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CHAPTER 1
INTRODUCTION

When anvalkali-halide crystal is heated -in the vapor of an alkali

metal(l_3), it acquires a characteristic .color. It is found that this

color is due to a bell-shaped absorption band in colored alkali-halide

(4)

crystal. Pohl called this band the F band and the defects responsi-

ble for it the F centers.

Color centers in solids have been studied intensively for nearly
half a century. During this time a number of excellent reviews of .the
subject have appeared. Some of these are summaries and books by Seitz

(5,6) (7) (8) (9)

» Schulman and Compton » Compton and Rabin' ’, Fowler

(10)

, and

Crawford and. Slifkin

Color centers may be produced by the methods of additive colora-

ion(11-14) (11,15-17)

t , electrolytic coloration or by exposure to ioniz-

)(18)

ing radiation (electrons, protons, X—rays, and gamma-rays
)(18-19)

or ener-
getic particles (neutrons . These processes produce intrinsic
defects in the lattice a8 well as changeé in the state of impurities in
the crystal. Sometimes the changes may involve the -production of in-
trinsic .defects bound to impurities, or tﬁey may only involve a change
in the valence state of the impﬁrities.

From time to time specific modélé é% doiof cénters Bé&é gééﬁ ﬁfél
(1,5,6,26)'

posed by various investigators In 1937 de Boer (4D proposed

3 model for the F center, which consiété& o% an electron trabpé& at the



position of a halogen ion §acancy. This model has proved to be correct
for alkali materials. Since color center research is important for
materials other than;alkali-halides, it 1s useful to have a reasonably
consistent nomenclafure for color cehters which is applicable to all
polar crystals. According to the new ﬁomenclature for defect centers

suggested by Sonder and Sibley(lg)

, the designation F center is reserved
for negative-ion vacancies éontaining the same number of electrons as
the charge of the-nofmal lattice ion. The existence of F center aggre-
gates called'Fz, F3, and F4 centers (M, R, and N centers) has also been
reasonably well established by means of optical aﬁd‘spin.resonance
measurements. The F2 center consists of two adjacent F centers and the
F3 center is formed froﬁ three adjacent F centers, - The self-trapped
hole center (Vk or X; center) consists of a hole which is self-trapped
on two adjacent anions,

Many important properties of solids are controlled as much or more
by the defects and impurities in the solids as by the nature of the host
crystal., Thus, it is iﬁportant,to-understand how materials properties
are altered by inadvertent or deliberate irradiation, Moreover, materi-
als that will be used in high radiation fields must be tested to deter-
mine how seriously hostile environments affect them.

Even though considerable color center research has been done on
alkali-halides, relatively few studies have been made on other trans-

» 3 KZnF3 and
KMnF3 are technologically‘important because of their potential useful-

ness as phosphors, laser hosts, and other devices(22~26). The two units

parent ionic materials. Perovskite materials such as KMgF

cells for KMgF, are shown in Figure 1. The "as grown"’KMgF3 is trans-

(27)

3

parent from about 120 to 10,000 nm and has a lattice constant of



KMgFS
PEROVSKITE STRUCTURE

_ . Mg+

fe———3.973 A ————

Figure 1. Two.Unit Cells for KMgF3



3.973(28)

Recently there have been several investigations of radiation in-

(27,29-33)"

duced defects in KMgF, crystals . These experiments have dealt

3
primarily with the identification of the optical absorption bands aris-

ing from these defects, with the kinetics of the defects themselves, and
the radiation damage mechanism. It would be highly desirable to study

the emission from irradiated KMgF, and make assignments of the observed

3

bands to either defects induced by radiation or present as impurities.

In KMgF3 crystals the F centers have D4h symmetry, F, centers (M

2

k 2 2v
(R centers) have C3v symmetry. Optical bleaching with [110] and/or

centers) and V. centers (X, centers) have C, symmetry, and F3 centers

[100] polarized light has been shown:to result in anisotropic absorption

characteristic of each type of oriented centers(34). Once the defects

have been rearranged into orientations which are no longer random it
should be possible to observe polarized emission from these defects, and
to use this polarized emission to identify the defects responsible for
the various emission bands seen after irradiation. From the excitation
spectrum technique it is possible to show which absgorption bands are re-

sponsible for particular emission bands,

(29)

Hall and Leggeat , tentatively identified F, F, and V, center

2 k
absorption bands in an irradiated KMgF3 crystal by means of electron

spin resonance (ESR) and polarized luminescence. Riley andeibley(27’

31)

identified F, F F3 and.Vk center absorption bands by using the

2’
polarized bleaching method and from the kinetics of these defects., In

addition, they tentatively identified FZ and F3 center emission bands in
electron irradiated KMgF 4 crystals. More extensive studies on V, centers

in KMgFé have been done by Lewis et al.(33)



Over the past years much research has been done on optical absorp-

tion bands in KMnF3, RanFB’ and MnF2(35_38). The magnetic ordering and

‘ +
the fluorescence of KMnF and other concentrated an systems have been

(39)

3

investigated by Holloway, et al. and by Klasens et al,(40) They ob-

served that ﬁhe fluorescence spectral output of these concentrated Mn2+
systems are strongly dependent on temperature, especially in the regions
close to TN and %TN (TN is Neél temperature). This effect was not ob-
served in the fluorescence of dilute Mn2+ systems.,

Over the past decade or go the excellent research of McClure,

(35,41-51) have extended our knowl-

Ferguson, their coworkers and others
edge of the 3d impurity ion transitions in various crystal fields, The
optical spectra of single transition metal ions in dilute crystals are
now well understood and the'details of the spectra can be explained with
some success. However, much work has to be done in understanding the
magnetic exchange interactions among the paramagnetic ions in crystals.
The discovery of the absorption bands due to pairs of Cr3+ ions in

A1203(52> opened a new era, Many other crystals have been investigated

(46,52-57) and have been'analyzed in terms of exchange coupling with the.
Heisenberg Hamiltonian Jg-g. Unfortunately, these transitions are
strongly forbidden and &ifficult to observe éxperimentally. In the

case of an 0h crystal field symmetry many of these transitions are spin
and parity forbidden having extremely small oscillator strength in the
range of 10_7. This is a severe limitation since only a few absorption
bands can be studied even 1in relatively thick crystals, High concentra-
tions of 3d ions result in other problems such as concentration quench-

ing of luminescence and precipitation effects.. Therefore, it would be

highly desirable to find a way to increase the intensity of these



strongly forbidden transitions. High resolution optical data for more
of these transitions would greatly improve our understanding of spin
orbit coupling, exchange effects and the interaction of 3d ions with the
lattice phonons.

Considerable research has been=dope on the pair transitions that
occur when ionic crystals are doped witﬁ Mn, Mn and Cu, Mn and Ni,
etc.(35’45’46’53’58-60), From these measurements it was found that the
oscillator strength fér the impurity pair transitions can be increased
up to three orders of magnitude greater than that for a single impurity
ion. This enhancement is attributed to exchange interactions which
partially lift the spin forbiddeness of the transitions. .

(61)

Recently Sell and Stokowski have reported that they observed in

Man a small increase in the Mn2+ absorption induced by the presence of
Ca impurities. These Ca impurities lower the crystal field symmetry
around the Mn2+ ion siterand partially remove the parity forbiddeness of.
the transitions.

(30)

Vehse and Sibley found a series of optical absorption bands in

Mn-doped KMgF, crystals which were electron irradiated at 80°K, They

3
suggested an F center-impurity complex as being responsible for these
bands. It is>possible to‘optically bleach the center with polarized
light to produce a dichroism which indicates that the defect orientation
is <100>. Moreover, optical bleaching experiments allow a determination

+
of which electric vector, € » 1s responsible for the transition., It

Lmn
should be noted that the polarization of the F center-complex is accom-
plished by a selective destruction of the cohplex rather than a reorien-

tation. This excludes the model of a single Mn-ion perturbed by an F

center and strongly suggests that two Mn ions are involved. In fact, a



study of the perovskite structure suggests that the simplest model for a
defect which satisfies all of the experimental observations is that of -
an F center at a fluorine site between two adjacent substitutional Mn-
ion impurities. We designate this-defect.which has its major axis along
<100>, by the symbol Mn-F~Mn, The addition of defects next to the Mn
impurities, such as an F center replacing a fluorine ion, should result
in even.greater effective oscillator strength for the transitions due to
exchangefinteracfiqns and symmetry}changes. Okada et al.(62) have
studied color centers in MgO:Ni induced by neutron irradiation. They
found new absorption bands at 365 and 460 nm and suggested that the Ni
ion center associated with a vacancy or an irradiation defect in the MgO
crystal was responsible for these twp new absorption bands. They also
considered that the 365 nm band mighf be due to a defect center resemy

(

bling the F, center in alkali-halide crystals, Agrawal and Rao 63) have

A
reported several new absorption bands in-Can:Mn which has been irradi-
ated. But they gave no explanation as to the origin of the new bands,
The object of the_preseﬁt investigation is twofold:
(1) to study the radiation damage, emphasizing the optical emission
from irradiated KMgF3 crystals, and

(2) to study the luminescence and the mechanism involved in the

enhancement of the Mn2+'ion transitions in irradiated.KMgF3$Mn crystals,



CHAPTER 1T
THEORY

An outline of the theory related to the absoéption and emission of
photons and phonons by point defects in solids will now be presented.
We congider the ;bsorption and emission of 1ight; polarized bleaching
experiments, vibrational~electron interactions and finally selection

rules.
Absorption and Emission of Photons

The theory of optical absorption by ions in crystals has been re-

<64), Di Bartolo<65) <66), Fitchen<67),

(69), Dexter(70), Condon and Shortley<7l),

viewed by Shore and Menzel
(68)

, Fowler

Schiff , Stepanov et .al,

and Pines(‘72)o The nonrelativistic Hamiltonian for an ion with one

electron and the electromagnetic field is<64)

1 3 ehy2 1 . 22 . =22 e > = ‘
o= o G- gty @ +T) ar + S5, (1)
where P is the generalized momentum,'K is the.vector potential, ¢, the
potential due to central charge, and E, the spin of an electron.. By

- | )\
uging the creation and annihilation operators a + and ai, the vector

k
potential X can be expressed by<65)
2 > > > >
T he” % aA , A dker A+ —iker



, Y N . . .
where A indicates polarization, Hk is the unit vector in the direction
>
of polarization, and k is the wave vector for the electromagnetic wave.

H consists of four parts:

= '
H Ho + HR + Hint + H', (3
where
H = E'2—-+ ed (4)
o 2m ’
o1l .22 22 _ MoA L
/ o= g/ B +D7dr ki @ e T 3R, (3)
H = -2 3%+ 30
int mc me
> > > >
_ e h % A\ > . A dker M —ik.r e >
me k%l (ka) IIk P (ak € + a, ¢ )+ me s+H, (6
and
' = == Kz = EE-E- pX ) (w, w )—1/2 ﬁx
2 m V koA koA PPk k
2me
D)
> > > > > > >
AT A iker A+ —dker A ik'r A+ dk'er
Lo (ak e +a. )(ak, e ta., e ).

HR is the Hamiltonian for the radiation field alone, and H' corresponds
to various two-photon processes. These two-photon processes are impor-
tant in studying the scattering of photons, but can be neglected for our
purposes., The term %fﬁﬁgin HR is the zero-point energy and infinite.
This infinite energy is not objectionable since it does not interact

with matter and is customary to subtract this contribution from HRo
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Let us take the periodic boundary condition over a cube of volume
V. The number of final states of photon in the range of k and k + dk

with a particular polarization is given by

g@)dk = —dk = —Zg-kzdk an, = —— wr dw, 49,
(2r) 87" 81 ¢
= g(wk) dwk ko , (8)

where ko indicates the element of solid angle in the direction K. The
density of final states g(vk) for the emission or absorption of frequency
Vi and a certain polarization, in any direction of space, is given by
integrating Equation (8):

dw

_ k _ b4mv 2 :
4wg(vk) = g(wk) a;;-4w = =3V - 9)
. c
(68,73)

From Fermi's Golden rule , the radiative transition rate.

Pk(i+f) is given by
) 21 2 1 2
B (i~f) = ;ﬁ% e |° gw) = by M % g(v)s (10)

where M = <Wleint|Wi>, and le> and IWi> are the final (fth) and init-

ial (ith) states, respectively, of the total system (idn and radiation). -

For the function lWi> = ]Wiel>|n2>-‘-

ing relations:(64’72)

nk>...|ak+ and a_have the follow-

+ 1 1
P L G A P L Wi L0 LWL

[

and

o .
alvy> = @)% ¥ " lnp e ey e
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The nﬁs are commonly called occupation numbers for each k, because they

specify the number of photons of each type composing the field.

The transition rate for the system to lose or gain a photon of kth

mode and polarization ﬁﬁ, in the direction given by ko is(65>
A \ 3 2T A2
P, (1~f) dO, = 30 A = le]
81 ¢ h
i >
2 iker, 2
w.e . n Y
- kR oy |y eliFe oo Mot Fyy el g, (11)
3 'n+1 f ~1k'r 1 k
he™m 'k i 22X P
e o, -
n k i

where the upper row corresponds to the absorption and the lower row to
the emission of a photon and IW;I> and'|W§l> represent the final and

initial states, respectively, of the lonic system. Using the orthogon-

>
ality of k and ﬁ; and the hermiticity of the operator V= —‘gy we have
> > >
— L) A 2 . .
]<W§l|e iker nie§]w§l>l=|<wil olke¥ ﬁﬁ-?]w§l>|2. If we choose the di-

pole approximation of the expansion (first term only in the expansion)

> >
@ TYE o B 1 @D B, (12)
then corresponding Hintlbecomes
EL e 2rhi %5 Ad > A A+
Hint T m kEA (B;VO Hk P (ak + A ). (13
Since
dx _ m
Px = mor = ig[H,x],
then
2rhw, i
EL k A aA A+ AA -
Hype = =148, O Lo B + a7 Bl (Fery) (14)
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where i is the sum over all the electron coordinates for a multielectron

ion. Hgit is called an electric dipole interaction Hamiltonian, The

first term corresponds to absorption (removes a photon), the second, to

emission (adds a photon) of radiation. The second term in Equation (12),
-5
T

&9 B = B EDF + @B} + 5 &) F - @B, (15)

the second term of Equation (15) can be expressed by

. w
_1-> -> ___1_<_A >
Lk x(rxp)}l = T (lk x L) ,
and the corresponding Hint term becomes,

(" @ f - a§+ i[1, x5 @+ 291 e

Hfit is called a magnetic dipole interaction Hamiltonian, where L = ;Ii,
i

§ = Ls i’ and l is the unit vector in the direction of k. Here we
i

have added the spin magnetic moment é%'g. The corresponding Hamiltonian
for the first term in Equation (15) will be the electric quadrupole in-
teraction Hamiltopian.

The transition rafes for the aBsorptioﬁ or emission of a photon

from or to any direction with any polarization are given by

3
w n
_ _k k el >, 2x , el 2
P,(i>f) = ——hc3 {nk+1}§fdszk|<\yf |M nk|wi >4, 17)

where the upper row describes an absorption of one photon, whereas the

lower row describes an emission of a photon. Note that although the

probability for absorption is proportional to the initial number of
)
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photons n, , the emission probability is proportional to n,_ + 1. There-~

k k
fore, emission can be induced by the presence of a field, or can take
place spontaneously. M in Equation (17) may be any dipole moment.

The probability of spontaneous emission of one kth mode photon in

the direction k(8, ¢) is

: 3
W
, _ k el ~hy, el |2
dA, (ivf) = f\_hcg <.~ Mem |y, "] de (18)

By integrating over the whole space and considering the orthogonality of

ﬁi, ﬁi, and k we have
L3
A (1>f) = D A U T TR

3 f i 0 o

he
3

8w : 2

- —E |« Sy o) (19)

3 £ 1

3he

This is the probability of spontaneous emission of a photon of kth mode
from level i to f. For convenience we write Equation (19) in the follow-

ing form:

3
81w 2 .
A., = = |M|°, (20)
fi 3hc3

here M is the matrix element of the dipole operator,

We can now introduce the dimensionless quantity<65>,

2m 2
£ == |u]*, (21)
2 3ﬁe2

and.ff is called the oscillator strength of the transition from i state

i
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to f state. Since the relation between Afi and the radiative lifetime

; - L
To 18 Afi - T, i

= 1511 %, (22)

where Ao is the wavelength of the radiation in the vacuum.

Let Py, is the energy density of the radiative field, then

i

. A 1
P e s Sl 1)
Py v

2 : 1
15 v-f dk g(k) hvk (nk + 39, (23)

where the factor two arises from the two polarization directions. Using

Equation (9), Equation (23), is given by

2

8mv , 1
J pvdv J c3 hv (nv + 2) dv . (24)
Then we have
3
8thv
v c3 v ? (25)

and the term 1/2 has been eliminated.
If B 1s the transition rate of the induced emission of a photon of

frequency v, then

A _ % o osmy’
B n 3 °
v c
. . (65,69)
where A and B are the so-called Einstein coefficients . Consider-

ing the electric field in the crystal
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3
fi 8 7 hv
B 3.3 ° (26)
fi C’/n
(o]
and
Bir B N
- L
By 8y

where ng is the index of refraction of crystal, and 8; and gg are the

statistical weights (degeneracy) of state i and f, respectively. Then

£ g
= = = (28)
if £

As the radiation propagates in the absorbing medium, the flux

gradually decreases:

|

N, W hv g(v) - N W, ho g(v), (29)

where oy is the energy density of beam per unit frequency per unit solid
angle (erg sec cm_3), Wfi and Wif_are the probabilities for induced
emission and absorption per unit time, g(v) is the normalized line shape

of transition (sec), Niband Nf are the densities of absorbing centers

in i and f states, and t is the time (sec). Since Wfi'= Bfi Py
dx ' . ,
Wif = Bif Py V=it and E = hv = 2rvA, Equation (29) may be written as
-d = E-(Ef-n - n ) B ' (E)d (30)
B TV Tg, "t 7 T Pgg Pp BYROE

where x is the light path length in the absorbing medium. Let Ni and

Ngrthe densities of absorbing centers in i1 and f states in absence of
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radiation and assume that the absorption is independent of the intensity

of the beam (this is the basic assumption of linear optics), then

Bif bE << 1 and
N, - gi-Nf 2 gz - gi-N; (31)
Finally Equatioﬁ (30). can be written
- Ei. E;% = %-Bif oy - gi-Ng) g(E) . (32)
From this equation we have
pE(x) = pE(o) e—a(E)? (Beer's law)(74), (33)
where
a(B) = T (B N, - By Np) g(B) - gfé--z-f— N -%Ni) g(®) (36)

0

and pE(O) is the energy density after a path length x = o. We call a(E)
the absorption coefficient, and Equation (33) indicates that the inten-
sity of a beam of radlation which passes through an absbrbing medium de-

creases exponentially., By integrating Equation (34) over band-width, we

have
0
2 g g, N
f a(E) dE = %———Tﬁ —iug (1———1—%) . (35)
o 81 ¢ N,

Furthermore, for low intensity beams, n. << n, , then
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2. g N°
/ o(E) dE = A 214 . (36)
4 T
gf 0

This 1s the fuhdaﬁental formula of absorption spectroscopy. It must be
emphasized that [/ «(E) dE is quite different from the a(E) in Beer's
law, Equation (33), and does not unambiguously determine the rate of
attenuation of the beam intensity of radiation in the medium.

The absorption cross section of a transition is defined by

o) = B (37)
i
Using Equation (36)
g
fom daE = A LA (38)
gi T

To treat the optical absorption of ions in crystal, Equation (20)
must be modified since electric dipole transition probability is propor-
tional to the square of the electric field at the ion site., This equa-

tion must be multiplied by (eeff/e)z, where ¢ is the electric field

eff
at the ion site and & ig the field in the vacuum., It should be remem-

bered that
k=§j-=’—,. (39)

where n, is the index of refraction. 1In addition, an extra factor no3
has to be included in the Equation (20), because the density of final
states is proportional to kzdk and by introducing the dielectric con-

2
stant = n,o, we have
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€
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(40)

where €, is the average electric field in the crystal, Finally Equation

(20) may be written as:

El 8mw° | 2 Feff, 2
Ay = —3 M7,
3nc )
and
M1 8w 2 3
Agy 3 4] %o
3nc
Moreover, Equation (22) becomes,
2
£ A
El . 0.2 "0
f . = 1,51 ()" —,
fi o eeff ng
and
2
‘ A
M1 _ ., 0
ffi T, = 1.51 E;— .

where Ao is the wavelength of the radiation in the vacuum.
" the above argument, we can write Equation (38) for electric

transition as

El

2hn’e? Bt (Cef£,2
' £1

J o(E) dE me g,

Ls
n
0 )

_ 2ﬁﬂ2e2 (eeff52 1 fEl
- me g, n  ~if

For the magnetic dipole transition, Equation (38) becomes

(41)

(42)

(43)

(44)

Considering

dipole

(45)
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22¢g 22
28n"e” °f Ml _ 2ht’e M1
J o(E) dE me g, n ffi = me B, fif . (46)
From Equation (37), we have
[ o(E) dE = 3= a(E) dE, 47)
1 .
and thus Equation (45) can be written in the form
n_me g 2
N, £ S ()" S a(B) dE . (48)
271 he eff
This is the Smakula's equation(75>. Dexter(70’76) suggested that the

Lorentz local field expression for the effective electric field in the

crystal could be written,

€ : n 2 _ 1
eff | 1 42 (49)
£ 3
0
and from this, Equation (48) may be rewritten as
i
‘ n_mc n
Nifﬂ - —— — 2/ a(E) B = 8.21 x 10°° ——2— J a(E)dE,
27 he (no + 2) (no + 2)
(50)

where o is 1in reciprocal centimeters and E in electron volts.
If the shape of the absorption curve is of the classical Lorentzian

form,

S o(E) dE = %~w ) W, (51)

max -

where W% is the full width at half-maximum and amax is the maximum ab-
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sorption coefficient, then

n

El 17 0
N, £ = 1,29 x 10 a W (52)
i 7if (noz + 2)2 max
For absdrption bands which are Gaussian in shape,
[ a(E) dE = E (0 X (53)
2 n2 max % °
and
n
N, fﬂ.‘ = 0.87 x 10%7 Ty o W (54)
(no + 2) X
Similarly, for the magnetic dipole transition, we also have
1 - ﬂez M1
ﬁ; Joa(v) dv: = = %% fif (55)
and then
M1 me 1 15 1
Ni fif = -—E_*-.EFE-I a(E) dE = 9,11 x 10 T J o(E) dE . (56)
Te n o6 -
o .
For bands with Lorentzian shape, we have
M1 . 16 1
Ni fif = 1.43 x 10 n_ o ax W;i , (57)
and for Gaussian bands,
M1 =16 1. _
Ni fif = 0,967 x 10 T %oy W;5 . (58)

(o)



21

If the concentration, the index of refraction, and the optical absorp-
tion are measured, the oscillator strength can be calculated from these

equations.
Polarized Bleaching

Although the theoretical calculations forbpolarized absorption and
emission by ofiented defects have been published‘in the past(9’34’77) in
the interest of clarity and especiélly since sample orientation plays a
majpr role in thé calculations, we will briefly review these calculations
as they apply to our experimental situation. Figure 2 is a schematic of
the sample orientation, with respect to both the exciting light and the
detection system, and of the orientation of different types of defects
in a cubic lattice. The major electric dipole axis is designated ¢, the
dipole axis perpendicular to o but in the same {100} plane is shown as
™ and the dipole axis perpendicular to both of thesF directions is
labeled ﬂé. For the case of absorption when incident light is polarized
along a direction 1 the interaction of this light with the various de-
fect configurations fi, where 8 is elther the major electric dipole axis
o or omne qf the minor electric dipo}e axes ﬂlkor wz, results in an ab-

9

sorption coefficient given by

. (59)

Here T, ﬁl’ and ﬁz are factors unique to the dipole axes and contain

(27)

several constants s Ty is the number of centers whose major axis lies
along one of the orientations shown in Figure 2, The results of this

type of calculation are shown in Table I for light propagating along the
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SAMPLE ORIENTATION
ABSORPTION EMISSION

(TABLET) . _ ' (TABLEID)
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Figure 2. Schematic Illustrations of the Sample Orientation With Re-
spect to Both the Incident Light and the Detection Sys-
tems for Absorption and Emission and of Defect Orienta-
tions in Cubic Crystals



TABLE I

ABSORPTION COEFFICIENT FOR LINEARLY POLARIZED LIGHT AS A FUNCTION OF THE TYPE OF CENTER

Absorption coefficient

(110)-type center

<111) -type center
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19 and [001] directions. The notation a,, denotes the absorp-

Yo Uy K2
tion coefficient for light polarized along the ﬁk2 direction. The square

of the direction cosine between light propagating in § 9 direction and

k'

polarized along the direction ﬁk2 and fg and fg is denoted as %-6; and

%-Y is the square of the direction cosine between ﬁk2 and ff and §5.
For the sample orientation used in this experiment, i.e., 45° to the

incident beam, § = /2 + l)2 and Y = (V2 - 1)2. When the direction of

the propagation is perpendicular to the sample face, -the equation is

much simplified as can be seen from the expression for % 10" The opti-
cal anisotropy is defined as:
Ao = 9100 ~ %010 = A010°
and : (60)
Ao = %m0~ %170 T - Aifof

Now we will compare the relative intensities of the polarized emis-
sion from <110>-and <1lll>-type centers. 'The emission may be written in
the form

SR AL (61)

‘ _  ~ By &
I = p % ni Iri U KD

it kryr]

where p is a constant and j and 2 denote the polarization of the excita-
tion and emission respectively, e.g.; j, 2 = 1,2 and ﬁkl and ﬁk'j are
the polarization vectors shown in Figure 2 for emission. Note that the

emission is not required to be from the same state involved in absorp-

tion and the cases B8,, B, = 0, T,;3 T, have also been considered. The
1° "2 1° 72

computed intensities are shown in Table II., The second row in each case
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TABLE II

Type of I 5 In 132
Center o B
Lo, +n,] Loln, +n,] d[a +n,] Loln, + 0, + 4n,]
Ploy + oy il Sl T TR 1e°th 2 3
-0
1 - 1 - 1 - 3 -
7 p 0 z e . z pn E en
lo[m +n,] 3—9[1‘! +n,] l—p[n +n, + 4n,] 1—9[31: + 3n, + 4n,]
g-1 8" "1 2 16""71 2 1671 2 2 32 1 72 3
1.z 3,a 3,: EI—
<100> 4 8 8 16
1 1 3 1
e goln; +ny] Teeln; + n, + 4n,] 3eelng +n,] 57038, + 3n, + dn;]
1 - 3 - - -
% pn B pn % pn ie pmn
l—o[n +n, + 4n,] l—p[3n +3n, +4n,.] 1 [3n, + 30, + 4n,] 1 [9n, + 9n, + 4n.]
S T e 3 32°1°M 2 3 3210 2 3 ! 2 3
3 - 5 - 5 - -
gen R " % pu
1o 1 1 ' 1
oo W[lsnl + 0, + n, + ng + n_6] ﬁp[y(n3 + nﬁ) + 6(n4 + ns)] 3—29[6(:\3 + ne) + y(na + ns)] ap[lan + 0,y + B, + g + n6]
5 = 3 - - -
7o god god e i
1—p[n +n, +n. +n.] 1 [16n, + 6(n, + ;) + v(n, + n.)] 1 [16n, + 8(n, + ] 1 [62 2
1e°lng + m, + 05 + 0 3zel16n; 3+ 3g) + (o, +05)] Fgpllen, + S(ay + ng) + vla, +09)] gpl670ay + ng) +y7(a, + 0]
<110> =%y 1 - 7 7
200 gen g° n 1—; on
1 1 1 ; 1
oo §°[n3 + n, + ng + nﬁ] Ep[ﬂnl + n, + n, + ng + n6] ﬁp[s(n3 + ne) + 6(n4 + ns)] ﬁp[snz + 6(n3 + n6) + y(na + n5)]
2 - 3 - 3 - -
=pn z p o Z pn % p 0
9% Lloln, +n, +9n, +9n,] L ol5n, + 5n, + 3yn, + 36n,] 1 ol5n, + 5n, + 36n, + 3yn,] 1y
LR e 3 4 72770 2 T 9vmy 4 FzPL5n; + 5n, ny + 3yn, Tyel2sm + 25n, + 0y + n,]
5 - 4 7 - 7 - 13
o-7 Zon a 3 -
B 9 B° men c° "
11
o-m, 1 1
2 §°[“1 + nz] W[“l +my + 3én, + 31“4] 2zeln; +n,] 1—9[511 + 50, + 8%n, + yzn ]
e, 3, PN 1ePlm vy, 72°L°™ 2 3 4
2 = 5 = 5 = 1 -
pn n 2 =
<111> 9 9° gen 18 ° o
7,0 éo[n +n,] 1 [5a, + 5n,] 1 L 1 2 2
2 9 1 2 18 1 y JePlny + n, + 31n3 + 36114] ﬁp[Snl + 5112 + v ny +34 na]
T,y 2 - 5 - 5 - 11 -
gen gen gen P "
Ln, +1,] Lo ] 1 1
B e goloy + oy wloy + 0y Feoley +mp + 0y 40, ]
272 8 - 2 - 2 - 1 -
gon gen gem gen

¥4



26

gives the value for a random distribution of centers. the absorption
coefficients for the directions connected with these measurements are
also given in Table I, When both polarized emission and absorption data
are available, an intercomparison of the two sets of data allows a de-
termination of the defect population of theé various orientations shown

in Figure 2.‘
Vibrational-Electronic Interaction

The optical transitions from defects in crystals sometimes have
strongly temperature dependent absorption or emission spectra whose
frequencies do not correspond to any transition in the energy level
scheme. These transitions involve two simultaneous events. One is a
change in electronic state and the other is a change in the excitation
state of a vibrational lattice mode. The bands due to these transitions
are called vibrational side bands. Abéorption or emission of a photon
with absorption of emission of a phonon results in vibratonal side bands
to the blue or red of the zero-phonon line in absorption and emission
band., These transitions are called vibrational-electronic or vibronic,
The vibrational frequencies which affect the spectra of an optically
active center are due to the modulating effects of ligand motion. The

state function of the total system is given by

el

I\P> = ]\P s nlsnz,"'s n *3 nl’nz""’nks"'>: (62)

q,oi

's are the photon oc~-
(70)

k

cupation numbers. If we employ Born-Oppenheimer approximation

where nés are the phonon occupation numbers and n
which

separates the nuclear and electornic coordinate systems, then
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ys = IWEl>| np syttt nq’...>| n ,n, ony, N (63)

The Hamiltonian for a system which consists of a central ion, the

molecular vibration of the molecular complex and the radiation field is

given by(65)
Ho= Hion + Hvib + Hrad + Hint ) (64)
Where
Hion = H (free ion) + Hcryst. + HS-O . (65)
-+ 1
Hvib éﬁwq (bq bq + 2), (66)
_ A+ A l
Heaa = 122 B (G 2 + ) (67)
and H, = HZ +HZ b} and b are th { {hi
int int int® an are the creation and annihilation op-

erators for phonon, Hgﬁtis the Hamiltonian for electron and lattice in-

. ER | . .
teraction and Hint is the Hamiltonian for electron and radiation inter-

. ER . .
ac . . : i
tion Hlnt is the same as Hint ;n Equation (6).

If the nucleus of the central ion is taken as origin for the coor-
dinate axes, then the crystalline potential can be expressed in terms of

the normal displacements of the molecule as:

' 2
oV 1 37V
= sV +__ eoe
Vcryst. Vo 1L BQ o Qq 2" q§q' EQqBQq"O Qq qu + s (68)

where each normal coordinate Qq is a linear combination of the displace-

ments of the ilons., Vo is the static perturbation that produces the

crystal field, i.e., V_=H . If we choose the first order approxi-
o] cryst.,
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mation, then

EL A b +
. =~ = I v + b
Bine = 2VgQ = Vg 07 (g + 50, (69)
. q
where Vq -%%— o is a function of the coordinate of the central ionm.
q

The matrix element for the creation of a photon of mode k with polariza-

tion %i and of a phonon of mode q is

el LEL __ER EL ,_ER | el
Ve osnHlym ALIHG A o<t [H Y gy >
M(a +1; n, +1)| = %
q k k , E; - E,
(70)
From the orthogonality conditioh,
[M(n +15m,41) |
el ER el el EL el
-, <Wf ,anl-l,nk+l|Hint|‘Pj ,pq+l,nk>»<‘£‘j ’nq+l’nk|Hint]wi ,nq,nk>
g ’ 1 el
j BT - (EST +
7 By ey
el EL el el ER |,el
. <Wf H nq+1, nk+1|Hint|‘Pj ?nq,nk+1> <Wj ,nq,nk+llHint|‘Pi 30g 30>
i el = el '
Ei (Ej + ﬁwk)
el, ER el el el L
U3 m + 1|Hint] ¥ m> <\ijllrx‘,|lvi > (n  +1)
) JZ"[ T
i 3 “q’ .
el el el ER ,el, L
<Y |rV ¥ <t ,nk+1]1+1int|\yi smp > (o) P
+ el el ] (Zw )"
Ey7 - (BT +4wy) q

J

then
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|M(nq+l , m 1) |

> >
k7
el iz ~xp el el el
e M )%(ZNh)%{nk+l}%( l)% [ Ye l%e 'P'”k[vj ><¥y lrvlwi >]
« 2 n 417 [1 ,
L ST - S+ fw)

where FV represents oneiof the possible modes of vibration of complex,

and j run for all electrons in ion. The second term in [ ] is neglect~
ed because W >> wq. The upper matrix element represents the process of
the creation of a photon plus creation of a phonon (emission in the low
energy band) whereas the lower matrix element represents the absorption
of a photon and a creation of a phonon (absorption in high energy band).

Similarly the matrix elements involved in the absorption of a phonon are

IM(nq—l; nk:l)l

> >
-ik.r
el 12> - el el el
e ¢ A )ﬁ(Zwﬁ)% [z <vf ‘% € P'Wkl vj > <Y ]Tvl vi >]
m 2w ka E?l (E?l - Aw )
1 ] q
+1 % 1
T (72)

The upper matrix element represents the process of the creation of a
photon and absorption of a phonon (emission in the high energy band)
whereas the lower matrix element represents the absorption of a photon

and absorption of a phonon (absorption in the low energy band). Since

1 _ - \
n = éﬁwq/kT 3 s then nq =0 at T = 0, and so the second process is

4 1
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not active at low temperature.
Configuration Coordinate Model for the Optical Band Shape

The configuration coordinate scheme suggested the

(9,11,65,78-81) by
results of the Born-Oppenheimer approximation can be used as a model to
explain the optical band shape. In the linear coupling model, two non-
degenerate electronic states, wi and wf-are assumed to couple linearly
to a normal coordinate Q of the lattice. In the Born-Oppenheimer

approximation the nuclear motion problem is reduced to that of solving

for the vibrational states for the adiabatic potentials approximation

to the ground and excited electronic states. These potentials are

= L uZe?
Ei(Q) - 2 mw Q
and
E.(Q = E; + A (%1‘*3‘)”2 Q + %mwzqz . (73)

Here Q is the normal coordinate and A is a dimensionless constant which
characteri;es the strength of the linear .interaction. The energy
separation between the excited state and ground state potential at Q=0
is Eife The duantum mechanical solutions for the ground states are

[(mw/'fl);é]lﬁ -%pz

> = “ca '.uu>‘ H 74
n R T NOF (74)

| o i i

b

where p = (%%) Q and Ha(p) is a Hermite polynomial. The possible ground

state energies are
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ey = (ot fu . (75)

The solutions for the excited state are

[(ﬁw/ﬁ) 1% o)
B

‘= l--.n e s> =

5 s Hy(p+A),  (76)

with energies

€ = (BHs)hw + ¢,. -

A%
£8 1g = 5 e . a7

The ground and excited state 'vibronic" wave function for the
coupled defects are taken to be proguct function of the form

el—)——>

SED e ny ey and VD

; ->
aee 1 "'>f? where r is the elec-

B

tronic -coordinate. By employing the usual Frank-Condon approximation,

the matrix element can be written ‘as <W IM[W >'<'°'n8~~-

see s>
f a i

Thus, the optical band shape is determined by the overlap integral,

f<o-=na---|---n8--=>i . The probability for the transition can be ex-

pressed as a normalized Gaussian and the full width at half-maximum is

Aw

W%(T) = WI(O) (coth R

) . (78)

The overlap integral between displaced harmonic oscillator wave

(81)

functions is

2 J2%(Bma)
cn e, = AT <§ )25 L8 w?ay, 79

<eu-nBo-o

where Lg-a is the Laguerre polynomial, If § = A2/2 then the normalized

transition probability is
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=S aly B0 B0, 12
Moy = ¢ GD s eI, (80)
(82) 0 . Co
where S8 is Huang-Rhys factor . For T = 0K, the only occupied initial

level is o =.O, and LE (S) = 1, and the probability for the transition

to the Bth lével of the excited state is

8
W= S8 (81)

Bo B

This leads to an absorption spectrum consisting of a series of lines at

EB = (Eif - Shw) + Sﬁw = E_+ 8fw . (82a)

From this we know that the zero-phonon transition at Eo has the normal-
. ‘ , ~S . .
ized probability woo= e . The same is true for the emission band. At

low temperature an emission spectrum consisting of a series of lines at

E = E '+ chuw, (82b)
a [o}

is mirrored about the zero-phonon line. If S = 0, the spectrum is a

single unbroadened line at the static lattice position Ei For S > O,

£
the zero-phonon line is displaced from the static lattice position by
the amount Shuw. |

If the individual components of the line series are not resolved,
it is convenient to describe the line shape by its moments. 1In those

cases where only the envelope is observed for a line series with large

values of S, the second moment is related to the W,_(0) by
3

N )
w%(o) ~ 8 1n 2 [Mz(o)] , (83)
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where MZ(O) is the second moment and is S(ﬁw)z at T = 0°K.

The semiclassical treatment of the configuration coordinate

(80)

scheme suggested by the results of the Born-Oppenheimer and Frank-
Condon approximations will be reviewed. Under these assumptions the
configuratioﬁ ;oordinate describes.a simple harmonic oscillator with
force constants Kg and Ke for the ground and excited states, respective-
ly. The miniﬁa of the two states are dispiaced in eqergy by Ege and in
coordinate by Qo' This model allows for a simple description of the
Stokes shift of emission and the origin of broad absorption and emission
bands. At low temperature only the lowest vibrational level will be
populated so that the energy of the ground state above the classical

minimum will be Eg = Mhwg and the excited state has an energy

e, = sg + —-K @« - Q )

According to the Frank-Condon principle the absorbed energy is

therefore

=

A Huw
A@ = (e -5 R QD) - Q) @+ ®/2) Q7

N

It has been customary to drop the last term in this equation since the
range of values over which Q is taken is usually small. The probability

of an absorption transition as a: function of & is given by
o
= %)% - 2 «1 4Q
PA(e) (Kg/ZTrkT Y* exp [ K, Q /2kT*] )

where T*, an effective temperature, given by
T* = ('ﬁwg/Zk) coth ('ﬁwg/ZkT) .

Substituting for dQ/de from above equation and taking the low tempera-
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ture limit, one obtains

. -1 L 2
Py(e) = [K CRRN (Kg./ﬂwgﬁ) exp (- K, Q /’hwg)

which is a normalized Gaussian with

A 1 21
Cmax = Ege + 5 K¢ Qo - Z'ﬁwg . (84a)
For emissioﬁ; we have
E . 1 2 1 .
S (@ = (g, m 7R Q) *Fhe) - K QQ
and
E 1 2 1
Cmax - Ege - 2;Kg Qo + E“ﬁwe . (84b)

Where energies are in electron volts and Qo is in X. It is customary,
considering the breathing mode as predominant, to take the mass to be the
sum of the masses of the nearest neighbors. To describe configuration
coordinate diagrams in this model, four constants Ege’ Qo’ Kg’ and Ke

are required. Therefore, a minimum of four experimental facts are

needed.
2+ 5
Allowed Energy Terms of Mn~ Ion (3d7)

In 1967, Tuttle(83> developed a ver& simple method of finding the
terms from a configuration containing a number of equivalent electrons
based on two assumptions: (1) the Pauli exclusion principle, and (2)
one and only one completely antisymmetric wave function can be construct-

ed .from any given set of allowed quantum numbers. The terms are repre-
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sented in the form of 28 + lL. The S and L are the total spin and orbi-

tal angular momentum of the system, respectively.
The following is the short outline of the steps to find the allowed
energy terms;of a 3d5 configuration:

(1) Enter values of m, in a-row sequentially, from left to right,

starting with m, = 1 in column 1, according to the following rules:

2

wherein the spin-up section (or the spin-down section) values of m, must

decrease from left to right, without repeating values.

(2) For the first row of the chart, the term is simply S = MS and

L = ML' As chart grows larger, rows of given M, and ML must repeat all

S
the preceeding terms for which S > MS and L > ML. There will be at

least as many rows having the given M_, and ML as there are terms pre-

S

viously found with S 2 MS and L 2 ML' If we have more rows than terms,
we have new term (or terms), for which S = MS and L = ML'

(3) Now decrease ML by unity and repeat the above steps. Continue
until the case ML = 0, and then repeat the steps with MS lower by 1.

This time start the row of m, values in column 2 (or subsequent columns

L

as calculations proceed) instead of column 1. Continue until the case

ML = 0 and MS_= 0 or 1/2 is reached. Table III is the complete table

for finding the allowed terms for a 3d5 configuration. The allowed

G

terms of 3d5 configuration are 6(S), 4(G, F, D, P), and 2(1, H, G;, G,,

Fi» Fy, Dy, Dy, Dy, S).

Selection Rules

o
By replacing e1k P in Equation (71) by M we can write the matrix

element in Equation (71) as
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S MS ml MS Terms
1 111 1 1 1 2
7 232272732 2 1-1 20 2 H
2
2 1-2 2 1 ¢
2
2 0-1 2 1 c,
2 1 0 1-1 e
2 01 0 2 -2 by
2 1 0 2 =2 bp
2 1-1 2 -1 27
2 1-1 1 0 2y
2
2 1-2 2 0 ¢,
2
2 0-2 2 1 c,
1 2
2 0-1 2 0 F,
2
1 0-1 2 1 F,
2 1 0 1 -2 e
2 1-1 2 -2 bp
2 1-2 2-1 “p
2 0-2 2 0 21
2 0-1 2 -1 2y
2
2 1 0 0-1 ¢,
2 1-1 1-1 20
2
2
2 1-2 1 0 F,
2-1-2 2 1 2p
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I1TI (Continued)

S MS mZ MS ML Terms
1 111 1 1 1 2
7 7277772 20t 1o 7 2 Py
2
1 0-1 2 0 D,
1 0-2 2 1 2y
3
2 1 0 0 -2 1 “a
2 1-1 1 -2 by
2 1-1 0 -1 4
2 1-2 2 -2 “p
2 1-2 1-1 2
2 0-2 2 -1 2y
| 2
2 0-2 1 0 ¢,
2
2-1-2 2 0 ,
2
1 0-2 2 0 F,
2
2 0 -1 2 -2 F,
2
2 0-1 1-1 D,
1 0-1 2-1 25
2
1 0-1 1 0 25
3
2 1 0-1-2 0 bs
2 1 -1 0 =2 46
2 1-2 1-2 bp
2 1-2 0-1 4
2 0 -2 2 -2 “p



TABLE III (Continued)
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S MS mjz MS ML Terms

F BIiE cosia 3 o %
2 -1 -2 2 -1 2y
2 -1 -2 0 %,
102 21 2G2
1 0-2 1 0 2Fl
2 0-1 1-2 2F2
2 0-1 0-1 %,
1 0-1 2 -2 2D2
1 0-1 1-1 2D3
0-1-2.2 1 23
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el 1 | yel, | (85)

el | ~A el
<¥_ M 'nkl wj > <\yj o Yy

The three components of the electric dipole operator transform as x, vy,
and z; the three components of the magnetic dipole operator as the com-

ponents of orbital angular momentum, i.e., Lx’ Ly’ and Lz. The electric

dipole operator is an odd operator while magnetic dipole operator is an
even operator.

If Pi and T, are, respectively, the initial and the final state of

f

the vibronic transition, and Fr is the representation of the dipole
operator, then the selection rules may be stated éimply by saying that a

transition is allowed if the direct product Fr X Pv X Pi contains Ff.

xI' xT x 7T, contains the
£ r v i

totally symmetric representation, the transition from i to f state is

In other words, if the direct product T

allowed. When we ignore an active vibrational mode, the transition

from 1 to f is allowed if the direct product Fr X Pi contains Pf.



CHAPTER III
EXPERIMENTAL PROCEDURE

The KMgF3 and KMgF3:Mn crystals used in these experiments were

grown by the Stockbarger technique(27’84>. The Mn-doped crystals con-
tain 0.04, 0.4, and 1.4 at. %Z Mn respectively and the concentrations

were used to calculate the oscillator strengths of the observed Mn2+

optical transitions in the crystals. Impurity analyses of some of these

samples have been published(3l>.

(85) have demonstrated that KMgF3 and KMnF3 form solid

solutions in all proportions and it is felt that the Mn2+ ions are well

Vehse et al.

distributed even in the heavily doped samples,

Samples about 1 mm thick were cut parallel to the thermal fracture
planeé {100} using an IMANCO Macrotome diamond saw, and polished using a
Syntron LP-01 vibratory polisher with a Linde A/distilled water slurry.
Any major irregularities were removed before polishing by hand lapping
on . a glass plate with nﬁmber 600 carborundum grit in mineral oil.
Crystal orientations were checked using Laue X-ray back reflection tech-
niques.,

vThe‘samples were irradiated either with 60Co gamma source or 2 Mev
electrons from a Van de Graaff accelerator at dose rate of about 1.85 x
1013 Mev/cm3 sec. Most of the samples were irradiated either at room

o] .
temperature or 80 K. For low temperature irradiation the samples were

held in the cryostat manufactured by the Sulfrian Cryogenic Corporation.

41
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Most of the optical absorption measurements were made on a Cary 14 spec-
trophotometer between liquid helium temperature and room temperature.
When high resolution spectra were needed, a one-meter Jarrel-Ash Czerny-
Turner monochromator with a dispersion of 8.2 K/mm and a GE 200 w
quartz-iodine standard lamp were used., All polarized absorption meas-—
urements Wefe made in a Cary 14 spectrophotometer using Polaroid type
HNP'B unsupported ultraviolet polarizers in both the sample and refer-
ence beams. This s&stem transmitted light as low as 190 nm, but the
polarization was effective only to about 230 nm. The polarizers could
be oriented to plaée the transmission direction for the electric vector
of the incident light along any desired crystallographic direction of
the crystal being studied.

The Cary 14 spectrophotometer records the optical density as a
function of wavelength. The optical density, O0.D. = loglO(Io/I), is re-
lated to the absorption coefficient by o = 2,303 (0.D./x) cm_l, where I
and Io are the intensities of the optical beam respectively and x is the
sample thickness. The sample thickneéé was carefully measured in several
places using micrometer. The oscillator strengths (f numbers) were de-
termined by means of the formula of Smakula, i.e., Equation (54), and
from the measured area under the absofpfion bands.,

Luminescence measurements were made on the Jarrel-Ash one-meter
monochromator with excitation accomplished by means of various light
sources (75 w short arc Xenon lamp X-~75 by PEK, Inc., 100 w short arc
mercury lamp PEK 112 by PEK, Inc., and 200 w quartz-iodine lamp by
General Electric Co.) passed through a SPEX Minimate 22 cm monochromator
manufactured by a SPEX Industries, Inc. The light was chopped at a

frequency of 450 HZ with Keithley Model 8403-450 light chopper. A block
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diagram of the luminescence apparatus is shown in Figure 3. The sample
wag rotated slightly off of a 45° angle to minimize reflection of the
exciting light into the detection system. A diagram of the sample ori-
entation with respect to both the incident light and the detection sys-
tem for absorption and emission is shown iﬁ Figure 2, As mentioned above
the emission’spectra were analyzed with a Jarrel-Ash one~meter monochro-
mator and detected with an RCA C31034 photomultiplier tube at 800 V DC
at room temperature, The output from this phototube was conditioned by
a Keithley Model 840 lock-in amplifier., The detected luminescence in-
tensity was displayed against wavelength on a Model 2D-2 X-Y recorder by
F. L, Moseléy Co. :Absolute calibration of the exciting light and the
detection system were accomplished with a quartz~iodine standard lamp
maving calibration traceable to ﬁhe National Bureau of Standards. The
response factor of lumineséence detection system determined from the
calibration and the spectral irradiance of PEK X-75 Xenon short arc lamp
are shown in Figures 4 and 5.

For all low temperatﬁre optical measurements either a Sulfrian
cryostat or a Displex helium refrigerator Model CS-202 by Air Products
and Chemicals, Inc., were used. These units were equipped with a rota-
table tail section with quartz windows. By balancing the heat input
from a small electric-heater immersed in the Sulfrian cryostat against
the removal of heat by the cold liquid; sample temperatures between 4.2
and 300°K could be obtained. With the Displex helium refrigerator,
temperature between 12°K and room temperature could be obtained and held
accurately for long periods of time. The temperature in both sample
units were measured with a thermocouple consisting of number 36 gauge

gold: 0.7 at. % iron versus chromel P wire.
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The optical excitation spectrum for a luminescence band could be
taken with the same apparatus described above with SPEX Minimate 22 cm
monochromgtor driven by a synchronous motoy drive. In»all cases, care
was taken to insure that the natural line widths of the absorption or
emission were greater than the instrument resolution. Luminescence
bands which consisted of two different lifetimes could be easily resolv-
ed by phasing the lock-in amplifier. Corning glass filter with optical
sharp cut off were used to eliminate higher orders of the exciting light
from the monochromator output.

Most of the radiative lifetime measurements were made on a nano-
second decay time fluorescence measuring system manufactured by ORTEC,
Inc., and series 1100 analyzer system by Nuclear Data, Inc. A phase
sensitive lock-in amplifier was also used to measure a radiative life-
time of one emission band.

Two types of annealing experiments were utilized. In the case of
a continuous anneal, an immersion heater was used to slowly warm the
sample while the Cary 14 spectrophotometer or luminescence apparatus
monitored the absorption or luminescence for the bands in question., For
an isochronal anneal, an optical spectrum was originally recorded at
77°K; then an immersion heater was’used to quickly warm the sample to
the desired temperature which was maintained for ten minutes. The
sample was then quenched to 77°K and an optical spectrum recorded. Above
ambient temperature, a small furnace capable of holding the sample tem-
perature constant at temperatures up to 1300°K was used to heat the
sample to desired temperature. After 10 minutes at temperature, the
sample was removed and quenched on a brass block at 300°K. The optical

spectrum was then recorded.



CHAPTER IV

OPTICAL ABSORPTION AND EMISSION

FROM DEFECTS IN KMgF3

Color Center Absorption in KMgF3

The absorption spectrum at 15°K for a KMgF3 sample electron irradi-

ated at 300°K is shown in Figure 6. According to Hall and Leggeat(zg),

(27,31)

and Riley and Sibley the bands at 275, 445, and 395 nm are due to

9 F3 centers, respectively.ﬂ The 340 nm band which was observed

only at low temperature for a sample irradiated at below LNT was also

the F, F

identified as due to the Vk centers. Additional bands at 570, 360, and
500 nm have been ébserved at room temperature, Several other weak bands
at 477, 220, and 340 have also been recorded at low temperature. Among

these bands the 477 nm band ‘when measured at 10°K has a zero-phonon line
on the low energy side of the broad band,

A study of the temperature dependence of the band width at half-
maximum and the peak poSition of the 570 nm absorption band was under-
taken. A Gaussian plot for the 570 nm band is shown in Figure 7. 1In
Figure 8, the full width at half-maximum, Wl/2’ and the peak position,

eﬁax’ obtained from the Gaussian graphs are plotted versus Tl/'2

for the
570 nm absorption band. Figure 9 portrays coth—l(W(T)/W(O))2 versus
1/T. These data are necessary to determine the parameters needed in

construction of a configuration coordinate diagram for the center. A

48
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value of mg = 4.7 x lO13 sec-l can be determined from the slope of the

line and Equation (83), A value of § = 5.3 is obtained. A zero-phonon
line corresponding to the 570 nm absorption band has not yet been ob~
served; howevgr, there 1s a possibility to observe the zero-phonon line
with a high résolution monochromator.

In order to find the relation among ﬂl, ﬂ2, andlc of F2 centers
which have beenvalready discussed 1n Chapter II, a polarized bleaching
experiment was performed. The results are shown in Figure 10. In the
top panel of this figure, the two curves labeled [liO])and [110] are the
[110] and [110] spectra taken after the crystal was bleached at 300°K
with [llO] 254 nm light. The term [110] light is used to refer to light
propagating in the [001] direction with the electric vector parallel to
a [110] direction. As discussed in Equation (60) the center panel of
this figure shows the anisotropic absorption AllO and the lower panel
shows the anisotropic absorption A100 following a [010] 254 nm 1light
and A

optical bleach. Since both A are non-zero, the center giv-

110 100

ing rise to the absorption band at 445.nm is a <110>-type center and

thus most likely the F. center, There is another transition at 282 nm

2
with transition,momenf perpendicular to that of the 445 nm absorption
band. From the analysis of an anisotropic absorption due to oriented

defects using Table I, the results for a <110>-type center are

A1 = (p = np) (0= mp),

and (86)

1 1
Apgg = (g +ng-ng-mn) Go+Fm -m).
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Using these equations and the polarized absorption data, the relations

m o= 0.29¢0 and T, = 0.480 are obtained from the polarized absorption

data, It should be noted that both A and Al have opposite signs

110 00
in the 445 and 282 nm region. If the absorption band at 445 nm results

from a o type dipole transition, then it is necessary to assume that the
282 nm absorption band results from a m, and 7, transitionms.

It was found that only light with wavelength corresponding to the
m electric dipolé transition is efficient at reorienting centers. This
observation is further verified by attempts at bleaching not in the 282
nm region (where the absorption is due to 7 transitions) but in the 445
nm band itself. In this case, no reorientation of centers was observed.
The distribution of defects shown in Table IV, which was calculated
from polarized absorption measurements and Table I for the different

polarizations of bleaching light, suggests that F, centers reorient by

2
60° Jjump, e.g., a defect with a [110] fl orientation can only jump to

f3; f4, fs, and f6 orientations, The results of isochronal annealing

of color centers in KMgF, up to 800°K are shown in Figure 11, The F

3

band has definite annealing stages at 450°K and 600°K, whereas the F2

band has an annealing stage at 580°K. The F3 center concentration in-
creases in the range from 300 to 450°K and has definite annealing stages
at 530 and 630°K. The 570 nm band and F2 band show almost the same an-

nealing characteristics. This result, the annealing character for low

temperature irradiated sample up to 300°K(27), and the mechanism of

(86)

F-aggregate center formation suggested by Farge et al, and Schneider

(87), suggests that the 570 nm absorption band is possibly due to the

FZ centers. However, considerable work must yet be done before such an

assignment can be made. An ultraviolet bleach at LNT produced new bands



TABLE IV

OBSERVED AND PREDICTED ABSORPTION COEFFICIENTS FROM ORIENTED F2 CENTERS

[110] Bleach [110] Bleach

Predicted abs. from Obs. abs. Predicted abs. from Obs. abs.
Abs, coeff, luminescence coeff. luminescence coeff.”
%10 3.30 on R 5.2 4.01 on 5.9
%70 3.88 on 7.0 3.21 on 4.3
O 3.71 on 6.4 3.40 on 3.9
Upot 3.59 on 6.1 3.22 on 3.8
allO/aliO 0.87 0.74 1.25 1.37
O‘Kz/"‘Kz' 1.03 1.05 1.05 1,03

9¢
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at 220 nm and a broad band at 340 nm in the irradiated KMgF These

3
bands are shown in Figure 12, Annealing characteristics of these bands
are shown in Figure 13. When the 220 and 340 nm bands disappear the F2
band grows in.while the F3 band shows no change at all. Considering the
production mechanism and the annealing character of these bands, the 340
nm band may be due to F centers (F' centers) and‘220 nm band due to F+
(o) centers. 'However, the 220 nm band is probably too close to the F

band and too far away from the absorption edge of KMgF, crystals to be

3
an F+ (o) band. The data are not sufficient to make a definite assign-
ment at this time.

The optical absorption spectrum taken immediately after Y-irradia-
tion shows very small concentration of F3 centers. By optical bleaching

in the F or F, band regions one can increase the concentration of F

2
centers., Short Y-irradiation destroys almost all F

3

3 centers which were
already presented in KMgF3 crystal and convert them into the F and F2

centers.

Color Center Emission in KMgF3

When a sample of KMgF3 is irradiated with 2.0 Mev electrons or 60Co
Y-rays at room temperature and is then excited with light of appropriate
wavelengths various emission bands at 410, 590, 465, and 750 nm are ob-
served. The temperature dependence of 590 and 465 nm emission bands

have been published(as).

590 nm Emission

In order to find the color center responsible for 590 nm emission

three experiments were performed. First, the emission intensity of 590
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nm band was measured as a function of the absorption coefficients at the
peak of each optical absorption band. The F2 band was the only band
which had a straight-line relationship with the emission intensity of
590 nm band.: The results are illustrated in Figure 14. This suggests
that the 590 '‘nm band is due to F2 centers. The second study dealt with
orienting F2 centers with polarized 254 nm light and then observing the
emission to find the band or bands that were polarized. In Table V, the
observed polarized luminescence values are analyzed by the relations for

the 0-0 case in Table II and the defect distributions, present after

polarized bleaching, are determined.

TABLE V
EMISSTION INTENSITY RATIOS FOR SAMPLES BLEACHED WITH POLARIZED LIGHT

AND THE DEFECT DISTRIBUTIONS DETERMINED FROM THE RATIOS

Emission Intensity Polarization of Bleaching Light

Ratios (590 nm) [110] [100] [110] Random
I,/1;; 0.252 0.186 0.12 0.34
I,,/1,, 0.673 1.06 1.20 1.20
I,,/1;4 0.427 0.22 0.122 0.25

- 1 6
Defect Distributions n = < ,IL, n,
6 i=1 i
n, 0.94 n 1.36 n 1,98 n n
o, ' 1.75 n ‘1,15 n 0.87 n n
ng + ng 1.77 n 1.93 n 1.75 n 2n
n, +n 1.54 n 1.55 n 1.40 n 2n
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Using these values and the relations 7, = 0.29¢ and T, = 0.48¢

1
which were obtained from'the polarized absorption measurements, the
agreement between the emissjon and absorption measurements can be eval-
uated. This}is shown in Table IV and the agreement appears to be very
good. Thié‘experimental‘results again suggests that the 590 nm emission
band is dué to fz centers. The third study dealt with the excitation
spectrum ofKSQO'nm emission band, When, with the sample at room temper-
ature, the dééecting monochromator is set at 590 nm and the excitation
wavelength is jafied, the excitation spectrum shown in Figure 15 is ob-
tained. In the excitation spectrum one finds two bands at 445 and 282
nm. The peak poéitions of the excitation spectrum match very nicely
with the peak posjitions of the anisotropic absorption spectrum in Figure

10. The 445 nm band corresponds to a ¢ transition of an F, center where-

2
as the 282 nm band is due to a m transition of F2 center., Figure 16
shows the excitation spectrum at 15°K for the 590 nm emission band. In-
set shows the 590 nm emission band. All the excitation spectra were
calibrated with the light sources‘&hich were used for excitations. Using
the excitation spectrum technique one can separate 7 transition of F2

center which was hidden under the F band. These results again indicate

that the emission band at 590 nm is due to F2 centers.

465 nm Emission

Studies similar to these describe¢ above for the 590 nm emission
band were carried out for the 465 nm emission band. Figure 17 indicates
a definite relationship between the emission intensity at 465 nm and the
absorption coefficient of the 395 nm absorption band which is due to F

3

centers. Moreover, after the F3 centers are oriented by a polarized
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bleach the emission at 465 nm is also polarized., These two results sug-

3 centers. For final.

confirmation we employed the excitation spectrum technique, where the

gests that the 465 nm emission band is due to the F

detecting monochromator is set at 465 nm and the excitation wavelength
is varied. The excitation spectrum at room temperature shown in Figure
18 is obtained. Figure 19 portrays the excitation spectrum at 15°K.
Inset shows the 465 nm emission band. 1In the excitation spectra two
bands are found at 395 and 250 nm, and these bands are well matched with
the anisotropic absorption data for F3 center shown in reference 31.
These excitation spectra also indicate that the 395 nm band corresponds
to'a o or my transition of F3 centers while the 250 nm band is a Ty
transition of the F3 centers, All the excitation spectra were calibrat;
ed with light sources which were used for excitations. By using the ex-

citation spectrum technique one could separate the 7, transition of the

2

F3 center which was hidden under the F band.

750 nm Emission

In preceding sections it was speculated that the 570 nm absorption
band could be due to F2+ centers. So far, it has not been possible to
orient centers responsible for the 570 nm absorption band by polarized
bleaching techniques. The origin of 570 nm absorption band is still
unclear, In order to illustrate.that the 750 nm emission band is con-
nected with 570 nm absorption band two experiments were performed.
First, the emission intensity of the band was measured as a function of
the absorption coefficient at the peak of the 570 nm absorption band.,

The results are illustrated in Figure 20 and the straight-line relation-

ship suggests that the 750 nm emission band is due to the centers which
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absorb light at 570 nm. The second study dealt with the excitation
spectrum of 750 nm emission band. The excitation spectrum for 750 nm
band is shown in Figure 21, Inset shows the 750 nm emission band. In
the excitation spectrum we find a band at 570 nm. Gaussian plot for

the 750 nm emission band at 300°K is portrayed in Figure 22, The varia-
tion with temperature of the half-width and the peak position Eiax for
the 750 nm emission band is shown in Figure 23, Figure 24 shows a plot
of coth_l (W(T)/W(O))2 versus 1/T. A value of the frequency of the
dominant interacting phonon mode of w, = 3,67 x 1013 sec_l is obtained
from the slope of the line in Figure 24 and Equation (78). A value of

8 = 10.5 is obtained. A zero-phonon line corresponding to the 750 nm

emission band has not been observed because of large S value.

Other EFmission Bands

When a sample of irradiated KMgF, is excited with light of wave-

3
lengths of 270 or 570 nm two emission bands are observed., 270 nm exci-
tation yields an 410 nm emission while 570 nm excitation gives a 650 nm
emission band. The origins of these bands are not yet known. = The ex-

citation spectrum and emission spectrum of the 410 nm band are shown in
Figure 25, The 410 nm emission band has a significant phonon structure.

Figure 26 shows the 465, 590, and 750 nm emission bands excited by light

of wavelengths 395, 445, and 570.

Absorption in KMgF,_:Mn Crystal

3

The absorption spectrum of KMgF,.:Mn (1.4 at. %) which was electron

3

irradiated at 80°K is shown in Figure 27, Before electron irradiation

no noticeable absorption bands in the range of 200 - 800 nm could be ob-
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served. KMgF. crystals containing various amounts of Mn2t (0.04 - 91.2

3

at. %) after electron irradiation at 80°K show similar spectra and the

absorption coefficients are apparently related to the concentration of
2+, . . 2+ .

Mn ion pairs (~ square of concentration of Mn~ ). The concentrations

of Mn-ion pairs were calculated from the probability of having double

clusters in a system containing single type of impurity under the assump-
. . . (89,90) .

tion of a random distribution . A comparison of these spectra

with the ones obtained for KMnF3(35) 3(36), NaMnF3(37) 9

(38)

. . + .
reveals that the absorption bands can be attributed to an ions in

» RbMnF , and MnF

KMgF, crystals. The absorption spectrum of KMnF, at 300°K is shown in

(30)

3
Figure 28, Vehse and Sibley

3

proposed that these absorption bands in

KMgF,:Mn arise from a defect involving an F center trapped between adja-

3

cent Mn impurity ions, i.e., the observed optical absorption bands are

assigned to Mn-pair 3d electron transitions perturbed by the presence of
+

the F center between two Mn2 ions. We designate this defect by the

symbol Mn~F-Mn, The optical absorption of irradiated KMgF, :Mn (1.4 at.

3
%) after a room temperature optical bleach with the electric vector of
the 254 nm incident light along the [100] direction is illustrated in
Figure 29. The difference curve for absorption with light polarized
along [010] and [100] directions is also shown in Figure 29, And there
was no anisotropic absorption after bleach with [110] polarized light.
These results suggest that the major dipole axis of this center is
along <100>.

At low temperature, the side bands seen in Figure 30 at 394, 427,
435 and 597 nm near the major absorption bands at 410 and 565 nm have

decreased appreciably in the absorption spectra. The temperature de-

pendence of these side bands are shown in Figure 31, The energy differ~
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ence between the major bands and the side bands appear to be about 970
cm_l and 1400 cm—l. If we assume that the first vibronic side band is
hidden in the main absorption band, then this corresponds to an energy
difference of 470 cm_l for the lattice mode involved. A series of very
narrow lines are also observed at low temperature on both the 410 and

565 nm absorption bands. The series of lines around 565 nm band are

regularly spaced with energy differences of about 20 cm—l (2.5 x 10_3

eV). The lines near the 410 nm band are essentially equally spaced as
shown in Table VI. Observed oscillator strengths and peak positions for
each bands are listed in Table VII. Figure 32 shows the absorption

spectrum of 0.4 and 0.04 at. Z Mn-doped KMgF3 which were electron irra-

diated at 80°K. There are no F-aggregate center bands in Figure 32,

Optical bleaching of KMgF._:Mn (0.04 at. %) in the F band region at room

3

temperature converts the F centers to F, and higher-aggregate centers.

2

A very weak conversion of F centers to F-aggregate centers was observed

in KMgF,:Mn (0.4 at. %), but none for the KMgF_, :Mn (1.4 at. %). This

3
means that for the KMgF

3

3 with high concentration of Mn, the conversion

of F centers to F-aggregate centers was suppressed by conversion to
Mn-F-Mn defects. This is consistent with the probability of Mn2+ pair

production in KMgF,, since the probability of Mn-pair production is

3
roughly proportional to the square of the concentration of Mn ions in
KMgF3 crystal(sg’go) and the concentration of Mn2+ palrs exceeds the F

center concentration in an irradiated KMgF,_:Mn (1.4 at. %). Table VII

3

. \ 2+ .
illustrates the absorption energies for the various Mn~ transitions in

3:Mn, and an irradiated KMgF3:Mn. It should be noted that

the oscillator strengths we calculate for the KMnF3 transitions are

within reasonable (257%) agreement with those of Ferguson et al.

KMnFB, KMgF



TABLE VI

THE SPACING OF THE LINES BOTH IN EMISSION AND ABSORPTION AT LHeT

677 nm Emission

410 Absorption

565 nm Absorption

Peak Position Spacing Peak Position Spacing Peak Position Spacing
cm-l (nm) cm_l cm—l (nm) cm—l cm—l (nm) cm-l
15,576 (642.0) 23,408 (427.2) 17,565 (569,30)
120 132 17.6
15,456 (647.0) 23,540 (424.8) 17,583 (568.73)
165 129 18.0
15,291 (654.0) 23,669 (422.5) 17,601 (568.15)
116 118 17.0
15,175 (659.0) 23,789 (420.4) 17,618 (567.60)
171 131 17.1
15,004 (666.5) 23,917 (418.1) 17,635 (567.05)
112 149 17.2
14,892 (671.5) 24,067 (415.5) 17,652 (566.50)
132 117 17.1
14,760 (677.5) 24,184 (413.5) 17,669 (565.95)

68



TABLE VII

2+
ASSIGNMENT OF Mn TRANSITIONS IN KMgF3:KMnF3 AND AN ELECTRON IRRADIATED KMgF3:Mn
Assignmment KHnF3 KHnF‘.i:Hg (9.8-at.X) KHnI-‘amg (71-at.X) KHgFa:Hn (1.4-at.2) Assignment
(Op) 779K 77°K 77% e - irradiated 77°K {Caqv!
6 -1, £ -1 £ -1 £ -1 £ 6
Alg nm (cm ) (10 7)_ nm (cm ) (10 7) nm (cm ) (10 7) nm (cm=") (10-7) Al +
by (o) 554.0  (18,051) 365.0 (17,699}, 5 1108 ba, + e
g 539.0  (18.553)} 3.3 [532.0 (18,797) 3.5 563.0 (17.762) §3
527.0  (18,975)
4 445.0  (22,472)
1, (‘) 435.0  (22,989) 435.0  (22,989) 480.0  (20,833) by 4 by
8 '428,0  (23,645) 440.0  (22,727) 2
o 397.0  (25,189) 397.0  (25,189) 398.0 (25,126) 422.5  (23,669)
e (%) 394.0  (25,381) 394.0  (25,381) 396.0 (25,253) 416.2  (24,027) by 4 by
8 406.0  (24,631) 4t B
8.9 11.6 7.1 8.0 x 104
b doy 390.5  (25,608) 391.0  (25,575) 391.5 (25,543) 404.0  (24,752) b,
1g 387.5  (25,806) 387.5 (25,806
o a 359.0  (27,855) 359.0  (27,855) 352.0 (28,409) by g
1, (‘) 356.0  (28,090) 356.0  (28.090) 344.0  (29,070) 2
g 352.5  (28,369) 353.0  (28.329)
332.0  (30,120) 331.5  (30,166) 332.0 (30,120) 332.0  (30,120) 4, 4
“zg(“n) 327.0 (30,551)} 7.1 1327.0  (30,581) } oo |35 (30.581) } 8.7 1 323.0  (30.960) A+ B
307.0  (32,573) 307.0  (32,573) 307.0  (32,573) o 4
WV 303.0 (33,003 303.0  (33,003) 293.0  (34.130) a, + %
18P 269.0  (37.175) 267.0  (37.453) 280.0  (35,714)
265.0  (37,736)
“Azg(“v) 242.0  (41,322) 262.0  (41,322) 258.3  (38,715) - “nl
“Tlg(“r) 238.0  (42,017) 246.0  (40,650) b, + 8
“rzg(“r) 229.0  (43,668) 229.0  (43,668) 231.0  (43,290) 228.0  (43,860) “nz + 4%
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(35,45,46,58,59) (36)

and of Mehra and Venkateswarlu for RbMnF.. To cal-

3

culate the oscillator strengths for the transitions from Mn-F-Mn defects
we assumed that all the Mn-ion pairs have F centers between Mn-ion im-
purities. Since some of Mn pairs possibly do not have F centers between
them the calculated oscillator strengths are the minimum oscillator
strengths of Mn-F~Mn defects. The oscillator strengths for the transi-
tions from the Mn~F-Mn defect are some 105 times as great as those in

KMnF3. The bleaching characteristics of Mn-F-Mn centers are shown in

Figure 33 and indicates that all the absorption bands are due to the

same type of defects. Figure 34 shows absorption spectrum of KMgFS:Mn

(1.4 at. %) which was electron irradiated at 300°K. The absorption
spectrum at 15°K of a 0.4 at. % Mn-doped sample which was electron ir-
radiated at 300°K is shown in Figure 35,

In an attempt to find F,-type centers in KMgF, :Mn we compared the

A 3

absorption bands of pure KMgF3 and KMgF,_:Mn (0.04 at. 7%) after Y-irradi-

3

ation at room temperature. The absorption bands measured immediately

after irradiation show a small difference in W of the F band. After

1/2
bleaching with 254 nm light the difference in Wl/2 was much larger than

before bleaching. Figure 36 shows the difference between absorption in

UV region for KMgF3 and KMgF,_:Mn (0.04 at. %Z). Since we can not re-

3
orient this new band, it is difficult to say that the 250 nm band is

due to FA—type center., Before a definite assignment of the band more

work is necessary.

Emission in KMgF,_:Mn Crystals

3

When KMgF,:Mn crystals electron irradiated at 80°K are excited by

3

light of wavelengths which correspond to one of the absorption bands,
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the emission bands shown in Figure 37 are observed, At temperatures
greater than about 170°K the band shown on the left side of thé figure

is dominant, whereas at low temperatures the bands portrayed on the right
is seen, It is interesting that the 630 nm emission band moves to lower
energy with decreasing temperature and that it is quenched at 170°K.

The fine structure on the low temperature 677 nm band is evident up to
about 80°K, and the lifetime of this emission is 4.8 x 10--4 seconds,

This is much longer .than the 16 x 10_6 seconds lifetime for the high

temperature 630 nm band. When, with the sample at room temperature, the

detecting monochromator is set at 630 nm and excitation wavelength is
varied, the excitation spectrum shown in Figure 27 is obtained. It
.should be noted that much of the detail evident in the absorption spec-
trum is mirrored in the excitation spectrum. When the sample tempera-
ture is decreased to 77°K or below the absorption spectrum changes
markedly and when the detecting monochromator is set at 677 nm, this
change 1s also observed in the excitation spectrum. This is illustrated
in Figure 38. At low temperature, the small bands seen in Figures 27,
30, and 38 at 394, 426, 435, and 595 nm near the:major absorption bands
at 410 and 565 nm have decreased appreciably in both the absorption and
the excitation spectra. The temperature dependence of these small bands
is shown in Figure 31. The low temperature emission at 677 nm exhibits
fine structure as pictured in Figure 37. The narrow lines are separated
by energy differences close to those observed for the 410 nm band as
illustrated in Table VI. From Figure 37 we see another band at 720 nm.
The excitation spectrum for 720 nm emission band is shown in Figure 39.
The lifetime of this emission at 300°K is about 16 x 10—6 sec. The

peak position and the intensity of the 720 nm band were very insensitive
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to the temperature change. In KMgF_:Mn (0.04 at. %) it is possible to

3
separate the 720 nm emission from the 750 nm emission band by changing
the exciting light wavelength. These are shown in Figure 40.

KMgF,.:Mn (0.4 at. %) which has been electron irradiated at 300°K

3
shows quite different luminescence bands when compared with samples which
have been electron irradiated at low temperature, The F, F2, F3, and
750 nm luminescence are observable in the room temperature irradiated

KMgF, :Mn samples., Additional emission bands also are observed at 650,

3
360, and 720 nm. Thé 720 nm bands seen in both room temperature irradi-
ated and 80°K irradiated sample have the same fine structure. The 650
nm band also has fine structure. The excitation spectra for the 650,
720, and 750 nm emission bands are shown in Figure 41. These 650 and
750 nm emissions have very short lifetimes (~ micro seconds) even at
lSoK. Possibly the 720 and 650 nm emisgion bands arise from different
types of Mn-color center or Mn-interstitial complexes., By comparison
with absorption spectra it is found that absorption spectra in 300°K
irradiated samples are not only F-aggregate bands but also complexes of
bands which come from different defects. Figure 42 shows the lumines-
cence from KMnF, at 15°K., The lifetime of this luminescence at 20°K was

3
reported as 30 msec.(ag)
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CHAPTER V

DISCUSSION

(88)

Riley et al. pointed out that the phonon meodes interacting most

strongly with the excited state of F, and F, centers have an average

2 3
3 (31)

frequency of 3.7 x lOl sec_l (197 cm-l). Riley and Sibley reported

that the phonon modes interacting most strongly with the ground state of

F and F2 centers also have an average frequency of 3.7 x 1013 sec—l (197

cm_l). Our results in this investigation indicate that an average fre-

13 sec-l (223 cmﬁl) is active in interacting with the

quency of 4,18 x 10
excited and the ground states of the centers responsible for 570 nm ab~
sorption and 750 nm emission bands. Within the simple theory where

w, = wg, one can predict the.Stokes shift for luminescence bands due to
Fz, F3, and the center responsible for 570 nm absorption band since one
can determine the Huang-Rhys'factor from Equation (84), The Huéng—Rhys

factors are 13.7 for the F, emission, 17.9 for the F, emission, and 10.5

3
for the emission from the center responsible for 570 nm absorption
band. The high S number for these defects indicates that zero-phonon

(9

lines will not be observable for these bands. This precludes the
construction of relatively accurate configuration coordinate diagrams
since zero-phonon lines are necessary for an unambiguous interpretation,
However, such diagrams can still be constructed from the information

given above and Equations (84a) and (84b). Figure 43 shows the config-

uration coordinate diagram for the center responsible for 570 nm absorp-
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tion band in KMgFB.

As mentioned earlier only light having a wavelength in the region

corresponding to the m electric dipole transition of the F, center is

2

efficient at reorienting centers. The distribution of defects shown in
Table IV for the different polarizations .of bleaching light suggests that

F2 centers reorient by 60° jump rather than 90° jump. There 1s good

agreement between the absorption coefficient ratios predicted from the
polarized luminescence measurements and those values actually observed,

as given in Table V. This indicates that the 590 emission is due to F2

centers and that it is primarily a o-o transition. Turner, et al.(gl),

(92) (93)

Dreyfus and Schneider have investigated the orientation of F

A

centers and F2 centers, respectively., Schneider found that F2 centers

reorient indirectly by absorbing light, forming F + centers which then

2

absorb light and rotate. When the reoriented F2+ centers capture elec—

+
9 centers are produced, F2 centers have not

yet been observed in KMgF3; however, our data are not inconsistent with

trons, then reoriented F

his interpretation.

From a comparison with the absorption spectra data for LiF(9’94_96)

s . ° (97)
which has lattice constant of 4,017 A,

it is tempting to attribute
the 477 nm zero-phonon line to F3+ centers, but before such an assign-
ment can be made polarized bleaching or stress splitting experiments
must be done.

From the preceding chapter we know that 395 nm (F3 center absorp-
tion peak) excitation is followed by 465 nm emission, 445 nm (F2 center
absorption peak) excitation is followed by 590 nm emission, and 570 nm

excitation is followed by 750 nm emission. Since the 465 and 590 nm

emission can be absorbed by the defects responsible for the 445 nm and
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570 nm absorption bands there is a strong possibility for cascade type

(65)

energy transfer in an irradiated KMgF_ crystal. Figure 26 shows the

3
465, 590, and 750 nm emissions excited by light of wavelengths 395, 445,
and 570 nm. The top panel in Figure 26 shows that 590 nm emission can

be excited either by 445 or 395 nm light, while 750 nm emission can be
excited by 570 nm as well as 445 and 395 °'nmm light. Figures 15, 18, and
21 show the excitation spectra for the 465; 590, and 750 nm emission
bands: These figures also suggest that there is most likely cascade type

energy transfer among the color centers in KMgF Energy absorbed by F3

3I

centers may be transferred to F_, centers and the center responsible for

2

570 nm absorption band, while energy absorbed by F, centers may be trans-

2
ferred to the center responsible to 570 nm absorption band. To clarify
the energy transfer mechanism, the lifetime measurements have to be
done.

The optical transitions from substitutional Mn2+ impurities in
KMgF3 are strongly forbidden by both spin and parity selection rules.
The crystal field states have even parity because of the inversion
symmetry of the Mn2+ ion sites aﬁd the spin has to be changed by AS =:%1
in a single ion excitation since the Mn2+ ion has a sextet ground state
and quartet excited states. When 3d ion impurity pairs are present some
of the. forbiddeness is lifted because of the exchange interactions so
that the oscillator strengths of the transitions are several orders of

(35,41,42,45,46,58,59)

magnitude greater There are three possible ways

of lifting the selection rules: (1) The odd parity lattice mode per-
turbs the symmetry of Mn2+ ion site. In this case a temperature depend-

(51). (2)

ent oscillator strength is expected The exchange interaction

between two Mn2+ ions lifts the spin forbiddeness, and (3) both (1) and
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(2) occur at the same time and 1ift both spin and parity forbiddeness.
If an F center can be trapped between an impurity pair (Mn-F-Mn) a fur-
ther increase in the oscillator strength should be observable since the

local symmetry changes from O, to C4vfand there should be greater wave

h
function overlap. Table VII illustrates the absorption energies for the

various Mn2+ transitions in KMnF3, KMgF3:Mn, and an irradiated KMgF, :Mn,

3

The assignments of the transitions which have been made previously are
also shown as are the oscillator strengths, £. It should be noted that
the oscillator strengths for the transition from the Mn-F center complex

(Mn—-F-Mn) in an irradiated KMgF3:Mn'are some 105 times as great as those

in KMnF3. Sell and Stokowski(él)

MnF2 a small increase in oscillator strength of the Mn2+‘transition in-

duced by Ca impurities. The optical transitions in the irradiated

have reported that they observed in

crystals are shifted to lower energy due to the presence of the F
centers, but it can be seen from the TableVII that in the higher levels,
€.8., 4D and 4F, the transitions .occur at essentially the -same position

as they do for the unirradiated specimens. Since the transitions in

KMnF3 have previously been assigned(4l,42)

possible, the energy levels for these defect transitions. Fortunately,

, our task is to identify, if

since the polarization, ¢ or m, for several energy levels is known the

task is not too complicated, Figure 44 shows the Orgel diagram for 3d5

(38,50)

configuration in o crystal field As can be seen from Table VII:

when the local symmetry of a defect is changed from O,_ to C, - the

h bv
6 4 , 6 4 4 (98)
Alg - Tlg transition becomes Al - A2 + . In the C4v symmetry

group the Al element is along the major axis of the Mn-F-Mn defect and

is equivalent to a o transition., The E symmetry element is equivalent

to a m transition. The data shown in Figure 29 and the discussion in
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reference 30 enable us to make the symmetry assignments for the transi-
tions shown in Table VII. The F center absorption occurs at about 270
nm and could affect our assignment for the 246 nm transition. The opti-
‘cal bleaching process might form polarized FA centers which would con-
tribute to the absorption in this region.

It is well known that forbidden electronic transitions can become

. . . (65,98) . .

allowed through vibronic transitions . This is particularly true

for the Mn2+ ions in KMgF3 since the transitions are so strongly for-

bidden. 1In the perovskite lattice there are three possible T
(99,100)

and one
1u

. The vibrational frequencies of the
(100) ,

possible T2u lattice modes

three T, and one T, modes have been given .as
1u 2u

stretch), v, = 300 cm_l (FMgF bend), v

vy = 478 cn~t (MgF

= 156 cm-l (R-MgF,, stretch) and

3 2

v, = 330 cm_l. When the symmetry is changed from Oh to C4vfdue to the

presence of the F center then the Tlu modes are transformed to Al + E,
This suggests that vibronic transitions should occur in this system.
Figure 31 indicates that some of the observed transitions are indeed
temperature dependent and may be classified as vibronic. The energy
differences between the main peak and those of the vibronic peaks are
such as to indicate that the most strongly interacting mode is 21 vi-
brational mode with the first harmonic hidden under the main peak. This
assignment is reasonable since it is the MgF stretch mode and would in-
teract most strongly with the Mn-F-Mn defect. The wvalue of Vq is close
to the 3.7 x 1013 sec—l (197 cm—l) vibrational frequency from the color

center data(27’3l’88)

. These data also support the assignments made
above. From the above assignments we can describe the vibrational side

bands as follows:
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435 nm = 24.39 x lO3 cm—'l -3h v
426 nm = 24.39 x 103 cmnl -2h V] s
410 om = 24.39 x.10° em T ,
and 394 nm = 24.39 x10° cm Y 4+ 2 h v -

The side band at 595 nm also shows strong temperature dependence as in

Figure 34 and may be described as

17.69 x 103 cm-l R

17.69 x 103 cm_l -2h vy

565 nm

and 597 nm

The lines at 416 and 422 nm which are illustrated in Figure 31 in-
crease with decreasing temperature are most likely zero-phonon or phonon
assisted transitions. However, we have not yet attempted to identify
the centers responsible for these lines by stress splitting or other
techniques.

The luminescence spectrum portrayed in Figure 37 and the excitation
spectra shown in Figures 27 and 38 are especially interesting. First,
we consider the room temperature emission band that occurs at 630 nm,

(40)

2+
Klasens et al. have shown that Mn~ emission in perovskite and rutile
materials depends on the divalent cation to fluorine distance in the
material. For example, they point out that one should expect Mn2+ in

KMgF. to emit at around 600 nm whereas Mn2+ in CsCaF, should emit at

3 3
around 548 nm. The smaller the cation to fluorine distance the larger
the emission wavelength. This behavior explains the observation, pic-
tured in the inset of Figure 37, that the emission wavelength increases

with decreasing temperature for the 630 nm band.

The low temperature 677 nm emission is shifted to longer wavelength
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with respect to the high temperature 630 nm emission and has a much
longer lifetime. The later observation suggests that the high tempera-
ture transition is an allowed one, whereas the low temperature emission
is partially forbidden. The temperature dependence of the luminescence
shown in Figure 37 indicates that there is sufficient thermal energy
available at high temperature to populate the higher energy allowed
transition level and at low temperature the electrons populate primarily
forbidden transition levels. The temperature dependence of the lumines-
cence lifetime at 677 nm is shown in Figure 45. The luminescence life-
time of 4A2 - 6Al transition (667 nm emission) aﬁ 4.2°K is 4.8 x lO_4
sec and that of 4y 6Al transition (630 nm emission) at 300°K is

16 x lO-6 sec., From these data we can analyze for the electron popula-
tions in the following manner: Let I(4A2) and I(4E) represent the in-
6 4 6

7 7 :Al and 'E »~ "A. transitions, respec-

tegrated intensities of the.4A 1

tively.

1¢*8;300%0)  _ _n(*E5300%) /7 (*E;300%K)
I(4A2;4.2°K) n(4A2;4.2°K)/T(4A2;4.2°K)

(87)

where n refers to the population of the indicated level and T 1s the
measured radiative lifetime. The luminescence spectra are obtained by
exciting the sample with 590 nm light which has a bandwidth of 10 nm.

The areas under the absorption spectra at 4.2°K and 300°K were the
same in this wavelength region. From these data one can assume
a(*E34.2°K) = 0 and n(*A,34.20 = n("4,3300°%) +n(‘E;300°K). From the
equilibrium populations of a system with two levels,

n(4E;3oo°K)
4 o
n( A2;300 K)

e—A/BOOk

2 (88)
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Experimentally,

4 o
t( A2,4.2 K) I(éE; 300°K)

= 30 and = 5, (89)
t(*E; 300%) 1(4A2;4.2°K)
Then
4 o ata ;3oo°1<)2e'A/300k
-n(E;300°K) 2 _ 2 _
7 o Y T 5 7 o T 77300k - 0+167 (90)
n( A2;4.2 K) n( A2;300 K) + n( E;300 K) 2+e

where A is the energy separation between 4E and 4A levels, and k is

2

boltzmann's constant. The approximate value of A obtained from Equation
(87) by using above values is 480 cm_l, From the luminescence energy
difference of 1000 cm“l (630 to 677 nm) it is expected that 4A2 - 6Al
transition is 520 cm—l higher in ground state vibrational energy before
relaxation than the 4E > 6Al transition. Figure 46 shows the configura-
tion coordinate for the luminescence system of Mn2+ in KMgFB.
Since the energy difference A is 480 cm_l, we might expect the
change of luminescence band from 630 to 677 nm to occur at about the
same temperature the phonon side bands disappear. This is the case, as
can be seen by comparing Figures 31 and 37. The excitation spectra
illustrated in Figures 27 and 38 indicate that both the 677 nm and 630
nm bands arise from the Mn-F-Mn defect and that electrons in all of the
higher energy levels decay to the lowest level before emission occurs,
The sharp line structure observed on both the emission and the ab-

. o . .
sorption bands at 7 K must arise from electron-phonon interactions or

spin-orbit interactions. Similar sharp line structure has been observed

(101-104)

3 The number of lines seems to be

in RbMnF Man, and KMnF

39
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(1o01)

dependent on impurity and temperature . The energy differences
between the transition peaks are shown in Table VI. The 410 nm band is
due to a o transition and the 565 nm absorption band is due to a ™ tran-
sition. The separation of the peaks is much greater in the case of the
¢ transition than for the 7w transition as might be expected if exchange
interactions are the cause of the splitting. However, it is not at all
clear whether the observed splittings are due to exchange, spin-orbit
coupling, or even magnon interactions, although latter is extremely
doubtful,

KMgF , :Mn crystals which were electron irradiated at 300°K show F,

3

Fys Py, and 570 nm absorption bands regardless of the concentrations of

Mn2+ ions. But sample, KMgF_:Mn (0.4 at. %) and KMgF_:Mn (1.4 at. %)

3 3

show some additional absorption bands at 570, 350, etc. There were no
absorption bands corresponding to Mn-F-Mn defects in these samples. The

emission from room temperature irradiated KMgF,:Mn shows not only F

3

F3, and 750 nm emission bands but also 650, 720, and 360 nm emission

2’

bands. The 720, 360, and 650 nm emission bands have fine structures at
low temperature and the 720 nm band is equivalent to the 720 nm emission
band observed in low temperature irradiated KMgF3:Mn. There were no 677

and 630 nm emission bands in room temperature irradiated KMgF,:Mn. The

3
origin of the additional absorption bands and 720, 360 and 650 nm emis-
sion bands is not clear at this time, but it is clear that these bands
are not related to Mn-F-Mn defects and are possibly related to more com-—
plicated clusters of F centers, Mn2+ ions, and interstitials. By com-
paring with the emission from the low temperature irradiated KMgF3:Mn

it is much more clear that at least 720 and 650 nm emission is due to

more complicated F center-Mn complex. In summary we may say that during
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room temperature irradiation the probabilities of producing more compli-
cated clusters and F-aggregate centers are larger than that of Mn-F-Mn
defects. But more work has to be done before we can make any definite

identification between these defect clusters and the observed absorption

(101)

and emission bands. Gooen et al. related two emission bands in

RbMnF, to different fluorescence transitions corresponding to different

3

trapping sites using an idea involving free-exciton absorption and

trapped excitation emission. The same idea was used to explain lumines-

(102)

cence in Man by Green et al. Our data are not inconsistent with

this interpretation,

The lifetime of Mn2+ luminescence at 20°K from KMnF3 was reported

as 30 msec whereas Mn2+ luminescence at 7°K from an irradiated KMgFS:Mn

has a lifetime of 4.8 x 10—4 sec. The lifetime difference between these
two systems can be explained by the Mn2+ transition probabilities in two

2+ . .
systems. Mn  transitions in KMnF, are partially forbidden and have a

3

relatively long lifetime, while Mn2+ transitions in an irradiated

KMgFS:Mn satisfy the parity selection rule and have a relatively short

lifetime. In addition, in an irradiated KMgF,:Mn, there are exchange

3

interactions of three paramagnetic ions, the Mn2+ pair and an F center.
This is the other factor shortening the lifetime of Mn2+ transitions in
KMgFS:Mn.

It appears that it is possible with low doses of Y-rays or electrons
to increase the magnitude of the absorption bands for the 3d tramnsition
metal ions sufficiently that they can be studied in detail. However,

keya (105,106)

I has irradiated NaCl:Mn and found that the radiation

changes the valence state of Mn2+ to Mnl+ and M°, Jain and Lal(107)

found. similar effects for NaCl:Co.



CHAPTER VI
SUMMARY AND PROBLEMS FOR FURTHER STUDY

It has been .shown that F2 centers have absorption bands at 282 and
445 nm and an emission at 590 nm. F3 centers absorb light of 250 and

395 nm and emit light of 465 nm. Both of these centers can be reorient-
ed by optical polarized bleaching and F2 centers reorient by 60° jump,
but the exact mechanism for the reorientation is not yet known.

The absorption bands due to an F center trapped at a fluorine site
between adjacent substitutional Mn-ion impurities (Mn-F-Mn) have been
assigned to various energy levels by means of polarized bleaching exper-
iments and crystal field theory. The spin forbiddeness of the transition
is partially lifted by the exchange interactions of the three paramag-
netic ions, the Mn2+ pair and an F centers, and the parity forbiddeness
is also lifted By the trapped F center between two Mn2+ ions. It has
been found that spin forbiddeness is more effective in the transition
probabilities of Mn2+ than parity forbiddeness. Four vibronic absorp-
tion bands at 435, 426, 394, and 597 nm have been described as due to.
lattice,

one of the T, wvibrational frequencies, 478 cm-l, of KMgF

1u 3

The luminescence from these Mn-F-Mn defects in low temperature ir-

radiated KMgF,:Mn has been studied.and is found to consist of two bands,.

3
One of these, the 677 nm band, is a partially forbidden transition with
a long lifetime, 4.8 x 10_4 sec, at low temperature, whereas the 630 nm

band seen at room temperature is an.allowed transition with relatively

115



116

short lifetime of 16 x lO—6 sec. Sharp line structures were apparent
at low temperature both in absorption and emission bands, but no defini-
tive statement can be made about this fine structure.
The problems to be considered for further study include:
(1) The identification of the narrow 477 nm absorption line ob-
3° Since LiF has an F3+ center zero-

phonon line at 478.4 nm this narrow line observed in KMgF

'served at LHeT in irradiated KMgF
3 may be due to
the zero-phonon line of-F3+ center in KMgF3. Since ‘uniaxial stress has
ﬁroved to be a very powerful technique, and examination of the splitting
patterns of zero-phonon lines for stresses applied in crystal symmetry
directions has provided in most cases an unambiguous symmetry determina-
tion(67’96’108), a stress splitting along with the polarized emission
from this center seems>to be a means of determining the symmetry of this
center.

(2) The identification of the origin of narrow 220 nm and the

broad 340 nm absorption bands at LNT in an irradiated KMgF, after low

3

temperature UV bleaching should be made. From the annealing data and
the shapes of the bands the 340 nm band may be due to F centers whereas
the 220 nm band may come from F+(a) centers. But more work must be done
before any definite assignment of these bands can be made.

(3) The identification of the 720 and 650 nm luminescence bands in

an irradiated KMgF,:Mn crystal 1s important, These bands may possibly

3

‘ +
be related to more complicated clusters of F centers, an ions, and
interstitials. If so, this study would be closely connected to under-

standing of the radiation damage processes in pure and Mn-doped KMgF3.

and KMgF,_:Mn will help to understand this

3 3

radiation damage process and also will be one of the best.ways of con-—

Additive coloration of KMgF
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firming our model, Mn-F-Mn defect.

(4) F, type centers in an irradiated KMgF_:Mn should be studied.

A 3

The 250 nm band that 1s observed after UV bleaching may be due to FA

type centers but so far it has not been pbssible to identify this band
by polarized bleaching techniques. A study of systems such as KMgFS:Na;
Li, etc., is also important because it will help us to understand the
effect of doping with larger cations on the FA type centers in these
systems.

(5) Studies of the enhancement of 3d impurity ion absorption by

color centers in systems such as KMgFB:Fe;Ni;Co;V;Cr and MgF,_:Mn;Fe;Ni;

2
Co;V;Cr, etc,, will give a better idea of optical transitions of 3d ions
as perturbed by trapped F centers. In the rutile structure it is possi-
ble to distinguish between the electric dipole and magnetic dipole tran-
sitions and the effects of F centers on electric dipole and magnetic
dipole transitions can be studied separately. Furthermore, since some
of these transition metal ions have gllowed transitions it is possible
to investigate the effects of F centers on the spin allowed and . the spin
forbidden transitions separately.

(6) 1Identification of 369.4 nm zero-phonon line observed in an

irradiated KMgF, should be made by means of stress splitting techndiques.

3

(7) An experimental determination of excited state splittings will
yield information on the Jahn-Teller interactions in the excited states
of the Mn-F-Mn system.

(8) A theoretical treatment of the Mn-F-Mn system must be attempt-—

ed.
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