orbital operators E, and T, (a#B8) may be

B

.
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given in terms of the orbital angular momentum operators L,

. I = 3> 57 -
and ., with L = - %I, as [35]:
=] 2 2 _
Eq -g(st-L.)u (I-9a)
V3.2 [ 2 ’
E_ = I(L_*; + L7) , (I-9b)

for the Eg mode coupling and as:

7" c (L4040, 0,)-(L _L,+L,1 )] (I-10a)

_1 :
.Tn = 2[(L+LZ+LZL+)+(L_LZ+LZL_)] (I-10b) .
. Tc = - -;—[LE-J??] ({-IOC_) 1

for the ng mode coupling. The matrix elements of these oper- 3
ators and the corresponding Jahn-Teller shifts are given in 4
Appendix C. v o
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CHAPTER II - EXPERIMENTAL SET-UP

II. 1 -Apparatus

A11 the 1ight from the Spectra Physics (Model 270)
krypton-ion laser (see Fig. 1;4) is directed by a Newport beam
s5teerer (M]+M2 = BST) and traverses a long path in the air
permitting diffusion of the plasma 1ight which is gceat1y re-
duced when the Taser beam passes through the variable aperture
(VA) at the entrance of the light-tight box (background
reducer); the laser works in the TEMoo mode . Befo;e going
through the diaphragm, the laser beam intensity can be reduced
by\neutra1 density filters (ND) and its polarization can be
rotated by a half-wave plate (A/2 P). After entering the box,
the beam is deflected by a plane mirror (M3) that can rotate
vertically and horizontally (Newport gimbal) and thus permits
positionning of the beam on (or in) the sample; the mirror
can also be displaced parallel to the incident beam (Ealing
transverse slide) and thus permitting diffefent scattering con-

figurations. Then, the beam goes through a spherical focusing

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

;
?
L}
3
;
i
!
!
¥

can also be moved up and down (Ealing vertical slide) to adjust
the horizontality of the beam in a transparent sample. In the
§0° grazing incidence configuration (see Fig. II-5 in part II)
a cylindrical lens (at L]) gives a vertical image of the laser
to minimize the heating effect on the sample of indium selenide.
The laser beam after leaving the sample space is absorbed by a

btack cloth.
The scattered Tight is collected by a Cinelux 75mm f/1.6
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Fig. I-4. Experimental set-up. The designation

of the components is given in the text and the

sample space is shown in Fig. I-5. J
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It

lens (LZ) which can be translated and rotated,>Vertica]1y and
horizontally by a Newport Corporation gimbal. Mirror M4 is
inserted in a small gimbal and directs the scattered beam
through a spherical focusing”® lens (L3). 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 InZSez. A11 the plane mirrors used are
of the multilayer dielectric type.

The scattered 1ight, after being disRersed by the concave
holographic gratings of the DM, is detectéd by a Hamamatsu
(R666S) photomultiplier tube (PMT) having a gallium arsenide
photocathode; the PMT is enclosed in a radio frequency protected
Housing (Products for Research TE-177-RF) and thermoelectrically
cooled. The electric pulses are amplified'(PAR°ﬁiéb Amplifier-
Discriminator) and counted; an analog output from the photan
counter (PC) (PAR 1105) is fed to a Gould thermal chart reco}der
(Brush 110); the PAR-PC also gives the high-voltage neéessary
for the operation of the PMT.

The sample space structure is shown in Fig. I-5 and ;he
base of the Janis Vari-Temp dewar (model DT) is clamped to
reduce vibrations. The uniaxial stress system is presented

in Fig. I-6a and was used on the MgO:Co2+

sampleé; the
calibration curve for the piezoelectric transducer is

given in Fig. I-6b.
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I partiiipated in the assembly and the%insta1]ation
of the Raman system and supervised the construction of

the uniaxial stress system; we also built a level detector
- : .
for the helium reservoir of the Dewar.

II. 2 - Details on Sourceé ana Targets

— The coba1§ in the maghesium oxide samples gives them a
ros& tint [50], but they are gtill transparent; the direct
eneérgy gap of magnesium oxide at 85°K is 7.833eV (63,180 em™ 1)
[36]. A1l the wavelengths available from the krypton ion 3
laser could be used but the scattering being proportional to
the fourth power of the incident frequency [4] we used the
lines in the blue-green region™~530.9 nm (18836 cm'l),

520.8 (19195), 482:5 (20717), and 476.2 (20991); the spectra
using this last laser line 'have two plasma lines hiding the

1 structure.and the best spectra were obtained with

300 cm”
the 18836 cm™! laser Jine.

The indium selenide samples (part II) are metallic-
Tike jn appearance and transluscent red for very thin sheets;

its'direct gap at room temperature is 1.187 eV (9573 cm‘])

[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

for the MgO:Co2+ samples: these samples were in

helium gas and the temperature (T) was near 10°K.

For the experiment of part II (B-InZSeZ) the
samples were in superfluid 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 while the

bottom part is near the liquid'he11um tempera-

ture (v5°K). The pressure from a nitrogen

Qott]e is applied to the piston (Alkon D24)

and is transmitted by a rod to the uniformisation
cylinder and the top hammer. The pressure is
measured by the piezoelectric transducer (Sundstrand,
Kistler 601B1); 1its charge signal is amplified
(Kistler 504E) and displayed on a voltmeter

(Keithley 177) (the.system is not drawn to scale).
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Fig. I-6.(b) Calibration of Pressure Transducer. The

calibration was recorded with the transducer immersed in
1iquid He below the X point. The slope calculated from
linear regression is 9.36 PSI/V. The insert indicates the
internal resistance of the system at Tow pressure (less than
15 PSI). The conversion of the pressure in most common
units 1is

P (PSI)
P (kgf/mm?) =.1.091 2~

. A(mmz)

with A the contact area of the sample with the hammer.
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the scdttered light at 90° from the crystal layers. The
following Kr' taser lines were used: 752.5nm (13292 cm'T),
674.4 (14781) and 647.1 (15451) with this last line giving
the best spectry. o

Despite the background reducer and because our system
is ver& sensitive, some spectra showed some of the Rayleigh
scattered lines of the laser plasms. To identify these
lines, a spectruq of the scattered light from a sample of
indium selenide (grazing incidence) was made at room tempera-
ture with the laser current below the lasing threshold for
all the lines (16 Amp). In table I-1 are the wave numbers
of these plasma lines with their shift from the nearest”
preﬁedjng lasing line. Table I-2 gives the power rgage of
the lasing lines according to the D.C. current in the laser
tube. .

The intensities of the plasma lines in the different
spectrum of the samples is dependant on many factors. The
most important is the quality of the sample: the presence
of microbubbles in a transparent sample, the stair-1ike
structures on the clieaved faces, the polished surfaces.

For the SB samples (Mg0:002+) most of the background noise
comes from the scattering of the laser beam at the entrance
and exit faces of the crystal. Its coniribution is reduced
if the dimension of the sample along the beam is such that

its image at the entrance slit of the spectrometer covers
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Table 1I-1. Plasma lines of our Kr ion laser. The laser H
- £

was below lasing threshold (16A)rand the scattering:surface
J
was a sample of indium selenide at room temperature (the o
#

power of the Tlines is too small to produce Raman lines for )

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

Tines; 1in the second column are the peaks seen in the

spectrum and in the third column we give the seperation (Av)

from the nearest highest usually lasing line (scan; 20 cm']/min;
No spectrum was taken . ;

time constant 4.7 sec; error: #2 cm'1).

between 17500 and 15460 cm'].
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‘TABLE I-1 ’

a

4

= &>
bl

Laser o Prasma °© P o AV
(em™ 1) (em™ 1) . _ (cn™!) i
21360 < 21332 'Es - ’ 2

310 o 50

, 295 " 65 .

" 274 86 ]
095 265 ;

; ' 039 321 _ é
§ ‘ - 008 - 352 :
% e 20991 369
: 20991 . 20976 15
' 946 & 45

876 . o 115

844 147

776 : ‘ 215

717 ’ 274 “ f

20717 | 20688 - 29 L i

s

671 , - 46 ST
661 : 56
626 91
: * 503 114
. ) 582 135
528 189
E | 366 351
] 341 376
3 . 336/ . 381
: ‘ 213 ‘ 504
204 513
155 | U562 .
080 ‘ 637 .
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TABLE I-1 (Cont'd)

@

Plasma
(cm™T)

20064
000
19941
''904
882
872
860
811
779
735
729
708
690
670
654
513

503

437
3438
307
273
224
195
19160
134
116
058
017

18966

(em™ )

657
717
776
813
835
845
857
906
938
982
988
1009
1027
1047
1063
1204
1214
1280

1369

1410
1444
1493
1522
35
61
79
137
178

229
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TABLE I-1 (Cont'd)

Plasma
(cm'])

18946
908
836

18802
784
760
746
699

669

603
452
383
366
356
283
256
208
180
102
072
036
026
004

17974
966

" 954
948
916

249
287
359
34
52
76
90

137

167
233
384
453
470
480
553
580
628
656
734
764
800
810
832
862
870
882
888
920
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4

Plasma
(em™ 1)

17750
694
624
619
597
571
557
541

15355
216
138

14781

14766
675
551
480
398

‘(em

‘])

1086
1142
1212
1217
1239
1265
1279
1322

96
235
313
672
15
106
230
301
383
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L 4
St

Table I-2. Typical power of the krypton ion laser. These

values were true at the time of the irfstallment of the recent

tube (13/11/80). The powen rating for a-certain line will be

obtained at a higher discharge current as the tube ages (maxi-

mum current 49A); the power is not a linear function of the

current.
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TABLE I-2

LASER(cm™)| POWER(mW)| CURRENT(A)
21360 125 45
20991 170-400 35-45
20717 220-420 35-45
19195 780 45
18836 2801750 35-45
154 51 760-2100 25-35
14781 400-920 25-35
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more than the slit length (sample S4B); for these samples
the bulk scattering is so weak that the laser beam cannot
be seen going through it. Some spectra were done with a
spectral filter (Anaspec 300S) of 20 cm™! band width in
front of the laser and t%us eliminated the plasma lines
(Taser power reduced by_m 20%).

During the experiment on magnesium oxide, the sample
space was continuously fed a new supply of helium gas
(~5°K) 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 sample was under uniaxial pressure.

The samples of indium selenide (part II) were immersed
in 1iquid helium at reduced pressure; the temperature in
the sample space was below 2°K (superfluid helium) but the
sample scattering face was closer to 100°K.. Thi; measurement
was found from the ratio of ths/ﬁntz-Stokes (as) to the Stokes
(s) intensities of the 50 = 42 cm™! Raman peak (Fig. 1I1-8).
The intensities are related to the occupation numberr% of
the phonon mode (Bose-Einstein statistics) and the fourth

power of the scattered frequency [75a]:

-~

VIR n

(o]

I S+u | +1 - .
.as [9+v0]4 "oT' . exp(-hcvo/KbT) (I-11)
I ) '

s

0
the quation is valid when v does not correspond to a resonance
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of the system and the approximation is sufficient when
Go« v (18836 cm']); this approximatibn was used to estimate
the temperature (Kb is the Boltzman constant).
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CHAPTER III - RESULTS AND ANALYSIS

IIT. 1.1 - Sample information

Pure magnesium oxide (Mg0) in the crystalline form is
transparent and colorless but the cobalt-doped samples+
(MgD:C02+) have .a pink colaration which is due to the ¢
presence of the cobalt ion (Q02+) at the magnesium site.
The SB group of samples are from a crystal produced by the
Oak Ridge National Lab. (USA), with 5% cobaltic oxide
(60203) in the melt. The SA samples were cut from a big
monocrystal (doped with Co0) given to us by Dr. L. Chgse,
Department of Physics, University of Indiana (Bloomington,
Ind., USA) and also grown at Oak Ridge. The color density
of the latter samples is less than for the SB samples and

we deduce that the cobalt concentration is also less. A

‘sample of the SB family (larger cobalt concentration) was

irradiated for one week by a low flux neutron source
(238Pu-98e); the nuclear spectrum of this sample did not
show the chdracteristic gammas of 60¢, (1.17 and 1.33 MeV).

Crystals cut from the same boules as our samples tontain
2+

2+

11n the order of 100 ppm of Co~ as evidenced by extensive

EPR studies [88]; thus the Co ions are independent
particles and the exact concentration is not crucial. w;
are only interested in the electronic 1level strucﬁhre of
isolated cobalt ions 1in MgO.

The S2A, S3B, S4B and SP (pure MgO) samples wére cut

FWW@WM N e

and cleayed along {100} faces; sample S1A was cut along

POt

1
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the {110} and (001) faces. The cut faces were polished
using the following sequence of 3M lapping sheets:; 12, 9,

3 and ly. The humidity in the air can degrade the quality
of the faces by depositing on them a fine powder of magnes-
ium hydroxide (Mg(OH)Z); some of the faces of the samples
had to be repolished to correct this defect. h

A1l the samples (doped and pure) showed around 14,200 em™ !

the luminescence 1ines characteristic of the presence of the

chromium jon (Cr3+) at the magnesium site [38].
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III. 1.2 - Orientation and Polarization

Ihe direct product of the irréducib]e representations
(i.r:) of the initial and final states is reducible in i.r.
which have basis functions that can be related to the product
of the directions of the polarization of the incident and
scattered 1light (as defined with respect to the crystallographic
axés)[39]. We saw in chapter I (Fig. I-3) that the t”T]g ground
state split via the séin-orﬁit interaction into PGg’r;g’Fgg and
r7g levels, in order of increasing energy; the only transitions

i r r
possible at low temperature are two PGg +> ng and the 6g T 79

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

X
FGg X P89 = F3g + P4g + Féb - (I-12a)

1‘69 X T7g = Tag * Tsq (I-12b)
We give in Table I-3, the optically active i.r. of the double
point group Oh with thei}'dimensions (or degeneracy) and their
basis functions. In conjunction with this table and Fig. I-7,
we see that the sample S1A with the incident 1ight polarized
horizontally (X + Y) and thé scattered 1ight polarized vertic-

ally (X - Y) should permit us to see the ng - ng transitions

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

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

the Pﬁg + r89 and the F69 > F7g transitions (see Fig. 1-8);

the spectra of these samples are shown in Fig. I-9.
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TABLE.I-3
i.r|dim. bases opt.activ.
Ne | 1] X2ry2az2=r? Raman -
Lo | 2 [(322-r2), (X2-y?) Raman
o, | 3 yz;zx,xy Raman
[, 3 - X,V¥,Z Infra-red
L 3 O‘ |
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Fig. 1-7. Orientation of sample S1A. The
product of the polarisgiions gf the incident
(i) and scattered (s) light give the basis of
the irreducible representations (i.r.) that a
are activated (see Table I-3; V = vertical,

H = horizontal).
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configurations

V—(y)(x)
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ITI. 2. Presentation and Infgrpretation of the Data

IIT. 2.1 - Comparison of Traces

Referring to Fig.I-9,beside the sharp peaks labeled
p that are plasma lines (see section II.2 and [40]), both
traces have some common features at 112, 280, 305, 930 and

L from the laser line; all of these features are

1024 cm”
seén in ;he spectrum of sampTe S1A (Fig. I-10). obtained
using a different lasing line (20718 cm']) which ;roves
that they are Raman peaks. These features are more intense

in the r3g trace {Fig. I-9a) than in the T
1

59

except for the 1024 cm” peak which is more intense in the

. . . . A ‘e .
P3g configuration; in this geometry an additional peak is

1

seen at 900 cm '. In the same geometry we present the

spectrum of the more doped sample (S3B) in Fig. I-11. ’
Comparing the spectra of S3B (Fig. I-12) and SZAD(Fig. I-13)
under the r]g + er cénfiguration we found the following
relation between the intensities (measured from the back-
ground) for the 280, 305 and 930 cm"]‘1ines; I1(S3B)/I(S2A)

v 2. We attribute ¥hese peaks to the presence of cobalt;
S

(<3

the other features do not follow this relation.

III. 2.2 - Temperature Measurements

To characterize the nature of the peaks in the 300 em”]

region, we measured the spectrum of sample S4B at different

temperatures between 6°K and room temperature (19°C). This

(v'.

trace (Fig.1-9b)

[43d
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Fig. I-9. Stokes Raman Spectra of S1A and S2A.

a) S1A in the r3g geohetry with 156-mw of lgser
power (18836 cm")af T = 15°K (intensity values on the
right). A :

b) S2A fn ;ﬁg PSg geometry with’170 mW of laser
power (18836 cm;]) at T = 10°K (intensity ;alues on the
1eft). )

For both traces, the slits were 2 cm']

» the scan rate
was 20 cm'1/min and the time constant was 4.7 sec; fhe
values of the peaks are precise to t]cm'] and the peaks
labelled "p" aée Rayleigh scatteréd piasma lines of the

krypton laser.
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Fig. I-10. _ Spectrum of S1A with L

This spectra was taken with the 20717 cn” ! lasing

Tine (300 mN) with the sample 1n‘the r geometr& at low

3g
temperature (He gas; temperature not recorded). When

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

1 are Raman peaks (slits: 3 cm™

at 110, 280, 305 and 930 cm”
scan: 50 cm']/miﬁ; time constant: 4.7 sec). The line

with label "p" are plasma lines.
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Fig. I-11. Stokes Raman spectrum of S3B (Fsg)

We used the 18836 e line (190 mW) of the Kr'

laser with the sample atL10°K (slits: 2 cm'];'

error: - *1 cm'];.scan; 20 cm']/min; time constant:

4.7 sec). L
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Fig. I-12,. Stoﬁes Raman spectrum of S3B

(_I'_] g_+__r3gl‘_
We used 180 mW of "the 18836 cm"] laser line

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

+1 em™Vi.scan: 20 cm”/min; time constant: 4.7 sec).
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Fig. I-13. Stokes Raman spectrum of S2A (rlg + FBgli-

s The laser line was 18836 cm™' (160 mW) and the
- sample was at 8°K ("p": plasma lines; sTits: 2 cn™ 3 ~5

error: 1 em™!;. scan: 20 cm"/min; time constant: 4.7 sec). :
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sample has the entrance and exit faces cleaved and the face

on the 90° scattering direction polfshed. The length of

the sample (along the»beam) is such that! the image of the

samp]é exceeds the Iengtq of the spectroﬁeter slit; for

this reason and the fact that it is.a crystal of good quality

(n; microbubble), no plasmaflines appeared in the spectra. '
In Fig. I-14 we show the spectra obtafned at different

temperatures between 6 and 292°K; we notice that the

1

280 cm  .pedk is seen at low and high T (Fig. 14a and k),

1

while the 305 cm~ 'peak is not present at room temperature

(the value marked -an the f%gures‘are accurate to =3 cm']).
The behavior of these peaks, as a function of temperature,
is_better seén if we calculate their intensity ratio

1(280 cm'])/I(305); this method permitted us to correlate
the traces that.were done under differént conditions
(diffegen% laser power and line, different scale). This

data is presented in Fig. I-15; .in Appendix F we explain

s’

themeQhod'of deconvo]qtion we used to extract the valugs -

—

of the intensities. If both peaks were ﬁhonon modes, the

ratio of the intensities would be - o ) B

¢

1(v,=280) A, (1-exp-v{/T) o
- = - , (1-13)
I(v2=305) Azbﬂ-exp-vzlJ) ‘

1

" with T expressed in em™ ! (0.695cm‘1/°K). The value of the

I

ratto A;/A, can be obtained from the intensity ratio at low

4 .
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- tempewéﬁure;b this expression (Equ. I-13) corresponds to ;

‘ L the cbntinuoug'line in Fig. I~15. Our temperature dependant . g
:b’ o spectra and°1ts analysfs show that the intensity of ‘the 305 cm'] ] é
R -1 '

o

5

peek deereases more rapidly than that of the 280 cm peak

*

; Ry th75 last Peak s sti]] ‘visible at room temperature (19 C) o

: P lwhile the Gther has disappeared. We identify the 280 cn”| %

.. L 7 peak as .an 1ndwced mode and the 305 cnm ]‘peak as being an ® ' %
o b e1ectrun1c leuel of 602+. The 930 cm_ -1 peak decreased ) 15
|

,“{/1 rapidly with temperature and 1s not present at room temperature
,f (Fig. ]4 Iand m), we' 1dentffy this. peak to the Pﬁg + ng o

r

T fx'electronic trensition of CQ? 1n MgO .

n
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Fig. 1I-14. Stokes Raman.Spectra of S48 (T = 6 tp 292°K) g
A1l traces were done at 2p;cﬁ']/m1n with a time constant of §
4.7 sec and slits of 3 cm™!. The temperature is given at the §

{
left of each trace (in °K); some of ‘the peaks value is ging

PR

and when the value is not given it corresponds to the value

gjven before +3 cm™!. In some of the figures the baseline

was shifted for convenience; this 'does not influence the

' analysis of ‘the peaks (see Append1x F) (L = laser line; X

power jn parenthesis; scale). All the traces are in the

dl
‘ r]g + r3g.confjguration.
Spectra of the 300 cm'] region (a to k).
' . i ® I3 . ,.,
. a) T = 6°K; L = 18836 cm™ (130 mW); ‘1 kcps -
. . b) .T=12°K; L = 18836 cm™'(125 mW); 1 keps
. b ¢J T =21°K; L = 18836 cm™1(120 mW); 1 keps
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Q
4 For thenext seven traces (d to j) the conditions are the same

except for the temperature (L = 20717 cm"]; 80 mW; 300 cps).

d) T = 90°K, e) 116, f) 133, g) 152, h) 171, 1) 190, j) 210.
For trace k) the conditions areST = 292°K, L = 18836 cm'];

Note the change of scale for_ traces d) to k)

ML bk

200 mW; 300 cps.

as compared with a) to c). | .
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5

Spectra of the 900 cm']‘regjnn (1 to n) (L .= 18836 cn™}).
1) T = 11°K; Power (P) = 115 mW; 1 kcps
m) T = 150°K; P = 125 mW; 1 kcps
n) T = 292°K; P = 200 mW; 300 cps

" Note the change of scale for trace“n).
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Fig. 1-15. Dependence of 1(280 cm'])/I(BOS),with temperature

_The data for this graph was extracted from ‘the spectra of __;‘

smmple'SQB using the deconvo1ﬁtion‘scheme explained in Appendix F.
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'Tpe symbols used are related to the. experimental conditions -(all

"the traces were done the same day):

X L = 18836 em™ ! (125 mW); slits: 3 cn” 5 scan rate:
20 cn”'/min ' ‘

v scale: 1 kcps; time constants 4. 7 sec.

&

- & L= 20717 em™ ! (80 mW)3 slits 3 cm'];écan'rate:

&>

20 cm” /min
scale: 300 cps; time constant: 4.7 sec.

The continuous line corresponds to the theoretica] express1on
(Equ. I- 13) of the ratio if both peaks were phonons,-‘with
A]/A2 = 2.0 we find that this expression givgs a ratio of

1.95 at T = 200°C.
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magnesium site, breaks the symmetry of trans]at1on and. relaxes

" mode [43].

"1s,immob11ef The: peak at 280 cnr"1 ts a 1ocalize Eg-mode wﬁich

ITI. 2.3 - Identification of the Peaks

In a crysta1 where each av°m1c site is a center of symmetry
(or 1nvers1on), wh1ch +s the case for pure MgO0, flTSt order
vibrational Raman scattering, is fo’tidden a1 42] the presence
of an 1mpurity at those sites, such as the cobalt ion at the
the k=0 phonon selection rn%e‘(see Part 11 Chapter 1): ﬂIf : \\'
the 1mpur1ty ion has a different charge and}or size it will
distort its environment and the ciuster, formed by’the'iMbnrit}

and its first-nearest neidhbqurs, can possess local modes of

vibration which have frequencies.above tle maximum frequency of

"
e Wator B e atatiog wosn

the host lattice; {f the frequency of the mode is in the gap

between the.optical and aceustfc branches it is called a gap
1 P . R ' -
4

t
. .
ol g

PR 5~
B i

The- charge of the cobalt ion (2+) is the same as the mmg-

nesium ion +2) it rep]aces and.its s1ze is slrghtly b1gger,

the - interatomfc distance in Mg0 is 2. IIA while in Co0:it s 0
2. 13A [44] _‘Because the cobalt 1mpurft§ does not dlsturb'much
its local environment [45], its, localized mode .can be nearly
degenerate withethe lattice v1brations. The frequency of the
1oca112ed mode will not depene on the mass of the impUr1ty if
the symmetry of the mode is. k]g, E 9 , Zg T;u and T%u ,‘f

and Tzu (see F1g 1- 16) [46],, in these modes th:/jmpurity atom
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,Fig. I-16. Local modes for an immobile

impurity [20,46].

We show both partners of the Eg modes; the

partners of the T modes can be obtained by

a 90° rotation of the cluster about the
0-Co-0 axes. The irreducible representations
for the movement of the cluster (ignoring

translations) are

19 ¥ Eg * T]g ¥ TZg + 2 T1u ¥ T2u;

corresponds to a rotation of the cluster.

A

T]g
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Fig. I-17. Phonon_ frequency distribution,

Function calculated by Sangster et al [48]

from neutron scattering experiments; notice
the first peak near 300 cm™! which is the

contribution of the acoustic modes.
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readily couples with thagtattice modes. The transverse acoustic

modes at the high symmetry X(1 0 0) and L(% % %) points on the bound-

ary of the Brillouin zone contribute to form the first peak
(n 280 cm'1) in the unperturbed lattice phonon frequency distri-
bution function (Fig. I-17) calculated by Peckham [47] and
Sangster et al. [48] from their neutron1scattering data. Then,
the localized mode is called a resonance mode.

Cossee [49] has estimated indirectly from magnetic suscep-
]

-

tibility a value of 306 cmi for the electronic transition

Toq * r;g of the 4719(4” manifold of cobalt in MgOwhile Liehr [50]

]

has predicted it at 315 cm ' from ligand field calculations.

From their near infrared fluorescence and absorption measure-

1

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

1

transition. We interpret the 305 cm ' peak as being this -

r

© .
69.* r transition.

8g 1 ,
B;yond these features,.a complex serie- of bands and peaks :

1

extends from 650 to 1250 cm ' which is best seen in Fig. I-13 ;

3g). This structure can be compared with the spec- 1

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

(SZA,P‘g + T

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 10°K, correlates well with the two phonons Raman data

of Manson et al. [8] and most of the structure in this region
for the doped samples behaves the same way under simi]ér polar-

ization configurations (Fig. I-19).
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Fig. 1-18. Stoke Raman spectrum of SP (rlg :_F3g);_

We used 300 mW of the 18836 cm'] laser Tine

while the sample %53 at 10°K (slits: 2 cm'1;

efron: £1 em™'; scan: 50 cm']/mﬁn; time constant:

4.7 sec). Only the peaks near 1000 em| are identified.
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Fig. I-19. Second-order Raman spectra of pure

Mg0 [8].

Room temperature measurements under different

geometry using the 20492 cm'] (488.0 nm) of

argon jon laser; the incident beam Q;s in the
same direction (51 //[001]) for all traces but
the scattered beam was ES //7[110] for a and b
traces, and Es //[100] for c and d; note that

the wavenumber increases to the left.
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The peak at 930 cm'] does not correspond to any structure

in the two phonons spectrum of the pure sample; this line was

fdentified by Guha [23] as the I - rgg transition. When

comparing the spectra of S3B (Fig. I-12) and S2A (Fig. I-13),
the more doped sample S3B has this line more intense by a
factor of two while the structure around it has decreased in

intensity; the 930 cm'] line is interpreted as the electronic

ey 2 .
transition Tﬁg -+ FSg of the cobalt ion.

Based on group theory alone, under the T configuration we

5¢g
should see the Fﬁg -+ F7g transition; the peaks that appear in

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

transition in a similar cubic structure (KZnF3:002+) is also

absent from the Raman data of Lockwood et al.[18]. We say
that this transition is quantum mechanically weak.

1

The small peak at 112 c¢cm~ ' is an electronic Raman transi-

tion of iron (Fe2+) at a cubic site [52] (see Fig. I-9 and 1-13).
The structure at 130 cm-] (T > 150°K; Fig. I-14 g to k)
corresponds to a two-phonon difference band as identified by

Manson et al.[8]. Other features appear in this 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']

peak shifts toward the laser line a§ the temperature increases.
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III. 3 Results of Calculations

ITI. 3.1 - Spin-Orbit Interaction

Before calculating the energy separations of the levels,
let us see if our measurements of the cobalt ion levels follow
the Lande interval rule [53]. With the energy of the levels

labeled by their representation we have for the first transi-

tipn: \

ragli = 3/2) = rg (i = 1/2) = Fe(yse) (1-14a)

and between the two excited states:

(

2

with ¢ being the term interval parameter. Manipulating these

equations and comparing with our experimental values we get

AR

2
rg.(5/2) -1, (1/2) ’
raq(3/2) - Tg (1/2) .

The agreement is fairly good considering the fact that in this
system an gdditiona] interaction (Jahn-Teller effect) is pre-
sent and can depress each level differently; that aspect will

be analysed at the end of this section.

(3 = 5/2) - Tg4(3 = 372) = Fe(yse) (I-14b)

oy A
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We have calculated (Appendix A) the energies of the levels
_using the spin-orbit Hamiltonian of Ray et al. [33] and dia-
gonalizing the interaction matrix. The energy separations are

(from Eq. A-7):

2
1. 9 gg akk'Aj
E (I’sg -+ I'Bg) R ¢ akko - 1% i EI-]G&)‘
9 27 akk'lg
E (Tgq + Tgg) = - 6 akhy - &L —5 (1-16b)
£ (Tgg * Tgg) = - 6 akd, (1-16¢)

with "a" the term mixing parameter and k, k' the covalency

parameters of the 4T and 4ng states respectively; the

g
energy separation between.these two states is A. We have
neglected the I - I3 mixing interaction (Appendix B). All
the energies are positive because the spin-orbit coupling
parameter A  for the free cobalt ion is negative (A6/; -180cm'1)
and the first term of equations 16a and 16b is larger than

the second.

III. 3.2 - Comparison With Qur Data

As gi&en in Appendix A (Eq. A-4 and A-5) the mixing para-

7% meter "a" s a function of the crystal field parameter Dq

B S

e
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and of Racah's B parameter; using Dq 960 cm'] [32] and
B = 840 cm'] [33] we find a = 0.935. With this value of "a",

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

agrees with either the 305 em” ! (Table I-4a) or the 930 en” !
(Table I-4b) peaks for the corresponding Teg * T;g and
Fsg + Fgg transitions. As can be seen, no values of the
fitting parameters simultaneously give a good fit for both
peaks. The g-factor of the Psg level is known to be 4.278
[32] and is related to a, k and k' by
.
g = 1+ ak(1 -‘—zs-k:°) (1-17)

For a = 0.935, the value oF k! ranges from 0.06 to 0.84 while
k varies from 1.00 to 0.88; 1in our analysis, k and k' are
purg covalency reduction parameters and to explain the g-
factor, we have to include in these paraﬁétérs an additional

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

f
¢

III. 3.3 -'Dynamic Jahn-Teller Interaction

The cobalt ion in Mg0 is known to be a weak Jahn-Teller
system [33]; we calculated (Appendix C) the influence of a

first excited vibronic level having one Eg phonon quantum
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TABLE I-4

&
3 e Lo Aty

Values of the covalency parameters (k' % .k < 1.00) that

eithers fit the 305 cm”
s b
¢ %ﬁ = 0.935; A = 8Dq = 7680 cm”

o

kv

0.86
0.85
0.84

&
0.83
0.82
0.81

0.98
0.97
0.96
0.95
0.94
0.93

(74

o

&,

k'

0.86
0.81

0.64 .

0.46
0.27
0.08

0.98
0.95
0.77
0.58
0.38
0.18

1

peak(a) or the*930 en” ] peak(b)

1

1
I'e*Tg

(cm™T)
307.6
305.1
1305.0
305.0
305.1
305.1

7.7
344.8

345.5

346.3
347.2
348.1

. B =840 cn ).

4,

2
r 6—>I‘ 8

(an™)
829.0
821.7
819.6
817.8
816.2
814.5

938.5
930.4
930.0

'930.0
'930.2

930.2

T
(cn™)

868.4

858.3 -

848.2
838.1
828.0
817.9

989.6

979.5

969. 4
959.3
949.2
939.1
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of energy. We found identical energy shifts for both FSg

levels [54]. We then included the effect of one T, phonon

29
{ and found a differential shift for these two levels. The
total shifts &(I) due to the interaction with one Eg and

one ng phonons are:

MR T

2 2
e t’

Using our experimental values for the position of the

§~ G(Pag) = -5 ?Jt(E) - 150 EJt(T) (I-18a)
t
% a(rgg) . - %% £y (E) - {%%% £y (T) (1-18b)
|
|

. 2 ) 2
with Ejt(E) = Ve/Zuw and Ejt(T) = 2Vt/3uw

1 2
8g ang FBg

] Ejt(E) = ¢ and Ejt(T)= T for a number of (k, k') values

r levels and equations I-16 and I-18 we found the values of
(Fig. I-20); thediscontinuous T1ine at (e/t) = 1.5 corresponds
=~ to the values of ¢ and t for which the two contributions to
the shift of r;g are equal. In qur approximation we have
~ supposed that the one-phonon vibronic levels are exactly Mw
» higher than the no-phonon levels ¥nd so we cannot evaluate
the values of Ve, Vi and, W We-
. From this graph, using reasonable values of k = 0.97 and
k' = 0.90, we éet Ejt(T) = 16.7 cm'J, if we suppose a negli-

gfbte contribution from the E_ mode coupling (e = 0.3 cm']).*
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Fig., [-20. The Jahn-Teller energies.

The values of Ejt(E) = ¢ and gjt(T) =T,
that fit our experimental results are given
for different values of the covalency para-
meters (0.85 < k' < k; 0.97 < k < 1.00;

0.935). The series of dots crosses the

a =
€ =t1line near 1t = 12 cm'] and the € = 1.571
Tine near 10 cm']. N
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IIT. 4. Uniaxial Stress and Qther Treatments

We took several Raman spectra of a doped sample under
uniaxial pressure along the [100] direction with the appara-
tus illustrated in Fig. I-6a. The reduction in symmetry
from 0, to D, , is expected to split a F89 lavel into two
Kramers doubTe@s, while a ng and T7g being already Kramers
doublets will not split (only a magnetic field can s&lit
these doublets). We did not detect any splitting or shift
of the lines up to a maximum stress of 28 kg/mmz. 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

]. The width of our

Tgg levels to be approximately 5 cm”
1

lines, at half the intensity, is about 20 cm ' and is
produced by the presence of random static strain in our
samples. The simple observation of our samples, between
crossed polarizers in monochromatic light, showed the
bresence of non uniformed static strain.

In order 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 to permit
the condensation of the water vapor, liberated by the
crystal surfaces, on the inner wall of the ampoule (when a

magnesium oxide crystal is exposed to the humidity in the

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

A U P
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The surfaces of the samples had to be repolished because
this treatment also damaged the surfaces .by releasing the
oxygen (reducing effect). The spectra of this sample,
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 [56]. The spectra

observed for thi;’gémp1e did not show any additional lines.

/
-%;he

ITI. 5. r 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:Co2t

(0.05%) and found that its Raman spectra is
identical to that of a pure NaCl sample; it showed the
two-phonon spectrum as seen by Krauzman [7] under the same
polarisation geometries. No sharp peaks can be seen at
low temperature (He A point, 77°K) that are not visible at
room temperature.

We decided to 1ook at cobalt substituting for tantalum
in the KTaO3 perovskite; the impurity site in this
compound is‘ilfo octahedral. We measured the spectra of a

1igh¥1y doped (~0.01%) sample and two more doped samples
(0.04g and 0.08g of Co0 in the melt of 20g Ta203 + 9.449 K2C03);

o s v
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the color density for these samples is proportional to the
concentration. The two-phonon spectrum signal at low
temperature (~15°K) 1s fairly large (1-10kcps) and covers

the region from the laser to 1100 en” .

We did not observe
any peak that could be related to the cobalt impurity. All
the features in our spectra could be identified with the
peak and bands of the Raman spectrum of Uwe et al. [86] for
an undoped, unstrained sample of KTaO3 in the same polarisa-

tion configuration.
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-rapidly with T, showing that the 305 cm~
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III. - 6. Discussion

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

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

1

(P1g+ F3g), we notice that the 280, 305 and 930 cm ' peaks

are related to the concentration of cobalt, being more
intense in the more doped sample (S3B); these are the only
peaks of concern to us. The intensities of the 280 and

305 cm']

peaks decrease as the temperature increases

(Fig. I-14 a to k); the intensity ratio of these two peaks
would be slowly decreasing with increasing temperature if
both were vibrational modes. Instead this ratio increases

] peak intensity

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

the former disappearing entirely at room temperature (Fig. I-14k).

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

280 cm'] geak has predominantly the E_ symmetry and is induced

g
by the Co2+ impurity, as stated by Wagner et al. [58]. 1In

most systems, like MgO:Fe2+ [93], the local modes are rarely
observed and they only appear if they are in resonance with

the lattice modes [18]. In Mg0, the unperturbed phonon density
of states has a tall peak at 280 cn”! [48] which is the contri-

bution of the acoustic modes from the Brillouin zone boundary;

the 280 cm'] impurity induced Raman mode could be such a

resonance.

e e
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1

The behaviour of the 305 cm™ peak with temperature

and its disappearance before room temperature confirms that
it is an electronic transition (Fig. I-14 a to k) coupled

to phonons. Its polarization and energy demonstrate that it

4 2+

belongs to the T]g multiplet of Co and we identify it as

1 ' . - .
69 *> rag electronic transition which agree also

with Ralph et al. [51] who estimated that this transition is
1

being the T

near 300 cm ' from luminescence measurements.

Guha [23] .identified both the 280 and 305 cm” ' peaks as

vibrational modes despite his knowledge of the expected

2+

electronic levels of Co in MgQ. His incorrect temperature

dependence for both these Raméd”peaks (he only showed one

spectrum at 18°K) appears to be due to the inclusion of the

—
—

two-phonon background in the measurement of the intensity.
The substraction of this contribution is essential so that
the intensity variation of these peaks with temperature is
more indicative of their nature; also the'intensity of the

1

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

tion of the 280 em”! peak at that wavenumber. é
Our temperature measurements also show that the 930 cm-] g

peak is an electronic transition (Fig. I-14,1 to m) and we :

assign this peak to the Iy  » rgg transition of Co?*. Guha [23]

surmised correct1} that this peak must belong to CoZ+; this

peak intensity exceeds considerably the two-phonon back- ) ~__-

ground and the behaviour of the intensity &f this peak (in
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his analysis) was indicative of its electronic origin.

For divalent cobalt at an octahedral site in a comparable
crystal, the position of the electronic levels will be close
to our experimental values, slight differences being due to
the difference in the value of the crystal field. We

searched for these electronic levels inNaC]:C02+and KTaOB:Coz+

but the expected regions were masked by the two-phonon spectra.

Lockwood et al.[18] obseryed by Raman spectroscopy the elec-

tronic levels of cobalt in KZnF3:Co2+ and found the rsg > P;g

at 292 cm'1 and the P6g > ng transition at 950 cm']. Like

us, they have not found the Feg - F7g transition which is

obviously a weak transition. In agreement with theory, the

2+

position of the Co levels in these two compound (KZnF3 and

Mg0; see Fig.I-21) are similar which supports our analysis.

2+

We calculated the theoretical position of the Co~ spin-

orbit levels (to second-order) and found excellent agreement
with our experimental values when the dynamical Jahn-Teller

interaction includes the coupling to E_ and ng modes. We

g
note that the ng mode coupling is essential in the analysis.

Ray et al[33] neglected this coupling on the basis of the
value of the coupling constant ratio lVeI/Ith calculated

using the free-ion values of the radial integrals (<rn>);
this ratio is a function of <r2>/§r4>. It is known [33]

that the expansion of the 3d radial ﬁunctions fn a crystal

4

will decrease the value of <r2>/<r > (compared to the free-

[OSF
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Fig. I-21. Energy levels of Co2+ at an octahedral site

We present the observed electronic trans§§1ons of the divalent
cobalt impurity at an octahedral site measured by Raman spectro-
scopy. On the left are the results of Lockwood et al.[18] for

KZnFs:Coz+ and on the right are our'gxp?rimenta1 results for

MgO?C02+.
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ion value) and thus decrease the estimated [V [/[V.]. 1In
addition their analysis tried to explain the posigion of
only the F;g level (deduced from magnetic susceptibility .

measurements [49]) and did not predict the position of

2

the ng and F7g levels (positionsunknown at the time).

We estimate that the F69 - P7g transition will be in the
980 to 1010 cm'] region for values of a = 0.935 and

0.97 <k < 1.00. Its energy is independent of k' (covalency

4

parameter of the T state) and the Jdahn-Teller interaction

29

(the T._ and P7g levels are Kramers' doublets); its

69
experimental position would fix the value of k (Equ. I-16c)

and its separation from the ng would be indicative of(the

influence of the upper levels.
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TV.- CONCLUSION

We observed, for the first time, the electronic transi-
tions within the 4T1g crystal field ground manifold of

¢ @
divalent cobalt in Mg0 by Raman spectroscopy.‘yFirst-order
o

Raman scattering is forbidden in a crystal for which each &

w

site is a center of inversion and this fact enhances the

-

second-order (two-phonon) scattering; the substitution of -

an impurity at those sites breaks the transtation symmetry

-

and can induce local vibrations that can be observed by
Raman spectroscopy. In addition, the electronid transitions

of the impurity can also be present in the spectrum. In the

2+, the two-phonon structure is very extended

and covers the region from the laser Tine to beyond 1200 cm'l;
254

case of Mg0:Co

in certain polarisations, the electronic transitions have
simi]ér intensities to the phonon-related peaks (Fig. I-9b
and I-13) and are thus lost in the phonon specfrum or ghe
peaks are misinterpreted.[21]. &
Our polarisation and temperature spectra clearly show
that the 280 cm'1 peak is an Eg 1oca1a21brationa1 mode 1in

v

accordance with Wagner et al.[58] neutro& diffractign

results. This mode could be resonant”wf&h the aco::ti@
1§t¢ice modes at the surface of the Brillduin zone, which
farm the first peak (near 280 cm’]) in thgdphonon distribution
function [48]. The disappearance of the 305 and 930 peaks

at room temperature (19°C) confirms their electronic nature.
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1 s - -1 2
These peaks are the P69+ Fag transition at 305 cm  and the rsg+ Fsg

transition at 930 cm']; these values correspond fairly well to
results of our calc¢ulation of the position of the electronic levels of a
3d7(C02+) impurity in an octahedral site with spin-orbit

to second-order ingluded. Tiey are also inaagreement with

o
the values measured by Lockwood et al.[18] fer 602+ in a

2+)'

)
nf3 Neither they norwe, have seen

the P69 > F7g transition because it is lost in the two-

similar system (KZ_ F,:Co

phonon bands and presumably is ‘weak. The knowledge of its

position with respect to the FSQ ground state would £ix

the value of k (covalency parameter of 4T]g) and its
gg would inform us of the influence

of the upper excited states. Using a suitable dye laser,
N

it might be possible to observe this transition (Psg > T

separation,from the T

7g)
by resonant Raman spectroscopy.

To account for the difference between the calculated

spin-orbit levels (to second-order) and the observed,

electronic levels of Co2+

in Mg0, we calculated the
dynamical Jahn-Teller interaction with coupling to both E

¢

and ng modes, the qoup]ing to the Tatter being essential

+ o, . , .
for compliete agreement. The Co2 in Mg0 is a relatively

weak Jahn-Teller ion; its Jahn-Teller stabilization energy
1

for equal coupling to the Eg and ng modes is 12 -cm”
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INTRODUCTION

Indium selenide (InZSez) is a semiconductor, member of
the large family of layer structure compounds. They have
highly anisotropicbo;ding forces. The intralayer forces
are mainly covalent but sometimes are jonic while the inter-
Tayer forces are van der Waals. The individual layers can
easily slide over each other to produce different relative
arrangements of the successive layers which lead to the
exi:tence of a number of polytypes for a single compound
and also to stacking faults.

The knowledge of the phonon frequencies and their species

is important for analysing phase transition, two phonon spectra

and many transport properties especially for an anisotropic

semiconductor. Jandl and Carlone reported a Raman spectrum
showing most of the vibrational peaks in additio% to unexpected
high frequency peaks. Upon their request we studied this.
compound using the red Tines (14781 and 15454 cm") of the

Kr+ laser in the hope of observing the layer to layer shear
modg which they did not observe and to see if the transitions

1

in the 400 c¢cm™ ' region were Raman active.
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CHAPTER I - THEQRY

I. 1 - Probability of Transition

The transition probahility for the Stokes spectrum when
only one phonon participates 1s proportional to six terms
differing in the order of the interactions. The following
expression is the term where the electron-phonon interaction
(Hep) operates between two intermediate states [4]: 7

2
<n _+1;0[H__|a><a]H__|b><b|H_ |n_;0>
0 er ep er_o G(wi-ws-ﬂ) (I1-1)

Pal i}
a,b (wiuwa)(wi-wb)

with IO the intensity of the laser beam of frequency wi,jnma
and 1wb the energies of the intermediate states; t%e initial
and final electronic parts are the ground state and n, is the
occupation number of the phonon. The other matrix elements
are for the electron-radiation interaction (Her) for absorp-
tion (left) and emission (right). The delta function ensures
the conservatiop of energy with Q = wi-gggbeingdthe frequency
of the phonon emitted. The correspondence with Fig. I-1 (in
part I) is E0 = [no;0>, E1 = |n6+1;0> andE2 to En are the a
and b in;ermediate states.

The transitions (absorption and emission) are mostly
elecfric-dipole; the other types of multipole transitions
are many orders of magnitude weaker. One important selection
rule is the conservation of crystal momentum (Stokes):

>
R EAEE N T + TG (11-2)
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with E the wave-yector of the incident (i) and scattered (s)
photons, [4 the wave-yector of the phonon and E the reciprocal
lattice yector. The energies of the incident and scattered
photons do not differ by much (the phonon frequencies are
small compared with the incident photon frequency), then their
wave-vectors are almost equal in magnitude and are much
smaller than the dimension of the first Brillouin zone. For
relation I1-2 to be satisfied, we needJE = 0 and the phonons
participaging in the scattering are 1imited to optical modes
near the center of the zone (I = Ql;

Two phonons can contribute to Raman scatfering with the

following selectjon rule:

> ->
k] + k2 ~ NG (N > 05 integer) (11-3)

In. this case, the phonons are not restricted to the center‘bf
the zone and will most]j come from points of high symmetry in
the zone; acoustic ﬁodes can now participate in the scatter-
1n52~ We call this the second-order Raman effect because it

needs an additional transition and is less probable than the

first-order effect; an example of this effect appeared in

" the sﬁectra of MgO:Co2+ (Part 1I). '
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I. 2 - Crystal Structure of the InjSey Polytypes

Before giving the modes that are active in the first-
order Raman scattering, we need to know the crystal structure
of indium selenide (InZSez). Each layer of the compound is
formed by the superposition of four monoatomic sheets in the

sequence Se-In-In-Se. An indium atom is covalently bonded to

another indium and three selenium atoms each of which is bond-

ed to three ind%um atoms (Fig. II-1) forming an hexagonal unit

cell of space group D;h(PémZ). n

In addition, each layer is weakly bondga by Van der Waals
forces to an adjacent identical Tayer and the ordered stack-
ing is called a polytype. Indium selenide is known to pre-
sent itself in three polytypes identified as B,. ¢ and y.

The stacking sequence for the B-type is formed by two
identical layers (Fig. II-2), one being rotated about the
In-In bond axis of one layer, and slightly shifted so that
the In-In bond of one 1§yer is in line with the selenium
atoms of the other layer. We can also represent the stacking
sequence as one layer being translated along the edge of the
unit cell from A to B or B to A (Fig. II-2) and then rotated
by 60° about the edge axis: these operations correspond to
the screw axis. That structure has a center of inversion
between the layers and the space group is Dgh(P63/mmc).

The e-type is formed by stacking two identical layers,
one being slightly shifted so the In-In bond of the top layer
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—
H
.
Fig. II-1. Structure of one layer of indium . ‘
selenide [59].
The space group of the layer is given in
Schoenflies notation with the International -
symbol in parenthesis. u“““~u_mw

vt it prsat i b e 22

s ot e A




&
b
3

RO

s

L W RN e o k1 -
2 7 2 FHFETEE W W, A B Bay vy Rl meenen g g e Ol eI 0 A ategy by D w1

109

. 0-In  Je-se

N

o Sacateol ADATE S St oty ke bt

. S




%

..
PSR

. wawﬂf i R

*W;u: Al paa o " I

&y

,_&WWW e r P

AP o 1t

- o2 Ll inn PR KRR

)

VRN Y

s
P . S S N T

110

In- O

Se- e

a a

Space group:DgH(PGBImmc)

Fig. 1I-2. Stacking sequence of B'I"2§92 [60].

The unit cell contains two molecules of InZSe2

and has the dimensions a = 4.0 3 and ﬁ = 16.8 Z.

The A and B points are explained in the text.
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of the unit cell is aligned with the selenium atoms of the
next layer while the selenium atoms of the first layer and
the indium atoms of the second layer are aligned with empty
spaces in the unit cell (Fig, lI-3a). The space group of
this structur; is D;h(Png). 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
Cgv(RBm). The unit cell for each polytype contains one
formula (InZSez) per layer; the space groups were given in
the Schoenflies notation with the International notation in

parenthesis (see Appendix E).

I. 3 - Group Theory of the Phonon Modes

For the B 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 I'(k = 0) of the Brillouin zone. These modes decompose

into irreducible representations of the point group Dsh[39’52]

[4

(11-4)

. . " 1
The BZg” Bﬂu and E2u modes are optically inactive, the A2wandE1u

are acoustic yibrations while the Agu and E2 are infrared

Tu
active. The remaining six non-degenerate modes (A1g, E1g, Ezg)
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Space group: D

Fig. 11-3. Stacking sequence of €~ and y-In2§§2L_

a) The unit cell of e-In25e2 contains two

molecules of In,Se, (a = 4.0 A c = 16.9 R).
b) The unit cell of Y-InZSe2 contains three
molecules of In,Se, (a = 4.0 As ¢ = 25.32'3).
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(b) ' \anse2
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Space group: C3V(R3m)
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are Raman actijve. *r The hasis functions for the last three

representations are (x2+y2) or 22 for A

E

19
1g

» ¥z and xz for

and, (xz—yz) and xy for E29' This structure contains

&n inversion center and the Raman and infrared modes are

mutually exclusive.

For completeness we present a similar treatment for the

other polytypes. The e polytype also spans two layers with

eight atoms but now the 24 normal modes decompose into the

irreducible representations of the point group D3h

it + 4El +.4Ell

T = 4Ai + 4A2

[611. .

(II-5)

of which 3 are strictly infrared active (QAE), 8 are only

Raman active (4Ai and 4E") while 3 are both infrared and Raman

active; this gives a total of 11 non-degenerate Raman modes.

The functional basis for the Raman modes are (x2

for Ai, (xz-yz)and xy for E' and, yz and xz for E".

+y2

) or zz

The vy polytype is comﬁosed of three layers but the rhom-

bohedral primitive cell only contains four atoms (all members

of the same layer); the 12 normal modes decompose

into the*

irreducible representation of the point group C3v [84a,61]. =

r = 4A] + 4E

A1] the optical modes are both infrared and Raman active, and

there are 6 non-degenerate Raman modes (3A] and 3E). The

functional bas1slfor these modes are (x2+y2) or z2

for A1 and
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In Fig. II-4 we present thézetomic displacements in the
unit cel] for the Raman active modeg of the B polytype (for
e- and y- types see Ref. 61). The:;antional basis for the
1rreduc1ble representations of the Raman mﬁ/és for the diff-
erent structures can be related to the direction of the
electric field of the incident and the scattered photons, if
X, y and z correspond to the cry;;ab1ographic axes. In
Eq. II-1, the matrix elements can be analysed using group
theory; to render this more simple we can reduce the three =«
matrix elements into one by using the fact that the electronic™
part of the initial and f1n§1 states is the ground state and
supposing that the v1brat10na1 part gf the initial state is
the zero-phonon ground [n 4 0> which is a reasonable assump-
tion when the experiment@ié performed at Tow temperature.
We can also neglect the intermediate electronic states which
can be any representations of the group that satisfy the
electric dipole selection rule. The e]éctron-phonon inter-
action representation is dependent on the phonon created and
so is included in the final phonon state; the representation
of the e1eétr6n—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 following direct

product:

> > > > .
<ng = T[(Eger)(Eger)[n, = 0> = Ty X r, Xxr,xry (I1-7)
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Fig. II-4. Raﬁan active modes of B-In2§92 [62].

The dashed line corresponds to the Van der Waals ¢
bond between layers; the arrows indicate the

direction of the displacement for each atom.
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where E_ is the electric field of the Tight (v = i,s). The
phonon ground state is the tofa]]y symmetric represeﬂtation
I'y and T, 1s the electric dipole representation; because
rj Xxry = I‘J we will Took at the product of the first three
terms. For this matrix element to be non-zero, we need to
have the Iy representation included in the reduction of the
triple direct product. For any representation Fj, the rep-
resentation ry is included in the symmetrical product

[Pj X Pj] and, if I' . is included in the reduction of [Fu XIL],

P
then the matrix e]emen% is non-zero. The symmetrical product
of the representations Fu of the electric dipoie gives the
pb]grisabi1ity representatioﬁs which are by definition Raman
active; the polarisability behaves l1ike the electric quad-
rupole moment. This analysis permits one to find the polar-
isation of thelincident and scattered light for specific types

]

of phonons.
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CHAPTER II - RESULTS AND ANALYSIS

II. 1 - Information on the Samples

Qur sample of indium selenide was grown Ey 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 Tifting 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
sample was identified as the B-polytype of InZSe2 [64] and
showed some twinning. A backscattering von Laue picture of

our sample showed an hexagonal pattern made up of a multitude

0of slightly shifted points: the c axis of each layer is

pointing in s1ight]y’different directions and so theusample
is non-uniform.

The sample was oriented (Fig. II-5) with its long ,
dimension at approximately 45° with respect to the horizontal
laboratory direction; in this orientation we obtained
good spectra. The 'incident Taser beam hits the samp]e at
a grazing incidence with the vertical polarisation inside
the crystal in the plane of the layers, while the horizontal
polarisation within the crystal being mainiy parallel to the
z {c) axis. The scattered 1ight was analysed in the vertical
polarisation using 50 to 1 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

o w— =
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Fig. I1I-5. Qrientation and polarisation of the

sample.

The orientation of the B«InZSe2 sample with }
respect to the laboratory axes in the top view

(a) and in the front view (b); the different
polarisations permissable are given in (a).

(V: vertical; H: horizontal). The room temperature
spectra (Fig. II-9) were done with the long dimen-

sion of the sample, vertical. -
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not make any group theoretical analysis of the symmetry
of the phonbns. With this in mind, we Tooked in the litera-

ture for other systems haying the same structure.

II. 2 fﬂﬁomparison with Equivalent Systems

We present in Figs, II-6 and II-7 the Raman spectra of

Irwin et al. [65] for the isostructural compounds Ga232 and

'GaZSez; the irreducible representation and Raman shift are

given for each peak. The z axis corresponds to the ¢ axis

of their samples; for the upper trace Pf GaZS2 (Fig. I1-6),
the incident beam is in the x direction with the y polarisa-
tion while the scattered T{ght is in the z diréction with

the y polarisation (Porto's notation). Analysing the features
of their spectra (see Table II-1) we find that the Egg modes
are almost equal (G%§£22.0cm']; Ga.Se.:19.5 cm'l); that mode

2 2
corresponds to the out of phase vibration of two consecutive

'1ayers in a plane perpendicular to the ¢ axis and would only

depend on the van der Waals forces between the layers, then
we can expect the value for indium selenide to be close to

20 cm']. Because the mass of the selenium atom is larger
than the mass of the sulphur atom, the frequeficies of all
the modes are lower; then using a simitar argument for the
mass of the indium atom as compared to the mass of the
gallium atom we can expect the frequencies of the modes to

o

be Tower than those of gallium selenide. Another important
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Fig. 1I-6. Raman spectra of B-Gazsz;
1

Irwin et al [65] used the 19436 cm ' Tline

(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 axis of the

crystal. A filter was used to remove the

plasma lines.
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Fig. 1I-7. Raman spectra of B-GaZSeZ_._ f
Irwin et al [65] used the 16119cm~1(620.4 nm) :
line of an helium~neon laser with the crystal
at 77°K and no filter. The Z axis is parallel ‘. /
to the ¢ axis of the crystal. The peak at 252.1 em” ] ;
is due to the presence of the e-poliytype. i
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]
Table II-1. Vibrational modes of 6-Ga252

and B-GaZSez.
Values of the vihrational peaks taken from
figures II-6 and II-7 with their respective

if.r, in D for notation of the i.r. see

6h (
Table E-II.B).
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TAB}_E.]I—1
ir. B-GaZSzf (31-632562
Egi 22.0 cm™ 19.5 cm”
1

E1g 792 601

Al 187.9 134.2
= 290.5 211.9

E2q 295.0 215.0

A"I2g 360.7 308.0
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feature in their spectra is the presence of a doublet
around 290 cm'] (215) for eazsz(GaZSez); the separation
between the partners of the doublet gets smaller as the
mass of one constituent gets larger (Ga252:4.5 cm"];
Ga,Se,:3.1 cm"1). We should expect to find a similar doub-
Tet at a comparatively equivalent pgsitioﬁ}ﬁﬁ\pur spectra,
with a small se;aration. </

Most of these features can be seen in Fig. II-8 (a and
b). The doublet feature can be inferred from the fact that

1 band is

the full width at half-maximum of the 180 cm”
farger than that of the other peaks (plasma lines excluded);
the measured separation follows the trend of the preceding
compounds. With this interpretation, the total number of
lines seen is six, which is consistent with the B-type. The
irreducible representation (i.r.) of the peaks is based on
the data of Irwin et al. [65] for the isotypic B-Ga252 and
the result of the next section. ﬁb
The spectra of B—InZSe2 (Fig. II-9) at room temperature
withka different laser line (14781 cm']) proves that the
peaks seen at low T are vibrational Raman peaks; within

the accuracy of the position of the peaks (2 cm']), the

doublet is unresolved.
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3

Fig. II-8. Stokes Raman spectra of 8-In,Se,. ~
-1

We used 200 mW of power from the 15456 cm
line ;? the kryptdh.ion laser. The slit width

is 2.5 cn”! and the error on the value of the
shifts is 1 cm”'. The sensitivity of the

photon counter was 100 counts/sec. (fu]f scale)
with a time constant of 4.7 sec and a scan rate of

10 cm']/min were in superfluid helium and the scat-

terimg surface was deduced.to be near 100°K

. A
a) Stokes Raman spectrum with the incident (¢
and scattered light po]érized vertically “(V);
a:neutral density filter of 0.3 was present in

the incident beam.

b) Stokes Raman spectrum with the incident 1igh§
polarized horizontally (H) and the scattered

1lght polarized vertica]]y (V)
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Fig. II-9. Spectra of g-In,Se, with L = 14781cn™ . The

sample w;s at room temperature. The sample was oriented with ‘
its long dimension vertical with respect to the laboratory

axes; the horizontal (H) and vertical (V) polarisation are
also with respegt to the lab. éecause of the'good quality

of the scattering face, the plasma 1jn§s are absent (laser
power: 200 mW; scan: 10 cm-1/min; scale: 100 cps; time constant:
4.7 sec; slits: 3 cm']). The baseline is shifted for clarity

and the values are precise to %2 cm’l.
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II.3 - Linear Chain Model

I1.3.1 - Calculations of Belenkii

t7

Belenkii et al. [66] haye calculated the mode frequencies
at the center of the Brillouin zone (E = Q) for 8-In,Se,
using the linear chaiﬁ model (LCM); this model considers only
the interaction between adjacent identical atomic planes
(Fig. II-10) and not the true force constants bhetween the
atoms in the unit cell. The force constants for the compres-
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
small displacement 1imit of the harmonic approximation. For

their model they used the .values Cg and Cg g of gallium

sW» g
selenide [67] and deduced Cs from the 178 cm'] peak of their
infrared measurements. We present in Table II-2 their

theoretical results and our experimental values with the

corresponding i.r. of each peak. In his article, Belenkii [66]

uses the Herring (H) notation for the Dehy point group and
the corresponding i.r. in the Koster (K) and Mulliken (M)

notations are as follow:
rs(H) = I‘G(K) = EZ(M) and 1"6(H) = rs(K) = E](M)

for both g and u representations [80]. The agreement between
/the theoretical and experimental values is fairly good for
such a crude model that is independent of the polytype and

which excludes long-range Coulomb forces.

I

\

e e 20

I
»

B kT e bt

Db

-



LEMEY L Y g ey S TR T ARSI ey 8 vt Ar 1 LA OOEMREMRERTY ¢ RrmRl e 8 e AR = SR 4

136

Fig. II-10. Linear chain model.

Each plane (a) is composed of only one kind of atom.
There are two types of modes: compression (c) and
shear (s) modes. For the compression modes, the
distance between the atomic planes varies; we

bending (with Some stretching of the In-Se bond. In the

have a streti;}ng of the In-In bond and mostly a
she'ar modes the interplane distance is fixed and we have a
mixture of stretching and bending of the bonds.

The structure is replaced by a system of masses

and springs (b); thefva]ues of the force cons-

tants used by Belenkii et al [66] are given in

(c).
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SHEAR(s) Cq
é ‘ — —— - e
- Cuy

(c)Force Constants

(in units of kilodynes/cm)

C,=123.  C5=875
Cc =108, Cf=15.3

Cf=9-24 C3=163

N

.
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Table II-2. Comparison of our results with the

Tinear chain model for B-In Se2L

The first column under each heading gives the

irreducible representation of the modes.
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R ]

TABLE .II-2
Linear Chain Model [66] Our Data
Eog 16 cm- Eég 19 cm™!
E1 g 53 2 42
Adq 126 Alg 117
Eog 178 Eog 179
E1qg 184 ESy 181
Al 253 AL, 231
" e
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11.3.2 - Force Constants Calculations
g

Using the linear chain model equations of Wieting [67],

we calculated the force constants for the shear modes

(Appendix D and Table II-3). With these constants, we
1

predicted the values of the E?g and Ezg Raman modes and the
optically inactive E;u and Egu modes; the concordance with

the Raman modes is very good.

For the compression modes, with the Agu infrared active
longitudinal mode (LO) at 214 cm’] [66], the LCM calculations
do not give physical (real and positive) values for the force
constants. The LO mode induces a long-range electric field
that shifts the LCM mode frequency to a higher value [83a].

For a three-dimensional crystal possessing two ty}es of “atom,
the LO and TO0 modes are degenerate at k=0 if this long-

range interaction was absent. In a layered compound, the
intrinsic anisotropy of the structure prevents the degeneracy
of the L0 and TO modes at E = 0 even if the Tong range electro-
static interaction is neglected; this can be found by
calculating the LO and TO frequencies using the valence force
mode]l and estimating the force constants. For B-InZSez, the q
In-In bond length (3.163) is greater than the expected
covalent bond (2.88A) which indicates a partly ionic bond

and some charge transfer to the Se atom [85]. Even if the
primitive cell does not have a dipole moment (it has a center

of symmetry), the In-Se bond is partly ionic and can contribute

-~
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Shear modes frequencies. Values of the

calculated (LCM) and experimental phonon modes (*infrared

data of Beienkii [66]) and the force constants (Appendix D).

Mode

»

Calculated Measured
(en™!) - (em™!)
0 , -
178.0 m;tched 178* T0
179.5 179 » |
19.0 . matched » 19
42.0 mat ched 42
182.2 | 181
37.0 -
180.8 -
Force Constants *
(in units of kdynes/cm)
c;_= 87.3 ;G = 2.10 ; c; = 8.07
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an additional electrostatic term in the L0 mode frequency
calculations.

A more appropriate treatment should use the valence force
model to evaluate the frequencies of the Tongitudinal modes ,
but unfortunately it needs 5 force constants if we only

consider the nearest neighbour interaction, or 8 force :

,‘constants for the second-nearest neighbour (Fig. II-11);

only three experimental values of the mode frequencies are

-availahle 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 shear modes

needs 5 force constants for atom-pair distances smaller or

equal to 4.25 K; this model cannot be tested because we
also know five mode frequencies. If we neglect the inter-
layer Se-Se interaction we are back to the LCM; in this
case the In-Se bond force constants (stretching, bending)

are transformed into longitudinal and transverse components .

C oS
(cE,cs).
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Fig. II-11, Atomic distances and valence force constants

of B~In,Se,. The distance between the different
atoms in the primitive unit cell are given in R and 6 = 23.1°.
The continuous (ionic, covalent) and dashed (van der Waals)
lines represent the stretching and bending force constants for
the bonded atoms; the dotted 1ine corresponds to the radial
force constant of the non-bonded pairs. This valtence force

model (longitudinal modes: compression) contains 8 force

constants if we neglect the interactions between atoms that are -

distant by more than 5.72 A; for distances equal and sma]]ef
<]

than 4.25 A there are 5 force constants. For clarity, only

one type of each kind of pair-interaction is shown (ﬁot drawn

2

to scale).
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2]

II1. - CONCLUSIDN :

We observed the vibrational modes of B-In25e2 by Raman

spectroscopy at low T (~100°K). We identified, for the

first time, the interlayer shear mode (Egg) of this polytype

at 19 cm"]; it was predicted at 17 ean”! by Jandl et al.[25].
1 1
): ]79(Ezg)s N

g
18](E$g) and 231 cm'](Afg); the B—polytype 1s characterized

We identified five other peaks at 42(519), 17(A

by six vibrational Raman peaks. The irreducible representations
of the peaks are basgd on the labelling of the Raman spectra
of B-Ga232 [65] and the results of the linear chain model
(LCM) calculations of Belenkii [66]. The position of the
peaks of B-1’n25e2 follows the trend of B-Ga252 and B-GaZSeé "
when the mass of the different atoms is taken into account.
We" also calculated the force constants for the shear modes
within the LCM and predicted, with very good agreement, ghe

1 doublet (theory:

values for the components of the 180 cm™
179.5 and 182.2; experiment: 179 and 181 cn™'). We also ;
found the expected optically inactive shear modes calcuiated

within LCM. This model cannot permit us to find the force

constants for the compression modes because it does not take

into account the ioniciéy of this compaund; the valence force

model for the Tongitudinal (compression) modes is inadequate
containing more parameters than the number of known mode

frequencies. | \ é

We made our measurements with the sample immersed in

T
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s @

superfluid helium and our laser heam focused with a cylindrical
lens, while Carlone et al.[68] did their measurements at room
temperature with the laser beam focused to a spot; we did

L region seen

not observe the additional peaks in the 400 cm~
in their spectra which are probably due to either a high
temperature phase or to two-phonon scattering.

The growth of good quality B-In?_Se2 crystals (no twin;ing),
although difficult, would permit the investigation of the
optically inactive modes by neutron scattering and thus

complement the present work. .
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APPENDIX A

Spin-0rbit Interaction

The separation of the orbital states of cohalt by the

octahedron of oxygen in MgQ is shown in Fig. I-2;

functions of the ground 4

the wave-

T1g of 4F in the representation of

an effective orbital angular momentum of 2 = 1 are [69,70]:

[=1>g = = /878 w343 - /378 ¥y,
[0>5 = vy

'+]>O = -/578 Va3 - V378 Y341

(A-1a)

(A-1b)

(A-1c)

The matrix elements of L with respect to these functions

are:

-] 000
3. 3fvZ ool; z = (L)
I,= -3 0 [;L,=-3 Pl +

L
1

(A-2)

which can be translated as L = —3/23. Because the 4P state

contributes a 4T]g, it will interact with the preceding state

and reduce the orbital angular momentum; the new states for

the ground will be:

|-1> = [-1> cos® - T; ;sin@
|0> = lO>0cose - Typsine

f+1> =‘|+1>0cose - My,qsind

4

where H]m are the wavefunctions of the "pP gstate.

7 2 . 2
L = - 3/2(cos“6 - 2/3sin%e)}

n

- 3/2 a% (0 <a<1)

Then;

(A-3a)
(A-3b)

'(A-3c)
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and we can still treat ¢ as equal to 1. The mixing angle

“g" is a function of the crystal field parameter Dq and
Racah's B parameter [33]:
tane = -{(15B+6Dq)-[(158+6Dq)2 + (80q)211/%}/(8Dq) (A-5)

|
The ion has a spin § = 3/2 with the projections [-37/2>,

[-1/2>, |+1/2> and |+3/2>; in this ordered basis the spin-

operators are: N
- -] - =
3/20 0 0 00 0 0
0 -1/20 0 /30 0 0 ;
s,= 38, = 3S_=(S,) (A-6)
0 0 1/20 02 0 0
0 0 o0 3/2 0 03 0
L. - L -

With the 3 orbitals and the 4 spin states, there will be 12
spin-orbit states; the first-order Hami]tonian (Eq. I-5a)

applied between the |m g Ms> 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 = §/2 level (ryg+ng) is 3/2x'. Diagonalizing the

sub-matrix of the second block, we find the additional value
of -A' and, from the third block, we have -5/2x' (A' =

-3/2 akko); k is the covalency reduction factor of the

4

orbital angular momentum of the T]g state. The wavefunc-

tions that diagonalize this .matrix are in Table A-II.
In a cub1c crystal of Oh symmetry there are no repres-

the

entation of d1mens1on superior to 4 and then the level

Pp
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wre
‘n"‘ T
1

j = 5/2 (dimension 6) will be partially split by the second-
order spin-orbit interaction (Eq. I-5b); the corresponding

matrix elements are in Table A-III. From the three diagonai

. ,
blocks we have: -

— ¥l

E(Tgq) = - 5/22" - 45/16 A%/ . (A-T7a)

E(r%g) =2 A -9 A% (A-7b)

E(rgg) = 3/2 A' - 261/16 A%/A (A-7¢)

E(Tyq) = 3/2 2" - 45/16 A2/ (A-74d)
With A' = - 3/2 ak), and A = akk'xg and the condition

0 <k' <k <1,0;k"' is the covalency reduction factor of the

4T state which mixes to the ground4T]g. The new wave-

29
functions are related to those of Table A-II; they are:

| a Iy > = - V576 |P7’8+3/2>~+/T73 |P7,8‘5/2> (A-8a)
b Ty > = = /578 [T, g-3/2>+/T]6 |, 4+5/2> (A-8b)
la 15 > = VTTB|T; g+3/2> + /BTG |T; ¢-5/2> (A-8c)
b 1 > = T, g+1/25 - (A-8d)
lc T5 > = |1, g-1/2> (A-8e)
|d 15 > - /TT6| T, g-3/2> + /5TB|T; g+5/2> (A-8F)

4

The diagonal matrix within these bases is in Table A-IV. -

We neglected the contribution of the P;g and ng inter-

action; this approximation is justified in Appendix B.

N TS T
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. 4 5 2 .
The ground orbital T]g camposed _of tzgeg orbitals [71]
. s 4, 4 3, .
ﬁngﬂjiyme mixing of T2g(t29eg) is not connected to the |
2E(t6 e ) by the spin-orbit interaction [33] (see Fig. 1-2):

2974
the vibronic interattion (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-1"

Matrix elements of.the first-order spin-orbit 1nterd§tion

(Eq. I-5a) in the lmzmS > bases (A' = - 3/2 akAo).

|-1-3/2> |+1 3/2>
3/2 .
xA!
3/2
|-1-1/2> |0-3/2> 11 1/2> |0 3/2>

1/2 V372
V372 0 .
XA'
1/2 V3?2

V372 0

|-1 1/2> [0-1/2> [1-3/2> |+1-1/2> [0+1/2> |-1 3/2>
-1/2 /Z 0
VZ 0 V372
0 /372 -3/2
-1/2 2 0

0 /3772 -3/2
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TABLE A-II

Wavefunctions of the first-order spin-orbit levels [70] in

$ 3 all

the levels being of even parity, the subscript g is removed.

the Iij > representation as a function of the lmzm >

(a)
|Tg+1/2> = /T2 |- 143/2>-/T73[0+1/2>+/T76|+1-1/2>

ITg-1/2> = /TTZ |+1-3/2>=/T73|0-1/2>+/T76| -1+1/2> .
|Tl+3/2> =-/375|0+3/2>+/275|+1+1/2>
ITg+1/2> = VIT|-143/2>+/T7TE|0+1/2>-2/2] T8 | +1-1/2>
|r4-1/2> = VZ75|+1-3/2>+/T7T5|0-1/2>-2/27T5| -1+1/2>
|1§-3/2> =-/375]0-3/2>+/275|-1-1/2>

(b)

T, g*5/2> =|+1+3/2>

T g*3/2> =/Z75]0+3/2>+/375|+1+1/2>

|P7,8+]/2> =/T710|-1+3/2>+/375|0+1/2>+/37T0|+1-1/2>
|P7,8']/2> =/T7T0|+1-3/2>+/375|0-1/2>+/37T0|-1+1/2>

T, g-3/2> =/275(0-3/2>+/375|-1-1/2> ’

T, g-5/2> =|-1-3/2> ' )

oAt (o

[ N

.



¥ e Yl RSt~ Ban, b,
Ea *i-frnﬁ,ﬁ T R A e S T R A e G TSR e T

Matrix elements of the second-ord?r spin-orbit term

the bases are from Table A-1II (A?]5l2/4A).

-

€t e

B
R ek v o i L SR S

153,

TABLE A-II1

a) Diagonal blocks

1
IP8+3/2>
-12/5

C|T, g#5/2> [Ty g*+3/2> [Ty g+1/2> [T g-1/2>

-15/4+

-3//5

]P6+1/2>
-3/4
0

1
LP8+1/2>

-12/5%

-27/20

-3//5

Tg-1/2>

0

-3/4

1
|rg-1/2>

-87/20

-12/5

-87/20

XA

1

-12/5

(Eq.I-5b);

xA

ITy,873/2> T g-58/2>

-3/v%

-27/20

-3//5

XA

-15/4

o T
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TABLE A-1II Cont'd

b) Nen-diagonal block

v

WQW;A;!?}?{"@’R_‘? l‘v”‘-,

|F7’8$5/2> [P7’8+3/2> |P7,8+l/2> |r7’8-1/2> [F7’8-3/2> |P7’8-5/2>
T} +3/2| -/675 ' | -/B75

’ <rd +172| -6/5 . S
<rg -172| _ -6/5 o |
] «rd -3/2| -85 Ei -Y&75
; ’ e
3
-~ P
! ‘
; o
e
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TABLE A-T1V

Matrix elements with bases of Eq. A-8 (A = 153°/4a) of

the second-order term of the spin-orbit interaction.

a) Diagonal blocks {
|aT,> |bT,>
-3/4 . xA
-3/4
|ar§> |br§> Icr§> |drg>
-87/20
-87/20 : o
-87/20
-87/20
: \
" b) Non-diagonal block with Ig
1 ' 1., 1 1
|Tg+3/2> 1r8+1/2> |rg-1/2>. |rg-3/2>
) ,
<aP8| -6/5 -
o
<blg| -6/5 - S
2 . . .
<cTgl ~6/5
<dr] ‘ ’ © -6/5
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APPENDIX B
% ‘ Second-Order Correction to Spin-0Orbit-
% The second order correction to the second-order spin-
1 orbit energy from the Pég - Fgg interaction is:
: : : .
E 2 2 ‘ .
<o 112 g > | ‘
3 Cs(T,) = (B-1)
2N ki glo) L () z
? ‘ where Eg)is the first-order energy; in our case only one
; term contributes,(see Table A-IVb) and the correction is:
! ’
/ 21, (3 :
§ : _81 1 2.2 g7 ak(kN)TIA :
i 1C,(Tg) = 57 () .= 5§ N (8-2)
|4
t .

4

~ using Eq. I-6.
' The maximum.correction is for.a = k = k' = 1.0;with

A = 8Dq = 7680 cm”] Aﬁd |A ] = 180 em™ 1, ;t most, the ervor’
is 0.33 cm'], which is less than’the resolution of our

& . . .

spectra. Ce .
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° APPENDIX C
, i: ‘ ) Dynamical Jahn-Teller Interactibn
: S The total vibronic Hamiltonian in the molecular cluster '
% approximation for an orbital triplet iﬁ an octahedral symmetry
;%' fs [33]: ,
. B
. Hyib = Maet * Moo ’ - (e-1)

% ° thene the first term is thq lattice energy given by:

Maee = zus L(PG ¢ P+ ul(af + ad)) ¢

'

§ . gﬁ—t—'[(r’é # P2+ p8) + ulul(ol + 0d ¢ 021 (c-2)

]

b ° o B , J

] and the second térm is Eq. I-7.
1; The first b}acket represents the Eg phopons (partners

; 0,€) of frequency a and mass Mo while the second bracket is
1 ~for, the T29~phon9ns (partners E,nfc) of frequency w, and mass
ut; in our casehie = Hy and is the mass of the Tigand
. oxygeﬁ ion. ThefQ's and the P's are the diSp]acE;ents and

e RN ORALIRC IR

momenta conjugate operators and I is the unit matrix. The

Hlatt term adds a constant value for all the spin-orbit

7 levels and does not enter in the Tevel separations.
‘We have calculated the contribution of the orbital-
lattice interaction onuthe spin—orbiz levels using pertur-
| (N; bation theory hp to second-order (the first-order term is

, Zero):
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| <r.n|H,_;|T0>|%
E°(r) - E%(T;n)

E(rn=0) - E%(T) = ] (c-3)
. 1

The spin-orbit splitting between the F6g and Pég Tevels
is of the same order as t;e phonon energies, -so we only
looked at the shifting of each IPi n=0> by the interaction

with ]ri n=1>. Rewriting the displacement operator (Eq. I-8a)%

,as:
5 o\1/2
Q, = (55 "Tay (C-4a)
. ’ a
v ' + ’ ¢ !
q, = (b, + b)) (C-4b)

and first looking at the coupliné‘to one Eg phonon we have:

¢

£

[E(f0) - EO(T)]g. = 4 (E) ! |<ryn=1](q B +q E_)|T0>

2
|
(C-5)
L o2 2 0 0

and Ejt(E) = Ve/zuwe and replacing E (Fin=1) by E (P)+hwe
in Eq. C-3.

The Fsg levels are shifted by their one-phonon levels;
The irred Te “representations of the vibron ¥c |T8n=1> levels
are -(Table c-1I):

= P P P ' .
X 8g X Eg = Tgg * T7g * Tggq | ‘ (C-6)

!
o

The only contribution to the shift is from the one-phonon

*.

. b
' gxcited F8g'

/
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The matrix elements of the operators Ee and E€ are given
in Table C-II and C-III and the symmetrized wavefunctions of

the P are given in Table C-IV. The corresponding shifts of

* the [rgn=0> levels are: 2

[E(rgo) - E°(r})]1, = [E(rd0) - E° - B5Ese(E)  (C-7)

v

In the case of the interaction with a Tz phonon, group

3

g
theory gives:

(C-8)

- P p p
Fgg X Tog = Tgg + Thg * 27T

8g .69 9 . 8g

and there is two contributions from the one-phonon F8 levels.
The correspond1ng shift is obtained from:

[E(rg0)-E°(rg)l. = Jt (T) TI<ryT|(agrg+q 7 +q, 1) [Tg 0>
1

. (C-9)
The matrix elements of the Ta(a = £,n,7) operators

is in Table C-V to C-VII and the symmetrized wavefunctions for the
TP Jevels are in Table C-VIII. The pﬁase of the phonon u,

is opposite the value given—in Koster Tables [72] so that the
contribution of TP and rP? is zero.

6g 79°
The calculated shifts are:

[E(rg0) - €21l = - fd (M (c-10a)
(e(rio) - E%(rd)1, = - 3855 £ (T) (C-10b)

3
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and the Pég level is more shifted. @
The F69 and F7g levels are not shifted by the Jahn-

Teller interaction being Kramers doublets [73,74]. From
group theory, we have non-zero matrix elements from Eq. C-3

if the irreducible representations of the initial and final

sStates are the same; for the interaction with an E_ phonon

_for these states, we have (see Table C-I): ’
Tqg X Eg = rgg ; Tyg X Eg = TR (c-11)
and for a ng mode :
'FGQ'X TZg ) F?g ¥ Fgg |
ryq X Tég = rgg + rgg

So there is no Jahn-Teller shift for these levels.
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TABLE C-I (see Ref. 72)

a) Irreducible representations (i.r.) of the double

P N S ]

point group 6,3 roman letters are phonon and orbital states

labels while the I' are for the spin-orbit states.

dimension of the i.r.)

i.r i.r dim i.r
A]u Ty 1 I‘1g
Ay, Ty, 1 Brzg
Eu I13u‘ 2 I‘39
Ty Tay 3 i Taq
Tay REY 3 . Tsg
r6u -2 FSg
T7u 2 I179
I‘8u 4 P89

A]g
29

1g

- -4 m

29

(u

ungerade or odd, g = gerade or even under inversion; dim.

u

e ¢
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b\

TABLE C-I (Cont'd)

Multiplication table

(u X

u=gXg=g;

Tg I'g
4 5
5 4

4+5 4+5

143+4+5 2+3+4+5
1+3+4+5

of the i.r.; Jj = rj and ZFj =j

u X

6+8
7+8
1+4

- g -

7+8
6+8
2+5
1+4

Tg

8
8
6+7+8

‘ 6+7+‘82

6+7+8°%
34445
3+445

142+3+42+5

2

2
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TABLE C-II

Matrix elements of Ee = 1/2 (3L§ - L between the orbital

)
parts of the spin-orbif levels (see Table A-II and Eq. A-8 for
the exact form ofthe wavefunctions); only the non-zerog sub-

’

matrices are given. ©

a) Diagonal sub-matrices

1 1 1 1
|rgt3/e> |Tgtl/2> |Tg-1/2> {P8-3/2>
-1 ’ '
+1 -
. x(9/10)
+1
-1
2 2 2 2
|aTg> |brg> |crg> |drg>
+1
-1
x(9/10)
-1
+1
b) Non-diagonal sub-matrices ‘
2 2 2 2
|arg> |bTg> ferg> |drg>
<ré+3/2| +1
1
<T.+1/2] -1 N
? x(27/40)
<r8—1/2l -1
<rg-3/2| o +1
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TABLE C-II (cont'd)

1
|P8+]/2>
<Te+1/2] +1
<Tg-1/2|
ir)e3s2s
8
<br7|

1
|r8-1/2>
+1

1
.|r8-3/2>

|br§>

+3

|ar

+1

8>

e

ety
x(9/5/40)
+3
|dr§>
x(9v5/40)
+1
n
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TABLE C-I11

Matrix elements of EE = /?/4(L§-Lf) between the orbital

A T S YRR &&@"@ﬂm

parts of the spin-orbit levels (see Table A-II and Eq. A-8

A

for the exact form of the wavefunctions).

o
AR ete S o T >,
i RO RIS T T T ot
¢

a) Diagonal sub-matrices

] 1 1 o 1
; ;r8+3/2> |r8+1/2> ;r8-1/2> |r8-3/2>
-1
; . - -1
i x(9/10)
% -1
; -1
s
/ 2 2 2 2
: |aP8> |brg> |crg> |dF8>
¥ ) +1
: +1 .
g x(9/10" ,
] d °
: o ) +1 !
,/ q
b) Non-diagonal sub-matrites |
2 2 2 2
|a?83 |bTg> - |cP8> | drg>
1
<rg+3/2| | +1
1
+1/2 a +1 ,
<F? /2| . 4 x(27/40)
<rg-1/2|  +1 :
; <P;-3/2| ‘ +1
{ . . em

p-’-'a»,\
o
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TABLE C-III (cont'd)

|rg+3/2> Irg-3/2> ard> dr;
<Tgtl/z] * : *3 y(9/8/40)

<Te-1/2] ~+1 +3 ‘

: IP;+1/2> IF;~1/2> |br§> lcrg>
<ar, | ‘ +3 "1 x(9/5740)
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TABLE C-IV

.

Symmetrized wavefunctions of the one-phonon vibronic

levels obtained from the coupling between an Eg phonon and

a Ty spin-orbit level; uq transforms as (3zz-r2) and u, as

/-3—(x2_y2

6
Yi1/2

6
Vo172

7
¢+j/2(

Wzl/z
¢f3/2
_¢§1/2
I”?1/2

8
V.3/2

4
7

)

[}

u

(Table 83 pg. 91 of Ref. 72)*

/TTZ . (‘U1ibT8> u2|dF8>)
YT7Z  (+uyfelg> + u,larg>)
172 (-u]ldr§> + uZ[bF8>)
are (+u]|aF8> - u2|cP8>)
Y172 (+u]|aF8> + uzlcF8>)
/TTZ (-up|blg> + u,|drg>)

/172 (-U]ICF8> + u2[aF8>)

V172 (+u]1dr8> + uz\bF8>)

2

* The correspondence for the T'g is direct but /for Pg we
o

have a

+3/2, b = +1/2, = -1/2, d="-3/2.
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¥
f « '
t TABLE C-V N

. , _o-i : _
Matrix elements of Iy = 3 [(LZL+ + L+Lz) (LZL_ + L_Lz)]

between the 6rb1ta1 parts of the spin-orbit levels.

a) Diagonal sub-matrices

1 \ 1 1o o gl
|rg+3/2> \ |Tg*1/25 rg-1/2> . |Tp-3/2>
’ ~ w -4 .
+i ‘
x(3/3/5)
+3
” -1
lar§> [brg> {cF§> P [dF§>
-
+1 :
x(3/3/20)
©4i
-1
b) Non-diagonal sub-matrices g
lr6+1/2> [P6-1/2> far7> {bP7>
rgt3f2| | -i/3 -34
-} © ] o .I .
<Totl/2 - 37 +1/3
5. /2] x{3/5/40)
<rg-1/2| -3 +1/3
- <rg-3/2 . -iv3 -3i
a2 . .
arsl +1v/3 +31
<bré) +34 ~iv3
x(3/5/20
{ <cr§| +3i i/T (3/5/20)

<ar}y +1/3 43

T AT a7

ko BT e )
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<r;+3/2|
<rg+1/2]
<rg-1/2|
<P;~3/2|
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TABLE C-V (Cont'd)

/
s

2 2 2 2
(ar8> |bTg> |erg> |dr8>’

-9i/3 . -151
-i/3 +1514
+15i -i/3

-151 -9i/3

ITgr1/2> | Tg1/25
<aI'7| -1 )

<brl

s e w7

x(3/40)

x(3/3/4)



3

a)

+7

«Iarg>

+1

L]

b)

<P;+3/2l
<F;+1/21
<rg-1/2|
<rg-3/2

2
8 |

2

<al

S <cr§|
' 2
<dr8l

b Pragyn .
[~ 4 TR PP T A 4tm S
FEST " SR s et g Y

\ [r;+3/2>

. TABLE. C-V1I

Matrix elements of Tn =

Diagonal sub-matrices

1
lr8+1/2>

+1

2‘
. |bP8>

+1

TR f o sy s .

P

~r

N

170 -

|rg-1/2>

-1

Non-diagonal sub-matrices -

|Tg1/2>  |Tg=1/2>

+/3

4+3

+3

+/3

|ar,>

+/3

+3

-/3

1/2[(5,2, + £,0,) + (0L, + L,L_)]

" between the orbital parts of the spin-orbit levels. ’

‘ \JF;‘3/2>

x(3/3/5)
-1
2
|drg>
x(3v/3/20)
-1 i
|bF7>
-3
1 x{3¢/5/40)
+3
. x(3/5/20)
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TABLE C-VI (Cont'd)

2 2
laP8> . [br8>
C<rgr3/2| " +9/3
<rgt1/2]| -/3
o §
<r8-1/2| +15
1
<P8-3/2[ +15
re+1/2>
<al,| +1

<bT,|

2
|eTg>

o

(o

.
“’J
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Y
‘5‘ : TABLE C-VII
Matrix elementé of 7_ = -i/Z(Lf - Lg) between the orbital

g
parts of the spin-orbit levels.

a) Diagonal sub-matrices -
1 , 1 1 1
l1‘8+'3/2> |Tg*1/2> - |rg-1/2> lr,8-3/2> q
+1 /
+1i
x(3/3/5)
-4 :
-1i
2 | 2
|mP§> |br§> |erg> |drg>
+1
b4 o
x(3/3/20)
-1
-1
b) Non-diagonal sub-matrices
|Tgt1/2> |Tg-1/2> |ar,> ]bF73
<Tge3/2| -1
1 ' s .
<Tg+1/2| -
? \ . x(3vT5/20)
<rg-1/2| +i
] :
<I‘8-3/2| +1 1
2
<aI'8| +1
<brj| | *1 x(3/75/10) .

0 | <cI‘§| ’ m -1 (

<dl‘§| -1
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<P;+3/Zl
<r;+1/2[
<rg-1/2|
<rg-3/2| |

<ar,|
<br,|

g (8, NIRRT & e ey v 4y Mg 3 4
MY MPULRIGRDS ST YN fRa Ao S PRSI (8, S TS o v

173

TABLE C-VII (Cont'd)

2|
]ar§> |br§>‘ |cr8>
- 31
%
-71
+31
+i
~q -

2
|dF8>

71

x(3/3/20)

x(3/3/4)
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TABLE C-VIII

Symmetrized wavefunctions of the one-phonon vibronic levels,
obtained from the coupling between a ng phonon and a rg spin-
orbit level, uy transforms as yz,’ u, as xz and ug as xy
(ref. 72 p.95; the phase of uj is changed so that
<r8|Hjt(T)|w"> =0 for n = 6,7). For the relation between

our s.o. functions and the notation see Table C-1V.

wfa/z = 1//T5 [/3(1uq-u,) [drg>+2(iug+u,) [bTg>+iugfcrg>]
031 g 1775 [(-ug-up) [ clg>=1/3u;|drg>]
P12 = 1/ @L(-1uruy) [brp>#i/3ugarg>]

08,0 = 1//TE [2(1uy-uy) clg>+/T(Huptuy) [alg>=Tug|brg>]
43,5 = 1//20 [(iuy-up) [drg+/3(-1uy-uy) [bTg>+21us 3] cTg>]
“’18/2 = 1//80 [a(‘i"]‘luz)ICF8>“'5(W]-UZ)!aI‘8>+21'hu3|dI'8>]
¢?1/2 = 1//60 [5(1“1+“z)'df8>+/3(-1u1+u2)lbr8>-2iu$|ar8>]
¢§3/2 = 1//20 C/g(-iu]+uz)|CP§>+(iuf+u§)|aP8>-2iu§@1bP8>]
¢Z1/2 = 1//12 [(-1u]+u2)ICF;;+/§(iu]+u2)|aP8>+21u3|br8>J
WZ]/Z = 1//T7 [V?(-iu]+u2)IdP8>+(iu]+u2){bF8>+21u3|cP8>]
Wf1/z = 1//1Z [“3*-fu1-u2)IcP8>;(-iu1+u2)|ar8>+2iu3|dr8>]
“’91/?2 = 1//12 [(101;02)ldf'8>+/?(1'u]-u2)lbr8>+21u3|ar8>]
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APPENDIX D

Force Constants Calculations -

At the center of the Brillouin zone (kK = 0), the

phonon frequencies for B-InZSe2 are [67]

2,.1 _
mo(AZU’Elu)_O (D-1)
2,,2 .2 .
w](AZU,E]u)-Za (D-2)
T wh(ByuEp ) =arB+(avs)Pons]! /2 “ (D-3)
2 172 F
w5 (B .E5 )" =at8= [ (a+8)"-26] | (D-4)
2,172
w4(sA1g, ]g)=G+B+Y'[(G+B+‘Y) -l(6+e+c)] (D-5)
w2(AZ JEZ yagsgeyr[ (atpry)Z-n(sre+r)] A2 (D-6)
$'71g’"1g
w2(8] L} )eaty-[(aty)2-re] /2 (0-7)
‘*’3(Bﬁu’Egu)=a+v+[(a+v)2-ke]”2 (D-8)
. - N . oh . N - - n
with a = C1/2M, 8 Cb/Mz,y C/M1.6 CCb,e ccg
T o= 2CpChs A = 2/MMy, M = WM My/(Mi#My), g = 27 c 9, and
My = M(In), M 5 = M(Se). The superscript n refers to the

compression (c) modes (A and B i.r. in parenthesis) and to

the shear (s) modes (E i.r.). The activity of the different

modes is.
Acoustic modes A1 : E]
2u ® “lu
Infrared modes A2 ; E2
2u ’ “1lu
1 2 .1 2 1 o,
Baman modes . A.!g,A1g ; E]g E]g 29,529‘

Optically inactive modes B}u B%L,B;g,ng 3 E;U,Egu

L]

XM B L M e -
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We need three equations to find the three force

constants (see Fig. II-9); from equation D-2 (we have, for

the shear modes

s _ = 42
¢, = (2ncv]) M (D-9)
Including this value into eq. D-4 and rearranging the terms

-V

)
/My )9,

v

o
V3"(

g = Z(ﬂc§3)2M2[,

- N

c

2
3 D-10).
Y ] ( )

And from equ. D-5 we get

-2,-2 =2 -2
via(vs-v3i-0)+(M/M,.)v5e
= 2(nc)2M][ 4'74° ) 1771

-2 -2

C

S /
P 1 (D<11)

with 8 = C3/(2r%c?My)) and, My = 114.8g/N, and M, = 78.96g/N,
(No is the Avogadro number).( .
With these values we can evaluate the frequencies for
all the shear modes and check with our experimental values
for the Efg and E;g Raman modes (seg Tabﬁe IT-3); we-also
give the values of the two FZu modes, that can only be
observed by neutron diffraction. . |
From the infrared meésurements of Belenkii [66], the
Agu (tongitudinal optic: LO) mode is at 51 = 214cm™ | which
implies, .from equ. E-2, that we have CS = 126.§kdyn/cm.

To find the other force constants (Cg,cs)} we use equ. D-5

and D-6, and find the following relations

EZIS T

I
4
¢
]
E
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o4

‘g

= 2(mc) My (95+55-37-0

PuEis o TN G e N e T it i e gt o L T L it L

)

[5495)%-(M/M,)55 6

¢S = 2(me)2M. [
b 2 (M/M1)G$+¢

with 6 = cg/(zwzczuz) and ¢ = é;/(2w2c2M1

coupled equations we find the quadratic e

(D-12)

(D-13)

. From these two

xpressions

02-A0+B = 0
L=2,22.22. 22,1 _ 1
A = Vgrvgv (R, - W)
_ 2. M 52-2,-2 -2
8= (3g95)% w,093*V59)
or b
$Z-Dp+E = 0

2 —
"

s 52,52 52,0521 1y
b = Vg5 Mily,- W)

‘E = (6455)2- a}5$(v +v5 v])

the solution of which are
- -‘{[A-/ A%-48]

or
%[m-/ D2-4E]

4

with the sign in front of tﬁe square root

(D-14a)

(D-14b)

(D-14c)

(D-15a)

(D-15b)

(D-15¢)

_(D-16a)

taken so that

\

(D-16b) R

M R U AP

o

piar iy it 9 b, WSy e BT BT




¢ >0 [84c]. With T, = 214, S, = 117 and 5

is meihfive when 0 and ¢ should.be real and positive.

out the neutron data, we

A
force constants.

{

\

R T BT N Sl TR IR MY TR, T RS TR v

5

« 237cn”)

‘find that the term under the square root for 6 and ¢ (eq. D-16)

s s e L

, We /

With-

cannot calculate the LCM compression
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APPENHIX E

‘ Group #heorx

E-1. Definitions and Properties of Groups
i

A group G is a set of elements (Ri s 1 = 1,....,h) which

obeys the following four rules: N

1) Closure: the product of two elements of the set
is an element of the set.

RiRj = Rk, for all Rn of G(n = i,j,k) (E-1) _

2) Ildentity: The set must contain the identity I, such

- [

that: ‘ .
IR,i = Ril = Ri’ for all R1 of G. (E-2)
3) Inverse: every element of the set has an inverse

which is also an element of the set.

R;‘Ri = R,RIY = I, for all Ry of 6. - (E-3)

4) DAssociativigy: for any three elements of the set

we have:

Ri(Rij) = (RiRJ)Rk’ for alil Rn of G. (E-4)
For a finite group, the number of elements in the set is
equal to the order of the group (h).

E-II. Symmetry Operations . o -

Iq crystallography, the elements of the group are symmetry

' operations that transform a. molecule or a,crystal into itself,

[
\
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i

4

‘; these operations are: -

) I : identity.
C.: rotation by 2n/n about an axis (n=2,3,4,6).

i : center of symmetry (inversion).

‘\n

S,: vrotation of 2v/n followed by reflection in a

plane perpendicular to the axis.

0, 30phs04: reflection plane (mirror) oriented vertically
{v), horizontally (h) or diagonally (d) with respetct

to the vertical axis of highest order.

{onl?}: glide plane; reflection followed by trans-
lation along the plane (n = v,h,d)

3
?_= pX x13

(x_i fraction < 1; (E-5)
i=1 )

i
3t lattice vectors)

{Cnlf}: s¢rew axis: rotation followed by a translation
' <
’ T along the axis.

The first five operations defineﬁiﬁe elements of the point
groups ( finite groups); when the?e operations. are multiplied

By the translation vector group ()

3
T = .21 "igi ("i integers) (E-6)
1= . .
" and added to the last two operations, they fo¥rm the possible
elements {R|f} of' the spacé groyps (infinite groups). Fo} the

(:) last two operation [81b] to be elements of a group, (.0, and

5
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' ' [ ]
T (taken separately) should not be symmetry operations of

the group. If we apply the space group operation on a

*
vector b, we get

-

-+ > -+ -+
{R|t}b = Rb + t (E-7)

The operations Ry of the group G will form classes if

they obey the similarity transformati?n

t

— -1

X "RyX = Rj (E-8)

where X is all the operations of the group for a fixed R13
the R‘1 are a small number of operatipn. The operation in

a class. will all be of the same order ($ame type of»operation).

E-III. Irreducible Representations and Characters

For each operation R of a group G there exists an infinite
number of square matrices T'(R) that.represent the operation,
but there is a special set of representations called the
irreducib]é representations (i.r.). The T'(R) of the group
can be §imﬁ1taneou§1y transformed, for all R, by a similarity

transformation into block-diagonal form:

rq(R) 0  (E-9)

r'(R) = s"V(R)S =
‘0 rz(R)

whére S, is a non-singular unitary 2 x & matrix (dimension &).

4
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The ri(R) are L, x %4 matrices ( & = Ly + 22) and are said
toe be irreducible representations if neither can be further
transformed to smaller-dimension b}dck form. The expression

E-9 can be symbolically written as (direct sum):
r'(R) = ry(R) + Ty(R) (E-10)

We Hefﬁne the character xi(R) of a representation

ri(R) as the t;ace of the matrix representation

x.-](R) "‘? r'i (R)Jk 63'( . (E-11)

with ri(R)jk’ the matrix element of the i-th 1rreduc{b1e
representation for the operation R of the group G; the trace
of each matrix in a representation'is unaltered by a
similarity trangformation. *

The ¢haracters of the i.r. of a group will have the
following properties:

a) The characters of opera;ions in the same class are
identical.

b) When summed over all the clasées ¢ of operations K;
the group, the character system of i.r. is orthogonal, anq

normalized to the order h of the group

* :
T (c) (c)N_. = hs (E-12)
c X4 Xj c 13 k

where xi(c) is the character of the i-th i.r. of the c-th
~ .
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class which contains l‘lc op-eraltions. (the star means that we
have to take the complex conjugate of the character).

’ & ¢) Twe representations are equivalent if the
characters of each class of the representations are equal
(necessary and sufficient condition);

d) If 2; s the dimension (degeneracy) of the i-th
i.r. of the group and that we sum for all ifequivalent i.r.,

we have

L zf = h ’ (E-13)
& g i

-
e) The number of inequivalent i.r. is equal to thé

’

number of classes in the group.

If the character of*a reducible representation I for

each class ¢ of symmetry operations, is x(c), Qlen the
)

reduction. (equ. E-9) decomposes the arbitrary representatijon

into n, i.r. Ty of the group, with character xi_(c)

r= 2z n,T, (E-14a)
i it i

n, = %in(c)*x(c)Nc (E-14b)
¢

-

E-IV. Application to Phonons

These notions can be applied to the labelling of the
normal modes of vibration of molecules (point group) and

O crystals (space group). %or simplicity, we will look at the

v
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phonons of e- InZSe2 (D3h, P6m2) and 1tsn.q;,har'acter table-is
in Table E-la% In table E+II we present the notations used

~ W1

‘?R group theory. \ M

e ean consider a crystal ass.made up of identical molecules

» (pMm-iti'v‘f'e cell) and use its point group. For the approach

to be valgd d all the cells have to vibrate in phase and only
tfhe Xk =0 phonons will be identified; with first-order
Raman sc@aﬂ‘tterin*g, these are the only phonons: that will be
obse'rved. We can .use the s.ymmetf'y operations of the poi'ﬁt
droup if tt;e space group does not centain any screw axis or ~
glide plane. In table E-III we present the space group .
operations of B-Inz\Se2 (Dgh‘, P63/mmc) and the eqfﬁ'valent
(1somorph) point group Db’h" we also give the character
table of Dg from which we can obta1n the character table of
D&h' The 1labelling of the i.r. of the space group w111 be
the same as the isomorphic point group. ‘ "

Looking at the structure of »s—InzSe2 ('fig. II-3a) we
find that the primitive cell contains °8,a't9'ms,41ith three -
degree of freedom for each, which gilve 24 normal modes of
vibration. To ocbtain the i.r. of these modes we 'have to
apply ‘to th‘e mo'lecule’(or- the gtoms “in the"primitive cell)
all the symmetry operat1ons of the group. If at e€h atom’”
of the molecule (or in the primth;vve cell) we attach a

coord'lnate system (x_i., _y.i, zi), we= can represent each

operation as a 24 x 24 matrix that transforms the vector
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(x1, Yis Zysecees Xgs y;, 28); this matrix is formed of

3 x 3 rotation sub-matrices. The trace of the large matrix
for each operation will be the character of this operation.
Only £he N(c) atoms that are undisplaced by a rétation of

8 of the molecule will have their rotation submétrix along

the diagonal of the large matrix and the character for all

motions of the molecule is . o
x(m) = (£ 1 + 2cos 8)N(c) (E-15)

with + for proper rotations and - for improper rotation
(a rotation followed by a mirror plane or an 1nﬁersion);
the axis of highest order has to be the z axis. The reducible
(' representation is given in Table E-Ib.
To find the reduction of this representation into i.r.

of the group we have to use equ. E-14 which éiVes

-

r(m) = 4Ai + 4A5 + 4E' + 4E" (E-16)

EA

a

The acoustic modes are equivalent to the translation of the

molecule as a whole and its character is

)5(1:) = (£1 + 2cos 8) =x(u) (E-17)

»

which in our example reduces to Ag + E';s for these modes
at K = 0, w = 0. The electric dipole operator~beﬁaves 1ike
Xs y or z and -the representations of the infrared (IR)

(:) ' ‘actiye'phonons will be x(u), which is the same as y(t):
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Ag + E'; after substracting the acoustic i.r. from D-16

we are left with

() = 3A5 + 3E' (E-18)

\
The Raman active modes will have the i.r. of the polaris-
ability, which behaves 1like xz, y2, zz, Xy, ¥z, zx (second-
rank tensor) or like the symmetrical direct produce of the

infrared representation (see next section)

[r(u) x r(u)] = r(a) / (E-19)

X /
Afger reduction, the i.r. of the Raman modes are Ai, E' and

E"; this implies that the E' .infrared modes will also be

Raman active. And we have for the Raman modes

T(a) = 4A} + 3E' + 4E" . (E-20)

The A} and A3 (longitudinal) modes are non-degenerate

aﬁd the E' and E" (transverse) are doubly degenerate; an
i

x%ﬁfrared spectrum will show 6 peaks, while the Raman spectrum
P . .

lﬁill show 11 peaks. All ﬁhg modes havipg the same i.r. will

in general be non-degenerate; accidental degeneracy is
always possible and can be found by solving the dynamical
matrix, with the appropriate force constants, which can be

solved using the s&mmetries of the problem [75b].

)



b e e ke oy e bR, .

187

E-V. Direct Product and Selection Rules

L% 2t i dativy A b A L

The product of two i.r. (Fi, PJ in B) of dimension

@ n and m respectively give, in general, a reducible repre-

sentation T of dimension 2 = n.m

Y

£

' =T, x 7T, (E-21a)
with character given by

x(c) = Xi(C)Xj(C), for all ¢ of G <y (E-21b)

JEIISNRINE o o Slithc St Sl ity
-
.

f the reduction obtained with equ. E-14. In the case where
; i = j, the characters are, for the symmetrical product

(square brackets) and the antisymmetrical product (curly

brackets)
xEry x 121 = ZL(x(RN? + x(R?)] ~(E-22a)
x{r] x 13} = H(x(RNZ - x(R?)} (E-22b)
r r} and rf correspond to two different modes (operators,
- electrons, functions) having the same i.r. and to different-
jate them, they receive an additional Tlabel (I‘;g and rgg in

part I; A;u and Agu in part II). An example of symmetrical

direct product 4s given in section E-IV.

The direct product can be used to find i1f a certain
interaction is allowed (part II, section I.3); it can also
(’) ’ be used to find the polarisation conditions for a_certain

‘transition (part I, section III.1.2).
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E-VI. Doeuble Groups

The: full rotation group 1§ the group containing the
symmetry operations of the sphere\and is related to the
symmetries of the free atom or ion. If this ion is pggced
in a crystal, the Q;herical symmetry wi;l be reduced to the
local symmetry. From quantum mechanics, we know that an
arbitrary rotation of a spherical harmonic can be expressed

-

as a linear combination of the other spherical harmonics

- with the same 2 (positive integers) but different m

R(0,0,a)Ya(e,0) = £ DF, (0,0,0)¥%,(0,0) (E-23)
2 m

where' - 2 <m' < 2 and the rotation is by an angle a about
. f “ .
the z axis.. From the properties of the spherical harmonics

we have

. "f@ " \&
R(0,0,a)Y%(6,0) = Y¥(0,6-a) = Y2(0,6)exp(-ima) (E-24a)
9 ] / m t m ." m 2 .
and S
K oﬁ.m(o,o,a) = 8,1, exp(-ma) (E-24b)
. , //
which is adiagonal matrix, with character

-
?

+2 )
, Xz(a) s 3 ;exp(-ma) = Siﬂ’«(Z"’][Z)Q (E"ZS)
m==-2 sin(a/2) / .

In a crystal o will take specific. values (¢ = 2¢/n; n = 1,
2,3,4,6) and the corresponding representations will be, in

general, reducible.

i
*
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If the &pin is included in the problem, the;character

.0f the representation will be

j( sin(j+1/2)a

x"(a) = (E-26)
sin(a/2)
with j a half-odd-integer (odd number of electrons); in
this case a rotation of (a+2mw) will change the sign of the
character —
x)(aytn) = (-1)3 ¥ (a) (E-27)

We can introduce a fictitious operator R (rotation of 2w)
which will double the number of operations of the group, but
not the number of classes; C, and RC, belong to the same

class (the same for o and Rag):

r

xj(w) a xj(Bﬂ) =0 : - (E-28)

In Kostér [72] ﬁﬁta;ion RO = 0 with 0 the operations of
the single Eoint group. The number of new'irreducible
representations is equal to the number of additional classes.
The order of the group is doubled and the dimensions of
the new i.r. can be obtained from equ. E-13. For the 0h )
group, there are § additional- i.r.: Tg (2), Ty (2), Ty (2),
r7u(2), P89(4) and rau(4) with their respective dimensions

(degeneracy) in parenthesis. , %
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E-VII. Remarks and References | .

Equ. E-14b is valid only if a symmetry element R and
its inverse (R']) are members of the same class; 1if it is
not the case, the following more general relation should

be taken.

L
- TR FHONL (E-29)

A more precise analysis for the phonons modes numbers

- and spedies c;n Hg found in Bhagavantan et al [83]. The
beoks of Faligov [79] and Tinkham [63] are good starting
points for beginners in the study of group theer in general.
The application of this theory to solid state can be found

in Cracknell's book [78] which.also contains reprints of
ssﬁe fundamental articles on the subject. For most advanced
treatments of the applications of group theory, mény books

are available [42,80,82].

L]



Table E-I..a) Character Table of D3ﬁ (EmZ) point group

The teop. row gives the 12 symmetry operations (in
Schoenflies notation) grouped in 6 classes. "The first
column gives the irreducible representations (i.r.) in the
Koster (K) [72] notation and the second column is the
Mulliken notation (M) [80]. The basis functions are given
only for the optically active (0.A.) i.r. (R: Raman,.

“LR: 1infrared). Note that a Ps(E') phonon will be both

‘ﬁinfrared and Raman active.

K M 1 2¢, 3C, o, 25; 3, Basis 0.A.

\ ,
oAb 1T 1 11 (x%+y%) or 22 R
r, A} 1T 1 -1 1 1 -1
ry Ay T | 1 L B ,' /
T, Ay 1 1 -1 -1 A T 2 . IR
r5 E" 2 =1 0 -2 lr 0 Xy and‘yz R
Te E: 2 - 0o 2 - -1 0 (xz-yz) and xy R

‘ X and y Ik

AR 1 S £ AP T ST Y T Ty A £ 0 3 e
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Table E-1. b) Reducible character of atom motion in the ‘

primjitive cell. Character of reduc¢ible representations for all

motions I'(m), for translation I'(t), for electric dipole I'(u)
and for polarisability I'(a) = [T(u) x P(u)] (N{(c)is the number
of atoms in the molecule that are unaisplaced-by the §ymw§f?y

operationf of a class c).

3

I 2¢, 3¢, ap 2s, 30,
type: [ | proper._ ‘ ]I improper

! R
8° | 0 120 180 0 120 0

,

cose 1 /2 -1 -1/2 1
(£1+2cos9) 3 0 -1 F -2 1
N(c) ) S 2 o 0 0 8
T (m) Y 0o 0 0 0 8
r(t) . S 0 -1 1 -2 1
. ) ( ' !>\
r(u) .3 '0 -1 1 -2 1
r(a) 9 0 1 1 4 8

From equ. 14b and for I'(m) {using Table E-I. a,b)
m(A]) = TxL(1424+1)+(170°2)+(1+0-3)+

f(1“0'1)+(1‘6'2)+(1'8;3)] = 4

B R R P T A B I TRl PAK e LR YRR PR, gRver ¢ SOy B T T T S A A
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Table E-II. Notation

A)

Space Groups

a) Schoenflies notation (D;h’ Dgh); does not contain
much information on the symmetries.

b) Internation;ﬁ notation (PBm2, P63/mmc) with
correspondance to Schoenflies operations in square

brackets.

Structure of unit cell
P: primitive
I: body-centered

: center of N-face (N = A,B,C)

: face-centered

Ao om =

: rhombohedral centered

Synpmegry elements )
1: po)symmetry (identity) [I or E]

1: center of symmetry (inversion) [1 or 1]
X: X-fold rotation axis (X = 2,3,4,6)"[Cn; n=X]
X: X-fold rotation followed by the inversion [Sn]*
Xp: X-fo]d rota#ion followed by a translation of fraction
p/X along c axis (screw axis) [{qnl?}] <
m,ii reflection p1aqé (mirror) [o]"

X/m: mirror plane perpendicular to the X-fold axis [ch]



»
e ¥ e
SEIRTIRI A e ey g e
LGITY o ngv“nﬂ)mgw»w,m\q-,,.lu’l'qwgm R R SR ‘. - s e RIS

?’ 194

Table E-II. (Cont‘'d)

a,b,c} axjal glide plane: a reflection followed by a
translation in the plane of a/2, b/2 or ¢c/2
along the x,y or z axis (or (a+b+c)/2 along
[111] on rhombohedral axis).

n: diagonal glide plane: a reflection followed by a
translation in the plane of (a+b)/2, (b+c)/2 or
(cta)/2, or for tetragonal and cubic systems,
‘of (a+b+c)/2.

d: diamond'glide plane: reflection followed by a
translation in the plane of%(a+b)/4, (h+c)/4,
or (c+a)/4, or for tetragonal and cubic systems,
of (a+b+c)/4. Glide planes in Schoenflies are
{o]T}.

. 4 . .
Example: P6;/mmc (Dsh' B-InZSez).

- the cell is primitive with z = c the
‘axfs of highest symmetry; this axis is a screw

axis with translation of (3/6)c; there is a

mirror plane perpendicular to it and a mirror

e plane parallel; there is a glide plane in the ¢

%

~axis with translation c/2; qther symmetry operations

can be generated by these. -

.

*- - -
Note that 3 = 163 = ohc6 2 56 and 6 = 1C6 = chc3 = 53

f
. s <
a B
'
N .
b




B)

c)

.Table E-II. (cont'd)

Notation of the irreducible representations (i.r.) for

the point qroups

a)

b)

c)

Mulliken (or chemical) [77,80]:

dimension of i.r. label
1 A,B
4 E
' 3 For T
4 G
Herring [80]: Tiseesns T, with Tg and T inter-

changed with respect to Koster notation; only used
for the groups Csv(smm), D3h(gm2); 06(622) and
Dah(G/mmm).

Koster et al.[72]: PysevesT .

Additional labelling of the i.r.

a)

b)

4 -

b

subscript - 1,2,3: to differentiate 1.r.‘of the same
dimension (Mulliken); g or u: to identify the i.r.
that are even or odd under inversion (Mulliken,
Koster). |

standard superscript - prime (') or double-prime ("):
to differentiate i.r. that are even or odd for the
mirror plane containing the axis of rotation of

highest symmetry (Mulliken); + or -: equivalent to

g or u subscript (Koster). -

3
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Table E-II. (Coﬁt‘dﬂ

¢) arbitrary superscript - 1, 2,...,n: to differentiate
two or mwﬁ% gqiivalent ilr. belonging to the same
3 system (electron levels, phonons); other notations

for this case exist in tHe literature [61].

[P
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Table E-III,

D6n

Deh

Dgh

o+t
"

a4
yu

(c/

I

De,, (17T}

i
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o

Space Group Qgh (P63/mmc) and correspondance

to DSh point group [76]

@ &

2(Cg T} 2(c4lt} {CZI%}A 3(Cy [T} 3{c:‘:|jﬁ

2¢, 2¢, C, 3Cé(]y) 3c§(x}/X

2[S4]t} 2{S5]T}  {oplty 3loylT} 3o |t}

253 ?56 I “%ad 3°v

n]3+n23+n3? (h; Antegers; 3,¢, primitive lattice vectors)

Character table of Dg (D6h 5L05xi) single group®
i . | .
- e ] 1
I 206 263 C2 3G2 . 3C2
& .
ol 1 1 1 1 1 &
1 1 1 1 -1 vo=1 )
1 -1 1 -1 1 -1
1 -1 1y -1 1 ’
¥ w
2 ] -] < "2 0 @0
2 -1 R -1 2 0 0 9

Hig

. Hju (H = A,B,E): even (+¢g) or odd(-,u) under

inver:si% e &y
53 = 106, 56 = 103, g = 1C2
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APPENDIX F.

Deconvolution Method

" Fig. F-1 was constructed from Lorentzian functionswof

the form
Ai7$
(F-1)

L) = 7

(5-5{)2+Y1
where A1 is the maximum of the intensity at v = Gi and Y

js the half-width at half-maximum; the parameters used to
construct the figure are in Table F-Ia. In the region of
interest (200-400cm'1) the contribution of the wing of the
two-phonon band in simulated by peaL D. For the deconvoTugion
of the temperature dependant spectra the following meth:h

was used. The minima before and after the doublet are

joined by a straight line (H-H' in Fig. F-1); the intensity
of peak A is measured vertically from this line to the

maximum (A'-A). We symmetrize peak A for the portion (L-L')
corresponding to the position of peak B; from the intensity
measured from this line to %he maximum (X-B) we substract the
component S. This method of deconvolution removes a~1arge‘
part of the contribhtion of the background; it under-
evaluates the t%ue ratio (see Table F-Ib) but will better
translate the behaviour of the peaks as a function of

temperature than the ratio of the total signal ' for each

‘peak. This method ‘does. not permit to evaluate the half-width

3

at half-maximum.



e

Table F-I. a) Convolution parameters for Fig. F-1.
.. Peak Vy ’ A1 3 Y4
(em™1) ~ (arb.) (em™T)
* A 280 13.0 18
B 305 2.8 4
c 372 4.2 8
D 420 9.0 120

y :
b) Ratijos of the intensities of the doublet (A,B)

. (the total entry corresponds to theAintensities

' ¥
measured from the horizontal axis).

“1(280¢em~1)/1(305)

~ -

Exact (13.0/2.8) = 4.64
Deconvolutgd (11.3/3.5) = 3.63
Total ' (15.3/10.8) = 1.42

/
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Fig. F - 1. Example of a spectrum and its deconvolution.
The dashed curve is the sum of four Lorentzians with the',
parameters given in Table F-1.

is explained in the text of the Appendix.,

-
~

3
e

The method of deconvolution

37

J
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