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The bleaching properties of F centers in KBr have been investigated experimentally at 5'K and 78'K.
The stability of Ii centers towards bleaching is dependent on the temperature and mode of formation. Those
produced by additive coloration are stable; those produced at room temperature by x-rays bIeach slightly;
those produced at 78'K by x-radiation show some bleaching; while those produced at 5'K by x-radiation
show a large initial instability. Some tentative theoretical conclusions are made.

I. INTRODUCTION

HE nature of the F center which forms in alkali
halide crystals is well established. ' The Ii center

results from the trapping of an electron in a negative-ion
vacancy, and has a ground state and a single excited
state. The gap between the excited state and the
conduction band is small (about 0.15 ev in KBr) so
that at room temperature the electron easily escapes
from the excited level. However, at 5'K the thermal
energy of the lattice is too small to produce the transi-
tion and the center should not be destroyed by light
absorption.

These properties are observed in KBr additively
colored with excess potassium. In KBr colored by
x-rays, the Ii band bleaches when exposed to light.
The extent and nature of this process depends on the
temperature at which the crystal was x-rayed.

The paper begins by considering the explanation by
Mott and Gurney' of Glaser's' photoconductivity data.
This theory forms the basis of our interpretation.
Next the experimental details will be described. Follow-
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FrG. 1. Photoconductivity as a function of temperature in
additively colore'd KBr. Curve taken from Glaser, reference 1.
(The increased thermal range caused by thermal ionization of
J.'~ centers is not shown. )
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ing this the bleaching data will be presented and 6nally,
a summary of the results will be made.

II. ENERGY LEVEL DIAGRAM FOR AN E CENTER .

IN KBr

Glaser's' photoconductivity data on additively colored
KBr is reproduced in I'ig. 1. Two regions of tto& should
be noted (tt is the ejection probability per quantum
absorbed and ~ is the electron drift distance per unit
electric field). Below —190'C this product decreases
with increasing temperature. This is known as the
colloidal range since the photoconductivity seems to be
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FIG. 2. Energy level diagram of
an F-center in KBr. The energy at
the half-height of the F band on
the red side is taken as the lower
level of the excited state; the
energy on the violet side as the
upper level. e~ is the thermal
ionization energy obtained from
the theory of Mott and Gurney
and the measurements shown in
Flg. 1.

ground state
of F band

the result of colloidal particles which form in additively
colored crystals. One would not expect this region to
appear in the case where the coloration was produced
by x-. rays. The second region occurs at temperatures
above —190'C where the product rises to a plateau.
If we associate the change in the curve as being due to
changes in tt, (i.e., ot is independent of temperature), we

may apply the theory of Mott and Gurneys to obtain
the thermal activation energy e~ to ionize an excited
Ii center. A simplified energy level diagram is shown in

3 See reference 1, pp. 133 and 160. y was assumed to have a
value of unity at —150'C. This is su%cient to determine the
thermal ionization energy.
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BLEACHING OF F',CEItI TERS BYLIGH7' A7 5 It'

Harshaw s KBr

BLEACHING LIGHT: Beckmon Spectrophotometer at 600mja

Fig. 2. These two figures indicate that an electron
cannot escape from the excited state at 5'K and that
the fraction which escape at 78'K is very small.

Glaser has measured the photoconductivity in KC1
crystals colored (1) by E vapor, (2) by the dissociation
of KH molecules which have been built into the crystal,
(3) by x-rays, and (4) by a pointed cathode. The
general features of Fig. 1 hold in every case. The gap
between the excited level and the conduction band
seems to depend slightly on the mode of production,
i.e., the thermal activation energy for additively
colored KCl is 0.11 ev while for x-rayed KCl is 0.13 ev.
Variations between samples of crystals are possible and
we do not know what causes the change of 0.02 ev.
Nevertheless Glaser's data indicate that the energy level
diagram shown in Fig. 2 applies approximately to all
F centers in KBr irrespective of their mode of formation.

From Figs. 1 and 2 one must conclude that Ii light
creates excited Ii centers. At 5'K the thermal energy
is insufFicient to ionize this state so that no electrons are

0.9
Harshow's KBr
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major difference. (It will be recalled that. the spectro-
scopic analyses are only approximate. ) An absorption
band at 285 mp, appears in the untreated Schulman
crystal.

The ionic conductivity of Schulman's crystal how-
ever, is exceptionally low. This indicates that the
concentration of divalent impurities is smaller in
Schulman's samples. -This fact and the method of
preparation leads us to believe that Schulman's
samples are purer than the Harshaw samples in spite
of the appearance of the 285 mp, -band. '

All the bleaching was done with the Beckman Model
DU Spectrophotometer using a slit width of 2 mm. At
600 mp, , the peak of the F band at 5'K, this slit width
corresponds to a band pass of about 20 mp. At 750 mp,
the wavelength used for bleaching the F' centers, the
band pass was about 30 mp. Throughout these experi-
ments no corrections were made for the variation of
coloration with depth.
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I"xo. 3. Decay curves of the F band at 5'K
when exposed to P light.

released to the conduction band. This indicates that
the explanation of the data to be presented cannot be
given in terms of the migration of electrons through
the conduction band.

III. EXPERIMENTAL PROCEDURE

The experimental procedures were similar to those
described previously. 4' The KBr crystals were obtained
from three sources. One was from the Harshaw Chemical
Company. The purity of this sample has been discussed
previously. ' The second specimen was a large single
crystal grown by J. Schulman of the Naval Research
Laboratory. The third sample were Harshaw crystals
additively colored with potassium by A. B. Scott of
the Oregon State College.

Qualitative spectroscopic analyses made by S.
Zerfoss of the Naval Research Laboratory, of the
Schulman and Harshaw samples did not indicate any

4 W. H. Duerig and I.L. Mador, Rev. Sci. Instr. 23, 421(1952).' W. H. Duerig and J.J.Markham, Phys. Rev. 88, 1043 (1952).

Pre. 4. Absorption spectra of Harshaw KBr crystal
x-rayed at 300', 78' and 5'K.

IV. RESULTS AND INTERPRETATIONS

I. The General Phenomena

Our experiments on additively colored KBr indicate
that no bleaching occurs at 78'K and 5'K with our
light source. This agrees with the model shown in Fig. 2.
The Ii centers produced by x-radiation, however, bleach
at both temperatures. Figure 3 shows the bleaching
properties at 5'K of two Harshaw crystals, one x-rayed
at 5'K and the other at 300'K.

The temperature of the irradiation is of great im-
portance in determining the susceptibility to bleaching.

6 Private communication. The conductivity measurements were
made by Dr. H. W. Etzel.

~ Because of the uncertainty of the role that impurities play in
coloration phenomena it was desirable to compare the crystals
used in these experiments with those employed at Gottingen
University. Crvstals furnished by Prof. R. W. Pohl were analyzed
spectroscopically. The crystals were not so pure as those used
here. However, Prof. Pohl has stated that crystals of higher
purity than those made available for analysis have been grown
in Gottingen.



BLEACHING PROPERTIES OF F CEN TERS IN KBr

For convenience, the following abbreviations will be
adopted: X-5 for the crystal x-rayed at 5'K, X-300 for
the crystal x-rayed at 300'K, etc. In Fig. 3, X-5 shows
a large amount of initial bleaching and no definite
saturation. There is no recovery in the da, rk. Th'e
X-300, however, shows a much smaller amount of
bleaching, a definite saturation, and a small but
measurable amount of recovery in the dark. After the
recovery, one may rebleach the crystal and again
obtain a definite saturation. Evidently, there is a
considerable difFerence between the X-300 and X-5
crystals which also shows up in the optical absorption
spectra of these crystals.

The structure of the absorption bands formed during
x-raying depends on the temperature of irradiation.
Figure 4 shows the absorption spectra, of Harshaw
crystals for various irradiation temperatures. The
difFerence in absorption measuring temperature is of
little importance. The only structure observed to the
red of the P band is the Ii' band in X-78. The radical
changes occur to the violet. The X-300 cry'stal has a
violet structure about which little is known. The
structure has been partially resolved by Dorendorf.
The X-78 crystal has an Ii' band due to the association
of two electrons with a negative-ion vacancy; a well-

developed V~ band, which is believed to be caused by
a hole attached to a positive-ion vacancy and a
V4 band of unknown origin. From Martienssen's'
measurements we know that an n and a P band occur
beyond the wavelength range of the Beckman. The X-5
crystal has a prominent H band which Seitz" has
suggested may be due to the trapping of a hole at
a vacancy pair and a band at 230 mp, of unknown
origin. Similarly to X-78 it has an n and a p band.
According to Delbecq, Pringsheim and Yuster" an
o, band is associated with the creation of an exciton next
to a negative-ion vacancy, and a p band arises from a
similar process which occurs next to an Ii center.

Figure 5 shows the spectra of a Schulman X-5
measured at 5'K. The crystal was then warmed to 78'K
and remeasured. Comparison of Fig. 5 with previous
work done in a similar manner on Harshaw KBr'
shows that the 230 mp band (see Fig. 4) is not observed
in the Schulman sample. The other essential features
seem to be preserved. From these data it appears likely
that the 230 mp, band is due to some impurity which
occurs in the Harshaw but not in the Shulman sample.

A difFerence between the Harshaw and Schulman
samples is found in NaC1 as well as in KBr. Figure 6
shows the absorption of a Schulman NaC1 which has
been x-rayed and measured at 5'K. Previous work'
indicates that with Harshaw NaC1 a small F' band

H. Dorendorf, Z. Physik 129, 317 (1951).' F. Seitz, Phys. Rev. 79, 529 (1950).' W. Martienssen, Nachr. Akad. Kiss. Gottingen, Math. -
physik. Kl. 111 (1952)."F.Seitz, Phys. Rev. 89, 1299 (1953l.

"Delbecq, Pringsheim, and Yuster, J. Chem. Phys. 19, 574
(1951).
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FIG. 5. Absorption spectra of KBr x-rayed at 5'K and sub-
sequently raised to 78'K. The crystal was prepared by Dr.
Schulman.

0.45

Schulmon's NaGI

X RAYED 'I HOUR AND 40 MINUTES AT 5 K

Measured at 5 K

immediatety after raising to 78 K

4 hours li
0.30

0.25—

O
a 0.20—

O.I5

O.IO

0.05

0
6.0

I

2I5

A
I ~

I '

r 1
~ I

r
I

I

ENERGY (gv)
I I I I

300 400 500
WAVELENGTH(mrna)

2.0 I.O

I I I I

600 800 IOOO

FIG. 6. Absorption spectra of NaCl x-rayed at 5'K and sub-
sequently raised to 78'K. The crystal was prepared by Dr.
Schulman.

"J.J. Markham, Phys. Rev. SS, 500 (1952).
'4 F. Seitz, Phys. Rev. 80, 239 (1950)."J.H. Schulman (to be published).

(hardly measurable) may form during x-radiation of
NaCl at 5'K. The large Il' band of Fig. 6 points to a
distinct difFerence between the two materials. Specula-
tions on the formation of lattice vacancies suggest that
the production of Ii' centers occurs when the concentra-
tions of n centers (negative-ion vacancies) is small. "

The data on NaC1 suggest that the o. centers are
created less readily in Schulman's sample than in the
Harshaw sample. The n band has not yet been studied
in NaC1' so that its concentration cannot be measured
directly. Two reasons for the lower concentration
suggest themselves. If the Nabarro-Seitz mecha-
nism" "is responsible for the production of negative-ion
vacancies, one must assume that there are less Seitz.
jogs in Schulman's crystals as a result of difFerent
growth techniques. If purity is a basic factor in the
growth rates of F centers, then the difFerence in purity
of these samples may account for the P' band. This
problem has recently been reviewed by Schulman" and



600 AND MADORMARKHAM, P

1.6

1.4—

~o)
-O.e —B a C

~o + 230m@,

F

0
6.0 5.0

t

Jgi~R
4.0 3.0

ENERGY (eu)
I

5pp 600 700300
WAVELENGTH (mI6)

EFFECT OF BLEACHING AT 5 Ir
Harshaws KBr

X-RAYED AND MEASURED AT 5'K

(A) Initial spectra after 25 minutes x-ray(A In«a
' F-li ht bleaching-- (B) Spectra ofter 1 minute' F- 'g—~—(c)

e end on the length of theIn Fi . 8 the curves seem to depen o
hicherval. The shape of the curve w ic-yg

g d ysimilar; however, the raction rem
' '

r

h the s ectroscopic analysis and a sence o
h Sh l tl'

th urves dp npt depend pn
m band indicate t e c u m
l erfect, In this case t e curve

in interval. Further tests are needed tog
show under which conditions, i any, e

IOO

tra of Harshaw KBr x-rayed atFiG. 7. Absorption spectra o
5'K and subsequently bleache wi i

~ ~

an e8ect onhis study inuica est that impurities have a
the coloration rate.

the conduction band
' g

F' 4F 2
uld be accounte or in

i' ns in the hole centers shown in ig.i, tha h pl nation is questionablei, that t isexp ana
An alternate mechanism will be oGere w en e
are presented in detail.

90

80
6

n 70z

60—
t9
R
z
y 50—
laJ
tc

30

BLEACHING OF A' BAND BY F LIGHT
Horshaws KBr

IX-RAYED AT 5 K

CHING LIGHT: Beckmon Spectropro hotometer at 600mI6

a 8
i ~—-66 A

initial x-ray of 20 min
10 min odditional x-roy ~

1

I
1r

t

IP 12 I 4 164 6 8
TIME (minutes)

Fig. 9

2. X-Radiation at 5'K

BLEAcHING 0F, F cENTERS Br LIGHT AT 5 Ir
Harshaw's KBr

X"RAYED AT 5 K

meter at 600m'BLEACHING LI GHT' Beckman Spectrophotome

66 80
6

ut

ut

R
ul

I

—:.- k~~
60

A Initial x-roy of 20minutes
B Ip min. additional x-roy
C 2
0 I

E 1

F

rn&trol value
of logro lo/
0.595
0.605
0.605
0.604
0.608
0.638

D , 20+10+ 2+'I (o)

E, 20+10+2+ I+1 (o)

C 20+10+2 (a)~ F', 2p+ Ip+2+i+I+2 (o)~B,20+ 10
-A, 2Q

l6 18 208 Ip 12 14
TIME (minutes)

22

band in Harshaw KBr after repeated
t 1 th t 'Mt' ll

bl df 15
'

tes expos d t
1 h d f r 15 m'nutes F' ally it

1 t dC Cd-expose o x-rd t -rays for 2 additiona minu
scribes the third bleaching.

at eGect the bleaching of P centersFigure 7 shows wh
X-5 cr stal has on the other centers. e a

dim n shes alo g
and o. bands increase. . The overlap o t e

hether theands issue a o w eh th t ne cannot be certain w eO, b

X' P' b'nd ""d't"t'd
Further studies of theshese measurements. Furt er s u

eGects are shown in Figs.
the percentage remaining centers in a ars aw

of the P band 'in KBr as a function of.9. Decayo t e
time of bleac ).ng o

IQQ

0r 9P
l
0r

~ 80

70

gOBLEACHING OF F CENTERS 8Y LIGHT AT 5 A'

Schulman s KBr
X-RAYED AT 5 K

BLEACHING LIGHT: Beckman Spec pCtrO hOtOmeter at 600mrr6

initial value
of log ra I0/I

o A 20 minutes initial x- yx-ra i 1.075
o 8 5 additional

I. I 06a C I

I.374o D 5
rr rr

)
I. 2 I 9

/

~ E I rr

g 60

(E) 20+5+ I+5+I-Ct
& 50

(D) 20+ 5+ I+ 5

+(C) 20+6& I .4p ~(B) 20+ 5

0 2
TIME (minutes}

F band in KBr after repeated x-ray. fo. Bleaching of the F an
exposures. The crystal was prepar y r.

interval determines the shape oe pf the percentage curve-
o additional observations have been ma e.

(a) After x-raying at

e to bleach th 230 mp band
he 230 mp, band was not aGecte yand the Ijt band. The 2 mp,

ex osure in the Beckman. e an
idth of 2 mm at this

t3m . The Hbandseemed tobleach
eckman with a slit wi t o

isa



BLEACHING PROPERTIES OF F CENTERS IN KBr 60j.

be happening. It is believed that the x-rays produce
free electrons and holes as well as generate vacancies in
the lattice. The generation of vacancies seems to be
produced by a mechanism proposed by Nabarro and
extended by Seitz."'4 In the simplest form of this
theory one assumes that the "extra half plane" as-
sociated with a Taylor dislocation has a jog in it. This
jog may capture an electron or a hole or even an exciton.
This process generates a loca} thermal spike which
results in some ionic diBusion. "It is believed that this
may cause ions to diffuse into the jog, leaving vacant
sites behind near the boundary of the "extra half
plane. " As this process continues the plane builds up
but leaves many vacancies in a region around the
boundary of the original "extra half plane. "

Since the alkali halides have positive and negative
charges, neutrality requires a pair of half-planes instead
of single planes. Most probab}y the Nabarro-Seitz
mechanism produces a high concentration of vacancy
pairs along certain planes. Thus, the extra planes
associated with a Taylor dislocation determine layers
in the crystal where there is a high concentration of
vacancy pairs as well as individual vacancies. The
thickness of the layer and hence the vacancy concentra-
tion is determined by the ability of the imperfections to
disuse away from the "extra planes. " It is estimated
that when an 0, center captures an exciton the energy
liberated produces a thermal spike of a temperature
400' above ambient. "Thus, the diffusion of the vacan-
cies would be much greater when the crystal is x-rayed
at 300'K than when x-rayed at a lower temperature.
At 5'K the generated vacancy pairs can trap electrons
to form P centers (the positive vacancy diffusing away)
or holes to form H centers.

The photoconductivity data quoted previously' and
the shape of the P band, which to a 6rst approximation
is independent of the method of production, ' suggest
that the model shown in Fig. 2 applies to X-5. We,
therefore, do not release electrons from the excited
state to the conduction band in these experiments. In
bleaching, one excites F centers in regions where the
concentration of hole centers is high. The electron may
tunnel from the excited state to a neighboring H center,
causing annihilation of both itself and the hole. This
would explain the rise in the absorption in the far
ultraviolet where the n band is located. The decrease
in the bleaching eKciency occurs as the closest H and
Ji centers are destroyed.

The above explanation is the simplest that can be
given which preserves the fairly well established theory
of the P center and the most reasonable mechanism for
its generation during x-radiation. Further, the calcula-
tion of Simpson" shows that the Bohr radius of the
excited state of the F center is 3A compared to 1.6A
for the ground state. This lends support to the sugges-

"Mador, Markham, and Platt, Phys. Rev. 91, 1277 (1953).» J. H. Simpson, Proc. Roy. Soc. (London) 197, 269 (1949).

tion, since the electron in the excited state has a lower
and narrower hill to go through.

3. X-Radiation at 300'K

Figure 1j. shows the bleaching which occurs when one
x-rays KBr (Schulman) at 300'K and lowers it to O'K.
VVe shall 6rst describe the left-hand side of the curve.
There a sizable initial bleaching occurs which seems
to approach a saturation after 10 minutes. In the dark
there is a measurable recovery which takes of the order
of an hour to occur. These eGects have been observed
in both Harshaw and Shulman X-300 KBr at 78' and
5'K. The magnitude of the effect seems to be independ-
ent of the temperature or the source of the material.
The only diGerence that has been noticed is that a very
de6nite saturation occurs in the Harshaw sample after
2 minutes.

It was dificult to establish directly if any bands
besides the F band were bleached or created during the

0.? I

BLEACHING OF F-CENTERS BY LIGHT AT O'Ir Schulmon's KBr
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FIG. 11.Bleaching and recovery in dark of the F band in
KBr. The crystal was prepared by Dr. Schulman.

experiments. If F' centers were formed, their concentra-
tion was too small to be determined by direct measure-
ment although there was a small increase in absorption
in the F' region.

It is to be stressed that X-300's recovery after
bleaching eliminates the possibility that one is dealing
with a thermal ionization process. The lifetime of this
type of process shou}d be determined by an equation of
the type A exp(b/T), where A and b are constants. At
78'K the lifetime must be of the order of 100 sec (time
for the P center to recover). If one assumes that A is as
large as 10, then e~ is of the order of 10'0. At 5 K
this would make the lifetime so long that no bleaching
would be observed. This argument is based on classical
statistics.

The dark recovery suggests that tunneling is again
involved. If all the electrons were trapped at hole
centers, one would expect annihilation and no recovery
in the dark. The following explanation suggests itself.

- Consider two P centers which are close to each other,
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perhaps several lattice sites apart. ' We excite one of
them and the following reaction occurs:

(by tunneling)
F +F - F'+V,

(minutes)

where Ii is an Ii center in the ground state, F, is an
excited P center, F' is an F' center, and V is a negative-
ion vacancy. We assume that this reaction occurs by
tunneling, and Fig. 11 indicates that it takes a matter of
minutes to approach completion. On the other hand, the
dark recovery may be a result of the following reaction:

(by tunneling)
F'+ V - 2F.

(hours)
(2)

lf the F' centers formed by (1) are anything like the
F' centers studied by Pick,"they should, be completely
stable at 5'K relative to thermal dissociation of an
electron to the conduction band. Figure 11 suggests
that it takes about an hour for reaction (2) to occur.
Since the ground state of the Ii' center is considerably

l.2
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Frc. 12. Bleaching and recovery in dark of the
F band in Harshaw KBr.

lower than that of the excited F center one would
expect the barrier for reaction (2) to be greater than the
barrier for reaction (1). This agrees with the observed
relative rates of the reactions.

P' centers are readily subjected to optical bleaching
at any temperature. This leads to the reaction

(by F' light)
F'+ V - 2F.

(seconds)
(3)

The difference between (2) and (3) is in the rate. To
study the above hypothesis the data shown on the
right-hand side of Fig. 11 were taken. The difference in
rates between (2) and (3) is clearly shown,

The optical recovery shown in Fig. 11 is as complete
as the dark thermal recovery. This is a little surprising

'8 This may arise by a quartet of vacancies (two positive and
two negative) capturing two electrons and dissociating into two
F-centers and two positive-ion vacancies. Positive-ion vacancies
have a high mobility at room temperature, a jump frequency of
one per second in KCI. See Seitz, reference 1, pp. 402 and 404.

'~ H. Pick, Ann. Physik 31, 365 (1938).

in view of Duerig's growth rate data at 78'K.' These
data indicate that a sizable fraction of the electrons
released optically from an Ii' center end up in hole
centers, causing an annihilation of the hole. One may
suggest two possible reasons for this difference: (a) The
V centers formed at room temperature in KBr do not
trap electrons as readily as the V bands formed at
78'K or (b) the proximity of F' centers and U centers
is such that an electron released from an Ii' center does
not wander through the lattice but is immediately
retrapped by the neighboring negative-ion vacancy.
Test, on X-78 could partially resolve this question.

The saturation to bleaching which is observed may
be due to a combination of two effects: (a) the number
of pairs of close Ii centers may diminish after the first
minutes of F light irradiation, or (b) the F and F' bands
overlap so that back reaction (3) occurs in addition to
(1).Probably both effects enter into this problem.

Reaction (3) has been tested in Harshaw's X-300 at
78'K. The results are very similar to the one given in

Fig. 11.
4. X-Radiation at Va'K

One bleaching run was made on an X-78 Harshaw,

crystal at 78'K. The results are shown in Fig. 12. The
graph indicates that one has a combination of two
sects. The lack of saturation during the 6rst 15
minutes of bleaching is similar to the behavior of X-5.
The dark recovery is similar to X-300 and the behavior
after the second cycle resembles this crystal completely.
This suggests that immediately after irradiation there
is tunneling to both Ii and hole centers. There seems to
be only a limited number of close hole centers, however,
so that after a period of bleaching the properties of the
X-78 crystal approach the properties of the X-300
crystal. The layers of vacancies at 78'K have a thickness
between the values at 5' and 300'K.

V. SUMMARY

The summary will be divided into two parts. The
6rst presents the actual data, while the second gives a
tentative interpretation. The following experimental
facts seem to be established for KBr.

1. The F band in additively colored KBr cannot be
bleached at 5' and at 78'K.

2. The Ii band in crystals which have been colored
by x-rays bleach at 5' and at 78'K. The stability depends
on the temperature of x-radiation. Between the limits
of 5' and 78'K it does not depend on the temperature
of bleaching. The following statements can be made
regarding the behavior.

(a) The F centers formed'by x-raying KBr at 5'K
bleach up to 65 percent. During this process a large
fraction of the II centers disappear. No recovery is
observed in the dark. A small amount of bleaching
by H light has been obser'ved. The 230 mp band cannot
be bleached.

~ W. H. Duerig, thesis, Unversity of Maryland {1952).
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(b) Ten percent of the F centers formed by x-raying
KBr at 300'K can be bleached by F light at 5' or
at 78'K. Over half of the bleached centers are rebuilt
in the dark after several hours. After the dark recovery,
one may bleach the Ii band again. If one shines Ii'
light on a bleached crystal, it recovers in a few seconds.
The changes in the Ii' absorption band were too small
to directly establish its presence.

(c) About 20 percent of the F centers can be
bleached in a crystal x-rayed at 78'K. There is a partial
recovery in the dark, the fraction recovered being less
than the previous case. After this crystal has been put
through the cycle of bleaching and dark recovery
several times, it behaves similarly to a crystal x-rayed
at 300'K.

It is to be stressed that no qualitative calculations on
tunneling have been made as yet. Some idea of the
order of magnitude of the distance the electron can
tunnel through would be very helpful in interpreting

. the above data. Photoconductivity measurements at
5'K would undoubtedly throw a great deal of light on

the mechanisms of bleaching. Nevertheless, the follow-
ing interpretation of the above data is offered: These
data indicate the tunneling from one imperfection to
another occurs if the distance is small. This tunneling
can cause significant and readily measurable eGects.
These experiments suggest that the color centers are
not distributed uniformly throughout the crystal
but have a relatively high concentration in certain
layers. The concentration of imperfections in these
layers depends on the temperature at which the crystal
is x-rayed. Higher concentrations are obtained at
lower temperatures. If the Nabarro-Seitz production
hypothesis is correct, the location of high concentrations
is determined by the distributions of dislocations.
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A new method is proposed for solving a periodic potential prob-
lem in which the potential can be approximated as a constant out-
side spheres surrounding the atoms, spherically symmetrical
within the spheres. We set up unperturbed functions consisting
of a plane wave outside the spheres, joined continuously and with
continuous derivative to functions derived from the spherical
problem within the spheres. These spherical solutions are linear
combinations of eigenfunctions of Schrodinger's equation within
the spheres, subject to the boundary conditions that the logarith-
mic derivative of the function of each l value at the surface equals
the logarithmic derivative of the corresponding Bessel function
in the expansion of the plane wave, thereby, insuring continuity
of the derivative of the wave function over the sphere if the func-
tion itself is continuous. The coeScients in the expansion within
the spheres are determined by demanding that the expectation

value of the energy of the wave function be stationary when the
coefficients are varied. The secular equation connected with this
variation problem can be solved exactly, leading to wave functions
having the general character of orthogonalized plane wavese, A
linear combination of such functions is then used to build up an
approximate solution of Schrodinger's equation. It is shown that
the tightly-bound states are handled. quite differently from the
conduction band, and that the treatment of the conduction band
can well resemble the free-electron approximation, thereby per-
haps explaining the empirical success of the free-electron approxi-
mation for the conduction electrons in metals. The method can be
extended to a case where the potential does not have the simple
behavior postulated, by treating the difference between the actual
potential and the postulated form as a perturbation.

1. GENERAL FORMULATION OF THE METHOD

HE solution of the wave-mechanical problem of
an electron moving in a three-dimensional peri-

odic potential of the type found in a crystal as treated
by a self-consistent field method is an important part
of the theory of solids. No existing approximate solu-

tion is completely satisfactory, and we present in this

paper a new method having certain advantages over
each of the existing approximations. The method is
directly applicable to a problem in which the potential
is spherically symmetrical within spheres surrounding

~ Assisted by the U. S. Once of Naval Research.

the various nuclei, and is constant in the region between
the spheres, which are assumed not to overlap, though
we sh-ll later show how to extend it to more general
potentials.

For such a potential, it has been generally assumed
that the wave function in the region between spheres
could be well approximated by a superposition of a
relatively small number of plane waves. On the other
hand, such a wave function behaves very badly in the
neighborhood of the atoms. Herring' has suggested the
method of orthogonalized plane waves, by which one
adds to each of these plane waves a set of atomic func-

' C. Herring, Phys. Rev. 57, 1169 (1940).


