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The diffusion of manganese ion in sodium and potassium

chloride was studied. The NaC1 :Mn

+2

diffusion can be represented

by

= 5. 87 x 10 -4 cm 2/sec e-20,

between the temperatures of 449 and 656° C.

500 cal/RT

The free energy of

association of the manganese-vacancy complex is
&G(ev) = -1. 090 + 5. 0 x 10-4 T.
The KC1:Mn+2 diffusion proved to be more complicated than
NaC1 :Mn

+2
.

Between the temperatures of 457 and 482°C the impurity-

vacancy diffusion coefficient can be represented by
000 cal/RT
Ds= 1. 3 x 10 10 cm 2 /sec e-63,

From 512 to 653' C D s is given by

-24, 300 cal/RT
Ds = 1. 16 x 10 -2 cm2//sec e

and in this temperature range the free energy of association is
-6.G(ev)

=

-1. 598 + 1. 06 x 10-3 T.

A "phase change" theory has been postulated to account for the

abrupt change in Ds vs. 1/T and a preliminary agreement of experiment with a theory of next nearest neighbor association is discussed.
The variation of activation energy for impurity ion movement
with size in both NaC1 and KC1 is discussed and a theory of "directed

relaxation" is advanced to account for this. The variation of the

entropy of association with impurity ion radius is also discussed but
only for the KC1 matrix.
The luminescence of NaC1 :Pb :Mn and KC1:Pb:Mn phosphors was
studied. It was found that the size of a side band of the normal

manganese emission grows upon annealing.

The manganese emission

in NaCl:Pb:Mn was found at 2. 05 ev at room temperature and at
1. 91 ev at 90 ± 3°K.

In KC1:Pb:Mn it was found at 2. 02 ev at room

temperature and at 1. 95 ev at 90 + 3°K.
The quantum efficiency of NaC1:Pb:Mn was studied as a function

of manganese concentration.

The samples were quenched to insure

that the impurities were randomly distributed and the luminescence
due to precipitated phases and impurity pairs was minimized.

The

theory of Dexter for dipole-quadrupole resonance energy transfer
was followed to a concentration of 1. 5 x 10-4 mole fraction of manganese for which the quantum efficiency was found to be 0. 1.

This led

to the deduction that the energy absorbed in the 4. 28 ev band of lead

is transferred to the manganese from the 2. 76 ev emission band of
lead with an overlap of about 1/2 ev-1.

The luminescence of

NaCl:Pb:Mn is at 2. 05 ev for a total Stokes' shift of about 2. 2 ev.
The theory of Dow in which the energy is thought to be trans-

ferred from impurity A to impurity B by means of excitons was
examined here. Transfer of energy by excitons was found to be not
very probably in NaCl:Pb:Mn or KC1:Pb:Mn because of the large

energy separation between the lead absorption band and the lowest
host exciton band.
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A STUDY OF THE Mn AND Pb -Mn IMPURITY
SYSTEMS IN ALKALI CHLORIDES

L INTRODUCTION

This research was begun with the intention of studying the
luminescence of doped alkali chlorides. Sodium and potassium

chloride phosphors have the advantage of a regular well defined

crystal structure. These materials were also a convenient choice
since this laboratory is equipped to grow pure single crystals of
sodium and potassium chloride.
The systems chosen for study were KC1 :Pb :Mn and NaCl:
Pb:Mn.

These materials have been shown to exhibit luminescence

involving resonance transfer of energy from the sensitizer, lead,
to the activator, manganese. In a theoretical consideration of the

mechanism of the energy transfer between impurities, Dexter related the quantum efficiency of luminescence to concentration of the

activator in the crystal. Thus it became obvious quite early that a
study of the luminescent properties of the sodium and potassium
chloride phosphors would have to include a determination of impurity
concentration in the phosphor.

For several years this laboratory has been studying the diffusion of divalent cations into single crystals of sodium and potas-

sium chlorides by means of radiotracers. It was thought that this

2

technique could be applied here to obtain information about the dif-

fusion paramters of manganese in these crystals. Accordingly,
information on the diffusion of manganese into single crystals of

sodium and potassium chloride was taken and forms a rather sub-

stantial part of this work. As it turned out later, it was more convenient and accurate to grow single crystals doped with the im-

purities, grind them to make powder samples and then measure the
activator concentration by polarography.

The diffusion of manganese into single crystals of sodium and

potassium chloride is interesting in itself. Dipositive manganese

ion is quite a bit smaller than either the sodium or potassium ion,
whose lattice position it occupies, and it is also smaller than most
of the other dipositive ions heretofore diffused into these salts. It's
possible that the high charge density on the manganese II ion would

have some rather interesting effects.
This work then is a combination of two rather separate investi-

gations on the properties of manganese in single crystals of sodium
and potassium chloride.

There certainly is a fair amount of overlap

and where possible the information derived from one form of meas-

urement is applied and correlated with that found from the other,

however, it seems more convenient to treat this study as composed
of two separate sections. Hence the diffusion and luminescence sections will be kept separated throughout the body of the thesis.

3

II.

BACKGROUND AND THEORY

Diffusion

Introduction of divalent cation impurities into an alkali halide

lattice produces an equal number of cation vacancies, since the total
number of anion and cation sites must be equal. Stasiw and Teltow

(70) postulated that, because of the net negative charge on the vacancy, the vacancies will combine with the net positively charged divalent cations.
plex.

This combination is called an impurity-vacancy com-

Because this complex is electrically neutral and will not move

preferentially in an electric field, Etzel and Maurer (20) used this
concept to interpret their results on the condutivity of NaCl doped
with CdCl2. Further experimental evidence for the existence of an

interaction between divalent cation and cation vacancy was supplied

by Mapother, Crooks and Maurer (52) in a study of self diffusion of

Na in NaBr and NaCl.
It would seem reasonable to suppose that diffusion of an associated divalent impurity ion would be greater than that of the host
cation, which must depend on the chance encounter of a vacancy for
movement. Lidiard (46) has developed this line of thought into a

quantitative theory of divalent cation diffusion obtaining equations

which relate the diffusion coefficient of the impurity to its
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concentration and the free energy of association of the complex.

He

has developed a theoretical model for diffusion of a divalent metal
impurity in a lattice containing monovalent cations such as the

alkali chlorides. An impurity can only move when there is a
vacancy in the nearest neighbor position. Since a divalent cation

impurity has a net charge of +1 when referred to the lattice and
the cation vacancy has a net charge of -1, there is a certain electrostatic attraction between these two entities. Charge conservation
requires that if the concentration of the divalent impurity is c, the
concentration of cation vacancies will be c, when thermal contributions can be ignored. The electrostatic attraction between divalent
cations and vacancies can produce a one to one complex.

A degree of association, p, is defined so that cp is the molar
fraction of complexes.

Then application of the mass action law to

the pseudo-chemical reaction
M

+1

-1
+

unassociated impurity
ion

Mil

unassociated
vacancy

..

-...

M

impurity-vacancy
complex

gives
cp
c2(1 - p)

2

K(T)

(2. 1)

The mass action constant, K, depends only on temperature. In the
simplest case in which the impurity ion and vacancy are regarded as
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associated only when in nearest neighbor positions, a statistical
thermodynamical treatment of the association reaction gives
p

p)

c(1

12 exp(-

=

2

AG ).

kT

(2.2)

In the above equation 12 is the number of distinct orientations of an

impurity-vacancy complex in a NaCl type lattice, and -AG is the
free energy of association between the impurity and vacancy.

Lidiard has further shown that if the impurities move by the
vacancy mechanism, i. e. , jumping into a vacancy in the nearest
neighbor position, the impurity diffusion coefficient is given by

= Ds d(pc)
dc

D(c)

(2.3)

where Ds is the diffusion coefficient of the complex.
Lidiard has also shown in another section that
D

s

=

(2.4)

1/3 a2w2f
2f

where a is the anion cation separation, w 2 is the jump frequency
for exchange of positions between an impurity ion and its associated
vacancy and

f

is a correlation factor.

f is defined by Howard and

Lidiard (31) as
w
f

1

+ 7w3 /2

+w

w
1

2

+ 7w3/2

(2.5)
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where w 1 is the jump frequency for a vacancy in an associated position moving to another associated position and

3

is the jump fre-

quency for a movement carrying the associated vacancy away from
the impurity ion.

These movements of the associated vacancy are

illustrated in Figure (2. 1).
Now using equations (2. 2) and (2. 3) the concentration dependent

diffusion coefficient can be found as
AG

D(c) =D s [1 - (1 + 48c e

kT -1/2

(2.6)

Note in this equation that as c increases D(c) tends to a maximum

value of Ds.

D

s

then is the saturation value of the diffusion coef-

ficient. This equation can be used to determine Ds at particular

temperatures and if log of Ds is plotted vs. 1/T (°K-1), a value for
Uo may be found from the slope of the line. Uo is the activation

energy required for a divalent cation and an associated vacancy to
exchange places in the lattice. Thus
D

s

= D e -U ° /RT

(2.7)

where R is the gas constant, T is expressed in degrees Kelvin and
Do is a pre-exponential term.
The previous treatment leading to the development of equation

(2. 6) rested on the assumption that the concentration of thermal

7

Figure 2. 1 Diagram describing notation of jump probabilities.
From Howard and Lidiard (30).

8

cation vacancies, cv, was much smaller than the concentration of
cation vacancies introduced with the divalent impurity, cb, i, e. ,
cv << c b. Howard and Lidiard (31) have considered the case where
this condition does not apply. They have shown the mass action law
analogous to equation (2. 2) as
Ag

(cv - cp)(cb

c

)

(2.8)

12e(-k7)
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where c p ,

c

v

and cb are the atomic fractions of pairs, vacancies

and impurities respectively. They then develop a rather complicated
expression for the diffusion coefficient of the impurity ions that

simplifies considerably when either cv or cb are present in great
excess. For the systems studied in this work cv << cb and the
diffusion coefficient is adequately described by equation (2. 6).

In both developments described here only vacancies in the

nearest neighbor position were considered associated. The effects
of the coulomb attraction were assumed to fall off so fast that no
association in the next nearest neighbor position would occur.

AG

for Mn+2 is quite high in both sodium and potassium chloride and it

was thought that there might be some next nearest neighbor association.

Studying Mn

+2

in NaC1 and KC1 by E. S. R. Watkins (27) found

that the difference in binding energy (not free energy) was small and
in KC1 the vacancy in the next nearest site was actually more stable.
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If this is true, then an adequate theoretical treatment ought to include
the association energy of the vacancy in the next nearest neighbor
site, since this would enhance diffusion by having vacancies more
available for movement into nearest neighbor positions. Rothman
et al. (61) and Lidiard (46) indicate that a way to account for this ef-

fect is through the use of a Debye-Hackel treatment of the attraction
between unassociated impurity cations and cation vacancies.

As implied before, the diffusion of divalent manganese into
sodium and potassium chlorides was studied because of its possible

application later to luminescent systems and also because of its in-

trinsic interest. The diffusion of manganese into sodium chloride
has been studied by Lure, Murin, and Brigevich (47) using radiotracer techniques and by Stewart and Reed (71) using EPR. Lure

et al. found -AG = 0.55 e. v. at 500°C and Uo = 0. 66 e. v. while
Stewart and Reed found U0 = 0. 954 + 0. 037 e. v..

No information

regarding the diffusion of manganese into potassium chloride has

been reported.

Divalent manganese in an alkali halide is interesting because

of its electronic configuration, 3d

5,

and also because of its size,

0.80 A. (12, p. 43; 57, p. 518). Watkins (73k 74) has investigated
the electron spin resonance structure of Mn

+2

in sodium chloride

and made some assessments of the states of aggregation of Mn

+2

in the crystal. The ionic radius, 0.80 A , is quite a bit smaller than
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most of the other ions heretofore introduced into sodium or potassium

chlorides and this fact could lead to some interesting results; for
instance, the higher charge density would lead one to expect a more
tightly bound complex.

Radiotracer techniques have been used to study the diffusion of

several ions into alkali chlorides, among them are: Pb+2 into KC1
(35), Cd+2 into KC1 (34), Cd+2 into NaCl (2), Pb+2 in NaC1 (3, 50),
Co+2 and Ni

+2

into NaC1 (32), Ca+2 into NaCl (56), Zn+2 into NaC1

(61) and Hg+2 in KC1 (1). Information about the divalent cation-

vacancy association may also be obtained from conductivity and di-

electric loss experiments.
Luminescence

The phenomena of sensitized luminescence has been studied

for at least 20 years. Sensitized luminescence is a process whereby

energy absorbed in an impurity, S, is transferred to an impurity,
A, and is emitted as luminescence characteristic of A. In the more

interesting cases A and S are different impurities.
Most of the earliest investigations were made on systems of
simple structure such as calcite (63) and the alkali chlorides (29,
55, 62,65). It was hoped that the simplicity of the structure would

facilitate the elucidation of the mechanism of energy transfer between

S and A. However, because of the low solubility of activators, A,
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or sensitizers, S, in these matrices the work soon turned to more
complicated systems such as, Ca3(PO4)2:Ce:Mn, Sr3(PO4)2:Sn:Mn,
Ca P 2 0 7 :Sn:Mn (6), CaF 2 :Ce:Mn (30), and silicates such as
2

CaSiO :Pb:Mn (7).
3

Interest was also shown in tungstates. Russian

experimentalists soon became interested in the phenomena and they,
along with some American workers, again focused attention on the
alkali halides. Single impurities in sodium and potassium chloride
were investigated (39, 48). Luminescence in doubly activated
phosphors was studied in the case of KC1:Pb:Mn (68), NaC1 :Pb :Mn
(38), NaCl:Ag:Cu (11), KC1:Tlapb, KC1 :Eu:Mn, KC1:Sn:Mn,
NaC1 :Eu :Mn, NaC1 :Sn :Mn, and NaCl:In:Mn (69).

Khalilov et al. (38)

have collected much of the data on singly and doubly activated

alkali chlorides. A rather complete review of luminescence has been
made by Klick and Schulman (41, p. 97-172).

Transfer of energy between two impurity centers may occur

by a cascade or a resonant process. In the cascade process a photon

is absorbed by the sensitizer, S, and is emitted as a photon with an
energy in the emission band of S. If the activator, A, is chosen so

that its absorption band overlaps the emission band of the sensi-

tizer, the emitted photon may be absorbed and emitted as luminescence characteristic of A. The net process is to degrade the energy
of incident photons from the absorption band of S to the emission
band of A. In a resonant process of energy transfer the energy is
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transferred by a radiationless mechanism.

This paper will deal

with the resonant process of energy transfer.
Theories of resonance energy transfer are not new. Franck
(23) demonstrated the mechanism in gases and a quantum theory was
given by Kallmann and London (33).

A theory of resonance transfer in condensed media was first
developed by Forster (21, 22) for allowed transitions in organic solutions and crystals. Dexter (15) has extended this theory to include
forbidden transitions and applies this theory to inorganic systems.

The transfer mechanisms he describes are overlap of the dipole field
of the sensitizer with the dipole field of the activator, overlap of the
dipole field of the sensitizer with the quadrupole of the activator and
exchange effects. In the dipole-dipole (dd ) mechanism both the

sensitizer and activator have absorption bands in the region of

interest. In the dipole-quadrupole (dq) case the sensitizer has an
absorption band but the activator does not. In the dq case then an

activator with a forbidden transition from the ground state to an
excited state can be made to luminesce even though it would not

absorb the energy directly.
The physical model used by Dexter to develop the theory is

that of an atomic fraction, xs, of sensitizing impurity atoms and a

fraction, xa, of activating impurity atoms arranged randomly at the

appropriate lattice sites of an insulating crystal. A low
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concentration of both xs and x a is assumed so that the probability
of transfer from one sensitizer to another is negligible, so that no
new crystalline phases are formed, and so that the effects of cluster
formation are unimportant.

The transfer process consists of five stages: (1) absorption of
a photon of energy Eo by the sensitizer, (2) relaxation of the lattice
around the sensitizer so that the available energy in a transition is
now El < E0, (3) transfer of energy Ei to the activator, (4a) relaxation around the activator so that the available energy in an elec-

tronic transition is now E 2 < El, (4b) relaxation of the lattice
around the sensitizer to a state similar to the original unexcited

state, (5) emission of energy E 2 from the activator.
It is important to remember that the lattice relaxes around S

and A after an electronic transition before another transition occurs. This localizes the excitation on S or A. Steps (2) and (4a)
described above occur in about 10-13 seconds, the excess energy
being dissipated to the lattice as phonons. This process is the one
associated with the Stokes' shift (14). Step (5) of course, depends on

the forbiddenness of the transition but requires a time of at least
10-8 seconds or longer.

In general, the Stokes' shifts described

above (steps (2) and (4a)) are large enough so that E 2 < E 0 and no

back transfer from an activator to a sensitizer can occur. Thus,
when an excitation appears on A it must stay until either an
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emission or a non-radiative process can occur. It should be pointed

out that back-transfer can occur if S and A are sufficiently close
so that transfer takes place before relaxation (steps (4a) and (4b))
occurs.

The resonance transition may be treated by first-order timedependent perturbation theory provided: a) the time for transfer is
very much longer than the lattice relaxation time; b) the Stokes' shift

is sufficiently great so that back-transfer is inefficient; and c) impurity concentrations are sufficiently low so that interactions (i)

between sensitizers, (ii) between activators, and (iii) between sensi-

tizers and activators - other than nearest neighbors - are all negligible. Some of these conditions will be discussed later.

Dexter specifies the transition probability as

p
where

SA

=

(-21T)

n

I <H1 > 12 pE

(2.9)

is Planck's constant, p E is the density of states, and

< Hl> is the matrix element of the perturbation to the Hamiltonian
between the initial and final states of the system. The initial state

of the system is the one in which the sensitizer is excited,

the activator is in the ground state

LIJ

a.

LI)

a.

,

and

The final state is the one

in which the sensitizer is now in the ground state,

vator is excited

4, '

ij

and the acti-

The primes here indicate excited states. This

is simply a description of the process in step (3) above. The
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probability then is of the form
2 11*

P SA
where

Lp

(

and LIJF

I

'n

)p

E

I

S

Lpi Hl LliFd TI

2,

(2.10)

refer to the initial and final states, respectively,

that have just been described.
Dexter proceeds to normalize the wave functions on an energy

scale and absorb the density of states factor, p
tion.

in the normaliza-

He introduces probability functions ps(ws ) and p a(w a ) to

express the probabilities that S is in the particular energy ws and

A is in the state w a. Using the Franck-Condon principle, which
states that electronic transitions occur in a time short compared
with lattice vibrations and there is small probability of loss of elec-

tronic excitation energy to the lattice in any transition, Dexter re-

quires that the transition probability, PSA' contain a Dirac deltafunction
61(

- Ws) - (w a - w a )1

The total probability of energy transfer from S to A is then
P

SA

(

aa a

(gig )-1 .5"Clw?
Sdw
Sdw p (w )Sdwipi(wi)
s
s
a

sa

)

I

ss

F

lsasaIFs s

X I<H (w ,w

,w

I 2a w -w )-(wa-w a)1

,

(2.11)
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and the indices I and F on the energy parameter have been omitted

for brevity. The factor gs indicates the degeneracy of the excited

level of the S atom or ion, similarly for ga. Carrying out the integration over ws by means of the delta-function and substituting

E=w

-w

= wa - wa ,

Dexter obtains
PSA

(L) / /(gts g a )-1.11dESdwapa(wa)
'TT

I

)
dw p'(w
s s s
I

F

w
X j< H 1 (w',
s

ws - E, w a + E) > IF

12.

(2.12)

In order to calculate the transfer probability, an expression
for the perturbation, H1, must be determined. This interaction

may be expressed as the sum of all the Coulomb interactions between

the outer electrons and core of A with those of S reduced by the
dielectric constant, K, of the medium. Expanding the sum in a

Taylor series about the vector R, the internuclear separation dis-

tance of S and A, the interaction energy is
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1-1

1

(R)

=

e

2

r

Cs

-;a - 3(ibs

R)(r";

R")/ R2 }

KR

3e

3

2
){

2, 2
Ri/R)raizrsi(-3 + 5 Ri/R )

2KR

+ 10(XYZ/R 3 )(xa ya z s + xa z ay s + yazaxs)
3

3

L(R.
3

/ R) - 511

1tj /R3,1[-r 2r

ai sj

- 2r .r aj.r 51.1}

j

i

(2. 13)

.

This is the interaction giving rise to Van der Waal's forces.

m

son)

indicates vectors to all the electrons on S measured from the

nucleus of S and similarly for
ra

=

ra, n.

The first curly brackets give the energy for a dipole-dipole interaction and the second the dipole-quadrupole interaction.

Dexter goes on to determine PSA for dipole-dipole and dipole-

quadrupole interactions. Since experimentally the dq process is

important in this case, Dexter's development for dq transfer will
be sketched. The development for dd' and indeed dq transfer would
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differ only in the assignment of a value for

H1.

To determine the transfer probability for dq transfer the
absolute square of the matrix element is calculated from the second
curly bracket of equation (2. 13). Before insertion < l< H1>

12>

AV

is calculated by averaging over all orientations of R. The quadrupole

transition probabilities are expressed as the double dot product of
the dyadic
2> 2

2

2

<N>

2

12+

+ 21 yz.> 1

2

+ 2 I < xz >1

2

(2.14)

.

Summing over
I< HI > I

2AV

and

l< N

a>

12

Dexter obtains
.< I<H1>12>AV

9e

4

a

8

4RK

2

2,
<r >1 >1 i<N >1
a

(2.15)

where a = 1. 266. The transfer probability is then

P SA (dq)

9e4 /ro,

2EK2R8gsga

X

// SdE {9dws'pts(w's)1<1-365(wst,wsI-E)>

IF

{Stdw ap a (w a)1<Na(vvaova +E)>

12}

(2.16)
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The quantity in the first curly bracket relates to the sensitizer and

can refer to either absorption or emission data. The second curly
bracket refers to the quadrupole activator. There is little hope of
expressing the quadrupole matrix elements in terms of absorption
curves since a quadrupole transition is so much weaker than an

electric dipole transition--about a factor of 10-6 (19, p. 646).
Dexter says that it is sometimes possible to guess at the shape of the
absorption band through a knowledge of the emission band.

Further manipulation allows the statement of transition

probability in terms of the absorption and emission curves, giving

8g

P

SA

(dq)

a
135TraE9c
6 8T
4n R s T a ga

fs(E)Fa(E)

1 2C
K

E

(2.17)

8

In the above equation Ts is the lifetime of S in the excited

state, Ta is the lifetime of A in the excited state,

C

is the

ratio of the electric field at an isolated atom to that within the

crystal, fs(E) represents the observed shape of the sensitizer
emission band and F a (E) represents the guessed at shape of the
activator absorption band. fs(E) and Fa(E) are normalized to
unity.

Note the dependence on R-8.

In order to relate the transition probability to experimentally
determinable parameters, Dexter defines the dependence of
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P

SA

(dq) on concentration. Defining a convenient paramter,

through the relation
N8/3/v8/3-rs

P SA (dq)

(2.18)

and

y=

(2.19)

yC

the quantum efficiency as a function of concentration is found as
(x) e-yt

iig(dq)

y
o

1+t

8/3 dt .

( 2. 20)

This relation is plotted in Figure (2. 2).

In equation (2. 18) v is defined as v = (4/3)7T.R3, where

R

is the distance between S and A. In equation (2. 20) C+ is the
number density of lattice sites that can accomodate the impurity A.

For NaCl

C+ = 2. 23 x 1022cm-3

and for KC1 C+ = 1. 6 x 1022cm-3.

In order to relate quantum efficiency,

11

,

directly to concen-

tration of the activator, xa, some assignment must be made for the
values in equation (2. 17) in order to calculate P SA (dq). Dexter

states the criterion for appreciable transfer as

q

= 1/2.

From

Figure(2. 2) this corresponds to y = 0. 65 as a critical concentraion,
(x )c
a

0. 65/, yC+.

In order to calculate y and thus (x)c, he

assigns values to the quantities in equation (2. 17) as (
E = 5 e. v. , n6 = 13, Ta = 0.1 sec. ,

/ga = 5,

/K1/2; c )=1,
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Figure 2. 2 Quantum efficiency as a function of reduced activator
concentration for dq transfer. The values of mole

fraction of activator, x,a arc those estimated by
Dexter.
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fs(E)F(E)dE

1/3 e. v.

,

and C+

2.

x 1022 cm-3.

now

.JJ

becomes 3 x 10-21 cm 3 and (xa )c = 0.96 x 10-2. These assignments

are reasonable for a NaC1 crystal. This then is the basis for assignment of values for xa shown in Figure (2. 2). Choosing different
values than those assigned here would result in a new value for

Y

hence a new value for (xa)c and a new assignment of values for xa.
Thus studying the quantum efficiency as a function of x a and noting

the value of x a for which the quantum efficiency begins to change
will not differentiate between dd, dq, qd, or qq. See Figure (2. 3)
which illustrates 51 vs. y for dd and for qq transfer. Note how
q

similar the two curves are and the curve for dq comes between
these two. In order to differentiate between the various types of

transfer experimentally one would have to measure the rate of change
of the quantum efficiency as a function of y accurately enough to
distinguish between the slopes of the various curves. With quantum

efficiency measurements this is extremely difficult if not impossible.
This study will concentrate on phosphors that exhibit dipole- -

quadrupole transfer and will see what information may be deduced
upon the application of Dexter's theory. The systems chosen for
study were KC1:Pb:Mn and NaC1 :Pb:Mn. These two phosphors

were chosen for several reasons: 1) they had been demonstrated to
luminesce, 2) pure starting materials were available, and 3) techniques for measurement of concentration in these halides had been
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Quantum efficiency as a function of reduced activator concentration for dd transfer (dotted line) and for qq transfer
(solid line).

N.)

24

set up at this laboratory. The last condition is probably the most
important since it seemed apparent that a knowledge of the quantum

efficiency as a function of concentration of the sensitizer and activator in the crystal would be absolutely necessary.
Recently Dow (17) has considered resonance energy transfer
by means of localized excitons, i. e. , semi-bound excited states of

the base lattice. An introduction to exciton theory is given by
Dexter and Knox (16). Dow objects to Dexter's theory because he

believes that the medium could alter the interaction, i. e. that both

impurities are coupled to the host exciton bands as a result of interaction with neighbors. Physically we might expect that indirect

coupling of impurities to each other is small for a large impurity
separation or for excited impurity states lying far below the host
exciton bands. Accordingly Dow indicates that the case of long-

range transfer reduces to Dexter's theory with a two atom interaction and the medium effects included in a dielectric response function.

Generally the transition rates may be written
P SA

=

2

h Leff
1

"F

12

( 2. 21)

where Aeff is the effective electronic factor in the transition matrix
element (for Dexter's theory Aeff

t. /K, A being the bare electronic

matrix element and K is the dielectric constant of the medium) and
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p

is the vibrational overlap of the normalized activator absorption

spectrum. Thus the electronic states determine the bare interaction

strength, polarization effects reduce this interaction and the lattice
vibrations merely provide an effective density-of-final-states factor

in the transition rate. Dow calculates Jeff considering the host
exciton states' effect on the bare interaction matrix element. Such
virtual exciton migration is strong coupling in the sense that S and
A are strongly coupled to a nearest neighbor host atom and each host
is strongly coupled to another; but it is weak coupling in the sense

that the effective indirect interaction between S and A is small.
The mathematical technique used is the method of classical Green's
functions for the treatment of localized perturbations. Impurities

are considered in a three-dimensional crystal allowing for a direct
interaction between impurities and including the contributions to

virtual exciton migration from all orders of perturbation theory.
To get a qualitative feeling for the effects of virtual exciton migration

Dow specializes to the case of a one-dimensional crystal for which
the Green's function is known. He emphasizes that this treatment

could be applied to real crystals for which there were perfect
crystal Green's functions calculated.

After specialization to a one-dimensional crystal, Dow writes

Aeff as a sum of long-ranged and short-ranged parts
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A

eff= A1. r.

As.

r.

= (A/K) -I-

As.

r.

( 2.22)

For large impurity separations the matrix element entering equation
(2. 21) is blic which is the same as Dexter's theory predicts, but

for smaller values of R, the short-ranged term can seriously modify
the effective interaction. Then Dexter's resonance transfer theory

in its usual form is valid for distances so large that

r

I As.

r. /Al. r.

I«

(2.23)

This is essentially a statement of an assertion in the Dexter theory
that the impurities are assumed to be far enough apart so that their
wave-functions are uncorrelated. Dow (18, p. 197-198) estimates

gamma for a dq process. Using n = R/a L, where a L is the
lattice spacing, he obtains
A

s. r

(767C)

6a,

n4 (10 61:)1-n (ev)n-1

52. 24)

is the energy separation in ev of the excited state of the im-

purity and the lowest host exciton band. Using 6 a = 1 ev Dow ob-

tains for the ratio:l. 6 for n = 2, 0. 8 for n = 3, 0. 25 for n = 4 and
0. 06 for n = 5 indicating that virtual excitons contribute significantly

to transfers over distances shorter than four lattice spacings or
about 16A. Dexter estimates that for dq transfer S may be ex-

pected to sensitize about 100 sites.

For a site density of
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C

= 2.23 x 1022 cm-3 as in NaCl this corresponds to a cube with a

side of 16A.

Thus Dow asserts that the dq transfer should be domi-

nated by virtual exciton transfer. This account of virtual exciton

transfer has been restricted to one dimension, but Dow asserts that
generalization to three dimensions does not give significantly dif-

ferent results. The sole threat to the virtual exciton mechanism is
exciton-phonon interaction which would destroy the coherence of the

intermediate states. Dow believes that the exciton-phonon interactions brought in by generalization to three dimensions are compen-

sated by the increased number of paths for the migration; thus he

believes his estimates of the strength of the indirect interaction to

be about right for a real crystal.
In conclusion Dow states that two conditions must be satisfied

in order that the Dexter theory be applicable. Virtual excitons must
not offer an efficient pathway for transfer, r< < 1, and it must be

impossible, on the average, for two S's or two A's to be near
enough to each other that one could provide coherently coupled inter-

mediate state influencing the energy migration rate.

These require-

ments limit the domain of validity of the Dexter theory to very low
impurity concentrations. For dd and dq processes, for instance,

the maximum impurity concentrations are 10-5 and 10-3 mole fraction respectively.

While these two papers provide the theoretical basis for a
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discussion of sensitized luminescence, the purely phenomenlogical
will not be neglected.

The absorption, excitation and luminescence

spectra will be examined and compared with what data there is
available.
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III.

EXPERIMENTAL

Diffusion

Materials
Care was taken to obtain chemicals of high purity.

The sodium

and potassium chlorides used to grow single crystals were purified
by passage of reagent grade salt supplied by Merck and Company
through ion exchange columns.

This procedure is particularly ef-

fective in removing polyvalent cation impurities. After passage

through the columns the concentrated salt solution is evaporated to
dryness. This technique was developed by Fredericks, Rostoczy and

Hatchett (24) and perfected by Fredericks, Schuerman and Lewis (25).

The manganese chloride used in the experiment was B and A
reagent grade, minimum purity 99. 0 percent as MnClz. 41420. The

salt was dried under HC1 in order to remove all water, including the
waters of hydration (53, p. 348). The dried material was then stored in a

weighing bottle in a dessicator. Carrier solutions of MnC1 2 were
made up by weighing a convenient amount of dried MnC12, correction

of the weight by the degree of purity, dissolving the salt and dilution
to 100 ml in a volumetric flask with approximately 6N HC1. The

strong acid was found to retard deterioration of the solutions. The
strengths of these solutions were approximately 1. 4 mg/ml. A new
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carrier solution was made up about every six months to minimize the
effects of decomposition.

The radioactive tracer was obtained as carrier free Mn 54 Cl
in HC1 solution from New England Nuclear, Boston, Mass. The
tracer was diluted to a convenient volume with 6N HC1. Standard

aliquots of 25 p.1 were taken for calibration of radioactive counting.
Crystal Growth

In order to perform the diffusion experiments, single crystals
of sodium and potassium chloride were required. The Kyropoulos
technique (43) was used to grow these crystals. Approximately 150

grams of dry purified salt was weighed out and placed in a quartz
crucible. The crucible was placed inside a large quartz tube and
sealed.

The tube was evacuated and heated at a temperature of about

150°C while pumping until no more water was given off.

The tem-

perature was increased slowly while still under a vacuum to about
300C. At this point about one-half atmosphere dry HC1 was added
and the salt was heated in steps to 500' C, changing the HC1 at each
step and pumping out all water. At about 600' C one atmosphere of

chlorine gas was added to oxidize any organics from the resins and
polyethylene containers remaining in the salt. Usually, although not

always, the salt was melted under the chlorine atmosphere and
chlorine dissolved in the melt. This helped to insure that all
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organics were oxidized by the chlorine. When the salt was dry and

clean, the temperature was lowered to room temperature; the
crucible was removed from the quartz tube and transferred to the
growth furnace.

The growth furnace is a quartz tube having a zone

heated by a graphite element surrounding the tube. The crucible
was placed in this zone and heated under dry argon. The argon was
changed periodically while heating to the melting point in order to
flush out any water vapor.

The salt was then melted under an at-

mosphere of argon. In order to accomplish the actual growth a

single crystal called a seed crystal was attached to a cold finger
rotating about its longitudinal axis. The crucible was rotated in the

opposite direction to the seed crystal; the seed was dipped into the
melt and withdrawn slowly. Salt will crystallize out of the melt onto

the single crystal as it is withdrawn producing a large crystal of

salt, called a boule. The growth from the melt and also the treatment with chlorine described previously can be considered to be

purification steps.

Smaller single crystals of convenient size for diffusion experiments were cleaved from the boules. Cleaving is generally done

with razor blades by exerting pressure along a 100 crystal direction.
The crystals produced as described were of a high degree of
purity although probably not quite as pure as those described in ( 25).
The only impurity detected by optical absorption measurements was
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a small amount of hydroxide. The hydroxide concentration in sodium

or potassium chloride may be calculated from ultraviolet absorption
measurements using a relation reported by Gie and Klein (28). They
-1/ppm
/
found that the ratio, a(cm -1 )/c(ppm), was equal to 0. 9 cm
for NaCl and 0. 4 cm -1 /ppm for KC1, where a is the u. v. ab-

sorbance of a sample divided by its thickness and c is the concen-

tration in parts per million. In sodium chloride hydroxide was
found at a concentration of 2 ppm, while the hydroxide concentration
in potassium chloride was 0. 65 ppm.

The hydroxide absorption band

was found at 185 nm in sodium chloride and at 204 nm in potassium
chloride.

Diffusion Procedure

The impurity, manganese chloride, is introduced into the
single crystals of sodium or potassium chloride by a technique known
as vapor phase diffusion. That is, the crystal and solid manganese

chloride are heated so that there is an appreciable vapor pressure
of manganese chloride over the faces of the crystal.

A piece of single crystal sodium or potassium chloride is
cleaved from the boules described above. The piece is usually about
1. 5 cm by 1. 5 cm by 0.6 cm. After cleaving it is annealed in two-

thirds atmosphere HCI starting at 650° C and dropping to 200C in
two and one-fourth days.

This has the effect of reducing the
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hydroxide ion concentration to a level of less than 2 ppb in potassium
chloride and 0. 5 ppm in sodium chloride. Since hydroxide ion dif-

fuses out of the crystal there will be a concentration gradient from
the center to the faces. The diffusion of hydroxide ion in potassium
chloride has been discussed by C.A. Allen (1).
The method used for vapor phase diffusion is quite similar to

that described by Keneshea and Fredericks (35). A tube of about
19 mm pyrex or vycor is sealed off and flattened at the bottom.

Pyrex tubes are used if the diffusion anneal is to take place at a temperature less than about 550°C and vycor tubes are used for higher

temperatures. Radioactive and carrier manganese chloride in a
known ratio are delivered into and evaporated on the bottom of the
tube.

The last small amount of water is driven off by heating under

HC1 with a heat gun. When dry a pyrex pedestal about one and one-

fourth inches high is placed on top of the evaporated material in order

to physically separate the salt crystal from the diffusing material.
The tube is then evacuated, about one-third atmosphere HC1 is
added and the tube is sealed off. This diffusion tube, as it is called,

is then ready to be placed in a furnace at a definite temperature for
a known time. The furnaces used for this diffusion anneal are

Marshall high temperature testing furnaces with a Wheelco Model
407 controller. The temperature of the furnace is sensed by a

chromal-alumel thermocouple and the temperature is maintained
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to within 1°C.

Before the diffusion tubes are introduced into the furnace, the

furnace is preheated to the temperature of the diffusion anneal. The
diffusion tube is attached to a platinum-platinum 13 percent rhodium
thermocouple so that the bead is positioned outside the tube about

halfway up the face of the single crystal. The temperature determined this way is within 4°C of the temperature of the crystal (35).

The diffusion tube is placed into the annealing furnace at a known

temperature for a known time. During the diffusion anneal the tem-

perature is checked at least twice, depending on the time of anneal.
oC
Temperatures of anneal ranged from about 450oC to 650 for both

sodium and potassium chlorides. The times ranged from 10 days

to 18 hours for the lowest and highest temperatures respectively.
When a diffusion tube is placed in a furnace, the outside heats

somewhat faster than the crystal inside. It is possible that the
dopant may be transported from the bottom of the tube to the cooler

crystal. This would result in diffusion with mixed boundary conditions of surface and vapor phase diffusion. To test this possibility,

a water-cooled coil was placed around the bottom of the tube to give

the crystal inside time to warm up. Then the coil was removed
and the diffusion anneal begun.

No difference in the diffusion profiles

between cooled and not-cooled tube bottoms was noted.
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Slicing Procedure
After the diffusion anneal the diffusion tube was taken from the
furnace and allowed to cool in the air by convection. The tube and

crystal cool quite quickly this way and it may be considered quenching.

Within five minutes the tubes are cool enough to hold and are

broken open. About 3 mm are cleaved from the sides of the crystal

so that only diffusion into the large flat faces of the crystal is considered. The crystal is then cleaved lengthwise through the thick-

ness dimension in order to give two large-faced samples.

These

samples are mounted to brass pedestals with epoxy cement and allowed to set. When firmly attached the pedestals are placed in an

American Optical Company Model 960 microtome and a razor blade

is placed in the moving arm.

The blade and top of the crystal are

backlighted and aligned by eye and the razor blade is pulled across

the crystal face in approximately 20 micron increments.

The powder

obtained by this sectioning technique is collected in a vial that has
been previously cleaned and weighed. The powder is dried in an

oven, cooled, an&weighed on a Mettler microgram balance. From
a knowledge of the weight of powder, the crystal face area and the

density of the salt, the distance into the crystal may be calculated,
Usually 14 samples are taken in this manner although more can be
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taken if needed.
Radioactive Counting

In order to determine the concentration of manganese in the

slices the radioactivity of each slice is measured. Manganese -54
undergoes a nuclear reaction to chromium-54 by electron capture
with a half-life of 280 days (26, p. 538). In the process a gamma ray
is emitted of energy 0. 835 MeV. The activity is measured on a

Packard Model 410A Auto-Gamma Spectrometer using a potassium

iodide scintillation detector. Calibration samples of 25 p.1 of tracer
are used to calculate the concentration of manganese. The mole
fraction of manganese is found by
c (mole fraction)= K c(counts/min/micron)
where
Vc MI
(3. 1)

K

M 2V p A r

In the above equation V is the volume of carrier solution of concen-

tration, c', V* is the volume of radioactive tracer solution, p is the
density of the sodium or potassium chloride and is equal to
2. 165 gm/cm3 for NaCl and 1. 987 gm/cm3 for KC1 (9, p. 627 and

653), A is the area of the crystal face, M1 is the molecular weight
of the sodium or potassium chloride, M2 is the molecular weight of
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manganese chloride and r is the counting rate of the standard in
counts/min/p. liter. The units of K are mole fraction of Mn

+2

per counts/min/micron. The raw data for the concentration, i, e. ,
counts/min/micron, is obtained for each sample by simply dividing

its counting rate by its thickness.
Calculation

When the raw data has been collected and reduced to mole

fraction of Mn

+2

and thickness of the samples, it is plotted on a

large piece of graph paper. A typical curve of mole fraction Mn

+2

vs. penetration distance is shown in Figure (3. 1). As can be seen

in the Figure, a smooth curve is drawn through the experimental
points and extrapolated back to give a value of concentration, co ,

and the surface, x = 0.
The equation to be solved for one dimensional diffusion into a

semi-infinite medium is (13, p. 148-9)
ac

at

(D(c)ac)
ax

(3. 2)

where the diffusion coefficient, D, is explicitly a function of concen-

tration, c. Boltzmann showed that for certain boundary conditions,
provided D is a function of c only, c may be expressed in terms
of a single variable, x/2t 1/2, and equation (3. 2) may be reduced to

100
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Distonce into Crystol (microns)

Figure 3. 1. Concentration of manganese as a function of distance into the crystal for a typical
diffusion in sodium chloride. The lines at points 3 and 12 are perpendicular to
the curve at that point and allow a measure of dc/dx.
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an ordinary differential equation by the introduction of a new variable,

y, where

x/2t1/2

y=

(3. 3)

.

Then
ac

at

dc dy
dy dt

)dc
(4t 572 dy

(3.4)

and
ac
8x

dc dy
dy dx

1

77t1 2

dc
dy

(3. 5)

also
a [ D(c)2ax

ax

ar

D

ac
ay

] = 8x[ 2t

1

d

r

dc ,

dy
4t dy D-1

(3. 6)

so finally (3. 2) becomes
dc

- zy dy

d r_ dc ,

=

dy

(3. 7)

dy

The boundary conditions associated with this experiment are
c

c

c =0

o

x=0

t> 0

x>0

t= 0

(3. 8)

Upon transformation they become

c= c o

y=0

c =0

Y

(3.9)
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Integration of (3. 7) gives
co
2

S ydc

(3. 10)

d[D--c-d ].

dy

co

c

In these experiments t = constant so using (3. 3) equation (3. 10)
becomes
co
xdc

1

2t

dx

].

(3. 11)

co

c

This equation is more convenient to use since the data is obtained in

terms of x and c. Integrating the right hand side of the equation,
we get,
co
2t

1xdc

=

D(c)(i-E)
dx

- D(c o )(5-I-Edx ) c

(3. 12)

From the experimental values of c vs x plotted in rectangular coordinates the slope, (dc/dx)
(dc/dx)

at the point (c, x) and the slope

at (c, x = 0) may be determined. The left hand side of

(3.12) is obtained by graphical integration between c and co. Thus
all quantities except D(c) and D(co) are known.

In order to evaluate D(co) consider that as
dc
(dx)e

o

<< dc
()
dx

c

0
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while D(c) is of the same order of magnitude as D(co). Hence
dc
D(c)(dx )

and may be disregarded for

dc

<< D(co)(-cidc

c

0

D(c

c

-D(c0)(t)c
o

0

) is then given as

c0

xdc

(3. 13)

By graphically integrating from some very small value of c to co
one can obtain D(co)(dc/dx)co which is a constant. Once this is

found D(c) can easily be evaluated from (3. 12) at various values of
c.

This method of analysis was first used by Mantano (51) and is

described by Crank (13, p. 232-3) and Keneshea and Fredericks (35).

D(c) is plotted as a function of c for several temperatures in
Figure (3. 2).

Consider now equation (2. 6) for Lidiard's development which

relates D(c) and c. From experimental plots of D(c) vs. c an
average value of - G may be found. A smooth curve is fitted to the

experimental points and from the curve smoothed data are taken:

D.(c) at

c.

and D.(c) at c.. A ratio between

and D. c

)Di(c)

3(

calculated from the experimental values and then D.( ) and D.(c)
cis

are calculated from their respective values of c using (2. 6) and
guessing at

-AG.

Equation (3. 14) shows the ratio to be calculated.
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AG

13.(c)
D. (cc )
(

-

1-(1 + 48ci e

kT

1/2

AG

1-(1 +48c, e kT ) -1/2

(3. 14

The value of -AG used is the value for which
[Di(c)/Dj(c)]

= L,D.(c)/D.(c)] calc

.

For any one experiment this process is repeated several times and
an average value of -AG is calculated. If this value of -AG is substituted back into (2. 6) a value of Ds may be calculated for each
experimental point, (Di(c), ci). In this way average values of Ds

and -AG may be obtained at any particular temperature.

In order to get a "best" value of -AG and Ds a least squares
program is run on the experimental points to minimize the sum of
the deviations of the experimental points from a smooth curve.

The

smooth curve thus obtained corresponds to a "best" value of -AG

and this yields a "best" value of D. The computer used was a
CDC 3300 at the Oregon State University Computer Center.

The program used to find "best" values of -AG and Ds requires starting values of these quantities which can be provided by
the procedure described above. This is a rather tedious calculation
that could be eliminated. Instead of making the calculation for each

experiment an "educated guess" was made for values of -AG and
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Ds on the basis of earlier completed experiments and these were
used as starting values in the program described above. "Best

values" of -AG and Ds for that experiment were then calculated by
the computer. In order to check that the "best values" actually cor-

responded to a true minimum in the sum of the deviations and not

just a saddle point, the "best values" were calculated using starting

values of -AG and Ds both greater and less than the expected
"best values".

The calculated "best values" of -AG and Ds were

the same within the allowed deviation. This check was performed

for several experiments at different temperatures.
Care must be taken to assure that the data used actually
satisfies the model postulated. One basic assumption in Lidiard's
calculation of D(c) is that the concentration of positive ion vacancies

is equal to the concentration of divalent cation impurity, i. e. thermal

vacancies are not significant. Manganese II ion is more soluble in
NaC1 than in KC1 and generally the assumption holds in NaCl; not so

in KC1 where at times the concentration of thermal vacancies calculated on a Schottky model became an appreciable fraction of the impurity introduced vacancies. If cb is the concentration of the im-

purity introduced cation vacancies and cv is that of the thermal
vacancies, then when cv 24,;cb the assumption is violated.

To insure

that these sources of error would not be a problem, all calculated
D(c)'s were rejected which corresponded to the condition
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that cb

10c

v.

Another source of error which can affect the values of D(c)

and hence -AG is illustrated in Figure (3. 1). In order to calculate
D(c) from equation (3. 12), (dc/dx)c must be known. As can be seen
from Figure (3. 1) (dc/dx) c is less well known at low c and hence

D(c) at low c is less accurately known.

To minimize this problem

all points were rejected for which c = 0. 05 co .
Luminescence

Sample Preparation

In order to prepare luminescent samples, divalent lead and
manganese ions must be introduced into a sodium or potassium

chloride lattice. Three techniques were used to accomplish this:
simultaneous vapor phase or surface diffusion of the impurities and
growth from the melt of doped single crystals.
Vapor Phase Diffusion. The vapor phase diffusion technique

has been described already for the diffusion of manganese.

For the

luminescence measurements radioactive tracer and carrier for both
lead and manganese were evaporated onto the bottom of the tube.

For the luminescence work crystals with quite a bit larger faces
were used. Where the average surface for diffusion was about
1 cm

2,

the average surface for luminescence was about 3 cm2.
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Large faces were used so that when slices were taken there would be
enough powder to thoroughly cover the excitation beam in the lumi-

nescence phase of measurement.

These large-faced crystals were

placed on a pedestal over the evaporated dopants, the top of the diffusion tube closed off, the tube evacuated, one-third atmosphere
of HC1 introduced and then sealed off.

The diffusion anneal was car-

ried out the same way as described for manganese. After the anneal

the crystal was cooled, cleaved, mounted and sliced in the same way
as detailed for manganese diffusion.

The slices obtained from the sectioning of a luminescent

crystal were contained in small clean vials as for manganese diffusion.

The salt was not dried before weighing on the microbalance

as it was noticed on early samples that heating at about 100°C for
about five hours caused discoloration of the salt.
be due to oxidation of the Mn

+2

This could possibly

to higher oxidation states by heating

in air. The undried salt was allowed to come to equilibrium in the
weighing room and weighed.

The concentration of manganese in the

slices was determined as before (equation (3. 1)) and the concentra-

tion of the lead was determined in a similar way. Lead- 210 decays

by p

emission to Bismuth-210 with a half-life of 22 years (26,

p. 561). In the process a gamma ray is emitted of energy 0. 046 MeV

which is measured on the Packard Auto-Gamma Spectrometer Model
410A described before. The Lead-210 was obtained from New
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England Nuclear, Boston, Mass. as carrier free lead chloride and
was diluted as described for the manganese tracer.
Although the lead-210 gamma did not interfere in the man-

ganese counting, the manganese-54 gamma did interfere slightly in
the counting for lead. This interference was subtracted out before

any calculations of concentrations were made.

The calculation of manganese concentrations were made as
described before through the use of equation (3. 1). The concentra-

tion of lead in the slices was calculated using (3. 1) but with the value

for M2 now representing the molecular weight of lead chloride.

The units of K then became mole fraction of Pb+2 per counts/
min/micron.
The data may now be plotted as a diffusion profile for lead and

manganese into the same crystal.
Surface Diffusion. In order to increase the concentrations of

the impurities in the crystal, surface diffusion experiments were
used. Instead of evaporating the dopant onto the bottom of the tube

it is evaporated to dryness, taken up in alkali halide-saturated ethyl
alcohol and evaporated onto the faces of the crystals; these faces
are then placed together and annealed. After the anneal these

crystals were treated in exactly the same way as described above.
Doped Crystal Growth. Another method used to obtain lumi-

nescent alkali chloride crystals was to grow a doped boule from the
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melt by the Kyropoulos technique. This technique has already been

described for growth of pure crystals.

Two sodium chloride and one

potassium chloride crystals were grown doped with lead and manganese.

The first sodium chloride crystal grown was doped with 0. 7

mole percent lead and 0. 8 mole percent manganese (42). The boule
produced was so heavily doped that it was opaque. This indicated

precipitation of the impurities. The second sodium chloride crystal
grown had 8. 9 x 10-4 mole fraction manganese chloride and 3.4 x 104

mole fraction lead chloride in the melt. The boule produced was

clear in visible light. The potassium chloride crystal had 9. 6 x 10-4
mole fraction manganese chloride and 3.4 x 10-4 mole fraction lead
chloride in the melt. This crystal boule too was clear.

As indicated before these crystals were grown by the Kyropoulos method described for pure crystals.

The only difference was

that while the salt was melting and the boule being pulled a mixture
of about half and half argon-hydrogen chloride gas was passed over
the salt to reduce possibility of inclusion of hydroxide ion in the

crystals. All of the crystals described above, the two sodium
chloride and one potassium chloride, showed luminescence.

These crystals cooled rather slowly after being grown and

were effectively annealed after growth. As indicated in the results
section annealed crystals show a side band and annealing tends to
favor precipitation and coagulation of impurities. In order to
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minimize this all samples were heated in platinum foil for about one
hour at 600°C and quenched to about room temperature in liquid
nitrogen. This should insure a random distribution of impurities.

As noted before manganese doped samples have a tendency to

discolor if heated in air. The single crystals heated in platinum did
turn very slightly dark, although not nearly as much as powders due

to the relatively small amount of surface area of a single crystal.
In order to solve the discoloring problem, the quenched single
crystals were cleaved and powder samples were obtained by mounting on a microtome and shaving the inside face. Since the samples

were taken from the inside of the crystal, it was assumed that very
little oxide or hydroxide was included in the samples used for luminescence measurements.
The concentration of manganese in the doped crystals was measured by standard polarographic techniques. Manganese II ion has a
half-wave potential at -1. 51 volts in 0. 1 M KC1 (9, p. 1726). A

series of standards of known concentration of Mn

+2

in 0. 1 M NaCl

was made up and used to calibrate for the diffusion current, id, vs.
concentration of manganese. It was only necessary then to measure

id experimentally and obtain concentration. The instrument used
for the polarographic measurements was a Heath Company Model
EUW - 401 polarography system with a Heath D. M. E. apparatus
Model EUA - 19 - 6 referenced against a saturated calomel electrode.
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Optical Equipment

All absorbance measurements were made on a Perkin-Elmer
Model 450 Spectrophotometer. This instrument has a useable range

from 0. 165 to 2. 7 microns.

The far U. V. , U. V. and visible ranges

(up to 750 nm) use a matched pair of photomultipliers for detection

and either a deuterium or tungsten source for energy. The infrared
region uses the tungsten source for energy and a pair of lead sulfide

cells for detectors (59, p. 1-12).
The luminescence work was performed through use of a spec-

tral-fluorescence attachment to the Perkin-Elmer 450 Sepctrophotometer (60). Excitation of the luminescence was achieved by

light from a 150 watt Xenon arc lamp or a deuterium source, passing
through a Corning glass filter with a band pass of 250 to 400 mil, diffracting off a grating and illuminating the sample with a band of light.

The luminescence that results is directed by a series of lenses and
mirrors into the main monochromator of the Perkin-Elmer 450 itself.
The luminescence is separated into its components and directed onto
the photomultiplier in the sample compartment.

The signal thus ob-

tained is displayed on a recorder as relative deflection as a function
of wavelength..

The signal obtained in this way must be corrected

for response of the photomultiplier as a function of energy and for
attenuation of the light passing through the monochromator. The
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relative energy, E, incident on the photomultiplier is given as
(59, p. 65)

E = Tx F

(3.15)

in which T is the recorder deflection and F is a calibration factor.

F is given as
1

F

S T,

q

(3. 16)

D -1 R n

where S is the detector sensitivity as a function of wavelength, T

q

is the transmittance of the optics in the monochromator, D -1 is the

reciprocal linear dispersion of the prisms, R is the reflectance of
the aluminized mirrors and n is the number of reflections. Typical

values of T , D -1 and R are given in the Perkin-Elmer Manual
q

(59, p. 66-69) and these quantities were used as given.

The detector

sensitivity was measured by measuring the light intensity at the
sample chamber using a Hilgar-Schwarz thermopile Model FT
16.1/521.

The light was then attenuated a known amount by use of

calibrated reference screens supplied with the Perkin-Elmer 450
Spectrophotometer and allowed to fall on the photomultiplier tube
giving a pen deflection.

The absorbances of the reference screens

were measured directly and are listed in the Appendix. The pen
deflection per incident energy as a function of wavelength was calcu-

lated and used for a measure of relative detector sensitivity. Thus
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it was possible to calculate a relative F value as a function of
wavelength..

The curve calculated for F may be found in the

Appendix along with the experimentally determined values for

S.

Low Temperature Measurements

In order to cool the samples to make low temperature measurements a cold cell was used. The cell is constructed so that the
cooled sample can be held close to the exciting source and the luminescence can be easily measured. The temperature of the sample
can be measured by a copper-constatan thermocouple on the cold

finger near the sample. It was found to be accurate within ±3° C.

The spectral-fluorescence attachment is made so that the irradiating
light strikes a sample on the bottom at a 90° angle to the plane of
the sample. The luminescent light is taken from the bottom also but
off at about a 60° angle. The cold cell holds the sample closely

enough to the window so that very little luminescence is lost.
Quantum efficiency measurements are among the most useful

of luminescence measurements. Quantum efficiency measurements

were made at room temperature and at 90K on powder samples obtained from the sectioning process described before. In order to
measure the amount of light absorbed a powdered sample of pure

material, either sodium or potassium chloride, was placed in the
holder on top of a mirror and the sample irradiated with the usual
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exciting light. Since the pure material would absorb none of the

exciting light it would all be scattered. A fraction of it would be
scattered into the lens system leading to the monochromator and the
intensity of this fraction could be measured. If now a doped sample

is placed in the holder, without the mirror, and is irradiated, some
irradiating light is reflected and/or scattered off. A fraction, equal
to the fraction discussed before, is scattered and/or reflected into
the monochromator again and can be measured.

The difference in

the intensity of the reflected light from the doped sample and pure
sample is a measure of the energy absorbed at any wavelength.
It is understood that samples having an absorbance band will

reflect light in that absorbance band better than a pure sample;
therefore, comparing the reflectance of pure and doped samples may
not be valid.

This problem was recognized, hence the reason for

the mirror in the pure sample. Light getting past the first layers
of pure salt will be reflected by the mirror and will scatter back out
off the salt layers. In this way it is hoped that none of the light penetrating into the body of the salt is lost and the value measured as the
total reflectance actually is an accurate value. This process gives

a value for total reflectance that is reproducable to within five percent.

In order to get an idea of the effect of the mirror, the reflec-

tance of a pure sample without a mirror was obtained and found to be
about 50 percent of that with a mirror. It is not true that the effect
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of an inaccuracy here will be to shift all the quantum efficiencies by

an equal amount because each sample has a different reflectance

spectra to be subtracted from the total reflectance. It is true that
an error of about 25 percent in the determination of total reflectance
would be necessary before a significant change in the relative values
of the quantum efficiencies would be noted.

The luminescence of the doped sample is measured directly.

In order to relate luminescence measurements taken at different

times to each other it was necessary to use a "reference luminescence sample". This sample was simply a powdered lead and
manganese doped sodium chloride crystal that was physcially placed

in the same place in the beam every time. The luminescence at the

various instrument settings was read and all the different readings
were related to one particular reading by calculation of a factor.
Calculation

When all the luminescence measurements had been corrected

for instrument response and normalized, the relative deflection as a
function of wavelength in nanometers was plotted.

.

Two kinds of efficiency may be considered here: energy efficiency, Fie, and quantum efficiency, lig (44, p. 306-307). Energy

efficiency is the ratio of energy emitted to energy absorbed and is
given by the formula
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Eemd X
(3. 17)

S Eabs d
Quantum efficiency is the ratio of quanta emitted to quanta absorbed
and is given by
kern

X dX

=

abs

The relationship between 11

q

(3. 18)

X dX

and 77e is given as

X

ffq = ne X

em

(3. 19)

,

abs

where X em and X abs are the values of the maximum of the emission and absorption bands respectively.

The average value of the

emission maximum was 650 nm and the average value of the absorption maximum was 290 nun for the sodium chloride matrix.

In order to find the quantum efficiency, the energy efficiency,

le, was found by measuring the area under the relative deflection
vs. wavelength curve for emission (Figure (3.3)) and dividing by the
relative size of the absorption band. The size of the absorption band

was found by subtracting the area under the reflection spectrum of

the doped sample from the area under the reflection spectrum of
the pure sample and assuming that the amount not reflected was
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Wavelength (nm)
Figure 3. 3. Relative emission intensity as a function of wavelength.
The area to the low wavelength side of the dotted line near
550 nm was omitted when measuring the area under the
emission band. The area under the emission band is the
area used in the numerator of equation (3. 17).
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absorbed (See Figure (3. 4)).

The energy efficiency was then multi-

plied by X em /X abs to give, quantum efficiency. All quantum effi-

ciency determinations were on samples at low temperatures (90°K).
The raw data for all the quantum efficiency determinations is collected in the Appendices.
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280

300

Wavelength (nm)
Figure 3.4. Relative intensity of reflected light as a function of wavelength. (1) reflection spectrum of "pure" NaCl; (2) reflection spectrum of doped NaC1, and 3) difference between
1 and 2. The area under 3 is the value for the denominator
of equation (3.17).

59

IV.

RESULTS AND DISCUSSION

Diffusion

Manganese in Sodium Chloride

Figures (4. 1) and (4. 2) show the concentration of manganese

as a function of distance into a single crystal of sodium chloride for

different temperatures. Table (4. 1) shows the average values for

-AG and Ds at each temperature. The values given are averages
of two crystals at the temperature specified with the spread locating
the actual value for each crystal.
+2
Table 4.1. Average values of Ds and -AG for diffusion of Mn

into NaCl.
Temp (*C)

Ds (cm 2/sec)

- AG (ev)

-10

0. 721 O. 01

449

3. 29 .1 . 48 x 10

502

0. 72 ± O. 00

537 (a)

1. 19 t . 07 x 10-9
. 09 x 10-9
1. 48

551

1.82 1. 22 x 10-9

0.70E 0.00

601

4. 57 1.. 79 x 10-9
5. 38 t . 12 x 10-9
7. 79 t 1. 31 x 10-9

0. 62.1 0. 04

a Only one crystal available at this temperature.

Limits

606 (a)
656

given are standard errors for least square fits.

O. 68 .± O. 01

O. 62

O. 01

O. 65 .1 O. 03
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A: 601°C for 7.86 x 104 sec
B: 656°C for 4. 33 x 104 sec
C: 551°C for 7.87 x 104 sec
D: 502°C for 2.73 x 105 sec
E: 449°C for 8. 61 x 105 sec
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Figure 4. 1. Mole fraction of manganese as a function of distance into

sodium chloride crystals for various times and temperature.
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Figure 4. 2. Mole fraction of manganese as a function of distance into

sodium chloride crystal for various times and temperatures.
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Ds is plotted vs. l/T ('K71) in Figure (4. 3). The straight line
through the experimental points was obtained by a least squares fit

of the data to a straight line. As noted previously, from equation

(2.7), the slope of this straight line will lead to a value for Uo, the
activation energy for exchange of positions between a divalent cation

and its associated vacancy. Uo from Figure (4. 3) is 0.889 ±. 073 ev.

The limits were estimated from the difference of the slopes of Ds

vs. 1/T calculated for the lower values of Ds at each particular temperature and for the higher values of Ds at each temperature. All
the lower data gave a line with a slope leading to Uo = 0.883 ev and

all the higher data gave a line with a slope leading to 0.896 ev.

The

average Uo is given above. Hence the saturation diffusion coefficient
is

Ds = 5.87 x 10-4 cm2/sec e -20, 500 cal/RT
Note the other lines on Figure (4. 3).

The dashed line is that obtained

by Lure, Murin and Brigevich (47) using radiotracers to study vapor
phase diffusion. With techniques much the same as used in this

determination they obtained Uo = 0.66 ev, which is quite a bit lower
than that obtained here, but they note that the NaC1 used contained

Ag and Al impurities to the extent of 10-3 mole percent. Lure

et al. also express the free energy of association as
AG(ev) = 0. 7 - 1. 9 x 10-4T
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The dotted and dashed line in Figure (4. 3) shows the data obtained by Stewart and Reed (70) using surface diffusion techniques

and electron para-magnetic resonance to measure relative concentrations of manganese. They note that their crystals contained a

trace of iron as found by optical and X-ray spectrographic analyses.
Stewart and Reed report that
Ds = Do exp(-4)/kT)
is applicable with Do = 3. 48 x 10-3 cm2/sec and

cl)

7- 0. 954 + . 037

Note that Stewart and Reed's results are not included in the limits

ev.

of error of this work.
No estimate of the free energy of association could be made by

them since they measured only relative concentrations of manganese
II.

Measurements of relative concentration by ESR is generally ac-

curate to plus or minus one to two percent but for measurement of

absolute concentration errors of the order of 30 percent are common.

Both Stewart and Reed and Lure et al. report impurities in

the sodium chloride. No estimate is made by Stewart and Reed of

the amount of iron present, while Lure et al. estimate 10-3 mole
percent impurity concentration.

Iron and aluminum impurities in alkali chlorides are rather
uncommon compared to the alkaline earths; calcium, magnesium and
strontium.

Fredericks and Schuerman (25, p. 38) have reported
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finding alkaline earths present to about 9 ppm (molar) in Merck reagent grade KC1 as measured by an EDTA titration. Unintentional

aliovalent impurities will increase the vacancy concentration and

increase the degree of association. Impurities having the same
valence as the host cation will not affect the diffusion since they will
not bring in vacancies with them. Stewart and Reed introduced the

manganese into the crystal by surface diffusion. They note that they

used polished crystals and measured the concentration to an average
depth of 150 microns. In the vapor phase work performed here con-

centrations were measured about 600 microns into the crystal to be
sure of observing bulk effects and to minimize surface effects. In

some crystals anomalous behavior which we attribute to surface ef-

fects are observed as far as 50 microns into the crystal.
The free energy of association, -AG, is shown in Figure (4. 4).
as a function of temperature in degrees Kelvin. From this curve the

free energy of association may be expressed as
-AG(ev)

- 1. 090 + 5. 0 x 10-4T

The difference in the signs of the equation for AG reported by Lure

et al. and reported here is due to the definition of AG. Lure et al.
define the free energy of association as AG while we define it as -AG.

The values of -AG shown in Figure (4. 4) are quite a bit higher

than the usual values for the free energy of association; lead, for

.80
-AG

I

I

I

.70
=N.

(ev) .60

.50
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MEM
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TC°K)

Figure 4. 4. Free energy of association as a function of temperature
for manganese in sodium chloride. The straight line is
a least squares fit to the data points. The entropy of

association is found from the slope of the straight line,
i. e. AS = a( -AWN T).
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instance, has -AG = 0. 37 at 500' C.

Manganese being much smaller

has a much higher charge density than lead and one would expect a

higher free energy of association. With a free energy of this magnitude, next nearest neighbor association can be expected, however no
value of -AG has been obtained here for that. Watkins (73) in studying the ESR spectra of Mn
trum to Mn

+2

+2

in alkali chlorides assigned one spec-

with an associated vacancy in the next nearest neighbor

position. Using the ratio of intensities of the spectra and assuming

that the vibrational frequencies for the two different vacancies are

the same, he finds that El - E 2 = +0. 034 ev, where El is the
binding energy (not free energy of association) of the nearest neighbor

complex and E2 is the binding energy of the next nearest neighbor
vacancy complex.

El has been estimated by Watkins as 0. 39 ev.

He states that the estimate must be considered tentative for two

reasons: 1) calcium ions in about the same concentration as manganese were found as an impurity, and 2) he could not guarantee that

there was not a precipitated phase acting as a source for manganese

as the temperature was raised.

El can be estimated from this work. If the PV work can be
considered small then H

2.4

El; this work has found HI = 1. 09 ev.

1

In Table (4. 2) is collected the activation energy, Uo, for

several ions in sodium chloride and their radii.
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Table 4. 2 . Activation energies of some impurities in NaCl.

Impurity

Radius (A)a

U0(ev)

Source

+2

0. 74

1. 3

(32)

Co+2

0. 74

1. 1

(32)

Zn+2

0. 74

1.02

(61)

Mn+2

0.80

0.889 + .006

Ni

(This work)

0. 66

(47)

0. 954 + . 037

(71)

Cd+2

0, 97

0.92

(2)

Ca+2

0. 99

0. 90

(56)

1. 20

0. 99

(3, 50)

Pb
Na

+2

t

0. 95

a Ionic radii from Pauling (57, p. 514 and 518)

The activation energies are only meaningful when estimated

from the slope of Ds vs 1/T where Ds is the saturation diffusion
coefficient, i. e. , the diffusion coefficient of the impurity when

p = 1 at each particular temperature. Ds was the quantity used to
determine the activation energy for the impurities Pb, Cd, Ca, Mn
(this work), and Zn. The references for Ni, Co and Mn (71) do not

explicitly specify that Ds has been used. These last three experiments were performed by surface diffusion techniques and the concentrations of. impurities may be large enough so that D = D.
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Referring to Table (4. 2), note that the largest activation

energies are for the smallest ions. Since Uo is the energy necessary to push a divalent cation between two chloride ions into a

vacancy in the nearest neighbor position, one might expect that the
smaller the ion the less the amount of energy needed. Nickel, with

a d8 configuration, and cobalt, with a d7 configuration, have
ground states which interact with an octahedral field (12, p. 724 and
577), so there is an extra energy of activation needed to overcome
the stabilization energy. On a qualitative basis this might explain

the higher activation energies for Ni +2 and Co+2. McClure (49,
p. 426) gives a value of 10Dq = 6000 cm-1 for Ni+2 in an octahedral

field of 6 Br. Since Cl

is a slightly stronger ligand according

to the spectrochemical series, 10Dqtt:6500 cm-1 for 6C1. McClure
also gives a value of 10Dq 7-, 8600 cm-1 for 6H20 around Ni+2. Cotton

and Wilkinson (12, p. 736) give a value of 9000 cm-1 for the
3T

3A
2g

2g

absorption in (Ni(H 20)6)+2. Using this information

and the energy level diagram for a d8 ion (12, p. 577), the stabilization energy of the ground state of Ni +2 in an octahedral field of

6 Cl ions can be placed at approximately 0.8 ev. In a similar
manner the stabilization energy for Co
6 Cl ions is estimated at 0. 6 ev.

+2

in an octahedral field of

Simply subtracting these stabili-

zation energies from Uo would give a value of about 0. 5 ev for the

"hard sphere part" of the activation energies for nickel II and
cobalt II. Of course, the octahedral field is not completely removed

during the movement process, just distorted, and so this estimate
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of the "hard sphere" part of Uo is really much too low.
The next two ions listed in Table (4. 2) are Zn+2 with a d10
electron configuration and Mn +2 with d 5. A d 5 configuration ground

state is not split in the octahedral field of 6 C1 ions and, of course,
the d10 configuration is a closed shell.

Thus Mn

+2

and Zn

+2

ought

to act as hard spheres. The remaining ions in Table (4. 2), Cd
Ca

+2

and Pb

+2

,

+2
,

have electron configurations that should exhibit hard

sphere characteristics.
In a sodium chloride lattice the chlorides along the <110>

directions are separated from each other by an average distance of
0. 3A on a hard sphere approximation, i. e. , they do not touch.
Substitution of a divalent cation of radius ti 0. 75A for a Na+ ion of
radius 0. 95A would allow the chloride ions to relax inwardly on the

divalent cation until the chlorides touched, particularly the chlorides
between the divalent cation and the associated vacancy. The extra

positive charge on the divalent cation and the net negative charge on
the associated vacancy would aid this relaxation. Therefore,

Uo

might be higher for this case than for an ion of radius about equal to
that of sodium because this directed relaxation of the intervening
chlorides would have to be overcome. Ions with radii about equal to

sodium's would have little or no relaxation and larger ions such as
lead would cause a relaxation outwardly which would be advantageous

for the exchange of places. Watkins (74) has used this idea of
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directed relaxation to explain the lower activation energy needed
for vacancy motion from one associated position to another in

NaCl:Mn. Of course, the bigger ions must push the intervening

chlorides further apart to move through, but this really isn't as
serious an objection as it seems at first. The interstitial positions
in NaC1 are large enough to accomodate a sphere of radius 0. 6A.

Instead of moving through the chlorides in a straight line to the

vacancy, a divalent impurity could move into the interstitial position
and then to the vacancy position; thereby bypassing the necessity of

having two chloride ions separate a distance equal to the diameter
of the divalent cation.

This distance would be considerable in the

case of lead particularly. Divalent cations equal to or larger than
sodium would have good access to this pathway but, because of di-

rected relaxation, ions smaller than sodium would have a rather
poor access, i. e they would have to overcome the directed relaxation first.

The contention here then is that the energy saved by a

small ion in moving to the interstitial and thence to the vacancy is

smaller than the energy needed to overcome the directed relaxation

present for small ions. Rothman et al. (61) refer to a private communication from Tosi which states that relaxation around an ion as

small as Zn

+2

may be very large and if the anions relax inwardly

far enough, next nearest neighbor association can become important.
The diffusion of Mn2+ appears to support the directed
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relaxation model.

In order to get an idea of the displacements involved in this

mechanism, consider the tetrahedron of chloride ions surrounding

an interstitial. An impurity ion passing through a face of the tetrahedron would separate the three chloride ions in the face equally

an equilateral triangle. On this model the equilateral triangle of the
chlorides would have a side of length 4. 52A when a manganese ion

was passing through and a side of length 5. 20A when a lead ion passed
through. This corresponds to a separation distance between chlorides

of 0. 90A for manganese and 1. 58A for lead. Compare this with

1. 60A for manganese and 2. 40A for lead for direct movement and

the interstitial picture indeed looks attractive. We can note that
chloride ions have an average separation of 0. 3A in sodium chloride
anyhow, so 0. 9A would correspond to pushing both intervening

chlorides back against their neighbors along a < 110> direction.
The Pau ling radii used in Table (4. 2) and for the above calcu-

lation depend on assumptions that probably are not applicable.

Tosi

and Fumi (72) have calculated the ionic radii of various alkali halides
with the NaC1 structure by use of solid state data and application of
the Huggins-Mayer form of the Born repulsive energy while allowing

the crystal hardness parameter to vary from salt to salt. They
found that the disparity between the radii of the cations and anions in

the alkali halides is not as great as implied by the Pau ling radii.
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They found r+ = 1. 20A and r_ = 1. 62A for NaCl. Tosi-Fumi radii
are consistent with information obtained from X-ray maps of the electronic distribution in sodium chloride. No estimates of corrected
radii for the ions in Table (4. 2) have been made by Tosi and Fumi

but one might expect that because of the extra positive charge on a

divalent cation the relative increase for a divalent cation would not

be as great as for the sodium cation and the smaller the divalent
cation the less the change. Sodium goes from 0. 95A to 1. 20A by the

different estimates; a change of about 25 percent. Estimating a ten

percent increase for Mn+2 and a 15 percent increase for the more
polarizable Pb+2 we have 0. 9A for Mn+2 and 1. 4A for lead as new
values. On this model then the interstitial positions can now ac-

comodate a sphere of radius 0. 8A. Considering movement of an im-

purity ion through the face of the tetrahedron into the interstitial

position as before, the length of the side of the equilateral triangle
is 4. 4A for manganese and 5. 2A for lead requiring a separation
distance between chlorides of 1. 2A and 2. OA for manganese and lead

respectively. The usual separation between chlorides in sodium
chloride is 0. 8A using Tosi and Fumi values.

Direct movement

through the chlorides would require a chloride separation of 1. 8A and
2.8A for manganese and lead respectively. Thus, use of the Tosi

and Fumi radii makes the interstitial pathway picture even more
attractive.
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In order to estimate the magnitude of the energy of the directed
relaxation we can make use of a paper by Boswarva and Lidiard (5).
In calculating the energy of formation of Schottky defects in ionic

crystals they calculate the energy of the latice relaxation of the six
chlorides around a cation vacancy as 0. 55 ev for sodium chloride.
A cation vacancy in NaCl has a net charge of -1. If a divalent cation

which has a net charge of +1 is substituted for a host cation in the
nearest neighbor position to a vacancy and if that ion is small enough
to allow relaxation of the two intervening chlorides toward it, the

energy of that directed relaxation can be estimated as 0. 55 ev in
NaCl.

Of course the polarizibility and compressibility factors would

be different in this case but the energy is quite insensitive to changes

in these parameters (5, p.

25).

To decide if an ion is "small

enough" one can refer to Boswarva and Lidiard again (5, p. 40).

The

lattice displacements of the six chlorides around a vacancy which

correspond to 0. 55 ev is 0. 18A for each chloride for NaCl. A divalent cation with a vacancy in the nn position would have the two

intervening chlorides move almost exclusively (directed relaxation).
Their displacement would be greater than 0. 18A each, perhaps as
much as twice that value, i. e. 0. 36A. In order to accomodate this

movement in NaC1 for instance, the largest possible divalent cation
could have a Tosi-Fumi radius of about 1. 0 A--corresponding to a
Pau ling radius of about 0.85 A. Divalent cations with a Pau ling
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radius greater than 0.85 A would have to overcome a fraction of the

0. 55 ev directed relaxation energy until the ion was as large as
sodium for which no directed relaxation would be expected.

Therefore, in NaC1, ions with a Pau ling radius less than 0.85 A
should have a directed relaxation energy of about 0. 55 ev to overcome for movement. Ions larger than 0.85 A radius should see a

reduced directed relaxation until ions of the same size as sodium (in
the Tosi-Fumi concept) when little or no directed relaxation energy

is present.
Since cadmium will be of interest later, it will be discussed in
sodium chloride briefly. It is a divalent cation with a Pau ling radius

about equal to sodium's so that it should be smaller than sodium when

transposed to Tosi-Fumi values; therefore, it should have some relatively small contribution to its activation energy from directed relaxation.

Table (4. 3) compares the experimental values of AS

8(-6G)
aT

for various divalent impurity cations.
The configurational entropy of the orientation of the impurityvacancy complex is accounted for by the factor of 12 in equation (2.2).

The term AS, tabulated in Table (4. 3) includes all other contribu-

tions to the entropy that occur as a result of replacing a host cation
adjacent to a divalent impurity cation with a vacancy.

These contri-

butions include 1) distortion of the charge cloud of the divalent
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impurity cation, 2) movement of the intervening anions out of their

equilibrium positions, and 3) movement of the impurity cation off of
its equilibrium position.

There are other more subtle effects but to

a good approximation these are the most important. These also are
the entropy contributions that would vary most with different divalent
cations. One might then hope to explain the variation of AS with ions

of different radii on this basis, however the data for NaC1 are very
scattered and not worth such a treatment. This analysis will be
applied to impurity cations in KC1 for which the data are somewhat
better behaved.
Table 4..3. . Entropy of association for some divalent cations in NaCl.

Impurity
Mn+2
Cd+2
+2

Radius A

0.80
0.97

a

AS

(ev/deg)

Source

5.0 x 10-4
1.9 x 10-4

This work

14.6 x 10

-4b

(47)
(2)

0.99

4, 9 x 10-4

(56)

Pb+2

1.20

2.8 x 10-4

(3, 50)

Na

0.95

Ca

a Ionic radii from Pau ling (57, p. 514 and 518)
b Calculated

> 400°C.

for a straight line through the data at temperatures
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Manganese in Potassium Chloride
Figure (4. 5) (4. 6) and (4. 7) show the concentration of manga-

nese as a function of distance into the crystal for diffusion into KC1

at various times and temperatures.

Table 4.4 summarizes the

results. The numbers shown are averages of two crystals with the
errors indicating the spread of that average.
Table 4.4. Ds and -AG for diffusion of Mn+2 into KC1.
-AG (ev)
Ds(cm2/sec)
Temp. ( °C)
0.68 + 0.04
1.75 + . 39 x 10-9
457
0.70 + 0.01
2.79 + . 23 x 10-9
465
0.56 + 0.01
4.49 + . 55 x 10-9
474
0.59 + 0.00
4.40 + .18 x 10-9
482
0.76 + 0.00
1.94 + .02 x 10-9
512
0.75 + 0.03
2.62 + . 45 x 10-9
533
0.72 + 0.00
6.49 + .11 x 10-9
564
0.70 ± 0.00
6.93±.12x 10-9
583
0.61 + 0.03
1.42 + . 30 x 10-8
616
0.64 + 0.01
1.85±.08 x 10-8
653

Figure (4. 8) shows the saturation diffusion coefficient, Ds
plotted vs. 1/T (ab K-1).

The slope of the best straight line through

the higher temperature data leads to a value for Uo of 1.053 + . 017
ev.

The error here is estimated the same way as for Mn+2 in NaCl.

In the temperature region 512°C to 653*C the saturation diffusion
coefficient is given by

78

io-4
A: 616°C for 8. 24 x 104 sec
B: 583 °C for 1. 20 x 105 sec
C: 512°C for 2.11 x 105 sec
D: 465°C for 5. 27 x 105 s'ec
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Figure 4. 5. Mole fraction of manganese as a function of distance into

potassium chloride crystal for various times and temperatures.
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Figure 4.6. Mole fraction of manganese as a function of distance into
potassium chloride for various times and temperatures.
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B: 564°C for 1. 31 x 105 sec
C: 457°C for 8. 65 x 105 sec
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Figure 4.7. Mole fraction of manganese as a function of distance into
potassium chloride for various times and temperatures.
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Figure 4.8. Saturation diffusion coefficient for diffusion of manganese
into potassium chloride as a function of reciprocal temperature ( ° K-1). Solid line at higher temperature is
from least squares fit to the data along that line. Dashed
line at lower temperatures is from least squares fit to
the 3 points along it.
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Ds = .0116 cm 2/sec e-24, 300 cal/RT

(4.1)

Figure (4. 8) also contains points that are not on the straight

line through the data at higher temperatures. The experimental results suggest a combination of two processes, the higher temperature
one described above and another at lower temperatures, joined by a
transition region from 482 to 512'C.

The narrow temperature range

of this transition suggest an attempt at explanation in terms of a
"phase change" theory which states that at lower temperatures the
lattice surrounding the manganese has relaxed so much that it is no

longer interlocking fcc, but has assumed some other symmetry to

reduce the strain this small dipositive ion has precipitated. As the

temperature is raised a transition temperature is reached at which
the lattice around the manganese reverts back to the fcc structure
and the diffusion proceeds as described before. This theory does
not state that the whole KC1 crystal changes phase but only a rather
small region around the manganese impurity.
Morlin (54) has measured the d. c. conductivity of CsC1 as it

passes through its phase transition region around 470C and has
found a discontinuous change in conductivity vs. 1/T. The Nernst-

Einstein equation relates conductivity, o-, and diffusion, D, as
o-

Net

D

kT

(4.2)
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or
cr

= const. (at constant T) D .

(4.3)

The change of conductivity as a function of D at constant tempera-

ture is
(aa-)T

So the relative change in

= const. (aD)T
0-

(4.4)

.

and D is

(ao-)

T

_(aD)T

(4.5)

a-

Morlin (54) shows a change in
at

cr

=

10-5 ohm

-1cm -1, so that

(

a-

of about 4 x 10-5 ohm-lcm-1

tr )T/cr = 4. Figure (4.8) shows

a change in D of about 4 x 10-9 cm2/sec at D = 2 x 10-9 cm2/sec
giving (aD),r/D = 2. It might be argued that the change in

a-

for a

phase change is a macroscopic change involving the whole crystal
and the change for D is a microscopic one involving only a small

portion of the lattice; therefore, this agreement is purely fortuitous.
However, as far as the manganese ion is concerned this proposed
"phase change" seems to be happening throughout the crystal. Since
the manganese ion feels the effect of a "phase change" in the region

around it as though it were happening throughout the entire crystal,
this agreement between (acr )1,/a- for CsCl and (8D)T/D for
manganese in KC1 is a point in favor of the "phase change" theory.

Another point in favor is the fact that the high temperature
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phase appears to be fcc because of the more reasonable value for the
activation energy at higher temperatures.

The Ds values used to

calculate the activation energy are found from the D(c) values at
each temperature by postulating fcc symmetry (see equation (2. 6)).

In the luminescence section it is shown that the emission of
manganese in KC1 is quite similar to its emission in NaC1 indicating

that at room and low temperatures the manganese ion is in a similar
environment in both lattices. This might be construed as an indication that the Mn +2 in KC1 at room temperature is in a lattice of fcc

symmetry since Mn

+2

in NaC1 is thought to be in a lattice of fcc

symmetry at room temperature (perhaps Mn+2 in NaC1 goes through
a phase change at a lower temperature than KC1:Mn+2 ?). In this
connection it ought to be noted that the energy level diagram for a
d

5

ion is the same in a tetrahedral and an octahedral field, i. e. it

is rather insensitive to any distortions in the surroundings. Therefore, no deductions from the data on luminescence can be made as to

the similarity or non-similarity of the manganese surroundings in
NaC1 and KC1.

Morlin (54) observed the conductivity of CsC1 upon the addition
of small amounts of SrC1 2 (up to a concentration of 3.8 x 10-6 mole

fraction) and found no effect on the conductivity previously observed

through the phase transition in pure Cs Cl. If manganese will cause
a localized "phase change" in KC1, one might expect an effect on
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the conductivity in the phase transition region of CsC1 for additions
of SrC12 (rsr+2

rcs+

rivin+2/rK+).

None is seen but this may be

due to the rather low (compared to diffusion experiments) level of
impurities introduced; an order of magnitude increase in the SrC12
might bring on an effect in the conductivity in the phase transition
region of Cs Cl.

A possible "phase change" around the manganese in KC1 might

be that the dominant form of divalent cation-vacancy association at

lower temperatures is next nearest neighbor (nnn) and at higher
temperatures is nearest neighbor (nn) with a transition region having
a combination of both associations. The diffusion of the impurity-

vacancy complex with nn association can be represented by an
equation
D

where the subscripts

1

-UrdRT
sl = Do e

refer to nn association.

(4.6)

The subscripts

2

will be used to refer to nnn association.
For the movement of a manganese ion in the case of nnn associ-

ation, the difference in free energy AG 1 - AG2 between nn and nnn

association at a particular temperature must be supplied plus the
energy of activation E = Uo for movement of the manganese ion.

The quantity AGi - tG2 can be identified experimentally as the free

energy of association for nn association, i. e. AG 1

- AG

2

= AG

1=

AG

a.
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This statement says that AG2, the free energy of association for

nnn association, is zero. This may seem unrealistic, however,
closer examination of the experimental quantity AG a will explain

The theory considers that there are no interactions between

this.

divalent cations and vacancies further away than nearest neighbor and

so assigns AGn/i = 0. The experimental quantity that is called AGa
or

and is shown in Figure (4. 9) is actually the difference be-

Ls.G
1

tween AG for nn associations and AG for any other kind of association particularly nnn association since in actuality nnn association
must occur before nn association can occur. Thus the experimental quantity corresponding to AG 1 - AG 2 is

G.

When the predominant associated form is nnn Ds can be
written as
e-U0/11.T e-AGI/RT
s2

°

= D e AS /1Z e -(AHl+Uo)/RT

D

(4.7)

s2

From equation (4. 7) the slope of Dsz vs. 1/T ought to yield
AH1 + Uo and the pre-exponential term ought to be a factor of
e

AS, /R

greater than Do. From equation (4. 12) AH1 is 1. 598 ev;

Uo is 1. 053 ev from equation (4. 1) and the sum is 2. 651 ev as

an estimate of

LH1 + Uo .

The change in entropy on going

from nnn to nn association is not quite given by ESa. In the
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development of the theory the configurational entropy of nn association was not included in AG 1 (see equation (2. 2)). To correct this

the entropy of configuration must be calculated.

The configurational entropy is related to the degeneracy by
Ss

R In l/s

(4.8)

where s = the degeneracy. There are six nnn positions and 12 nn
positions so
ASs

Snn - Snnn

R In s

/s

2

1

(4.9)
ASs

-R ln 2

Therefore the value for AS1 to be used is ASa plus the configurational entro py, ASs. ASa is given in equation (4.12) as 1. 06 x 10

-3

ev/deg, so
ASI

= AS a + AS s

R(12. 3

0. 70)

(4. 10)

AS 1/R. = 11. 6 and e 1. 6 = 1. 1 x 105.

So the pre-exponential for impurity diffusion with nnn association
ought to be a factor of 1.1 x

105

greater than that for nn associa-

tion.

The dashed line through the lower temperature data of
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Figure (4. 8) can be represented by
/
e -63, 000 cal/RT.
Ds= 1. 3 x 10 10 cm2 /sec

(4. 11)

Note that no weight is given to the point at l/T = 1. 325 x 10-3. It

was felt that this was the beginning of the transition region and should
not be included. Comparison of equations (4. 1) and (4. 11) shows that

the pre-exponential in (4. 11) is greater than that in (4. 1) by a factor
1. 1 x 10

12

which iis 10 7 times the estimated value. Possibly the as-

sertion in equations (4. 6) and (4. 7) that Do is identical for nn and

nnn association is in error, but it would be difficult to justify a factor
of 107 change in Do in terms of its physical significance.

The experimental activation energy is 2.73 ev which is very

close to the calculated value, however, until more data is collected
below 450° C this agreement must be considered preliminary.

Watkins (73) has reported that in a study of the ESR spectra

of manganese II in KC1 he has concluded that the nnn site is the

more stable at room temperature.
An attempt to explain the transition region of Figure (4. 8) in

terms of a combination of higher and lower temperature processes
might be made but such an attempt would be rather pointless until
experimental points are obtained in the transition region between
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482 and 512 °C. It is this narrow range of temperatures in which a

transition occurs that suggests an explanation in terms of "phase
change" ideas.

The rather high value of the activation energy for movement of
the manganese ion,1.053ev, may be noted.

Table (4. 5) lists some

values of Uo for various divalent cation impurity diffusion in KC1.
Table 4. 5. Activation energies for various impurities in KC1.
Source
U0 (ev)
Radius (A)a
Impurity
+2

0. 80

1. 053

This Work

+2

0. 97

0. 54

(34)

1.10

0.57

(1, p. 117)

1. 20

1. 18

(36, 37)

Mn
Cd
Hg

Pb
K

+2
+2

+

1. 33

aRadii from Pauling (57, p. 514 and 518)

Not considering Mn

+2

,

the activation energy increases with

the radius. The explanation for the high value of Uo for manganese
would be quite similar to that proposed for the sodium chloride host,
e. ,

directed relaxation of the chlorides in toward the manganese

cation because of its relatively small size. Using Tosi and Fumi
radii (72) as discussed before we can calculate some of the relavent
sizes. For potassium chloride they report r+ = 1. 51 A and
r = 1. 63 A.

The Tosi and Fumi radii for manganese and lead were
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estimated previously as 0. 9 A and 1. 4 A respectively.

The chlorides

are separated from each other in the undistorted lattice by an average
distance of 1. 2 A. As mentioned in the discussion for NaCl a separation of 1. 2 A is necessary for movement of a Mn

of the tetrahedron of

+2

ion through a face

ions and into the interstitial position; a

separation of 2. 0 A is needed for the same movement of Pb

+2

ions.

It seems then that almost no energy will be required to separate

chlorides in the case of manganese, since the equilibrium separation
is already 1. 2 A.

From the paper by Boswarva and Lidiard (5) we can estimate
the energy of the directed relaxation in KC1. The relaxation energy

of the six chlorides surrounding a cation vacancy is calculated to be
0. 60 ev (5, p. 40) in KC1. By the same reasoning as used for NaC1

the energy of the directed relaxation can be estimated as 0, 6 ev for
a small enough ion in KC1.

The lattice displacement of the six

chlorides around a vacancy which corresponds to 0. 60 ev is 0. 21 A

for each chloride in KC1 (5, p. 40). A divalent cation with a vacancy
in the nn position would have the two intervening chlorides move
almost exclusively (directed relaxation). Their displacement would
be greater than 0. 21 A, perhaps 0. 40 A. The largest possible di-

valent cation could have a Tosi-Fumi radius of about 1. 3 A--or a
Pau ling radius of about 1. 0 A.

In KC1 then, ions with a Pau ling radius less than 1. 0 A should
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have a directed relaxation energy of about 0. 60 ev to overcome for
movement. Ions larger than 1. 0 A radius should see a reduced di-

rected relaxation until ions of the same size as potassium (TosiFumi radii) when little or no directed relaxation energy is present.
Manganese is undersized in both lattices so it should have the
full directed relaxation of each lattice to overcome for movement into
an associated vacancy. Uo(KC1) > Uo(NaC1) experimentally is

reasonable from the point of view of directed relaxation but it appears
that the energy to separate chlorides ought to be higher in NaCl.
Uo(KC1) is almost 0. 20 ev greater than Uo(NaC1) but the energy due

to directed relaxation is only about 0. 1 ev greater in KC1.
Comparison of Uo for lead in KC1 and NaC1 (Tables (4. 2) and
(4. 5)) shows that Uo(KC1) > Uo(NaC1).

To explain this consider the

relative sizes of the Tosi and Fumi radii: 1. 20 A for Na , 1. 51 A
for K+ and about 1. 4 A for Pb+2 (estimated). Pb+2 substituted for

a sodium ion causes the chloride ions to relax outwardly--a favorable

position for movement. Pb

+2

substituted for a potassium ion allows

the chloride ions to relax inwardly--an unfavorable position. Again

we must say that the energy required to overcome directed relaxation in the KC1 lattice is greater than that saved by the energetically

easier route to the interstitial in KC1. Thus, Uo(KC1) > Uo(NaC1)

for lead is reasonable.
The only other ion appearing in both Tables (4. 2) and (4. 5) is
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Cd+2 for which Uo(KC1) < Uo(NaC1).

The Pau ling radius of Cd

+2

is less than the 1. 0 A maximum for KC1 and one would expect that

the directed relaxation energy would be greater than in NaCl where

it has been estimated to have only a small contribution to its activation energy from directed relaxation. The more widely separated
chlorides in KC1 will not have to separate as much to allow a cadmium

ion to pass so this part of the activation energy will be lower in KC1
than in NaCl.

This type of treatment may be qualitatively accurate

but it is very difficult to explain the difference between Uo(KC1) and
Uo(NaCl) of almost 0. 4 ev on this model.

Allen (1, p. 117) found a value of 0. 57 for Uo in the KC1:
Hg

+2

system.

He calculated Ds from equation (2. 6) knowing both

D(c) and c, however he notes that he used a value of -AG that was

much too high especially at the higher temperatures (1, p. 116 and

130) to calculate D. Increasing AG in equation (2. 6) will cause

Ds to decrease. Thus Ds perhaps should be higher at the higher
temperatures increasing the slope of Ds vs. 1/1( °K) -1 and U.
Uo = 0. 57 ev is a low estimate for Hg
is too low for KC1:Cd

+2

,

+2

and possibly Uo = 0. 54 ev

although no specific criticism of the experi-

ment of Keneshea and Fredericks (34) can be made.

Figure (4. 9) indicates -AG vs. T for KC1:Mn+2. The meaning
of AG has been discussed before and an explanation for the anomalous

effects at the lower temperatures has already been presented. The

0.80
0.70
-AG
rev)

0.60

0.50
740

820

900

980

T (°K )
Figure 4. 9. Free energy of association as a function of temperature

for manganese in potassium chloride. The straight line
is a least squares fit to the data along that line. Those
points that have no error limits signify experiments that
showed identical -AG's for both crystals at that temperature.
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free energy of association at the higher temperatures can be ex-

pressed as
- AG(ev) = -1. 598 + 1. 06 x 10-3T

(4. 12)

for 785 °K< T< 930°K.

Table (4. 6) lists the entropy of association for several impurities in KC1.
Table 4. 6.

Impurity
Mn
Cd

Ca
Hg

Pb

+2

+2

+2

+2
+2

a

AS for some impurities in KC1.
Radius (A)a
S( eq° K)

Source

This work

0. 80

1. 06 x 10-3

0. 97

0. 08 x 10-3

(34)

0. 99

O. 02 x 10-3

(4)

1. 10

0.46 x 10-3

(1,p.81)

1. 20

1. 27 x 10-3

(36, 37)

Radii from Pauling (57, p. 514 and 518)

Generally the trend is to increasing AS with increasing radius,
except for the obvious exception of manganese. As mentioned before

for sodium chloride, the entropy of association has three main contributions: 1) movement of the intervening anions out of their
equilibrium positions, 2) distortion of the charge cloud of the di-

valent impurity ion and 3) movement of the impurity cation off of its
+2
equilibrium position. For ions as large as Ca and larger, types
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1 and 3 will be of minimal importance, i. e. , there is relatively little

directed relaxation. However, the polarizability of an ion increases

with its size so that the charge cloud of a larger ion will be more
distorted than that of a smaller ion. For spherical molecules or ions

the polarizability, a, is equal to the radius of the species cubed,
i. e. , a = r 3 (67, p. 103). Using this formula the polarization for the

ions in Table (4. 6) are given in Table (4. 7)
Table 4.7. Polarizations of some ions.
Radius (A)a

Ion
+2

a = r3 (cm

3)

0. 80

O. 51 x 10-24

Cd+2

0. 97

O. 92 x 10

Ca+2

0. 99

O. 97 x 10

1. 10

1. 33 x 10 -24
-24
1. 73 x 10

Mn

Hg

+2

Pb+2

1. 20

-24
-24

aRadii from Pau ling (57, p. 514 and 518)

While the formula for calculation of a from r is probably
not accurate for large variations in r, this does serve to point up
the fact that lead is much (more than three times here) more polarizable than manganese and we will expect significantly more distortion of the charge cloud of lead when a vacancy moves into an adjacent
position.

This would be the major factor leading to the increase of

entropy from calcium to lead.

For cadmium and manganese the
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contribution from charge cloud distortion will be rather small, but
here we see the onset of the contribution from movement of the
intervening anions out of their equilibrium positions. This, of

course, is due to directed relaxation. Finally we would not expect
manganese particularly to remain in the equilibrium position it occupies with host cations in all the nearest neighbor positions when
we replace one of those hosts with a vacancy. The chloride ions collapsing in on it would tend to force the manganese off of its old

equilibrium position more than would be expected for a larger ion.
Thus we can see that manganese exhibits entropy contributions

of kinds 1 and 3 while the entropy of association for lead comes predominantly from charge cloud distortion, type 2.
Luminescence

The absorption, excitation and luminescence spectra of the
NaC1 :Pb :Mn and KC1:Pb:Mn phosphors are shown in Figures (4. 10)
and (4. 11).

It should be noted that manganese shows no absorption

spectrum in these phosphors and that the absorption spectrum for
lead and manganese doped halides exactly follows that for lead doped
halides.

The absorption spectra for lead are also similar to those

obtained by Burstein et al. (8). The excitation curves should be

taken to indicate the points of maximum excitation rather than a detailed outline of the excitation curve because the bandwidth of the

6
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Figure 4.10.
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Energy (ev)
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Absorption, excitation and emission spectra for lead and manganese impurities in
NaCl. Lines (1) absorption spectrum for NaC1:Pb and NaCI:Pb:Mn: (2) excitation
spectrum for manganese emission in NaC1:Pb :Mn phosphor; (3) room temperature
manganese emission spectrum of NaCl:Pb:Mn and (4) low temperature manganese
emission spectrum of NaCl:Pb:Mn phosphor. All spectra are at room temperature unless otherwise noted. Low temperature is 90 ± 3°K. All spectra taken are
on quenched samples.
-J
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Figure 4.11.
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Absorption, excitation and emission spectra for lead and manganese impurities in
KG1. Lines (1) absorption spectrum for KC1:Pb and KC1:Pb:Mn; (2) excitation
spectrum for manganese emission in KC1:Pb:Mn phosphor; (3) absorption spectrum
of KC1:Mn; (4) room temperature lead emission spectrum of KC1:Pb:Ivin; (5) low
temperature lead emission of KC1:Pb:Mn phosphor; (6) room temperature manganese emission spectrum of KC1:Pb:Mn and (7) low temperature manganese emission spectrum of KC1:Pb:Mn. All spectra at room temperature unless otherwise
noted. Low temperature is 90 ± 3°K and all samples have been quenched.
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exciting light was rather wide. The excitation curves do show

maxima at the peaks of the lead absorption, indicating that these are
the absorption centers. Note that the excitation maximum for the
KC1 phosphor occurs just at the absorption peak at 4. 55 ev, while
the excitation peak for the NaC1 phosphor occurs at the peak of the
4. 28 ev absorption of lead in NaCl. Burstein et al. (8) in considering

the absorption of lead in NaC1 made a tentative assignment of the

4. 28 ev band to lead-lead pairs in the crystal, while the 4. 55 ev

band was assigned to single lead centers, lead-vacancy pairs and
lead chloride precipitated phase. He made these assessments on the

basis of the change in the absorption spectrum as the sample was
heat treated.

For easy reference most of the data to be presented on the next
pages are summarized in Table (4. 8).
Schulman, Ginther and Klick (64) in studying the luminescence
of NaC1;Pb found luminescence at 3.88 ev when exciting in the 4. 55
ev band and at 2. 76 ev when exciting in the 4. 28 ev band.

They also

found that the asymmetrical shape of the absorption curve remained
about the same for a wide range of concentrations indicating that the

ratio of 4. 28 ev absorbers to 4. 55 ev absorbers is about equal for
those concentrations. Using this information they assigned the

4. 55 ev band to transitions in singlet Pb

+2

ions and the 4. 28 ev band

to a transition to an excited state of the singlet Pb+2 ion different

Table 4, 8.

Summary of absorption and emission data.
Position of
Absorption Peaks
Emission Peaks

Samplea
NaCl:Pb (annealed)
NaCl:Pb (quenched)
NaCl:Pb
NaC1:Pb:Mn

(ev)

(ev)b

4. 77, 4.,55, 4.28

(8)

4. 55

(8)
3. 88 (4. 55), 2. 76 (4. 28)

(64)

3. 94 (4. 69), 3. 45 (4. 51)
18 (4. 51)

(38)

2. 26 (4. 28), 2. 05 (4. 28)

This work
This work

2.82 (4. 51), 2.
NaCl:Pb:Mn (annealed)
NaC1:Pb:Mn (quenched)
KC1:Pb (annealed and
quenched)

Reference

4. 69, 4. 55, 4. 28

4. 55, 4. 28

2.

05 (4. 28)

4. 55

KC1:Pb:Mn

(8)

3. 63 (4. 69, 4. 51)
1. 94 (4. 61, 4. 51)

(38)

KC1:Pb:Mn

4. 55

3. 61 (4. 55), 1. 85 (4. 55)

(68)

KC1:Pb:Mn (quenched)

4. 55

3. 70 (4. 55), 2. 02 (4. 55)

This work

a
b

All samples at room temperature.
Numbers in parentheses indicate maximum of exciting light.

0
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from the one leading to the 3.88 ev emission.

This explanation does

not account for the change in absorption band on quenching observed

in this work and by Burstein et al. (8). Certainly an electronic transition in a singlet ion should not be affected by thermal history unless

it is admitted that the ion's surroundings change. If the surroundings
change then the shift in absorption is due to the surroundings and not

to a transition to a different excited state. For this reason Burstein

et al.'s assessment of the situation is preferred.
KC1:Pb shows no change on heat treatment and has no 4. 28 ev
absorption band. The reason for the difference in lead doped sodium

and potassium chloride is due to the size of the Pb

+2

ion.

The lead

ion is about the same size as the potassium ion but quite a bit bigger
than the sodium ion, introducing strain in the NaCl lattice and decreasing the solubility. Quenching experiments were also performed

on crystals produced in this lab and the results may be seen in
Figures (4. 12)and (4. 13). These samples were quenched by heating

in platinum foil in air for 15 minutes at about 630°C and cooling to
liquid nitrogen temperature quickly. The time of heating was purposely kept short to minimize the number of oxygen or oxygen-

containing centers that might diffuse into the crystal. Reference to
Figure (4. 13) for KC1 shows no change in the absorption spectrum

between quenched and annealed samples and little change in the excitation spectrum around 4. 55 ev. However, the quenched sample

4.0
Figure 4.12.

4.5

5.0

Energy (ev)

5.5

Absorption and excitation spectra for quenched and annealed samples of
NaCl :Pb :Mn. Lines (1) absorption spectrum of quenched NaCl:Pb :Mn;
(2) absorption spectrum of annealed NaCl:Pb:IVIn; (3) excitation spectrum
for emission of manganese for annealed NaC1 :Pb :Mn and (4) excitation
spectrum for manganese emission for quenched NaC1 :Pb :Mn. All
spectra at room temperature.
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4.0

4.5

5.0

5.5

Energy (ev)
Figure 4.13.

Absorption and emission spectra for quenched and annealed KC1:Pb:Mn.
Lines (1) absorption spectra of quenched and annealed KC1:Pb:Mn;
(2) excitation spectrum for manganese emission for quenched
KC1 :Pb:Mn and (3) excitation spectrum for manganese emission for
annealed KC1:Pb:Mn phosphor. All spectra at room temperature.
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does seem to have a better excitation peak at about 5. 91 ev than the
annealed sample.

Figure (4. 12) shows the excitation and absorption

spectra for quenched and annealed NaC1:Pb:Mn. Quenching cleans up

the absorption spectrum considerably and heightens the 4. 55 ev absorption band.

The maxima of the quenched excitation bands are at

4. 34 ev and 5. 70 ev. The annealed phosphor shows maxima at

4. 28 ev, 4. 70 ev and 5. 70 ev. Of course, the maximum in the ab-

sorption spectra for both quenched and annealed samples is at
4. 55 ev, but quenching eliminates the band around 4. 77 ev completely
and much of the band at 4. 28 ev.

Burstein et al. (8) made a tentative

assignment of the 4. 77 ev band to Pb-impurity or Pb-vacancy cluster

centers, which they define as the situation where one lead ion is associated with two or more vacancies. The degree of purity of this

salt would seem to rule out the possibility of Pb-impurity formation.
A comparison of Figures (4.10, 4.11, 4.12 and 4.13) and Burstein
etal.'.s assignments indicates that the absorbing center in the KC1

phosphor is single Pb+2 ions or Pb+2 -single vacancy pairs, while
the absorbing center in the NaC1 phosphor may be a variety of species

in the annealed sample or in the quenched case, single lead centers,

lead-vacancy pairs, lead-lead pairs or precipitated phase lead
chloride. The lead concentration was kept below 10-3 mole fraction
and usually below 10-4 mole fraction to minimize the formation of

a precipitated phase or lead-lead pairs. In any case the samples
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used for quantum efficiency as a function of concentration were all
quenched. It might be asked whether the manganese ions would com-

plex with the lead ions in the phosphor to form the luminescent
species. To answer this it can be noted that there is no difference

in the absorption spectrum, either quenched or annealed, for lead
or lead and manganese doped NaCl. The formation of a lead-

manganese pair would probably result in a new band or a rather
large increase in an existing band. Also, the excitation band for
manganese luminescence shows absorption of radiation in existing
bands of lead, i. e. 4. 28 ev and 4. 55 ev, and not into new bands.

absorption band of lead corresponds to the

1S

3

0

The

P1 transition

and is a dipole transition (69). Manganese ion has a very weak absorption spectrum in sodium and potassium chloride (68). All

transitions from the ground state are parity and spin-forbidden and
the absorption proceeds by a quadrupole transition. Thus any

transfer of energy from a lead to a manganese center is a dipolequadrupole transfer.
Referring again to Figures (4. 10) and (4. 11), a look at the

luminescence bands seems appropriate at this point. In the sodium
chloride phosphor the only luminescence observed is that of man-

ganese; none for lead is seen. Schulman, Ginther and Klick (64)
have investigated the luminescence of lead doped sodium chloride
and found emission peaks at 2. 76 ev, and 3. 88 ev. Khali lov et al.(38)
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found lead luminescence in NaCl:Pb:Mn at 3. 94, 3. 45 and 2.82 ev

depending somewhat on the excitation energy. The manganese emis-

sion band is very nearly gaussian for both the room temperature and
low temperature, 90° K, luminescence.

The low energy side of the

peak is rather difficult to resolve due to the fact that the sensitivity

of the photomultiplier decreases rapidly around 1. 77 ev.

However,

by use of a narrow slit this effect may be minimized and a reasonably gaussian curve is observed. The maximum at room temperature
is observed at 2. 05 ev with a band width at half-maximum of 0. 28 ev.
This value conflicts with the data of Khali lov et al. (38) who give the
maximum at 2. 18 ev with a band width of 0. 28 ev. The value re-

ported by this work is believed to be correct, i. e. , 2. 05 ev is the
maximum because the degree of purity of this salt precludes interference due to unknown ions. Lowering the temperature to 90*K

causes the maximum to shift to 1. 91 ev and the bandwidth also narrows to 0. 20 ev. Both the room and low temperature emission bands

are very close to a gaussian shape. Notice the large shift in energy
from the absorption peak at 4. 55 ev to the emission band at room
temperature at 2. 05 ev.
The KC1 phosphor shows very strong luminescence of lead

along with the manganese emission. As can be seen from Figure
(4. 11) the lead luminescent is almost perfectly gaussian at both room
and low temperatures. In all cases the designation "low temperature"
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refers to 90 ± 3° K.

The lead emission spectra narrows with tem-

perature from a half width of 0. 46 ev at room temperature to 0. 27 ev
at low temperature. The maximum does not shift however, staying
at 3. 70 ev.

The energy response of the photomultiplier changes rela-

tively more slowly in this energy range than near 1. 77 ev and the
waveform of the emission may be corrected to equal photomultiplier

response more readily.
The manganese emission in KC1 is much the same as that in
NaCl.

The room temperature maximum is at 2. 02 ev with a band

width of half-maximum of 0. 29 ev. Khalilov et al. (38) find a lead

emission in KC1:Pb:Mn at 3. 63 ev and a manganese emission at
1. 94 ev.

Shvarts and Vale (68) find lead emission for the same

phosphor at 3. 61 ev and manganese emission at 1.85 ev with band

widths at room temperature of 0. 58 ev and 0. 36 ev respectively.
At low temperatures the manganese emission in KC1 also shifts
to lower energy and narrows. The maximum is at 1. 95 ev with a
half-width of 0. 22 ev.

Note the similarities in the emission spectrum of manganese
in NaCl and KC1: 1) the room and low temperature emission peaks

occur at almost the same wavelengths, 2) the low temperature maximum shifts to longer wavelengths in both matrices, and 3) the band

widths at half-maximum are almost the same in each matrix for both
room and low temperature conditions. This data is summarized
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in Table 4. 9.
Table 4. 9. Manganese emission spectrum.

Manganese Emission
Peak (ev)
Phosphor
NaC1:Pb :Mn

(ev)

R. T.c

L. T.

R. T.

L. T.

2. 05

1. 91

0. 28

0. 20

0. 28a

2. 18a

KC1:Pb:Mn

Half Widths

1.95

2. 02

0. 22

0. 29

1. 94
1. 85

b

a

From reference (38)

b

From reference (68)

0. 36

b

c

R. T. refers to room temperature and L. T. refers to low
temperature, i. e. , 90 ± 3° K.
The manganese II ion in sodium or potassium chloride is sur-

rounded by six chlorine ions with octahedral symmetry (the sym-

metry is disturbed in these hosts when a vacancy is in a nearest
neighbor position).

The ground state of the d 5 system in a weak

octahedral field has one electron in each d orbital all with spins
parallel. This is the same ground state as the free ion,

6S,

and it

5
is not split by the ligand field. All excited states of the d system

have different spin multiplicity and transitions to them are spin forbidden. Because of weak spin-orbit interactions, however, these
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transitions are not totally absent and very weak absorption bands are
seen.

Figure (4.14) shows a simplified energy level diagram for the

manganese II ion in an octahedral field showing the 6 8 ground state

and only the quartet states. If the emission transition takes place be6S
grop.nd state as seems reasontween the 4G excited state and the

able, then a value of Dq = 1200 cm -1 would be obtained from this curve

as shown from the solid vertical line in the figure. McClure (49,
p. 426) gives a value of Dq = 750 cm-1 for 6H 20 octahedrally positioned

about a divalent manganese and Cotton and Wilkinson(12, p.702) find
Dq = 860 cm-1 for the (Mn(H

20)6)

+2

ion. Of course, if the emission is

about 2.04 ev for manganese then the absorption should be at a higher

energy to take account of the Stokes' shift. Hence Dq= 1200 cm

1

is

certainly an upper limit to the strength of the ligand interaction. The

spectrochemical series predicts a stronger ligand interaction for H2O

than for Cl and Dq ought to be less for Cl than for H2O. More will
be said about this at the end of this section.
Inspection of Figure (4. 14) will show that for sufficiently high

value of 10 Dq the ground state will cease to be

6S.

Cotton and

Wilkinson (12, p. 705) note that the ground state will become a
doublet state (not shown) in which only one electron is unpaired.
The pairing energy is quite high however and only a few of the

strongest ligands can increase 10 Dq enough to cause spin pairing.
Transitions from this new ground state would not be spin forbidden
so the transitions would be allowed and hence would be dipole.

No
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Figure 4.14.

Partial energy level diagram showing only the quartet
states for a d ion in an octahedral (and/or tetrahedral)
field. From Cotton and Wilkinson (12, p. 702). The
vertical solid line is at 10 Dq = 12, 000 cm-1 - the upper
limit to the strength of the ligand interaction as determined from the emission of manganese. The dashed
vertical line is at 10 Dq = 6500 cm-1 the value of the
ligand field interaction found from postulating Mn+2
absorption at 2.76 ev.
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allowed transitions are noted in the absorption spectrum of manganese

in either sodium or potassium chloride so the ground state is still
6S.

Since the symmetry about the manganese II ion is very nearly

the same in both sodium and potassium chloride, it is not surprising

that the emission peaks are so similar.
It is possible to distort the octahedral field around a manganese ion in several ways: 1) a vacancy in the nearest neighbor position, i. e. , associated vacancy, 2) another manganese in the nearest

neighbor position, or 3) a lead ion in the nearest neighbor position.

One of the more important assumptions in Dexter's theory is that

effects depending on pairs or clusters of activators are unimportant

and, for the dipole quadrupole case, that the sensitizer and activator
are sufficiently separate so that spin exchange effects are not important.

In order to study the effects of distortion on the ligand field a
heavily doped sodium chloride crystal was used.

"Heavily doped"

was a concentration of about 2. 6 x 10-3 mole fraction Mn (by polargraphy) and 2 x 10-4 mole fraction Pb (by optical absorption). It was

concentrated enough that the annealed sample was opaque, indicating

considerable precipitation of impurity.

The low temperature spec-

trum of this salt was studied as an annealed sample and as a
quenched one. When quenched the sample was clear to visible light

and the ultraviolet absorption spectrum cleared up considerably.
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The low temperature spectra of the annealed and quenched sample
are shown in Figure (4. 15). The quenched sample has a maximum
at 1.95 ev and a half-width of 0. 26 ev. The shape of the curve is

also very nearly gaussian. The quenched emission band also has a
small side band at about 2. 32 ev. The annealed sample has a maximum at 1. 92 ev and a half-width of 0. 28 ev. There is also a side

band making a rather strong appearance at 2. 26 ev with a half-width
of 0. 38 ev.

Except for the small side band, the spectrum of the quenched
sample looks quite a bit like the other spectra of quenched phosphors
in which the concentration was perhaps a factor of 50 less. In
quenching of course, the temperature is dropped very quickly and

the ions are frozen in the positions occupied at the elevated tem-

perature. It seems reasonable to assume that the ions are dispersed randomly throughout the crystal at high temperatures, the
precipitated phase would dissolve since the solubility increases with
temperature, and any preferential formation of Pb-Mn or Mn-Mn
pairs would be at a minimum.

That the precipitated phase disap-

pears at high temperatures is obvious because opaque samples become clear when heated and quenched. Watkins (73) in studying

manganese II in alkali chlorides by electron spin resonance observed

the changes in th e.ESR. spectrum with temperature. He concluded that above about 450° C manganese II ions exist only as
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Growth of side band as a function of heat treatment for
NaCl:Pb:Mn. Spectrum 1 is the sample quenched in
liquid nitrogen after heating at 600° C for 15 minutes.
Spectrum 2 is the same sample annealed to room temperature. Both curves normalized to the same main
peak heights. Both curves obtained at 90 ± 3°K.
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isolated Mn+2 ions, Mn+2 with a positive ion vacancy in the nearest

cation neighbor position, or Mn +2 with a positive ion vacancy in the

next-nearest neighbor position. Thus the large main band in the
quenched sample is due to isolated Mn+2, Mn+2 - nn vacancy or
Mn

+2

- nnn vacancy complexes. The side band at 2. 26 ev can be at-

tributed to manganese in a precipitated phase, Mn +2
or Mn+2

-

Pb+2 pairs.

The possibility of the Mn+2

- Mn+2

- Pb+2

pairs,

pairs can

be investigated by comparing the excitation spectra for the 2. 26 ev
and 1. 92 ev emissions in the annealed sample.

The Mn

+2

ion may

cause a large enough perturbation on the absorption spectrum of
Pb

+2
,

if it is in an adjacent position, to show a new absorption band.

The excitation spectra are shown in Figure (4. 16).
The maximum of the excitation peak for the 2. 26 ev emission

is at 4. 28 ev and that for the 1. 92 ev emission is at 4. 35 ev.

From

the shapes of the excitation curves it looks as though the 2. 26 ev

emission comes almost exclusively from absorption in the 4. 55 ev
band of lead.

Comparison of these curves with the quenched and

annealed excitation spectra in Figure (4. 12) shows that the excitation
curve for 1. 92 ev emission follows closely the line for the quenched
sample while the excitation curve for 2. 26 ev emission follows the
annealed spectrum around 4. 28 ev. Since the 4. 28 ev absorption

band in lead has been tentatively assigned to lead-lead pairs, it
seems possible that the 2. 26 ev emission band is due to manganese
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Figure 4.16.

Excitation spectra for an annealed sample of NaCl :
PbzMn. Spectrum 1 is the excitation curve for 2. 26 ev
emission. Spectrum 2 is the excitation curve for
1. 92 ev emission. Both curves obtained at 90 ± 3°K.
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ions associated with these lead-lead pairs. Of course, the magnitude

of the difference in the excitation spectra, while certainly greater

than experimental error, is not great enough to justify a definite assignment. This analysis has not ruled out the formation of preci-

pated manganese chloride or of Mn

+2

- Mn+2

pairs.

KC1:Pb:Mn phosphors show a substantially smaller side band

for similar concentrations of impurities than the NaCl case.
Quenching experiments discussed before for lead-doped KC1 show

that lead has little tendency to form aggregates or precipitate out
even when annealed.

The relative absence of a side band for an-

nealed KC1:Pb:Mn suggests that there are no lead-lead pairs with
which the manganese ions can combine. The diffusion studies re-

ported in another section also indicate that manganese is more
soluble in sodium chloride than potassium chloride. Hence if
Mn+2

Mn+2

pairs or manganese chloride-precipitated phase were

to form, one would expect them to form somewhat more readily in
KC1.

If the side band were due to Mn+2 - Mn +2 pairs or manganese

chloride-precipitated phase formation, it should be at least as
noticeable in KC1 as in NaCl. It is much smaller in KC1, so this

suggests that the side band at approximately 2. 26 ev is due to man-

ganese associated with lead-lead pairs or perhaps with a precipitated phase of lead chloride.
The 2. 26 ev peak is somewhat closer to the value for the
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maximum of manganese emission in NaCl:Pb:Mn reported by

Khali lov et al. (38) that was mentioned earlier. The phosphor single

crystals that were used by these authors were grown by Kyropoulos
technique from melts with activator concentrations of 0. 01 and one
mole percent. The crystal used for our heavily doped experiment

was grown from a melt with concentrations of 0. 8 mole percent manganese and 0. 7 mole percent lead. With the higher concentration of

impurities in the melt the manganese in the crystal may have been

present almost entirely in a separate phase or precipitated with lead
chloride. However, the band width at half-maximum reported at

room temperature for the 2. 26 ev emission is quite a bit narrower
than that reported here for 90°K, i. e. , 0. 28 ev (38) versus 0. 38 ev
(this work).

This treatment of the absorption, excitation, and emission
spectra of KC1:Pb:Mn and NaC1 :Pb :Mn phosphors has indicated the

method in which energy is transferred from a sensitizer atom (lead)
to an activator atom (manganese). The absorption and excitation

spectra show that energy is absorbed only in the lead by a dipole
mechanism and somehow is transferred to the manganese from
whence luminescence occurs. Manganese has only a very weak absorption spectrum indicating a quadrupole mechanism.

Transfer of

energy from lead to manganese can occur in this system only by a
dipole-quadrupole interaction.

This supposes that enough care has
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been taken to insure that the impurities are actually distributed
throughout the lattice randomly and not in small pockets of precipi-

tated phases throughout the crystal.

The experiments mentioned

previously indicate that quenching provides such insurance. The

mechanism of the energy transfer giving luminescence in the side
band where the manganese and lead ions are associated may be by
means of localized excitons as discussed by Dow (17) or by electron
spin exchange as discussed by Dexter (15).

It would be of interest to consider these phosphors which ex-

hibit dipole-quadrupole transfer in terms of Dexter's theory of transfer of energy outlined previously. Dow (17, p. 1-10) in reviewing

Dexter's theory states equation (2. 17) as

1

P SA (dq)

8
Rdq

T

s

R

(4..13)

8

8
where Rdq
may be expressed in terms of the absorption and emis-

sion spectra for the single impurities S and A. He expresses the
quantum efficiency as
8

'lq(dq)

PSA(dcl)Ts
(dq)T +1

P

SA

then

2
Tr

(dq)

Rdq

Rdq + R8

s

R3

aqxaC

2 sin(3Tr/8)

(4.14)

8

4.

2

(4.15)
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Q(x

2)

a

represents terms non-linear in xa. Dow then states that the

non-linear terms arising in equation (4, 15) result from the invalid
assumption that energy is transferred to the nearest neighbor only.
This assumption of course, is invalid at high concentrations of the

activator, xa. In the region in which the two atom model of Dexter

is valid the average quantum yield for transfer from S is linear in
the activator concentration as seen by equation (4. 15).

Hence in

order for Dexter's theory to be valid the quantum yield must be
linear in the activator concentration. These quantities have been
plotted in Figure (4. 17).

The slope of the straight portion of the line in Figure (4. 17) is
equal to 1. 08 or approximately 1.

Therefore, the quantum yield is

proportional to the first power of the concentration of the activator
in that region as predicted by equation (4. 15). Sodium chloride was

the base material used in all five phosphors illustrated in Figure
(4. 17) so the value for C+ is the same for each sample. When the

activator concentration increases above 1. 5 x 10-4 mole fraction of

manganese the experimental curve starts to fall off from the theo-

retical due to the failure of the assumption that energy is transferred to nearest neighbors only. The limit of applicability of
Dexter's theory for the NaCl:Pb:Mn phosphor can be set at approximately 10-4 mole fraction as compared to Dow's estimate of 10-3

mole fraction for the dq case. All phosphors discussed here have

Figure 4. 17.

, as a function of x
for the NaC1 :Pb :Mn phosphor.
The slope of the solid line is approximately one inaaicating linear dependence of
the quantum efficiency on mole fraction of manganese in this region. Dashed
line indicates the deviation from linearity as the concentration of manganese is
increased. All quantum efficiency measurements made at 90 ± 3° K.

Average quantum efficiency, TI
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been heated for one hour and quenched by immersion in liquid nitrogen.

They all exhibit little or no side band.

Dexter's theory relates the quantum yield to activator concen-

tration indirectly through y as shown in Figure (2. 2). Equations
(2. 18) and (2. 19) relate x a to the reduced concentration, y. If we

can assume that Dexter's theory applies for xa = 1. 5 x 10-4 and

fails for x a larger than this as displayed in Figure (4. 17), then
1.1

= 0. 1 corresponds to y = 0. 08. This gives a value of y = 0. 08

for xa

and y a for this case of dq

1. 5 x 10-4 and aligns x a

transfer. Figure (4. 18) shows the quantum efficiency as a function
of ya with the experimental points from Figure (4. 17) included.

The x a values shown above the figure have been set by xa 1.5 x 104
and

q

= 0. 1.

y

a

is found from the figure to be 0. 08. Now

may

be estimated. Equation (2. 19) rearranged gives

Y

+Y

C xa

(2. 23 x 10

0. 08
cm - 3)(1.

22

x 10-4)

23. 9 x 10-21 cm3

=

where C+ = 2. 23 x 1022 cm-3 for NaCl. Solving equations (2. 17)

and (2. 18) for Y we have
-si

8/3

1540Trat
n T
a

9c8

g

a
ga

(

K

1

F2 ,.. )4 S
c

f (E)F (E)
s
dE. (4.16)

:

E6
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10-4

10-3

x

dq

102

1.0
1

10.0

Yo
Figure 4. 18.

The variation of quantum efficiency with reduced
activator concentration, yadq, for dq transfer. The
experimental points are those from Figure (4. 17) and
they are placed on this figure by requiring that the
experimental point for x a = 1. 5 x 10-4 and
= 0. 1
be n the theoretical curve.
This fixes the Alues of
x above the graph. It also establishes a correa
71

spondence between x = 1. 5 x 10-4 and y dq = 0. 08
and in this way tixesagamma. All quantiPM efficiency

measurements at 90 + 3°K.
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Having determined a value for y we are now in a position to make
some deductions about the overlap of the lead and manganese impurities in NaC1 and also about which lead band overlaps with the
manganese band. As reported by Schulman, Ginther and Klick (64),

NaC1:Pb shows luminescence at 3.88 ev and 2.76 ev. Some estimates

must be made for the quantities in equation (4. 16): n is the index of
refraction and has a valueof 1. 544 for NaC1 at 2.10 ev (9), Fi is ex-

pressed in units of ev-sec, c is expressed as cm/sec, Ta is the
lifetime of the manganese in the excited state and Dexter assigns a
value of 0.1 sec.. Since the average field strength in the medium is

reduced by the ratio 1/K = (k/g )2 the quantity ( S/K 1/2e c)4 is
set equal to unity, a is given as 1. 266 by Dexter, and g a /g a is
the ratio of the degeneracies of the manganese in the excited and
ground states.

The ground state of manganese is the case where all

the spins are parallel and is non-degenerate, i. e. , ga = 1. The first
excited state is the case where four spins are aligned and one is inverted and the degeneracy is five.

g

a

/g a for manganese is

5.

Substituting these values into equation (4. 16) and rearranging we get
fs(E) Fa(E)

dE = 1. 41 x 10-4 ev -9

E8

for y = 23.9 x 10

-21.

E is defined as (ws -ws) or (w a - wa), i. e.

it is the energy exchanged from sensitizer to activator. It is the
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energy of emission of lead and of absorption of manganese.

The as-

sumptions inherent in this theory require that the sensitizer not be
disturbed by the activator so it is assumed that lead will still have
emission bands at 3. 88 ev and 2.76 ev. Consider E = 3.88 ev then

fs(E) Fa(E) dE = 7. 2 (ev)

For E = 2. 76 ev we get
fs(E) Fa(E) dE = 0.48 (ev) -1
SThe integral

fs(E) Fa(E) dE measures the degree of overlap of

the emission band of the sensitizer with the absorption band of the
activator. Perfect overlap would be 1/1 (ev) -1 and rather poor
overlap would be 1/10 (ev) -1 where ten percent of the areas of the
two curves would be in common.

normalization requirement that

The units of (ev) -1 come from the
11

fs(E) dE = 1 and

9 Fa(E) dE= 1.

Then the range of values to be expected for Sfs(E) Fa(E) dE is
to 0.

1

The value 7. 2 (ev) -1 calculated for E = 3. 88 ev is unaccept-

ably large while the value of 0. 48 (ev) -1 for E = Z. 76 ev is within

the acceptable range.
The value for

fs(E) Fa(E)
E

8

dE
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is a rather strong function of concentration varying as the 8/3 power

of 1/x a. In order to obtain a reasonable value of the overlap integral, say 1/2(ev)-1, for E = 3.88 ev the. concentration would be
about xa = 4 x 10-4 at which TTq = 0.1. As can be seen from the
dotted line in Figure (4. 17) a concentration of 4 x 10-4 would have a
value of about 0. 17 for 17 --not really very much variation for

quantum efficiency measurements. The measurements of concen-

tration were done polarigraphically and are accurate to within plus
or minus ten percent. The accuracy of the quantum efficiency
measurements cannot be placed at better than plus or minus ten and
probably is around plus or minus 20 percent.

Is the assignment of E = 2.76 ev reasonable? Consider again
the energy level diagram of Figure (4. 14). If the absorbance of

manganese occurs at 2.76 ev, or 22, 200 cm-1, and is a
transition then Dq is about 650 cm-1.

to

4G

This is shown in Figure (4.14)

by the dashed line. As mentioned before the ligand interaction ought

to be less for C1 than for H2O and Dq = 650 cm-1 is less than that
reported for (Mn(H 20)6)+2 by Cotton and Wilkinson (12, p. 702) or

McClure (49, p. 426).

Assignment of E = 3.88 ev to the transition would require a
6S

to

4P assignment at Dq = 100 cm-1. One would certainly expect

more of a ligand field interaction from C1 ions in an octahedral
configuration than 100 cm-1.
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Therefore, the mechanism of energy transfer from lead to
manganese in sodium chloride is a quantum of energy of about 2.8 ev

is transferred to manganese with an overlap integral of about
1/2 (ev) -l. Since energy is absorbed in Pb+2 at about 4. 3 ev and

transferred at about 2.8 ev, and for manganese is emitted at about
2. 0 ev, the Stokes shift for lead is 1. 5 ev and for manganese is
0. 8 ev.

The foregoing treatment has been based on the assertion that
the predominant transfer path is dipole-quadrupole interaction. As
discussed previously Dow believes that much supposed dipole-

quadrupole transfer is actually transfer via virtual excitons.

He

uses equation (2. 24) to estimate that virtual excitons contribute sig-

nificantly to dq transfer over shorter than four lattice spacings. This
is based on using a value for 6a, of 1 ev, 6a, is the energy separation in ev

of the excited state of the impurity and the lowest host exciton band.
Lead impurity in NaC1 absorbs at about 4. 5 ev and the band edge is
around 8. 5 ev.

The difference is 4 ev. Substitution of 4 ev for ba

in equation (2. 24) gives for the ratio A s. r. /(t /K): 0. 4 for
n = 2, 0. 05 for n = 3, and 0.004 for n = 4 . Hence virtual exciton

transfer is not important in NaC1 due primarily to its large energy
gap.

This is also true of KC1 since its band edge is at about the

same energy.
Dow (17, p. 31) expresses

in a somewhat different
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manner as
(p + spo)(p + 6(3
;;;

where

13

+ 513

PA

)

P

)R /aL
f6a

(4. 17)

is the host-nearest neighbor coupling (f3 + 6p o ) and

) is the coupling of sensitizer and activator respectively to

the nearest host atom, a L is the lattice constant and 6a, A, and R
have been defined before. From this equation he notes that the

virtual exciton mechanism can be identified by monitering lumi-

nescence intensity at fixed impurity concentrations as a function of
5a.

Variation of 6a may be accomplished by substitution of an iso-

tope for the absorber or by pressure modulation. For lead not much
variation of the first excited state transition in lead may be expected
for various isotopes. It is implied (17, p. 21-22) that variation of

6a by means of pressure can be accomplished by distorting the crystal symmetry. Pressures needed to distort the crystal symmetry of NaCl
or KC1 would be considerable and outside the capabilities of this laboratory.

However, from a consideration of equation (2. 24), the virtual

exciton process may be ruled out as a competing mechanism for
energy transfer in the NaC1:Pb :Mn and KC1:Pb:Mn phosphors and the

transfer mechanism specified as dipole-quadrupole resonance.
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V. SUMMARY AND CONCLUSIONS

The diffusion of manganese ion in sodium and potassium

chloride was studied. The NaC1:Mn

+2

diffusion can be represented

by
D

s

= 5.87 x 10-4 cm2/sec e-20,500

cal/RT

(5. 1)

between the temperatures of 449 and 656°C. The free energy of
association of the manganese-vacancy complex is
(5.2)

-LG(ev) = -1.090 + 5.0 x 10-4 T.
The KC1:Mn
NaC1:Mn

+2.

+2

diffusion proved to be more complicated than

Between the temperatures of 457 and 482

oC

the im-

purity-vacancy diffusion coefficient can be represented by
Ds = 1 3 x 1010 cm2/sec e-63'

000 cal/RT

(5. 3)

From 512 to 653°C Ds is given by
Ds = 1.16 x 10-2 cm2/sec e-24,300

cal/RT

(5.4)

and in this temperature range the free energy of association is
-.tG(ev) = -1.598 + 1.06 x 10-3T.

(5.5)
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A "phase change" theory has been postulated to account for the

abrupt change in Ds vs. 1/T and a preliminary agreement of experiment with a theory of next nearest neighbor association is discussed.
The variation of activation energy for impurity ion movement
with size in both NaC1 and KC1 is discussed and a theory of "directed

relaxation" is advanced to account for this. The variation of the
entropy of association with impurity ion radius is also discussed but
only for the KC1 matrix.
The luminescence of NaCl:Pb:Mn and KC1:Pb:Mn phosphors was
studied. It was found that the size of a side band of the normal

manganese emission grows upon annealing. The manganese emission

in NaCl:Pb:Mn was found at 2.05 ev at room temperature and at
1.91 ev at 90 ± 3°K.

In KC1:Pb:Mn it was found at 2.02 ev at room

temperature and at 1. 95 ev at 90 ± 3°K.
The quantum efficiency of NaCl:Pb:Mn was studied as a function
of manganese concentration. The samples were quenched to insure

that the impurities were randomly distributed and the luminescence
due to precipitated phases and impurity pairs was minimized.

The

theory of Dexter for dipole-quadrupole resonance energy transfer
was followed to a concentration of 1. 5 x 10-4 mole fraction of manganese for which the quantum efficiency was found to be 0. 1,

This led

to the deduction that the energy absorbed in the 4. 28 ev band of lead

is transferred to the manganese from the 2.76 ev emission band of
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lead with an overlap of about 1/2 ev-1. The luminescence of
NaCl:Pb:Mn is at 2. 05 ev for a total Stokes' shift of about 2. 2 ev.
The theory of Dow in which the energy is thought to be trans-

ferred from impurity A to impurity B by means of excitons was
examined here. Transfer of energy by excitons was found to be not
very probably in NaCl:Pb:Mn or KC1:Pb:Mn because of the large

energy separation between the lead absorption band and the lowest
host exciton band.
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APPENDIX I.

RAW DATA FOR DIFFUSION MEASUREMENTS

Table 5. 1. Values used to calculate K in equation (3. 1).

ct (mg/ml)

A (cm2)

r (c/min)l-

Xx 108

1/8
1/8

1. 292
1. 292

1.081

8. 33 x 104
8. 33 x 104

9.61

1/8
1/8

1.241
1.241

0.820

B

0, 563

1.03 x 105
1.03 x 105

537

85B

1/8

1.292
1

1. 175

1.03 x 105

7. 16

551

103A

1/8
1/8

1. 292
1. 292

1. 077
1. 079

8. 85 x 104

9.09
9.07

3/8
3/8

1. 491

0. 635

1. 25 x 105

1.491

0.606

Temp. (0C)

Sample

V/V*

NaC1 host:
104A

449

B

87A

502

B

120A

601

B

1. 069

8.85 x 104

9.72

9.82
14.3

37.9
39.7

5.46

606

108A

1/8

1. 292

1. 307

11. 2225 xx 11.00:

656

116A

3/8
3/8

1. 491
1.491

1. 267

1.30 x 105

1.240

1. 30 x 105

1/8
1/8

1

1.292

1.737

1.00 x 105

6.94

1. 292

1. 743

1.00 x 105

1/8
1/8

1. 292
1. 292

1.719
1.719

1.21 x 105
1.21 x 105

6.92
5.81
5.81

1/6
1/6
1/4
1/4

1. 513

O. 952

1.513
1

0. 900

1.05 x 105
1.05 x 108

18.9
20.0

1.491

1. 059

1.026

1. 13 x 105
1. 13 x 105

23.3

1.491

1/4
1/4

1.491
1.491

1. 107
1. 061

1.29 x 105

19.5

1. 29 x 105

20.4

1/4
1/4

1.491
491

1.298
298
1, 277

17.0

1/6
1/6

1. 513

1.26 x 105
1.26 x 105
1.08 x 105
1.08 x 105

1/4
1/4

1. 491

1/8
1/8

1.292
1. 292

3/8
3/8

1, 491
1.491

B

18.2
18.6

KC1 host:
457

97A
B

465

111A
B

474

125A
B

482

123A
B

512

118A
B

533

119A
B

564

124A
B

583

117A
B

616

107A
B

653

122A
B

r is counts/minute for a 25/4 standard.

1.491

1.513
1.491

0. 868
0. 866

24.0

17.3
20. 1

20.2

1. 141
1. 131

1. 30 x 105

18.8

1.30 x 105

19.0

1.270

1.21 x 105

0.981
0.977
0.985

1.21 x 105

7.86
10.2

1. 15 x 105
1. 15 x 105

37. 1
36.88
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APPENDIX II
RAW DATA FOR LUMINESCENCE MEASUREMENTS

Percent transmittance of Perkin-Elmer reference screens as
measured in P-E 450 spectrophometer.
Screen No.

Percent Transmittance

1

53.1

2
3

4
5

6

31. 6
15. 0
7. 22
3. 3
1. 3

Figure (5. 1) is a curve of the experimental data of relative recorder deflection as a function of energy incident on the photomulti-

plier. Thus it is a measure of the relative detector sensitivity as a
function of wavelength, i. e. "S" as defined in section 3.

Figure (5. 2) is a curve of relative F values as a function of
wavelength which was calculated from equation (3. 16) with n, the

number of reflections, equal to ten. This curve was used to relate

the areas under the absorbance curves and emission curves for the
quantum efficiency measurements.

Figure (5. 3) shows the reflectance spectra for various concentrations of activator for calculation of quantum efficiency. The

area of the reflectance spectrum of a pure sample is shown in
Figure ( 3. 4), Note the different scale factor.

14o
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co 70

0
0
cr.)
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Figure 5. 2. Relative "F" as a function of wavelength. Inset has the
same coordinates but different scales.
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Figure 5.3. Reflectance spectra as a function of wavelength
for various activator concentrations. l :xa =
1.5 x 10-4; 2:xa = 1.66 x 10-4; 3:xa = 5.8 x 10-4;
4:xa = 2.7 x 10-5.
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Figure (5.4) shows the emission spectra for the luminescence
associated with the above reflectance (absorption) spectra for

various xa. Any emission on the short wavelength side of 550 nm
is neglected in the measurement of the area under these luminescence
curves.

The area of the reflectance spectrum for the pure NaC1 is

696 R. I. -nm and this area is used for all the samples except
x = 2.7 x 10-5.
a

The area of this sample is to be subtracted from

a pure reflectance spectrum of area 580 R. L -nm because these

measurements were made about six months prior to the other
measurements.
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Figure 5.4. Emission spectrum as a function of wavelength for various
activator concentrations. 1: x = 1. 5 x 10-4;
2: xa = 1. 66 x 10-4: 3: xa = 5.8 x 10-4; and
4: x a = 2.7 x 10-5 (intensity multiplied by 10 to fit on
scale).

