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The optical-absorption spectra o~ commonly occurring impurities in severa l
ul traviolet-transparent solids are tabulate d and discussed , and the assignments
of the absorption bands are reviewed . The wavelength region included extends
from the very near i nfrared , at 1 jjm (0.124 eV), through the vacuum-ultraviolet
region. The host materials covered are LIF , NaF , KC9 , Mgi2’, CaF2, MgO , A~12O3,
Si0’~, and silicate glasses. The results are presented in a way useful in
locat ing impurities tha t absorb at specified wavelengths , in determini~ig the
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~~w ave lenqth region in which a spec i f i c  impurity absorbs , and for general use in
several current and envisioned programs , including: reducing the residual
optical absorption of materials in order~t~ - i nc rease the power of u l t r a v i o l e t
and visible lasers and to increase the resistance of materials to damage by
high—intensity radiation in laboratory and space environments; understanding
the ori gin of the residual absorption in order to provide guidance for further
ii provement of materials and to estimate the expected materials limi ts set by
residual imperfe ctions; and reducing the absorptance of dielectric reflectors
and antireflect ion coatings. The coatings problem is especially important
since it is believed that impurities in deposited films is a major factor
limiting the absorpt ance of both types of coatings , and high-power reflectors
require the use of dielectric coatings in order to obtain low absorptance.
The features of the spectra are summarized in tables and figures. Peak
positions , approximate line widths , and when available , the oscilla tor
strengths of all bands are summarized in correlation-type graphs for each
material. The intrinsic and extrinsic absorption spectra are categorized
according to the type of host material , e.g., alkali halides , alkal ine-earth
halides , and oxides , and according to the type of impurity , e.g., halogens ,
H and D centers , OH an d OD centers , 0, S, Se cen ters , color centers , radiation-
induced defect centers , transition-metal ions , and rare-earth ions. Compar-
i son s of resul ts for va ri ous host mater i a l s , and also for various impurities ,
are given in the form of tables and figures whenever possible.
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PREFACE

This  N in th  ~ hnica l  Report descr ibes the  wo rk ~~r~ornied on Contract

Nu mber DAHC15-73-1-0127 on Theoretical Studies of High-Power Ult raviolet

and Infrared Materials during the period from 1 J~n 1a ry 1977 through

30 June 1977. The work on the current contract is a cont inuat ion  of that

of the previous Con t ract Number DAHC15-72-C-0l29.

In view of the increasing importance of impurity absorption in high-

power laser materials for use as windows , this report and the following

report are dedicated to a tabulation of impurity spectra of important

mater ia ls in the ul t ravio let  and v is ib le regions. The previous infrared

impurity -absorpt ion study , which emphasized the C0 2 - laser  wavelengths near

10.6 Urn , is being updated to include a greater number of impurities , par-

ticular ly those of importance at other infrared wavelengths . The results ,

along with the results of our other ongoing programs will be presented in

subsequent reports. Prev iously reported results are not repeated in the

present report.

The following investigators contributed to this report:

Dr. H. Vora , consultant, Univers ity of Washington , Seattle , Wash.

p Dr. 1. G. Stoebe , consultant, Un iversity of Washington , Seattle, Wash.

Mr . M. R. Flannery , research ass i stan t

Mr. Eugene Loh , Jr ., research a s s i s t an t

Dr. M. Sparks , principal investigator

Lona Case and Frances Rossiter typed the manuscript and prepared the

art work wit h the i r usual sk i ll and care .
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Sec. I

I . INTRODUCTION

Ov er the years the q ual ity of trans paren t mater i als for the ul tra-

violet and visible regions has been steadily improved by the advance of

various material -refinement and crystal-growth techniques 1
~~ such as the

use of reactive-atmosphere processing ( R A P ) ~~~~
2 ’ 

1.3 Wi th high-power lasers

now becom i ng ava i la b le a t an i nc reas in g num ber of f re quenc i es an d at i n-

creas i ng power levels , obtaining ultra-low absorptance materials for high -

power use throughout the optical frequency range is emerging as an important

problem . There is in fact considerable current interest in reducing the

residual optical absorption of materials in order to increase the power of

ultrav i olet an d v i s ib le lasers an d to increase the res i stance of mater i als

to damage by high-intensity radiation in laboratory and space environments.

I t has been shown L4~ 
1.5 that impurity absorption is an important effect

that limits the ultraviolet intensity that materials can transmit. Thus ,

it is important to understand the origin of the residual absorption in order

to prov id e gui dance for programs to further im prove the ma ter i als an d to

estimate the expected materials limits set by residual imperfections . Re-

ducing the absorptance of dielectric reflectors and of antireflection coat-

ings are problems of growing importance. It is believed L6 that im purities

in deposited films is a major factor limiting the absorptance of both types

of coatings . Thus , the present tabulation should be usefu l in i dentifying

the impurities responsible for observed absorptance in bulk materials and

coat i ngs , in i dent i fying potentially troublesome impurities in a given

mater ial at a given operating wavelength , and in selecting a wavelength

that is likely to be less troubled by impurity absorption .



A stud y of impur i ty  absorption in the 2 — 15 u rn  infrared region was

~oi~pleted e a rl i em -*7 A tabulation of absorption-line positions (with no

spr ctr a ) for alkali ha lides has been given by S. C. Jam , A. V. R. Wa rn er ,

1 . 7am d  S. K. Agarwa ).

In the present report, the optical-absorption spectra of commonl y

occurring impurit ies in severa l ultraviolet-transparent solids are tabu-

lated and discussed , and the assignments of the absorption bands are re-

viewed. The wavelength region included extends from the very near infrared ,

at 1 pm (1000 nm , or 0.124 eV), through the vacuum-ultraviolet region. The

host materials covered are LiF , NaF , KC~., t’lgF2, CaF 2, MgO, A~2O3, SIO 2~ 
and

silicate glasses.

The features of the spectra are s ummarized in tables and figures.

The peak posi t ions , approximate line widths , and , when ava i lab le ,  the osc i l -

lator strengths of all bands are summarized in correlation-type graphs for

each material in Fi gs .  1. 1  — 1.9. An abbreviated graphical summary show-

ing the positions of several important impurity-absorption bands in several

materials is given in Figs. 1.10 through 1.14 , which also shows the intrin-

sic electron and ionic absorption edges.

The intr insic and extrinsic absorption spectra are categorized accord-

ing to the type of host material , e.g., alkal i hal id es , alkal ine-earth

halides , and oxides , and according to the type of impurity , e.g., ha lo gens ,

H and 0 centers , OH and 00 centers , 0, 5, Se cen ters , color cen ters ,

radiation-induced defect centers , transition-metal ions , and rare-earth ions.

Comparisons of result ; for various host materials , and a l so  for  var i ous i m-

purities , are given in the form of tables and figures whenever possible.

A number of commonly occurring types of absorption centers are defined in

2 



Sec . I

EXPLANATORY NOTES FOR FIG. 1 .1

Column 1: Lists properties of pure , doped , and irradiated materia ls. For

doped or i rra di a ted mater i a l s  the properties a ppear i n the fo l low i ng or der:

1. impurity or dopant (0~ or L i02)

2. radiation (electrons , neutrons , etc .)

3. color centers or color bands (VK, F, or a, ~~~, etc.)

4. additional information (sample color , photochromic , etc.)

Some of the A~2O3 spectra indicate the polarization of the electric

field with respect to the c axis. The composition of silicate glasses is

given before listing the impurity . The absorption edge is defined as the

photon energy at which 8=5 cnu~~.

Column 2: Sample temperature .

Col umn 3: Peak positions ( { ) ,  widths (~—~), 
and oscillator strengths

(numbers) of impurity spectra . Ellipses indicate absorption structure above

the absorption edge . Some lines are labeled by their color center or impurity .

Column 4: References: T2..l stands for Table 2.1 , F2.23 stands for Fig. 2.23,

and Il-C ¶ 6f indicates a paragraph in the text.

3

— . 
S - ~~~~~~~~~~



Sec . I

(~
_
) ~__ •~,5)

4)

(‘Si 1)
L
4.)

+ T

-II- I4—
-

~~~

1 w
10 — 0

G)

4)
a-)

..- a)



Sec . I

- c-a c--a r-~) cy, cfl 
(4. U) ‘.0p . - .— ,— .— ,.— .— C’.J c-a

S_i . . . . . . . 
(_ )  . .

~1 - (‘ c’.J C’-.) C’-) C’.) C’.) C’.) C’..) C’.) —~I.- ~— U~ ~— )— ~— I— U- U- —

(‘Si

+ 
-

ci.

—

-j
+ + + +

• ., — 0 0 0
2: 2:

5

S_I - - -



Sec. I

C ’)  OD (‘1

0 C’ C’.) C’.-) (NI (Ni C”) (NI C’-) C”) (NI
- H- H- U- L~~~ H- H- H- I— H-

(— -I

— ci

-r T I
ci

—4--- ~ - . ~. 
r. . I I I C” )

ci p ~~ t— 
~~ I C’~

I •__ 

~~~~ 
‘— ci

~ ~~~~~~~~~~

- -  

~~~~~~~~~~~~~

• -) 
— r~J

ci 
‘.0

0’
U..

ci j

L

-j
+ +
(‘-4

a) a)
H- H- U- U-

6



Sec. I

ci (NI
• - — — (NJ C”' ) (‘-.1 (NI C”)

0 C’-) (NI C’.)
H- U.. U- U- U- H- U- H- U- U-

C’-)

ci

a)

Li . a)
C C

2 Cfl~~~
-Li  - L)

+

I.~~~ 
_ _ _  _ _ _  _ _  _ _  _ _  _ _  _ _  _ _

La..
— Il)

—S

+ 0 0 —
L

+ 4-’ 0 4-’

a) .-, ‘S.
H- U- L) ~~.

7

- — - - — — — -~~~— ~~~~~-



Sec . I

ci r— i— a~ 
[ ci CO CD ci ci

(Ni (NI (NI (‘Si (NJ C’) (NJ N) (N)

N.J C’) N) C’.) (NJ N.J (NI CS’) (NJ
U- U- U- U- U-

(NI

ci

Ii)

:0
L

= C.)
Li

C
o
4)
0 0

L)
CS_ ’.o _

-F -f
C-..) - + — 

—

9-
CO N- IX) CO .X) 0)

H- 
N.- N.- N.- N- N-

U-

+ 
p

+ (0

4- + —5--

-i L)

8



Sec. I

(NI c-.’) CO
CO ro

C”) C (NI (Ni (NI
U- H- U- U- U-

- 
Ill

C
(-a . - a)

I-

U,

C)
CD (0

CD CD ci
C) T C)r 9- --’ci , 1” 0 -— -~~~~~D~ —H-  

— 
CO —

~~ 
—F- -~- a) 0

C L
C (0 0

i



Sec . I

C) C) .— ~~ ci C) CX) — CO .— O’ (NJ
(NI ~r o (NI C”) ,— 

~ j - CO C-aC.) . . . . . . . . . .
(NI C’) (NI N) N) (NI (NI N) N) N) N) N)
F-- - U- U- H- H- H- U- H- U- U.. F—

(NI

N)

ci



Sec . I

p . (NI ¼ON)~~~ CO (N) CO U’) (NI (‘Si (NI
4- N.J ~~ C’.) ~~ NJ (NI CO (NI (NI C’)

N) CNI C’) (NI C’) N) (‘Si C’.) (NI
H- U- H- U- H- H- U- H- H- H-

~r .

NJ ’

ci .

r ± ± ± —



‘ em. . I

(NI NJ U ’ ) r --- C—..
- C”) N) CO (‘) ‘~~ CO

C”) CNI C”)
I--- U - U -  U..

(NI

ci ,.

C.)

>‘

a)

U.) C

NJ



Sec . I

CO N- N- CO C’) .-zt CO — (0
‘4- N.. N- (NI (NI (‘4 CO CO (NI CO CO

C’ (“ C’ NJ (NI C’ Si (NiC” ) (NI NJ
U- U- I— H- F— U- U- H- U- U-

U,
-C
4)
C)
C

(NJ .—
4-’
U,

0
4-,
(0

C)
U,>)
0 a )

—1--- -~~

C L
( 00

-
‘4-

L 
-
~

--
—

L I
+ 0 (0

__ i
’ 
:



Sec . 1

CO CO ~7 CO (0 O~ CO CX) CO 0 U- CO
CO CNI’)~~CO CNIU~ t..(\) C O U-C’,- N~~~N) _ 

C’.)

- (N) N) C’. C-J (NI N.) N) (NJ 1’i (NJ c . (NI NJ C-
U.. H- U- U- H- U.. U- I—- U- U- F - U- H- ..~ -

(NJ .

ci-

C)

-o
C C)
U)

C
-~ -

-I—

_ _ _

5-

~~~~~~~~~~~

;

- - --

~~~~~~~~

-- 

~~~~~

— 

~~~~~~~~~~~~ 

_ _ _ _

p.-) I
-~ 2:

ci,

I +
I I I I I
2: 2: (NJ C) I C) Ici v~) CD

14



- I

• CO 0’ CO CO (NI CO CO C)
• I” — N) CO N- (‘-~ NJ N- C-—.. C’.) C-—..I)) . . . . - . . .
CX C’.) C’.) (NI NJ C’) C’.) N) NJ NJ (NJ

U- F- U- U- H- H- U- U- H- U-

NJ

CD

a)

~~~ aD
I..
a)
C C)U)

C
0 4-1
4) C
0 0

‘.0
CO

C)
— 

— 

U
-

±
÷

NJ

0) CX) CD 0) 0) CD 0)
F- N- C’- C’.) N- N- (SJ N-

In
a)
4-’

L) C)
a)
I.

.4 C)
4) I C)

I I I NJ
(‘Si (‘-.1 C’-) .-. a)

1 5 

U- 

—



Sec. I

:- - ;--— -

~~~ 

i -
~ 

-

~~-
- -

~~

a



Sec . I

CD C) CO CO ,- CO N-
‘4- —0 ’  N- C--. N.- - N-

P P (0 (0 (0
H- H- F— U- U- U- _ H- U-

‘r .

(NI-

ci .

C)

I

C’.) 0 U.,

0~~~~
It,

6

F-- H- F- I—
N.-

F-

C
0

(‘Si
S.-
0
0. (0
(0 s..

+ I_
NJ 9- L)

C C)x ;,-.

_ k — 

17



- I

0’ ‘.0 C’) CO C) ‘.0

I I — ,— (NJ — (NI — CO ‘.0 (NJ

(N i CO CO CO CO CO CO CO CO CO CO CO
U- — F - U- U.. U- 14.. U- U- H- U.. U- H-

“I
4.,
0~-
C
C)

(NJ S.-
4)U,
S...
0

- 4-’
(0

0 0 _ i
ci _ __..
— 0

S...
C’S)

I .~~~~~~C) - f - - (0
— .1.. — -4---. 

~~
- —
— - I .

~~~ JJ ’ 1
- -

L U  —-.

C 
-

o C”) T
4.) I -~~~~
0 ci - - —

(0

6
ci — - ~- -_ CL)

C”) -f 0
I —-i—— 1* ‘it - —
ci ,—

—
‘S (NJ U,

CO 0 ( 0
I NJ

6
‘-l• ~ 

(0 C)
N) --~~

-- • a) ~~

a) >,
—

“0 N- x
(0 (0 O~~~~

(NI - — 
~~~~~~1_ 

~~~f5

~~~~~~~~ :C 

-—



Sec . I

— C O  — C O C O  (O C O(4.- 
NJ — ‘it ~~ ‘ N.. D — ,— — C’.) —(2) . . . . . . . ‘ .  . . .

CO CO CO CO (0 C”~
) (0 .0 (0 (0(0 (0(0

H- U- U- F-- H- H- U- ~~) U- U- U- U- U-

(NI,

ci .

(0
(j~ 

~~~~~~~~ (0
2 

~~~~~~~~~~

±i 
~~~~~

C’) •_ __  CD (0

~~~~ ,;.—~~-- 
C’.~
CO

I_ 
_ _ _  _ _ _  __  __  _ _-  

--

~~~ _ _  _ _

ci.
E ~— :0 F— H- I— F- 0)C) OC N- N- N-

•
0

C’) E E
U... 0 0 0
(0 S.. S..
Li .0 .0 .0

0 0 0
0 0 0

+ 4-’ + + + + 4-~(0 0 (0 (0 (0 NJ 0 0
.0 .0 0 S.- 0 (0.0 ~~ -~ 

p

U) H- 0~ 2: U) H- Li ..~i 0- _J 0-
_ _ _  _ _ _ _  _ _ _ _ _  _ _ _ _  — 

19



p. •~ 
j , ‘-, NJ (NI N) CO CO

i i  CO CO CO CO CO CO CO
F - I- — H- Li.. U- U- U- U..

N)

C)-

-
~~L C)r

~
-±- 

~~~~~~~~~~~~ 
‘
~~~~~~~~~~

~~~~CO 

- 

I

0’
U-

‘it —i- 
—

NJ

E H- H- H- H- H- H-

F-

C C C C C
0 0 0 0 0

(‘4 . . .,
U- 4-’ 4) 4-’ 4-’ 4-’
(0 I (0 (0 (0 I (0 (0
C) (NJ ,,

~ 
._ .,

~ C’) .
~
_

C) -o ci -o -
~~(0 (0 (0 (0 (0

+ S . -  S.- S.. + S . -  S...
+ + + S.- S.. S.. S.-
CO CO CO + I --  I ~- + I

E >~ (0 NJ (‘4 C” ) (SJ
cc) CD >- >( c i><  IM >< >- )<

20



Sec . I

CC)
-4
1) 

C”) 
~~

‘ 
~~
‘ (0 0)

.TX. (0 CO CO CO (‘0 (0 CO CO CO CO
U- Li.. I— F— U- H- F— U- F— F--

C.’-)

ci

C)

0
S..
C)
o C

2))
4-’o C

0 0
4-) Li

0- CO -
~~~~ 

-5÷- ~~.

— -~~- —

U-

+~~~~~
-

NJ +

C
E H- F— I— H- H- H- F—

F! C~

C C
0 0 0

NJ 4-’ 4’ 4 ) 0
U- (0 (0 >, 0
(0 ~ —~~ - S..
I..) C 0 4-’ 0

(0 10 0 0.
I.- S.. S.- 4-’ S.- (0
L + + S.. 4-’ 0 0  p

I ~~ I (0 (0 .
~~

.
C’-.) 2: .0 4) .— 0  (0

C) 0- 

2~ 

- 

LiJ U Li



Sec . I

(NI N)
0 CC t ‘it 0) CC .- ‘- CX) CO

0 CO CO CO CO (0 CO CO CO CO CO
I—- H- U- U- H- H- U- U.. F—

‘it .

(NJ .

ci .

C)

Li (2)
Ii)
C C
U-i

4-)
C Co 0
4-, C..)o ‘—-5-
.0
0- CO - CC)

0’
U-

— - 
I — Li

‘it —
— 

-~~-

-4- —

NJ 
—

~~ — — ± -

C
E I— H- H- I— H- H- H- F—
C) OC OC 0-

H-

C C
0

NJ 4’) - 4-)
2).. U) (0 U, (0
(0 0 -.- S.. C
Li) 0 -

~~~ 0 0 0
Li 10 ()~ Li 0. (0
4.) 5- (0 4-’ (0 Li
0 Li > LI 4 + > S.-
(2) ._ (2) - ‘ j  C’)

(0 (0 .0 - ,- (0 Li
U) Li) U.) H- Li) CO

22



Sec . I

CO CO CO 0)
‘4— Li”) CO ‘it CC) — CO 0)
0- CO CO CO CO CO CO CO P’) CO

U- U-. H- U- H- U- U- H- U-

NJ

C)-

a)

>

Li C)C)

C
- - 4~Jo C

0 0

LI)

C)

I) U-

— 

E E
ci.

F- F-- H- H- H- I— F--

C C C C
0 0 0 0
-I- _,- -I-

NJ 4-) 4.) 4-) 4-)
U.- (0 (0 (0 (0 -

(0 _,.. .p .p Li ‘i-
C) 0

(0 (0 10 0. (0
S.. 5- S.. Li
S.- S.. + Li > + Li +(0 -.- NJ -.- NJ

C (0 4) (0 E a)
Li 2: Li F— 2: >~ U)

23

— - — - — — ____s



- , - ) 0 CO ‘it CO
• , 

, 
C) - C”) — Li’)
~ - . . -- c i  c’-’) CO ‘ CO CO CO CO

U- U- U- - U.. U- U- U-

N)

CD

C)(2)
C
9-
4-)
C0 0-(- p Li)

0

CO - CO

•0’
U-

~ 1’
U-± —

—~~~

C’) ..4: .--
~~~
-

0- -
H- H- H- 

U- I— H- H-
F! 0- 0- 0- 0- 0- 0-

C C
0 0

NJ 4-, 4-)
U- 10 (0
10 9.-
C)

(0 (0
S.-

+ + + S.- + + Li(N) NJ NJ .
~
_ (0 NJ

S.- .0 E ~~ E E C
Li) (.D >- H- D Li) Lii

24



Sec . I

— — (NJ
‘4- a) 0) — CO CO CO NJ(2) . . . . . .
0- P) CO CO CO CO CO C”) CO

H- U- H- U- U- U- U- U-

‘it -

C”)

C)-

0-
a)

.

~~Li
C

0 9-C,) 4’
- Co 0

0 C)
4-) .•—
0
.0
0-

C)

U-

+ ~~ 
I _ I — — I

0) = — —b--

C”-) — — -

~~~~ 
—-~-

E I- 5- I— F- F- I—

F! C”) N-

U

(‘4 # J O
U-

4 ) 5 -  0
(NJ 0 0 + + 0)

+ U- a) —  C’.i (0 . t a )
(‘0 • 0 5- 0. E U- S..

>- U- U- Li U 0. Z 0- .~~ ~~

25



. CO Lii C’) .
~~ 

(“) - ‘it
O P  CO — —
(0 10 CO CO CO CO P ’) CO 10
H- U- U- U- U- F - - CL Li - Li..

(NI

ci .

C)

Lii
4-)C

0 0
Li)

CC)

0’
U-

‘Zr

I
- - I

C’)
U-
(0
Li

‘I
U.-. + + + + + +4 ‘ 0 ~~~‘ C”) C’J NJ (‘¼) C”)

10 (0 0 >U- D CO Li _-l 2: CD

26

- - ~~~~~~~~~~~ - -- --



Sec . I

CC) 0’) (0’
4- C’) ,- — — — — (0- —
(2) -
0- CO CO CO C”) CO CO CO

U- H- H- H- H- H- U- U-

C.’-)

ci

C)

0
5- a)
C)o C
Lii

4)
C C
0 0
4.) Li
0

0- CO

-
C)

U-

(0’

— — - —  —i-- 
±

F- H- H- I— 5— 5— 5--
(2) 0- CS. 0- 0- 0- 0- C” 0-
H- 

N-

NJ
U-
(0 ~~ -
Li) 4) U)

ci~~~~ 
._  5.-
5 - L W
~~~~0 4 ’ I  +

I I + + 0.~~~~ C I NJ
C) 0) NJ NJ C’) NJ NJ (0 NJ - — CS) E 0 (2) I
~~) >- LI) U- U- C) U- Z U- .i) U- a-~ U U Li)

27



- 
‘ 01

C

N)

C)

C)

-o
Li a)

-~~ C

4-,
C C
0 0
4-) Li)
0 -5—
.0

Li

0’

U-

-t

I
N)

-~~
-

-~-

C’) 4-’
CL (0
‘0

(0

S.- 1-

CO 0
P0

28



Sec . I

C CO CO - 0 N)
— r - - “ CX) CC) 

p . r I’—
(2) . . . - -
0- ‘ l , ‘f  0 ‘1 ‘it

U- U- U- p CL

- . 
U)
.0

C)
C

4-’
“S

Li
- 0- -1-)

(0

- U •
— 0 0 )

-o
0 5 -

- ( 0 0
4-

(2)

I..-
5-
4)
c I

Lii -o

C
0 LI)
4.)
0 —~

±
C)



- I

N-. CO ~~ CO

F ‘ 

~ 
,_

N)

C)-

>,

~0Li a)
(2)
C CLi.) --4-’C C
0 04.) Li)
0

-cC
CO

(0.

—

• CO ——
NJ +

ci,
5— H- F— F - .‘

~ 
‘ C) I—

C) 0- 0- 0- C’. 0-p F-— N— N—. 
—

C
0
4-,

C) (0 U)
0’ U) -— C

C 0
0 (0 Li
Li S.. 4)

4—’ Li + U + + +
N) C) (N) CO CO

04 .- - ‘— — 0 Li S...
U) Li Li) Li)

30



Se. I

C) C) Lii
‘4- 0’) 2 ~~~~~ 2a) .
0- ‘it ~z-

U- - U-

‘ i t -

NJ

C)

4)

>
0’ co-
Li (2.1C)

C C
0 0

.0
0- CO CC)

~0’

U-

(0.

~~~ -

0. I
C F— F--

0- 0-

ci
C)

+
C”) + 10

0 C” )
Li ~~

. ~~.1

31

- ‘5-



- I

(0 [ f r  L T
-~~ 

.•  ‘ ‘ 0  ‘ ‘1-  0 - r 0 0 0 0
U- . ~. F - U- ._ F U- U.,

N)

—p

- 0
4-i

>‘C) . U C )
— .- 0- Li

- = 4 —

—
C

Li t 1 U -
(2) T .0
C (‘0 4~) Q )
U.) — I ‘1 - ~0 ( 2)

C) 
- - - Cl’)

C .— ‘

0 .
4-’ 

C_ i - - — --

o CO i- .—,
.0 CO - — — — C”)
0- : 

- - i- - - =



Sec . I

N- CO CO CO CC) CC) CO C”)
‘4- CD CC) CO N- Lii C’ - CO CC) CO N-(2) . . . . . . . ,

0- (0’~~~~ ‘it 0 (0’ ‘it
U- U- U- CL U- I CL U- U- Li..

(0- -

C’)

C)

C)

>‘S 4-..

5- 4)
a)
C C
U) ‘a-

4..)
C C
0 0
4.) C’) Li)
0 I
.0 I
0- ~ -i-- ~-~~~

_ -.~.. p— N.

I
6 LI’S Li

-.~- 0I~

(‘4

(0’ — 

T

— 
± — I

CS) — —

~i. 5— 5— F-’ I- H- 5—
N- N- 0- 0- 0- 0- 0- 0-

C
0 C‘a- C C 04’ 0 0 -a-
10 ‘a- -a- 41

C’) 9- 4~) 4.) 10
C) ((‘S ‘0 10

NJ U) C 10 ‘1~~ ~a- -
~~“a” C 0 10

0 S.. S.. ‘0 10 S.-
5.- 4-) 9- S.. Li I.4.) 0 + + 1. 1..

a) a) ~~~‘ + .
0) — 2: C C’) +

Li ~~~‘ ~~
- C)

33

-  — ____ - —~~~



¼.,) L-  N) C - i .— U’)
0 C C )  N) CO PO LO ‘it LO CO Lii

0 — ?  ‘ -C ‘I’ ‘it 0 ‘ C  ‘ C
- I— -- I— - F ‘ U- U- Li.. U- I - U- F

C)

~1)

Li -o
-C) a)
=

C 4)
0 C
4-, 0
0 Li)

0- LO
N-

(0.

D

~~~ -±- -; -.
~~

-- CO ’i

- C~ Jj

— — — Lii “~~
‘ — CO

C )  __ b— ~~~~~- 6
C) T-+’~ ~CD CO Lii U’)

~~~~~~CO “ — —
— —~~-- 

‘
~~~~

‘

I CO Y ~~2~~~ 2 —i- — 
~~“‘ b-j -- C) —(N.J ‘ >- C~ ) r L C) — I

— ‘it 
_

~~~~~~~~~~~~ N- X~~

- , F—N- N- 0- C) N- C) N-
H- N- N’ — N. — N-

CO
C)

-
NJ

÷ + I-) + + C) + LI + +
C”) = CO . 1  C”) _ CO ._ + —‘ CO CO

5.. 5- C C) a) I (~‘)~~~~~~~~ a) a)
Li U.) Li) Li.j Li.. Li) U- U) cia. Lii U- Li) Li.

34



Sec . I

0) CC) ‘i~ CX) ‘i)- (0’ N- N-
4-. 0 Ct) C)’ ‘it CO CO ‘it CO IC) ‘it CO (0 CO (0’ Lii ‘i

~~ 
Lii

(2) , , . . ‘ ‘ . . . . . .
0- ~~ ‘ii’ ‘it ‘it ‘ it (0’ ‘it (0’ (0’ ‘t (0 (0’ ‘it (0’ a’)’ ‘it ‘it

U- F— U- L, U.. H- U- U- H- Li.. H- U.. H- U.. H- U.. H-

(0’

NJ

C)

a)
>‘S 4-’

0’ cO -o
5- a)
a)
C CC,)

- .4-’
C C
0 0
4-) Li
0
.0
0- CO - N -

,0’

U-

(0’
(0’ 

(0’ LI’S (I)I I U’) I I
C) I C) C)

N J X~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 

~~~~

-

~~

- 

!.~
ci

N- U’) N- N- N. N- N- N-
N. CO N. N- N. N- N- N-

CO
C)

-
C’.)

U + + + U 4 0 + U + 0 + u
+ , C”) CO (‘0 ...., ~ 

CO _,~ C”) CO C’)
a- 0 0 ‘a- ‘a’ C C

U) 2: 5-) La) Li La) H- U) H- La) E LX) ~~ U)

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - -



Sec.  I

C)

C”)

ci

C)

>‘)
S..
a)
C 0

0- CD

0’
U-

(0’

C) C)
C.’-, ~~~~~~~ ~~~~—~~-- ~~~~ —~~~

_

C’ Lii __

CO

ci, -
N. 0)

H- 
- - N- N-

C’)
C)

C”.)
-- C,)

‘a-
H-

Li) + U + ~~ 
0

CO = CO

U- H- Li) 2: U) U- Li

36



- I

CC) ‘ii’ 0) N- 0-  CD — 0’)
‘4- — ‘~~ (0’ C’.) — C’) CO — N) C’) N)
C) ‘ -

1 . . . .
U- C) C) ‘it ‘1 (0’ 0 (0’ .P) C) C)

U- Li. U- U- U- U- U- U- U- Li.

C ) -

U)
.0
4-’C))
C

4-,
U)

5.-
0
4-)
(0

ci U > ,
— U ) C )

0 -~~
- ‘ U L i

C O
( 0 4-

—

-r . 0’
—z -i-- -f- U) + :

U) : ‘U
C ~~~CO
0
4-)
0 -S

0- CD 
—

~~~~ 
4 ’ -  — L i  ± C)

—
~ 

—

~~~~~ 

.
~~U)
0 ( 0

I 0, 5...
~“1~ 

4)
(0. ..L

4 ) 0,
0 _ U )

4 ) 0  + Li 0 0.) 0 “4 5 - L iC (ti ’ -~~~ C) (/) 04 a- U)U) U) C)  (0 -,-
.0 ~ >~ 0 — — — - ¼. .O ’a-
~~ CD’ LI) 0’ ,- .- <C Li U- LX) (0 U- ‘~~~ LI) C)’ -.-

37

~ .1



- I

0’ CC P’~ CO 0) CO C—,
- 4 -  C’) “‘ ~~~ CO (0 P —

-~~ ~~~ ‘ C  ‘- r 0 ‘1- ‘C 0
U- ~‘. U- U- U- U-

C)

N)

C) -

C)

-S
-C
C)
0

Lii C

CC 4.)
O C

02
0- CO 

— — ÷‘
~~ 

I I
U) 

I —f- — 

—

NJ 

-

0,
H- F ’  H- H- H- , F-- H- H-

(2) CXC cc 0- 0- 0- 0- 0- CrC
H-

CC CC
( 0 0C,) ’,’-

4~4 C -‘- 4.)
NJ — ( 0  4 ) 0  — ( 0

C) ‘a- ’.- C a -
-a- U ) t~ 04 4-’ U) ’O
LI’) (0 a- (0 (0

C ) L i  U , L i  ‘0 5...
04 Li 0 0

+ -3. (‘Ø~~— +
+ S.- C) 5 - 0  C) +

U- -- -C >< H- C,) Cl) U- -

38

— —.- ‘—— —--——_- —— - —-- -—-a



F 
Sec. I

CO Lii CC) C’) (‘4 CO LI)
p C”’) CO C”) CO C”) 04 P

- .-
~; ~ ‘it ‘-~~ 0F - CL U- U- U- Li.. U- U-

-C . -

NJ-

C) .

C)

- - 
4-’.

S..
4)

L C

I4-) 
Li)

÷

± ±



- I

C C )  ‘ C

.1

c- i

CD

‘0
(2)

1)
C

= C
CC

Li)
0

C’)

C C C
O 0 0

C’) (0 (0 (C)
C) a- a- ‘a-
-—  ‘0 ‘0CO ((2 (0 - 4 ( 0

5.- 5., 5-
5... S.- + 5- +a- -a- CO

.0 (0
0- ,- L~~~ ,-

40



Sec . I — (‘4 — 0’) CO‘4— C) ’.., — .— ‘— a— CO CO -
0 ‘1  ‘it
U- Li.. U- U- U.. U-

C) -

- U)
.0
4-’

0 -
a ) - > ,

NJ . 5- a)
a-—

U)
S..

L i O
04—

- 4~l
(0 . - -

U .
C) - (n o,)

0 a -
U-

‘U
0 4 )
‘0- a)

- CO

— 

+

_  Li 
~~~ 

W



- I
- -

‘ ~~~~~‘)  N) CO

-~~ ‘i_ C - _ C ‘ C  ‘ C
U - U -  U- U-

N)

C)

C)
C C

L 

: I
0- CD

C)

U-

‘1~

NJ -

CO Li C) La) C) C’) Li

42



‘- ec . I

10~
LiF
RI

C
0

C

io~ 9 .2
.0

I-
0

E ~ ‘ -~ /
2 ‘

4-’
— -. ~. ~- ‘6 0 .- U

2~~~ 
/

Cl 10 o C ~~~~~~+ + C ~~~~~~~~~~~~~ .2 I
U I a) d) (%,J C’J a) + c~

-~~~ £‘~~I ~ a , C  9 ( ’~~~+~~’~~
, -~~ /

-
~~ A ii /

/

100 1000 10000
Wavelenqth (n r ii)

I
Fig. 1.10, Summary of the positions of important impurity -absorption
l ines in h F  shown with respect to the ultraviolet and infrared cutoff

frequenc i es . A complete summary of absorption bands in h F  is given

i n F ig. 1 .1.

43



P 
-

0
—a

10 1 , 
~~ -

U ‘o Mq F~
E 2~~ 

— o ~~ RT
2 t~~~~ . ~~a ‘

~~
— - — “' 0 LX
— .i ‘0 -

I t .) - C O O  ‘0 > -  >-~ ~~~~U ~~~~0

C ‘ D - ~~ C a ) +
— C O

— U a ,~ 
,.

C ~~~ C “‘ c W U .
— 

0 2  ‘ 0 0 .) C/ (“‘)~~~ , 0 0  0— / C a) - C O ñ
2 ~~~~~~~~ a— “ ' C  ‘0 _ a >

~~2 
(“) CO

- ‘ C”, _ ‘0~~~ 0) .0
- CO O I l )  .0 CO

10 1 . — > C C  CO C.)

‘0
0) 

‘ 0 - ’0  E
~~~~c 

~~2 ~~~ 0

~ 2~~~’

i~~~~ - I /
,0 1

Z o

NN~~fl
100 1000 1 0000

VVd V eI(’ I1I 1t I) (t im)

Fig. 1 .11. Summary of the positions of important impurity-absorption

l i n e s  in MgF2 shown with respect to the ultraviolet and infrared cutoff

frequencies. A complete sum mary of absorption bands in MgF 2 is given

ir Fig. 1.4.

44



Sec. I

105

[
C a F 2

2 2 RI
.0
—

(V
Li

o 0)
— COa

io 3 . 0

— CV 2-
— C’) -~~ -a- -- ‘0

C — C .0
2 c CO

~~~i0 2 . 
~~‘ 

-
~~

.2
a.-

((C — 0 (4,
-~~ E

g 1 0 i . -
~~

a

10- 1

10 2 ~~~~~~~~~
100 1000 10000

W 1JVeIerlqth (till) )

Fig. 1.12. Summary of the positions of important impurity-absorption

l i nes i n CaF 2 shown wi th respect to the ultraviolet and infra red cut “

frequencies. A complete summa ry of absorption bands in CaF 2 is ~~~~
in Fig . 1.5.

45



- I

iü~~~ E
2

E
2

iü~~
. _

~-fl 
.~ Si0 2

RT
CO

CO ‘0
C)

-= .~P ~ .0 —
‘0— ‘~ 0.) C,“ ‘~ — — ‘0 C

.. 0) ~ — E ’0 a

II I C C  C o —
I C O C O  CV 0 C - — C.)

1 1 ~~~.0 . 0  .0 -
- 

~ ~~~ 0 ) ’ .-~~~~C’J~~~~~~~ O~~~ C

\ \~~~~~W U4 / ~~~~
)
0) C’~~~~

C
i i  II / I’ ~II II If  ‘00)

~~~~~~~~~~~~~~~~ I 

100 1 000 10000

~~
a I P i l * . l (lt I l ( i i r i i )

Fig. 1. 13 , Summa ry of the posit ions of important impurity-absorption
lines in 510 2 shown wi th  respect to the ul t ravio let  and infrared cutoff
frequencies . A complete sumlilary of absorption bands in S102 is given

in Fig. 1 .8.

46

4



P F ’ . I. - I

+ p.4,
C-C -—1o~~- 

_

C a
9 +

+
(N

U.

.0 + I
iü~~ - — (N

CO
C I
2 0 +

C..’)
0) 0) 0) A12 03-~~ - 

U . , 4 ,

I ‘0 RI
io3 - i -~~~ ((C ‘~~ a a

‘0 C CVI 
~~~~ C ‘0 ~n +I ~. C.’) o

U.

~~ C C . )  I
0) 0) 

~‘4 (N

i0 2 .  ~~ 
+ I I

to + — U. o o C
I I 2

3-

Li 

(0 ~ 0) + + aC. C (N (N C.
CO —, .2 -;  0) 0) 0

U. U.
‘C’ II 0 a.- .0

0 0 0 0 ~ C to
C4, UC

-
(4, ((C 2

10 1 -

_t C C‘a, C.)
C ~ ~. 

.

~~C+ + + + + —
C”) C”) c’~ C”) C”)

> & 2 ~~~~ 
~~~~~~ C C
CV) 0 2 C

100
C.) C.)
0) 0)

/
10-2

100 1000 10000
Wave l ert qth (nm )

Fig. 1.14. Summa ry of the positions of important impurit y -absor ption
lines in AR.203 shown with respect to the ultraviolet and infrared cutoff
frequencies . A complete sumary of absorption bands in A 9~203 is given
in Fig. 1.7.

47



Sec. I

Tah1~ 1.1 ,  Tab I (a 1.2 summarizes th~ intr insic c r y s t a11 i ne_ s t ruc ?~ rr ,

vacjJ - u i tr avio let cutoff , infrared cutoff , and major co lo r-cen ~ 1 - i

tio ns for the r~~te r i l l s  covered in this report ,

Ii ie n e r il , I oni c i i  ly bonded mater ia ls  ( m m  r the ed ;es of the pen -

odi c t1~bie) consi c t i nj  f 1 igh t m a le ~ ents are tr an ci~i rent to shorter wave—

lenj ths  ( in the HV or V~~V region). The fund amenta l abs crpt ion across the

€ n e r -~ gap can be des cribed as charge transfer from the valence band , con-

s i s t i n -~ of p o rb i ta ls  of the anions,  to the near ly - f ree-e lec t ron conduct ion

b a n d . 1’8 The resul t ing Urbach absorpt ion edges are quite steep. The devia -

tions fror : the sharp Urbach-edge absorption typically occur at quite high

~a 1ues of absorption coe f f i c ien t ,  f rom ~ l cm ’ to several  hundred cm~~.

The absorption coefficient remmm ains high over a considerable range of photon

e ne rq ies ,  up to -‘- 5 e V ,  as seen in Figure 2.1 below , These absorption

tails are believed to be extrinsic in most cases , but Pinm iow and coworkers

argued that the long secondary exponential ah~ :Ip t i on (the much steeper

Urbach edge bein g the primary exponential absorption) in fused silica and

glasses is intrinsic. (Ref . 4.5, Figs. 4.4-4.6, and accom ilpany ing discus-

sion in Sec. IV , Vol. II) The behavior of the optical absorption near the

infrared cutoff typicall y is quite dif ferent , the value of the absorption

coeff ic ient  at which the ext r ins ic  contributions beC~1m greater than the

- -4 -iintrins ic mu ltiphonon absorption be i ng as low as P = 10 cm or even some-

what l ower. No absorption analogous to the secondary exponential absorption

has been observe d in the infrared region .

This study of Pinnow and coworkers appears to be the only attempt to

distinguish between absorption and scattering . This distinction is ex-

tremel y important in low-power optical systems since absorption gives rise

48



Sec . I

‘4-
0 4-’
4)

C
5,. o~~”to ---- CO CV .01

~o: 0) (‘4 .— (‘4 .— (‘4 j — (‘4 a— (‘4 CD
+ + + +

0 4”
E -.- E - ~-’ 

—- -- — — -

O 0 C O to
5,~~~~._. O C ’’

‘4’- C —0
Vt
C ‘V
O 0

CV
4” 5,.
‘a.- — 0
‘0 CV .0
‘0 ~- E .0
CV 4) 0

C
. 04 )  4— 0)

C
‘C

~~ ‘4- 0 S..
O (0 (0 0)

.0 0) U
‘ 0 ’ —  ‘04) U.. 0.
4-’ ‘ ‘ Cd) CV (I,
0. .’- ~~~

‘ C C Cl)
(0 0  0 0 .0 4-~ —
‘0 ~~

. • 5, 4.) (0 (0
< .0 4~) 4.)
~—.a L,) U 0 4- ‘0 4-’

0) 0) 0 C))
U) - C— — 0. 4”

‘ ‘ 0  C 4,
~ 0) 0.) 0) 0. LI)

C ‘~~~ ‘ 0 ‘0 (0 5,.O .
~~ Cl) ‘0 ‘0 Cl)

0 ’.- C
~- 0) 0) Cd) 4-’ 4-’

4-’ Cl) 
~~
‘ 0) 0. 0. C

0. a- ‘0 0. 0. .0 0) ‘a.-‘a- C VC (0 (0 4.) a-
S.. ‘a.- 4.. L S.. 0) 0 C
U • 0 4-’ -4-’ 0 .0 (0
U) CI) 

~~~ 4)
Cl) 4-’ C 0) 0 a.— 4) 4.1
‘0 C.) ‘ 0 C Cl) C CV

4) .-) -a.- 0 4-’ > 0‘V 4- (0 ‘0
0 4 )  ‘0 0. .0 .0 .0 4)

CD C ‘a.- 4’-’ 4” 4.” S..
(V S.., ‘a- ‘a- 4” U) ‘a- 4)

4)4’ LI s- a) ~ 4’S... C • 04-’ C
‘C- 4) >, >, >-, .0 CV >, >-, Cl)

-4” 0 S.. CD LI LI 0 U) 4-’ C,) LI 0
CV 0.~ “

~ C C C U) C Ca— (0 (0 (0 4) (0 (0 E
LI • 0 U U ,0 S.. C,) 0 0
C 0 ‘0 (0 (0 (0 4-’ fl) (0 40 4-~4) ’.- 5,. 4.) (0
E 0 C C
0 4- C C C 00 .)  C C a-C • 0 0 0 0 0 0 (0

>~ C ‘I- ‘I- LI) I ‘a-’ ‘a- ‘a-
5.. 4) 5, I C V U~ I I0,) a-. (..) 4) 0,) 0.) 0 0.) 0) ‘r

> )‘ > (O’C > > 4-’C “ • ‘a- ,I ‘I .0 4) ‘a- ‘a- U)
4) CI) 

~~ -I-i 4.~ 
4.) 4.) 

~~ 4’o (0 (0 (0 ~~~~~‘C- ‘a- ‘a- 0,)
0) 0) 4 0 - 0  U) U) 4”4-~~~~~ “) 0,) 0.1 0.) 0 0 0o 

~~~~~4) 0. 0. —0) . >‘‘4- ~~ .0

O ‘C C”)
(0 4)

a.— ~ • C a’
‘ 4 )  V’ 0
— ‘C ‘a. CI)

O (0 4.) 4’~ —— ——0) 0 4.’ CU U C- — a’ —a.— Cl’) U) 4.) 4) U. U. - a— —
.0 > 0 ‘4- U.
(0 • S.. 0.,) • + a’ I a’

I— U’) LI V + ~i + I a’ I C” ) I
U. U. LI. La., U- U. ~~ ~~ ~~ ~~4)

0)
C

C,’)

49



‘4-
0 ~ -‘

~~
a
-

CD ‘7
:~~ 4J0

0 C ’

—

‘0C UI
C O O

C) 0
4’ C
-a - Li 4 - ) r a
UI ‘- CD

C~fl UI —
W ’ — 0 a -
‘0 0~ &—I C
a - E  CV

0 4 ) C V
C V 4 -~~ -C 4’.0 (0 4-~~ O) CV

C
(O -4-’ O O  0

U I 4 . 1a- 0)
4 - ’ O  0 ( 0
( 0 .0 ’ — 4) 4)

Cl) 4.) 4-)
C

0 > 4 )0  UI 0)
4’ ‘ a - a -  U

‘0 u 4-~~~4) C
Cl) 4) S.~~ -~ - 4 ) 4 )  0

4- CV UI ~~~ > -a.- ‘0
4) a 0 0~ ’a- C 4)
‘0 0 0 .U I4 ’  4)

4- 0 CV > 4) 5.-
O ‘.- Q) r0 ”—~~Ql ‘- 4’ CV
0 0 E a- 4 ) 4 )  4’) -a- .0

0 O ’ 0 r — C CV UI C,)
C 4’ E C  O~0 CV (V E O) (I) 0 0) >~a- ‘a- ‘~~~ (4 4) C Q 4’ a-
4’ C E UI ) < L  a- ‘a-

a- 0. 4) 0 0  0.1 .0 CV C LI) 0
a- 0~ 4 ” O  4’ Cl)

4) C- 0 ~0 ’— S.- 4-’ > C a))
a-- 0 5,_ —.‘ 0 >~ CV a- 0

UI ‘0 4 ’ ’4 - C 4’ ‘a-
CV 4) >~ a - U i  C CV C C O.)

I— CD .0 CV 0 ‘0 0 0.) 0 0
‘..,‘ ‘ a - C 5 .~~~~4) ‘a- 4) > ‘ a - C O

4~) a - a -  C ‘a- C O .a- W J 0 .  Cl) 4 ’
4 ’ >  ~ ‘0 CV 0,— U I ’ a -  C O  a- a-
L. -C-) a- C.,) a.— 4-’ C) (4 CV CO
O J C V  0 ‘ CV CV C a - a -

—‘ 4-’ 0” E C .0 4) 4_C
a- C Q ) 0 > ~~~0 C CV ‘a- a--a - C -4--) a.—’ ‘a- C CD 4—’ 4.1
U) CO — 4’) 4’ ~ ‘) U)
C- 4-) 4) ( 4 0  -C- CV 5,, S.- S.,
4) ‘ a - 4) , — ~~~~ Cl) 4) 0 4) 0.) Cl)
4.1 — C- ,.,J C- 5,, 5,. 4-’ 4-’ 4-’
C 0..C O ’ a -  0 C C C  C

(11 I— ~ C ‘C L~. ~~ CD — ‘a- —

C
0

‘a- 4)
4’ ‘V
(0 ‘a-
4-, Cl)
0 ‘0 0‘a- C-

a.- ‘C
a- (0 >-, I (‘4

.0 .0 —

50

— -~- _ . 1  ~~~ - —



Sec . I

‘4-
04”

C~~

C - O
(0 ‘C- 

a- C’-) a- — C’4 ‘~~‘ a- I a-
C I C I I I I + I

CU 
a- —— ——

0 0 ~~~0 C a-

a.— — S..
0.) 4”

a) • C  -4-’ U’)
4 ) 0 , )’ . -  Cl) 0

.0
4) ,C ’a- 40
C 4.)U)C ‘a- (I)
(4 0 ‘0a- 4- C ’a-
CD, 0 0  C Cl)

‘a- S., a- 0
1 1  0 ) 1 ( 0  C
a- C Wa- ’  Ea- ‘ a - >~~~ C a-
a- 4 ’ ’ a - U (0
C.—) VC C-’ W L()

(4 (I) U) O a- 4)
C 0 ~~~ )

0 00. ‘O
U 1 (V) a’ U)

(OU~ U.
Cl)  C ‘a- 4-

—~ 4.1 C- 00(0 ~.J 0
‘0 o Cl) ‘a- ’.-
4) 4) 4’) 4’ ‘0 C

4- C O CIC O) ‘a’ 4-)
C Cl) 4 ) ’a -a-

‘a- ‘0 U C- — ‘a- C-
4) “- .0 (0  _J
o ~.- LL. ‘000 0.
O C ‘C- a)) E

C.) 4’ ‘ ‘ .C 0 (4 ‘a-
o C
C 0.) C) a .0 C

a- a- 0 a-4-< 0 0
• 4-’ (4 L.-.J O ‘a-

a- C. “ I Cl) 4-)
‘0 (0 4 ) ’  (0

Cl) ~— CO C L I I  • U
a- ‘-~ 0)0 0.) ‘0
.0 U’ Cl) C a- ‘a- 0
(4 C.) 4) C- 0 -0 0 4)

4— C- 4) a- Cf) .0 a-
.0 4’) (0 0  a- 4’
4-) C 0’O 0 C

C- Cl) 4 ) ’ a - O.) 0 4,)
0) LI — CD. I 0
4) D 4’ 0 .  4— (4

C- C U. 0 (11 (0 a- ‘a-,
C- Cl,C CD C 4 ) 0 C - —’- 0) ‘0
4) 4.C 0 ‘a- a- .C 4’ Qj Cd) (4
4” C CD 0 ‘0
0 0) U. E 0 . 10’ . -  LI C-
4) 0 C ‘V ‘a- 4)
0 (4 4) C - ’ a - 4 ’ 0  a- 4)

C C- N (4 4.) D a- C
U.. I ‘V ‘a- Cl,) (4.0 a- (4 Cl)

‘a- CO C 0 0)4-’ ’.- 4’) U
‘a- S. 0 ‘a-’ O J - a -  4)

C CD I’- CD’ ‘-‘ _J C ~~ CO E La,.

UI
4’)

o 0 4’
0 U

-a - ‘4,. —-—  a)
4) 4) 4’..

a ‘0 — —  — + 4)
4.) 0 0 0 ~~ ‘Va 4) ~~ 

C U )  —

L ~~ ‘ ~~ ~ (.1

aD C.)

51



Sec . I

4-
0 +-’

(4 4)
4-’

~~~ o - a- (‘4 ~~ (‘4
+ + +

C- o UI

(4 ,-
.0 I a- I‘7 + + ‘7 ‘7

Co
L IE 4) ——  • a. a.

- a - C - 4’ CD CD CD

0 ~~~
a-

4)
>
4-)

C ‘a-
0 UI

‘a- 0 4-)
C 0, UI

4) 0
> 4’

C
4~) 0,) C)) ‘a-

0
UI CO C
0 > X  0,) C
0. ‘a- Q) — ‘a-

‘C a -  CV
4’ C. > CV

‘0 LI CV E
4) C)) C 0 4)
0 ‘4- 0 -C L) E U)
C Cl) ‘a- 4-’ (4 (4
a- ‘0 4-’ ‘a - > )  UI >1 >1
4’ CV >‘, .0 4) 4’
C 4- C,) C 4~) 4- 0 a- a-
0 0 C - C O  ‘a- 0 0 C- C-
LI 4) 4) 0 ) 0  C- UI 0 0

C C ’ C  4-’ CV 0 0. 0.
0 W a -  C >  0. 4-’ • E E

— ‘a- a - a -  4) E ‘a- UI ‘a- ‘a-
• 4-’ ‘C CV u 0 ‘a- C- ‘0 .0

— C. > . 0  0 0 ‘a- 0, 4) 0
‘a- U ’ a -  C C~ 0 ‘0 0

4) C- ‘ Ca -  I CV E — ‘a- ‘a-
a- C,) — C O.) ‘a- a- U) - a- 4-’
,CJ Cli 0 ( 4  (4 >  0 0 C F— (0 (0
CV Cl) 4” ~~ 

. a- 4-) 4-) 0 0 .0 LI
F- CD — 4- 4-’ CV ‘a-

4 - C O  Q ’ a -  4.) 0 “ (1) (4 r4
C UI C ‘C ‘a- a- UI a-
0 . 1 0  C O 4) Cl) — CO U) C 0 4-’ 4-’
O ‘a- 0 CD - C,) C. a- 4-’ C 0 .0 rO CV
CV ‘a-”,. (0 CL 4) 0 ‘a-
‘a-) 4-) ~ ‘C-) (4 4~” ~ ‘a- ‘0 ‘0 ‘0
‘C a -  ‘40 ‘0 C- 0.) C a-
(4 (4 ‘a- ‘a- (4 4-’ E C .0 CV 0, C. C.

C. C.) C 0 4’ 4-’ 0, 0. C.
5.- 0 >) C- 5.- >, - - C- 4) CV CV CV
Cl) >~ a)) 4” 0.) (1) 4-’ 4-’ CV E C- S.- S.-
4-’ 0 UI ‘a- 4’) 4~) ‘a- ‘a- 4,) C 4’ 4’ 4’
C C  (4 5.. C C C- UI >, C
C l ) C V  0 Cl) Cl) 0 0 Cl) > ‘4- Cl) a)
L) 0 4) CD~ 0 C,) 0. CV S.- (4 a-’ a- a-

CV - C E  E C- CV (3) 0.) 0 0
U,. > F-- - a- 0” ~~ — F- C(~ :1 Ui ~~

— ~~~~ UI
4—,
O S. -
4 )0
4-
Cl) CI
‘ C C

a- C + C l ) U I  ~~0) U)Cl)

• - - C) ‘4 E C 01 CD) CI

I ~ -J 
—‘ ~C 0 r-, r—,

+ O 4.’ ’a- I I 0
C’) 0 C”) >- 4)

— -~~ ta,. ~~ 0.) 4) 0 (0 >< >< ~~U. ~~~ >. ~~ C.) a-”~~C C- L ,4 C.,,,)
0,4) 4.’
E a -  )(

‘a- 0)
U)

CD

52



Sec . I

4~~ 4~)
( 0 0 )

C’) C a-
C - O~~(O ’a-
0 I0—

4)
U E 4’ ‘a- I. CI

‘a- S., a- 0 C- Cl)
C O 40 (0 (0
0 C ~~~~ S.. .0

— a- Cl) 0 U ‘a’
4) 40 4-) 4, . U)
.0 ‘a- S.. 0)
4.) 01 U) • 0 a-

0 c.~ 4- 0
• ‘a- C.,) 4)
(‘4 U) 1- CD.

U. 0 ‘a- 4) U’)
>1 01 4~) ‘0 ‘0a- U) ‘a- Cl) C- 0.)
.0 C- 4.) CD. 0 ‘0

- ‘a- U) Cl) C/C 0 ‘a-
U) 4’ U) >1 (0 .~ C- ‘V C —4)’O 0 U ) S . .  C- Cl) I ‘a- 40

O ’ a -  .0 0 0.,) U) 0 4) E .0
C a-  0 >  a- ‘ C 0 C
0 ‘0”— (0 ‘0 ‘a- ‘a- 0 5..

“ U)  C ‘a- >10.) ‘0 ‘a- 4)
C ( 4 U )  • C- . 0 0  4” 0 C .0
04’ .0 0 0,) - ‘a- CV U) (0 4’

‘ a - C  0(0 43 ‘0 ( 0  0
4)0.) a- ’ a -  (0 4) 4.) 4) C 4-’
CD, C- (0 4-’ 5., E 4-’ Cl) C- a- C ‘ >1
L 4 0  4-’OO 0 .C-  (4 4) 4) C
00 .  0 0.14- .0 Cl) C- a - U  40

U 0 0 .)  — Cl) CO ’a-
.0 0  S C - U )  0 U S .  (0 4’ >4 ’)  S.
4 0 ( 0  (O C l ) C -  U) (00 ‘a- C ‘a- 4-’ 0

C- ‘0 CD, CD 4- 4) Cl) ‘V CO 4-’
a- 4) 0 E 4) C- >,G) ‘a- U

4’ (0 0 ‘a- C 0 ‘ a- C- 4.) >‘) 1/)
‘0 U C.) C 4- Cl) 4 - ’V  a - C l )  1/) ‘~~ .0 4) ‘0
4) Cl) ‘a- ’a- Cl) ‘4.0 C- U. C - C . )  C
0 4- 4) Cl) 0 Cl C- 4-) 0,) (0 Cl) CC)
o 0) 0. • ,0 0 U. •~~ 5. 4) 4’ 4) 4) 4.. 4-,

‘a-’ ‘0 0 0 4~) ‘a- . ‘0 (0 0 U) C .0 C C- C/C
4) 0 C- ’ O  Cl) 0) .0 0) ’.- ‘a- F- Cl)
o 4- 0 ‘a- 4- (0 0  Cl 0) U 0) C (0 0, >‘
O 0 4) Cl 0 > CO’0  C- 4) ‘a-
C.) Cl) 0.1 (Cl >1 U) —C ‘0 4) Cl) C-

C 0) C- Cl) 4- ~ .0 a-- ‘a- ‘ (4.0 4)
0 Cl) (/1 0 0 001 (0 >1 4’~ 4’)

a- ‘a- ‘ a - 4 )  0 C - C D  C U ) ’  4’ ‘0 4’)
4.3 C- a- , C> 1  0 ‘a- >1 ‘a. C- 4) 4-’ ‘a- 4) 9., 4)

a- 0. .0 4’ 4) 4- ‘4-’ a- U) Cl) C- 0 C- 4” 0 a-
‘a- 0)’a- ‘a- 0~ .0 4-’ O 0

0) C- > U )  O E U ) C -  0(11 04-’ (11 0~ 04-’ 4)
a- U ‘a- ‘a- 4-’ ‘a- 0,) 0 0 ‘a- 4) (0 E E 0 (0 .0
.0 U) CI> ‘a- U) ‘0 0 C- 0 ‘a- a .0 4-’

CC) Cl) C - 0 0 . 0  C (3) ‘4-’ 4-’
4— CD #‘Cl) ( O C - C C 0  U ) 0  (V)+~’ 40 E

(0,0 a- 0 (4  ‘a- ‘a- U,, ‘a- 0 a- C)’) 0
.0 4) ‘a- U a- C a- a- 4’ 0 CO 0
4’ E 0) CO ‘0 CD (0 • ‘0 (0 ~0C ‘a- , >4’  Cl Cl) 0 0)  ‘a- 4)
C)) ‘a- ~11 4) C ~~ 4) Cl (0.0 4-’ ‘a- Co E CD
C CQ) .0 C- 4’ ‘a- a- IV ‘VO >, Cl) >~ 0 E 4) (0 C’) 4) (4 Cl) U) ‘a-

‘a- a- 0.O ’a- (V “ .0 U. C C/C • .~~ ‘V a-
4.’ ‘a- 0 I ‘0 ‘C ’C U ‘a- C- U) a- - 0 Cl) (V
O S .  ‘ a - ’C Q , )C 4)0 C- 4 )C  4 0 ( 4  a - . 0  .0
Cl) 40 4’ 4) > 0 Cl CO 0 0>1 4~ 0 ~ 04)
4- UI ‘a- ‘a- ‘a- 4’. C- C 4_ a- C ‘a- >~ U, 0 4’-’
C- a)) (1) 4’- 4” (0 ,0 a- ‘a- 4) 0 ‘a- 3) U)
0 ) 4 )  C ’ a - (O C- .0 0,) (11 0 (4  40 ( V U )  .0 0
0, U 40’C Cl CU 0 01 Cl) 0 U) 0) C- Co 0 .0
E C l)  S.~~ O 0 ) 0 )  C- ‘a- ‘ a - C -  . 0 0  C- ulO
a- C F- E C 0 >~ CO C- 4) 0) 4) Cl 0 0 a- 4-’ (0 E

‘ .C C- (0 >  ‘a- 4- Cl) CC) 0
010 (4 4.) ‘a- C- 4 4) 4.) 5,. 4.~C U 00  0 ) 0  U)# )  U ) U  0 4 0

‘a- >~ 0 0  .0 0 ‘C’. 4) 0.) 4-
(1) ,’— 4) 4 ) 0  CS., 04- a-

Cl) .0 4) C-’V Cl) 4) 0.1 (#1 (4
C- 4) 0 ‘a- Cl) Cl) .0 Cl) 4.C 4., ’V ‘04)

C 0.1 C - 0  11 4-) U) ~~~~~ U ) 4 )  Cl) O W
0 4-) 4 0 , 0  C 0 ‘a- .0 ‘0 Cl) (V E

C a- 4,) C a- 4.’ 4)
4-’ 4) Cl) Cl) 40 LI Cl) ~ I ‘0 U.’a- U) >1
‘0 0 0,)’a- ‘a- I a -  0 C- 4-C a- > ( / C  C
4) ‘0 4) ~~ C Cl) 0 ,0 0 >< CO
0 5.. ‘,“_

‘ ‘a- ‘C .~ 4) ‘a- 0 ‘0 CD.
0 CC) — CI 4) ‘ 0 0  0 C- 0 0 E C- 5,.
a- (V~~~ (1) 0 4 0  4) Cl) U (C) 0 Cl) 0
0 .0— C- eD 0 LI UI • U 4-’ ~e-

C- U ‘1 0) U) C C  .0 0.) ~~ 4.)
Cl) ‘a- C 4.~ C 4) 0 a- C) Cl) 4) U)
.0 a- 0 0 V) U) 0. >.0
4) C O ’ a -  ‘a- ‘a- .a- 4) E 4-’ C
CD ,~~~4.) @j a- > 4) 40 4) 4 ) 1 0

a- ‘0 C .0(0 4) (0 .0 )( .0 4- .0 4-)
CZ U a’~~ I— .0 — .0 4- Cl) 4- 0 I— U)

CV .0 0 ‘0 Cl) 4.. 0’)
La)

53



_~~~~ ( _ ,  I

UI~~~~ -

‘4.- D—
~ 

.

- - 0 - -
O -

- ~
,

- — -~ “ ;‘ - ‘

0 ‘, - - - - ‘
- 

-
~~ C C- ‘ - -~ 

- - 0

Cf CV - 0 0

‘Ca) C”) - ,, - -
C - C D
(4 (‘4 - ‘  . -
C- — — - - . C’ = o 0 — - - . - - — - - ‘  ,

C : ‘  -~ 7
C’) - 0 0

CD

C U )  - :
4) - - - 

‘
- -- , 0

0.) • ‘-— — 0 0 - — —- -:
a- (‘4 -0 - - -~~~~~- - - -

0 1  -
- 

-~ ‘ 
~, 

0 -, -‘

>~~~~ 0 
0

CV - - -

S.- • - -
~ - -

C - - - ‘ - 0 ’ ~~
- -

~
— 0

L - —  - - - - - 

0 “

(8 
- 

. — 
, 

-
-
~ ~~ 

-.- -
CV ~-. ~~ - ‘ ‘-‘ 

0 
‘ !

‘C • ~- ~~~~~~~~~~~~~~~~~~~~~~ - - C -U-’
(4_ I ‘ — = ,~ C

C- ~~~~~~~~~~~~~ 
-

- - - - -
0 ~~~~~~ - 

‘ 
- - , 

‘ 
- -~~~~

~~ UI 0 —
0 0  0 - 

- -‘

-(--‘ C  -~ C’ ‘ -
UI (4 ‘ 0 0

— 0
4) ‘ -~
C C  .~-, C ~- .‘ 0
a- 0 0

-, 
-- 0 -

(4 CL -~ 0 - -

4 - C -  ‘ --
(11 0 - - ‘
> 11) * a

0 - - — -0 ( 4  -

U C -  - -

C ‘a-~~~~ 0 
0

UI 4-) —
~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _ _ _  
________ 

— 
____________—

C C  - 
-

- - -‘ a - a )  - - - .‘ ,‘~:,
• S.- C,) •

‘ - ‘  -- o-
4 4~

) C ‘- 7 ~‘- “ ‘~~~C S . -
— ‘ O  ~•~~

- 
-~ - 7 ‘~~~~ - ‘

~

U — “ 
“ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~- ‘ ‘-.r C’) C-

‘ 0  , ‘ 
~~~~~~~~~~~~~~~~~~~~~~~~~ - -, ,~, ?‘~~ ~~~~— 

CV ~ 
“ - - 

~
‘ . - - a- c’

~~~~~ -~~
- -

~~~~~ 
‘- - :  

~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~‘

‘ -
-
.

“

.0’C . - - - - - - - - -( 4 0  - ,,
CV -

54



Sec. I

to heating that can cause fracture or excessive optical distortion. With

the current interest in high-power optical systems in the ultraviolet and

visible regions , additional absorption measurements may be forthcoming .

The impurity absorption in transparent crystals may be grossly

divided into two types:

In intra-impurity absorption , the electron transitions are between

two energy leve ls  of the absorption center. Exam p les ’1’ 8 include most of

the absorption bands of H” , OH ”
, o~, o

2_
, F centers , such positive-ion im-

purities as Tl +, In ”, 5fl++ and Pb”'”’ hav i ng outer electronic confi gurat ion
2 + + -  10 . . ~~~~. . . n < l 0s , Ag , and Cu with d configurat ion , transition -metal ions with d

and rare-earth ions with ffl<l4 , The in tra-impurity transitions can be weak

or strong, depending on the selection rules for the transition from the

ground state to the particular excited state of the ion or defect.
’
~
’9

For exam ple, both the 3d to 3d tran sition of transition-metal ions and the

4f to 4f transition of the rare-earth ions are weak since they are parity-

forbidden, However , the 3d to 3d transitions are generally stronger and

broader than the 4f to 4f transitions in solids because the 3d orbitals are

more strongly coupled to vibrationa l modes than are the 4f orbitals because

the 4f electrons of the rare-earth ions are shielded from the surroundings

by the outer 5s2 and 5p6 electrons, while there are no outer electrons to

shield the 3d electrons. The vibron -i c coupling mixes the parity so that

the transitions are no longer forbidden.

Interconfigurationa l transitions can be weak or strong , depending on

the particular selection rule. For example, the 3d to 4s absorption of

transition-metal ions is weaker (oscillator strength .-~-l0~~) than the 3d to

4p absorption (oscillator strength .—~I0
_2
) or the 4f to 5d absorption of
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the rare-earth ions (osc i l l a to r  strength ~,.lO
’l ) since the 3d to 4s absorp-

t ions are parity-forbidden whi le  the latter are parity -allowed. The parity-

al lowed t ransi t ions are strong onl y if they are a lso sp in-a l lowed.

Char~e- transfer processes usually involve the t ransi t ion of an elec-

tron from a p orbital of a negative ion to the nearly-free-electron conduction

band or to the s or d orbitals of transition -meta l ions ,1 ’ 10”1’’2 or to the

s, d , or f orbi ta ls of rare-earth ions. The impurit y can be either a posi-

tive or negative ion. The charge-transfer transitions involve more than

one ion and are usually allowed.

Absorption lines are often characterized by the value of the ab-

sorption coefficient 13 at the center of the line , the l ine width Ahw (full

width at one-half the maximum value), and the osc i l lator strength f, which

are related by the expression

Nf (8 .7 10 16 cm 2 eV 1 ) 2 
r 

2 ~ ( 1 , 1 )
(n + 2) mx

w here N i s the number of cen ters per cubic cent ime ter , nr is the refractive

index of the host material at the wavelength of the absorption band, the ab-

C sorption coefficient 13mx at the peak is measur ed i n cm ”1 , and the line width

~Thw is measured in eV . The factor 8.7, which  i s for Gauss i an l i nes , is re-

placed by 12.9 for Lorentziar~ lines , thus giving the wel l  known Smaku la

equation. 1 ’13 For n r = 1.5 , N = 2 -~ io22 cm”3 (formally for a solid density),

= 0.5 eV , an d f = 1 (strong absorption), (1.1) gives l3~~ 
= 5.5 x 106 cm ”1 ,

which is reasona ble for solid dens ities since values of 13 in such strong-

absorption regions as that above the fundamental absorption edge are of this

order of magnitude . One part per million of a strong absorber (f 1) would
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give 
~~ 

= 5 .5 cm”
~ for this case. The potential severity of the impurity

absorption problem ~or high-power optics is illustrated by this same example.

Val ues of ~ less th an 1 O~ l cm 1 alrea dy are needed in high-power-laser sys-

tenis. Only two parts per billion of a relativel y weakl y absorbing impurity

(f = 10-2) will give rise to 13 = 1O ’
~ cm 1 a t the center of the absor pti on

band. For a strongly absorbing impurity (f = 1), onl y 0.02 parts per billion ,

or’ 4 10 12 centers per cubic centimeter , would give 13 1O 4 cm”
~ .

The absorption coefficient 13 is, of course , the exponential decay

coe ffi c i en t 13 i n t he Beer law I = 10 exp(-139~). The optical density is de-

fined as lOY lO l inc /I trans , where CC inc C C and CC trans lC denote incident and

transmitted . In the limit of small reflectance (neg l igible multiple re-

flect ions), the absorptance is given by A = 1 - exp(”~~), where 9, i s the

sample thickness, the transmittance is given by T = 1 - A - R 1 - A

exp(-13Z) 1 trans”inc , and the a bsor pt ion coeff i c i ent can be obta ine d

from the optical density from the expression

13 2.3O2”~ x (optical density ) (1.2)

for reflectance R << 1.

A sample with 9,0 percent reflectance for two surfaces and no absorp-

tance has an optical density of log 10 [11(1 
- 0.09)] = 4.10 x io

_2
. For

samples with a well defined base line , such as in Fig. 4.1 , the base-line

value of the optical density is subtracted from the reported value and (1.2)

is used to estimate the value of ~~. For example, in Fig. 4,1 ,

2.3O(0.l)~ (1.0 - 0.04 ) = 22.1 cm”1
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Sec. Il-A Alkali Halides

11 . ALKA LI HAL I DES

A. Intrinsi c Properties of Alkali Halides -

The intrinsic Urbach ultraviolet absorption edge at 105 nm (11.8 eV)

and the onset of infrared absorption at ~~ - 10 ~tm (4000 - 1 0000 nm , or

0.311 - 0.124 eV), which define the edges of the broad transmitting region

of LiF , are shown in Fig. 1.10 , along with representative absorption-peak

positions. The Urbach ultravi olet absorption edges and the beginning of the

extrinsic absorption spectra are shown in Fig , 2,1 for LiF , NaF , CaF 2, SrF 2,

and BaF 2.2’’
1 The intrinsic exci ton and interband absorption spectrum of

thin LiF films 2’2 is given in Fig. 2,2. Figure 2,3 summarizes the intrinsic

UV spectra of other alkali-halide films on LiE substrates at room tempera-

ture and 80 K. 2’3 Similar spectra have been measured 2’4 at 10 K.

The band gap is sometimes taken to be equal to the value of the ab-

sorption shoulder ,2’5 for exa iii ple at 8.5 eV (146 nm) in KCc as indicated by

the vertical arrow in Fig. 2.3(g). The positions at 80 K of these absorp-

tion shoulders , which correspond to the onset of interband transitions , a lon g

with the positions of the l owest-energy exciton peak at 300 K , the American

Institute of Physics Handbook values of the band gaps , an d the room-temperature

absorption edges (which were taken •~s the position in the Urhach-ta il region

at which the absorption coefficient 13 = 5 cm 1 ), are summarized in Table 2.1

for the alkali halide s. It is seen that the room-temperature absorption

edges range froiri 8.2 to 11 .8 eV for the fluorides , from 6.6 to 7,4 eV for

the chlorides , from 6.1 to 6.4 eV for the bromides, and from 5 to 5.3 eV for

the iodides.
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Wavelength (nm)
100 110 120 130 140 150 160 180 200 220

I 

~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I

,

Photon energy (eV)

Fig. 2.1. Absorption spectra of severa l fluorides , showing the

Urbach edges and the large values (~‘.0.l-3O cm~~) of extrinsic
absorption extending over severa l electron volts below the edge .
[ T. Tomi k i  and T . Mi yata , J. Phys . Soc. Japan 27, 658 (1969).]
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I I \ LiF ( intr insic)

10 V 
~~~~~~~~~~~~~~~~~~ g iven

1 ~~ 
- 

I C C I I I ]

10 15 20 25 30 35 40 45 50 55 60
Photon en erqv (CV)

Fig. 2,2. Absorption spectrum above the absorption edge for thin

h F  films (~~10 nm thick) eva porated on 5-25 nm thic k celluloid sub-

strates . [A. Mi lgram and M. P. Givens , Phys. Rev . 125 , 1506 (1962).]
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Fig. 2.3. Optical absorption near and above the absorption edges of alkali -
halide thin films deposited on LW and measured at 80 K (solid curves ) and
room temperature (dashed curves). For CsC9,, curve I (i) represents a freshly
evaporated film , believed to correspond to the NaC9~-type crystal structure .
Curve II ( j )  is for the same film after annealing at room temperature for
about ten hours and is believed to correspond to the CsC~-type crystal
structure . {J. E. Eby, K. J. Teegarden , and D. B. Dutton , Phys. Rev . 116 ,
1099 (1959).]
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Sec. Il- B Al kali Halides

Values of the index of refraction of alkali -halide crystals irs the

transparent regions are suisimarized in the four panels of Fig. 2.4.2.6 The

~\nierican Institute of Physics F ndbook 2 1  contains extensive tables of

‘,alues of the index of refraction .

A genera l survey of the literature on the optical absorption of im-

purities in alkali halides shows that the following host crystals have been

extensivel y studied: LiF and NaF in fluorides , NaC~ and KC;, in chlorides ,

KBr in bromides , an d KI in iodides.

B. Comparisons of Alkali-Halide Impurity Spec tra

Results from the spectra to be presented below and in Vo lume II are

summarized in Figs . 1.1 - 1 .1 4 (all spectra), in Fig. 2.5 (F-center spectra 2 5 ),

in Fig. 2.6 (Ivey relations for OW , U , and F-band positions as a function of

lattice constant), and in Tables 2.2 - 2J0 (peak positions and other infor-

mation for several important , strongly absorbing centers L9 5 2 7
~
2 8 ).

• - 
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Sec . Il- A Al kali Halides

Photon energy (eV ) P I i f f l n i~ v ’ I i v . r qy (e V )
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- RbI 

KI (1 . 21 1.6
~~~i Br Rb8r, 15
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Photon energy (eV ) Photon energy (eV )

Fig. 2.4.  Room-temperature values of refract ive indices of a lkal i  halides
in the visible and ultraviolet regions. The short horizontal lines at the

left denote the values of r ’
~
2 where ~~~~ is the “high-frequency dielectric

constant” generall y quoted . The numbers in brackets denote the fol l owing

references : (1) Z. Gyula i , Z . Phys i k 46 , 80 (1928); (2) H. Harting , Z.

Ins trumentenk. 63. 125 (1943); (3) 0. M. Roessler , Thes i s , Kings College ,

London , un published (1966); (4) F. F. Martens , Ann . Physik [4], 6, 603
(1901); (5) W. S. Rodney and R. J. Spindler , J. Res . Nati. Bur. Std . 51 ,

123 (1953);  (6) W. S. Rodney , J. Opt. Soc . Am. 45 , 987 (1955); (7)  A.

Ku blitzky , Ann . Phys i k 20, 791 (1935). [ R. S. Knox and K. J. Teegarden ,

in Physics of Color Centers, W. Beau Fowler , ed., Academ ic Press , New York ,

1968.]
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Fig. 2.5. Sketches of F-band absorptions in several alkali halides.

A complete tabulation of F-band absorption data is given in Tables 2.2,

2.5, and 2.7. [C. Kittel , Intr c duction to Solid State Physics , Fourth

Ed it i on , John W iley & Sons , New York , 1 971; with LIE added by the

present authors. ]

70



Sec . lI-B A l ka l i  Ha l ides
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Fig. 2.6a. Ivey relations (power-law dependence) of the positions
of the absorption maxima of Oil, U , F , and V3 bands as functions
of the lattice constants , for alkali halides . [E. Freytag, Z.

Physik 177, 206 (1964).]
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Sec . I l-B A l ka l i  Hal ides

~

1 ____

: ; • Li RT except

2 4  

LSF (90K 1

/

/

/

~~2.2 

~1

2.0 - -

F CI Br I
________________________ I I I

0.1 0.2 0.3
Log1 0 (an ion radius in A)

F ig. 2.6b. ivey relat ions (power-law dependence) of the positions

of the abso r pt ion max ima of OH , U , F , and V 3 bands as func ti ons

of the lat ti ce constants , for alkal i halides. [M. R. Mayhugh

and R. W. Christy , Phys. Rev. B2, 3330 (1970).]
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Sec. Il-B Alka l i  Halides

Table 2.2.  Optical properties of F centers in alkal i  halides .
The subscripts A and E refer to absorption and emission ,
respectively; fluJA and fIWE are peak transit ion energies; IThWA
and AtSW E are zero -point half-widths, and WA and W E are the

ef fect ive frequencies for line broadening , which are compared

with the longitudinal optical mode frequency WLO . The oscillator
strength is f and TE is the radiative lifetime of the excited
state , whose thermal ionization energy is AE. [W. Beall Fowler ,
in Physics of Color Centers , W . Beall Fowler , ed. Academic
Press , New Yor k and London , 1968. ]

~~A ~‘~E 
M
~A ~~‘~E ~~4 °’E “LO ( t O ’ J K

Crystal (cV) ( e \ )  (eV ) (eV) (10”  sec ’ ) 1 sec) (cV)

1 , , F  5 .1 02  0.596 5.86 12 . 6  0 .16
I , C i  3 .30 04 7 .5
NaF 723 I 665 0.366 0.39 5 .1 0 8 .1  0.1 0.055
Na ( i 2 770 0.975 0.255 0.337 2. 77 3 . 7 1  5 .1 0.6 1.00 0.074
Na FI r 2.3 3.98
N.~I 2 .1  3.47
K F  2.847 1.66 0.228 0.385 2 7 8  3 4 8  6 . 1  0 .2 1 0 .1 38
KCI 2 . 3 1 3  1 . 2 1 5  0 1 6 3  0 2 6 1  1. 86  2.86 4.02 0.85 0.57 0. 1 50

0.6
K H r  2 064 0 9 16  0 . 1 5 8  0 . 2 1 5  1.76 2.36 3 . 2 1  0.75 1 . 1 1  0 . 1 35
K! 1 875 0 827 0. 155 0 .1 85  1.60 2.05 2.70 0 83  2.22 0 . 1 1
R b F 2.428 1 . 328  0.199 0 .335 2. 47 5 4  0.42 0.08
14i,Cl 2 050 I 090 0.1 45 0 .237 1.54 2 10 3.4 0.85 0.60 0 .1 3
lS bH r 1.857 0.87 0 . 1 1 3  0.190 1 . 3 5  1.89 2.45 0.70 0.84 0 . 1 1
K b I  1.708 0 .81 0 . 1 2 1  0.148 1.04 1.44 2 0 4  0. 8 1 0.082
CaF 1.89 1.42 0.10 1 . 1 !  0.05
CsCI 2 .1 7  1 . 2 5 5  0.245 3 .1
Csll r 1.96 0.910 0.184 1.98 1.54 0.04
Cii 1.68 0.740 0. 1 44) 1.79 0.052
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Sec. Il-B Alkali Halides

Table 2.3. Optical properties of M 1 bands in alkali halides .

The symbols and references are the same as for Table 2.2.

I1W
E ~~~~ Ahw [ 

.t

Crystal 
-8(eV) (eV) (eV) (eV) (10 sec)

LiE ~.8 1.85 1.3

.9

2.49 1.88 0.10 0.25 1.1

NaC2. 1.74 1.16 0.10 0 .17

KC 1.55 1.17 0.07 0.19 0.38 6.0

KBr 1.40 0.07 0.27

KI 1.23

RbBr 1.3

CsCP. 1.27 0.04

CsBr 1.19 0.85 0.03 0.09

Cs I 1.05 0.05
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Sec. Il-B Alka l i  Halides

Table 2.4. Optical properties of R centers in alkali halides .
[W. Beall Fowler , in Physics of Color Centers , W. Beall Fow ler ,
ed ., Academic Press , New York and London , 1968. ]

Peak Position (eV)

— 

Crysta l R1 R2 T

h F  4.05 3.29 RT

NaF 3.14 2.85 77K

NaC9~ 2.27 2.08 77K

KCP. 1.88 1.70 77K

KBr 1.69 1.57 77K

K! 1.53 1.37 4K

RbBr 1.54 1.44 77K

______________________ - 
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t i — B  Al~ a1 i h a l  idu’

Table 2 .5.  Wi ve le ng th  I f  absorpt io n of e lectron trap centers (n m).
[AlP Handbook]

Width at
L L L K F R R M half maxi-
3 2 1 1 2 nium of

F band (eV)

-180 C -l8O C -l8O C -l8O C 20C 20C 20C 20C 20C

LiF - - — - 250 313 380 444 0.82

L iCi - - - - 385 - 580 650 0.62

NaF - - - - 341 - 415 505 0.62

NaC; - - - - 458 545 596 725 0.47

NaB r - - - - 540 - - - 0.52

Nat - - - - 588 - - - —

KF - - - - 455 - 570 - 0.41

KCc 251 288 344 457 S56 658 727 825 0.35

KBr 276 316 374 525 625 735 790 892 0.345

KI 326 382 447 585 689 - - - 0.345

RbC2. 279 335 402 523 609 - - - 0.31

RbBr 300 362 435 593 694 805 859 957 0.28

RbI 338 413 506 646 756 - - - 0.35

C5C2. - - - - 605 - - - -

CsBr - - - - 680 - - - -
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Sec. Il-B Alkal i  Halides

Table 2.6.  Wavelength of absorption of hole trap centers (nm ) .
[AlP Handbook ]

or

H V 1 V 2 V 3
4 K 77 K 77 K 300 K 300 K

LiF - — 348 - -

NaC2. 330 345 - 223 210

KC9. 335 356 365 230 212

KBr 380 410 385 265 231

KI - - 404 - -
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Sec. Il-B A lkal i Halides

Table 2 . 7 .  Absorpt ion propert ies of F and FA centers .

[F. Luty , in P~,y~ics of Color Centers, W. B . Fowler , ed.,

Aca demic Press , New York , 1968.]

System hw
10~~ 

(eV) Ahw (eV) ~9
( l 0 12 sec~~)

K S  1

2 S i  O W  2
2 C ’~ 2 1 2  O I l  S i l l  1 5 1 2

I’ ,l I i i  2 7~~ I 0 . 1 1  1) 2

Ki l
1•~ 2 III (S I I  2 5
J’ ,I \.  2 U7 I I I

!~ ,i I ~ 2 115 I 5 2  2 1 5  0 I

141, 1 1

1’~ 2 1~ i) . l 4 ~~ 2 4 ’
!‘~~

5 \ . )  2 ) 1  I 1 1 1 7  I) I i )  2 2 1

/ , 1 1 )  IS 1 . 72 0 1 5  0 1 1  2 7.1

1(1 11

I.. I 5)  0. 2 5)  —

I’~~
( R i  . 55 (7  5) 2 ) 5 0. 15

I— .,i J . i )  1. 75 I S7 ( ( I I  O i l

I ,
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Sec. Il-B Al ka l i Halides

Tab le 2.8. Position of absorption maxima (nm) for U, Oil, Z1, and
centers in a lkali halides . [A lP Handbook]

U band OH’- band Z1 band Z2 band

NaCR. 192 185 505 512

NaBr 210 - - -

KCP. 214 204 590 635

KBr 228 214 - -

K! 244 - - -

RbCR. 229 - - -

RbBr 242 - - -
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Sec . Il-B Alkal i Halides

Table 2.9. Optic dl absorption peaks of Tc~ (eV) in alkali

halides. [W. Beafl Fowler , in Physics of Color Center s ,

W . Beal l Fowler , ed. , Academic Press , New York and London ,

1968.]

Band

Crystal A B C 0 T

NaC~. 4.87 5.77 6.19 >7.6 77K

KCc 5.03 5.94 6.36 —7.3 77K

RbC~. 5.06 - 6.36 - RT

CsC~ 5.0 - 6.32 - RT

NaBr 4.64 - 5.74 - RT

KBr 4.79 5.58 5.93 6.50 77K

RbBr 4.80 - 5.85 - RT

CsBr 4.71 - 5.79 - RT

Na! 4.25 5.0 5.3 ~~~~ 4K

K! 4.38 5 .06 5.30 5.50 77K

RbI 4.33 - 5.17 - RT

CsI 4.15 - 5 . 1 4  - RI
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Sec. Il -B Alkal i  Halides

Table 2.10. Optical absorption peaks of a and ~ bands (nm)

in alkali hali des. [AlP Handbook]

U

NaF 131 127

NaCP. 173 168

NaBr 199 -

KC9. ~78 170

KBr 201 192

K! 238 226

RbBr 205 196

Rb! 240 229

It
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Sec . 1 1-C Li E

C. Lithium Fluoride

~f-e positions , widths , oscillator stren gths, temperatures , an d re f-

~‘ s s ’r u  e~ ~or all of t h i s ’  spectra l bands of LiF given below are summarized in

T it le 2. 11 . Lithium fluoride is known to be susceptible to coloration by

ultr ,iviole t , X-ray, and —ray irradiation , by electron , neutron , or ion

bomb ar iii~ent , by heating in Li vapor , by electrolysis , and by impurity ions.

The spectra depending on thermal treatment , trace impurities ,

irradiation dose and temperature , and time . In spite of the great number

of hands appearing in Fig. 1.1 , the known susceptibility of L 1F to coloration ,

and the unique use of LiE in the frequency region between the absorption

edges of LiE and Mg F2, there have been fewer studies of impurity spectra in

L i E than in severa l other of the alkali halides.

1. The l owest ener~y exciton peak of LiF at room temperature is 2 2

at 12.9 eV (9.62 nm), as shown in Fig. 2.2.

2. Puritj and stora~je of LIE. The reduction in the transmittance of

LiE resulting froni low-purity raw materials and from contaminating crystal -

growth conditions , as determ i ned by Smushkov and coworkers ,2 9 ar e s hown i n

Figs. 2.7 and 2.8. The effects of the storage conditions and cleaning on

the transmittance of LiE crystals at room temperature have been studied by

Dav i s2~~° an d ar’? shown in Fig. 2.9. The l ower transmittance of the pol-

ished sample (W) than that of the cleaved sample (S) presumably is a result

of greater surface scattering in the polished sample. Figure 2.10 shows

the reduction in the 121.6 nm (10.2 eV) transmittance of LIF with exposure

time i n a i r after be i ng cleane d in dry argon , as reported by 0. A. Patterson
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EXPLANATORY NOTES FOR TABLE 2.11

Column 1: L ists properties of pure , doped , arid i rradiated materials. For

doped or irradiated materials the properties appear in the fol lowing order:

1 . impurity or dopant (O~ or Li0 2 )

2. radiation (electrons , neutrons , etc .)

3. color centers or color bands (‘IKt F , or ~~, 8, etc.)

4. additional information (sample color , photochromic , etc.)

Column 2: Sample temperature .

Column 3: Peak positions ( I ) ~ wid ths  (1—4), and oscillator strengths (numbers)

of impurity spectra . Ellipses indicate absorption structure above the absorp-

tion edge. Some Hnes are labeled by their color center or impurity .

Column 4: References : 12.1 stands for Table 2.1 , F2.23 stands for Fig. 2.23,

and lI-C ~ 6f indicates a paragraph in the text.
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100
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0 .j  /1 ~

i
~
F
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0 1

100 150 200
Wave len gth ( m u )

Fig. 2.7. Effects of starting-material purity and growth conditions

on the ultrav iolet transmittance of LiF for : (1) crystal grown in

vacuum from zone-refined melt; (2) crysta l grown from crysta l chips

wh ich were cooled in air; and (3) crystal grown in air. { 1. V.

Smushkov , L. M. So i fer , and M . I. Shakhnovich , Fiz. Vak . Ultraviolet

Izluch , p. 59 (1974) (in Russian).]
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1 1 — C  L i i

1

2 4

— LtF:O
- RT

r 0.3 0.9 cm
.1

0 - -—-----~----_____________________

100 150 200
i~ ! 5 ,‘s ’ is  ii ( s u n

Fig. 2.8. Effects of oxygen in LiE on the ultrav i olet transmittance

for:  ( 1)  c rys ta l  0.9 cm thick grown from purified salts under vacuum ;

(2) crysta l 0.9 cm thick (irown in vacuum with 3.5 * weight per-

cent of Li 2O added ; (3) crystal 0.5 cm thick grown in air; (4) crystal

0.3 cm th ick grown in dry oxygen; and (5) crystal 0.3 cm thick grown

in vacuur ni with 3.5 10-2 wei ght percent L1 20 added . Also see Fig. 2.13.

[ I. V.  ‘~mus hkov , L. M . Soifer , and M. I. Shakhnovich , E i z .  Vak .  Ultra-
v iol r * t Iziuch. p. 59 (1974) (in Russian).]
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Fig. 2.9. Effects of storage and cleaning on the ultraviolet trans-

mittance of LiF: S2(l) — freshly cleaved sample from ingot 2, measure d

24 Jul y 1963: S2(2) — same sample remeasured 31 March 1965 after 20

months storage in chemical dessiccator; S2(3) — same s a mpl e  remeasured

30 April 1965 after 2-minute ultrasonic cleaning in absolute ethy l

alcohol ;  W 2 ( l )  - polished sample from ingot 2, 0.2 cm th i c k , measure d
28 January 1 964; W2(2) — same sample remeasured 31 December 1 964 after

11 m onths storage in uncontrolled environment (humidity never exceeding
95 percent ); W2(3)  — same sample remeasured 23 April 1965 after two-

minute ultrasonic cleaning in absolute ethyl alcohol. [ R. J. Davis ,

J. Opt. Soc . Am. 56, 837 (1966).]
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Fig. 2.10. Typical degradation of the transmittance of LIF at

121.6 nm resulting from storage in air of two different samples.

Crystals were cleaved in dry argon gas. Also see Fig. 2.11.

[ D. A. Patterson and W . H. Vau ghan , J. Opt. Soc . Am. 53 , 851

(1963).]
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and W. H. Va ughn. 2 ”
~~ Fi gure 2.11 further shows the effect of exposure to

air .  The reduced transmittance was attributed to a surface layer produced

on the crystal by react ion wi th  moisture , but it was not determined if this

reduced transmittance resulted from scattering , absorption , or inter ference.

3. U center in LIF. The peak positions and widths of the absorption

bands result in g from the 1 S to transi tions in Li:I-i at 77 K and 300 K

and in LiF :D at 77 K measured by Beaumont and coworkers2~~
2 (with rio spectra

presented ) are given in Table 2.12. The U-band peak position for h F  falls

on the extrapolation of the Ivey curve (Fig. 2.6) for the other alkali

hal ides to within the accuracy of the experimental va lues .2
~~

3

The theoretical values shown in Table 2.12 were obtained by a semi-

empirical molecular -orbital method developed specif ical ly for appl icat ion to

defects in ionic crystals. The method is an extension of a technique known

as complete neg lect of differential overlap (CNDO), which was originally de-

velo ped for large molecules .2’”4 A group of 27 ions on the LiF lattice with

the W ion situated in the center is treated as a giant molecule. In addi-

tion to the explicit consideration of the interaction within the cluster ,

the Madelung potential due to all other ions in the crystal is included .

Th is leads to a difficulty in choosing the effective ionic charge q to be

placed on the point-ion latt ice (external to the 27-ion molecule) since the

molecular-orbital ca lculation does not give a simple valence charge shift

ol 1. Table 2. 12 contains their results for a series of values of q.

The case of q = 0 corresponds to completely ignoring the point-ion latt ice ,

whi le the case of q = 1 corresponds to the i dealized ionic lattice. The

theoretical result for q = 1 agrees well with the experimental value of the

cohesive energy .
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0. IC’s s i l l

. 1  I
100 120 140 160

Wavelen gth (nm)

Fi g. 2.11 . U l t rav i o le t  absorpt ion by OH in L iE:  (a)  f reshly
cleaved crystal; (b) same crystal after 97 days in air; (c)

another crystal , showing the OW absorption band at 136 nnmi
(9.12 eV). [ D. A. Patterson and W. H. Vaughan , J. Opt. Soc .
Am . 53, 851 (1963).]
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Table 2.12.  Peak positions and widths (full wid th at half maximum )
of U-band absorption lines in LiF. [J. H. Beaumon t , J . Bordas,

A. J. Bourdilon , and M. R. Hayns , J. Phys . C: Sol id State Phys . 7 ,
L 349 (1974).]

Experimental Theoretical

FWHM Peak Energy Poi nt Ion CNDO (eV)

(eV) (eV) (eV) q = 0  q=0.23 q = 1

LiF :H (77K) 0.67 9.86 8.11 9.15 9.35 9.50

LiF :H (RT) 0.74 9.73

LiF: 0 (77K) 0.71 9.90

..1 . s.~’
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4 . The OW abs orjt i n ~~~~~~~ i t  [iF is ( s i  i s v ~~) t~~ occur it ~( rrr

(1 l 2  s . ) , 5 5  5k lHwn II I  F i g. 2. 11. ‘~~ ( .‘dC V (?~~, l’ ,u: ’:j~~swi
2
~~

5 5P ( e n tl y ~~ s i j r is ’d

t ilt ’ 138 r v  (8. s? ’. )  ; s ’ ~~~ i r s  F i r J . 2.12 to ions and tJ ’  strong line

en ’ ~~5 ’~ I s t 11 r~ (10. 4 e ’,” ) t~ OH , since this l i t ter absorption b nd i~

utC s’r,s I onl y in cr -, -- tal s show in g th s’ 2.8 ~im infrared absorption by OH

A clo ser e~ 51’ - i in a t io n of Fig s. 2.11 ani l 2.12 reveals that both the 1 3 6  f lH

(9 12 s’~ ) m d  11 9 n~s bands are ~rc ’sent in both spectra , but with opposite

relative intensi ties. The question of the interpretation of the two lines

r es ains unanswered. The 136 rnI peak falls close to the extrapolation of the

Ivn y curve in Fi g. 2.6, while the 119 nm peak is greater than 1 eV above the

e trapo lation , which suggests that the original assignment of the 136 nm

band to OH is correct. By contrast , the great increase in the strength of

the 136 nm absorption resulting from doping with rria gnes iun i suggests that

this peak results from Mg 2~ . Activation of OW by Mg 2~ seems unlikely

since OH is a stron g absorber.

5. In oxyg~~-doped LIE , o2 appears in the crystal substitutionall y

in an F site , the double charge requiring comupensat ion. Oxygen -doped LiE

shows absorption peaks at 120 nnm (10.3 eV) and at 128 nm (9.72 eV), as seen

in Fig. 2.13 (for L iF :L i 2O).
2
~~

6 The 120 nmII band , which was assigned to

centers containing anion vacancies , is stable at temperatures up to the

melting point of LiE. The 128 nm band , which is not stable during the rr’ial

treatment or X- irradi ation , is related to the isolate d o
2_ 

centers.

6. Transition-metal ions in [iF , which enter the lattice substitu-

tionall y in Li
+ sites and require compens ation , give rise to several types

of absorption. Such transitions as 3d to 4s or 4p that can occur in free

ions are altered in position , width , and stren g th whe n the i ons are
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30 ( LiF:M g2 F ± OJ!
E RT
..!: ~. L not statcd
4)
C

•
0)

.0 20
4-
4-
U)
0
LI

C
.2 10
4)

100 110 120 130 140 150 160 170 180
Wavelength (nm)

Fig . 2.12. Absorption by Mg2’~ and OW in L1F: (a) undoped

crystal; and (b) doped with Mg2~. The absorption peak at
119 nm (10.4 eV) was assigned to OW and the shoulder at
138 nm (8.99 eV) was assigned to Mg2~. [1. Kamikawa , Bull .
of Yamagata Univ. , Nat . Sd . 8 (4) 519 (1975).]
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1 not st ated

3
‘~~~~~~~~~~~ V

/ 

LIF:L 120

I not stated
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id’/.i vs h ’ cmqt  Is I t  s m r

Fig. 2.13. Absorption by oxygen-do ped LiE. [I V. Smuushkov

and M . I. ‘5 h i khn ov i ch , Mon o~r is t .  Tekh. no . 5 , 62 (1971 )  (in

Russian). ]
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incor porated into a crystal. Also , the overla p wi th and fi el ds from the

neighbors , or the so-called crystal-field effect, lift the degeneracy of

the five d orbitals , an d transitions between these orbitals are possible.

In addition to these intra -ion transit ions, the transition-metal ion acts

as an acceptor. That is, there is a charge-transfer transition from fluo-

rine 2p (valence-band) states to a level of the impurity ion , such as a 3d

or 4s level . Apparently, selection rules prohibit donor-type transitions

(from the d levels of the impurity to the bottom of the conduction band) ,

wh ich is reasonable since the bottom of the conduction band is s-like . Also ,

for full y allowed transitions across the gap and from the valence band to

the impurity levels , the transitions from the impurity levels to the bottom

of the conduction band are expected to be weak. Transitions to higher posi-

tions in the conduction bands would tend to be obscured by such other tran-

si tions as those across the gap.

For the flt~orine 2p to impuri ty 3d transitions , the distance between

neighboring fluorine and transition-metal ions is approximately 0.2 nm , and

the overlap of the wavefunctions is approximately 10 percent; thus, the

oscillator strengths are expected to be of order lO
_2 

to l0~~. For the 2p

to 4s transit ions , the overla p is greater since the 4s orbital is larger

than the 3d orbital . The oscillator strength (.....10 2 to 1) is therefore

grea ter .

In fluorides , the 4s levels of trans ition-metal ions are approximately

f eV higher than the 3d levels. Consequently, the fluorine 2p to impurity

4s transitions occur at higher frequencies than those of the 2p to 3d tran-

sitions . The 3d to 3d transitions tend to occur at low frequencies because

the 3d levels are degenerate in the free ions ; thus the entire spacing in
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t i t - cry st 1 15 a i n sult of the cry ’, t al —field spl i t t i r m g . The o s c i l l a t n r

St r , ’ r n t h  i t  thes e ~d to 3d tran sitions can be rather large .

.3+ ,~~~‘ . . 2.17 , 2.18 -a .  Ti  .ir s d Ti m r s [-ii. Absorpt m on spec tra of fita niu r -

doped 1l t~i iur ~ fl uoride are shown in Figs. 2.14 - 2.16. Table 2.13 contain~

p ea ’ positions , hal f-widths , oscillator strengths , extinction coefficients,

and ass i j n i ’ en ts  for the absorpt ion l ines in Fi g . 2 .15 .  Recal l  that the ci —

tinin t iori coefficient is the sum ii of the absorption coefficient and the scat-

tering r s s ’tf i cient , given in uni ts of cni~ per mm i o l e in the table. Figure

2.15 md the corresponding Table 2.13 also contain results for other impur-

i t ies  and include resul ts  for NaF to fac i l i ta te  con m parison. Notice that in

L i E , on1~ Ti and Ni (and not V , Mn , Fe , Co , and Cr) have strong u l t r av i o l e t

absorption bands with oscillator strengths greater than ~—O.5 , and only Ti

an t ‘~i show no blue shift (shift of peak position to higher frequency as

t nt’  t s’r ;“rature decreases) of the strong bands (at 207 no (5.99 eV) and 139

(8.39 r ’v )  for T i ) .  An increase in the opt ica l  density result ing f r o m  in-

creased scattering is seen in all six panels of Fig. 2.15. Figure 2.16 and

Table 2.l~ show the effect of X-irrad iation on pure and on titaniu mmi -doped

L iF.

In discussing these results for titanium -doped LIE , first consider

the broad , low-frequency absorption band centered at 640 no (1.94 eV) in

Fig. 2.14 . Chase and McClure 2~~
8 reported (with no spectrum given) a simm i i-

lar broad absorption band at 667 no (1.86 eV) with an oscillator strength

of 1.84 ‘ lO s. The Ti 3’
~ (3d

1 ) ion has one 3d electron . The five-fold-

degenerate d states are split by the octahedral field into two crystal-

field components: T2g (dxy~ 
dyz~ 

d
~~
) and Eg(d 2 2’ dz2 

)
~ Chase and
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160 ~~~~~~~~
- - - ‘ —r— 

~~~~
- - -r---— -  r 

_______

120
\

\ L i F :T i 3
~80 \ RT

I not stated

40

0 I I I

200 300 550 650
V\/~iveIemiq t O I r i m is )

F ig. 2.14. Optical absorption spectrum of LiF:Ti 3” .
[ S. C. Jam and G. 0. Sootha , Phys. Stat . Sol. 22,
505 (196 7) . ]

101



I t - C  Li i

C. ‘ ‘ i ’  li ~~t i I  i r i s )

,)l )() ~~~ ~~~~ 171 ) 1 1 ( )  1 1 ) )  131) 1 ‘ I)
~ T - - 1 - T S - - - - T - - “T

L i F
I 300K

, + + *

LiF Ti (6 io~ iimu l - , )

- L iF:V (6 x io~
2 sh Ot 5 )

C — 
~gOK~ O,97mm

1 
~~~~~~~~~~~~~~~~~~~~

-~~ 
0L_ _ -~~

__+ -  ~~~~~~~~~~~~ ~~~~~~~~~ ‘~~~‘
-

~~~~
-
~~ LiF :Mn (6 x iO~~ s i ro l ” )

~~ 1 - --- 1OK

~~~ _

LiF:Ni ( i0 2 i ’ smo I’~~)
2 F- ....... 300K
ii- —-- 10K
[,,1 0r  rim

I - ,__ L__ L ,,,,,,

30 1)) 50 60 /0 80
t i l l ’ S  qy  ( ~~ s - r i

Fig. 2.15. Absorption spectra of divalent transition-met al

ions in Lii . [0. B. Chase and 0. S. McClure , 3. Chem . Phys.

64 , 74 (1976) . ]
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160

4

120 Li F:0.1%Ti
\ / +X-ray (4)

RT
—

‘
.‘ \ 1 ~ not stated

U

200 250 300 350
Wavelength ( n m )

Fi g. 2.16. Absorption spectra of pure and Ti-doped LiF crystals:
(1) prior to i rradiation , showin g the broad E-band peaked at 207 nm
(5.99 eV); (2) and (3) undoped LiF , and (3) L1F: 0.1% Ti , all
three samples X-lrrad lated for seven hours (Mo target , 35 kV ,
100 mA , room temperature). [ S. C. Jam and G. D. Sootha , Phys.
Stat. Sol . 22, 505 (1967).)
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Table 2.13. Ls i I r I h t ’ y of spect ii i  data for Lii a m id hi ) ulopt ’d ~; j 5

t e a r s - i t  ie r s _ I ’ s ’tdl i n s - , . T iss ’ l i t  a for Lii ~,-s ’re t s ~~ s ’ r s f~~~~~
i’ Fig. 2.15.

[0. 2. 1 sa- e and D. S. NH 1 us  L ,  s u e .  Che w . : 5  / . h1 , 74 (1 L”6).]

[~ ti Oc t i as) Osc i l l ~i or
S 55”)l ~

- 
r ’ r ] y  dt Cod f i d ent . t r e e

(e ’.’)  (e V)  cmrH / s :ole

LiE :Ti 6.20 (300) l ,~ 4 1.01,5 :.: 10 ’  4 . 7  . lO ’
6.20 (10) 4.75 ~

‘

8 .H  ( 300) 1 .24  2 .3 0 10’ 0.99 . l0
8.93 (10) O.9Q - - ‘ lO~

L 1 F :V  6 .24 (300) .347 42.0 6 .4  l U_ I
6 .36  (10) 4 .7 ~

‘

8.17 ( 300) . 3~’~4 303.0 4.1  ~
‘ icr 3

8.37 (10) 5.7 < lO~~
LiF:Mn 8.10 (300) .434 87.0 1.3 / 1O~~8.21 (10) 1.95 x

8.59 (300) .484 160.0 2.7 ~ lO-~8.73 (10) 3.55 ~
- iO~~

LiE: Fe 5.33 ( 300 ) . . . 600
5.33 (10)

7.44 (300) .37 410 5.2 i0~~7.44 (10)

LiE:Co 8.00 (300) .40 120 1.7 x 1o-~8.11 (10) 2.05 .- l 0~~
9.18 (300) .68 800 1.9 10~

2
9.3 (10) 2.2 x 10 2

LiE :Ni  9 .3 (300) .74 1.85 l0 4.8 x

9.3 (10) 6.9 x

NaF:Ti 5.9 (300) 1.24 805 3.5 x 10 2 
‘

5

5.9 (10)

NaE :V 5.02 (300) .57 86.0 1.7 ‘
~
‘ l0~~

5.15 (10)

NaF:Mn 6.82 (300) .. . . . . .
6.94 (10)

NaF:Co 7.01 ( 300) .47 81.0 1.3 ~
- l0~~7.13 (10) 1.3 x

NaF:Ni 7 .94 ( 300 ) ... -.-100 1.8 x l0~~8.06 (10)
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Table 2.14. Peak positions , half—widths , and oscillator strengths

of various color centers in LiF:Ti. [S. C. Jam and G. 0. Sootha ,

Phys. Stat. Sol. 22 , 505 ( 1 9 6 7 ) . ]

Peak Position Half- Condition under Osci l latorCenter ________ ________ 
wi t wh ich formed Strength

(nm) (eV) (eV)

F 250 4.96 0.72 X-irradiated 0.32

E 207 5.99 0.72 Unirradiated 0.23

G 270 4.6 0.25 X-irradiated 0.07

H 240 5.16 0.20 X-irradiated --
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- 2 . 18 . 2.17 2.1’;l i i , Ca in  so d a tha , a n d  -oot )s s all asa igned the 640 5 1 ? ’ :

b as I to t Ps 1
2 

‘ i i  I i-i n n i t j a r s . The  f r e’ 1u e n .~~ is low because the ene rgy

~pac i nq be twe s ’ ! ’  the T;, and F l n v s ’ l s  rnr , s s l t s  enti rely from is the crysta l

t ie l t ( t u e  spacing bein g z€ ’ess far an isolated Ti 3~ ion).

The crystals of C a i n  and Sootha wer -e l ight blue and contained 6 l0~~
mol e percent titaniui . Upon cooling to 4.2 K , there was a slight increase

in i r t e n s i t 5’ but no energy sh i f t . 2
~~

8 No electron -para mn agnetic -re ’,onance

absorpt ion due to Ti 3~ or Ti 2~ was found. The relatively high oscillat a r

strength is due to the re laxat ion of the parity se lect ion rule by the d is —

t urted environment. Since two charge compensators are required for t r iva-

lent ions in lithium fluoride , the local environment probably lacks a

center of symnmetry .

The strong absorpt ion band at 207 no (5.99 eV) in Eig . 2.14 is seen

again in the second panel of Fig. 2 . 15 , which a lso shows a strong absorpt ion

band centered at 139 nits (8.93 e V ) ,  and in curve 1 of Fig.  2 .16 .  Three pos-

sible interpretations of this so-called E band at 207 nm have been proposed.

The band could be an intra - ion t ransi t ion re lated to the 4s , 2S 1,2 to

4p, 2P312 transition which occurs at 5.95 eV (208 no) in gaseous Ti 3~ or to

3d , 205/2 to 4p, 
3P312, which occurs at 9.30 eV (133 no) in gaseous Ti 2~ .

The latter interpretation requires a large shift, from 9.30 eV to 5.99 eV,

front gaseous state ti ) incorporation into the crystal. The third possible

assignment is the charge-trans fer transition from the fluorine 2p (valence-

band) to an unspecified level of the Ti ion. Chase and McClu re 2~~
8 sug-

gested the charge-transfer process as the mm m ost likely, based on their

observation that there was no pronounced blue shift when the temperature

was lowere d , as there was for V , Cr , Mn , Fe, an d Co. The long-wavelength
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tail of the 207 nm absorption in Fig. 2.14 was attributed to the aggre-

gates of Ti i mm ipurities and other defects of differing sizes .2~
’7

An absorption band near 200 nm (6.2 eV) has been observed in dosimetry

Li E doped with Mg and Ti at concentration levels of 80 - 160 and 5 - 15 ppm ,

respectively. In dosimetry LiE prepared using an Optran starting mate rial ,

Rossite r an d coworkers2 lYa observed a linear increase in the 200 nm band ’s

abso rpti on coeffic i ent w it h Ti concen trat ion , as shown in Fig. 2.16A . Sub-

sequent work by Vora and coworkers2~~9b indi cated that the 200 nm ban d is

caused by titanium-hydroxyl complexes and that the data shown in Fig. 2.16A

i s characteri st i c of an LIE startin g material containing sufficient back-

ground hydroxyl impurity to form complexes with all the available Ti ions.

Th is is an example of the unexpected impurity effects that can occur in

samples prepared under improperly controlled conditions; similar effects

could be invo lved in other results discussed in various sections of this

report.

Nex t consider the effect of X irradiation of Ti-doped LiE , as illus-

trated in Fig. 2.16 and tabulated in Table 2.14. After seven hours of room-

temperature irradiation from a molybdenum target at 35 kV and 100 mA , curve

1 was converted to curve 4 , whic h contains three bands : H at 240 nm (5.17

eV) ; F at 250 nm (4.96 eV); and G at 270 nm (4.59 eV). Jam and Sootha2~~
7

ass ign the 6 band to the capture of an electron by the E center (originally

at 207 nm) since E centers are present in unirradiated crystals and the 6

centers can be thermall y or optically bleached , which regenerates the E

band. The extra electrons that are freed from the 6 center on bleaching

are captured by anion vacancies to form F centers . Curves 2 and 3 of Fig.

2.16 show the results of the same X-ray dosage on LiE crystals containing
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LiE:Ti

Ti Concentra tion (ppm )

Fig. 2.16A . Titanium -concentration dependence of the 200 nm

absorption band in L IF . [M. J. Rossiter , C. B. Rees-Evans ,

S. C. Ell is , and C. M. Griffiths , C. Phys. 0: App l . Phys . 4,

1 245 (1971).]
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1 and 10 ppm , res pec ti vel y, of background divalent cation impurities. The

F-center absorption band is apparent in both cases.

2.17 . . . .2+ .3+Cain and Sootha attempted to d i st inguish between Ti and Ti

plus a positive-ion vacancy by electr on-spin-resonance experiments . Their

negative results were attributed to a strong , complicated , temperature -

independent background resulting from highl y aggregated titanium .

b. V2~ in L iF. The spectrum 2~~
8 of V2~ (3d

3)-doped LIE in the ultra-

v iolet region is shown in Fig. 2.15. In the infrared and visible -‘egions

there were bands at 1.53 eV (810 nm), 2.29 eV (541 nm), and 3.53 eV (351 nm),

all wit h half-widths of 0.12 eV and oscillator strengths less than l0~~ (no

spectrum given) . 2
~~

8 The crysta ls were light pink in color.

The bands centered at 199 rim (6.24 eV) (oscillator strength of

6 x l0~~ ) and at 152 nm (8.18 eV) (usciilator strength of 4 x l0~~ ) in Fig.

2.15 were not dependent on the crystal growth method , and both ban ds sh i ft

to h i gher photon energi es wit h decreasin g temperature . By contrast, the

band centered at 179 no (6.94 eV) was much more intense in some crystals

(grown wi th only VF 3 as the impuri ty), and showed no shif t with decreasing

temperature . It was suggested that this 179 nm band possibly could be due

to v 3
~.

c. Cr in LiF. Chase and McClure2~~
8 report that they were unable to

successfully dope L1F with chromium.

d . Mn2~ in LIF. T~ ; absorption spectrum 2 8 2 ~~9C of LiF:Mn ?t(3d5)

is shown i n Figs . 2.15 , 2.17, and 2.18. The absorption peaks of Fig. 2.17

were assign-e d to transitions between 3d levels. Corresponding to the d5

configuration , the ground state of Mn2~ is 6A 19(
6S). The absorption bands
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>
(C
N

LiF :103 ppm Mn2’~
RT , 0.4 cm

\~~~

I ~~~~ - - -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I -

200 400 500 600

~\‘avs~I ’ r rqm Is ( r  i r i s )

Fig. 2 .17. Optical absorption of LiE :10 3 ppm Mn 2~ .

[ R. K. Baqai , R. K. Cain , an d A. V. R . Wa rn er ,

J. Phys. C 7, 1219 (1973).]
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>

“ I i
100 140 180 220 260 300

Waveleriqth (nrn)

Fig . 2.18. Optical absorption of LiF:20 ppm Mn2~,

in the wavelength region shorter than that of the

previous figure . [R. K. Bagai , R. K. Jam , and
A. V . R. Warn er, J. Phys. C 7, 1219 (1973).]
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.1 ~‘-e cr ’~ t aT It ’ l l  C O P  i s ’ ’ ; sa l  ‘ ‘,  tb ~• t i ’ i t i ’~, j~~ i i , ! :  fr ,r the ‘ j r o i r r ( i  s~ a f ’

- 5 ) I . sp l i ’ 1 v s ’ l s  a r i s in g  1 s ~~~ ’ ~~~ ‘ t ’ r r ’  ~~~ , ~H , ~i’ , m e t  
‘5 i . Si nce these

I r j r - S 1 i ! :S U’  ‘ e rb i d l i r , l~~ s m  i t .’ as we l l  r, spin ae ls ”  ‘ io n  rul es , t s ( . /

I ,  I s ’  ‘~~t ‘ ‘ ‘ ‘ ‘  1,’ iii’ i S  - Cr’/ ’~tals cUr- ’ s i ni n high cn ncr ’r ,t ra t ir i r a

1000 a - ) f “i - ’ ,n ’ r s ’  s qu i r t ’ ’ in u r i S ’ s  f ’  nt - s ’ s ic ~~~~~~ sb - si ’ i ri In’

i” , s -  ‘ r ’ - i ’ , ’ I~ i - s - . Thi ’ t i-i’ ba sd a observed in the v is ihl s ’ ss ’ - ~i i n st 51’~

( 2 . 11 e.) ai d ~7O n: : (2.64 eV) i re a s s i ’~nesl I i i  the t r s r v ~it io n f m ’  gro ss ;

s~ i ti t ~~~~~~ l.’ve l 4~ 19
(G) and 4T

23
(G), respectively. The broad hand appear-

1 s t  ~fl ‘ ta s i t  m s v i o 1 e ~ r s ? J i o r  centered around 360 ni , (3 .44 eV)  ac tua l l y con-

t a i r ’ s  th r e e t ,u,ds wit h peak pos i t ions at 3 .15 , 3.44 , and 3.84 eV . These

ban ds ci ’ assi gned to the transitions to 4A 18 (G) or 
4E
9
(G), 4T2g (D), and

re~ p ecti vr ’l y. The weak band at 270 ns’ (4.59 eV) is ascribed to

• ‘
~T 1 (P), arid the weak shoulder at 215 our (5.76 eV) on the risin g por-

t i n  ~f a strong band is assigned to the transition to 4T2g (F)~ No bands

were ab’,erved between these two , where one would expect the bands com e—

~.;a)ndi ng to 6A 1g 
-
~~ 

4A 2g(i) and 6A 19 
4T1g (E)• Perhaps these bands are

r r laske ( l  by the other bands occurring in the saute region.

e. ie
2
~ in L ii. No visible and infrared absorption in samm iples con-

taining up to 5 ~
‘ l0~~ mole percent of iron could be detected .2~

18 The

vacuur ri ultraviolet spectrum (not shown in the reference) showed a broad band

beginning near 233 nnm (5.33 eV) and a stronger band at 167 no (7.44 eV),

both on a rising background (presumably due to scattering). The 167 nm band

showed a blue shift with decreasin g temperature , but the 233 no band did

not shift. The assignments of these two bands were uncertain , but the posi-

tion of the 167 nm band seemed to fit the expected value for the 3d to 4s

2+transition in Fe
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f. Co 2’
~ in LiE. The ultraviolet spectrum 2 .16 of Co2~(3d

7) in L iE

is shown in Fi g. 2.15. The crystals were light pink in color. The band at

1 55 no (8.00 eV), which has oscillator strength 1.8 x l0~~, shifts to 153 no

(8.11 eV) as the temperature is l owered to 4.2 K. The apparent intensity

increase may be the result of increased scattering. The band at 135 nm

(9.17 eV) has an oscillator strength of 2.0 x 10-2 and sh i fts to the b lue

by 0.124 eV.

g. Ni 2~ in LiE. The impurity spectrum 2 .18 , 2.20 of Ni 2~(3d
8) in

li thium fluoride is shown in Figs. 2.15 and 2.19. The peak positions in

Fi g. 2.19 agree well with the values of Chase and McClure listed in Table

2.15 , which also includes oscillator strengths and upper-state assignments.

In Fig. 2.15 , the scattered li ght became comparable to the transmitted

light so that the spectrum at shorter wavelengths is not known . The oscil-

lator strength of the room-temperature band at 133 no (9.30 eV) is 0.51 .

This band does not shift as the temperature is lowered to 10 K. The appar-

ent increase in intensity at the low temperature , which was not reproducible ,

was believe d to be due to fogging of the sample at low temperature . At

photon energies below 7.44 eV ( A > 167 nm) there was no absorption detected

even when the path length was increased by one centimeter.

7. Trapped electron and hole centers in LiF.

a. F center in LiE. The F-center absorption spectra of LiF and sev-

eral other alkali halides were shown in Fig . 2.5. A typical absorption

spectrum of X-irradiated LIF at 78 K is shown221 in Fig . 2.20, where the

most prominent band , 5.0 eV (250 nm) is the F band . (A better spectrum2’22

of the F band Is given in Fig. 2.23 below.) The F center, which Is an
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LiF :Ni 2~1 -  RT
not stated

3 .

2~ > > > >w
C N P
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320 C))) 800 1 1)00 1 200 1 500
\‘-J,sv ’I s ’ r s q t  Is ( i i

Fig. 2.19. Optical absorption spectra of LiF:N i 2~ .

[P. Berge , M. Dubois , 6. Blanc , and M. Adam -Benveniste ,
C. de Physique 26, 339 (1965).]
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Table 2.15. Absorption bands in nickel- doped LIE.

[D. B. Chase and D. S. McClure , Jour . Chem . Phys.

64 , 74 (1976 ). ]

Peak position (eV) 1.01 1.67 1.88 2.75 3.06

Osci l lator  strength - 0.87 2.5 - - 4.7 x l0’~

Upper state 12 T
~ 

1E 112 11
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Fig. 2.20. Typical absorption spectra of X-irrad iated LiE at

78 K. [ D. B. Eitche rs in ~~y~jcs of Sol id s at ~i ? _ress u~~
C. T. Tomizuka and P. M. Em m in ick , eds., Aca dem i c Press , New york
(1965), p. 383.]
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elec tron bound at a negative-ion vacancy , is stable at room temperature .

Therma l annealing occurs at 100 C.

The antimorph to the F center is a hole trapped at a positive-ion

vacancy . No such centers have been identified experimentally. It appears

that holes prefer to be trapped in such other centers as V K centers , rather

than in the anti-F centers.

b. F-related centers. A typical spectrum in Fig. 2.20 of an irradi-

ated sample shows M- , N- , and R-type absorption bands. See the definitions

in Table 1. 1 . Such bands are seen typically in irra diated samples , but the

details of the spectra depend on suc h factors as the type of irradiation,

dose and i rra di a t ion temperature , therma l treatment , impurity content , and

the time lapse before measurement. For heavily irradiated samp les , c o l l o i d

bands can appear , as discussed in Sec. 8 below .

c. 
~K center, or self-tra pped hole , in LiF. The absorption spec-

trum2
~

23 of the V K center (see Table 1.1) in LIE , with a strong band cen-

tered at 348 no (3.56 eV), is shown in Fig. 2.21 . The absorption band of

VK centers ali gned along the [011] direction is shown in Fig. 2.22. Since

the VK center is a hole trapped by a pair of neighboring negative ions , the

VK centers are ali gned along [110] directions. The centers aligned along

a specific [110] direction , such as [Oil] in Fig. 2.21 , can be bleached in

l ight polarized along that direction. The VK center is stable at low tem-

peratures (T < 120 K), and the optical absorption is only slightly affected

by the crystall ine env i ronment .

d. V3 center, or F molecular ion, in LW . Figure 2.23a shows2~
22

the V3-center absorption centered at 113 nm (11.0 eV), which was produced
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Fig. 2.21. Absorption spectra of spatially oriented V K centers

in LiE: (a) 30-minute X irradiation at 77 K , imieasured with

either [O i l ]  or [Oil] l ight; (b) [011] light , and (c)  [Oil]
light , both after bleaching at 77K for one hour in [011] light.
[ C. C. Delbecq, W . Hayes , and P. H. Yuster , Phys . Rev. 2, 1043

(1961).]
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200 250 300 350 400 450 500
Wavelength (no)

Fig . 2.22. Anisotropic absorption of V K center i n LIF ,

obta i ned by subtracting curve (c) from curve (b) in the

previous figure . [ C. C. Delbecq , W . Hayes, and P. H.

Yuster , Phys . Rev. 12 1 ,  1043 (1961) . ]
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Fig . 2.23. Opt ica l  absorpt ion of ‘ 1_ i r rad iated , m ima gnes i u mim -doped
LiE: (dashed) before irradiation; (solid) after X i rradiation ,

with dashed curve subtracted to give the solid curve. [M. R.

May huqh and R. W. Christy, Phys . Rev . ?~ 
3330 (1970).]
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by X - irrad i at i ,r 0 ’ ;‘~~~~
.- L i ’ - - ‘

~~~~.‘ ‘ ~~~ in addition to the F band

at 248 nra already lis c-.ss . ‘~~~- 2. i t , for X-irradiated , Mg-doped

LiE , shows these e s - ~~~ bd r Is l -  . : - m ’ -ds sntered at 380 no (3.26 eV) and

310 no (4.00 eV) an - ’ ‘ ‘ 5 ’  5 .
~ 4 ‘ J~ t s t ~~~ ’~~r, 5 and 11 eV. The F and F~ bands

of OW-free LiE are s’ w i  in i1. 2. 4 .

In the pure samisple (1 ppm Mn) of F g .  2.l9a , the V3 band i s less than

one - h a l f  as intense as the F band; while the two bands have nearly equal in-

tensity in the manganese-doped sample (10 - 110 ppm Mn). The relative inten-

sit i es of the F and F~ bands in Fig. 2.24 are obscured by the background

absorption .

The V3 center or F~ molecular ion is a linear molecule alon g a [100]

di recti on cons i sti ng of three fluorine ions wit h one of the ions at a L i

site plus two trapped holes .2~
22 ’ 2.24, 2.25 The center i s stable at

room temperature , but decays thermally at 100 C or above .

The positions of peaks of the V 3 bands of the alkali halides as a

func tion of the negative-ion radius are shown in Fig. 2.6b.2’22 The posi-

tions are relativel y independent of the positive -ion radius , as seen on the

figur€- .

e. Color centers in magnesium-do ped L1F. The absorption spectra2’26

of X- irradiated LiF :Mg for various quenching and bleaching conditions are

shown in Figs . 2.25 and 2.26, The bands at 4.0 eV (310 rim ) and 5.6 eV

(220 nm), which are associated with the magnesium , are greatly enhanced by

quenchin g the crystal prior to X i rradiation. For the quenched sample of

Fi g. 2.25, bleaching with combined F and 4.0 eV light at room temperature

leads to the disappearance of the 4.0 eV band , to a slower growth of the
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~~ :.: 

~~~i1Ot ~t~~t t ’ d

~~ O.4
U

0 I
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Photon Energy (eV)

Fig. 2.24. Absorption spectrum of a ‘5- -i rradiated , OW- free

LiF. The 11.2 eV band appears with the wel l known 5 eV F band

in L1F. [ 1. Kamikawa , Bull. of Yama gata Univ., Nat. Sc 8

-
~~ (4) 519 (1975).]
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Li 1:0.1 ~~ i ’,
’ Mg Li 1 :0.1 wt ‘X, Mg

R’I ’ (1.1123cm RT, 0.023 cm
~~~

~~ 3O
S..

~~2O I

10 - (a) - (b)

0 I I I

6 5. 4 3 6 5 4

Photon Energy (eV)

Fig. 2.25. Optical absorption of LiF:Mg quenched from 600 C

and X—ir radiated at room temperature : (a) before bleaching;

(b) after bleaching with F and 4.0 eV l ight at room temperature

for 105 hours . Dashed curve in (b) is a Gaussian with absorp-

tion maximum at 5.25 eV and 1 .0 eV width. [C. Mort, Soli d

State Coninun. 3 , 263 (1965).]
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Fig . 2.26. Opt ica l  absorption of unquenched LiF:Mg ,
X—irradiated at room temperature : (a) before bleach ing ;

(b) after bleaching with F and 4.0 eV light at room

tem imperature for 105 hours. In both (a )  and (b) the ex-
p eri mmm enta l cu rve is decomposed into two Gaussians. The

full width at half maximum of the 5.5 eV band is 1.0 eV;k
and that of the E band at 5.0 eV is 0.74 eV. [C. Mort ,

Sol id State Coirimun. 3 , 263 (1965). ]
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5.6 eV band , and essentially complete disappearance of the F band. By

contrast , for the unquen ched sample of Fig. 2.26 , X irradiation does not

generate the 4.0 eV band , and the same bleaching procedure gives a consid-

erably sm im aller growth of the 5.6 eV band and does not eliminate the F band .

These resul ts can be understood as follows : Di valent metal impur i-

ties in alkali halides tend to aggregate into clusters after either stand-

ing for long periods at room temperature or thermal annealing followed by

slow cooli ng .2~
27 On the ot her hand , eleva ting the temperature and quench-

ing tends to disperse the divalent impurities throughout the lattice , some

being isolated and some being compensated by cation vacancies. Furthermore ,

the Mg 2’~-ca tion vacancy can be dissociated at high temperature , often

quenched to give an increase d num ber of i solated vacancies and Mn2+ ions at

room temperature. The results of Figs. 2.25 and 2.26 are then consistent

wit h the assignment , the author seems to imply, of the 4.0 eV band to the

isolated Mg2~ and the 5,5 eV band to the Mg
2’
~-vacancy center (and the 5.0 eV

F center from electrons trapped at the vacancy , of course) The isolated

Mg2+ and Mg2’’~ vacancy centers are more numerous in the quenched sample of

Fig. 2.25.

8. Colloid bands in LW . Figures 2.27 - 2.31 show the absorption

spec tra2’28 2
~
29 of positive-ion-irradiated and neutron-irradiated lithium

fluoride: Li~ (Fi g. 2.27), Na~ (Fig. 2.28), K~ (Figs. 2.29 and 2.30), and

neu tron (Fig. 2.31). Implanting positive ions creates bands associated with

the implanted ions in addition to those associated with damage of the lattice.

For the self-positive-ion irradiation of 1.2 x 1015 LI ’
~ per square centimeter

(energy 2 Mel! and range 5 urn) , the spectrum in Fig. 2.27 shows bands centered

at 290 no (4.28 eV) ,  418 no (2.97 eV) ,  445 rim (2.79 eV), and 500 nm (2.48 eV)
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Fig. 2.27. Optical absorption spectra of LiE irradiated at
15 . + 2

room temperature with 1.2 10 Li /cm and annealed at

200 C for four hours. [C. Davenas , A. Perez , P. Thevenard ,

and C. H. S. Dupuy, Phys. Stat. Sol. (a) 19 , 679 (1973).]
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Fig. 2.28 . Absorption spectrum evolution of a LiF sample:

(1) irradiated at room temperature with 1016 Na’
~ ions/cm

2:

(2) subsequentl y annealed using 15-minute periods at 140 C

for a total time of 75 minu tes and at 160 C for 105 minutes ;
(3) at 180 and 200 C; (4) at 220 and 240 C; (5) at 260 and
300 C; (6) at 340 C; and (7) at 380 and 420 C. Annealing

times for (3) to (7) 105 minutes . [ J. Davenas , A . Perez ,
P. Thevenard , and C. H. S. Dupuy, Phys. Stat. Sol . (a) 19,
679 (1973). ]
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Fig. 2.29. Absorption spectrum evolution of a LiE sample:

(1) irradiated at room temperature with 7 ~
‘ lO 15 K’

~ ions/cm
2;

(2) subsequently annealed using iS-minute periods at 140 C

for a tota l time of 75 minutes and at 160 C for 105 minutes;

(3) at 180 and 200 C; (4) at 220 and 240 C; (5) at 260 and

300 C; (6) at 340 C; and (7) at 380 and 420 C. Annealing

times for (3)  to (7) 105 minutes . [ C. Davenas , A. Perez ,
P. Thevenard , and C. H. S. Dupuy , Phys . Stat. So1. (a) 19 ,

679 (1973 ). ]
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200 300 400 500 600 700 800
Wavelength ( n m )

Fig. 2.30. Absorption spectrum evolution of a LiF sample:

(1) irradiated at room temperature wi th 5.6 x 1015K~ ions/cm
2

and subsequently annea led for 30 minutes at 100 C; (2) at
150 C; (3 ) at 180 , 200 , and 230 C. The annea li ng dura t ion

was 30 minutes . [ J . Davenas , A . Perez , P. Thevenard , and

C. H. S. Dupuy , Phys . Stat. Sol . (a) 19 , 679 (1973) . ]
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Fig. 2 .31.  Absorpt ion spectra of LiE crystal  irradiated w i th
17 210 fls ’ a t r l ) r I / C m  and annealed at 350 C for the fo l lowing t i m m ies

(in mm .): (1) 60; (2) 120; (3) 180; (4) 240; (5) 300;

(6) 360; (7) 420; (8) 1080; (9) 1590; (10) secondary an-

nealin g at ~OO C for 60 n m in .  ; (11) holding at room temperature

for 310 day ’,. [N. G. Polotov and L. E . Vorozheikina , Soviet

Phys. -Solid State I? , 277 (1971).]
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that had been observed previously in samples irradiated with neutrons ,

elec trons , or i ons , and ass ig ned prev i ousl y to collo i dal centers . The ma i n

lithium-colloid band C in LiE is the 445 nm band.

Figure 2.28 for Na~-i rradiated LiE shows the reduction of the F band

at 250 nm and the lithiu m m i self-colloid C band at 445 nm (as these damage

centers are annealed out) and the growth of the sodium-co lloid band CA (Na~
)

at 520 rim (as the sod i um ions cluster to form the colloidal particles) for

subsequent annealing at higher arid higher temperatures . The corresponding

results for K~-i rradiated LiE , with the CA (K~
) potassium colloid band at

680 rim (1.8 eV), are shown in Fig. 2.29. The positions of the C bands in

LW , NaC9~, and KC and the posi ti ons of the CA (Na~
) and CA (K~

) ban ds in LiE

are suninarized in Table 2.16.

The qualitative results are explained by the Mie theory2’30 of absor p-

t ion by small part icles , wh ich gives

2 1/2A A~ ( l  + 2nH)

for the position of the colloid absorption peak , where is the bulk plasma

wavelength of the metal and nH is the index of refraction of the host (LiF

in the present case).

Neutron i rradiation at low dose l evels, say 1014 
- 10 15 neutrons/cm2,

produces2’29 F , R , and M bands. See the definitions in Table 1 .1. Anneal-

ing at high temperature dissociates these centers , and no new bands appear.

By contrast , heavily i rradiated samples show: colloidal bands , denoted

and centered near 490 nm (2.5 eV) in Ref. 2.29; quasimetallic bands ,

near 365 rim (3.40 eV) and 410 nm (3.02 eV), ass igned to colloids of metals
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Table 2.16. Colloidal bands of Li , Na , and K (num ) in LiE

[C. Davenas , A. Perez , P. Thevenard , and C. H. S. Du puy ,

Phys . Stat. So]. (a) 19 , 679 (1973).], NaC P. and KC2.

[A. Perez . P. Thevenard , and C. S. Dupuy , C. R. Aca d. Sci.

(France) 271 B , 519 (1970).]

Cry s t a] s
Implanted Ions — — 

______________
L i E NaC 9. KC~

Li ” C:  445

Na~ CA (Na
~

):  520 C: 570

CA (K
”’): 680 C: 760
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for which the lattice spacing and type of lattice do not correspond to

those of the equilibrium meta l 2~
31 ; and atomic-cen ter bands , W 1 near 285 rim.

Figure 2.31 shows the development of the W2 collo id al ban d , starting at 470

no, and the atomic-center band , starting at 285 nm , for a series of anneal—

ings of a heavily irradiated (1017 neutrons /cm2) L iE sample.
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D. Sodi u ’ -  il~~ ’r ide

Sodiu m f luor ide i,~s the hi 1he~
, t r e t ti n I po int (1000 C) of all a l kd l  I

halides. Because of t h i s  and it ~ hi gh s- ed - t i v i t y ,  the background imu pu r i C y

contents of c c r ’ is er ci ally av a ilable Nai single crystals are relatively high

fe r mo st research purposes.

~ ‘57
Sano -~~~

‘
~ has ex t e nsively studied the optical properties of Harshaw

Na- c ani has reporte l t k s~~ the exc i ton  absorpt ion tai l  is ex t r ins ic  in these

crystals. Voszk a, et al. , 2 . 3 3 have developed purification procedures to

obtain NaE c r y s t a l s  s t a i n i n g  less than 1 ppm of im puriti es. The exciton

absorpt ion t a i l s  in these c rys ta l s  at 100 , 190 and 298 K are shown in Fig .
2.342.32; these tails a ss ’ le li eved to be intrinsic. In Fig. 2.33 they are

compared w i th  the theoret ica l  Urbach ta i l s  (cont inuous l ines)  and w i th  the

exci ton absorpt ion t a i lc  in the Harshaw NaE (dashed lines) reported by

2.32Sano.

The values of the absorption edge obtained by extrapolating the steep

segments of the curves to V = 5 c rmm~ are 128 nm (9.7 eV) , 125 nm (9.9 eV),

and 122 nm (10.2 eV)  for 298 , 190 and  100 K , respect ively.  The longer ab-

sorption t~ il extending from .~ l25 to 160 nm is characteristic of the alkali

halides and is probabl y a result of extrinsic absorption.

The fir st exciton absorption in alkali halides involves charge trans-

fe r f rom one of the halide ions to the spatially extended conduction band.

At low tem peratures and with high resolution instruments , a doublet struc-

ture is often seen in this absorption because of the spin-orbit splittin I

of the halide ions . This feature is illustrated in Fig . 2.34, where the

spectra of NaF crystals at roonm temperature and 78 K are compared in the
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:bja NaF
a. 298 K

-~~~ 40 b. 190 K
c. 100 K

Z not g i v e n
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Wavelengt h (rim )

Fig. 2.32. Absorpti on spectra of NaF s i ng le crystals
in the VUV region. [ I. Földv~ri , R . Voszka , and
R. Raksányi , Phys. Stat. Sol. (a) 26, K83 (1974).]

NaF
5 a. 298 K

b. 190 K
4..) c. 100 K
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Fig. 2.33. Experimenta l and theoretical Urbach tails
of NaF single crystals. Theoretical: conti nuous line ,
experimental : line wi th circles , previous exp erimenta l
results of Sano : dashed line . [I . Földv ári , R . Voszka ,
and R. Raks~nyi , Phys . Stat. So]. (a) 26, K83 (1974).]
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Fig. 2.34 . Analyzed spectra of absorption constant in cm~*
[R. Nano , 1J. Phys. Soc . Japan ?~~

, 695 (1969).]
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region of the firs t exciton absorption . These spectra were derived by

Sano from reflectivity measurements made on Harshaw NaF crystals ,2’32

Sano2~
32 has a lso der i ved the opt i cal constan ts of NaF , both at room

tempera ture and 78 K , in the spectra l range 9.0 - 12.5 eV (137.8 - 99.2 rim).

The refractive index of NaF between 6.67 and 0.05 eV (186 rim and 24 pm) is

tabulated in the American Institute of Physics Handbook.2~
35 W ith increase

i n energy ove r this spectral range , the i ndex value increases from 0.24 to

1.3930.

1. Negative -ion impurities in NaF. Several negative-ion impuri ti es

in alkal i  halides give rise to absorptions in the UV and VUV due to elec-

tronic transitions. In many cases these absorptions have been found to be

similar to the first exciton absorptions in alkali halides in that they in-

volve charge transfer from one of the impurity ions to the spatially extended

conduction band . Kapphan and Lüty 2’36 approximated the energy (tiw) required

in such a charge-transfer process as:

= EA 
- E 1 + CXM , (2 . 1 )

where E A i~ the electron affinity of the impurity , or the host halogen in

the case of first exc i ton absorption , E1 the ionization energy of the alkali

atom , aM the Madelung constant , e the electronic charge , and r0 the nearest-

neighbor distance of the host lattice. The term E1 in (2.1) wou ld be appro-

priate for the transfer of an electron from a negative impurity (or host)

ion to a neighboring alkali ion. It is now believed the orbital of the

added electron to the alkal i ion would be so large that the overlap with

many neighbors would be great. It is therefore more appropriate to consider
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th~’ trunsf er of in u’le tron from a negative ion to a conduction band. In

t h i s  c a ’ s ’ , rep lacin g I by one-half the width of the valence hand gives

result ’ ;  that l i t  expe r i l- Is nt s  I- ~ wel l  as do the resul ts from ( 2 . 1 ) .

a. OH , 0~ and II ions and F arid M centers in Nai. The peak posi-

inns of t h s -  OW- . F(— and F—center  ahsorpt ions in a lka l i  hal ides have b e en

sou nd t ; ’  t l1ov ~ e r p i s - i ca l  ( I v e y )  re la t ions . The Ivey p lo ts  of these three

c ’ n t e r s  are shown in ii g . 2.352~
37 ; in this f igure , U refers to substitu-

iona 1 H io n s

Kapph an and LUty 2~
36 found that relation (2.1) can be used success-

fully to pr edict the peak position of the ultraviolet absorption band of

hyd ro~ y l ions in an a l ka l i  hal ide if the electron affinity of the hydroxy l

ion is assigned a value of 2.6 eV. In the case of NaF , E1 
- - 5 .14 eV,

r
0 

0.231 nm , and 1.75 . When these values are substituted into

relation (2.1), a value of 8 .37 eV (148 nut ) is predicted for the peak posi-

tion of the hy droxyl absorption , as cormipared to the value of 8.1 eV (153 nm )

obtained froiuu the Ivey plot (Fig. 2.35). Freytag 2’37 reports the peak posi-

tion and half-width of the Ut-i band in NaF at 190 K as 8.3 eV (149.4 nm )

and 1.1 eV (1 .127 pm ), respectively (Fig. 2.36).

Since hydroxyl (OW ) is a mo l ecular impurity , it is susceptible to

decomposition when a hydroxy l-doped crystal is X-irradiated or bleached

with light in the wave length region of OW absorption. Many of these de-

composition products are optically active; thus , new absorption bands are

observed on the low- and high-energy sides of the original hydroxy l absorp-

tion , as denmonstrated below .

Optical spectra of an X-irradiated hydroxyl-doped NaF crystal are

shown in Figs. 2.37a and 2.37b .2’37 Two bands are seen in Fig. 2.37a , the
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F band at 3.65 eV (340 nm) and the M band at 2.46 eV (504 nm). The differ-

ence spectrunm in Fig. 2.37h indicates that the X irradiation introduces two

additional bands in the VUV region , the B band at 9.8 eV (126.5 nm) and

another band at 8.8 eV (140.9 nm). X irradiation is also seen to reduce the

intensity of the OH -absorption band at 8.3 eV (149.4 nm).

Optical absorption spectra of a UV-irradi ated hydroxy l-do ped NaF

crystal are shown in Figs. 2.38a and 2.38b.2’37 It is seen that the chan ges

produced in the optical spectra by UV and X irradiations are similar.

The F , M and ~ bands are also observed in irradiated hydroxyl-free

NaF crystals, but at reduced intensity level . Freytag2~
37 assi gned the

8.8 eV (140.9 nm) band to neutral oxygen molecules (O~). (Electron-spin-

resonance results suggest 0 rather than O~ , as discussed below.) The for-

mation of these centers in irrad iated crystals causes an apparent shift of

the OW absorptiori to higher energy .

Meistrich made additional studies of irradiation-induced defects in

the NaF: flH system . Harshaw NaF crystals were used as the starting material

for the growth of hydroxyl-doped crystals. The room-temperature optical

absorption spectra of unirradiated and X-irradiated crystals are shown in

Fig. 2.39. In the unirradiated crystal , the OW band peaks at 8.2 eV with

a hal f-width of 0.87 eV , which is slightly smaller than the half-width of

1 .1 eV reported by Freytag.2~
37 Upon irradiation , the OW band shifts to

l ower energy due to the formation of a new band near 7.9 eV (157 nm) , as

shown in the difference spectrum of t he same crysta l in Fig. 2.40. Two

a d d i t i o n a l  bands , one near 8.9 eV (139.3 rim) and the ~ band at 9.8 eV

(126.5 nm), are also seen in Fig. 2.40. The therma l stabi l i ty of these
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two bands is less than that of the 7.9 eV (157 rim) band , as shown by curve

b (filled circles) in Fig. 2.40.

On the basis of the Ivey relation (Fig. 2.35), Meistrich assigns the

7.9 eV (157 rim) band to U centers .2~
38 His electron-spin -resonance data and

the charge-transfer model of O~ i ons i n al kali hal id es i ndi cate that the ab-

sorption band seen near 8.8 eV (141 nm) by him and by Freytag is due to O~

ions, not to neutral oxygen molecules as suggested earlier .2~
37

b. C9 and Br ions in NaF. The presence of a halogen impurity ion

in an alkali halide gives rise to absorptions near the fundamental absorp-

tion edge of the host. These are referred to as localized exciton absorp-

tions because of thei r similarity to the first exciton absorption of the

host.

Földv ári and Voszka 2
~

39’ 2
~

4° have studied in detail the absorptions

of Br and CR. ions in NaF , and they have also correlate d their results with

prev i ously reporte d data on local i zed exciton absorptions i n other alkali

halides.

Optical absorption spectra of a Br -doped NaF crystal at room temper-

ature and at 110 K are shown in Figs. 2.4la and 2.4lb , respectively.2~
39

Us ing a least-squares method , the observed absorption (continuous line) was

resolved into four Gaussian components labeled a to d. The dotted line

represents the sum of the four components . Bands a and d are due respec-

tively to the Ci and Oil ions introduced accidentall y into the crystal .

Bands b and c have been assigned to isolated Br ions because their inte-

grated absorption increases linearly with an increase in Br concentration

from 0 to 6 ppm (Fig. 2.42). At higher Br concentrations , the absorption
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increases at a slower rate due to the formation of Br aggregates. When

crystals containing high concentrations of Br ions are quenched after heat-

ing at 600 C for one hour , an increase in Br absorption is observed , as

shown by the dotted line in Fig. 2.42. The thermal treatment apparently

breaks up some of the Br aggregates and converts theni into isolated Br

ions. The spectral data for the Br bands b and c , including peak position ,

half-width , molar absorption coefficient , and osc i l la tor s trength are sum-

mar i zed at room temperature an d 11 0 K in Table 2.17 .

As noted earlier , a doublet structure is expected in the first exciton

absor pti on of the alkal i hal id es because the g round state of a halo gen ion

is a doublet. Accordingly, a doublet structure is also expected in the

local i zed exc it on absor pt i ons , and the ban ds b an d c observed in the NaF :Br

system are believed to be due to this effect .2~
39

In Table 2.18 the doublet separation in pure NaBr is compared with

that of localized Br exciton in some alkali halides. By comparison , in

the cases of KC2. and NaC9. at liquid nitrogen temperature , the higher energy

component of the impurity doublet overlaps with the absorption edge of the

host, and only one band due to the Br impurity is observed. In Table

2.18 t~E is the energy separation between the l owest energy peaks of the

impurity and host excitons; the significance of this value will be dis-

cusse d shortl y.

Optical-absorption spectra of NaF crystals containing varying coiicen-

t r a t ions of ci~ ions are shown in Fig. 2.43.2.40 The absorption band seen

nea r 131 rim (9.46 eV) is assigned to C9 ions because its absorption coeffi-

cien t increases linearly with an increase in Cf~ concentrat ion to 110 ppm

(Fig. 2.44). The absorption spectra of a C2~ -doped NaF crystal at room
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Table 2.17. Parameters of the Br bands in NaF (Br) single crystals.

[I. Föl dvári and R. Voszka , Phys. Stat. Sol . (a) 31 , 765 (1975).]

RT 110 K

b c b + c b c b + c

Position (eV) 8.98 8.55 9.08 8.66

(nm) 138.0 145.0 136.5 143.1

Half-width (eV) 0.39 0.41 0.37 0.39

Molar aLs. coeff. 1.35 x 106 1.26 x l0~ 2.07 x TO~ 2.05 x 106

(cm ’ mo1 1)

Osc i l lator
strength 0.10 0.10 0.20 0.14 0.15 0.29
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Table 2.18. Summary of Br -band results of several investigators .

[I. Föl dvári and P. Voszka , Phys. Stat. Sol . (a) 31, 765 (1975).]

L~sE doub le t(host-impur ity separa ti on
( eV ) (eV)

NaBr , 55 K - 0.67

NaC2JNaBr mixed system , PT - 0.60

NaC9(Br), LNT 0.25 -

KC t(Br) , LNT 0.30 -

NaF (Br), PT 1.91 0.43

Na F(Br), 110 K 1.97 0. 42
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temperature and at 110 K are shown in Fig. 2.45. The spectra l data and

the energy separation (AE ) values of the C2 absorption band at various

temperatures between 110 and 350 K are l isted in Table 2.19.

According to the simple charge-transfer model of the exciton , rela-

tion (2.1), the energy separation AE between the halogen impuri ty-band

max imum and the first exciton peak of the host should be equal to the dif-

ference Act in the electron affinities of the respective halogens , in the

first approximation. Table 2.20 sumarizes the observed characteristics

of local ized excitons in various alkali halides . In the table , o is the

half-w idth of the impurity absorption and Ar is the differences in the

ion ic radii of the impuri ty and host halogens.

It is seen in Table 2.20 that the energy-separation values predicted

by the simple charge-transfer model are in good agreement with the experi-

men tally observed values in alkali -halide -—halogen (impurity ) systems wi th

small Ar values . In other words , Act AE. In NaF(C 2 ) and KCP. (I) systems ,

lar ge Ar values result in the modification of the Madelurig energy and give

rise to strong halogen-halogen overlap. These factors can account for the

differences observed between the AE and Act va l ues in the two systems .24 °

2. Transition-metal ions in NaF. Absorption bands arising from the

presence of transition -metal ions in fluoride host crystals may be observed

over a wide spectral range , from near infrared to vacuum ultraviolet. Ab-

sorptions due to intra -d-shell transitions of the impurity ions are expected

in the visible and nea r infrared , but they may not be observed because of

their low oscillator strengths.

McClure , et a1. ,241 ’2~
42 and Loh 2~

43 have analyzed the observed high-

energy (5 to 10 eV or 248 to 129 nm) absorptions of the transition-metal
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Table 2.19. Summary of the spectra l data arid the energy separation

values of C9. band in NaF at various temperatures . [I. Földv~ri and
R. Voszka , Phys. Stat. Sol . (a) 28, 249 (1975).]

110 K 190 K 298 K 350 K

P o s i t i o n  (eV ) 9.75 9.53 9.46 9.42
(rim) 129.4 130.0 131 .-O 131 .5

Half-width (eV) 0.467 0.475 0.503 0.52

Molar abs. coeff. 9.0 x lO~ 8.7 x iO~ 7.7 x lO~ 7.2 x l0~
(cm ’ mol ’)

Oscillator strength 0.073 0.071 0.068 0.066

AE (I’NaF — cf) (eV) 1.01 0.99 0.98 0.97
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~u 1 l ’  2.20. Sum umm na ry of the character ist ics of the observed local ized
iton absorptions in various alkali halides. [I. Fö1dv~ri and R.

~~~~~~~ Phys . S ta t .  Sol .  (a)  
~~~ 

249 (1975).]

~.E (eV)  o (eV)  A~ (eV)  t,r ( nun )

KCQ~(Br) LNT 0.3 0.19 0.25 0.014

KC9 (I) LNT 1.06 0.2 0.55 0.035

NaC ; (Br) LNT 0.25 — 0.25 0.014

KBr(I) LNT 0.4 0.2 0.30 0.021

NaBr(I )  LNT 0.35 0.25 0.30 0.021

NaF(CI) 110 K 1.01 0.467 0.4 0.045
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ions in the following fluoride host crystals: L1F , NaF , CaF 2, MgF2 and

KMgF3.

McClure , et al ., 2~
41 ’ 2.42 i ndi ca te that most of the absor p t ion bands

in the region of 222 - 147 nm (5.58 - 8.43 eV ) may be assi gned to the

3d - * 4s trans iti ons of the impur i ty ions , on the bas i s of the follow i ng

character ist ics:  ( i )  Their spectral positions are close to those of

3d -+ 4s free-ion transitions appropriately corrected for crystal-field

effects. (ii) They have moderate oscillator strengths , of the order of

l0~~ - l0~~ at room temperatu re , wh ich decrease on cooling . (iii ) They

shift to higher energy on cool ing .

Loh2~
43 attributes the higher energy bands , with transition energies

~ 7.4 eV , to the 3d -
~ 4p spin-allowed transitions of the impurities , based

on the fol lowing character ist ics:  (i) They have high oscillato r strength ,

approximatel y an order of magnitude higher than the 3d -* 4s transitions ,

wh ich increase on cooling. (ii) Their spectral positions correlate well

with the corresponding free-ion data .

Opt ical absorption spectra in the region 335 - 125 nm ( 3.70 - 9.92 eV)

of NaF crystals doped with various transition-metal ions are shown in Fig.

2.46.2.41 The spectral data , i nclu d ing peak position , half-wi dth , ext i nc-

t i o n  coefficient , and oscillator strength of various impurity-absorption

bands, are sumarized in Table 2.21 .

Chase and McClure 2~
41 made the following interesting observations about

trans ition-metal ions in NaF:

a. Titanium. In crystals doped with titanium ions, blue precipitates

were observed . Thus , i t  is  poss ib le tha t  on ly a f r a c t i o n  of the t i t a n ium
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Fig. 2.46. Absorption spectra for NaF and for divalent transition -
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Table 2 .21 .  Ultraviolet bands observed in trans ition—metal ions

in NaF. The energy of the peak of the band i s gi ven for tempera-
tures 300 K and about 10 K. The width at hal f-height in cm-’ is
given for the higher temperature . Also given are decadic molar

extinction coefficients , c , arid the f number ( f = 4 . 3 1  x lO 9j’ed~,

~ i n cm ’, e in 1-moles ’ - cm ’). f is app roximated as
cmax

x Wid th  at half-height. [0. B. Chase and D. S. McClure , J.
Chem. Phys . 64 , 74 (1976). ]

Samp le 
Eriergy Width f

(cm ’) (cm ’) ( M ’  cm ’)

NaF:Ti 5.9 ( 300 ) 1.24 805 3.5 x l0~~
5.9 (10)

NaF:V 5.02 ( 300) .57 86.0 1.7 x l0~~
5.15 (10)

NaF:Mn 6.87 (300) . ..  . . .  . .

6.94 (10)

NaF:Co 7.01 (300) .47 81.0 1.3 x io-~
7.13 (10) 1.3 x l0~~

NaF:Ni 7.94 (300) .. .  ~ lOO 1.8 x lO~
8.06 (10)
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ions present in the c rys ta l  nay be co nt r ib u t i mi - ~ to the absorption band

seen at 210 nm (5.9 eV) in Fig. 2.46 , an d that the actual osc i l l a to r

strength of the band may be higher than that indicated in Table 2.21 . On

cooling from room temperature to 6 K , a ten percent increase in the inten-

sity of the 5.9 eV band was observed with no appare’~ shift in the peak

position. It is believed that Ti 3~ ions are present in the crystal and

that the observed ultraviolet absorptions are due to fluorine-to-titanium

transitions.

b. i unm . Pararnagnetic resonance spectra of vanadium -dope d NaF

crystals indicated the presence of ions, but no optical absorption

bands corresponding to the crystal -field transitions were observed in

samples containing 8.0 -~ lO~~ nio l percent V.

c. Man~~nese. NaF crystals containing 1.8 10-2 mol percent Mn

were colorless and cloudy , but no evidence of aggregate formation was ob-

tained from electron-spin-resonance studies. The vacuu mim -ult ravio let absorp-

tion spectr um of the crystal (Fig. 2.46) indicated the presence of a weak

band at 182 rim (6.8 eV) and , on its high-energy side , a strong band with an

estimated extinction coefficient of 90 mole~ cm~ at the band rimaximum .

Since the weak band could not be resolved from the strong band , its

oscillator-strength value does not appear in Table 2.21.

d. Cobalt. Sodium -fluoride crystals doped with 2.0 x 10 2 mol per-

cen t Co were pink in color. Electron-spin-resonance studies on heat-treated

samples gave no indicat ion of aggregate formation. In addition to the two

VUV—a bsorption bands (Fig. 2.46), another band was observed in the visible

at 515.5 nm (2.41 eV) with an oscillator strength of 5 x l0~~. It was

assigned to the 4T19 (
4F) -~ 

4T1g (
4P) transition of the Co24- impurity .
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In another study of the optical properties of Co24--doped NaF , more

absorption bands were observed in the visible and near-infrared regions,

as shown in Fig. 2.47.2.44 The possible assignments for various transitions,

their peak posit ions and osc i l la tor  strengths , are l isted in Table 2.22.

e. N ickel. In NaF crystals containing 2.42 mol percent Ni , rio

crystal-field transitions were observed . The VUV spectrum of this crystal

(Fig. 2.46) indicated the presence of two bands: a weak band at 156 nm

(7.93 eV) with an oscillator strength of 1.8 x 1o~~, and another more in-

tense band beyond 143 nm (8.68 eV). This latter band did not show a blue

shift on cooling and was believed to be associated with the fluorine- to-

metal charge-transfer processes.

The presence of i ron impurity ions in NaF also gives rise to a strong

absorption in the VUV. The absorption is structureless and appears in the

form of a gently rising baseline , as shown in Fig. 2.48. 2 .33

3. VUV spectra of some commercia l-purity and high-purity NaF. It is

seen from the above that most transition-metal and anionic impurities in

NaF give rise to absorptions in the VUV. Therefore , a good i ndicat i on of

the relative purity of NaF crystals can be obtained from their VUV spectra .

Vacuum-ultraviolet spectra of severa l commercial-purity and high-purity NaF

crystals are shown in  F i g .  2.49. In this figure , (a) and (b) refer respec-

tively to the crystals grown from an analytical reagent grade NaF before

and after  chemical pur if i c a t i o n , ( c ) to a samp le g rown from Merck suprapure

Na F , and (d ) to a Harshaw NaF s ing le crysta l .

The band seen at 131 rim in spectrum (a) of Fig. 2.49 is due to C9

i ons , and much o f the res idua l absorpt ion on the low-energy side of i t  is
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NaF :Co 2~ (0.1 mole 
~

)

> Q 7  80~~4-) (a) (b) 1.81 cm 0.4

450 500 550 600 1100 1300 1 500

Wavelen gth (nm )

Fig. 2.47.  A bsorption spectrum of Co2t~doped NaF. (a) Spectrum in

the visible region. (b) Spectrum showing 4T2q band in the infrared

region. [3. P. Srivas tava , J. Chem . Phys. 48, 5283 (1968).]
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Table 2.22 The experimental data at 80 K and the anal ysis of

the absorpt ion spectrum of Co 2
~ in NaF. [3. P. Sr ivastava , 3.

Chem . Phys. 48 , 5283 (1968).]

Observe d f value Calculated Symmetry and
(rim ) (eV)  10~ (eV ) free ion state

1 ,412 0.88

0.935 r6
1 ,337 0.93 0.940 F8

~T 
4F2g ’

1 ,312 0.94 1 .08 0.952 F8
1 ,280 0.97 0.976

966 1 .28 1.29 F8 2Eg~ 
2G

610 2.03 0.21 2.05 F8 “A 2g~ ~F

2.42 F7
515 2.41 2.42 F8

2.42 F8 ~T 19
, ‘4 p

3.48
500 2.48 2.48 F6

2 .67 r8
465 2.67 2 T 1g~ 

2 11
2.68 r6
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N a F : pure , Fe
RT

not given

E
U

ci)

U

ci)
0L)

•o 10

130 150 170 190
Wavelen gth (nm)

Fig. 2.48. Absorption spectra of NaF single crystals with Fe ion

im purity . (a) Zone refined; (b) 10 ~iM/M Fe added to the melt.

[R. Voszka , K. Raksány i , and I . Földv~ri , Kristall und Techn i k 8,

1347 (1973).]
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Na F
RT

Q~ not gi ven

20

4~)

4)
0

(d)

(a)

(b) 
______

(c) 
____________

1~ 0 1~ 0 l~ 0 190

Wavelength (nm)

Fig . 2.49. Absorption spectra of NaF single crystals. (a) Grown
from a .g. REANAL material; (b) after chemical purification ; (c)

grown from Merck suprapure material; and (d) Harshaw single

crystal measured by SANO . [R. Voszka , K. Raksany i ,and I . F~ildv~ri ,
Kristall und Technik 8, 1347 (1973).]
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believed t be due to the pre~ence of transi tion -inetal impuri tie s

( espec i a l l y  Fe) in the c rys t a l .

4 . Addi t ive  and e lectrol y t ic  co lora t ion of NaF . The co l or centers

pru d uced by add i t i v e  or electrolyti c coloration of NaF are strongly in-

fluenced by the background-impurity content, particularly hydroxyl , of the

sai~p le.
2
~~ ~ell defined F and M bands can be produced by additive or

electrolytic coloration only if ~he Nal sample is of high purity .

The optical absorption spectru m of an additively colored cryr,tal of

commercial-purity NaF is shown in Fig. 2.50, curve A. In this crystal ,

precipitated parti cles up to 30 nm in diameter were observed after additive

coloration, and the Mie scattering it these particles gave rise to the ab-

sorpt ion seen in the region from 505 to 570 nm (2.46 to 2.18 eV). When the

additively colored sample is annealed at 960 C for one hour in argon and

cooled rapidly to room temperature , its spectrum changes as shown in curve

B of Fig. 2.50. Curve C in Fig. 2.50 shows the well defined F and M bands

produced by electrol ytic coloration of high -pu rity NaF grown at the Naval

Research Laboratory .

The m a x i m u m  F-center concentration of 4 io l7 cm 3 has been achieved

by additive coloration of NaF .2~
45 This value is approximately an order of

imi agn itude less than that which can be achieved by radiative coloration .
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Na F
RI

30 - 

~ not gi ven

C
a)

.~~~ 20~-
4-
4-
a)
0

C-)

1’4~) a n  1’Q_ IC) - 
~~~I- g
~~~o I 

—/ / ~~~~~~~cC / f  j ,~~/ I— .—. — f
—

H ~~~~
-...

I I

200 300 400 500 600 700 800

Wavelen gth (nm)

Fig. 2.50. Absorption spectra of several additively colored NaF

crystals. The absorption band peaking at 340 nm is due to F

centers ; that at 505 nm is due to M centers ; and those at 470

and 570 nm are due to small and large colloidal particles , re-
spectively. A: Comercially available NaF , cooled in coloring

bomb in 5 m m .  B: Same crysta l , after removal from bomb , heated
in argon to 960 C and quenched to room temperature . C: NRL-grown

crysta l , treated as B above. [W. C. Collins , 1 . Schneider , P. H.

Kle in , and L . R . Johnson , Appi. Phys . Lett. 24, 403 (1974).]
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[ Pu tuss i Urn Ch 1 on (In

The absorption peaks of i m purities in KCP. are suninarized i n Fi g. 2.51.

2.461. Int rinsic exc iton. The firs t exc iton peak of PC is m t 7. - P .

(161 nm) at room temperature , Fig. 2.3.

2. U , U1, U2, ~., OW and O bands in KC; . The spectra l positi n n~

and half-widths of U, OW , U 1, U2, and 0 bands in KCc , KBr and NaC are

listed in Table 2.23.2.47 The corresponding absorption spectra of the

hydride- and hydroxide -doped crystals of these alkali halides are shown in

Fig. 2.52 and Fig. 2.53 , respectiv ely. 247

3. H and H in KC~ . The spectra of KC~ :KH crystals are shown in Fig.

2.52. Fig. 2.52a shows the absorption band of substitutional H ions (U

centers) at 300 K and at 20 K; the peak position of this band is seen to

shift from 5.78 to 5.88 eV (215 to 211 nm) upon cooling. The two absorption

bands shown in Fig. 2.52h were itmeasured at 20 K subsequent to UV irradiation

at the same tem pera tu rn . The solid curve represents the spectrum after an

exposure of 25 m inute s with hy drogen l amp and the dashed curve for an addi-

tional 15 minute irradiatiun with a mercury lamp HBO200 and Schott filter

UG1 . The solid curve demonstrates the conversion of U centers at 5.88 eV

(211 nnt) to the following four centers : (a) U 1 centers (hydrogen ions at

interstitial sites) with absorption in the range 4.0 - 4.6 eV (310 - 270 nm );

(b) (1 centers (anion vacancies), which absorb near 6.96 eV (178 nm); (c) U2

centers (hydrogen atoms at interstitial sites) with absorption near 5.27 eV

(235 nm); and (d) F centers , wh ich absorb near 2.3 eV (540 nm ) in KC2..

These observa ti ons can be summar i zed by the follow i ng photochem i cal

reactions :
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EXPLANATORY NOTES FOR FIG. 2.51

Column 1: Lists properties of pure , doped , and irradiated materials. For

doped or i rradi ated materi als the properties appear in the follow i ng order:

1. impurity or dopant (0 or h O 2)

2. rad iation (electrons , neutrons , etc.)

3. color centers or color bands (VK, F , or ni , ~~, etc .)

4. addi ti onal i nformati on (sample color , photochromic, etc.)

Column 2: Sample temperature.

Column 3: Peak positions ( I )~ wi dths (i—i), and oscillator strengths (numbers )

of impurity spectra . Ellipses indicate absorption structure above the absorp-

tion edge . Some lines are labeled by their color center or impurity .

Column 4: References : T2.l stands for Table 2.1 , F2 .23 stands for Fig. 2.23,

and Il-C ¶ 6f indicates a paragraph in the text.
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Table 2.23. Spectra l positions and bandwidths [eV] of absorption

bands in hydride- and hydroxide-doped NaC2~, KC2. and KBr crystals.

{F. Ker khoff , W . Mart i enssen , and W . Sander , Z . Phys i k 173 , 184
(1963).]

Bands KC9. KBr NaCR.

U Band

Pos i tion 20 K 5.88 5.52 6.57

300 K 5.78 5.44 6.50

Wi d th 20 K 0.26 0.28 0.46
300 K 0.57 0.58 0.81

OW Band

Pos i t ion 20 K 6.05 5.71 6.75

300 K 6.05 5.71 6.78

Wi dth 20 K 0.62 0.55 —0.83

300 K 0.75 —0.65 —0.92

U 1 Band

Shoulders 20 K 4.0 - 4.6 3.8 - 4.6 5.0 - 5.6

U2 Band

20 K 5.27 4.55 5 .64

c~i Band

20 K 6.96 6.12 7.17

0 Band -

20 K 6.77 6 .37 7 .27
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Wavelength (not )

200 300 500 200 300 500 200 300 500
1.2 ~~~~~~~~~~~~~~~~ 

I l l  
~~ 

- . - 
I

E i o ~ KC2~+KH KBr +KH Na C P+N a H
I) . not given not given - .  c not given

~~~~~ 

_ ~~~

~~~~~~~ 

~~J ~L ~TLL: ~ JIL(b)

I g~1~~~ L ~~ ‘~~~ Hf
8 7 6 5 4 3  7 6 5 4 3  8 7 6 5 4 3

Photon Energy (eV )

Fig. 2.52. Optical  absorption of hydride-doped KCQ , KBr, and NaC~ , showing

the ef fects of UV irradiat ion and therma l annealing. (a)  s tart ing condit ion ,
measured at 300 K , -~~~~~~

— measured at 20 K. (b) UV i rradiat ion at 20 K ,
measured at 20 K. KC2. and NaC Q : — after 25 mm irradiation with hydrogen

l amp , - - - -  additional 15 mm irradiation with mercury lamp HBO200 with Schott

filter UG1 . KBr: — --- 3 mi -- - -  total of 25 mm i rradiation with the hydro-

gen lamp . (c) Change in spectra due to therma l annealing measured at 20 K.
KCQ~.: - — - - additional irradiation with hydrogen lamp and annealing at 120 K ,

annealed at 150 K. KBr: ---— annea l ed at 115 K , - - - -  annealed at 250 K.

NaC~ : - --— after irradiation with hydrogen lamp and annealed at 90 K , - -- -

annealed at 200 K. [ F. Kerkhoff , W . Mar ti enssen , and W. Sander , Z. Physik

173 , 184 (1963).]
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Wavelength (nm)
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~
•1

~ ~~‘i j r u IT. i’ •

— 0.4 -4 .—, - KC9~.+KOH — KBr+KOH - --+ ~
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Fig. 2.53. Optical absorption of hydroxide-doped KCt , KBr , and NaC~ , showin g
the effect of LIV irradiation and thermal annealing. (a) Starting condition :

measure d at 300 K , — measured at 20 K. (b) UV irradiation : KC9~ and

KBr : 15 mm irradiation with hydrogen lamç., ---- addit iona l 8 mm irra-

diation with mercury l amp HBO200. NaCR.: — 40 m~n i rradiation with hydrogen

l amp . (c) Therma l annealing measured at 20 K. KC2~: 
— annealed at 120 K,

annea l ed at 160 K. KBr : — annealed at 110 K , - - --  anneale d at 130 K.

NaC . : — annealed at 90 K , - - - -  annealed at 130 K. (d) Additional annea ling

measure d a t 20 K: --- -  anneale d a t 200 K and — annealed at 300 K . [ F .
Kerkhoff , W . Mar ti enssen , and W. Sander , Z . Physik 173 , 184 (1963).]
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[F-I~] 
-———--- -— FIT + [j (2.2)

HT + [j H? + [ e ]  (2.3)

Here square brackets indi cate that the species enclosed occupies norma l

latt ice sites , E designates an anion vacancy , and the subscript ‘i refers

to an interstitial site. The dashed curve in Fig. 2.52b demonstrates the

recovery of the U band at the expense of U1 , U2, F , and c~ bands , by irradia-

tion wi th  l ight on the long wav elength side of the U band. This is the

reverse of the photoche mical react ions (2.2) and 2.3).

The spectra in Fig. 2.52c , measured at 20 K , show the recovery of the U

band by annealing at two different temperatures. The spectrum with the solid

curve was taken after an additional hydrogen-lamp i rradiation and three-

minute annealing at 120 K , while the spectrum with the dashed curve was taken

after further annealing at 160 K for three minutes. The spectra demonstrate

the instability of H~ an d H~ against therma l annealing at 120 - 160 K. Pre-

suma b ly H~ conver ts to [F-i] by the reverse of reaction (2.2) or to accord-

• ing to reaction (2.3). The H~ —~~~ [W I  convers i on dur i ng therma l anneal i ng

can be ach i ev ed throu gh the fo l low i ng react ions:

0 kT
~~~~~M.  ~~-

1 2

+ e + -
~
- H2 

kT 
~~
. [ W ]  (2.5)

4. OH in KCL The spectra of KC9:KOH crystals are shown in Fig. 2.53.

Fig. 2.53a illustrates the shape of 6.05 eV (205 nm) OW band in KC~ at 300

and 20 K . In Fi g. 2 .53b the s o l i d  curve re p resents the s pectrum after UV
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i r radiat ion w it h a hydrogen lam p and the dashe d curve corres ponds to an

additional eight-minute exposure to a mercury lamp HBO200 . The sol id curve

shows the conversion of OW centers to U2 centers and O~ centers , which re-

spectively absorb near 5.27 eV (235 nm) and 6.77 eV (183 nm) according to

the reaction :

[OW ] - [0] + H? . (2.6)hv (OH )

Here , h~ (O W ) indicates i rradiation with a photon whose energy lies within

the OW absorption band . The dashed curve in Fig. 2.53b indicates some re-

covery of the OH band. Apparently the radiation from the mercury l amp

whose energy li es within the U2 band drives the reaction (2.6) in the

reverse di rection .

Fi gures 2.53c and 2.53d demonstrate the conversion of U2 and O bands

to the U band at 5.88 eV (211 nm) arid the F band at ~ 2.5 eV (—500 nm) by

therma l annealin g according to (2.4), (2.5), and the reaction:

2[O ] kT [O~] + e ~ 0 kT [O~] + [e] . (2.7)

-
‘ Here equation (2.7) generates the F center on the far right-hand side , while

in the case of NaC2.:NaOH equation (2.7) reaches only the middle step,

[O~] + e + D , where e + 

~~ combine with ~-H2 according to (2.5) to form

U centers instead of F centers. In other words , the formation of F centers

in NaCR.:NaOH during thermal annealing is suppressed by the competitive for-

mation of U centers. In KCZ:KOH both U and F centers are formed in compa-

rable numbers . On the other hand , the formation of the F band by thermal

annealing in KBr:KOH is more efficient than that of the U band , e.g., the
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solid ur ve  in Fi g. 2.53d. Thus , it appear s thut U center forr iation is

‘more e f f i c i e n t  t It~ ri m m i t t r’ form ation in ( m y s t a l s  w i t h  small lattice con-

stants. The in te r s titial H2 molecules , which are fo rmed according to (2 .4 )

possibl y find it in er getica l ly more favorable to form U centers in crystals

with small er lattice constants because of the release of el as tic strain at

the interstiti a l position. Furthermore , the H2 molecules out-diffuse more

slowl y in crystals with smaller lattice constants and hence are more readil y

availabl e to par ticipate in the combination reaction given in equation (2 .5 ) .

The 0~ band predicted by equation (2.7) seems to be missing or very

weak at 5 eV (250 not ) in KC~ :KOH as shown in Figs . 2.53c and 2 .53d . The

spectra in Figs. 2 .53c and 2.53d were taken at 20 K after a three-minute

annea l ing . In (c) the annealing temperatures for the solid and dashed

curves are 120 K and 160 K , respectivel y, while in (d) the temperatures for

the dashed and solid curves are 200 K and 300 K , respectively. Figs. 2.53c

and 2.53d demonstrate that the convers i on of U2 and 0 bands to U and F

bands increases w i th  the annealing temperatur e .

The U2 band in al kali chlorides containing SW may be produced by UV

i r radiat ion through the reaction :

SH - - - -— --
~~~ S + H? . (2.8)

Figure 2.54 2.48 i l lustrates the U2 band in NaC~ , KCQ. and RbC9. at 20 K.

5. 0D and O n ( .  Fischer 2~
49 has measure d the 00 and OW

bands in KC2. crystals from 20 K to 600 K. At 20 K the OW band is at 6.10

eV (203 nm ) with a half-wi dth of 0.55 eV, while the OW band is at 6.05 eV

(205 nm) with a half-width of 0.64 eV. Figures 2.55 and 2.56 show the
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Wavelength (nm)
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Fig . 2 .54. U2-band absorption in NaC9., KCL , and RbCL .
The curves have been shifted vertically with respect to

each other . [ F. Fischer , Z. Physik 204 , 351 (1967).]
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Fi q . 2.55. Temperature dependence of the bandwidth at half

maximum of OH and OW bands in KC . [ F. Fischer , Solid

State C oim i n un. 2, 5 (1964).]
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Fig. 2.56. Temperature dependence of the maximum of OW
and OW bands in KCf. [F. Fischer , Sol i d State Commun. 2 ,
51 (1964).]
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temperature dependence of the bandwidths and spectral positions of the OW

and OW absorptions in KC9.. There is an abnormality in the temperature

shift of the band maxima , i.e., a blue shift instead of a red shift with

increasing temperature , at temperatures below 100 K as shown in Fig. 2.56.

This blue shift at low temperatures may be interpreted as the simultaneous

excitation of the mo l ecular vibrations of OW or OW along with the elec-

tronic transition .249

6. O~~~O and o
2_ 

in KC9.. The O~ absorption in KC9. at 5 eV (250 nm)

is shown in Fig. 2.57 at 300 K.25° Fischer , GrUndig, and Hilsch 2~
51 have

systemat i ca l l y stu d ie d the 0~, o
2_
, and W absorption bands in KC9., w i th

h i gh concen trat i ons of O~ obtained in the starting crystals of KCL :K20

by strictly excluding spurious amounts of water , wh i ch would react to form

OW. o2 centers and anion vacancies were formed by reduction with F cen-

ters , i.e., by i ntrodu c i n g an excess of potassium at 600 C followed by

quenching to 20 C. The crystal becomes yellow through the reactions :

KO. -f 3K = 2KO2
(2.9)

[0~] + 3[e ] = 2[O
2_
] + 2 0

Both O~ and o
2_ centers have several bands in the ultraviolet region.

Fisc her and coworkers interpreted the o
2_ 

bands as electron transfer from

the o
2_ 

ion to the various excited states of the surrounding potassium ions.

The hi ghest-energy band at 7.1 eV (175 nm) at 78 K is the ~ band , which is

ex pecte d to accom pany the o
2_ 

bands as indicated by the right-hand side of

equation (2.9).
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Wavelen gth (nm)
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I I I

E
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‘4-
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Fig. 2.57. Absorption spectrum of KC~ grown in oxygen .

[ J.  Rol fe , F . R. Lipsett , and W. J. King , Phys . Rev .
123 , 447 (1961).]
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The 0 band i s p roduce d by irra diating the o
2_ 

band with a high -

pressure mercu ry lamp at 20 C through the pho toc hem i cal react i on :

[021 + [0] + Eel , (2.10)

w ith the formation of F cen ters as by-products.

T he O~ absorption of KC9.:K2O is shown in Fig. 2.58 by the solid and

dashe d curves a t 78 K and 20 C , respectively. The absorption bands are at

7 eV (180 nm), 6.41 eV (193 nm), and 5.09 eV (244 nm) at liquid nitrogen

temperature and are summarized in Table 2.24 along with other relevant cen-

ters in KCL .25 ’

The o2 absor p tions 2~
51 at a concentration of 7.5 x 1017 cni3 in KC9.

are shown by the solid and dashed curves at 78 K and 20 C , respectively, in

Fi g. 2.59. There are four bands at 78 K at: .~-6.4 eV (~~195 nm), 5.77 eV

(215 nm), 4.34 eV (286 nm), and 2.82 eV (440 nm). The parameters of o2..

bands are also summarized in Table 2.24.

7. Correlation of o
2_ 

bands with the F and L bands in KC9.. Fischer

and coworkers251 drew an analogy between the four o
2_ bands and the F and

L bands of F centers in KCL . They applied the Klick-Kab 1er252 F-center

charge-transfer model to o2_ centers . The F and L banus are interpreted as

the transfer of an F-center electron to the surrounding K+ ions. After

transfer , the electron behaves as that on a neutra l potassium atom ; thus

its electronic levels may be approximated by those of a free potassium atom.

The F-center electron can be excited either to the ground state or to the

excited states of the potassium atom . The F band at ~ 2.3 eV (—540 nm)

corresponds to the transition to the ground state of the potassium atom ,
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Fi g. 2.58. Absorpt ion spectra of KCQ . containing 3.1 10 18cm 3

O~ centers . [F. F i scher , H. GrUn dig, an d R. Hilsch , Z. Physik

189 , 79 (1966).]
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17 -3Fig. 2.59. Absorption spectra of KCY contain ing 7.5 10 cm
o
2_ 

centers. [F. F i sc her , H. GrUndig , and R. Hi lsch , Z. Physik

189, 79 (1966).]
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~)h i1r ~~~i &  L t e d s  t hi c r  ‘ r  : 5  are i n te r p r te1 as the ele ctronic

t r i r i s t e r  ~o t t i e  e m  t~~ed ~~~i t r S  o t  i c E  potas s ium i tow . The p
~ 

tral posi-

t ions O~ t~o v t t m 
~~

- - L i r i d at e to prox im ate l  / t c u i 1  t o  tho se of the F band

i t  2 . 3 e ’. ( S ) t un ed to the var ious ene r ~
y l ev e ls  of the free

~e t i s s i m i  atom as i l l us t ra ted  by tee c i r c les  in F ig.  2.60.  J tie abscis sa in

H;. 2. 0 u - ;  i s  int  the hoton ero rlies of the F and L bands or that of t ie

hi nds in ~L . , whi le  the ordin te is the energy level  of the free potas -

sian atomi: . Fi pi rt ?.60 also shows the correlation between the spectral

positions of various ~2 bands in KC~ and the energy levels of the potassium

ato m indicated by the cross es , suggesting that the o2 bands are also due

to the charge transfer from the o2 ion to the surrounding cation sub la t t i ce .

Figure 2.60 indicates that the o2 bands occur at energies higher

than those of the corresponding F and L bands . The second electron on

is more ti ghtly bound to the o
2_ 

than the F electron is to the F center.

Tt i is rni iFi t he e~pected since the excess cha rge on the o2 in the monovalent

la t tic e of  alkali halides tends to polarize the lattice in the i mmediate

n ei g tmt u r fiumod , causing se lf-stabilization . A free ~
2_ 

ion is not stable

because it la ks he positive polarization cloud. 2~
51 The high-energy o

2_

band , which should correspond to the L4 band of the F-center series , may

occur in the intrinsic re ~ ion of KH , as suggested by the extended dashed

l ine on the o2 -center series in Fi g . 2.60.

Although there is a close correla tion of spectral positions of the

F-center and the 02 -center series , as indicated in Fig. 2.60, the osc i l-

lator strengths of their corresponding transitions are quite different.

For example , the high-energy o2 bands are stronger than the iow-enerci y o
2_

band at 2.82 eV (440 nni), while the L absorption is only ~— 4 percent as
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L4 
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Fig. 2.60. Composition of various o
2_ 

bands and the color-center
bands in KC9.. Both the o

2_ 
bands and color-center bands in KCL

are simply correlated with the various excited states of potassium
atom. The ordinate represents the energy levels of the potassium
atom. The abscissa represents position of F, L1, L2, L3, L4 color-

center bands with circles and the 0 
- 

bands with crosses. [F.
Fisc her, H. Griindig, and R. Hilsch , Z. Physik. 189, 79 (1966).]
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Y meg a- hi F h~ r i- Th i s  di f f i i e n c e  is presumb l y due t~~~ th u S y m I m r I t r /  of

the  ~ a r i d  s t a t e , S i r m (  I He r e l r  t r u r i  eu u s s e n t  ia l  ly s - c h a r a c t e r  w h i l u

t e e  O’~ e l e c t r ir has e - e r i t i a l l - /  p- ch a ra c te r . 2
~

51

J r  ordr ’ to c on s t ru m t . the - pec tra 1 correl at i  on between I ii F arid L

Pur r - I a r id  t h~ c O - c  
~ l i v el s ( i t  t~v f r E e  potassium ato m as shown i , Fi g . 2.60,

F I scher ar i d  m w o r  ers 2
~ 
51 needed to measure the formerly obscure L4 

l ord in

di r Ic t i 
~~
. The sp ect rur mi  of the high-energy L bands of the zone- ref i r u - I

KC : F—center at  78 is howe in Fig. 2.61 .

8 . Photochei i i icdl 
- pr~~uct~pn of O~ centers r i  centers . Blue

KC c r y s t a l s  r etaining 0~ can be produced by the photochemica l react ion in

equation (2 .10) by i r rad ia t ing the o2.. centers in yellow KC~ crystals with

a mercury 1ai p. 2~
51 Figure 2.62 shows the corresponding changes in the re-

spect ive spectr a measur ed at 78 K. The ~2- spectrum shown in c u r v e b was

produced by reducing the 02 centers of curve a wi th  F centers . The 0 spec-

trum is shown as the dashed cu rve c , whic h is obtained by UV i r radiat ion of

the centers at 20 C. Curve c shows the W band at 6 .7  eV (185 nm ) which

agrees w i th  the band found by Kerkhof f ~~
53 after UV irradiation of KC :OW

crysta ls . Curve c a lso shows the production of the F band at 2.3 eV (540 ni: )

superimposed on an absorption back ground from F aggregates which are the

photochemic a] by-products of equation (2 .10 ) .  A comparison of curves b and

c in Fig. 2.62 indica tes that the o2 absorption bands at + .34 eV (286 nm)

and 5.77 eV (215 nm) , and the i band at 7. 1 eV ( 175 nni), are reduced by

the same factor of .-.- 40 percent of their original strength. This supports

the model that: ( i )  the bands at 4 .34 eV (286 nm ) and 5 .77  eV (21 5 nm) be-

long to the saute c e r i t c ~~, o2_ , and (ii) the : t  center and the o
2_ 

center are

co-reactants in equation (2.10).
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Fig. 2.61. Absorption spectrum of zone-refined KC9., s how i ng
color-cen ter bands L2, L3 , and L4. The absor p tion cons tant
is plotted on a logarithmic scale. [F. Fischer , H. Gründig,

and R. Hilsch , Z. Physik 189, 79 (1966).]
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Fig. 2.62. Abs orption spectra of KCf containing 0 and ~2 cen ters .

( a )  0~ centers at  concentra t ion 2.6 x 10 cm . (b) After reduc-
tion wi th F centers. (c)  After irradiation wi th u l t ravio let  light
a t 20 C. [F. Fischer , H. Gründi g, and R. Hi lsch , Z. Physik 189 , 79

(1966).]
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Curve b in Fig. 2.62 may be recovered f rom c ur ve c by heating the

photochemica lly transformed crystal briefly at 500 C , then quenching to 20 C.

This photochem ical reaction (curve b -
~ 
c) and the therma l annealing process

(curve c -
~~ b) can be repeated . However , prolonged annealing in air will in-

troduce moisture , whi ch dif fuses in to  the crystal , com bi nes with the 0~ to

form OH , and destroys the photochromic sensitivity by termi na t i ng  t he

o
2_ 

~~~~~ 0~ conve rsion process. Crystals containing o2 are photochrom i cal l y

ac ti ve only in the restricted temperature range from 220 K to 80 C. Below

220 K the quantum y iel d d im i nishes because the exc ited o
2_ 

cen ters need

therma l collisions to carry away their excited second electrons . At tem-

pera tures above 80 C , the crystal loses its o2 ~~~~ O~ convers i on effic ienc~,

due to the forma t ion of 02 -an ion vacancy complexes and the precipitation

of K20, especially at high doping levels.

9. Annealing KC9. crystals containing o
2_ . 

The solubi lity of K20 in

KC2. is high only at temperatures above 400 C. At l ower temperatures , in

order to retain high K20 concentrat ions dissolved in KC9., quench ing from

temperatures above 400 C is required. However, prolon ged storage of these

KC9.:K20 crystals at room temperature causes precipitation of K20 and loss

of the crystal ’s yellow color. The photochromic capability of such

“deteriorated” crystals may be restored by annea lin’~ above 400 C.

Prec ip i tat i on of K20 in KC2. manifests itself by striking changes

in the absorption spectra . For example , curve a in Fig. 2.63 is the spec-

trum of a quenched KCR. crystal containing o
2_ 

centers , and curve b is the

spectrum after annealin g at 300 C. The spectrum in curve b resembles the

exciton structure in the spectra of pure K20 thin films found by Rauch. 2~
54

The 4.21 eV (295 nm) peak indicates that the K20 has already crystalized ;
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Fig. 2.63. Absorption spectra of KCQ containing o
2_ 

centers .
(a) After being quenched from 600 C to 20 C. (b) After therma l

anneal ing at 300 C. [F. Fischer , H . GrUndig, and R . Hilsch , Z.

Phys i k 189 , 79 (1966).]
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thus , the long-wavelength tail is presumably due to the effects of lattice

distortion and crystallite size. Similar long-wavelength tails on exciton

bands have been observed in highly distorted K! films .255 During the early

s tages of the K20 precipitation , m ig rat ion of o
2_ 

centers and anion vacan-

cies (driven by their mutual electrostatic attraction) and the formation of

02 -an ion vacancy complexes are expected . Presumably the 3.5 eV (350 nm)

band in Fig. 2.62 is due to this complex . Its parameters are included in

Table 2.24.

10. SW, S and S2 in KCL. Fischer and Griindi g2~
56 have systemat-

ically studied the SW-related centers in KC2~ crystals grown under a nitro-

gen atmosphere containing H25. The H2S reacts with the molten KCR. to form

KSH accord i ng to the reaction :

KCt + H2S -
~ KSH + HC9~

The SW absorption in KCR.. at 6.68 eV (186 nm) is shown in Figs . 2.64 and

2.65.

11 . Photocheniical conversion of SW to S. The SW band at 6.68 eV

(186 nm) can be photochemically decomposed by UV i rradiation from an alumi-

num arc with emission lines at 186, 193 and 199 nm (6.67, 6.42 and 6.23 eV).

The reaction products are a U2 band at 5.28 eV (235 nm) and a new band at

6.42 eV (193 nm). This new band can be assigned to S~ centers
256 since it

is similar to the 0 band obtained from the photochemical decomposition of

OW centers according to (2.8).2.53 Figure 2.66 shows the photochemical

decomposition of SW bands . The dashed curve represents the starting KCQ.

wi th an SW band at 6.68 eV (186 nm), while the solid curve shows the
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Fig . 2.64.  U l t rav i o le t  a bsorpt ion of KC :SH grown under 3 torr
of H2S partial pressure. [F. Fischer and H. Gr [indig, Z. Physik

184 , 299 ( l ~ 6 5 ) . ]
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F ig. 2.65. Ultraviolet absorotion of KC~ :SW. [F. Fischer and

H. GrUndig, 2. Physik 184, 299 (1965).]
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Fig. 2.66. Photochemical decomposition of SW: original
SW absorption ; SW centers decomposed to S~ and U2 cen-
ters after irradiation with an aluminum arc lamp ; -•-•- .- brief
warming to 150 K mobilize s some U2 centers to reform SW .
[ F. Fischer and H. Gründig, Z. Physik 184, 299 (1965). ]
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prO d I4 m tio n r ut the U2 bind at 5.28 eV (235 no) and the c hand at 6.42 eV

(193 m m )  u t t e r  UV irr ad iation at  78 F. The solid curve also shows a weak

U band at ~.88 eV (211 no) and an additional new band at 4.87 eV (255 no)

wh i fi a l w i y - acco rrrpi ni es the S band at 6.42 eV (193 no). The dot—dashed

curve is the spectru r l a fter the UV -i rradiated crystal has been briefly

warmed to 150 K , showing the disappearance of the U2 band and the conc ot i r i-

tant blue ther ritolumi rie scence. Since the U2 centers are mobile above 110 K ,

soitie of the U2 centers may recombine w i th  S~ centers to reform S H .  The re-

tii aining U2 centers obviously recombine with themselves to form H2 molecules.

By repeating the procedure of UV i rradiation at 78 K and subsequent anneal-

ing at 150 K , it is possible to convert most of the S centers to S .  For

example , 75 percent conversion has been achieved after three cycles. The

three curves in Fi g. 2.66 cross at 6.57 eV (189 no), which is called an

isosbestic point. Other curves corresponding to the intermediate states of

UV irradiation or annealing also form such points , but are not shown in Fig.

2.66 for clarity .

By UV irradiation between 120 K and 150 K , a comp le te SF1 to S con-

version may be achieved with no interference from U and U2 centers . Figure

2.67 shows the absorpt ion spectrum of a KCc :SH crys tal after irradiation

at 150 K by an al u ir iinum arc . Accompany i ng the large S band at 6.42 eV

(193  n i ), is o band at 4.87 eV (255 no) that presumably belongs to the S~

center . Figure 2.68 presents the 78 K spectrum of Fig . 2.67 replotted to

show the weak absorption structure between 4.87 eV (255 nm) and 6.42 eV

(193 nm).

The SW ions are only partially decomoosed by UV irradiation at 300 K.

On warmin g to 4~ Ij V . the S band regains its ori ginal strength because the
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Fig. 2.67. Absorp tion of S~ centers in KC2 at 78 K and 20 C.

[ F. Fischer and H. GrUndig, Z. Physik 184, 299 (1965).]
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Fig. 2.68. Absorption spectrum of KC~:S showing the weak
absorption band between the strong S bands at 4,87 eV and
6.42 eV. [ F. Fischer and H. GrUndig, Z. Physik 184, 299
(1965). ]
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in te rs t i t i a l  hydrogei~ atom s diffuse to the S~ ions and recombine to form

SH . At 20 C the S will be conve rted to SW in 40 hours .

12. Reduction of SW with F centers to p-o~uce KCY. crystals

containing SW turn yel low after reduction wi th  F centers , which are formed

by the introduction of excess potassium at 600 C. The absorption spectrum

of KCc :SW crystals which have been reduced by F centers is shown in Fig.

2.69. A reproducible spectrum can be obtained only if the sample is

quenched from 700 C just before cooling to 78 K. The reaction is similar

to that of equation (2.9) for 0~

SW + 2F U + S 2 + f l  . (2.11)

The reaction products have a strong U band at 5.88 eV (211 nm), an ~ band at

7.1 eV (175 nm) due to anion vacancies , and an i ntense new band at 3.15 eV

(394 no). This new band accounts for the yellow color of the reduced crystals

and is assigned to the ~
2_ 

ions. A neighboring band at 3.85 eV (322 no),

which becomes stronger in slowly quenched crystals , may be due to the absorp-

tion of S2 -an ion vacancy complexes , whic h are analo gous to the 02 -an ion

vacancy complexes at 3.5 eV (350 rim) shown in Fig. 2.62. Toward the higher -

energy region in Fig. 2.69 there are three maxima at -...4.7 eV (~-..265 no),

5.0 eV (250 nm), and 5.3 eV (235 nm). The first maximum at 4.7 eV (265 no)

is probably attributable to the S2 center. Finally, the weak SH peak at

6.7 eV (185 nm) is produced by the reverse reaction to (2.11). At 700 C

the U center dissociates easily according to the reactions:

U -* F + ~~~H2 , (2.12)

~ H2 + ~2- + 0 -* SW + F . (2.13)
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Fig. 2.69. Absorption spectrum of a SW-doped KC9~ crystal

after reduc tion with F centers . [F. Fischer and H. GrUndig,

Z. Physik 184, 299 (1965).]
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A single SW band is recovered if the reduced crystals are held at 700 C

for a longer period in order to facilitate the out-diffusion of the F cen-

ters . This process is accelerated by an appli ed electric field.

The crystals, which have been reduced with F centers and quenched to

room temperature , will produce an orange fluorescence upon UV excitation

that grows stronger at l ower temperatures . The fluorescence does not have

spectral fine structure , unlike the fluorescence bands reported by Schu l m a n

and Kirk on powdered samples .2~
57 The fluorescence observed here is pre-

sumabl y from the s2 cen ters whose presence may be inferred front equation

(2.11).

13. Photochemica l bleaching of S2 in KC9.~ Accord ing to equation

(2.11), the SW in KCQ. crystals will turn to ~2 cen ters an d anion vacanc i es

after the reduction wi th excess potassi um. The crystal now is photochromi -

cally sensitive. This process is similar to that for the o2 centers in

equation (2.10) where the crystal turned blue upon UV excitation. A high -

pressure mercur y l amp (Osram HBO2O) may be used for the excitation of S2 .

In order to avoid the excitation into the U band , a 1 cm t h i c k  K! p la te can

be used as a cutoff filter for photons with energies above ~— .5.4 eV (230 nm).

No photochemical conversion of ~
2. occurs at low temperatures ; convers i on

beg ins nea r room tempera ture .

F ig ure 2.70 shows the chan ge in  spectra corres pon d in g to S2 -
~
- 5 con-

version. The dashed curve shows the S2 bands of a crystal which has been

quenched after reduc ti on by F centers . Asi de from ~2 centers and anion

vacancies , the crystal  has U , F, and SW centers . The latter two centers

were produced by therma l decomposition of U centers and recombination with

s2 centers following equations (2.12) and (2.13). The solid curve is the
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Fig. 2.70. Optical-absorption spectra showing the effect of photo-

chemi cal convers i on of S2 to S . The dashed curve represents the

spectrum of KC2~:SH after being reduced by F centers to produce the

The solid curve shows the conversion of the S2 band at 3.15
eV and the a band at 7.1 eV to the S band at 6.42 eV. [F. Fischer
and H. GrUndig, 1. Physik , 184, 299 (1965).]
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spectrum at 78 K after UV excitation at 20 C. It shows the reduction of

bot h the S 2 band at 3.15 eV (394 n ut ) and the ~ hand a t. 7.1 eV (175 no)

wi th  the conc omi t a nt r is e  of the S band at 6.42 eV (193 nm). The F band

grows and broadens from the formation of F-center aggregates , which are

probabl y the origin of the band at 2.75 eV (451 no). The plateau in the

dashed curve near 5 eV (250 no) does not decrease uniforml y to the solid

curve. Among the three overlapping structures in the plateau , only the

l owest band at 4.7 eV (265 net ) decreases appreciably and has been assigned

to the S2 center. The photoche mical bleaching of the S2 centers can be

achieved only by excitation in the plateau region around 5 eV (250 no). A

selective excitation in the ~2 band at 3.15 eV (394 no) will not induce

the photoche mical reaction even at 70 C. Table 2.25 summarizes the spectral

positions and bandwidths of the sulfur -related centers in KC2 .

14. ~np~~1ir 9f _
~~T c  ers_~~~j~ç~.. A ll the previous spectra of

crystals containing S2~ have been measured immediately after quenching from

700 C. These crystals are yellow in appearance an d produce an orange fluor-

escence upon UV excitation . If the quenched crystals were annealed between

100 C and 400 C , they will lose their yellow color and ability to fluoresce ,

as demonstrated in Fig. 2.71. The dashed curve is the spectrum at 78 K of

a crystal quenched from 700 C to 20 C. The solid curve shows the exciton

spectrum of precipitated K2S after a fifteen-minute annealing at 400 C. If

the crystal is reheated and quenched , the original spectrum will appear

again with the recovery of the S2~ centers and anion vacancies as the K2S

di ssolves again i nto the l at ti ce . The crystals w i l l atta i n i ntermediate

states , i .e., a mixture of the two spectra in Fig. 2.71 , if stepw i se anne al-

ing of the crystals is carried out at increasingly higher temperatures.

200

__________________________________________________ - .1



Sec . Il-E KC~

Table 2.25. Spectral positions and bandwidths of SF-I-related

centers in KC9. at 78 K. [F. Fischer and H. GrUndig, Z. Physik

184 , 299 (1965 ). ]

Cent -~ SW s2 U U2

Position [eVJ 6.68 6.42 3.15 7.1 5.88 5.28

Width [eV] 0.21 0.23 0.31 — 0.35 0.39
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Fig. 2.71. Spectra showing the effect of annealing on S2~
centers in KC . crystals. The dashed curve represents the

spectrum , uuu easured at 78 K , of the crystal quenched from

700 C t~~ 20 C. The sol id curve shows the precip itation

of K2S ~ith exciton peak at 4.4 eV after 15 mm annealing

at 400 C. [ F. Fischer and H. GrUndig, Z. Physik 184,

299 (1965) . ]
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15. Conparison of SW and 01-C centers. The photochemica l reactions

of SF-I and oi-I centers are similar to each other. UV i rradiation at 78 K

wi ll conve rt these two centers , via equations (2.8) and (2.6), respectively,

to the U2 band and a new band , whi ch i s the 0 band2~
53 i n the case of OW

and the S band in the case of SW .

San der 2~
58 has observed the electron-spin resonance of 0~ centers .

The elect ron—spin resonance of the homologous S , H~S , and 5e ions in KC 9.

and KBr doped with KSH and KSeH , respectively, has been observed by

Hausma n n 2~
59 at 20 K. The signal appears only if the UV-irradiate d crystals

have been annealed at 11 0 K for a few seconds. The effect of annealin g at

1 10 K is to mobilize the UV-released U2 centers which in turn react wi th the

sul fur complex (Si2 formed at low temperatures , thus making the S or Se

ions availab le for electron-spin resonance . The reactions are (512 + H0

S + SW and SW + H° H2S .2 5 9

A distinction between SW centers and OW centers is that the former

can be photochemica lly converted to the single S band free from the inter-

ference of SW and U2 bands as shown in Figs. 2.67 and 2.68, while it is not

possible to produce a single 0 band photocheinically at, say 130 K, since

the O~ centers are already mobi le
2
~
53 at 130 K. In addition , the S centers

1

4 

recombine very slowly with the molecular hydrogen to reform SW , which is

not the case with the recoinbination of 0 with H2 to form OW. The OW

centers are not reduced by F centers to form o2
...
, but the SW centers will

be converted to S2~ centers since the bi ndi ng of the hydrogen atom to the

oxygen is stronger than the hydrogen atom to the sulfur.

16. Photochemical conversion of SW to S in KCZ. Rolfe2~
6° has

investigated the photochemical conversion of SH to S in KCR. and KBr.
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Fiqure 2.72 shows the absorption spectra of a KC~ :KSH crystal at 78 K . The

solid curve shows the initial state of the crystal with the SW band at

r .67 eV (186 nit ). After 85 minutes of irradiation w ith an AH-4 mercury lamp

at 78 K , the spectru rut changes to the dashed curve which shows the decomposi-

ti o r m products of SW , i.e., the “S’ hand at 6.39 eV (194 nm) and the U2

band at 5.3 eV (235 nm). The dotted curve shows the partial recovery of the

SF-I band with the concomitant generation of U and F bands after a 24-hour

annealing at 300 K. Table 2.26 summarizes the data of Rolfe and includes

the iodide band 2~~ which is very similar to the hydrosulfide band.

17. SeW in KC~ . Th e absor pti on spectra 2
~
62 

of SeW in KC~. at 20 K ,

78 ~~~, and 20 C, are shown in Fig. 2.73. The doublet at 6.4 eV (195 no) and

6.13 eV (202 net ) shifts toward l ower energy and broadens as the temperature

is increased above 20 K. The double t splitting of 0.27 eV is attributed to

the spin-orbit splitting of the outer electrons on the Sell radical. This

double-band spectruni , and the SF-I Spectrum of Fig. 2.65 , are superimposed

on a broad , weak background which increases with increasing temperature .

18. Photochemical_ conversion of_SeW to Se. As with KC :KSH crys-

tr i ls , the Sell centers can be converted to Se and U2 centers by UV irradia-

tion from an aluminum arc l amp dt 20 K ,

SeW . Se + U2 . (2 .14 )

Figure 2.74 shows the spectra at 20 K before and after the photochemical

co,ive rsion of the SeW to Se in KCc . The solid curve shows the original

spectrum of the SeW ions. The dashed curve exhibits the well known U2

band at 5.27 eV (235 rim) which confirms the decomposition of SeW into Se
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Wavelength (nm)
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E [T T I j  j  i i

I ~-SH - -KCt :SH -, S
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C
9. not given

U
.,~ 30 - , . .  -
I.- ~~~~~ U U 2

Photon Energy (eV)

Fig. 2.72. Absorption spectra of KC9.:KSH. Solid line ,

before i rradiat~~n; dashed line , after 85 mm i rradia-

tion with AH-4 lamp at 78 K; dotted line , after warming

to 300 K for 24 hr. [J. Rolfe , Appl . Phys . Lett. 6, 66

(1965).]

205



Sec . lI-F KCQ.

Table 2 .26.  Absorpt ion bands of SH , 1 , and S in KCf and KBr
crystals. [J. Rolfe, App l . Phys. Lett. 6, 66 (1965).]

KC Q , 
_____ _____ 

KBr
no eV no eV

SW Ban d

Peak position 300 K 188.4 6.58 a a

78 K 185.8 6.67 193.6 6.40

Half-width 300 K 0.33 a

78 K 0.20 0.21

Band

Peak position 300 K 188.7 6.57 a a

78 K 184 ,7 6.71 193 .8 6.40

Ha l f -w id th  30Ci K 0.39 a
7% ~ - 0.27 0 .20

“S’ Band

Peak pos i t ion  300 K 198.2 6.26 205.5 6.03

78 K 194.0 6.39 203.2 6.10

Half-width 300 K ~ 0.4

78 K 0.21

aObscured by fundamental absorption edge.
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Fig. 2.73. Absorption spectra of SeW in a KC9. crystal. [F. Fischer ,

7. Physik 187 , 262 (1965).]
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.
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6 5
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Fig. 2.74. Photochemica l decompositi on of SeW in KCL : original
spectrum ; spectrum after i rradiation at 20 K with an aluminum
arc ; • .• • •  spectrum after a brief warmi ng to 150 K. [F. Fischer , Z.
Physik 187, 262 (1965).]
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and inter ~ t i t i a l  hydrogen a f te r  i l lum inat ion by an aluminut uu arc lamp. This

curve has a new pair of bands at 6 .15 eV (202 n u t )  and 5.96 ~V (208 no) which

- ‘ 3 v be a t t r ibu ted to the Se bands by their s i t uu i la r i ty  to the photoche m i-
- - - - - 2.47 ,2.56c all ’~ produc ed 0 and S band s from the OH and SH ions , respectively.

The dott~d urve in Fig. 2.74 represents the irradiated crystal after a

t r u p f  anneal ing at 150 K. The U2 centers have part ly recombined wi th  Se

centers to p - r for tui some of the SeW , and part ly recombined w i th  themselves

to for’s hy drogen molecules at interstitial site s. In the spectral region

of the U2 band , there appear absorption bands at 4.95 eV (250 rim) and 5.28

eV (235 no) which may be assi gned to Se centers by analogy with the c

centers in Fig. 2.68. It is not possible to produce a single Se band by

photoche rnical conversion of SeW between 120 and 150 K without interference

fro uui U or U2 centers , as in the case of SW .

19. Reduction of Se W by F centers, and thermal anne a1i n~ . SeW can

be reduced with an excess of potass i um, wh ich creates F centers , according

to the reaction:

SeW + 2F U + Se~~ -+ . (2 .15)

A fter quenching from 700 C to 20 C, the yellow , reduce d crys tal 2’62 is charac-

terized by a Se2 dou ble band at 3.14 eV (395 no) and 3.41 eV (364 no), and

the U band at 5.87 eV (211 no) as shown by the dashed line in Fig. 2.75.

In this state , the crystal will fluoresce a yellow-orange color upon UV

exci tation . In addit ion , the Se2 ions may be converted to Se ions and F

centers by the reaction :

[Se21 + 0 
hv 

[S
W ] + [ e ]  , (2.16 )
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Wavelength (nm)
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Fig. 2.75. The formation of the precipitated K2Se double band

after annealing of quenched KC2.: reduced wi th F centers

and quenched from 700 C to 20 C. The remaining curves demonstrate
therma l annealin g which causes the growth of the precipitated K Se

double band at 3.96 eV and 4.23 eV at the expense of the Se double

band and the U band . Spectrum of 10-mm anneali ng at: 90 C,

140 C, 340 C. [F. Fischer , Z. Physik 187, 262 (1965).]
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or the Se2 ions u i ty recotu ibir i e with anion vacancies to precipitate as K2Se

at tet uiperatures above 20 C . The dot ted , dot-dashed , and so l id  curves in

Fig. 2 .75 are the s pect ro  o f  KC. :Se 2 after ten-t rui nute anne al ings at 90 C,

14% C, and 340 C, u-o~pec t ive ly .  These curv es demonstrate the grow th under

thon-su i annealing of the K2~e double band at 4 .23 eV (293 no) and 3.96 eV

(313 nr - ) at the expense of the Se 2 double band and the U band. Note that

the dashed curve in Fig . 2 .75  shows the presence of the precip i ta ted  K 2 Se

double band at 3 .96 and 4.23 eV (313 and 293 net ) even before thert uua l anneal-

in This indicates that the quenching speed is not fast enough to prevent

the precipitation of K 2Se, which apparently has low solubility in KCR. crys-

tals and has already reached the so lubi lity limit at high temperatures. By

brief annealing at 600 C and subsequent quenching, the crystal will return

to its original condition , i.e., the dashed curve , from the conditions

corresponding to the other curves in Fig. 2.75. The reactions and spectra

of SeW under reduction by F centers , UV exci ta ti on , and therma l annealing

are quite analogous to those for OW and SI-I.

20. S_pin—orbit sp~1itting of the selen iut e_bands. Table 2.27 summar-

izes the important bands and isosbestic points of selenium -related centers

i n KC~-. an d KBr crystals along with the energy separations AE between the

bands in the seleniunt double-band series . For SeW , Se2 , and precipitated

K2Se , tE is 0.27 eV independent of the host crystal. For 5e, AE is .~.-0.l8

eV which differs from the other centers because it has one less electron in

the ou ter s hell . Here the SeH i on has been treated li ke Se2 by consi der-

ing the hydrogen in the SeW as a proton , H
4
.

Saunt and Hensley2~
63 have obtaine d values of the spin-orbit splitting

~,E of sin gly charged negative chalcogen ions , i.e., 0~ , S , Se , and Te
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Table 2.27. Absorption bands of SeW-related centers in KC9. and

KBr crystals at 20 K. [F. Fischer , Z. Physik 187, 262 (1965).]

______ 

KC9 
__________ 

KBr 
_________

[nm] [eV] tsE [eV] [nm] [eV] tuE [eV]

SeW 193.6 6.40 0.27 202.3 6.13 0.26

202.4 6.13 211.4 5.87

Se 201 .6 6.15 0.19 212.6 5.83 0.17

208.6 5 .96 219 5.66

Se2~ 364 3.41 0.27 374 3.32 0.27

- 395 3.14 406.5 3.05

K2Se 293 4.23 0.27 293 4.23 0.27

313 3.96 313 3.96

U2 235.4 5 .27 272 4.56

U 211.4 5.87 225 5.52

New Center — — 249 4 .98

Isosbestic 188.5 6.58 195.5 6.34
Points

197.2 6.29 206.8 6.00
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(all presuntab ly to’ing unstable), by extrapolating the values of - ‘.[ from

their isoelectronic series, e.g., the series Rb 2~ , K
4
, Br° , for Se .

They obtained ‘
~~ 0.29 eV for SW which agrees well with the value of 0.27

eV for Se 2 (or Se W and K2Se in Table 2.27) whose valence shell has one

less electron upon UV absorption and hence is equivalent to SW. The above

extrapolation procedure for obtaining tuE for Se2 centers in crystals is

presumably valid , since tE is experim entall y known to be insensitive to the

crystalline environment and the temperature .

For Se0, the spectroscopic table 2~
64 gives 4 3P1 

- 4 3P2 = 0.25 eV

and 4 3P0 - 4 3P2 = 0.31 eV , which disagree with the experimental value of

0.19 eV for SW in Table 2 .27.  This discrepancy may be related to the

absence of paramagnetic resonance signals associated with Se bands; pos-

sibl y SW ions fortut (SW)2 mo lecu l es i n the crys tal

21. Br and 1 in KC~ . The Br absorption band 2~
65 at 7.47 eV

(166 no) in KC9 at 78 K is shown in Fig. 2.76. The 1 absorption band

at 6.58 e’.’ (188 nor ) in KC9. at 300 K is shown in Fig. 2.77 for various

iodine concentrati ons .2~
6’
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Fig . 2.76 . The absorption spectrum of Br in KC2 . [0. Hinks

and S. Susman , Phys . Stat. Sol. (b) 52, K 53 (1972).]
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Fig. 2.77. Absorption bands of I in KC -. for various iodine

concen trations N (I ions per cnI3 ) .  [ H. Mahr , Phys . Rev .

125 , 1510 (1962).]
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