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Stark Effect in Color Centers of Alkali Hali(les*
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(Received 11 January 1968)

The stark effect of the P center in NaCl, NaBr, KCl, KBr, KI, and RbCl, the M center in KCl, and the
Zy center in KCl: Sr was measured using an ac electric field. The fractional change of the absorption coef-
ficient, nn/u, at the peak of the F band, normalized to a Lorentz local field of 200 kV/cm, was found to be
approximately 2X10 ' for NaCl and NaBr, 11&(10 ' for RbCl, and 17&(10 ' for KCl, KBr, and KI. The
value of ho./a at the peak of the M band in KCl was {3.9+0.4) X10 ' for an applied electric field of 97
kV/cm. A measurement of the change in the absorption coeflicient, no, versus photon energy produced a
nonsymmetrical curve. This indicates that the effect observed was not the linear Stark effect, and thus
provides additional evidence that Seitz s model is incorrect. The absorption coefFicient increased at energies
lower than the M band, corresponding to a decrease in the absorption coefFicient of the M band. The effect
is attributed to the mixing of two nondegenerate energy levels of opposite parity. The optical transition
to the level of lower energy is normally forbidden. The Z& center in KCl: Sr did not exhibit a detectable
Stark effect. It was determined, however, that Ace/n&8)&10 ' for an applied electric fieid of 97 kV/cm. If
the Zi possesses a permanent dipole moment, the difference between the expectation values of dipole moment
in the ground state and excited state is less than 1.0)&10 "cgs unit.

I. INTRODUCTION
'

N 1958, Overhauser and Ruchardt' suggested using
- - the linear Stark eRect to determine whether a color
center which exhibits dichroism has inversion symmetry.
They noted that quantum states of systems which
do not have inversion symmetry will generally possess
dipole moments and will undergo a linear shift in energy
when an electric Geld is applied. They attempted to
detect an eRect in the M and E. bands using a dc
electric Geld, but failed. This led to the conclusion
that the M and E centers have inversion symmetry.

Henry, Schnatterly, and Slichter' analyzed the eRect
of external perturbations on the absorption-band line
shapes using the method of moments. They considered
the eRect of an electric Geld on the absorption of the
Ii center. Since the Ii center has cubic symmetry, there
is no linear Stark effect; however, there should exist a
quadratic effect. In 1966, Chiarotti, Grassano, and
Rosei' reported the observation of the Stark eRect of
the Ii center in KCl.

This paper reports the measurements using an ac
electric Geld of the Stark eRect in the F centers of other
alkali halides and the Stark eRect in the 3E center in
KCl. In addition, the use of the Stark eRect as an aid to
distinguish between the various models of the Z2
center is described.

II. METHOD OF MOMENTS

perturbation on the line shape is a difGcult task. How-
ever, the eRects of perturbations on magnetic-resonance
line shapes have been studied by Van Vleck. 4 He showed
that although the exact calculation of the line shape is
often impossible, the moments of the line shape could
be rigorously computed and compared with experi-
mental results. The application of the method of
moments to the optical-absorption line shape was done

by Lax. ' Henry, Schnatterly, and Slichter' have de-
veloped a simpler, more direct method of calculation
of the moments and have analyzed the eRect of an
electric Geld on the F band. The following discussion
summarizes their method.

The optical-absorption coeificient tr(E) is defined by

1dI
~(E)= ———

I dx

where I is the intensity of the light, x is a length
measured along the direction of light propagation, and
E is the energy of the light photons.

A line-shape function f(E) is defined which is easier
to treat theoretically than is ot(E). The line-shape
function and the absorption coeKcient are related by

tr(E) =CFF(E),

where C is a constant. The zeroth moment ("area")
is deGned as

The theoretical calculation of the optical-absorption
line shape of color centers and the eRect of an external

A = f(E)dE. (3)

The integration extends over the energy range of a
single resolved line. The first moment ("center oi
gravity") is defined as

(4)(E)=E=A ' Ef(E)dE.

Rev. 4 J. H. Van Vleck, Phys. Rev. 74, 1168 (1948).
~ M. Lax, J. Chem. Phys. 20, 1752 (1952).
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All higher moments, measured about E, are defined by

(E")=2 ' (E E)—"f(E)dE.

The second moment (E') is of interest since it is a
measure of the spread of the band.

One of the important results of Henry et al. is that
the zeroth moment remains unchanged upon appli-
cation of a perturbation. The line shape changes from
f(E) to g(E).

f(E)dE= g(E)dE.

The changes in the other moments are given by the
expressions

(DE")= (E 8)"Lg(E) —f(E))dE. —

Further discussion of the moments will appear in the
sections in which they are used.

III. APPARATUS

The measurement of the Stark effect requires ap-
paratus which is capable of detecting a fractional change
in the optical absorption coeKcient of approximately
10 '" in the presence of noise. Such small changes can
be detected with ac techniques utilizing a lock-in
amplifier.

The fractional change in the absorption coeScient,
Dn/n, can be computed from measurements of the
intensity of the light passing through the crystal, I, the
change in the intensity upon application of an electric
field, AI, and the optical density of the crystal, Q.D.,
at the wavelength of interest. These quantities are
related by the following equation:

1 DI

2.3(O.D.) I
The magnitude of AI/I will depend upon the polari-
zation of the light with respect to the applied electric
field. It is greatest for light which is plane polarized
parallel to the applied field and least for light which
is plane polarized perpendicular to the applied field.

The light beam can be modulated for the determina-
tion of 0 J. in two ways:

(1) Since the absorption of light polarized parallel
to an applied electric 6eld di8ers from the absorption
of light polarized perpendicular to the field, the plane
of polarization may be rotated and a dc field applied to
the crystal.

REFERENCE 2f (TO MEASURE t)-

) OSCAR LATOpa f 2 (TO MEASURE Arj
l

I
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FIG. 1. Block diagram of the apparatus for the measurement of
the Stark eRect utilizing an ac electric field. The chopper is used
to measure I but is not in the beam for measurements of bI,

(2) With the plane of polarization of the light
remaining fixed, an ac field may be applied to the crystal.

Initially, the former method was tried. In principle,
the apparatus was sufficiently sensitive to detect a
An/n of about 2X10 '. A dc electric field of 10' V/cm
was applied. However, attempts to detect the Stark
e6ect in the Ii center in KCl, NaCl, and KI failed when
using this technique. The absence of the effect may have
been due to space charge.

To avoid the problem of space charge, the experiments
were repeated using an ac electric field. The block
diagram of the apparatus is shown in Fig. 1. A beam of
monochromatic light was plane polarized parallel to
the applied ac electric field using a Gian-Thompson
prism. A lens focused the light into the crystal at
liquid-nitrogen temperature (78 K) in the cryostat. A
narrow aperture on the crystal holder allowed only
light which has transversed the crystal between the
electrodes to be detected by the photomultiplier tube
(PMT). The ac portion of the signal was fed into the
lock-in amplifier.

An ac electric field was applied perpendicular to
the direction of light propagation (see Fig. 2). Since
the change in optical absorption is independent of the
polarity of the applied voltage, the frequency of the
modulation will be twice that of the applied voltage.
A reference signal of frequency f was obtained from
the RC oscillator and fed into the reference channel of
the lock-in amplifier. The loc¹in amplifier contains a
frequency doubler on the reference channel which
produces a frequency of 2f for comparison with the
signal. A time constant of 150 sec was used in all
measurements. The output of the lock-in amplifier was
recorded on a T Frecorder (i.-e., signal versus time).

The intensity of the beam passing through the crystal
was measured by mechanically chopping the beam at
frequency 2f The resul. ting ac signal was measured by
the lock-in amplifier. When AI was being measured, the
chopper was not operated.

The optical density was measured on a Cary 14
spectrophotometer. The optical density was measured
both before and after the measurements of AI/I.
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Fn. 2. Orientation of the electric Geld E, direction of light
propagation 2, and the polarization of the light. The shaded area
represents the location of the color centers.

Bleaching was slight but detectable for all the samples
used.

The samples used were typically 10 mm)&6 mm&(0. 65
mm. They were annealed 10 min in air at 400 C
and quenched by placing on an aluminum block at
room temperature. The color centers were produced
by x irradiation. The x rays were filtered to remove
low-energy x rays. The low-energy component is more
efficient in coloring the crystals, but because they are
more easily absorbed, a nonuniform coloration would
result. As shown in Fig. 2, the crystal was colored such
that the absorption of the light beam occurred only in
the region between the electrodes. The remainder of
the crystal received only negligible scattered radiation.

The ultimate sensitivity of the measurement of hI
was limited by noise, The sources of noise were:

(1) dark current of the photomultiplier tube which
consists of leakage currents and pulses produced by
electrons which are thermionically released from the
cathode or secondary electrons released by ionic bom-
bardment of the dynodes or cathode;

(2) microphonics of the photomultiplier tube;
(3) shot noise (frequency-independent);
(4) fluctuations in the brightness of the tungsten

light source ("fhcker") (inverse frequency dependence).

When the light source was turned off, no noise ap-
peared on the output of the lock-in amp1ifier even when
a short integration time constant (5 sec) was used.
This indicated that neither dark current nor micro-
phonic noise of the photomultiplier were major sources
of noise.

Shot noise is due to the statistical fluctuations in
the number of photoelectrons ejected from the photo-
cathode of the photomultiplier tube during a time equal
to an integration time constant. The fluctuation is

IV. STARK EFFECT IN THE Il CENTER OF
ALKALI HALIDES

A. Theory

The optical absorption of the Ii band of the alkali
halides arises from an electronic transition from a 1s
ground state to a 2p excited state. The 1s-+ 2s tran-
sition is forbidden.

Henry, Schnatterly, and Slichter' calculated the
change in the zeroth, 6rst, and second moments of the
P band which occurs upon application of an electric
field. The perturbation B„to the Hamiltonian is

B„=—es8,

where e is the charge of the electron and 8 is the electric
6eld in the s direction. Their results are summarized
in the following discussion.

As previously mentioned, the zeroth moment remains
unchanged. The first moment also does not change,
indicating that the "center of gravity" does not shift.
For light which is polarized parallel to the applied
electric field (s direction), the change in the second
moment is

(AE,')= (ea) 'I (s I
s

I v) I
'. (12)

The 2s state is denoted by Iy) and the 2p, state by
Is). The x andy components of the change in the second
moment, (AE,') and (AE„'), vanish, indicating that
no Stark e6ect occurs for light which is polarized
perpendicular to the electric fieM.

When Henry ef al. assumed that the 2s and 2P states
were nearly degenerate (i.e., Es~—Es, is less than a
linewidth), they found the following expression for the
fractional change in the optical-absorption coefficient:

(&E.'& (eh)'I(. IaI~) I

s

2(E') 2(E')
(13)

The effect of the electric fIeld is to mix the 2s and 2p
states. The is —& 2s transition is now partially allowed
at the expense of the 1s~ 2p transition. If the 2s and

given by
BI/I„.;„=6,N/N = 1/QN, (10)

where X is the number of photoelectrons ejected from
the photocathode during a time equal to an integration
time constant. Experimentally, it was observed that a
decrease in the beam intensity caused by the removal
of the lens, by denser coloration of the crystal, or by
decreasing the width of the monochromator slits, was
accompanied by an increase in the noise. This indicates
that shot noise does contribute to the observed noise.

The other major source of noise is believed to be
fluctuations in the brightness of the tungsten light
source. When the rn.odulation frequency was increased,
the noise was reduced, which demonstrated that there
was frequency dependence.
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2P states are nearly degenerate, the zeroth and first
moments of the band remain unchanged. The electric
field causes a broadening of the band.

However, if the 2s and 2p states were resolved (i.e.,
Fs~ Fs,—is greater than the linewidth of the band),
the 1s —+ 2s transition becomes partially allowed and
the area of the 1s-+2p band decreases. The conser-
vation of area requires

Since the center of gravity does not change, (AE)=0,
the band associated with the 1s-+ 2p transition must
shift slightly. The expression for the fractional change
in the absorption coeS.cient at the peak of the band is

(F.,„F.,)'—

I.O-

0.8—
V)I-
Z:
—0,6—

04—

m 0.2—
CQ
CL

~-0.2—
CI

-04-

-06-
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There is also a mixing of higher p states with the 2s
state. Since the higher p states are responsible for the

TABLz I. Parameters of the If band in alkali halides at 78'K.
The values of (E') were calculated assuming a Gaussian shape for
the Ii band.

l

2.8
I I

2.6
I I

2.4
ENERGY (Evi

-0.8- i CHIAROTTI

o RHYNER
-I .0- (2F= 82 HZ)

f

2.2
f

2.0

Crystal

NaCl
NaBr
KCl
KBr
Kl
RbC1

Peak of Ii band
(nm) (eV)

449 2.76
525 2 36
539 2.30
604 2.06
663 1.87
608 2.04

Half-width
(ev)

0.28.
0 35b
0.20$
0.20'
0.21.
O. j.90

(~')
(10 'eV')

I.40
2.20
0.72
0.72
0.80
0.65

a J. J. Markham and J. D. Konitzer, J. Chem. Phys. 34, 1936 (1961).
b G. E. Sturgis, J. J. Markham, and G. A. Noble, J. Chem. Phys. 40,

3634 (1964).
& Measured by the author.

B. Experimental

The F-band Stark effect in KC1' was used in this
investigation to verify that the apparatus was operating
properly and had sufhcient sensitivity. The initial
measurements with the apparatus were performed by
applying an electric field with a frequency of 41 Hz.

'The alkali-halide crystals on which the measurements were
performed were obtained from the Harshaw Chemical Co.,
Cleveland, Ohio, with the exception of RbCl, which was obtained
from Vinor Laboratories, Medford, Mass.

E band which is resolved from the Ii band, an exchange
of areas between these two bands occurs. The E band
will decrease and the F band will increase by a corre-
sponding amount.

In the approximation of Henry et al. , the Stark e6ect
depends only upon ((s)s~y)~ and (Es). The values of
(Es) can be calculated by assuming that the F band has
a Gaussian shape. They are given in Table I. The value
of

~ (s(s~y) ~
ought to roughly scale with the 2p wave

function and thus vary with the lattice constant.

FIG. 3. Change of the absorption coeKcient of KC1 (78'K)
versus photon energy. The triangles are obtained from the work
of Chiarot ti, Grassano, and Rosei. The squares are obtained
from this investigation.

The Stark effect in KC1 was measured as a function of
the wavelength. Measurements of Dn were made at
wavelengths which correspond to the maxima and
minima of the plot of Chiarotti et al. of ~n versus photon
energy. '

The value of An is obtained from DI/I by the equation

where x is the length of the absorption path (which is
a constant for a given crystal) Howev. er, An is depen-
dent upon the coloration of the crystal, so that arbi-
trary units were used in comparing data. Both the
Chiarotti et al. data' and the data of this investigation
were normalized such that at the peak of the F band,
An= —1.0. The results are shown in Fig. 3. The dashed
error bars are estimates of the maximum error likely
to be present in the measurements. The agreement
was sufficiently good so that they were not repeated
later when the modulation frequency was increased
to 700 Hz. The wavelength dependence of An shown jn
Fig. 3 demonstrates that the energy difference between
the 2s and 2p states is less than the absorption linewidth,
since the bands are not resolved.

Measurements of Dn/n were performed on NaCl,
NaBr, KC1, KBr, KI, and RbCl. The data on F-center
parameters are given in Table I. Attempts to color
pure NaI and NaI(T1) by x irradiation failed. Didylr. ,
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and E band could account for the differences in An/rr.
If the energy separation of the 2s and 3p states is con-
sidered the same as the F- and E-band separation, the
area exchange would be least for the sodium salts. This
is obtained from Eq. (16), provided that ~(z~z~5)
is assumed constant, where ~6) is the 3p. orbital.
Since area exchange tends to reduce An/n in the F
band, the greater effect should occur for closely spaced
P and E bands. This may account for RbCl, which has a
smaller separation between the Ii and E bands, having
a smaller hn/a than the potassium salts.

V. STARK EFFECT IN THE M CENTER OF KC1

A. Theory
o

o
5.5

I & l 1 I

6.0 6.5 o 7.0
LATTICE CONSTANT (A)

FIG. 4. Measured fractional change in the absorption coeScient
at the peak of the F& band for various alkali halides versus lattice
constant. The data are normalized to a Lorentz local 6eld of 200
kV/ctn.

C. Discussion

Poshkovskii, and Tsal~ were also unable to color pure
NaI. Two samples of each material were used to ensure
that the results were not anomalous. Approximately
six determinations of Dn/n were obtained for each
material. The values of An/n were normalized to the
same Lorentz local field. The correct local field is
unknown; however, the Lorentz field BL provides a
reasonable approximation and is given by

hr, =-'s(K,+2)bg, (17)

where E, is the static dielectric constant and 8~ is the
applied electric field. The values of Bet/n were normal-
ized to a Lorentz local field of 200 kV/cm and are
plotted versus lattice constant in Fig. 4.

In 1958, Overhauser and RQchardt' attempted to
detect a Stark effect in the M center in KCl and NaCl.
Quantum states of systems which do not have inversion
symmetry will generally possess dipole moments and
will undergo a linear shift in energy when an electric
field is applied. The change in the transition energy, z,
between the ground state and the first excited state is
given by

'M= —Ap' 8

where Ap is the difference in the dipole moments of the
ground and first excited states and 81. is the local
electric field. By using the wave functions of Gourary
and Luke' for Seitz's model of the M center' (shown in
Fig. 5), they obtained an estimate for Ap. For color
centers with a dipole moment oriented in the $110]
directions, the absorption coefficients for light polarized
parallel and perpendicular to the electric field are

n()(E) =n(E)+4w'u" (E), (19)

ni(E) =n(E)+sit'u"(E), (2o)

where n~[(E) and rr&(E) are the absorption coeflicients for
light polarized parallel and perpendicular to the electric
field, respectively, n(E) is the absorption coefficient in

The data shown in Fig. 4 suggest that An/cr may be
related to the alkali ion of the salt. For a Lorentz local
field of 200 kV/cm, Dn/n is roughly 2 X10 ' for the two
sodium salts, 11)(10 ' for RbCl, and 17X10 ' for the
three potassium salts. This empirical observation might
be strengthened if measurements of An/n on the re-
mainder of the alkali halides were available. These
are difficult to obtain for several reasons:

(1) The F band occurs in spectral regions which are
not accessible with this apparatus.

(2) The hygroscopic properties of many of the salts
make them difficult to handle.

(3) The F centers are not readily formed in some
crystals.

It is unlikely that the exchange of areas of the Ii band

M CENTER MODELS

A) SEITZ

+ -' + — + — +I
+ — + — +

B) VAN DOORN 81 HAYEN

Fro. 5. Models of the 3f
center proposed by (A) Seitz
and (8) VanDoorn and Haven.

7R. I. Didyk, M. V. Pashkovskii, and N. A. Tsal, Opt. i
Spektroskopiys 20, 832 (1966) LEnglish transL: Opt. Spectry
(USSR) 20, 462 (1966)j.

8 B. S. Gourary and P. J. Luke, Phys. Rev. 107, 960 (1957).
9 F. Seitz, Rev. Mod. Phys. 18, 348 (1946).



STARK EFFECT IN COLOR CENTE RS

the absence of the applied field, and n"(E) is its second
derivative. Since Ir"(E) for a syrnrnetric curve is also
symmetric, the effect of the electric Geld is to broaden
the band. The diRerence between o,

~~
and n& at the peak

of a Gaussian band is

iOOI&

8 ORIENTATION

c
ORIENTATION

where 8' is the full width at half-maximum of the
absorption band. The relative change in the absorption
coeKcient is

~+ EIOO3
A ORIENTATION

E

rOIO&

bn/n= 0.69 w'/W'. (22)

Overhauser and Ruchardt applied a dc electric field
and rotated the plane of polarization of the light in an
attempt to detect this eRect. No eRect was observed
when a voltage of 30 kV was applied to a 1-mm-thick
crystal (applied electric field of 300 kV/cm). They
concluded that

dn/n(3X10 ' (23)

for this 6eld. They estimated the size of the eRect based
on the wave functions of Gourary and Luke for the
Seitz model of the M center to be 6)& 10 ' for the electric
field which they applied. The absence of an effect has
often been cited as evidence ahat Seitz's model is
incorrect '""

Since a dc electric 6eM was used, there is a possibility
that the lack of an eRect was due to the reduced elec-
tric 6eld in the crystal caused by space-charge polari-
zation. This possibility was demonstrated in this study
by the initial experiments on the J -center Stark eRect
using a dc electric field for which the upper limit at-
tributed to An/n was a factor of 10 smaller than the
magnitude later observed.

"B.S. Gourary and F. J. Adrian, Solid State Phys. 10, 127
(&960).

» . D. Compton and H. Rabin, Solid State Phys. 16, 121
(1964).

B. Experimental

The M band in KC1 is located at a wavelength of
805 nm (photon energy of 1.54 eV). After the crystal
was quenched from 400'C and x-irradiated, the M and
R centers were enhanced by bleaching the crystal with
F light (560 nm) at room temperature for 1 h. After
bleaching, the optical density of the M band was 0.38.

An RCA 7102 photomultiplier tube with an S-1
response was used. The noise at the output of the lock-in
amplifier was lower than that observed when operating
the apparatus in the visible region. This is attributed to
the greater infrared energy output of the monochroma-
tor using a tungsten light source. The greater intensity
would result in lower shot noise.

Since the M centers are oriented in the t 110j di-

rections, there was no advantage in using a polarizer.
It was removed for these experiments. It is true that
if the M centers possess permanent dipole moments,
then by Eqs. (20) and (21), nII —n(=knII) is twice as

FIG. 6. The six different orientations of the principal axes of the
3f centers, the electric field E, and the direction of light propa-
gation E.

M 2
R' BAND M BAND

K

0
03

I

l.6
ENERGY (eV)

I

l.5

Fro. 7. The Stark eGect in the region of the 3f band of
KCI (78'Kl versus photon energy.

large as n, —n(=An, ). However, even if the centers
have inversion symmetry, it is expected that any effect
will be twice as large for 60,

~ ~

as for ~n&. This is deduced
from the fact that light polarized parallel to the electric
6eld excites centers in the A and 8 directions indicated
in Fig. 6. This field also acts on these centers. For
light polarized perpendicular to the field, centers in the
A and C orientations will be excited; however, the elec-
tric field will only have an eRect on the A-oriented
ones. Thus, only half as many centers exhibit an eRect
with light polarized perpendicular to the field as with
light polarized parallel to the field. The removal of the
polarizer had the advantage of doubling the light beam.

The change in the absorption coe%cient, Ao., was
measured as a function of photon energy with an applied
field of 97 kV/cm. The results are shown in Fig. 7. The
error bars on the data for energies greater than 1.53 eV
are the standard deviations for two or three measure-
ments. The errors at the lower energies are estimates of
the probable error. Measurements in this region had.
previously been performed with wider slits on the
monochromator and therefore had a greater wavelength
spread. These earlier measurements were consistent
with the values shown.

Measurements of Da/n were performed to determine
its dependence upon the electric field. It was desirable
to do these measurements at the peak of the M band;
however, as the electric field was reduced, the effect
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FIG. 8. Fractional change of the absorption coeKcient at
X=840 nm (1.47 eV) versus the square of the applied electric
held measured at 78'K.

became too small to be accurately measured. The data
were taken at X=840 nm because the observed ~I was
largest at this wavelength. In Fig. 8, the measured
Arr/o. is plotted versus the square of the applied 6eld,
yielding a straight line.

It is noted that the data presented above have not
been corrected for (1) the use of an electric field which
is oriented at an angle of 45 to the axes of the centers
in which the effect occurs; (2) the fact that only two-
thirds of the centers are oriented such that they can
exhibit a Stark eQect. The orientation of the M centers
is shown in Fig. 6. The electric Geld along the axes of
the centers in the A orientation [parallel to the (100)
plane( or the 8 orientation [parallel to the (001) plane)
is 8 cos45 . The centers in the C orientation [parallel
to the (010) plane) are unaffected by the application
of the Geld.

The correction for An/n can be obtained by noting
that only two-thirds of the centers contribute to the
observed effect and only two-thirds of the measured
optical density should be substituted into Eq. (9). For
an applied field of 97 kV/cm (component along the
major axis of the centers is 69 kV/cm), the corrected
Dn/cr at the peak of the M band is

An/n= 3.9&0.4&&10 '. (24)

C. Discussion

From the plot of An versus energy it is evident that
the effect observed is not the linear Stark eQect. As
mentioned previously, the linear eQect should produce
a broadening of the absorption band with a decrease at
the peak. The corresponding plot of hn versus energy
would look similar to that of the F band shown in Fig.
3 in contrast to the nonsymmetrical curve observed. The
lack of a linear eQect provides additional evidence that
Seitz's model of the 3f center is incorrect. and would
favor VanDoorn and Haven's model" (Fig. 5). It is
also evident that the absence of an effect reported by

"C. Z. VanDoorn and Y. Haven, Philips Res. Rept. Il, 479
l1956).

Overhauser and Ruchardt was erroneous. For the fields
which they applied, they should have seen an effect
that was about 10 times greater than the upper limit
which they placed on the effect.

It is observed that the data fluctuate in the region
of the R2 band. The data are not sufficiently good
to justify drawing a curved line through the average
values. However, the fact that the maximum occurs
at the energy of the E2 absorption band indicates that
the fluctuation may be more than coincidental and that
a small effect may occur in the R& band. The curve also
rises for energies greater than 1.7 eV, suggesting that
an effect might be found for the Ri band.

The curve in Fig. 7 may be the result of mixing two
resolved energy levels which are separated by slightly
more than 0.05 eV. Within experimental error, the
decrease in the area (zeroth moment) of the M absorp-
tion band is compensated by an increase in the area
in the region of 1.5 eV. This is consistent with the con-
servation-of-area rule. Since no optical absorption band
is observed near 1.5 eV, it is evident that the transition
which is responsible for the increased absorption is
normally forbidden.

VI. STARK EFFECT IN THE Sy CENTER
IN KC1:Sr

A. Theory

The Stark effect may provide additional information
to aid in distinguishing among the various models of
the Z& center. As discussed previously, the presence of a
linear Stark effect indicates that the center possesses a
permanent dipole moment. There is also interest in
attempting to observe a linear eQect, since no observa-
tions of it have been reported.

Polarization experiments" and KSR measure-
ments"" indicate that the Z~ centers should be iso-
tropic. Also, dielectric loss measurements of Bucci,
Capelletti, and Pirola" failed to detect impurity-
vacancy dipoles during the formation of Z~ centers.
These results favor Seitz's model" (Fig. 9). However,
Bushnell's ENDOR measurements" failed to detect
the hyperGne structure which Seitz's model would
imply. He concludes from these data also that Pick's
model cannot be correct. Bushnell proposed the models
shown in Fig. 10 which are consistent with his measure-
ments. His measurements favored models (a) and (b).
Although model (c) could not be ruled out completely,
he believed that it was unlikely.

"N. Ishiguro, E. Sugioka, and N. Takeuchi, J. Phys. Soc.
Japan 15, 1302 (1960)."G.E. Conklin and R. J. Friauf, Phys. Rev. 132, 189 (1963),"H. Kawamura and R. Ishiwatari, J. Phys. Soc. Japan 13,
574 (i958).

16 C. Bucci, R. Cappelletti, and I. Pirola, Phys. Rev. 143, 619
(&966).

'~ F. Seitz, Phys. Rev. 83, t34 (1951).
~8 J. C. Bushnell, Ph.D. thesis, University of Illinois, I964

(unpublished).
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If the dipole moment of the center is not oriented
along the $100] directions, then a Stark effect should be
observed both for light polarized parallel and perpen-
dicular to the applied electric field but with different
magnitudes. Models (a) and (c) were expected to possess
an off-axis dipole moment. On the other hand, model (b)
should possess little or no dipole moment. The axis of
model (b) is oriented along the t 100) directions. If an
eRect, linear or quadratic, is observed, it should occur
only for light polarized parallel to the 6eld.

+le +
f l+ —
1 1

—+
I—+' '+—
I

+ + +
{0) LUTY AND

HARTEL

—+ —+-r---g
e1+

L
+ —+

(b)

Z) CENTER MODELS

B. Experimental

The measurements were performed on KC1:Sr (0.02
molar /~). "After quenching the crystals from 400 C,
the samples were x-irradiated, then bleached with Ii

light ()L=560 nm) at room temperature for 45 min at
the exit lens of the monochromator. The Z~ band was
formed at )I=595 nm (78'K). The optical density of
the band was 0.62.

The same apparatus arrangement was used as for
the Ii center. All attempts to detect an eRect failed,
both using light polarized parallel to the electric field
and using unpolarized light. An ac 6eld of 97 kV/cm
was applied to the crystal. An upper limit can be placed
on hn/n of
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FIG. 9. Models of the ZI center proposed by (a) Pick, (b)
Seitz, (c) I uty and Hartel, and (d) Bushnell.

»Obtained from J. C. Bushnell, Sandia Corporation, Albur-
querque, N. M.

C. DlsGQssioxl

Since no e6ect was detected, the various models of
the Zl center cannot be distinguished by comparing
eRects for light polarized parallel and perpendicular to
the electric 6eld as described. An upper limit can be
placed on the diGerence in the expectation values of the

+ ~ + ~ +
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+ I I +BELOW CATION
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8+

FIG. 10. Models of the ZI center which are consistent with
ENDOR measurements by BushnelL Models (b) and (c) were
proposed by Bushnell.

permanent dipole moments in the excited and ground
states, bp. If a linear effect does exist, it is largest for
light polarized parallel to the electric held when the
dipoles are oriented in the L100$ directions. Assuming
a Gaussian band and using Eqs. (19) and (20), one
obtains

&p&1.0X10 "cgs unit, (26)

where the following experimental values have been
substituted: W 0.3 eV, Bz——216 kV/cm (Lorentz
local field), and 8=45o, where 0 is the angle between
the dipole moment and the electric field.

Both models (a) and (c) have roughly the same effec-
tive charge configuration as Seitz's model of the M
center. A rough approximation for the value expected
for hp is that calculated by Overhauser and Riichardt
for the M center, which is

~P 5X10 "cgs unit. (27)

Comparing expressions (26) and (27), it appears that
the upper limit on Dp is about an order of magnitude
smaller than the value expected for models (a) and (c).
Since model (b) would have only a small dipole moment,
if any, the absence of an eRect would favor this model.
It must be noted that the reliability of the estimate of
Ap for the 3II center is questionable; however, estimates
based on wave functions calculated for the Zl center
would be of uncertain reliability.
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