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TasrLE III. Formation and migration energies of an interstitial
He atom in LiH for two values of a(H™).

Formation energy (eV) Migration
Body-centered Face-centered energy
a(H) position position (eV)
1 2.077 2,727 0.650
11/16 3.351 3.835 0.484

defect. Because of the larger displacements, the error due
to this approximation is greater when the defect is in
the face-centered position than when it is in the body-
centered position. Since the harmonic approximation
usually underestimates the displacements, the lowering
of the formation energy due to more realistic calcula-
tions should be more in the face-centered position than
in the body-centered position. This would give a lower
value for the migration energy as compared with the one
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obtained here. Thus the difference between the experi-
mental result mentioned above and our calculated value
seems to be real. This may be due to the trapping of a
significant fraction of the He gas in intrinsic defects such
as vacancies, divacancies, etc., which would lead to a
higher value for the activation energy of diffusion. This
appears to be the case for the migration of some of the
rare gases in several alkali halides as shown by Norgett
and Lidiard.!’® We are currently exploring this as well as
the anharmonicity aspect of the present problem.
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The effect of an applied electric field on the emission spectrum of the F center has been measured in the
range 5-50 kV/cm and 2-150°K for six alkali halides (KCl, KF, RbCl, NaCl, NaF, and CsF). The changes
induced by the field are quadratic in the field strength and isotropic with respect to the crystalline axes, and
at T530°K are as follows: an enhancement of the emission polarized parallel to the field direction with a
compensating decrease of the emission polarized perpendicular to the field, a red-shift of the band in both
polarizations, and a broadening in certain cases. At higher temperatures the polarization and broadening
diminish. The effects in CsF are anomalously small. In several crystals, field-induced quenching of the emis-
sion due to Schottky or field ionization also appears. These results are analyzed in terms of Stark mixing in
the relaxed excited state of the F center. The model assumes that the relaxed states consist of nearly de-
generate 2p- and 2s-like states which are strongly mixed by crystal-field fluxtuations on the order of 200
kV/cm. For KCl, the resulting 2s’ mixed state is lower in energy by 0.017 eV and has approximately 409,
admixture of the 2 states. This mixed-state model is able to give a semiquantitative explanation for the
Stark effects observed, as well as a consistent explanation for the magnitude and temperature dependence
of F-center radiative lifetimes and other excited-state phenomena.

I. INTRODUCTION

NTIL recently, the usefulness of the Stark effect

in identifying optical transitions has been limited

to narrow line spectra for which the electric field per-
turbation is larger than the linewidth. However, with
the introduction of modulation and phase-sensitive
detection techniques for measuring small changes in

* Work supported primarily by the U. S. Atomic Energy Com-
mission under Contract No. AT (30-1)-3464, Technical Report
No. NYO0-3464-18. The Advanced Research Projects Agency is
also acknowledged for the use of the central facilities of the
Materials Science Center at Cornell University, MSC Report
No. 1128.

t Major portion based on a thesis submitted by one of us
(L. D. B.) in partial fulfillment of the requirements for the Ph.D.
degree at Cornell University, 1968.

{ Present address: Physics Department, University of Con-
necticut, Storrs, Conn.

line shapes it has become possible to use the Stark
effect to investigate broad-band optical transitions,
such as those of the F center in alkali halides.

The F center, an electron trapped at a negative-ion
vacancy, has been the object of many experimental and
theoretical studies and most of its important features
are by now well established.! It is known that optical
absorption occurs from a 1s-like (I';*) ground state to
a 2p-like (') excited state. Recent Stark-effect ex-
periments of Chiarotti ef al.2 in F-center absorption

1See W. B. Fowler [in Physics of Color Centers, edited by W, B.
Fowler (Academic, New York, 1968), p. 97] for a recent review
of this subject.

2 G. Chiarotti, U. Grassano, and R. Rosei, Phys. Rev. Letters
17, 1043 (1966) ; G. Chiarotti, U. M. Grassano, G. Margaritondo,
and R. Rosei, International Symposium on Color Centers in
Alkali Halides, Rome, 1968, Abstract No. 42 (unpublished).
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seem to indicate that a 2s-like state lies about 0.1 eV
above the 2p-like state.

After the optical absorption takes place, the surround-
ing ions “relax” to a new equilibrium configuration
appropriate to the excited state and the potential
binding the F-electron changes. Consequently, the wave
functions and energies of the electronic states of the
excited F center differ from those for the ground-state
lattice configuration. Much less is known about the
character of these so-called “relaxed excited states.”

Most treatments have assumed that the “relaxed”
states are diffuse hydrogenic 2p states and have ignored
the 2s state. But this is reasonable only if the relaxed
2s state lies well above the 2p states, whereas recent
theoretical work3* suggests that the 2s state may be
degenerate with, or lie slightly below, the 2p states
after lattice relaxation. In this case strong mixing is
almost inevitable. Opik and Pryce’ pointed out that the
F center might undergo a spontaneous Jahn-Teller dis-
tortion to remove 2s-2p degeneracy. Others® have con-
sidered optic phonon mixing of 2s and 2p states as a
possible explanation for the anomalously long radiative
lifetime of the excited F center.

A measurement of Stark effects in F-center emission
should help to clarify the degree of s-p mixing in the
relaxed excited states. We have carried out such an
experiment using phase-sensitive detection techniques
to measure changes produced in the F-center emission
by an applied ac electric field. The effects were studied
at low temperatures (2 to 150°K) and modest field
strengths (5 to 50 kV/cm) to try to avoid extraneous
field effects such as Schottky ionization and field ioniza-
tion. Of six alkali halides investigated, KCl was studed
most intensively and is analyzed as the representative
case.

We show that the Stark-effect results imply that the
lowest relaxed excited state is a mixture of 2s and 2p
states, and that a simple model derived from these
experiments can explain other features of the relaxed
excited-state behavior as well.

The experimental techniques and procedures are
described briefly in Sec. IT, and the experimental results
in Sec. III. In Sec. IV, the mixed-state model is pre-
sented and expressions are derived with which the re-
sults of this and other related experiments are analyzed.

II. EXPERIMENTAL PROCEDURES

The schematic arrangement of the Stark-effect experi-
ment is shown in Fig. 1. A colored alkali-halide crystal
is maintained at some temperature 7" while being sub-
jected to an ac electric field F({)=F, coswt. The F
centers are excited with light through a partially trans-

3 W. B. Fowler, E. Calabrese, and D. Y. Smith, Solid State
Commun. 5, 569 (1967).

¢R. F, Wood and U. Opik, Phys. Rev. 179, 783 (1969).

®U. Opik and M. H. L. Pryce, Proc. Phys. Soc. (London)
A238, 425 (1957).

¢ W. B. Fowler (unpublished).
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F16. 1. Schematic cross section of the cold finger of the cryo-
stat showing the geometry of the sample holder and the method
of applying the high voltage.

parent electrode, and their emission at 90° is analyzed
for field-induced changes (at 2w) as a function of
wavelength for polarizations parallel and perpendicular
to the field direction.

Samples of KCl, NaCl, KF, and NaF from the Har-
shaw Chemical Co., and samples of RbCl and CsF
from Semi-Elements, Inc., were used. Samples were
cleaved or ground and polished to dimensions of about
10X5X 1.5 mm so that the electric field could be ap-
plied perpendicular to the broad face. Most of the
measurements were made for fields in the [100] direc-
tion and emission in the [001] direction. In a few
cases, fields were applied in [0117] or [111] directions
and the emission viewed in [100] or [112] directions,
respectively. ‘

The samples were mounted as shown in Fig. 1. The
ground electrode consisted of the copper body of the
cold finger and a nickel screen (No. 100 mesh) which
covered a %-in. aperture in the sample holder. The
high-voltage electrode was a brass plate insulated from
the sample by a sheet of 0.003-in. Mylar and held to
the cold finger by nylon screws and an insulating clamp.

Most of the F centers investigated were formed by
x irradiation in the cryostat at 78°K. The radiation
was produced by a Norelco x-ray unit operating at
140 kV and 12 mA and was directed through one of the
quartz windows of the cryostat to color the same region
of the sample that would be illuminated. Exposure
times were chosen to produce typical concentrations
of 10% to 10 F centers per cm® The samples appeared
uniformly colored through their depth and across the
face of the mesh electrode. The windows showed no
changes in transmission in the spectral range of interest.

Some of the KCl crystals were additively colored,
then cleaved and loaded in the cryostat under safe
light.

Vacuum grease was used to make thermal contact
between sample and cold finger. The latter was attached
to the liquid-helium bath by a variable conductivity
exchange gas column. Temperatures from 15 to 200°K
could be maintained with the proper combination of
helium gas pressure in the exchange gas column and
electrical power into a heater mounted on the sample
holder. The temperature of the tail was monitored with
platinum and carbon resistance thermometers. A few
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F16. 2. Schematic diagram of the experimental setup.

measurements at 2°K were performed in a simple im-
mersion cryostat.

The optical and electronic layout is indicated sche-
matically in Fig. 2. Further details are given elsewhere.”
The maximum sensitivity to field-induced changes in
intensity was about two parts in 10° using a 1-sec
integrating time constant.

In preliminary experiments in which dc rather than
ac electric fields were used, and in other cases where we
wished to isolate the field-induced polarization from
other field-induced changes, a rotating polarizer tech-
nique was used. The analyzing polarizer was rotated
and the emission analyzed for a signal at twice the fre-
quency of rotation using the same detection equipment
as before.

III. EXPERIMENTAL RESULTS

Field-induced changes in F-center emission were
investigated for six alkali halides as a function of emis-
sion wavelength and polarization, electric field ampli-
tude, and sample temperature. Potassium chloride was
investigated most thoroughly and effects of excitation
wavelength and field orientation and frequency were
determined in this case. These results will be presented
first as “typical.”

A. KCl
1. Low-Temperature Results

A reproduction of typical raw data is shown in Fig. 3.
Al and A7, are the amplitudes of the induced ac vari-
ations in photocurrent at twice the frequency of the
applied electric field. These data have not been cor-
rected for distortion due to the strongly energy-depen-
dent instrumental response.

These uncorrected data are not suitable as they
stand for a moments analysis of the field-induced
changes. Nevertheless, the principal qualitative change
can be seen by eye. There is an increase in parallel-

"L. D. Bogan, Ph.D. 1968

(unpublished).
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polarized emission which is about twice as large as the
decrease measured for perpendicular-polarized emission.
Since light was collected in only one of the two perpen-
dicular directions, the total changes in parallel and
perpendicular intensity are nearly equal in magnitude
and compensate each other. Thus, the dominant effect
is a net polarization of the emission, rather than a net
change in intensity. The effect is small, being less than
19 at this field strength.

In order to analyze the results more quantitatively
we adopt the following representation for the data. The
ratio AI/I, where AI is the amplitude of the ac signal,
is plotted as a function of photon energy as shown for
a typical example in Fig. 4. This has the advantage
that it eliminates the effect of instrumental response,
fluctuations in excitation intensity, and so forth. The
ratio AI/I will have the same variation with photon
energy as the quantity of fundamental interest AW /W,
where W is the radiative transition probability.

Furthermore, this turns out to be a particularly
simple representation when the emission band can be
approximated by a Gaussian curve, as is the case for
most F bands.

Suppose that the detected emission signal in the
absence of a field can be represented as

To(x) =R ()] s exp(—a?/%), (1)

where x is the photon energy relative to the emission
peak (x=FE—E.), R(x) is the instrumental response
function, and & is related to the full width at half-
maximum of the emission intensity (b=H/1.67).

KCl  16°K
16 kV/cm [100] (O-P)

T

o

Emission Signal (Arbitrary Units) —»

F-Emission
Peak

f .

1 1
1.I0 1.20 l.éO l.‘I'lO
Photon Energy (eV)

1.50

Fic. 3. Reproduction of some Stark-effect data. Ay and Al
are outputs of the lock-in amplifier recorded at a gain of 670
relative to the recorded dc output of the electrometer shown as
I. No corrections for instrumental response have been made.
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Then if the effect of an applied field is to change the
emission spectrum to

1(%)=R(@)1 3 (14 Ao) exp[— (x—Ax)?/ (b+Ab)7], (2)

it is easy to show that

Here, AI (x)=1(x)—Io(x), Ao is the fractional change in
the zeroth moment of the emission band, Ax is the
change in the first moment, and 2Ab/b is the fractional
change in the second moment. Thus the changes in
the zeroth, first, and second moments of the band are
simply related to the ordinate, slope, and curvature,
respectively, of the AI/I curve, as shown in Fig. 4.

A plot of AI/I for several values of applied field is
shown in Fig. 5. The fractional variation of zeroth
moment as a function of applied field is shown for these
data in Fig. 6(a). These are zero-to-peak field values.
Since the dependence on field is seen to be quadratic,
the changes induced at 2w are only half as large as
those which would be induced by a dc field of the same
amplitude. In what follows, all coefficients have been
multiplied by 2 to correct for this.

Photon Energy (eV)—
I.[?: l.l4 |.|5

Relative Change
)

X —

F16. 4. Sample plot of AI/I data for parallel (top) and perpen-
dicular (bottom) polarization in KCl for a [111] field of 34.3
kV/cm (zero to peak) at 16°K. Graphical analysis for determining
field-induced changes in moments using Eq. (3) is shown.
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F16. 5. Normalized Stark-effect data versus photon energy
for five different [111] field strengths.
The polarization P, defined in the usual way,
P= (]11—11)/(I|1+I.L); (4)

can be expressed in terms of the individual ratios for
field-induced changes (AI/I),; and (AI/I),, since the
initial intensities are nearly equal for the two. Thus

P43 (AI/T)u—(AI/1).]. ©)
This gives for the polarization
P=(1.0£0.3)X10~F* (FinkV/cm).  (6)

The shift of the band with field, proportional to the
slope of the AI/I curves, is plotted in Fig. 6(b). This
shift is

AE=(—2.0£04)X10"F* eV (FinkV/cm). (7)

The curvature of the (AI/I),, plots for KCl indicates
the presence of broadening of the band. A rough esti-
mate of the relative change in width is

AH/H~8.0X107F* (FinkV/cm).  (8)

All of these effects were seen consistently in many
runs made on KCl. The results for fields in [1007],
[110], and [111] directions agree within experimental
accuracy. The effects were shown to be independent of
the wavelength, intensity, and polarization of the ex-
citing light throughout the F-band region. No depen-
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Fic. 6. (a) Dependence on field strength of the Stark effect at 0.98 x in KCl at 15°K. (b) Dependence of AE on electric field.

dence on concentration was found from 1-50X10%
cm™3, but at higher concentrations M-center effects
became important.

When the F luminescence was excited in the region
of the K band, on the high-energy side of the F band,
an additional field effect was observed, as shown in
Fig. 7. This was a net decrease in intensity in addition
to the same field-induced polarization. This effect is also
proportional to the square of the field strength.

2. Temperature Dependence in KCl

The preceding section describes the field-induced
effects for F-center emission for temperatures below
about 30°K. Above 30°K the induced polarization de-

creases and the broadening disappears, but the red
shift of the emission appears unchanged. These effects
are illustrated in Figs. 8 and 9.

These temperature changes could be followed up to
about 70°K, at which point changes due to Schottky
ionization were much larger than the Stark effects, as
shown in Fig. 9. The induced polarization at higher
temperatures was measured using the rotating polarizer
method. These data, as well as the ac field data for
lower temperatures, are shown in Fig. 10.

Similar results for the field-induced changes in KCl
at higher dc fields have been reported by Kiihnert.® His
results and ours are listed in Table I.

Tasik 1. Stark-effect coefficients at low temperatures [10~¢ (kV/cm)™2].

KCl RbCl KF NaCl NaF CsF
Polarization 1043 642 8+3 742 441 0.2+0.1
P(0)/F? (13) =
Quenching 02 042 —242 —19£5 —6=2 0+0.2
L(Ao)u+2(A0.L]/F?
Red shift 0.2+0.05 0.1640.03 0.16+0.03 0.3040.08 0.14:£0.05
AE(eV)/F? 0.17) =
Broadening 0.6+0.3 0.2024:0.05 <0.10 <0.10
AH/HF? 0.21) =

& Reference 8.

8 H, Kijhnert, Phys, Status Solidi 21, K171 (1967).
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B. Other Alkali Halides

The similarity of the Stark effects found in KF and
RbCI to those in KCl is shown by the data in Figs. 11
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Fic. 8. Plot of the Stark-effect data for both polarizations
in KCl versus photon energy for a fixed field strength but different
temperatures.

Excitation Wavelength (mp)

and 12. The coefficients are listed in Table I. The
temperature dependence is also similar to KCl.

In RbCl the F-center emission band peaks at 1.16 u
compared to 0.75 p in KF. Since data could only be
taken out to about 1.15 y, only the high-energy half of
the band in RbCl was studied. The only apparent
qualitative difference among these three crystals was
that no field-induced broadening was discernible in KF.

In NaF and NaCl most of the effects of field on the
F emission were also similar to those in KCI. However,
there is the important difference that the changes
induced in the intensity of emission are negative for
both polarizations for excitation in either the F or the
K band. The magnitude of this partial quenching is
proportional to the square of the field intensity. The
temperature dependence of the changes induced at the
peak of the band in NaF is shown in Fig. 13 and from
this it can be seen that there is no strong temperature
dependence of the quenching up to about 100°K.
Surprisingly, no additional decrease due to Schottky
ionization was detected up to 130°K.

In NaCl it was not possible to measure the tempera-
ture dependence of the Stark effects because only the
extreme high-energy tail of the band could be studied,
and there was a strong competing field-induced reduc-
tion in intensity.

In CsF, a band at 0.86 u has been identified as the
F emission band by Fulton.’ The field-induced polari-
zation of this band at low temperatures was smaller by

¢T. A. Fulton, Ph.D.

(urn.published).

thesis, Cornell University, 1967
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two orders of magnitude than that in KCl, and was just
barely detectable. An interesting result appeared in
the measurements of field-induced quenching of the
CsF emission as a function of temperature, as shown
in Fig. 14.

IV. ANALYSIS AND DISCUSSION
A. Source of Effects

The experiment was designed to investigate the Stark
effect in the relaxed excited state of the F center. There
are, however, certain other field-induced effects which
could, and in cases did, interfere. In this section, we
indicate briefly why these can be eliminated as sources
of the polarization.

First, we might consider whether the polarization in
emission could be an effect of selective optical pumping,
perhaps as a result of the Stark effect in absorption.
Such effects can be dismissed since the Stark effects in
absorption are much smaller than those in emission,
and more significantly, because the effects observed in
emission are independent of polarization in the exciting
light.

Second, we might wonder whether polarization could
be induced by selective ionization, either during or
after relaxation. In general, the absence of field-induced
quenching at low temperature makes this appear un-
likely. However, even when field ionization is present,
as for K-band excitation in KCl, the polarization is the

same as for excitation in the F band (cf. Fig. 7); so we
assume that any anisotropy induced by ionization dis-
appears before emission occurs.

The polarization might conceivably result from some
reorientation or tunneling effect in the excited state.
However, if this were the case the radiative lifetime of
the excited center would not change, whereas Stiles'
recently has observed that the lifetime decreases with
applied field.

The most likely source of the observed field effects
appears to be a Stark mixing of the relaxed excited

Temperature (°K)
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Fic. 10. Temperature dependence of the induced polari-
zation P at higher temperatures.

0T, F. Stiles, Jr., Ph.D. thesis, Cornell University, 1970
(unpublished).
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states. In Sec. IV B we present a simple heuristic model
which we believe suggests the explanation for the ob-
served effects.

B. Model for Relaxed States

We propose that the relaxed excited states consist of
diffuse hydrogenic states which can be described by
2s- and 2p-like wave functions. For simplicity, without
the loss of much accuracy, higher-lying states are not
included in the calculations. The 2s state is taken as
slightly lower in energy than that of the 2p states, but
wave functions appropriate to degenerate states are
used. Fluctuating electric fields produced at the site
of the ¥ center by longitudinal optic phonons strongly
mix these states such that the lifetime for radiative
decay of the new 2s” state to the 1s-type ground state
is comparable to that of the new 2p’ states. The ob-
served luminescence at low temperatures is due to the
radiative decay of the 2s’ state. The interaction of the
relaxed excited states with these fluctuating fields is
taken as adiabatic so that at any instant of time, the
states can be described as a linear combination of the
2s and 2p states.

It is not difficult to show that the application of an
external electric field will produce additional mixing of
the relaxed excited states such that there will be an
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induced positive polarization of the luminescence, as
well as a red shift and a broadening of the emission
band. The electric field increases the radiative transition
probability parallel to the field direction by mixing more
of the appropriate 2p’ state into the 2s’ state. The red
shift results from the repulsion of the 25" and 2p’ states
when the two are mixed. The broadening is a conse-
quence of the interaction of the electric field with the
fluctuating dipole moments of the states. At low temper-
atures, when all the luminescence intensity is from the
2s' state, effects of the electric field are nearly inde-
pendent of temperature, but when 27 becomes com-
parable to the splitting of the levels, the 2p’ state pro-
vides another channel for radiative decay and the Stark
effects become temperature dependent. This qualitative
description can be put on a more formal basis and gives
a semiquantitative explanation of the Stark effects in
F-center emission.

The only states used in this theory are 2s, 2p,, 2p,,
and 2p, states which are solutions of a hydrogenic
Hamiltonian H, for the excited F center following lat-
tice relaxation. The fluctuating lattice fields contribute
another term H’ to the total Hamiltonian. This term is
the interaction of the fields with the relaxed excited
states of the F center and is taken as

H'=er-Fy, ©)

where 7 is the electron coordinate measured from the
center of the vacancy and Fy, is a time-varying crystal
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field (I'i~ component) given by
Fr=Fy, exp(iwt)[a1()b+as(t)j+as()F)], (10)

where a;(¢) are the angle cosines of the instantaneous
crystal field with the crystal axes.

The eigenstates of the total Hamiltonian H are linear
combinations of the hydrogenic states and are written
in the form

|25)=N{|2s)+a|p)}, (11)
[2p)=N{|p)—a|25)}, (12)
where
| pYy=a1| 2pa)+as| 2py)+as| 2p.) (13)
and
N={1+a2}72. (14)

Two other states do not contain admixtures of the 2s
state and will be called the perpendicular states.
These have the form

|2p3")=b1]|2p2)+b2| 2p4)+ 03| 2p2) (15)
|205)=c1|2pot+c2| 2pu)+c5] 2p2) 5 (16)

where 5;(¢) and c;(#) are the angle cosines defining two
directions mutually perpendicular to the instantaneous
crystal-field direction. These levels are shown schemati-
cally in Fig. 15. The mixing parameter « is related to
the energy separation E,, of the 2p," and 25’ states and
the fluctuating crystal-field interaction matrix element

H,,'. The latter is defined by
Hspl=D6FL, (17)
where
D={(2s|3|2p.). (18)

Substitution of these states into the total Hamil-

tonian yields the following relation between the three
parameters:

Hp'=—aE,p/(1402). (19)
The lifetime of the 25’ state may be written as!
1 4E 3¢
— = Maza (20)
Ts KT/ Ao

where 7 is the index of refraction of the host crystal
and Een is the energy of the peak of the emission band.
The squared dipole matrix element M 2 is defined by the
relation

2

M= [(1s]ml29) =% — (15|20

13(140a?)
(21)
=[o?/(t+a) 127,
where
M2= [(1s]x]2pa)]*. (22)

For convenience, the external electric field is assumed
to be applied in the z direction and the amount of 2p,
state mixed into the 25’ state from the 2p’ states is
denoted by the parameter Aa. The applied field intensity
F,4 is assumed to be small compared to the magnitude
of the crystal-field fluctuations so that perturbation
techniques may be used in the calculations of the Stark
effect. The expression for Aa from perturbation theory
is

Aa=eDF 4/ (14a2)'2E,,. (23)

Now the expressions for the relaxed excited state must
be rewritten

|25")=N"{|25)+alp)+Aa|2p.)} (24)
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where
N'= (14a2+Aa?)712, (25)

Thus the Stark effect should cause a change in the life-
time given by

A7s/1s= Ac?/c2(14a2). (26)

The decrease in the lifetime of the 2s” state is a result
of the increase in the transition probability for radiative
decay by the emission of light polarized parallel to the
z direction. No changes take place in the x and y direc-
tions. As a consequence, the polarization of the lumi-
nescence will be given by

(éf)_ §(Fa/Fr)

[N

== 27
(1+a?)? e

A measurement of luminescence decay time following
pulsed excitation should detect the same field-induced
decrease in lifetime for both polarizations, while a
measurement of field-induced changes under steady-
state excitation should detect a polarization, but no
net change in intensity. From Egs. (26) and (27) it is
easily seen that the polarization is related to the
change in the lifetime by

P=—31+a®)Ars/7s.

ol

(28)
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The polarization should be independent of the direction
of the applied field with respect to the crystal axes
because the diffuse hydrogenic states sample the bulk
of the crystal and as a result the properties of the
relaxed state are not significantly influenced by the
cubic environment of the vacancy itself. Also the as-
sumed randomness of the fluctuating crystal fields
will help to maintain the isotropy of the Stark effects.

Since the 2s’ state is partially p-like, it will have a
fluctuating dipole moment. The external field will
interact with this moment to shift the energy of the
state. This shift is given by '

AE, W= (25" |e3F 4|25")=2eaas(t)DF 4/ (14-a?). (29)

The largest shifts should occur for those 2s” states which
have most 2p, component [@s(f)~~17] and which emit
light polarized in the z direction.

Since the time and spatial average of the angle cosine
[as(?)] is zero, the average shift of the emission band is
zero. However, some F centers have equal and opposite
shifts due to variation of the instantaneous lattice
field throughout the crystal, and these shifts do appear
as a broadening of the emission band for light polarized
parallel to the applied field. Because the shift is much
smaller than the width of the band, the width will
increase quadratically with the applied field intensity.
Assuming a gaussian band, the relative change in half-
width is

(AH/H) = 3.71¢2D?F 2/ H2 (1462, (30)

Another Stark shift results from the 2s’-2p’ repulsion
due to additional mixing of the excited states by the
applied field. This shift, which does not average to
zero, 1s

AE,® =D?F 2¢(1+20%)/ (14-02)°E, .

It should appear for both polarizations.
Temperature dependence will enter this model in
two significant ways. First, the mixing of s- and p-like

(31)
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states will increase from the value appropriate for the
zero-point amplitude of the odd-parity modes as these
modes become thermally excited. Second, an increase
in temperature may cause the higher p-like states to
become thermally populated, leading to emission at
nearly the same energy but with very different charac-
teristics. In what follows we shall assume that the second
effect is dominant, since the energy separations turn
out to be quite small.

The two important factors that determine the exact
form are the mean energy of separation E of the 2s’
and 2p’ states and their relative probabilities for
radiative decay. It can be shown that the mean energy
is given by

E= Esp(1+%a2)/(1+a2) .

Rate equations were solved for the radiative lifetime
assuming that the three 2p’ states are degenerate and
lie an energy I/ above the 25’ state, and assuming that
the relaxation rate between the states is fast compared
to the inverse lifetime for emission.

The result for the radiative lifetime of the excited F
center is

(32)

143¢ FI#7
TR= 7'3< - ) 5 (33)
14 3(ry/r)e BT
where
7s/mp= (143a2) /o?. (34)

The mixing parameter o will usually depend upon
temperature unless the mixing is nearly complete
(a~1). For the F center, we will find that we are close
to this limit, so we ignore this temperature dependence.
(The opposite extreme has been considered by Tomura
et al.’? who consider this temperature dependence to be
the dominant effect.)

The temperature dependence of the Stark effects
will arise primarily from thermal depopulation of the
25’ state. For instance, the temperature dependence of
the polarization is predicted to be

(1—eEI*T)P(0)
143 (r/rp)e BT

on the assumption that there is a compensating field-
induced polarization for the 2p’ states and that the effect
of thermal ionization can be ignored.

The red shift and broadening with applied field
should also decrease with increasing temperature.

(35)

P(T)

C. Comparison with Experiment

If we were to take the model literally, we could esti-
mate a priori some of the model parameters by a suit-

11 M. Bertolaccini, L. Bosi, S. Cova, C. Busolati, and G. Spinolo,
International Symposium on Color Centers in Alkali Halides,
Rome, 1968, Abstract No. 20 (unpublished).

2 M. Tomura, T. Kiada, and S. Honda, J. Phys. Soc. Japan
23, 454 (1967).
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able scaling of hydrogenic energies and matrix elements.
Instead, we shall deduce the parameters empirically
from the experimental results for the field-induced
polarization P (7). We use KCl as the test case.

1. Stark Effects in KCl

The temperature dependence of the field-induced
polarization can best be exhibited by rewriting Eq. (35)
as

PO)/P(T)—1~AeI7, (36)

where A=3r,/7, and §=E/k, and where we have
assumed that 4>>1.

Figure 16 shows that the measured polarization does
appear to have this dependence, with the parameters

A=10+4 37)
and
6= (207420)°K. (38)

From Egs. (32) and (34) these yield two fundamental
parameters for the model:

a=0.640.2 (39)
and

E4p=0.021=:0.005 eV . (40)

The value of o implies that the 2s” state has about 409,
admixture of 2p states. The value of E,, implies that
the 25’ state lies about 0.021 eV below the 2p," state.

T T T
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Fre. 16. Temperature dependence of the field-induced
polarization for F emission in KCl.
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TasiE II. Shift and broadening coefficients for KCI.

AE/F? AH/HF?
[10-%eV (kV/cm)~2] [10-8 (kV/cm)=*]

This experiment 205 6030
Kiihnerts 17 21
Model 5+3 1.9+£1.5

a Reference 8.

The third fundamental parameter, the extra mixing
produced by unit applied field, can be determined from
the experimental value for the polarization at low
temperature, using Eq. (27). To make the connection
with the model it is really the local field that is needed,
but we make the assumption that this is the same as
the bulk field for the rather diffuse states of the excited
F center. Then

Aa=(1.6£0.6)X 103X F,4 (FainkV/cm). (41)

Using these three parameters secondary features
such as the red shift and broadening can be predicted.
The predicted coefficients are compared with the mea-
sured values in Table II. The agreement is at best
qualitative. The temperature dependence of these
coefficients differs from that of the polarization, and
also from that of the model.

Significance of parameters. We now examine whether
the parameters chosen to explain the primary effects
are reasonable. An equivalent set of parameters can be
derived from Eqgs. (23) and (27). These are the 2s-2p
dipole matrix element D, the lattice field intensity Fi,
and the energy spacing E;,. These are

D=4+24, (42)
Fr,=2404100 kV/cm, (43)

and
E,»=0.02140.005 eV. (44)

If we consider the excited F center as a hydrogenic
system imbedded in a dielectric continuum, then the
matrix element D is given by

D={(2s|z|2p.)=3Ka,, (45)

where a¢ is the Bohr radius and K is an effective di-
electric constant. Taking the high-frequency dielectric
constant for KCl (K= 2.19) would yield D=3.36 A, in
surprisingly good agreement with experiment. On the
other hand, we would expect the effective dielectric
constant for the relaxed state to be larger, and recent
estimates’# would place D at two to four times this
value.

To check the parameter Fy, a calculation was made’
to determine from first principles the effective lattice
field due to longitudinal optic phonons. Similar calcu-
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lations by Redfield®® and by Conway et al.* gave fields
of order 1000 kV/cm at a lattice site, but these are not
appropriate for the fields at defects with rather ex-
tended wave functions. Instead, for the relaxed excited
state of the F center, the field was estimated by sum-
ming the effects of all LO modes with wavelengths
longer than twice the mean diameter of the state.
Modes of shorter wavelength produce nonuniform fields
over the extent of the states and their effects are as-
sumed to cancel to zero. Using this criterion we take

Amin=4(ras)=4X (6K ao)~26 A~4a (46)

where ¢ is the lattice constant. For this cutoff the esti-
mated effective field is ~400 kV/cm. The empirical
value for Fr,is obtained if the cutoff is made at Apin~Sa,
so this field seems a reasonable value.

The value for £, is probably the most significant
result of the analysis. Originally it was thought that the
2s state lay well above the 2p state both in absorption
and emission. However, Chiarotti ef al.2 have reported
recently that their Stark-effect emasurements in F
absorption indicate that the 2s state there is only
about 0.1 eV above the 2p state. Calculations by Fowler
et al? and by Wood and Opik* for the energies of the
states after relaxation now indicate that the relaxed 2s
state may be degenerate with, or even slightly lower
than, the relaxed 2p state. The present experiment
seems to indicate that not only is the 2s-like state
lower, but the separation is so small that the states are
very strongly mixed by phonons.

2. Comparison with Other Excited-State Experiments

There have been a number of experiments recently to
try to determine the properties of the relaxed excited
states of the F' center. Most of these have been inter-
preted on the basis of a diffuse 2p-like state being the
emitting state. In this section, we indicate briefly how
these results can be explained as well with the mixed-
state model.

() Lifetime of excited state. The mixed-state model
attributes the long radiative lifetime of the excited
F center in part to the reduced transition probability
from the 25’ state. Its low-temperature behavior, as
given by Egs. (20), (33), and (34), should be determined
by the same parameters deduced from the Stark-effect
results.

In particular, the limiting lifetime at low tempera-
ture should be
1 mdEcn’er o

—_— M2, 47
Ts 374 1+

where 7 is the index of refraction at the emission energy
Eewm and M is the 2p-1s dipole matrix element. Inserting
values for KCl, and using the most recent experimental

13 J. Conway, D. Greenwood, J. Krumhans], and W. Martiens-
sen, J. Phys. Chem. Solids 24, 239 (1963).
14 D. Redfield, Bull. Am. Phys. Soc. 9, 228 (1964).
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value for the lifetime!®

7(0°K)=~0.715X 10¢ sec, (48)
we find an empirical value
M2= (2548)X 10718 cm?. (49)

This is reasonably consistent with a recent theoretical
estimate by Wood and Opik* which predicts a value
for M? of 50 or 300X 1078 cm? depending on the degree
of ionic relaxation.

The temperature dependence of the lifetime should
involve the same parameters as the Stark polarization,
at least in the range before thermal ionization becomes
important. Equation (33) predicts that the lifetime
should decrease in the range 40-100°K before the onset
of thermal ionization, whereas the usual p-state model'®
assumes that it will be constant in this range. The
recent experiment of Stiles ef al.'5 confirmed this pre-
diction and found a variation of 7z which is consistent
with the mixed-state model. A detailed analysis of the
lifetime results will be presented by Stiles in a forth-
coming paper.

(b) Field jonization. Spinolo and Fowler!” have mea-
sured the electric field dependence of the lifetime and the
quantum efficiency for luminescence of the relaxed
excited states of the F center in KCl. They interpreted
their data in terms of an electric-field-induced tunneling
out of the diffuse relaxed p state into the conduction
band. However, their geometry was such that only
emission polarized perpendicular to the field was ob-
served, so that changes in luminescence yield could
have been due to either a decrease in 4 or to polarization.
Extrapolation of the predicted change in lifetime due to
the Stark effect into the field range of their data shows
that below 150 kV/cm their results are probably due to
the Stark effect and very little to field ionization.
Figure 17 shows some of the data for change in lifetime
and intensity reported by Spinolo and Fowler, along
with the predictions of Eq. (28). Above 150 kV/cm their
data show an increase larger than quadratic in the
field, and this is probably caused by the onset of field
ionization. Their analysis should be applied to this
extra part.

(c) Stress-induced polarization. Hetrick and Comp-
ton'® measured the effect of uniaxial stress on the polari-
zation of F' emission. They found an effect which was
independent of temperature but dependent on crystal
orientation, and this they interpreted as mixing of d
state into the ground-state wave function. The only
assumption they require for the excited state is that it
have (some) p-like character and that it be rather diffuse
(thus insensitive to the applied stress). The mixed-state

15 1. F. Stiles, Jr., M. P. Fontana, and D. B. Fitchen, Solid
State Commun. 7, 681 (1969).

16 R. K. Swank and F. C. Brown, Phys. Rev. 130, 34 (1963).

17 G. Spinolo and W. B. Fowler, Phys. Rev. 138, A661 (1965).

18 R. Hetrick and W. D. Compton, Phys. Rev. 155, 649 (1967).
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model satisfies both conditions and the rest of their
interpretation carries over to this model intact.

(d) Lifetime of Fa center. Spinolo and Brown!
measured the lifetime of the F4 center in KCI, i.e., an
F center perturbed by a foreign Nat ion at one of the
nearest-neighbor sites. They argued that since this
strong perturbation produced only a 109, decrease in
lifetime, a “metastable” state was unlikely. However,
now that we know both the effect of stress and electric
field on F emission, the 109, effect for this perturbation
is quite reasonable, and is consistent with the mixed-
state model.

(e) Absorption in exciled state. Park and Faust? have
measured the spectrum of absorption from the excited
states of the F center in KI and found that most of the
oscillator strength is in transitions to states below the
conduction band. Fowler ef al.? have calculated the
oscillator strength for the 2p to 34 transition assuming
that the relaxed excited state is a diffuse p-like state
and found it to be in order-of-magnitude agreement
with the results of Park and Faust. The oscillator
strength of a 25 to 3p transition in the hydrogenic ap-
proximation is only 379, smaller than that of the 2p to
3d transition. Consequently, the mixed-state model
agrees as well with the measured excited-state absorp-

9 G. Spinolo and F. C. Brown, Phys. Rev. 135, A450 (1964).
K. Park and W. Faust, Phys. Rev. Letters 17, 137 (1966).
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TasrE III. Temperature-dependence parameters.

Crystal 6(°K) A
KCl 210420 104
RbCl 180420 6+3
KF 190420 1344
NaCl ... ...
NaF 140420 343
CsF ... e

tion. The agreement may be even better when the tran-
sitions to states higher than the 3p are considered also.

(f) Blue shift of emission band. If the relaxed excited
state is predominantly 2s-like and the 2p states are
nearby as suggested then one would expect a blue shift
of the emission band as more of the luminescence origi-
nates from the 2p states at higher temperatures. No
such shift is observed but, in this case, the shift would
be too small to detect. Estimates indicate that at 100°K
the shift would be only 0.012 eV, while the red shift due
to thermal expansion is considerably larger.

3. Stark-Effect Results in Other Alkali Halides

The field-induced polarization and shift of the F-
emission band were similar in magnitude and tempera-
ture dependence for all the alkali halides studied in this
experiment except CsF which showed almost no effect.
The data for these alkali halides are not as complete
as for KCl, and they have not been tested quantitatively
for self-consistency. In particular the key parameters «
and E,,, which must be determined from the tempera-
ture-dependence parameters of the polarization listed
in Table III, have very large uncertainties in these
cases. Nevertheless, some qualitative comments can be
made.

First, in the three other cases where 6§ and A were
determined, these yield values for @ and E,, which are
quite similar to those for KCl. In each case the mixing
coefficient is large (a~1) and k0 is comparable to phonon
energies. These common features suggest that a more
accurate model for the relaxed excited-state behavior
should treat this system in terms of vibronic states.
This approach will be considered in a later publication.
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The exceptionally small Stark effect observed for
CsF is probably related to other unusual properties
of its excited state found by Fulton.® This result and the
unusually short radiative lifetime of 50 nsec?' both
seem to imply that the relaxed excited state in CsF is
not a 2s-like state. We might speculate that the large
spin-orbit splitting which Fulton found to persist in
the relaxed states is sufficient to prevent the 2s” state
lying lowest.

The two separate activation energies for the Schottky
ionization in CsF (cf Fig. 14) are in reasonable agree-
ment with the two activation energies determined by
Fulton from photoconductivity data, and support his
interpretation of two different relaxed excited states.

Finally, the extra field-induced quenching of the
luminescence observed in NaF and NaCl probably has
the same origin as the quenching observed for K-band
excitation in KCL That is, field ionization during the
process of lattice relaxation probably causes this de-
crease. Both crystals are known to have very small
activation energies for thermal quenching of F lumines-
cence, suggesting that field-induced quenching should
be easy.

V. SUMMARY

The effect of an applied electric field on the emission
spectrum of the F center has been determined for six
alkali halides. The results have been analyzed in terms
of a Stark effect in the relaxed excited state of the F
center. The model presented assumes a 2s-like state
about 0.02 eV below the 2p-like states, and strongly
mixed with them by crystal-field fluctuations on the
order of 200 kV/cm in amplitude. This model is able to
give a semiquantitative explanation for the Stark effect
observed, as well as a consistent explanation for the
magnitude and temperature dependence of the radiative
lifetime and other excited-state phenomena.
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