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ABSTRACT 

Furnace control facilities have been developed 

and crystals of ZnO with Mn, Co, Ni and Cu as impurities 

grown from a PbF2 flux. 

Visible spectra of Ni- and Co- ZnO in a variety of 

concentrations have been taken at temperatures from 1°K 

to 300°K. Sharp lines have been studied using high 

resolution to avoid slit effects. Temperature, polaris

ation and concentration dependence have been analysed 

to determine the nature of the transitions involved. 

Trigonal crystal field calculations have been performed 

to fit the observed electronic levels. 

Evidence has been found for the assignment of the 

visible band of Ni - zno to two electronic transitions 

and their phonon sidebands. An extra level, which may 

be due to some form of Jahn-Teller interaction, has been 

observed. Several parts of the spectrum show charact-

eristics of a reduction of off-diagonal matrix elements 

by vibronic coupling. 

Lines due to pair interactions have been identified 

on the low energy side of the visible bands in Ni- and 

Co - ZnO. For Ni - ZnO the interaction cannot be due 

to spin, which is quenched in the ground state. 
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CHAPTER ONE 

IMPURITY IONS IN CRYSTALS 

1.1 Introduction 

1 
THE LIBRARY 

UN1v;:;is1n OF CANTERIUllY 

CHRISTCHURCH, N.Z. 

Atoms and ions can be divided roughly into two 

classes, namely those with and those without closed 

shell configurations. Closed shell atoms can be 

excited to higher energy states only by breaking the 

closed structure, which may require considerable 

energy. The perturbations acting on a partly filled 

shell, however, can split the degenerate central field 

states available to the shell into a series of levels. 

Splittings may be very small, or up to hundreds of 

wave numbers. 

The first transition series is an example of this 

behaviour 1
• The outer electronic structure is 

(3d) N (4s) 2
• The 4s electrons participate in bonding

processes, leaving the d shell as in the neutral atom. 

The perturbations acting on the free ion are electro

static interactions, which can split the d shell 

orbital energies by tens of thousands of wave numbers 

into spin degenerate levels, and spin-orbit interaction, 

which gives further splitting by hundreds of wave numbers. 



Normally the ion occupies the lowest of this 

resulting set of states. Transitions to higher energies 

can be induced by radiation over a wide band, from 

microwaves to the far ultraviolet region. This makes 

a large range of observations possible. Since the 

levels can have non-zero spin and angular momentum, 

they can couple to many external perturbations which 

can cause splittings and shifts. Study of these effects 

can give information about both the ion and also the 

nature and symmetry of its surroundings. 

The effect on a transition ion of placing it in a 

crystal will be considered in this thesis. In a

lattice environment the regularly placed ions produce 

an electric field of a definite symmetry, but of unknown 

magnitude. A qualitative picture of the resulting energy 

levels is given by group theory 1 ,2
, which can give the 

number and degeneracy of levels which result from 

applying a field of a certain symmetry to a given atomic 

energy level. As an example, a 3 F atomic state with 

negligible spin-orbit coupling splits in a cubic field 

into three levels. One of these is orbitally non-

degenerate with triplet spin, the other two are each 

threefold orbitally degenerate, again with three spin 

functions. The total number of states is unchanged. 

Normally more degeneracy is removed by lower symmetry 

2 



fields. Though the number of distinct energy levels 

can be predicted, the actual splitting values cannot 

be simply calculated, since a knowledge of radial 

functions is required. The information deficiency 

is usually expressed in terms of a few parameters, 

which are varied to give the best fit of theory and 

experiment. 

The study of ions diluted by a relatively inert 

host crystal has the advantage that with low concentrat

ion, the ions are so far apart that interactions need 

not be considered. This allows the use of a simpler 

theory than that required when cooperative effects 

must be considered. 

With concentrations greater than a few percent, 

a significant fraction of the ions may be close enough 

together to interact in pairs. The effects produced 

by this can be distinguished from single-ion behaviour 

by study of the concentration dependence. Single 

ion spectra have intensity directly proportional to 

ion concentration, but the number of pairs is square 

dependent for reasonably low doping. This gives us 

a tool for the study of ion interactions, to supplement 

the information obtainable from pure crystals. 

3 



The study of ions diluted in crystals can 

therefore give us information on the ions themselves 

and their interaction with each other, and also some 

properties of the host lattice. 

1. 2 Zinc Oxide as a Host Lattice

Several factors are involved in the choice of a 

transition impurity / host lattice system, within 

4 

the work of a particular research group. First, it 

must be possible to grow crystals including the impurity, 

or to diffuse it into a pure crystal. The resulting 

system must then be useful for study, using techniques 

and apparatus available. For example, if spin resonance 

is to be studied, it is pointless using crystals in 

which the interactions are such that the lowest impurity 

states are well separated and non-degenerate, so that no 

transitions are possible. For optical spectroscopy, 

as in the present case, the host must have little optical 

absorption, so that the transitions of the impurity can 

be distinguished. 

With these requirements met, a crystal may be chosen 

for optical absorption study to correlate with study 

using other techniques, or to compare with previous 

work on a slightly different system, or to extend using 



the same methods earlier work which has shown that 

further study could be profitable. One such host 

lattice with which earlier work has been done is 

zno 3 -6• Zinc, falling directly after the first 

transition series, is a good cation for replacement 

by ions of the series. Of the compounds used as 

hosts, the oxide was selected for the present study. 

The pure crystal is an intrinsic serniconductor 7 ,

with a sharp interband absorption edge at about 

3800 A. Some extrinsic conduction is added to this 

by any lattice defects which may be present. ZnO 

is not difficult to reduce, and any neutral atoms in 

interstitial positions act as electron donors, so to 

produce crystals for intrinsic studies both stringent 

purification of chemicals and careful control of 

growing conditions is necessary. For observations 

not depending directly on the lattice band structure 

requirements are not so strict. Impurities affecting 

electron distribution can move the tail of the absorpt

ion edge out as far as 6000 A, which may interfere with 

spectroscopic study. Associated with the band gap is 

a lurninescence 7 which occurs with photon or electron 

excitation. An orange band due to an activator, 

possibly a zn deficiency, and an ultraviolet band 

5 



due to direct electron-hole recombination, both 

have fine structure which can be associated with 

longitudinal lattice vibrations 8
• This can be 

correlated with the infrared absorption, which is 

due to transverse vibrations. The semiconductor 

properties of the host can thus provide information 

not directly available with perfect dielectrics. 

Free carriers, due either to thermal excitation 

or impurity centres, give an absorption increasing 

steadily into the infrared 9
• This can be used to 

study the electronic band structure 1 0
• Absorption 9

and reflection 11 studies above 10 microns can give 

lattice information. 

Electron effects such as conductivity, thermo

electric power and the Hall effect, and the influence 

of impurities, are discussed in the extensive review 

of Reiland et. al. 7 Since these properties do not 

affect the spectrum of transition ion impurities, they 

will not be discussed here. 

The region from 1 micron to 4000 A (1000 to 

25000 cm-1) is available for impurity band studies,

the low energy limit being set by lattice absorption. 

6 



The absorption edge can be lowered to 17000cm-1

by impurities or imperfections altering the band 

structure. 

An important consideration for transition 

spectra is the symmetry, which can affect the intensity 

and structure of the spectrum. The Wurtzite ZnO 

structure as a whole is not particularly simple, 

having hexagonal space group P6 mc(=C 4). 
3 6V 

Figure 1. 1 

shows the structure, and the outlines of the unit cell. 

The three-fold axis and mirror plane shown are the 

site symmetry elements for the ions, giving point 

group 3m(=C3v). The nearest neighbours of each cation

are nearly in regular tetrahedral positions, the vertical 

bonds in the diagram being 1. 54% short of the ideal 

value 5
• This means that a cubic field can be taken 

as a good first approximation. 

The lattice contains a large open octahedral site 

as shown, which can easily accommodate interstitials 12
•

Anything in this position, in particular a neutral 

zinc atom, would influence the crystal field at a 

neighbouring transition ion. It is also possible 

that some ions added as doping may go to the octahedral 

site. No evidence for this has yet been found. 

7 



For pair studies the distribution about an ion 

of others of the same kind must be known. In the 

plane perpendicular to the hexagonal axis, tak en as 

the c axis, there are six similar ions at the lattice 

spacing distance a� Above and below there are a 

further six, at a distance (c2 /4 + a2 /3) ½ , which 

equals 0.97 a, using the values of Moharty, For 

qualitative study, then, we may say that each ion 

has 1 2  nearest neighbours at the same distance. 

1.3 Minimising Localised Effects 

If a foreign ion in a lattice is very different 

from the one it replaces, localised effects may become 

very prominent, rather than those which characterise 

the crystal as a whole1 3 • For example, ionic radii 

must be compatible. If the impurity has a large radius 

it will distort the surrounding structure, or not enter 

the lattice at all. If it is very small it will move 

around, setting up its own vibration modes. Heavy 

or light impurities will also have local vibration modes 

which, though useful in themselves, overpower any direct 

effects of lattice modes. 

8 



Impurity and host cation should have the same 

outer electronic structure and charge. This will 

ensure that bonding is not upset, and that no extra 

atoms or vacancies are produced near the impurity 

to act as charge compensators. 

To fulfil the mass and radius conditions, atoms 

as near the relevant transition series as possible 

are an obvious choice for the host lattice cations. 

For the 3dN configuration, the nearest element is Zn. 

A table of mass and ionic radius 14 for the second

part of the first transition series shows that the 

ions will substitute for zinc without large local 

effects. 

Doubly ionised Mn Fe Co Ni Cu 
ion 

Configuration as d6 a1 as a9 

Zn 

a1 o

Mass (average) 54.94 55.85 58.94 58.7 1 6 3.54 6 5.38 

Ionic radius • 80 • 76 .70 .68 .96 . 74 

Iron is unstable in the 2+ state, and so may not 

substitute perfectly in the lattice. The greatest 

mass difference, for manganese, is still much less than 

for the same ions in corundum or MgO, which have been 

extensively used as hosts. Nickel and copper, having 

9 



two main isotopes in about 70 and 30 % abundance, 

may show isotope effects. 

In many cases, when study by impurity methods 

is desired for a particular host crystal, these 

conditions cannot be met so well. Useful study 

can still be done, but local vibration and charge 

compensation effects must be seriously considered. 

1.4 Parameters for Crystal Fields 

The symmetry of an ion site determines the 

number of arbitrary parameters required to describe 

a crystal field, as well as the number of split 

levels. These parameters and the electrostatic 

parameters used for the free ion must be varied 

to give the best fit of theory and experiment. 

This process should obviously be treated with 

care, since a mathematical good fit may be given 

by a parameter set which is unreasonable on physical 

grounds. 

A cubic crystal field requires only one crystal 

field parameter. It is therefore often convenient 

to use a cubic field as a first approximation, and 

then treat any deviations from cubic symmetry as 

small perturbations. A reasonable fit obtained with 

10 



a few parameters is less lik ely to be fortuitous 

than a much better agreement obtained with about 

the same number of parameters as fitted levels. 

If parameter values can be found for the 

best fit of a simple model, refinement using a 

more complicated system is possible. As an 

example, the crystal field in ZnO has trigonal 

symmetry, requiring three parameters for fitting. 

These can be chosen so that one gives the strength 

of the cubic field component. Once this is found, 

the other two parameters can be varied for fitting. 

The splitting of threefold degenerate cubic levels 

depends in first order only on the two trigonal 

parameters, so they can be fitted almost ind ependently 

of the rest of the set. In general, there are 

usually, in an energy level scheme, splittings 

caused by one perturbation only in first order, 

whether electrostatic, spin-orbit or crystal field. 

Using a complete energy level calculation, the 

splittings will tend to be dependent much more on 

the parameters of that same perturbation than on 

the others, and they can be used to assign those 

11 



parameters more accurately 1 5 • The relevant part 

of parameter space can therefore be approached 

by careful use of first order perturbation theory 

and parameter dependence. 

One difficulty of crystal field calculations is 

the apparent reduction of spin-orbit and electro

static parameters when an ion is placed in a 

crysta15 , 16 • Figure 1.2 shows the trend of the 

parameters through the transition series, and the 

electrostatic parameters found for Ni and Co in 

ZnO by Weakliem 5
• A fit using a cubic field did 

not give agreement with experiment if the free ion 

values were used. 

This reduction is quite common. Koide and 

Pryce 16 suggest a covalency mechanism y in which the 

d nature of the wave functions is reduced by the 

addition of ligand orbitals. This lowers the value 

of the matrix elements, having the same apparent 

effect as a reduction of the parameter. 

1.5 Cubic Field Fitting for dN 

A first estimate of the spectrum of an ion in 

a crystal field can be obtained using the results 

of Tanabe and Sugano 17 • They considered the two 

dominant parts of the Hamiltonian, electrostatic 

12 



interaction with parameters B and C, and cubic field 

with parameter Dq. Energy level diagrams show level 

behaviour as a function of Dq/B for d
N 

with N = 2 to 8,

using an octahedral field. For tetrahedral fields, 

as in zno, the d 10 -N diagram is used for the dN

configuration. Some cases will now be considered, 

using values given by Weakliem 5 for Ni, Co and Cu, 

and estimates for other ions. Consideration of these 

will show which transition ions can be profitably 

used as doping materials in the zno hos� 

Taking the value of Dq as 500 cm-1

as an upper limit, and B as 800 cm-1, we see that

for Dq/B = 0.63 there are no excited levels below 

28 B = 22 000 cm-1• So these two ions will show

no spectra below the ZnO absorption edge, apart from 

infrared transitions within the ground multiplet. 

Dq = 450 cm-1, B = 850 cm-1, Dq/B = 0.6

The d4 diagram shows a rapidly descending level at 20 B, 

which will give a wide band centred on 17 000 cm-1•

The higher levels round 24 B = 20 000 cm-1 will give

narrower lines. 

13 



The values Dq = 390 cm-1,

B = 775 cm-1 found by Weakliem show for Dq /B = 0. 5

some infrared levels at 4 B = 3000 cm-1 and a cluster 

at 18 - 25 B = 14-19000 cm-1 to agree with the observed

spectrum. 

As this is the ion studied most in this 

thesis, the Tanabe-Sugano diagram will be considered in 

more detail. Figure 1. 3 shows a portion of the d2

diagram on a scale to fit the observed spectrum. From 

comparison of the vertical scales B = 830 cm-1, and so 

from the horizontal scale, Dq = 415 cm-1• These are 

of course only starting values, and must be modified 

when spin-orbit interaction is included. 

The 1s and most of the 1G levels, being above the

absorption edge, cannot be used for fitting. 

The crystal field splitting between 

the E and T orbitals of a d  electron is 10 Dq by definition. 
2 

Weakliem has found a band at about 6000 cm-1, giving 

Dq = 600 cm-1. 

14 

Summarising, Mn 2+, Fe 3+ will give only far infrared spectra 

Fe 2+ 

cu2+ 

N. 2+ l. , 

will give a wide band in the visible 

if B is high 

gives only an infrared band 

Co2+ give visible and infrared bands. 



Spin-orbit interaction and lower symmetry fields 

will shift and split these levels, and require further 

calculation. 

In the low Dq/B portions, the d2 and d8 diagrams 

are qualitatively similar. This means that should any 

transition ions be at normally unoccupied octahedral 

sites, their spectra will be similar to that of the 

lattice site ions, though with different Dq. The same 

is true to a lesser extent for d 3 and d 7 •

1. 6 Selection Rules and Intensity of Transitions

Level energies are not the only evidence used 

in fitting theory and experiment, as effects can occur 

which make large differences to the intensity, and 

the polarisation dependence can be compared with 

experiment. This is discussed by McClure� 7 The intensity 

and polarisation behaviour of a transition are both 

useful experimental quantities. 

Both magnetic and electric dipole transitions occur 

in transition ion spectra. Parity forbids electric 

dipole absorption within the dN configuration, but a 

small admixture of odd parity components like 3dN-14p

can break down the rule to allow quite intense transitions. 

The admixture is achieved by anything breaking down the 

15 



inversion symmetry of an ion, such as vibrations 

or non-centrosymmetric crystal fields. Ionic 

spectra are typically stronger in a tetrahedral 

field than in octahedral by a factor of 100, since 

the tetrahedral contains an odd parity term which 

gives appreciable inter-configuration mixing. 

For uniaxial systems, such as the hexagonal ZnO 

structure, there is a simple test to distinguish 

electric and magnetic dipole transitions. Complete 

polarisation information is obtained by observing 

the crystal spectrum in three ways. The axial spectrum 

is taken with a light beam parallel to the optic axis, 

16 

and electric and magnetic vectors at right angles to it. 

Another observation, the sigma spectrum, uses light 

propagation and electric vector perpendicular to the axis. 

An electric dipole transition cannot distinguish this 

from the axial case, so transitions identical in axial 

and sigma spectra are electric dipole. The third 

polarisation, pi, uses again light propagation at right 

angles to the axis, but this time the electric vector 

is parallel to the axis, and the magnetic vector at right 

angles. This is identical to the axial spectrum for 



magnetic dipole absorption, giving a test for this 

mechanism. 

The test is stronger than a mere prediction of 

presence or absence of absorption, since it is one of 

identity. For example, if a line had the same 

intensity in axial and sigma spectra, and was half 

the strength in pi, it would presumably be an electric 

dipole transition allowed in both polarisations. 

For isotropic crystals there is of course no 

unique axis and the test cannot be applied. 

The group theoretical prediction of whether a 

particular transition will be visible, if so in what 

polarisations, and whether electric or magnetic dipole, 

can be intuitively applied when some process breaks the 

selection rules. As an example, with no spin-orbit 

coupling transitions are allowed or forbidden by spin. 

17 

If coupling is introduced, the 'forbidden' transitions 

become possible, but we can suggest that if the perturbat

ion is weak, the forbidden transition will be much weaker 

than the allowed ones. This can also apply to crystal 

field levels, where transitions forbidden in one particular 

symmetry become allowed if the symmetry is broken by a 

distortion. 
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1. 7 Inter action of an Ion with a Dynamic Environment

All discussion so far has assumed that the environ

ment is static, with all ions remaining fixed at lattice 

positions. This is not the case, since all atoms 

are vibrating about their equilibrium positions, 

even at very low temperatures. This will affect 

the ionic energy levels, since movement of the nearest 

neighbours of a transition ion will change the crystal 

field parameters appropriate to it. Hence, since 

lattice movement is temper ature dependent, the spectrum 

will vary with temperature. 

To obtain a simple model of the interaction, it 

is customary to consider only the impurity ion and 

its neighbours as a molecular complex 18 - 20• This

will have three degrees of freedom for each ion, minus 

those for overall translation and rotation. By a 

co-ordinate transformation, any motion of the complex 

can be expressed in terms of normal modes involving 

several atomic coordinates, chosen so that the different 

modes are not mixed by the vibration Hamiltonian. As 

an example, three of the seven possible planar motions 

of a square XY complex are shown in Figure 1. 4a. To 
4 



say that mode Q is excited and other modes are 
1 

not, simply means that all four Y atoms are 

moving radial ly in phase. Other mod es can be 

defined similarly. 

The effect of vibrations on the energy of a 

transition ion at the central position can be dis

cussed in terms of a few of the normal modes, since 

we can expect some modes to affect the energy only 

sl ightl y. As an exampl e, a sphericall y  symmetric 

charge distribution of the centre ion wil l not be 

greatly perturbed by the transverse motion of Q ,  
3 

and the oppositely directed motions of Q may can-
2 

eel for small distortions. Of these three modes, 

then, onl y the 'breathing mod e', Q ,  will couple 
l 

strongl y to this el ectronic state. A state with 

two directed lobes, as in 1.4b, wil l interact strongly 

with the Q mode by electrostatic repulsion and be 
3 

left al most unaffected by the radial modes. For this 

state Q is the dominant vibration. 

In general , we can often find a few coordinates 

which describe distortions perturbing the levels of 

an ion appreciabl y, whil e other distortions have much 

less effect. These coordinates, cal led the configur-

ation coordinates for the interaction, may be normal 

19  



modes or combinations of modes, or may be fictitious. 

The model then assumes that the energy of the levels is 

parabolic about the minimum, at least for small displace

ments, as in Figure 1.4c. 

20 

For this parabolic potential well, harmonic oscillator 

theory can be applied, giving a series of vibrational 

energy levels as shown with energies (n + ½)hv. The 

wave function for a given vibrational energy level 

can extend over the whole well, so that a wide range of 

configuration coordinate values is available for a given 

energy level. The Gaussian wave function of the ground 

state is shown dotted. 

Electronic excitation, involving transition from one 

set of energy levels to the other, will be assumed to 

take place only along vertical lines in this diagram. 

This is reasonable, since in the short time required for 

an electronic rearrangement the much heavier ions cannot 

move very far, so the C.C. will not change (the Franck

Condon principle). 

This diagram can now be used to explain why structure 

can appear when only one line is expected. There are 

now many levels for the ground and excited states. 

The ground vibronic state levels will populate according 

to the Bose-Einstein factor N(T) = (eE/kt _ l)-1.



At very low temperatures, only the O level of the 

ground state will be populated, but transitions from 

this to any of the upper vibrational states is possible, 

giving a series of 'vibronic' lines corresponding to 

excitation of 0,1,2 ••• vibrational quanta. At higher 

levels of excitation the lines will be broadened due to 

the non-ideal nature of the potential well, and become 

unobservable. The 0-0, in crystals the 'no-phonon' line, 

can be very sharp, since its energy does not depend on 

vibration quanta. 

As the temperature increases the vibration levels of 

the ground state will become populated, and transitions 

from these to the upper levels, including the O, will 

occur. This will give a series of lines in a progression 

on the low energy side of the o-o line, with intensity 

increasing with temperature. It is not obvious from this 

model, but the higher energy lines also increase in 

intensity, and the no-phonon line decreases, at higher 

temperatures. 

Figure 1. 4c implies that for both electronic states 

the equilibrium position is the undistorted one, which 

need not be the case. In 1. 4b, for example, electrostatic 

repulsion will force the complex away from the symmetric 

position, reaching an equilibrium when this is balanced 
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by the square-law restoring force. In more mathematical 

terms, a linear term in Q is present which shifts the 
3 

minimum to some finite Q value. This has important 
3 

consequences for the no-phonon line, whose intensity 

depends on the overlap of the two electronic functions 

with no vibrations excited. If the shift is large, the 

line may entirely disappear. The main feature of the 

absorption will then be a band of transitions from the 

ground state to states of high vibration excitation, 

with intensity maximum corresponding to the peak of 

the ground state wave function, as shown by A to B. 

Since discreteness is lost for high excitation, the 

band will have the Gaussian shape of the wave function2 1, 

and width depending on the slope of the relevant portion 

of the upper parabola. After a transition vibrations 

will cause decay from B to c, heating the crystal, and 

the reverse transition from C to D will occur with light 

emission, again in Gaussian band shape. The difference 
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in energy between the AB absorption and the CD fluorescence 

is the Stokes shift. 

No-phonon lines can generally be distinguished from 

vibronic transitions by the sharpness of the former, 

particularly at low temperatures. Phonon excitation for 



low quantum numbers can be identified by energy 

progressions22 , particularly if the energy can be 

identified by other means. If fluorescence can 

be observed as well as absorption, no-phonon lines 

can be verified by their lack of a Stokes shift2 3•

The identification of these various components in 

a complex spectrum can assist greatly in a theoretical 

understanding of an ion and its surroundings. On 

the other hand, attempts to fit vibronic levels into 

a pure electronic calculation can result in considerable 

confusion. 

When the complex is part of a crystal, the situation 

is of course more complicated, but a description in 

terms of pure electronic transitions, or no-phonon lines, 

and vibronic (or phonon) sidebands is still valid. This 

will be further discussed in Chapter S even. 

1. 8 Previous S tudy of Transition Ions in zno

The study of impurity ions in ZnO illustrates the 

successive refinements used in spectral identification. 

The first work was done by McClure 3 on powder specimens, 

as single crystals could not then be grown. S everal 

oxide hosts were used to find the effect of different 

environments on nickel, cobalt, and copper ions. Best 

fit with the zno spectra was given by assuming that the 
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transition ions were at sites of tetrahedral symmetry, 

implying substitution into lattice positions. For 

nick el especially, tetrahedral coordination is unusual. 

From calculations involving both symmetries, it was 

found that the octahedral configuration is 2 3  kcal/mole 

more stable than tetrahedral, corresponding to an 

8000 cm- 1 difference in ground state energies.

With single crystals more accurate results can be 

taken, since the relative transparency of crystals 

permits the use of higher resolution than the high 

scattering loss in powders allow. Pappalardo et. al.4

studied the effect on Ni and Co of the same ligand 

in different coordinations, using single crystals. 

The splitting schemes for octahed ral, tetrahedral and 

body centred ligand arrangement are different, but there 

is a simple relationship between the cubic field 

parameters for the three cases, giving a further test 

of parameter assignment. S pectra were tak en at 4.2 

and 77°K as well as room temperature, showing at low 

temperatures sharp line structure which could be used 

for more accurate parameter fitting than the same 

electronic levels as wider bands at room temperature. 

To attempt to fit the discrete components appearing 

when the crystal was cooled, first order spin- orbit 
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splitting of the strong field states was used. Agreement 

was not particularly good. 

In Ni-zno several lines of anomalous temperature 

dependence were found. In the infrared band a weak line 

absent at 4.2°K was present at 77°K, and a very strong 

line on the low energy side of the visible band behaved 

similarly. From these the presence of a thermally 

populated state 160 cm-1 above the ground state was 

postulated. 

Once the symmetry of a crystal field has been 

found, a study using other ligands in the same symmetry 

can give results useful for comparison. This was done 

by Weakliem 5 for Ni, Co and Cu in a variety of crystals. 

Polarisation dependence was studied, verifying that the 

spectra were due to electric dipole transitions, and 

showing that in zno a non-cubic field splits the cubic 

levels. 

Cubic crystal field calculations with spin-orbit 

interaction were done to find values for the cubic field, 

spin-orbit, and electrostatic parameters. While the various 

groups of levels could be made to agree, identification 
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of individual components was not always possible, particularly 

in the visible bands for Ni and Co, which were much more 

complex than predicted by theory. Intensity calculations 

using configuration mixing induced by the odd term of the 



tetrahedral field did not agree quantitatively with 

experiment. 

A difference from the work of McClure4 is seen 

in the visibie band. The very strong line on the 

low energy side, though weaker than at 77°, is still 

present at helium temperatures, according to Weakliem, 

but McClure finds it absent. Both workers used samples 

directly immersed in liquid helium, so no temperature 

differences could occur. 

To complement the information obtainable from 

spectroscopy, Brumage and Lin 6 have used magnetic 

susceptibility measurements to find the energies of 

the first excited states of Ni in ZnO and CdS. These 

states cannot be observed directly by infrared absorption 

because of heavy absorption by lattice vibrations9 •

In Ni - zno an energy of 160 cm-1 was found for the first

excited state, agreeing with the value of McClure. 

1.9 Aims of the Present Study

None of the previous work has provided completely 

satisfactory assignment of the various components of, 

in particular, the visible bands of Ni- and Co-zno. It 
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was decided to study these more closely, using the additional 

technique of temperature dependence. To obtain temperatures 

different from 4.2 and 77° special apparatus is required 



but the resulting larger set of information can make 

much easier the identification of the processes 

occurring. The presence of a thermally populated 

excited state has already been mentioned. The 

components of the spectra due to simultaneous 

electronic transitions and lattice excitations have 

some temperature dependence of their own. Sharp 

electronic transitions (no-phonon lines) are broadened 
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and shifted by temperature dependent lattice interaction2 3 a. 

Study of the visible bands should give information on 

all of these. 

The discrepancy in sharp line behaviour in Ni-ZnO 

indicates a possible instrument effect, requiring high 

resolution for satisfactory analysis. Line strength 

also produces problems of stray light and purity of 

polarisation. It was decided to make a careful study 

of these lines to check their upper electronic level 

assignments, and to decide whether they were from an 

excited lower state or whether the temperature dependence 

was instrumental. Having with the Ni and Co dopings 

identified the unambiguous no-phonon components, a 

search was to be made for obvious vibronic transitions, 

using available phonon data. 



From the anisotropy of the spectra5
, trigonal fields 

must be important. Complete trigonal field calculations 

for d8 are quite practicable, but for d 7 matrices of order 

42 must be used, which was not practicable with the avail

able computing facilities. It was decided to do trigonal 

calculations for Ni only. To obtain polarisation data, 

crystals of suitable orientation are required. 

It was hoped by study of the temperature dependence, 

polarisation dependence, known lattice energies, and 

crystal field calculations to identify as many band 

components as possible, and to check the ground state 

splitting. 

Since pair effects have been found in transition 

ion impurity spectra, concentration dependence study is 

also required to distinguish single ion and exchange 

effects, and identify any pair lines occurring in doped 

zno. 

1. 10 Facilities Required

A range of apparatus is necessary to carry out the 

aims of the previous section. This is summarised here, 

and discussed in detail in Chapters 2 to 5. 

Growth of ZnO crystals requires a furnace capable 
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of 1200°c, with good temperature control. A furnace 

was available, but its control was totally inadequate. 

To produce a suitable range of crystals, it was necessary 

to develop a control mechanism to hold and sweep furnace 

temperature as required, as reproducibly as possible. 

For temperature dependence study of the grown 

crystals a dewar with either control at arbitrary 

temperatures or a large thermal capacity for slow rise 

of temperature is needed. A variable temperature dewar 

was purchased for this and a similar project. Design 

and construction of suitable sample holders was required 

in addition. 
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For studying the temperature dependence of the spectra, 

f�st observation using moderate resolution is needed, 

but for study of the sharp lines higher resolution is 

required, with consequent slow speed. These conflicting 

requirements can best be met using two spectrometers and 

taking two sets of results. 

A high- and a low- resolution spectrometer were 

available, both requiring some modification to be suitable 

for low temperature single crystal work. For each, the 

dewar complex was assembled to allow safe and accurate 

observation. 

Trigonal crystal field matrices available in surd 



form were required on cards in a form suitable for 

calculations. A set of diagonalisation programs 

presently in use were modified to make more efficient 

use of the computer. All modifications made to 

matrices and programs required checks to ensure that 

no errors were made. Then, once correct programs 

and data were available, crystal field calculations 

to find correct parameter values could be performed. 
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CHAPTER TWO 

GROWTH OF CRYSTALS 

2. 1 The Growth of Zinc Oxide Crystals

The two most simple methods of crystal growth, 

water solution and melt growth, cannot be used with 

zinc oxide. On heating ZnO powder, decomposition 

takes place at about 1soo0c. By oxidising zinc 

vapour under carefully controlled conditions, small 

needle shaped crystals can be grown 7
• While these 

are suitable for some electrical studies, their size 

{typically 0.5 mm x 1 cm) makes low temperature 

optical absorption study impractical. Water solution 

results only in a zinc hydroxide precipitate, unless 

extreme conditions are resorted to. 

Two usable methods are left. The first, 'flux' 

growth, utilises a molten salt as solvent rather than 

water, using the same physical principles of saturation 

and thermal gradients to control growth. Choice of 

solvent is empirical. The ideal flux should be low

melting, non-volatile, and have no chemical reaction 

with the solute, but in practice, a compromise is 

usually necessary. 
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The most suitable flux for ZnO is lead fluoride2 4, 2 4 a.

This is volatile and cannot be chemically separated 

from zno, but does grow crystals ideal for study. 

The second method is hydrothermal growth 2 4 a, 2 s.

This uses an alkaline solution in an enclosure at 

several hundred degrees centigrade and several 

thousand atmospheres pressure, and give large crystals, 

but autoclave requirements are stringent, and seeds 

are required. This method was not attempted. 

Since a furnace capable of flux growing was 

available, this method was used. Figure 2.1 shows 

the phase diagram for the ZnO - PbF system, as found 
2

by Nielsen and Dearborn2 4 • Obviously, at higher 

starting temperatures, more of the oxide can be 

dissolved. However, fluoride volatility sets a limit 

of 1150°c. About 25 mole percent can be dissolved at 

this temperature, so this starting mixture, as shown by 

the arrow, is cooled from 1150 to a o o0c. Crystals 

grow as zno is deposited from solution. The final mass 

must be sorted by hand, as there are no selective solvents 

known. Since most good crystals grow as flat hexagonal 

plates which do not adhere to the eutectic, sorting is 

usually simple. Crystals with dendritic growths are 

recovered in pieces. 



A cooling rate of 1° - 10°c per hour is recommended, 

but the usable rate depends very much on the accuracy of 

control available. If fluctuations of 3°c over a period 

of minutes occur, cooling at 1°c per hour is pointless. 

During one hour the crystal surface will alternately 
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grow and dissolve with the fluctuations, and the resulting 

crystal will have all the flaws of fast growth, rather 

than the desirable perfection associated with slow and 

constant deposition of material. Good contol is there

fore vital for the production of good crystals. 

Lead fluoride is extremely corrosive, and also has 

undesirable physiological effects, so sealed platinum 

crucibles must be used to contain the melt. 

2. 2 The Furnace and Control

The furnace previously mentioned was an industrial 

design capable of 1400°c. Five Globar elements in series 

were used for heating, and controlled in on-off mode 

by a power relay. Temperature sensing was done by a 

sheathed Platinum/Platinum-Rhodium thermocouple which 

operated a galvanometer/photocell controller. The small 

output relay of this operated the power relay. Simple 

on-off controllers inherently oscillate about the set 

point, since the temperature must overshoot before 



correcti ve acti on can be tak en. This was aggravated 

i n  the pres ent s ystem by the thermal lag of the thermo

couple sheath and the dead s pace of the control relay. 

As a res ult, os ci llati ons of so0c ampli tude were s et up. 

Thi s was obvi ous ly uns uitable. 

Part of a s ys tem us ed to motor dri ve a Variac 

autotrans former was avai lable. As a simple tes t, this 
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was i ncluded in  the power ci rcuit, and dri ven down steadi ly. 

At a certai n voltage, the power input was j ust s uffi ci ent 

to mai ntai n s et temperature, and the controller remai ned 

in  the on s tate. As voltage was further reduced, the 

temperature dropped below the s et poi nt, gi ving the desi red 

s weep. 

The s ystem was not strictly a control, as it had no 

feedback loop. Small changes i n  mains voltage gave up to 

20
°

c temperature fluctuati ons . One good crystal was grown 

usi ng thi s confi gurati on, but it  was decided to conti nue 

development of a more predictable control usi ng the s ame 

bas i c  furnace and galvanometer controller. 

2.3 Control by Os ci llati ng S et Poi nt 

An on/off controller may be modi fi ed to gi ve a 

proporti onal control by os cillati ng the s et poi nt so  that 

the average output from the controller is proporti onal to 



the mean distance from the set point2 6 • Figure 2 . 2 

gives an example of this for an on/off controller with 

a dead space . A symmetrical sawtooth waveform is 

applied in series with the input, the period of the 

sawtooth being less than the time of the fastest 

fluctuation to be controlled . If F is some control 

setting in the power supply, and is modified by the 

controller so that when the controller is on/off the 

rate of change of F is 

dF (instantaneous ) = ±Kdt 

and if A is the amplitude of the waveform, 

then for an excursion a from the set point it can be 

easily shown that 

dF 

dT 
( average over several cycles) = K 

- 2- 9
A

This gives a control of the integral type2 7 - 2 9  whose 

response can be adj usted to give optimum control by 

varying either K or A, subject to the condition that 

A must be greater than the dead space. A similar 

equation is obtained if the control is on-off, the 

average input power adj usting itself to the excursion 

from set point . 

Improvement of the on-off control was first tried 

using this principle in conjunction with the original 
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controller circuitry. The controller, instead 

of reading the thermocouple voltage directly, 

reads the unbalance current of a resistance-balanced 

Wheatstone bridge with the thermocouple in one arm 

{Figure 2. 3) . In this configuration, an open circuit 

in the thermocouple due to aging gives an increase 

in galvanometer current, not a decrease to zero as 

with a simple circuit. This means that the controller 

turns the furnace off instead of possibly destroying it. 

Insertion of a few ohms resistance in the thermo

couple arm gave galvanometer movement equivalent to 

about 10°c temperature change, which was suitable for 

an oscillation amplitude. The oscillation was produced 

by a S n  potentiometer in sawtooth motion, driven by 

two brass segments which al�ernately contacted a 

rubber wheel on the potentiometer shaft. Apart from 

mechanical hirsuteness, instability resulted from 

the small value of the resistance and consequent large 

effect of contact wear. Optimum control could not 

3 6  

be obtained, since amplitude adj ustment was not possible . 

When this modification was tried it improved the 

control by a factor of two over the original performance. 

Since this was still insufficient, it was decided to 

build a separate power control and incorporate an 

improved oscillator. 
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2.4 An Improved Control 

This section covers the circuit used to provide 

the basic control. The power elements will be discussed 

later. A bridge circuit is desirable for the control 

portion , since it can be balanced , and larger currents 

and voltages can be used in the bridge itself than 

are tolerable in the galvanometer circuit. This means 

that the previous contact resistance problem can be 

avoided. 

The set point of the controller is adj usted by 

a pointer unsuitable for motor drive , so a better way 

to obtain a temperature sweep is to add to the controller 

input a steadily increasing voltage aiding the thermo

couple. For the controller to maintain set point under 

these conditions , it must sweep the temperature down. 

This sweeping voltage and the oscillating voltage 

were introduced by the circuit shown in Figure 2.4. A 

3 pole 4 position rotary switch had its A and B contacts 

connected to a millivolt potentiometer. In positions 

l to 4 it read 

output millivolts 

sweep arm current (mA)

oscillating arm current (mA)

battery voltage (volts) 

Lead-acid accumulators were used to give stable, noise-free 

voltages. 



The components were as follows : 

Label Value , 
ohms 

s 

s 
1 

p 

p 
1 

1 

2. 5

lk 

820  

5k 

5k 

250  

5k 

Type 

Nichrome wire on 
carbon resistor 

" 

carbon 5 %  

carbon 1 0 %  

1 0  turn Beckm an 
potentiometer 

1 turn wire-wound 
potentiometer 

II 

" 

3 8  

Purpose 

Current me asurement 

Develops output voltage 

Current control 

Current limit 

Voltage sweep 

Adjust start point of 
sweep 

Vary current to give 
oscillating output . 

Ad j ust amplitude of 
oscillation . 

The potentiometer P was driven up and down over 

half its range by a synchronous motor . This gave a 

variation in one loop current , and hence provided the 

varying voltage in the thermocouple circuit . If P 
1 

was increased , the fractional change in resistance 

was reduced , and hence the A . C .  amplitude was reduced . 



Thus the amplitude of osci llation (one of the para

meters in the control equation) could be adjusted. 

Obvious ly , a low setting of the resistance P 

gave a higher current and a greater amplitude . A 

current of 4mA average gave an oscillation of 

1 

± 10°c ,  a suitable value , on the control meter . The 

arm containing S and S provided a balancing D .C .  
l 

voltage , which could be increased to provide the 

temperature sweep . 

The thermocouple break protection bridge can be 

balanced to allow for the S n  resistance added by this 

circuit , and the control bridge balanced by adjusting 

the P and S arms to give the same galvanometer reading 

with the battery on and off . 

The temperature sweep can be started by turning 

on the drive motor at a suitable time . 

2 . 5  Motor Drive s 

3 9  

The sweep potentiometer S was driven b y  a Sangamo 

synchronous motor through a chain of four Meccano gears . 

The last of these was mounted concentric with the potent

iometer shaft and spring loaded onto a neoprene washer 

which acted as a clutch (Figure 2 . 6) .  The resistance 

could thus be reset by hand without unmeshing gears , 



and the potentiometer was protected if driven to the 

end of its travel . A range of motors were avai lable 

to allow di f ferent sweep speeds . The most used con

fi guration was a 1 revolution per hour motor , with a 

1 : 9  gear reduction . This  gave 5 6  ohms/hour resistance 

drop , corresponding to about 15°c at 1 1 0 0°c ,  increasing 

as the temperature dropped .  

For the operation o f  the gearing for the oscillation 

see Figures 2 . 5 and 2 . 7 .  Gears 2 ,  3 and 4 were mounted 

to mesh , 2 and 3 on the s ame level , 4 placed half a gear 

thi ckness  above them. The upper halves of some of the 

teeth of 2 and 3 were mil led off  so that 4 was in mesh 

with either 2 or 3 at any position . As 2 and 3 were 

driven round by 1 ,  they alternately drove 4 through 

a constant angle and back again . Modi fication of some 

teeth on 4 was ne cessary so that the segments meshed 

without j amming. As the re lative positions of 2 - 4 

were critical , a further ge ar , 5 ,  was mounted on the 

shaft of P so that it could easi ly be removed and replaced 

4 U  

i f  nece s s ary . Sangamo motors were found to have insuf fi cient 

torque to drive the system reliably , so gear 1 was driven 

by a Philips motor type AU 5 0 5 0/2 2 and a gearbox of the 

AU 5 3 0 0  series se lected to give suitable speed . At speeds 

of the order of revolutions per minute , the overall system 



proved mechanically reliable. 

One rotation of 2 and 3 was a full oscillation 

period. The usual speed was given by a 15 : 3 8 

reduction between gears 1 and 2 ,  a gearbox ratio 

2 : 125 , and 250 rpm motor speed. This gave a period 

of 3 8  seconds. 

The whole system is seen in Figures 2. 8 and 2.9. 

2.6 Power Control 

The original series connection of Globar elements 

was a cause of recurring trouble. Element resistance 

increases with age , and in the series connection the 

highest resistance element takes most power. Aging is 

therefore accelerated till failure takes place. In 

parallel connection , on the other hand , elements with 

less  resistance take more power ,  and the process of 

aging remains stable within the whole element set. This 

greatly increases element life. 

A complication is introduced by the temperature 

coefficient of resistance for silicon carbide , the basic 

element material. From room temperature to 800°c the 

coefficient is negative , so that in parallel connection 

there is a tendency for thermal runaway. It has been 

observed that during heating up some of the elements do 

run at a higher temperature than others , but this condition 
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is only held for about one hour. Above soo0
c ,  the 

coeffi cient turns positive , so in the working region 

the paralle l confi guration is stable both to aging 

and to temperature distribution . 

To meet the current requirements for parallel 

running , a 1 : 4  step-down trans forme r  with 6 0  amp 

secondary was added . About 500  hours running was 

done with this with no loss of elements , compared 

to 3 replacements in 100  hours with series connection . 

on-off control is rather dras ti c , so it was 

deci ded to use a Variac as a more stable element . 

The oscillating control point equation can be obtained 

in practice by using the Variac voltage as control 

se tting F ,  and driving with a constant speed reversible 

motor.  The smal l relay of the controller gives an 

output suitable for operating the drive motor .  

A 4 kVA Zenith Variac with 1 5  amp secondary was 

used. The torque required to change its setting was 

of the order of 10 kg-cm, compared to the 2 kg-cm 

maximum of Philips gearboxes . To link these a 1 :16  

gear reduction followed by a 1 � 4  belt drive was used . 

The spring-tensioned belt protected the Variac i f  

driven to its limits . The usual gearbox reduction was 

1 : 125 , the motor being a Philips AU 5 100/2 2 of speed 



250 revs/minute. At the final Variac driving speed 

of 1. 9 revolutions per hour, several seconds were 

required for taking up backlash. This placed a lower 

limit on the period of the control oscillations . 

Current limiting was required during the initial 

heating time. A relay operated by the furnace current 
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to override controller logic for excessive currents 

proved to have too high a differential, so a transistor 

Schmitt trigger circuit (Figures 2. 10, 11)  to do the same 

job was built by Mr. R. A. Vincent. A 0. 2n, 100 watt 

nichrome resistor was made and inserted in the Variac 

output circuit. The voltage across this was fed through 

a 1 : 1 transformer to the trigger, which operated a change

over relay in the motor connections .  The logic can best 

be seen from Figure 2. 12. 

The low and high control wires from the controller 

were the outputs of a changeover relay, so that in normal 

operation one was at mains voltage and the other floating 

with a motor winding . When the triggered relay operated, 

the low control side of the motor was connected to the 

mains, so the Variac voltage decreased regardless of the 

controller setting. 

To measure the current, an insulated wire in the 

Variac output was looped out of the bottom of the switching 



chassis so that a clip-on 50  cycles ammeter could 

be used , as in Figure 2 . 1 3 .  The A. C .  vo ltage input 

to the trigger was also avai lable on the front of 

the panel . Figure 2 . 13 shows the Variac , switching 

chassis with Schmidt tri gge r ,  and the furnace itself .  

Figure 2 . 14 shows the whole system. 

The trigge ring voltage could be set by the pot . 

marked ADJUST in Fi gure 2 . 1 0 . The range of adjustment 

was 11 to 22  amp in the 0 . 2n resistor. Normally 

15 amps was used to give the fastest heating possible 

without overloading.  The same accumulators were used 
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for the o .c .  supply as provided the sweep and oscillating 

voltage . The heaviest current drain was the 1/2 amp 

taken to operate the re lay , but as this was not required 

after the initial heating ,  the control was not affected . 

An 1 8  amp circuit breaker was added for emergency 

protection . 

The behaviour of the final system can be seen 

diagrammatical ly from Figure 2 . 15 . At point A, with the 

Variac set to a low voltage , the furnace and control are 

switched on . The Variac voltage increases ti ll the set 

maximum current is reached , and then cycling about this 

point continues , due to the current limit control , ti ll 

the furnace has attained the set temperature . Less power 



is requi red to maintain the temperature than to heat 

up , so the current drops towards point B .  The current 

control i s  now not needed , but it is easiest to leave 

it ready to operate . 

At point A the oscillator motor was turned on , 

but not the sweep . From the time the set temperature 

is  reached ,  then , the furnace is  under temperature 

control . After a suitable time , the sweep motor is 

switched on at B, and the controlled temperature decreases . 

At point C ,  when the temperature is low enough , the 

whole sys tem can be switched off . Operator intervention 

is required at A ,  B ,  and C only . 

A chromel-alume l thermocouple could be inserted 
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through the observation hole of the furnace for direct 

measurement , as shown in Figure 2 . 14 . The voltage from this 

was recorded on a Heathkit chart recorder , Figure 2 . 16 .  

A record of one run i s  shown in Figure 2 . 17 .  The two 

decreases after heating up are due to manual re setting 

of the sweep circuit . Fluctuations are less than s0c .

Worse fluctuations than this ( 10°c or more ) were occasion

ally recorded . These were usual ly traced to a loose 

belt drive . 



2 . 7 Crucibles and the Use of a Thermal Shield 

For most of the crystal growing , 30  ml Johnson

Matthey platinum crucibles with lids were used. They 

were cleaned by soaking in concentrated Anal aR HCl 

for several days , and then washed several times in 

deionised water.  

AnalaR zno and Extra Pure PbF
2 

were used wi th-

out further puri fication . For nickel doping the nitrate 

or oxide were used , and carbonate or nitrate for cobalt . 

At first the crucible lids were put on by hand only , 

and over 6 0 %  of the flux was lost each time . Subsequently 

the lids were crimped on wi th pliers , and losses reduced 

to 2 0 % or les s .  

A small crucible with a conical bottom was used for 

the third growing attempt , which was the first to produce 

a large crystal . A shaped piece of magnesia  brick was 

used to hold the crucible upright , and it was suggested 

that thi s aided the growing proces s .  To test this , the 

following runs were tried with Johnson-Matthey crucibles 

set into a brick as in Figures 2 . 18 and 19 . It  was found 

that large crystals were more likely to be produced with 

the brick than without . It  is presumed that two effects 

contributed .  

4 6  



First , a thermal slug action reduced temperature 

fluctuations. Consider as a guide the relaxation time 

for a temperature change across a slab, thickness L,  

of the brick itself. 

T = p S  L2 

K 

= 2 ½  minutes 

for p 2 0  lb/cu.ft. 

S 0.3 BTU/lb/deg/F3 0

K 12 BTU/hr/ft2 /(deg F/inch} 3 0 

L 1 inch. 

This time would be further increased by the thermal 

capacity of the lead fluoride in the crucible, so it 

can be safely assumed that fluctuations of less than a 

few minutes'period would not affect the melt. S ince 

the controller could only cope with fluctuations long

er than this, the controller and thermal capacity 

complemented nicely . 
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S econdly , a temperature grad ient was probably 

maintained. It could be clearly seen through the furnace 

observation port that above the level of the melt the 

crucible emitted much less light, hence was colder,  

presumably due to air current cooling. The brick surround-



ing the lower part of the crucible would shield it , 

and the top , though nearer to the elements , would 

remain colder. Hence the top of the melt , due to 

the combined effects of temperature gradient and 

evaporation of PbF , would become supersaturated 

with ZnO.  

After several runs , the top of the brick became 

coated with PbF
2

, turning a dark green colour. This 

resulted in a higher emissivity , and so in operation 

the top would absorb more heat from the elements and 

reach a higher temperature than before , thus destroy

ing the temperatu re gradient. This agrees with the 

fact noticed earlier that using one brick repeatedly , 

successive runs were worse and worse. 

2. 8 The Crystals Produeed

Generally the result was one of three types . 

1. Dendritic growths . These were hollow

hexagonal crystals about 1 mm across and up to 5 mm 

long along the C axis. They were produced by sudden 

unstable growth due to temperature fluctuations , and 

did not occur after the final control was made . They 

were generally unsuitable for study. 

2. Small crystals. These were produced by

seeding on the walls of the crucible and round suitable 

centres when there was no temperature gradient ,  as mention-

48 



ed in the previous section , or when nuclei such 

as dust particles were accidentally introduced . 

Over half the runs gave this type , which were large 

enough to study . Typical sizes were 0 . 2  mm thick 

plates perpendicular to the C axis , 2 or 3 mm across . 

3 .  Large crystals . When growing conditions 

were suitable , plates about . 2  mm thick and of the 

order of centimetres across were formed . Figures 

2 . 2 0 and 21 show two of these . The growth patterns 

in 2 0  are on one side of the crystal , suggesting 

that it grew floating on the melt . The circles 

in 2 1  are due to condensed fluoride dropping from 

the lid onto the crystal surface and dissolving 

part of it . 

The complete mixture could be removed from 

the crucible by inverting it and hitting it with a 

hammer . Well-formed crystals were easily separated , 
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as at eutectic did not adhere to them . Large crystals 

generally broke into several pieces , still amply large 

enough . Dendritic crystals were more securely embedded , 

but the side growths , which could be used for off- axis 

study , could sometimes be broken off . 



Small amounts of the eutectic could be removed 

from a crystal by placing it in the furnace in an 

open crucible during a growing run and allowing the 

PbF 2 to evaporate. This was effective , but not 

normally necessary. 

Frequently , undoped crystals were grown to 

check for impurities. The resulting crystals 

were often slightly coloured because of a shift of 

the ZnO absorption edge into the visible region , 

presumably due to non-isoelectric impurities. 7

Apart from this the spectra from 0. 4 to 3 microns , 

measured on a Beckman DK 2 -A at room temperature , 

showed no band structure. 

Dopings of Mn 2+ and Cu 2 + were tried to test

their effect. Both shifted the absorption edge , 

and Cu gave an infrared absorption band beyond 

the range of the spectrometers used for low temperature 

spectra. 

5 0
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Summary of Crystals Studied 

Unless otherwise stated , crystals are plates 

perpendicular to the C axis. 

Batch 
Number 

6. 1

6. 3

2 1  

27 

7. 1

7. 2

2 2  

24 

25 

Thickness , 
mm 

0. 16

0. 19 ±
0. 0 9

(Wedge ) 

0. 22

0. 1

0. 1 1

0. 35

0. 2 2

0. 21

0. 2 1

Nominal Doping Comments 
Percent 

0. 76 Ni 2+ Several piece s of 

0.76

0. 1

0. 5

0. 55 Co 2+

0. 55

0. 17

0. 05

1 

1 cm diameter plate. 

Dendritic in same batch , 
C axis in plane of slab , 
0.7 x 1 mm usable area. 

Pieces of 1. 5 cm plate. 

Several 2 mm crystals. 

Pieces of 2 cm plate. 

Dendritic in same batch , 
usable area as 6. 3 

Several 1 and 2 cm crystals . 

Pieces of 2 cm crystal. 

Pieces of 0. 5 crystal. 

Since the crystal faces were plane enough for good spectra 

to be obtained , the development of polishing apparatu s 

was not attempted. 

2. 9 Polarising Microscope Examination of Crystals

ZnO is a uniaxial positive crystal , the C axis being 

the optic axis. Most plates grown were perpendicular to 

this axis , so unpolarised light could be used for study. 

Under the polarising microscope between crossed polaroids 

cryst als were uniformly dark for all stage rotation. 



For study in any but the C axis direction, the 

dendritic growths are useful. These could be found 

among the many small crystals of a given batch by stage 

rotation under the microscope. Dendritics gave extinct

ion at two positions at right angl es. Very few pieces 

large enough for study were found. 

The simpl est method of finding the optic axis 

direction for these pieces was to study the angl es of 

intersecting faces. On sampl es 6.3 and 7 .2 faces were 

found intersecting at 1 2 0°, giving an unambiguous axis 

direction. 

Checking this by polarisation was difficul t as the 

crystal s were too thin for a full off- axis figure to be 

obtained. When the axis was parallel to the pol ariser 

or anal yser there was compl ete extinction, but the two 

positions could not be distinguished. The only test was 

to use a quartz wedge to compensate for the crystal in 

the 45o positions, and find the position giving the low

est order interference col ours. When this was obtained 

the fast axis of the quartz was in the same direction 

as the sl ow axis, the optic axis of the ZnO crystal . 
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CHAPTER THREE 
THE SPECTROMETERS 

3. 1 Facilities Available

5 3  

Much previous work in the department was done on two 

Hilger prism spectrographs with photographic detection . 

Since no good densitometer was available these were not very 

convenient for quantitative temperature dependence work, 

particularly with reasonably wide bands. While this thesis 

was in progress two further instruments were purchased which 

as a pair were much more suitable. 

The first was a Jarrell-Ash 3. 4 metre grating spectro

graph using an Ebert mount, with direct-recording output . 

This gave ample resolution for the sharpest lines in doped 

zinc oxide, but had low light gathering power . Also, being 

a single beam instrument, it was inconvenient for study of 

bands. 

A small, low resolution double beam spectrometer also 

became available during this proj ect . This was not immediately 

suitable for single crystal work, but when modified gave a 

very convenient means of mapping the main features of the 

spectra. This is described in the following sections. 

3. 2 The Bausch and Lomb Spectronic 505

Figure 3. 1 shows the main features of the double beam 

instrument. To use the full range of the instrument, an 

EMI 955 8Q photomultiplier was installed . With this the minimum 



bandwidth of SA could be used from 2 0 0 0  to 8 0 0 0  Angstroms . 

This width corresponds to 1 0  - 16 cm- 1 in the range 5 5 0 0  -

7 0 0 0  A ,  which was used for most spectra .  Absorbance could be 

read linearly from -0 . 3  to 2 . 0  to within 0 . 0 1 at 0 . 4 .  At 

higher re adings accuracy would be much less . 

Some features of Figure 3 . 1  will now be explained . 
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The chart drum and monochromator are coupled , and can be 

run at several speeds . When the off-balance signal from the 

photomultiplier increases as the monochromator sweeps over a 

line , the brake is actuated to slow the sweep so that the pen 

can respond in time . Thus in principle fast overall speeds can 

be used without loss of accuracy . 

The beam splitter is a pile of alternately oriented mirrors , 

sending half the beam down the sample channel and. half down the 

reference . The occluder is a small mask ad justed between two 

of these mirrors by a cam on the monochromator , varying the 

amount of shadow in the two beams for 1 0 0 %  transmittance adj ust

ment . 

Due to the action of the various reflecting surfaces , the 

beam in the sample chamber is about 8 0 %  polarised horizontally . 

3 . 3  Use for Solid S amples at Low Temperatures 

The beam focus in the sample chamber was about 8 x 1 mm 

{ Figure 3 . 2 ) . Most samples to be studied were smaller than this , 

resulting in a loss of light . It is desirable if possible to re

duce the beam size without the need for much loss in the dewar , 

since if both sample and reference beam are reduced equally , 
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less compensation by the balancing system is needed . 

With a smaller beam mechanical vibrations are also less 

troublesome . If a mask passes only part of a highly inhomo

genous beam , a slight shift in the mask may give a large 

variation in the output . If , however , the whole of a smaller 

beam passes through the mask with room to spare , the same 

vibration will have no effect . A small mask and beam are 

of course more difficult to align initially . 

Figure 3 . 3  shows the effect of roughly equal vibrations 

on the same mask well and badly aligned . 

Due to the action of the brake motor , any noise produced 

in the optical system by vibr ation slowed down the scan by 

acting as a continuous out-of-balance signal . This was very 

inconvenient , since a few spectra for sm all , heavily doped 

samples had to be taken by moving the monochromator manually , 

resulting in a point-by-point spectrum . No signal smoothing 

was available . 

This effect also precluded the use of sample immersion 

dewars , as bubbles passing through the light beam had the same 

effect as vibrations . 

An attempt to cut down the beam si ze by reducing the 

length of the monochromator output slit was unsuccessful . It 

was found empirically , however , that a smaller , much more homo

genous and not much weaker beam could be obtained by replacing 

the mirror condenser system by a lens system . A set of 

optician ' s  lenses was used to find the best combination . That 
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finally selected was a 6 diopter spherical convex lens and a 

6 d .  cylindrical convex lens, axis vertical, the pair being 

positioned roughly midway between lamp and slit . The resulting 

beam shape can also be seen in Figure 3 . 2  

Since this probably produced large changes in the light 

distribution inside the monochromator and beam splitter, the 

beam occluder was removed . Even without this reason, its 

usefulness with masked samples is doubtful . 
0 

Above 6 500 A, second order radiation from the monochromator 

must be cut out . The filter for doing this is located under 

the cover of the instrument, which could not be lifted when the 

dewar was in place, so a cable for external operation was added . 

This and the modified condenser housing can be seen in Figure 3 . 4 .

A cover made to surround the dewar when in position was not 

sufficient to stop stray light from reaching the photomultiplier, 

and had to be supplemented with several thicknesses of black 

cloth held down with magnets . To compensate optically for 

heavily absorbing samples a holder was made which with external 

operation could insert a neutral density filter in the reference 

beam, (Figure 3 . 5) .  This gave readings on the instrument ranges, 

but as the signals in both channels were at a lower level than 

normal, accuracy was greatly reduced . Noise was increased, 

slowing down recording, and stray light reduced the apparent 

intensity of strong lines . The filters used were the Optics 

Technology Neutral Density set SA. Normally an absorbance of 

1 was used. This did not give excessive noise even with a 
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crystal absorbance of 2, though speed was reduced . For the 

cobalt doped dendritic sample studied, a filter absorbance 

of 2 had to be used to compensate for the small size and large 

thickness of the crystal . This was useless above recorded 

density 1, since the noise was so great that manu al movement 

was necessary . 

Each time the sample changed, and sometimes during runs, 

the dewar had to be realigned . This was done by putting the 

dewar in roughly the correct position, covering the sample 

compartment, and moving the dewar till non-zero transmittance 

was recorded . Small adjustments were then made to give the 

maximum signal . 

3 . 4  Behaviour with Sharp Lines 

The slit width of the instrument sets a lower limit to 

linewidth observable . Consider an absorption line much narrow· 

er than the slit width, Figure 3 . 6 .  S ( A )  is the envelope 

of the light from the monochromator, centred on wavelength 

A i ' A its area.  An area 6 is removed from this by an absorpt

ion line, and the instrument reading is determined by the 

ratio (A-6 ) /A .  As the spectrometer sweeps A i over the line ,

the area 6 changes, being obviously a maximum when A ,  is 
1 

centred on the line . The ratio above is different from unity 

when S ( A )  includes the line, so the output line has a width 

not less than the spectrometer width, and an amplitude less 

than the real amplitude . For very heavily absorbing lines 



the area � does not depend on the intensity of the line, 

but only on its width, so the line observed will have the 

near-triangular shape characteristic of slit-limited resolut

ion, a constant width, and an amplitude which decreases as the 

line narrows . This had to be checked for very carefully when 

studying temperature dependence, as the sharpening of a line 

as temperature dropped could give a spurious intensity 

reduction . 3 1

Computer calculations have been done by Kostkowski and 

Bass 3 2  which indicate that over a limited range the broadening 

and intensity reduction roughly compensate to give a small 

error in the area . Figure 3 . 7  is a reproduction of a figure 

from their paper. The narrowest lines observed in this thesis 
0 0 

had half width at half height of lA, with slit width SA, so 

from the figure weak lines should be little affected. Strong 

lines will be more reduced 3 3  ( Appendix 3 ) . 

A second difficulty was the action of the brake motor, 

which obviously can only act after a line has been reached. 

Thus the front of a very sharp line may be chopped off, and 

the width and sometimes the intensity drastically altered . 

This effect tended to move the lines in the direction of the 

scan. The most effective counter to this was to reduce 

speed when sharp lines were about to be scanned . If 

necessary, lines were run over twice. 

3 . 5 The Jarrell-Ash 3 . 4  Metre Ebert 

This instrument is designed for the study of sharp 
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emission lines, but its high resolving power is also useful 

for sharp absorption lines, though the intensity problems 

involved are different. 

A 3000 lines/cm grating gave dispersion of 3. 3 Angstroms/nm 

in the third order. The input and output slits were normally 

set to 30 microns to give a spectral slit width of 0 . 1  Angstrom9 

10 times narrower than the narrowest line studied . The instrum

ent scanned by grating rotation using a sine bar to solve the 

grating equation and give linear wavelength readings. Wave

length times order was read on a counter to an accuracy of 

about 1/4 A.  This was periodically calibrated against known 

emission lines. 

To compensate for the high dispersion and low light gather

ing power {f/3 5 )  an EMI 9 5 5 8Q photomultiplier was again used. 

3. 6 The Use of a High Dispersion Single Beam Instrume·nt for

Absorption 

Associated with high dispersion instruments is the problem 

of overlapping orders. With discre!be emission lines this can 

be avoided if each line can be identified and distinguished 

from the lines of other orders which may surround it. For 

absorption, on the other hand, the spectral region of interest 

must be isolated, and studied in a region free of overlap. 

able 

4000 

high 

A set of Optics Technology interference filters were avail-

which could give a bandwidth 
0 

and 7000 A.  For this study, 
0 

pass and 7000 A low pass was 

0 
of 500 A anywhere between 

the combination 

used. When the 

of 6500 A 

spectrograph 
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was in use with a dewar, the filters were placed between 

the lamp and the dewar to min imise heat input to the sample. 

An ON 2 2  heat filter was also used. The behaviour of this 

bandpass aft er passing through a crystal with a sharp, intense 

absorption line is shown in Figure 3. 8. It can be seen that 

as the order increases, the overlapping reduces the apparent 

inten sity of the sharp line. Since the wavelength accuracy 

required is not extremely high, the use of a low order is 

tolerabl e. Third order was found to be most useful for the 

wavel ength range needed. 

The possibility of building a chopper system to roughly 

convert the system to a double beam one by having background 

and spectrum traces on on e char t square-wave fashion was 

considered, but two factors made it not worthwhile. First, 

the response time of the amplifiers was of the order of sec

onds, so the system would have to run very slowly. Secondly, 

lining up to the accuracy and stabil ity required by the in strum· 

en t would be very difficult. 

Before the Bausch and Lomb was available several runs 

were done on the Jarrel l-Ash at 77°K using glass dewars. As 

the ampl ifiers had a time constan t cont rol bubbl ing was not 

serious. S eparate spectra of the filters and filters plus 

crystal were taken , the results punched on cards, and the 

absorb&nce spectrum found usin g a small program. This was 

plotted by the computer and autoplotter. Figure 3. 9 shows 

the in puts and output for this. The program is descr ibed 

in Chapter 5. 
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3. 7 Condenser Optics

To ensure that the light from the entrance slit reaches 

the 5 x 2 inch aperture on the mirror at a distance of 11 feet 

careful alignment of the condenser optics is necessary. The 

standard Jarrell-Ash 3 lens condensing system was used with a 

further focussing lens, as in Figure 3. 10. Lenses 1 and 2 are 

standard Jarrell-Ash items, 3 and 4 are departmental 10 cm 

spherical quartz lenses. 

A vertical l cm line image at F, with lenses suitably 

placed, just fills the mirror aperture. Since this size could 

not normally be obtained, lens 3 was used for simple magnific

ation of the object. 

Setting up was done by placing the lamp at F and adjusting 

it and the lenses so that the light could be seen to fill the 

mask inside the spectrograph. The other elements were then 

introduced in turn. A cardboard mask was kept at F to reduce 

stray light and to aid in correct positioning of the dewar. 

Once set up, the system could be left intact while the sample 

was changed, apart from the lamp and lens 4. These had to be 

removed to take down the dewar stand, till a lift was built 

to remove the dewar vertically. 

Though this four element system had disadvantages in 

light los s and alignment difficulty, it was much more stable 

than a simple arrangement of two spherical lenses . With the 

latter, it was often observed that a slight downward pres sure 

on the slit end of the spectrograph altered the output reading 

by up to 10%. 
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One advantage of the method used was the availability 

at position F of a real image of the sample. The dewar used, 

with all its secondary equipment, was liable to move out of 

position if care was not taken when operating. Observation 

of the position of the image on the mask gave an immediate 

check for this. 

A test for stray light entering the spectrograph could 

be made by first blocking off the beam at the lamp, and then 

closing the spectrograph. If the same zero was maintained 

on the highest sensitivity scale used, no stray light was 

being recorded. This normally held, to better than 0. 2 %  of 

full scale. Curtaining the whole optical system was tried, 

but found to be unnecessary. 

To use the full capabilities of the interference filters, 

the light through them should be parallel, requiring another 

lens. This was tried, but the improvement in bandwidth was 

not sufficient to allow working in a higher order. 

3. 8 Noise and Instability

Irregularities in the spectrum ware due to three causes. 

1. Photomultiplier noise. This was worst with highly

absorbing samples. It could be cut down to a minimum by 

opening the slits as wide as allowed by necessary resolution, 

to give the maximum signal. Once it was known that no lines 

narrower than, say, 3 A, would appear in a spectrum, the 

slits could be opened to a spectral width of 0. 1 A without 

losing any information. 
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2 .  Lamp intensity drift. The 10 volt 10 0 watt lamp 

was used with an unstabilised A C  supply. The monitor trace 

of the Jarrell-Ash recorded a slight tend ency of the intensity 

to wander, generally less than 1% . Running the lamp from 

batteries gave an improvement to 0.5% , but since the photo

multiplier noise was usually of the order of 1% , the use of 

batteries was hardly necessary. 

3. Dewar Movement. Even with carefully aligned optics,

slight movement of the sample gave fluctuations in signal. For 

small samples the excursions were up to 5% of full scale. Once 

alignment was complete, the only precaution possible was the 

restriction of dewar control action to a minimum. This kept 

the interior parts of the dewar at constant temperature, and 

expansion was avoided. 

3.9 Wavelength and Intensity Accuracy 

Due to slight maladj ustment with use, the wavelength 

counter of the instrument was not accurately linear in wave

length. Recording of sharp line spectra also indicated that 

the calibration changed slightly with time. When this was 
0 

allowed for, the final wavelengths in the 6600 to 6900  A range 
0 

could be taken as correct to 0.8 A, corresponding to 2 cm- 1 • 

Greater accuracy than this could have been achieved if necessary 

by recording emission lines with each spectrum tak en. 

Once order overlap was eliminated, the two obvious limit

ations on intensity measurements were stray light and system 
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noise. Consider the noise first. Figure 3.11 shows the 

response of the instrument, with manual switching, to a 

hypothetical spectrum. On the higher current range, there 

is ample signal, and so littl e photomul tiplier noise. On 

the low range, there is typicall y  0.5% noise, and so the 

lowest signal measurable will be of the same order. This 

corresponds to an absorbance of log(l00/0.05) = 3.3, to an 

accuracy of, say 0.2 . For the weak line shown, extending 

from 50 to 70% on the chart, the absorbance is 0.145 ± 0.005. 

Stray white light, being by observation very much weak er 

than the experimental beam, would affect onl y the peak 

absorbance of very strong lines. The zero check of section 

3.7 indicates that this would become serious with lines of 

absorbance well over 3. Noise is therefore the limiting 

factor. 

3.10 Operating Procedure 

Of the two spectrometers, the Bausch and Lomb was the 

most convenient to use. It was therefore used first on each 

crystal to be studied, to determine the regions of the spectra 

where high resol ution was necessary, and to find the optical 

density of the sampl es. When crystals were being grown, the 

facil ity of being abl e to take low temperature spectra 

quickl y  was very useful in deciding what concentration of 

doping material would be desirabl e to give a good range of 

crystal s. 



If a particular sample showed by its low resolution 

spectra that it was worth further study , Jarrell-Ash spectra 

were taken. This was a slower process , so more helium was 

used while covering a given spectral range. Study was 

therefore limited to regions for which Bausch and Lomb 

spectra were obviously inadequate. 

This method was departed from for some heavily 

absorbing crystals , which did not give any satisfactory 

spectra on the Bausch and Lomb . The position of sharp 

lines of interest could be predicted from the spectra 

of other samples studied previously , and Jarrell-Ash 

results could be taken directly. Since stray light 

was dispersed before reaching the detector , the tolerable 

stray light level was inherently higher for the single

than for the double-beam spectrometer , and more heavily 

absorbing samples could be studied. 
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CHAPTER FOUR 

LOW TEMPERATURE OBSERVATION 

4. 1 The Requirements of a Dewar 

The temper ature r ange over which a dewar is to be used , 

as determined by the physical problem being studied , is the 

main factor in its design. If operation only at liquid coolant 

temperatures is required , no temperature control is necessary. 

For variable temperatures , however , either a temperature control 

system or a large thermal capacity giving slow temperature 

changes must be used . 

To m aintain the sample at a set temperature regardless of 

the experimental heat input , good therm al contact between the 

set temperature reservoir and the sample is necessary. Direct 

immersion in the coolant or the use of an exch ange gas surround

ing the sample can provide this , but often this is not possible. 

Indium , which remains soft even at 4°K ,  can provide good surface 

contact between a sample and a metal conduction path , and some 

greases can also be used. Whatever is chosen should allow 

temperatures to be easily set and reproduced. 

The complete dewar assembly should be as stable as possible , 

since in absorption work sample vibr ation can affect the 

spectrometer output. Frequent sample changing is required , so 

removal of the dewar from the operating system must be safe. 

Also , more care tends to be taken in operation if the overall 

system is convenient to use. 
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4. 2 Direct Immersion Dewars

For liquid nitrogen temperature observation some glass 

dewars using sample immersion were available. These were 

used with the prism spectrographs , and could be used with the 

Jarrell-Ash for preliminary study. 

A glass helium dewar , again with sample immersed in 

coolant , was also available. This was used with the large 

Hilger spectrograph to observe some sharp lines at the lowest 

possible temperature. 

4. 3 The Variable Temperature Dewar - Principles

A dewar designed for operation over a wide range of 

temperatures was supplied by Andonian Associates. Its two 

modes of operation are shown in Figure 4. 1 

For operation above coolant temperature , normally 4. 2°K ,  

a stainless steel tube containing gas held at below atmospheric 

pressure acted as a thermal resistance. Heat flow along it 

from the sample holder to the reservoir produced a temperature 

gradient which could be controlled by varying the gas pressure. 

For higher temperature operation , the heat input of black 

body radiation and the light beam used could be added to , 

using an electrical heater. Normally gas pressure was set 

to about 300 microns of mercury and the heater power used as 

the control. 

The resistance could be converted to a thermal short 

circuit by pressurising the gas , so that liquefaction by 
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contact took place. This kept the sample holder at coolant 

temperature. The liquid in the main can could then be further 

cooled by pumping, and the temperature of the whole sample 

assembly reduced . This was not normally done with helium, 

as thermal contact losses made it of no value. It was 

frequently employed with nitrogen as liquid, since temper atures 

as low as 6 0°K could be reached without the complications

involved in using helium. 

4 . 4  Sample Holders 

For optical absorption study the sample holder must 

give good therm al contact with the crystal, and allow a light 

path through but not around it. Since most samples were flat 

plates studied with light perpendicular to the plate, only 

one basic type of holder was necessary . Figure 4. 2 shows the 

construction. The best thermal conduction is given by high 

purity copper, but this was not available in time for use. 

The calculations of Appendix 2 showed that commercially pure 

copper would be adequate , giving less than two degrees drop 

across the holder. 

The strip of copper forming the body of the holder 

was in direct contact with an Indium gasket on the copper 

bottom of  the exchange tube. The base plate was soldered 

around the body, so that heat transfer in the holder was not 

across the solder joint. Originally a slight proj ection was 

left to ensure that the body made good contact on tightening 

the screws holding the base, but it was found that lower 



69 

temperatures could be achieved ( 7  as against 10°K) by filing 

this flush so that base and body both made contact . 

The crystal clamps were copper foil, again commercial 

high purity (99 .9 % ) . These were held in place by U section 

pieces of brass foil, and the whole assembly fastened with 

12BA screws . The passage for the light beam was milled with 

a centre drill run along to make a V section slot, with the 

sample to be placed on the smaller side . The hole size usually 

used was about 5 x 1 . 5  mm, with some larger and smaller holders 

as samples required. For the smallest dendritic samples a 

0 . 0 35 inch diameter hole was the largest permissible . 

Between runs the sample holder was electropolished in a 

chromic acid bath to reduce its emissivity . The holder with 

gasket was then screwed in place in the dewar and the sample 

side lightly smeared with silicone grease to hold the sample 

and thermocouple wires in place till clamped down, and to help 

thermal contact . The clamps were then put on . Figure 4. 3 

shows a sample in place inside the helium radiation shield . 

To reduce helium losses due to 300°K black body radiation, 

as much of the helium can and sample assembly as possible should 

be surrounded by a nitrogen shield . In this dewar the helium 

can was surrounded by an annular nitrogen container, from which 

an aluminium cylinder extended down over the sample holder . 

The screw thread at the top of Figure 4. 3 holds the bottom 

portion of the shield . All observation holes in this were 
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covered with aluminium foil except for two ho les about 2 cm 

across opposite the sample for light access . 

4 . 5  Polarised Light Observation 

Study using polarised light is a very powerful  too l with 

crystals of non-cubic symmetry . The purity of polaris ation 

depends on both the quality and the orientation of the polar

iser , so it is pointless to have one of these quantities 

very good if the other does not match it . 

The worst constraint on the addition of a polariser to 

this system was the limited space of the Bausch and Lomb 

sample compartment . This and the convergence angle of the 

beam precluded the use of a polarising prism . It was decided 

therefore to use as analyser a piece of sheet polaroid mounted 

on the tip of the dewar . This had the advantage that align

ment could be done independently of the rest of the optical 

system , and was correct for both spectrographs . 

Two polarisation directions at right angles were required , 

both prealigned . This cou ld be achieved most simply in a 

minimum of space by mounting on one of the dewar windows a 

slide holding two aligned polaroids , as in Figure 4 . 4 .  

The polaroid used was a type which in the extinction 

position gave a dark blue colour . To test its behaviour 

quantitatively , its spectrum was run in the Bausch and Lomb . 

It was known that the beam was roughly polarised horizontally , 

so to get both spectra a 45° setting was used . Cros sed in

this orientation , the transmission was less than 0 . 0 3 %  over 
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the range 5 5 0 0  - 6 8 0 0  A .  This covers the region of 

interest nicely . A rise centred on 4 3 0 0  A explains the 

blue colour . Figure 4 . 5  shows this, and also the absorb

ance of a single polaroid in the two positions . 

Since mounting small crystals was difficult enough 

without lining the optic axis to an exact angle, the crystal 

was mounted to about the correct angle, and the polaroids 

aligned to it . Each was crossed with a third piece on the 

other side of the dewar by observing extinction of light 

passing round the sample holder, and these were rotated 

as a pair till extinction with the crystal was also observed . 

Late in the experimental work a red filter was used to give 

a better extinction . If the angle of misalignment is M, 

the intensity r atio of wanted to unw anted components is 

tan 2M. M was better than 1°, giving ratio 0 . 0 0 0 3 . A small 

amount of wobble in the slide, say 2°, increased this to 

0 . 0 02 . With absorption samples, this means that where 

virtually all of the wanted and none of the other polaris

ation is absorbed, the ratio of light incident to light 

transmitted is . 0 0 2, giving maximum apparent absorbance 

2 . 7 .  This is over the instrument limit anyway, and weaker 

lines will not be affected . 

In the Bausch and Lomb system, the dewar orientation 

was about 3° off vertical . This had the effect of intro-
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ducing an axial component into the o and TI spectra , again 

in the ratio 0. 002 to 1 .  In the present case , only very 

strong lines in TI will be affected. 

4. 6 Temperature Measurement and Control

Two thermocouples were built into the dewar. For 

measurement near 4°K ,  a gold-cobalt versus copper thermo

couple with reference junction fastened to the bottom of 

the helium can was used. After the dewar had been in use 

for several months ,  this thermocouple began to give negative 

voltage readings , indicating poor thermal contact at the 

cold j unction. This was subsequently found to be due to 

corrosion. Earlier temperature readings were therefore 

treated with care , and were usually rejected. 

The second , more reliable thermocouple,  was copper 

versus constantan , with an external reference junction. 

As it could only be operated from a 77°K reference , 

sensitivity near helium temperatures was reduced , but still 

adequate. At 7°K the E. M. F. was -720 µV and the differential

2 µV/degree. Reading accuracy to 2 µV gave accuracy to 

1°K ,  of the s ame order as control accuracy. At higher 

temperatures accuracy was better than this . 

In situ calibration of the thermocouples was not 

possible , so a standard temperature versus voltage table 

supplied with the dewar was assumed to apply. A small com

puter program was used to convert the table to a more us able 

form with regular voltage increments. 
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Temperature control was manual only. Thermocouple 

voltage was read on an Andonian microvoltmeter. Any deviat

ion from the desired temperature could be corrected by alter

ing the power to the heater mentioned in section 4. 3. With 

practice, control was possible to within 1°K, which was quite 

adequate for the present work. 

4. 7 The Complete Operating System

The complete assembly and associated services is shown 

with the Bausch and Lomb in Figure 4. 6. The layout was 

chosen as being the most convenient to operate and maintain. 

The dewar on its stand could be raised out of the sample 

compartment and swung forward for sample changing and polar

oid alignment. In the operating position, fine adj ustment 

screws allowed precise location in the beam. Two-stage 

mechanical pumps capable of producing pressures of 5 microns 

of mercury were used , one for pumping the vacuum space of the 

dewar, the other for pumping the heat exchange column, and the 

helium can when necessary. The outlet of this pump was 

connected to the helium recovery system. Pump lines were 

supported so that the dewar was not under strain, and flex

ible couplings were included to reduce vibrations. 

Liquid nitrogen was transferred into the dewar by nit

rogen gas pressure. Plastic tubing was adequate as transfer 

line. Liquid helium was transferred from storage dewars 

using an Andonian Associates transfer line. As 12 litres 
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were stored, and 6 were sufficient for one run, the transfer 

tube was only inserted part way into the ful l storage dewar 

and acted as a dipstick, stopping transfer when half the 

liquid had transferred . Sufficient helium was thus left 

to be sure of another run . Helium gas from the cylinder 

on the left was used for pressurising the heat exchange 

space and for purging the air from the dewar before liquid 

helium filling .  

The vacuum gauge and temperature controller can be 

seen to the left of the dewar . This arrangement permitted 

temperature control and spectrometer operation from the 

same position . 

Figure 4 . 7 shows the same apparatus mounted on the 

Jarrell-Ash. Since the spectrometer was higher, operation 

was less convenient . 
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CHAPTER FIVE 

COMPUTER PROGRAMS 
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An absorbing sideline during this thesis was  the writing 

of numerous computer programs more or less relevant to the 

physics involved . 

The computer available was an IBM 16 2 0  model I with 40k 

decimal digits of stor age . The programming langu ages avail

able for this are -

Fortran with Format (Fortran I )  

Fortr an I I  

SPS I ( Symbolic Programming System) 

SPS II  

SPS, being directly related to machine language, is 

very versatile, but is difficult to write correctly . Fortran 

is more straightforward to program, since its language is 

machine independent rather than machine oriented . This has 

the disadvantage that compiled programs are slow and consume 

excessive amounts of storage, especially on small machines .  

With a knowledge of how Fortr an statements are assembled on a 

particular machine, however, it is possible to write the 

statements so that unnecessary stor age is not consumed . For 

example, the statement K= ( I- 3 } *I/2+1 is stored as six machine 

language instructions, but the equivalent K= ( I-l} * ( I -2 ) /2 as

eight . A knowledge of SPS greatly helps in making savings 

like this . 
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Cell Theory A large program written for Professor McLellan ' s

work on the liquid state required the use of Fortran II and

SPS II in the same program to give reasonable speed. Con

siderable experience of error finding in both languages was

gained with this program. A listing is given in Appendix 5.

Furnace Control Three programs were written to . get theoret

ical estimates of furnace behaviour. These were not used

extensively.

Graph Plotting An IBM 870 with graph plotting typewriter

was available. The computer input required for this was

rather stringent, so a general program was written to intro

duce a fourth stage into the plotting process, and make

the input much more flexible. Figure 3. 9 was drawn using

this.

Spectrum and Matrix Programs These are described later.

5. 3 Two Non-standard Methods

The Fortran language is theoretically independent of 

the computer used, but the same is not true of the speed 

and size of the program. Several of the Fortran programs 

listed in this chapter include features which were intro

duced for speed or space reasons, but actually break Fortran 

rules. These will probably not work on anything but a 1620, 

model I, card input, with 40k digits of storage, using 

Fortran II. 
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The two most used methods follow . 

Sense Switch 9 The 1620 indicator 9 comes on when the last 

card of a deck has been fed through the card reader, so this 

indicator can be used instead of a trailer card. Indicators 

1-4 are the operator controlled sense switches, which the

processor handles with the sense switch statement, so the

last card test can be smuggled in by calling it sense switch 9 .

The indicator is turned off by interrogation .

Fixed Point Remainder To test whether a number I is divisible

by a number J, the statement

IF ( I/J*J-I)  1,2 , 1  could be used, with control transferred 

to statement 2 if divisible, 1 if not . The same test can be 

done more economically by doing the I/J division, and then 

looking at the remainder, which is stored at location 00099 . 

A suitable combination of COMMON and EQUIVALENCE statements 

can make this location a defined variable . For an example, 

see the variable MAINOR of the first two matrix programs.  

5 . 4  Spectrum Handling Programs 

The computer was useful both for the reduction of raw 

spectra to a more useful form and for systematic searches 

through the data available . The chart records were punched 

on cards and could be converted to wavenumber ordinates, or 

from transmittance to absorbance. Graph piotting facilities 

could be used as final output if desired. 

The programs will be described individually . 
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5. 5 Absorbance Program 1

This was used for Figure 3. 9. The data from the Jarrell

Ash charts is read for sample and background traces , and an 

output punched which can be sorted into two lots to plot 

transmittance versus w avelength or absorbance versus wavenumber 

spectra. When the Bausch and Lomb became available , the program 

was not further used. 

5. 6 Absorbance Program 2

Bausch and Lomb spectra are usable as produced , but con

version to a wavenumber scale may on occasions be necessary. 

This program gave this conver sion , for records from either 

spectrograph. The input is in two batches , one for the spectrum 

and one for the background. Each batch consists of sets of 

points specified by wavelength and intensity coordinates. These 

need not be regularly spaced , and can be in any order. When 

intermediate values are required , a quartic interpolation

routine is used. This eases the tr ansfer of data from chart 

to cards , since wide spacing of points can be used in slowly 

varying parts of the spectrum . 

The output can be either at regular intervals , or at the 

same physical points as the input. The cases are distinguished 

by an accepted value of the output spacing interval. If this 

is non-zero , it is used as an increment. If it is zero , output 

follows input. 

5.7 Spectral Line Optimisation Program

It is often desirable to separate the components of a 

composite line to study each individually. A line shape is 
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assumed for each component, and width, position and intensity 

of parts varied to give a least squares fit. 

There was available in the department a Fortran II modific

ation of the program of Stone 3 4 • This was rewritten to give 

room for larger data arrays. In its present form the program 

can handle 9 6  X, Y pairs for a data spectrum and attempt to fit 

it to up to 10 Gaussian or Lorentzian lines . 

It was intended to use this program on the output of 

Absorbance Progr am 2, but fitting convergence was poor even 

with simple tes t  data. No obvious errors were detected in the 

program as given here, so it was concluded that the method used 

was inadequate. Stone approximated a squ are matrix by its 

diagonal to speed calculation by avoiding a matrix inversion, 

which would result in inaccurate iteration. A similar program 

written later by M. Elder did not use the approximation, and 

gave better convergence . 

5. 8 Wave Number Differences

One of the first steps in reducing a complex spectrum is 

to search through it for pairs of levels with nearly the same 

spacing 3 5 • This procedure is useful for identifying sets of 

transitions from different lower states, similar phonon side

bands on different electronic transitions, and other regularit

ies. Interpretation of the results in term s of physics is still 

necessary - a program can only select what is probably the mos t  

relevant  information. 
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Data is read by this program one number per card, 

sorted into order, and numbered sequentially. A goodness 

of fit is accepted, and unless altered an upper limit of 

1000 is taken on differences to be considered. The output 

consists of sets of the form i j mmmm k 1 nnnn, etc, where 

mmmm is Ej - Ei, and nnnn ( =E1 - Ek) is the same within

the limit specified. 

The use of SPS for this program was for experience 

rather than expediency. 

5. 9 Common Differences Table

Comparison of energy differences in two spectra could 

be used to find similar phonon energies in the two systems. 

If, for example, a host lattice with two doping materials 

gave an energy difference the same for the different dopings, 

identification with a lattice mode energy could be indicated. 

A maximum and tolerance of fit are accepted by the 

program to limit the search field. For each spectrum a 

header card and table is read, and separately sorted into 

order and numbered. Differences common to the two spectra 

are punched out in increasing order. This output is rather 

more convenient than that of the previous program. 

None of the output of either program will be given 

in this thesis, since the accuracy of spectra was sufficiently 

low for graphical methods to be profitably used. A study of 

results from these programs did however, provide the first 

suggestion that phonon sidebands were present in the 

Ni-ZnO spectra. 
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5. 10 Matrix Programs

Crystal field calculations require the addition of 

several known matrices multiplied by estimated parameters . 

Diagonalisation of the resulting sum gives the energy levels 

of the atomic system appropriate to a Hamiltonian with the 

parameters used for each perturbing term . 

Matrices for d2 in a trigonal field, using three para

meters , have been given by Seed 3 6
• These were converted 

from surd to decimal form and matrices punched to be used

repeatedly with different parameter sets by the diagonalisat

ion program. The outputs for a set were the input to a

transformation program which sorted the energy leve ls and

gave the first order parameter dependence of each.

5. 11 Labelling of Basis States

The matrix programs existing in the department required 

that for each parameter a complete half-matrix was entered, 

whether it contained large zero blocks or not. It was decided 

to write an input form which was more flexible, did not 

require entry of zero blocks, and entered correctly spin

orbit and electrostatic matrices which did not require the 

full set of quantum numbers for identification. 

Weak field basis states labe lled by S, L , J  and M values 

were used for the crystal field matrices .  The calculated 

spin orbit matrix is given in terms of S , L, and J, and is 

diagonal in and independent of M. Electrostatic matrices 

have S , L basis quantum numbers and are diagonal in and 
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independent of J and M.  It was decided to use labels 

including the SLJM values for basis identi fication . 

The as sembling is done by comparison of labels on the 

matrix cards . These can be up to 8 digits in length . The 

first matrix de fines the basis states , and must have as 

labels the complete set of quantum numbe rs . All numbers 

must be integers , so 2 S+l , say ,  could be used as a label 

instead of s .  Any number can be used in the mask to 

correspond to a given quantum number ,  provided it is used 

consistently in all matrices . M can be negative , in which 

case the sign is  placed at the front of the number .  For 

matrices after the first , the quantum numbers used must be 

at the same place in the label field , the rest being left 

blank . 

As an example -

MATRIX STATE LABEL 

Xtal field 3 p 1 , M  = 1 b3blblbl

M = -1 -3blblbl 

Spin-orbit 3p 1

Electrostatic 3p 

b3blblbb 

b3blbbbb 

note 2S+l has been 
used in the label 
- S could have been
used instead .

The assembly of a crys tal field matrix will  be considered 

first .  Before any input takes place , the enti re matrix space 

is set to zero .  The matrix is then entered in , for example , 

four blocks , as shown . The se can be in triangular form, 
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The complete input, including the zero, 

completes the lower triangular form 

of a symmetric matrix . The basis 

1

Zero 2 
i------ts. 

Zero 3 

8 3  

4

states are defined by the labels of the rows, which limits 

the order of entry of blocks. In this example 12 3 4, 12 43, 

2 341 and 2 431 are all acceptable orders. 1432 is not, since 

when block 3 is entered the bases for all its columns have 

not been defined. 

For matrices not using the full label specification, 

each element of the input must be added into several elem

ents of the matrix already defined. A search is made 

through the rows and columns to locate these, subject to 

the requirement that M and possibly J must be diagonal. 

A header card is used for each matrix to assign its 

name, number of blocks, and the number of quantum numbers 

used. The first twenty columns of the card are used for 

the name, the next five for the number of blocks. Columns 

26-30 contain, right justified, the number by which the ma-e

rix labels must be divided to leave only the significant

part of the label . This is 10000 for electrostatic matrices,

100 for spin-orbit, and 1 for crystal field . The program

logic is arranged so that the 1 for crystal field need not

be entered .

To define the extent of the blocks, a header is used 

for each . This specifies the labels for the starting row 
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and column of the block , the label of the last row, and , if 

the block is re ctangular, the numbe r of columns. Due to 

asse mbly limitations , re ctangular block s cannot be used for 

matrice s not using the whole labe l. 

5. 12 The S urd Input Program

The de tails of the input will be e xplained for this pro

gram . Matrices as give n in the literature , possibly broke n 

up into block s, are to be multiplied by parame te rs and added 

to give a complete asse mbled matrix . 

Each matrix should be in the form matrix he ader - block 

he ader - block - • · · ·  block he ader - block . Matrice s must be 

placed one behind the othe r to form a single de ck , since the 

passing of the last card through the re ade r is used as a te st 

for the last matrix . Afte r the he ader card of each matrix 

is read , the name on it is typed , and the value of the multi

plying parame te r ente red by the ope rator. The matrix is the n 

re ad and assembled . Should an unacceptable labe l se que nce 

be e ncountered , WRONG ORDER is typed and loading stops. No 

spe cific che cks are pe rformed to ensure that the data is 

correct, but should the wrong numbe r of cards be pre sent , 

input error message s will probably occur. If a matrix name is 

not ty ped out as expected , some error is certainly prese nt. 

Block s are read by rows, towards the diagonal, e ach row 

be ing identified by a labe l. The value of each e lement is 

spe cified by three intege rs I, J , K ,  giving a value IIK/J . 
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The input format for the label and row is Il0/(15I5) , with 

the label read from one card , the row read from the succeed

ing card or cards with up to five elements per card. 

When all matrices have been read and parameterised, 

the name and label divide factor are accepted, and the matrix 

is punched out in decimal form in triangular bloc ks, complete 

with header cards. This output is ready for direc t input to 

the diagonalisation program. 

Matrices up to order 42 can be handled. 

5.13 Diagonalisation Program 

The basic diagonalisation method is a 16 2 0  Fortran version 

of a S illiac program 3 7 • A modific ation of the Jac obi method38 

leading to extreme eleganc e is used. The method consists of a 

series of iterations transforming row i and column j .  Normally 

a matrix inc luding the rotation matrix 

[ 
cos e 

-sin e 

sin e] 
cos e 

is used as a similarity transformation, with the value of e 

depending on the elements a . . , a . . , and a . . • The present
l.l. J J  l. J  

method uses instead the matrix 

[
- sin e 

cos e 

c
�

s e] 
si n e 

The range of e is defined by a . . 
l.J  

+ 

+ 

a . .  -a . .
l.l. J J 

a 

0 - rr/4

+ rr/4 - rr/2

+ 7r /2 - 3rr/4

3 rr/4 -
7r 
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This simplifies the formulae required. 

The input is as for the surd program, apart from the 

format of the actual rows. This time label and row are 

read on format 5El4. 0, with label and up to four elements 

on the firs t card in decimal form, up to five on the next. 

The maximum order is 35. Only one representation for a 

given symmetry group can be diagonalised at a time. 

When a complete set of matrices has been parameterised 

and entered, calculation begins. Typical times were 15 

minutes for order 10, 45 for order 15. Intermediate output 

of an uncompleted calculation is given if switch 3 is turned 

on. This output can be accepted as later input if switch 3 

is on at input time. 

The final output of state labels, eigenvalues and eigen

vectors, is given on cards and the typewriter. To speed 

output time typing of the vectors can be suppressed by turn

ing switch 1 on. 

The eigenvalues output are in increasing order, but the 

lowest is not set to zero energy. Since several represent

ations must be diagonalised for a given parameter set, and 

the_ ground state representation may not be initially known, 

sorting into sequency and setting the energy origin is left 

for another program. 

5 . 14 Energy Table and Parameter Dependence 

To assist in the selection of parameter values first 

order perturbation theory can be used to find the dependence 
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H = P. H . , with summation convention implied, has an eigen-
1 1 

function $ with energy E
0

, the energy of the l evel as the 

parameter set Pi varies can be written E = E
0 

+ ( $/Hi/$) o Pi.

Writing $ as a vector V for some set of basis states, and 

Hi as the matrix for the same states, the coefficient of o Pi

is the product VtH . V. 1 5  The output of a given diagonalisation 
1 

can thus be combined with the input matrices to give first 

order information. 

This process was combined with a sort ing program t o give 

in tabul ar form the energy, representation, mult iplet derivat

ion and dependence of each l evel on three parameters. The 

matrices input required the full set of basis label s. Nor

mally  crystal field dependence was required, but for spin

orbit and el ectrostatic dependence a compl ete matrix could 

be assembled using the surd program with a crystal field 

matrix of z ero parameter to define the states. Any number 

of representations may be handled .  

The input is headed by three cards giving the names 

and values of the three parameters used . Then fol low the 

three matrices for those parameters, in the same order, used 

for a part icular representation. Another card gives the 

represent ation l abel in columns 1 to 4. The diagonal isation 

output for that representation then fol lows. 

The set of mat rices, name, eigen values and vectors is 

repeated for each representation. The last card indicator 
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is used to indicate the end of input . Output is on cards 

for convenience . Some tables produced can be seen in 

Chapter 7 .  
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The crystal s chosen for study, as tabulated in S ection 2 .8, 

have spectra which show various trends. Overal l structure is 

more easil y seen in low concentration, and a higher doping 

brings out more fine detail, though with the risk of pair 

effects. This chapter will concentrate on observed character

istics of the results at various temperatures, leaving the 

bul k of the discussion till Chapter seven. 

Sampl e 6.3 was the onl y sampl e usabl e to obtain non-axial 

spectra. Other workers have cut portions from hexagonal pl ates 

to study edge- on, but as no cutting or pol ishing eq uipment was 

available this was not attempted. The only practical loss is 

that of concentration dependence in the o and � pol arisations. 

Anal ysis of the crystals for actual doping percentages 

was attempted by colorimetric methods, using the Bausch and 

Lomb. Unfortunatel y, the amounts of material avail abl e for 

destructive analysis, were not sufficient to give useful re

sults. However, check s were performed on the spectra of all 

samples at room temperature, and it was found that the intensity 

of bands was, within experimental error, proportional to thick 

ness times nominal concentration. This ind icates that actual 

doping is proportional to the concentration in the melt. 

Apart from proving that nick el was present, the chemical 

anal ysis al so indicated iron contamination. As discussed in 
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Chapter 1, this cannot affect the impurity spectrum. Weakliem 

(private communication} has taken spectra of an iron-doped 

crystal, and found no lines in the 6 6 00 A region. 

6.2 The Axial Spectrum at Low Doping 

While sample 21 has too low a doping for detailed study, 

it was useful to give a general picture of the visible band 

and its temperature dependence. 

Figure 6.1 shows the low temperature spectrum taken on the 

Bausch and Lomb. Energies are accurate to 12 cm-1 • Figure 6.2

gives the spectral variation with temperature. Five points 

are to be noted. 

A The intense 15200 cm- 1 1ine, rising out of the band below 

150°K, narrows, as the temperature drops, near the spectro

meter width. Quantitative low temperature measurements 

must therefore be treated with caution. 

B The 15300 cm-1 line is weaker, and does not appear to be slit

limited. So for the two lines, the broadening processes 

may be different. 

C The remaining peaks of the band show a smoothing out as T 

increases. There are no intense, sharp lines in this region. 

D Temperature has no effect on the 16300 cm- 1 band. 

E At higher temperatures, there is an increase in absorption 

below 15200 cm-1, but no obvious structure.

From its sharpness, A is clearly a no-phonon line. The 

Jarrell-Ash was used to check intensity and width, as discussed 

later. 
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6 . 3  The Axial and Polarised Spectra at Higher Concentration 

Using sample 6, a, TI and axial spectra were obtained 

and compared quantitatively . It was ver ified that axial 

and a spectra were the same, confirming electric dipole 

origin . 

Figures 6 . 3  and 6 . 4 show the axial and TI spectra at the 

bwest temperatures obtained . Comparison of Figures 6 . 3 and 

6 . 1  shows no significant differences in line position for 

the two concentrations . 

Again, the low energy lines appear slit-limited . This 

probably accounts for the reversal of intensity between 

1 5 2 0 0  and 15 3 0 0  cm- 1  lines in the two samples . Some very

weak narrow lines have appeared on the low energy side of 

the bands . 

Comparison of the two polarisations shows a wealth of 

structure in both, but less overall absorption in TI .  As 

one obvious example, the wide 1 6 2 6 0cm- 1 band which was

temperature independent in sample 21 is  almost absent in the 

TI spectrum . 

In Figure 6 . 5  is  shown the temperature dependence of the 

a spectrum . As for sample 2 1, the 1 6 2 6 0  cm- 1 band is very

temperature independent , the remainder of the band sharpens 

as the temperature decreases . The anomalous behaviour of 

the 15 2 0 0  cm- 1 line is  almost certainly a spectrometer effect .

A similar effect for the TI polarisation is shown in Figure 6 . 6 .
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One point of interest is that the 1 5 2 0 8  cm- 1 line, though 

very narrow, does not behave similarly . This could be due 

to its lesser intensity, with consequent reduction of 

spectrometer effect .  

To clarify this, spectra were taken on the Jarrell-Ash, 

where slit effects could be neglected . Figure 6 .7 shows 

one of the better traces . The good resolution shows four 

weak low energy lines where only one was observed before . 

Slight variations from regular shape can also be seen on the 

sides of the strong line . The spectral slit width is rough

ly the width of the vertical lines on the chart . The tem

perature dependence, for a different portion of the same 

crystal, is shown in Figure 6 . 8 .  This clearly shows broad

ening of the weak lines, till they are lost in the wing of 

the intense line as it too widens with increasing temperat

ure .  The 2 1°K trace indicates a recurrent problem with

Jarrell-Ash spectra . Switching to a higher sensitivity 

scale, as in Figure 6 .7, could give a false idea of accuracy 

if there was an appreciable zero drift during recording . 

The only possible precaution was to set the zero before each 

recording, and record it again afterwards, on all ranges 

used . Fo r extremely intense lines, this made intensity and 

width estimation difficult (see Appendix 3 ) . 

Figure 6 . 9  gives the cr spectrum . Since the sample 

used was very small, wider slits were used to increase the 
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fluctuation due to mechanical movement was increased. 
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The � spectrum, Figure 6 .10, again shows several weak 

lines, but the accuracy is less than that for the axial spect

rum. More than one trace was taken for each temperature, to 

distinguish lines from noise. Once again the weak lines 

broaden as the temperature increases, and are swamped in the 

wing of the strong line. The 15208 cm- 1line decreases in 

intensity with increasing temperature, at least above 19°K. 

To test the behaviour of the strong axial line more 

accurately, a set of Jarrell-Ash results were taken with the 

low concentration sample 21. The results are included in the 

following tables. 

6.  4 Tables of Intensity, Position and Width of spe·ctral 
Components 

Each useful spectrum was reduced to components by hand. 

In most cases, these components overlap, and assignment is on 

occasions very arbitrary. No check has been made to ensure 

that the total band area is reproduced. 

The format is, for each set of components 

Column l Wavelength, Angstroms 

2 Width, Angstroms 

3 Intensity, Absorbance units X 100

4 Energy, wave numbers 

5 Width, Wave numbers 

6 Comments 

The width is the full width at half height. The absolute 

- 1

energy accuracy is ±2 cm-1 for Jarrell-Ash results and ±12cm

for Bausch and Lomb results. 
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65711 
6H3 
6520 
u49S 
b47D 
6455 
63

?
6 

63 5 
6l0S 
6220 
btSO
5q110 

Uf 6. 1 , 
6600 
o57b 
6533 
6

t
20 

6 95 
6470 
�455 
6390 
o31o5 
G2b5 
6220 
6150 
59«10 

Il l 6. 1 . 
b620 
o!o7li 
bSJS 
6520 
649!, 
6455 
b397 
c,J;D 
b2o0 
b2 1 S  
6 1 50 
5970 

Il l o. 1 , 
6620 
6579 
6531+ 
64o5 
6400 
6)50 
6280 
6150 

I l l  6 . 1 .  
6620 
6579 
6534 
b470 
b400 
<,3;0 
b290 
6 1!,0 

"'  b. l ,  
bb20 
bSUO 
6535 
b465 
b410
6 1 !,0 

'" 6. 1 ,  
65o5 
65lt0 
6475 
6400 
6150 

Ni•• -z no 

B L  

llJ C.,[(.,R[£$ 
b 20 l!, 141+ 

t:50 1 5 199 
25 1200 1 5299 
20 !,00 15337 
10 30 1 $3UI+ 
20 J O  1 5i.ss 
25 400 1 5491 
30 200 1 5625 
25 1 00  1 574li 
30 30 1 5b9b 
20 20 16077 

1 50 1!,0 16260 
100 30 16722 

20,6 DEGRH S 
8 JO 1 5 1 5 1  

, o  9;0 1 5202 
20 1 200 15:;0u 
20 200 1 5337 
1 0  30 t SJ96 
10  20  1 !>'•55 
so 300 1 5,.q, 
JO  200 1 S634 
JO 110 1 5 760 
50 '10 1sq 1 n  
l+O 20 1 0077 

I!,0 200 1 02<>0 
)0 20 1 67U 

32 O£GR££$ 
a 50 1 5 1 5 1  

1 0  1 180 1 5202 
20 1 1 70 I S.306 
lO 250 1 5337 
10 30 T 539b 
t o  30 15455 
50 250 15491 
35 200 1 5631o 
30 70 157b0 

ig 
20 159 1 0  
1 0  t6077 

150 150 16260 
;o 20 16724 

Sl ,4 DEG 
15  50 1 5 1 0!, 
15 2000 1 5202 
4U 11150 1;302 
20 110 1 5337 
10 20 1 !>39u 
30 150 1 5491 
l+O 1)0 1 5b32 
30 40 1 57411 
bO I U  1 5923 
30 20 1b090 

1 50 1 00  1b260 
so 0 1 6750 

70 OCGR!ES  
30 1 00 1 5 1 05 
15 1 1 30 15 1 99 
50 700 15304 
30 ISO  1S467 
40 70 1 5625 
30 20 1574!1 
so 1 0  1 592.3 

150 100 16260 

!)2 O(GR 
30 1 00 1 5 1 05 
20 620 1 5 1 99 
50 bSO 15304 
40 60 1 !>455 
40 so 1!>62$ 
so 20 IS74U 
50 10 1)890 

ISO 1 00 16260 

1 1 0  OEGR£ES 
20 so 1 5 1 05 
20 300 !;197  
bD 4SU 1!>302 
!,U 30 15467 
so JO 15uUO 

200 150 1b2b0 

132  DEGREES 
30 250 1 5 186 
60 300 1 5290 
so 20 15441+ 
60 10 1 5625 

200 ,so 1621>0 

1 11
1 6
Sil 
47 
2.3 
47 
60 
73 
t,2 
75 
50 
"°°
279 

1 1!
23 
loo 
1+7 
23 
2J 

1 1!) 
20 
74 

12b 
103 
400 
139  

Iii 
23  
46 
47 
23 
23 

1 1 9
811 
71+ 

1 26 
1 03 
400 
120

34
31+ 
90 
47 
2.3 
7 1  

100 
71+ 

1$2 
77 

l+OO 
140 

bU 
35 

1 1 7
71 
97 
74 

1 26 
400 

611 
1+5 

1 1 7
9S 
97 

1 24 
1 26 
396 

45 
45 

140 
1 1 9 
1 2 1
5211 

69 
11+0
1 19 
11+(.
528 

Axial S pectru m 

VERY WlM 
VEl<Y STROil(; 
VlRY STRUllb 
SHOULDER 
WEAK 
SHOULDER 
STROHG 

STRONG, TRIAIIGJLAR 
HE D I Ul1 
WEAK,BRO.lO 
WEAK, tiilOAO 
BRuAD 
SHOULDER 

WEAK 
STROIIG, NARROW 
VCll"I STRUIIG 
SH<lULOER 
W(A,. 
ShOULOCR 
STROl,G 

STROhG 

HE O I Ul1
W(.l� 
WEA� 
8kOAD 
WEAK 

W(Al(,UllR!SOlVCO 
VlRY STRO:,G, llAnR<M 
VERY STROllG 

SHOULDER 
W(AK 
SH,iULDER 
STROl<G 

� TRUNU 
1'£01 Ul1 
Wl.1.�, dk0AO 
WEAK , BROAD 
IROAO 
\o/EAK 

SHOULDER 
V[kY STRONG 

STROllu 
Sl10ULDEII 
SHOULDER 
STRUllu 
STRONG 
MEO I UH 
WEAK 
WEAK 
BROAD 
SHOULD[ll 

SHOULDER 
VE!\Y STRONG 

STROIIG,.lSYHKETR I C  
ME D I  UH 
ltED I Uli 
WEAK 
\/£AK Sl!OULOER 
BROAD 

SHOULDER 
STROIIG 
ASYH111: T R I C
ME D I  Uli 

"t6��, 
1
s .r

G J ,; 
6605 - 2  7.0 22 
6603 . 0  , .o  60 
6$\;6.2 I .5 SS 
6579.2 s . o  1870 

NI  6 . 1 ,  2 1  DEG J A 
6606.2 1 . 7  20 
6605-2 5.0 1 2  
6603 - 5  .9  .30 
65'16 . 2  1 ,6 1+5 
6580°2 i..o %900 

"t6�6'., 
2
Lr 

J A 
1 0  

6M5 . 2  6 . 0  2 0  
6EOJ .8 , . , 1 0  
6s

i
6 -2 , .s l+O 

6S 0.5  

Ni6�s'.2  
3

tgr
G 

Jt;  
6596 . 2  1 . 7  2 0
6581).2 

NI 6 . 1 ,  65 DEG J A  
6579 - 9  10.0 1350 
6535.2  20.0 SOO

NI  6 . 1 ,  00 n,G J A 
6585 .2  1 7.0  830 
6534- 2  37 .0  360 

NI 6,lo. 7 DEG J A 
6605 ,2 , .o 13 
6604,5 e.o 1 5  
6602,I+ 1 .0 38 
6591+.9 1 .3 20 
6588,2 1 .5 20 
6579,2 s.o 1 900 

N I  6.1+, 7 DEG J .l 
6605 ,5 7.0 20 
6601+,9 1 .3 20 
6602.5  1 .0 50 
6588.9 1 .3 1 5  
6578-9 5.0 1900 

NI 6.1+,  II+ DEC J A 
6605 ,2 1 .0 13  
6603 .9 i..s 13  
6602. 7  1 .0 30 
6591+.9 1 .3 20 
6588.9 1 .3 15  
6579.s 5.3 1920 

NI 6.1+. 1 8  DEG .I  A 
6605 .2 .a IS 
6604,5 6.0 18 
6602 .5 1 .0 30 
6595.2 1 ,7 20 
6588.2 I .O 1 0  
6579-5 5 .3 1 880 

94 

JA 

I5U8 1 . 88 WEAK, ON TOI' OF WIDER LIME 

mm 
16 .00 W£AA, DRO.l3 

2.22 D i ll/I 
1 5 1 60 3 .46 111:0 I IM 

1 5 1 99 1 1 .ss V(RY STRONG 

3.8 'o"FAK 1 5 1 37 
1 5 1 39 1 1 .1+ Wfl\K , W I DE 
1 5 1 1+3 2 . 0  WEAK 
1 5 1 �0 3.6 Hf D I UH 
1 51 97 9 . 2  W IDTH AND I NTENSITY GU!SSEO 

1 5 1 36 2 . 9  WFAIC 
15 1 39 1 3 . 7  WFAX, BROAD 
15 11+2 

2 - ?  
WEAK 

1S160 3 . MEDIU11 
1 5 1 96 TOO STROIIG TO H£ASURE 

1 5 139 l t ,4 WfAI( 
1 5 1 60 3 .9  WEAK 
1 5 197 TOO STROijG TO HEJ.SURE 

STRONr. L I  NE 15 197 23.01  
1 5301 46 .01  A�YHH£TR IC  BAND 

1 5 t R5 �9. 72 STRONG 
1 5�04 86 - !> 7  

LARGER SAHi' L E  THAN 6, 1 

:mr 
2.22 ON TOP OF W IDER L I NE ,WEAK 

1 8.33 BROAD.WEAK 
1 5 1 46 2 .22 Wf.ll( 
1 5 1 63 2,

u 
\/£AK 

1 5 1 78 3 .  \/£AK SHOULDER 
15 199 1 1 .ss VERY STRONG 

15 H I NUTES KOR£ conL I NG , NO ISY  REFERENCE 
1 5 138 16.00 BROAD 
1 5 1 40 2 .99 NARROW, ON TOP OF W I DER L I NE  
1514S 2 . 22 ON TOP OF W I DER L I NE 
1 5 1 77 2 .99 11£.lK SHOULD[ R 
15200 1 1 .55 VERY STRONC 

FLUCTUAT I NG REFERENCE 
1 5 1 39 2.22  ON  TOP OF W I DER L I NE , W!:AK 
1 5 1 1+2 1 0.33 BROAO,WEAK 
1 5 1 1+5 2 .22 WEAK 
1 5 1 63 2.99 \/£AK 
1 5 1 77 2.99 WEAK SHOULDER 
1 5 1 98 1 2 .22 VERY STRONG 

REFERENCE STEADY. T FLUCTUATEO 
1 5 139 1 .88 \/£AK 
1 S 1 4 1  1 3 .77 BROAD,W!:AI( 
1 5 1 45 2 .22 WE.lK 
15 162 3 ,99 WEAK 
1 5 1 78 2.33 VERY WEAK SHOULDER 
1 5 1 98 1 2.22 VERY STRONG 

MEDI  UH N I  6.1+, 2 1  DEGRfES JA T 20.6 TO 22.2 
W!:AK 
VERY WEAK 
BROAD 

WEAK SHOULDER 
STRONG 
AS H'l1E TRI C 
WEAK 
WEAK 
BROAD 

MEO I U11  
1'1£01 UII 
l�AK 
VERY I/EM 
BROAD 

6605,9 1 . 7  I S  
6602. 9  s.o 10 
6602 .s 1 . 7  20 
6591+.5 1 . 7  1 8  
6588.9 1 .0 1 0  
6S7!h2 S,7 1920 

HI 6.1+, 30-33 DEG JA 
6603.2 7.0 20 
659'-•S ,.s 12  
6579.5 7.0 1880 

NI 6,4, 42 DEG J A 
6605,2 6,0 ,o 
6579-S 7.7  19 10  

N I  6 ,lt .  SO DEG .I A 
6579,S 9.0 1 860 

1 5 1 37 3 ,88 \/£AK 
1 5 11+1+ 1 1 .1+1+ NEARLY BUR I E D  UNDER L I NES  
1 5 1 45 3 .89 WEAK 
1 5 1 61+ 3 .99 WEAK 
1 5 1 77 2.33 VERY \/£AK SHOULDER 
1S199 1 3 , 1 1  VERY STRONG 

15 11+1+ 1 6,00 WEAK ASYHHETR I C  BAND 
1 5 164 3 ,l+lo WEAK SHOULDER 
1 5 198 16. 1 1  VERY STRONG 

1 5 139 1 3 .77 VERY WE AK BAND 
1 5 198 1 7,77  VERY STRONG 

1 5 1 98 20,78 



N i + +  -ZnO Axia l  Spectrum 

( Low Doping ) 

96 

21 ( 0 - 1 0/o ) 2 7  ( 0- 5 °1o ) 

NI 21, 9 DEG J A  
6579-2 2.3 1 800 1 5 1 99
6538.2 1 2 .0  1 90 15291+ 

N I  2 1 ,  1 0  DEG J A 
6594.9 2.0  10 1 5 1 63 
6578-9 2 .3 1 700 1 5200 

NI 2 1 ,  3 1  DfG JA 
657!1.5 3 . 0  1 5 70 1 5 1 98 

N I  2 1 ,  3 1 .5 DEG J A 
6578.9 2.8 !SOU 1 5200 

NI 2 1 ,  37 DEG J A  
6579.2 3 . 5  1280 1 5 1 99 

NI 2 1 ,  46 DEG J A  
6579.2 5 . 7  800 1 5 1 99 

Il l 2 1 ,  9. 1 DEGREES 
7 452 15202 6578 

6536 1 5  250 1 5299 
6520 1,0 1 00 1 5337 
6498 20 2 0  1 53U9 
6470 20 20 1 !,455 
b456 60 1 00 1 5J+U9 
6395 so 1 00 1 5037 
6345 so 20 1 57C.U 

Il l 2 1 ,  30 DEGREES  
6S7b 7 t>OU 1 520t> 
b534 1 5  2UO 1 5304 
0520 25 1 00  1 5337 
649b 1 0  30 1 5391+ 
6475 1 0  20 1 5444 
b457 bU 1 00 1 5J+IJ7 
6395 J+O 1 00 1 5t>37 
631+5 so 30 1 571,0 

5�3  
28.0 

4.5 
5.3 

6.9 

6.4 

8.0  

1 3 . 1  

1 6  
35 
94 
47 
47 

1 1+3 
122
1 2  .. 

1 (, 

35 
:,U 
23 
23 

1 43 
97 

1 24

1 5  H I CRON SL I TS ,  LOW CURRENT 
ONLY STRONG L I NE 
H I GHEST PO I NT OF BAND 

VERY wtAK 
STRONG 

STRONG 

COOL I NG DOWN 

STllOtlG , HARRO\I 
STRONG 
SHOULDER 
VERY W£AK 
SHOULDER 
STRONG 
STRvllG 
WEAi< 

STRONG 
STRUNG 
SHvUl.DER 
WEA� 
WEAK SHOULDER 
STROUG 
STRONG 
WEAK 

H I  27 ,  1 0  DEG J A 
6605. 1 1 .3 18  15 139 
6603 .5 5.0 14 1 5 1 43 
6602 .2 1 .3 60 1 5 1 46 
6591+.8 1 .7 25 1 5 1 63 
6585 .2  1 .0 20 1 5 1 85 
6579 -2 J+.7 1 600 1 5 1 99 

N I  2 7 ,  1 6  DEG J A
6604. 7 1 .0 1 5  1 5 1 40 
6603 .5 5 . 0  1 5  1 5 143 
6602 .3  1 .3 40 1 5 f46 
6595 ,0 1 . 7 25 1 5 1 63 
6585 ,5  1 .0 1 5  1 5 1 84 
6579,5 4.7 1 800 1 5 1 98 

N I 2z, 20 DEG J A 
660 , 7  1 .2 20 1 5 1 '10  
6603 .5  5.5  20  1 5 1 43 
6602 .3 1 .0 27  1 5 1 46 
6594.6 2.0 20  1 5 163 
6579.2 5 .0  1 800 1 5 199 

N I  24, 24-27 DEG J A
660 .0 3.0  30 1 5 1 40 
6602 .6 3 . 0  40 
6594.8 2.0 20  
6579-5 5 .3  1 820 

N I  27, 33 0£G J A
6603 .2 6.0 20 
6594,2  3 .0  10  
6578.8 6.0 1 800 

NI 27, 41 DEG J A
6604.2 6.0 1 5  
6578.8 7.0 1 85 0  

N I  27 ,  5 2  DEG J A
6578,4 8.0 1 830 

N I  27 ,  66 OEG J A 
6580.2 1 1 . 0 1 21+0 

N I  2 7 ,  77 DEG J A
6580.8 14.0 870

N I 2 7 ,  93-95 OEG J A
6581 . 1  2 1 .0 460 

1 5 1 45 
1 5 1 63 
1 5 198 

1 5 144 
1 5 1 64 
1 5200 

1 5 1 4 1  
1 5200 

1 520 1  

1 5 1 97 

1 5 195 

1 5 1 95 

2 .99 WEAK 
1 1 .41+ IHAG I NAT I VE 
2 .99 MEO I UH 
3 .99 WEAK 
2 .33 WEAK SHOULDER 

1 0.88 VERY STRONG 

2. 22 WEAK 

1 1 .44 WEAK 
2.99 HE O I UH 
3 .99 WEAK 
2.33 VERY WEAK SHOULDER 

1 0.88 VERV STRONG 

2. 77 Wf.AK
1 2 .66 WEAK 

2 . 22 WEAK 
4.56 WEAK 

1 1 .5 5  

6.88 SHAPE SUSPECT 
6.88 SHAP£ SUSPECT 
4.56 WEAK 

1 2 .22 VERY STRONG 

1 3 , 77 W I DE 
6.89 WEAK 

13 .88 VERY STRONG 

1 3 . 77 VERY WEAK 
1 6. 1 1  VERY STRONG 

18 .44 

25 .44 

32 .33 

lt8.45 



N i ++ _ Z nO Polar ised Spe c tra 

I l l  6.3 , 
b591 

Pi 

1 3  DEG, E//C. 
8 tlOO 1 5 1 72 

B L  

11:1.4 STrtOl,C, IIAP.nO\,I 
1a.s :;Annuw b571 

b�32 
8 1 1,0 152 1 8  

2!, ;370 1 5309 �11.5 � Tn011G , OVERLAPP 1 tl1,, UEXT L i t.£ 
65 1 5  20  200 1 531,9 47. 1 TcJP k£SOLVE � 
b491 1 0  JO 15405 23.7 W(AK 

ISO W(Af.: b47t! 30 15436 7 1 .4 
b447 40 1 70 1 55 1 1  9b.2 AS\ HMETR I C  l OP ,  S I M I LAR 6409 
.,409 40 270 1!,uU3 97.3 PEA" Of ASYl'otlE TR I C  llAl!O 
b340 35 bO l!,772 .;7.0 I,ED l vli 
u2o0 3U 20 1 5::123 71, .0  WEA,;. 

HI b.3,30 OEu, E//C 
0!,9 1 1 0  1 2!,U 1 5 1 72 23 .0 VER, oTKUiH, 
b!,72 1 0  l !, 0  152 1 b  2 3 .  1 Ot, S I  DE Of 0572 
b533 1!,  3!>0 1 !,,3Ub 35 . 1  H I G1JEST PART Of CAi,O 
u5 1 5  1 :,  1 0\/  1 !,349 J!,.,3 I-IE D I OI� 
t,492 1 U  !,U 15403 2.3 . 7  w!AK 
b477 1 :,  !,U 15439 35.7 WEAi'. 
b4:,0 20 1 00 1 5503 4lJ.O �iEO I l.i1·i 
b410 40 21JO 1 !,t>OO 97.3 STIIUliG, AS'!liMElR  I C  
6340 40 50 1 5772 99,!> ME U l iJM 

Il l 6,3 , SS DEG, E//C 
0591 13  1350 1 5 1 72 29.9 VER� ST,(0I1(; 
.;570 1 D  20 1 5202 23 . 1 VER\ WLAK SHUJLOER <>!>35 30 200 1 5302 70.2 I .E O I U/I
65 1 0  20 1 00 1 5342 47,0 WEAK 
641>0 30 50 1 5432 71 ,4 WEAK 
6450 30 70 1 5503 72, 1  WlAJ,. 
641 0  so 200 1 !,(,0U 1 � 1 .6 IIEO I UH 
6 �45 10 50 15760 74.5 WEAK 

75 DCC, £/ICIll 6 .3,  
6592 22 1 1 40 1 5 1 69 so.6 VERY STROrlG LI  UE 
6,40 70 200 15290 1 63,6 PEAK Of BAUD 
6 55 20 50 1 549 1 47.9 WEAK 
641 0  70 1!,0 15600 1 70.3 STROUG 
6340 30  25 1 5772 74.6 WEAK 

NI 6 .3 ,  9 DEG JA E 
661 5 ,2 5.0 40 
6608.9  2 . 0  20 
6605.5 1 . 7  25 
6594,9 5.0 1900 

N I  6,3, 12 DEG JA E 
6614,5 .a..o 30  
6605 ,5 1 .5 25 
6604,5 1 . 7  \2 
6594,S 5 , 7  1 800 
6575-S 2.2  450 

NI 6.3 , 1 8  DEG JA E 
6615.2 2.0  15  
6609,2 2 . 0  2 0  
6605,2 2.0 15  
6595.2 6.5 1 700 
6583 .9 1 .0 5 
6575.5 2 . 5  3 70 

NI 6.3 , 30 DEG .IA ( 
6595 .2 8.o 1850 
6575,2  2 .3 290 

1 5 1 1 6  
1 5 1 3 1  
15 1.38 
1 5 1 63 

1 5 1 1 8  
1 5 138 
1 5 1 4 1  
1 5 1 64 
1 5207 

1 5 1 1 6  
15 1.30 
1 5 139 
15 1 62 
15 188 
1 5207 

1 5 1 62 
1 5208 

NI 6.3 , 51 DEC JA E 
6595.2 1 2 . 0  1 800 1 5 1 62 
6576,2 4.0 90 1 5206 

1 1 .44 
4.55 
3 .88 

1 1  • .a.5 

9, 1 1  
.3 , 44 
3 .88 

1 3 . 1 7  
5.00 

.a..5s 
4,55
4,50 

1 4,99 
2.33 
5.77  

1 8.34 
5.33 

27,56 
9.22 

E//C 

VERY STRONG 

E//C 
TRACE UNSTEADY 
TRACE UNSTEADY 

VERY STRONG 
STRONG 

E //C 
TRACE NO I SY 
TRACE N O I SY 
WEAK SHOUlDER 
VERY STRONG 
VERY WEAK SHOUlDER 
STRONG 

E //C 
VERY STRONG 

E//C 

J A  

Sigm a 

Il l 6.3, 
1>Sn 
t,!>75 
6532 
65 18  
6492 
6453 
6390 
6340 
6275 
6 140 

10 OlG,  h//C 
20 40 1 5 1 !,b 
1 0  bOO 1 5209 
20 ll:,0 1 5309 
25 300 1 :,342 
1� 30 1 5403 
30 300 1 5496 
.35 2!,0 1 �649 
.3u 1 00  1 5 772 
25 30 1 !>93b 

1 00 150 1 6206 

111 b.3 ,30 DEG, H//C 
6!>97 15 JO 1 5 1 5!J 
6575 b 1 1 !, 0  1 5209 
6533 20 750 I530b 
65 1 8  15 50 15342 
6494 15 SO 1539C 
6455 so 250 1 5491 
6594 35 1 50 15639 
6363 1$ 20 1 5 7 1 5  
6342 30 !,O 1 5767 
6 I 5 1J  1 7U 200 1626U 

'" 6,3 , !>3 DEG ,  ii/IC 
bb l5  20 bO 1 5 1 1 1  
b';,77 13 1 200 l !,204 
0!>35 40 730 1 5302 
b!, 1 5  20 JO  1:,349 
b460 50 JOO 1 5479 
b392 .30 200 1 5044 
b345 20 ! OU 1 :,71'.,0 
b l 50 iou 21JIJ 1 b260 

Il l 6.3 , 76 DEG, H//C 
6620 20 60 1 5 1 05 
.;57:; 23 1 000 1 5:-:02 
6534 so 1,00 1 5l04 
6460 50 1 50 15 79 
6397 50 1 50 1 5632 
6350 30 t,O 1 574il 
6 1 50 1 ';,0 1 50 1 6260 

H 

34.4 
!B,S
4o,6 
35.3 
35 .5 

1 1 9.9  
!l5,6 
37.0  

J.4,5
9.4

45. 7  
30.0 
93,u 
47. 1 

1 1 9.u 
7.3 ,4 
49.b 

l,�IJ - 7  

45 ,G 
53 . 1 

1 1 7,  1 
1 1 9.!l
1 2 2 .  1 
74,4 

.396,5 

NI  6 , .3 ,  7 DEG JA 
6604.2 5,0  20  1 5 1 4 1  1 1 ,44 
6601 .s 2 . 0  2 5  1 5 1 48 4.55 
6588,9 1 , 3  2 0  1 5 1 77 2 .99 
6578.9 5.0 1 900 15200 1 1 .55 

N I  6,3 , 1 6  DEG JA H 
6602,2 9.0 50 1 5 1 46 20,66 
6579,2  5.5 2000 1 5 1 99 1 2.77  

H I  6 , 3 ,  17  DEG JA H 
6603 .9 5.0 25  1 5 1 42 1 1 ,44 
6601 .9 2.0  15  1 5 147  4,55 
6588,2 1 .0 1 2  1 5 1 78 2.33 
6578.9 s.o 2000 1 5200 1 1 ,55 

N I  6,3 ,  30 DEG ,IA H 
6604.2 9.0 20 1 5 1 4 1  20.66 
6579,2  6,5  1 800 1 5 1 99 1 5 . 00 

N I  6 ,.3 ,  53 DEC . IA H 
6579.2 9.0 2800 1 5 1 99 20.78 

96 

11EAK 
V£I1l STROIIG 
SHARP PART Of uAIIO 
SHOuLOER 
WEAK 
srno;,c, TRI AtlGULAR 
TR I ANGULAR 
H£ D I UII 
IIEAK 
sTnOi�G 

WEAK SJiOULDER 
VtRY STRONG 
H I GlIEST PART OF gANO 
SIIOvLDE:R 011 6533 
WEAK , 
STRONG. TR I AtlGULAR 
STROilG , T R I MGULAR 
WEAK 
ME D I UM 
STRDllG, W I DE 

SIIOULDCR 
VERY STROUG 
H I Gl!f. ST PART DF BAIID 
WEAK StiOULDER 
Mi O I U/ 
t1£u I UM 
MEO I UH 
�Tl(OHG, W I Ol 

SIIO�LDER 
VERY STROUG L I IIE 
PEAK Of aAND 
ME D I U:I 
ME D I UM 
WEAK 
S TRONG,W I OE 

H//C 
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6.5 Concentration Dependence 

The lin es of the axial spectrum can be checked for 

concen tration dependence, since a range of dopings is avail

able. The two effec ts to be look ed for are lines due to 

isolated ion s giving inten sity proportional to concentration , 

and lines due to ion pairs, with intensity proportional to 

(concentration ) 2
•

Figure 6.11 compares the low resolution results for 0. 1 

and 0. 76% doping, to test for case 1 .  Should any lin es be 

pair lines, the histogram heights on this graph should be 

in the ratio 0.1/0.76 for the two samples, 2 1  being weaker. 

It c an be seen that the reverse is the case. Componen ts 

were not estimated above 158 00 cm-1 for sample 2 1 , since 

their weakn ess and width would give large errors. Con sider

ing the low accuracy, all lines compared may be concluded 

to be single- ion lines. 

The 152 00 cm- 1 line for sample 6.1 gives clear indic at

ion of spec trometer weak en ing. 

Figure 6.12 shows the concentration dependence of the 

weak lines on an In ten sity/Thic kn ess versus concen tration 

plot. For conven ience of presen tation, the small spectral 

region is spread along the concentration axis in stead of 

bein g at on e plac e for each sample. The results are certain

ly open to discussion. The solid lines give the behaviour 

expec ted for single ion s, the dashed lines for pairs. 

Accuracy is of the order of 30% for samples 6 and 2 7, 100% 

for 2 1 , due to the very low doping. 



The anomalous behaviour for 6 and 27 could be due to 

inaccurate temperature readings . It will be seen from 

Figure 6 . 18 that a difference of s°K can produce a change 

of intensity by a factor of 1 . 5  for axial spectra . 
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From these results we may conclude that most of the lines 

are due to pair interaction of some form . The 1516 3 cm- 1 line 

may be an exception , since it is visible in low doping . If 

all the lines were single-ion lines , all should be easily 

visible above the observed noise level . 

6 . 6  Temperature Dependence of the Sharp Lines 

Figure 6 . 1 3 shows in retrospect the difficulty of measure

ment on strong lines . Considering first sample 21 , an increase 

in intensity as temperature drops and a nearly inverse 

relationship for width will give a nearly constant oscillator 

strength for the main axial line . The behaviour of the other 

two samples in the top graph should be taken as an indication 

that absorbance 2 is the upper limit of measurement for sharp 

lines , despite original estimates.  Considering the different 

dopings , these curves should be displaced one above the 

other as shown on the left of the figure . 

Strain effects are common in impurity spectra 3 9
• Crystal 

field inhomogeneities produce a limiting linewidth at low tem

peratures .  When this width is  reached ,  the intensity also will

stay constant if the integrated absorption is not a function

of temperature . It is important to note that both intensity

and width must reach constant values , which is not observed
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he re . It must be concluded that since only the inte nsity 

re ache s a limit, which is inde pe nde nt of the crystal, the 

effe ct is instrume ntal, and not due to strain. This will 

be discussed in Appendix 3 .  

S ince an inte nsity de te rmination is involved in finding 

the width, this also is suspect for the 15200 cm-1 axial

line , and also for 15163 cm-1 line. The othe r line at

15208 cm-1 is e xempt, be ing we aker.

The inte grated inte nsity for each line is also of inte r

est. Figure 6.14 shows this. Here the spe ctrome ter effe ct 

on the strong line s is unfortunate ly disguised. The graph 

for sample 2 1  does show a de finite tre nd to a de crease at low 

te mpe rature, but again, re fe re nce to Figure 6.13 shows that 

this could still be a spectromete r effe ct. For the 15208 cm- 1

n line the re is a definite decre ase in area as te mpe rature 

incre ase s. 

The instrume ntal strong line behaviour was originally 

inte rpre ted as evidence that the lines originated from an 

ele ctronic leve l above the ground state 4
• Howeve r, an axial 

spectrum take n on a large prism spectrograph, using direct 

sample imme rsion in liquid helium, showed that the 15200 cm-1

axial line was ve ry inte nse at 4.2°K. We ak liem (private 

communication) found the same re sult, which rule s out the 

hypothesis, since the e xcited population at 4°K would be 

ne gligible. 

It may be concluded that as the te mperature decre ase s, 

THE LIBRARY 

UN1ve:1s1n CF CANTERIUllT 

CHRISTCHURCH, N,Z. 



100 

the l ines show a mark ed decrease in width and at least a 

corresponding in crease in inten sity. If the high temperature 

trend of sample 27  continues below 45°K the strength of its 

axial line could easily exceed 5 absorbance units. Al so, if 

inten sity is proportional to con centration for samples 6.4 

and 2 1, it can be seen from the in tensity curves that the 

inten sity for 6.4 may approach 10 un its. 

We have thus iden tified three lin es which become very 

sharp at low temperatures, and for which the integrated 

inten sity appears, all owing for spectrometer effects , to 

decrease with increasing temperatures. The other l ines which 

appear sharp in spectra tak en on the Bausch and Lomb are 

not comparabl e in behaviour. 

6.7 Temperature Dependence of the Broader Bands 

Apart from the sharp lines, the spectrum was studied 

using the Bausch and Lomb results for conven ien ce. Two 

quan titative methods were tried for intensity calculations. 

The first used total band area, the second the shape of re

solved peak s. 

S ome axial spectra for sampl e 6.1 were coded, and the 

output of Absorbance Program 2 used with an integration rout

in e to give the resul ts of Figure 6.15. One obvious difficul

ty is the spectrometer narrowing of the sharp lin es, reducing 

the total in tegral at low temperatures. A correction mak ing 

use of widths and intensities found using the Jar�ell-Ash 

is shown. A second uncertainty is that in baseline determin -
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ation . In some crystals there is virtually no absorption 

on each side of a band, but here the a s  absorption is super

imposed on the tail of the ZnO absorption edge . Since the 

shape of this edge is very sensitive to impurities, its spect

rum cannot be taken from an undoped crystal. Estimation 

from the crystal used is necessary, resulting in an expected 

error in the whole integral of 0. 5 on the scale of Figure 6 . 15 .  

It can be seen that the integrated intensity does show 

a decrease with increasing temperature 5 • Since the crystal 

was used as grown, with not quite uniform thickness, room 

temperature results taken with a different piece of the crystal 

could not be meaningfully added to this diagram . For this and 

the next approach, evidence was being sought for depopulation 

of the ground electronic state to an excited state, to give an 

estimate of the level energy . Two theoretical curves for this 

are given in Figure 6 . 15 .  

The second method used the fact, obvious in Figures 6 . 5  

and 6 . 6, that several band components appeared to change in 

intensity only as the temperature changed . Due to overlap 

only the strongest bands have their peaks clearly resolved . 

These steadily drop as T increases, but do not appear to widen 

much . Assuming fo� the moment no widening or transfer of 

intensity to or from another line or polarisation, the decrease 

in intensity could be compensated by a vertical scale expansion 

to restore the isolated peak to its original shape . 
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The validity of this will be discussed in Chapter 7 .  

To do the one-dimensional magnification necessary for com

parison at different temperatures , the spectra were drawn 

on tracing paper . The lowest temperature trace was set up 

vertically , and a strong beam of nearly parallel light shone 

through it and focussed again by a lens to give a vertical 

image of the trace . The image was drawn , and a higher 

temperature trace substituted . The image board was revolved 

about a horizontal axis till the distorted image gave band 

peak shapes closest to those of the first drawn image . The 

distorted trace was then drawn . To find the magnification , 

the 0 . 05 absorbance scale on the original charts was also 

included in the final drawing . 

The results for a and � spectra are shown in Figures 

6 . 16 and 6 . 17 .  It can be seen that the fit is good at lower 

temperatures , but above s o °K detail is lost . The 76°K a 

trace shows a possible difficulty in that the roughly tri

angular shape of the whole band does not follow the peak 

fitting procedure . 

6 . 8  Temperature Dependence of the Weak Lines 

In the polarised spectra , the accuracy of the weak line 

observations is very low . The components are not well enough 

resolved to be considered separately , so only the total area 

is considered . The 15163 cm-1 axial line , being resolved , is

considered by itself . Figure 6 . 18 shows area plots for the 

four cases . 
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The axial spectrum should be the most accurate , so a 

minimum error can be estimated from it . The 21 °K point 

is a factor 1 . 5  below the smooth curve drawn , so accuracy 

to a factor of 1 . 5  will be assumed . Errors will of course 

be very dependent on the state of the original traces , since 

large fluctuations in the reference trace will give uncertain

ty in the spectrum . A very high point in the cr spectrum is 

an example - the comment in the tables is "Trace unsteady" .  

The cr traces were all noisy , and nearly all on low sensitivity . 

Apart from the cr graph, all decrease with increasing 

temperature at the same rate as the 1 5 2 0 8  cm- 1 TI line or

faster . This , together with the line position on the low 

energy side of the strong lines , completely rules out the 

possibility that they are phonon lines , and a static field 

source must be used . 

The large temperature dependence could ease the problems 

of concentration dependence , Figure 6 . 1 2 .  A factor 1 . 5  is 

quite adequate to bring the 6 and 27 lines to either linear 

or pair dependence , but not to produce more low doping lines . 

It can then be suggested that most of the weak lines are due 

to pairs . 

An exception must be made for the 1 5 1 6 3  cm - 1 line , since 

its coincidence with the very strong TI line is unlikely to 

be accidental . Appearance in the low doping sample also 

indicates linear concentration dependence . It is therefore 
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safest to assume it to be a transition to the same level as 

for the strong line , with polarisation rules relaxed in some 

way . From Figure 6 . 7 ,  it can be seen that poor polarisation 

of light is not the cause . If it was , the line would have 

the same flat-topped shape as the strong lines and a height 

corresponding to the percentage of the wrong polarisation 

present , which is certainly much less than 5% . 

6 . 9 Summary of Results 

1 .  There is one very strong line at the low energy side of 

each polarisation . The lines widen and decrease in integrated 

intensity as temperature increases . The high intensity of 

the lines makes study difficult . 

2 . In TT polarisation there is a medium strength line 10 cm- 1

above the strong line in the other polarisation . The temper

ature dependence of the two lines is the same , as nearly as 

can be found. 

3 .  At a slightly lower energy than the strong lines , there 

are a set of weak lines . The accuracy for these is not high , 

but one appears to be a magnetic dipole transition with linear 

concentration dependence , and the remainder are pair lines 

with electric dipole behaviour . The temperature dependence 

is similar to that of the strong lines . 

4 .  The remaining spectrum is a series of broad bands at 

higher energy , decreasing in intensity as temperature increases, 

but less than the sharp lines . There may be evidence of de

population effects in this structure . 

The spectrum is more intense in a than TT polarisation .
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6 . 10 Recent Unpublished Work 

Unpublished reports of recent work by Weakliem were made 

available by him to the writer . 40 

summarised in this section . 

Some of the findings are

The infrared bands have been studied in different polarisat-

ions and at a range of temperatures . In the 4200  cm - 1  group , 

the very narrow 4217 cm -1 line appears in the perpendicular 

spectrum only , and broadens with increasing temperature in typic

al no-phonon line fashion . The much stronger 4248 cm - 1  line

appears in both polarisations with a very small energy splitting . 

Thermal behaviour is the same . The three lines are taken to be 

E - T 1 and A 1 , E  - T 2 respectively of the T 2 ( 3 F )  level , though

the splittings are very small . 

The T2 - A2 ( 3F )  level at 8 343 cm - 1 does not appear in the

parallel spectrum , contrary to expectation (see Figure 7 . 1 ) . The 

calculated trigonal splitting is only 5 cm- 1 , so the A1 component

cannot have been shifted away . The cr component broadens with 

increasing temperature , but does not vary in integrated intensity .  

A line at 8 2 0 3  cm- 1  in the axial spectrum is absent at 4°K ,  but 

increases in intensity and width as the temperature increases . It 

is presumed to originate from thermal population of an A2 level 

140 cm- 1  above the ground state , ending on the same level as the

8 343 cm - 1  line . The temperature dependence appears of the right

order of magnitude for this gap . 

A definite shoulder on the low ene!gY side of the visible 

band is observed to increase in intensity as the temperature 

is raised . This disagrees with the results of section 6 . 8 . A
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Cary 14 ,  with much lower resolution than the Jarrell-Ash, 

was used. This may mix the weak lines with the strong line 

wing to give the effect observed . 

Zeeman splitting has also been studied for the two 

strongest components of the axial spectrum . The sharp line 

at 152 00 cm- 1 splits into two circularly polarised components . 

The lower component shows a linear shift corresponding to a 

g value about half that of the free ion . The other component 

has a non-linear shift , and decreases in intensity with 

increasing field . 

The 15300 cm- 1 line gives a larger splitting , both 

components showing linear shifts . The sense of the splitting 

does not agree with theory , suggesting that the assignment 

of the line to the cubic E component of 3P cannot be regarded 

as confirmed . 



CHAPTER SEVEN 

DISCUSSION OF Ni++ _zno RESULTS 

7. 1 d B In a Trigonal Field
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The energy level scheme for dB in a tetrahedral field 

is given by Weakliem 5 • This is repeated in Figure 7. 1 ,  with 

trigonal splitting included . The order of perturbations used 

here is that of decreasing strength , to give the best physical 

picture of the splittings . For complete energy level calcul

ations , any sequence may be used . The d2 matrices available 

used S , L , J  and M as quantum numbers for the basis states , 

implying perturbation order electrostatic - spin-orbit -

trigonal field . 

Several sets of selection rules are relevant to the 

strength of the electric dipole transitions . In the trigonal 

field , transitions between two states of the same represent

ation label are allowed in � polarisation , transitions between 

an E and any other allowed in o .  The A1 ground state allows 

the transitions shown in the figure. The first A2 excited 

state should be observed in transition to other A2 states 

in � and E states in o .  

Since the symmetry is nearly cubic , it may be assumed 

that the transition intensities will be nearly that of the 

cubic case . Of the five cubic representations , transitions 

in either direction are allowed from T1 to all but A1 , and 

T2 to all but A2 . Therefore , since the ground state is A1 
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the levels of T 2 excited states should show the greatest 

intensity , the same for each polarisation even though the 

components are separated . Other levels should give weaker 

lines . 

Transitions between multiplets or different spin will 

also tend to be weak . This is of course relaxed by spin

orbit coupling . 

On the right of Figure 7 . 1  are shown the spectral regions 

in which the observed lines appear in Ni-zno . 

Several instrumental and physical effects can occur ,  as 

summ arised below . 

1 .  Slit and stray light effects may eause errors with strong 

and sharp lines . 

0 2 .  Below 2 5  K thermal contact of the sample and holder may 

become a problem , so the low temperatures assigned to some 

spectra may be in error (Appendix 1 ) . 

3 .  Thermal expansion may alter the spectrum by changing the 

crystal field parameters . Since any temperature-dependent 

shifts occurring were less than the limits of error , this 

possibility was not considered . Any change in intensity would 

be covered by other effects . 

4 .  One aim of this work was to estimate from the visible 

spectra the energy of the first excited state . This will 

populate as temperature increases , leaving fewer atoms in the 

ground state and reducing the intensity of all ground state 

spectra . 
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5. Phonons will broaden the electronic transitions as temper-

ature increases. 2 3 a This broadening has been observed in the 

strong lines previously discussed , complicated by effect 1 

above. 

6. As temperature increases , some of the intensity of elect

ronic transitions is drawn off into phonon sidebands. Theoret

ical calculations on this are complex , and the narrow , intense

lines of the present investigations are difficult to make

reliable measurements on.

7. 2 The T 2 ( 3P) Lines

As the strongest lines of the 3 P band , the 15163 and 

152 00 cm- 1 lines can be unambiguously assigned to the A
1

and E components of the cubic T2 level. The spectra above 

50°K clearly show widening and decrease of integrated intensity 

with increasing temperature , indicating strengthening of phonon 

sidebands. The trend is almost certainly present below 50° K 

also. 

The 15208 cm- 1  n line is a problem. Its difference in 

energy from the cr line , though small , is definite. This means 

it is not a leak from the other polarisation. Even without 

the energy difference , it is too intense to be a result of 

bad alignment. Strong absorption lines , unlike emission, tend 

to be well-behaved with rough polarisation. Some process 

breaking down the selection rules and requiring an energy 

increase is therefore taking place in the crystal. It cannot 
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be a nickel isotope shift , since this would give two lines 

in the same polarisation much more comparable in intensity 

than observed , the two main isotopes of nickel occurring 

in roughly 2 : 1 proportion . 

Similar splitting of no-phonon lines has been observed 

by Langer et. al2 2 1 4 1 , for Mn++ in ZnS , ZnSe , and CdS .  They 

give lines 2 0  cm- 1 or less from identifiable transitions ,

and state that at least in some cases the splitting is not 

due to spin-orbit coupling . 

Reduction of symmetry can split degenerate levels , so 

for the Ni-ZnO E level splitting a check was made of the 

effect of lower symmetry . The group 3m can be reduced to 

either 3 or m .  Under 3 ,  A 1 and A 2 levels become A levels , 

and E remains an E .  Therefore no extra splitting is intro

duced , and the polarisation rules remain much the same . 

Group m ,  however , has two one-dimensional representat

ions , A' and A' ' , with branching rules for the symmetry 

reduction , 

E -+ 

A' , the identity representation . 

A '  I 

A '  + A '  I 

This time the E level is split. Taking the mirror plane as 

perpendicular to the x axis , x transforms as A ' ' ,  y and z as 

A' . For electric dipole transitions with the z axis as the 

optic axis ,7. occurs in tr polarisation , x and y in (¥ .  This 

means the A' level should be observable in a and � ,  the A ' '
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in a only . The n line is thus explained, but a a component 

at 15 2 0 8  is not observed . 

The A 1 level cannot be split,. but polarisation will be re

laxed, as observed . The intensity in the ' wrong' polarisation 

is however very much less for this level . 

Sturge 4 2  has suggested reduction below crystal symmetry 

for excited states to explain the spectrum of v2+ - MgO. The

mechanism is a phonon one, and will be discussed later in this 

chapter with other phonon effects . 

The band components at 15 3 0 0  cm- 1 and above have sever al 

characteristics different from those of the three lines consid

ered . They are much wider and less intense, and most of them 

appear to contain several components . As nearly as can be ob

served, temperature dependence is also different . Finally, 

polarisation purity is much less strict . 

It is obvious that the cubic allowed lines will be the 

most intense, but there is no a priori reason for all the dif

ferences above for cubic forbidden lines . Phonons could cause 

some perturbation of the electronic tr ansitions, but none of 

the above effects appear to freeze out . This, added to the 

fact that the number of distinct components is greater than the 

number of crystal field levels even if all selection rules are 

completely broken, shows that the band cannot be interpreted 

by crystal field theory alone . Extreme care must be taken in 

identification of the remaining four trigonal levels . Since 

no sharp lines are observed, it may even be suggested that the 
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no-phonon lines for the levels are not present .  Some of 

their phonon structure may be visible, but identification 

will be difficult . 

7 . 3 The Pair Lines

With the 15163 cm- 1 line explained, the remainder of the 

weak lines can be taken as due to pair interaction . Since 

they occur on the low energy side of the main lines and do 

not freeze out at low temperatures, they cannot be phonon 

annihilation sidebands . 

Concentration dependence has been used by McClure 4 3  to 

identify lines due to pair cations in Mn++_zns . A model 

using spin-spin interaction between strong cubic field states 

with no spin-orbit interaction gave good fit with experiment . 

The f number for pair transitions was much higher than for 

single-ion lines . 

The Ni - zno system is simpler in one respect than the 

Mn - ZnS pairs of McClure . His crystal field ground state 

was degenerate, and pair interaction produced a set of 

thermally populating excited state s, complicating the tem

perature dependence . In the present work, however, the 

singlet ground state cannot be split, and all splittings, 

as distinct from shifts, must be due to the upper states .  

The relative intensity of pair and single ion lines 

cannot be calculated exactly, since only nominal concentrat

ions are known. For crystals where the neighbours can be in 

one of 12 positions, the fraction of ions which are pair 

members is 12c ( l-c) 1 8 • For sample 6, this will be between 
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0.05 and 0.1,  tak ing the conce ntration as be tween nominal and 

half the nominal value. The expe rimental ratio can be estim-

ated from Figure s 6.14 and 6.18. In Figure 6.14 the tre nd 

for sample 2 7  above 60°K can be extrapolated back, and the 

inte grated intensity for sample 6 estimated as about 100 cm-1 

for the axial line at 15°K. From 6.18, a typical we ak line 

has inte grated intensity 0.2 cm-1 at the same te mpe rature

giving a factor 0.002 . This should be corre ct to within a 

factor of 3. It is obvious that the pair line s are at le ast 

an orde r of magnitude less inte nse on an atomic scale than 

the strong cubic allowed line s. 

The mechanism of inte raction cannot be the same as for 

Mn - zns , since for that case leve ls can be fitted using a 

Hamiltonian of the form J s 1 .s 2 for spin-spin coupling, J 

being an exchange inte gral tre ated as a parame ter. In Ni - ZnO 

this cannot contribute , since the spin of the ground te rm is 

que nched by the crystal fie ld, and the interaction is be tween 

one excited atom and one in its ground state . 

From the large reduction in inte nsity, more is involved 

than a simple change in crystal fie ld parame te rs and local 

symme try. As suggested by McClure , 4 3  a charge transfer of 

the form Ni3 +  - O - Ni+ may be occurring, but it is not

obvious in this case why the line s are so narrow. 

Figure 7.2 shows the obse rved line s in e ach polarisation, 

with the 15163 cm-1 single ion line ringed. This gives a tot

al of five compone nts in the two polarisations, considering 

the line s at about 15140 cm-1 in the o and axial spe ctra to be 
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the same. Accuracy in the n and cr spectra is low. These lines 

may be explained as arising from the three states of the cubic 

T 2 level of the 3P state, perturbed in some way by pair inter

action. If direction as well as distance is significant in the 

interaction, allowance must be made for two sets of inequivalent 

positions, as shown. These can give different shifts, so up to 

six distinct pair lines are possible. For either case, the 

interaction destroys the 3m symmetry, so the trigonal selection 

rules may be broken. 

7.4 Crystal Field Calculations 

The site symmetry of the ions in zno is c3v, so for ex

haustive crystal field work the use of trigonal matrices is 

necessary. However, since the atomic spacing is such that the 

nearest neighbours to the Zn site are nearly in tetrahedral 

configuration, cubic fields can be used for a good first fittin� 

Refinement can then be done by varying the parameters away from 

the cubic case. 

For d electrons the general trigonal field is described 

by three parameters. Taking the 3-fold axis as the z axis, the 

simplest form is 1 5 , 3 6 • 

vcf = A2
0 u2

0 + A4
o u4

o + A4
3 { U 4

3 - u 3 _ 3 )

The � transform like spherical harmonics of degree k. q 

Radial dependence is included in the parameters A, to be determ-

ined by best fit. Matrices for this Hamiltonian, using SLJM 

basis states, have been calculated by Seed 3 6  in surd form. 

These were converted to decimals by the program previously 

mentioned. The decimal form is listed in Appendix 
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4. As a check against coding errors, the strong field

matrices of Brumage and Lin 6 were coded and diagonalised

for comparison. Several errors were found in both sets,

and those made in coding Seed ' s  matrices corrected.

The spin-orbit and electrostatic matrices of Seed 

were also used. No attempt was made to refine the 

parameters, but those of Weakliem 5 were used exclusively. 

These were 

B 770 cm- 1 

C 3700 cm- 1 

-500 cm- 1

(=2 A )  

The crystal field parameters as defined above have 

the disadvantage that they do not make explicit use of a 

cubic field form. A rearrangement of terms gives the 

parameters 1 5  

5 

[ 2A4 /70 A4 ]= 

IT """TIT 3 0 

V 
2 

[ A� + 
10 A4 

]
3 A2 

= 

9 71rj 7W 0 0 

v '  
1 

[ Aj + 
10 A4 l + 

1 A2 
= 

� n5" 71'(j 0 0 
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Thes e are deri ved from strong-fi eld basis states , usi ng 

as ei genfunctions the cubi c fi eld functions e and t2 • t ,

corres pondi ng to l0Dq, i s  the s pli tti ng between the E and T2 

levels of d 1 • Fo r octahedral fi elds t is pos i ti ve and the E 

level is hi gher, for tetrahedral fields t is  negati ve and the 

order is revers ed. v gi ves the fi rs t order tri gonal s pli tti ng 

of the T2 level, positi ve i f  the res ulti ng A1 is  hi gher than 

the E. v' is  the matri x element of the tri gonal fi eld between 

the e and t2 orbi tals . Intui ti vely, it  can be s een that thi s

wi ll not have a large effect fo r large cubi c fi elds , si nce the 

E and T2 levels wi ll be so well s eparated that the energy 

denomi nator for the off-di agonal i nteraction wi ll be large. 

Calculations can of cours e be performed wi th ei ther para

meter s et. The formula E = E
0 

+ pi o Pi for parameter depend

ence of energy levels , wi th p . as explai ned i n  s ection 6 . 14, 
1 

can be modi fi ed to accommodate a parameter trans formation wi th 

pi already calculated. If the vector of parameters � is re

lated to P by � = T Q, where T is the s quare trans fo rmation 

matri x, then the relationship between the parameter dependence 

vectors £ and � is 

� = T' E ,  usi ng the transpos e  matri x. 

The matri ces for parameter s et convers ion are gi ven i n  

numeri cal form i n  Appendi x 4. A s mall program usi ng thes e 

was wri tten to convert parameter dependence tables from one 

s et to the other. Obvious ly, if one s et has physical signif

i cance bui lt i nto it, so that i t  gi ves levels dependent in  
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energy almost entirely on one or two parameters , it is more 

useful than a combination in which the levels v ary with all 

parameters to the same extent . 

Since only a few of the expected crystal field transit

ions have been definitely identified , crystal field fitting 

with six parameters could be rather arbitrary . For this reas

on it was decided to first study the dependence of the levels 

on different parameter sets , as an aid to assignment . The 

splitting of the T 2 ( 3P)  level and the previously assigned

energy of the first excited state provides experimental data 

to restrict parameters to reasonable v alues . It must again 

be emphasised that fitting to these quantities and giving 

a reasonable fit to the rest of the spectrum must not be re

garded as final , but as defining a portion of parameter space 

f rom which further experimental data can give corrections . 

7 . 5  The cubic F ield Case 

Since the field is probably not very far from cubic , the 

first step is to find parameter dependence . This is shown 

in T able 7 . 3 .  The parameters were chosen to correspond to a 

cubic field parameter � = 4 , 2 0 0  cm- 1 • Several points can

be noted . 

1 .  The parameter dependence shown must have ground state 

dependence subtracted to give actual energy dependence for 

spectral line positions . The form shown does indicate that 

the 3p levels , which are those of most interest , have much

smaller shifts than the ground state level . Changes in para-
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meters will tend to mak e the 3 P shift bodily due to ground 

state shift. 

2 .  A2

0 dependence tends to be small relative to the A4 

terms. It therefore seems reasonable to keep A2 z ero0 

and vary the other two parameters initially. 

3.  The lowest A2 and E levels have opposite dependence 

relative to the ground state. Hence a set of parameters 

bringing one level down will raise the other. 

4. The total spread of the 3p levels is only 500 cm-1 ,

which is very much less than the experimental width. 

Energies were calculated using 8 significant figures, 

and levels which are group-theoretically degenerate as shown 

were found to have the same energy to 1 in 10 7 , even though 

the calculations were different for each representation. This 

provided yet another check on the accuracy of the matrices. 

The highest T2 level of 3 F shows a very strong dependence 

on � , and could be used for fitting this parameter. This is 

complicated by spin- orbit stabilisation of the ground state, 

since the spin- or�it parameter is not known accurately. 

However, tak ing 8340 cm-1 as the energy, and using 

8340 = 8582 + 1.84(� - 4200) , from the parameter depend

ence, we get 

This is nearer to the Dq = 405 of Pappalardo than the 

42 0 of Weak liem. Use of this value will Bowever push the 3 P 

levels up another 90 cm-1 , so it must not be blindly adopted . 
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The P multiplet as a whole is in a reasonable position, and the 

only large parameter dependence attached to it is the � 

dependence of the ground state . The value 4 2 0 0  cm- 1, gives

reasonable agreement for all observed multiplets, so it should 

be retained. Any modifications would require refinement of the 

spin-orbit and electrostatic parameters . 

7 . 6  Thermal Depopulation Effects 

In this section the results of section 6 . 7  concerning the 

broad bands of Ni-ZnO are discussed . Thermal population of a 

state above the ground state can reduce the intensity of ground 

state transitions by depopulation . If the gap to the first 

excited state is E, and both states have the same degeneracy, 

the ground state population is approximately N (T) =

N (0 ) / ( 1 + e-E/kT) .  The denominator of this is plotted on a

logarithmic scale of several values of E in Figure 7 . 4 .  If de

population is the only effect, the vertical magnification fact

or for higher temperature spectra of 6 . 7  should have the same 

temperature behaviour as the appropriate denominator . It can 

be seen, however, that the results are not even comparable . 

The most obvious cause of this is thermal broadening, which 

has a larger effect than first thought . Again in Figure 7 . 4 

consider a roughly triangular line, intensity I, width W, 

area A =  I x  W, all functions of temperature . Then if the 

higher temperature line is magnified by a factor M for peak 

fitting, there is a relationship 

I 1 /MI 2 = W 1 /W2 , from similar triangles . 
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A1 /A2 = I1 W1 /I2W2 

= M (W1 /W2 ) 2 
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So the width correction is a square term rather than linear. 

It is obvious that the curves corrected for width must still 

increase with temperature , so an upper limit to the widening 

can be set .  For the � line there is a factor of 2 between 20°K 

and ao°K ,  so the maximum widening ratio between these two temp

eraJJ.res is 1 . 4. For cr ,  the ratio is 1 . 7 .  

As  a check the temperature dependence of the width for the 

sharp lines was subtracted , as shown by the dashed curves . This 

shows overcorrection , so the broadening is less for the bands 

than for the no-phonon lines . Temperature seems to have 

progressively les s effect as component energy increases . 

Little idea can be gained of the actual broadening , since 

the different slope of the two curves shows that its effect in 

the two polarisations is different . There is also no particular 

reason why the broadening should be the same for each band com

ponent . It must therefore be concluded that the method is too 

width dependent to give depopulation information for this set 

of bands . It does have pos sibilities in the opposite direction , 

for determination of the width of bands of known shape and area , 

partially overlapped by surrounding structure . 

The total oscillator strength method is not restricted by 

widening , but uncertainty in the level of host crystal back

ground absorption is the main limit . Figure 6 . 15 shows also 
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that slit effects have reduced accuracy in the vital region 

for depopulation study. With more accurate results, extended 

from helium to room temperature with the same portion of 

crystal, a much better check could be achieved. It is also 

necessary to ensure that the absorbance readings of the instru

ment are sufficiently accurate to make the differences in 

area significant . 

Thus neither method has been accurate enough to check 

the ground gap of other workers, except insofar as the value 

of 140 cm-1 does not lie outside the present limits of 

error. The more direct result from the infrared band and 

magnetic susceptibility will therefore be taken as correct. 

7. 7 The Behaviour of the Three Lowest States

Since from the table 7. 3 the dependence of the lowest 

three states on A2
0 is small, some parameter sets with A2

0
set to zero were chosen to give a coverage of near-cubic 

fields. Figure 7.5 shows the results, drawn by interpolat

ion using parameter dependence tables between the calculated 

points, marked by crosses. The heavy line is the locus of 

points at which the parameters describe a cubic field, so 

along this line the A2 and E levels are degenerate. Beside 

each calculated point, the A 2

0 dependence of the first

excited state energy is given in brackets . For example, at 

the point on the cubic field line, corresponding to Weakliem ' s

parameters, an increase of 100 cm- 1 in A2

0 will give a

decrease of 2.6 cm- 1 in the energy of the A2 level. 
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It can be seen that a change in the cubic field strength 

does not alter the diagram very much. This is not unreasonable 

since in first order the A1 - T2 splitting is due to spin

orbit interaction. Transformation to a parameter set with 

cubic field as one parameter is closely desirable. 

The level order is known from previous work as A1 - A2- E, 

with energy increasing. It was however tempting to identify 

several visible transitions appearing in both polarisations 

as E to E transitions. This was relinquished when a set of 

parameters was tried which made an E level the ground state. 

This gave errors greater than 1000 cm-1 in the band positions, 

and the deviation from cubic field required was unreasonably 

high . (A 4
0, A 4

3 and A2
0 were -5000, 11000 and 500 cm- 1

respectively. ) 

It can be seen from Figure 7. 5 that a smaller parameter 

change is needed to lower the A2 level from 311 cm-1 than to

lower the E the same amount. Therefore, by a reasonable if 

somewhat circular argument, the state at 140 cm-1 is an A2

state, since the crystal field does not deviate much from 

cubic symmetry. 

7. 8 The T2 ( 3 P)  Splitting

As the trigonal components of the cubic T2 level are 

identified, their theoretical splitting is important. As a 

first approximation using the cubic parameter dependence and 
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the known splitting, we have 

0.175 V - 0. 707 V 1 = 37. 

This will of course vary with the parameters. This may now be 

combined with the v and v '  dependence of the ground state gap 

to give an estimate of the value of the parameters. Three 

calculations were done varying v and v ' ,  with b at 4200 cm-1, 

to find the intersection of the two loci , 

First excited state energy = 140 cm-1 

and T2 ( 3P) splitting = 37 cm-1

Figure 7. 6 shows the region considered, resulting in the 

parameters 

b = 4200 cm-1 

V = -470

v '  = -200, 

as shown by the circle . 

Since both splittings depend on electrostatic and spin-or�it 

parameters, this must not be regarded as final. 

At this point the complete equations for fitting theory 

and experiment are 

-0. 37 ( �  + 500 ) + 0. 12 (v + 470 )  + 0.22 (v• + 200 ) = o ,

for first excited state, and 

-0. 15 6 ( �  + 500 ) + 0.29 ( v  + 470 ) - 0. 76 ( v '  + 200 )

-0. 0 3 ( b  - 4200 ) 0. 19 (B 770 ) + 0. 06 ( C  - 3700 ) = 0,

for T2 ( 3 P) splitting. 

All coefficients are correct to two places. It is obvious 

from this that any accurate fitting must have more data to 
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assign B, C, � , and � - Looki ng at Table 7.7, one fi nal 

refinement can be made wi th the results avai lable. The low

est A1 (3P} level, considered for v and v '  determi nati on, has

a very high dependence on B relati ve to the ground state. 

A decrease in B of only 4.5 cm-1 wi ll bri ng the level down to

the observed 15 163 cm- 1 , wi thout alteri ng the two spli tti ngs 

appreci ably. The energy levels corrected for thi s are gi ven 

in the second-last column of the tabl e. The last column

gi ves for compari son the observed energi es of the lines in 

the spectrum whi ch appear fairly certain to be no-phonon 

li nes. 

7.9 Phonon Sidebands in Latti ce S tructures

It is obvi ous from the complexi ty of the visi ble band

structure that some form of vi brati on exci tation i s  taki ng 

place, as well as pure electroni c transi ti ons, so the crystal 

analogue of the confi gurati on coordi nate scheme must be 

appli ed. 

A crystal envi ronment wi th reasonably strong i nterioni c 

coupli ng i s  a much more complicated system than the molecular 

complex mod el, but once agai n approxi mations can be made. The 

confi gurati on coordi nate method sti ll applies, but a defi ni te 

energy of vi brati on does not exi st. Instead, the vi broni c 

energy levels are at energi es of the normal vi brati onal modes 

of the complete lattice, 4 4  possi bly modi fi ed by the presence

of the i mpurity. There will thus be a range of energi es re

placi ng, for example, the n = 1 level, so the first sideband 

wi ll gi ve a parti al pi cture of the phonon en�rgy distri buti on. 
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As with the complex modes , not all lattice mode s wi ll  have 

strong coupling to the electronic states , so not all wi ll be 

present in the spectrum. Apart from this , peaks in the dist

ribution function of lattice ene rgies wil l  appear as peaks in 

the ionic absorption spectrum. If  the energies of such maxima 

in the phonon distribution are known from cther studies ,  ident

ification of no-phonon lines by the energy fitting of the 

phonon sidebands is possible . 

Phonon transitions  in Wurtzite structure crystals have 

been identi fied in zns , znse and CdS containing Mn++
. 2 2 1 4 1

Similar structure was obse rved i n  the three crystals , in each 

case sideband phonon energies being recogni sable on the high 

side of no-phonon lines . Sidebands have also been observed 

, ++ 4 5
in co - zns .

7 . 10 The Factor Group Approximation for Vibronic Spectra 

The requirement for the appe arance of a discrete component 

in a vibronic sideband is discussed by Richman et . al . 4 6

I f  a large number of lattice normal modes with di fferent k 

values have nearly the same energy , the sum will give an apprec· 

iable absorption sideband . This can occur with flat optical 

branches having nearly constant energy throughout the Bril louin 

zone . 

At certain high symmetry points of the zone , selection 

rules can be found , limiting the modes which can add to a given 

electronic transition , and giving polaris ation properties . The 

point k = O will be considered , for near the origin optical 
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branches tend t o  have a small dependence of energy on k. 

k = O phonon modes are labelled by the representations of 

the factor group of the lattice. These labels must then be 

reduced onto the point group symmetry of the impurity site . 

Consider a phonon with represent ation r .  when this is done. If 
1 

the excited state of the electronic transition is labelled by 

r . , the final state has symmetry r .  x r .  = ak rk, a sum of
J 1 J 

representations. For each term in the sum the polarisation 

selection rules are determined as for electronic states. 

As an example in the group 3m, consider an E level and an 

E phonon. We have E x  E = A 1 + A 2 + E. With an A 1 ground st ate, 

transition to the A 1 part will be allowed in n, and to the E 

part in n and cr. The tr ansition will therefore appear in both 

polarisations, though the pure electronic transition appears 

only in cr. Rules for d:.her levels and phonons are worked out 

similarly. 

At points not too far distant from the zone origin, we may 

assume that the selection rules are still roughly obeyed, even 

though the vibrations have no symmetry and group theory cannot 

strictly be applied. In Cs 2UC1 6 and similar salts 47 bands 

forbidden at k = o are in fact absent or weak. The assumption 

therefore seems physically reasonable in some cases. 

7. 11 Normal Modes in the Wurtzite Lattice

The twelve degrees of freedom for four atoms per unit cell 

are grouped for K = o into eight branches, labelled according 

to the factor gro�p 6mm. Two of these, labelled A 1 and E 1 48 
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are acoustical modes which at k = O will have zero energy . 

The labels and symmetry of the other six modes are given 

in Figure 7 . 8 . 4 9 There is a discrepancy between Nusimovici 4 8 

and Loudon 5 0  and Tsuboi . 4 9 Nusimovici gives A 2 symmetry 

to the B 1 modes of the other workers . For this discussion 

the assignment of Loudon will be used . The six modes then 

reduce under 3m symmetry to three A ' s and three E ' s . 

The allowed transitions for k = O vibronic levels with 

an A1 ground state are given below 

Polarisation relec r vib 

cr and n E E 

n A 1  A1  

cr E A 1 or A2 

A 1 or A2 E 

For arbitrary points in k space, the symmetry is removed 

and the selection rules are broken down, so both polarisations 

may occur. Care must be taken in identification of compon

ents whose energies do not correspond to known modes . 

Mode energies may be found by the Raman effect 5 1- 5 3

or by single phonon or multiphonon infrared absorption 1 1, 5 4, 5 5 • 

The modes prominent in multiphonon absorption will in general 

be associated with asymmetric points of the Brillouin zone, 

and destroy selection rules . A summary of the energies of 
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known maxima in the phonon distribution curve is given in 

Figure 7 .9 . 

The most complete Raman data is that of Damen et . al . 51 

Polarisation data sufficient to determine the symmetry of 

all observed modes is given, and temperature dependence has 

been analysed to distinguish single phonon from multiphonon 

transitions . Two components with E1 symmetry are observed, 

due to splitting of the phonon degeneracy by electrostatic 

forces between the ions . The E2 mode at 1 80 cm-1 reported 

by Mitra and Bryant5 2  was not found by the other workers, 

but the energy will be looked for here to confirm or dis

prove the assignment .  

7 . 12 Identification of Components of the Visible Band 

Those components which can be identified by both 

energy and polarisation will be discussed first . The A1 

and E components of the T 2 ( 3 P) level will be taken as 

energy origins . 

The strong 15 300 cm-1 line, occurring in both polaris

ations at 100 cm-1 from a no-phonon line, indicates ex

citation of the E 2 phonon and E state . The energy is 

exactly that of an E 2 phonon, and the linewidth is compar

able to the width of the Raman line shown in Figure 1 of 

reference 5 1 .  As already mentioned, the temperature 

dependence is not the same as for the no-phonon lines, 

which further suggests sideband assignment . The spectrum 
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of Ni - zns shows a similar energy fitting for the 3 P 

band, though the agreement is not so good. The energy 

difference of the first two sharp lines on the low energy 

side of the band5 is 63 cm-1, and the lowest phonon energy2 2

is 73 cm-1 • One disturbing feature is the absence in cr 

polarisation of the same sideband for the A1 level. Even at 

high resolution, there are no significant shoulders on the low 

energy side of the line. 

Other features can now be discussed. Figure 7. 10 shows 

the two polarisation spectra drawn on an energy scale, with 

expected position and polarisation of the sidebands for 

symmetric phonons between them. Most of the overall behaviour, 

particularly for TI ,  shows agreement. The cluster of levels 

near 15600 cm-1 matches the absorption in each polarisation, 

the gap between this and 15 400 cm-1 corresponds to a region of 

low absorption in TI ,  and the highest energy phonons give 

good fit with bands in both spectra. Above the range of the 

first phonon sideband, structure is weak and broad. 

The range 15 330 - 155 30 cm-1 has more structure than the

Raman active modes can explain. The only symmetric phonon 

which will give absorption in this range is the 180 cm-1 E 2

of Mitra and Bryant, 52 but this does not fit the polarisation 

data. As a sideband of the A1 level, it should give absorption 

in cr only at 15 325 cm-1, but the band at this energy is 

stronger in TI than cr. As a sideband of the E level it fits 
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only a small shoulder in cr ,  but does not appear in n. The 

presence of this phonon in the spectrum is therefore doubtful , 

suggesting that the assignment of Damen et. al. 5 1 is the 

correct one. 

The non-symmetric phonon peaks  found from multiphonon 

infrared work do however fit the observed energies in this 

region , as shown at the top of Figure 7 . 10 .  The 40  cm- 1

splitting of the electronic levels is repeated , within the 

experimental error , in the 1 5 3 0 9  - 15 349  cm- 1 and 1 5 4 0 5  -

1 5 4 3 6  cm- 1 pairs in the n spectrum , and the actual positions

fit the phonons at 137 and 2 4 3  cm- 1• Discrete peaks  in cr

for the latter phonon are probably covered by the much stronger 

bands which are ab sent in n .  

The only feature within the fir st sideband range which 

cannot be explained in terms of single phonon sidebands of 

known energy is the band peaking at 1 5 4 9 1  cm- 1 in o and

155 1 1  cm- 1 in n. The energy is correct for an interpretat-

ion as a two-phonon band involving the A1  level , 1 0 0  cm- 1 E 2

phonon and 1 37 cm- 1 non-symmetric phonon , but the reasonably

high intensity in 0 seems to argue against this. There are 

obvious 4 0  cm- 1  splittings associated with the band and its

neighbours ,  so identification of parent state must remain in 

doubt. Further study must be done to decide whether 

the band is part of the sideband structure of the 

T2 levels ,  or is due to one of the other 

no 
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electronic levels allowed by the trigonal field. No conclusive 

evidence can be obtained from temperature dependence, due to 

the closeness of other structure. 

Further evidence for the vibronic origin of the 1 5 3 0 0  cm- 1

line comes from the Zeeman data. 4 0  A magnetic field reduces 

the 3m symmetry to 3. Under this, the E represent ation is split 

into two parts, E+ and E-, which transform as x + iy and x - iy . 

The field separates the two components of the electronic level, 

but leaves the two phonon components degenerate. The product 

representations for vibronic levels are E+ x E+ = E
+

and 

E x E = A, the identity. The level E+ with the E phonon
+ -

component will transform as A, and so TI polaris ation is allowed. 

With the E+ phonon, the product representation is E_, so the

vibronic line in cr polarisation will have a circular polarisat

ion opposite to that of the no-phonon line. The argument for 

the E level is the same. 

As the axial magnetic field is increased, the no-phonon 

line will split into two levels of opposite circular polarisat

ion. The vibronic lines will also split by the same amount in 

TI and cr polarisations. In cr the splitting will be in the 

opposite sense to the no-phonon line, as observed by Weakliem. 

His 15 2 9 0  cm- 1  line shows a larger splitting than the lower 

energy component, but since the splitting is less than the 

linewidth this may be within the experimental error. 
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We may conclude that almost all of the structure in 

the visible bands can be assigned to lattice phonon sidebands 

of the levels of the cubic allowed T 2 ( 3 P} electronic state . 

No conclusive evidence has been found to show that the 

other electronic levels of the 3P multiplet contribute to 

the spectra . 

7 .13  Dynamic Effects on the Crystal Field 

Several features of the spectra remain unexplained. The 

8 cm- 1 splitting in the T 2 ( 3 P} level discussed in sections

6 . 6  and 7 .2  cannot be due to a trigonal field . Also, some of 

the system properties require low parameter values to fit 

theory and experiment . Splittings in the 3 T 2 (F }  lines appear

ing at 4200 cm- 1 seem to require a low value of the spin-orbit 

parameter, as do the magnetic susceptibility measurements for 

the lowest states . In the T 2 ( 3P} states, Zeeman measurements

show a low g value . For all of these, there is a possible 

phonon explanation, though this is by no means the only possib

ility. 

As discussed in 7 .2, the E - T 2 ( 3P} splitting could be

explained by a reduction of symmetry involving destruction of 

the 3-fold axis . This could be achieved either by distortion 

of the lattice or by the presence of defects . The latter is 

not very likely, since even after prolonged heating of a crystal 

in Zn vapour, only one interstitial atom per 1000 is introduced! 2

Since the difference in intensity of the 15200 cm- 1  cr and 
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152 08 cm-1 � lines is less than two orders of m�gnitude, an 

interstitial mechanism would need an associated intensification 

of the lines to give the observed strength. A lattice distort

ion without defects would, unless very small, be observable 

either by X-ray diffraction or other macroscopic observation, 

since it would destroy the equivalence of the a axis directions 

of the hexagonal system. Local distortions round each nickel 

ion, randomly oriented throughout the crystal, would maintain 

the overall symmetry, while giving distortion characteristics 

for each centre. This cannot be tested by spin resonance, 

since the ground state is not degenerate, so the only evidence 

available is that of the excited state absorption bands, in 

the visible and infrared spectra. 

The infrared bands (section 6. 10) do not seem to give 

conclusive information. Trigonal splitti�gs are small, so a 

further distortion of smaller size would give little effect. 

Thus we cannot conclude from infrared data that a static dis

tortion is present or that it is absent. 

The study of v
++_Mgo 4 2 has shown that it is possible for 

an excited state to show characteristics of a quasi-static 

distortion associated with lattice vibrations. A magnetic 

dipole no-phonon line gave splittings explainable by ( 001) 

type stresses acting on each impurity ion, the overall symmetry 

remaining cubic. The fundamental mechanism for this can be 

seen in Figure 1. 4d. In many cases the no-phonon line must 

begin from a distorted ground state, allowed by zero-point 
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vibration. For the orbital T state considered by Sturge, 

interacting with two configuration coordinates, this results 

in three separate potential wells, one for each electronic 

function. This does not immediately give rise to a splitting 

of the no- phonon lines, however, since the energy of the 

zeroth vibration level is the same for each potential well, 

and the no-phonon transitions to each electronic state will 

have the same energy. An additional mechanism is required 

to produce the splitting. 

Sturge4 2  has considered the possibility that observed 

'no- phonon' lines are in fact vibronic lines, with phonon- ion 

interaction sufficiently strong to break down the configurat

ion coordinate model. A T2 electronic state interacting

with a , 2 g vibration will give vibronic levels of symmetry

A1 , E, T1 and T2 • If the electronic state distorts the lattice 

by interaction, as discussed earlier, a further interaction 

with the ·�;  vibration will shift the vibronic energy well

away from its expected position one vibrational quantum above 

the no-phonon energy. The A1 and E vibronics may be shifted 

below the actual no- phonon line, giving on the low energy 

side of the band two apparent no-phonon lines. 

This mechanism does not appear directly applicable to 

Ni - ZnO, since the energi� s of pure lattice modes are 

recognisable in the impurity spectrum. The interaction 

between the modes and the electronic states is therefore not 
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affecting the vibronic energy , and the two very strong lines 

at 15 163 cm- 1 in TI and 15200 cm- 1 in cr must therefore be 

genuine no-phonon lines. This still leaves the 1520 8 cm-1 TI 

component unidentified. Its polarisation is that of an A1 

state , but it cannot be a normal A1 electronic transition , 

since the only unidentified A1 of the 3P state should occur

at much higher energy. Interpretation as an A1 vibronic 

line appears unreasonable from the temperature dependence of 

the line , which is similar to that of the two strong lines. 

The symmetry reduction mechanism of section 7. 2 appears 

at first to provide a solution , but several observations 

oppose this. Firstly , as already mentioned , the branching 

rule E + A '  + A ' ' implies that one level should be visible in 

cr polarisation , one in cr and TI .  In fact , the second level 

appears in TI only. While this does not violate the selectio 

rules , it does not appear reasonable that under a small per

turbation one component of a degenerate level should have a 

much higher oscillator strength than the other. Secondly , 

the Zeeman effect 4 0  indicates that the cr component splits 

into two when a magnetic field is applied , indicati�g that 

either the 15200 cm-1 line is still twofold degenerate , or 

the magnetic field is overpowering whatever is causing the 

splitting , and producing the normal Zeeman behaviour. Since 

the Zeeman shifts are smaller the 8 cm-1 , even in fields 

of 200 kilogauss, the second does not appear very likely. 
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Finally, though a static stress giving a symmetry reduction 

would produce a splitting , the same may not be true of a 

dynamic interaction. The E modes of Figure 7. 8 ,  while de

stroying the symmetry if considered singly , are doubly degen

erate , and a two-dimensional C. C. diagram must be considered. 

In this there will probably be equivalent potential wells , 
++ so that as for V -MgO , the states remain degenerate. The 

first two arguments appear valid for static as well as 

dynamic distortions. 

The characteristics of the 15200 and 1520 8 cm-1 lines 

will now be summarised. 

1 .  The Zeeman splitting shows that the 15200 cm-1 level is 

double degenerate . This implies that the symmetry is at least 

trigonal , since only accidental degeneracy occurs in m 

symmetry. 

2. The polarisation dependence of the lines shows that in 

trigonal symmetry the 15200 cm-1 component is an E ,  the

15208  cm-1 an A1.

3. From the temperature dependence , both components have the

characteristics of no-phonon lines rather than phonon side

bands.

4. The E level has a large sideband containing recognisable

phonon components. This confirms the no-phonon character.

Any sidebands on the A 1 component will be covered by the much 

more intense E sidebands. 
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5 .  The order of the Zeeman sublevels of the E level agrees 

with the theory which as signs it to the E-T2 ( 3P )  electronic 

transition . 

We thus appear to be faced with three electronic levels  where 

there should in theory be only two . 

A Jahn-Teller di stortion together with an interaction 

removing the degeneracy of the potential we lls appears to 

explain thi s  behaviour. Jahn-Teller interaction of an elect

ronic state of representation r with a distortion of re-
a 

presentation r
b is possible if r a x ra x rb includes the

identity representation . 1 , 5 6 , 5 7 - By this criterion an E state 

in trigonal symmetry will interact with E distortions , and 

with A 1 and A2 in trivial fashion . Liehr 5 8  has found that an 

E state in a tetrahedral sys tem with slight trigonal distort

ion can have three ene rgy minima in a configuration coordinate 

space with the two components of  an E vibration as coordinates . 

For an excited state , the observed no-phonon lines will only 

occur when the zero-point vibrations for the ground electronic 

state give a suitable quasistatic distortion . We therefore 

have a coupling with the E vibration , though no phonon energ

ies are involved . The overall symmetry is E x  E = A 1 + A2 + E 

on reduction , giving three levels . A small interaction split

ting these gives the observed separated A1 and E levels , with 

the A2 transition forbidden by trigonal se lection rule s .  The 

A 1 crystal field leve l , by the criterion above , can interact 
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only with trivial A1 distortions , giving no extra levels . 

This explains why the A 1 level is not observed in cr polar

is ation with strength comparable to the 15 2 0 8  cm- 1  
TT line . 

An analysis like that of Bersuker 5 9  involves a similar 

argument ,  but considers the three potential wells as trans

forming like some representation of the point group , and taking 

the product of this representation and the electronic state 

representation . In trigonal symmetry , the 3-dimensional 

representation for the Jahn-Teller interaction reduces to 

A1 + E ,  which gives four possible final levels . To agree with 

observation , this requires that the final two E levels remain 

at the same energy . 

While it is not clear exactly what physical processes 

are occurring , it appears that some form of vibrational inter

action is necess ary to explain the observed splitting and 

polarisation in the region of the E - T2 ( 3 P)  transition .

Whether the interaction is  of the Jahn-Teller type , or  due to 

anharmonic forces , which give similar results , 5 8  is not

definite . A stati c distortion mechanism does not seem from 

the selection rules and Zeeman splitting to be reasonable . 

In ZnS the mechanism must  be di fferent , since the symmetry 

appears much more nearly cubic , and the T2 state is not split 

into A1 and E components . For the E and T states the vibronic 

interaction gives di fferent behaviour4 2
• Langer and Richter4 1
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observe the splitting of a 4T2 line in Mn++_znse into two

components like the 4 T2 splitting of v++_MgO of sturge4 2 ,

and a similar 4 T2 splitting is seen in Mn++_zns2 2 • A transit

ion to 4E and/or 4A1 in Mn-ZnS, on the other hand, gives six

discrete components, 22 which do not match the calculated spin

orbit splitting. It therefore appears that as for Ni-zno, 

there are more no-phonon lines present than there are crystal 

field transitions, suggesting multiplication of levels by the 

removal of vibrational degeneracy. 

It seems clear that the interaction gives different 

splittings for E and T states, due to the different form of 

the Jahn-Teller potential wells. Further identification of 

crystal field levels in other systems, including the effect of 

spin-orbit interaction, could give further information on the 

processes occurring. 

7. 14 The Ham Effect

The reduction of some parameters below their free-ion 

values can be caused by Jahn•Teller interaction, as well  as by 

covalency. This is discussed for an orbital T state in a cub

ic crystal by Ham, 6 0  and wil l  be mentioned here as a possible

explanation for the very low spin-orbit parameter required 

for some calculations, 6 and the low g values of the sharp 

lines. 4 0 

Due to Jahn-Teller interaction, each component of a T 

state, for convenience 3 T1, has both an electronic part

�i ' and a vibrational part �i ' representing the distortion
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corresponding to the minimum of the potential well for W • • 
l. 

When spin-orbit interaction is added to the strong field 

Hami ltonian , the complete matrix of the Hamiltonian must be 

considered . Using strong field basis functions ,  the only off

diagonal terms are those ' of spin-orbit interaction . These 

matrix elements must include the vibrational terms , i . e . 

< 1/J . <P .  j ;i..L.  S I  1jl .  <P .  > = < 1/J . I AL . S I tj, .  > < <P .  I <P .  > is reduced 
l. l. - - J J l. - - J l. J 

below its normal value by the vibrational overlap term . The 

term < <f> .  l <P , >  does not change the value of the diagonal terms . 
l. l. 

Since the electronic wave functions are related by similarity

transformations (working only within the 3T 1) all diagonal

elements are the same. The eigenvalues of the matrix , there

fore , will tend to cluster round the diagonal element value , 

rather than being split by the off-diagonal elements . Spin

orbit splitting of the multiplet is therefore reduced , but the 

position of the group is shifted , since the diagonal value is 

not reduced also . This is more complicated than a simple 

parameter reduction , and may cause confus ion if the splittings 

are used to define a very small spin-orbit parameter ,  and then 

the multiplet positions used to fit electrostatic parameters . 

Any perturbation involving the electronic functions will 

be affected by this .  It has been noted that spin-orbit para

meters and g values are both low . The low ;i.. of Brumage and 

Lin6 could indicate the action of the Ham effect in the 
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3T 1 (F) state, and the low g value suggests that the same is

occurring in the 3T 1 of the visible band. The overlap integ

rals need not be the same for the two cases, and presumably 

covalency also gives some contribution by parameter reduction, 

so there is no advantage in calculations with the data avail

able. 

Weakliem 4 0  has also noted that the levels of 3T 2 (F)  at 

4200 cm-1  appear very close together, requiring a very small A 

value for fitting. This could be further evidence for the Ham 

effect. No other spin-allowed strong field level visible in 

the spectrum is split by spin-orbit interaction except the 

3T 1 (P ) , and for this most of the levels are covered by phonon

sidebands. The 4200 cm- 1  group splittings are therefore the 

only direct evidence available in absorption for spin-orbit 

quenching. 

Trigonal fields, since they involve electronic perturbat

ions, can also be quenched. Two parameters may therefore not 

be sufficient to describe the field, and the Ham overlap 

factor for each strong field level must be included. 

7 . 15 The Significance of crystal Field Calculati·ons 

It can be seen from sections 1. 7 and 7. 14 that several 

factors can make the simple crystal field model inadequate when 

electron-lattice interaction is strong. First, as can be seen 

from Figure 1. 4d, the energy of a no-phonon line, corresponding 

to the minimum of a potential well, is not the energy of the 
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transition AB, which is the electronic energy for a rigid 

lattice. The difference in the two energies can be calculated, 

but at the price of including more parameters . Secondly, 

involved in the same electron-lattice interaction is the possib

ility of a Ham ' reduction ' of spin-orbit and low symmetry 

field parameters . Once again calculations are to a certain 

extent arbitrary, and a large amount of information must be 

available to produce a fit which is physically significant . 

Once a reasonable physical fit is obtained, therefore, the 

main use of the crystal field model is to indicate its own 

inadequacies, and so provide indirect evidence for or against 

any other processes which may be thought to be occurring . 

7 . 16 Conclusion 

The cubic field selection rules for Ni-ZnO predict that 

certain lines, corresponding to T2 states, should be strong 

in the optical absorption spectrum . These levels can be 

easily identified, while absorption corresponding to other 

transitions is weak or absent. 

Phonon-ion coupling appears to be strong, resulting in 

intense sidebands . The visible band due to the 3P multiplet 

contains two sharp and intense lines of a cubic T 2 state split 

by trigonal perturbations . Nearly all of the remainder of the 

band can be assigned to phonon creation sidebands of these two 

levels, the energy of the peaks in the spectra corresponding to 

the energies of known maxima in the zno phonon energy distrib-

ution . For the maxima due to optical phonons of small wave 
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vector, the selection rules of the factor group approximation 

appear to be obeyed . Due to the large number of overlapping 

components, temperature dependence is difficult to measure 

quantitatively, but it is clear that the bands assigned as 

phonon sidebands do not sharpen at low temperatures as mark

edly as the cubic-allowed strong lines . 

Axial Zeeman splitting data confirms sideband assignment 

for the sharpest and lowest energy sideband component .  The 

sense of the observed splitting is wrong if the transition 

is assigned to a no-phonon line, but correct if it is a side

band of the electronic level 1 0 0  cm- 1 lower in energy.

A test of the assignment could be made by exciting the 

ions by pumping into the visible band, and looking for phonon 

annihilation sidebands below the electronic line energy 

in fluorescence . 2 3  This was attempted, but no fluorescence

was observed at 7 7°K .  Since a strong narrow-band source 

was not available sensitivity was low, and weak emission 

could have been lost. 

The E - T2 ( 3 P)  transition has associated with it an A 1

component, which appears to be due to a vibronic interaction, 

suggesting a Jahn-Teller effect. The Zeeman splitting of the 

E state shows that the observed zero-field splitting is not 

due to static distortion . 

Several features of the energy levels and Zeeman 

splittings show evidence of the reduction of off-diagonal 

matrix elements, as suggested by Ham . This has important 
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consequences with regard to the validity of crystal field 

calculations. 

Pair lines on the low energy side of the visible 

band have been found. Since the ground state spin is 

quenched, a spin-spin interaction is not possible. As 

observation of a no-phonon transition requires a finite 

zero-point distortion of the surroundings of the transition 

ion, pair no-phonon lines may be due to vibrational coupling 

between the energy levels of two pair ions. 
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CHAPTER EIGHT 

THE SPECTRUM OF Co
++ 

- ZnO

8 . 1  The d 7 Configuration in Near Tetrahedral Symmetry 

In several respects the d 7 configuration of Co
++ 

is  

more compli cated than d 8 • The mos t  obvious point is that an 

odd number of electrons is involved r necessitating the use of 

double groups when spin-orbit interaction is considered.  

Another factor making identi fication of levels less  simple is  

that the ground state in a tetrahedral field is one from which 

transitions to all excited states are allowed,  so that we 

cannot immediately identi fy the strongest transitions as cubic 

allowed levels . This lowest level is  a degenerate one , and 

is  split by the trigonal field , so transitions can occur from 

both states . Finally , there are two multiplets , 2 G and 4P ,  

contributing to the visible band absorption . The spin-allowed 

4P can be expected to give the s trongest absorption , and the 

2G to give some sharp lines . 

The observed spectra show , for the visible band , a large 

number of components , those of lowest energy being sharpes t . 4 , 5 

As for Ni - ZnO ,  anisotropy of the spectrum indicates that a 

trigonal field is  present . Cubic field calculations 5 indicate 

appreciable 4P - 2 G mixing,  which wi ll relax the spin se lect

ion rules . 

The ground state cubic level , G - 4A2 (F ) , has been shown 

by spin resonance 6 1  to be split by the tri gonal field into 



146 

two Kramers doublets, an E112 ground state and an E
312 

state

Transitions from both of these levels are seen 

in the optical spectra, verifying the ground state splitting 

value. Pulsed field Zeeman study of the very sharp lines of 

the visible band 4 0  has been used to find the g values for the 

two components of the ground state and for the lowest level in 

the band. From these results it has been concluded that the 

two lowest lines of the visible band are transitions from the 
3 

two lowest states to the level E112 - 2 E(e4t
2 ) .

Spin-orbit and trigonal parameters can be estimated from 

the g values and optical spectra, but the values found depend 

on the criteria used, and unique values cannot be obtained. 

In particular, a high value of the spin-orbit parameter seems 

to be necessary. With this uncertainty complete trigonal 

calculations, which involve matrices of order 42, are hardly 

j ustified. 

8 . 2 ++ The Spectra Taken for Co - ZnO

Four good cobalt-doped crystals with concentrations from 

0.17 to 1% were available to study axial spectra. As with the 

nickel impurity, only one fragment usable for polarisation 

study was found for all the samples grown. This was unfort-

unately thick and small, and of reasonably high concentration. 

These three factors made use of the Bausch and Lomb almost 

impossible, due to the great reduction in intensity of the 

sample beam. Results were taken, but the accuracy was very 

low. Attention was therefore restricted to study of the 

axial spectrum at different concentrations, with high and 
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low resolution, and high resolution study of the sharp lines 

on the low energy side of the visible band using polarised 

light . Temperature dependence could of course be studied 

for all cases . 

As for nickel, a low resolution absorbance spectrum for 

a low concentration sample is useful to obtain an overall 

picture of the spectrum. Figure 8 . 1 shows under these con

ditions most of the visible band . Below this range there is 

no absorption before an infrared band at 7000 cm-1 • The 

structure at higher energies is shown inserted on a different 

wavelength scale . Once again the strongest and sharpest 

components appear on the low energy side of the band . Apart 

from the three lines above 17000 cm-1, the structure becomes 

progressively more coalesced as energy increases . Slit limit

_ing is probably taking place for the 1515 3 and 15195 cm-1 

lines . Figure 8 . 2  gives the spectrum for a higher concentrat

ion crystal . 

Figure 8 . 3  shows the spectral temperature dependence for 

the low concentration . It is to be noted that the lowest 

energy line shows clearly the rise in intensity and falling 

again characteristic of inadequate resolution . This and the 

strongest line show the same temperature dependence as the 

no-phonon lines of nickel . The next line, at 15260 cm-1,

appears to show much less decrease in intensity with temperat-
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ure, so identification as a vibronic line is not ruled out by 

temperature dependence. The behaviour of the rest of the band 

indicates that no other no-phonon lines are present, so consid

eration of the phonon structure will be necessary. 

The Jarrell-Ash axial spectra for two different concen

trations are given in Figure 8. 4. The high resolution shows 

that both of the no-phonon lines are in fact doublets, of 

different splitting. Study of the temperature dependence could 

show whether any lines were from an excited ground state, but 

the merging of the lines above 1 0°K may reduce accuracy. Several 

lines in the 15 100  cm- 1 region are strong in the high concen

tration spectra. A m arked decrease in intensity with increasing 

temperature, as for the weak lines of Ni - zno, rules out a 

vibronic sideband origin. The � spectrum of a small sample 

is shown in Figure 8. 5. This shows two further sharp lines 

at 1 5 1 6 1  and 15 18 2  cm- 1, the latter apparently coming from

a thermally excited state. As in the axial spectrum, the com

ponents above 152 0 0  cm- 1 are much broader at low temperatures,

and do not show the strong dependence of width on temperature 

which characterises the sharp lines. 

Tables of the estimated components of the spectr a follow. 

The format is as for the Ni - ZnO tables of section 6. 4 .  

8. 3 Concentration Dependence

Samples 7, 2 2  and 2 5  give a range of spectra for concen

tration dependence. Only the weak lines in the 15 100  cm- 1
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region will be considered, since the accuracy for other lines is 

low, due to either high intensity or sharpness . For the three 

samples at the lowest temperatures, the quantity {Intensity/ 

Crystal Thickness) was plotted against concentration for the 

axial lines at 1509 0 and 15120 cm-1 • Figure 8 . 6  shows the

results . The points for samples 22 and 25 are for 10°K, those 

for sample 7 are for 7 and 15°K .  It can be seen that the points 

lie close to square-law concentration dependence, showing that 

the lines are due to a pair interaction . It may be significant 

that for both Ni and Co impurity, there are pair lines on the 

low ene!gy side of the sharpest lines, suggesting that the 

interaction is the same for both ions, even though spin inter

action is possible in Co - zno. 

8 . 4 The Sharp Lines 

Figure 8 . 7 shows the remaining sharp lines once the pair 

lines have been accounted for. The 15189 and 15146 cm-1 lines 

occur only weakly in � polarisation, so will be considered 

as cr only . The temperature dependence of the 15146 cm-1 

line4 0  shows that it comes from an excited lower state, and its 

energy difference from the 15140 cm-1 line agrees with the

5. 8 cm-1 ground state splitting. From Figure 8 . 5, the 

15182 cm-1 line shows a temperature dependence which is most

reasonably interpreted as a combination of thermal population 

and loss of intensity to phonon sidebands . Assuming only the 

first operates between 7 and 20°K, the integrated intensity 
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Boltzmann factor gives an excited state energy of 5. 5 cm- 1 •

The line can therefore be identified as a transition to the 

same excited state as for the 15189 cm- 1 line.

The trigonal field selection rules 7 can be used to assign 

the excited states as shown in Figure 8. 7. The polarisation 

of the two thermally populating states fits the assignment. 

The 15161 cm- 1 line can from its polarisation only be an 

E112 - E112 transition, but its temperature dependence does

not appear to show population effects. Assignment must there

fore remain uncertain. There is no sign of a line at 1516 7 cm- 1

in o for a ground state transition, which should appear if 

the 1516 1 cm- 1 line is from the E112 level. The assignment

of the E112 - 2E level is deduced from Zeeman data, 4 0  but

its polarisation is that of an E312 level. The lines at

15189 and 15201 cm- 1 can be identified as E312 and E112 from

polarisation dependence. The fact that these lines are much 

stronger than the others could suggest that they are spin 

allowed, and therefore part of the 4P system. As the strength 

of the spin-orbit interaction is uncertain, this conclusion 

requires further confirmation. 

8. 5 Phonon Sidebands

Since the polarisation information is incomplete, only 

the axial spectrum will be considered for phonon fitting. 

Figure 8. 8 shows the 11°K axial spectrum of sample 24 redrawn 

on an energy scale. 15153 and 1519 5 cm- 1  will be taken as 
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no-phonon line positions, despite the fact that both lines 

are known to be split. Accuracy is not expected to be high. 

The energies of the k = O modes are shown in the sideband 

positions, showing reasonable agreement with some parts of 

the spectrum. The non-symmetric modes do fit any part of 

the spectrum. 

As with Ni - zno, the 101 cm- 1 E2 mode appears clearly.

This is still further evidence for the presence of sidebands. 

The higher energy modes, as for nickel, are less distinct. 

The two components at 15370 and 15460 cm-1 do not fit any

sideband energies, and are much more intense than the identif

iable components, so it may be assumed that they belong to 

other electronic transitions. They are roughly Gaussian in 

shape, suggesting that the excited states are so distorted by 

Jahn-Teller interaction that the no-phonon lines are lost and 

only multiphonon bands are visible .  Similarly, the remaining 

components at higher energy are clearly not no-phonon lines. 

8. 6 Conclusions

As for Ni - zno, it is obvious that lattice phonons play 

a significant part in the spectrum of Co - zno. Since no-phonon 

lines and single phonon sidebands can be identified for only 

a few of the expected transitions, the remainder must be present 

as bands, making identification difficult. Before any definite 

values can be assigned to the trigonal and spin-orbit para

meters, and the effect of covalency and the Ham effect consider-



ed, further assignments must be made , in both the visible 

and infrared bands . The infrared band4 shows structure 

which could give useful data . 

15 5 
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CONCLUS ION 

It may be concluded from the present work that the spectra 

of Ni - zno and Co - zno show clear evidence of interaction of 

the transition ion with lattice phonons. Single-phonon creation 

sidebands are evident in the absorption spectra, with peaks in 

the spectra corresponding in energy to the energy of known 

maxima of the zno phonon distribution curve . The fitting is 

particularly good for nickel, which is the closer to zn in mass 

and atomic radius. 

One E level of the Ni - zno visible band shows evidence of 

what could be a Jahn-Teller interaction together with some other 

mechanism producing another level with the characteristics of a 

pure electronic A1 level. This apparent multiplication of levels 

could explain some features of the Mn - ZnS spectrum. Jahn

Teller interactions give completely different behaviour for 

E and T states. 

A study of the polarised spectra of similar crystals, 

both in the infrared and visible regions, with high resolution 

where required, and using temperature dependence, could give 

further evidence on the vibrational interactions occurring for 

both E and T states, and clarify the different mechanisms 

involved. 

In both Ni - ZnO and Co - ZnO lines due to pair interaction 

are found on the low energy side of the visible bands. A more 

accurate study of the concentration and polarisation dependence 
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of these lines, and a search for their occurrence in other 

crystals, is required to clarify their origin. 

Ni - ZnO shows in a variety of observations that vib

rational interaction is giving a reduction of off-diagonal 

matrix elements of electronic perturbations. Allowance for 

this could profitably be included in study of the vibronic 

problem. 

Finally, samples of Ni- and Co- zno with low impurity 

concentration could be used to study the temperature depend

ence of the position and width of the strong no-phonon lines. 
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