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CHAPTER I 

INTRODUCTION 

The colors of inorganic complex salt containing transition metal 

ions have attracted the attention of many scientists for a long time. 

The marked color differences among the various divalent transition metal 

ions, gives strong evidence that the position and symmetry of the 3d-ion 

with respect to the ligand plays a fundamental role. Ligands are the 

atoms, ions, or molecules which are the neighbors of the 3d-ions. Bethe 

(1) employed group theory to develop ligand field theory and to explain 

why the degeneracies of the electronic terms of the free ions are re-

moved in crystal fields of cubic or lower symmetry. 

Schlapp and Penney (2) and Van Vleck (3) applied Bethe's theory to 

explain the magnetic properties of these solids. Subsequently, Van 

Vleck (4) displayed the connection between Pauling's valence band theory 

and the crystal field theory. Van Vleck (5) and Finkelstein and Van 

Vleck (6) were the first to apply crystal field theory to optical spectra 

of a-electrons in paramagnetic crystals. They studied the visible ab-

sorption bands of chromium alum crystal (the so-called ruby) R band and 

concluded that the energy levels responsible for these bands are the 

. l" 2 f h f 3+ . Zeeman sp it G term o t e ree Cr ion. 

Hartman, Schlaefer, and Ilse (7-9) used crystal field theory to 

calculate the energy levels of 3-d transition metal ions which have no 

more than five a-electrons. Further theoretical work was done by Orgel 

1 



(10-12), Tanabe and Sugano (13), Jorgensen (14,15), Ballhausen (16,17), 

and Owen (18) over the last two decades. These peopl~ have done an ex-

cellent job in building a base of knowledge of 3-d transition ions. 

Optical properties of Ni, Mn, and Co transition ions in the perov-

skite structure, shown in Figure 1, have been studied by numerous re-

searchers. Knox and others (19) were the first to study KNiF3 and 

KMgF3 :Ni crystals. They were mainly interested in crystal field 

strength. It was discovered that the absorption spectra of KNiF3 and 

KMgF3 :Ni at low temperatures showed some very narrow lines (fine struc-

2 

ture). A series of papers reported this discovery (20-22) and Liehr and 

Ballhausen (23) developed spin-orbit ligand field matrices to show that 

the fine structure was due to the ground state of all components of the 

3 1 3 .2+ . 
F, D, and P terms of Ni ions. Mehra and Venkatewarlu (24) and 

others (12,13,25) studied the absorption spectra of KMnF 3 and RbMnF 3 . 

The emission spectra of Mn2+ ions in KMnF 3 and other crystals were in-

vestigated by Holloway, et al. (26), and by Klassens, et al. (27). They 

studied the intensity of emission bands and found that it was strongly 

dependent on temperature. A group of scientists, among them Ferguson 

(28), engaged in studies of the absorption of KCoF 3 ahd KMgF3 :co. They 

1 1 h 1 1 f 2+ . f' ld . f ca cu ated t e energy eve s o Co , using the strong ie matrices o 

Einstein (29). They determined that the spin-orbit splitting of ground 

-1 
state was 1000 cm Nesterova et al. (30) have observed absorption 

bands in the infrared region from NaCoF3 , KCoF 3 , and RbCoF 3 , but detail

ed analyses of the bands have not been made. 

For substitutional 3-d impurities in KMgF 3 crystals, the optical 

transitions are symmetry forbidden since the 3-d ions have octahedral 

symmetry, as shown in Figure 1, and some of the transitions are also 
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spin forbidden. When an impurity pair, such as Mn and Cu, Mn and Ni, 

••• etc., is present, the spin forbiddenness is lifted by the interac

tion between the pair so that the intensity of optical transition of 

spin forbiddenness increases by several orders of magnitude. Of course, 

pair spectra only occur in heavily doped crystals containing about 1-2 

at. % impurity. Likewise, if an F center--a negative-ion vacancy with 

a trapped electron--is present next to a 3-d impurity, an increase in 

the oscillator strength should be observable since the local synunetry 

changes to c4v' as shown in Figure 2, and an exchange interaction be

tween the F center and impurity electrons exists. 

F centers and other color centers can be produced by the following 

methods: additive coloration (38-41), electrolytic coloration (38,42-

44), ionizing or particle radiation (electrons, protons, x-rays, and 

neutrons) (45,46). Seitz (47,48), Schulman and Compton (49), Compton 

and Rabin (50), Fowler (51), and Crawford and Slifkin (52) have given 

excellent reviews on the subject of color centers. 

Color centers have been studied intensively since the early nine

teenth century. From time to time, many models of color centers have 

been proposed by various investigators (47,48,53,54). In 1937, de Boer 

(55) proposed a F center model which consisted of an electron trapped. 

at the position of a halogen ion vacancy. This model has been examined 

and proved to be correct by many ESR and ENDOR experiments (52). The 

nomenclature for color centers can be complicated and sometimes leads 

to confusion among the researchers. Sander and Sibley (45) have sug

gested a generalized nomenclature for color centers. They reserved the 

F center for negative-ion vacancies containing the same number of elec

trons as the charge of normal lattice ion. The F2 center consists of 
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two adjacent F centers, and F center is formed by three adjacent F 
3 

centers. The self-trapped hole center, vk or x;, consists of a hole 

which is self-trapped on two adjacent anions. 

6 

Radiation induced defects in KMgF3 crystals have been studied. Using 

electron spin resonance and polarized luminescence, Hall and Leggeat (56) 

tentatively ideritified F, F2 , and vk center absorption bands. Riley, 

Yun, and Sibley (57-60), by means of polarized bleaching method and ex-

citation spectrum, identified F, F2 , F3 , and Vk center absorption bands 

and F2 and F3 emission bands. More extensive studies on Vk centers in 

electron irradiated KMgF3 have been done by Lewis et al. (16). The ESR 

spectrum of sodium perturbed H centers in irradiated KMgF3 has been 

studied by Roads et al. (62,63). Alcala, Koumvakalis, and Sibley (64) 

observed the emission from the recombination of electrons with Vk centers 

in irradiated KMgF3 . 

Vehse and Sibley (65) observed a series of optical absorption bands 

in B0°K electron irradiated Mn-doped KMgF3 crystals. They concluded that 

a F center-Mn complex was responsible for the occurrence of these bands 

and were able to optically bleach the center with polarized light to pro-

duce a dichroism which indicated that the defect orientation was <100> • 

Sibley, Yun, and Vehse (66) found an emission band in B0°K electron ir-

radiated Mn-doped KMgF3 crystals. The excitation spectrum of this emis

sion band and the absorption spectrum were almost the same which indi

cated that the optical bands were due to perturbed Mn2+ ions. They 

2+ 
tentatively proposed that the model for this defect center was an Mn -F 

2+ 
center-Mn complex. One interesting aspect of their investigations 

was the observation of large oscillator strength increases for previously 

forbidden transitions when radiation defects are present. Since the 
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forbidden transitions are both spin and parity forbidden in Mn-doped 

K.MgF 3 crystals, the presence of nearby defects results in symmetry change 

and hence selection rule change. Exchange between the radiation damage 

defects and the transition metal ion impurities can also affect the in-

tensity of the optical transitions. Even in the ground state, the F 

center has a rather extended wave function compared to a fluorine ion, 

which should lead to large exchange interactions. An investigation of 

whether symmetry or exchange effects cause the enhanced intensity for 

the optical transitions seems in order. 

Simkin and Aked (67,68) studied optical absorption bands in irradi-

ated Co-doped K.MgF3 crystals and pointed out that the valence state of 

cobalt remained two plus after gamma irradiation at 300K. 

Ralph and Townsend (69) in their study of MgO:Ni 2+ reported an 

emission band at about 13,000 cm-l which they attributed to a 3T1g + 3A2g 

transition. Yun, Kappers, and Sibley (70) observed the same band in 

.2+ . . MgF2 :Ni ; and on the basis of optical excitation experiments, they sug-

gested a different assignment. The assignment of this transition needs 

to be verified by more experiments. 

The object of this work is therefore threefold: 

(1) to identify the emission band at about 13,000 cm-l of Ni2+ 

ions and to study the radiation effect on this emission band, 

(2) to preserit the models for the radiation mechanism of Mn 2+ and 

2+ 
Co doped K.MgF3 crystals, and 

(3) to study the mechanism which causes the enhanced intensity for 

the optical transitions of Mn2+ and co2+ ions in irradiated K.MgF 3 crys

tals. 



CHAPTER II 

CRYSTAL GROWTH 

• 
Apparatus 

Crystals of KMgF 3 doped with Mn, Co, and Ni were grown in the Okla

homa State University crystal growth laboratory by means of modified 

Bridgman (71) and Stockbarger techniques (72,73). The principle of the 

technique lies in the change of the temperature. A material contained 

in a suitable crucible is slowly lowered from a regioh in which the 

temperature is slightly above the melting point of the material into 

another region in which the temperature is below the melting point of 

the material. The temperature gradient is shown schematically in Figure 

3. The crucible is placed in an immobile vacuum system which is sur

rounded by a furnace. Though it is apparent that the temperature effect 

is the same for both raising the furnace and lowering the crucible, 

raising the furnace is much easier than lowering the crucible. 

Figure 4 is a schematic showing the main components of the Oklahoma 

State University Bridgman Apparatus which provides with an adequate tem

perature gradient to allow the crystal to-grow. The crucible containing 

the chemicals is placed in a graphite heat sink at the bottom of an Al2o3 

vacuum tube. A small furnace around the tube is raised up to move the 

temperature gradient of the crucible. The crucible and the heat sink 

were purchased from Ultra Carbon (UT-9 grade) and the Al2o3 vacuum tube 

was purchased from Coors Mullite. The inside diameter of the graphite 

8 
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crucible is 1.25 cm, and the length is approximately 16 cm. The tube 

has an outside diameter of 3.8 cm and inside 3.2 cm. It is 76 cm long; 

one end is round .and closed. 

A platinum wire which is approximately 12 meters long and has a 

diameter of .810 mm {0.0319"), is used to provide the high temperatures 

which are required for growing higher melting point fluorides. Figure 5 

shows details of the platinum-wound furnace. The wire is coiled around 

a Norton high-purity alumina core. Region A, as shown in Figure 5, is 

wound at 6 turns per inch {2.36 turns per cm), region Bat 3 turns per 

inch, .and region C at 2 turns per inch. This winding pattern results in 

a nearly uniform temperature profile for the furnace. 

The vacuum system for the apparatus consists of a T-M Vacuum 

Products 200 l/s diffusion pump and a Welch 3 l/s forepump. This system 

is able to reduce the pressure in the tube from a cold start to 10-6 

Torr in five minutes. A bourdon gauge calibrated from -1 to +2 atmo-

spheres is employed to monitor the Argon pressure. Mbving the inner 

furnace can be raised at speeds of 1.5, 0.76, 0.30, 0.15, 0.08, or 0.03 

cm/hr and the raising mechanism has a maximum travel of 23 cm. A limit 

switch is set capable of stopping the system at any desired point. 

Growth Procedure 

Doped potassium magnesium fluoride crystals were grown from a 

stoichiometric mixture of Harshaw zone-refined crystal pieces of potas-

sium fluoride and magnesium fluoride and Research Organic/Inorganic 

Chemical Corp. 3-d fluoride {CoF2 , NiF2 , KMnF3) powder which were mixed 

and placed into a graphite crucible containing approximately 1 mm3 of 

anhydrous ammonium bifluoride. The ammonium bifluoride decomposed at 
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about 200°c, releasing hydrogen fluoride gas which flushed some of the 

absorbed water out of the system. A screw cap, having a stnall hole to 

relieve the pressure inside the crucible, was placed on the crucible, 

and the assembly, in its heat sink, was inserted into the Al203 tube. 

The Al2o3 tube was connected to the pumping system by means of a quick 

disconnect vacuum connector, axially aligned. The components of the 

starting materials were weighed in a dry box. The system was pumped 

very slowly so that escaping gases from the graphite crucible did not 

force any of the powder through the small hole of the cap. After 50 

microns pressure was obtained through the forepump, the diffusion pump 

13 

was turned on. When the pressure reached between 15 and 30 microns, the 

furnace, which was in its lowest position, was turned on at a set tern-

perature (350°c) and was maintained at this temperature while the dif-

fusion pump was on for about 10 hours. After this initial out-gassing 

procedure, the vacuum tube was alternately filled with Argon and evacu-

ated several times to displace unwanted gases. After the final evacua-

tion, the tube was filled with Argon at the gauge pressure of 700 torr. 

0 
The temperature was set at 750 c. Approximately 5 hours later, the set 

point was raised to 1160°c. This temperature was held for about 5 more 

hours, after which the furnace was moved to pass the graphite crucible 

at the speed of 1.5 centimeter per hours. 

After the furnace had traveled to its maximum distance, the furnace 

tube was flushed with Argon gas at least three times and then filled 

with Argon gases at the pressure of 1,200 torr. The furnace was then 

reset to its starting position. The temperature was reset in four sue-

cessive steps to minimize thermal shock which would crack the furnace 

tube. When the thermal equilibrium was again established after about 5 
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hours, the system was then ready to start the growth procedure. The 

furnace was raised at the rate o.f 1.5 millimeter per hour. With the 

completion of the maximum travel (23 cm) of the furnace, its temperature 

was lowered through several steps in .order to avoid cracking of the fur

nace tube. When the temperature of the furnace reaGhed 900°c, the pres

sure of the system was reduced to 150 torr. After reaching room temper

ature, the furnace tube was removed from the system. Usually, the bottom 

nine-tenths of the material removed from the graphite crucible was single 

crystal and the top one-tenth polycrystalline potassium magnesium fluo

ride. Each crystal was assigned a serial number indicating the date 

growth began: for example, crystal 072373 started to grow on July 23, 

1973. An impurity analysis was made by means of mass-spectroscopy and 

the results are shown in Table I. 



Ag 
Al 
Au 
B 
Ba 
Be 
Bi 
Ca 
Cd 
Co 
Cr 
Cu 
Fe 
Ca 
Ge 
Hg 
Gd 
Eu 
Li 
Mn 
Mo 
Na 
Nb 
Ni 
Pb 
Pt 
Rb 
Sb 
Si 
Sn 
Sr 
Ti 
v 
w 
Zn 
Zr 

TABLE I 

IMPURITY ANALYSIS OF SAMPLES (µg) 
g 

KMgF3 :Mn 

10 
2000 

<5 
<1 
25 

<.5 
<2 
75 
<2 
<5 
<2 
<1 

200 
11 
<2 
<5 
<5 
<5 
15 

4000 
<1 

600 
<10 

<5 
<1 
<5 

100 
<10 
10 
<2 
75 
40 
<5 
<5 

<200 
<5 

15 

KMgF3 :co 

<1 
100 

<5 
<1 
<2 

<.5 
<2 

<10 
<2 

150 
4 
1 
4 

<1 
<2 
10 
<5 
<5 
40 
-1 

2 
700 
<10 

-5 
<1 
<5 
90 

<10 
20 
<2 

<25 
20 
<5 
<5 

<200 
<5 



CHAPTER III 

THEORY 

Crystal Field Theory 

Octahedral Potential Energy 

The wavefunctions of transition metal ions in octahedral crystal 

field can be obtained by linearly combining 3-d wavefunctions of a Hydro-

gen atom which is placed in octahedral crystal field. In this section, 

3-d wavefunctions and associated energy states of the electron of the 

Hydrogen atom are calculated. 

A hydrogen atom is surrounded by six negative point charges which 

locate at the vertices of a regular octahedron. The potential energy of' 

the electron of the hydrogen atom due to the octahedron of the six point 

charges is given as 

6 
V(x,y,z) i~l V(i,x,y,z) = 

6 eZ 
.El--, 
i= r .. 

l.J 

(1) 

where r .. is the distance from ith point charge to the position (x,y,z) 
l.J 

of the electron. The inverse of the distance, r . . 1 can be expanded in 
l.J 

terms of spherical harmonic coordinates as 

n 
1 n r 

00 47T <. ~ m* E E -- y (2) 
r,. n=o m=-n 2n+l n n. n. 

l.J r l. l. 
> 

16 



17 

The potential energy within the octahedron of the point charges was cal-

culated. The distance r< is r, the distance from the origin to the posi-

tion of the electron, and the distance r can be written as a, the dis
> 

tance between the origin and point charges. Equation (1) may now be 

rewritten in the following form. 

V(x,y,z) 
6 n n. * 

= . l:l eZ ( 'f L 2. 4'1T _E__l ym ym.) 
1= n=o m=-n n+l n+ · n ni 

(3) 
a 

Since the positions of the six point charges are localized, the function 

m* 
Y . becomes a single number. The contribution from odd n to V(x,y,z) is 
ni 

zero.· The above statement can be verified by the following equation. 

odd number) 

In the case of d wavefunctions, n is not higher than 4. This is because 

the integrals of spherical harmonics with n' > 2n taken with the product 

of two spherical harmonics with n must vanish: namely, 

m* m m 
JTIJ 2TI Y n Y ~· Y n sin e d~ de 

o o n n n 
O; if.n' > 2n 

Consider the summation of Equation (3) term by term, n 

6Ze 
a 

O; m = O, 

(4) 

6Ze It is found the total contribution to V(x,y,z) from n=O is · n=2; 
a 

m=O, 

= 

m=±l, 

2 
eZ4Tir 

Sa3 



6 2 . 
41Tr y±l ±1* 

:El eZ y2i = 
i= 5a3 2 

m=±2, 

6 2 
ez 41Tr Y±2 ±2* 

i~l Sa3 2 Y2i 

2 
eZ41Tr ±1 

y2 
Sa 

3 

+i~. i 
e 

2 
eZ41Tr +2 

Sa3 Y; 

~ (2.) ~ (21T) -~ 
i=l 16 

0 

The total contribution from n=2 is therefore zero. 

n=4; m=O, 

18 

cos e. sin e. 
i i 

2 +2~. . e i sin . ·e 0 
i 

4 
eZ41Tr 6 9 ~ -~ 4 2 

i~l c128 > (21T) (35 cos ei - 30 cos 

m=±l, ±2, ±3, 

= 5 
9a 

e. + 3) 
i 

The contribution from these values of m is found to be zero. 

m=±4, 

4 
eZ41Tr 

9a5 

The total contribution to V(x,y,z) from n=4 is 

f:4i~. 
. 4 8 i 

sin . e 
i 
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(5) 

The potential energy in the system is then 

V{x,y,z) = Equation 4 + Equation 5. 

Equation (4) is constant~ therefore, Equation (5) is responsible for the 

splitting of the d orbitals. Voct is defined here as that part of 

V{x,y,z) for an octahedron of charges which leads to the splitting of 

the d orbitals. 

The matrix element of v t between $ 1 state and $ , 1 , , state is oc n m n m 

given by 

-+ -+ -+ 
= /dr ~~lm(r) Voct ~n'l'm' (r) (6) 

The calculation of the matrix element of d wavefunction is straight for-

ward, and the nonvanishing matrix elements are given as follows: 

<$nd±21voctl~nd±2> = Dq, 

<$nd±llvoctl$nd±l> = -4Dq, 

<$ndo Jvoctl$ndo > = 6Dq, 

<$nd±21voctl$nd+2> = 5Dq, 

where 

ze2 2 4 and D = 35 --5, q = <105> <r > ' 
4a nd 



4 
<r > 

nd = {00 R* 2 r 4 R 2 r 2 dr. o n, n, 

The perturbed energies of the 3d-level are given by solving the 

following secular equation, 

Dq -E 0 0 0 5Dq 
0 -4Dq-E 0 0 0 
0 0 6Dq-E 0 0 = 0 
0 0 0 -4Dq-E 0 
5Dq 0 0 0 Dq-E 

The eigenvalues and eigenfunctions can be found as follows: 

E = -4 Dq~ 

The eigenfunctions of the E = -4 

using the unitary transformation 

i2-~ 

i2-~ 

0 

<1>3d 1 

<1>3d-l 

-~ 
2 (<f>3d 2 - <1>3d-2), 

d>3d 0 

-~ 
2 (<f>3d 2 + <1>3d-2) 0 

Dq state are not real numbers. 

matrix, 

-2 -~ 0 

2 -~ 0 

0 -i 

By 

real wavefunctions for the E = -4 Dq state are obtained as follows: 

= (15)~ (YZ) R3d(r), 
4'11' 2 

r 

20 
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-~ 
«1>3d 1 - <P3d-1> 

(15) .~ <zx> R3d(r), µ = 2 = 
41T 2 

r 

r; ·2-1:! 
<<1>3d 2 - <P3d-2> 

(15) 1:i c!Y.> R3d(r). = -]. = 
41T 2 

:t 

The wavefunctions for the E = 6Dq state may be rewritten as follows: 

(-5-) 1:i 
2 2 

<P3d o 
3Z - r ) R3d{r) u =· = ( 2 161T 

r 

-1:! (~)l:i 
2 2 

v x -::i 
R3d(r) = <<P3d 2 + <P3d-2> 2 = ( 2 161T 

r 

The d-level of a hydrogen atom splits into a doubly degenerated level 

and a triply degenerated level in an octahedron crystal· field. 

Group Theory Considerations 

When a hydrogen atom is placed in the octahedral symmetry, as de-

scribed in the previous section, the Hamiltonian of the electron is no 

longer invariant under rotations around arbitrary axes by arbitrary 

angles, but it is invariant under the symmetry operations in the octahe-

dral group. The characters of a reducible representation of d wavefunc-

.tion can be obtained {74) by 

x (a.) = 
sin (2 + l:i) a. 

• a. 
sin 2 

The calculation of the characters is straightforward. The reducible 

representation can be shown as 

= 
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The above equation shows that the five-fold degenerated d wavefunction in 

free ions does not remain degenerated in octahedral s'.Ymmetry environment. 

The wavefunctions are split into a triply degenerate set, t , and a 
2g 

doubly degenerate set, e . The wavefunctions of the t state are ~, µ, 
g 2g 

~, and the wavefunctions of E state are u and v. 
g 

Strong Field Scheme 

In 1954, Tanabe and Sugano (13) presented the st~ong field scheme 

to treat the transition metal ions and to obtain the energy levels of 

the transition metal ions. They pointed out that the inner shells of 

3-d ions in an octahedral field, in many cases, are completely filled 

with electrons and that ligands have closed-shell configurations with 

energy lower than those of t 2 and e shells. Therefore, the states can 
g g 

be obtained by accommodating the 3-d electrons in t 2 shells and e 
g g 

shells. n N-n 
They used the configurations e t 2 (n = O to N) as the start

g g 

ing point for 3dN electron configuration. If the crystal field is very 

n N-n 
strong, the interaction between these configurations, e t 2 , can be 

g g 

neglected. Unfortunateiy, the crystal field is not suffiqiently strong 

to ensure the neglect of the interaction entirely. By proper linear 

combinations of the configurations, the states can be constructed and 

we consider 3d2 here as an example to explain the method. The states 

of 3d2 can be obtained by accommodating the two electrons in the t 2g 

shells. If the spin function in the states is considered there are then 

15 possible ways to accommodate the two electrons, considering Pauli 

principle and antisymmetric property. The Slater determinants corre-

sponding to the fifteen states are given as 
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Is Mr Y> is defined as the wavefunction of 2S+lr term. Y is one of the 

bases of th.e irreducible representation r, for example Y = µ, ~, 1; for 

r = T • For two electrons in t 2 , the irreducible representation r can 2g . g 

be found via the direct product of t 2g and t 2g. 

r = 

The wavefunction then can be constructed by the linear combination of 

those 15 Slater determinants. 

lt2 S M r Y> = 2g 
M> <T Y T Y Irr> 

2 1 2 2 

where <1:! m1 ~ m2 ls M> and <T2 Y1 T2 Y2 lrY> are the Clebsch-Gordon coef

ficient. The wavefunctions are obtained as follows: 

2 1 
Alg) <l~~I + 1µµ1 + 1~~1> 113, <I> (t2g' = 

2 1 
E u) <-1~~1 - 1µµ1 + 21~~1> 116, <j>(t2g' = g 

-1 2 
E v) <IE;~ I - Iµµ I> 112, <I> (t2g' = g 

2 3 1 y) I~µ 1, <I> (t2g' Tlg M= = 

2 3 
< I ~µI - Iµ~ I > 112, <I> (t2g' Tlg M= o Y) = 



~( 2 3T M = -1 Y) = t2g' lg 

24 

I~µ I, 

For e shells, there are 6 ways to acconunodate the two electrons. There 
g 

are uv, uv, uv, uu, vv, uv. The irreducible representations of the two 

electrons in eg shells are Alg' A2g' and Eg. The wavefunctions are 

given by linearly combining those 6 Slater determinants, 

le2 , SM r Y> = 
g 

The wavefunctions are then obtained as follows: 

2 1 
c luul + lwl >112, ~ (e., Alg) = g 

2 3 
M = 1) luvl, ~(e , A2g = g 

2 3 
M = 0) <luvl lvlil>/12, ~(e , A2g = -g 

2 3 
M = -1) luvl, ~(e , .A = g 2g 

2 1 u) c-lutil lvVI >112, ~(e , E = + g . g 

= ( I uv I + I v~ I ) I 12 . 

For one electron in eg shell and another electron in t 2g shell, 

there are 24 ways to acconunodate them. The irreducible representations 

are Tlg and T2g. The wavefunctions are given as 
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lt2g eg, s Mr Y> = m~m2 1 cp(t2gm1 cr1 )cp(egm2cr 2 ) I<~ m1 ~ m2 ls M><T2Y1EY2 jrr> 

Y1Y2 

The wavefunctions are then obtained as follows: 

cp(t2 e , 3 
-1 Y) I ~vi, T M = = g g lg 

cp(t2 e , 
3 

1 1';) I sul, T2g M = = g g 

cp(t2 e , 3 
M = 0 1';) < I su I + I ~u I > 112, T2g = g g 

cp(t2 e , 
3 

-1 1';) <I su I> , T2g M = = g g 

cp(t2 e , 1T Y) = <I z;v I - I ~vi> 112, g g lg 

1 
cp ( t 2 e , T2 1';) 

g g g = < I sli I - I ~u I > 112 . 

The two electron Hamiltonian in octahedral crystal field is given 

as 

(6) 

(2m) -l ~2 2 -1 
where f. = P. + V (r.) and g12 = e r 12 . 

1 1 oct 1 
By using 



the matrix of H1 can be calculated as follows: 

<t2 , 1E u lg I t 2
2. , 1E u> = J(tE} - K(Eµ} = A + B + 2C 

2g g 12 g g 

2 3 I 2 <t I T M=O I g t . 
2g lg . 12 2g' 

3 
T M=O> = J(Eµ} - K(Eµ} = A - SB lg . 

2 
<e I 

g 

2 
<e I 

g 

<t 2 
2g 

2 
e I 

g 

2 
e I 

g 

1A > = ~(J(uu} + J(vv})+ K(uv) = A+ SB + 4C 
lg 

2 
e I 

g 
3 

A M = l> = J(uv) - K(uv) = A - SB 
2g 

1E u> = ~(J(uu} + (vv)} - K(uv) =A+ 2C 
g 

3 I I 3 T M=l Y g t 2 e , T M=l Y> = 
lg 12 g g lg 

<Eu lg I tv> -
12 

ut> 

26 
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<t 2 
2g 

<t 2, lE u lg I 
2g g . 12 

2 
e I 

g 

2 
e I 

g 

= (l}~ (K(~u} + K(~v}} 
2 

1E u> =-cl>~ (K(~u} - K(~v}) 
g 2 

where J(ab} = <ablg12 lab>, K(ab} = <ablg12 lba>. To obtain these re-

sults the following relations were used. 

J(~~} = A + 4B + 3C, J(uv} = A - 4B + C, 

J(~µ} = A - 2B + C, K(uv} = 4B + C, 

K(~µ} = 3B + C, J(~u} = A - 4B + C, 

J(~v} = A + 4B + C, K(~u} = 4B + C, 

K(~v} = c, <~µ lg12l~u> = 3~B. 

For energy matrices of H + Hl, (-4n+6m}Dq must be added to the 
0 

n m 
diagonal element in the state of t 2 e The similar calculation can 

g g 

be used to botain the other 3dN (N = 2 to 9) energy matrices. The 

1 f . · f 2+ · 3d5 d h · e ectron con iguration o Mn is , an t e spin-quartet energy 

matrices of Mn2+ are obtained as follows: 

4 4 4 
. Tlg ( p I FI 

- 25B + 6C - lODq 3B2~ -c 

3B2~ -16B + 7C -3B2~ 

- c -3B2~ -25B + 6C + lODq 

27 



4 4 
T29 C F, 4G, 40) 

-17B + 6C - lODq -6~B .. -4B - c 

-6'1.s_B -22B + SC -6'1.s.B 

-4B - C -6~B -17B + 6C + lODq 

4 4 4G) E ( D, 
g 

-22 B + Sc -2B3'1.s_ 

-2B3~ -21B + SC 

-2SB + SC, 

-13B + 7C, 

-3SB 

The electron configuration of co2+ is 3d7 , and the energy matrices of 

co2+ are obtained as follows: 

2 ( 2 2 2 2 2H). T29 a D, b D, F, G, 

SC + 12Dq -3B3'1.s_ -SB3~ 4B + 2C 2B 

-3B3~ -6B + 3C + 2Dq 3B -3B3~ -3B3~ 

-SB3J:i 3B 4B + 3C -3~B 3'1.s_B 

+ 2Dq 

4B + 2C -3B3~ -3'1.s_B 6B + SC - 8Dq lOB 

2B -3B3'1.s_ 3~B lOB -2B +3C - 8Dq 

28 

, 
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2 2 2 2 2H) Tlg ( p' F, G, 

-6B+3C+l2Dq -3B 3B 0 -2B3~ 

-3B 3C+2Dq -3B 3B 3B3~ 

3B -3B -6B+3C+2Dq -3B -3~B 

0 3B -3B -6B+3C.,-8Dq 2B3~ 

-2:83~ 3B3~ -3~B 2B3~ -2B+3C-8Dq ' 

2 2 
E (a D, 

g 
2 

b D, 
2 

G, 2H) 

-6B+3C+l2Dq -6B2~ -3B2~ 0 

-6B2~ 8B+6C+2Dq lOB 3~(2B+C) 

-3B2~ lOB -B+3C+2Dq 2B3~ 

0 3~(2B+C) 2B3~ -8B+4C-18Dq 

-3B + 2Dq 6B 

6B -12B - 8Dq 

4A2g(4F) -15B + 12Dq, 

4T2g(4F) -15B + 2Dq, 

2 2 
Alg( G). -llB + 3C + 2Dq, 

2 
A2g 

(2F) 9B + 3C + 2Dq • 
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Spin-Orbit Interaction 

As a result of the spin of an electron, there is a magnetic moment 

associated with the spin. The electron is moving arouns the nucleus with 

-velocity V and, therefore, there is a magnetic field associated with 

this motion. The interaction between these two magnetic fields can be 

- - 2 expressed by the term -(V X E)/c • -V can be rewritten as P/m • 
0 

(75) and Frankel (76) calculated the spin-orbit energy as 

Spin-orbit energy = ~ s • i 

Thomas 

For many-electron atom, the spin-orbit interaction is usually a sum 

l: ~. s .. £ 
i 1. 1. i 

The spin-orbit Hamiltonian is given by 

H l: ~ (r. ) s. · £ 
so i 1. 1. i 

Therefore, the energy split by spin-orbit interaction can be calculated 

by quantum mechanics. 

As a consequence of the spin-orbit interaction, the irreducible 

representation of the state can be calculated via direct product of the 

reducible representation of the spin and the state. In order to under-

. . 2+ 
stand the energy level split due to the spin-orbit interaction, the Ni 

ion in octahedral symmetry is given as an example. The characters of 

the reducible representations of s = 0 and s = 1 are presented as fol-

lows: (74) 



0 

s = 0 

s = 1 

E 

1 

3 

Therefore, the irreducible representation of s = O, f 0 , equals to A1 , 

and irreducible representation of s = 1, r 1 , equals to T1 . The energy 

level splits of Ni2+ states are then displayed as follows: 

3 r 1 x A2 A2' = T1 x A2 = T2 

3 r 1 x T2 T2, = Tl x T2 = A2 + T2 + Tl + E 

lE, r x E = A1 x E = E 
0 

3 
Tl' r 1 x Tl = Tl x Tl = T2 + E + Tl + Al 

1 r Al x T2 T2' x T2 = = T2 0 

1 r x Al Al x Al Al Al, = = 
0 

Configuration Coordinate Model of the 

Optical Band Shape 

The band shape of optical transition can be explained by the con-

31 

figuration coordinate model which derived from the results of the Born-

Oppenheimer approximation. The approximation suggests that the wave-

. function may be written as 

+ +R) '¥ (r' nN = 
+ + 

cf> (r) XnN (R) , n,R 

where n and N are the set of electronic and nuclear quantum numbers, 

(8) 
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-+ 
.cf>n,R(r) is the electronic wavefunction which depends on the nuclear co-

ordinates R, and X (~) is nuclear wavefunction which depends only on 
nN 

the electronic quantum numbers and not on the electronic coordinates. 

Keil (77) presents a linear coupling scheme to solve the problem. The ' 

excited state adiabatic is given in terms of the normal mode coordinates 

and has linear relation with the ground state adiabatic potential. The 

potentials· are 

and 

E (Q) 
g 

2 2 = 12mw Q 

where A is a dimensionless constant which expresses the strength of the 

electron-phonon interaction, Q is the normal configuration coordinate 

which is usually chosen to be the totally symmetric mode of the nearest 

neighbor, and E is the potential energy difference between the ground . ge 

state and excited state at Q = O. The nuclear wavefunctions for the 

ground state are obtained as 

x (p) 
gµ 

= 
2 -l:zp 

e H (p) 
µ 

where p = (~w) 12Q and H11 (p) is a Hermite polynomial. The possible 

energies of the ground states are 

E = (µ + 12) ~W • 
gµ 

The wavefunctions for the excited state are found as 



X (p+A) 
ev = 

~ ~ 
«mw/.fi) ) 
~2V I 

e 
2 

-~ (p+A) 

1T v. 

and energies are 

E = (v + ~)nw + E 
ev ge 

H (p +A), 
v 

From Frank-Condon approximation, the interaction matrix element, 

-+-+ ,-, . -+-+ <o/ (r,R) M o/ (r,R)>, can be written as 
eN gN . 

<ct> (~°>IMlct> <~»<X (p+A>lx CP». e,p+A g,p ev gµ 
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Therefore, the optical band shape is determined by the overlap integral. 

<X (p+A) Ix (p)>. Keil shows that the result of this integral is ev gµ 

<X (p+A) Ix (p )> 
ev gµ = 

v-µ A 2 . 
where Lµ <2> is the Laguerre polynomial. 

A2 
S = 2 , where S is the 

Huang-Rhys factor (78). The normalized transition probability from the 

ground state to the excited state is then given as 

At T = o, the only occupied ground level is µ = o, and L0 (s) = 1, and 

the probability for the transition to the vth level of the excited 

state is 

p = 
VO 

sv -s 
-e 
v! 

(10) 



Therefore, the line shape function is 

G{E) = 
00 

l: 
v=O 

-s v 
e S 

v! 
{~w + E 

g.e 

34 

- S~w + £) (11) 

From the above equation, it can be seen that the absorption spectrum at 

T = O is a series lines at 

£ E - S .fiw + vnw • v ge 

The transition at v = 0 is called the zero-phonon line, and v = 1 is the 

00 

one phonon line. Since l: p = 
v=O vO 

1, the ratio of the area under the 

zero-line to that of the total band is -s The result can be e . same 

found for the emission band. At low temperature the emission band con-

sists a series lines at 

£ = E - Sflw + a..fiw • 
a ge 

s ~ 6 is usually considered as a limit to observe such lines. For a 

broad band, the moment of the band is used to describe the band shape. 

The Huang-Rhys factor can be related to W~{O), full band width at half 

maximum at T = O, for large S. For a Gaussian band shape the result is 

W~{O) = 2 
(8 ln 2) S {.flw) • (12) 

At high temperature (p < S ~~), Pµv can be expanded as 

where Y i'i.w 
KT 

p 
µv 

(2 S csch .Y.) -~ 
2 

2 
(£-E ) 

ge 
exp { 2 2 ) 

2fl w S csch -} 

For a Gaussian approximation, the half-width as a func-
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tion of temperature is found to be 

2 
W~ (T) 

2 2 y 
8 ln 2 h w S csch 2 

2 ..fiw 
= W~(O) csch 2KT (13) 

2 .fiw 
- W~(O) coth 2KT 



CHAPTER IV 

EXPERIMENTAL PROCEDURE 

60 
Two principal radiation damage sources, Co gamma rays and 1.5 

Mev electrons from a Van de Graaff accelerator at a dose rate of about 

13 3 
1.85 x 10 Mev/cm sec, were utilized to irradiate the sample. The 

sample was placed in a cryogenerator manufactured by Cryogenic Technol-

ogy, Inc., or a cryostat manufactured by the Sulfrian Cryogenic Corpora-

tion. In the cryogenerator, the temperature could be controlled between 

15 and 300 K to ± lK by a electric heater. The temperature was measured 

by a thermocouple (number 36 gauge gold: 0.7 at. % iron versus chrome! P 

wire.) A nearly one millimeter thick sample was cut by an IMANCO Macro-

tome diamond saw and then polished on a Syntron LP-01 vibratory polisher 

with a Linde Al distilled water slurry. Before polishing by the vibra-

tory polisher, the sample was polished by hand lapping on a glass plate 

with number 600 carborundum grit and mineral oil. The faces of the 

sample were checked by a Laue X-ray back reflection machine was {100} 

planes. 

Optical absorption·was measured by a Cary 14 spectrophotometer 

which recorded the optical density as a function of wavelength. The 

optical density, O.D. = log10 (I0/I), is related to the absorption 

coefficient, a, by a = 2.303 x (O.D.)/t, where t is the thickness of the 

sample. Using a micrometer, several portions of the sample were meas-

ured to determine its thickness. 

36 
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A block diagram of the luminescence apparatus is shown in Figure 6. 

A 75 w short arc Xenon lamp, manufactured by PEK, Inc., was used as an 

excitation source. The exciting light passed through a Spex Minimate 22 

cm monochromator and was chopped at a frequency of 450 Hz with a Keith-

ley Model 8403-450 light chopper. The sample was rotated slightly off a 

45° angle to minimize the reflection of exciting light into the detec-

tion system. The detection system consisted of a RCA C 31034 photo-

multiplier tube mounted to a one-meter Jarrell-Ash monochromator with a 

dispersion of 8.20 A/mm. 
0 

The phototube was cooled to -20 C by a cooler 

manufactured by Products for Research, Inc., and was operated at 1,800 

v DC. The output from this phototube was connected to the input of a 

Keithley Model 427 current amplifier, the output of the current amplifier 

was then connected to the input of a Keithley Model 840 lock-in ampli-

fier. A reference signal for the lock-in amplifier was taken from the 

chopper. The luminescence intensity was plotted on a Moseley Model 

7001 A X-Y Recorder. The detection system was calibrated by a standard 

quartz-iodine lamp with a calibration data supplied by the National 

Bureau of Standards. The response factor of the luminescence detection 

system after the calibration is shown in Figure 7. The spectral inten-

sity of the PEK X-75 Xenon short arc lamp is presented in Figure 8. 

The optical excitation spectrum for the luminescence band was taken 

with the same apparatus described before. The exciting light was varied 

by a synchronous motor drive which was connected with the grating of 

the Spex Minimate 22 cm monochromator. The intensity of the excitatiop 

spectra were corrected for the intensity spectrum of X-75 lamp. 

For low temperature measurements the sample was mounted either in 

the Sulfrian cryostat or in the cryogenerator. The cryostat and the 
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cryogenerator were equipped with a rotatable tail sedtion with quartz 

windows for optical measurement and aluminum windows for irradiation. 
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Below room temperature, two types of annealing experiments were 

conducted. For continuous annealing, an electric heater was used to 

quickly warm the sample to the desired temperature. The sample was 

maintained at that temperature; an optical spectrum was recorded. For 

pulse annealing, an optical spectrum was originally recorded at 15 K; 

then the electric heater was used to quickly warm the sample to the de

sired temperature which was maintained for ten minutes. The sample was 

then quenched to 15 K; and the optical spectrum was recorded. Above 

room temperature, a furnace capable of holding the temperature of the 

sample stable up to 1,300 K was used to heat the sample to obtain the 

desired temperature. After that temperature had been maintained for ten 

minutes, the sample was removed and quenched on a brass block at room 

temperature. The optical spectrum was then recorded. 

The polarized spectrum was obtained through using Polaroid Type 

NHP'B unsupported polarized sheets. Optical bleaching was accomplished 

by either a 300 w mercury lamp together with a filter transmitting light 

from 200 nm-400 nm or the lamp without filter. 



CHAPTER V 

OPTICAL TRANSITIONS OF 3-d IMPURITIES 

. 2+ . . 
Ni Emission Bands 

Results 

Two emission bands, were observed in unirradiated KMgF2 :Ni samples. 

The same green emission band as well as the near infrared emission band 

were examined in three other different host crystals: the cubic crystals 

MgO, KZnF 3 an~ the rutile crystal MgF2 . The emission spectra are shown 

. . 9 f . 2+ d . . 2+ in Figures -12. The spectra o KMgF3 :Ni an KZnF3 :Ni are very 

similar. The structures of KMgF3 and KZnF 3 , except for lattice size, 

are identical. The Ni2+ ions in MgO, KZnF3 , and KMgF 3 hosts occupy a 

site of oh symmetry. The spectra for these three hosts consist of two 

-1 -1 
bands, one in the 13,000 cm to 14,000 cm range and the other in the 

-1 -1 
20,000 cm to 21,000 cm range. In all three cases, the lower energy 

spectrum has much more structure than the higher energy band. In these 

hosts a sharp line, having a full width at half maximum 

-1 
served on the high energy edge of the 13,000 cm band. 

h f . 2+ h . . 2 Te spectra or MgF2 :Ni are sown in Figure 1 . 

-1 
~ 2 cm , is ob-

Since the Ni2+ 

ion occupies a site of o2h symmetry in this crystal, it is possible to 

observe polarization effects by judicious orientation of the crystal. 

The spectra labeled a and TI refer to those spectra taken with the propa-

gation vector of the emitted light perpendicular to the crystal optic 

42 
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axis and the electric vector perpendicular to and parallel to the optic 

axis respectively. The a spectrum is for unpolarized light propagating 

along the optic axis. With the exception of the i:wo sharp lines, m1 and 

m2 , the cr and a spectra are identical for both bands. This indicates 

that the broad bands are primarily due to electric-dipole transitions 

and from symmetry arguments the bands inust therefore be phonon assisted. 

The two lines m1 and m2 presumably are split due to the defect symmetry 

o2h in MgF2 and merge into one sharp line for a site of Oh symmetry in 

cubic crystals. The fact that the ~ and a spectra are identical for 

these lines indicates that they are magnetic-dipole transitions. Although 

a corresponding sharp line is not observed in any of the higher energy 

20,000 - 21,000 cm-l emission bands, the position of such a pure mag-

netic-dipole transition for these bands can be inferred as follows: As 

the sample temperature is increased from 12 K to 100 ic, a small band 

(labeled h in the figures) appears in the spectra. Assuming that this_ 

"hot" band is due to an electronic transition assisted by the annihila-

tion of a phonon in the lowest possible mode, the missing zero-phonon 

line should lie halfway between "h" and the first peak in the low temper-

atu~e emission spectrum. This position is indicated by the arrow, o, in 

the figures and is the assumed origin for these bands. 

h h . h t . . . . . 2+ h t b d b Forte ig er energy ransition in MgF2 :Ni , a o an was o -

served in the cr and a spectra which indicated that the band was due to 

phonon assisted electronic transition. The pure electronic magnetic-

dipole transitions are assumed to be at o as before. 

Peak positions and the separations from the band origins are pre-

sented in Tables II - v. The observed peak separations are in the range 

of appropriate lattice vibrations and show good agreement in the cases 



TABLE II 

. .2+ 
SPACING OF EMISSION LINES IN MgO:N1 

1 
T -+ 3A 

1 3 
2g 2g T2g -+ T2g 

Peak Position Separation From Peak Position Separation From Series Separation From 

(cm-1) Band Origin (cm-1) Band Origin Series Origin 

(cm-1) (cm-1) (cm-1) 

21,240 (h) -189 13,120 Origin A 0 

(21,051) Origin 12,938 182 B 0 

20,872 189 12,925 195 A 195 

20,673 388 12,824 296 c 0 

20,479 582 12,760 360 B 178 

20,288 773 12,710 410 A 410 

20,092 969 12,682 438 D 0 

19,881 1180 12,637 483 c 187 

19,689 1372 12,578 542 B 360 

12,525 595 A 595 

12,506 614 D 176 

12,469 651 c 355 

12,399 721 B 539 

12,247 873 E 0 

.i:=. 
OJ 



lT -+ 3A 
2g 2g 

Peak Position Separation From 
-1 Band Origin 

(cm ) 
-1 

(cm ) 

20,973 (h) ...,.l39 

(20,834) Origin 

20,695 139 

20,670 164 

20,627 207 

20,582 252 
20,563 271 

20,437 397 

20,408 426 

20,379 455 

20,358 476 

20,300 534 

TABLE III 

SPACING OF EMISSION LINES IN KMgF3 :Ni2+ 

lT -+ 3T 
2g 2g 

Peak Position Separation From 

(cm -1) Band Origin 
-1 

(cm ) 

14,138 Origin 

14,013 125 

13,976 162 

13,972 166 

13,931 207 

13,904 234 
13,829 309 

13,780 358 

13,732 406 

13,676 462 

13,646 492-

13,594 544 

13,506 632 
13,457 681 

Series 

A 
A 

A 
B 

A 
A 
B 

B 
A 

B 
A 

A 

A 

B 

c 
B 
c 

Separation From 
Series Origin 

-1 
(cm ) 

0 
125 
162 

0 

207 
234 
143 

192 
406 

240 
462 

492 

544 

378 

0 

466 
137 

.i::-
1.0 



TABLE IV 

SPACING OF EMISSION LINES IN MgF2 :Ni2+ 

1 3 1 3 
T2g -+ A2g T -+ T 

2g 2g 

Peak Position Separation From Peak Position Separation From 

(cm. -1) Band Origin (cm. -1) Band Origin 

. (cm-1) 

20,653 (h) cr -120 14,073 1T brigin 
(20,533) cr Origin 14,027 cr 36 
20,412 cr 121 13,954 1T 119 
20,392 1T 141 13 I 928 CJ 145 
20,346 1T 187 13,870 cr 203 
20,329 cr 204 13,863 1T 210 

20,305 1T 228 13,847 1T 226 
20,284 1T 249 13,827 cr 246 

20,190 cr 343 13, 774 cr 299 

20,182 cr 351 13,710 cr 363 

20,161 1T 372 13,693 cr 380 

20,141 cr 392 13,656 1T 417 

20,100 cr 433 13,618 ir,cr 455 

20,092 1T 441 13,572 1T 501 

20,045 cr 488 13,539 1T 534 

19,960 1T 573 13,514 cr 559 

19,896 cr 637 13,459 cr 614 

19,806 cr 727 13,405 1T 668 

19,755 1T 778 13,320 ir,cr 753 

19,743 cr 790 13,290 cr 783 

19,666 1T 867 13,000 1T 1,073 

19,639 cr 894 12,977 cr 1,096 
12,940 cr 1,133 

V1 
12,7;36 cr 1,337 0 



1 + 3 
T2g A2g 

Peak Position Separation From 
-1 Band Origin 

(cm ) 
-1 

(cm ) 

20,555 (h) -119 

(20,436) Origin 

20,317 119 

20,218 218 

20,190 246 

20,145 291 

20,032 404 

20cr 932 504 

TABLE V 

2+ 
SPACING OF EMISSION LINES IN KZnF 3 :Ni 

1 3 
T + 

2g T2g 

Peak Position Separation From 
-1 Band Origin 

(cm ·) 
(cm -1) 

14,049 0 

13,928 121 

13,889 160 

13,850 199 

13,793 256 

13,746 303 

13,699 356 

13,628 421 

13,583 466 

13,535 514 

13,481 568 

13,456 593 

13,378 671 

Series Separation From 
Series Origin 

-1 
{cm ) 

A 0 

A 121 

B 0 

A 199 

A 256 

A 303 

B 143 

B 190 

A 421 

B 261 

B 306 

A 514 

c 0 

B 433 

B 511 V1 ..... 
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where information on Ni2+ substituted lattices is available (79-84). 

The temperature dependence of the peak positions, line widths, and 

relative intensities of the lines m1 and m2 are shown in Figur~ 13. It 

is noted that within experimental error the temperatui-e dependence of 

the half-width is the same for both lines and that the ratio of the in-

tensities is constant over the temperature range from 15 K to 80 K. 

-1 
The effect of a <100> stress on the narrow line of the 13,000 cm 

band in MgO was also examined. A slight shift of the peak to lower 

energy with increasing stress was observed. Polarization properties 

were also examined. Both the a and 1T components show approximately the 

-1 . 8 2 
same energy shift of 5 cm at a pressure of l.94ix 10 dynes/cm • At 

this pressure, the a component has approximately the same halfwidth as 

the unstressed line while the 1T component is about 25% narrower. The 

peak height of the a line is enhanced with respect to that of the 1T 

component with increasing pressure. 

Discussion 

The energy level schemes shown in Figure 14 (20,21,85-87) have been 

compiled mainly from published optical absorption data (32,69,88,89). 

The group representations of the levels in the absence of spin-orbit 

coupl~ng are listed on the left of each column. It is for convenience 

that these designations are used in describing transitions from one 

group of levels to another even in the case of MgF2 :Ni2+ where the 

crystal field is of lower symmetry. The spin-orbit splittings as meas-

ured from the bottom level of a set are shown on the right side of each 

colUmn together with the appropriate group representations. However, 

the subscript g common to all leveis in the designation of the group 
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representations has been omitted. 

The results suggest that the exciting light causes a transition 

3 3 b -1 from the ground state ( A2) to the T1 set of states at 25,000 cm 

Radiationless transitions occur to the 1T2 states from which both emis

sion bands under discussion originate. The more energetic band results 

from a transition which terminates on the ground state, while the lower 

energy transitions terminate on the first excited set of levels (3T2). 

Support for this interpretation, as presented below, is based on observ-

ed band energies and spin-orbit splittings, polarization data, excita-

tion data, and to a limited extent on the consistency of the result of 

uniaxial stress measurements. 

Energy Assignments 

1 
Energies for transitions from the lowest of the T2 set of levels 

3 3 . 
to the A2 and T2 states are summarized in Table VI. It is noted that 

there is good agreement between the results (the underlined numbers) 

1 3 
and existing data for the T2 + A2 transition. There is also agreement 

1 
in the assignment of the iower energy band to the T2 + 

3 .. T2 transition. 

1 3 
The assignment of the lower energy band to the E + A2 transition leads 

to discrepancies significantly outside of the limits which could be 

attributed to experimental error in the case of the KMgF3 and KZnF3 

hosts. No experimental data are available for the 1T2 + 1E levels in 

However, if the results from the lT + 
2 

3 
A2 emission are em-

ployed to determine the energy of the lowest 
1 . 

T2 level 
-1 

as 20,533 cm 

1 the T2 + 
3 3 

T2 assignment ~s consistent with existing data on the T2 

energy level. 
,2+ . -1 

For MgO:Ni , the energies are such that the 13,000 cm 

1 3 l 3T a 3 band could be assigneq to either the T2 + T2 or the E, 1 + A2 



Transition 

IT -+ 3A 
2g 2g 

IT 3 
2g -+ T2g 

IE -+ 3A 
g 2g 

TABLE VI 

OBSERVED ENERGIES OF Ni2+ TRANSITIONS 

MgO 

-1 
(cm ) 

21095 
2I056 

I3094 
13120 

I3300 

KMgF3 

20998 
20834 

I4229 
14I38 

I5I56 

Host 
KZnF3 

206IO 
20436 

I4179 
I4049 

I4900 

56 

MgF2 

20533 

I4027 
I4073 



1 transitions, but the excitation spectrum does not support the E, 

· · 3T1a + 3A2 possibility. 

Spin-Orbit Splittings 

57 

3 
The position of some of the spin-orbit components of the T2 set of 

levels can be inferred from a comparison of the two spectra for each of 

the three cubic host crystals. However, some of the spin-orbit split

tings in MgF2 :Ni2+ can be observed directly by examination of the i3,000 

-1 
cm band. In the latter case, the two lines, m1 and m2 , as indicated 

previously are probably pure electronic transitions. If the reasonable 

assumption is made that the observed 36 cm-l splitting of these lines is 

due to a splitting of the terminal state of the transition it is clear·, 

from an examination of Figure 14, that the transition can only end on 

3 
the T2 levels. Seeing the presence of higher spin-orbit levels can 

also be expected, but transitions ending on these levels are obscured by 

the presence of phonon assisted peaks in the spectrum. 

-1 . .2+ lE 3 . If the 13,000 cm band in MgF2 :Ni were due to a + A2 transi-

tion, the 36 cm-l splitting would have to be due to crystal field split

ting of the 1E level sinc.e the spin-orbit splittings of the ground state 

-1 -1 
are only 2 cm and 7 cm (87). The relative properties, strengths and 

positions of lines m1 and m2 for a thermalized system might be expected 

to vary over the temperature range lSK to BOK if the splitting were in 

the initial state. It can be seen from Figure 13 that the intensity 

ratio is constant within experimental error. However, the primary evi-

-1 
dence that the 36 cm splitting cannot be due to the splitting of the 

1E levels is presented below in the section on polarization. 

For the cubic host crystals, the spin-orbit splitting can be ob-
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served as follows~ 1 If the assumption is made that the peak'.sin the T2 + 

3 
A2 bands are due to phonon assisted transitions, then one should expect 

1 3 to see peaks with about the same energy spacing in the T2 + T2 band. 

To make it clear, in Figures 9-11, the peak positions of the phonon 

-1 
assisted transitions of the 21,000 cm bands are marked by the long 

-1 
lines shown above the 13,000 cm bands. The series of phonon assisted 

peaks are labeled A in Tables II-IV. From Figure 9, for the case of 

MgO:Ni, it is observable that the phonon assisted peaks of the 21,000 

-1 -1 
cm band are mirrored by the 13,000 cm band. However, it is evident 

that "extra" peaks occur in this latter band. The first "extra" peak 

-1 
indicated by an arrow in the figure is a relatively sharp line 182 cm 

to the low energy side of the first peak (band origin). The model sug-

gests that the first peak is a pure electronic transition to the E com-

ponent of the 
3 

T2 (E) set of levels and that the 11 extra" peak is a tran-

sition ending the T1 component, 3 
T2(Tl). The splitting of 182 cm -1 on 

is in good agreement with the previously measured splitting of 178 cm-l 

for these two states. A second series of phonon assisted peaks, labeled 

series B in Table II, with the same energy separations as in the higher 

band should be observed originate on the 
1 energy to 

3 
(Tl) line. T2 + T2 

The shorter lines shown above the 13,000 cm -1 
band in Figure 9 illus-

trate where these peaks should appear. It is possible that another 

-1 1 3 "extra" peak at 438 cm from the T2 + T2 (E) line is due to the 

1 T + 
2 

level 

3T2 (T2 ) transition since the observed splitting of the 3T2 (T2) 

-1 
is 429 cm • It should be pointed out that Moreau et. al. (90) 

-1 
have associated the emission peaks at 20,940 and 20,745 cm with a 

Jahn-Teller effect. A detailed analysis of collected data in terms of 

a Jahn-Teller would be complicated. A better understanding of the sit-
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uation will be obtained once more data become available, like that pre-

sented by Moreau et. al. 

In KZnF3 the situation is similar. 
; 1 3 

Several peaks in the T2 + T2 

band can be associated with phonon assisted peaks (as observed in the 

IT + 3 
2 A2 band). Again there is a sharp "extra" peak split from the 

-1 first electronic transition by 160 cm This is in a good agreement 

with the spin-orbit splitting of the 3T2 (E) and 3T2 (T1 ) levels observ

ed by Ferguson et. al. (21). While the phonon spectrum of KZnF3 :Ni2+ is 

so complicated that. it makes it difficult to identify a second series of 

peaks based on the 1T2 + 3T2 (T1 ) transition, the significance lies in 

the evidence that the two prominent peaks near the center of the 1T + 
2 

3 -1 
T2 band are split by 172 cm , suggesting that the lower energy peak 

may be associated with the 1T2 + 3T2 (T1 ) transitions involving an inter

action with the same phonon mode. 

2+ 3 -1 . 3 
In KMgF3 :Ni , the T2 (T1 ) level is 167 cm above T2 (E). Exam-

1 3 
ination of the T2 + A2 band shows that there is a phonon mode at ap-

lT + 3 · proximately this same energy so that the 2 T2 (T1 ) transition is 

obscured. It is worthwhile to note, however, that while there is one 

1 3 
prominent peak near the center of the T2 + A2 band, there are two 

similar peaks in the 1T2 + 3T2 band separated by 170 cm-1 • This implies 

that the splitting of these peaks reflects the spin-orbit splitting of 

the 3T2 (E) and 3T2 (T1 ) levels, as is the case for KZnF3 :Ni2+. 

Polarized Emission 

. . . f · 2+ . f Polarized emission spectra o MgF2 :Ni support the assignment o 

3 -1 . . 1 3 the 1 ,000 cm band to the transition T2 + T2 • As indicated previous-

ly, a comparison of the a,w and a spectra indicates that the lines m1 
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and m2 are polarized, magnetic-dipole transitions in o2h synunetry. A 

study of the energy level diagram in Figure 14 shows that the only 

scheme which.fits the data, i.e., a pure~ transition 35 cm-l higher in 

energy than a pure o transition, is that illustrated in Figure !Sa. 

This then establishes the transition giving rise to lines m1 and m2 as 

level is presumably the lowest of three 

. 1 
respectively. The T2 (B3) 

1 1 
components, T2 (A), T2 CB2) 

-1 
The other energetically possible assignment for the 13,000 cm 

1 3 
band is E + A2 • In this case lines m1 and m2 would have to orig~nate 

1 
on the E (A) and 

1 -1 
E (B1 ) levels with these levels split by 35 cm . 

Combining this with the known assignments of the ground state levels, 

(21) one obtains the schemes shown in Figures 15b and 15c. It is clear 

that neither of these can explain the observed spectra. 

Uniaxial Stress Measurements 

-1 
The results of the uniaxial stress measurements on the 13,000 cm 

2+ 1 3 3 a 1 3 
band in MgO:Ni are consistent with both T2 + T2 and T2 , E + A2 

transitions, and hence are inconclusive in distingµishing between the 

. . . . h . . 1 3 two possibilities. T e transition T2 + T2 has been proposed in the 

previous section. The interpretation of the stress responsible for this 

transition is as follows. With a stress along the z-axis, [001], the 

f h . 2+ . . 1 d f synunetry o t e Ni site is owere rom Oh to o4h. This splits the 

1 1 l' 1 {) dl {) T2 eve into T2 E an T2 s 2 components. Since the a2 states 

have lobes in the plane perpendicular to the stress direction {98 - xy)~ 

2 
it is expected that the energy of the level will be only slightly af-

fected by the stress. The E states have lobes at 45° to the stress axis 
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(SE - xz, yz), and from elementary considerations it is expected that 

their energy to be increased as the stress is applied. The terminal 

level of this transition, 3T2 (E), would be split into 3T2 (A1) and 

3 
T2 (B1 ) components. Furthermore, the B1 states, having lobes perpen-

62 

dicular to [001] (0 - (x2-y2)) will be shifted only slightly, while the 

A1 state with lobes along the stress axis (0 - z2) should have its 

energy increased. 

The two observed effects, the shift of the band to slightly lower 

energy and the apparent enhancement of the cr polarization with respect 

to the TI polarization, might then be explained as follows: The shift of 

the cr component to lower energy is due to a slightly larger downward 

shift of the 3T2 (B1) level than that of the 1T2 (B2) level [or a larger 

downward shift of the 1T2 (B2) level]. The TI component consists of a 

pair of lines, one member shifted downward 1T2 (E) + 3T2 (A1 ) and the 

other upward 1T2 (E) + 3T2 (B1) such that the center of the pair i$ 

shifted to lower energies. Two effects tend to enhance the peak height 

of the cr transition: (1) the TI transitions, being an unresolved doublet 

tend to appear as a broader line than the singlet transition, and (2) 

the TI intensities are decreased by a reduced population in the 1T2 (E) 

level (at 4°K, kT ~ 2.8 cm-l which is comparable with the observed energy 

shifts). 

Mn2+ Emission Bands in KMgF3 and MgF2 

Results 

Afterglow Emission. When KMgF3 :Mn is irradiated at any temperature 

between 15 and 300K, with even a low dose of high energy electrons, an 

emission band with peak at about 610 nm is evident as an afterglow. The 



63 

same emission band is observed if an unirradiated sample is excited with 

x-rays or optically stimulated with 365 nm or 450 nm light after the 

irradiation. This band is illustrated in Figure 16. Excitation of un-

irradiated KMnF3 at 15K by x-rays or optical excitation results in simi

lar emission with slight changes in the sharp line structure. This 

. . . 'b d 2+ emission is attri ute to Mn • 

As shown in Figure 17, MgF2 :Mn and Mn yields a similar emission· 

band at 590 nm under the same treatments described above. In the same 

figure, the a, ir, and a emission is portrayed. 

Immediately after irradiation at temperatures below BOK a compli-

cated absorption occurs for KMgF :Mn and MgF :Mn which decays with time 
3 2 

and/or optical bleaching. An optical bleach with 450 nm light decreases 

rapidly the absorption in certain regions. In Figure lB, the spectra, 

which are shown as the solid lines, for absorption before and after a 

450 nm bleach are depicted. The dashed lines in the figure represent 

the excitation spectra for the 590 nm and 610 nm luminescence bands. 

When optical bleaching is effective and a crystal with cubic structure 

such as KMgF is being used, it is possible to use polarized light to 
3 

determine the orientation of the defects responsible for the emission 

and absorption. Illustration of the data for such a polarized bleach 

is presented in Figure 19. 

6BO nm Emission. After some 20 minutes in the dark or 1 minute 

under white light illumination with the sample at 15K, the emission 

bands at 610 nm for KMgF3 :Mn and 590 nm for MgF2 :Mn almost disappear. 

In the case of KMgF3 :Mn, when this band has decreased, it is possible 

to detect emission around 6BO nm when measurement is made below lBO K, 

and at 630 nm when the sample is above !BOK. The lifetimes of these 
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bands differ appreciably as has been noted previously by Sibley, Yun, 

and Vehse (66). The low temperature spectrum of this band is shown in 

Figure 20, and the excitation spectrum for a sample irradiated and held 

at 15K is portrayed in Figure 21. 

720 nm Emission. When KMgF3 :Mn crystals which have been irradiated 

at 15K and then warmed to room temperature are measured at 15K, the 68p 

nm band has decreased, but an emission band at 720 run has increased. At 

15K irradiation, the 680 nm band is more intense and the 720 nm band is 

extremely weak. On the other hand, 300K irradiated specimens measured 

at low temperature show a dominant 720 run band. The luminescence band 

at 720 nm and the excitation spectrum for this band taken with the sample 

at 15K are shown in Figure 22 and Figure 23, respectively. 

For a sample irradiated at 300K, the intensity differences between 

these two emission bands are displayed in Figure 24. The 720 nm emission 

is more intense, but both emissions have similar growth characteristic. 

When the sample is thermally annealed above room temperature, the emis-

sion from the two bands has similar decay characteristic, as shown in 

Figure 24. The absorption spectrum after being irradiated at 300K, is 

shown in Figure 25. 

670 nm Emission. The a, TI, and a emission spectra for MgF2 :Mn 

specimens irradiated at 15K are illustrated in Figure 26. It should be 

noted that there is some difference in the intensity of the fine struc-

ture between the various spectra. The excitation spectrum for this 670 

nm band is presented in Figure 27. The inset of the figure provides an 

4 
expanded picture of the Tlg band at about 570 nm and shows the polari-

zation of the band for the polarizer oriented along the c axis of the 



Figure 20. The 680 nm Emission Band From 15 K Electron-Irradiated KMgF2 :Mn at 
15 K 0\ 

ID 



~ -z 
:::> 

>-
0:: . 

ii 
I--m 
0:: 
~ -
~ 
Cl) 

z 
lU 
1-
z 

WAVELENGTH (nm) 

200 300 2 400 500 600 

KMgf3=Mn IRRADIATED AT 15 K 

EXCITATION SPECTRUM 4. 
tl I 

4E 

15 K 

4r; 
2 

4TI 

0 -
50 45 40 35 30 25 20 

WAVENUMBER ex 103cm' ) 

Figure 21. The 15 K Excitation Spectrum for the 680 nm Emission in 15 K Irra
diated KMgF3 :Mn 

• < 

.....:i 
0 



-en 
1-
z 
.::::> 

>-
0:: 
<( 
0:: 
I-
m 
0:: 
<( -
>
t-
en 
z 
w 
1-
z 

... 
-,, I: 

WAVE LENGTH (nm) 

650 700 800 

/ 

I 
I 

I 

/--"' 
I \ 

I \ 
I ' I \ 

I \ 

KMgF3 : Mn 

-15K 
-- 300K 

ELECTRON 
IRRADIATION 
300K 

¥ \ 
v \ 

ow;.-~~~~_._~~---i...~~_...Q...~~....a 

15 14 13 12 
WAVE NUMBER ( I03 cm-1) 

Figure 22. 720 run Emission Band From 300 K Electron 
Irradiated KMgF3 :Mn Measured at 15 K 

71 

.. 

"· 



-U) 
~ 
z2 
:J 

>-
~ 
a::: 
~ 

m 
a::: 
<r ->
~ -U) 
z 
LLJ 
~ 
z 

0 

WAVELENGTH (nm) 

250 300 400 
4A 1 

KMgf3 :Mn IRRADIATED 
AT 300 K114 

E 
EXCITATION SPECTRUM --

15 K 

45 40 35 30 25 

WAVENUMBER ( to3cm-I) 

500 

20 

600 

4T 
I 

15 

Figure 23. The 15 K Excitation Spectrum for the 720 nm Emission Band From a 300 K 
- Irradiat.ed KMgF 3 :Mn Specimen 

-.J 
N 



-en 
1-

~ 2 
>-
0::: 
~ 
0::: 
I-
m 
0::: 
~ 

>-
1-
en 
z 
w 
1-

· Z 

I I e 720 nm BAND 
630 nm BAND 

(\. 
-,,." ~ . 

6 ·~ 
.. \. --------
~ . . 
.6~ 

73 

(\ 
\. 

.-.-•" \ 
6 \ 

'6 ' - ~- ~ I Ot--~~~~~~--'-~~~-'-~~~..L-..U..~~..L-~-L._..;;;..=.o;w.---...;;~~~-. 

5 300 400 500 600 700 
~ 4 .------• TEMPERATURE<°K) 
w r.---
u •· . 
t!:: / ~~~c~~~~~~~a 
w •. .../'° 
8 / 
~2 
la. 
0::: 
0 
en 
m 

,,a 

---·-· 
c--c--o 

42.6 nm BAND 
410 nm BAND 

~o ~-----L------L-------!------..1-o 2 4 6 8 
DOSE(lo15 Mev/cm'3) 

Figure ~4. Gr.owth Curves 9f 630 run .and 720 run .Emission .Bands 
and 426 nm (420 nm 15 K) anq 410 nm. (406 nm 15 
K) Absorption Bands With Rq.diatian Dose. 
Annealing curves of 630 nm and 720 nm bands 
from 300 K electron irradiated KMgF3 :Mn 



-I 
E 
0 -
I-z 
w -
(.) 

LL 
LL 
w 
0 
(.) 

z 
0 -
I-
Q_ 

a: 
0 
CJ) 

co 
<( 

74 

WAVE LENGTH. (nm) 

300 400 500 600 700 

30 K Mg F3 : Mn 

20-

10 

15K 

- ELECTRON IRRADIATION 300K 

35 30 25 20 15 

Figure 25. Absorption Spectrum From 300 K Electron Irradiated 
KMgF 3 :Mn Measured at 15 K 



WAVELENGTH (nm) 
650 700 750 

3 Mg f2 :Mn 

d 
SPECTRUM 

2 

-CJ) 

t-
z 
::::> 

>-
Ct: 
<t 

~o 
co 2 IRRADIATED 
Ct: 
<t AT 15K ->- rt I-
CJ) SPECTRUM 
z 
w 
t-
z -o 

30 
ex 

SPECTRUM 

20 

10 
J5K 

01£..-----'-~-'-~-'-__..JL-----L-~_.___J 

16 15 14 13 
. WAVENUMBER(x 103 cm-1) 

Figure 26. The 670 run Emission Band From 15 K 
Electron Irradiated MgF2 :Mn 

Measured at 15 K 

75 



~ ....:: 
~ :::s 
).. 

~ 
~ 
Qi 
Q:: 
~ 
'
).. 
...... 
~ 
~ a.;;: 

~ 

2 

I 

19 

, 
I 

I 
I 
I 
I 
I 
I 

r' 
I I 
I I 

: I 
I I 
I I 

) I 

I 
I 
I 

250 

c,, -------

WAVELENGTH (nm) 
300 400 

14 
4AJ 'n E 

MgF2:Mn 
-C.J. I IRRADIATED AT 15K1 

EXCITATION 
SPECTRUM 

15 K 

500 8)0 

4T1 

0 45 40 35 30 25 20 

WAVENUMBER ( I o3cm-1) 

Figure 27. The 15 K Excitation Spectrum for the 670 nm Emission Band From a 
15 K Electron Irradiated MgF 2 :Mn 

-...] 

O'I 



77 

crystal, E//c, or perpendicular to the c axis, E l c. From the inset it 

is clear that the two transitions are strongly polari~ed. The defect 

responsible for the 670 nm emission forms during room temperature irra-

diation. 

700 nm Emission. A 700 nm emission band, as shown in Figure 28, 

was observed via using a crystal of MgF :Mn irradiated at 300K and meas-
2 

ure at 15K. The defect responsible for these emission and excitation 

bands evidently does not form during low temperat~re irradiation or 

after low temperature (either 15 or 77K) irradiation and warming to 300K. 

The 15K excitation spectrum for the 700 nm band is shown in Figure 29. 

Although it is inhibited clearly in the figure, a possible excitation 

-1 
peak occurs at 43,000 cm .; but, because the exciting source is weak in 

this region, the peak is not clearly observed. It should be pointed out 

that no splitting of the 4T1g excitation peak is observed for the 700 

nm emission. 

When the samples are irradiated at 300 K, F-aggregate centers, such 

as F2 and F3 centers, can be observed through both emission and absorp

tion spectra. For low temperature irradiation; no F aggregates are 

formed. 

Table VII indicates the energy differences between the sharp line 

spectra for the various bands and is presented in such a way that a com-

parison of KMgF3 :Mn and MgF2 :Mn can be made. 

Discussion 

The emission bands which occur at 590 nm in MgF2 :Mn and at 610 nm 

in KMgF3 :Mn after irradiation are apparently due to "unperturbed" Mn2+ 

ions, since the emission spectra are essentially the same as observed 
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TABLE VII 

PHONON LINES IN KMgF3 :Mn AND MgF2 :Mn 

KMgF3 :Mn MgF2:Mn 

Emission Peak Position Energy Emission Peak Position Energy 
Band -1 Difference Band -1 Difference 
(nm) 

nm (cm ) (cm-1) (nm) 
nm (cm ) (cm-1 ) 

a-SPECTRUM 
610 581. 0 (17211) --- 590 569.0 (17574) 

(excitation 585. 8 (17070) 141 (excitation 572.8 (17458) 116 
365 nm) 588.7 (16986) 225 365 rim) 575.2 (17385) 189 

579.5 (17256) 318 

'IT-SPECTRUM 
560. 0 (17574 
572.5 (17467) 108 
575. 0 (17391) 184 
580.8 (17218) 357 

a-SPECTRUM 
569.2 (17569) 
573.2 (17446) 123 
575.0 (17391) 178 
580.0 (17241) 328 

a,'IT,cr-SPECTRA 
680 607. 4 (16464) --- 670 645.7 (15487) 

(excitation 610.l (16391) 73 (excitation 652. 0 (15337) 150 
409 nm) 615.0 (16260) 204 540 nm) 658.0 (15198) 289 

663.5 (15072) 415 
669.0 (14947) 540 

CX> 
0 



TABLE VII (Continued) 

KMgF :Mn 

Emission Peak Position Energy Emission 
Band . -1 Difference Band 
{nm) 

nm {cm ) {cm-1 ) {nm) 

720 670.6 {149.2) --- 700 
{excitation 677.8 {14754) 158 {excitation 

420 nm) 684.7 {14605) 307 420 nm) 
692. 0 {14451) 461 
699.1 {14304) 608 

~ 

MgF2:Mn 

Peak Position 
-1 nm {cm ) 

647.5 {15444) 
654.5 {15278) 
660.0 {15151) 
667.0 {14992) 
677. 0 {14771) 

Energy 
oif fe:rnce 

(cm ) 

166 
293 
452 
673 

<Xl 
I-' 



in MnF2 and KMnF3 • From successive optical bleaching experiments, a 

linear relation is found between the height .of the 450 nm absorption 

band, shown in Pigures 18 and 19, and the 590 or 610 nm luminescence 

82 

intensity. Furthermore, the after-glow and x-ray excited luminescence 

spectra from MgF2 :Mn and KMgF3 :Mn also show 590 or 610 nm bands. The 

optical absorption bands for low temperature irradiated crystals are 

very complex. Some of the complexity can be reduced by taking differ-

ence curves. The difference curves are driven by subtracting the ab-

sorption after bleaching from the absorption of freshly irradiated 

crystals. The intensity of the bands as well as the relationship be

tween the Mn2+ emission and the height of the 450 nm absorption suggests 

that some valence state of Manganese is involved. Ikeya and Itoh (91) 

. k 2+ l+ 0 • have done extensive war on Mn , Mn , Mn in NaCl. Their data suggest 

that the 450 nm band shown in Figures 18 and 19 is due to Mn° in a sub-

stitutional site. 
1+ 

They ascribe the band at about 270 nm to Mn • The 

observations obtained here so far are certainly not at variance with 

their tentative assignments; however, before these suggestions can be 

substantiated, a need to do more experiments and check-ups cannot be 

obliterated. Reviewing the enhanced data, it seems that Mnl+ centers, 

-with charge compensation from x2 centers, are involved. This assumption 

would lead to the possibility of Mn2+ emission each time an electron is 

lost from an Mnl+ center or an x2 center recombines with Mn1+. However, 

the <100> defect symmetry indicated from the polarized optical bleach 

suggests influence from another nearby defect. The presence of a 700 nm 

absorption band for KMgF3 :Mn, not for MgF2 :Mn is a mystery. 

The emission and excitation bands which are intense at 300°K and 

are irradiated in MgF2 :Mn and KMgF3 :Mn can be attributed to Mn2+ ions 



83 

with F centers as next neighbors. At room temperature, the radiation-

induced interstitials are mobile and agglomerate. At low temperatures 

the interstitials should be immobile and other emission and absorption 

or excitation bands should be observable because of the presence of these 

defects. 

In both KMgF3 :Mn and MgF2 :Mn, the intense emission bands are differ-

ent for the different radiation temperatures. The excitation transi

tions labeled 4A1 , 4E, and 4T2 are enhanced for the low temperature ir

radiations compared to the 300°K irradiation. Moreover, for MgF2 , as 

4 
seen in Figure 27, it is clear that the T1 transition is split. From 

polarized light data, shown in the inset of Figure 27, the dipole clirec-

tion for the defect responsible for these transitions, and the symmetry 

2+ 
of the Mn defect complex can be found. Previously, it was indicated 

0 2+ 
that the 300 K irradiation induced bands are due to Mn -F-center de-

fects. Since the low temperature emission bands and excitation spectra 

are different, the data are perhaps best explained by assuming that near-

by interstitials cause the changes in the optical properties. If this 

proposal is correct, an analysis of the polarized light data in Figure 

27 suggests that the interstitials in 15°K irradiated MgF2 crystals are 

located at the center of the triangle connecting the three neighboring 

Mg ion sites in a {110} plane. 

In the case of irradiated KMgF3 :Mn, it is reported that the 630 nm 

4 
emission arises from a symmetry split level of the T level and that 

lg 
-1 

the A2 level of this symmetry split level is 400 cm below the 630 nm 

level. It can be seen in Figure 25 that the 563 nm absorption band 

from which this 630 nm emission originates is split into two bands 63 

-1 
cm apart. The absorption intensity of these two bands is about the 
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same suggesting the transitions are allowed. It is believed that this 

4 
suggests that the 563 nm Tlg level is split into three levels (B1 + B2 

+ A2) in c2v symmetry by the presence of the low temperature radiation 

induced defects. The A2 ·+ A1 transition heing responsible for the 680 

nm emission observed at low temperature. The apparent c2v symmetry of 

h d f d 1 1 . 't . ' ' 1 2+ t e e ect can a equate y be exp ained by a spli 1nterst1t1a -Mn -F-

center complex. In fact, Ikeya and Itoh (91) have described a split 

. ' ' 1 . 2+ f h ' d . d. d 1 2+ 1nterst1t1a -ion-Mn center rom t eir EPR ata on irra iate Nae :Mn 

which, if an F center were present, would be very much like the model is 

proposed here. Figure 30 gives a tentative idea of the models in 

Table VIII gives a summary of the irradiation observations with a 

tentative identification of the defects responsible for each emission 

band. 

2+ 
Polarized Optical Transition From Mn -F Center 

First it must be illustrated that the spectrum in Figure 23 are 

actually associated with Mn2+ impurity. In an attempt to ascertain this 

the polarized excitation spectrum from KMgF3 :Mn was measured. The sample 

was illuminated with light propagating along a [001] crystal axis having 

its electric vector oriented along [100] or [010] crystallographic direc

tions. The detected emitted light propagated along a [010] direction 

and the polarizers were oriented to pass the [100] or [001] electric 

vectors. The 720 nm emission band was used to monitor the excitation 

spectrum. This emission band arises from a transition between a perturb-

4 ed T level (the presence of an F center reduces the symmetry of a 
lg 

Mn2+ site from O to CA with a commensurate decomposition of the energy 
h ~v 
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level symmetry to A2 + E) and the 6A1g (in the perturbed state A1) 

ground state. For electric dipole transitions between these levels only 

transitions perpendicular to the defect axis, TI transition, are allowed 

while the transitions along the defect dipole axis, a, are forbidden. 

Tbis means that the 720 nm emission should be polarized. Moreover, 

since the 612 nm absorption band levels must be A2 + E symmetry this ab

sorption must be TI polarized. The 420 nm levels are of A1 and B1 sym

metry and hence the transition is a polarized. · With this in mind, a 

table can be constructed predicting the effects polarized excitation 

and emission. The intensity of the emission stimulated by [100] pblar-

ized light and measured through a [100] oriented polarizer is designated 

as r 11 • For [100] exciting light and a [001] analyzer the intensity is 

r 21 and for [010] exciting light and a [001] analyzer the intensity is 

written r22 • In the case of unpolarized exciting light, r1u and r2u are 

designated for the analyzer oriented along [100] and [001], respectively. 

The intensity can be calculated by the following equation (59,92), 

= P IA 61 A 121A 62 A 12 
~ n . r . • u . r . · u1 i 1 1 J . 1 

where n. is the number of dipoles in r. orientation and n, is constant 
1 1 1 

for random distribution case, 1 and j are the polarization of excitation 

and emission respectively, Uj and u1 are the polarization of the light, 

and 61 , 62 = a, Til' TI2 • Table IX shows the predicted and measured for 

720 nm light as shown in Figure 31 assuming that these transitions are 

2+ 
from perturbed Mn center. The agreement certainly suggests that these 

2+ 
are perturbed Mn transitions. 



TABLE VIII 

SUMMARY OF IRRADIATION DATA 

Band Wavelength Temp. e-irradiation e-irr::tdiation e-irradiation 
(nm) of Low Temp. Low Temp. Room Temp. 

and Material Observation Warm to Room Temp. 

610 - KMgF3 :Mn 15K -- -- --

590 - MgF2 :Mn 15K -- -- --

680 KMgF3 :Mn 15K Yes Yes Yes 
Decreases 

670 MgF2 :Mn 15K Yes Yes Yes 
Decreases (Weak) 

720 KMgF 3 : Mn 15K Yes Yes Yes 
(Weak) (Weak) 

700 MgF2 :Mn 15K No No Yes 

340 KMgF3 :Mn 15K ---- ---- ---

390 MgF2 :Mn 15K ---- ---- ---

e-irradia-
tion X-ray, 

Optical 
Low Temp. 

Yes-Decays 

Yes-Decays 

--.--

---

---

---
X-Ray, Yes 

X-Ray, Yes 

Nature of 
Defect 

2+ 
Mn 

(Unperturbed) 

Mn2+ 

(Unperturbed) 

2+ 
Mn 

F-Interstitial 

Mn2+ 

F-Interstitial 

2+ 
Mn -F 

2+-
Mn -F 

- (?) x 
2 

-
x2 (?) 

co 
-.J 
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TABLE IX 

POLARIZED ABSORPTION FROM IRRADIATED KMgF3 :Mn 

612 nm Absorption 420 nm Absorption 

Predicted 0.5 1.0 1.5 1.0 0.5 

Observed 0.5 1.1 1.4 3.0 1.1 0.8 

Interaction Between F Center and Mn2+ 

The absorption spectra of electron irradiated KMgF3 :Mn both before 

0 
and after a mercury light optical bleach for two hours at 15 K are por-

trayed in Figure 32. It should be noted that although the bands at 612 

-1 -1 
nm (16,330 cm ) and 417 nm (24,000 cm ) decrease markedly with bleach-

-1 -1 
ing the sharp bands at 568 nm (17,000 cm ) and 403 nm (24,800 cm ) 

retain their intensity even though the background absorption changed. 

However, at 300°K it is possible to bleach the 417 nm and 568 nm bands 

with F light. 
-1 

The broad band at 454 nm (22,000 cm ), which is possi-

bly due to perturbed F2 (M) centers, is also decreased by the low temper-

ature bleach. 
-1 -1 

The band at 417 nm (24,000 cm ) is split by 119 cm 

which may .be due to the split of 4G of free ion Mn 2+ into 4A1 and 4E 
g g 

The background absorption caused by the presence of a number of radia-

tion induced defects makes it difficult to study Mn2+-radiation defect 

absorption; however, the excitation spectra have been used to obtain a 

clearer idea of the optical transitions of these defects. 

As mentioned earlier, the optical transitions for Mn2+ in Oh ·sym-
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metry are both spin and symmetry forbidden. In order to determine if 

the increased oscillator strength is due to site symmil:!try change or to 

2+ 
exchange interactions between the Mn and a neighboring F center, as 

has been tentatively proposed, the following experiment has been done. 

0 
An irradiated sample is bleached with ultraviolet light at 15 K. This 

releases electrons from the F centers into other traps, but at this 

91 

low temperature the empty vacancy is not mobile and the site symmetry 

2+ 
remains almost the same as for the F center-Mn defect (93). Examining 

the data in Figure 33, it is believed that optical bleaching causes a 

marked decrease in the intensity of the spectrum. If site symmetry 

alone is responsible for the oscillator strength changes, then this re-

duction will not occur. Therefore, it is justified in indicating that 

exchange plays a major role in enhancing the optical transitions in this 

material. 

2+ 
Co Emission in KMgF3 

Results 

0 
When KMgF3 :co is irradiated at 300 K, a number of new emission 

bands are detected. Three of these do not appear to be due to simple 

radiation induced defects such as F2 centers, but have half-widths and 

vibronic structure more closely resembling that of 3d impurity transi-

tions. These bands are portrayed in Figures 34-36. The bands at 875 

-1 -1 
nm (11,400 cm ) and 830 nm (12,000 cm ) have the same excitation 

-1 
spectra, but the 658 nm (15,000 cm ) band has a quite different excita-

tion spectrum. On the other hand, all three bands appear to grow equal-. 

ly with radiation, and the data illustrated in Figure 37 which is a plot 

of the intensities of zero phonon lines associated with these bands 
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with optical bleaching suggests that the 658 nm (15,000 cm-1) band and 

the other two come from the same defect complex. In order to determine 

if optical bleaching in the F band region (280 nm) would decrease the 

2+ intensity of these bands as it does for Mn -F-center complexes the 

0 sample were bleached at 15 K. The results are shown. in Figures 34 and 

36 and were similar for all three bands. If the crystals were warmed 

to room temperature after bleaching some recovery took place just as in 

2+ 
the Mn case. Since the growth of the bands with radiation appear to 

be the same and the effect of optical bleaching on all three is the 

2+ 
same, it seems to suggest that these three bands are due to a Co -F-

center complex and whose increase in intensity, as compared with unper-

2+ 
turbed Co , is due to exchange interactions. The excitation spectrum 

for the three bands is shown in Figure 38. It should be noted that ex-

citation at 445 nm yields an M center emission at 585 nm which can give 

problems in measuring the 658 nm excitation spectrum. This effect has 

been corrected in Figure 38. 

Discussion 

The Tanabe-Sugan diagram (13), as shown in Figure 39, for 3d7 ions 

indicates that the temperature dependence of the emission band energies 

can be predicted. For a transition between the 2Eg (A1 + B1 perturbed) 

4 
level and the ground state Tlg level, the peak should shift to higher 

energy at higher temperatures. This behavior is exhibited by the 875 

nm emission band as portrayed in Figure 40, and this emission is tenta-

tively assigned to the transition between these two levels. The peak 

4 4 
of the emission transition between the A2g (B1 perturbed), and the Tlg 

ground state should move according to an analysis of the Tanabe-Sugane 
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diagram to lower energy at higher temperatures and be very temperature 

dependent as shown in Figure 41. This character is evidenced by the 830 

nm emission band and it is tentatively assigned to the above transition. 

The 658 nm band is assigned to the 2T1· to 4T transition of co2+. Ab-
g lg 

sorption bands similar to those shown in the excitation spectrum of 

Figure 39 have been found previously by Aked and Simkin (67,68) on gamma 

irradiated KMgF3 :co. As can be seen from a comparison of Figures 23 and 

25, absorption spectra can be much more complex tha~ excitation spectra 

and thus are more difficult to interpret. Although they interpret their 

bands as due to perturbed color· centers, Aked and.Simkin show data that 

have an important bearing on this work. Their annealing data indicate 

that bands at about 308, 345, and 600 nm anneal out together around 

500°K. Although a band around 385 nm anneals at a lower temperature 

this is still a suggestion that the bands are connected to a particular 

defect. More important, they find a 800 nm absorption band present 

after irradiation with a zero-phonon transition at 860 nm which is the 

same energy as the zero-phonon emission line in the 875 nm emission, as 

shown in Figure 36. 



Figure 41. . ..Temperature .. Dependence .. of Half-Width and Peak 
Position of 830 nm Emission Band From 300 K · 
Electron Irradiated KMgF3 :co 
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CHAPTER VI 

COMPARISON OF THEORY AND EXPERIMENT 

Energy Levels of Mn2+ and co2+ 

2+ 2+ 
The bands in Figures 23 and 37 are due to perturbed Mn and Co 

transitions is shown in Table X. In this table shows the energies of 

the various.levets as predicted by crystal field theory for the values 

of the crystal field parameters Dq and B shown. The prediction was 

made using computer programs to calculate the various energies. 

program diagonalizes the energy matrices given by Chapter III. 

The 

2+ 
For Co 

C was fixed as 4.4 B (the same as that for the free ion), and the values 

of the Racah parameters Band Dq were then adjusted.to obtain the best 

f1. t f 2 ,2 ) 4 (4 ) or the E H and A2 F levels. 2+ . 
For Mn , an equation was set as 

C = 3.453 B and the values of B and Dq was adjusted to obtain the best 

fit of 4Tl C4G) and 4E(4G). After this normalization procedure for the 

first two energy levels no other adjustments were made. The measured 

and calculated values shown in parentheses are for zero phonon line 

transitions. The theory should be more' applicable for zero phonon lines 

and the values of B and Dq do vary somewhat when broad band energies or 

zero phonon line energies are used. The agreement between theory and 

4 
experiment for the A2g level is better when the zero phonon energies 

are used as can be seen in Table X. 
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TABLE X 

2+ 2+ 
OBSERVED.AND CALCULATED SPECTRUM FOR Co AND Mn IN IRRADIATED KMgF3 

Nature of 
Defect 

co2+_F-Center 

-1 
B =948.8 cm 
C =4.4B, -l 
Dq=716.4 cm 

(
B =901. 9 cm -l) 
C =4. 4B, -l 
Dq=667.0 cm 

(a) Data From Fig. 38 

Energy 
Level 

4T (4F) 
2 

2E (2H) 

4A2 (4.F) 

2Tl (2H) 

2 2 
T2 ( H) 

4Tl (4F) 

2T (2G) 
1 

2 2 
Al ( G) 

2T2 (2G) 

2 2 
Tl ( F) 

2E (2G) 

2Tl (2P) 

(a) 

Observed 
(103 cm-1 ) 

12.19 (11.62) 

13.32 (12.59) 

16.60 (15.94) 

17.75 

22.35 

23.10 

26.20 

30.50 

Calculated 
c103 cm-1 > 

6.16 (5.82) 

12 .19 (11. 62) 

13.32 (12.59) 

17.59 (16.72) 

17.92 (17.08) 

19.39 (18.40) 

22.28 (21.16) 

22. 48~.-(21:. 33) 

25.44 (24.15) 

26.16 (24.83) 

28.12 (25.68) 

31. 49 (29. 37) 

I-' 
0 
.i::. 



TABLE X (Continued) 

Nature of Energy Observed Calculated 
Defect Level (103 cm-1) (103 cm-1 > 

2+ 
-F-Center 4Tl (4G) (b). 16. 33 16.33 Mn 

4 
T2 (4G) 20.93 --

-1 
4Al (4G) 23.81 23.81 

B =873.33 cm 
4E (4G) C =3.453B, 

-1 
23.81 23.81 

Dq=955.2 cm 4 
T2(4D) -- 27.64 

4E(4D) 29.60 29.92 

(b) Data From Fig. 23 4 4 31.70 33.27 Tl ( P) 34.20 
4 4 · A2 ( F) 38.50 40.30 

Interstitial-Mn 
2+ 4Tl (4G) (c) 17.70 17.76 -F-Center 17.76 

4 
T2 (4G) 

20.83 22.20 
B =903.44 cm -1 22.73 

C =3.453B, 
-1 4E (4G) 24.03 24.63 

Dq=897.34 cm 24.63 
4 4 
Al ( G) 24.75 24.63 

4 4 28.41 28.79 T2 ( D) 
29.07 ..... 

0 
U1 



TABLE X (Continued) 

Nature of Energy 
Defect Level 

(c) Data From Ref. 66 4E(4D) 

4Tl (4P) 

4 
A2(4F) 

Observed 
(103 cm-1) 

30.12 
30.96 

32.57 
34.13 
35.70 

38.72 

Calculated 
(103 cm-1) 

30.95 

33.87 

41.71 

I-' 
0 
O'\ 
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Huang-Rhys Factor 

. . . b d 11 f h 2+ d . d . Fine structure is o serve on a o t e Co ban s illustrate in 

Figures 33-35. · This fine structure can arise from phonon-electron in-

teractions, spin-orbit effects or a Jahn-Teller effect. The four normal 

modes of vibration in KMgF3 have been measured 450-478 cm -1 
as v == , 

1 

295-300 cm -1 
140-156 cm -1 

and v4 310-350 -1 
(94,95). \) = , "3 = , = cm 2 

2+ 
Most of the Co levels are spin-orbit split with the ground state having 

-1 
the largest splitting of about 1,000 cm with the lowest two levels 

-1 2+ 
being about 333 cm apart (96,97). In fact, in MgF2 :co where the Co 

-1 
symmetry is o2h the levels are split be 152 cm , 798. 1091, 1256, and 

-1 2+ 
1398 cm in the ground state (98). An F center defect next to a Co 

ion reduces the symmetry and further splits the levels. The energy dif-

ferences between the sharp lines in our spectra are shown in Table XI. 

There is .no marked temperature dependence of these lines relative to one 

another and thus the transitions most likely originate in the lowest ex-

cited level. The splitting will then either give information on the 

spin-orbit splitting of the ground state or on the dominant phonon modes 

interacting with the defect. An alternate method of determining the 

average phonon energy of the dominant interacting phonon modes is to 

measure the temperatue dependence of the width at half-maximum of absorp-

tion or emission bands and use the linear coupling approximation. At 

very low temperature, the width at half-maximum of the bands can be 

written in terms of a phonon generation term s, the so-called Huang-Rhys 

factor, as W~(O) = S(~w) 2 8 ln 2, equation (12), at a particular tern-

perature, T, the half-width can be expressed as 

(~w/2KT), Equation 13. From a plot of arc coth 

2 2 
W~(T) = W~(O) coth 
W~ (T) 2 

( W (O)) versus l/T for 
~ : 

the 658 nm, 830 nm, 875 nm bands in KMgF3 :co and the 720 nm band in 
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TABLE XI 

0 
SPACING OF SHARP EMISSION LINES IN KMgF3 :Co AT 15 K 

Emission Band 

(run) 

658 
(excitation) 

590 run 

830 
(excitation) 

746 nm 

875 
(excitation) 

820 run 

Peak Position 
-1 

run (cm ) 

627.4 (15939) 

632. 2 (15818) 

794.0 (12594) 
800.5 (12492) 
806.8 (12395) 

860. 0 (11628) 
868.0 (11521) 
875.9 (11417) 

Energy Difference 
-1 

(cm ) 

121 

102 
.200 

107 
211 

121 

102 
98 

107 
104 



-1 Figure 42. It is found v658 = 139 cm 

109 

KMgF3 :Mn, as shown in 

-1 
v830 = 114 cm , v875 

-1 . -1 = 91 cm , and v720 = 223 cm • The values of the 

2+ 
Huang-Rhys factor for the Co doped crystal are s658 = 9.3, s830 = 9.2, 

and s875 = 1.6. It is also possible to measure S by comparing the area 

of the zero phonon line to that of the broad band. This method yields 

s658 = 5.6, s830 = 6.0, and s875 = 2.3. The expression of Equation (10), 

p = 
VO 

v s -s -e 
v! 

which arises from the linear coupling theory as shown in Chapter III, 

yields the ratio of the areas of the zero-phonon line and the one phonon 

lines. The areas of the lines in the data obtained in this lab are suf-

ficiently close to those predicted that it is not possible to eliminate 

vibronic transitions as being responsible for the fine structure in 

Figures 33-35. In fact, consideration of the data indicates that it is 

impossible at this time to state whether the sharp line structure is due 

to electron-phonon interactions, spin-orbit splitting, the Jahn-Teller 

effect or a combination of these. 
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CHAPTER VII 

SUMMARY AND PROBLEMS FOR FURTHER STuDY 

By examining two optical emission bands due to Ni2+ ions in each of 

four different crystals, KMgF3 , KZnF3 , MgO, MgF2 , it has 

to unambiguously determine the origin of the 20,000 cm-l 

been possible 

- 21,000 cm 
-1 

band as arising from a 1T2 + 3A2 transition and the 13,000 cm-l -. g g 

14,000 cm-l band as coming from a 1T2g + 3T2g transition. The inter-

pretation relies on the comparison of the measured transition energies 

in this work with existing optical absorption, emission and excitation 

data, on the observation of spin orbit splittings for the first excited 

states and on the analysis of polarization measurements in MgF 2 :Ni2+. 

It verifies the postulate of Bird et. al. (85). Results of stress 

splitting experiments in MgO:Ni2+ are consistent with these transition 

assignments. After electron radiation, no notable change in band shape 

of these two emission bands has been observed. 

The emission bands at 680 nm for KMgF3 :Mn and 670 nm for MgF2 :Mn 

. 1 . d d 2+ . . . 1 1 are tentative y assigne ue to Mn -F center-1nterst1t1a comp exes, 

whereas the emission bands at 720 nm for KMgF3 :Mn and 700 nm for MgF2 :Mn 

2+ 
are due to Mn -F center complexes. Although much work must yet be done 

to verify the presence and position of interstitial fluorines, the data 

presented in this work make the great potential of using 3d-transition 

ions as monitors for studying radiation damage quite evident. The 

2+ 
Mn -F center model in KMgF3 has been proved correct by means of polar-
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ized excitation and emission experiment and the excellent work of Young 

et. al. (93) by epr. 

-1 -1 
The 658 nm (15,000 cm ), 830 nm (12,000 cm ) 1 and 875 nm (11,000 

cm-1 ) emission bands observed in irradiated KMgF3 !co apparently are due 

2+ 
to Co -F center complexes. The 658 nm band, 830 nm band, and 875 nm 

2 4 4 4 
band are tentatively assigned to the Tlg to Tlg' A2g to Tlg' and 

2 4 2+ 
Eg to Tlg transitions of Co , respectively. 

The unusually high oscillator strengths of radiation defect per-

2+ 2+ . . . 
turbed Mn and Co transitions appear to be due to exchange interac-

tions between F centers and 3d impurities as shown by our optical bleach-

ing experiments discussed in Chapter V. 

The following projects are suggested for further study: 

1. A study of radiation effects on spin allowed transition bands 

of co2+ and Ni2+ ions should be initiated. From available absorption 

data, it appears that some of the spin allowed bands are not affected by 

radiation whereas spin forbidden transitions are. This result seems to 

have significant meaning and it would be of interest to determine why. 

Is it because the numbers of perturbed co2+ and Ni2+ centers are not 

great enough to distinguish the absorption band changes or is it because 

the F-centers do not interact with these particular states. If the 

former is true, then more sophisticated experiments such as ESR, ENDOOR, 

and Emission should be undertaken and if the latter is the problem, 

then a theoretical analysis should be made. 

2. Identification of the absorption bands at 454 nm for KMgF 3 :Mn 

and 450 nm for KMgF 3 :Ni should be made. Since the M center absorption 

band in KMgF 3 is at 445 nm, a reasonable assumption is that 454 nm and 

450 nm bands could be due to a 3d impurity perturbed M center, the so-
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called MA center. This assumption should be confirmed by polarized 

bleaching experiments. 

3. Interpretation of the fine structure of 658 nm, 830 nm, and 

875 nm emission bands observed in an irradiated KMg~3 :co should be ob

tained by means of a stress splitting experiment. 

4. An additive coloration experiment on MgF::Mn should help to 
. 2 

• . 2+ confirm the Mn -F center model. 

5. A theoretical calculation of the oscillator strength for 3d 

impurity-F center model must be attempted. 

6. Radiation effects on 4f impurity ions should be studied to see 

whether or not the oscillator strengths can be enhanced by nearby radia-

tion defects. 
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