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SHORT ABSTRACT

Absorption spectra of tetragonal single crystals of CsBMnC15
have been measured at 4.2K over the wavelength range 5200-26003.
Spin forbidden bands of low oscillator strengths were observed for
the Qr't—- 6A1 transitions of the MnC142- chromophore. All the
intensity arose from the electric dipole mechanism, but for small
magnetic dipole contributions to the intensities of QE(G) and
L

TZ(F)° Magnetic circular dichroism spectra measured at 4.2K in

a field of 4.75 Teslas were dominated by C-term signals.

The band intensities were assumed to arise via the spin orbit
interaction, allowing "intensity borrowing" from higher energy charge
transfer transitions. A model based on tetrahedral symmetry for the
chromophore ion allowed the calculation of MCD:absorption intensity
ratios for the quartet states. Good agreement was found with the

experimental values for most quartets.

Crystal Field calculations were performed in support of the
MCD-based band assignments. Covalency was introduced into Stout's
electrostatic matrices via the Koide and Pryce parameter € . The
following parameter values were found: B = 6OOcm-1, C = 2940cm-1,
Dq = 350cm-1, and € = 0.03, giving the correct ordering of the

states and an rms. deviation from the observed energies of SZOcm-l.

L .
AZ(F) was placed above 4T1(F) in energy, a departure from the

* 4 *
"conventional® 'F term assignment.

A simplified model for the perturbation of the cubic states
by the tetragonal component of the crystal field was developed to
account for the observed linear polarisations. The spectra were
examined in detail to identify the electronic origins and assign
them using a tetrahedral or tetragonal scheme. The latter appeared
to be the more realistic model for most states. Assisted by data
from the Raman spectrum, the vibrational sidebands were also assigned.
When very sharp origin lines were present, some of the sidebands
showed small splittings attributable to the presence of the two

chlorine isotopes.
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ABSTRACT

Absorption spectra of the tetragonal single crystals of
caesium pentachloromanganate(II) have been measured at 293 and
4.2K over the wavelength range 5200 to 26008. Bands of low
oscillator strengths, between 3xlO"6 and 3x10_8, were observed
corresponding to the spin forbidden 4f‘¢——6A1 transitions of
the Mn2+ ion. Magnetic circular dichroism (MCD) spectra have
been measured at 4.2K in a field of 4.75 Teslas parallel to
the unique axis of the crystal. Under these concitions, the
dominant contribution to the MCD signal arises from the Zeeman
splitting of the 6A ground state, whose g-value was known to

1

be very close to 2.

The intensities of the spin and Laporte forbidden transi-

tions were assumed to arise via the spin orbit interaction,
allowing "'intensity borrowing' from the 6T2<F—OA1 charge trans-
fer transitions occuring at high energies. A model based on

tetrahedral symmetry for the MnCl42 chromophore ion was used
to calculate the ratio of MCD:absorption intensity for each
quartet state. Good agreement was found with the experimentally
determined intensity ratios for most of the ten quartet states.
Crystal Field calculations have been performed in order to
fit the observed band positions. Covélency was 1lncorporated
into the electrostatic matrices by means of the Koide and Pryce
parameter €, and the following parameter values were found:

B = 600 cm-l, C = 2940 cm—l, Dg = 350 cm-l, and € = 0.03. This

placed the quartet states in the correct order of decreasing

energies:

4 4

T, (F) 4 4

E(D) "1,(D) “a;(6) *E(6) *1,(0) *1,(c)



and minimised the standard deviation between calculated and

observed band maxima at 521 cm-l. The trees correction was
included in the energy matrices, with o€ = 76 cm-l.

A simplified model for the perturbation of the cubic
quartet states by the low symmetry component of the crystal
field was developed. This is present as a result of a z-elonga-

tion of the MnCl4 tetrahedra, reducing the point symmetry from

T, to D at the manganese site, and gives rise to the linear

d 2d

polarisations. The low temperature spectra of each quartet
state were examined in detail in order to identify the elec-
tronic origins and to assign them as spin orbit components of
either the unperturbed cubic state or the tetragonal components

arising from the cubic state in D symmetry. With the assis-

2d

tance of vibrational data from the Raman and infra red spectra

of Cs3MnC15,

of the electronic origins. In this way, the majority of the

the lines in each band were assigned as sidebands

spectral features were analysed.
The lowest energy band, 4Tl(G), was found to be broad with

no vibrational structure resolved. It was clearly split into

1

tetragonal components, 4E and 4A separated by about 600 cm .

4

2’
T2(G) contained sharp lines with vibrational structure resolved,

and was again split into tetragonal components 4E.and 482

separated by about 280 cm-l. Further, small spin orbit split-

. 4 -
tings of E were observed over a 30 cm 1 range. The 4E(G) band

consisted of sharp lines built upon two intense and very sharp

4 -
origins, the B1 tetragonal component lying 36 cm 1 below the

4A1 component. Each origin showed a further small splitting

into spin orbit components. Some of the vibrational sidebands,



(V)

particularly involving'vl, showed structure attributable to
t he presence of the two chlorine isotopes. Weak features

about 220 cm“1 above the 4E(G) origins were tentatively as-
signed to 4Al(G). The 4T2(D) band showed a wealth of sharp

line structure based on the 4E tetragonal component, and

broad features from 4B2. 4E(D) hardly resembled 4E(G) at all,

and suffered from overlap with stronger bands to either side

so that no assignments could be made, while the intense 4T1(p)

band failed to exhibit any clear structure. At high energy,

4T F) was split into 4A and 4E components separated by about

2

60 cm-l, with 4A2 showing clear spin orbit splitting. The 4AZ(F)

1 (

band was the narrowest and weakest of the quartets, 4Al(G) ex-

*

cepted, and the two D2d origin lines were 58 cm-1 apart. 4T

failed to fit the pattern predicted by either the tetragonal

o (F)

Perturbation or the cubic model, but showed strong linear and

circular polarisations and large origin separations. Magnetic

dipole contributions to the intensity of this state were present,

and also to 4E(G), but otherwise only electric dipole transi-

tions were present.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Continuing progress in chemistry i§ strongly dependent
on the use of physical methods to investigate the structure
and properties of chemical compounds. Of the various tech-
niques availagle, spectroscopy in general 1is probably the
most widely used as electromagnetic radiation is an extremely
versatile and sensitive probe. Optical spectroscopy. involves
the study of electronic transitions occurring at wavelengths
in the near infra red, visible, and near ultraviolet regions
of the spectrum. It gives information about the electronic
structures and properties of excited energy states involving
bonding, non-bonding, and anti-bonding orbitals. The current
"state of the art" is such that data can be easily obtained.
Spectra of ions and molecules in solution can be recorded in a
matter of minutes, while high resolution spectra of crystals
cooled to the temperature of liquid helium can be obtained using
polarised light and magnetic fields as a matter of routine.
Therefore it i1s necessary to exercise some care in choosing
chemical systems for study. CSBMnCl5 might be described as a
"model" compound, exhibiting a high degree of symmetry, in which

to examine 1in some detail the spin forbidden transitions of the

+ . .. .
Mn2 ion, modified by the environment of the crystal lattice.

1.2 SYMMETRY

All objects, including molecules, exhibit a degree of

symmetry. Depending on the observed symmetry properties, they



can be classified as belonging to space and point groups. The
branch of mathematics known as Group Theory can then be applied,
and its results are very powerful - see [l] for examples. 1In
particular, we are interested in the forms of the electronic
wavefunctions of molecules. Group Theory tells us that the
wavefunctions must have the correct transformation properties
under the symmetry operations of the point group to which the
molecule belongs, and must form a proper basis for the irredu-

cible representations af the point group. Crystals of Cs MnCl5

3
are known {2] to belong to the tetragonal class (space group

Dig ) with D2d point symmetry at the manganese site. However,

the deviation of the MnCliC>ion from strict tetrahedral symmetry
is very slight, and it is treated initially as belonging to

the higher T4 symmetry. Both Id and D2d are‘contained in the
cubic group O. The use of the cubic representations in analys-

ing the optical spectrum of the tetragonal crystal Cs MnCl5

3
illustrates a general point, namely the use of high symmetry for
as long as possible to simplify the calculations. Eventually
the lower symmetry can be produced by the addition of a suitable
perturbation term once the overall picture is established.

All the optical transitions of CSBMnCl5 reported here vio-
late two important selection rules which derive from atomic
spectroscopy:

(1) They are "ligand field" d «+—d transitions and are Laporte
forbidden.

(1ii) They occur between states of different spin multiplicity
and are spin forbidden. As a consequence, the transitions are
weak. That they occur at all is due to the partial relaxation

of both selection rules, the first as a result of d-p mixing,



the second as a result of spin orbit coupling. To treat spin
orbit coupling, the theory of double groups must be used [1, 3]

so that the tetrahedral group becomes Td*. In APPENDIX I are

given the character tables for Td and Td*’ the multiplication

table, and the correlation table 4 . Their derivation and

use are given in [3]. There are five irreducible representa-

tions A A2, and T, in T

1’ 1’ 2 d’
*

and U' 1in Td . The latter three represenations are used to

describe states whose total angular momentum J is an odd num-

E, T to which are added E', E'",

ber of units of H/2, and may have the quantum number m 5 added

as a subscript to define them uniquely.
The half-filled 3d shell of the Mn2+ ion gives rise to a

6A1 ground state with L = 0, S = 5/2 (J = 5/2). 1In cubic sym-

metry, the electric vector E of the electromagnetic wave trans-

~

forms as T2, so that the only electric dipole allowed transi-

tion is O6T,+—O%A_ as the direct product (T, x T, x A is the

2 1 2 2 l)
only one of the type ( r; p'q % X E) which contains Al' l_‘)>

and la) are the excited and ground state wavefunctions respec-

. A . . ..
tively, and m is the electric dipole operator. The transition

. A A A
occurs via m_, my, and m_ . In the lower D2d symmetry,
A A A . . . .
= + ingle cubic transition becomes
ré B2(mz) E(mx, my), and the single )

"~

split and polarised:

682
6 -3
T,
—_ ¢
E
A A A
N A 1'1"1 mx, m mz
mx, my, 2 Y
6 6
T D



In addition, the 6E component coming from 6T1 will become ap-
parent in the xy-spectuum bzacause it will be able to mix with
6 6

E from T2. This is a simple example of the application of

molecular symmetry in the form of group theoretic arguments.

It allows powerful predictions about which electric dipole tran-

§itions are allowed, and their polarisations, but does not make
any statements about the energies of the transitions or the
ordering of the split components of 6T2. Such properties can
only be determined by detailed calculations using actual wave-
functions of the full Hamiltonian operatorja—° Also, there has
been no introduction of spin into the calculations performed

so far; it has been implicitly ignored except in the sense that
all the states have had sextet spin labels. This in no way
affects the calculation in this case, but must be added when
the operation of spin orbit coupling is considered (see CHAPTER

3).

1.3 ABSORPTION AND MCD SPECTROSCOPY

Both these techniques are contained within the general term
"optical spectroscopy'", and relate to the absorption of light
by the sample. Absorption spectra have been measured for over
40 years, at first using photographic methods - for example the
study of Gielessen in 1935 [5] of the sharp line spectra of man-
ganous salts cooled to 77K - but now most commonly by photo-
metric means using commerically built instruments. The use of
polarised light, magnetic (and electric) fields, and low sample
temperatures, together with improvements in the efficiency and
stability of light sources and detectors has made absorption
spectroscopy a very powerful technique. MCD spectroscopy owes

its origin to Faraday's discovery of magnetically induced optical



activity, and its use by chemists was prompted by the theoretical
work of Buckingham and Stephens [6] in 1966. MCD is a differen-
tial technique measuring directly the difference between the
absorption indices of left and right circularly polarised light,
which obey different selection rules from linearly polarised
light.

In this thesis, we shall be primarily concerned with op-
tical transitions occurring via the electric dipole moment
operator @, that is, transitions induced by the electric field
vector E_of the electromagnetic wave. These should be of the
order of 1O4 - 106 times as strong as magnetic dipole transi-
tions [3] induced by the magnetic vector M via the magnetic

dipole operator /2 : E

» direction of
propagation (z)

=2

We examine the optical properties of single crystals of

Cs3MnC15,

crystallographic c-axis, which.coincides with the molecular

which are tetragonal. The unique optic axis is the

z - direction. When light propagates along the unique axis,

both E and M lie in the ab-plane in which the directions x and
y are not distinguished. There is no difference in the refrac-
tive indices n_ and ny, so that an MCD spectrum can be recorded
provided the external magnetic field H lies along the c-axis.
With zero field, this orientation gives the axial (et ) absorp-
tion spectrum for unpolarised light, with transitions induced

by the x- and y=-components of E and M:



X = Exy + MXy for E and M perpendicular to ¢. EQUATION (1.1)
When the light is propagated perpendicular to the c- axis, two

linear polarisations are distinguished:

O =By, *+M, forE L oe,My ¢ EQUATION (1.2)

T =E, ¢ MXy for E /j/ ¢, M L c . EQUATION (1.3)
If the electric dipole mechanism alone is responsible for the

absorption intensity, then - and O —spectra should be iden-

tical in all respects, while the TT —spectrum remains distinct.

(Electric quadrupole transitions are in theory possible, and
one has recently been observed in Cs,U0,Cl, crystals [7] , but
they will not be considered here as they are weaker than mag-
netic dipole transitions [3] .) Also, electric dipole transi-
tions are expected to have a very simple temperature dependence:
the overall intensity, as measured by the oscillator strength,
should remain constant [8] . Thus cooling the crystal from
room temperature to 4K should merely cause the bands to sharpen
by reducing the half-widths, but not to change in total inten-
sity. This will not be the case, however, if there is magnetic
coupling between individual ions, if a phase change occurs, or
if there are low-lying levels above the éround state. Fortunate-

ly such complications are not present in CsBMnCIS.

1.4 LIGAND FIELD THEORY [8, 9, 10, 11, 12]

One of the most obvious features of chemical compounds is
their colour, and in particular colour is associated with tran-
sition metal ions in compounds and complexes. As early as 1926,
it had been observed that the number and type of ligands attached
to a particular transition metal ion played a part in determining
the colour, and there were speculations as to a possible rela-

tionship between colour and electronic structure [13] . 1In 1929,



Bethe [14] applied group theoretic arguments to show that the
electronic terms of transition metal ions are affected by pure-

ly electrostatic fields such as might be found in ionic crystals.
This work provided the key link between the spectra of free
atoms and ions in the gas phase, and the colours of compounds

in solution or the solid state.

(i) Free Ion Spectra

These consist of sharp lines, and were easy to record pho-
tographically. Theories for their interpretation were developed
as relativistic quantum mechanical methods were applied. Very
briefly, the wavefunctions ﬂ)of the atom or ion are written as
products of radial and angular parts:

m
""n,l,ml =R, |(r) x ¥, (e, 4) EQUATION (1.4)

The Hamiltonian operator is:

A g A
H = Z i+ 2 9ij EQUATION (1.5)
A L 1F)
where f. relates to the kinetic and potential energies of

1

electron i in the field of the nucleus, and gij deals with the

repulsion forces between electrons i and j. In order to cal-
A

culate the energies E = (ﬁP'ﬁ*l#f>, the integrals

<i| f|1> and <ij|§lij> must be evaluated. The first type,
the one-electron integrals, are straightforward, while the two-
electron integrals are more difficult. It is these electron-
electron repulsion energies <{ij|8|ij) which are important in
optical spectroscopy in splitting the various terms of a given
electronic configuration. They produce two types of integral,

the classical Coulomb term £ ij[§|ij > , and the quantum mech-

anical exchange term.(ij]ﬁ]ji_} , both of which will be ex-

pressed as sums oOf products of radial and angular parts. These



can be simplified in terms of the Slater-Condon parameters FO,

F and F4, so that compilations of the term energies can be

27
made, e.g. [15].

In 1942, Racah [16] found that many free ion spectra of
the transition metals could be described in terms of two para-
meters, B and C, derived from the Slater-Condon parameters as

follows:

B =F, - 5F

40 5 4> C = 35F

A = F_ - 49F EQUATION (1.6)

4°
A, B, and C are the Racah parameters. For assumed hydrogenic
wavefunctions, A = 17937 Ze, B = 129 Ze’ and C = 516 Ze in cm-l,
where Ze is the effective nuclear charge experienced by a 3d-
electron. Then the ratio C/B = 4 exactly.

The ion Mn2+, or MnIII in the notation of atomic spectros-
copy, has a 3d5 electronic configuration. The 3d sub-shell is
half-filled (just as in the neutral atom, MnI, 3d5452) and the
ground state is °s with an energy (10A - 35B). Electronic re-
arrangements within 3d5 produce four quartet terms with the fol-

lowing energies relative to the ground state:

r = 228 + 7C ( = S0B for C/B = 4)

%D = 17B + sC ( = 37B)

. EQUATION (1.7)
P = 7B + 7C ( = 35B)

o |

G = 10B + 4C ( = 26B)

as well as eleven doublets. Despite the violation of the

AS = O selection rule, transitions from 68 to all four quar-
tets are observed. They are seen to have fine structure associa-
ted with spin orbit coupling §3d ~ 320 cm-l. An exact fit

of the quartet energies cannot be obtained using just two para-

meters, and there is quite a large range of C/B values which will



give a reasonable fit, e.g.:

860 cm'l, C = 3853 cm'l, C/B

Griffith [3] and Orgel [18] B = 960 cm‘l, C = 3325 cm‘l, C/B

Tanabe and Sugano [17] B 4.48

3.46

These results are shown diagramatically in FIGURE 1.
A further theoretical development due to Trees and Racah
[19, 20) introduced two further parameters, and hence a better
fit to the observed energies. The Trees correction € appears
as ©oCL(L + 1) in the term energies, while the seniority correc-
tion(3 appears as (BQ -~ see APPENDIX VI for further details.
There are now four observed energies [21} and four parameters,

and the solutions are exact [22] :
4

F: 43617 = 22B + 7C + 1l2¢cc + 2G, 1
B = 918 cm
4D: 32355 = 17B + 5C + 6¢& C = 3273 cm‘l
giving -
4p. 20199 = 7B + 7C + 2 + 2p (C/B = 3-5fi)
L = 65 cm
4G: 26845 = 10B + 5C + 20 R = -131 et

These values place the 21 Ievel 163 cm-1 below its observed
energy of 39175 cm-l, compared with errors of +1109 cm'l El?]
and -2015 cn”T [18] .

(ii) Cxystal Field Theory

This is the simplest approach to the description of the
influence of the ligands upon the central ion in a complex.
The ligands are regarded as point charges (ions) or point di-
poles (neutral molecules) which interact with the 3d-electrons
on the transition metal ion electrostatically. In cubic sym-
metry, the d-orbitals fall into two sets on the basis of their

angular distributions:
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d¥ or e dg or t,

8
51

d€& or t2g

Regular Octahedron (6 ligands) Tetrahedron (4) or Cube (8 ligands)

dy or e

The e-orbital set comprises the d , , and d , orbitals with
x“ -y z

effectively zero angular momentum, while the t_-orbitals are

2
dxy’ dyz’ and dzx with one unit of angular momentum. Mathe-
matically, these results may be derived by expressing the elec-
N
trostatic potential V in terms of spherical harmonics, and cal-
- 13 . A 3

culating the perturbation energies (ﬂiIVIAP7> . Using the
product forms of the wavefunctions given in EQUATION (1.4),

the energies are obtained in terms of a parameter Dg, which

in turn is a product of radial and angular parts. The angular
integrals D may be performed explicitly, while the radial in-
tegrals g remain in a generalised form involving the mean fourth
power radius of the d-orbitals <r4‘> . For equal ligand-
metal separations and the same charges, we find:

Dq(Td) = -4/9Dq(0h) EQUATION (1.8)
Dg is a one-electron orbital energy. Similar results may
be obtained for other coordination geometries, but in cases
of lower symmetry, the orbital energies cannot be determined
by a single parameter. However, they allow predictions to
be made about the electronic ground state of the complex, from
which the magnetic properties are derived, about the likely
electronic configurations of excited states which give rise
to optical absorption, and about certain thermodynamic proper-
ties in which the crystal field stabilisation energy plays a

part, such as heats of hydration.
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(1iii) Molecular Orbital Theory

When applied to transition metal complexes, MO theory
considers the possibilities for covalent bond formation.
These are governed by the symmetry of the metal orbitals and
the ligand orbital combinations. Ionic forces are also con-
sidered. The same energy level pattern emerges for cubic com-

Plexes as in (ii) above [23] , but the e-t, energy difference

2

is signified by & which is a sum of ionic, ©°-, and Tr-bond-

ing contributions. The orbitals which may be identified as

being made up mostly of metal 3d-orbitals are non-bonding or
antibonding in nature, and are partially filled, see FIGURE 2.
In order to obtain realistic numerical results, 1t is neces-
sary to use a many-centre MO approach of considerable mathe-
matical complexity. However, the simpler non-mathematical
results are still of great value in the interpretation of data
such as identifying the trends along a series of metals or

ligands.

1.5 WEAK AND STRONG CRYSTAL FIELDS

Although the Crystal Field model is somewhat unrealistic,

it is simple to apply and the results have been very widely

used. Two schemes, known as the Weak Field and the Strong

Field, have been developed. In the Weak Field treatment, it

is recognised that the crystal field acts as a minor pertur-
bation of the free ion wavefunctions, so that Dq << B. The

N A
five basis functions are those which diagonalise L and S, i.e.

-~

the do’ d and d_, orbitals. The Strong Field treatment,

1’ 2
brought to prominence by the work of Tanabe and Sugano [17] ,

uses the e- and t2-wavefunctions which diagonalise the potential



field of the ligands as its basis set. The electron-electron

repulsions are then added as a perturbation term, i.e. Dq>> B.

2ne(N-—n)

gies (6N-10n)Dg. For example, for the Mn2+ ion in a tetra-

Strong Field states t in octahedral svmmetry have ener-

hedral ligand field, we have possible configurations:

+20Dgq —— t25 2T2 only
+10Dq et24 4T1, 4T2, and doublets.
2_ 3 6 4 4 4_(1 4_(2
0 —e't, Al’ Al’ Ay, E( ), E( ),
4Tl, 4T2, and various doublets.
10bq — 3t 2 4 4
Bt € *2 T,, T,, and doublets.
-20bq —m e4t2 2T2 only
ENERGY CONFIGURATION CUBIC TERMS ARISING

Because d 1s its own hole-equivalent, there is symmetry

about the zero of energy so that if Dq changes sign (Td to
Oh), the energy level and the cubic term patterns remain un-
changed.

The electrostatic matrices of Tanabe and Sugano [17]
contain B, C, and Dg as parameters, and the cubic term ener-
gies depend on them. If a value of C/B is chosen, then it is
possible to plot an energy level diagram whose ordinate E/B
and abscissa Dg/B increase from zero. Two reasonable choices
of C/B are the hydrogenic value (4), or that observed for the

free ion, the latter being the most common. Such plots are

known as Tanabe-Sugano diagrams, and that for 34~ is shown in

FIGURE 3. The zero of energy is the ground term, which may
change as Dg/B increases. At the changeover point, all the

lines suffer a discontinuous change of slope.
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The relationship between the Weak and Strong Field schemes

may be expressed in terms of transformation matrices. The
basic difference lies in the order in which the perturbations
are applied to the 3d-wavefunctions, and depends on whether

Dq is considered to be greater than or less than B. Very often
it is the case that a real compound falls between the two ex-
tremes of behaviour. This may be represénted in terms of a
correlation diagram, and FIGURE 4 shows the case for the quartet
states of Mn2+- The diagram is constructed by determining

what cubic terms arise from the free ion terms on the left

and from the strong field configurations on the right. The
correlation is between terms bearing the same spin and symmetry
labels, and is governed by the non-crossing rule.

The Strong Field scheme has been successfully used to ana-
lyse the spectra of many transition metal complexes. The values
of B and C are generally found to be smaller than in the free
ion, corresponding to an increase in the average radial ex-
tension of the d-orbitals in the complex. The order of Dq
values gives rise to the well known Spectrochemical Series.
However, the exact way in which spectra are analysed can change
the parameter values, and the validity of using a single set
of (reduced) Racah paraméters to calculate the energies of
terms arising from different free ion states or strong field
configurations has been questioned [24, 25, 26] . It is pro-
bably best to regard B,C, and Dg as parameters to be used to

fit the observed spectra, and to exercise great care when com-

paring values between different compounds.
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1.6 ESR OF S-STATE IONS

Electron spin resonance experiments yield much very pre-
cise data on the ground states of complex ions. The 3d5 ions
2 3+ . .
Mn and Fe have, in weak and intermediate fields, 6Al ground

states coming from free ion 68 terms:

t, + 9+ 1
) + o+

These are orbitally non-degenerate, and give (E" + U') in the
double group representation 0* The degeneracy of these two
levels is only lifted in high order perturbation theory by the
simultaneous action of spin orbit coupling, allowing partial
mixing between 6A1 and 4T1 excited states, and the crystal field
operator E27] . The result is a small zero field splitting (zfs)
for cubic symmetry. The thecry of Wanatabe [28] allows the
calculation of the zfs parameter a:

a = och2 G Dq4 EQUATION (1.9)
where « and (2:- are functions of SBd’ and oC >>(5 . There-
fore a is predicted to be positive in both cubal, octahedral,
and tetrahedral coordination as only even powers of Dg are in-

2+

volved. Many experimental studies have been performed with Mn

doped into cubic and axial host lattices, and have confirmed

that a is positive, e.g.:
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HOST LATTICE SITE SYMMETRY VALUE OF a(cm™~)  REFERENCE
CaF, o, +0.6 x 1072 [29]
CdF,, o [30]

KMgF , o, +6.5 x 104 [30]
MgCl,, o, [30]
CdCl, Oy, [30]
MgO o, +18.6 x 1074 r31]
CdTe T4 [30]
Zno T4 [30]
Zns T, +8 x 1074 [32]
Cs,ZnCl D, +10.7 x 1074 [33]

The results on Cs3ZnCl5 are especially significant. It

is isomorphous with Cs MnCl. (and with Cs CoCl, ) [347] , and

the lattice dimensions are very similar:

Cs,2ZnCl,. [34] CsyMnCl. [2]

a =9.258, ¢ =14.50 R a =9.21 8, ¢ = 14.91 &,
sO0 that the parameter values for Mn2+ in each lattice should
be almost identical. Henning and Bongers found that the effect
of the low symmetry component of the crystal field is roughly
an order of magnitude larger than the cubic zfs, giving the

pattern as follows:

_ " = +
D// E ms +1/2
./'/
/'/
/
o a = +10.7 x 10 %em™?!
A ra ot 2D D = -89.6 x 10 %cm
—_— L ) . E" m = +5/2
-‘2a E" ! S
\\\\-
+D .
¥ gt m_ = +3/2

-1
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Tiny splittings such as these are, however, not sicnificant

under the conditions we have employed with Cs,MnCl and so

3 5’

for the purposes of optical spectroscopy we shall consider the
6 .
components of A1 to be degenerate in absence of a magnetic

field. Further, the g-values for Mn2+ doped into Cs3ZnCl5

measured parallel and perpendicular to the unique axis are

respectively 2.011O and 1.9926 [33] , both very close to the

free ion spin-only value of 2.0023. We shall use these values

for Cs MnClS.

3
1.7 SPECTROSCOPIC STUDIES OF MANGANESE (II) COMPLEXES

This section is in no way intended to be an exhaustive
review of the topic, but will briefly augment and update the
data on Mn2+ presented by Hush and Hobbs [35] in their general
article on the spectra of transition metal compounds published
in 1968. OQur particular interest will be in tetrahedral chloro
complexes, in the use of MCD as an aid to interpretation, and
in the source of intensity of the doubly forbidden 4rﬁ+———6A1
transitions.

Many of the earliest studies were performed photograph-
ically, and were restricted to the identification of the terms
arising from free ion 4G, 4D, and 4P, as seen in aqueous solu-
tions of Mn2+ salts and in simple cubic crystals. Interpreta-
tion of the energy levels was much influenced by the work of
Tanabe and Sugano [;7],and Orgel [36] . He produced the energy
level diagrams of term energies plotted against Dg - see FIG-
URE 3 for the Orgel diagram for Mn2+. Kiode and Pryce [37]

4

showed that the accidental degeneracy of %A and 4E from G -

1
AE(G)~ was lifted by the effect of covalency through ¢-bonding.
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It was also shown that the observed intensities of the

4 6 .. .
[ — A1g transitions in octahedral complexes could be

accounted for on the assumption of spin orbit mixing of 4T19
character into the 6A1g ground state wavefunction, in conjunc-
tion with coupling to odd-parity vibrations. Englman [38]
later showed that spin orbit mixing of charge transfer states

6

T lying outside the 3d5 configuration, into the 4F‘ wave-

1lg’
functions could also give rise to the observed intensities,
again assuming vibronic coupling.

The simple halide crystals were among the first systems
to be examined at low temperature using polarised light:

MnF, [39, 40] , MnCl, and MnBr [41, 42] , and MnX,.4H_O

2 2 2

(X =C1 or Br) [43] , and immediately showed many interesting
details. There were band shifts, and intensity and polarisa-
tion changes associated with the onset of magnetic ordering,
particularly for the sharp lines of the AE(G) region. An ab-
sorption study of Mn(H20)681F6 was made at 1.7K, and use of

the Zeeman effect later established 4Alg to be about 130 cm-l

above 4Eg E44, 45] . A classic early work by McClure E46]
used ZnS doped with Mn2+ at varying concentrations. At very
low E\/In2+:] , the single ion spectrum was seen, and Beer's Law
was obeyed, while as [¥n2+] increased the intensity was dom-
inated by pair absorptions of higher extinction coefficient
which do not violate the AS = O selection rule. The possi-
bility of investigating the details of magnetic coupling be-
tween ions in the lattice, of the coupling between aligned
spins and lattice vibrations, and of perturbation effects such
as stress, crystal contraction, structure change, etc. led

to a large number of spectroscopic studies. Many of these
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were on MnF,, and on perovskite fluorides such as RbMnF
2+

3

and KZnF3 doped with Mn A long-standing controversy arose

4

4 . . .
over the Al - E ordering in RbMnF with Ferguson et al [47,

3?
48] supporting the earlier result of Tsujikawa for Mn(H2O)6SiF6,
while Stevenson [49] proposed a reversed scheme with 4E above

4 . .

Al' This was not resolved until MCD measurements were made

and KZnF,_, doped with Mn2+, in which 4E was found to

on KMgF3 3

be 90-100 en™! below %A, [s0] .

The first systematic study to involve tetrahedral complexes

was by Cotton, Goodgame, and Goodgame [51] , who reported the
spectra of the halides R2Mn X4 in solution, mulls, and crys-
tal form. (R is a large organic cation, X = Cl, Br, or I.)
Intensities were up to 100 times larger than in octahedral
complexes, and the order of intensities I > Br 2 Cl sug-
gested involvement of halogen orbitals in the transition
mechanism. The system studied by McClure, Mn2+ doped into ZnS
crystals, involves tetrahedral coordination of the manganese
atom, and further experiments were performed on this and simi-
lar compounds doped with Mn°*, e.g.: zns [52, 53] ; ZnSe and
Cds [54] ; ZnSe [55] ; and also MnS itself [?6] . In these,
the number of bands available for study is limited by the pre-
sence of host lattice charge transfer bands. However, Parrot
and Blanchard made a detailed investigation into the AE(G)
region aided by the application of a uniaxial stress to the
ZnS crystal and could find no evidence for a 4A1<———pA1 tran-
sition [57] . They calculated that the 4Al level should lie

above the observed 4E, but that the transition to it should

be:- roughly 1000 times weaker. In 1967, Lawson [58] reported

low temperature polarised spectra of the tetraalkylammonium
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chlorides (R, N)MnCl

y 3-Octahedral, and (R4N)2MnCl4-tetrahedral,

while at the same time Stoneman and Dunn were investigating

CszMnC14 and CsBMnCIS. This work was not widely published,

with illustrations of some Cs2MnCl4 spectra appearing in the

books of Figgis [§] and Dunn [11] , while the full results

are to be found in the thesis of Stoneman [59] . Only the 45

4 .
and D.terms were observed, the spectra of Cs MnCl5 being very

3
similar to those reported later (CHAPTER ) but of lower re-

solution and slightly poorer quality. High resolution spectra

of (R4N)2MnCl4 and (R4N)2MnBr4 have recently been reported by

Vala et al [60] , together with crystal field and spin orbit
calculations. These results are discussed in some detail later
(CHAPTERS 5 and 6).

Manganese salts in aqueous solution were first studied
using MCD by McCaffery et al [ 61] , who found the high AE&/E
ratio predicted for an MCD spectrum dominated by C-terms (see
CHAPTER 2 for explanation). Kato E62j has reported the MCD

spectra of (Et N)2MnC1 and (Et N) MnBr, in CH,CN solution, but

4 4 PADP 4 3

only at low resolution. However, the overall signs of the MCD
bands agree with those reported later (CHAPTER 6) for CSBMnClS.

High resolution MCD and MLD spectra have been recorded for

(Et4N)2MnX single crystals, X = Cl, Br, or I, by Vala et al

4
[63] , and again these results will be discussed in detail
later (CHAPTER 0).
Further references to spectroscopic studies of manganese(II)
_Eomplexes can be found by means of annual literature reviews,
e.g. [64, 65] ; review articles, e.g. [8, 35]5 and from the

series of papers by Lohr [ 66, 67, 68 ] . These include types of
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compounds outside our present scope: oxides and salts of oxy-

acids, minerals, phosphors, organometallics, etc.

1.8 AIMS OF THE CURRENT STUDY

MnCl5 contains MnCl 29

Cs 4

3 ions which are very close to

tetrahedral symmetry, and from work done on the similar C53C0C15

and Cs3CoBr5 crystals E69, 70j the lattice is known to be suit-
able for high resolution spectroscopy. The tetragonal symmetry
of the crystal allows the use of MCD, and the compound remains

magnetically dilute down to very low temperatures: the transi-

tion to an antiferromagnetic state occurs at 0.6K, with a small
amount of short range ordering present up to 1K [71] . Charge

transfer bands are only found at very high energies, above

45,000cm™ ! for Mncl,%® in solution L727 . These factors mean

4
that. a detailed study can be made of all ten quartet states

of the MnC142e

ion, given crystals of good optical quality.
There is particular interest in several areas:
(1) The mechanism by which the doubly forbidden transitions
gain intensity. In tetrahedral coordination, the complication
of coupling with odd parity vibrations is removed as there is
no centre of inversion. This simplifies the calculation of
band intensities.
(ii) The use of MCD spectroscopy to clarify band assignments,
and to assist in the location and identification of band origins.
(iii) The extension of Stoneman's earlier results on Cs, MnCl,
[59] to the higher energy terms 4P and 4F. The latter occurs
at lower energy than in octahedral Mn(II) complexes, so that

details of the three cubic terms are clearer, with less inter-

ference from scattering of light (which increases as .X—4).
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(iv) The interpretation of the fine detail seen under high
resolution. With the aid of Raman data on Cs3MnC15, the
coupling of vibrational modes to the electronic origins can

be analysed.

(v) The AE(G) degeneracy. Particularly sharp origin lines are
found here, exhibiting strong linear and circular polarisations.
(vi) The degree of deviation from purely, tetraheadral behaviour.

The manganese site symmetry is actually D but the distortion

24’
20, : : :
of the MnCl4 ion from strict tetrahedral symmetry is slight.
Details of the preparation and properties of single crys-
tals of CSBMnCI5 are given in APPENDIX II, while experimental
details of the methods used for measuring the spectra are con-
tained in APPENDIX III (MCD) and APPENDIX IV (absorption and

Zeeman). The experimental results are presented in CHAPTERS

3, 4, 5, and 6.
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CHAPTER 2

THE THEORY OF MAGNETIC CIRCULAR DICHROISM

2.1 INTRODUCTION

In 1845, Michael Faraday discovered that the application
of a magnetic field upon any medium altered its optical pro-
Perties so that it became optically active. This became known
as the Faraday Effect. For a magnetic field with a component
H along the direction of propagation of a linearly polarised
beam of light, the induced rotation &' is given by:

Z' = VHd ' EQUATION (2.1)
The Verdet Constant V is a characteristic of the medium at a
given temperature, concentration, and radiation frequency; d
is the path length. Plane polarised light mav be considered

to consist of equal amounts of left and right circularly polar-

ised light (LCP and RCP respectively). Rotation of the plane

of polarisation by an optically active medium arises because

the refractive indices for LCP and RCP light (n_ and n,_ res-

pectively) are not equal, producing a phase difference between
the two components. This phenomenon can be measured as a
function of frequency, and is the optical rotatory dispersion

(ORD) :
~ , ¢ E
4 LCP Z
LCP RCP
RCP
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The labels in this diagram are correct for light travelling
out of the plane of the paper, and the sign convention is the
same as for natural optical activity [73].

In regions of the spectrum where the medium absorbs light,
the ORD changes rapidly as n_ and n,_ vary under the band. Also,
the extinction coefficients for LCP and RCP light are in general
no longer equal. This causes the emergent light to be ellip-
tically polarésed:
+~

—

LCP ~ | T~_ RCP

o2
/\ \
.’l \\
| | —
/
/

RCP
k |
\\\\~L,///

| 1
| |

The ellipticity ' is related simply to the ratio of the major
and minor axes of the ellipse. The phenomenon is known as cir-
cular dichroism (CD), and is non-zero only in regions of the
spectrum where the medium absorbs light. FIGURE 5 shows typ-
ical dispersion curves for ORD and CD. They can be observed
for all naturally optically active materials, or can arise from
the Faraday Effect. In this latter case, they are referred to
as magnetic optical rotatory dispersion (MORD) and magnetic
circular dichroism (MCD). The MCD is of particular interest
as it is restricted to regions of absorption and obeys dif-
ferent selection rules from the linearly polarised absorption

spectrum.

2.2 THE THEORY OF MCD

The treatment given here follows that of Schatz and

McCaffery [74], but is given in full to avoid certain errors



in that article. Also, we wish to draw attention to the dif-
ferent ways in which MCD data may be described as a result of

the use of differing experimental conditions.

The above EQUATION (2.1) can be generalised into:

—x" -

in which @ is the complex magnetic rotation per unit length

A
g =84-ib = ™ (A_ -1, EQUATION (2.2)
A

whose real part g is the rotation and whose imaginary part®
is the ellipticity. These two quantities are related to each

other by Kramers-Kronig transforms [75]. ﬁ+ is the complex

refractive index defined by:

A .
n, =n, - 1%, EQUATION (2.3)

where n_ is the real refractive index and CX; the index of
extinction. Subscripts - and + refer to LCP and RCP light
respectively. To obtain chemically useful information from

the observed rotation or ellipticity, the bulk property must

be related to properties of the individual molecules. Fecr 8,

28

this can be done as follows. The light emerging from a dichroic

-~ 7
i

\

' . - )
tan © = minor axis N }
major axis |

medium has an ellipticity 8 given by:

EQUATION (2.4)

in which a_ stands for the amplitude of a circularly polarised

component of the light. The Beer-Lambert Law can be written

in the form:
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[ = o 4T XA EQUATION (2.5)
o
Since intensity equals amplitude squared we have:
a = aoe“?“%d/)‘ EQUATION (2.6)

Substitution into (2.4) gives the result:
tan®’ = tanh [Ir;\—d- (%--%4-):‘ EQUATION (Z2.7)

An alternative statement of the Eeer-Lambert Law is 1in terms

of the molecular absorption coefficient<n+, I = Ioe-u:d,
giving:
tan®’ = tanh[% (oc_ - °°+):l EQUATION (2.8)

MCD instruments record the differential absorbance AOD as a
function of wavelength:

AOD = A - A EQUATION (2.9)

LCP RCP
and operate in decadic units. Then:
tan®6’ = tanh [AOD ln 10:] EQUATION (2.10)
4

If small values of e'and AOD are assumed, the trigonometric

functions may be discarded:

8 —~ AOD 1n 10

EQUATION (2.11)

I
Q.
8
®

1

The ellipticity per unit length B is then:

5 =2 (e -02,) EQUATION (2.12)

The molecular absorption coefficients ©&_ can be calcu-

lated by applying time-dependent perturbation technigues (see,

for example, reference [4], Section 7-9):

3 A . 2
S 8T (N, - Ny £, [l B3> T pouatTon (2.13)

+ hc

Remembering that:

]<a)z’r‘1i|j>, = )(j,?n;]a>l 2 EQUATION (2.14),
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reference [76], p. 175, we then have:

82 (N, = Ny EON%) {KilﬁJ SRR ARVIEY:

(cc_ - o)) = 52

EQUATION (2.15).
Na and Nj are respectively the numbers of molecules per unit
volume in states!a) and|j)> (for electronic transitions,
Nj e=0), V = (Ej - E_)/h, and f(V,”),) is a line-shape func-
tion. The absorption coefficient o¢ is related to the more
familiar extincticn coefficient & by: |

= &c 1n 10 EQUATION (216),

so that (2.15) becomes:

(E&_ = &,) - | s> N £(V,, >{l<jl?n,,.!a>12 — 1R
c 1n 10 hc J

EQUATION (2.17)

(E_ - &,) is equivalent to (SL—-ER) = A€ ; at unit concentra-
tion, Na = L/1000 where L is the Avogadro Number. Therefore:
3 . 2 . 2
pe- B Lt (161112 -1 G112}

he  10%1n 10

EQUATION (2.18)
This equation does not rely on any approximation for small
ellipticity, whereas this assumption is implicit in Schatz and

McCaffery's treatment ["4] which gives the result:

g2 N, T IR a> 12— [ GlR ] )

hc
J—a EQUATION (2.19)

The summation is over all the degenerate components of the
transition.

2.3 THE FARADAY PARAMETERS

The optical activity iInduced when a magnetic field is
applied to a medium arises from three first-order effects
which are illustrated with the simplest example, atomic 18

and 1P levels.
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(1) Zeeman splitting of the Excited State: Faraday A-term

When this occurs, the separate circularly polarised tran-
sitions occur at different energies. If the Zeeman splitting

is smaller than the linewidth, a "derivative-shaped" curve is

obtained.
1 MJ
P"'l +1
y 1
1 0
P 1 PO
1 -1
P-1
RCP LCP
AMJ;_I AMJ— +1
1 :
S 0 ij nd)
c & E-€o b
L R EL
|
‘ \
1
— - —V >\
~
o VO

As the linewidth increases relative to the Zeeman splitting,

the A-term becomes smaller.

(ii) Field-induced mixing of states: Faraday B-term

Under the influence of the magnetic field, the wavefunctions

|a) and | j> can be modified by field-induced mixing with other
excited states |k) , provided the states are linked by the z-
component of the magnetic dipole operator,)}z. Then the MCD

of the je— a transition will contain contributions from these



Oother states.
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The resulting line-shape is the same as for the C-term ex-
plained below. The effect increases linearly with magnetic
field, but is not temperature dependent.

(11i1i) Zeeman splitting of the Ground State: Faraday C-term

When the ground state is split up into separate Zeeman
components, we have a situation comparable to (i) above,
but with the additional factor of the distribution of popu-

lation over the Zeeman levels to be considered.

M
J 1 J
15 1 S )
Y ! *
RCP LCP
AM _=-1 M = +1
1P1 +1
1 1
P 0 B 0
1
P4 -1
€ E-Eq 4
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The size of the MCD signal will depernd on the intrinsic inten-
sities of the circularly polarised transitions, and the pop-
ulations of the ground state components, controlled by the
magnetic moment, the field strength, and the temperature. C-
term contributions are most important in MCD spectra recorded
at low temperatures with high magnetic fields.

Schatz and McCaffery outline how these three first order
effects can be treated in quantum mechanical terms. The com-
Plete calculations are rather complicated, and are given in
full in a paper by Stephens [77]. The final result for the
ellipticity is:

__8nN [fA + £ (B +c/kr)) H EQUATION (2.20)
O=-3m ' 2 2

where N is the total number of molecules per unit volume, fl

and £, are lineshape functions, and:

2
=3 Y LGP - Gl Indalh > Glbl e
Jaa | EQUATION (2.21)
B = a; Z jbm Z [SPNEN [€aVBATGIB IS =it 15 CIA 1) ]

_(Ek-Eaj

+ Z GIA 0] [@I i Jay -alh JIGIR Ja)]

k#iL (B E5)

k#a

-

Jjea

EQUATION (2.22)

_ 3 A A . 0 A
S DIRTYSES A PANEPITHEY
jea EQUATION (2.23)
A A .
The matrix elements of m and my appearing above can be re-
written in terms of the raising and lowering operators ﬁ+

and ﬁ .  In APPENDIX V, we calculate C for the transition

1S<h—lP to show that the result agrees with the definitions

33
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contained in the labelling of the diagram given above, 1i.e.

A

A
m_ corresponds to LCP, m_ to RCP.

2.4 DISCUSSION

Modern MCD machines measure the differential optical den-
sity AOD directly rather than ellipticity©® . 1In the treat-
ment above, it was necessary to assume a small ellipticity in
order to arrive at EQUATION (2.20), and this assumption must
be repeated to obtain a relaticnship between AOD and the Fara-
day Parameters:

AOD = Afcd and AE= -6.472 x 10°° {flA + £,(B + C/k’l‘)} H_

EQUATION (2.24)
From EQUATION (2.1¢) it can be seen that A& is linearly re-
lated to (eC_ — oG ), so that the expression for AL (2.18)
holds true under all conditions. The corresponding relation-
ship for ellipticity is a functional one (2.8) which rapidly
departs from linearity as the quantities involved increase.
We shall now go on to consider the conditions under which

it is valid to use the Faraday Parameters to describe MCD

spectra.

(1) Small Zeeman splitting relative to kT

This limitation refers to the splitting of the ground state

by the magnetic field, which gives rise to the C-term. The

Boltzmann distribution of population over the ground state Zee-

man levels is:

O
_ o -(Ey - E5 )/kT
Ny, =N, e % 2 EQUATION (2.25)

~
(@] .
N, (1 + (al}.»zla> HZ/KI + higher terms)

In the expansion, only the term linear in Hz is retained, a

A -
procedure valid only if (eﬂ/U}Ja) H /KT is small compared to
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unity. This condition is liable to be violated at low temp-
eratures and high magnetic fields, when the effect known as
""'saturation' is observed - see 2.6.

(ii) Small Zeeman splitting relative to linewidth

If the field-induced splitting of either the ground or
excited state is large compared to the width of the absorp-
tion lines, then it will no longer be correct tc consider the
components of the transition to be degenerate. Under extreme
conditions, separate circularly polarised comporent to com-
ponent transitions will be seen. To talk of A-, B-, or C-
terms becomes impossible, and the separate LCP and RCP inten-
sities for each transition should be calculated. A, B, and
C form the basis for a valid description if the difference
between the ground and excited state Zeeman splittings 1is less
' than half the linewidth.

In spite of these limitations, the Faraday Parameters
have some very useful qualitative properties which assist in

the assignment of spectra:
(i) A-terms change sign at the absorption maximum whereas B-

and C-terms peak at this wavelength.

(ii) C-terms are inversely proportional to absolute temperature.
(iii) A-terms are only possible if either the ground or excited
state of the transition is degenerate.

(iv) C-terms are only possible if the ground state is degener-
ate.

(v) B-terms are a general feature of all molecular electronic

transitions.
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(vi) Faraday Parameters, unlike absorption coefficients, have
a sign as well as a magnitude, a most important feature aid-

ing the interpretation of spectra.

2.5 FARADAY PARAMETERS FROM EXPERIMENTAL DATA

The most direct method is by least squares curve fitting
of the experimental MCD spectra. This fails to make use of
the properties of the Faraday Parameter§ listed above, and
the results will vary with the type of band shape functions
aésumed (e.g. Gaussian, Lorentzian, damped oscillator, etc.).
A much more powerful technique making use of the above pro-
perties is the method of moments, first applied to the Fara-
day Effect by Henry et al [78]. Moments are computed by
numerically integrating the MCD and absorption data. The n-th
moments of the MCD and absorption are respectively:

<e>n = K@m\)nd\) and <€}1 ~-=S £ VY dv
band" bandE\éUATION (2.26)
In the zeroth moment <8>°, the A-term contribution integrates
out to zero, allowing (B + C/kT) to be extracted. The value
does not depend on any assumption of a band shape, and is also
valid where the band represents the total vibronic envelope
of a single electronic transition. Further information may
be obtained from higher order moments of the MCD, see [78].
The zeroth moment of the absorption, <5>°, is closely

related to the dipole strength D, which is defined as:

p=1 ) |¢alBliv?

a Je=e
_ 9.1834 x 107> jg(\)) A EQUATION (2.27)
- \)o band

~0.1834 x 107° {£), for a reasonably narrow band.
(The derivation of (2.27) is given in [76], Appendix 10.2.)
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2.6 TEMPERATURE DEPENDENCE AND SATURATION BEHAVIOUR

The temperature dependence of the MCD spectrum is impor-
tant as it indicates the extent to which C-terms contribute.
The MCD due to C-terms varies as 1/T, so that if a plot of
MCD band intensity against 1/T at constant field goes through
the origin, then it is safe to assign the low temperature MCD
entirely to C-terms. For example, the MCD of the spin forbid-

den and the allowed bands of Co2+ doped into (Et4N)2ZnI arises

4
entirely from C-terms [79]. The sign of the C-term is deter-

mined by the symmetry of the transition, and the magnitude of

C/D depends on the ground-state magnetic moment. This will be
sensitive to Jahn-Teller distortions and low symmetry crystal
field components.

Saturation behaviour is most valuable when working at high

fields and low temperatures. Under such conditions, almost the

entire ground state population will be concentrated in the lowest
energy Zeeman level, transitions from which may be completely
circularly polarised. It then becomes relatively easy to iden-
tify the symmetries of excited states from the sign of the MCD,
as was done for Cs3CoBr5 [701. Such experiments cannot be des-
cribed directly in terms of Faraday Parameters; later in CHAP-
TER 3 we develcp a means of treating such data numerically. If
the field dependence of the bands is recorded at constant tem-
perature, the initial slope of the plot of AOD against Hz can
be related to the Faraday Parameters for that particular band.

Care must be taken with sharp lines as there will in-general be

a wavelength shift as Hz increases from zero. A saturation plot
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typically has the form:

ACD
} Predicted from (2.24)

e Observed

2.7 GENERAL REQUIREMENTS FOR MCD

MCD experiments can be performed on materials which are
either isotropic, e.g. gases and vapours, solutions, polymer
films, glasses, or cubic crystals, or are uniaxial, e.g. hexa-
gonal or tetragonal crystals. All these materials give com-
pPlete extinction c¢f light when viewed through crossed polarisers.
The refractive indices for LCP and RCP light are equal, and the
MCD baseline at zero field is flat. The mounting arrangements
within the instrument must be such that the light beam and mag-
netic field are coaxial, and parallel to the unique axis of the
sample crystal ( if .it has one). The sample must be maintained
at a constant temperature, and a zero field baseline should be
recorded to ensure that there is no stray birefringence in the
optics of the instrument.

The sample thickness and concentration should be controlled
to give a reasonable absorbance, a value of 0.86 being optimum
from signal to noise considerations E8Q]. It’may be necessary

to exceed this valﬁé'fof'puré crystals with very intense bands,
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Oor if the ratio AOD to absorbance is very small. On the
Other hand, since AOD can be up to twice the normal isotro-
Pic absorbance, it may be necessary to work at lower values
in order to retain the validity of the formulae relating el-
lipticity to the Faraday Parameters.

A further requirement for low temperature crystal work is

that the material should be magnetically‘dilute. There are
good practical reasons for saying this, aside from the theo-
retical problems involved. Firstly, magnetic forces in an
ordered material can be of such a magnitude as to physically
move the sample out of the light beam as the applied field is
increased. Secondly, hysteresis effects can be detected in
the way that the MCD signal responds to changes in the mag-
netic field, especially in the region of a spin-flip transi-
tion. Thirdly, the presence of domains in the magnetically
ordered material can give rise to interference effects, which
are apparent as large variable sinusoidal changes in AOD when
the wavelength is scanned; these mask the expected MCD signal.
All these effects have been observed in this laboratory in
experiments with pure crystals of FeCl2 and FeBr2, materials
which behave in a normal way when doped into the corresponding
cadmium halide at low concentration. If it were possible to
record an MCD spectrum of such magnetically coupled compounds,
then it would be necessary to take into account the internal
magnetic field generated at each ion by the aligned spins of
neighbouring ions. Such internal fields can be very intense,

for example, in MnF, the spin-flip field is about 9.3T [81].
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FIGURE 5 .

TYPICAL DISPERSION CURVES FOR (TOP) ABSORPTION
(MIDDLE) CIRCULAR DICHROISM

, (BOTTOM) OPTICAL ROTATION .

Note that the ORD curve for the transition extends over
a wider frequency range than the absorption or CD , and
is superimposed on a sloping background which contains
contributions from all the other transitions of the

molecule .
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CHAPTER 3

THE OPTICAL TRANSITIONS OF TETRAHEDRAL Mn(II)

3.1 INTRODUCTION

In order for the spin forbidden transitions 4r\ﬁ——6A

1
to gain intensity, the AS = O selection rule must be part-
ially relaxed. For the tetrahedral ion MnCl42C>, we believe

that the mechanism first proposed by Englman [38] is dominant.
This involves "intensity borrowing" from the fully allowed

charge transfer transition 6T 4——§A and occurs by means of

2 1’
spin orbit mixing of slight 6T2 character into the 4P wave-
functions. A very similar mechanism of intensity borrowing

successfully accounted for the intensities of the spin for-
bidden bands of CSBCOBrs crystals [70].

The calculations proceed as follows. The wavefunctions
which diagonalise the spin orbit interaction are taken as the
basis set. The properties of the charge transfer transition
are determined first, then the spin orbit coupling matrix
elements between 6T2 and 4P are calculated by the method of
Griffith [82]. It is'then possible to predict the intensity
ratio MCD: absorption for each spin orbit component of each
quartet state, and the results are compared with the experi-
mental results. As the MCD was measured at 4.2 K with an
axial field of 4.75T, the Faraday Parameters do not give an

accurate description, but the C-terms are calculated to allow

: 20
comparison with other MCD studies on MnCl4 [62, 63]. 1In-

41

stead, we calculate a parameter which describes the MCD arising
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as a result of the Zeeman splitting of the ground state of

Cs3MnCl5 under these specific conditions, AD for 6T and

2
Ad for quartets. Tetrahedral symmetry is assumed to sim-

plify the calculations, which may be represented schematically

as follows:

UI

6 E" SPIN

T
A X
\MIXING \.% U
4
\ \ L E" r‘\
\\*$=1 l E'
A A C/D, ; :
ELNLS AD/D c/D,
| | Ad/D
{ ;} |
| - ‘
| —+5/2 o
i +3/2 |
; *1/2 L " 1 6
L +
6Al (E"+U") ~— -1/2 (EM+U")  "Ay
-3/2
—-5/2
*
14

3.2 THE GROUND STATE

For 6Al, L =0 and S$ = 5/2, and the spinor wavefunctions

are generated from the product: (E" + U') x Al = E" + U'. These

are given in [3], Table A19, and we shall consider the six com-
ponents to be degenerate (see 1.6). The degeneracy is lifted
by a magnetic field; in the case of the MCD and Zeeman experi-
ments on Cs3MnCl5

the unique crystal axis, which corresponds to the molecular z-

single crystals, the field was parallel to

direction. The component energlies are given by:
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- A~ EQUATION (3.1)
E_ <a’/./~zla> H, |
where [ = -B(iz + 28 ) EQUATION (3.2)

The factor 2 above will generally be replaced by the Landé

g-factor. For Cs3MnC15, we take this to be 2.011 (see 1.6);

6
Al(S) behaves as an almost pure spin-only state. The result

is that the energies of the individual Zeeman components are

determined by their m values:
S % Population

Energy Ea Wavefunction i?;5§:2K’
; +5/2  +5g(H, ,/5/6|U'v>|a1> + ./1/6'|E'&>lal> 0.04

' +3/2 +4gfH, - 41/61U'K>|a1> - J5/6[E"ﬁ?)[al7 0.17

- +1/2  +3gfH_ U a,> 0.80

I

—-1/2 +2gfH, -]U}blal> 3.69
\'——3/2 +g(3HZ N1/6 }U'v)]al> - VS/6]E"°c)[a1> 17.00
—-5/2 zero «/5/6lU'K>|a1> + ./1/6]5";s>|al7 78.30

The population figures are obtained by applying the Boltzmann
Law:
N, = Ng o EBa/kT EQUATION (3.3)

and refer to the MCD experiments. The functional dependence
of the Zeeman component populations on the magnetic field is
shown in FIGURE 6 for a temperature of 4.2K. At the maximum
available field of 4.75T, 99% of the ground state population
will lie in the lowest three Zeeman levels, and upward transi-

tions from these levels will be dominant in determining the

sign and magnitude of the MCD.
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3.3 ALLOWED EXCITED STATES

o) .
The electric dipole allowed transitions from A, will be

to 6T2 excited states. These cannot arise from any electron
rearrangement within the 3d5 configufation, but must involve
halogen as well as metal orbitals. In the MO diagram, FIG-
URE 2, the filled halogen pTr-orbitals lie below the partially

filled non-bonding 3d-orbitals 2e and 4f2. Transfer of an

electron from either t; or 3t, to either of the 3d-orbitals
will produce a 6T2 excited state, the transition being a fully
allowed charge transfer transition. As such, it should be very

intense, & =:1O4 as compared with ~ 0.1 - 1.0 for the 4F<——§Al

transitions.

26
4

45,000 cm™t [72], and will be slightly split by the effects

The charge transfer bands of MnCl are at energies above

of spin orbit coupling and the tetragonal crystal field com-
ponent. The ligand field bands lie closer to the ground state,
1

at energies from 18,000 to 38,000 cm Schematically, we may

consider the situation to be as follows:

6T2 CHARGE
TRANSFER STATES LIGAND FIELD QUARTETS
6
r A ™~ Al
< 7

[l )
45,000 38,000 18,000

Energy cm

If the splitting of a 6T2 state is small compared with its
separation from a quartet state, then the mixing between them
can be simply expressed in terms of a single energy separation
AE. Otherwise, separate values of AE will have to be used
for each component of 6T2, and the calculations become more

complex and less general. Below we will justify the use of

the simpler of the two possibilities by showing that the



splitting of the lowest energy 6T2 state is likely to be small.

. 6 .
*, the wavefunctions T, arise from

In the double group T 5

d

the direct product: E'"+ U T = X
( ) ¥ T,=El 5 B Yy 372" V's/2

These six spin orbit components can be written as sums of pro-

+ E"+ ! + U

7/2°

ducts of spin and space parts, with the appropriate coupling
coefficients, and are given in TABLE I. The coupling coeffi-
cients were originally calculated by Bi?d [83], while the
phases of E'5/2 and U'S/2 have béen corrected following re-
calculation by Vala, Rivoual, and Badoz [63] . These extent
the tabulations given by Griffith [3]. The effect of first
order spin orbit coupling is to remove\the degeneracy of com-
ponents with different angular momentum J as follows [84, 85]:
U

3/2
+7k

/
S B'.,,+U _ {x,f TsuiT,)
: 5/2 where k 6 rﬁ

; +2k

EQUATION (3.4)

Bl7/2tE" *UY% /5

The sign and magnitude of k depend on the value of the reduced
matrix element of spin orbit coupling. This multi-electron
element can be expressed in single-electron terms by the method
of Griffith [82], and will depend on the electronic configura-
tion from which 6T2 arises. For the 6T2 state of lowest energy,

the electronic configuration is t152934t23, and:
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5.3 3 5.3 . 3. _17n 1
Ctp72e7at,” || Tsu |t 72074, > = 5 J5 {5ty Tsul| 5t,)

EQUATION (3.5)
so that k = %<—é—tl”23u” 2t.) EQUATION (3.6)

Only the halogen tl—orbitals appear in EQUATION (3.6), and for
the tetrahedral ion MnCl429the molecular orbital coefficients
are known [84, 85], so that k can be calculated explicitly:

k = EQUATION (3.7)

o §

40 Clpm
Taking the chlorine pT spin orbit coupling constant to be

600 cm—l, the total spread of the spin orbit components of
this T, state will be about 180 cm™!. This is small compared

2

with its separation from the quartet states.

In addition to first order spin orbit coupling, the 612
state will be perturbed by the presence of the tetragonal com-
ponent of the crystal field, causing further splitting. It is
beyond the scope of this work to calculate the resultant energy
level diagram for 6T2, and therefore we shall continue with the
assumption that the overall splitting is small. Any breakdown
of this will only be important for the quartets closest to
6T2, that is, for 4A2, 4Tl, and 4T2 from 4F. In any case,

the error will be minimised by considering the MCD:absorption

intensity ratio.

3.4 THE 6T24——6A1 TRANSITION PARAMETERS

Measurements on MnCl429in solution [@2]show that the
dominant contribution to the MCD comes from C-terms, i.e. from

the Zeeman splitting of the ground state. 1In order to account

for the high field (4.75T) and low temperature (4.2K) conditions
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under which the MCD of CsBMnCl5 was recorded, we calculate
the LCP and RCP intensities arising from each Zeeman compo-
nent of 6Al, and weight them with the appropriate population
factor. This gives us a parameter AD analogous to C but
taking into account the effect of saturation - see 2.6. For
absorption, only the conventional dipole strength D is re-
quired.

The transitions all occur by the electric dipole mechan-

Cir-

18>

ism, and are induced by the electric dipole operator
cular polarisation depends on the use of the raising and lower-
. A . . .

ing operators m_ and ﬁ_, which can be written in the form

given by Griffith [3], Table Al6:

. A . A
A _ -i(m_ +1m) . : .
m, 5 X y’, transforming as’I2+1 in cubic symmetry
A . A .
my, = 1m, , transforming as T2O
EQUATION (3.8)
A
A +i (m_ - i m ) .
m = = X Y% transforming as T,-1
- N2 ) 2

Using these definitions and the relevant formulae for C and
D, we have:

C =— z {a |/, | a> jm {(a]m |3 > <3|m a>} EQUATION (2.23)

J+a

%aaz Calfla> {11812 - 1 Gl 7]

EQUATION (3.9).

ja-a

(Note that positive C corresponds to negative MCD.)

D = ?1" Z ](a)m]3> EQUATION (2.27)
= c—?;— Z REIEARI EQUATION (3.10)
J=a

Also we define:
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AD = Zga{\<j]fﬁ+\a>\ - | ¢GE)h)ay ] 2} EQUATION (3.11)

Jaa
(Note that positive AD corresponds to positive MCD.)
The summations will be over the six Zeeman components of
6 6

Al’ da = 6, and a single spin orbit ccmponent of T2.
Evaluation of the matrix elements of @ between 6T2 and

Al is straightforward using the spinor wavefunctions. Op-

erator @ only acts on the orbital part of the wavefunction,

so (jlﬁ]a) will be zero unless the spin functions are the

same. The only non-zero orbital integrals are:
Cro+il@)ay,  Eoolfjlap, and  (T,-1m lap

The results are shown in TABLE II, in which only the three

lowest Zeeman components of 6A appear. The pattern of entries

1
is such that for +mS and ﬁ+ there is an identical entry for

-m_ and ﬁ_, and vice versa. Also, these three components con-
tain 99% of the population under the conditions for which AD
is calculated. When all the levels are equally populated,

at "infinite temperature'" or zero field, both C and AD dis-

6
appear. It is interesting to note that the components of T,

with equal J also have equal values of C/D:

J = 3/2 U's /s C/D = '5(3 Spin orbit energy +7k

- 1 = - +2k
J = 5/2 E's/5s U's/p C/D €

J = 7/2 E' E" U! C/D = +§(3 -5k
7/2° ’ 7/2 2

These results complete the first stage of the calculation of

quartet intensities.
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3.5 SPIN ORBIT MIXING OF STATES

Because the spin orbit interaction couples together spin

and orbital angular momenta, it allows states of different

spin multiplicity to interact with one another, subject to

A

certain restrictions. The operatorfﬁ#soc is a part of the

. . ~
total Hamiltonian for the system, and the integrals £+, || w3

must transform with Al symmetry. Also, AS = 0, 1. Using

spinor functions in the double group Td*, the spin crbit coup-
ling matrix elements can be expressed as products of spin and

orbital parts:
{spin (1)|§Ispin (2) > .¢ rﬂ(l)\‘i | Moy 5 Mg =1y

~
If the matrix element <{ A | A, "y, > is not to vanish, both

oc
of these parts must be non-zero simultaneously. The correct

expansion of the dot product is:

A~ ~

I\I\_A ~ l/\ ~
S.L =L_ S, +3(L,S_+L_s,) EQUATION (3.12)

When the above criteria are satisfied and spin orbit mixing
does occur between ’?l and Ay2, the zero order wavefunctions

will be perturbed,

“ ——T——
l"l’2>/ =1y + AWV where A = LB Heoc V2>

AE AE
A __L__

X\ is the first order mixing coefficient. When first order

EQUATION (3.13).

spin orbit coupling is the mechanism by which AP2 borrows
intensity from an optical transition involving qpl, the

. i . 2
borrowed intensity is proportional to A<
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For cubic Mn(II) complexes, there are two possibilities
1o be considered whereby spin orbit coupling can partially

relieve the restrictions forbidding the 4r“ +—-6A transitions:

1

. .. 4 .
(1) Mixing of Tl character into the 6Al ground state wave-

function.

. . 6 .
(1i) Mixing of T, character into the 4P wavefunctions.

In the firxt case, proposed by Koide and Pryce [37]as
the source of intensity, the 6A1 wavefunctions is modified

and acquires partial 4T1 character Alf Then the spin for-

. 4 . . .
bidden F‘+———6Al transition will become a spin allowed quar-
tet-quartet transition with intensity proportional to X12.
The transition does, however, remain Laporte forbidden. There

4 : X ) .
are three T, states available to mix into 6A but according

1 17

to Low and Rosengarten [86]only the lower energy pair contri-

bute significantly, giving the ground state 0.09% 4'l‘l charac-

ter. This mechanism will give intensity to transitions to

4 4. 4

E, T and 4T .

1° 2
In the second case, proposed by Englman [38] as the source

of intensity, the 4F wavefunctions are modified and each ac-

quires partial 6T2 character A,. Then the spin forbidden
4F f——-6A1 transition will become a spin allowed sextet-sextet

transition with intensity proportional to }\22. In addition,
since 6T2 is a charge transfer state lying outside the 3d5
configuration, the Laporte forbidden nature of the transition
is removed. It is this factor which we believe will make this
second mechanism dominant, together with the presence of

4 4

4
several 6T2 states. Again, transitions to A2, E, Tl, and
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4 .. .
T2 can gain intensity by this mechanism.

There is experimental evidence in support of this con-
clusion, Lohr and McClure [67], in their survey of the inten-
sities of 4P -— QAl transitions of Mn(II) complexes, found
a correlation between the intensity of the AE band and the
inverse square of its separation from the charge transfer
edge. The case (ii) mechanism would predict approximately
this behaviour:
(1,1 B ) aE) 2

2
AE EQUATION (3.13)

Intensity of AE << )\22 = from

A
3.6 MATRIX ELEMENTS OFJngC

The spin orbit coupling matrix elements required for the
calculation of quartet intensities by the mechanism (ii) above
6 N

are ¢ Tpljd

N
<4r1‘j$socI6T2> except for a phase factor of %1, and this

socl4r1>' . These are numerica.ly the same as
will disappear when the elements are squared to calculate the
intensities. The method of calculation and notation are those
of Griffith [82]. The ©r_ wavefunctions are taken from TABLE

2
I, and the 4r1 wavefunctions [3] are given in TABLE III. Wxiti-
ten this way, they are the functions which form the bases for
*
irreducible representations of the double group Id , and the
A
matrix of jq%oc is diagonal, e.g. anlE'x’> function has non-
zero matrix elements only with other |E'A’> functions. In
generalised form, the wavefunctions arel|lS h tJ‘t>' , where:

S = spin; 5/2 for sextets, 3/2 for quartets.

h = orbital symmetry label; T2 or I

t . = spinor basis function with angular momentum J; this will

J
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%

be E', E", OI U'o

¥ = component of t & or 3 for E'and E”;}C,X ,/l, or vV for U'.

JB
Each function 1S h tJ "t > can be expanded as sums of coupling

coefficients {S h t;¥1S h M) times uncoupled functions

]S h M 6;) [3] , Where S and h are as given above, and:

M = orbital component of h: aq for Al; a., for A2; © or € for
2

E; O, +1, or -1 for T, and T

1 2°

® = spin component mg: t1/2, *3/2, +5/2 for S = 5/2; t1/2,
t3/2 for S = 3/2.
N
Each diagonal el i
gonal element <{S h tthliEOCIS' h! tJ,1f> in the
spin orbit coupling matrix is then expanded as a sum [82 ,

page 82 ] involving products of coupling coefficients and

F .S
matrix elements (S h M 6\3isocl8' h' M' ©€'> which can be

evaluated as follows:
! ) =
(s h tJtI:QéOCIS' h tJ,’t)

A
Z(s h ot els h M) h Me|F st h' Mred{s' h' MelsT bt
MM 86" EQUATION (3.14)
N
where: (S h M®|%ocls' h M 87 =

{sh || gsuls' n') Z(-1)1+1+5-M[-1]h*87(s s’ 1\)V(h B’ Tl)
T 0 & -i
EQUATION (3.15)

The V coefficient is a 6-j symbol, taken from the tables of

-M M i /

Rotenberg et al [87]. It is zero unless i-M+M' = O, and

A
this property ''selects'" the part of the operator g.g which

connects |S h M ®) with | ' h' M' ©'> . The V coefficients

are listed by Griffith [82, page 111]. In EQUATION (3.15),

h =T and the factor:

2,

[-1]8* = -1 for e = 11

EQUATION (3.16)
= +1 for © = 0.
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The above formulae are derived from the application of the

Wigner-Eckhart theorem to the coupling of angular momenta. A
simple explanation of this is given by Atkins 76], while rigorous
proof is given by Griffith[3].

A
The complete set of results for (6T2]3%0C|4f’)is given

in TABLE IV. These are in terms of the appropriate reduced

matrix elements (Tl Ysull™). Vala et al[63] have independently

A
calculated (4rﬂﬁi

soc‘6T2>’ and their results agree exactly with

the present work if the following phase factors are assumed:
(T, IBula> = +a, {Tsult,y
(T, IZsullE> = -¢& |IsuljT,>

(TZHZsuHT1> = -{TlHZSuHT2>

(T, HBsullT,» = +<T, | ZsullT,y .
This completes the second stage of the calculation of quartet

intensities.
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3.7 CALCULATION OF TRANSITION PARAMETERS FOR QUARTETS

Using the results of 3.4 and 3.6, summarised in TABLES II

and IV, we are now able to complete the calculation of the

4 6 4
T“«-Al transition parameters. Both sets of results are in

terms of arbitrary factors (T H@ﬂAl), and <I2ﬂzsuHFWVAE, which

2

vary from quartet to quartet. By taking the ratic MCD:absorption,
these factors cancel, and comparisons can be made between dif-

ferent quartet states.
The method of calculation is best illustrated by an ex-

ample, and we chose E' from 4E. The spin orbit interaction

mixes E' and E' from 6T into the wavefunction, so that

5/2 7/2 2

the spin forbidden transition

E'(%E) «— (E" + U') %A,

has properties derived from the properties of the fully allowed

charge transfer transitions:

and 5'7/2(6T2)¢——(E" +ur) %a

6 6
B'y,,( T,)+—(B" + U') "A .

1

weighted by the squares of the mixing coefficients:

6 o 4 ,
C D AD {\TzE'LﬂéOCI E E'D
E's/o -1/3¢ 1/3 +0.164 -3/2VJ105
-0.091 +1/2J271
5'7/2 +5/6@ 1/3 /

C, D, and 4D are in units of 1/3(T2H@NA172, and the spin orbit

coupling matrix elements are in units of (T2stuHE>/AE. Then

for E' of 4E, we h%ve: 5
; 1 + (>
C:-l/3@x —-—3-——\\ +5/6?>X =
\ ' 360
24105/ \2A2T
D = 1/3 X‘/_._:.é_\-, + 1/3 x i 1 = 1/90
{

2 V105 | L2 Ji'l)
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2 2
- / \
dd = +0.164 X(__é__ - 0.091 x| 1 \
2v105 \2er)

= +0.00243,

where 8d refers to the quartet state and is defined in the same
way as AD in EQUATION (3.11)
c/D = +B/a, Ad/D = +0.219.

The complete set of results for the spin orbit components
of all the quartet states is given in TABLE V. In general,
the ratios C/D and Ad/D have opposite signs for any given com-
ponent, and this arises from the defining equations. The
example shown above is an exception under the given conditions
of field and temperature; if these are changed, the relative

contributions from each ground state Zeeman component will be

altered, and a different 4d results. For example, for 4E:

Ad C
4.2K, 4.75T 6.6K, 0.7T
E' +0.00243 -0.00008 +8/360
E" -0.0153 -0.00205 +PR/24
u! -0.0150 -0.00250 +193/360

This illustrates that the Faraday Parameter C cannot be used

to describe high field-low temperature situations.

4

The A, (G) state is unique among the quartets in that

1 (
neither of the mechanisms discussed in 3.5 can give the
4A1<——-6A1 transition any electric dipole intensity. Some
intensity may be acquired in higher order perturbation theory,
such as by mixing with other 4F states under the influence of
the magnetic field, by spin orbit mixing with 4T1, by vibronic

coupling, or by the action of the tetragonal component of the

2+ .
crystal field. For example, for Mn doped 1into KZnF3 and
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KMgF3, the vibronically induced 4Alg and 4Eg single ion transi-
tions are of comparable intensity[50]. 1n addition, by mech-
anisms analogous to (i) and (ii) above, the %A <——6A transi-

1 1
tion may gain magnetic dipole intensity . Generally, such

transitions are of low intensity, but they are well character-

ised in a number of compounds, e.g. MnF -y Where the 4Tlg (G)
2

Oorigin is a pure magnetic dipole line [88]. The test to

detect the presence of magnetic dipole contributions to the in-

tensity in uniaxial crystals is to look for differences between

the « - and ¢-spectra [89]. When this is applied to Cs_ MnCl

3 5°
the only positive results occur for the AE(G) band and 4T2(F).
This concludes the theoretical discussion of the inten-

sities of the spin forbidden transitions of Cs_MnCl_.. By as-

3 5

suming tetrahedral symmetry, the calculations have been greatly
facilitated, but the results need to be applied with care as

the manganese site symmetry is Dyg. The spectra show a fair
degree of linear polarisation, whereas the tetrahedral model
gives no linear polarisation. However, the correct wavefunctions

of any 4P state in symmetry D can be expressed as linear com-

2d
*

binations of the wavefunctions used in Td . Therefore the pro-

perties summed over the whole 4P state will remain constant, e.g.

the total Ad/D ratio should not be affected by the lowering of

symmetry.
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3.8 EXPERIMENTAL BAND AREA MEASUREMENTS

The spectra of Cs3MnCl5 were recorded as plots of (dif-
ferential) decadic absorbance against wavelength in Kngstroms.
The absorbances were converted into extinction coefficients
using the formula:

Absorbance = € c d EQUATION (3.17)
where ¢ is the chromophore concentration (moles per litre) and
d the crystal thickness (cms ). The former was calculated from
the unit cell dimensions given by Ijdo [2], while the latter
was measured using a precision micrometer as the crystals ranged
from about 1 to 2.5 mm. thick. The spectra of the individual
quartets were drawn out with absorption and MCD on the same
wavelength scale. The laborious point by point conversion from
& to cm_1 was not performed because the deviation of the ab-
scissa scale from linearity over the relatively narrow wave-
length range of each quartet is not very important. It was from
these drawings that the band areas were measured simply by
counting squares on the graph paper. 1In the sharp line AE(G)
region, where accurate small scale reproduction was difficult,
the original spectra were traced, and the bands cut out and
weighed, with conversion to areas from the weight of a known
area of tracing paper. The absorption band areas are probably
accurate to 5%, but the MCD band areas may be subject to larger
errors. This arises because the MCD signal goes through several
stages of electronic processing, as compared to one stage for
absorption, and because of the correction necessary when the

differential absorbance exceeds 0.3. This correction is very

sensitive to the calibration factor determined in a separate
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eXperiment (see APPENDIX III); in contrast, the absorption
spectrophotometer had a built in electronic calibration.

The experimental band areas are designated.&&(v)dv for
band

absorption and gﬁé(v)dv for MCD, and we wish to relate them to
band

the theoretical parameters D and Ad respectively. This is done
as follows:

For an absorption band, it can be shown (e.g.[76], Appendix
10.2) that the oscillator strength f is given by:

f = 4.33 x 10‘955(»)d» EQUATION (3.18)
band

provided that the half-width AV is small compared with the

energy of maximum absorption V,- In terms of the dipole strength
£ = 8Tf2m \%) D
—_— EQUATION (3.19)
2
3 h e
so that:
-3
D = 9'183%v§ 19 S £ (v)a» EQUATION (3.20)
o band

. . -1
Here, D is in Debye2, and V in cm

For the MCD, we have previously shown that:

AE = srL £(v,v,) [1G1R a2 - 1R a1 ? )

he 102 1n 10

EQUATION (2.18)

and:

Na N Oy A
ad =.Z < {Kj\mJ ayl 2 - 1R apl Z}EQUATION (3.11)

Jea
If A€ is integrated over the whole quartet band, this has the

effect of taking the sum over all the components of the transi-

tion, and the normalised lineshape function f(V,V ) = 1, so that:
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¢ 3
1 8 "L Ad
Y BAE(V) 3 EQUATION (3.21
© pand hc 10~ 1n 10 ( )
giving:
3.0650 x 1073 (
Ad = S5 \Jﬁécv)dv EQUATION (3.22)
© band
. . 2 .
Here 4d is in Debye“.. Taking the MCD:absorption ratio, from

EQUATIONS (3.22) and (3.20), we obtain:

Ad/D

0.33375 Sﬁfco)dv
band
Sﬁ(\))d\)

band
3.9 COMPARISON BETWEEN THEORY AND EXPERIMENT

EQUATION (3.23)

Using the relationships developed in 3.8 above, and the
band areas measured from the spectra, the oscillator and dipole
strengths of the individual quartet absorption bands may be
found, and their experimental Ad/D ratios. This data is col-
lected in TABLE VI. As expected for spin forbidden bands, the

oscillator strengths are very low, varying between about 3 x 10-6

and 3 x 10_8, as compared with unity for a fully allowed transi-
tion. More interesting is the comparison between the theoretical
and experimental Ad/D parameter ratios. (Note that in the ex-
perimental ratio, the axial band area corresponding to D has
been used.) The overall agreement is good, which justifies the
choice of the intensity mechanism made in 3.5 above, and the use
of a simplified model based on tetrahedral symmetry. Also, it
confirms that the assignment of the transitions implicit in the
analysis of the data is correct, so that the crystal field cal-
culations of CHAPTER 5 may be tackled with confidence. The
1imitations of the tetrahedral model will become apparent when
the finer details of the individual quartet states, particularly

origin assignments, are examined - see CHAPTER 6. The states
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for which agreement between experiment and theory is not par-
ticularly close are discussed briefly below:
(1) REGION III, AE(G).

This band consists of many sharp intense lines, so that
area measurements are more difficult to make accurately, and
there are magnetic dipole contributions to the observed in-

tensity. Nevertheless, the agreement is quite good.
(i1) REGION IV, the ‘E(D) band.

This contains three bands which overlap slightly with one
another. The two intense outer bands, 4’1‘2(D) and 4Tl(P), show

reasonable agreement between experiment and theory, while the

weaker 4E(D) band sandwiched between them shows very poor agree-

ment, although the overall sign of its MCD (-ve) is correctly
predicted.
(iii) REGION VI, the “A,(F) band.

This is the least intense of the quartets, and overlaps
with 4’1‘2(F). Accurate area measurements are difficult as sharp
lines are again involved, and the signal:noise ratio is lower
than for other bands. This is due to increased scattering of
light at shorter wavelengths, together with a reduction in the
efficiency of the monochromator (blaze wavelength 5000 A) and

the light source. The sign of the MCD signal (+ve) 1is correctly

predicted.
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BAND AREA - litres per mole per cm times em™ L.
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CHAPTER 4

THE SPECTRA OF CS3MnC15 SINGLE CRYSTALS

4.1 INTRODUCTION

The general features of the spectra of CSBMnC15 single

crystals will be discussed here: temperature dependence,
linear and circular polarisation, the assignment of the bands,
and comparison with other studies. 1In addition, Crystal Field
calculations will be presented later to support the assignment
of the higher energy bands as this is not in agreement with
the general pattern found in cubic Mn(II) complexes. The

high resolution spectra reported here were recorded at liquid
helium temperatures using the apparatus and methods of APPEN-
DIX III for MCD and APPENDIX IV for absorption. These results
extend the previous work of Stoneman[59] who was unable to
observe the bands above 27,700 cm-l. They parallel the studies

made by Vala and co-workers on the tetra-alkylammonium man-

ganese halide salts (R4N)2Mnx to which frequent reference

4’
w1ll be made for purposes of comparison. For the sake of
brevity, these results will be given the label '"Vala's'".

Vala's absorption data, along with Crystal Field and spin

orbit calculations, were for the orthorhombic crystals

(Me N),MnCl, and (Me,N),MnBr, at low temperatures [60]). McD

spectra were recorded for the tetragonal crystals (Et4N)2MnX4,
X = Cl, Br, and I at 6.6K in a field of 0.7T [63]. Under

these conditions, the description in terms of Faraday para-

meters is valid. High resolution was employed in both these

studies, but owing to the different natures of the lattices,
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Neither of the chloride salts gave lines as sharp as the

Ones observed in Cs3MnC15.

4.2 OVERALL APPEARANCE AND TEMPERATURE DEPENDENCE

FIGURE 7 shows the axial (<) absorption spectrum of single
crystal C53MnC15 at room temperature and 4.2K over the wave-
length range 26008 to 5200&. The pattern of the bands is such
that the spectrum can conveniently be discussed in terms of
six separate parts, REGIONS I to VI. The linearly polarised
(0 and W) spectra are shown in FIGURE 8, together with the
band assignments. In both FIGURES, the flat baselines are
indicative of the good optical quality of the crystals and
the stability of the McPherson spectrophotometer. These survey
spectra have been photoreduced from tracings of the criginal
chart recordings obtained from 1004 per minute scans with the
minimum slit width (5ym). The crystals were about 2 mm. thick,
so that on a 0-2A absorbance scale the extinction coefficients
are low as the calculated concentration of chromophore units
is 5.25M.

A brief reference has already been made in 3.9 to the
low oscillator strengths of the 4P'——§A1 transitions in

Cs MnClS. They are, however, roughly one order of magnitude

3
larger than the values given by Stout for MnF, [39], or for
the hydrated Mn°* ion in solution [92], in line with the gen-
eral trend for the ratio of tetrahedral:octahedral intensities
to be roughly 10 to 100 for comparable compounds. There 1is

no trend in the oscillator strengths towards higher values

at higher energies, in spite of the intensity mechanism being

nporrowing" from charge transfer via spin orbit mixing with

6T The reason for the lack of a trend is that other factors
X
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beside the energy separation AE are involved in determining
the 4r‘intensities, Principally the multi-element reduced
matrix elements of spin orbit coupling <6T2“§bu“4r>, which
have not been explicitly evaluated. The arguments presented
in CHAPTER 3 remain valid. 1In the Ad/D ratio, these unknown
factors and the energy separation terms cancel out.

It can be seen from FIGURE 7 that £here is a remarkably
small change in the intensities of the bands on cooling the
crystal from 294 to 4.2K. There is, however, a considerable
reduction in the half-widths AY of the bands, so that there
i1s less overlapping and clearly defined vibrational structure
emerges. The extinction coefficients also increase so that
the product 8maXAx>remains roughly constant to maintain a
constant oscillator strength. In addition to the sharpening
of lines and bands, there are small shifts in the intensity
maxima. Further, the spectra of the most intense sharp origin
lines, P and Q of REGION III, were examined over the range 2.6
to 21.0K under the highest available resolution. No "hot"
bands appeared, changes in intensity were very slight, and
the lines merely became a little broader (cf Cs,CoBrg [70]
where the ground state shows an appreciable zero field split-
ting). From these observations it is concluded that the elec-
tric dipole mechanism is dominant, co-operative effects be-
tween adjacent MnCl426 ions are not apparent at these temp-
eratures, and the ground state is not split in the absence
of a magnetic field. This latter pair of conclusions sup-
port our earlier pair of assumptions, based respectively on

magnetic susceptibility [71] and ESR data [33], about the

6
nature of the "A, ground state.
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4.3 LINEAR AND CIRCULAR POLARISATIONS

The upper trace in FIGURE 8 was recorded with E perpen-
dicular to the unique axis, i.e. it is the o-spectrum. This
is identical in every detail with the «-spectrum: band areas
and the positions and intensities of individual lines, again
demonstrating that the electric dipole mechanism is responsible
for the transitions [89]. Only in the case of AE(G) is there
any large discrepancy, while 4T2(F) shows a small difference
in ¢~ and O-intensities.

The lower trace was recorded with E parallel to the uni-
que axis, and is broadly similar to the o-spectrum. In parti-
cular, sharp lines common to both spectra are found at the
same wavelengths, within the experimental error (tO.l&). This
shows that Davydov effects are not important, in contrast to
Cs,CoBr

3 5
o- and T-spectra [90]. (The Davydov effect arises from coup-

where line shifts of up to 10cm™t are seen between

ling of the transition dipoles of individual chromophores in
the unit cell. In CSBMnClS, each unit cell contains four
MnC1426 ions reasonably close together, so that the opportunity

for coupling exists. McClure [91] gives further details and

examples of the effect.)

The origin of the magnetically induced circular polari-
sation has been fully discussed in CHAPTER 3. The signs of
the MCD signals have been used together with comparison with
Vala's results [60, 63] in the assignment of the bands. MCD

spectra of Cs3MnC15 quartet states are presented individually

in CHAPTER 6.



73

Hereafter, all discussions of the optical properties of
CS3MnC15 single crystals will relate to spectra recorded at low
temperatures, 4.2K unless otherwise stated. Resolution is
0.158 1in absorption, about 18 for MCD except for the 4F terms.
We refer to absorption spectra for the most part, so that other
data will be specified as such where it occurs.

4.4 DOUBLETS AND MYSTERY BANDS

In his review article [8]and in several papers, Ferguson

mentions broad absorption features seen in thick Mn(II) crystals

which he assigns to doublet excited states. No such features
were found in CsgMnClg single crystals up to 2.4 mm thick,

nor was there any evidence of "mystery bands' similar to those
reported by Vala for (Me4N)2MnCl4 {poj. The bands we report

arise solely from 4Y’+—pA electronic transitions of the ion

1

MnC1l 2© coupled with vibrations characteristic of the Cs

4 MnCl

3 5

crystal lattice.

4.5 ASSIGNMENT OF THE BANDS

Crystal field calculations on the ordering of energy levels

+ -
of the Mn2 ion in a cubic environment of O or T4 poilnt symmetry

generally give rise to the following scheme:

4 4 4 4 4 4 4
T,(F), *1,(F), %a,(F), “1,(P), "BE(D), *1,(0),%

1, (q).

4 4

HE(G), *1,(6),

Here the states are written in order of decreasing energy. Ex-
perimental results have been in accord with this scheme, includ-
ing the earlier work on Cs3MnC15 [59] and Vala's study of
(Me4N)2MnC14 [60]. This is supported by the MCD results ob-
tained here, the sign of the signal and the Ad/D ratio, for all
but the highest energy terms arising from 4F, REGION VI of

FIGURE 7. In Cs MnCl,, %A,(F) is identified as two origin lines
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with accompanying vibrational sidebands lying between the two
main 4F absorption bands. In absorption, the lines are sharp
and rather weak, and are associated with a +ve MCD. Vala's
later work [63] supports this assignment. 1In addition to
these MCD results, there is some indirect evidence to support
this '"novel'" assignment. First, Lohr [66] has predicted that
for tetrahedral symmetry, 4A2(F) should.be the narrowest of
the 4TV*—6A absorption bands. In Cs_MnCl

1 3 5’
field independent' bands 4A2(F) and AE(G) are of equal width,

the '"'crystal

being restricted to two \ﬁ quanta, all the other bands being
broader. Secondly, Ferguson [8] has found that in many octa-
hedral Mn(II) complexes, the ratios of the energies of all
three crystal field independent states to the corresponding

free ion energies are equal. Applying this test, we have:

STATE ENERGY in cm™t RATIO %
AE(4G) 22,920 26,850 85.4

4_ 4

E (D) 27,030 32,360 83.5

4, ,4 '

A2( F) 35,860 43,620 82.2

Cs, MnCl Free Mn2+ ion
3 5
From this constancy of the ratio, it is inferred that 4A2(F)

is at the '"correct'" energy; assignment to a position below

4I‘l(F) would place it out of step with these other states.

The relationship between the energies can be expressed as [931

4 _ 9 + 8
A (F) = 3-5-45(6) = “4E(D) EQUATION (4.1)

which is strictly correct only for zero covalency. For

. 4 . -1
Cs3MnC15, this predicts the A2(F) state to lie at 36,790 cm —,

in quite good agreement with the observed position.
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The only other plausible explanation for the presence
Of these lines we assign as 4A2(F) would be as a spin orbit

component of 4T2(F). However, the total spread of the com-

POnents of 4T2(F) would then become rather large, about

590 cm™?1 as against 190 cm-l predicted by Vala [60] , but
more important, the sharp 4A2(F) band would then be missing.
This explains the presence of REGION V in the spectrum of
Cs3MnC15, the area where 4A2(F) was initially expected to be.
Careful examination showed no absorption bands present, nor
was there any sign of an MCD signal even at high gain. Again,
this is supporting evidence for the assignment of the high
energy bands we have made:

4 4

4
T,(F), ‘A (F), *r (F),

in order of decreasing energy.
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CHAPTER 5

CRYSTAL FIELD CALCULATIONS

5.1 INTRODUCTION

The principal aim of the calculations is to obtain a fit
to the observed energy levels of Cs3MnC15. In particular, we
wish to support the '"novel' assignment of the 4F bands which
has placed 4A2(F) above 4’I‘l(f‘) in energy, while retaining
the conventional ordering of the other levels. To do this,
the electrostatic model is modified to include the effect of
covalency on the energy levels using the method of Koide and
Pryce [37]. Most of the calculations were performed using
the energy matrices given by Stout [39] which are given in
full in APPENDIX VI, together with explanatory notes on the

Trees correction and the use of negative values of parameters

Dq and € . Diagonalisation was undertaken numerically using a
standard FORTRAN library routine for real symmetric matrices,

FO2ABF .

5.2 COMPARISON WITH (Me,N),MnCl,

The optical spectra of (MeyN),MnCl, are very similar in

overall appearance to those of Cs MnCl.. Vala 1601 has per-

formed a series of Crystal Field calculations upon the former
compound using the Strong Field representation, and these
provide a starting point for our own analysis of CSSMnClS.
Below in TABLE VII the positions of the band maxima of the

two compounds are given, together with Vala's calculated
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energies. In all cases, the observed energy represents the

position of maximum absorption intensity of the Franck-Condon

envelope ©f the band. This was derived by taking the wave-

. e . 8 . .
length in Kngstroms and dividing into 10 , 1.e. without vacuum

correction. The figures refer to 4.2K, and are rounded to the

nearest ten wavenumbers.
I

ENERGY cm * OF BAND MAXIMUM
. , §S3MnC15v— (Me4N)2MnCl§[§dlmM‘
g 1 A f | § Weighted! Calcu- Obser-
| BAND | REGION oC g AL ; Mean lated ved
i : -
- % (e I 21160 | 20580 | 20800 20960 21250
3 ! i !
@ | ; |
: 4T2(G) I1 ;22180 21890 : 22120 22180 22230
| |
" AE(G) I1I 22940 22900 | 22920 22970 23020
(D) IV 25930 | 25000 | 25930 26240 26080
|
. “E(D) IV 27030 | 26860 27030 26460 26930
4Tl(P) IV 27700 | 27700 27700 27470 l 27770
4T1(F) VI 34430 ; 34820 34430 36320 % 34530
4 é iNot clear-
A, (F) VI 35860 | 35860 35860 36140 1ly distin-
; ' guished
4I2(F) VI 36490 | 36520 36510 37140 36620
i S A . —— . -
TABLE VII
COMPARISON OF THE LOW TEMPERATURE SPECTRA OF Cs,MnCl,

AND (Me4N)2MnCl4.
The table clearly shows the close similarity between the
the calcu-

band maxima of the two compounds. For this reason,

lated energies give quite a close fit to the levels observed
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for Cs3MnC15. The parameter values were as follows:
B = 650 cm-l, C = 2990 cm-l, Dq = 330 e ! for ~= 76 cm

1

and € = zero,
and were found from a least squares BEST FIT analysis of the

bands of (Me,N),MnCl, below 30,000 em™l. A similar analysis

of the eight E, Tl, and T2 bands of Cs3MnCl5 gave very similar

parameter values [95]:

-1 - - -
B =625 cm ', C = 3000 cm l, Dq = 325 cm 1 for <= 76 cm

1

and € = zero.
In either case, however, the calculations place 4A2(F) below

4
Tl(F), whereas we have made the opposite assignment. Also,

neither set of values arproaches either the Weak or Strong
Field 1limit, Dq <<B or Dgq 3 B respectively, so that an inter-

mediate regime applies. The grouping of the bands is sug-

gestive of the Weak Field modification of the free ion term

pattern, however, and the appropriate notation is used through-

out the current study.

5.3 METHOD OF CALCULATION

The present calculations differ from those of Vala [60] in
several ways. The effects of the spin orbit interaction and
the tetragonal distortion are not considered, as both are re-
garded as small perturbations which will merely split each
4P state by a few tens to hundreds of wavenumbers but will
not affect the baricentres. The Koide and Pryce covalency
parameter € is included in the electrostatic matrices of
Stout [39], and its effect on the energy levels will be in-

vestigated. No energy level fitting routine comparable with
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Vala's BEST FIT program was available, so that the computer

was simply used to diagonalise the matrices for a series of
values of the four adjustable parameters B, C, Dg, and &€, the
value of =C being fixed at 76 em™ 1. The relative merits of
such sets of parameter values depend on their ability to
give the correct ordering of the 4P excited states, and on
the closeness of the fit to the observed energies. The first
criterion is the more important, while the second was assessed
by calculating a "figure of merit", abbreviated fom., as fol-
lows:
fom. = 10?///'§ZObserved energy minus Calculated energy)2

4 EQUATION (5.1)
Thus, smaller deviations between observed and calculated
energies give rise to larger fom. values. 108 is an arbitrarily

chosen large number to give fom'!'s in the range 1 - 100. All

4

energies were rounded to the nearest 10 cm_l, and A, (G) was

1 (
not included in the calculation cwing to uncertainty of its
observed position (see CHAPTER 6).

Vala's calculations were based cn the Strong Field electro-
static matrices of Tanabe and Sugano [17], but were not ex-

plicitly given 1in his paper [60]. We have found it convenient

to use the Weak Field matrices for 3d° given by Stout [39],

obtained from those of Tanabe and Sugano by performing the
appropriate unitany transformation. According to Curie et al
[22], Stout's phase factors are correct. When a full diagon-
alisation is carried out in either scheme, a given set of

parameter values should give the same calculated energy levels.
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Thus the first target was to reproduce Vala's calculated
energy levels using the matrices of APPENDIX VI, with B = 650,
C = 2990, Dq = -330, and €= 0. The results were as follows

. -1
(units of cm are to be taken throughout except for & and

fom.):
Vala [60] Present study

*1,(6) 20961 20961
*1,(6) 22182 22580
‘5 (6) 22969 22969
“r,(D) 26244 25928
‘e (D) 26456 26456
4T1(P) 27467 27467
A, (F) 36142 36142
1, (F) 36316 36316
1, (F) 37142 37060

fom 21.78 fom 21.72

Only the 4T2 energies differ, but in both cases the trace

(the sum of the diagonal elements, equal to the sum of the
energies) is the same, 95569 cm-l. This indicates a discre-

pancy in one or more of the off-diagonal matrix elements for

4

T as it is these which give rise to the interactions be-

2’
tween the states.

In an attempt to eliminate this discrepancy, a unitary
transformation was performed upon Tanabe and Sugano's Strong

Field matrix for 4T2 states of 3d5, as follows:
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(1) The electrostatic part of the Strong Field matrix (Dg = O,

€

O), which is off-diagonal, was diagonalised on the com-

puter, and the eigenvalues compared with the diagonal entries
in the Weak Field matrix. They were identical for correspon-
ding states, lowest 4T2 and 4T2(G), etc.
(ii) The eigenvectors so produced were used to transform the
crystal field Dq terms of the Strong Field matrix (which ap-
pear only as diagonal entries), according to the equation
[95]:

T = R‘lun EQUATION (5.2)
As only two Dq terms appear in the Strong Field matrix U, the
calculation was performed longhand. R is the eigenvector array

which diagonalises the Strong Field electrostatic matrix, and

and R-'l is its inverse. Because the original Strong Field

electrostatic matrix is real and symmetric, er can be replaced
by the transpose ﬁr, simplifying the calculation. " is the
resultant matrix of the crystal field interaction in the Weak
Field basis, and was added to the electrostatic part from (i).
The resulting matrix was identical with Stout's, which we

take to be correct.

(iii) The Trees correction terms, diagonal in Weak Field, were
added, and the diagonalisation repeated using Vala's parameter
values B = 650, C = 2990, Dg = 330. The figures were the same
as those tabulated above for 4T2, and we therefore believe

that our calculated energies for the 4T2 states are the correct

ones, and that the matrix Vala used for 4T2 contained an error.

Possibly the error was related to the off-diagonal nature of



the Trees correction in the Strong Field formalism. The dis-
Ccrepancies in the calculated energy levels for 4T2 states only
amount to a few hundreds of wavenumbers, and a negligible
effect upon the BESTFIT parameter values would be produced;
the two fom. values are very close.

5.4 THE EFFECT OF COVALENCY PARAMETER &

It is apparent from the structures of the matrices of
APPENDIX VI that when negative values of € are introduced,
corresponding to covalency in tetrahedral coordination, the
energies of all the quartet states will be raised. Also, the

interactions between states of the same symmetry will be altered,

and FIGURE 9 shows that these interactions are increased. It
can clearly be seen that 4A2(F) is the state most sensitive to
changes in ¢ , and is found between 4T1 and 4T2 for a narrow
range of & values. Within this range, the ordering of the
Oother states is unchanged from the '"conventional' cubic pattern

except that the 4A1 - 4E(G) degeneracy is removed. This result

is most encouraging as it indicates that covalency may be the
factor involved in determining the ordering of the terms arising
from 4F where we have made a '"'movel" band assignment.

Further calculations were performed over a narrow range
of € values using the same B and C, and varying Dq over a
narrow range to try to improve the overall fit. Again it was

found that € had the larger influence as the tabulated fom.

values show:

Dq = -360 | Dgq = -330| Dq = -300
= zero 20.83 21.72 21.33
€=-0.02 10.48 10.64 10. 44
€ =-0.04 5.06 | 5.07 | 5.01 !
B = 650 C = 2990 < = 76 g
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In order to match the observed ordering of the 4F terms, a
2% covalency is required, see FIGURE 10. The best Dq value

would then be -330 cm-1 as indicated by the fom. values.

5.5 CRYSTAL FIELD PARAMETERS OF Cs3MnCls

The above calculations used B and C values given by Vala
for (Me4N)2MnCl4. Considering the trends observed, several
sets of calculations were performed on a trial and error basis
in order to try to find parameter values more appropriate to
Cs3MnC15 itself. The best set so obtained was as follows:

B = 690, C = 2750, Dq = -340, €= -0.02, and the fom. = 23.06.
This gave the correct ordering of the levels, and an fom. only
marginally worse than Vala's BESTFIT result for CszMnClg,
25.93 [94]. It became apparent, however, that comparable fits
with correct ordering could be achieved within a large para-
meter space, and a different approach to the problem was re-
quired. This would be by the use of a simplifying assumption,
e.g. fixing C/B at the free ion value, finding some helpful
mathematical feature of the model, or engaging in extended
systematic computations. In the event, a combination of the
last two methods was used as these proved to be complimentary
to one another, the mathematical simplification reducing the
amount of calculation necessary.

The '"method of traces'", introduced by Curie, Barthou, and

Canny [22] as a means of comparing spectroscopic results for

various Mn(II) compounds, highlighted an important feature of

the d5 matrices: none of the traces depends on crystal field
parameter Dq. Thus any analytical approach to the behaviour of
the energy levels is simplified, the three remaining parameter

values B, C, and € may be more readily determined, and rela-

tionships between structurally similar Mn(II) compounds may
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be clarified. Curie et al restricted themselves to using the

E, T and T, matrix traces, and C/B = 3.565 as found in the

1’ 2

free ion [21]. Using the Koide and Pryce model, they obtained
satisfactory results for octahedral coordination but experienced
difficulties with tetrahedral Mn(II) halide salts. Possibly
this was due to the use of the free ion C/B () ratio, as Vala's
analysis of (Me4N)2MnC14 indicated a much higher value, § = 4.6.
By taking the method of traces one step further, adding together

the energies of all ten 4P states, the problem is reduced to

a single equation:

S10M = 147B + 58C + 130c - €(134B + 51C) EQUATION (5.3)
. 4 4 - -1
Assuming A1 and 'E(G) to be degenerate, E}or’- 276,220 cm
for Cs,MnCl_.. Putting o= 76 cm-l, and C = ¥B, we have:

3 5
B(147 + 58%) - €B(134 + 51%) = 266,340 EQUATION (5.4)

Rearranging:

€= - 26634?{24-+(é§§)+ 58Y%) EQUATION (5.5)

This defines a relationship between B, C and & such that
values satisfying the equation will give the correct total
energy of all ten 4F excited states. For any given value of
¥, the solutions to EQUATION (5;5) can be plotted as a graph
of € against B. This is done in FIGURE 11, for the range of

¥= 4.0 to 5.0 with B between 600 and 660 cm L.

The information contained in FIGURE 11 was used as follows.
For a chosen value of ¥, the B value is given by the point where
the line crosses theé& = 0 axis. Using the values of B and C
so derived, the energy matrices were diagonalised for a range
of values of Dg and &€ . By choosing € to be about -0.02, the
correct 4F ordering can be maintained, and fom.'s then indicate

the closeness of the fit. Note that Vala's BESTFIT analysis



of Cs3MnC15, which did not include covalency, gave B = 625,
C = 3000 (¥ = 4.8), while the '"total trace'" plot for Y= 4.8
intercepts the axis at B = 626 cm_l. This demonstrates a very
close agreement between two different approaches to the problem
of fitting the energy levels.

Using a simple computer program, the following parameter
space was investigated:
C/B values from 4.60 to 4.90 by intervals of 0.05;
B values from 600 to 640 by intervals of 10;
Dg values from -380 to -300 by intervals of 20;
€ values from -0.060 to zero by intervals of 0.004.
The highest fom. with correct ordering was 40.91 for B = 600,
C/B = 4.90, Dg = -360, and € = - 0.032. Further refinement
was obtained with a finer parameter mesh in the region around
these values, and gave as the result:

B = 600 cm Y, C = 2940 cm Y, Dq = -350 cm T, € = -0.030,
L= 76 cm—l, the figure of merit being 41.30.

5.6 DISCUSSION

The crystal field parameter values resulting from our cal-
culations on Cs3MnClg are similar to those obtained by Vala's
BESTFIT analysis [94]. However, they give a closer numerical
fit to the observed energies, and more important, produce the
correct ordering of the energy levels including the high energy
terms from 4F. Hence our two original criteria are satisfied.
Below are tabulated the observed and calculated quartet energy

levels of Cs3MnC15:
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ENERGY ' CALCULATED em™ T OBSERVED cm 1 CALCULATED cm %
LEVELS . PRESENT STUDY FOR Cs MnCl. . BY VALA 94 :
4 s _ - 3
T,(G) | 20840 | 20800 | 20830 ;
s | ‘
T,(G) 22250 § 22120 | 21980 .
4 | :
E(G) | 22690 22920 ; 22770
4 | ' %
A, (G) 22840 - | 22770
“T,(D) 25300 25930 25880
4
E(D) 26140 27030 26080
4 I i
T,(P) ; 27260 27700 27300
4 i i
T, (F) - 35290 34430 ; 35830
i
4 :
A, (F) | 36350 35860 § 35660
. f
T, (F) | 36550 36510 | 36650
fom. % 41.30 | - i 25.93
RMS : -1 5 | -1
DEVIATION 521 cm ‘ - ; 592 cm
PARAMETER ? B=600 cm-l C=2940 cm-1 I B=625 cm-1 C=30001cm-l
VALUES | ¥=4.9 o«=76 cm™} | ¥=4.8 €£=76 cm”
t Dg=-350 Cm"l & =-0.03 ‘ Dg=-325 cm"1 € not used
; ! _ o e
TABLE VIII

ANALYSIS OF THE QUARTET ENERGY LEVELS OF Cs3MnCl5

It is to be expected that our calculations employing four
adjustable parameters should yield a closer fit than Vala's,
which only had three parameters. The differences between the
two sets of B, C, and Dq values are not significant; our B and
C must be lower to counteract the raising of the diagonal ener-

gies when & is present. The use of this simple Koide and Pryce
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Covalency parameter is open to criticism, but it does give

an improvement in the results without greatly increasing the

amount of calculation necessary. Also, a 3% covalency figure

does not seem unreasonablej Curie et al [22] calculated a

value of 5.1% for Mn2+ doped into NacCl.



>

GO

& ENERGY (RK)

A

354

T

30

F 3

20+

/
/
A ¥

4
L ' ] o T r T E
-0.18 -0.10 ~-0.05 0.0% 0.10 0.1
- € —>»
FIGURE 9,
ENERGY LEVELS OF Cs3l"1nC15 PLOTTED AS A FUNCTION O0OF

THE COVALENCY PARAMETER € .,

B = 650cm-1, ¢ = 2990cm™" 1

, Dg = -3300m’1, <= 76cm .



91

33 =
37 =
M
“T
36~
4
&€ = Zero Az
3¢ -
*T,
4
37+ Ao
4T,
36~
€=-0.02
4 AQ_
38 = ATi
374
4
T
36
€= -0.04
B T ' + r T X > Dq, em-!
7 =360 340 =320 =300
FIGURE 10,
CSSNnCl5 BAND ENERGIES IN REGION VI , 4F s PLOTTED AS

A FUNCTION OF ©Og .

B = 650cm

1

, C = 2990cm™ ', o = 76cm”

1
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FIGURE 11.
GRAPHICAL SOLUTIONS TO EQUATION (42) , GIVING THE
CORRECT TOTAL ENERGY FOR ALL TEN 4 EXCITED STATES

OF CsfinCl. (for o = 76em™1) .
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CHAPTER 6

DETAILED ASSIGNMENT OF THE SPECTRA

6.1 INTRODUCTION

In previous chapters, the intensity mechanism of the sSpin
forbidden 4P<~—6A1 transitions has been investigated, and the
general features and positions of the observed bands have been
described. Our aim is now to give a detailed assignment to
as many of the individual lines and bands as possible. From
FIGURES 7 and 8, it can be seen that the linearly polarised
low temperature spectra contain a wealth of detail, in addition
to which we have data obtained in the presence of an axial
magnetic field and with circularly polarised radiation. The
method of assignment was as follows: the electronic origins
were located by means of MCD and linear polarisation measure-
ments, after which the majority of the remaining features could
be assigned as vibrational sidebands built upon these origins.
Finally, the natures of the origins themselves were determined
where possible. 1In the event that spin orbit coupling is the
dominant cause of the splitting of a given state into compo-
nents, the Ad/D values calculated in CHAPTER 3 will assist in
the origin line assignments. Unfortunately an additional per-
turbation is present in CSBMnCIS, the low symmetry component
of the crystal field, which also has the effect of splitting
each sState into components and giving rise to linear polarisa-
tion. This may dominate over the spin orbit interaction, or

the two may be present together giving rise to a more complex

behaviour.



6.2 VIBRATIONAL DATA
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A study similar to the present one on the isomorphous

Cs_ CoBr

3

5 [70] had shown the value of vibrational data, es-

pecially Raman, on the compound itself rather than just the

chromophore ion, as lattice modes 6f the unit cell and acous-

tic modes of the crystal itself were present.

Data relevant

to CSBMnCl5 was limited to the internal modes of the MnCl426

ion in the crystal (Et N) MnCl, [96]:

Raman active Vv, 258 cm

Infrared active

V. 78 cm

1

2

LIEN

-1
\h 116 cm
-1 -1
L 284 cm \ﬁ 118 cm

Accordingly the Raman [97] and Infrared (98] spectra of

Cs_ MnC1l

3

g were recorded, using respectively polarised single

crystals on a Cary 81 spectrometer and nujol mulls on a Beck-

man IR 11.

Both sets of spectra were analysed in terms of the

. . r .
known factor group splitting pattern 799]:

28 | | -
| !
MnCl4 MODE | Td ION D2d SITE D4h UNIT CELL | ACTIVITY g
\)l ay . a1g ! Raman ;
1 b | _ ;
lu :
T a,y } Raman
al i g .
Ay, b | -
i 2 e lu !
! [
i by | a1u !
, | b Raman
: 1 | 1g L
C o “";T“ - T """""—“'"; T T ‘
i ? 5 2b, f 2b29 Raman
BTN | 2t2 | ? 2a2u Infrared
73 4 i | 2e Raman
? ! | 2e Infrared
; : 3 | o B
TABLE IX
FACTOR GROUP SPLITTING PATTERN FOR Cs3MnCl5
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This shows how vibrations of the four MnCl429ions in the unit
cell are derived from the four modes of the individual ions.
Lattice modes, which involve coupled motions of not only the
four MnC1429 ions but also the twelve Csi)and four free Cla
ions are not included in the above table. These modes will
occur at lower frequencies than those of the chromophore, say
below 100 cm *. '

The infrared spectrum of a nujol mull of Cs3MnCl5 showed

several bands which were assigned by comparison with known

data on the isomorphous series CSBMClS’ where M = Fe, Co, Ni,

and Cu [100]:

Lattice modes 44, 82, and 92 cm ;
-1 -1
\03 270 cm (eu) and 298 cm (a2u),
-1
~Q4 108 and 120 cm (a2u and eu),

Combinations with ‘Ql 376, 384, and 392 cm 1.

The Raman spectra were assigned by Thomas [97] cn the
P

basis of polarisation behaviour and by comparison with CsgCoCl,

as follows:

MODE ENERGY cm™+ SYMMETRY
Lattice 5
VL2 33 ;
52 Modes :
i
L3 |
1
VL4 6
277 ; a
\)1 j 1g
02 125 . 1
148 1
b + e
Vs 0% S .~ R
o I b
\)4 o4 29
! 135 eg
: TABLE X

LINES IN THE RAMAN SPECTRUM OF CS3MnC15;AT293K
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It is these Raman active modes which couple with the electronic
transitions to produce vibrational sidebands, so that the modes
and energies tabulated above are important in the full assign-
ment of the spectra.

The above vibrational spectra were recorded at room tem-
perature, while the crystal electronic spectra were measured
at 4.2K. Two opposing effects are present which may alter
the energy of a given vibrational-mode:
(1) Thermal contraction effectively shortens all the bonds
and increases vibrational frequencies.
(1ii) Change in the force constant brought about as a result
of the electronic excitation. Generally, the electronic excited
state configuration will contain a larger contribution from
non-bonding or anti-bonding orbitals than that of the ground
state, and the vibrational frequency in the excited state will
be reduced. In addition, the frequency of a mode seen in one
electronic band may not be the same as that seen in a different
band.
In the observed spectra of Cs MnCl., the vibrational energies
are found to be close to the values given in TABLE X.

6.3 SPECTRA OF INDIVIDUAL 4r1 STATES - POLARISATION PROPERTIES

The model used to describe the intensity mechanism and
general features of the spectra assumed tetrahedral symmetry
for the MnC142€>ion, and hence excluded the presence of linear
polarisation. However, z-elongation of the ion [2] lowers the
point symmetry to D, g4, and results in linear polarisation of

nearly all the quartet absorption bands. This could have been

taken into account by the use of D2d symmetry throughout, but
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this complicates the arguments and lengthens the calculations.
Alternatively, perturbation theory could be used to add a tetra-
gonal field component together with spin orbit coupling, but
again the calculations are lengthened and lose generality.
Several observations can be made about the qualitative
effect of the tetragonal field component. If we consider all
the components of a particular'4p state; then the sum of their
properties should remain constant (see 3.9). However, indivi-
dual components may be quite dramatically affected, so that the
Ad/D values calculated in TABLE V may only be of limited use
in making origin assignments. Assuming that the situation can
only be described in D2d terms, a linear polarisation scheme

can be quite simply produced. The Td allowed transition to

6T2 becomes split and polarised into 6B2(z) and 6E(xy) com-

ponents as shown in 1.2. There are now two sedarate spin
orbit coupllngs, with matrix elements < B ’ ‘4rg>and

<%Et socx f’>to be evaluated. To a certain degree, it is possible

to treat orbital and spin separately; symmetry defines which

pairs of orbital functions may be involved in spin orbit coup-

ling, and this will occur between the two states if AS = O, 1,

and if the necessary combinations of orbital and spin parts

occur in the spinor wavefunctions of the two states. Applying
the first test to 6T2 and 4r‘ in tetrahedral symmetry, we pre-
dict that spin orbit mixing may be allowed when [ = A2, E, Tl,

or To only. The full calculations of CHAPTER 3 show that this

is indeed the case. Extending this argument to D2d’ we have:
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N A
L transforms as A, + E, so that (BZ\EIP>'contains A, for "= B,

. A
and E with the A, - component of L,

and.(E‘g\fﬂ> contains A, for | = A

1 1’

A2, Bl’ BZ’ and E with the E - component of L

The AS condition is also satisfied, so in principle we expect

spin orbit mixing of states to confer intensity as follows:

- = e |

| | 1
TETRAHEDRAL STATE | D2d ALLOWED POLARISATIONS'
| 4
, Ay “a, ‘ xy only () .
4 | B
A |
| 2 481 xy and z (X +7) |
4 ; |
, 451 | xy and z (% + 7))
4 } o
! A, | xy only (=)
% 4
| T, 4
i E | Xy and z (~ +7)
i 4 |
; 4 B, i xy only (=)
| E ! xy and z (<=c+ )
TABLE XI
LINEAR POLARISATIONS OF THE 4r’+—pA TRANSITIONS IN

1
TETRAGONAL SYMMETRY

In this tetragonal scheme, the spin orbit splittings of each

4P state would be added as a small perturbation. Each 4Al,
4A2, 481, and 482 state gives rise to two Kramers doublets
E' + E'", while 4E gives four, 2E' + Z2E'". Note also that the

4A1 +——6A1 transition is allowed. All the above transitions
are allowed in xy-polarisation and will have MCD associated
with them, but the signs and magnitudes would require consider-

able effort to calculate.
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If the above scheme were to apply, we should expect to
observe large splittings of each of the tetrahedral quartet
states into its polarised tetragonal components, but the spec-
tra do not conform to this description. Instead, component
separations are roughly 1 - 3 times those predicted by Vala
f[60] from a complete 3d” spin orbit calculation, which implies
that the spin orbit and tetragonal field splittings are of -
comparable magnitudes. In this case, the only appropriate
procedure is to diagonalise the matrix of the two interactions,
which is beyond the scope of the present work. However, taking

a simplified view, quantitative predictions can be made. We

can regard the allowed 6T2 +—-6A1 transition to be as follows:
6
Ba I
6 - !
20 I
6 — |
Iz I e
thr' ——
6\E\“ !
3
A A A A A A A
ﬁx,my, m_,m_ m m,,m m_
and fi, (xv) (z) (xy) ‘ (z)
i
| |
i :
6 5 6 | 6 !
A1 1 Al Al
TETRAHEDRAL INTERMEDIATE TETRAGONAL

SCHEME SCHEME SCHEME
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Dealing first with the circular polarisations in an axial

magnetic field, the allowed transitions will be:

6 6 .
’I‘2+l,m.S — Al’ms via ﬁl_‘_ , LCP ;
6 6 . A

and T2—1,mS — Al’ms via m_ , RCP

The dominant contribution will be from the -5/2 component of

the ground state, with a 78.3% population at 4.2K in a 4.75T

field. Next most important will be —3/2‘With 17.0%, followed
by -1/2 with 3.7%. Therefore the MCD of a quartet will be

largely determined by the extent to which it mixes via the

spin orbit interaction with the -5/2 components of 6T +1 and

2
6T2-l, with smaller contributions from -3/2 and -1/2. The in-

tensity will depend on ‘A2, EQUATION (3.13), and hence on

< ljﬁbci4rf>2 These matrix elements are given in TABLE XII,

and were calculated previously by means of EQUATION (3.14).
Linear polarisation arises in a similar manner, as mixing
with 6T20 gives rise to z-intensity, while mixing with 6T2t1

gives xXy:

6 6 X .
T,0,m_ +—— A;,m_ via ﬁz ;
d 6T t1l,m_<*+—r 6A m via m and ﬁ
an 2° S 1°7s X

The dipole strength D is given by:
D = 221<alm\3>‘2 EQUATION (2.27)

Jea

Y118, 101 2« 1G1A_ 112 +1 Gl a2

jaa
Writing:
=% SZOBIDIZ G112
and ji J]m 1a>\ EQUATION (6.1),

3-—a
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we have: D = 2 D + % D

EQUATION (6.2),
3 Xy

z

which can be used in either the tetrahedral or the tetragonal

scheme.

Quartet states of the same symmetry type will show the

same behaviour, discussed in detail below.

(a) 4A1

As there are no spin orbit coupling matrix elements

between 6T2 and 6Al, it can have no intensity derived from

first order mixing, and will therefore be weak. It can gain
electric dipole intensity through second order interactions with
other quartet states, e-g. the nearby 4E(G), or by spin or-

bit mixing with 6T1 charge transfer states can gain magnetic

dipole intensity, as 6Tl¢———6Al is a fully allowed magnetic

dipole transition. (Note that in the tetragonal scheme, the

%Al’—'6A1 transition becomes allowed in xy-polarisation.)

(b) “A,

The MCD of this state will be predominantly +ve because
the only connecting element with 6T2tl m, = -5/2 is to 6T2+1,
the element being 1//152 see TABLE XII (b). The combined
effect of the tetragonal distortion and spin orbit coupling

will always be to split the state into two Kramers doublets,

cf the ground state of Cs_ CoBr. [70], which have the following

3
properties:
E' m_ = +3/2 Dky = 11/360 D_ = 8/360 D = 1/36 Ad = +0.0433
E" m, = +1/2 ny = 9/360 D, = 12/360 D = 1/36 &d = +0.0061
4A overall D = 1/18 D = 1/18 D = 1/18 4Ad = +0.0494

2 Xy z



(c) %

Within
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4E, there is no first order spin orbit coupling

[3], and only small second order interactions with other

quartet states will be present [603-

Therefore it is pro-

bable that the chief perturbation will be the tetragonal

field,

The state splits into two components, 4Ee and 4Eé

ting with 4A

and a simple pattern of behaviour is to be expected.

y COrrela-

1 and 4B1 respectively in D2d symmetry. A further

small splitting of each of these into a pair of Kramers doub-

lets may be seen.

Their optical properties are

calculated to be as follows:

E! ms=tl/2 ny=9/480 Dz = zerxro D = 9/720 Ad=-0.0046
‘s B m =3/2 D =11/480 D_ = zero D = 11/720 Ad=-0.0324
4E6 overall ny=1/24 DZ = zero D = 1/36 Ad=-0.0370
E' ms=i3/2 ny=11/1440 DZ=32/144O D = 9/720 Ad=+0.0108
4EE E" ms=il/2 D = 9/1440 DZ=48/1440 D =.11/720 Ad=+0.0015
‘ge  overall D= 1/72 D_=4/72 D =1/36  Ad=+0.0123
4 4
(d) Tl and (e) T2
In the absence of spin orbit splittings, both states are

expected to show the same behaviour in linear and circular

polarisation:

“T o D, = 1/36 D,

Ari1 = 1/36 D
Xy z

Sum DXy = 1/18 Dz

zerxo D
2/36 D
1/18 D

1/54 Ad = -0.0247 for 4Tl,
+0-.0247 for 4T2
2/54 Ad = zero
_ 4
1/18 Ad = -0.0247 for 4t

1,
+0.0247 for 4T2
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The +1 and -1 components of 4T have equal and opposite Ad
values (0.00266) so that the sum is zero. Therefore the
largest MCD signal is to be associated with the 4T O component.
If there are appreciable spin orbit interactions, this des-
cription of the states will no longer hold true, and a more
complex behaviour will result. It 1is then not possible to

give a generalised treatment of the two states.
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A "Az e 3 N 4E 0 4e e
usw. *3 | +y, | -t/ -3, m’soc *24 Y Va | "% 3 /s ’ e ‘ “3,
-5/2 +5 +
2| .7
+3/2 *"3/ + 1
z 2 Jic
+1 -
| £ _ +y 1 =1
6 645 : 5 1243
Ta +l ST#1 — 45
-1y, 41 b Y, Fe =
2415 _ 4 1S 4AIS
-3 + 1 -3 -1
A L 2
E z 2 430
-5 +1 - -1
” I s
2 N * 6%
Y% 5,
+7 - +3 -} i
T | —= 7 —_
2l 33 2 W5 :
) = “h = i
Y~ ! I
I, © ‘1;0 2o
A =1 A ' —
) 35 - 30
-3 - *3/, | -_‘_
2 3.5 = 343
-5 -5
% % |
|
5, 1 -4—5/Z =
2| 18 g2 |
+2 +1 +3 =
& he % 25
sy 1 "y - -
Tl L i = | | e
z NS Y | 1245
- -3 A
% % 2410 |
-5 -5, +! |
% Il 2 26 ;
(o) M= A, () ['=E
TABLE XII .
SPIN ORBIT COUPLING BETWEEN 6T2 D 4T
N uNITS OF LT[ Zsu i T -
(a) P= Ay 5 all elements zero .
(¢) C=E .
(d) T = T, » see overleaf .

(e) T = T2 , see

overleaf .
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+3/,

/7,

-3 Y
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Ny

-t /Q.

-3

+3/
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+1

N
@

2720

-]
2. 15

G\IL

o
5

-+ |

2415

+1

21T
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+1

N
v
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TABLE XII

M=

continued .
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2 ~a

-3 A

+ 3/,’_

+Y/n 2

_3/1

+2/

-\-l/,:_

2420

—

i

S
L
n

0\| ‘_

oL

+

2415

E

2430

241

+1

<=

+1

2430

+=|

215

+|

2IS

TABLE XII

() M= T,

continued .
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6.4 REGION 1, *1_(q)

This band lies between 5100 and 4600A, and is among the

3MnCl5 - see FIGURES 7 and 8.

In the Strong Field formalism, 41‘1(
3, 2 .
e t2 electron configuration whereas the ground state arises

2 .o
from e t23. As a general rule, transitions between states of

broadest of the quartets of Cs

G) correlates with an

different electronic configuration are broad, so the large
width of 4Tl(G) can be readily explained.

The three low temperature spectra shown in FIGURE 12 are
composed of overlapping broad lines without any discernable

vibrational structure. The energies of the features which can

be distinguished are given below:

oC =0 (xy) MCD : TT(z)

20,300 cm™t (shoulder)

20,620 cm™ T

20,700 cm T

’ 20,840 cm™t (shoulder)

21,140 em™ 1 1

] -1
21,190 cm (shoulder)

_q ! ?
21,230 cm i
e _ -1 i |
i 21,410 cm 1 21,410 c¢cm 13 E
(shoulder) | 3
TABLE XIII
4

FEATURES IN THE SPECTRA OF Tl(G) AT 4.2K
The linear polarisation is strong, indicating that the state
is heavily perturbed by the tetragonal distortion, and it is
not appropriate to attempt to make origin assignments based

on the tetrahedral model. 1In spite of the perturbation, the
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Observed and calculated values of Ad/D agree quite closely -
see TABLE VI.

The appearance of 4Tl(G) is well explained using the
tetragonal model outlined in 6.3 above. At low energy is
found 4E, correlating with 4Tlil, which is more intense 1in
z- than in xy-polarisation but has no MCD. Most probably,
4E gives rise to all the features of thexﬂkspectrum, and also
to the 20700 cm~ 1 peak inocc. To higher energy lies 4A2,

4

relating with Tl O, allowed xy-only and giving rise to the

cor-

21140 and 21410 cm-lcc peaks. All the MCD is associated with

4A2, and is negative as predicted; it follows the axial ab-

sorption shape quite closely. Qualitatively, this description

of 4Tl(G) is a good one, but in quantitative terms it is less

satisfying. For example, the z:xy intensity ratio for 4E is

predicted to be 2:1, but is observed to be much larger; indeed,
the ratio for the whole band is over 3:1 while it should be

only 1:1. Again, in xy-polarisation 4E and 4A2 should be

of equal intensity, but 4A2 is observed to be more intense by

a factor of about 2. These discrepancies arise because we
have treated the situation as having perturbed tetrahedral

symmetry rather than working in D2d from the outset. Although

4

T, O correlates with 4A2 and 4Tli-l correlates with 4E, the

1

transition intensities will not be exactly the same. In the

first case, transition intensities to the O, %1 components

2

of 4T1 can be given in terms of <6T2HE§uH4Ti> , but those to

4A2 and 4E will be in terms of two different reduced matrix

2 6 4 2
elements, <6T2H XsuH4Aé> and(~T2”‘Esuﬂ E>“. Also, the wave-

functions used in the two situations will be different.
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Vala's studies of (R4N) MnCl, crystals show that the

2
4
T,(G) band is broad; unfortunately, no linear polarisation

data is available for comparative purposes. The MCD of

(Et4N)2MnC14 is negative in this region, and few features

can be distinguished [}3]. In (Me4N)2 4°
6

was shown to be due to 4Tl(G)-——+ A,(S) emission f60], and

MnBr the luminescence

presumably Cs3MnC15 behaves in the same way. This could ex-
plain the colour as seen with the naked eye: pale yellow under
ordinary conditions, but acquiring a greenish tinge in strong
sunlight. Emission from 4Tl(G) should occur at around 510081,
which is in the green part of the visible spectrum at a wave-

length where the eye is quite sensitive as a photodetector.
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FIGURE 2.
4
SPECTRA OF REGION I , ’TI(G) .



6.5 REGION 11, “T,(g)

vibrational structure is seen.

111

Here, the absorption lines are reasonably narrow, and

The low temperature spectra

are shown in FIGURES 13 and 14, and can be assigned in terms

of four electronic origins as follows:

< =0 (xy) MCD TT (2)
ENERGF ASSIGNMENT| VIBRL .MODE ENERG? ASSIGNMENT| VIBRL .MODE} ENERGY | ASSIGNMENT | VIBRL .MODE
cm”® cm” cm -t
21872 A - 21875 A - 21872 A -
21891 B -
21901 C -
21949 B+58 VL4
21982 B+91 \2(b29)
21993 C+92 \h(bZQ) 22006 C+¥05 V4(b29)
22041 C+140 v4(eg) 22060 C+159 v4(eg)
22046 B+155 v2(blc)
22095 C+194 2v4(b29) 22106 C+205 2m2(b29)
22163 BR+272 \ﬁ(al )
22173 D - 22169 D - g
L L 22232 B+Vl+69 VL4
22237 D+64 VL4 22235 D+66 VL4
22267 D+94 Q4(b29) 22276 D+107 )z(bzg)
22272 B+V1+109 \Q(b2o)
22316 D+143 V4(eg) 22321 D+152 \h(eg)
. 22326 B+Vl+163 vz( lg)
22371 D+198 2V4(b29) 22388 D+219 2\2(b29)
22437 B+546 2vl(a1g)
22447 D+274 vl(alg) 22447 D+278 Vl(alg)
22502 B+2V1+65 QL4
22507 D"‘Vl"'éo VL_& 22516 D+V1+69 \)L4
22548 B+2vl+lll Iﬁ(bzg)
22553 D+v1+106 1ﬁ(b29) 22559 D+L&+112 \ﬁ(b2g) ~
22539 B+2V1+162 v2( lg)
22712 B+821 3\3( lg)
22722 D+551 zvl(alg) 22725 D+558 2V1(alg)
22789 D+2V1+67 .UL4
TABLE XIV
4

FEATURES IN THE SPECTRA OF

T,(G) AT 4.2K
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In axial absorption, the energy difference between origins C
and D is 272 cm-l which is very close to the'ﬁl frequency.
However, if D is assigned as C +‘01, 1t becomes very difficult
to give a description of the MCD and the linear polarisation
without making additional assumptions.

Oxigin A appears as a shoulder at about 21872 cm-1 in both
@~ and TT-spectra, and has a -ve MCD signal at 21875 cm-1 associ-
ated with it. The intense origin B gives rise to the whole
of the T-spectrum barring A, but appears to have no MCD. Side-
bands of B due to VL4, \2 (b2g component), and 02(b29) are
present, superimposed on a 3-phonon progression in'vl. The
strong line B+$E is very close in energy to origin D, but as
the pattern and relative intensities cf the sidebands built
on B+vi are the same as those built on B itself, it is concluded
that D makes no significant contribution to the TT-spectrum.
For similar reasons of sideband structure, we believe that B

makes no significant contribution to the &®-spectrum. Origin

-1 . .
C appears at 21901 cm in«<only, and is less intense than

B or D. It couples strongly with the v4 mode so that two

quanta of the b component are seen, and one of the eg.'

29
Further sidebands of C are lost under the stronger features

due to D. In MCD, C gives rise to some weak +ve signals which

are in part cancelled out by -ve contributions from A. Origin

D is present in oc only and dominates that spectrum below 45108 .
Its intensity is probably augmented by C+v1 lying at almost the
same energy. In contrast with the other origins, D has a large
MCD signal, of positive sign. D couples to both components of

\h and to OL4’ and the pattern has two V., repeats.

1
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The tetrahedral model of 4T2 predicts that of the four
spin orbit components, only three contribute to the intensity
(TABLE V). All the MCD should be +ve, and there should be
no linear polarisation. Although these features are not seen
in the spectra of 4T2(G), the predicted Ad/D value agrees
well with that observed (TABLE VI). The observed pattern is
in fact similar to 4Tl(G), but with a smaller amount of tetra-
gonal splitting: origins A,B, and C are spin orbit components
of 4E, correlating with 4T2t1 as outlined in 6.3, while at
higher energy D contains the spin orbit components of 4B

(correlating with 4T

2

5 O). 1In agreement with the model, 4E

is more intense in z- than xy-polarisation, and has no nett
MCD although small signals of opposite sign are present. On
the other hand, 482 is only xy-allowed, and has a large positive

MCD. The separation between 4E and 4B caused by the tetra-

2,

gonal field, is about 285 cm—l, and this is to be compared with
the spin orbit splittings apparent within 4E itself of about

30 cm-l. The E-B, separation in 4T2(G) is appreciably less

2

than the E-A, separation of 4Tl(G), so that the quantitative

2
results of the tetragonal perturbation model of 6.3 should

give better agreement in the former than in the latter. This

is found to be true. For 4’I‘2(G), the overall xy:z intensity
ratio is close to the predicted 1:1 value (TABLE VI). The

z:xy ratio of 4E should be 2:1, very close to the observed

B:C extinction ratio of 1.77, and its MCD shows evidence of

the presence of cancelling +ve and -ve contributions, especially

around 45608. 4B gives rise to all the strong MCD as pre-

2

dicted and has no significant z-intensity. In xy, it appears

to be of comparable intensity to 4E, although this is hard to
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assess accurately because of the accidental near-degeneracy of

D and C+v1, and the overlap of the bands.

The 4T2(G) band observed by Vala in (Me4N)2

the Cs3MnCl5 € -spectrum, with its intensity maximum nhear the

MnCl4 resembles

centre, but has less resolved vibrational structure. In the
corresponding bromide, the band is more structured but other-
wise similar [ﬁO]. Unfortunately, no linear polarisation data

is available for comparison. The MCD of (Et4N) MnC1 , is all

2
positive, and shows clear vibrational structure built on two
origins about 60 cm—l apart. The higher energy origin near
22130 cm-1 is about ten times more intense in MCD, and could

be the 482 component. The MCD of the bromide appears to re-
semble that of CSBMnCl5 quite closely, but overlaps with 4T]_(G)
to lower energy [63]. Under the conditions used, 6.6K and 0.7T,

only +ve MCD would be expected from the C/D values for 4T2

(TABLE V). No sign changes were observed on lowering the tem-

perature to 1l.7K.
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6.6 REGION III, %A, and “E(G)

1

The spectra of many Mn(II) compounds show a good deal of
fine structure associated with sharp line transitions to 4A1
and 4E excited states derived from the free ion 4G. The two
states are degenerate to a first approximation. In octahedral
coordination, the transitions are vibronically assisted, and
the pure electronic O - O origins are véry weak and difficult
to identify as they are magnetic dipole transitions. In cases
where they have been positively identified, e.g. for Mn2+

doped into KMgF, and KZnF, {50], the two are of comparable

3

intensities. 1In tetrahedral coordination, only 4E is expected

to have appreciable intensity as there is no spin orbit mixing
4 6 . * 4 .

between Al and T2 in Td . However, Al may acqulre some

small intensity through second order mixing with U' from 4E(G),

and is able to gain magnetic dipole intensity through spin

orbit mixing with 6T In tetragonal symmetry, 4Al may be

1

allowed in xy-polarisation.

The low temperature spectra are shown in FIGURES 15 and

16. Two electronic origins, designated P and Q, are seen, with
respectively positive and negative MCD. Both origins show a
small splitting into two equal intensity components, peak
separations 2.6 cm™! in P and about 4.2 cm T in Q. These
origin lines are shown in detail in FIGURES 17 and 18. As-
signment of the other lines in the band was made on the basis

of the following observation. The MCD spectrum has only three

strongly positive features, P with two quanta of the \)1 vibra-

tion. All the rest is negative, and can be assigned as Q with
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vibrational sidebands. (Note that the resolution here was
only 1R, about 6 cm_l, so that less structural detail is
seen in the MCD spectrum.) The TT-spectrum is dominated

by P, which couples only weakly with lattice and chromophore

vibrations apart from 01. The full assignment is given below:

oC (oY) MCD ‘v (2
ENERGY cm 1| AssiGN- | VIBRL. | ENERGY cm™! | AssioN-| viBrL. | ENERGY cm™!]| AssigN- | viBrL.
MENT MODE MENT MODE MENT MODE
22903.2 o ) 22901 (-) b 22903.2 b )
22905.8 22912 (+) - 22905.8 _
22920.5 P+17.9 | V), 22921.6 P+18.9 | V4
22924.2 . 22925.2 _ _
22932.1
o _ N | 22934.7 Pr28.91 Vo
22939.0 9 ) 22038 (+) 0 ) 22938. 4 0 )
_22942.6 | 0 22952 (-) , L 22942.6_ | |
22951.0 22951.6
_ 22956.8 Prag.4 | Y ) || 22955.8 P+ag.2) ¥ 4
22960.0 22960.5
| 22963.2 | FP*37.1 ‘8_4 o b 22063.7 CP#S7.61 Y,
22970.0 22069.0
22974.8 Q+3l.6| V, , | 22982 (-) Q+30 Viz | 22973.2 Q+30.6 | V) ,
Riodape e o R LGN Ittt E B
22986.4 N R ??98°'f i
22995.4 Q+54.6 ‘Q£3 22999.1 Q+58.6 | V), 4
23003.3 Qre2.51 V4 | 23012 (-) Q60 | V4 | 23008.6 Q+68.11 V4
23028.8 23028.3
53034.6 Q+90.9 \%»(bZQ) 23041 (-) Q+89 \74(1329) 23032.5 Q+91.8 %(bzg)
| 23036.0
S B il B T | 33083, 7
23055.3 Q+114.5| 2V, , 123056.3 _Etiffjf._fﬁéi_nh
T T 7T | 23063 (-) Q+111 va4+v5
+122.5| VY, (a, )
2306:_3-3 Q Aatl I o o
23081.4
) 23092 (- +140 b
23089.4 ijff_?__f%fﬁ}g) 23092 (-) 0 % (byg) SR P A
N T R e} 23097.4 U R
23111.8 | "+171.0] "3V, , | 23114 (-) Q#le2 | 3y, v Vo
23134.8 , ‘
23145.5 23142 (-) : 23137.4

TABLE XV .
LINES IN THE LOW TEMPERATURE SPECTRA OF REGION III , AE(G) .

(The table continues overleaf)
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ENERGY _, ASSIGN-| VIBRL. | ENERGY _; ASSIGN-| VIBRL. {ENERGY _; ASSIGN- |VIBRL.

cm MENT MODE cm MENT MODE cm MENT MODE
23179.3 23180.3
23182.0 ' 23182.5
53184.1 P+278.6 vl(alg» 23191 (+) P+279 \%}alg) 53184.1 P+278.9 \E(alg)
23186.8 23186.8
23196.5 .
23198.6 | P+v+20.6| V 23197:2 | Py rIS.01 v,
23202.4
23214.8 I
23217.5 y
23219.6 Q+278.4( V,(a, )] 23229 (-) Q+277 (a,_)}23219.1 Q+278.6 |V, (a, )
23220.7 1(216)] 1'%1g 1{314
23223.4
23233.1 P+V,+50.0| V 23231.5 -

1 L3 23235. 3 P+v1+;0.0 VLB

23247.8 Q+V,+28.5| V), , 23251 (-) | Q+W,*22 |V, or¥, , [23245.0 P+, +61.6 La
23265.9 Q+v1+45.8 "ﬁa - - R T T
23280.7 Q+y, +61.5/ V| , 23297 (-) | Q+V{+68 |V, . 23285.6 Q+V,+66.5 |V,
23311.1 Q+V,+91.9 \%(bgg) 23323 (-) Q+v£I§a "{E?bzg) 233C9.0 Q+V, +89.9 i&(bzg)
23332.9 | Q+y,+113.7] 2y, 1723344 (-) Q+vl£ii3’"”‘2nt4 """"" 23332.3 Q+Y +113.2 2% ,
23341.0 [ Q+Y,+121.8] v, (a, ) i
23364.5 | Q+v,+145.3] v, (b, )
23387.4 | Q+v,+168.2 -
23411.5 | Q+V,+192.3 -
23423.0 | Q+V,+203.8 -
23450.0 ggigg‘g
23453.8 .
53457 .1 P+553.1 2v1(alg» 23459 (+) | P+547 2Vy(a1g) [53426.6 P+553.0 2vl(alg)
23461.0 23461.0
23465.9 23464.8
23465.9 23467.6 R S
23471.4 23470.3
23475.8 | P*2V1*16.01 ¥V, 4 B caa73 3 | Pr2v*13.1 v
23485.8
gg:gg'g Q+s55.4 |2u(a, ) | 23497 (-) Q+545 2y, (a, J3>488.0 +548.3 | 29

. : 1%1g 1'%19423490.7 Q . 1(alg)
23497.9
23508.9
23519.5 [0+2v,+23.1 |V 23519 (-) | Q+2v,+22 V.o,
23556.0 [Q+2V,+59.6 |V, , 23556 (-) | Q+2v,+69 V)4
23587.7 [Q+2V,+91.3 ‘%(bgg) 23587 (-) | Q+2v,+90 »4(b29)
23608.3 [Q+2V,+111.9[ 2V, 23604 (-) | Q+2v,+107] 2v )

TABLE XV .

LINES IN THE LOW TEMPERATURE SPECTRA OF REGION III, AE(G).

(Continued from page 117)
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The full o-spectrum is not listed above as it resembles
the axial but with differing P and Q intensities - see FIGURE
18 for origin details. Many of the lines in the table are
entered under a single assignment. Often, they occur in pairs:
a single vibration built onto the two components of P or Q.

A clear example of this is seen in FIGURE 17, where the two

small features in the absorption spectrum between P and Q -
1

b

at 22920.5 and 22924.4 cm T - are assigned as P + 17.9 cm

QLl' This pairing appears to be characteristic when a lattice

mode is involved. More remarkable is the situation where a
higher energy chromophore vibration is involved, especially
\&, when 4, 5, or even 6 discrete lines can be seen. We have
attributed this phenomenon to the presence of the two chlorine

isotopes of masses 35 and 37 [101]. Taking the abundance ratio

to be 3:1 in favour of the lighter isotope, and assuming a ran-

20 . . . i
dom distribution among the MnCl,  units, five speciles with

the following relative abundances are found:

3 35 37

Mn(3°Cl),  Mn( >c1) (7 c1) mn(32c1),(?7c1), mn(P2c1)(Per),
32 42 20 4
mn(>7c1),
0.3

In reference [10{], we showed the effect when a single sharp
origin line was involved, the 3947.5A line of 4T2(D) - not
4E(D) as printed. 1In the VM, sideband, four peaks could clearly
be seen with an average separation of 2.1 cm-l. This is in
good agreement with the simplest model: the Mn atom remains
stationary, tetrahedral symmetry is retained, and the vibra-

tional frequency varies as the square root of the reduced mass.
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Assuming that the Raman value for vl, 277 cm_l, corresponds

O the most abundant of the five species above, the average
splitting is calculated to be 1.91 cm_l. In the 2\)1 sideband,
the splitting should double; only three lines were observed,
due to the high abundance species, and the average separation
was 4.5 cm'l, again in good agreement with the theory.

The same simple model provides an e%planation of the
appearance of the vl sidebands of P and Q, where the additional
factor of the splittings of the two origins must be considered.
Assuming that the five \)1 frequencies are 2cm“1 apart, and
that P and Q are split by 2cm™? and 4em”l respectively, then

one finds:

BAND NUMBER OF LINES SEPARATION INTENSITY RATIOS

P +\)1 6 2 em™?t 32:74:62:24:4.3:0.3
P + 2V, 10 2 cm™t 32:32:42:42:20:20:4:4:0.3:0.3
Q +Vq = 5> em L 32:42:52:46:20:4:0.3
Q + 2v1 6 4 cmt 32:74:62:24:4.3:0.3

The predicted pattern of lines 1is shown superimposed on the
observed bands in FIGURE 19, where there 1s reasonable agree-
ment between calculated and observed relative intensities,
and a good fit between the pattern of lines and the observed
sideband shape. It seems likely that the vibrational isotope
effect gives rise to the observed structuring of other side-
bands seen in this region.

Of all the lines shown in FIGURES 15 and 16, only a hand-

ful remain unassigned:
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1

weak features at 22980.6 cm T(T7), and 22981.1 and 22986.4 cm - ()

a broad weak line at 23097.4 cm—l ()

1

weak lines at 23134.8 and 23145.5 cm ~ (<), with associated

-ve MCD at 23142 cm_l, and a broad weak line at 23137.4 cm *

(™).
If one assumes that P and Q contain the components of 4E, then
this last set of features could be assigned as 4Al. The energy
fits the crystal field calculations of CHAPTER 5, which placed
A1 about 150 cm“l above 4E, whereas this assignment gives a

gap of about 220 Cm‘l. Assuming that 4A1 borrows intensity

from U' of 4E, it would be predicted to be associated with a

-ve MCD signal, and to be weak.

A good account has now been given of the fine structure

seen 1in REGION III apart from the assignment of the origins P
and Q. The linear polarisations are strong and clear cut, and

indicate that it is the tetragonal perturbation which is dom-

inant over spin orbit coupling. The observed behaviour fits
exactly with that predicted in 6.3: origin P is 4Bl (correla-
ting with 4Ee ), more intense in z- than xy-polarisation and

with +ve MCD, while Q is 4A (correlating with 436), allowed

1
only in xy and with -ve MCD. The doublet nature of P and Q is
then attributable to the small second order spin orbit coupling
interaction with other quartet states, giving in each case
E' + E" components. From FIGURE 17, it is clear that for
both P and Q, the strong MCD is associated with the upper

component of each doublet, so that they can be definitely

identified as follows:
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22942.6 cm m 1-3/2 E" — _
Q 1 4Ee S 14.2 cm 1 4Al 22940.5 cm-l
22938.4 cm ms=il/2 E' —
-1 _ '
22905.8 cm 4 WM _TE3/2 E' !
p Be !2.6 — 431 22004.5 cm”*
22903.2 cm” T m_=+1/2 E" -

Quantitatively, the tetragonal perturbation model fits the
observed origin intensities quite well, as the accompanying

figures show. Band areas are in arbitrary units:

D D d- d

xy D A feaw  feaw  fseav

4E 3/72 - -0.0370 28.2 2.1 -18.2 Q

¢  1/72 4/72  +0.0123  12.5 18.7  +6.1 P
Predicted by the tetra-. Observed from the spectra

gonal perturbation model
The experimental area for P in T-polarisation is low relative
to the value predicted frome. It is, however, the hardest
to measure accurately because the lines are narrow and of
high absorbance, so that stray light becomes a problem. Also
the spin orbit interaction which splits P and Q into doublets
will cause mixing of the wavefunctions, whereas the calculated
values refer to a pure 4E state. By this means, Q gains a
small z-intensity.

In (Me4N)2MnC1 Vala used high resolution to examine

4’
the 4E(G) origins and found a situation similar to Cs3MnC15
[60]. His lines "a'" and "b", split by 5.3 em™ L, are sharp

and correspond to P, while the broad line "d" 53 em™t higher

in energy corresponds to Q. The separation between P and Q
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is 36 cm-l, and differs from that of "a/b" and "d'" because

the two crystal lattices impose differing degrees of tetra-

gonal distortion upon the MnC142@ ion. On the other hand,

the spin orbit coupling interaction should be almost the same
in both cases, so that the "a-b" separation is similar to

-1 . . . . . . .
the 2.6 cnm splitting of P. This evidence provides indirect

support for the assignment given above; unfortunately, no

linear polarisation data is available for comparison. The
MCD of (Et4N)2MnCl4 is all negative in this region, but the
conditions used were not the same as for Cs,MnCl, £63], and
MCD spectra are very sensitive to changes in the field: tem-
perature ratio where C-terms are involved.

The sharp 4E(G) origin lines of Cs MnCl_ provide ideal

3
conditions for further studies of this interesting and complex
region. Accordingly, the temperature dependence of the MCD

was recorded at high resolution, giving the results shown in
FIGURE 20. Using the method described in APPENDIX III, high
resolution axial Zeeman spectra were recorded for fields varying
between zero and 4.75T. These results can be seen in FIGURES

21 (Q) and 22 (P). Both sets of drawings come from tracings

of single beam spectra and have non-linear intensity scales,

but are based on the same arbitrary starting point: 100%
transmission of light at 43698. All these results can be
interpreted in detail on the basis of the assignment given

above. We shall treat P in full as the experimental data is

clearer owing to the narrower lines, while similar arguments

can be used for Q.
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(1) MCD Temperature Dependence

If the g-values of both the excited and ground are taken
to be equal to the spin-only value 2, and the zero field split-

ting of P is 2.6 cm—l with +3/2 above +1/2, then at 5.0T the

following MCD will be predicted:

—+5/2 P
Ly I, 6
—+3/2 Py

Via ﬁ_ !

Energ l £3/2  t1/2  £3/2  £1/2 . T2 Ry
Tem T+3/2  +1/2 zero field ! b1 12 P,
PN transitions ' E

Via m_ l
—F3/2 P2
7 \
I3 Tq —5/2 P,

The total spread of the components is 12.0 cm-l, and they are .

symmetrically arranged about the zero field positions. The
2.6 cm—l splittings are retained. Each of the four transitions
contains two contributions to its intensity I. In the upper

pair with +ve MCD, the transitions originate in the four lowest

Zeeman components of 6A1, and have the relative intensities:

I, =1/20 P

40 5 + 1/240 P

=1/72 P, + 1/720 P

I

2 3

1 1

The lower pair of transitions originate in the four highest

components of 6Al, and have relative intensities:

3 3 6° I4 = 1/240 P4 + 1/120 PS'
6

The factor Pi is the population of the Zeeman component of Al'

I, =1/720 P, + 1/72 P

Comparison with FIGURE 20 shows that four transitions are
observed, and that the separations and circular polarisations
are correctly predicted. By calculating the population factors
Pi; the relative intensities I can also be predicted, and these

agree with the observed pattern of lines very well.
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i Band P } Calculated Relative Intensities |

 Temperature gwﬁ I, l I, I E “i4 g
| aK 41131 | +138 4 | -3

i i
% 8K } +801 ‘ +250 -27 % -36 ;
% 12K ; +628 ; +272 ~58 ; -74 }
% 20K . +474 | 4206 | -109 122 |
l 45K 4346 | +241 * _178 | -170 :

For Q, a similar pattern will

emerge, but with the MCD signs

exchanged, and slightly different splittings and intensities.

(1ii) Axial Zeeman Effect

We shall not attempt to give a description of the field

dependence of the spectra shown in FIGURES 21 and 22 as there

are many lines present which are not fully resolved either for

P or Q. Also, with contributions from six ground state compon-

ents, the pattern is complex, and changes in energy as well as

population occur each time the field is altered. However, at

the maximum field of 4.75T,

the appearance can be understood

by reference to the MCD recorded at 5.0T and 4.0K as shown in

FIGURE 23. Taking P first, the transitions close to 43658

(+ve MCD) are via fi_ to +3/2 and #1/2, while the weaker lines

at 4366.5 and 4367.0A are via fi_ to #3/2 and #1/2 (-ve MCD).

-

Between these two pairs of lines are found the lines mar-

ked X and Y in FIGURE 23. They appear to be sharper than the

other features, and lie at the same energies as the zero field

lines. From their positions and relative intensities, we infer

that X and Y arise in \6A1-1/2> and )6A1—3/2> respectively and

are transitions having Ams=(). These do not arise via the mag-

netic dipole mechanism, but could possibly occur as a result
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of the spin orbit mixing between 6A1 and 4T1 excited states.
Lines X and Y do not appear to have any MCD.

To higher energy another pair of lines are found (4363.2
and 4363.8&) associated with weak -ve MCD signals. They arise
as follows. Consider the states ‘4E9-3/2> and |4E€+l/2>, both
of which can be written in terms of tetrahedral basis functions
|IE'> and |U'W) . The transition “1456-3/é> - |6A1a1-5/2> is
allowed via ﬁ_, and is intense owing to a large population of
that ground state component at high field and low temperature,
plus a large matrix element (TABLE XII). As a result of second
order spin orbit interactions, both 4Ee and 4EE suffer small
zero field splittings. The correct wavefunctions are those which
diagonalise the combined tetragonal field and spin orbit pertur-
bation matrix, and will no longer be of '"'pure'" © or & character, -
e.g. \4E€+1/2> will contain a small amount cq of }4E9-3/2> .
Owing to this "impurity" in the wavefunction, the forbidden
transition |4E€+1/2> — 26A1a1-5/2> will be allowed via fi_,
with intensity proportional to cl2, and will 1lie 9.3cm“l above
the allowed I4B€-l/2> -— 16A1a1-3/2> transition. Similarly,
9.3cm-l above the allowed l4E€-3/2> ¢——-|6Ala1—5/2> transition
will lie a small signal from the forbidden I%EE+3/2) ——— \6A1a1-3/2>
transition. In principle, the appearance of Q can be described

in the same way, but the lines are less well resolved, making

the pattern harder to identify with certainty.
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4316

FIGURE 19 .,

\)'1 SIDEBANDS OF ORIGINS P AND Q
OF REGICN III , AXIAL , 4.2K ,
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FIGURE 20 .

TEMPERATURE DEPENDENCE OF THE MCD

OF ORIGINS P (451) AND Q (4A1)
OF REGION III RECORDED AT 5.0T .
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FIGURE 21 &
AXIAL ZEEMAN SPECTRA OF ORIGIN Q ,

4A1 , OF REGION III AT 4.2K .
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FIGURE 22 .

JAX\IAL ZEEMAN SPECTRA OF ORIGIN P,

4 4.75T

B . OF REGION III AT 4.2K .
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v
AXIAL ZEEMAN :
EFFECT, 4.2K ;
'
!
' X
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455 ' ’ o i 4360 ) ) "o ' 4365 i '
WAVELENGTH A —
MCD
4K §5.0T
T T T Y Y \ ————— T I L N———
FIGURE 23 .

COMPARISON OF AXIAL ZEEMAN AND MCD
SPECTRA OF REGION III ORIGIN LINES .
TOP : 4,75T Zseman ( ) and

zero field (-—-) , single beam .
BOTTOM ¢ MCD at 5,07 .
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6.7 REGION IV GENERAL

o 9 )
The part of the spectrum between 3950A and 3480A desig-

nated as REGION IV contains three overlapping band systems.
They are, in order of increasing energy:
(1) 4T2(D) from 39508 to about 37508 ;
(11) 4E(D) from about 37808 to about 3630&;
(iii) *r,(P) from about 3700% to 3480%,
and are each discussed in detail below. Their spectra are
shown in FIGURES 24 and 25.

All three excited states correlate with the e2t23 elec-
tronic configuration, the same as the ground state, and this
may explain the presence of sharp features in the absorption

spectra of 4T2(D) and 4E(D). In all cases, the «- and o-spec-

tra are identical so that there are no magnetic dipole contri-

butions. The positions of the band maxima are reasonably close
to those predicted in the crystal field calculations of CHAP-
TER 5, and the band assignments are not in doubt. The observed
Ad/D ratios agree well with the theoretical values except for

4E(D), which overlaps with the two more intense bands on either

side.
A general comparison can be made with the bands observed

by Vala. 1In (Me4N)2MnCl bands of similar shape and relative

4’
intensity were found, but lackihg sharp line structure. In the
corresponding bromide, 4’1‘2(D) was weak and featureless, 4E(D)
strong and structured, while 4’I‘l(P) was strong and showed con-
siderable structure [60]. In (Et4N)2MnC14, the weak 4T2(D)

band showed few features and was separated from the others;

it had +ve MCD, but again lacked fine structure. The 4E(D)
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band was weak and had -ve MCD, while the strong 4Tl(P) band
showed some structure and again had -ve MCD. In the bromide,
overlapping bands are present with some structure visible,
with 4’I‘2(D) again the weakest. All three bands gave -ve MCD

signals, as did the overlapping bands of the iodide [63].
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4
6.8 “T,(D)

The spectra of this band are shown in FIGURES 26 (axial)
and 27 (polarised), in which the three electronic origins are
indicated as A, B, and C. The very high axial intensity of A
arises from the fact that the origin is extremely sharp, the
half-width being instrument limited, anq the drawing was made
from a very slow wavelength scan. In MCD, the resolution was
much lower, while the polarised spectra were taken from a
more rapid scan. The other origins (B and C) are broader,
and do not suffer such gross instrumental distortion. The

4

T2(D) band is unique among the aln absorptions of Cs MnCl5

3
in having sharp lines superimposed upon a broad band of ab-

sorption. However, a very similar shape occurs in the 4T D)

5
band of CsMnC132H20 in the weak polarisation [102].

In the axial spectra, origin lines A and B both give rise
to numerous vibrational sidebands which are quite sharp, while
the weaker C origin produces only a few broad humps in the
region below A + 2‘01. Because of the extreme sharpness of
A, and the high resolution available, structuring of the V

1
and 2$& sidebands is clearly visible, and has been assigned

to the presence of the two chlorine isotopes ElOi]as discussed

previously. Features in the MCD built on the +ve origins A

and B follow the absorption, while C appears to be associated

with a dip at 25767 cm-1 and may have -ve MCD. This could ex-

plain the shape of the MCD beyond this point, where weak features
based on A, B, and C overlap. Assignments here must be regarded

as tentative. The broad absorption band rises to a peak at

25929.6 cm (D), has a shoulder to lower energy (-~ 25420 cm *

b

beneath the sharp lines), and an apparent v, repeat at
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26196.5 cm-l, beyond which there is a steady decline in in-
tensity up to the region where overlap with 4E(D) occurs.

The MCD signal peaks at 25962 cm-l, with the V., repeat at

1
26238 cm°1, but the low energy shoulder is absent. Apart
from this, the shape is similar to the absorption but with
the peaks and troughs accentuated, perhaps indicating over-
lap of MCD signals of opposite signs in this area. The MCD
peaks occur at higher energies than the corresponding axial
absorption features, the difference of about 30 — being
much larger than either the ground state splitting in the
magnetic field or the energy difference observed for the
sharp line origins. Possibly the MCD peak does not corres-
pond to D, or else there is a large magnetic field splitting
of the excited state. At about 26550 cm-1 there is a point
of inflexion in the MCD signal, indicating overlap with the
sharp -ve origin A of 4E(D).

The polarised spectra of FIGURE 27 exhibit similar fea-
tures to the axial absorption. The - and o-spectra are iden-
tical, and the Tr-spectrum also has sharp lines superimposed on
a rising broad absorption band. Origins A and B are both
weaker than in ««, while C is very much more intense. Thus
a very similar pattern of lines is seen in the - and T-spectra
up to about 25740 cm-l, beyond which point the TT-spectrum is
dominated by C, with vibrational sidebands in a characteristic
pattern repeating with frequency'vl. The peak D of the broad
absorption is lost under this pattern, but the low energy shoul-

der is clearly more intense 1in Tw-polarisation. This, together

with the intensity of the C-features, accounts for the observed
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difference in the oscillator strengths of « - and TT-spectra,

the ratio being 1:1.57.

The energies and detailed assignments

of the features in the spectra of 4T2(D) are tabulated below.

o = e (xy) MCD T (2)
ENERGY cm™ 1| ASSIGN- VIBRL. |ENERGY cm™ ASSIGN- VIBRL.| ENERGY cm™~| ASSIGN- VIBRL.
MENT MODE MENT MODE MENT MODE
25332.5 A - 25338 A - 25332.5 A -
25348.5 A+16.0 V4 25356 1 A+18 Yii | L
25359.5 A+27.0 Vo 25368 A+30 Vo 25356.9 A+34.4 L2
25374.9
55378 .8 25376.1
25384.9 A+52.4 Y 5 25388 A+50 v 3 25385.1 A+52.6 vy 4
25396.8 A+64.3 Vi 4 25404 A+66 V4 | 25396.7 Avé4.2 | V4
25413.3 35414.1
25420.4 A+87.5 ‘ﬁ(bzg) 25430 A+92 ig(bzgl_mf54zo.7 A+87'%_qn_jh5§291_
25444.0 B - 25454 | _ B z 25444.5 B
25455.0 . A+122.5 Qz(alg) 25465 A+127 92(a1g) 25f55.6 7A+12%:1 vz(alg)
| 25462.1 A+129.6 v, () VACH! 2546?#?_ __ftf3°'3 véfeg)
2549275 BE+48.0 Vi3
25502.7 B+58.7 V4 25509 B+55 Vi Vg - )
25528.4 B+84.4 V, (b, ) [25543 B+89 V, (b, )| 25829.0 B+84.5 ¥, (55)
25554.5 B+110.5 | v,(ay_.) |25566 B+112 S EN
g S| 25560.3 B+115.8 | ¥ ,(a;,)
25564.7 B+120.7 \’4(89) 25579 B+125 94(99) I
25573.5 B+129.5 [ v,(b;.) V,(by )| 25576.0 B+131.5 | VY, (e )
25587.8 B+143.3 V, (5, )
25602.9 25602.9 i
25605.0 a+273.5 | V,(a; ) |25617 A+279 v, (a )| 22991 A+274.2 | v (a;_)
25606.9 g 9° 25607.5 S
25609.2 25610.1
25622.0 R T - .- Y i
o633 1 A+295.1 Vy(b, ve, B o 25628.9 A+206.4 |V (b, ve
25648 A+Y; +31 Vi,
TABLE XVI .
4
FEATURES IN THE SPECTRA BETWEEN 39508 AND 3780&, T2(D), AT 4.2K

(The table continues overleaf)
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o= o (xY) McD T (@)
ENERGY ASSIGN- VIBRL. |ENERGY ASSIGN- 'VIBRL. | ENERGY ASSIGN- VIBRL.
MENT MODE MENT MODE MENT MODE
25651.6 1 3 ] 1
25060.2 | AWyrsd2 | Vg |2se6s | Ahee | Vip | oA
25671.6 A+Y, +65.6 Vi 4 B | 2§§72.o___7_/\_~7~?-1:~35"._:5_ V4 ]
25696.4 A+Y,+90.4 y4(bzg) 25705 A+V, +88 "4_‘,‘12.9) 25696.4 A+V1+89.L "4“3_29)
25718.8 B+274.8 "1(’“19) 25730 B+276 vl(alg)
25732.7 A+Y,+126,7 "2(319) 25741 A*’?l_+124 "2(&19) 25733.4_ﬁ A+»1:126.7 yZ(aJ_.g)__
o]
2574f3.0 A+y; +132.0 94(eg) 25757 A:Pvl*140 \)4(eg) _357432 ] A+\i+}3-.5. v4(eg)m
| 25759.9 [ - 25767 —Cc |- T 12s5759.3 C -
~_257'.71_9~ _A:v1+155.9 vz(bzg) 25792 | - 25771'2_ c_+‘1”1_.‘79--* -\)Ll ~
25803.8 C+44.9 V.3 25803.8 C+44.5 V3
] 25809.1 C+49.8 Vg4
25841.8
o fEEses | emz | N(eg)
258601.8
25866.5 <?+1o7."2 iz(algl
25875.4
25879.4 A+547.2 2v, (a, ) | 25896 A+558 2y, (a, )
| 25884.3 119 1t I
25901.0 C+141.7 Vg.(byg)
25929.6 D - I N
25940.3 | | ‘
25962 D - - IR
25967.3 A+2v,+87.6 \)4(b29) 25967.3 A+2?1_+§7;6—E€;02.n)
25993.6 A+2v1+113.9y2(a19) 1 L |
-\ T T T T 260037 D+41 Vi, 3
-~ 26314.6 A+ 1.}_4'9 V(e )
26035.6 C+276.3 vl(alg)
26042.3 D+112.7 yz(alg) o
26083.8 C+V, +48.2 v o, )
26086 ] D+124 vz(a{g)
_26140.7 C+V, +105.1 Vz(alg)
26148.6 A+816.1 3\)1(alg)
26186.2 C+Y,+150.6 Vz(blg)
26196.5 D+265.9 vl(alg) B
26216.5
| ] 26238 D+276 vl(alg) - B
] | ]=e=8s D+V, +37 Y || -.__,
26313.0 C+553.7 2y, (a, _
553.7 Vi (ay4)
L ) *_g?_S?.Z i D+V, +134 B "2("“1_9)_, R i _
doo | 26418.0 ) Cr2w,+105.0 wy(ayg)
26486 D+524 2vl(alg)

TABLE XVI .
FEATURES IN THE SPECTRA BETWEEN 39508 AND 3780&,4I2(D), AT 4.2K .

(Continued from page 142)



144

The natures of the electronic origins remain to be dis-
cussed. Vala's calculations [60] predict large splittings

of the cubic spin orbit components of 4T2(D) as follows:

1 1 1

E" (+326 cm ) U' (+204 cm™ ) E' (+66 cm ) U' (zero).

In partial agreement with this, the three sharp origins A, B,

and C are found to be spread over 427 cm—l, with A and B close
together, while the broad feature D is ;lmost 600 cm"1 above

A in energy. However, it is difficult to fit the observed MCD
signals into this pattern. Again it appears that the tetragonal
field component is the dominant perturbing influence, separa-

ting the state into 4B (correlating with 4T O) and 4E (cor-

2 2
relating with 4T2i-1) which we identify as follows. The broad
peak.:D seen in the < -spectrum and associated with the strong
+ve MCD signal is assigned to 482,'predicted to be xy-allowed
only and to have large +ve MCD by the tetragonal perturbation
model of 6.3. To lower energy, origins A, B, and C, seen in
both « - and T-spectra and with small MCD signals are assigned
as three ot the four possible spin orbit components of 4E.

Their properties arise from the combined effects of spin or-
bit coupling and the tetragonal field component. This assign-
ment provides a good explanation of the MCD spectrum, and is
compatible with the cobserved linear polarisations. Thus the
lower energy part of the band, 4E, is more intense in z- than
xy-polarisation, the predicted ratio being 2:1, while the higher
energy part of the Tr-spectrum is dominated by features built
onto origin C of 4E,masking the possible presence of any fea-
tures assignable to D, 4B2.

Further experimental data is available on the sharp origin

A, 4.2K axial Zeeman spectra recorded at various fields up to

4,75T, and the temperature dependence of the MCD at a field of



145

5.0T, shown in FIGURES 28 and 29 respectively. In the Zeeman
spectra, both first- and second-order effects must be present
in order to give rise to the non-linear line shifts with in-
creasing field strength, assumlhg that the Rigid Shift model
can be applied in this case. Origin A must be a Kramers doub-
let to give rise to so few Zeeman components. Comparing the
Zeeman trace for 4.2K, 4.75T with the MCD at 5.4K, 5.0T, we
see very similar separations of the two lines, 4.2 and 4.5 cm
respectively. (Note that the MCD wavelength scale is more
compressed.) Both transitions are via $+ as the MCD is +ve.
As the temperature is raised, the MCD signal becomes progres-
sively smaller, and the shape changes from that characteristic
of a C-term into that of an A-term. Again, the small number
of components visible indicates that A is a Kramers doublet.
These observations agree with the assignment of A as one of
the four possible spin orbit components of 4E (2E' + 2E'),

each of which is expected to be a Kramers doublet.
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6.2 "E(D)

150

FIGURE 30 shows in detail the spectra of this band, and

the prominent absorption features are tabulated below.

Ener-

gies are quoted to the nearest wavenumber as the lines are

relatively broad.
< =& (xy) ™ (2)
ENERGY cm-l ASSIGNMENT | VIBRATION-|ENERGY cm™ '|ASSIGN-
AL MODE MENT
26624 A - 26624 A -
H“26674 A + 50 V5 | -
26738 A + 114 \32(alg) 26731 A + 107 sb(alg)
L 26846 B - 26851 B | - - B
” 26563 7 A %-é79 V\a(;;g)»o -
- - | 26921 B + 70\>L4m:
- S R B LU RO
26947 A +V; +44 V3
2703a | | | 27032 | R
27110 27115
B 27159 o -
27241
27263
TABLE XVII

FEATURES IN THE POLARISED SPECTRA BETWEEN 3780 AND

36708, “E(D), AT 4.2K.

The MCD overlaps with the stronger bands on either side and does

not follow the axial absorption shape.

-1
26632 cm

Origin A at about

is the only line which clearly correlates with the
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X-spectrum; it is a sharp -ve line superimposed on a broad +ve
signal of the blue tail of 4T2(D). Between A and B, the +ve
MCD signal increases in strength, then falls quite rapidly and
becomes a broad -ve feature, finally overlapping into the
strongly negative 4Tl(P) signal. In absorption, neither A

nor B couples strongly with vibrational modes, and the bulk of
the intensity of 4E(D) is associated with broad bands whose

approximate maxima are 27030 cm_1 (), and 26900 and 27200 cm_ltﬁ).

Véla's calculations [60] indicate that in cubic symmetry
the spin orbit components of 4E(D) should be well separated
from each other as follows:

E' (+105cm-l) U (+48cm-1) E'" (zero).
A very tentative assignment would be to equate E'" with A and
U' with B, both predicted to have -ve MCD (see TABLE V). The
other origin E' is expected to have +ve MCD and could perhaps
be identified as the small upturn in the MCD signal near 3685&,
about 27516cm-l, which appears to correlate with a small peak
in the TT-spectrum at 27159cm-l. This pattern fits that cal-
culated by Vala, but with the energy separations increased by
a factor of about 5. This does not, however, account for the
broad band or the linear polarisations.

Comparing with the tetragonal model (6.3) and 4E(G),
origin A of 4E(D) has similar properties to Q, 4Al, being
stronger in xy-than z-polarisation and having -ve MCD. Origin
B of 4E(D) resembles P, 4Bl, stronger z than xy and with +ve
MCD. Neither of the above accounts of 4E(D) is fully satis-

factory, however, and the true nature of the state must be

left open to doubt.
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.10 %1, (P)
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The final band contained in REGION IV is the most intense

of all the quartets,

be distinguished are tabulated below, all energies being ap-

proximate:

L =C (xy)

27530 cm
(shoulder)

27700 cm

1

1

b - —

27500 cm™*
(shoulder)

27690 cm-l

28160 cm
(shoulder

1
)
28420 cm'1
(shoulder)

1

28620 cm
(shoulder)

but has few features.

Those which can

T (2)

27550 cm™ T
(shoulder)

27690 cm-1

27930 cm™*
(shoulder)

28090 cm™*
(shoulder)

TABLE XVIII

4

FEATURES IN THE LOW TEMPERATURE SPECTRA OF Tl(P)

Vala [60] calculated that the spin orbit components should
lie close together, and they are likely to be found between
27500 and 27700 cm T,
signal being very large.

or structure of the band,

Only negative MCD is observed,

the

Given the lack of polarisation

no assignment can be attempted and

no statements made about the relative importance of spin orbit

interactions and the tetragonal perturbation.
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6.11 REGION V

As previously described, no bands were found in the

absorption spectra of Cs MnCl5 between 3480 and 2650&, nor

3
was there any evidence of an MCD signal in this area, even
when scanned with the electronic gain increased one hundred

times above the normal level.

6.12 REGION VI GENERAL

The part of the spectrum between 2950 and 26508 contains
three band systems whose low temperature spectra are shown in
FIGURES 31 and 32. Owing to the reduced efficiency of the
xenon arc lamps and grating monochromators employed in the
spectrometers, it was necessary to use larger slit widths
to compensate for the reduced energy at these short wave-
lengths. Hence the resolution was poorer: about 18 in ab-
sorption compared with 0.158 elsewhere, and 4A for MCD as
against 18 elsewhere. In order of increasing energy, the
bands are:

1)
4

(ii) A,(F) from 27958 to about 27454;

1 (F) from 29508 to 27954;

(iii) *I,(F) from about 2775} to 2650R,
and are each discussed in detail below.
The assignment of these bands has been dealt with in CHAP-

TER 5. 4Tl(F) is just separated from the others, whose origins

lie close together, so that 4A2(F) and 4T2(F) are treated to-

gether. A magnetic dipole contribution to the intensity of

4T2(F) is evident as the x- and o-intensities are not identical.
General compar;son can be made with the bands observed by

vala. In (Me4N)2MnC14, scattering of light produced rather
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indistinct bands at high energy, while in the bromide three
overlapping bands were observed [CO]. The one at lowest energy

was broad and relatively weak, and should probably be assigned

as 4’l‘l(F). The two higher energy bands were both structured,

one with sharper, more intense lines than the other. No data

on the 4F bands of (Et4N) MnCl , was available, but the bromide

2 4

and iodide clearly showed three bands aésigned in order of

increasing energy as 4T1 (-ve MCD), 4A2 (+ve MCD), and 4T2
(+ve MCD). In both compounds, 4T1 was the weakest of the three

bands in absorption.
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4
©.13 1T;(F)

FIGURE 33 shows the spectra of this band recorded at 4.Z2K.
The ~- and -o-spectra are identical, and are built upon two
electronic origins A and B. These couple strongly only with

\a, five quanta of this vibration being visible, the longest

progression in any of the quartets. B also couples weakly

with one of the lattice modes, \£4. The MCD signal is large
and entirely negative, and follows the axial absorption in
shape, but with the addition of D which we assign as an elec-
tronic origin. The weaker TT-spectrum Shows no sharp features,
but again has a long vl progression built on a single broad
origin C. 1In all cases, the details become less distinct
after the third v repeat. The approximate positions of the

lines are given below:

<= (xv) MCD ™ (2)
ENERGY ASSIGN- | VIBRL. ENERGY ASSIGN- VIBRL. ENERGY ASSIGN- VIBRL.
-t MENT MODE -1 MENT MODE -1 MENT MODE
cm ca
34080 A - 34085 A -
34147 B - 34147 ) - -
34168 c -
a2l | Bred | Vi R I
34279 D -
I — -
34358 A+278 Vylagg) | 34377 A+292 Vilag)
34433 B+288 Vilayg) | 34432 B+285 Vi(ag)
34459 Cc+291 Vl(alg)
34495 B+YV, +60 Via
34548 D+269 V;(ay,)
34647 A+567 29 (a; ) | 34656 A+571 291(a19)
34716 B+569 2wy (ay,) | 34720 B+573 v, (ay )
34746 Cc+578 29, (a, _)
b - 1 19)
34780 B+2, +64 Via
34831 D+552 29 (ay,)
34928 A+848 V) (ay) | 34947 A+862 W) (ag,) T
34990 B+843 3v1(a19) 35002 B+852 3“1(319) T T
35039 c+871 3»1(3,;7”
T 1T s
35119 D+840 W (agy)
35224 A+1144.1“4fl(a¥21. 3522i_~‘ A+1142 | 4v¥fi£91
35286 B+1139 4V, (ay ) | 35296 B+1149 W, (ay)
35335 C+116 :
8 -Wl(alg)
35474 A+1394 5V (ay ) | 35457 A+1372 5‘5(319)
35537 B+1390 591(agg) [ 35524 B+1377 5vp{ay)
TABLE XIX. 35587 Criae Wlagg)

FEATURES IN THE LOW TEMPERATURE SPECTRA OF 4Tl(F) .
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Vala's spin orbit calculations give the components of

4 . .
Tl(F) the following relative energies:

l) U' (+13 cm-l) E' (zero)

U' (+173 cm-l) E" (+153 cm
which are quite close in magnitude to the observed origin
spearations. A and D clearly have larger MCD than absorption
intensity, and according to the cubic model these would be
E'" and U'3/2, see TABLE V. Origin B would then correspond
to E' with a smaller Ad/D value, while C could be U'5/2 which
has effectively no MCD intensity. This ordering does not
agree with Vala's predictions nor does it account for the
observed linear polarisation behaviour. For a possible ac-
count of this, we refer to the tetragonal perturbation model
outlined in 6.3 Origins A and B are seen only in xy-polarisa-
tion and have large MCD, and are assigned as the E' and E"
components of 4A2 (correlating with 4T1 O). As A is the more
intense in MCD, it is assigned as E' with m_ = +3/2, while
B is E' with mg = +1/2. The broad origin C seen alone in the

w-spectrum is assigned to 4E (correlating with 4T +l). There

1

could be a contribution to the xy-intensity from C as demanded
by the model, but this would lie under the sharper features
due to A and B. The assignment of D remains uncertain. As

a sharp feature with strong MCD, it shows a resemblance to A

*

, can only give rise to two origins in D2d . Pos-

sibly D is a sideband of A made apparent only through the

and B, but %A

increased intensity of A in MCD relative to B, but the spacing
of about 194 cm-1 does not fit in well with any of the known

vibrational frequencies except 2w4(b However, the '"'missing"

2g)'
A +'v4(b2g) line could be obscured by B, and the V, repeats of
D follow the same intensity pattern as those of A. Alterna-

tively, D could be one of the components of 4E made prominent
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in MCD by the presence of a small +ve signal close to it on
the low energy side. This would explain why D does not cor-
relate with any definite feature in the - or T-spectra.
Whatever the explanation may be, it is clear that the tetra-
gonal distortion is dominant over spin orbit coupling in per-
turbing 4’rl(F), yet the Ad/D value remains close to the the-

oretical prediction, see TABLE VI.
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4 4
6.14 "A,(F) AND “T,(F)

Between 2795 and 26508 in the spectra of Cs

3MnCl5

found two overlapping band systems as shown in FIGURE 34.

are

These are assigned as being built upon a total of four elec-

tronic origins, A and B from 4A2, and C and D from 4T2. Each

band is of a very different character. The lines of 4A2 are
of very low oscillator strength, but are quite sharp and show

coupling of the electronic origins with lattice vibrations as

4

C and D of T

well as chromophore ion modes. In contrast,

2
N, .

are intense and broad, and show strong coupling only with

Smaller features seen on the 4T

1

band can be assigned as side-

2
.. 4
bands of origin B of A2, as shown below:
(xy) MCD (z)
ENERGY ASSIGN- | VIBRL. ENERGY ASSIGN- VIBRL. ENERGY ASSIGN- VIBRL.
-1 MENT MODE -1 MENT MODE -1 MENT MODE
cm cm cm
35803 A - 35813 A - 35804 A -
35861 B - 35877 B - 35863 B -
35916 B+55 M3 Vpg | 35932 B+55 Y 3r Dy, | 35920 B+57 Vi3 Vg4
35956 B+95 V,(P5y) ) o -
35991 B+130 Vi (ey) 35997 B+120 Vleg) 35997 B+134 AACH
36036
36053 36049
36140 B+281 Y (agg) 36135 B+258 Vy(a; ) | 36140 B+277 Vi (agg)
36193 | B+v, +53 %3 Vg
36219 C - 36212 C - 36232 c -
36267 | B+V,+127 \94(eg) 36234 B+, +99 94(eg)
36390 D - 36370 D - 36390 D -
36423 B+562 2‘)1(alg)
36490 ce271 vi(a; ) | 36476 C+264 Vy(ag) | 36516 C+284 Vi (ag)
36550 B+2\>1+127 \)4(eg)
36663 D+273  ?1(a1g)_ 36653 D+263 vi(ag,)
2v,(a 36753 C+541 2y 5 '
36768 C+548 1(agg) 1(a14)| 36785 C+553 2V (a14)
36941
D+55; 2"1(319)
37058 Cc+839 3, (a;,)| 37036 C+824 39 (a, )| 37092 C+860 39, (ay)
g
TABLE XX

FEATURES IN THE SPECTRA BETWEEN 27958 AND 26508 OF REGION VI

4

A (F) + “I_(F) , AT 4.2k .

b




163

Origins A and B are assigned as the components E'" and E

respectively which arise in D2d* from 4A2. This is based on
the intensities of the linear polarisations and the MCD. The
tetragonal perturbation model of 6.3 predicts that E' will be
more intense in xy- than z-polarisation (theoretical ratio 11:9)
and have large +ve MCD,while E" will be more intense in z- than
xXy-polarisation (theoretical ratio 12:8) and will have a +ve
MCD about 7 times smaller than that of E'. These predictions
are in good agreement with the observed o, 77, and MCD spectra
shown in FIGURE 34. The reason for the large intensity of B
in the « -spectrum is that the wavelength scan was slower and
sO gives a true indication of the intensity of the line,whose
half width is instrument limited. The ¢ - and Tr-spectra were
taken from more rapid scans. Thus 1t is not possible to deter-
mine if the «- and o-spectra show any important differences in
origin intensity attributable to the presence of magnetic di-
pole transitions. The sidebands however seem to be of very
similar intensities. The agreement between observed and cal-
culated Ad/D values is not very good, but there are large un-
certainties in the measured band areas cwing to difficulty of
measurement and possible overlap with the more intense 4T2.
According to Vala's calculations [60}, the spin orbit

components of 4T2(F) are separated as follows:

Ut (+149 cm-l) E' (+143 cm_l) U' (+84 cm-l) E" (zero).
In the tetrahedral model, E' has no first order intensity either
in absorption or MCD, so that three origins should be observed.

As two are calculated to be only 6 cm_1 apart, or 0.58 at this

wavelength, then the presence of only two origins C and D
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supports this prediction. However, the separation is over
three times the calculated value. From the axial and MCD
intensities, C is tentatively assigned as U'3/2, leaving D

as E' + U'5/2. The model is not able to explain the observed
strong linear polarisation of origins C and D. It is possible
that the weak features at 36036 cm T (<) and 36049 cm™t (7)),

which were not assigned as part of 4A could be due to E".

22
Their low intensities must then arise as a result of second
order spin orbit interactions. The behaviour of 4T2(F) can
not readily be explained by means of the tetragonal pertur-
bation model, which predicts separation into 482 (xy-only)

and 4E (allowed xy and z). As origins C and D are both more
intense in Y than <, they should be components of 4E and should
only have small +ve MCD, whereas in fact they give rise to
large signals. Further, the «£ - and ¢~ spectra are not iden-
tical, for although the same lines are present in each, the
O-intensities are larger by a factor c¢f about 1.3, and we

must conclude that magnetic dipole transitions are present.

In spite of this, there is good agreement between the observed

and calculated A4d/D values.
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A PPENDIX I

CHARACTER, MULTIPLICATION, AND CORRELATION TABLES
*
FOR Td AND Td
These tabulations are from references f},B, and 4?,

where their derivation and use are explained.

(i) CHARACTER TABLES FOR T ., AND T  *

-
Td 1 8C3 3C2 654 6oa
A1 1 1 1 1 1 (x2+y2+z2)
2 2 2 2 2
A, 1 1 1 -1 -1 (2z7-x"-y, x"-y7)
E 2 - 2 0 0
T, | 3 -1 1 -1 (Rys Rys R)
T2 3 0 -1 -1 1 (x, v, 2) (xy, yz, zX)
*
Td 1 R 8C3 8C3R 6C2 OS_L 654R 1206
E! 2 -2 1 -1 0 N2 -2 o
2 -2 1 -1 9 -2 2 0
'.J' - -4 -l l O O O
i
(ii) MULTIPLICATION TABLE FOR T, AND T *.
* ! 3] '
Td+Td Al A2 E Tl T2 E E U
Ay Aq
A,y Ay  Aq
E E E A1+A2+E
Tl Il T2 1‘1+’l‘2 A1+E+’I1+’I2
T2 T2 Tl T1+T2 A2+E+T1+T2 A1+E+T1+I‘2
E! E' E" (O E'+0U! E"+U! A1+T1
1" 1 ' Mp]]? ' 1 1
E" E E U E'"+U E'+U A2+T2 A1+T1
A1+A2+E
' ! t $F 11477 1 +F 114 ' t4+B 1 4 ' -+
U U U E'+E"+U' E'+E"+2U' E'+E" +2U' E @f§25+;g23+2;ﬁzrz
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* *
(iii) CORRELATION OF THE REPRESENTATIONS OF T, T, AND D ., D).~
¥* ¥*
Ty Doa Ty Doa
A, o~ A E -~ E!
A, ——» B, EM — . gn
—— . ! e 1 1"
E » Al + Bl U E + E
Tl — B A2 + E
T, -  » B, +E

In a simplistic way, one can imagine that the existence of an
84-axis in tetrahedral symmetry permits up to fourfold degen-
eracy, while the Cﬁ-axis in the lower symmetry allows only

twofold degeneracy.
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A PPENDTIX II

PREPARATION AND PROPERTIES OF Cs3MnC15

II.1 PREPARATION OF SINGLE CRYSTALS

The CsCl-MnCl2 phase diagram is given in the compilation

of Levin et al {103]. This shows that Cs MnC1 . exists as a

3
distinct compound, melting point 511° C [;04]. The preparation
was carried out by the Bridgman-Stockbarger method using the

apparatus of the Crystal Growing Unit, in the Clarendon Labor-

atory, Oxford. The best results were obtained as follows:

"AnalaR'" g¢grade CsCl and MnCl, were purified by sublimation

2

under vacuum, and were weighed out in the stoichiometric

proportions. This was done in a dry box as coth materials

are strongly nygroscopic. They were mixed and acain sublimed
under vacuum into a silica tube in which a small quantity of
pure benzene had been pyroiysed. The coating of carbon dep-
osited on the walls of the tube prevented the contents from
adhering to the walls during cooling. The tube was sealed
under vacuum, and the ampule so formed was placed in the crys-
tal growing apparatus. It was slowly heated up to 520°C in
the furnace, causing the contents to form a homogeneous melt

of Cs MnClS. The ampule was then lowered over a period of

3
three days through a very carefully controlled temperature

gradient into a region at s500° C. During this period, crystalli-
sation took place along with a certain amount of zone refining.
Cooling then proceeded more rapidly to room temperature. Over

the range 500° to 20°C, the crystal contracted by about 20%, and

broke up into large lumps, each a single crystal.
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IT.2 PROPERTIES OF Cs MnClS.

3

Anhydrous MnCl, is extremely air sensitive, but crystal-

2
line pieces of CsMnC15 were found to be stable in air 1if
kept dry. On removal from the ampule, the crystals were kept
in a dry box. They displayed no obvious morphology, and the
optical axis was located by use of x-rays. This work was per-
formed in the Chemical Crystallography Department, Oxford with
the kind assistance of Dr. D.J. Watkin. A large piece of crys-
tal was mounted in soft wax on a goniometer head, a thin edge
was brought into the x-ray beam, and a precession photograph
was taken. A long exposure time, 4-5 hours, was found to
be necessary because of the opacity of the crystal to x-rays.
During this time, the surface of the crystal acquired a white
film, but the bulk remained clear. By examination of the
photographs and reorientation of the crystal, the fourfold
symmetry axis was located. Faces were polished perpendicular
to this axis for axial absorption and MCD measurements. A
second crystal was examined in the same way, and faces polished
parallel to the fourfold axis for polarised absorption. Thus
the optical properties of Cs3MnCl5 were determined, using crys-
tals 1.5 to 2.5 mm thick.

To the naked eye, Cs3MnCl5 crystals have a pale yellow
colour under natural light. They are stable in dry air and
can be handled quite casually provided that the natural surface
of the cxrystal is intact. After repeated handling, polishing,

and cooling to low temperatures, deterioration was more rapid.
However, it was possible to use the same section of polished

crystal for several experiments by exercising due care in hand-

ling and storage, and repolishing the surfaces immediately prior

to each experiment.
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The crystal structure of Cs MnCl5 is illustrated 1in

3
FIGURE 35. The crystal belongs to the tetragonal class,

18
4h °

whose dimensions 72 are:

space group D with four formula units in the unit cell,
a =b =9.2148, ¢ = 14.9081%.
Based on the above parameters, the density is calculated as

3.313 gm/cm3, and the MnCl chromophore concentration is

2
4
5.25M. This factor was used in all calculations for the con-
version of observed (differential) optical density to extinc-
tion units.

Magnetic and thermodynamic measurements down to very low

temperatures [71] showed that Cs;MnCl_ becomes antiferromagnetic

3
at 0.6K, with a very small degree of short range ordering
persisting up to about 0.8K. Above these temperatures, the
crystal is magnetically dilute, and the magnetic suscepti-
bility follows the Curie-Weiss law accurately. All the mag-

netic data was in accord with S = 5/2 and a g-value very

close to 2 for the ground state [33].



171

D
A\

~ e
N / Q\w Cd// \
O o \O ~ @
N O f‘)
////////JLVC) S 2 //////,«

Niwraeey

FIGURE 35S . QO ecs
UNIT CELL OF CsyMnClg [2] .

O c
Dimensions of isomorphous ® IMn
ccmpounds :
a=1b (k) c (&)
C's3MnCl,5 9.2 14.9
03300015 8.7 14.0
Cs3CoBr5 9.6 15.2
Cs3ZnCl5 9.2 14.9
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A PPENDTIX III

MEASUREMENT OF MCD SPECTRA

III.1 GENERAL DESCRIPTION

The MCD spectra of Cs MnCl5 were recorded on an instrument

3
whose optical and electronic design and. performance have been
reported in detail fBO]. It combines '"simultaneous'" measure-
ment of circular dichroism and absorption spectra at high
resolution. A schematic diagram of the optical arrangement

is shown in FIGURE 36. Briefly. light from a water cooled

500 watt xenon arc lamp passes through a Hilger and Watts

D331 double monochromator, is filtered, collimated, and
linearly polarised. Right and left circularly polarised

light alternating at 3C kHz is then produced using a quartz
accousto-optic modulator. The beam then passes through the
sample housing to the detector, a photomultiplier. Part of
the liacht beam bypasses the sample to provide a reference sig-
nal for the absorption channel. The photomultiplier output
signal is then processed by the electronic circuits outlined
in FIGURE 36, and the absorbance and circular dichroism sig-

nals are plotted out on a dual channel chart recorder.

III.2 CRYCSTAT

The crystals were mounted in an Oxford Instruments cryo-
stat which has superconducting coils wound round the bore. Mag-
netic fields up to 4.75 Tesla may be generated, co-axial with
the light beam passing down the bore. Samples suitably mounted

on a copper plate can be maintained at a steady temperature in

the range 4.2 - 77K with the help of a "Harwell'" automatic
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temperature controller. The sample plate is screwed onto a
copper block provided with heating wires and a thermocouple
for temperature measurement. The block is insulated from the
liquid helium well by a vacuum space. By introducing a small
quantity of helium gas, about lO-3 torr, the crystal is cooled
to 4.2K. This transfer gas is then pumped off to minimise the
rate at which the liquid helium boils off; the crystal remains
at 4.2K.

ITI.3 ABSORPTION CHANNEL

In spite of the desirability of having absorption and MCD

spectra measured simultaneously, the absorption channel was

not used in this study. There were several reasons for this:
the baseline was not flat, and was badly affected by lamp lines;
the signal:noise ratio was poor owing to the low light levels
and short sampling time (1/30th second); it offered poor reso-
lution compared with the McPherson RS10 (see APPENDIX IV);

and the absorption signal often interfered with the more im-
portant MCD on the chart recorder. In addition to these prac-
tical considerations, the absorption spectrum so measured would
be subject to serious deviations from the Beer-Lambert law.

Woldbye and Baggar ElOS] showed that the simple form:

OD = loglo(IO/I) = gcd

does not apply to a non-isotropic medium. The actual dependence

was shown to be:

OD = &cd - logy, {cosh(lnlOAScd/2)}q

where E = (£L+8R)/2

and A& (E. -E_).

L-
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To a first approximation,

True OD = Apparent OD - 0.288 (LOD)2.

The correction becomes important at large values of OD; 1if

OD 1, then AOD 0.6 gives a noticeable distortion. Also,
the effect will vary with wavelength, and will be dependent
on the temperature and the field strength. For many of the
bands of CsBMnCl5 crystals, differential optical densities
over 2 were encountered.

I1TI.4 MCD CHANNEL

The circular dischroism signal is electronically recovered
and processed from the 50kHz coherent component of the alter-
nating output of the PMI. It is a sine wave whose amplitude
is directly related to the size of the CD, and its phase rela-
tive to the reference signal from the modulator determines the

sign. The instrument is calibrated by use of a reference mat-

-

erial, (+) " Co(en)s3] €l3 in aqueous solution. The first ab-

sorption band in the visible region around 49004 is known to
have AODmaX/ODmax = 0.0202, the absolute sign being positive
[73]. Thus a solution of known AOD can easily be prepared,
and used to calibrate the MCD scale and to check the linearity

of the variable gain amplifier and automatic gain control loop.

The system was found to function well.
In order to determine the calibration factor, we use the

description of circular dichroism given in 2.2, and follow the
treatment of Velluz et al [106]. The Beer-Lambert law can
be stated in the form:

I = Ioe-4ﬁéd/A.



175

A circularly dichroic material possesses two distinct indices
of extinctionfxlyandfnR referring to LCP and RCP light res-
pectively. 1In an electro-optic modulator, linearly polarised

light is subject to a lag:

0 e
& = Jde sin wt

where w is the modulation frequency.

The emergent flux g% may be considered as being composed

of left and right circularly polarised parts,4¢L and Qﬁ res-
pectively:
2 _ -
QL ‘2—0 (1 + s:ang’) =‘? [l + sin (qu sin wt)|
- 0 -~ ~ !
R =‘;§i (1 - sinog ) ='22ﬁ .1 - sin (¢, sin wt)!

The total flux gﬁL + jR is constant at all times.

After passage through a dichroic material, we have:

7 _
DL = /:L e 4Tr/de//\ )@' - (D e-4TT%Rd//\

Photomultiplier cutput voltage is the product of sensitivity
S(A) and flux #. The total output will be composed of two
parts, one static, Vc’ and the other Vmod varying at the modu-

lation frequency:

v, = 58, [T BT

C —
2
v_ 4 = S8, [e""“de/’\— e'4"’6Rd”‘] sin(d_sinwt)
=

The observed output from the phase sensitive detector (PSD)

corresponds to the modulated part of the photomultiplier out-

put, and is given by:

us
Voeop = GS&, [ -4mX (/A —‘m% d/'\Jx 1 S sin(cfosinwt) dwt .
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G is the electronic amplification (gain) applied to the alter-
nating component of the PMT output. The ratio of the alter-

nating and static signals is:

4T —anX B -
v o 4w d/A - e 4t Rd/)‘ i- ol
PSD _ g 'x % | sin ( ¢, sin wt) dwt
V_ oA Xpd/N | -4mXpd/A L T w °

o

= 9 tanh [21’1’(%R -'X,-L)d//\l x-‘_l;- Xsin ( »S; sin wt) dwt

°

The integral factor can be taken as constant as the instrument
is always set up so as to maximise the PSD output voltage for

1 ¢c1. solution. Then

the standard test material, (+) [Co(en)3, 3

we have:

Vpsp

W%
C

= G k" tanh ZZTI'A%d/)\: .

This is related to the differential optical density 20D since:

o~ 4maxXd/A | | 4-80D
i.e. 4mldX 4/A = AOD 1n 10
Vpsp
= G k" tanh | AOD 1n 10
Vc L 2 -

The hyperbolic tangent can be expanded as a power series:

tanh x = X -_53

6 +

and to a first approximation we have:

v
PSD - G k AOD where k = k" 1n 10
v, ===

This expression will be wvalid only for small values of AOD as
only the first term of the power series has been considered.
For AOD~ 0.3 optical density units, the error is about 1%,

rising rapidly as 80D increases.
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In FIGURE 36, the electronic diagram shows that it is the

output of the phase sensitive detector V which is displayed

PSD

on the chart recorder as the MCD signal. Rearranging the

above equations, we have:

- 3

AOD = ‘1'rT2T5 tanh 1(“ 10 Vpgp
2GkV 0

c )

while for small values of OD we can use the simpler form:

aop = Vpsp
g kv
C
The calibration factor k was determined by use of (+)ZCo(en)3:’Cl3
as follows. A solution was made up to have an absorbance just
below unity at 4800&, the exact value being found by measure-
ment on a Cary 14 double beam spectrophotometer. Such a solu-

tion gives rise to a small positive circular dichroism signal

around 49008 related to the absorbance value by the factor

+0.0202 E73:. Knowing the electronic gain 9 and the set control
level Vc’ the observed peak deflection of the chart recorder

can be determined in differential optical density units, yield-
ing the calibration factor k. As the 10D value is small, no
error arises from the use of the approximate formula.

In the measurement of the MCD spectra of crystals at low
temperatures and high magnetic fields, AOD values are often
quite large, and the error arising from use of the approximate
relationship becomes more serious. This is illustrated in
FIGURE 37, where the true value of AOD is always larger than
the apparent value displayed on the chart recorder. The most

obvious effect is that intense bands appear to be flat topped
when the spectrum is scanned. If spectra are also recorded

digitally, e.g. on punched tape, for computer processing and
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Plotting, it is a relatively easy matter to incorporate the
inverse hyperbolic tangent correction into the data-handling

program. This was done for some spectra of (Et4N)2ZnI crys-

4
tals doped with Co2+ [107], and a typical result is shown in
FIGURE 38. (The two bands shown are the E'" and U' components

2 4

of the "T,(D)«— A, (F) transition measured at 4.2K in a mag-

5 N
netic field of 4.75T parallel to the fourfold axis of the tet-
ragonal crystal.) Spectra which were not digitised were cor-
rected by replotting by hand point by point taking into account
the gain and control level settings. This latter method was

used for Cs MnClS. In either case, the inverse hyperbolic

3
tangent function tanh-lx becomes very sensitive to small changes
in x as x approaches unity - see FIGURE 37 - and peaks showing
very large circular dichroism are truncated at or below a AOD
value of 2.4, corresponding to x = 0.984, or an apparent AOD
value of 1.14.

The limit of resolution with the D331 monochromator was
about lﬁ, and this becomes a severe restriction when very sharp
line spectra are being studied. In order to overcome this,
modifications were made to the McPherson RS10 spectrometer
by Dr. E.R. Krausz, allowing MCD spectra to be recorded at
a resolution of about 0.15A. Also, a Thor Instruments cryo-
stat generating fields up to 5 Teslas became available. It

was with this system that the MCD spectra shown in FIGURES 20

and 29 were recorded.
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A PPENDTIX 1V

MEASUREMENT OF ABSORPTION AND ZEEMAN SPECTRA

IV.1 ABSORPTION SPECTRA

All the absorption spectra reported in this study were
measured on a McPherson RS10 spectrophotometer equipped with an
Oxford Instruments continuous flow cryostat. When used with
liquid helium as the cryogenic fluid, it was possible to record
crystal spectra over the temperature range 3-80K with good sta-
bility. Some preliminary studies were also made on a Cary 14,
but this did not give adequate resolution of the bands as its
limit is 1R over the spectral range 1950 to 25000&. Also, it
has an automatic slit control mechanism and a limited range of

scanning speeds, and 1is less adaptable than the newer McPherson

RS10. This latter instrument has a narrower operating range,

2300 to 12000&, but offers better resolution with more control

than the Cary 14.

A brief description of the McPherson RS10 spectrophotometer
will now be given. It is a relatively new instrument, manufac-
tured by the GCA Corporation of Massachusetts, USA. The 1light
source is a 100 watt high pressure xenon arc, which provides a
fairly uniform radiation intensity across the visible region
with a few broad weak emission lines around 4200%. Near 8000R
there are several very strong emission lines, and these can pro-
duce spurious peaks on spectra recorded in the double beam mode.

In this region, a tungsten filament lamp provides a more uniform
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emission of radiation, so the lamp housing was modified to ac-

commodate a 60 watt tungsten bulb alongside the xenon arc. Light
from either source was focussed on the entrance slit of the mono-

chromator by means of an adjustable concave mirrox. The mono-
chromator is a l-meter Czerny-Turner, fitted with a prism pre-
disperser on the entrance slit. The grating is blazed for max-
imum efficiency at SOOOK, and has 1200 lines per millimeter.
With slits set at their narrowest, %pm, this gives a theoretical
resolution of 0.18 across the visible region. In practice, 0.158
would be a more typical estimate of the resolution achieved with
crystals. The monochromator entrance and exit slits are manu-
ally adjusted in experiments to give the best results in terms
of resolution or noise level: wider slits give more light, hence
lower noise in the spectra, but also provide lower resolution.
The noise level is also a function of the EHT voltage applied
to the photomultiplier tube (PMI), and this is set manually in
the range 1000 to 1300 volts for crystal spectra. For work
into the infra red region, 70008 and below, a special PMT 1is
used. It has extended red response with a cooled S-1 photo-
cathode to eliminate thermal noise, and is mounted in a special
insulated housing cooled with dry ice/methanol to -60°C. The
effective range of this PMT is 3000 - 12000&, and it may also be
used on the MCD machine.

When the McPherson RS10 is used in the normal fashion to
obtain absorption spectra, a ''double beam attachment” is fitted
+0 the exit slit of the monochromator. This has first an ad-

justable polarising prism, followed by a beam-splitter (a double-
sided vibrating mirror driven electrically at 70Hz), and two

separate compértments for sample and reference. Light passing

through these compartments is directed with mirrors to a single
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Photomultiplier. The output of the PMT goes through fixed gain
amplifiers to a logarithmic ratiometer, so that absorbances can
be recorded directly in optical density units on the built-in
Hewlett Packard chart recorder. Alternatively, the PMT output
current for either channel, reference or sample, can be ampli-
fied and measured on an ammeter, or fed to the chart recorder
for single beam measurements. Using this facility, the crystal
mounted in the cryostat-can be moved around inside the sample
compartment to the position at which it transmits the maximum
amount of light. The light level in the reference channel is
then adjusted to the same value using suitable attenuators, var-
iable sized holes and neutral density filters. These prelimin-
ary settings are made at a wavelength at which the sample crys-
tal, cooled if necessary, does not absorb light. The instrument
can then be used in the double beam mode, and an appropriate
optical density range is selected on the ratiometer (0.1, 1, 2,
or 3 OD full scale deflection). On the highest range, intense
peaks are sometimes seen to be flat topped. This can be caused
by stray light in the sample compartment, or by insufficient
light in the reference channel. Thus great care must be exer-
cised when mounting crystals in the cryostat tc¢ ensure that no
pin-hole light leaks are present at the edges of the mounting
plate. Also, using the exit slit shutter, the PMT dark current
can be measured and offset to zero as this is effectively a
contributor to stray light and will cause error in the measure-
ment of large optical densities.

Single beam experiments may be performed by setting the
vibrating mirror to the sample position, and measuring the PMT

output on the chart recorder as the wavelength is scanned. It
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is necessary to record a baseline separately for extended scans,

although over a few &ngstroms it may be considered to be flat.

Again, the dark current should be offset to zero, and the ''no

light" level marked on the recorder trace at the beginning and
end of each scan. This allows the linear transmission measure-
ments to be converted to optical densities, the other point of

reference being the ''no sample'" baseline.

IV.2 ZEEMAN MEASUREMENTS

In these experiments, a magnetic field is applied across
the crystal on which optical measurements are being made. The
arrangement adopted for measurements on Cs3MnCl5 was as follows.
The crystal was mounted in the large cryostat normally used on
the MCD machine, so that fields up to 4.75Tesla could be gene-
rated by means of the superconducting coils. As this cryostat
was much too big to fit inside the sample compartment of either
the Cary 14 or McPherson RS10 double beam spectrophotometers,

a single beam arrangement was adopted on the McPherson. The
double beam attachment was removed from the exit slit assembly,
and the MCD cryostat, supported on a Dexion frame, was ‘''mated"
to it using a simple coptical bench. This consisted of an ad-
justable lens and a polariser for use with non-axial crystals.
The bench was made light tight with aluminium covers, and a
blackout cloth was wrapped around the outside. As a further
precaution, experiments were performed under subdued lighting.
The photomultiplier was removed from the double beam attachment
and mounted in a 50-cm. long brass tube normally used on the MCD
machine. An adaptor plate was made to allow this tube to be

attached directly onto the MCD cryostat. The intention of this

arrangement was to reduce the effect of the very large magnetic
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field on the electrons in the PMT, which had a mu-metal screen
Placed around it. 1Its output was measured in the single beam

mode .
With the apparatus set up and the crystal mounted in the

cryostat, basic optical alignment was done by eye. As an axial
crystal of CSBMnCl5 was being examined, the polariser was not
needed, but the lens on the optical bench was adjusted to give
maximum transmission of light through the crystal. The cryostat
was then cooled using liquid nitrogen, a process requiring
several hours. The inner reservoir was then blown dry with ni-
trogen gas, and filled with liquid helium, and the sample cooled
to 4.2K. It was found that when the magnetic field was brought
up to 4.75T, there was a considerable loss of PMT output owing
to inadequate shielding from the field. The gain was increased
by raising the applied EHT to restore the signal to give a con-

stant light level at the starting point of the wavelength scan.

In subsequent scans at lower magnetic fields, the EHT setting

was reduced so as to maintain the same initial light level. By

means of this procedure we were able to produce Zeeman spectra

of some of the very sharp origin lines seen in Cs MnCl5 at 4.2K

3

in such a way that successive traces made at different fields

were directly comparable.
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APPENDTIX V

C-TERM FOR A 1S--——lP TRANSITION

We shall first establish the splitting pattern for lP in a

magnetic field H,. The Hamiltonian operator is:

K- pon
= - P, H,
e = (alHla>
= -l fiylay H,

f&(a‘lf.z + 2§Z)a> H,

For P, L =1, S = 0, M = +1, O, or -1.
M = +1: E =(s<+1\'iz]+1> H,

= +1{+1]+1) H

:+6HZ
M, =0 E =RIT 1 0) H_

=0
ML = -1: E =P’<‘1]£zl'l> H,
'13Hz

This gives the splitting pattern below, with the circularly polar-

ised transitions: M
J
lg ' 0
AMJ=— AMJ=+1
(RCP) (LCP)
/ "
1 0
P N
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The polarisation properties are as shown for transitions via
the electric dipole moment operator because of the angular
momentum properties of RCP and LCP light. These arise as a
result of the defining equations, and give a '"right-handed"
photon J = 1, MJ = -1, while a '"left-handed" photon has J = 1,

MJ = +1. The rule of conservation of momentum applies to MJ.

The C-term is given by:

2 al A lad Im{(al EIAGIEW a}} EQUATION (2.23)

jaa

O
n
alw

a

3—d z <a\}"z\a>{§<ﬂm 112 - GIR a2 ,» EQUATION (3.9)

Jja=a

Since the excited state wavefunction |j) has M, = 0, the matrix
elements <J]m d> will be zero unless the operator acting on
a component of |a) gives |0) . Out of the six possibilities,
we find

{o\m_| -1) = 1 and olm_{+17) =
Thus the LCP transition, AMJ = +1, correlates with the matrix
element <j3ﬁ+}d> ; the RCP transition, AM_ = -1, correlates with

J
the matrix element <j\ﬁ_]a>'.

L[ po-1) + -B1-0)]

from lP from lP

-1 +1
-

AE is related to -CH_, and will be positive -~ see EQUATION (2.24).

C

Examination of the above diagram confirms this, as the two tran-

sitions have equal intrinsic probabilities but the LCP transition

is the more intense as it comes from the most heavily populated

component of the ground state, and AE = EL - SR. This clearly

demonstrates how a negative C-term corresponds to a positive MCD

signal.
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EQUATION (3.9) can be recast into an alternative form by

use of the Hermitian conjugate nature of lowering operators E?é}:
. - A .
(Jlmlay = -dalm |5) .
Substituting into (3.9), we find:

c =3 ) Gl {Ialfn® - alh)n)®]

Je=a

. 1 1 L .
Again for the "S<—"P transition, we have the non-zero matrix
elements:

(+1}ﬁ+!O) =1 and <{-1'f 10y = 1, and:

—212)_-+(3(O-1) + —’13(1-0)]

from 1P from 1P+

= -B.

The two formulae for C are thus shown to be equivalent.

C

1

The energy of lPo i1s independent of the magnetic field and
acts as a reference point, E = O. The optical transition
184——1PO by the electric dipole mechanism is allowed only in

z-polarisation.
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A PPENDTIZX VI

ELECTROSTATIC ENERGY MATRICES FOR 3d5 IONS IN A
CUBIC ENVIRONMENT
These matrices are taken from the work of Stout i39: and
are in the Weak Field representation. Energies are relative to
the 6Al(S) ground state. Trees correction terms have been added
as these have been shown to improve the fit to the observed

energy levels for the FeCl;D ion 7108?.

- -

*A,(G) = 10B+5C+20% -€(10B+5C).
*A,(F) = 22B+7C+124+2% - €(38B+11C).
g 4 e
17B+5C+6cC 2€43' (17B+5C)
- £ (124B+340) 7
10B+5C+200cc
- £ (58B+29C)
41 *r 4p Ne
1
22B+7C+12ac+2n | -€(3.8B+1.8C) | -245 Dqg
-€(7.4B+2.9C) -e~5 (1.8B-0.9C)
7B+7C+2eC+2(3 -445' Dq
-€(5.6B+5.6C)| -2e45 (1.8B-0.9C)
10B+5C+200cc
- €(9B+4.5C)
4 ; 4
1, “p | G D
2213+7c+120c+2,@>§ -10DqA3/7 ~ -20Dq41/7
-€(21B+6.5C) | -56/3/7(1.8B-0.9C) -10€41/7 (1.8B-0.9C)
10B+5C+200c |
i €
- £(86B+43C) - S5 (17B+5C)
i | 17B+5C+6¢c
- %(7613+24C)
| |
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B and C are the Racah Parameters, and Dg is the Crystal Field
Splitting parameter. As the matrices are written above, they
represent octahedral coordination [393. For the tetrahedron,
Dq is of opposite sign (EQUATION 1.8), so that negative values

of Dq are used to fit the energy levels of Cs MnClS. € is the

3

Koide and Pryce covalency parameter for octahedral coordination
given by [37]:

€ =1-"e ,
where Ne and Nt are the normalisation factors of the e- and t2-
orbitals respectively. In tetrahedral coordination:

GT =1 - _t

1 - 1/(1-€)

= -€ to a first approximation.
This explains why negative values of € are used to describe the
effect of covalency upon the energy levels of the tetrahedral
MnCl423 ion.

In the Weak Field representation, the Trees and seniority
correction terms appear only in the diagonal energies, and can
easily be added to Stout's original matrices. The Trees corr-
ection for a d" configuration is given by [109]:

<{L(L+1)-6n] +BQ.
L is the orbital angular momentum of the state, while the factor
"-é6n' is common to all the multiplets of 3d5 and does not con-
tribute to the differences 1n energy between them. Q is the
total seniority operator [3]. Multiplets of d” have a seniority
number v, and:

Q(n,v) = 1/4(n-v)(41l+4-n-v).
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For 3d5, n=5 and 1=2,and

6S, 4G, and 4D have v=5, giving Q=0;

4P and 4F have v=3, giving Q=2.
In the free ion, <= 65cm ™~ and 3= -131cn” 1 [21]. For the calcul-
atlons on Cs,MnCl. given in CHAPTER 5, the values of Vala [60]

were used in order to simplify the comparison of results, that

is, o« = 76cm-1, k= o.
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